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Abstract
The effect that solvation has on electron attachment to uracil, U, was studied by probing the
electronic resonances of the uracil radical anion, U−, in gas-phase water clusters, U−(H2O)n,
using photoelectron imaging across a range of photon energies. Specifically, the π3

∗ shape
resonance was probed in detail and the spectral signatures following excitation to this resonance
are considered. Several new methods for analysis are provided to capture the different actions of
the resonance on the photoelectron emission, which in turn provide insight into the location of
the π3

∗ resonance and its subsequent dynamics. The effect of solvation on each action observed
through the photoelectron emission is studied for n ⩽ 10. We find that the actions—be they
related to statistical emission, prompt autodetachment, or the photoelectron angular
distributions—all become less sensitive as the cluster size increases, suggesting that their use
for very large clusters may be limited. Additionally, we consider the correlation between
electron detachment from the anion, as probed in the experiments, and electron attachment to
the neutral. Specifically, they are linked through the reorganisation energy in a linear response
picture and we show how the cluster approach developed here allows one to decompose the total
reorganisation energy into intramolecular (associated with the anion to neutral geometry change
in U) and intermolecular (associated with the change in hydration sphere) contributions. For U
in a bulk aqueous environment, we find that the total reorganisation energy, λ ∼ 1.2 eV, shows
equal contributions from both intra- and intermolecular changes.

Keywords: electron impact, resonances, uracil, aqueous, anion

(Some figures may appear in colour only in the online journal)

1. Introduction

When high-energy radiation passes through aqueous materi-
als, including living cells, secondary electrons are produced
in large quantities with mean energies around <10 eV [1–3].
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These secondary low-energy electrons can induce chemical
changes with important consequences [1, 4–6]. For example,
Sanche and coworkers showed that low-energy electrons can
lead to single- and double-strand breaks in DNA [7, 8]. These
experiments clearly show that the chemical processes occur at
specific energies, thus implying that electronic resonances are
responsible for the initial capture to form temporary negative
ions that lead to reaction. In the case of DNA, one accepted
mechanism for DNA damage involves the initial capture of
the electron through the π∗ shape resonances of the nucleo-
bases, which then connects non-adiabatically to a σ∗ state that
ruptures the sugar-phosphate C–O bond [9]. Probing such a
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Figure 1. Structure of uracil: carbon (dark grey), nitrogen (blue),
oxygen (red), hydrogen (white).

process experimentally has not been feasible to date, although
much effort has gone into understanding the initial resonances
that are available for the electron capture. To this end, the
π∗ shape resonances of the nucleobases have been studied by
electron transmission spectroscopy, which provide the ener-
getic positions of the resonances; and by ion yield spectro-
scopy, which probes any dissociative electron attachment pro-
cesses that may be taking place [10–16]. These experiments
have been performed on the targets in isolation (gas-phase).
In contrast, experimental studies extending this to more com-
plex environments such as water have been scarce. Kočǐsek
et al performed elegant experiments on uracil (U, the struc-
ture of which is shown in figure 1) and thymine (T) water
clusters, U(H2O)n and T(H2O)n, subjected to electrons with
energies below 3 eV [17]. They found that the dissociative
electron attachment channel that is present for U and T was
suppressed in U(H2O)n and T(H2O)n by the observation of
the intact parent anion. However, the initial nucleobase-water
clusters are not mass-selected in their experiments so it is non-
trivial to relate the findings to specific cluster sizes or res-
onances. Approaching dynamics from the bulk is also non-
trivial. Electron scattering means that the initial energy cannot
be defined and free electrons rapidly form hydrated electrons,
which are bound.

We have recently developed a less conventional approach to
probing electron-impact resonances by using anion photoelec-
tron imaging [18–21]. Starting from the ground-state anion,
light can access specific excited states of the anion that are
buried in the continuum. In principle, these are the same states
as the electron-impact resonances probed in electron scatter-
ing experiments. While selection rules for electron-excitation
and photon-excitation are different, at the energies considered
here, both follow the dipole-approximation and are therefore
comparable to some extent, especially when only considering
resonance locations rather than cross sections, as considered in
the present work. Themain downside is that the initial geomet-
ries of the anion and neutral can differ so that direct compar-
ison between the two can be skewed unless the structures are
similar. On the other hand, the substantial benefits are that (i)

light offers a means of introducing time-resolution in a trivial
manner through time-resolved photoelectron spectroscopy
[22–24] and (ii) because the target is charged, it can be mass-
selected prior to the interaction with light [19]. The latter
allows one to separate clusters with a chosen number of solvent
molecules and therefore provides a path into experimentally
probing electronic resonances in mass-selected solute-solvent
clusters [25–27]. We have recently applied this technique to
probe the resonances in U−(H2O)n [28]. Here, we expand on
this work by demonstrating how resonances can be identi-
fied through various spectroscopic observables, and how the
intrinsic geometry changes between anion and neutral for the
solute can be unpicked from the solvent interactions, which
underpin the total reorganisation energy in the electron loss or
gain process [29, 30]. This is essential to link vertical excita-
tion energies from anions to vertical electron attachment ener-
gies by the corresponding neutral molecule.

This paper is organised as follows. Section 2 describes the
methodology used with results and analysis of those offered in
section 3. Section 3 is divided into subsections: first present-
ing the 2D photoelectron spectra, followed by examining dif-
ferent observables of the resonance position of U in the water
clusters with discussion of their merits and demerits. Section 4
considers the evolution of observables for larger clusters and
how these extrapolate to the bulk limit, and also provides a
breakdown of the total reorganisation energy in terms of intra-
and inter-molecular contributions. Section 5 closes with the
key conclusions.

2. Methodology

The experiment has an anion source, a time-of-flight mass-
spectrometer [31] to separate anions, and a velocity map ima-
ging spectrometer [32, 33] to measure photoelectron images
and spectra of mass-selected anions. The experiment has been
described in detail previously [34] and only a brief outline is
provided here. A sample of solid U (Sigma Aldrich, ⩾99%)
was heated to a temperature of 230 ◦C in an Even-Lavie valve
[35]. Water was provided by adding a drop of water in the
backing gas line. Nitrogen gas at ∼5–6 bar was used as a
backing gas and co-expanded with the vapour pressure of U
and H2O into vacuum. Radical anions, U−, were produced
using a ring-filament ionizer that injected electrons into the
supersonic expansion, predominantly producing a distribution
of U−(H2O)n. The expansion entered a Wiley–McLaren time-
of-flight mass spectrometer [31], which separates anions by
the mass-to-charge ratio. Packets of mass-selected ions were
intersected at the focal point of the mass-spectrometer with
light from a Nd:YAG pumped optical parametric oscillator
(Continuum, Horizon). The electrons produced were collec-
ted using a velocity map imaging photoelectron spectrometer
[34]. The images were reconstructed using polar onion peel-
ing and calibrated using iodide [36]. The resultant energy res-
olution was on the order of 5% of the photoelectron’s kinetic
energy.
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3. Results and analysis of resonance positions

3.1. 2D photoelectron spectra

A representative 2D photoelectron spectrum is shown in
figure 2(a) for U−(H2O)2 over a photon energy range of
1.2 ⩽ hv ⩽ 5.2 eV. The 2D photoelectron spectra for n = 3,
4, 6, 8, and 10 are broadly similar [28]. The main features
are as follows. There are two diagonal features, one starting
at hv∼ 1.5 eV and a second at hv∼ 4.6 eV. Diagonal features
are generally associated with a prompt detachment channel in
which, by the photoelectric effect, the electron kinetic energy
(eKE) increases by an amount equal to the increase in hv
[19]. Of these two features, the one appearing at lower photon
energy corresponds to the direct detachment of the open-shell
anion to the neutral ground state (S0), while the higher energy
feature leaves the neutral in an excited state (T1). The ground
state of U−(H2O)n > 1 is a valence state in which the excess
electron occupies the π1

∗ resonance of the bare U−, which has
become bound by the strong anion-dipole interaction within
the cluster [37, 38].

In addition to these direct detachment features, there is
clear evidence of resonances being accessed. These can appear
in the 2D photoelectron spectra in several ways. First, the
appearance of electron emission peaking at eKE = 0 eV with
a Boltzmann distribution is direct evidence of the formation
of a bound state from which electrons are lost statistically
(i.e. leading to the Boltzmann distribution). Statistical (or ther-
mionic) emission typically occurs on a timescale of many
nanoseconds to microseconds and even milliseconds (depend-
ing on the number of internal modes and the electron affin-
ity of the species), which implies that electron emission is
taking place from the electronic ground state of the anion
[39–41] (although excited state emission has been observed
too [42]). The appearance of statistical emission is therefore a
clear indicator of resonances being populated that then decay
to reform the anion ground state [19]. In figure 2(a), such emis-
sion is evident for hv < 3 eV and around hv = 3.9 eV. These
two regions correspond to excitation to the π2

∗ and π3
∗ reson-

ances of U−, respectively [28].
A second signature of the population of electronic reson-

ances is changes in the photoelectron spectrum compared to
direct detachment [19]. Specifically, upon excitation of a res-
onance, both the differing Franck–Condon factors and res-
onance dynamics can lead to variations in the photoelectron
spectrum. Such features were particularly apparent in the 2D
photoelectron spectra of polycyclic aromatic hydrocarbon rad-
ical anions [20, 21, 43]. In figure 2(a), around hv= 3.9 eV, the
peak at high eKE (around 2 eV) clearly shifts towards lower
eKE relative to the expected position from the linear trend oth-
erwise observed. Additionally, some photoelectron signal can
be seen between this feature and the statistical emission peak,
indicating that electrons are being emitted along some nuclear
coordinates which are bringing the resonance closer in energy
to the neutral ground state (as commonly observed in 2D elec-
tron energy loss spectra [44, 45]). Such evidence of nonadia-
batic dynamics is consistent with the ultimate appearance of
statistical emission arising from the bound anion ground state.

Figure 2. (a) 2D photoelectron spectrum of U−(H2O)2 in the
photon energy (hv) range from 1.2 to 5.2 eV, adapted from [28].
(b) Corresponding photoelectron anisotropy parameters. Black
shaded areas indicate no meaningful signal. In (a), no photoelectron
spectrum was acquired at hv = 3.1 eV and additionally in
(b), angular distributions for photoelectron signals less than 10% of
the maximum have been omitted.

Finally, a third signature of resonances being excited can be
gleaned from the photoelectron angular distributions [46, 47].
Figure 2(b) shows photoelectron angular distributions as a 2D
map corresponding to the 2D photoelectron spectrum, quanti-
fied by the anisotropy parameter, β2, which has limiting values
of+2 and−1 [48]. For photoelectron emission predominantly
parallel to the laser polarisation axis, β2 = +2, while if the
emission is predominantly perpendicular to the laser polarisa-
tion axis, β2 = −1. Qualitatively, β2 is sensitive to the orbital
from which the electron has been emitted [46, 47]. For direct
detachment, β2 is generally a slowly varying function with
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eKE (or hv in the present case), because the photodetachment
cross-sections for the various partial waves and their relative
phases are slowly varying functions of energy. Hence, when
a resonance is excited and an electron is lost from a reson-
ance, it is possible that the β2 associated with that emission
changes abruptly as hv is scanned, reflecting changes in the
character of the molecular orbital from which the electron is
emitted [18–21]. Such changes are visible in figure 2(b) around
hv = 3.9 eV and discussed further below.

In the next three sub-sections, we use the above observa-
tions to obtain ‘spectral’ signatures for resonances observed
in U−(H2O)n, focussing on the π3

∗ resonance around
hv = 3.9 eV. For each method, we explain the limitation of
using the specific observable in determining resonance posi-
tions, which pertains particularly to water clusters.

3.2. Ratio of direct to indirect detachment

The first method to determine the resonance location exploits
the observation of statistical emission, which has been applied
previously both in isolated [18, 23, 49, 50] and clustered
anions [23, 51, 52]. As mentioned, the appearance of such
emission implies that the ground state is repopulated. For the
case of the π3

∗ resonance around hv ∼ 3.9 eV (figure 2), this
implies that initial excitation to the resonance from the π1

∗

bound state will lead somehow to internal conversion back
to the π1

∗ state, either directly or via a lower-lying electronic
state or resonance (e.g. the π2

∗ state/resonance). Regardless of
the mechanism, the statistical emission can only occur when
the π3

∗ resonance is initially excited and, hence, is an indir-
ect measure of its presence. Figure 3 shows a photoelectron
spectrum for U−(H2O)2 taken at hv = 3.9 eV, corresponding
to a slice through figure 2(a) at hv = 3.9 eV. The peak associ-
ated with the direct detachment is clearly seen at eKE ∼ 2 eV
and the statistical emission peaking at eKE = 0 eV. To obtain
an action spectrum associated with the π3

∗ resonance, one can
therefore take a ratio of the signal associatedwith the statistical
detachment to the signal associatedwith the direct detachment.
There are a number of ways in which that ratio can be determ-
ined. The ratio can be taken as peak amplitudes, integrated sig-
nals over spectral ranges, or by fitting the signals to represent-
ative functions and using these to obtain suitable ratios. Each
variation was found to offer very similar results.

Figure 4 shows the ratio determined by fitting the statist-
ical photoelectron feature to an exponentially decaying func-
tion, and the prompt photoelectron signal to a Gaussian func-
tion. The ratio shows a peak when the photon energy crosses
the π3

∗ resonance as the photoexcited resonance decays to the
ground electronic state producing enhanced statistical emis-
sion. The overall contrast is very good and remains reason-
ably good even for larger clusters (up to n= 10). However, the
absolute ratio (not shown in figure 4) has decreased by about
an order of magnitude for n = 10 compared to n ⩽ 6, sug-
gesting that there will be a limit to how far this method can be
extended to much larger clusters.

Like all action spectroscopic methods, the limitation of the
method lies in the action that is observed. In the present case,
we focus on electron emission as the observable. The timescale

Figure 3. Photoelectron spectrum of U−(H2O)2 taken at
hv = 3.9 eV. Red and blue shaded areas indicate statistical and
prompt photoelectron signal, respectively.

over which emission is measured in the current experiments is
∼200 ns (timescale over which the extractor plate in the ima-
ging spectrometer was pulsed), whichmeans that any emission
that is slower, or any processes that do not lead to emission at
all, will not be captured. In the case of U−(H2O)n, reforma-
tion of the ground state following excitation of the π3

∗ reson-
ance will lead not only to electron loss as a possible statistical
decay process, but also evaporation. Both will be in competi-
tion and which will dominate depends on factors such as the
water binding energies in the clusters and the electron affinity.
As the clusters become larger, the electron affinity increases
and the binding energy per water molecule decreases [53] such
that we might expect evaporation to become more dominant at
larger n. Indeed, we know evaporation can happen as this was
the action used by Kočǐsek et al in their experiment probing
U−(H2O)m formation upon electron attachment to U−(H2O)n,
where m < n [17]. It also implies that their experiments were
probably skewed to larger clusters as the smaller clusters will
likely have decayed by thermionic emission. Regardless, the
key point here is that the statistical electron emission used in
the current discussion has only one channel, whose contribu-
tion is diminishing as n increases and therefore will have its
limitation in going to large clusters. Indeed, we already see
that the contrast in the ratio for the π3

∗ resonance in figure 4
is clearly becoming worse as n increases.

3.3. Photoelectron shifts arising from autodetachment

A second probe of resonances is through changes in the photo-
electron spectra arising from different Franck–Condon factors
associated with the π1

∗ to neutral and the π3
∗ to neutral state

transitions, or from nuclear dynamics taking place on the π3
∗

resonance [19]. Such electron loss channels (from a resonance)
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Figure 4. Ratio of statistical photoelectron emission to prompt
photoelectron emission (see figure 3) for a range of cluster sizes, n.
The data are plotted as arbitrary units and offset for clarity. The blue
shaded area indicates the range over which the π3

∗ resonance is
excited.

are referred to as autodetachment. For U−(H2O)2, figure 5(a)
shows the central peak position of the direct detachment fea-
ture to S0 (i.e. the lower diagonal peak in figure 2(a)). The
peak eKE, determined by fitting the direct detachment peak
to a Gaussian function and taking the centre, shifts linearly
to larger values as hv increases. However, at the location of
the π3

∗ resonance, a clear deviation from this linear behaviour
can be seen—the peak eKE is lower than expected in prox-
imity of the π3

∗ resonance, i.e. for hv ≈ 3.9 eV. This shift to
lower energy is consistent with the picture of autodetachment
following some nuclear dynamics, where geometrical changes
are driven by the potential gradient on the π3

∗ state, reducing
the energy gap between the resonance and S0 neutral ground
state. To illustrate further, the peak eKE as a function of hv is fit
to a linear function (with unit gradient) and figure 5(b) shows

Figure 5. Determination of the resonance location based on the
spectral changes in the prompt detachment peak (figure 3).
(a) Central electron kinetic energy of peak as a function of photon
energy. (b) Difference in peak position relative to expected position
for a direct detachment process. (c) Spectral width of prompt
detachment peak. The blue shaded area indicates the range over
which the π3

∗ resonance is excited.

the corresponding residuals. This variation of the peak eKE
from the expected value for a direct detachment process clearly
shows the location of the resonance. Finally, in figure 5(c), we
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Table 1. Peak positions, hvmax, and spectral widths, σ, determined
from the ratio of statistically emitted electrons to promptly emitted
electrons and determined from the deviation arising from
autodetachment. All values are given in eV and the errors from
Gaussian fits to determine hvmax do not exceed ±0.02 eV.

Statistical emission Autodetachment

n hvmax σ hvmax σ

2 3.91 0.23 3.94 0.33
3 3.88 0.15 4.01 0.28
4 3.87 0.13 4.01 0.26
6 3.86 0.12 4.01 0.23
8 4.02 0.20 4.04 0.30
10 3.90 0.15 4.03 0.27

show the spectral width associatedwith the high kinetic energy
peak (based on the Gaussian fit). This similarly shows that, as
the π3

∗ resonance is accessed, the peak broadens due to the
changing Franck–Condon factors and/or dynamics.

The position of the π3
∗ resonance in figures 5(b) and (c)

compares well to that in figure 4. Table 1 shows the peak pos-
itions determined from the two methods by fitting a Gaussian
to the π3

∗ resonance. Also included are the widths of the
peaks. We conclude that, even though the ‘action’ used in
either case is very different, the consistent results indicated
that it is only the excitation of the π3

∗ resonance that is import-
ant. Nevertheless, there are some differences. Specifically, π3

∗

resonance position determined from the spectral deviation is
on average 0.10 eV higher than that determined by the ratio
of statistical to prompt detachment. This observed blue shift
is likely associated with the inherent process leading to the
observed action. The shift in the peak position arises from
autodetachment that leads to changes in the Franck–Condon
factors. These changes may be expected to be smaller at lower
energy and increase with larger amounts of energy imparted
by photoexcitation of the resonances. That is to say, the ‘true’
resonance position is likely closer to the onset of where the
autodetachment feature is seen rather than the photon energy
where the shift is the greatest, consistent with the observed
data in table 1. Note also that the spectral width of the π3

∗ res-
onance is 70% larger when determined using autodetachment
as the action, suggesting that this method may be more sensit-
ive to excitation to the π3

∗ resonance than the ratio method.
In principle, the spectral deviation or spectral width meth-

ods described in this section do not suffer from the problems
associatedwith not measuring the statistical electron emission.
However, in going to larger clusters, the contrast in using the
peak eKE shift also diminishes as does the width variation.
These observations are likely a consequence of the fact that
(i) the signal to noise is deteriorating as the initial ion currents
are generally lower for larger clusters and (ii) the direct detach-
ment peaks are becoming broader at larger n (which we return
to below), which means that shifts and broadening are not as
pronounced. Overall, the differing methods are complement-
ary. However, for the π2

∗ resonance, we found it much more
challenging to perform any other method than the ratio of ther-
mionic to direct detachment [28] because the photoelectron

spectra were poorly defined (see figure 2) and because many
of the spectra were close to threshold so that distinguishing
various contributions was complicated.

3.4. Photoelectron angular distributions

Finally, we also consider photoelectron angular distributions.
Figure 2(b) shows that the anisotropy associated with the dir-
ect detachment peak in U−(H2O)2 is largely negative (β2 < 0),
pointing to an emission predominantly perpendicular to the
polarisation axis. Such behaviour is expected for photoelec-
tron emission from a π orbital [47, 54] and therefore is con-
sistent with the ground electronic state of the U−(H2O)2 being
the π1

∗ state. In figure 6, the β2 values averaged over the peak
of the direct detachment feature are shown as a function of hv.
Slow variations are expected. In figure 6, β2 is becoming more
negative as the π3

∗ resonance (hv = 3.9 eV) is approached
from the low energy side (note that at hv≲ 2.7 eV, the π2

∗ res-
onance may also be participating). Near the position of the π3

∗

resonance, sudden variations can be seen. For n= 2, there is a
clear ‘kink’ with the gradient changing sign suddenly. These
variations are also clearly discernible for n = 4 and 6, but less
so for n ⩾ 8. Taking differences from the expected value (as
done in the preceding section for the photoelectron peak pos-
itions) does not offer provide better contrast because the vari-
ations are small and because the scatter associated with adja-
cent data points is relatively large (especially for the larger
clusters).

The action in the present case is a change in the β2 values.
In some cases, such changes are dramatic and easily observed
[24, 50, 55–57]. In the present case on the other hand, the vari-
ations are small and therefore difficult to discern. This may be
because all the resonances are of very similar character and
the system has no symmetry. For example, in anthracene or
pyrene, even though the resonances are also of π∗ character,
their associated β2 values upon emission varied dramatically
for some (but not all) resonances [20, 21]. Unfortunately, the
theory to quantitatively predict these changes has not yet been
developed. Nevertheless, in the case of U−(H2O)n for the π3

∗

resonance, it does not appear that photoelectron angular dis-
tributions are particularly sensitive. Although changes in the
anisotropy of the direct detachment feature across the reson-
ance were very small, electrons being lost through autode-
tachment appear to be ejected with a more negative β2 value.
Again, as the resonances of U−(H2O)n are also π∗ charac-
ter, the anisotropy change in going from direct detachment to
autodetachment is not as pronounced as it could be for other
molecules.

Considering the application of photoelectron angular dis-
tributions to larger clusters might also be complicated. In
figures 7(a) and (b), the photoelectron spectra and β2 values
are shown for photoelectron spectra taken at hv = 3.6 eV
(i.e. off-resonance) across a wide range of n (up to n = 25).
From this, it is apparent that the β2 values are becoming more
isotropic for larger clusters. This is in part because the eKE
is smaller [58] as shown in the corresponding photoelectron
spectra, but also contains scattering contributions of the out-
going electron by the water molecules leading to a tendency

6
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Figure 6. β2 characterising the photoelectron angular distribution
of the prompt photoelectron emission for a range of cluster sizes, n.
The blue shaded area indicates the range over which the π3

∗

resonance is excited.

to isotropic photoelectron angular distributions, as shown in
water clusters by Hartweg et al [59]. Hence, while photoelec-
tron angular distributions may be useful for identifying elec-
tronic resonances in isolated species, they are likely not to be
useful in large clusters. This can already be appreciated from
the data in figure 6 for n ⩾ 8.

4. Direct detachment in larger clusters and analysis
of reorganisation energy

In the preceding section, we focussed on the identification of
shape resonances in U−(H2O)n and specifically the π3

∗ res-
onance. A key conclusion from our previous work on water
clusters of a series of polycyclic aromatic hydrocarbon rad-
ical anions, PAH−, was that the position of resonances does
not change dramatically with respect to the anion ground state
(i.e. excitation energy in the anion photoelectron spectroscopy

Figure 7. (a) Photoelectron spectra acquired at hν = 3.6 eV plotted
in terms of binding energy for a range of cluster sizes from n = 2 to
n = 25. The peak maximum corresponds to the vertical detachment
energy whilst the peak onset corresponds to the adiabatic
detachment energy. (b) Anisotropy parameters associated with the
photoelectron spectra in (a). The blacked out area corresponds to
areas where the photoelectron signal is less than 50% of its
maximum.

experiments) [26, 27]. The same holds for U−(H2O)n [28].
However, this constant excitation energy is of course relative
to the anion ground state and we know from figure 7(a) that
the anion ground state is becoming more bound with increas-
ing n. Therefore, when referencing an energy level diagram
with respect to the neutral ground state, the resonances are
decreasing in energy [26, 28]. In figure 8, we show the results
from our previous study extending the energies derived from
the photoelectron spectra (figure 7(a)) and the resonance pos-
itions to infinite cluster size. The data are shown as a function

7
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Figure 8. Energy level diagram for U−(H2O)n clusters, relative to
the ground state of the neutral cluster, S0, plotted as a function of
cluster size, (n + ξ)−1/3. Circles are taken from photoelectron
spectra and represent the anion ground state π1

∗ and the π3
∗

resonance, and the dashed lines represent the extracted range of the
π2

∗ resonance. Linear fits (considering n ⩾ 3) to the vertical and
adiabatic detachment energy are extended to their respective bulk
aqueous limits, shown with crosses. The difference between these
extrapolated energies corresponds to the reorganization energy, λ.
Adapted from [28]. CC BY 4.0.

of (n + ξ)−1/3, which effectively corresponds to a cluster size
in which ξ is the volume taken up by the solute ion (U− in the
present case) in terms of equivalent water molecules [60, 61].
We have taken ξ = 4 based on a consideration of the experi-
mental and computed partial molar volume of aqueous U, and
on dielectric continuum theory [28, 62, 63].

The extrapolation in figure 8 shows that several electronic
states which are resonances in the isolated molecule may
become bound in larger clusters and the bulk. However, while
our photoelectron spectroscopymeasurements allow for mass-
selection so that the linear extrapolation with cluster size can
be deployed to determine bulk properties, these bulk properties
are in the reference frame of the anion. Instead, if one seeks
to understand electron attachment processes and resonances in
bulk aqueous environments, then the desired reference frame
is that of the neutral geometry, to which an electron is attached
(i.e. a vertical electron attachment energy).

The electron detachment and electron attachment pictures
can be connected through a Marcus-type picture [28, 30].
Assuming a linear response, the energy curves along combined
intra-molecular (inner-sphere) and inter-molecular (outer-
sphere) coordinates then scale parabolically and one can

Figure 9. Schematic of energy curves within a linear response
model along the intramolecular and intermolecular coordinates
linking U−(H2O)n (black) and U(H2O)n (green). The experimental
observables of the vertical detachment energy (VDE) and adiabatic
detachment energy (ADE) are shown as vertical double arrows
along with their difference which corresponds to the reorganisation
energy (λ). The vertical attachment energy to specific resonances
(not shown in figure) is then the vertical excitation energy of the
resonance in the anion geometry minus the VDE plus twice λ.
These quantities can be determined for different n and in the limit of
n→∞ (figure 8).

define the reorganisation energy, λ, as shown in figure 9.
The value of λ can be estimated from the non-resonant
photoelectron spectra: according to figure 9, λ equates to the
difference between the vertical detachment energy and the
adiabatic detachment energy (the electron affinity). These can
be obtained directly from figure 8 which finds that λ∼ 1.2 eV
in the bulk limit. This reorganisation energy contains both the
intramolecular reorganisation, λIS, associated with the geo-
metry change ofU in going from anion to neutral, and the inter-
molecular reorganisation, λOS, associated with overall change
in solvation sphere between anionic and neutral U. In the case
of PAH−(H2O)n, λIS is small because the geometry change
upon the addition of an electron to a PAH such as anthracene
or pyrene is minor [20, 64]. In contrast, for U−(H2O)n, there
is a large change in geometry as evidenced by the broadness
of the photoelectron spectrum of the direct detachment. At
first glance, this could be viewed as invalidating our approach
of using photoelectron spectroscopy as a probe of electron-
impact resonances, but in actuality, it offers direct insight
into λIS, under the assumption that the motion connecting the
two geometries is harmonic. In addition to the intramolecu-
lar changes, it is also clear that the direct photoelectron spec-
tra are increasing in spectral width as shown in figure 7(a),
which is associated with the solvent response rather than the
intramolecular changes. We now consider the decomposition
of the total λ into the individual contributions, λ= λIS + λOS.

The core problem in determining λIS is that the lowest
lying valence state of U is a resonance [10]. Hence, we cannot
simply measure the photoelectron spectrum of U− in its π1

∗

state. However, a single water molecule renders the π1
∗ state

8
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Figure 10. Photoelectron spectrum of U−(H2O)1 (blue), together
with a fit to the experimental data (red), which allows us to estimate
the intramolecular reorganisation energy as
λIS = VDE − ADE ∼ 0.6 eV.

as the ground state and will have a minimal intermolecular
reorganisation effect. In figure 10, the photoelectron spectrum
of U−(H2O)1 is presented. This spectrum shows a relatively
narrow peak at low binding energy and a broader peak at
higher binding energy. The former is consistent with the
detachment from a dipole-bound state whilst the latter with
detachment from a valence-bound state, which in this case
is the π1

∗ state. The observation of both types of elec-
tronic states indicates that there is a distribution of isomers
in the molecular beam. A similar observation was made by
Bowen and coworkers for the case of U−(Xe)1 [37], but they
only observed the valence-bound isomer for U−(H2O)1 [37,
38]. Computational work has suggested that differing loca-
tions of the H2O molecule leads to differing binding ener-
gies of the valence state [65]. Hence, the differing isomers
might reflect different structural isomers. Only one isomer,
however, was found to have the valence state as the low-
est energy electronic structure [65]. We fit this photoelectron
spectrum with a Gaussian function to represent the dipole-
bound state and an asymmetric Gaussian for the π1

∗ state, as
shown in figure 10. From the fits, we determine that the adia-
batic detachment energy is 0.25 eV and the vertical detach-
ment energy is 0.85 eV, consistent with previous experiments.
Taken together, their difference therefore is a reasonable meas-
ure of λIS and we find that λIS ∼ 0.6 eV.

The total reorganisation energy is λ ∼ 1.2 eV, from extra-
polation of the adiabatic and vertical detachment energies of
the clusters to infinite size. But given that λ = λIS + λOS, we
determine that λOS ∼ 0.6 eV in aqueous solution. Hence, there
is an approximately equal contribution to the reorganisation
energy from the change in geometry of the solute and from the
solvent. The contribution of λOS will be dependent on n, which
is consistent with the diverging extrapolations of the adia-
batic and vertical detachment energies discussed previously.
Elegantly, our cluster approach allows the total reorganisation

energy to be deconvoluted into its separate contributions.
These values should also serve as a useful benchmark for com-
putational work aimed at understanding electronic resonances
in bulk aqueous environments [66–70].

5. Conclusions

Anionic clusters offer a route of measuring electronic res-
onances in micro-solvated environments by using 2D photo-
electron spectroscopy to access the resonances. Several meth-
ods for extracting the resonance positions have been outlined.
Anisotropy in the photoelectron angular distribution responds
to the photon energy scanning over a resonance, although this
may only be usefully distinguishable when the character of
the excited state differs greatly to the ground state. The most
sensitive method appears to be the use of statistical emission
relative to direct detachment, although this requires that such
emission can be measured which is not guaranteed, especially
as the cluster size increases. This would be complementary
to other action spectroscopies that have not been considered
here. For example, ion-yield spectra probing the depletion of
the parent U−(H2O)n signal would also yield the position of
the resonance(s), but would be blind to the electron loss chan-
nel that was the focus here. Nevertheless, our previous conclu-
sion that excitation energies to the resonances from the anion
do not change significantly with cluster size appears to hold,
even for strong interactions between solute and solvent.

2D photoelectron spectroscopy probes the resonances from
the perspective of the anion, whilst the inherent interest is in
electronic resonances that can capture free electrons which
requires a neutral initial geometry. By considering the adia-
batic and vertical detachment energies, the reorganisation
energy can be determined. Moreover, as shown here, this
can be deconvoluted into its intramolecular and intermolecu-
lar contributions. In the specific case of aqueous uracil, we
find that the former amounts to ∼0.6 eV while the latter to
∼0.6 eV of the total ∼1.2 eV reorganisation energy in the
bulk. Taken holistically, photoelectron spectroscopy studies
on anionic water clusters offer a new and elegant route to prob-
ing electronic resonances in aqueous environments.
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