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Conspectus

Properties of electrons solvated in water are investigated by means of ab initio
molecular dynamics simulations. This approach, applied to a model system of a negatively
charged 32 water cluster, allows us to characterize structural, dynamical, and reactive
aspects of the hydrated electron using an all (valence) electron description. We show that at
ambient conditions the electron solvates into a cavity close to the surface of the liquid
cluster. Such a cavity is more flexible and penetrable to water molecules than that around
negatively charged ions due to the lack of the stabilizing positively charged nucleus in the
solvated electron case. The dynamical process of electron attachment to a neutral water
cluster is strongly temperature dependent. At ambient conditions the electron relaxes in the
liquid cluster and becomes indistinguishable from an equilibrated solvated electron on a
picosecond timescale. In contrast, for solid, cryogenic systems the electron only partially
localizes at the outside of the cluster, being trapped in a metastable, weakly bound
“cushion-like” state. Strongly bound states at cryogenic conditions could only be prepared
by cooling equilibrated liquid negatively charged clusters. This demonstrates how different
isomers of electrons in cryogenic clusters can be observed experimentally. At the same
time, the present results question the applicability of direct extrapolations of properties of
cryogenic negatively charged water clusters to those of electrons in the liquid bulk. Ab
initio molecular dynamics represents a unique computational tool for investigating the
reactivity of the solvated electron in water. As a prototype, the electron-proton reaction is
followed in the 32 water cluster. We provide the molecular mechanism of this seemingly
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elementary reaction showing in accord with experiment that it is a proton transfer process
which is not diffusion limited but controlled by a proton-induced deformation of the
solvent shell of the excess electron. Using these examples we demonstrate the necessary
ingredients of a successful density functional methodology for the description of the
hydrated electron, which has to avoid potential pitfalls, such as the self-interaction error,
insufficient basis set, and lack of dispersion interactions. We also provide benchmarking of
the employed density functional theory methods and outline the path to faithful ab initio
simulations of dynamics and reactivity of electrons solvated in extended aqueous systems.
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1. Introduction

The blue color associated with dissolution of alkali metals in ammonia has been
observed already in the 19th century, but it was not until 1918 that the phenomenon became
connected with solvated electrons.(1) It is common knowledge that this process is much
more vigorous in water.(2) Therefore, it turned out not to be a practical way to investigate
hydrated electrons, which were first prepared by pulse radiolysis of water only in 1962.(3)
Since then, electrons in water were shown to act as key species in many radiation chemistry
processes.(4) Their structure, dynamics, and reactivity have been, therefore, intensely
studied by time resolved spectroscopies.(4-7) In short, these studies showed that initially
non-equilibrium electrons, prepared by photoexcitation of solvated electrons or UV
ionization of water or host species such as halide anions, relax fast but in a complicated
fashion (depending on their preparation) to a localized, cavity-like structure of a mean
radius of 2.5 Å. At the same time, the electron in water can, as a chemically unstable
species, geminately recombine with OH or H3O+ (or the halogen atom), or react with a
whole plethora of scavengers like N2O or SF6. Recently, the cavity model of the solvated
electron and its ability to interpret optical and EPR spectra(8) has been questioned and an
alternative, diffuse electron model has been suggested(9) and immediately criticized.(10,
11) In the course of this paper, we come back to this issue in more detail.

Another experimental approach to hydrated electrons is based on investigating
negatively charged water clusters of increasing size by photoelectron and IR
spectroscopies.(12-15) Already a water dimer is capable of binding an excess electron,(12)
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however, its character is very different from the bulk hydrated species. In small systems,
these are weakly bound and very diffuse dipole-bound electrons, which reside at the
exterior of the water cluster.(16) Upon increasing the cluster size, the binding energy of the
excess electron increases and it is often assumed that it eventually approaches the aqueous
bulk limit.(14, 17) However, this issue can be rather subtle since water clusters prepared by
supersonic jet expansion are not liquid but rather amorphous solids. As data on electron
binding in liquid water have recently become directly accessible experimentally,(17-20)
applicability of cluster to bulk extrapolations has been vividly discussed recently(14, 15,
17, 21, 22) and will be also one of the subjects of this paper.

Experiments on hydrated electrons are paralleled by molecular calculations. On the
side of large system sizes, electrons in big clusters and extended aqueous systems have
been described using a pseudopotential.(9, 23-30) Within this approach, only the excess
electron is treated as a quantum mechanical entity, while the rest of the system is described
classically. The advantage is that the computationally most costly quantum mechanical part
does not increase with system size, therefore, large systems ranging from clusters with
several hundreds of water molecules to “infinite” (via periodic boundary conditions)
aqueous bulk or slab systems can be addressed. The problematic part is the purely effective
account for the electronic structure of water molecules excluding thus exchange
interactions between all the electrons in the system, which may account for about 10-20%
of the excess electron binding.(8, 31) Moreover, the results can only be as good as the
underlying pseudopotential and can sensitively depend on its form and parameters.(10, 11)
Finally, description of the chemical reactivity of the excess electron is in principle out of
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reach of these pseudopotential methods.

For the above reasons it makes good sense to try to describe the electronic structure
of the whole electron-water system quantum mechanically. Small anionic water clusters
with up to about ten water molecules can be treated using accurate ab initio quantum
chemical methods.(32, 33) Methods like coupled clusters with very diffuse basis sets,
which account satisfactorily for electron correlation effects (in particular dispersion), are
required for a quantitative description of the diffuse electrons weakly bound to small water
clusters.(33) Upon increasing the cluster size the character of the excess electron gradually
changes from such an external dipole-bound electron to a more strongly bound and
compact species which starts to resemble the electron solvated in extended aqueous
systems. Due to increase in binding and decrease in size of the electron, its description
becomes easier as system size increases. This is fortunate, since one can hope that density
functional theory (DFT) methods, applicable to large systems, could take over when
coupled clusters and similar approaches are no more practical.(21, 22, 34-38) One has to,
however, keep in mind the possible pitfalls of DFT like problems with dispersion
interactions and the self-interaction error (SIE), the latter being particularly relevant for
open-shell systems such as the solvated electron.(37, 39) Nevertheless, as we show in this
article, when the potentially problematic issues with DFT are properly addressed, one can
obtain a practical and faithful method for the description of the structure, dynamics, and
reactivity of electrons solvated in large aqueous systems.
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2. DFT simulations and analysis of the hydrated electron

The workhorse for our studies of the hydrated electron has been a negatively
charged cluster comprising 32 water molecules.(21, 22, 36, 37) There is nothing particular
about this number, the important thing is that such a cluster is already large enough to host
a species that semi-quantitatively resembles an electron solvated in the aqueous bulk.
While the size of the cluster is still far from allowing a fully quantitative modeling of
extended systems, the cluster is big enough to possess both surface and interior regions.
Therefore, it is possible to investigate preferred locations of the solvated electron and their
correlation with its size and binding energy. At the same time, such a cluster is small
enough to allow for a statistically converged dynamical description of the solvated electron
using adequate DFT methods.

A typical computational setup for our ab initio molecular dynamics (AIMD)
simulations for anionic clusters consisting of 32 water molecules is as follows (for more
details see Refs. (21, 22, 36, 37)). Energies and forces are evaluated using the Becke, Lee,
Yang and Parr (BLYP) exchange-correlation functional, with dispersion interactions
accounted for using empirical pairwise damped London terms.(40) Self-interaction error is
corrected by augmenting the BLYP functional with an additional term depending on the
electron density of the unpaired electron within the restricted open-shell formulation of
DFT.(41) The Kohn-Sham orbitals are expanded into an atom-centered triple-zeta basis set
with two polarization functions, optimized for condensed molecular systems (moloptTZV2P),(42) augmented by an additional grid of up to 1000 space-fixed Gaussian
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functions. An auxiliary plane wave basis with a cutoff of 280 Ry is used for the electronic
density. The Goedecker-Teter-Hutter norm-conserving pseudopotentials(43) are employed.
The cluster is placed in a 202020 Å3 box and an open boundary conditions Poisson
solver is used.(44) Classical equations of motion for the nuclei are propagated with a time
step of 0.5 fs with initial conditions sampled from thermal distribution at the desired
temperature and with no subsequent temperature coupling. All calculations are performed
using the Quickstep module of the CP2K program package.(45)

Vertical detachment energy (VDE) of the electron, i.e., the negative of its vertical
binding energy, is evaluated as the difference between ground state energies of the cluster
before and after electron detachment, in the geometry of the anion. Within the restricted
open-shell formalism the total spin density of the system coincides with the density of the
singly occupied molecular orbital. Two important observables are the first and second
moments of the spin distribution. The first moment rc provides the center of the spin
distribution. The second moment corresponds to the gyration tensor, of which we monitor
the trace – the radius of gyration rg, and the relative shape anisotropy κ.(22)

3. Structural aspects of hydrated electrons
The structure of an excess electron equilibrated in a liquid 32 water cluster at 300 K
is presented in Figure 1A.(21) Simply scrutinizing the snapshot, which displays the water
molecules and the unpaired spin density corresponding to the excess electron at three
different isodensity values(22) leads to the conclusion that the electron occupies a cavity at
the exterior region of the cluster. However, this cavity is quantitatively different from that
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formed by atomic anions. In both cases the water cavity is polarized, with water molecules
pointing one of their hydrogen atoms inside. However, since the excess electron density is
“softer” than that of negative ions due to the lack of a positive nucleus, it more readily
deforms from the spherical shape and water molecules can penetrate deeper into it. This is
also seen from the radial density of the excess electron and the positions of the water
molecules (Figure 1A), where there is sizable overlap between the solvated electron and the
nearest ~4 water molecules. When the excess electron is attached to a cold amorphous solid
32 water cluster at 30-50 K the situation is very different.(21, 22) The electron slightly
reorients water molecules at the surface of the cluster, however, a cavity cannot be formed
at these cryogenic conditions. The result is a rather surface-delocalized “cushion-like”
excess electron at the periphery of the cluster (Figure 1B).
The statistically averaged (over 25 ps equilibrium trajectory at 300 K) structure of
the excess electron cavity and its radial density at ambient conditions is depicted in Figure
2. These plots exemplify the overlap between the excess electron and the radial
distributions of the hydrogen and oxygen atoms of the surrounding water molecules. The
hydrogen distribution exhibits a peak ~1.2 Å from the center of the electron, followed by an
oxygen peak around 2-3 Å. Due to limited statistics (particularly at small distances) these
curves are rather noisy, nevertheless, there is a large degree of similarity with analogous
distribution functions from a recent pseudopotential model interpreted as a non-cavity
electron.(9) This is striking, since visual inspection and analysis of our spin densities
present a rather convincing picture of an electron cavity, albeit a soft one, into which water
molecules can easily penetrate.(21, 36)
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Suggestions have been made in the literature that VDE of the electron can be related
to its position with respect to the solvating water system.(14, 17) To a limited extent, this is
substantiated. Namely, the “cushion-like” structures occurring in cryogenic clusters have
small values of VDE and are always located at the exterior of the cluster.(14, 15, 21, 22)
However, the situation concerning the more strongly bound structures, which appear both
in cryogenic solids(14, 15) and in warmer aqueous systems(17-20) is more complicated.
Our DFT calculations(21, 36), as well as earlier pseudopotential calculations (27, 46, 47)
show that in general there is little correlation between VDE and position of the hydrated
electron (Figure 3A) and that strongly bound hydrated electrons can be found both in the
interior and within the aqueous interface. There is, however, a remarkable inverse
correlation between the size of the excess electron and its VDE – the smaller the electron
the more strongly bound it is (see Figure 3B and also Reference (48)). Both DFT and
pseudopotential calculations thus indicate that photoelectron spectroscopy is a powerful
tool for determining the size of the excess electron rather than its position.
4. Dynamical aspects of hydrated electrons

Electrons attached to neutral water clusters relax very differently at ambient
conditions of 300 K and at cryogenic temperatures of 30-50 K. Figure 4A shows the time
evolution of the radius of gyration of the excess electron for three different types of
trajectories and Figure 4B depicts the corresponding time evolution of the VDEs. In green,
a set of trajectories corresponding to electron attachment to liquid water clusters at 300 K is
presented. Initially, the electron is rather delocalized and weakly bound since the neutral
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cluster geometry is not particularly favorable for electron binding. However, the electron
polarizes the surrounding aqueous environment very quickly, first rotating neighboring
water molecules so that hydrogens point to it and second building a cavity in the hydrogen
bonding structure of the cluster. As a result, its size shrinks, VDE increases and within ~1.5
ps properties of an equilibrated solvated electron (red distributions in Figure 4) are reached.
It should be noted that DFT is only able to describe relaxation on the electronic ground
state surface of the system. This may not fully capture the localization process, particularly
its early stages, when the nuclear and excess electron dynamics may be happening on a
comparable timescale. Nevertheless, the simulated localization times are comparable to the
experimentally observed picosecond timescale relaxation of the excess electron in water.(6)

The localization process of electrons attached to cold (30-50 K) neutral clusters is
depicted in blue in Figure 4. The initial stage of electron localization is similar to that in
ambient clusters, albeit a bit slower. Within the first picosecond the excess electron
polarizes the surface water molecules and, as a result, it starts to shrink and becomes more
strongly bound. While at ambient conditions the excess electron subsequently creates a
cavity in the liquid water structure, this does not happen in the cold solid clusters. As a
result, the electron remains trapped in metastable states less than half way from the initial
condition to a fully localized structure. The situation is very different if the excess electron
is first equilibrated at 300 K and then cooled to cryogenic conditions (cyan lines in Figure
4). Upon cooling to 30-50 K, the electron becomes even more strongly bound and smaller
in size than at 300 K. During subsequent dynamics at low temperature virtually nothing
happens with this structure. This indicates that strongly and weakly bound excess electrons
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can coexist in ensembles of cryogenic clusters depending on their way of formation, as
observed in the experiment.(14, 15)

The correlation between radius of gyration and VDE for the same data sets and
using the same color coding as in Figure 4 is presented in Figure 5. The first thing to note is
the very good overlap between the equilibrium points and data from localization
trajectories at 300 K. The only part that is missing from the equilibrium data corresponds to
the strongly delocalized and loosely bound structures from the onsets of the localization
trajectories. This region is close to that explored during cold localization at 30-50 K, except
that the latter exhibits even weaker electron binding. This corresponds to the exterior
“cushion-like” states which form at the surface of cold clusters. On the other side of the
distribution, large binding energies and small sizes are signatures of equilibrated and
consequently quenched electrons (cyan).

5. Reactivity of hydrated electrons

The excess electron in water is a chemically unstable entity which can react with
various impurities and, very slowly, also with water itself.(4) An important quencher of the
hydrated electron, in particular at acidic conditions, is the hydronium cation. The electronproton reaction in water leading to formation of a hydrogen atom was shown
experimentally to be slower than a purely diffusion limited process.(4, 49) Also,
measurements in deuterated water indicated that the reaction is a proton-transfer to the
solvated electron(49) rather than electron transfer to the hydronium cation connected with
transient formation of a localized H3O radical, as suggested earlier.(50) Note that the H3O
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radical has also been invoked recently in rationalizing ground and excited state processes
involving hydrated electrons.(51, 52) However, in these studies the key species is not a
genuine radical with the spin localized at the H3O moiety but rather an H3O+…e-aq solventseparated pair.(51, 52)

We used AIMD to elucidate the detailed molecular mechanism of the electronproton reaction in water. In order to prepare the reactants we first equilibrated a 32 water
system with an added proton and iodide anion. The latter was then replaced by en excess
electron, which filled the iodide cavity, and the course of the reaction was then monitored
for a set of trajectories.(37) In Figure 6 we analyze four snapshots along one of the reactive
trajectories. The first snapshot, from the beginning of the trajectory, corresponds to a
solvated electron which is only weakly perturbed by the presence of the hydronium cation
at a distance of 4-5 Å (compare to equilibrated solvated electron in Figure 1A).
Subsequently, the proton moves close to the water shell around the excess electron (Figure
6B). However, it does not react immediately but rather moves around this shell by proton
hopping for more than a picosecond, confirming that the electron-proton reaction in water
is not diffusion limited. (4, 49) Only after a suitable perturbation in the solvent shell occurs
or is induced by the proton (Figure 6C), the reaction takes place and a hydrogen atom is
formed (Figure 6D). The simulations also clearly show that it is the proton which moves to
the hydrated electron, having a lower effective mass in water, in accord with the
experimentally suggested proton transfer mechanism.(49)

Does the proton have to wait for a perturbation of the solvent shell of the excess
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electron or does it induce it? The answer is clear from Figure 7 which depicts the
correlation between the radius of gyration of the excess electron and its relative shape
anisotropy along three reactive trajectories (lines), compared to equilibrium simulation
without the excess proton (dots). An equilibrated electron is only weakly asymmetric,
except for instances when it is rather delocalized. These geometries are, however, not
relevant for the reaction requiring simultaneous localization and distortion of the excess
electron, which only happens in the presence of the hydronium cation. For a successful
reaction it is necessary that one water molecule penetrates deep into the excess electron
density and donates a proton, which then becomes the nucleus of the newly formed
hydrogen atom. At the same time this donating water molecule acquires the excess proton,
its integrity being preserved.
6. Method development
From the methodological point of view, providing an accurate picture of the
solvated electron is an interesting and open challenge. When one of the prime targets is the
study of its reactivity in the bulk liquid, only electronic structure methods that are able to
describe the dynamics of hundreds of atoms in periodic boundary conditions are ultimately
suitable. However, several problems have to be solved in order to reliably describe the
subtle balance between localized and delocalized electronic states.
Approximate variants of density functional theory, in particular the computationally
efficient generalized gradient approximations (GGA) employed in our work, are known to
suffer from the self-interaction error. This error, which is more severe for systems with
unpaired electrons, tends to artificially delocalize electronic states. It can be partially
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corrected for using a self-interaction correction (SIC) which, in a recent formulation, is
only applied to the unpaired electron and scaled to reproduce benchmark results.(41)
Depending on the parametrization (we mostly used the standard values of a=0.2 and b=0
(41)), the SIC causes an overestimation of the VDE, which is most likely caused by the
imbalance introduced by applying this correction only to the anionic state in the VDE
calculation. This, however, changes little on the fact that the description of the structure
and dynamics of the hydrated electron should be improved by introducing the SIC. As a
matter of fact, the effect of SIC on the structure and dynamics of the hydrated electron is
modest, however, it becomes crucial for the description of its reactivity. E.g., the electronproton reaction toward the hydrogen atom does not run in water with GGA functionals
without SIC.(37)

A second important technical aspect is the choice of the basis set. In CP2K, one
uses an auxiliary plane-wave basis set and a primary Gaussian basis set which has to be
sufficiently flexible and diffuse. For example, localized interior states can be more easily
described with an atom-centered basis than delocalized surface states, and as such will be
favored unless a suitable basis is employed. Three basis sets have been tested. A split
valence basis set with diffuse functions (aug-TZV2P), a molecularly optimized basis set
which contracts diffuse primitives with tighter valence orbitals (molopt-TZV2P), and a
combination of the molopt-TZV2P basis with a regular grid of Gaussian basis function. The
latter two basis sets do not suffer from linear dependencies, and are thus more suitable and
more efficient for MD simulations of large systems, especially in periodic boundary
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conditions. However, only with the addition of the Gaussian grid functions within a 10-13
Å cutoff (500-750 basis functions) a faithful description (equivalent to the use of the augTZV2P basis) of the diffuse surface bound electron can be obtained.
In future work, we plan to extend our studies to the properties and reactivity of the
electron in the aqueous bulk, and address new challenges which may arise there. The first
challenge will be the significant size effects that can be expected for the simulation of
charged species and estimating VDE in periodic boundary conditions. Also, investigating
reactions of the solvated electron with radicals (rather than with a closed-shell hydronium
cation) will introduce another level of complexity in the electronic structure. Indeed, these
systems are open-shell singlet biradicals having a multi-configurational character. Since
multi-configurational wavefunction approaches are currently computationally intractable
for large systems, this calls for DFT functionals with terms specifically describing static
correlation.
Conclusions
We employed ab initio molecular dynamics to characterize the structure, dynamics, and
reactivity of an excess electron solvated in water. Using a negatively charged 32 water
cluster as a model system we reached the following principal conclusions:
i) At ambient conditions the excess electron resides in a cavity close to the surface of
the cluster. This cavity is softer and more flexible than that around atomic anions and water
molecules penetrate rather deep into it, underscoring the importance of all (valence)
electron description of the system which includes exchange interactions.
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ii) The process of electron attachment to a neutral water system and subsequent
localization is very different at ambient vs. cryogenic conditions. In the former, liquid,
system, the cluster quickly reaches an equilibrated structure which corresponds to a well
localized and strongly bound solvated electron. However, in the latter, solid, system, the
electron gets trapped in a metastable “cushion-like” state at the periphery of the cluster,
which is more weakly bound. Strongly bound states are observed in the cryogenic solid
only if initially prepared at ambient conditions and subsequently quenched. This
rationalizes the observation of several isomers in cryogenic cluster experiments and raises a
question mark over extrapolations of excess electron properties from these clusters to the
liquid bulk.
iii) The electron-proton reaction in water, as the simplest example of chemical
quenching of the solvated electron, is shown to be, unlike in the gas phase, a complex
many-body process. Adding more detail to the general experimentally derived mechanism,
we demonstrate that the reaction is not diffusion limited and it is a proton transfer rather
than electron transfer process where a localized H3O radical does not play a role of a key
intermediate. The rate-limiting step of the reaction is a deformation of the excess electron
induced by the hydronium cation within which a single water molecule penetrates deep into
the electron cavity.
As a final note we mention that after submission of this paper a new AIMD study of
an electron attached to a cluster containing 105 water molecules has been published.(53)
Despite the fact that the system is almost three times bigger than that investigated in our
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group (and the DFT method employed is similar but not identical) the results are
qualitatively the same. Namely, the authors of the new study also found a stable localized
cavity electron, the binding energy of which does not strongly depend on its position within
the cluster, as well as a weakly bound delocalized electron, which is kinetically trapped at
the cold cluster surface (see Figure 3 in Reference (53)). These findings, together with
earlier pseudopotential calculations performed for large clusters and extended systems,(9,
23-28) support our claim, that the results for the 32 water cluster anion presented here have
direct implications also for electron solvated in larger aqueous systems.
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Figure captions:
Figure 1: Snapshots and radial density of the excess electron as a function of the distance
from its center averaged (green) and integrated (blue) over the angular variables for A) a
configuration with a well-developed cavity taken from an equilibrium simulation at T =
300 K and B) a configuration sampled soon after attachment to a cold (30 K) water cluster
with the electron on the surface of the cluster in a cushion-like state. Dashed vertical line
shows the radius of gyration of the electron. Red and white dots show the positions of the
oxygen and hydrogen atoms, respectively.

Figure 2: Radial density of the excess electron averaged over the angular variables (green)
and radial distribution function of water oxygen (red) and hydrogen (black) atoms relative
to the center of the excess electron from equilibrium configurations at T=300 K.

Figure 3: A) Lack of correlation between vertical detachment energy of the excess electron
and its distance from the cluster (measured in two different ways) and B) correlation
between vertical detachment energy of the excess electron and its radius of gyration, both
for equilibrium configurations at T=300 K. In A) data using the average distance of the
electron from the cluster center of mass are shown in green, whereas those using the
distance between the center of the electron and the cluster center of mass are shown in blue.

Figure 4: Time evolution of A) radius of gyration and B) vertical detachment energy of the
excess electron for different simulation setups, together with the equilibrium distribution at
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T = 300 K (red). Simulations following electron attachment to cold (30-50 K) water
clusters are shown in blue (8 trajectories). Simulations following electron attachment to
water clusters at T = 300 K are shown in green (6 trajectories) and their average in black.
Simulations of cold (30-50 K) anionic clusters with a pre-formed cavity are shown in cyan
(2 trajectories).

Figure 5: Correlation between vertical detachment energy of the excess electron and its
radius of gyration for different simulation setups. Simulations following electron
attachment to cold (30-50 K) water clusters are shown in blue (8 trajectories). Simulations
following electron attachment to water clusters at T = 300 K are shown in green (6
trajectories). Simulations of cold (30-50 K) anionic clusters with a preformed cavity are
shown in cyan (2 trajectories). Equilibrium simulations of anionic clusters at T = 300 K are
shown in red.

Figure 6: Radial density of the excess electron as a function of the distance from its center
averaged (green) and integrated (blue) over the angular variables for configurations along a
reactive trajectory. Dashed vertical line shows the radius of gyration of the electron. Red
and white dots show the positions of the water oxygen and hydrogen atoms.

Figure 7: Correlation between radius of gyration and relative shape anisotropy of the
excess electron for three reactive trajectories. Data from equilibrium simulations of the
anionic cluster (i.e., without the excess proton) are shown for reference in gray.
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