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Abstract1

The structure of the hydrated electron, which is a key species in radiative processes in wa-2

ter, has remained elusive. The traditional cavity model has been questioned recently, but the3

newly suggested picture of an electron delocalized over a region of enhanced water density is4

controversial. Here, we present results from ab initio molecular dynamics simulations, where5

not only the excess electron but also the valence electrons of the surrounding water molecules6

are described quantum mechanically. Unlike in previous one-electron pseudopotential calcula-7

tions, many-electron interactions are explicitly accounted for. The present approach allows for8

partitioning the electron solvated in liquid water into contributions from an inner cavity, neigh-9

boring water molecules, and a diffuse tail. We demonstrate that all these three contributions10

are sizable and, consequently, important, which underlines the complex nature of the hydrated11

electron and warns against oversimplified interpretations based on pseudopotential models.12
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There are various pathways leading to an equilibrated electron in liquid water. These involve16

relaxation of non-equilibrium electrons produced by ionizing radiation, by UV excitation of wa-17

ter molecules or dissolved salt anions, or by photoexcitation of previously formed electrons.1–3
18

In all cases, equilibrated hydrated electrons are formed on a sub-picosecond time scale.1 Since19

this species is a key intermediate in water radiolysis and photolysis, which within microseconds20

further reacts with a plethora of quenchers (including protons, OH, N2O, SF6, and others),4,5 it is21

crucial to establish unequivocally its structure. Since the discovery of the hydrated electron in the22

1960s,6 the traditional picture has been that of a cavity structure of a diameter of about 2.5 Å.3,7,8
23

The view of an electron residing in a polarized water cavity, similarly to a negatively charged ion,24

has also been supported by a series of pseudopotential calculations, where only the excess electron25

is treated quantum mechanically.9–12 However, a very different picture of an electron delocalized26

over a region of enhanced water density of about 1 nm in diameter has been derived from a re-27

cently parameterized pseudopotential.13 This claim has been questioned almost immediately.14–16
28

The critics have shown that the results are very sensitive to the pseudopotential parameters and29

equally good, if not better, agreement with experimental observables can be achieved using one30

of the parameterizations that produce a cavity structure.17 Pseudopotentials may thus be oversen-31

sitive to fitting parameters and, moreover, do not directly account for many-electron interactions.32

The aim of the present study is to step aside from pseudopotential models and include explicitly33

the electronic structure of water molecules solvating the excess electron within ab initio molecular34

dynamics (AIMD) simulations. Such an approach allows us to draw with confidence a more elab-35

orate picture of the hydrated electron, composed of contributions from an inner cavity, as well as36

from voids in the water structure and regions overlapping with water molecules.37

There have been several previous attempts to go beyond the one-electron pseudopotential de-38

scription of an electron solvated in aqueous bulk. An electronic structure recalculation of selected39

points along a trajectory generated using a cavity-type pseudopotential confirmed, not surprisingly,40

a cavity structure, however, it also showed that about 20 % of the electron wave function is strongly41

influenced by many-electron exchange interactions.18 An ab initio cluster calculation combined42
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with a self-consistent reaction field to account for long-range solvent effects led to an estimate of43

the hydration free energy of e− of 35.5 kcal/mol.19 Closer to the spirit of the present study, an44

AIMD simulations of negatively charged water clusters20 and, in particular, of the bulk-hydrated45

electron have been also performed.21,22 While the pioneering study of a bulk-solvated electron21,22
46

allowed to qualitatively characterize differences between electron behavior in normal vs. supercrit-47

ical water, the small system size (32 water molecules in a unit cell with only a nanometer distance48

between the periodic images of the electron) did not permit a reliable quantitative analysis of the49

structure and binding patterns of the hydrated electron. Here, we achieve the goal of describing50

the structure and dynamics of an electron solvated in bulk water by a divide and conquer strategy.51

Using a mixed quantum mechanics/molecular mechanics (QM/MM) dynamical approach we are52

able to accurately account for both short range quantum effects and long range solvent polariza-53

tion, and avoid spurious interactions between the periodic images of the hydrated electron. This is54

achieved by surrounding the excess electron by a sufficient number of quantum mechanical water55

molecules, as well as by more distant layers of water molecules described using an empirical force56

field applying periodic boundary conditions. This setup allows to use a much larger unit cell than57

in previous calculations,21,22 which minimizes artifacts due to a close proximity of the periodic58

images of the solvated electron.59

Computational Details All QM/MM simulations were performed using the CP2K program60

suite.23 The treatment of the QM part is similar to the density functional theory (DFT) setup61

in previous cluster studies.24,25 Energies and forces were obtained from the Becke, Lee, Yang62

and Parr (BLYP) density functional26,27 combined with a semi-empirical dispersion correction.28
63

The BLYP functional was augmented with an additional term to correct for the spurious self-64

interaction of the unpaired electron.29 The Kohn-Sham orbitals are expanded into a molecularly65

optimized triple-zeta basis with two polarization functions (molopt-TZV2P-GTH).30 An auxil-66

iary plane wave basis set with a cutoff of 280 Ry was used to describe the electron density. The67

atom-centered basis set was further augmented with a regular grid of diffuse Gaussian functions68

located in a sphere around the center of the QM box. Goedecker-Teter-Hutter norm-conserving69
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pseudopotentials replaced the core electrons.31 The specific combination of functional, basis set70

and dispersion correction was shown to give a proper description of neat water at ambient condi-71

tions.32 Nevertheless, studies of medium-sized water clusters show that qualitatively similar results72

can also be obtained with different functionals such as PBE.33 Furthermore, the augmentation of73

the density functional with the self-interaction correction and the addition of diffuse basis func-74

tions leads to a setup that compares well to reference RI-MP2 calculations.34 The QM system was75

placed in a cubic 25x25x25 Å3 box. A quadratic potential at the box edges hindered diffusion76

of the QM water molecules to the edge or out of the QM box. The system was shifted so that77

the center of the spin distribution is in the center of the QM box. Poisson’s equation for the QM78

system in the field of Gaussian distributions of the surrounding MM water molecules was solved79

using Bloechl’s density-derived atomic charges.35 Electrostatic coupling to the periodic images of80

the QM system was also taken into account. The VDEs to some extent depend on the latter interac-81

tion. We reevaluated VDE along the obtained trajectories and found that excluding the electrostatic82

interactions between the QM images gave systematically stronger electron binding by about 0.5 eV.83

Thus, there may be a small systematic offset in the calculated VDEs due to comparison of systems84

with different number of electrons (i.e., before and after electron detachment) which, however, has85

no influence on other calculated properties of the hydrated electron. A flexible SPC/E water model86

was used to obtain energies and forces in the MM part of the system.36 The electrostatic poten-87

tial of the periodically replicated MM system and was evaluated using the smooth particle mesh88

Ewald summation technique. Electrostatic coupling between the QM and the periodic MM part of89

the system was achieved using the multigrid technique introduced by Laino et al.37,38
90

Initial conditions for the simulations were obtained in three steps. First, a neutral water system91

was equilibrated using classical molecular dynamics (CMD) in an NpT ensemble at p=1 bar and92

with a flexible, extended simple point charge (SPC/E) force field.36 Second, structures from the93

CMD simulations at the average volume of the NpT ensemble (cubic box, L=31 Å) were used as94

input for QM/MM calculations with a set of 32 QM and 992 MM water molecules. The 32 water95

molecules closest to the center of the calculation box were treated quantum mechanically, whereas96
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the remaining 992 water molecules classically. This simulation was run for 10 ps. The excess97

electron in the quantum subsystem localizes quickly to a cavity-like structure and resembles an98

equilibrated hydrated electron after a few ps (see Figure 1). In the third step, in order to achieve a99

clear separation of the hydrated electron and the MM water molecules, the quantum subsystem was100

extended to encompass 64 water molecules that were the closest to the center of the spin density101

of the excess electron. Two production trajectories were then run in an NVT ensemble at 300 K102

for about 5 ps each.103

Figure 1: Snapshots during the second step of the preparation of the bulk hydrated electron. The
system consists of 32 QM and 992 MM water molecules. The QM water molecules are shown in
color in CPK representation and the residual MM water molecules in transparent representation.
The excess spin in the QM system is represented by two isovalues of the spin density distribution
(0.0001 and 0.003 Bohr−3).

The two principal, experimentally accessible characteristics of the hydrated electron, i.e., its104

vertical detachment energy (VDE) and radius of gyration (rg) can be obtained directly from the105

present AIMD simulations. Figure 2 depicts the correlation between these two measurables,106

evaluated along the simulated trajectory, together with a representative snapshot showing water107

molecules and the spin density of an equilibrated hydrated electron. Already by visual inspection108

of the snapshot we see a partially cavity-like electron, albeit with a large diffuse tail and significant109

overlap with the surrounding water molecules. Before we further quantify these contributions to110

the electron spin density, let us first compare the calculated rg and VDE to experimental data. The111

rg distribution peaks at 2.6 Å with a mean value of 2.8 Å and a spread of about 0.4 Å due to thermal112
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fluctuations. The VDE has a mean value at around 3 eV with a thermal spread of roughly 0.5 eV113

(Figure 2). The calculated size matches reasonably well the experimental estimate.3,7,8 Similarly,114

the calculated VDE is in a good agreement with existing photoelectron spectroscopy data ranging115

from 3.3 to 3.6 eV.39–41 The slight overestimation of the radius of gyration and underestimations116

of calculated VDE is partly due to incomplete account for long-range polarization effects and finite117

size of the unit cell. With VDE there are also inherent difficulties arising when comparing periodic118

systems with different numbers of electrons (see also Computational Details). The simulated data119

presented in Figure 2 also show the anti-correlation between rg and VDE previously observed in120

cluster systems:25 In other words, the smaller the hydrated electron, the more strongly bound it is121

and vice versa.122

Figure 3 shows the radial distribution functions (RDFs) of water oxygen and hydrogen atoms123

around the center of the hydrated electron. Zero values of RDFs at and close to the origin (up to124

∼0.6 Å for hydrogen and ∼1.6 Å for oxygen) clearly point to an existence of an inner cavity. In125

this respect, the present results support pseudopotential models yielding a cavity electron,9–12,17
126

rather than that giving an electron delocalized over a region of enhanced water density.13 Also,127

one should note that RDFs provide complete structural information only for spherical objects.128

However, the hydrated electron is at each instant distorted from a perfect spherical shape; as a129

consequence spherically averaged variables such as RDFs provide an oversimplified picture. Nev-130

ertheless, one can still integrate over the first peak of the RDF to obtain the mean number of water131

molecules immediately surrounding the electron. The present AIMD simulations yield a num-132

ber of ∼4 (see inset of Figure 3 for contributions of individual water molecules). This value is133

now well established, being the same as that obtained from recent cavity-type pseudopotentials .17
134

Older pseudopotentials yielded a somewhat over-coordinated hydrated electron,43 similar to that135

deduced from magnetic resonance experiments in cryogenic (77 K) alkaline glasses44 which, how-136

ever, is not directly relevant for the ambient liquid situation.45 As a consequence of a rather small137

first solvent shell of the hydrated electron, the second shell is relatively structured (Figure 3). Com-138

pared to hydration shells of halide anions of similar size,46 that of the hydrated electron is at each139
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Figure 2: Correlated distribution of vertical detachment energies and radii of gyration of an equi-
librated electron solvated in bulk water (blue dots in the plot and projections on the axes in grey).
Note the very good agreement with experimental data (VDE = 3.3–3.6 eV39–41) and rg = 2.44 Å3,8)
and the remarkable anti-correlation between rg and VDE, observed also in earlier calculations.17,42

The inset shows a representative snapshot from the simulation with the spin density of the hydrated
electron at two selected isovalues in different shades of blue.
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instant more asymmetric and smaller on average, due to stronger penetration of water molecules140

into the electronic cloud of the solute. Also, it is rather dynamic and we observe exchange of water141

molecules even at the 10 ps timescale of the simulation.142
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Figure 3: Radial distribution functions (full lines) and integrals thereof, i.e, running coordination
numbers (dashed lines) of water oxygen (red) and hydrogen (green) atoms around the center of the
hydrated electron. The curves reflect the existence of a small and flexible inner cavity with 4 water
molecules in the first solvent shell (the inset depicts contributions of individual water molecules to
the first peak of the oxygen radial distribution function).

The inner cavity is, however, not the whole story, as less than half of the hydrated electron143

resides in it. This is demonstrated in Figure 4, where the spin density of the hydrated electron is144

dissected into three spatially non-overlapping contributions (see Supporting Information for exact145

definitions of the individual contributions and sensitivity analysis). The first one comes from the146

inner cavity described above. It has a smooth shape, dying out only after 4 Å (Figure 4, blue line),147
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which is a larger distance than the position of the first peak on the water oxygen RDF (Figure 3A),148

pointing again to the instantaneous asphericity of the cavity. The integrated contribution from the149

inner cavity amounts to just over 40 % of the total spin density, making it the largest (although150

only by a small margin), but not dominant part of the hydrated electron. The second contribution151

comes from the part of the spin density directly overlapping with water molecules (Figure 4, red152

line). The seeming overlap with the first contribution is due to the angular averaging in the plots in153

Figure 4 and also points to the significant asphericity of the solvent shell. This second contribution154

is the part where exchange interactions with valence electrons of water molecules, accounted for155

explicitly within the present many-electron description, are important. There is significant overlap156

with both first and second shell water molecules (see RDFs in Figure 3). The integrated contri-157

bution of this part of the electron density amounts to about one quarter of the total, with the first158

water shell contributing by roughly 5 %. Given the difference between simulated and experimen-159

tal temperatures, this is in reasonable agreement with magnetic resonance in cryogenic alkaline160

glasses predicting about 4 % of the electron spin density residing in the first shell.44 The more161

important contribution of the second shell is primarily a geometric volume effect combined with162

the rather extended character of the hydrated electron. This naturally brings us to the third, diffuse163

contribution to the electron spin density (Figure 4, magenta line), which is the residual part outside164

the inner cavity not overlapping with water molecules. It has significant contributions from re-165

gions between 2.5 and 12 Å from the center and in total it amounts to another third of the hydrated166

electron spin density. The diffuse part resembles to a certain extent the delocalized picture of the167

solvated electron from Ref. 13, however, this is only a part of the spin density. Also, unlike in168

Ref. 13 we do not observe an appreciable increase of water density in this region. Note that other169

pseudopotential calculations showed a diffuse tail, too, albeit of a smaller spatial extent.17
170

Conclusions The present ab initio molecular dynamics simulation study with valence electrons171

of neighboring water molecules treated explicitly provides a faithful picture of an electron solvated172

in bulk liquid water with measurable properties closely matching experimental observations. Most173

importantly, the calculations clearly demonstrate the complex structure of the hydrated electron,174
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0.000

0.002

0.004

0.006

0.008

0.010

0.012

r2
s(
r)

[Å
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Figure 4: Dissection of the spin density of the hydrated electron (black) into contributions (full
lines, with integrals as dashed lines) from the inner cavity (blue, 41 %), a part overlapping with
water molecules (red, 24 %), and a diffuse part beyond the first solvent shell (magenta, ≈ 35
%). The division of the electron spin density into these three contributions is qualitatively robust,
with the exact partitioning numbers depending somewhat on the definition of the space occupied
by water molecules (taken here as that encompassing the region containing 90 % of the electron
density of the neutral water system).
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which can be decomposed into three contributions - from the inner cavity, the overlap with water175

molecules, and the diffuse tail. The issue is, therefore, not whether the electron resides in a cavity176

or not. It actually does both at the same time, with the inner cavity containing less than half177

of the hydrated electron, and the surrounding water molecules and interstitial regions outside the178

cavity amounting to one fourth and one third of its the spin density, respectively. The nature179

of the hydrated electron turns out to be comprehensible but complex, which also warns against180

oversimplifications based on one-electron pseudopotential models. The present work thus offers a181

novel conceptual framework for rationalizing the behavior of this key species in radiative processes182

in water.183
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