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Abstract

Electron attachment to DNA by low energy electrons can lead to DNA damage, so
a fundamental understanding of how electrons interact with the components of nucleic
acids in solution is an open challenge. In solution, low energy electrons can generate
presolvated electrons, e,,., which are efficiently scavanged by pyrimidine nucleobases
to form transient negative ions, able to relax to either stable valence bound anions
or undergo dissociative electron detachment or transfer to other parts of DNA/RNA
leading to strand breakages. In order to understand the initial electron attachment
dynamics, this paper presents a joint molecular dynamics and high-level electronic
structure study into the behavior of the electronic states of the solvated uracil anion.
Both the valence 7* and non-valence e, states of the solvated uracil system are studied,

and the effect of the solvent environment and the geometric structure of the uracil

core are uncoupled to gain insight into the physical origin of the stabilization of the



solvated uracil anion. Solvent reorganization is found to play a dominant role followed

by relaxation of the uracil core.

Introduction

Electron transfer processes in solution phase are ubiquitous in nature, and as such, under-
standing these intrinsic dynamics is of fundamental importance across a range of interdisci-
plinary fields. Ionizing radiation processes produce free electrons, the subsequent radiation
chemistry of which is determined by the state of solvation of the electrons, their energy, and
the electron scavenging ability of neighboring matter.! This process is particularly impor-
tant with regards to DNA damage, as low energy electrons produced by radiation can lead
to strand breaks.?* Excess electrons can localize on the nucleobases, leading to a special
interest in the electron attachment dynamics of nucleobases over the last decade.

Studies modeling the electron attachment to nucleobases and subsequent reactions, such
as dissociative electron attachment, have been carried out previously using high-level ab ini-
tio methods, predominantly in the gas phase.’ '3 In the gas phase, electron attachment to
nucleobases can yield either a fragile dipole bound state or a metastable valence state. %1417
Recently, we used high-level electronic structure methods to elucidate the interplay between
electron attachment states of distinctly different characters of bare and mono-hydrated uracil
in the gas phase.!” The two states, the diffuse dipole bound state and the localized valence
bound anion, represent the ground anionic state of bare uracil and mono-hydrated uracil,
respectively. A series of sophisticated time-resolved photoelectron spectroscopy studies on
uracil-water-iodide clusters by the Neumark group probed the changing ultrafast electron
attachment dynamics as a function of number of water molecules.®!® These studies found
that localization of the excess electron to the 7* system of uracil proceeded via the dipole
bound state. A recent computational study indicated that dipole bound states cannot perse-

vere past a single solvation shell in solution, ! therefore electron capture into the 7* system



of solvated uracil must proceed by a different mechanism.

In the condensed phase, it is known that low energy electrons localize rapidly onto nu-
cleobases, forming stable valence bound anions.?°2?% In the solution phase, an important
question arises; what is the competition between the solvated electron and the ability of
nucleobases to stabilize the excess electron??” Pump-probe experiments have provided some
valuable insight.?®3% An elegant experimental study by Ma et al. showed the interplay of
the electron scavenger ability of nucleobases with the hydration of electrons in solution.?’
The findings of this study indicated that pyrimidine bases, such as thymine and uracil, are
highly efficient electron scavengers able to undergo rapid one electron reduction reactions

by the vibrationally excited s-like presolvated electron state, e .. The initial formation of

pre*

a transient negative ion rapidly leads to the formation of a stable anion, with no evidence
of competition with dissociative electron attachment relaxation pathways. Likewise, molec-
ular dynamics simulations have shown that an excess electron localizes very quickly onto

nucleobases, within 5 - 25 fs, such that the water molecules are not able to reorient to form

20,26,31

a cavity to solvate the electron. Moreover, this configuration appears to be the most

stable configuration for nucleobase anions, as there is no significant reorientation of the water

20,26

molecules to create a cavity within roughly 1 ps, and calculations of a uracil molecule

paired with a solvated electron show rapid electron transfer to uracil.?*3? In addition, simula-

tions indicate that hydrogen atoms are generally hydrophilic® and that solvated electrons in

34,35

clusters prefer cavities near the cluster surface, indicating that solvated electrons would

likely migrate quickly to more electronegative sites such as nucleobases. While there have
been previous computational efforts to study the uracil anion in solution, these efforts have

20.32,36 without sufficient water molecules to converge the uracil

used relatively small unit cells
solvation shell or have employed QM /MM methods which are not ideal to yield accurate sol-
vation structures for neutral or anionic uracil.?® Furthermore, most studies focused on the
ground state only, although some recent work has calculated more than one state.26:36

Including several electronic states is crucial to understanding the evolution of the elec-



tron attachment dynamics between water and uracil. Furthermore, a toolkit is needed that
can capture both the behavior of a nucleobase in water as a bulk property, and the detailed
electronic structure of the nucleobase core with high accuracy. The former behavior is best
described using molecular dynamics, while the latter requires high-level electronic structure
methods. The goal of this work is to employ the best possible approaches for both compo-
nents in order to have a high quality description of both the bulk solvation and the electronic
structure of several electronic states of solvated uracil anion.

In order to study the impact of solvation on the electron attachment dynamics of the
uracil anion, we use density functional theory (DFT) based molecular dynamics simulations
to generate several independent configurations of the solvated uracil anion. To balance the
high computational cost of DFT coupled with a large solvation shell, nine trajectories were
generated, allowing adequate sampling of the different solvation structures without the need
for longer simulations. This approach also allows us to correlate the electronic structure
of the solvated uracil anion with the structure of the solvation shell with a much greater
variety of solvation environments than would be available with a single simulation. The
electron attachment states to the neutral uracil core were calculated for each independent
simulation using equation-of-motion coupled cluster for electron attachment with singles
and doubles (EOM-EA-CCSD), which allows for a balanced description of both neutral and
several anionic states, combined with effective fragment potential (EFP) which provides a
polarizable description of the water environment. This approach allows for an accurate
insight into the evolution of the anion, the impact of the solvation structure on the electron

localization process, and the ultimate stability of the valence bound anion.

Methods

Classical molecular dynamics (CMD) simulations of uracil in water were run using the

GAFF3" with the LAMMPS simulation package.3® Multiple simulations were run with 32,



64, 128, and 256 HyO molecules in the NPT ensemble at 330 K, to determine the impact
of finite-size effects on the solvation structure of uracil. Note that throughout the simula-
tion procedure an elevated temperature of 330 K was used in order to mimic the impact
of nuclear quantum effects. Nuclear quantum effects (NQEs) have a tendency to weaken
hydrogen bonds, such that there is a red-shift in the vibrational density of states in the O-H
stretching region when including NQEs in a simulation vs using purely classical nuclei. The
slightly elevated temperature achieves a similar red-shift in the hydrogen bonds of the sys-
tem, thereby yielding classical trajectories which more closely match the expected averages
yielded from a system with quantum nuclei. This consideration is particularly important for
ab initio molecular dynamics simulations.3® Our findings indicate that inclusion of 128 H,O
molecules was sufficient to converge the radial distribution functions of uracil in water, pro-
viding a good balance between cost and accuracy with regards to the ab initio simulations.
Full results can be found in the Supporting Information (SI).

The initial trajectories were generated using PACKMOL*? and subsequently equilibrated
in the NVT ensemble at 330 K for 1 ns. The system was then equilibrated in the NPT en-
semble for 1 ns at the same temperature to confirm the potential was able to accurately
reproduce the expected density and to give the system greater freedom to explore possible
solvation structures. The unit cell was then deformed over 1 ns to 15.94 A and then equi-
librated the system in the NVT ensemble for a further 1 ns, yielding a density of ~0.998
g/cm®. To appropriately sample the solvation shell in subsequent DFT simulations, 9 sep-
arate and independent simulations with different random initial configurations were run, in
order to overcome the issues arising from computationally expensive and thereby short ab
initio simulations.

Quantum Espresso (v.6.3)41:42

was used to run Car-Parrinello molecular dynamics sim-
ulations*?® of uracil in water. The SCAN functional** was used with the HSCV pseudopo-
tentials,*® a cutoff of 120 Ry, an electron mass of 300 a.u., and a timestep of 4 a.u. while

sampling positions every 10 timesteps, yielding a timestep for the atomic trajectories of ~1



fs. Using the trajectory equilibrated using CMD, a simulation was run with a lower cutoff of
90.0 Ry for 1 ps at 330 K, to quickly move away from the classical potential energy surface
at a lower computational cost. We then ran the ab initio simulations of the neutral solvated
uracil molecule for 1 ps with a cutoff of 120.0 Ry. Finally, an additional electron was added
to the system, the charge was neutralized via a homogeneous positive background. This unit
cell was run for a further 1 ps. We studied the final frame of both the neutral uracil simula-
tions and the simulations of the uracil anion. In addition, in order to study the stability of
the uracil anion over time using EOM-EA-CCSD, we sampled trajectories of the anion from
each simulation every 50 timesteps, corresponding to roughly 48 fs, resulting in 21 snapshots
including the final frame.

These structures directly taken from the simulations are the vibrationally hot geometries
used for the electronic structure calculations. Additional calculations were done to obtain the
neutral and anion equilibrium geometries, in which the hot geometries were optimized using
MP2/cc-pVDZ and MP2/aug-cc-pVDZ for the neutral and anion, respectively. Geometries
were verified to be minima through vibrational analysis, and the cold geometries were then
placed back into the vibrationally hot solvent environment for further electronic structure
calculations.

Electronic structure calculations were carried out using the QChem 5.3 computational
package.? The vertical electron attachment energies were calculated using EOM-EA-CCSD
to treat the uracil core, and EFP to treat the 128 water molecules. EFP is a method that
can be considered as a sophisticated polarizable model with no fitted parameters, rather all
parameters are derived from first principle calculations. This allows accurate representation
of the interaction not only between the QM layer and the solvent fragments, but also between
the solvent fragments themselves.4”®" In the QChem implementation of EOM-CC/EFP the
solvent response to electron rearrangement in the EOM target states is accounted for using

t 51,52

a perturbative non-iterative correction computed for each EOM roo The one-electron

density of the target excited state is calculated and used to re-polarize the environment.



Specifically, the induced dipoles of the EFP part are recalculated in the field of an excited
state, and used to compute the polarization energy corresponding to this state. Preliminary
calculations used the Dunning basis set, aug-cc-pVDZ, and further calculations to treat the
non-valence presolvated electron states used a aug-cc-pVDZ+3s3p3d basis set. The latter
basis set used even-tempered coefficients affixed to a ghost atom placed in the center of the
cell, in accordance with previous work.>?

The size of the basis set required to describe the binding of the presolvated electron state,
€,re; Was carefully considered. A summary of the findings can be found in the SI. In brief,
XsXp and XsXpXd, where X=2-6 shells, were used to calculate the stabilization of the non-
valence state. It was found that it was necessary to include Xd shells, but that increasing

the number of shells past 3s3p3d lead to negligible difference in the binding energy of the

presolvated electron state.

Results and Discussion

Simulating Solvated Uracil

The molecular dynamics simulations show that the solvation shell of the uracil molecule
depends strongly on both the initial conditions and the charge of the uracil molecule. We
note that while the average solvation structure of the neutral uracil molecule closely matches
previous ab initio simulations,> the radial distribution functions (RDFs) of the uracil atoms
vary significantly between each simulation. While longer simulations would lead to RDFs
which converged to the average, it is clear that more than 1-2 ps is required to yield equi-
librium averaged RDFs for the uracil molecule. Therefore, when studying processes such as
electron transfer which occur on timescales of 20-100 fs, it is important to generate multiple
different configurations in order to understand the impact different solvation structures may
have on the result. We find that water molecules form hydrogen-bonds to the oxygen atoms

of the neutral uracil molecule with what appears to be a very weak attraction of the hydro-



gen atoms to the carbon atoms (see Figure S4). Upon electron attachment to the valence
system of the uracil molecule, we see a contraction of the water-uracil hydrogen bonds and
the formation of hydrogen bonds to areas of high 7*-electron density of the uracil anion (see
Figure 1). Meanwhile, hydrogen bonds donated from uracil to water molecules are weakened
upon electron attachment (Figure S6). These results are consistent with the localization of
the excess charge on the uracil molecule, with iterative Hirshfeld charges®® showing that the

charge is localized primarily on the oxygen and carbon atoms of the uracil anion (Table S1).
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Figure 1: The oxygen uracil to hydrogen water RDFs for the neutral and anion trajectories,
plotted individually for the two unique oxygen atoms of the uracil core. Oxygen 1 is shown
as solid plots and oxygen 2 as dashed, the sites are identified pictorially to the right of the

plots. The representative 7] molecular orbital is also shown.

Time-Dependent Relaxation Dynamics

Having obtained the solvation structure, we move into the examination of the different
electronic states that will give information about the evolution of the excess electron. To

understand the stabilization of the solvated uracil anion, this paper considers three electron



attachment states (Figure 2). As the attachment energies are calculated relative to the
reference neutral state, a positive electron attachment energy denotes a target anionic state
that is higher in energy than the neutral ground state, while a negative energy is lower in
energy than the neutral ground state. As such, electron attachment to the former leads to
formation of a metastable state, while the latter leads to formation of a stable bound anion.
This is in contrast to the electron affinity, in which a positive energy denotes a stable bound
anion.

Two of the electron attached states considered in Figure 2 are localized valence states,
where the excess electron attaches to the 7* system of uracil. The valence states are referred
to as the 7 and 73 states, where the former denotes electron attachment into the LUMO and
the latter into the LUMO-1 of neutral uracil. The final state considered is the delocalized

non-valence presolvated electron state, e,... The e,

pre: state considered is the vibrationally

e
hot s-like state. Other delocalized p-like presolvated states with higher energy are also seen
in our calculations (see SI), but we are not discussing them further here. We note that
the labels s- and p-like refer to the nodal structure of the presolvated electron states, the
lowest energy s-like state has no node, while the three p-like states have a single node and
differing orientations, analogous to the lowest lying s- and p-atomic orbitals. It is known
that electron attachment to the localized valence system of solvated uracil, to form a valence
bound anion, proceeds via the non-valence doorway state.'® In order to capture the correct
chemical physics of electron attachment to solvated uracil it is important to include both
valence and non-valence states in the model description.

The time dependent stabilization of the valence 77 and 73 states and non-valence e,
state is estimated using the trajectories from DF'T, as shown in Figure 2. For each of the nine
trajectories the vertical electron attachment energies were calculated at time steps connecting
the equilibrated neutral solvated uracil cell and the equilibrated anionic solvated uracil cell.
The rapid relaxation dynamics were calculated with initial time steps of 0, 5, 10, 25, 30

and 50 fs. Slower relaxation dynamics after 50 fs, were calculated at time steps of ~50 fs.



Figure 2 shows the averaged vertical electron attachment energies for the three uracil anion
states of interest, full details of the results of the individual trajectories can be found in the
SI (Figure S9). It should be noted that a proper dynamical study of all these states would
require nonadiabatic dynamics including all states, but this is not possible using electronic
structure theory that would describe all states correctly.

Notably, the information for the 73 and non-valence e, . states should be regarded as
qualitative rather than quantitatively correct, when calculated with the aug-cc-pVDZ basis
set. This basis set is not sufficient to accurately describe metastable states of anions or
non-valence states. However, this basis set is able to accurately describe conventional bound

states of anions, such as the 7] state. In order to better describe the e, state a rigid

shift was applied to the energies shown in Figure 2. The rigid shift to the non-valence state
energies applied was based on the average difference in energy calculated, AE = 0.57 eV,
between the electron attachment energies (EAEs) calculated with aug-cc-pVDZ and aug-
cc-pVDZ+-3s3p3d, using all nine MD neutral t=0 geometries. The uncorrected plot can be
found in the SI (Figures S8 and S9).

There are three distinct regions visible in Figure 2. The first is the rapid initial relaxation
of the valence states upon addition of the excess electron, highlighted inset, spanning 0 - 50
fs. The next region spans ~ 50 - 275 fs, where a secondary stabilization of the valence states
occurs, albeit at a slower pace than the initial response. The final region, ~ 250 - 1000 fs,
shows a plateau in the stabilization of all states. The non-valence e, shows stabilization
of the state as the simulation evolves, but this is far less pronounced than for the valence
states. The 7] state is stabilized by more than 2 eV, the 73 state by ~ 1.5 eV and the e,
state by ~ 0.4 eV overall. Figure 2 shows the initial ground state of the uracil anion (lowest

energy electron attachment state) at ¢t = 0 to be the e_ ., but the rapid stabilization of the

pre’

7} state leads this becoming the ground state of the anion within ~ 15 fs.
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Figure 2: Relative electron attachment energies for the valence and non-valence states of
the vibrationally hot uracil core, as a function of simulation time calculated at the EOM-
EA-CCSD /aug-cc-pVDZ level. t=0 represents the starting point of an equilibrated neutral
solvated uracil cell, and t = 1 ps represents the equilibrated charged solvated uracil cell.
At early times, the vertical electron attachment energies were calculated at 0, 5, 10, 25, 30
and 50 fs, to capture the rapid relaxation dynamics of the charged trajectory, amplified and
shown inset. After 50 fs, the vertical electron attachment energies were calculated every ~50
fs. The energies were calculated for all nine of the MD simulations and averaged. The 77,
e, and 73 states are shown as red, blue and yellow, respectively. A rigid shift of 0.57 eV
has been applied to the e, state energies by comparing the EOM-EA-CCSD /aug-cc-pVDZ
with the EOM-EA-CCSD /aug-cc-pVDZ+3s3p3d results. The uncorrected plot can be found
in the SI. Representative molecular orbitals denoting these states are shown to the right of
the plot, following the same color scheme.
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Geometric and Solvation Effects on Electron Attachment

While Figure 2 gives insight into the stabilization of the valence and non-valence states of
the uracil anion, these snapshots are taken directly from the molecular dynamics simulations
and as such couple vibrational effects of the uracil core to the rearrangement of the solvent
environment. It is desirable to uncouple these two components to gain fundamental insight
into the stabilization of the electron attached states.

We first considered the effect of the geometry on the relative energy of the 7 state,
using the nine equilibrated neutral and anion solvated uracil cells. To uncouple the vibra-
tional effects we reoptimized the uracil core geometry in each of these frames, to the planar
minimum energy geometry of the neutral, (Soeqm), and the bent minimum energy geometry
of the anion, (Doegm). We did this optimization for both neutral trajectories, representing
the neutral solvent environment, NT, and for negative ion trajectories, AT, representing the
anion solvent environment. The minimum energy geometries were placed back into the sol-
vent environment, and the vertical electron attachment energies were calculated. The results
are shown in Figure 3 (a), with representative geometries shown alongside. The averaged
energies, for the representative nine trajectories, as a function of solvent and uracil core

geometry, are shown in Table 1 for ease of the reader.

Table 1: Vertical attachment energies for the 77 and the e, with respect to both chang-
ing geometry of the uracil core and solvent environment. All energies are averages over 9
configurations and are given in eV.

NT AT NT AT

WT WT epre epre
Soegm | 0.907 | -0.572 - -
Doeqm | 0.179 | -1.691 | -
Sonot | 0.837 -0.630

Donot - -1.553 - -0.640

The equilibrium geometry of the neutral uracil core, Speqm, is entirely planar. Electron
attachment into the LUMO of the neutral uracil, the 7] orbital, causes the uracil core to

undergo significant geometric distortion away from the planar equilibrium geometry of the

12
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Figure 3: (a) Relative electron attachment energies of the 7} state of uracil for nine MD
simulations are shown relative to the neutral plus free electron continuum (black dashed line).
The energies are shown for the optimized minimum energy geometry of the planar neutral
uracil core (Spegm, red) and the bent anionic uracil core (Dgegm, blue), with the solvent
structure from the neutral (NT) and charged trajectories (AT). Representative minimum
energy geometries are shown to the right. (b) Relative energies of the valence 7] (purple)
and non-valence e, (greyscale) for the hot vibrational core of uracil neutral (Spn¢) and anion
(Donot) in the solvent environment of both the neutral and charged trajectories, denoted again
as circles and triangles, respectively. Plots depicting the electron density of the respective

states are shown to the right, following the same color scheme.
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neutral. This distortion leads to a puckering of the ring, due to the anti-bonding nature of
the 7} orbital across the C-C bonds. In addition, the bonds have different strengths and bond
lengths. The C=C and C=0 bonds weaken, while the adjacent C-C bond is compressed,
as can be predicted by inspection of the nodal structure of the 7] orbital (Figure 2). The
Cartesian coordinates of the two equilibrium geometries, Spegm and Doegm, are given in the
SI.

The effect of the geometry of the uracil core on the valence 7] vertical electron attachment
energies can be clearly seen in Figure 3 (a). The bent (Dgegm) stabilizes the electron attach-
ment energies relative to the planar (Speqm ), by as much as 1 €V, in agreement with previous
results investigating the effect of the geometry on the electronic structure for uracil-water
clusters in the gas phase.!” However, the striking effect of the solvent environment can also
be clearly observed from both Figure 3 (a) and the averaged values in Table 1. For both the
planar and bent geometries calculated in the neutral trajectory solvent environment, NT,
the energies tend to lie in the neutral plus free electron continuum. While the bent anion
geometry stabilizes the energy relative to the planar geometries, the resultant anionic state
is often still metastable or only very loosely bound.

Contrastingly, the electron attached anionic states for snapshots obtained from the anion
trajectory solvent environment, AT, tend to be stable bound anions, irrespective of the
uracil core geometry, i.e. both Spegm ar and Soegm ar are stable. While both the planar and
bent geometries for stable electron attached 7} state are bound, it is clear that additional
stabilization is afforded in the bent Dgegm geometry, with the lowest energy (most stable)
electron attached states corresponding to that of the Dgegy ar from the anion trajectories.
The overall stabilization reaches 2.5 eV (see Table 1).

The effect of the solvent environment on both valence and e, states is considered sep-

€
arately in Figure 3 (b). The vertical electron attachment energies were calculated for both
the valence 7} state and the non-valence e, state, using the vibrationally hot uracil core,

(Sonot) for the neutral and (Dgpe) for the anion, respectively. The vertical electron attach-
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ment energies were calculated using the aug-cc-pVDZ+-3s3p3d basis set, in order to be able
to accurately treat the very diffuse character of the e, state. Further details on the justifi-
cation for the choice of exponents for the 1-electron basis set for the e, can be found in the
SI. Careful treatment of both the valence 7} state and the non-valence e, state allows us to
extend analysis of how the reorganization of the solvent environment upon introduction of
charge affects these two states of differing character. Inspection of Figure 3 (b) and Table 1
further demonstrates the difference in behavior between the valence and non-valence states
upon changing solvent environment. A dramatic lowering in energy of the 7} state occurs,

AE ~ 2.4 eV, while the energy of the e, state remains static in energy, AE ~ 10 meV,

e
between the neutral and anion trajectories. A tentative conclusion can be drawn between the
relative spatial distribution of the electron density of an electron attached state and the effect
of the solvent environment on said electron attached state; the localized electron density of
the 77 state is far more sensitive to the solvent environment than the highly delocalized e,
state.

To understand and rationalize the reorganization of the solvent environment and the
consequential effect on the 7} state of the anion we examine the RDFs between the two
oxygen atoms of the uracil and the hydrogen atoms of water, Figure 1. This was done for
each oxygen atom individually to investigate asymmetry of the solvent environment. The
neutral trajectory shows little difference in the RDF of the oxygens, however this become
rather pronounced for the anion trajectory. The distance of the anionic O2 RDF is smaller
than that of O1, indicating shorter distances between the oxygen atom of the uracil and the
hydrogen of the surround water molecules. Comparatively, there is little change between the
two oxygen atoms of the neutral trajectory and oxygen 1 of the anion trajectory.

The representative molecule orbital of the 7} state, shown inset Figure 1, indicates the
cause for the asymmetry in the oxygen RDF. Electron attachment into the 7} orbital leads
to greater electron density on the O2 atom which, in turn, leads to a greater attraction

between the hydrogen bonding pair of oxygen and hydrogen. This interaction between the

15



anionic uracil core and the solvent environment is crucial in understand the physical origin
of the stabilization of the uracil anion in solution. The role site specific solvation plays
in the stabilization of the valence 7] state of uracil was previously demonstrated for the
monohydrated uracil anion.!7

From previous work, and indeed within this work, the importance of the formation of
explicit hydrogen bonds between water solvent molecules and the heteroatoms of the uracil
moiety is shown to be especially important. Specifically, we have consistently found that
formation of these bonds between the solvent and the O2 site of uracil leads to an initial
stabilization of the valence 7* electron attached state of the anion. Figure 4 provides further
information about the nature of bulk solvation, following saturation of heteroatoms with high
electron density. This second effect is more subtle, involving tighter solvation around the
carbon atoms of the anion, leading to the overall stabilization of the valence bound anion by
more than 2 eV. While there may be no true hydrogen-bonds to the central pyridine ring of
uracil, we do find that the electrophilic hydrogen atoms of the surrounding water molecules
are attracted to the negatively charged carbon atoms of the uracil anion, as evidenced by
the RDF from carbon to oxygen of water molecules (see Figure S4). This tighter solvation of
the carbons appears to be highly correlated with the EAE of the anion (Figure 4). This is in

1721 showing that the valence

agreement with previous work on a microsolvated uracil anion
bound anion is stabilized by the presence of ‘hydrogen-bonds’ to the uracil carbon atoms.
Thus, the same stabilization mechanism for the valence bound anion in the microsolvated
case also appears in bulk solvation and determines the stability of the solvated anion.

The evolution in the solvation structure over time can also be correlated with the stabi-
lization of the uracil anion observed in Figure 3. A more detailed insight is provided through
analysis of the temporal evolution of the RDFs of the oxygen atoms of uracil to the hydro-
gen atoms of the water molecules, depicted in Figure 5. In particular, Figure 5 reveals the

source of the rapid stabilization in the first 50 fs. The hydrogen atoms near the oxygen

atoms of uracil reorganize very quickly following the addition of an excess electron, forming
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Figure 4: Plot of the correlation between the EAE of the anion and the number of water
hydrogen atoms (nHw) in the first solvation shell, determined by integrating the C-Hw RDF
up to the first minimum at 3 A.

new hydrogen-bonds and therefore yielding an increase in the first peak of the RDF within
the first 50 fs and then changing little over the rest of the simulation. Detailed information
about other changes in the solvation shell can be found in the SI (Figure S11). Specifically,
hydrogen-bonds to the m-bound excess electron sites or hydrogen-bonds from uracil to water
oxygen atoms tend to equilibrate much more slowly, with major changes in the RDF occur-
ring over 250 - 1000 fs. From this data we can infer that the initial rapid stabilization of the
uracil anion is due to the rapid formation of new, stronger hydrogen bonds to uracil oxygen
atoms within 50 fs and the stabilization over longer timescales is due to the slower rotation
and translation of water molecules as the solvation shell rearranges to the new equilibrium
geometry of the anionic uracil core.

Further information on the temporal evolution of the bond lengths of the uracil core
geometry, in the identified time regions of importance, provides further insight into what
degrees of freedom are evolving in the observed timescales. Full details of all bonds between
atoms are given in the SI in Figures S12 and S13. Two bond lengths in particular, the C5-C6

and C4-08 bonds, give compelling insights into the time scales associated with the uracil core
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Figure 5: Temporal evolution of the oxygen uracil to hydrogen water RDFs for the distinct
relaxation regions linking the neutral and anion trajectories, following the inset color scheme.
The neutral is represented by the RDF at 0 fs, while the anion is represented by the RDF
250 - 1000 fs.

relaxation, see Table 2. We note that the time averaged bond lengths are obtained from the
SCAN trajectories, while the equilibrium geometries are from MP2 optimisations, for this
reason absolute agreement in values at t = 0 and t = 1000 fs is not expected. The equilibrium
bond lengths are given for the two critical geometries to demonstrate the expected trend in
elongation or contraction as a function of geometric relaxation. Comparison of the trends
in relaxation of the C5-C6 and C4-O8 bond lengths with the equilibrium geometries of the
neutral and anion, Table 2, indicate that initial relaxation of the hot uracil core occurs on
a fairly rapid timescale. For both bonds a rapid change from the neutral core geometry to
that representative of the anion core geometry occurs within the first 50 fs. This finding
indicates that the relaxation of the core geometry and the response of the hydrogen atoms
of water stabilize the formation of the 7} state in a concerted fashion, within the initial 0
- 50 fs time region. Other weaker bonds and lower frequency vibrations occur on a slower
timescale, between 50-250 fs, providing the additional slower stabilization seen in the 50 -

250 fs time region.
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Table 2: Average changes in bond length for the C5-C6 and C4-O8 bonds are given as a
function of time regions. All time dependent bond lengths are averages over 9 configurations
and are given in A. The corresponding bond lengths are given for the equilibrium geometries
of the planar neutral and bent anion uracil core.

t region / fs | C5-C6 bond length / A | C4-O8 bond length / A
0 1.347 1.249
0-10 1.378 1.272
10 - 50 1.402 1.303
50 - 250 1.397 1.316
250 - 1000 1.405 1.314
Neutral eqm 1.361 1.223
Anion eqm 1.432 1.262

The Overall Picture

The results for the time-evolution of the electron attachment states clearly indicate a very
rapid localization of the excess electron onto the pyrimidine uracil moiety, via the vibra-

tionally hot e, state. The electron scavenging occurs very rapidly, within 15 fs, and sub-

e
sequent stabilization of the localized 7} state occurs within the 1 ps simulation time. This
two-stage stabilization process is driven by rapid formation of new hydrogen bonds to the
uracil oxygen atoms followed by the slower rearrangement of the water molecules within the
first solvation shell. This is in agreement with a previous experimental study, in which it
was observed that electron irradiation of aqueous uridine monophosphate lead to efficient
formation of the electron localizing on the pyrimidine base ring, without any dissociation. 3’
The mechanism for the formation of the localized uracil anion was proposed to occur via
effective scavenging of the vibrationally hot s-like e, as is seen in our study.

The investigation of the effect of the external (solvent) and internal (uracil core geometry)
environment on the energetics of the electron attachment states allows us further insight
into the physical origin of the stabilization in solution. Using the uncoupled stabilization
energies presented in Table 1 we can tentatively apply additional analysis to the different

timescales of relaxation dynamics noted in Figure 2. The stabilization of the 7] valence

state through solvent rearrangement alone (while keeping the uracil geometry frozen) leads

19



to an energetic stabilization of ~ 1.5 eV or more. There is a far smaller stabilization for
the geometric relaxation of the uracil core in the same solvent environment of ~ 0.7 eV. It
appears therefore from Figure 2 and Figure 5, that the first rapid stabilization region (~ 1.4
eV), 0 - 50 fs, must predominantly describe the initial rearrangement of solvent hydrogen
bonds from the neutral to anion unit cell. Additional analysis of the changing bond lengths
of the uracil core geometry, Table 2, indicates that relaxation of certain bonds also occurs
on this rapid timescale. Therefore, the initial rapid stabilization is driven by a concerted
response of both the internal and external environment of solvated uracil.

The secondary stabilization is then driven by subsequent concerted mechanism involving
the reorientation of the heavier oxygen atoms of water to form hydrogen bonds to areas of
high electron density in the 7] state and the relaxation of the bonds to nitrogen atoms in
the uracil core. The second slower relaxation window, 50 - 275 fs, can be attributed to both
the geometric changes of the uracil core and slower relaxations of the solvation shell. The
latter region undergoes a stabilization of around ~ 1 eV. We note that our assignment of
the primary stabilization being due to the rearrangement of the solvent environment is in
agreement with other theoretical studies. 2?32

The findings of this study indicate the importance of the specific site of solvation, the
pattern of explicit hydrogen bonds formed between solvent and anion and the geometry
of the uracil core. Previously, the site selective stabilization of monohydrated uracil was
investigated, and it was found that solvation of one of the oxygen atoms of uracil lead to
formation of a single stable valence bound anion.!” This oxygen is equivalent to oxygen 2 in
Figure 1. Site specific stabilization makes intuitive chemical sense, the electron density of
the 7} state is localized on the O2 atom, therefore formation of a hydrogen bond between
this atom and water stabilizes the excess charge. The ability of additional hydrogen bonds
to form at other sites on the uracil leads to further stabilization, but the largest single
atom contribution arises from the O2 atom. Additionally, as with the previous study,!” the

vertical electron attachment energy of the valence bound anion of uracil varies dramatically

20



as a function of the uracil core geometry. As with the gas phase study, electron attachment
to the planar geometry of the neutral uracil yields a metastable anion, whereas distortion of
the ring toward the bent geometry of the anion leads to a dramatic stabilization in energy.
Investigating the effect of the solvent environment and the uracil core geometry allows us to
gain insight into how the electron attachment dynamics in the gas phase and solution phase
are linked, and therefore we can track the evolution of the electronic structure as a function

of the environment.

Conclusions

We have presented a comprehensive investigation into the physical origin of the electron
attachment dynamics of solvated uracil. Through uncoupling the effects of the solvent envi-
ronment and the uracil core geometry we can rationalize the importance of both components
to the overall concerted mechanism that leads to the stabilization of the solvated uracil anion.

We find that initial electron attachment to a neutral solvated uracil unit cell proceeds via
the vibrationally hot s-like e, state, which is the quasi-bound ground state of the anion in
this environment. Electron attachment to the 7] state yields a metastable state, embedded
nearly 1 eV into the neutral plus free electron continuum. Electron attachment causes rapid
reorganization to the solvent environment, particularly to the hydrogen bonds to O2 of
uracil, within the first ~ 50 fs, particularly pronounced for the valence 7* states. This early
stabilization region leads to an inversion of the ground state of the solvated uracil anion
within ~ 15 fs. After ~ 25 fs electron attachment to the localized 7} state of uracil yields
a stable valence bound anion. A secondary relaxation process involving further relaxation
of the solvent and of the uracil anion occurs on a longer timescale, whereby the 7* states
lower in energy by ~ 1 eV within 250 fs. The geometric and solvent effects are coupled
in the investigation of the evolution of electron attachment states over 1 ps. In order to

understand the interplay of the individual contributions of the two effects we conducted
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additional analysis. We found there to be dramatic differences for the valence and non-
valence states. The electron attachment energy of the e, . state shows very little variation
as an effect of the solvent environment. However, the 7] state shows a total stabilization
energy between the final configurations of the neutral and anionic solvent environments of ~
2.4 eV. The effect of the geometry of the uracil core also plays a large role in the stabilization
of the 7] state, with the bent anion geometry stabilizing the state by ~ 1 eV compared to
the planar neutral geometry.

Using this approach we have determined a lifetime of ~50 fs for the localization of the
excess electron on uracil, while unravelling the interplay of the stabilization arising from
the solvent environment and the geometry of the uracil core. Electron attachment to the
neutral uracil core caused the water molecules to rapidly rearrange to form a distinct solvation
structure under 50 fs, able to stabilize the valence bound state of the uracil anion. Within this
first ultrafast timescale, significant changes to the uracil core geometry also occur, leading
to a further stabilization effect. The second, slower stabilization then arises from secondary
changes to both the uracil core geometry and the solvent environment. This concerted
stabilization yields the formation of the fully solvated valence bound anion within 250 fs.
Examination of the final anionic structures, after 1 ps of simulation time, revealed there to be
significant variation in the stabilization energy arising from specific solvation configurations.
Specifically, the site of solvation through formation of explicit hydrogen bonds between the
uracil core and water molecules, plays an important role on the stabilization of the final
anionic state. This is in agreement with previous work investigating micro-solvation.!"?!
These results illustrate the importance of properly sampling a full range of possible solvation
environments.

We find that electron attachment to uracil in solution proceeds via the diffuse vibra-

state, where the excess electron is rapidly scavenged by uracil to form a

tionally hot e,

localized valence bound anion. This finding is in agreement with previous experimental and

theoretical studies that concluded that electron attachment to pyrimidinal nucleobases in
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water outcompetes the solvation of the free electron, to form e , state. 26:29:3932 The current
work provides new insight into how solvent reorganization and internal dynamics in uracil
lead to the stabilization and electron dynamics, and highlights the importance of solvent

reorganization.
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