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The valence electron affinity of uracil determined
by anion cluster photoelectron spectroscopy†

Connor J. Clarke, a E. Michi Burrow a and Jan R. R. Verlet *ab

The unoccupied p* orbitals of the nucleobases are considered to play important roles in low-energy

electron attachment to DNA, inducing damage. While the lowest anionic valence state is vertically unbound

in all neutral nucleobases, it remains unclear even for the simplest nucleobase, uracil (U), whether its valence

anion (U�) is adiabatically bound, which has important implications on the efficacy of damage processes.

Using anion photoelectron spectroscopy, we demonstrate that the valence electron affinity (EAV) of U can

be accurately measured within weakly solvating clusters, U�(Ar)n and U�(N2)n. Through extrapolation to the

isolated U limit, we show that EAV = �2 � 18 meV. We discuss these findings in the context of electron

attachment to U and its reorganization energy, and more generally establish guidance for the determination

of molecular electron affinities from the photoelectron spectroscopy of anion clusters.

Introduction

Low-energy electrons can induce strand breaks in DNA, even at
electron energies below the ionization energy of individual
components and below the dissociation energies of covalent
bonds in the biopolymer.1–3 The initial step is believed to
involve the electron attachment to valence states of compo-
nents of DNA, forming temporary negative ions that can then
lead to bond-rupture through a long-range dissociative electron
attachment process.4–6 The nucleobases in particular have
received much attention as the site for initial electron attach-
ment via their low-lying valence states that are of p*
character.6–10 In the gas phase, electron transmission spectro-
scopic experiments have mapped out the location of these p*
resonances.11,12 However, such experiments are not sensitive to
the subsequent dynamics that could stabilize the generated
temporary negative ions. In particular, nuclear dynamics can
compete with autodetachment to decrease the energy gap
between the anion valence state and the neutral ground state,
leading to a highly reactive radical anion that is long-lived,
especially if the anion valence p* state is adiabatically bound.
So, a natural question then arises: what is the adiabatic electron
affinity of the lowest valence state, EAV, of a nucleobase? Even
for the simplest nucleobase, uracil (U), this remains a debated
question. Here, we seek to answer this question by applying

anion photoelectron spectroscopy to a range of uracil clusters
to determine EAV of U.

The U nucleobase forms a stable anion in the gas phase,13,14

where the excess electron is very weakly bound in a diffuse
orbital by the strong dipole moment of the molecule (m E
4.5 D). However, such a dipole-bound state (DBS)15 is not a
valence state and, while non-valence states can partake in
electron attachment at very low electron energies16–23 and popu-
lation can pass from valence to non-valence state and vice
versa,24,25 they are not thought to be relevant in the context of
DNA damage because the environment will disrupt the orbital.26

From electron transmission spectroscopy, the lowest-energy
shape resonance, p�1, is populated with incident electron ener-
gies around 220 meV.11 Upon geometric relaxation, electronic
states may stabilize by hundreds of meV, and the p�1 valence
state was suspected to be adiabatically bound with respect to
electron loss. However, anion photoelectron spectroscopic stu-
dies reported observation of only the DBS of U�.13 This was
rationalized as the DBS being more stable than the p�1 state, and
an upper-bound for the EAV was found to be EAV o EAD E
+90 meV, where EAD is the electron binding energy of the uracil
anion in its DBS. On the other hand, long-lived U� in its p�1 state
was observed to form via Rydberg electron transfer to U(Ar)n

clusters, following evaporation of the solvating argon atoms.27

This was presented as confirmation that the p�1 state is adiaba-
tically bound with respect to electron loss, and they reported
EAV = +62 � 32 meV.27 Computationally, there have been a wide
range of EAV values reported ranging from negative28–33 to
positive.6,34–40 The seemingly most comprehensive treatment
has been performed by Gu et al., who followed the W1BD
composite method41 and found EAV = +24� 13 meV,42 suggesting
a weakly adiabatically bound p�1 valence state.
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Solvation stabilizes valence-bound anions to a greater
degree than dipole-bound anions.43 Consequently, the ground
state of uracil–water cluster anions, U�(H2O)n, is observed to be
the p�1 valence state, as easily distinguished in photoelectron
spectra by its greater spectral width compared to the signal
arising from a DBS.44–46 By plotting the n-dependent EAV of
these clusters, it therefore becomes possible to extrapolate
towards n = 0 and obtain an estimate for the EAV of U. Two
studies have performed this procedure, both yielding relatively
large positive adiabatic electron affinities: EAV = +150 � 120
meV44 and EAV = +159 meV46 (uncertainty not stated). However,
the 0–0 transition for photodetachment from the p�1 valence
state could not be discerned clearly for any of the clusters, and
moreover, the validity of performing such an extrapolation is
questionable. Water molecules interact very strongly with the
uracil anion through a multitude of interactions (e.g. hydrogen
bonding and dipolar) so that a simple linear extrapolation is
unlikely to be valid even for small clusters. In principle, these
concerns can be alleviated through the study of uracil–solvent
cluster anions with more weakly interacting solvent molecules.
To this end, we performed anion photoelectron spectroscopy
on two different series of uracil–solvent cluster anions: U�(Ar)n

and U�(N2)n, and compared our findings to results on
U�(H2O)n. This approach, utilizing spectroscopic tags, also
offers colder clusters and allowed us to unambiguously identify
the 0–0 transition for photodetachment from the p�1 valence
state. Our determination for EAV is broadly in line with the
‘best’ computational predictions,6,42 and expands upon the
results from Rydberg electron transfer experiments.27 It also
provides a rigorous assessment and establishes protocols for
the determination of small (be they positive or negative)
adiabatic electron affinities using photoelectron spectroscopy
of anion clusters.

Methods
Experimental

The experimental apparatus has been described in detail
elsewhere.47 A solid sample of uracil (U) was placed inside a
pulsed Even–Lavie valve48 and heated to approximately 220 1C.
The valve was backed with argon or nitrogen at B10 bar
pressure to produce the desired series of molecular clusters,
U(Ar)n or U(N2)n. To induce formation of uracil–water clusters,
U(H2O)n, a drop of water was added to the backing line. The
molecular beam passed through a (thoriated tungsten) filament
ring ionizer held at high current, attaching electrons and
generating the corresponding progressions of cluster anions.
A Wiley–McLaren time-of-flight mass spectrometer49 separated
the cluster anions by their mass-to-charge ratio (m/z), and the
targeted anion packet was intersected with a delayed laser pulse
at the center of a velocity map imaging electron spectrometer.
Nanosecond laser pulses were sourced from an Nd:YAG laser
(Quantel, Q-smart 450), at the fundamental (1064 nm) or
second harmonic (532 nm) wavelengths. Photoelectron spectra
and angular distributions were reconstructed from the

resulting photoelectron images using the polar onion peeling
(POP) algorithm.50 The well-known energetics of atomic I� were
used for calibration, and full details on our calibration process
are included in the ESI.†

Computational

Density functional theory (DFT) tends to produce a bound p�1
state of the uracil anion,42 making it an ideal choice for
calculating the vibronic spectrum of valence U�. We opted for
the long-range corrected CAM-B3LYP functional,51 with the
diffuse aug-cc-pVDZ Dunning basis set.52 By omitting the extra-
diffuse basis functions that are often added into calculations on
U�, the optimized anion geometry settled into the buckled p�1
valence state, and a minimum was confirmed through vibra-
tional frequency analysis. The planar equilibrium structure of
neutral uracil was also calculated, allowing the vibronic spec-
trum associated with the S0 ’ p�1 transition to be computed.
Each transition was broadened by a Gaussian function with
standard deviation s = 20 meV, and summed to produce a
representative photoelectron spectrum. The simulated spectrum
was shifted to align with the measured 0–0 transition of U�(Ar)3.
All calculations were performed with Gaussian 16.53

Results and discussion
Photoelectron spectra of uracil–argon cluster anions

Photoelectron spectra of a series of uracil–argon cluster anions,
U�(Ar)n where n r 25, were acquired using nanosecond laser
pulses with photon energy hn = 1.165 eV. Fig. 1(a) shows a
selection of the spectra corresponding to the smaller clusters,
n r 9. Photoelectron signal is plotted in terms of electron binding
energy, defined as eBE = hn � eKE, where eKE is the measured
electron kinetic energy. As found in earlier photoelectron spectro-
scopy experiments,13,44,45 the photoelectron spectrum of U� exhi-
bits a single, sharp peak at low electron binding energy. This is
the characteristic photoelectron signal arising from photodetach-
ment of a DBS to reach the ground-state neutral, as the excess
electron only weakly interacts with the neutral core. We addition-
ally confirm that the electron emission is highly anisotropic
(b2 = +2.0, see Fig. 1(b)) as expected from an s-like non-valence
orbital.54,55 We determine that EAD = +75 � 6 meV (details of our
calibration process in the ESI†).

The photoelectron spectra of U�(Ar)1 and U�(Ar)2 are similar
to the spectrum of U�. The low-energy electrons (eBE 4 0.5 eV)
were produced from small contamination of uracil–water clus-
ter anions of similar masses to U�(Ar)1–2, but given this signal
does not interfere with the low binding energy peak associated
with the dipole-bound state, this signal has no impact on the
current discussion. It is clear that formation of the DBS of U�

remains favorable in the presence of one or two argon atoms,
and solvation appears to only increase EAD by a few meV per
argon atom. Upon the addition of a third solvating argon atom,
the photoelectron spectrum changes drastically. U�(Ar)3 exhi-
bits a broad, structured photoelectron signal, with a far more
isotropic photoelectron angular distribution (b2 E +0.4, see
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Fig. 1(b)). This arises from photodetachment of the p�1 valence
state and suggests that it has become the ground electronic
state of the anion due to stabilization from the solvating argon
atoms and agrees well with an earlier photoelectron spectro-
scopic measurement of the p�1 valence state of U�(Xe)1,45

which also shows a broad feature with underlying vibrational
structure (although the structured peak was partially obscured
by photoelectron signal arising from some accompanying DBS).
The considerable spectral width of the p�1 detachment feature
arises from the substantially different equilibrium geometries
between the anionic and neutral form of the uracil molecule:
the neutral molecule is planar while the anion becomes
non-planar.33

Despite the disparate geometries, it appears that a peak
corresponding to the 0–0 transition is resolved in Fig. 1 (blue

arrows), which represents a direct measure of EAV associated
with the p�1 state of U�(Ar)n. To reinforce assignment of the
0–0 transition peak, Fig. 2 recasts the photoelectron spectrum
of U�(Ar)3 with an overlay of a computed (DFT/(U)CAM-
B3LYP/aug-cc-pVDZ) vibronic photodetachment spectrum of
the p�1 valence state of U�. As the excess charge is expected to
localize on the nucleobase, exclusion of the argon in the
calculations was considered acceptable. Indeed, the vibra-
tional structure displayed in photoelectron spectra of
the larger U�(Ar)n43 clusters are very similar, demonstrating
the negligible effect of the argon atoms. The calculated
vibronic spectrum shows good overall agreement,
although the vibrational structure of the experimental spec-
trum was not perfectly captured. Nevertheless, the dominant
vibrational mode can be clearly identified as v15, which
corresponds to an out-of-plane motion (displacement
vector shown in ESI†). Some disparity might be expected
due to differences in anion–neutral geometries, which
results in a broad Franck–Condon window made up of many
combined excitations, and the neglect of anharmonicity.
In the context of this study, it is more critical that
we can conclude that the 0–0 transition is clearly distinguish-
able in the photoelectron spectra of U�(Ar)n, and therefore
the associated EAV can be accurately determined for each
cluster.

With increasing cluster size, the 0–0 transition shifts to
higher electron-binding energy. This demonstrates that EAV

increases with each incrementally added argon atom, directly
reflecting the imposed anion-stabilizing effect. In particular,
U� is stabilized through favorable interactions between the
excess negative charge and the polarizability of the argon
atoms. From the measured 0–0 transition energies, it is possi-
ble to extrapolate the measured EAV(n) to the isolated U� limit
(i.e. n = 0), obtaining an estimate for EAV of U. However, in
order to perform such an extrapolation, the behavior of EAV(n)
should be considered in detail.

Fig. 1 (a) Photoelectron spectra of uracil–argon cluster anions, U�(Ar)n,
acquired using nanosecond laser pulses with hn = 1.165 eV. Blue arrows
highlight the electron binding energy (eBE) associated with the 0–0
transition from the p�1 valence state to the neutral ground state. (b)
Corresponding photoelectron images from dipole-bound U� (left) and
valence-bound U�(Ar)3 (right). The fixed direction of laser polarization
vector is represented by e.

Fig. 2 Measured photoelectron spectrum of U�(Ar)3 (black), overlaid with
the calculated (CAM-B3LYP/aug-cc-pVDZ) vibronic photodetachment
spectrum (red) of the p�1 valence state of U�.
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Electron-binding energy extrapolation of valence-bound anions
in solvating clusters

Fig. 3 compiles the argon-induced anion-stabilizing effect,
Estab(n) = EAV(X(Ar)n) � EAV(X), from a number of photoelectron
spectroscopic studies on valence-bound X�(Ar)n clusters, where
X = O,56 NO,57 Cl,58 Br,59 I,59 I2,60 and pyrazine.61 It is apparent
that the more electron-dense anions are stabilized to a greater
degree by the clustered argon atoms. The trend in Estab(n) (and
therefore also EAV) for each anion cluster appears approxi-
mately linear at small n, but curves slightly at larger n, where
the Estab(n) increases by a smaller amount per successive argon
atom added. This curvature has been explained to be a result of
various many-body interactions (mostly between the charged
anion and the clustered argon atoms),58,59 ultimately adding a
small destabilizing effect to the anion with respect to the
neutral form. Through least-squares fitting, we found the power
function Estab(n) B n0.95 to reproduce the exhibited curvature
very well for each series of anion clusters. The only exception to
this is O�(Ar)n, which also interacts most strongly with the
solvating Ar atoms. In the case of U, Estab(n) for U�(Ar)n is the
most comparable to Br�(Ar)n, suggesting that the U�–Ar inter-
action strength is similar to Br�–Ar and the above power
function is appropriate to use for extrapolation purposes.

Determination of the electron affinity of the valence
state of uracil

Fig. 4 presents the experimentally determined EAV associated
with each measured U�(Ar)n cluster, demonstrating a slightly
curved behavior at smaller cluster size. There is a clearly
observable ‘kink’ in the trend around the U�(Ar)12 cluster,
which is indicative of the (partial) closing of a solvation
shell around U�.56,57 For now, we focus on the EAV values of
the small clusters. The EAV values of U(Ar)3–5 were fit to the
empirical function EAV(n) = kArn

0.95 + EAV, where kAr was an

optimized constant associated with the interaction strength
between U� and Ar. Only clusters consisting of up to five argons
were included in the fit, since a second less-defined kink may
be present at n = 6. The fitting function, extrapolated to n = 0, is
shown in Fig. 4. Extrapolation to n = 2 suggests that the EAV is
below the electron binding energy of the DBS for this cluster,
consistent with the absence of the p�1 valence state signal in the
photoelectron spectrum of U�(Ar)2. From the full extrapolation,
we find that EAV = �6 � 24 meV, where the uncertainty in EAV

was determined by the combined contributions of our experi-
mental resolution and the extrapolation process.62 Unfortu-
nately, our results on the U�(Ar)n clusters were unable to
conclusively determine whether the p�1 state of U� is adiabati-
cally bound or not. Nevertheless, we can conclude that EAV is
very small. By directly observing the 0–0 transition associated
with the p�1 valence state in weakly perturbed clusters, this
extracted value is currently the most accurate experimentally-
determined EAV, and is lower than, but within the error of the
most reliable theoretical determination.42

Comparison with other solvent clusters and the caveats of
using strongly interacting solvents

Further estimates for EAV can be obtained by repeating
the above procedure with different solvent molecules. Fig. 5
displays photoelectron spectra (hn = 1.165 eV) of U�(N2)n, with
n r 6. The vibrational structure in the detachment from the p�1
valence state is very similar to that observed from U�(Ar)n,
allowing EAV(n) to be extracted from the distinct 0–0 transition
feature in each spectrum. The nitrogen molecules interact more
strongly with the uracil anion than do the argon atoms, as
reflected in the greater degree of stabilization per added solvent
molecule, as well as in the observation of the p�1 valence state

Fig. 3 Stabilization energy Estab = EAV(X(Ar)n)� EAV(X), associated with the
clustering of n argon atoms to different anions, X. Circles and triangles are
used to distinguish between atomic and molecular anions, respectively.
The dotted lines show fitted power functions of n associated with each
series of anion clusters. For errors on specific data points, the author is
directed to the relevant studies. Adapted from ref. 56–61, with the
permission of AIP publishing.

Fig. 4 Adiabatic electron affinity (EA) of uracil–argon clusters, U(Ar)n,
extracted from photoelectron spectroscopy of the corresponding anions.
Dots indicate EAV(n) associated with the p�1 valence state of U�(Ar)n,
whereas the crosses show the measured electron binding energies of
the DBS anions, EAD. An extrapolation using the EAV(n) of U(Ar)3–5 is
overlaid (black line). Inset is a magnified view for small n (red dashed area).
Uncertainties in each data point were smaller than the size of the data
point symbols, and were below �10 meV for n = 0–5.
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for U�(N2)2. Despite the similar polarizabilities of N2 and Ar,63

the inherently anisotropic charge distribution of diatomic
nitrogen allows for additional interactions with U�, e.g.
through its significant quadrupole.64 The observed 0–0 transi-
tions in the photoelectron spectra of U�(N2)n are also broader
than in the case of U�(Ar)n, and so the uncertainty associated
with finding the EAV was slightly larger. This spectral broad-
ening again correlates with stronger interactions between
the anion and N2, consistent with previous studies on NO�

cluster anions.57 In particular, stronger interactions between
U� and N2 (compared to U� and Ar) can act to both: encourage
excitation of lower-frequency vibrational modes which cannot
be spectrally resolved; and increase the degree of structural
rearrangement in the transition from anion to neutral, leading
to a broader Franck–Condon window. Additionally, some of the
broadening may be attributed to the presence of multiple
structural isomers for each anion cluster, as the N2 molecules
preferentially bind to different sites of the uracil anion (with
facile interchange), resulting in subtly different binding ener-
gies for the excess electron between isomers.

Fig. 6 presents the extracted EAV(n) of the U(N2)n clusters,
alongside the earlier results on U(Ar)n. Over the range of small
clusters measured, the curvature exhibited in the plot of EAV(n)
was exacerbated with the N2 solvent. Once more, this follows
from stronger intermolecular forces within the clusters. In fact,
the strength of interaction between U� and N2 is comparable to
the O�(Ar)n anion clusters shown in Fig. 3, which also
expressed a pronounced curvature (compared to the more
weakly interacting anion–argon clusters). However, there is an
important difference between the U�(N2)n and O�(Ar)n: the
latter series of clusters are comprised of atomic subunits,
whereas both uracil and molecular nitrogen are polyatomic.
Therefore, the many-body interactions that govern the

exhibited curvature of the O�(Ar)n clusters are completely
absent in O�(Ar)1, and so linear behavior is expected in the
range 0 r n r 2 for these atomic clusters. In the case of
U�(N2)n, the curvature results from a combination of many
intermolecular interactions (e.g. between dipoles, quadrupoles,
polarizabilities), which all remain present even in U�(N2)1.
Consequently, there is no reason to suspect the exhibited
curvature not to persist to the n = 0 limit. We found a relation-
ship, EAV(n) = kN2n0.7 + EAV, to fit the data appropriately
(fit included in Fig. 6), with the optimized coefficient kN2 4
kAr. A value EAV = +1 � 26 meV was extracted, consistent with
the EAV derived from the U�(Ar)n series of clusters, and
providing further evidence that the excess electron in the p�1
valence state of U� is very weakly bound, if at all.

Solvation-induced stabilization of U� has been the most
extensively studied in uracil–water cluster anions,44,46,65 where
even a single water molecule sufficiently stabilizes the p�1
valence state to become the ground state of the uracil anion.
A photoelectron spectrum of U�(H2O)1 is shown in Fig. 7 (hn =
1.165 eV), where the 0–0 transition peak arising from the p�1
valence state was distinct but broad. Through its characteristic
spectral signature, the formation of the solvent-stabilized DBS
of U�(H2O)1 in our ion source was also observed; it will be the
subject of a forthcoming communication and is briefly dis-
cussed further below. From the 0–0 transition associated with
the p�1 valence state, the solvating power of H2O is demonstrably
much greater than either Ar or N2. Indeed, the anion-stabilizing
effect of a single water molecule exceeded that of 25 argon
atoms: EAV(U(H2O)1) 4 EAV(U(Ar)25). It is unsurprising that the
interactions of U� with H2O are so vastly stronger, as clustering
with water is additionally supported by long-range charge–
dipole interactions as well as hydrogen bonding.

Larger clusters of U�(H2O)nZ2 did not produce distinguish-
able 0–0 transition features due to further spectral broadening,

Fig. 5 Photoelectron spectra of uracil–nitrogen cluster anions, U�(N2)n,
acquired using nanosecond laser pulses with hn = 1.165 eV. Blue arrows
highlight the electron binding energy (eBE) associated with the 0–0
transition from the p�1 valence state to the neutral ground state.

Fig. 6 Adiabatic electron affinities (EA) for a selection of uracil–solvent
clusters, U(Ar)n (black), U(N2)n (red), and U(H2O)n (blue), extracted from
photoelectron spectroscopy of the corresponding anions. Extrapolations
are overlaid as solid lines. Uncertainties in each data point were smaller
than the size of the data point symbols for the U�(N2)n and U�(H2O)1
clusters. The uncertainties for U�(H2O)2–6 were larger (due to absence of
the 0–0 transition), around 0.1 eV.
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and therefore each EAV(n) associated with these clusters was
estimated from the onset of the Gaussian-like photoelectron
signal (taken as 10% of peak height). The resulting EAV(n)
values are also displayed in Fig. 6, and exhibit an even more
pronounced curvature with n. We do not present an extrapola-
tion to the monomeric limit (n = 0) using the uracil–water
cluster EAV(n) for several reasons: (i) there was no simple power
function which suitably captured the experimental data; (ii) the
0–0 transition was not observable in all but one of the clusters,
obscuring accurate determination of the EAV; and (iii) water
molecules are far more selective towards the binding site of U�

(or to other H2O molecules in the cluster), largely due to their
tendency for hydrogen bonding. Nonetheless, linearly extrapo-
lating the EAV(n) of the smallest U�(H2O)n clusters results in an
estimated EAV E +177 meV, similar to the electron affinities
obtained in earlier studies that performed this procedure.44,46

Our results on the U�(Ar)n and U�(N2)n clusters highlight the
problems associated with performing such a linear extrapola-
tion: in particular, the EAV for some of the argon- and nitrogen-
stabilized clusters are measurably lower than 177 meV. We
conclude that, in general, linear behavior of the electron
binding energy should not be assumed in clusters containing
a polyatomic anion and a strongly solvating species such as
water. In the case of U�, this leads to systematic errors up to
hundreds of meV.

General discussion

The observed vibrational structure in the photoelectron spectra of
U�(Ar)n and U�(N2)n also provides insight into the nuclear
rearrangement undergone by uracil in the transition from its
neutral to anionic valence state. The vertical detachment energy
(VDE) of each anion cluster was extracted from the eBE at which
there was most (fitted) photoelectron signal, and it was found to
decrease with smaller n at the same rate as EAV(n). From the
appropriate extrapolation, we find that VDE(U�) = +210� 30 meV.

The extracted detachment energies of U� (EAD, EAV, and VDE) can
be used to draw a schematic of the relevant diabatic potential
energy surfaces along the ring-buckling coordinate that connects
the neutral (S0) and anionic (p�1) equilibrium geometries (Fig. 8).
Encouragingly, electron transmission spectroscopy has measured
the vertical attachment energy (VAE) of the p�1 valence state of U to
be very close to our extracted VDE:VAE = 220 meV.11 Assuming the
same harmonic diabatic surfaces for S0 and p�1 valence states
allows us to connect the buckling coordinate in a consistent
picture as shown in Fig. 8. In the context of low-energy electron
attachment into the p�1 resonance, U� forms in the planar
geometry, but will rapidly stabilize via the buckling distortion.
With only the slightest buckling away from planarity, the p�1
valence state energy approaches that of the neutral S0 state and
then becomes vertically bound with respect to electron loss,
greatly enhancing the lifetime of the generated anion. Regardless
of whether the p�1 state is adiabatically bound in its minimum
energy (fully-buckled) structure (i.e. EAV o 0 or EAV 4 0), its
vertical binding exceeds 200 meV and U� formed by electron
attachment via the p�1 resonance is expected to persist on a
timescale greatly surpassing the sub-picosecond lifetimes asso-
ciated with shape resonance autodetachment.19,66,67

A competing decay pathway for the p�1 state is through
internal conversion to the DBS.24 Within the harmonic approxi-
mation displayed in Fig. 8, an energetic barrier is expected to
separate the two states, limiting the rate of internal conversion
from the p�1 state to the DBS. Numerous computational studies
have attempted to calculate the height of this barrier, with
estimates ranging from tens to hundreds of meV.32,38,68 Within
our simple linear response model in Fig. 8, it appears the
barrier height is on the order of 10 s of meV. This barrier
may have held important consequences for the earlier Rydberg
electron transfer experiments that had suggested a positive
value for the EAV.27 These experiments attached electrons to
U(Ar)n clusters, and following evaporation of the clustered
argon atoms, formed U� in the p�1 state. U� was kinetically

Fig. 7 Photoelectron spectra of small uracil–water cluster anions,
U�(H2O)n, acquired using nanosecond laser pulses with hn = 1.165 eV
(n = 0, 1) and hn = 2.230 eV (n = 2, 3). Blue arrows highlight the electron
binding energy (eBE) associated with the 0–0 transition from the p�1
valence state to the neutral ground state. The contribution from the DBS
of U�(H2O)1 is highlighted in red.

Fig. 8 Schematic showing diabatic potential energy surfaces of neutral
(S0) and anionic (p�1 and DBS) uracil along the ring-buckling coordinate, Q,
treated within a harmonic approximation. Energy gaps reflect the experi-
mentally determined values, and the gray region represents the electron
detachment continuum. Uncertainty in the measured value of EAV is
shown with blue bars.
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trapped in the valence state for many microseconds (in order to
be mass-separated), which is consistent with our combined
observations of (i) a large vertical binding energy (VDE), and
(ii) the suggested presence of a barrier between the valence- and
dipole-bound states. We note that the lower threshold of their
stated EAV (+30 meV) was derived from the intermolecular
binding energy between uracil and argon, which was explained
to be less than EAV such that even the smallest generated
U�(Ar)n clusters could then have sufficient internal energy
to evaporate off the clustered argon atom(s), but not enough
to undergo autodetachment. Our extracted EAV for U� is also
consistent with this picture, despite being less than 30 meV.
Our extrapolation predicts that EAV B 35 meV for U�(Ar)1 so
that both electron and argon loss result in similarly
stable products. It should also be noted that these loss chan-
nels will differ in their kinetics. In particular, electron loss
from the valence state of any U�(Ar)n cluster is driven by a
buckled-to-planar transformation of the uracil ring, which is
expected to be inhibited by an energetic barrier. Therefore, we
do not expect autodetachment to occur for up to many micro-
seconds, giving sufficient time for competitive loss of the
solvating argon.

Nuclear rearrangement associated with electron attachment to
the p�1 state has been previously explored in U�(H2O)n clusters,65,69

where the reorganization energy l was estimated from the differ-
ence between the adiabatic and vertical detachment energies, l =
VDE � EAV. Hydration of the uracil anion was found to signifi-
cantly enhance the reorganization energy, since the preferred
orientation of the water molecules is very sensitive to the overall
charge state of the uracil. Extrapolation of l(n) to the aqueous limit
(n - N) culminated in an estimate of l(aq) E 1.2 eV for U(aq).

65

This can be decomposed into two separate contributions: l(aq) =
lIS + lOS; where lIS represents the (inner-sphere) reorganization
energy of the buckling uracil ring, and lOS represents the
(outer-sphere) reorganization energy of the surrounding water
molecules.69 The first term, lIS, is independent of the solvent
and can therefore be accurately extracted from the EAV and VDE
of U�, reported here (i.e. Fig. 8). We establish that lIS = 0.2 eV
and conclude that the dominant contribution to the neutral-to-
anion reorganization energy of U(aq) arises from restructuring
of the intermolecular hydration sphere (lOS E 1.0 eV), i.e. from
the solvent response, rather than the solute. This differs to
our previous prediction that the inner- and outer-sphere reorga-
nization energies were roughly equal, which we arrived at by
approximating lIS as the l of U�(H2O)1.69 As clearly demon-
strated here, even a single water molecule has a substantial effect
on the reorganization energy of U�, and this approximation does
not hold and underscores the dramatic limitations of cluster
extrapolations using strongly-interacting solvent molecules.

Returning to our photoelectron spectrum of U�(H2O)1

shown in Fig. 7, signal arising from both the valence- and
dipole-bound anions was present. This is in contrast to earlier
photoelectron spectroscopic studies,44–46 which observed
detachment from only the p�1 valence state. Our observed ratio
of DBS to valence state signal was sensitive to the ion source
conditions, indicating that the DBS of U�(H2O)1 was generated

in the source region of our experiment, and then persisted for
the hundreds of microseconds that elapsed prior to photode-
tachment. But why was the DBS so long-lived in our experi-
ment? From Fig. 7, the EAD of U(H2O)1 was measured to exceed
200 meV and, thus, the DBS is clearly stable against autode-
tachment. On the other hand, EAD o EAV for U(H2O)1, such
that internal conversion from the DBS to the valence state
(through buckling of the uracil ring and reorganization of the
water molecule) is energetically favorable. Hence, we conclude
that there is a significant energetic barrier separating the DBS
from the p�1 state, allowing the DBS to be kinetically trapped for
the duration of our experiment (note that the initial electron
attachment in the source is to a planar neutral U). We also
observed a very small amount of DBS signal from U�(N2)2

(which also produced valence anions), indicating that some
kinetic trapping was possible in the more weakly solvated
clusters too. Since the relative DBS population of U�(N2)2

appeared to be much smaller than that of U�(H2O)1, it is likely
that the barrier separating the DBS from the valence state is
larger when the solvent is water, as may be expected from the
strong hydrogen-bonding interactions that can act to inhibit
the buckling motion. There is also an interesting question
regarding the position of the clustered water molecule in the
DBS of U�(H2O)1; if the water molecule were to solvate the DBS
orbital rather than the uracil molecule, one may expect a
greater reorganization between the dipole- and valence-bound
states, and hence a greater dividing barrier. This will be
considered further in a future study.

As demonstrated for U�, extrapolating adiabatic electron
affinities of anion–solvent clusters must be performed with due
consideration of the strength of the anion–solvent interaction.
Strong interactions lead to significantly non-linear behavior,
and a linear extrapolation to n = 0 is inappropriate. If the
interactions are too weak, then many solvent molecules may be
required to render the anion a bound (or kinetically-trapped
metastable) state, causing greater uncertainty in the extrapo-
lated EA. For instance, U�(He)n and U�(Ne)n anion clusters
can also provide an estimate for the EAV of U, but the
weak solvating power of He and Ne means that the p�1 valence
state is unlikely to be observed until n Z 4, necessitating a
more extreme extrapolation that may lead to poorer determina-
tion of EAV. Overall, the ideal solvent must strike a balance
between strongly and weakly solvating the anion, permitting an
approximately linear extrapolation from small clusters. In
addition to argon and nitrogen, xenon also appears to be a
suitable solvent probe for U�; as mentioned earlier, the valence
state of U�(Xe)1 had been measured with photoelectron
spectroscopy, although with some obfuscation from the co-
generated DBS.45 From our clear characterizations of the 0–0
transition present in the photoelectron spectra of U�(Ar)n and
U�(N2)n, we can infer that EAV(U(Xe)1) E 120 meV.45 By then
comparing the general anion solvating power of xenon with
that of other solvent molecules,57 which is stronger than argon
but weaker than water, it appears that an extrapolation from
the electron affinities of U�(Xe)n is also likely to yield a value of
EAV close to zero.
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Conclusions

The p�1 valence state of the uracil anion is significantly stabilized by
clustered solvent molecules, even in the weakly-interacting case of
U�(Ar)n. Earlier estimates for the EAV of isolated uracil utilized
linear extrapolation techniques from the EAV(n) of uracil–water
clusters, in which the solvent interacts strongly with the nucleo-
base anion. We demonstrate that such linear extrapolations are, in
general, not accurate and should not be applied in the context of a
polyatomic anion and a strongly-interacting solvent. Instead,
weakly-interacting solvent molecules induce a nearly linear
increase in the EAV(n), and can be used to perform a more suitable
extrapolation. Our photoelectron spectroscopic measurements on
U�(Ar)n and U�(N2)n clusters distinguished the 0–0 transition
corresponding to photodetachment of the p�1 valence state of U�,
allowing for an accurate determination of the associated EAV. With
accountment for the subtle non-linearity in EAV(n) with increasing
cluster size, our extrapolated value for the adiabatic electron
affinity associated with the p�1 state of bare uracil, EAV = �2 �
18 meV, using the combined values from U�(Ar)n and U�(N2)n.
Within the uncertainty of our experiment, we are unable to
conclude that the p�1 state is adiabatically stable, which has else-
wise been suggested by Rydberg electron transfer experiments,27,70

and extrapolations from U�(H2O)n.44,46 Nonetheless, our results
demonstrate the magnitude of EAV is very small and that any
potential binding of the excess electron in the p�1 valence state of
U� must be very weak. This finding appears to reveal why
computational attempts to calculate (the sign of) EAV have shown
such disagreement. Nevertheless, our reported value is close to the
most rigorous computational efforts.42 We also offer insight into
the barrier connecting the valence and non-valence states along
the nuclear buckling coordinate. Our results are consistent with
electron transmission spectroscopy, which, taken together with
current insight, provides a direct measure of the intrinsic reorga-
nization energy associated with U + e� - U� of lIS = 0.2 eV.
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