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CHAPTER

ONE

INTRODUCTION

Ionization processes in aqueous systems play an important role in diverse contexts, includ-

ing nuclear waste storage and remediation, exposure to natural radioactivity, or medical

imaging and therapy [28].

1.1 Electron initiated processes

A cascade of processes is initiated by primary high-energy electrons passing through liquid

water. As an electron ionizes the liquid, it creates secondary electrons, which have enough

energy to cause further ionization. Due to the proximity of these events, ionization spurs

are created in the liquid. Finally, low energy electrons are created, whose kinetic energy is

below 10 eV and is thus not sufficient to cause ionization. These electrons can take part

in further processes, causing damage. If they couple to the solvent and thermalize, they

become hydrated electrons, e−aq. These hydrated electrons have a finite lifetime in water

due to reactions with different solvated species. Even in neat water, they will react with

dissolved oxygen gas, hydrated protons which are present due to the finite pH of water,

or even water molecules themselves. Understanding the reactivity of hydrated electrons is

important, because it is this quenching which prevents direct damage (e.g. to DNA) by the

electrons and because some of the products may be undesirable or dangerous. Note that

some authors use the term “low-energy electrons” to mean something different, namely

low binding energy, even in the context of hydrated electrons [92].

While the full radiation chemistry of such systems is rich and complicated [28], we

will focus on two species here — the hydrated electron and the cationic hole left after the

removal of an electron.
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1.2 Photoionization of liquid water

An important way to create the two species of interest is by a photon with sufficiently high

energy — photoionization of water. Although such radiation can in general cause damage

to hydrated species (such as DNA or proteins) by ionizing them directly, our focus here

is indirect radiation damage — ionization of the solvent and subsequent chemical damage

by the radicals created in that process. This is important, because the concentration of

water in a typical aqueous system is significantly higher than the concentration of any

solute. Strictly speaking, the term ionization means a complete removal of an electron

from the system, but we use it here also for the situation in a condensed system where the

electron gets ejected sufficiently far from the ionization site. A schematic view of water

photoionization is as follows:

H2O + ~ω −→ H2O·+ + e−CB,

H2O·+ + H2O −→ OH·+ H3O
+,

e−CB −→ e−aq.

First, water gets ionized by an incident photon and a conduction-band (CB) electron

is ejected. The cationic radical reacts by proton transfer with another water molecule,

forming a hydrated proton and a hydroxyl radical. This radical is responsible for a large

part of indirect radiation damage subsequent to photoionization of water. The ejected

electron is initially delocalized. Assuming that it stays in the aqueous system and does

not have enough energy for further ionization, it eventually couples to the solvent and

localizes, forming the ground state hydrated electron.

1.3 Experimental studies

Let us now review a selection of experimental results relevant to this work. Measurements

of properties of the hydrated electron have traditionally been done on anionic water clus-

ters, as such a setup allows the use of techniques that require vacuum, notably photoelec-

tron spectroscopy. These clusters are prepared using supersonic expansion, electrospray,

or condensation in a cold buffer gas. The details of the preparation vary and influence the

properties of the resulting clusters, but one common feature of all the techniques is that

the clusters are always cold and solid.

The first photoelectron spectra of water cluster anions were reported by Coe et al. [15].

Measurements of different cluster sizes allow the extrapolation of vertical binding energies

to the bulk limit, assuming an internally bound electron. Later experiments report several

isomers of these clusters [111, 16], where each isomer is extrapolated separately, giving

different values at the bulk limit. These isomers are assigned as a dipole bound electron
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for the most weakly bound isomer III, a surface bound electron assigned as isomer II and

isomer I, which extrapolates to the vicinity of the expected bulk value of vertical binding

energy. Isomers II and III are considered to be metastable by most authors. Although

there is a temperature mismatch between the clusters and the liquid at ambient conditions,

this discrepancy is usually not discussed. An experiment with a different setup, where the

clusters come into contact with close to room-temperature buffer gas and are then kept in a

trap at a T=10 K [65], reports a significantly lower abundance of the weakly bound isomers.

Most recent results show that co-expansion with neon, rather than argon, increases the

temperature of the clusters and changes the relative abundances of the different isomers

when compared to the previous experiments — again, more internally bound electrons are

observed [116]. For a representative plot of the measured binding energies, see Figure 2

of reference 65.

Recently, the liquid microjet technique has enabled the application of photoelectron

spectroscopy to the surface of liquid water and aqueous solutions [115]. The first experi-

ment to report the bulk vertical binding energy 3.3 eV from such a setup [90] also reported

a long-lived feature at a low binding energy of 1.6 eV, attributed to an electron on the

surface of liquid water. This measurement was motivated by the extrapolation of the sur-

face state, isomer II, reported in anionic water clusters. Other microjet experiments soon

followed, reporting bulk vertical binding energies of 3.2 eV [94], 3.4 eV [64] and 3.6 [89].

None of these have found evidence of weakly bound surface species, which has been at-

tributed to differences in the experimental setup by some authors [1]. An experiment

designed specifically for maximum surface sensitivity in order to search for these states

found only a transient signal that disappears on the sub-picosecond timescale [11].

In search of the surface state, Sagar et al. have applied second harmonic generation

spectroscopy to the surface of water in which hydrated electrons were created [82]. The

similarity of signals in measurements with a free surface and with a surface coated in

surfactants suggests that there is not a significant part of the excess electron density

protruding out of the surface of water.

Gaudel et al. made an attempt to experimentally detect the presence of H2O
+ and

measure its decay time [29], but recent evidence, both experimental and theoretical, sug-

gests that H2O
+ was not generated with the setup used and that the measured signal was

an artefact [118].

1.4 Computational studies

Computational treatment of ionization processes is challenging for several reasons. The

open-shell nature of both positively and negatively charged electronic defects imposes

restrictions on the electronic structure method that can be used. Issues with delocalized

or quasi-degenerate states further complicate the situation. When electronic eigenstates
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get close in energy, it may be necessary to go beyond the Born-Oppenheimer approximation

to treat the system properly.

If these challenges are overcome, or suitable approximations taken, computation can

provide spatial and temporal resolution that is unavailable to experimental techniques. In

preparing a simulation, one has full control over the system, which means that its compo-

sition as well as initial conditions can be set exactly as desired. Any measurable properties

can be calculated at any chosen time, including the correlated evaluation of several prop-

erties for the same configuration, which tends to be problematic experimentally.

1.4.1 Hydrated electron

The hydrated electron is an inherently quantum species and it is thus not possible to

evaluate its interactions using an empirical force field. Broadly, there are two possible

approaches that one can take. In mixed quantum-classical calculations, the system is

split into the molecular part, which is treated using an empirical force field, and the

single excess electron treated fully quantum mechanically. This is effectively a QM/MM

type of calculation, where the QM part contains only the one excess electron. Molecular

dynamics of this system can be performed thanks to the relatively low computational

demands of the approach. A pseudopotential must be parametrized for the interaction

of the excess electron with the water molecules. The other approach is to use one of the

many available quantum chemical methods, including density functional theory, Hartree-

Fock theory, or post-Hartree-Fock correlated methods. Due to the computational demands

of this approach, research in this areas has focused mainly on static idealized structures

or optimizations of small clusters. Several groups have performed ab initio molecular

dynamics simulations based on density functional theory.

Mixed quantum-classical models

The first pseudopotential calculations [84, 81] were done using path integral molecular

dynamics for the excess electron. Later work uses a different parametrization of the

pseudopotential and solves the Schrödinger equation of the excess electron on a Cartesian

grid [102, 101]. This model comes to the conclusion that measured properties of anionic

water clusters should be interpreted so that the electron resides at the surface of the

cluster in all isomers [104]. A recent model includes self-consistent polarization of the

water molecules and compares more favorably to quantum chemical calculations [49, 47].

In contrast with the previous one, it shows different positions of the electron within the

cluster, with internal solvation becoming dominant as the temperature of the cluster is

increased [47]. The parametrization procedure of the pseudopotential is similar in all

cases — a Hartree-Fock calculation of a single water molecule — with the details and

the analytic forms being different between the various models. The properties of the
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resulting hydrated electron turn out to be rather sensitive to these details, for example

the coordination number varies between 4 and 6 [43]. This problem is exemplified by the

most recent parametrization [57], which finds that the structure of the hydrated electron

is strikingly different than reported previously. In this model, the electron does not reside

in a polarized cavity, but rather overlaps with water molecules in a region where the

density of the liquid is increased. This proposition has sparked heated discussions in the

literature [103, 48, 58] as well as at conferences.

Quantum chemical calculations

Quantum chemical calculations, especially those using high quality correlated methods

have the ability to describe the hydrated electron accurately. Here we mention only some

examples from the rich literature on the subject. Due to the computational demands,

this approach is usually limited to optimizations of idealized and small systems [87] or

single-point calculations on geometries obtained using more affordable methods [88]. If

high accuracy is required, second-order Møller–Plesset perturbation theory (MP2) may

be insufficient [42] and higher quality (and higher cost) methods must be used [113]. For

reactions and excited states of the hydrated electron, it might be necessary to consider

multi-reference methods [91].

Ab initio molecular dynamics

Ab inito molecular dynamics shares with the above approaches the methods used for

the evaluation of interactions, but goes further in the treatment of nuclei by performing

molecular dynamics at a finite temperature. Density functional theory is the most common

choice of electronic structure method, however, this is not a principal limitation but rather

a practical matter — other quantum chemical methods are significantly more expensive.

Pioneering ab initio molecular dynamics simulations of the hydrated electron used the

Car-Parrinello method and a relatively small periodic system of 32 water molecules [10, 9].

The properties of the excess electron at different thermodynamic states were explored.

Simulations of an anionic cluster of 32 water molecules have been done in collaboration

with our group [26].

Recently, simulations of relatively large clusters have been performed, but the limited

length of trajectories makes even rough convergence of the results somewhat question-

able [7].

1.4.2 Water photoionization

Calculations of photoionization of water have focused on cluster systems. Pieniazek et al.

have used the high-quality equation of motion method [55] to inspect the details of the

water dimer and water pentamer cations [79, 78]. These calculation have also been used as
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a reference for the tuning of density functional methods, as will be discussed later in this

thesis. The dynamics of the water pentamer after vertical ionization has been explored

using a tuned range-separated density functional [63]. The same process has been studied

also in the larger water 17-mer using the Hartree-Fock method [27]. The authors had to

resort to using an excited stated of their Hartree-Fock calculation to force the cationic

hole inside the cluster, which is not discussed in the paper.

1.5 Road map

The results presented in this thesis follow six papers by the author of the thesis and

coworkers, which are referenced where appropriate and attached at the end of the thesis.

The rest of the thesis is organized as follows. In the next chapter, we will review the

computational methods used for the presented work, looking at both nuclear motion and

electronic structure calculation. As water is a disordered liquid at ambient conditions, it is

important to capture finite-temperature effects appropriately. We use molecular dynamics

to achieve that, as well as to obtain dynamical trajectories of non-equilibrium processes.

Because calculation of the electronic structure of open-shell systems that contain an elec-

tronic defect is challenging, we dedicate a large part of the work to the development and

benchmarking of computational setups that are both efficient and sufficiently accurate. In

the two following chapters, we will proceed to show results of simulations of ionization of

neat water. The removal of an electron from an aqueous system leaves behind a cationic

hole. We will follow its dynamics in a condensed periodic system until the formation of

its products — the OH radical and the H3O
+ cation. If the ejected electron stays in

an aqueous system and thermalizes, it forms the hydrated electron. We will look at this

localization process in a cluster, which serves as a suitable proxy to the bulk process and

also contributes to the understanding of the physics of anionic water clusters. To illus-

trate problems with the interpretation of cluster measurements, we compare the results

to the same process at low temperatures, as cold clusters are what is usually available

experimentally. Since the hydrated electron is a very reactive species and has a finite

lifetime in aqueous solutions, it is important to understand its quenching. We look at the

most elementary of these processes — the reaction with a hydrated proton which creates

a hydrogen atom. The hydrated electron is also of great interest by itself and we examine

its equilibrium properties at ambient temperature both in clusters and the aqueous bulk.

In the last chapter, we will draw conclusions from the current work and suggest extensions

and possible future directions.



CHAPTER

TWO

COMPUTATIONAL METHODOLOGY

In this chapter we will review the computational methods used in this work. Presenting

all the material in full would require much more space than is available here. We will

therefore restrict the discussion to the basic outline of each method, focus on aspects

relevant for this work and refer to literature for details.

Broadly, there are two categories of computational methods that we need to consider.

The Born-Oppenheimer approximation separates nuclear and electronic degrees of free-

dom in a way that leaves nuclear positions only as parameters in the electronic problem.

Further, the quantum nature of atomic nuclei is neglected, as is appropriate for many

situations at ambient conditions. Within this set of approximations, atomic nuclei are

treated as classical particles moving on potential energy hypersurfaces corresponding to

eigenstates of the electronic part of the system. Thus, firstly, we need to deal separately

with the problem of obtaining reliable electronic energies and gradients with respect to

nuclear positions for any given set of nuclear coordinates. Secondly, given these energies

and gradients, we need to solve the problem of navigating the resulting potential energy

hypersurfaces in a way that is computationally efficient and physically meaningful. These

areas are to a large extent independent and the methods needed in each can be discussed

separately.

In this work, we restrict our attention to dynamics on the ground-state potential

energy hypersurface. Although, generally speaking, this is an approximation, for many

processes it is entirely appropriate. For both electronic defects discussed in this thesis, the

separation between the ground state and the first excited state is sufficient once the system

is relaxed. Even though this is not the case in the initial stages of their dynamics (electron

attachment or photoionization of water), we limit ourselves to the ground state even for

these processes, as an approximation. Any treatment of non-adiabatic processes would

complicate the simulations extremely and would require reliable calculation of excited

states and non-adiabatic couplings. The ground-state electronic structure is challenging
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already and the quality of excited states could not be guaranteed without significant

methodological development, which is far beyond the scope or time scale of the work

presented here.

Depending on the desired result, the nuclear motion can have the form of optimization

(local minimum, transition state or transition path) or dynamics at a finite temperature.

Although a combination of methods was used in this work, a vast majority of the results

was obtained using molecular dynamics, with optimizations being of an auxiliary character.

Consequently, we will focus only on ab initio molecular dynamics in the following text and

refer the reader to one of the standard texts for the treatment of nuclear optimization

methods [17].

2.1 Molecular dynamics

The term “molecular dynamics” is used to describe a method, or rather a class of methods,

to treat the motion of atoms and molecules at a finite temperature. Despite the name, it

is perhaps more accurately described as “nuclear dynamics”, as it is the motion of atomic

nuclei that is central to the method, while their combination into molecules is secondary

and given entirely by the approximation in which we choose to treat interactions. Here,

we will focus exclusively on a classical description of atomic nuclei, although the term

“molecular dynamics” is sometimes also used for quantum methods. At the heart of the

method lie the equations of motion of classical mechanics. The positions of nuclei of a

molecular system of interest are evolved in time from a chosen initial condition using these

equations of motion, by solving them numerically. The resulting trajectory is then ana-

lyzed to obtain dynamic or thermodynamic properties of the system of interest, assuming

that the system is ergodic. This is indeed the case for most systems of interest, especially

in the liquid phase. A time average over the trajectory can then be identified with an

ensemble average over the appropriate phase-space distribution ρ(q,p). For a quantity

a(q,p) on phase space, we have

〈a〉 = lim
T→∞

T∫
0

dt a(q,p) =

∫
dqdp ρ(q,p)a(q,p)∫

dqdp ρ(q,p)
. (2.1)

Systems with high barriers or glassy behavior need a more careful treatment than is

provided by direct molecular dynamics.

Although all the properties of the system are determined by the interaction — the

shape of the potential energy hypersurface on which the dynamics occurs — in this section

we will simply assume that we have a suitable method to obtain it for our system of interest

and focus only on the nuclei.

While this simplified outline of the method might seem straightforward, it easily gets
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rather complicated when one needs to consider different types of boundary conditions, tem-

perature and pressure coupling, constraints, and the numerical properties of the methods,

all of which are important in practical calculations. Literature covering the molecular

dynamics method includes references 2, 25, 100.

2.1.1 Types of molecular dynamics simulations

There are two principal types of molecular dynamics simulations that one can perform.

In non-equilibrium simulations, a perturbation is introduced to the system such that it

undergoes dynamics that is then analyzed. This perturbation can either take the form

of an initial condition or a continual influence, for example an external field. In equilib-

rium simulations, the system evolves freely, sampling an equilibrium ensemble at a given

thermodynamic state point. From such simulations, we can extract both thermodynamic

quantities and equilibrium dynamic properties, for example time correlation functions.

2.1.2 Initial conditions

To start a molecular dynamics simulation, an initial condition is needed. That is, the

positions and velocities of all atoms need to be specified.

For equilibrium simulations, velocities v of atoms of mass m are usually drawn at

random from the Maxwell distribution at temperature T ,

f(v) =

√
m

2πkBT
exp(−βmv2/2). (2.2)

Positions are either taken from a previous simulation or are generated in some systematic

way, for example on a regular grid. An equilibration simulation must then be performed

before production data is collected.

For non-equilibrium simulations, initial conditions are usually taken as a sample from

a previous equilibrium simulation and supplemented with a suitable perturbation that will

take the system out of equilibrium.

2.1.3 Boundary conditions

Finite systems do not need any special treatment of boundaries, they simply use open

boundary conditions. The simulation of condensed systems would, however, be impractical

with finite systems, as they would have to be very large to minimize surface effects. For

these reasons, periodic boundary conditions are used. In general, the atoms of the system

are placed in a rhomboid and the distances between them are measured as if the central

box was replicated infinitely in all directions and only interaction with the nearest replica

of each atom was considered. For short-ranged interactions, including only the direct

interaction over this distance is sufficient, which is called the minimum image convention.
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Figure 2.1 An illustration of periodic boundary conditions in two dimensions for a system
of six particles. The central box is drawn together with its first eight replicas. Distances of
one atom to the nearest replicas of all the other atoms are shown.

For long-ranged interactions, like electrostatics, extra effort is needed to calculate a sum

over the periodic replicas. The coordinates of the atom can, but do not have to, be returned

to the primary box at regular intervals. As long as distances are measured correctly, it is of

no consequence for the simulation and only plays a role for the output and visualization of

atomic positions. Figure 2.1 shows an illustration of periodic boundary conditions in two

dimensions. Periodic boundary conditions can also be applied only in one or two directions,

allowing simulations of wires or slabs, which are useful for the study of interfaces. For

some simulations, special boundary conditions are needed. These include fixed layers of

atoms for the simulation of surfaces of solids or slip boundary conditions for the simulation

of shear flow.

2.1.4 Constraints

Some molecular dynamics simulations utilize constraints which fix certain internal degrees

of freedom at their equilibrium values. Typically, covalent bond lengths and certain angles

are constrained. This is well justified for covalent bonds in their ground state and allows for

a simpler evaluation of interactions as well as for an increase of the integration time step,

as it removes the highest frequency motion from the system. In this work, no constraints

were used.
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2.1.5 Thermostats and barostats

Simply evolving the system in time using classical equations of motion results in constant-

energy trajectories. While this might be appropriate for non-equilibrium simulations,

thermodynamically, such trajectories sample the microcanonical ensemble, in the context

of molecular dynamics usually called NVE. Often, we are interested in the thermody-

namics of a canonical ensemble, either at constant volume (NVT) or at constant pressure

(NpT). Approaching these with a microcanonical ensemble would require prohibitively

large simulations and it is much more practical to sample canonical ensembles directly.

This requires extra effort in the form of modified equations of motion that will sample

such ensembles.

Thermostats provide temperature coupling and maintain a defined average tempera-

ture by modifying velocities of atoms, barostats provide pressure coupling and maintain a

defined average pressure by modifying the size of the simulation cell. Pressure coupling is

only applicable in simulations with at least one periodic dimension, it is meaningless for

simulations of finite isolated systems, for example molecular clusters. The basic ideas of

thermostats and barostats are the same. One possible way to do either is the extended

ensemble approach. Extra degrees of freedom are introduced to the system and coupled to

the atomic degrees of freedom. Total energy of the extended system is conserved, while the

energy of the original system fluctuates in such a way that a constant temperature and/or

pressure is maintained. This follows the way the canonical ensemble is often derived in

thermodynamics. The Parrinello-Rahman barostat [74] is an example of a pressure cou-

pling method based on this approach, while the Nose-Hoover thermostat [46] and its more

robust extension Nose-Hoover chains [68] are examples of temperature coupling methods.

Another possibility is the introduction of a stochastic process that modifies the appropri-

ate variables. Numerical propagators of Langevin dynamics make use of this approach for

thermostatting [105]. The Andersen thermostat [3] provides a very simple way to sample

the canonical ensemble. At each molecular dynamics step, each atom is, with a certain

probability, reassigned a new velocity drawn at random from the Maxwell distribution.

A combination of velocity rescaling with a stochastic process results in a particularly ef-

ficient and robust thermostat which, unlike other velocity rescaling thermostats, samples

the canonical ensemble correctly [12]. This method is usually called CSVR, for “canonical

sampling through velocity rescaling”.

2.1.6 Numerical solution of equations of motion

The equations of motion, including any thermostats or barostats and constraints, must be

solved numerically, with forces on individual atoms provided as input. Although numerical

mathematics provides a plethora of methods, certain requirements restrict the numerical

propagators used in practice to a narrow class. Because the evaluation of interaction
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by far dominates a typical molecular dynamics simulation, it is crucial that the method

of choice needs only one evaluation of forces at each step. Further, methods that are at

least approximately symplectic have certain desirable properties, notably time reversibility,

which make them suitable for molecular dynamics simulations.

The widely used Verlet [112] and velocity Verlet methods [93] and their equivalent leap

frog method [24, 2] belong to this category, although originally they were not derived with

symplecticity as a target, but rather simply from a Taylor expansion. In the case of the

velocity Verlet algorithm, we get for each time step

x(t+ ∆t) = x(t) + v(t)∆t+
F(x(t))

2m
∆t2, (2.3)

v(t+ ∆t) = v(t) +
F(x(t+ ∆t)) + F(x(t))

2m
∆t. (2.4)

Later formulation based on the Trotter expansion of the formal exact solution of the equa-

tions of motion expressed using the Liouville operator rederives these traditional methods

and also shows the way to more advanced propagators [99, 67]. These include multiple

time step methods as well as robust treatment of temperature and pressure coupling in

the presence of holonomic constraints [117].

To sketch the basic idea of this approach, let us start with the Liouville operator L,

which is given by

iL = {. . . , H} = q̇ · ∇q + ṗ · ∇p (2.5)

and can be used to express the time evolution of an arbitrary function on phase space,

ḟ(q,p) = {f,H} = iLf(q,p). (2.6)

Solving this equation formally, we get

f(t) = exp (iL(t− t0)) f(t0) = U(t− t0)f(t0). (2.7)

Because the two terms in L do not commute, the exponential has to be approximated

using Trotter expansion. There are many ways to do this and they will produce differ-

ent numerical propagators. As an example, the above velocity Verlet propagator can be

obtained as

Uvelocity V erlet(∆t) = exp

(
i∆t

2
ṗ · ∇p

)
exp(∆tq̇ · ∇q) exp

(
i∆t

2
ṗ · ∇p

)
. (2.8)

Using a good numerical propagator that keeps any conserved quantities constant is

crucial for the quality of the whole simulation. The time step of this numerical integra-

tion must be chosen based on the physical properties of the underlying potential energy

hypersurface so that the numerical integration is stable.
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2.2 Density functional theory

Density functional theory is an electronic structure method that uses electron density

in real space as the fundamental quantity. Although approximations based on electron

density have been known since the early days of quantum mechanics [96, 23], it was not

until 1964 that this approach has received significant attention. Hohenberg and Kohn

have published a set of theorems, showing rigorously that the ground-state wavefunction

of the system is a unique functional of the density [45]. As a consequence, all other

properties, notably the energy, are also functionals of the density. A paper by Kohn and

Sham that followed [53] provided a formulation that includes a very good approximation

for the kinetic energy term, making practical calculations possible. Although the exact

full functional is unknown, simple approximations to the exchange-correlation part were

discovered quickly and enabled surprisingly accurate electronic structure calculations at

a modest computational cost. Nowadays, Kohn-Sham density functional theory is the

standard for many applications, especially for larger and condensed systems where other

methods are either unavailable or prohibitively computationally expensive. Research of

new approximate exchange-correlation density functionals is very active, as is development

of new efficient computational methods of solution of Kohn-Sham equations. Details of

density functional theory and its computational realization can be found for example in

references 73, 52, 13, 17.

2.2.1 Kohn-Sham equations

The basic contributions to the total electronic energy functional are the kinetic energy

term T [n], the external potential term (atomic nuclei and any external fields) V [n], and

the electron-electron interaction energy Vee[n], which is usually split into the classical

electrostatic self-energy VH [n], sometimes called Hartree energy, and the non-classical

exchange-correlation energy VXC [n]:

E[n] = T [n] + V [n] + Vee[n] = T [n] + V [n] + VH [n] + VXC [n]. (2.9)

The very first term constitutes the major problem of density functional theory in this

formulation, as it is not known. Various approximations exist and are used in the context of

orbital-free density functional theory even today, but are not very reliable by the standards

of quantum chemistry.

The Kohn-Sham formulation improves on this by introducing a very good approxima-

tion for the kinetic energy term, at the cost of a more complicated representation of the

system. Specifically, it maps the real system to a fictitious system that has identical elec-

tron density, but is non-interacting and electrons occupy individual orbitals. The density
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is simply

n(r) =
∑
i

fi〈ψi|r〉〈r|ψi〉, (2.10)

where fi are occupation numbers. For the equivalence, the system needs an effective

potential that will produce, as its eigenstates, orbitals that in turn produce a density that

is identical to that of the real system. It is important to keep in mind that these orbitals

are entirely auxiliary and the Kohn-Sham formulation says nothing about their relation to

the real system, other than through the density. The kinetic energy of the non-interacting

system can be written in terms of the individual orbitals as

Ts[n] =
∑
i

fi
p2

2m
|ψi〉, (2.11)

which is a very good approximation to the full kinetic energy. The remaining correlated

kinetic energy, Tc = T − Ts, is included in the exchange-correlation functional in the

Kohn-Sham formulation, making the energy functional

E[n] = Ts[n] + V [n] + VH [n] + V KS
XC [n]. (2.12)

To satisfy the density-matching condition, the effective potential must be set to

vs = v + vH + vXC , (2.13)

where the terms on the right-hand side are potentials of the corresponding energies. The

resulting Kohn-Sham equations for the orbitals then have the form[
p2

2m
+ vs

]
|ψi〉 = εi|ψi〉, (2.14)

where εi are the eigenvalues of the orbitals |ψi〉 which reproduce the real density.

Without going into details, we note that there exists also a generalized Kohn-Sham

formulation of density functional theory, which includes a known part of the interaction

in the fictitious system [85]. This is useful for the construction of hybrid functionals.

Because the effective potential depends on the orbitals through the density, these

equations need to be solved iteratively until self-consistency, within certain convergence

criteria, is reached. This is the so-called self-consistent field (SCF) cycle.

In analogy with Hartree-Fock theory, the equations need to be formulated slightly

differently depending on the spin polarization of the system. For a closed-shell system,

we have the restricted Kohn-Sham equations with all orbitals doubly occupied. For spin

polarized systems, there are two possibilities. Unrestricted Kohn-Sham equations have

two sets of singly occupied orbitals, one for each spin component. Restricted open-shell

Kohn-Sham (ROKS) equations have a single set of orbitals with different occupations and
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use one density for each spin component to evaluate the energy. We note that although

generalized Hartree-Fock theory exists, of which the unrestricted and restricted theories

are special cases, no such formulation or implementation of density functional theory is

known to us.

2.2.2 Basis sets for Kohn-Sham orbitals

In practical calculations, each of the single-electron orbitals |ψi〉 needs to be expanded in

a suitable basis set.

A common choice, especially in programs intended for quantum chemistry, is the linear

combination of atomic orbitals (LCAO) approach. These atom-centered orbitals can be

any analytic or numerically tabulated functions. The most common choice, however, is a

linear combination of Gaussians in the radial coordinate multiplied by spherical harmonics

in the angular coordinates. The reason for the popularity of this choice is the efficiency

of evaluation of integrals involving these basis functions and the relatively low number

of basis functions needed to obtain reasonably converged results. We note, however, that

systematic convergence of computed properties with respect to basis set size is problematic

in the LCAO approach.

Although LCAO functions are normally centered on atoms, there are no technical

reasons preventing their placement in off-atom positions. In practice, this is rarely done,

although the approach does exist in literature in the form of bond functions [18] or floating

Gaussian orbitals [39]. It is also used in the parametrization of pseudopotentials for single-

electron models of the solvated electron [102]. In this work, we found a use of this concept

that seems to increase both the quality and computational efficiency of our simulations.

As the hydrated electron is rather diffuse when compared to electron density in molecules,

basis functions with low exponents are needed for its proper description. Traditionally,

this would be achieved by the so-called augmentation functions — additional diffuse basis

functions placed on atoms. This approach works well in quantum chemistry for relatively

small finite systems, but starts having difficulties as the size of the system increases. In

a condensed system, the overlap of diffuse functions from nearby atoms is significant —

the different basis functions are getting close to linear dependence. That complicates SCF

convergence or even makes it impossible. We choose to use a regular fixed grid of ghost

atoms (no atomic core, only a location for basis functions) to place additional spherical

functions in the system. This provides good support for the diffuse parts of the electron

while only modestly increasing computational cost. It has the additional advantage of

being uniform in space, which means that the quality of description of the diffuse density

does not decrease as we go farther from atomic nuclei. With a suitable combination of

grid spacing and Gaussian exponent, this approach is superior to augmentation functions

in terms of convergence for the size of systems investigated here. It is at least comparable

in terms of quality of description in cases where convergence is possible. We denote this



2.2. Density functional theory 16

type of augmentation of the basis set ggg (grid of Gaussian ghosts) in the names of basis

sets.

In solid-state physics, plane waves are a very common choice as a basis set for Kohn-

Sham orbitals. They provide a uniform quality of description suitable for condensed-phase

systems. Several parts of the energy functional can be evaluated very efficiently using

plane waves. This approach takes advantage of the efficiency of the Fast Fourier Transform

algorithm to bring the electron density to a real-space grid, where the exchange-correlation

part of the functional can be evaluated (see below).

Other basis sets are used in implementations of density functional theory as well. These

approaches include real-space grids [22], discrete variable representation [61] or the finite

element method [75].

Density fitting, sometimes also called resolution of identity, is used to speed up both

density functional theory and (post-)Hartree-Fock calculations. While it is normally used

in the context of Gaussian basis sets to substitute sums over three-index integrals in place

of four-index integrals, the fitting basis can be entirely different. The Gaussians and

plane waves method [60] is one such case where Kohn-Sham orbitals are expanded using

LCAO with Gaussian radial functions and electron density is then collocated on a grid

and represented using plane waves. This representation is then used to evaluate most

of the terms of the Kohn-Sham Hamiltonian. This combination enables a very compact

representation of the Kohn-Sham orbitals together with an efficient evaluation of matrix

elements thanks to the global grid and plane waves.

2.2.3 Practical density functionals

Although the elegance of density functional theory is appealing, it does not provide a

recipe for the actual exchange-correlation functional, it merely guarantees its existence

and certain properties. Practical calculations rely on the construction of approximate

functionals, which is guided by some of the known properties of the unknown exact func-

tional and by benchmarking against experimental quantities or other calculations. As

stated above, most of the total energy functional is known — the non-interacting kinetic

energy is a very good approximation to the total kinetic energy, the interaction with the

external potential (nuclear point charges and any applied fields) is known exactly and

the classical electrostatic self-interaction of the electron density covers a large part of the

electron-electron interaction. What remains is the exchange-correlation functional, which

in Kohn-Sham density functional theory serves as a garbage can of the full functional,

where the unknown parts are gathered — the missing part of the interacting kinetic en-

ergy density and the non-classical part of the electron-electron interaction, exchange and

correlation energy. Because Kohn-Sham density functional theory is by far more com-

mon than the original orbital-free density functional theory, it is this functional that most

practical exchange-correlation functionals endeavor to approximate.
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Surprisingly, even local or semi-local approximations to the exchange-correlation func-

tional provide at least satisfactory and often very good results. In the local density ap-

proximation (LDA), the exchange-correlation energy is simply an integral over the whole

system of a local function of the electron density. LDA is derived from the uniform elec-

tron gas and parametrized to its properties. Gradient-corrected and generalized gradient

approximations (GGA) also use a local function, which in addition to electron density also

depends on its derivatives. The specific functional form often shows remarkable physical

insight of its authors rather than a rigorous derivation in a systematic way. Any param-

eters that need to be set are determined either by tuning the functional to properties of

atoms, molecules or solids (e.g. BLYP [8, 59]), or by targeting some of the known exact

properties of the unknown true exchange-correlation functional (e.g. PBE [77]). It is

customary to name density functionals using the initials of their authors. Approximate

functionals can be generalized in a straightforward way for spin-polarized systems, where

there are two electron densities, one for each spin component.

Semi-local functionals are known to suffer from the self-interaction error. This error is

particularly severe for open-shell systems, where the unpaired electron contributes most

of the magnitude of the error. A simple illustration of this problem is provided by one-

electron systems, for example the hydrogen atom. Due to the approximations taken in the

exchange-correlation functional, exchange energy does not cancel entirely electrostatic self-

energy and correlation energy is non-zero even though there is only a single electron in the

system. Based on this observation, a systematic way of removing the self-interaction error

was suggested [76] — the self-interaction correction (SIC). More recently, the correction

has been applied only to the spin density of the system and scaled to match reference

data [20, 110]. It is beneficial, although not necessary, to apply this correction within a

restricted open-shell Kohn-Sham scheme. The scaling parameters need to be determined

by benchmarking against a suitable reference.

One very popular approach to the construction of approximate functionals is the ad-

dition of a fraction of exact (Hartree-Fock) exchange in place of (semi-)local exchange.

The resulting scaled hybrid functional is relatively expensive, at least by the standards

of GGA density functional theory. However, many computed properties are significantly

improved. B3LYP, perhaps the most commonly used functional in quantum chemistry, is

of this type, PBE0 is another. Another approach to hybrid functionals is based on the

splitting of the electron-electron interaction into a short-range and a long-range part, for

example using the error function,

1

r
=

erf(γr)

r
+

erfc(γr)

r
, (2.15)

Where γ is a free parameter that needs to be set. The short-range part is then evaluated

as exact exchange, while the long-range part is approximated as in the original, non-
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hybrid functional. The resulting functionals are called range-separated hybrids [6] and

have similar computational demands as scaled hybrids, although they can take advantage

of the short range of the expensive exact exchange. Hybrid functionals have not been

used for any of the main results presented here, but they have been used for comparison

and benchmarking and for a project that is currently in progress and not yet published.

As especially range-separated hybrids look very promising in initial calculations for both

types of electronic defects studied here, this direction should certainly be pursued further,

especially in light of increasing hardware performance and recent algorithm and imple-

mentation advances [37, 38]. With these, the use of hybrid functionals becomes feasible

even for molecular dynamics of condensed systems in periodic boundary conditions.

Because exchange-correlation functionals are non-linear, there is no way to express

the resulting exchange-correlation energy in terms of individual basis functions and the

functionals need to be evaluated numerically. Two different types of grids are used for this

purpose in implementations of density functional theory. In quantum chemical programs,

grids in spherical coordinates centered on atoms are usually chosen and space is divided

into regions covered by different grids using for example Voronoi partitioning. This ap-

proach is suitable for isolated systems. In programs intended primarily for solid-state

physics or condensed systems in general, a global Cartesian grid is often used. This is

often the same grid that is used for other parts of the calculation, like electrostatic energy.

None of the commonly used semi-local or hybrid functionals are able to describe long-

range dispersion interactions. A functional that includes fully non-local correlation would

be needed to achieve that. While such functionals exist [19], they tend to be significantly

more expensive computationally and not as well parametrized for general purposes. A

large part of dispersion interactions can be recovered by suitably parametrized two- and

possibly three-atom interactions applied as a correction. Several methods using this con-

cept exist [33, 34, 35, 36, 97, 51], with differences in the exact functional form and the

way they are parametrized. The idea is the addition of pair (and optionally triplet) inter-

actions to, for example, a GGA density functional and a suitable scaling of the original

GGA energy and forces. The basic pairwise interaction has the form

u(r) = f(r)
C6

r6
, (2.16)

where f(r) is a suitably chosen short-range damping function, C6 is an interaction con-

stant that needs to be determined and 1/r6 is the asymptotic behavior of the dispersion

interaction between two atoms.

2.2.4 Approximations to the nuclear potential

The nuclear potential, which serves as an external potential for the Kohn-Sham equations,

is simply the Coulomb potential of a set of point charges with the magnitude of the
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charge set based on the chemical elements of the atoms. It is possible to evaluate the

energy in this potential exactly, but it is often neither practical nor needed in actual

computations. As the Coulomb potential is very steep close to the nuclei, the energy

density in regions close to the nuclei is high and the electron density is relatively stiff

when exposed to the presence of other atoms in the system. In the valence regions of

atom, the situations is exactly the opposite — the energy density is much lower and the

electron density is more easily polarized. As it is the valence region that, to a large extent,

determines properties of molecular systems and changes in total energy upon change of

nuclear configuration, approximations are often taken to make practical calculations more

efficient without significant impact on results. One such option is the so-called frozen

core approximation, where orbitals containing a suitably chosen number of core electrons

are frozen in their neutral-atom states — they do not undergo relaxation when positions

of nuclei change. A very common option is the complete removal of the core electrons

and the introduction of an effective potential that represents the atomic nucleus and the

core electrons. These resulting potentials are called pseudopotentials or effective core

potentials. At longer distances, they look like bare charges, but close to the nuclei, they

are softer and some have non-local parts to account for the repulsion by the implicit core

electrons. This has the advantage that the resulting electron density is smoother and thus

easier to represent using any type of basis set. Further, relativistic effects are usually

only significant for core electrons, which means they can be covered by pseudopotentials

without adding complexity to the calculation. Norm-conserving pseudopotentials modify

the orbitals within a certain element-specific augmentation radius around the nuclei, but

keep the normalization as well as the values of orbitals outside the augmentation radius.

Ultrasoft pseudopotentials relax the requirement of conserved norm of each orbital at the

expense of being technically more involved.

2.3 Ab initio molecular dynamics

The term ab inito molecular dynamics is usually used for any calculation where the forces

and energies for a molecular dynamics simulation are obtained from an electronic structure

calculation, leaving aside whether the method is truly without (semi-)empirical parameters

or not. This terminology is used to put ab initio molecular dynamics in contrast with

molecular dynamics based on empirical force fields or semi-empirical methods, although

in practice there is a spectrum of methods that covers the whole range between the two

extremes of entirely empirical to entirely ab initio. An important feature of ab inito

calculated interactions is that they allow for the making and breaking of chemical bonds,

although the quality of description must of course be checked for a given combination of

method and chemical reaction. Some authors distinguish the terms ab initio molecular

dynamics and first-principles molecular dynamics. We do not make that distinction in this
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work as we do not find it useful. A good overview of various aspects of ab inito molecular

dynamics with focus on density functional theory can be found in reference 70.

Ab initio molecular dynamics rose in popularity and importance with the introduc-

tion of the Car-Parrinello method [14]. This approach made practical calculations more

computationally efficient while maintaining the advantages of density functional theory.

Instead of full electronic relaxation at each geometry, electrons in Kohn-Sham orbitals

are given fictitious masses and are included in the dynamics of the system. With suit-

able settings, adiabatic separation between electronic and nuclear degrees of freedom can

be maintained and the nuclei move close to the electronic potential energy hypersurface,

though not exactly on it.

In the presented work, the Car-Parrinello method is not used. We use Born-Oppen-

heimer molecular dynamics, where electronic relaxation is, within convergence criteria,

complete at each geometry along the trajectory. Although this might look obviously

more expensive at first sight, there are several factors that need to be considered. The

time step in this approach is limited only by the highest frequencies present in nuclear

motion, whereas in Car-Parrinello molecular dynamics it needs to be shorter because of the

relatively low fictitious electronic masses, compared to nuclear masses. Further, iterative

methods for the solution of Kohn-Sham equations have advanced since the introduction

of Car-Parrinello molecular dynamics. Together with efficient extrapolation of the Kohn-

Sham wavefunction [54, 56], this can bring the total number of SCF iterations for a

given length of simulation time to a comparable or even lower level. For these reasons,

Born-Oppenheimer molecular dynamics should be the method of choice when an efficient

implementation is available, as there is no need to worry about the adiabatic separation

of the electronic and nuclear subsystems and the possible energy flow between them.

Even though density functional theory is by far the most common choice for the eval-

uation of potential energy hypersurfaces in ab initio molecular dynamics, as explained

above, it is not the only possibility. The decoupling between nuclear and electronic de-

grees of freedom is complete in Born-Oppenheimer molecular dynamics and any method

that provides gradients can be used, the only limitation being its computational cost. As

an example, dynamics of small water clusters based on MP2 energies and forces is becom-

ing more common [71, 72]. As the Car-Parrinello method performs fictitious dynamics

of electronic orbitals, it can only be used in conjunction with methods where the whole

electronic energy is evaluated using orbitals.

2.4 Analysis of simulation results

“It is nice to know that the computer understands the problem. But I would

like to understand it too.” — Eugene Wigner

After a simulation is performed, there is still one last step remaining before it is useful
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for anything. The resulting data must be analyzed and quantities of interest must be

extracted. Sometimes this is straightforward, as in the case of potential energy, while

for other quantities the postprocessing needed is much more involved, as in the case of

electron or spin density and derived quantities.

One class of properties, available in all molecular dynamics simulations, is those derived

from the phase-space trajectory of the system — positions and momenta as a function

of time. In equilibrium molecular dynamics, the time dependence is irrelevant and the

trajectory is used simply as an ensemble of structures. Temperature is determined from

kinetic energy using the equipartition theorem for N atoms in three dimensions,

Ek =

N∑
i=1

p2
i

2mi
=

3

2
NkBT. (2.17)

Potential energy is determined from positions using the method chosen to evaluate inter-

action. If a given thermostatting scheme has an energy associated with the thermostat,

this can be evaluated too and used as a way to check the quality of integration. For an

exact solution, the sum of the three terms must remain constant in time and any deviation

serves as a measure of inaccuracy of the numerical solution of equations of motion. An

important quantity derived from positions is the pair correlation function, g(r), which

is defined for each pair of species in the system, including self-correlation. This quantity

provides information on the structure of the system. It expresses the probability of finding

a partner particle in a given position relative to the reference particle, normalized to an

uncorrelated ideal gas. Thus, by definition, the pair correlation function of an ideal gas

would be a constant function that is equal to one everywhere. Usually, only the radial

coordinate is considered, giving a radial distribution function, g(r), but for species whose

orientation can be fixed, a spatial distribution function can be considered as well. We note

that the terminology regarding pair correlation functions varies somewhat in literature and

is not entirely consistent.

For molecular dynamics simulations based on electronic structure calculations, another

class of quantities exists, those derived from the electronic structure of the system at each

molecular dynamics step. The details of what is available obviously depend on the specific

chosen method. With most methods, one of the wide spectrum of population analyses [17]

can be used to reduce the charge distribution to point charges that approximate it. In

density functional theory, we have the Kohn-Sham orbitals and therefore also the total

electron density and, for spin-polarized systems, the spin density. These densities are

three-dimensional scalar functions represented either on a regular grid or in an LCAO

representation. As such, they can be used for visualization, using either two-dimensional

cuts or isosurfaces of the three-dimensional data. They usually need to be processed

further to obtain quantitative information on the system. The electronic potential energy

and its derivatives with respect to nuclear positions are used to drive ab initio molecular
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dynamics. The difference of energies between two different charge states is the vertical

ionization potential or vertical electron affinity. As the hydrated electron is the most

weakly bound species in a typical aqueous system, its vertical detachment energy (V DE),

an important experimental observable, can be calculated this way, as it is simply the

vertical ionization potential of the system. The rest of the ionization spectrum could be

calculated as excited states of the ionized system [80], although this is not needed in this

work. Note that the resulting spectrum should not be interpreted as the photoionization

spectrum of the system, as it does not account for the possibly different cross-sections of

the different states.

For systems with an excess electronic charge, it is useful to look at some basic char-

acteristics of the position and shape of the distribution of that excess charge. In this

work, we identify the spin density of the open-shell system as the excess charge. Another

possibility would be to use the difference density between the neutral and the charged

system. If a restricted open-shell calculation is used for the charged system, the difference

between the two possible definitions is the relaxation density of the paired Kohn-Sham

orbitals. Looking at the first several moments of the distribution of the excess charge, we

start with its normalization to unity, ∫
R3

s(r)dr = 1. (2.18)

The position of the excess charge is characterized by the first moment of the distribution,

rc =

∫
R3

rs(r)dr. (2.19)

Further, we want to describe the size and shape of the spin distribution around that central

position. For this, we use the gyration tensor, defined as

S =

∫
R3

(r− rc)(r− rc)s(r)dr. (2.20)

This tensor has eigenvalues λ2x, λ2y and λ2z. Using these, we can express the radius of

gyration rg, which is a measure of the size of the distribution,

r2g = λ2x + λ2y + λ2z. (2.21)

The same quantity could also be calculated as

r2g =

∫
R3

(r− rc)
2s(r)dr (2.22)
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without the need for the full gyration tensor. However, we do calculate the full tensor, as

it is also useful to describe the shape of the distribution. For this, we follow reference 95

and define asphericity as

b = λ2z −
1

2
(λ2x + λ2y), (2.23)

acylindricity as

c = λ2y − λ2z, (2.24)

and finally, using the above, relative shape anisotropy as

κ2 =
b2 + 3

4c
2

r4g
. (2.25)

The last one is a measure of an overall deviation from a symmetric distribution and assumes

values between 0 and 1. A purely linear distribution would have κ2 = 1, for a regular

planar structure κ2 = 1/4 and for a distribution with tetrahedral or higher symmetry

κ2 = 0. It is also useful to calculate the radial profile of the distribution with respect to

its center, by integrating over the angles,

s(R) =

∫
s(R, θ, ϕ)R2 sin(θ)dϕdθ, (2.26)

where R = |r− rc|.
For simulations of clusters, we would like to define a quantity that describes the dis-

tance of the excess electron from the molecular part of the system. One possibility is

simply to measure the distance between the center of mass of the cluster rCOM and the

center of the distribution of the excess electron rc,

dCOM = |rc − rCOM | . (2.27)

Another possible definition is the average distance of the excess electron from the center

of mass of the cluster,

davg =

∫
R3

|r− rCOM| s(r)dr. (2.28)

While for some configurations these definitions give similar values, for others (like a sym-

metric distribution on the surface of the cluster), they differ substantially.

For the purpose of identifying different regions of the system where the excess electron

resides, we perform the following partitioning in our latest unpublished work. The region

of the central cavity (once it is established that a cavity exists) is determined using Voronoi

decomposition. Regions of significant overlap with water molecules are those, where the

electron density of the neutral system exceeds a certain suitable threshold. The sensitivity

of the result to this setting needs to be tested. Regions in the liquid that are not inside
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water molecules but are also outside the central cavity, can in principle also contain a part

of the density of the excess charge, which we call the diffuse part. For configurations that

are close to an open surface, there can be another region — outside the liquid. To define

the boundary, we use the method of Willard and Chandler [114].

2.5 Specific choices for this work

While the above gives a general overview of the methods that we have used in this work,

specific choices still need to be made for many parameters. For all the ab initio molecular

dynamics we have used the Quickstep module of the CP2K program package [109]. There

are two reasons why the systems treated in this work present a unique computational

challenge, which most programs fail to address. The size, both spatial and temporal, of

the simulations needed requires high computational efficiency. The Gaussians and plane

waves method and its implementation in CP2K represent the state of the art in this respect.

This is especially important for condensed systems in periodic boundary conditions. The

other reason is the open-shell configuration of the two systems of interest and the specific

density functional theory methods they require, which are all implemented in CP2K. In

the near future, the introduction of linear scaling methods [106] promises the ability to

simulate also very large systems, given sufficient computational resources. At the same

time, CP2K also provides all the methods need for the treatment of nuclei, molecular

dynamics and optimization methods, which are largely unproblematic, but it is certainly

helpful to have them available without having to combine multiple programs.

2.5.1 Density functional theory

In the CP2K implementation of density functional theory, there is a global Cartesian grid

that must cover the whole system. For cluster systems, open boundary conditions are

created by making the simulation box large enough for the electronic density to become

negligibly low at the box boundaries. For a cluster of 32 water molecules, a cubic box

with an edge length of 20 Å is sufficient. This must be supplemented with a suitable

Poisson solver. Several different ones are available in CP2K, including one based on

wavelets [31, 30]. This solver is able to treat finite systems in open boundary conditions or

systems with two-dimensional periodicity, even charged ones, without any extra demands

on the size of the box. For simulations in periodic boundary conditions, a conventional

Poisson solver based on fast Fourier transformation is used. The spacing of the grid on

which the electronic density is represented, or the equivalent cutoff of the plane wave

representation, is dictated by the steepness of the underlying (pseudo)potential. In our

setup, well converged energies and forces are obtained with a plane-wave cutoff of 280 Ry.

We use the dual-space norm-conserving Goedecker-Teter-Hutter pseudopotentials [32].

They give optimal efficiency for calculations using plane waves, but their non-local part
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can be applied on a real space grid, which is more efficient than doing it in reciprocal

space for large systems. For a water molecule, two core electrons of the oxygen atom are

represented implicitly by the pseudopotential and further the bare point charges of the

hydrogen atoms are smeared into Gaussians so that they can be collocated on the global

grid.

For most of our calculations, we employ the BLYP-D2 exchange-correlation functional

— the Becke semi-local exchange functional [8] together with the Lee-Yang-Parr semi-local

correlation functional [59], supplemented by the dispersion correction of Grimme [34]. In

earlier work, we also used the Perdew-Burke-Ernzerhof functional [77], with negligible

differences between the two, as far as the main conclusions are concerned. However,

BLYP-D2 has been shown to improve significantly on both the structure, as measured by

the radial distribution function, and the density of pure BLYP water [83, 4]. Pure GGA

functionals are know to overstructure liquid water, which has traditionally been masked

by setting the temperature to about 350 K, rather than 300 K. With BLYP-D2, this is no

longer needed.

Liquid water is well described by the molopt-TZV2P basis set. This is a generally

contracted basis set with quality comparable to a triple-ζ basis set with two polarization

functions, which has been optimized for condensed molecular systems [108]. Although

it contains very diffuse Gaussian functions, they are always part of contractions and do

not contribute independently. The introduction of an excess charge to the system places

additional requirements on the basis set, especially in the case of clusters. The addition

of diffuse basis functions centered on atoms, a standard approach in LCAO calculations,

provides good description of the diffuse states of the hydrated electron, at the expense

of computational efficiency. The overlap between diffuse Gaussian functions on neigh-

boring atoms is high and results in the need for more conservative SCF methods and an

increase of the number of SCF iterations needed to achieve convergence. In some cases,

convergence becomes impossible, often after some number of molecular dynamics steps,

which further complicates practical calculations. The ggg approach explained earlier fixes

these issues while providing at least equally good description of the diffuse parts of the

electronic density. Specifically, we use a grid spacing of 2 Å and a Gaussian exponent of

ζ = 0.189 Å−1. For the cluster calculations, this results in the addition of 1000 functions,

increasing the total number of basis function by more than 50 %. Because the computa-

tional expense of this setup is not dominated by the LCAO part of the calculation, this

seemingly large increase results only in a modest performance decrease when compared

to a non-augmented calculation. Compared to a traditionally augmented calculation, the

performance is clearly superior for the reasons stated above.

We apply the self-interaction correction to the singly-occupied orbital in a restricted

open-shell Kohn-Sham calculation. This correction can also be applied to the spin density

in an unrestricted calculation, which produces almost identical results in our case. The first
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approach is, however, more robust, as it does not allow for spontaneous overpolarization

of the system driven by the correction. It is important that the correction is part of the

functional that is self-consistently minimized at each molecular dynamics step, rather than

being applied post-SCF, as is the case in some other implementations. The self-consistent

case is computationally more difficult, as it requires minimization of a functional that

depends explicitly also on one of the orbitals, not only on the total electron density.

There are two parameters in this self-interaction correction. The first one, a, scales the

electrostatic part of the correction. The second one, b, scales the exchange-correlation part

of the correction. Their optimal values need to be determined for each specific open-shell

species. For the OH radical in solution as well as for the water dimer cation, the optimal

values are a = 0.2, b = 0.0. This motivates the use of the same values also for the cationic

hole in bulk water, as discussed in detail later. For calculations with both the hydrated

proton and hydrated electron present in the system, the values a = 0.3, b = 0.2 benchmark

favorably against MP2 calculations. For systems with the hydrated electron only, we have

done calculations with both of these sets of values.

Kohn-Sham equations are solved iteratively until predefined convergence criteria are

reached. This determines the quality of both the electronic energy and the forces on indi-

vidual atoms. Together with the time step, it also determines the quality of the molecular

dynamics simulation, which is the important criterion. We use a threshold of 10−6 or

10−7 for the electronic gradient, as defined in the CP2K program. Orbital transformation,

an efficient SCF method that avoids matrix diagonalization [107] reaches the solution in

shorter time than traditional methods. The iterative procedure also needs an initial guess.

For the first step of molecular dynamics or for a single-point calculation, this is usually

taken to be the combination of unperturbed atomic solutions. For subsequent molecular

dynamics steps, one can take advantage of the solution converged for the previous geom-

etry, which differs only very little. Therefore, such an initial guess is significantly better

than when atomic solutions are used. Even better, several previous solutions can be con-

sidered and extrapolated. There are different methods to do this and different properties

of the system can be used for the extrapolation — the electronic density, the LCAO den-

sity matrix multiplied by the overlap matrix, or others. Interestingly, the most efficient

method available in CP2K, is based on the always stable predictor-corrector method de-

vised for efficient simulations with polarizable empirical force fields [54]. Typically, three

to five previous steps are used for the extrapolation.

As an example of the performance of this setup in practice, we report the real time

per molecular dynamics step of the anionic cluster of 32 water molecules. On a computer

cluster with nodes with two dual-core AMD Opteron 2214 CPUs running at 2.2 GHz with

Infiniband interconnect, running on 6 nodes for a total of 24 cores, it takes about 90 seconds

to complete a molecular dynamics step once the extrapolation pipeline is saturated. On

the HLRN ICE1 supercomputer, running on a total of 32 cores, one molecular dynamics



2.5. Specific choices for this work 27

step takes about 45 seconds. Each node has two quad-core Intel Xeon Harpertown E5472

CPUs running at 3 GHz and quad data rate Infiniband. A significant portion of our

simulations had to be run on clusters without fast interconnect, limiting the scale of the

runs to eight cores, with proportionally slower performance. All calculations are run fully

from memory for performance reasons.

In the latest work on the hydrated electron in bulk liquid water, we employ a technique

know as QM/MM — quantum mechanics and molecular mechanics. Although this is

the established term for the approach, it would be more appropriate to call it quantum

chemistry and empirical force field. Its basic idea is a split of the system into two parts,

where interactions within one of them are treated using a quantum chemical method, for

example density functional theory, and interactions within the other are treated using

an empirical force field, which is much cheaper to evaluate. This must be supplemented

with a suitable coupling scheme to evaluate the interaction between the two regions. The

method provides high quality description of local interactions around a challenging species,

while also decreasing the influence of the finite size of the simulation box, as the region

described using an empirical force field can easily be made large without much impact on

the computational cost of the whole simulation.

2.5.2 Molecular dynamics

Molecular dynamics is performed with a time step ∆t = 0.5 fs, which is dictated by

the highest frequency in the system, the vibrations of OH bonds in water. Together

with the above SCF convergence settings, this results in good energy conservation and

sufficient integration quality. Energy conservation is measured by the drift of either total

energy in an NVE simulation or of a conserved quantity in an NVT simulation, if the

thermostat used has one. In equilibrium simulations, we use a thermostat to sample the

canonical ensemble. Specifically, we use the CSVR method with a time constant of 50 fs.

Non-equilibrium simulations then use samples from these distributions as the starting

nuclear configuration, together with a change of electronic charge. Depending on the

sign of the change, this results in the simulation of either vertical electron attachment

or photoionization. This dynamics should proceed at constant total energy, although

thermostat use has little effect on very fast processes. For simulations of the hydrated

electron where we are not interested in the initial localization process, but rather want to

sample equilibrium, we use a shortcut for the initial condition. First, we run a simulation

with a halide anion, which creates a suitable polarized cavity in the liquid. This anion

is then removed and the charge of the system is set so that an excess electron is present

in the system. In practice, this electron always localizes in the pre-created cavity, as its

structure is very similar to the equilibrium cavity needed for the electron. Subsequent

equilibration of that system is therefore faster than without a cavity. For simulations

of cold clusters, structures taken from dynamics at 300 K are energy minimized and
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used as initial conditions for anionic clusters at a low temperature in the range 30–50 K.

Alternatively, structures from 300 K anionic water clusters are taken, minimized and then

run at a low temperature to obtain a different kind of cold anionic water clusters, as

discussed later in the thesis. Although a more careful protocol of preparation of cold

clusters could certainly be devised, we do not consider it a limitation here, as the purpose

is to address qualitative differences, rather than to obtain specific quantitative results.

Initial conditions for ab initio molecular dynamics simulations are taken from simulations

with empirical force fields. A certain amount of equilibration is then needed to quench

the transition between the potential energy hypersurfaces obtained with the two different

methods.
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THREE

DYNAMICS FOLLOWING

PHOTOIONIZATION OF WATER

As explained in the introduction, vertical ionization leaves behind a cationic hole, regard-

less of the ionized species. For the previously stated reasons, we focus here on water

ionization, which leads to indirect radiation damage in aqueous systems. As we will see,

the initial cationic hole is delocalized over several water molecules. For this reason, un-

derstanding ionization of water itself will be important also for species with an ionization

potential close to that of water.

Work on this problem was published in a paper that is attached to this thesis [118].

3.1 Photoionization of water clusters

Although we are interested in bulk behavior, it is useful to start by considering small

water clusters and their ionization. This provides an opportunity to work on computa-

tional methodology that will eventually be used for bulk simulations in periodic boundary

conditions. For small clusters, reliable quantum chemical methods are available and com-

putationally feasible. These can serve as a benchmark for cheaper methods that can be

used for ab inito molecular dynamics of condensed systems.

Our colleagues have published a study of the water dimer cation [79], which serves as a

good starting point for further simulations. They used EOM-IP-CCSD(T)/6-311++G**

as the reference method for the electronic structure of this system. The equation of

motion for ionization processes method [55] uses a Hartree-Fock calculation of the neutral

as a starting point for a subsequent coupled clusters calculation of the cation, overcoming

challenges that this type of systems poses for conventional post-HF methods. The results

clearly show that plain GGA density functional theory is unsuitable for the treatment of

this open-shell system, when judged by relative energies of different geometries of the water
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dimer cation. On the other hand, the addition of the self-interaction correction for the

singly-occupied orbital improves the results considerably, bringing relative energies into

quantitative agreement with the reference. The recommended scaling parameter values

of the self-interaction correction a = 0.2 and b = 0.0, which were determined for the

OH radical in solution [110], work well also in this case. Such a match is remarkable, as

this challenging system is not described properly by significantly more expensive methods,

including Hartree-Fock and single-reference post-HF correlated methods. The addition of

the self-interaction correction for the singly-occupied orbital increases the computational

cost only slightly and, importantly, does not change the scaling behavior of the method.

Further, in the water pentamer cation, EOM-IP-CCSD/6-311++G** shows that the spin

population is distributed over two water molecules [78]. This delocalization can be used

as an additional benchmark for condensed-phase methods. Again, SIC-DFT with a = 0.2

and b = 0.0 emerges as a good choice, as it captures this delocalization while being cheap

enough to be used for ab initio molecular dynamics.

Photoionization of the water dimer removes the electron from the hydrogen bond

donor, rather than the acceptor. A proton is immediately transferred in a barrierless

process to the acceptor, forming an OH radical and and an H3O
+ cation. This is the first

approximation of the same process in bulk water, but the delocalization of the cationic

hole in the water pentamer already tell us that there might be more to the story.

Ultimately, water clusters are not suitable for the study of ionization of bulk water.

That is the case even for large clusters that have an interior region. The presence of the

open surface decreases the local ionization potential of the interfacial water molecules.

Therefore, photoionization will always remove electrons from the surface of the cluster,

making access to the bulk process imposible. For this reason, the only way to proceed is

to perform calculations of a three-dimensional periodic system.

3.2 Photoionization of bulk water

Having established that our method of choice benchmarks favorably against the reference

in small water clusters, we can proceed to apply this method to a bulk water system. The

results of these simulations form the core of the published work [118].

3.2.1 Benchmarking on bulk water

We can start by performing further benchmarking by taking the water pentamer config-

uration of reference 78 and comparing the spin density obtained using different methods

to the density from EOM-IP-CCSD. Figure 7 of the paper shows isosurfaces of the spin

density obtained with different density functional methods as well as pure Hartree-Fock.

The reference spin density is delocalized over the two water molecules donating hydrogen

bonds to the central one. This feature is reproduced by a self-interaction-corrected density
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functional as well as by a hybrid functional with a sufficiently high percentage of exact

exchange. A plain GGA density functional overestimates the delocalization, spreading

the spin density also on the other water molecules. Hartree-Fock completely localizes the

cationic hole on a single water molecule.

Now we can apply the same methods to configurations taken as samples from equilib-

rium dynamics of bulk water at 300 K. For obvious reasons, EOM-IP-CCSD is unavailable

for this purpose. The resulting spin densities are shown in Figure 6 of the paper and

are consistent with what we have seen for clusters. The cationc hole is delocalized, with

the largest degree of delocalization seen with a pure GGA functional. Adding the self-

interaction correction decreases this delocalization, as does mixing in some amount of exact

exchange. A pure Hartree-Fock calculation again shows the cationic hole fully localized. It

is clear from these results, that a range of hybrid functionals going from pure GGA to pure

Hartree-Fock spans the whole spectrum from extremely delocalized to fully localized. We

note that the structure of liquid water itself is represented poorly with Hartree-Fock [98],

making it an unsuitable candidate to begin with.

To provide even more benchmarking information before proceeding to the results, we

look at the dynamics following vertical photoionization, using different methods. As a

measure of localization we plot the largest Mulliken spin population on a single oxygen

atom as a function of time. While Mulliken populations do not provide robust quantitative

information, they serve well as a simple indicator of the hole being localized. For this to

be the case, the maximum spin population on a single oxygen atom must be close to unity.

If this is not true, then the hole is, by definition, delocalized. Figure 3.1 shows the time

evolution of maximum Mulliken spin population on an oxygen atom during molecular

dynamics obtained using different electronic structure methods. That means that the

nuclear trajectories are different, each following the interactions provided by the given

method. Increasing the amount of exact exchange shortens the localization time, with a

pure Hartree-Fock calculation showing a localized spin density from the very beginning,

consistent with the previous single-point benchmark. Importantly, the GGA functional

BLYP never localizes the hole and the proton transfer reaction never occurs. This is

in strong conflict with experimental data. Although the details of this reaction are not

know experimentally, it is well established that it happens on a timescale shorter than

about 100 fs. The self-interaction corrected GGA density functional BLYP-SIC, on the

other hand, provides results comparable to a hybrid functional with a suitable ammount

of exact exchange added in. At the same time, it is much cheaper computationally, as the

dependence on the spin density of the singly-occupied orbital is much faster to account

for than a full Hartree-Fock calculation which is needed for a hybrid functional.
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Figure 3.1 Time evolution of maximum Mulliken spin population on a single oxygen
atom for different electronic structure methods.

3.2.2 Dynamics following photoionization of liquid water

Having confirmed self-interaction corrected density functional theory as a method that

is suitable for the treatment of photoionization of bulk water using ab initio molecular

dynamics, we proceed to the actual results. We have produced a total of 22 trajectories

and analyzed in detail the dynamics of the system following vertical ionization. Snapshots

of the system along one such trajectory, showing isosurfaces of the spin density, are show

in Figure 1 of the paper. We observe ultrafast localization of the hole followed by the

formation of a hydrated proton and an OH radical. As before, we can follow the maximum

Mulliken spin population on a single oxygen atom, for all the trajectories. These are

plotted in Figure 2 of the paper, together with the average in black and an arbitrary

threshold for localization. The exact value of that threshold is not really important, due

to the steepness of the curves. Figure 3 of the paper provides a view of the process from the

perspective of the atomic nuclei. It shows the distance between the spin and the charge,

again for all the trajectories. This distance is zero before any proton transfer has occured.

After it has occured, it is the distance between the oxygen atom that holds the spin density

and the oxygen atom that has the excess proton (measured simply by distance). Due to

this definition, the distance changes in jumps, as the proton moves from one oxygen atom

to the next. There are recrossings in most trajectories, as we treat the nuclei as classical

particles and the proton shuffles back and forth before settling at the new oxygen atom.

This defines our reaction interval — between the first and the last proton transfer for a
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jump between a pair of oxygens. To put the electronic and nuclear information together,

in Figure 4 of the paper we correlate the reaction interval with the spin localization time.

The result clearly shows that the reaction starts as soon as the spin density is localized on

a single water molecule, identifying H2O
+ as an extremely reactive transient species that

is only populated for a very short time in each trajectory. This is a crucial result that has

important consequences for the experimental search for the spectroscopic signature of this

process.

To model the spectroscopy of this process, calculations of electronically excited states

were performed by our collaborators on this project. These calculations use snapshots

along the ab initio molecular dynamics trajectories every 2 fs. For each snapshot a

QM/MM calculation is performed, where the reactive trimer is treated explicitly and

the rest of the waters is included as point charges. The reactive trimer is defined as the

water molecule on which the spin density will localize and the two water molecules to

which it donates hydrogen bonds — those to which it could transfer a proton. An EOM-

IP-CCSD/6-311++G** calculation is performed in this setup to calculate the electronic

excitation spectrum of the system. The time-resolved spectra along all the trajectories

are then averaged. Because the choice of the trimer artificially limits the delocalization

of the initial hole, we mask out the contribution of the spectrum from a given trajectory

until the time the spin density is localized in that trajectory. This removes the strong and

spurious contribution of the part of the trajectory where the hole is artificially localized.

Both the full and masked spectrum is shown in Figure 8 of the paper. Our experimentalist

colleagues discuss the comparison of the computed spectrum with the measured spectrum

that they have obtained. Spectra from two different measurements are shown in Figure 9,

together with the modelled spectrum displayed over matching wavelength ranges. Due to

the significant challenges described in detail in the paper, a clear spectroscopic signature

of this ultrafast process could not be measured.

After careful benchmarking of the electronic structure method, we have studied the

process of photoionization of liquid water. We have found that the rate-limiting step of

the ultrafast reaction producing a hydrated proton and an OH radical is the previously

unknown localization of the initially delocalized cationic hole. Based on this result, we

can update the outline of the process of water ionization given in the introduction as

(H2O)n + ~ω −→ (H2O)n·+ + e−CB,

(H2O)n·+ −→ (H2O)n−1 + H2O·+,
H2O·+ + H2O −→ OH·+ H3O

+.
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3.3 Development of density functionals

The development of density functionals is an active area of research in general, but the

demand for new and improved functionals is especially high for difficult systems like the

water radical cation discussed here. Although we have seen that the self-interaction cor-

rection performs well for our purpose, it still is a correction that, moreover, needs to be

parametrized. It would be useful to have available a functional that is more robust, and

we have seen from the benchmarks that scaled hybrid functionals could work well.

Range-separated hybrid functionals have previously been successfully used for sym-

metric radical cations [62], which is relevant to our problem — individual water molecules

have similar local environments and the cationic ground state is quasi-degenerate. The

process of tuning of the functional — the setting of the range separation parameter γ to

a value that is optimal, in some sense, for a given system can improve results dramat-

ically [5]. The target of this tuning can be any property of interest, but the so-called

self-tuning is especially attractive, because it does not need any external input. It re-

lies on the ionization potential theorem, a known property of the exact functional, which

states that the highest eigenvalue of the Kohn-Sham system is equal to the negative of the

ionization potential,

εHOMO = −IP. (3.1)

This theorem is almost always severely violated by semi-local functionals. Tuned range-

separated hybrid functionals that satisfy it tend to have many good properties, including

those related to charge or spin delocalization. In Figure 3.2, we plot the two values that

should be equal as a function of the range separation parameter for one particular geometry

of the water dimer. As changing γ constitutes changing the functional and thus properties

like energy, it is important that a set of calculations is done with a single value. This is

critical if such a functional is to be used for ab initio molecular dynamics, where changing γ

on the fly would introduce spurrious forces. Moreover, it would make the calculation very

expensive if the self-tuning procedure would have to be performed at regular intervals

along the trajectory. Previously, ab initio molecular dynamics has been done with the

optimal value obtained for geometries of local minima of potential energy [63].

As for the choice of specific functionals, it is preferable to pick one that is constructed

from a GGA functional in a straightforward way, with no paramters other than γ, so

that the effect of range separation can be studied independently of other influences. The

BNL functional [6] as well as the long-range corrected modifications of common GGA

functionals, LC-BLYP and LC-PBE, fulfill this requirement.

With the above motivation, we propose a way to tune a functional for an ensemble

of structures and use the resulting range separation parameter for subsequent ab initio

molecular dynamics of that system. Because different geometries will have different opti-

mal values of γ, we have to find some compromising method of satisfying the ionization
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Figure 3.2 The ionization potential and the negative of the eigenvalue of the highest
occupied Kohn-Sham orbital as a function of the range-separation parameter γ for the
water dimer in its minimum energy geometry (one water molecule hydrogen-bonded to the
other) calculated using the LC-BLYP functional.

potential theorem. One possibility would be to use the average of optima for different ge-

ometries, but this does not account for the magnitude of the error that using this value will

introduce on average. Therefore, a better way is to find such a value of γ that minimizes

the deviation from the ionization potential theorem when averaged over the ensemble. A

priori, it is not clear that such a value should even exist. In principle, the optimal values

for different geometries could be so different that it would make this approach useless.

Before this procedure can be performed, we need to obtain the ensemble of structures.

This can be done using molecular dynamics driven by a method known to give a good

ground-state potential energy hypersurface for the given system. For water, BLYP-D2 fits

that description well, although for small systems like the water dimer and water pentamer,

we can afford ab initio molecular dynamics driven by MP2/6-311++G**, which is known

to work well for water clusters [72]. In case we are interested in a chemical reaction, as

is the case in this project, we should also include structures on the product side of the

process. Thus, for the final optimal value of γ, we need to give equal weight in the tuning

ensemble to structures of reactants and products. Performing the tuning for reactants

and products will provide further information on the error of the resulting functional. An

example of the average error as a function of γ for an ensemble of structures of the neutral

water pentamer, is given in Figure 3.3. Even though these are preliminary results, it is

encouraging that the lowest root mean square deviation from the ionization potential the-
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Figure 3.3 The root mean square deviation from the ionization potential theorem as
a function of the range separation parameter γ calculated using the LC-BLYP functional
over an ensemble of structures obtained with ab initio molecular dynamics at the MP2/6-
311++G** level. Preliminary data is shown, final calculations will use a finer resolution in
γ to better locate the minimum of the curve.

orem is less than 0.1 eV, suggesting that a single value of γ can be used for an ensemble

of structures.

It is known from previous work that the optimal range separation parameter changes

with the size of the system, even if the composition is the same. Although the method is in

principle usable for the treatment of condensed systems in periodic boundary conditions,

this is complicated by the problem of obtaining the ionization potential in periodic systems.

Fortunately, an empirical relationship between the optimal γ and the optical dielectric

constant of the material has been discovered [21], offering an easier, if less robust, way to

set the parameter. Using the experimentally known ionization potential of liquid water as

a target for the value of εHOMO (which is readily accessible even in periodic calculations)

could be another alternative to the self-tuning performed in clusters.

This work is currently being prepared for publication in collaboration with Roi Baer

from the Fritz Haber Research Center for Molecular Dynamics at the Hebrew University

in Jerusalem.



CHAPTER

FOUR

DYNAMICS, STRUCTURE,

AND REACTIVITY

OF THE HYDRATED ELECTRON

In this chapter, we will present results of several related projects exploring the properties

of an excess electron in aqueous systems — the hydrated electron. A total of five published

papers containing most of these results is attached to the thesis. The process of vertical

electron attachment to neat clusters of 32 water molecules at ambient temperature and

its differences from the same process in clusters at cold temperatures are studied in ref-

erence 120. The details of vertical electron attachment to cold neat water clusters of the

same size as before and the properties of the resulting cold anionic clusters are presented

in reference 121. Reference 119 focuses on the reaction between a hydrated electron and

a hydrated proton in a cluster of 32 water molecules. The same process is approached

differently, starting from microhydration of the hydronium radical, in reference 123. The

microhydration shows that there can be no localized hydronium radical in water, as al-

ready the addition of two water molecules displaces most of the spin density away from

the hydronium species, creating a hydronium cation and a hydrated electron. These can

then undergo the same hydrogen-forming reaction as was studied in the larger cluster.

The review article 122 presents an overview of our work on ab initio molecular dynam-

ics of anionic water clusters. Animations of some of the simulations are available on the

attached DVD and they will be referenced where appropriate. All of the animations are

provided in two different formats.
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Figure 4.1 A snapshot of an anionic water cluster from a trajectory at 300 K. Isosurfaces
of the spin density of the system show spatial distribution of the excess electron.

4.1 Anionic water clusters at ambient temperature

Let us start our treatment of the hydrated electron by looking at the properties of anionic

water clusters. There are two aspects that we are interested in — equilibrium properties

and the dynamics following vertical electron attachment. Throughout this work, we focus

on a single cluster size, 32 water molecules, choosing to treat it in the best way affordable,

rather than attempt to explore size dependence in a less rigorous way.

4.1.1 Equilibrium anionic water clusters at ambient temperature

First, let us consider equilibrium properties of such anionic water clusters. We need

to obtain an equilibrated configuration, which can be achieved easily by using a halide

anion, swapping it for an electron and equilibrating this new system. The electron always

localizes in the cavity formed originally by the ion and that cavity needs to adapt to the

new species. Then we run the system at 300 K with the CSVR thermostat, sampling

the configurations of the equilibrium ensemble. This can be done in parallel using several

independent trajectories in order to increase the total length of production simulation time

obtained in a given amount of real time.

We monitor the total energy of the system to check the quenching of the transition

from the configuration with the ion. Once the system is equilibrated, usually in several

picoseconds, we collect data from the equilibrium ensemble. A total of roughly 25 ps
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of production simulation time was obtained. A representative snapshot of the system is

show in Figure 4.1. In all the snapshots and animations presented in this thesis and in the

published papers, two or more isosurfaces are used to display the contours of the spatial

distribution of the spin density of the system. Figure 2 of reference 122 shows the radial

distribution function of the spin density (green) and both the oxygen (red) and hydrogen

(black) atoms around the center of the electron, which was calculated using (2.19). The

curves are somewhat noisy due to limited statistics and compared to usual radial distribu-

tion functions in bulk solutions exhibit considerable smearing, which is due to increased

disorder at the surface of the cluster. Nevertheless, they do feature clear peaks showing

the structure of the solvation shell of the electron. An animation of one of the equilibrium

runs is included on the attached DVD in the directory animations/W32/anion/. To

characterize the excess electron in the cluster, we look at its radius of gyration, verti-

cal detachment energy, and distances from the center of the cluster, as defined by (2.27)

and (2.28). We examine the correlations of these quantities. The two panels of Figure 3

of reference 122 show the different behavior of the distance of the electron from the water

cluster and the radius of gyration of the electron, calculated using (2.21). While V DE

and rg of the excess electron correlate strongly, there is little or no correlation between

V DE and the distance of the electron from the cluster. This is true for both definitions

of the distance of the two parts of the system, dCOM and davg. This result is qualitatively

consistent with the results of single-electron pseudopotential models and is important for

the interpretation of measured photoelectron spectra of anionic water clusters, where only

the binding energy is available. These spectra should be understood in terms of the size

of the electron, rather than its distance from the center of mass of the cluster.

We note that although evaporation of water molecules does occur in clusters at this

temperature, it typically happens on the timescale of hundreds of picoseconds. In our

simulations, we observe no evaporation and thus do not need to take any measures to deal

with it. In simulations where this is an issue, a reflective spherical potential around the

cluster would help to mitigate the problem.

These cluster simulations provide information on the local solvation structure of the

first, and to some extent the second solvent shell. This is clearly confirmed by comparison

to our latest work on the hydrated electron in bulk liquid water discussed at the end of

this chapter. An important property of the results is the lack of any strong features in

the distributions, for example the correlation of the radius of gyration and the vertical

detachment energy. This is very typical for hydrated species, with the possible exception

of multiply-charges ions, and is important for the interpretation of cluster experiments, as

discussed below. These results serve as a reference for the non-equilibrium simulations of

vertical electron attachment to both warm and cold clusters.
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4.1.2 Vertical electron attachment to water clusters at ambient temper-

atures

To explore the relaxation dynamics of electrons in water clusters, to better understand

their equilibrium properties and to shed light on experiments on anionic water clusters,

we performed non-equilibrium simulations of vertical electron attachment to neutral water

clusters. The results of these simulations were published in [120]. While the choice of a

vertical process is an approximation, we opt for it for reasons stated in the chapter on

methodology.

To perform these simulations, we start with neutral water clusters equilibrated at

T=300 K using ab inito molecular dynamics. We take sample configurations from this

distribution and use each as an initial condition of a new simulation, together with the

attachment of an excess electron. It is important that this electron is attached simply by

increasing the number of electrons in the density functional theory calculation by one and

its distribution in the cluster is dictated entirely by what the ground state of this new

system is. Thus no prejudice the author may hold about how the simulations should behave

can influence the result, which is given entirely by the interactions in the system. Then, the

system evolves in time from this vertical attachment and its properties are monitored the

same way as before. This time, however, they are recorded as time-dependent quantities,

as we are interested in the progress of this non-equilibrium process.

Let us first look at the radius of gyration as a way to characterize the size of the

electron in the cluster. The distribution of the initial radii is shown in Figure 3 [120] on

the left (in red), together with their subsequent evolution for six different trajectories (in

different colors) and the average (in black). We can see a fast relaxation that is complete

at about 1.5 ps. After that, the radii simply fluctuate around an equilibrium value. By

comparing to the distribution of radii of gyration from the previously discussed equilibrium

anionic water clusters, shown on the right of the same figure (in green), we can see that the

relaxation is complete. Thus, after no more than 1.5 ps, the electrons attached to these

warm water clusters relax to the equilibrium distribution and are indistinguishable from

pre-equilibrated anionic water clusters. This is confirmed also by the same analysis of

vertical detachment energies, as expected from the rg−V DE correlation discussed above.

The data is shown in Figure 4 of reference 122. The comparison to the situation in cold

anionic water clusters is discussed below.

Animations of two different trajectories are provided on the attached DVD in the

directory animations/W32/localize/. Snapshots from one trajectory are also show

as Figure 1 of the published paper [120]. By looking at the animations of trajectories, we

can see a lot of disorder coming from the thermal fluctuations of the cluster. The excess

electron is initially strongly delocalized over the surface of the cluster, but gradually moves

to one patch of OH bonds that it reorients outwards. Then, it goes on to penetrate the

fluctuating hydrogen-bonding network of the cluster, forming a cavity. The time scale of
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this process is seen in the above evolution of the radius of gyration — the cavity is formed

in less than 1.5 ps.

Although most of the excess electron configurations in this medium-sized cluster of 32

water molecules are close to the surface for purely entropic reasons, they are bulk-like in

their local structure, with a clear main lobe of the electron and an oriented first solvent

shell. True surface states do exist during the localization dynamics, but only in its initial

stages. These have an excess electron density that is very diffuse and exterior to the

cluster, with no cavity formed by water molecules, only dangling OH bonds on the surface

of the cluster.

Even though the attachment process studied here is relevant to measurements on

anionic water clusters, it is very difficult to obtain clusters of this temperature experimen-

tally. The reason for this is that on the timescale of the experiments, clusters created using

supersonic expansion of similar techniques undergo evaporative cooling, decreasing their

temperature significantly and becoming amorphous solid in the process [44]. To make

direct contact with experimental results on clusters, we must modify our simulations to

account for this.

4.2 Anionic water clusters at cold temperatures

To compute properties of clusters that are present in experiments, we perform analogous

simulations as above, this time at significantly lower temperatures. We prepare the initial

conditions by taking snapshots from the same neat water cluster trajectory at 300 K

as before and energy-minimizing each such configuration. We then vertically attach an

electron to each in the same way as above and initialize new velocities from a Maxwell

distribution at low temperatures of 30–50 K. Starting independent simulations in this

way, we simulate vertical electron attachment to cold water clusters. We do not mean to

match the experimental conditions precisely, as they are not known very well anyway. It

has been shown before that the details also depend on the thermal history of the neutral

clusters before the attachment [66]. We merely want to achieve conditions that are in

qualitative agreement with the experimental situation, which will help us interpret the

general features of cold cluster experiments. We have published a detailed study using

this computational setup [121].

The initial stages of the dynamics are similar to the case of the above clusters at

ambient temperature, although everything is clearly slowed down at these cold tempera-

tures. An animation of one trajectory is available at two different playback speeds on the

attached DVD in the directory animations/W32/localize-cold/. Snapshots along

this trajectory are displayed as Figure 1 of the published article [121]. The excess electron

gradually moves to one part of the surface of the cluster, forming a cushion-like state

that is diffuse and exterior to the cluster. However, in contrast with the previous case at
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ambient temperature, it does not go on to form a cavity, as the water hydrogen-bonding

network stays rigid. This has implications for both the size and the binding energy of

the electron. Looking at the time evolution of these quantities for different trajectories

in Figures 3 and 4 of reference 121, it is clear that they do not approach the equilibrium

distributions obtained previously. More importantly, if we plot the rg − V DE correlation

and compare it to the equilibrium data, shown in Figure 6 of the same paper, we see that

there is a gap that these cold trajectories never cross. Their excess electrons are generally

larger and more weakly bound, when compared to the reference.

To account for some annealing that can occur in the experiments, we also prepare cold

clusters in a different way. We take snapshots from the equilibrium distribution of anionic

water clusters obtained previously, where a clearly defined cavity is almost always present,

cool them to a low temperature and run molecular dynamics. The resulting cluster and

its excess electron have a comparable temperature but very different properties from the

clusters prepared by vertical electron attachment. The data is shown in blue for two differ-

ent trajectories in Figures 3, 4 and 6 of the published paper. These electrons are generally

more tightly bound and smaller in size. Their dynamics is completely unremarkable, as

the solvation shell is fixed by the rigid hydrogen-bonding network, so the system only

vibrates with a small amplitude around this local minimum.

For a comparison of the four different types of simulations, see Figures 4 and 5 of refer-

ence 122. The contrast between the two different types of electron attachment simulation

is apparent in Figure 4. Figure 5 illustrates the possible annealing process by showing how

the localization trajectories in warm clusters connect the distribution from localization in

cold clusters with the equilibrium distribution.

As expected, all the clusters remain amorphous solid at these temperatures, as clearly

seen from the time evolution of the root mean square deviation from the initial configura-

tion depicted in Figure 8 of the published paper.

4.3 Interpretation of cluster experiments

As explained before, water clusters in experimental setups are always cold and amorphous

solid. For this reason, we must look at the simulations of cold clusters if we want to in-

terpret these measurements, including the assignment of the different isomers seen in the

spectra. From our results, it is clear that the weakly bound experimental type II isomers

are of the surface type — diffuse and weakly bound excess electrons, sitting at the exterior

of the clusters. Type I isomers then correspond to the annealed localized electrons that

we have prepared, with the detailed structure reported by Ma et al. [65] being beyond the

resolution we can achieve with the extent of our simulations. Importantly, we see that

the extrapolations to the aqueous bulk are not meaningful, as they implicitly change the

temperature and cross a phase boundary. For isomer I, there is the possibility of a match,
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as the local structure is similar, only more compact and therefore more tightly bound. In-

cidentally, the experiment by Ma et al. [65] puts the clusters in contact with dilute helium

close to room temperature. The abundance of the weakly bound isomers is significantly

lower when compared to previous experiments that use a a different setup, which is inter-

preted as a result of this transient heating of the clusters. In second harmonic generation

spectroscopy, which is surface sensitive, no evidence of excess electron density significantly

protruding from the liquid is seen [82]. Detailed time-resolved photoelectron spectroscopy

in a liquid microjet setup shows only a transient signal that could be attributed to surface

electrons [11], which is consistent with the results of simulations of electron attachment

to clusters at ambient temperatures.

Although one liquid microjet photoelectron spectroscopy experiment reported a signal

at 1.6 eV that they attributed to a surface state of the hydrated electron [90], the statistics

of that experiment is not entirely conclusive and the interpretation is inconsistent with

both our computational results and recent experimental results. To explain the lifetime of

their surface electron, reported to be more than 100 ps, the authors propose a barrier for

the transition of the electron into the liquid. Finding a suitable mechanism for a barrier

of this size does not seem to be easy. In reference 1 the authors admit that the originally

proposed barrier to the transition is unlikely to exist, citing our published results. We note

that such a claim could be made even based on well-known properties of liquid water and

ions in solution. They suggest that the electron on the surface exists in an ion pair with

H2O
+, which is in turn stabilized by its solvation shell. Such explanation, however, does

not seem to be any more plausible than the previous one, due to the extreme reactivity of

the H2O
+ species.

4.4 Atomic hydrogen formation

The importance of reactions of hydrated electrons with other solutes has been explained

in the introduction. With this motivation, we have performed simulations of the most

elementary of these reactions — that of the hydrated electron and a hydrated proton,

forming a hydrogen atom. The results have been published [119].

As this is the earliest project concerning the hydrated electron, some aspects of the

density functional setup are somewhat different from the other cluster calculations —

certain changes were introduced over the years. The PBE functional is used with a triple-

ζ polarized basis set with additional diffuse functions. No dispersion correction is applied.

At the end of this chapter we provide a comparison of some of these different settings to

estimate their influence on the results of our simulations.

We start with a cluster simulated using an empirical force field. The cluster com-

prises 31 water molecules, one H3O
+ ion and one iodide ion, although any other halide

anion would work. Taking sample configurations from this simulation and replacing the
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iodide with an electron, we start ab initio molecular dynamics trajectories at constant

energy. Although more trajectories were simulated for the project, with slightly differ-

ent settings, we report in the paper a set of ten consistent trajectories, out of which

three end in a reaction of the two species, after roughly 1.7, 1, and 3.5 ps. Anima-

tions of all three reactive trajectories are available on the attached DVD in the directory

animations/W32/electron-proton/. The other trajectories remained unreactive

for the duration of time afforded by our computational resources, which was about 5 ps

per trajectory.

Let us now proceed to the analysis of those three trajectories where the reaction has

occured. All the trajectories have similar features, although they obviously differ due

to different initial conditions and thermal noise. We start by visual inspection of the

trajectory, both as an animation and as snapshots together with radial profiles in Figure 1

of the paper. Qualitatively, the electron behaves in a way similar to the clusters without an

excess proton. It is notable that there is no direct attraction of the two oppositely charged

species, as they are well hydrated by the cluster and their interaction is screened. The

excess proton hops around the cluster and its identity changes, as covalent bonds emerge

and disappear. This structural diffusion of the hydrated proton is well-understood [69].

It approaches the electron through one of the waters in its first solvent shell. At that

moment, the distribution of the the excess electron is significantly distorted in a prolate

shape, the proton transfers to the center of the original solvation cavity of the the excess

electron and a hydrogen atom is formed. The process is therefore clearly a proton transfer,

rather than electron transfer. This is surprising at first sight, due to the bare masses of

the two species. In solution, however, it is the electron that is the heavier species, as

its effective mass is determined by its solvent shell. This is confirmed when we look at

two-dimensional projections of the positions of the two species in Figure 2 of the paper.

Note that the triangular shapes are caused by vibrations of the hydronium cation. The

two species coming into close contact is not sufficient — as can be seen in the electron-

proton distances in the bottom two panels of the figure, there are times in both reactive

and non-reactive trajectories when a reaction is attempted, but does not occur.

Seeking further insight, we examine the evolution of the spin density along the trajec-

tory, quantified using the eigenvalues of the gyration tensor introduced earlier. Figure 3 of

the published paper shows, for one particular trajectory, the three values in time, together

with snapshots of configurations of different types. Looking at how much these values

vary at different times, we can begin to understand what happens during the reaction. It

is clear that one of the three values is much higher than the other two during the sharp

decrease in size at the moment of the reaction. This impression can be best quantified

when we calculate the radius of gyration and the relative shape anisotropy and plot their

correlation for all the three trajectories, as shown in Figure 4 of the paper. The picture

that then emerges is one of an equilibrium distribution at small but non-zero values of
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Figure 4.2 The initial structure of the H3O+(H2O)3e –
aq cluster.

κ2 and values of rg around 2.5 Å. From this distribution, there are attempted reactions

in the direction of somewhat smaller sizes and significantly larger asymmetries. Three of

those, in the different trajectories, result in a reaction, during which the asymmetry peaks

and then returns almost to a zero value together with the shrinking of the spatial extent

of the spin distribution to that of the hydrogen atom. These protrusions in the direction

of the reaction exist also before the reaction occurs and in trajectories where no reaction

occurs. The natural quesiton then is, are these an intrinsic feature of the hydrated elec-

tron, or are the induced by the presence of the proton? This question can be answered

with the help of data that was obtained after this project was finished. Figure 7 of our

review paper [122] show the same data together with the equilibrium distribution from

anionic water clusters with no excess proton present. This distribution shows no sign of

the fluctuations in the direction of the reaction. From this, we can conclude that they are

induced by the presence of the proton, which initiates the reaction in this way.

Although the system gains a significant amount of potential energy, the ground-state

energy of 13.6 eV of the newly formed hydrogen atom, it is not seen in the kinetic energy

of the new atom or the rest of the water cluster. Indeed, experimentally, the free energy

released in the reaction is only about 50 kJ mol−1 = 0.52 eV [86]. This is due to the

significant hydration energies of the two charged reactant species, which are lost in the

reaction, where the product is a neutral hydrogen atom.

Let us now turn to a much smaller cluster in which the same reaction can occur.

Due to the decreased computational demands and lower complexity of the system, we

can afford a rigorous search for the reaction coordinate and a more expensive electronic

structure method — RI-MP2. These results have been published as part of our study of

microhydration of the hydronium radical [123].
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The small cluster comprises a hydronium cation, three water molecules and a hydrated

electron. The structure that we start from is depicted in Figure 4.2. This is not the lowest

energy structure of this cluster, as the excess proton and the excess electron can form a

hydrogen atom. It is the process connecting these two states that we are interested in. For

this, we perform nudged elastic band calculations [41, 40] connecting the two local minima

using two different electronic structure methods. This reaction path-finding method uses

a set of connected replicas of the system to obtain the minimum energy path between two

local minima on a potential energy hypersurface, which is the ideal, 0 K reaction path of

the process. Importantly, no assumptions need to be made on the reaction coordinate.

We compare results from our DFT setup to those obtained using RI-MP2/aug-cc-pVTZ,

which serve as a reference. Thanks to the small size of the system, we can afford to

optimize self-consistent geometries of the reaction path with both methods.

The resulting energy profile along the reaction coordinate is shown in the top panel

of Figure 7 of the published paper, together with some relevant interatomic distances in

the bottom panel. Let us restrict the discussion of method comparison to noting that

the DFT setup compares well to the much more expensive correlated method, especially

for the barrier height, and leave the discussion of the details to the separate section on

benchmarking below. Characteristics of the spin density are displayed in Figure 8 of the

paper. An animation of the system moving along the minimum energy path from the

reactants to the products, calculated using RI-MP2 is available on the attached DVD in

the directory animations/W3-H3O-RI-MP2/. Looking at these results, it is remarkable

that the reaction in this small cluster has all the features of the same process studied

previously in a much larger cluster at a finite temperature. At the very beginning, the

whole cluster compresses and the spin density shrinks in size. The reaction proceeds

as a concerted transfer of two protons, with the one in the hydronium cation being the

first to move. Capturing such a process smoothly without jumps in geometry would be

problematic without a chain-of-states method like nudged elastic band. From the three

eigenvalues of the gyration tensor, we can see that the spin distribution goes from oblate

at the beginning to prolate during the reaction to spherical at the end. Relative shape

anisotropy peaks clearly when the spin density is most distorted during the reaction,

although it is interesting to note that this happens only after the reaction saddle point

is passed. The potential energy difference between reactants and products is about -

0.6 eV, comparable to the free energy released in the same reaction in bulk, as stated

earlier. Snapshots showing maximum asymmetry for both the larger and smaller cluster

are shown in Figure 4.3 for comparison. Although the approach take here does not capture

temperature effects, it allow rigorous identification of the reaction coordinate and detailed

analysis of the process along this coordinate without the noise introduced by a finite

temperature. In this sense, this study is complementary to our previous treatment of the

same process in the larger cluster.
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Figure 4.3 On the left, snapshot at the moment of maximum asymmetry of the spin
density in the larger cluster taken from one of the reactive trajectories. On the right,
snapshot at a value of reaction coordinate with maximum asymmetry of the spin density of
the smaller cluster.

4.5 Bulk hydrated electron

The latest work on the hydrated electron performed in our group focuses on its structure

in bulk liquid water and is yet unpublished. The actual calculations are being performed

by Frank Uhlig. To increase the size of the periodic box and decrease the interaction of

the excess electron with its periodic images, we employ a QM/MM setup with 32 or 64

water molecules treated with density functional theory and about 1000 water molecules

treated with an empirical force field. This translates to a cubic box with edge length just

over 30 Å. The electron needs to be contained entirely in the QM region, which is just

about possible with 32 waters and certainly possibly with 64 waters. This setup allows

us to obtain the radial distribution function of oxygen and hydrogen atoms around the

center of the electron. The shape of the excess electron distribution can be characterized

as before, but we focus on identifying the different regions of the system in which the

electron density resides, as outlined in the chapter on methods. One of the results of this

work is the confirmation that the local solvation structure of the excess electron in the

medium-sized clusters that this thesis focuses on is very much like that in the bulk liquid.

Preliminary results from a slab setup with an open surface also confirm the lack of stable

diffuse surface states.
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4.6 Benchmarking the computational setup

There are several aspects of our density functional theory setup that should be checked

carefully to make sure that it provides an adequate description of the hydrated electron.

For sufficiently small systems we can compare directly to post-HF methods. We have

done this for the small cluster that we use as a model for the electron-proton reaction —

all the results are calculated independently using both RI-MP2 and the density functional

theory setup described above. As Figure 7 of the published paper [123] shows, the methods

match well, except for a small shift on the product side. In Figure 10, we show energy

profiles along the reaction coordinate calculated using the original setup (blue) and its

various modifications. Specifically, we can see that using the original SIC parameters

a=0.2, b=0.0 (green), the barrier is lower and products are somewhat favored, but the

overall reaction profile is preserved. Omitting the self-interaction correction entirely, on

the other hand, completely distorts the profile and places the reactants and products

at roughly the same energy. Omitting the diffuse basis functions provided by the ggg

approach (cyan) compromises the description of the reactant state, increasing its energy

by more than 0.5 eV. If both diffuse functions and SIC are left out of the calculation (gray),

there is a certain amount of error cancellation, but the resulting energy profile is still far

from satisfactory. This test clearly shows the importance of both the self interaction

correction and diffuse basis functions.

A similar test can also be performed by using different settings to evaluate energies

along a pre-calculated molecular dynamics trajectory. Results of such “replays” of one of

our three reactive trajectories of the 32 water molecule cluster are shown in Figure 4.4.

All the energies are shifted relative to the original calculation, which is therefore a con-

stant zero, shown in black. The original calculation was performed with a traditionally

augmented basis set and the blue curve shows that switching th molopt-TZV2P+ggg has

almost no effect on the energy profile, apart from a constant shift and very small fluctua-

tions. Using only the molopt-TZV2P basis set with no augmentation (cyan) destabilizes

reactants relative to products, although not as much as in the previous case, where the

excess electron density was more diffuse. The effects of modifying (red) or leaving out

(green) the self-interaction correction are the most significant. In the case without SIC,

products are severely destabilized by about 1 eV. Using the parameters a=0.3, b=0.2 has

a smaller effect in the same direction.

In Figures 4.5 and 4.6 we show the convergence of two primary characteristics of the

hydrated electron — its radius of gyration and vertical detachment energy. The plots use

the same data as Figures 9 and 10 of our published paper [121], but show it in a better

way — a spherical cutoff of the positions of the added ghost atoms (which hold the diffuse

functions) increases along the horizontal axes, while the corresponding number of functions

is shown at the top of the plot. For this benchmark, we use two very different geometries.
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Figure 4.4 Relative energies for a reactive trajectory recalculated separately with differ-
ent DFT setups. The original calculation (employed also to generate the trajectory) used
ROKS with the augmented basis set and default settings (a=0.2, b=0) of the SIC (black).
Change of basis to molopt-TZV2P (cyan), change of basis to molopt-TZV2P+ggg (blue),
no SIC (green), and different SIC settings (a=0.3, b=0.2, red).
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In Figure 4.5 the electron is localized in a cavity and is compact. In Figure 4.6 it is diffuse

and exterior to the cluster, attached to three OH bonds on its surface. It is clear from the

plots that diffuse functions are not important for the compact structure — convergence is

relatively fast and the values do not change much. In the diffuse state, on the other hand,

the use of diffuse functions is critical for correct description of the excess electron. This is

also illustrated by the snapshots. We can conclude that although compact states could be

represented quite well without augmentation, its use is needed for a balanced description

of the hydrated electron.

This balance is especially important for the process of vertical electron attachment

that we have studied. Therefore, we check the properties of the hydrated electron along

one of the trajectories where an electron is attached to a cold water cluster, using different

basis sets. In Figure 4.7 we plot three properties of the excess electron as a function

of time along the trajectory. Clearly, just as before, the difference between traditional

augmentation and ggg is negligible, although the latter is preferable for efficiency reasons,

as explained earlier. Not using any augmentation has significant influence on the properties

— the electron is smaller, more weakly bound and closer to the cluster. The impact would

likely be even more severe in a trajectory that is actually evolved with such a setup.

The last issue that we will address as part of this benchmarking section is the ap-

plication of the self-interaction correction to the singly occupied orbital in a restricted

open-shell Kohn-Sham calculation. Using the same trajectory, we plot the same proper-

ties in Figure 4.8 for different setups. Not using the self-interaction correction changes the

values substantially. Even this type of plain GGA density functional calculation is known

to overbind the electron due to an unbalanced description of the anionic and neutral states.

Clearly, this issue is made worse by the use of the self-interaction correction with the de-

fault parameters. Changing the parameters of the self-interaction correction causes only

small changes to the radius of gyration and the distance and it almost entirely restores

the binding energy. Based on these results, the new parameters for the self-interaction

correction a=0.3, b=0.2 should be used in the future. Finally, we check that the use of

unrestricted Kohn-Sham equations and a self-interaction correction applied to the spin

density give results comparable to our restricted open-shell Kohn-Sham equations with

the self-interaction applied to the spin density, which is also the density of the singly

occupied orbital. The rerun with UKS is shown in blue and we can see that there is no

influence on the binding energy. There is a noticeable decrease of the radius of gyration

(which also transfers to the distance from the cluster), which comes from the fact that in

the UKS calculations, the spin density has negative values in some regions of the system,

whereas in ROKS, it can only be positive. This effect could be decreased for example by

using the magnitude of the spin density in (2.22), which defines the radius of gyration,

but it is not needed. The exact value of rg is not important, we only need a measure of

the spatial extent of the hydrated electron that is consistent across all the results.
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Figure 4.5 Radius of gyration (top panels) and vertical detachment energy (bottom
panel) for a representative cluster geometry with the electron in a cavity as a function of
the length of the spherical cutoff used for the generation of the additional diffuse Gaussian
grid functions. The corresponding number of grid functions is shown at the top.
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Figure 4.6 Radius of gyration (top panels) and vertical detachment energy (bottom
panel) for a representative cluster geometry with a diffuse electron on the surface as a
function of the length of the spherical cutoff used for the generation of the additional diffuse
Gaussian grid functions. The corresponding number of grid functions is shown at the top.
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[Å

]

0.0

−0.4

−0.8

−1.2

−1.6

−
V
D
E

[e
V

]

0 1 2 3 4 5
t [ps]

5.0

5.5

6.0

6.5

d
is

ta
n

ce
[Å
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Figure 4.7 Time evolution of radius of gyration (top panel), vertical detachment energy
(middle panel), and average distance of the excess electron from the cluster center of mass
(bottom panel) for a selected cold localization trajectory, comparing different basis sets. The
original calculation (employed also to generate the trajectory) used the molopt-TZV2P+ggg
basis set and is shown in thick dark blue. A calculation using molopt-TZV2P without ggg
is shown in green and a calculation using the aug-TZV2P basis set is shown in cyan.
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Figure 4.8 Time evolution of radius of gyration (top panel), vertical detachment energy
(middle panel), and average distance of the excess electron from the cluster center of mass
(bottom panel) for the same trajectory as in Figure 4.7, recalculated separately with different
DFT setups. The original calculation (employed also to generate the trajectory) used ROKS
and default SIC settings (a=0.2, b=0.0) and is shown in thick dark blue. A calculation with
reparametrized SIC (a=0.3, b=0.2) is shown in magenta, a calculation without SIC is shown
in red and a calculation with UKS instead of ROKS is shown in blue. All calculations were
performed with the molopt-TZV2P+ggg basis.



4.6. Benchmarking the computational setup 55

While there is some freedom in the specific settings of our calculations, these tests

show that our choices are justified and that they benchmark well where reference data is

available.



CHAPTER

FIVE

CONCLUSIONS AND OUTLOOK

In this thesis, we have presented results on two different but related electronic charge

defects in water — the cationic hole and the hydrated electron. These results have been

published in a set of articles, which are attached to the thesis.

5.1 Summary of work done

Our primary method of choice was ab initio molecular dynamics, although it was supple-

mented by other methods as needed. For the calculation of electronic structure, we have

focused on density functional theory, motivated by its favorable price-to-performance ra-

tio. Its overall computational expense as well as the scaling of its implementation make it

suitable for the description of extended condensed systems, including the use for ab initio

molecular dynamics, which requires many calculations that need to be run in sequence.

The quality of description of the energetics of many molecular systems is comparable to

more expensive methods and superior to empirical force fields. With proper benchmark-

ing against high-quality post-Hartree-Fock correlated methods, density functional theory

can be used for the description of the challenging open-shell systems treated in this work.

In both cases, the self-interaction correction for the singly-occupied orbital emerges as

a crucial component of the setup used. Molecular simulations provide a high degree of

control over the system together with spatial and temporal resolution unavailable in ex-

periments. Taking advantage of these features, we have tried to address issues that arise

in the interpretation of available data and provide information that is complementary to

experiments.

After careful benchmarking, we have performed simulations of the process of pho-

toionization of liquid water [118]. We have seen that the initial cationic hole is partially

delocalized and that it is the localization of that hole that limits the time scale of the sub-

sequent proton transfer reaction. In collaboration with our colleagues who have provided
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high-quality spectroscopic calculations, we have modelled the time-dependent optical spec-

trum of the process. Comparison to measured spectra shows that the ultrafast nature of

the reaction keeps it just outside the reach of currently available experimental techniques,

emphasizing the importance of simulations in cases like this one.

Our work on the hydrated electron focused on anionic water clusters [122]. One reason

for this choice is the amount of work that has been done on anionic water clusters experi-

mentally. Another reason is purely practical. The system that we have chosen, a cluster of

32 water molecules, is large enough to provide bulk-like local solvation structure of ionic

species, yet reasonably computationally expensive, compared to what would be needed for

a bulk condensed system. This allowed us to obtain a longer total simulation time and

explore different aspects of the system and in more detail, compared to what would be

possible for a much larger system. It also allowed us to fine-tune the computational setup

so that when large calculations are performed, no computational resources are wasted.

Calculations of the hydrated electron in bulk liquid water are currently under way in our

group and they are among the most expensive simulations we have ever performed. In

clusters, we have looked at equilibrium properties, attachment processes and a reaction of

the hydrated electron with a proton. We have seen that the equilibrium hydrated electron

at ambient temperature lacks any distinct structure in its photoelectron spectrum and

that there are no distinct isomers [120]. This is in contrast with most experiments on

anionic water clusters, where several different isomers are observed. To address this, we

have performed simulations of cold anionic water clusters prepared in different ways, to

mimic the experimental conditions [121]. We have identified different types of structures

that we have assigned to the experimentally observed isomers. This difference between

cold and warm anionic clusters has important consequences for the non-existence of diffuse

weakly-bound surface states of hydrated electrons in liquid water. The conclusion that we

draw is consistent with several different experimental techniques, including photoelectron

spectroscopy on the liquid microjet, surface-sensitive second harmonic generation spec-

troscopy and photoelectron spectroscopy on anionic water clusters in an ion trap. The

data that we get from our simulations can also be used as a reference for one-electron

models of the hydrated electron, which are significantly cheaper computationally, but also

rather sensitive to the way they are parametrized. We have also simulated the reaction

of a hydrated electron with an excess proton at a finite temperature in the cluster of 32

water molecules [119] and we have examined the same process more carefully and with

higher-quality methods in a much smaller cluster [123]. Surprisingly, the small model

already has all the crucial features of the process in the larger cluster.
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5.2 Future outlook

One aspect of the systems studied here that was not addressed in our treatment is the

quantum nature of atomic nuclei. While considering them to be point particles with a

charge and a mass is usually a very good approximation at ambient conditions, it has its

limitations.

For hydrogen atoms or protons, there are appreciable nuclear quantum effects even

at room temperature. This can be seen for example on the diffusion of excess protons in

water, where the diffusion coefficient is underestimated by a factor of about 2 if the nuclei

are treated classically. The different physical properties of normal and deuterated water

point to the same issue. It is also known computationally that accounting for nuclear

quantum effects changes the radial distribution functions, due to the smearing of the

hydrogen positions.

In our simulations, there are several areas where the inclusion of nuclear quantum

effects should be considered. Proton dynamics in both the electron-proton reaction and

the reaction following photoionization of liquid water is certainly affected by the quantum

nature of the proton. In simulations of cold clusters, the impact of quantum effects in-

creases. The delocalization of protons increases and a portion of the degrees of freedom

freeze out, which has significant effect on the heat capacity of the clusters. This effect is

not captured in our setup at all, classical nuclei have a heat capacity of kBT/2 per degree

of freedom regardless of temperature.

Capturing nuclear quantum effects in large systems is both challenging and compu-

tationally expensive. One possible direction would be path integral molecular dynamics,

which is only suitable for sampling equilibrium ensembles. The related methods of cen-

troid molecular dynamics and ring polymer molecular dynamics can describe dynamic

processes as well, but have their own limitations. In any case, addressing this aspect of

the simulations is not a realistic goal in the near future.

There are several directions of future development suggested by the current status of

the projects.

One issue that is not entirely resolved is the calculation of vertical detachment energy

in periodic boundary conditions. Although methods to do this rigorously do exists, they

either need significantly more simulation data to be able extrapolate to infinite box size,

or are problematic for disordered systems like water.

The study of quenching reactions with species other than the excess proton would be

interesting in the context of radiation chemistry, but is currently limited to closed-shell

species. The treatment of two radical species in the same system is not possible with the

current self-interaction correction method and new functionals would have to be developed

to address this.

In general, the development of better density functionals could improve some of the



5.2. Future outlook 59

results. While hybrid functionals show promise, they are significantly more expensive than

GGA functionals.

Perhaps this work has seen at least some of the dreams of the future of ab initio

molecular dynamics of previous authors [50] become reality. The author of this thesis is

optimistic that with the increasing global computational resources and the methodological

advances that can be expected soon, even the near future will bring many things not even

dreamed of.
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Burkhard Schmidt, Christof Schütte, and Pavel Jungwirth. Hydrogen forms in water

by proton transfer to a distorted electron. The Journal of Physical Chemistry B,

114(2):915–20, January 2010. 4, 4.4

[120] Ondrej Marsalek, Frank Uhlig, Tomaso Frigato, Burkhard Schmidt, and Pavel Jung-

wirth. Dynamics of Electron Localization in Warm versus Cold Water Clusters.

Physical Review Letters, 105(4):043002, July 2010. 4, 4.1.2

[121] Ondrej Marsalek, Frank Uhlig, and Pavel Jungwirth. Electrons in Cold Water Clus-

ters: An ab Initio Molecular Dynamics Study of Localization and Metastable States.

The Journal of Physical Chemistry C, 114:20489–20495, July 2010. 4, 4.2, 4.6

[122] Ondrej Marsalek, Frank Uhlig, Joost Vandevondele, and Pavel Jungwirth. Structure,

Dynamics, and Reactivity of Hydrated Electrons by Ab Initio Molecular Dynamics.

Accounts of Chemical Research, 45(1):23–32, 2012. 4, 4.1.1, 4.1.2, 4.2, 4.4

[123] Frank Uhlig, Ondrej Marsalek, and Pavel Jungwirth. From a localized H(3)O rad-

ical to a delocalized H(3)O(+)e(-) solvent-separated pair by sequential hydration.

Physical chemistry chemical physics : PCCP, 13:14003–14009, July 2011. 4, 4.4

72



APPENDIX

A

ATTACHED PAPERS



THE JOURNAL OF CHEMICAL PHYSICS 135, 224510 (2011)

Chasing charge localization and chemical reactivity following
photoionization in liquid water

Ondrej Marsalek,1 Christopher G. Elles,2,a) Piotr A. Pieniazek,2,b) Eva Pluhařová,1
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The ultrafast dynamics of the cationic hole formed in bulk liquid water following ionization is inves-
tigated by ab initio molecular dynamics simulations and an experimentally accessible signature is
suggested that might be tracked by femtosecond pump-probe spectroscopy. This is one of the fastest
fundamental processes occurring in radiation-induced chemistry in aqueous systems and biological
tissue. However, unlike the excess electron formed in the same process, the nature and time evolu-
tion of the cationic hole has been hitherto little studied. Simulations show that an initially partially
delocalized cationic hole localizes within ∼30 fs after which proton transfer to a neighboring water
molecule proceeds practically immediately, leading to the formation of the OH radical and the hydro-
nium cation in a reaction which can be formally written as H2O+ + H2O → OH + H3O+. The exact
amount of initial spin delocalization is, however, somewhat method dependent, being realistically
described by approximate density functional theory methods corrected for the self-interaction error.
Localization, and then the evolving separation of spin and charge, changes the electronic structure of
the radical center. This is manifested in the spectrum of electronic excitations which is calculated for
the ensemble of ab initio molecular dynamics trajectories using a quantum mechanics/molecular me-
chanics (QM/MM) formalism applying the equation of motion coupled-clusters method to the radical
core. A clear spectroscopic signature is predicted by the theoretical model: as the hole transforms into
a hydroxyl radical, a transient electronic absorption in the visible shifts to the blue, growing toward
the near ultraviolet. Experimental evidence for this primary radiation-induced process is sought using
femtosecond photoionization of liquid water excited with two photons at 11 eV. Transient absorption
measurements carried out with ∼40 fs time resolution and broadband spectral probing across the
near-UV and visible are presented and direct comparisons with the theoretical simulations are made.
Within the sensitivity and time resolution of the current measurement, a matching spectral signature
is not detected. This result is used to place an upper limit on the absorption strength and/or lifetime
of the localized H2O+

(aq) species. © 2011 American Institute of Physics. [doi:10.1063/1.3664746]

INTRODUCTION

The radiation chemistry of pure water initiated by ion-
ization leads to formation of an excess electron which leaves
behind a cationic hole.1 Each of these two charged radical
species formed by ionizing radiation follows its own route
of chemical reactivity. On one hand, H2O+ is an extremely
unstable radical cation which reacts with a neighboring water
molecule by proton transfer, forming the H3O+ cation and the
OH radical. The latter species is involved in further oxidative
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processes.1 On the other hand, the excess electron relaxes to a
localized solvated electron, which can go on to reduce impuri-
ties such as ions, free radicals, or dissolved oxygen on the sub-
microsecond timescale.1–4 Even in pure water, the solvated
electron can react with other hydronium ions, with other sol-
vated electrons formed in the spur, and with water itself which
results in an inherent lifetime which does not exceed several
milliseconds.1, 5–7 How far away the solvated electron local-
izes determines the yield of these strongly oxidizing and re-
ducing radicals available for subsequent chemistry. If trapped
close by (<3 nm), the electron may recombine back with ei-
ther the OH radical or the H3O+ at the hole site. The preferred
geminate recombination partner and the kinetics of recombi-
nation is, in turn, be governed by the precise interaction and
correlation of the motions of the H3O+ and OH pair formed
in the primary proton transfer step.8, 9 For the brief period be-
fore full solvation, the electron exhibits enhanced reactivity
and this has been suggested to also affect the recombination
yield and the production of H2.10

0021-9606/2011/135(22)/224510/14/$30.00 © 2011 American Institute of Physics135, 224510-1
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The products of ionization of water, in particular the OH
radical, are important species involved in the indirect radia-
tion damage of materials and biomolecules including DNA.11

Therefore, numerous kinetic studies have been devoted to elu-
cidating the rates of processes induced by water ionization.12

At ultrafast times and at the molecular level, unlike for the
solvated electron product, the information about the chemical
dynamics of the cationic hole leading to formation of OH is
not so clear and subject to far fewer investigations.8, 9 It is usu-
ally assumed that the proton transfer reaction happens faster
than 100 fs and this value is given in nearly all introductory
texts on radiation damage of water and biological tissues.13

This number derives from a pioneering photoionization study
soon after the availability of amplified sub-picosecond pulses
when an attempt was made to capture this primary step in the
radiation chemistry of water. Gauduel et al.14 claimed detec-
tion of H2O+ and its decay time, measured as 100 fs (and
170 fs in D2O), through transient absorption. Their ex-
periment used photolysis at 8 eV, but recent experimental
evidence15 and theoretical insight into the electronic structure
of water indicate that 8 eV is not, in fact, sufficient to gen-
erate the H2O+ cation directly, and that the mechanism for
ionization at this energy involves hydrogen atom motion in
the excited state neutral water molecule to reach a solvated
electron.16–18 For such ionization pathways around 8 eV, it
is now understood that H2O+ cannot be an intermediate and
photodissociation dominates. The interpretation of the origin
of signals in Ref. 14 is discussed later. Regardless, the impor-
tant questions remain about over what timescale the proton
transfer reaction happens and what electronic signature would
be expected for the turnover of H2O+ into OH.

On the computational side, quantum chemical methods
have recently19–23 been employed to map the potential energy
surface, dynamics, and spectroscopic properties of the sim-
plest cluster model—the water dimer cation. These studies all
show it is essentially a barrierless process for the system to
convert from H2O+ . . . H2O to H3O+ . . . OH after removal
of the electron. Based on the shape of the potential surface,
it was suggested that starting from the optimal geometry of
the neutral water dimer, the distance between the oxygens
of the two water molecules decreases upon ionization from
2.9 to 2.5, after which a proton hops from H2O+ to H2O form-
ing the above products.20 A more recent work following the
dynamics using quantum mechanical wave packet propaga-
tion reveals that the proton can oscillate between the two oxy-
gens several times as the waters come closer together but the
reaction is essentially complete in 50 fs.23 In both the papers,
it is predicted that these chemical changes are accompanied
by shifts in the electronic spectrum, which is, in principle,
accessible to ultrafast UV/visible transient absorption spec-
troscopy. In subsequent studies, ionization was modeled in
larger clusters with up to five water molecules, which allowed
investigation in a limited sense, i.e., for small systems, of the
character of the charge delocalization upon ionization.24–26

A partial delocalization (which is not present in the ionized
water dimer, where the charge is initially fully localized on
the hydrogen bond donating water molecule) was observed in
these small water clusters.25 Additionally, an ab initio molec-
ular dynamics study of ionization in a cluster with 17 wa-

ter molecules was performed recently which, however, due to
the use of the Hartree-Fock (HF) method leads to a localized
charge already at the instant of ionization.27

The previously studied ionized water clusters allow in-
vestigation of the onset of the medium effects; nevertheless,
they are still very far from the condensed phase. A natural
question therefore arises as to what is the degree of charge de-
localization upon ionization in liquid water (i.e., what is the
nature of the nascent bulk “H2O+”) and whether this delocal-
ization can play a role in slowing reaction from the cationic
hole toward H3O+ and OH products in the aqueous bulk. To
address this issue, we have employed ab initio molecular dy-
namics (AIMD) simulations of ionization in bulk water by
removing the least bound electron. Dynamics following ver-
tical ionization to the lowest ionized state was followed on
the 1 ps timescale, which was sufficient to observe both hole
localization and chemical reactivity. As with the water dimer
cation studies, we correlate the changing electronic structure
of the radical cation as its structure evolves along the reaction
coordinate with the changes in the electronic absorption spec-
trum computed with the equation of motion coupled-clusters
(EOM-IP-CCSD) method. A clear spectral evolution is pre-
dicted as the system moves toward the OH product.

These encouraging theoretical predictions suggest that a
renewed attempt at experimental measurement of the lifetime
of H2O+ in liquid water is warranted, particularly as factor of
∼3 times higher time resolution and full broadband probing is
now possible compared to earlier experiments.14 Such exper-
iments would provide an important benchmark for verifying
the AIMD spin localization and proton transfer dynamics. The
short-lived water cation is still an extremely experimentally
challenging target, in part because the spectroscopic signature
of hydrated H2O+ remains a theoretical prediction that has
never been experimentally observed in clusters or the bulk.
Additionally, the timescales predicted for the proton transfer
reaction are still right at the current state of the art in ultrafast
time resolution, and a relatively weak electronic absorption
is expected for H2O+ compared to absorption in the electron
channel. Despite these concerns, a new experimental search
to detect the initial hole and its evolution into OH is reported
here. Our approach is to photoionize at energies where we ex-
pect strong coupling to the ionization continuum; the H2O+

species can be expected to be formed at a high quantum yield
by two-photon excitation of bulk water once sufficiently high
photolysis energies are used.16 Recent studies by Crowell and
co-workers28 suggest that excitation near 11 eV strongly fa-
vors ionization over the competing dissociation channel, and
11 eV is near the vertical ionization potential of liquid wa-
ter corresponding to the first 1b1

−1 ionization continuum.16, 29

However, we should bear in mind the fact that the absorption
spectrum of liquid water at these energies is dominated by
several electronic resonance states which means that ioniza-
tion might either take place to the 1b1

−1 continuum or pos-
sibly by autoionization into the next higher ionization con-
tinuum, the 3a1

−1.30, 31 Based on our current assignment of
the two-photon absorption (TPA) spectroscopy,31 we expect
the formation of a 1b1

−1 hole to be the most likely outcome
following two-photon excitation at 11 eV with H2O+ formed
within the pulse duration.
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One other complication for a direct comparison of theory
and experiment is that ab initio MD follows the dynamics of
the lowest state of the system after removal of the least bound
electron of the whole system. At the neutral geometry, there is
a plethora of low-lying (excited) states of the cationic systems
forming the quasi-continuous 1b1

−1 band. In the experiment,
the intra-band relaxation also contributes to the localization
process. A similar situation is observed when an electron is
added to a neutral water system.32–37 To describe this part
of the process, one would need to perform non-adiabatic dy-
namics involving many electronic states, a calculation beyond
those currently feasible within the all electron description.

In the following, we start by describing the ab initio
molecular dynamics methodology for modeling the ultrafast
chemical dynamics of the cationic hole in water and the
quantum mechanics/molecular mechanics (QM/MM) coupled
cluster calculations used to simulate the corresponding time-
evolving electronic absorption spectra. Then we describe
AIMD results for the localization and proton transfer dynam-
ics of the cationic hole, benchmarked against highly accurate
ab initio calculations for small water clusters. Simulations of
the time-dependent electronic spectrum using the structural
configurations from the AIMD trajectories are then presented,
illustrating how they can be used to track the evolving re-
action dynamics. The key spectral signature of the reaction
H2O+ + H2O → OH + H3O+ is a blueshift of an absorp-
tion line from about 2.5 to 4 eV, corresponding to a conver-
sion of a localized cationic hole to the OH radical. Finally, an
attempt to experimentally monitor the transient spectroscopy
initiated after photoionization is described with time resolu-
tion and probe spectral range such that a one-to-one compar-
ison with the simulations is possible. The experimental result
is used to bracket possible outcomes of the reaction dynamics
in the system.

METHODS

We performed Born-Oppenheimer dynamics simulations
of a cationic hole in a periodic box of 64 or 128 water
molecules. Forces and energies were calculated from Kohn-
Sham density functional theory (DFT), using functionals of
the generalized gradient approximation (GGA) type [Becke-
Lee-Yang-Parr (BLYP) or Perdew-Burke-Ernzerhof (PBE)]
and, for several trajectories, including an empirical dispersion
correction (BLYP-D).38 The canonical constant temperature
and volume (NVT) ensemble was simulated, with the volume
based on experimental water density and the temperature set
to T = 350 K for pure GGA DFT and T = 300 K for BLYP-D.
The hybrid Gaussians and plane waves scheme was used with
a TZV2P basis set for the Kohn-Sham orbitals and a 280 Ry
cutoff for the auxiliary plane wave basis set.

After equilibration of a neutral water system, snapshots
from a further trajectory separated by 500 fs were taken as
different initial conditions for simulations of the dynamics
following ionization. To this end, one electron was removed
by changing the total charge of the system at t = 0 to model
vertical ionization of the system. Since this procedure leads
to an open shell system, the self-interaction correction (SIC)
was used for the singly occupied orbital in a restricted open-

shell formulation of the Kohn-Sham equations. The SIC pa-
rameters, a = 0.2 and b = 0, were tested previously for the
solvated OH radical,39 as well as for the water dimer cation,
yielding results comparable to highly accurate wavefunction-
based methods.20, 21

For comparison, further calculations (both single-point
energy evaluations and test dynamical runs), were performed
with the HSE hybrid functional,40 the “half-and-half” hy-
brid functional (BH&HLYP),41 and, for the sake of com-
pleteness, also with pure Hartree-Fock exchange (HFX). As
shown previously,42 the admixture of a significant fraction
of exact exchange in the density functional can improve the
description of cationic radical systems. The optimal frac-
tion of exchange is system dependent and, for example, the
BH&HLYP functional contains 50% HFX, while the more
common B3LYP functional only contains 20% HFX. For the
condensed phase, functionals that employ screened exchange
have a computational advantage.40, 42 In the present notation,
e.g., HSE(0.5) refers to the HSE functional in which the frac-
tion of exchange is 50%. Additional benchmark single-point
calculations were also performed on a small cluster of five
water molecules for comparison with available results cal-
culated using the very accurate EOM-IP-CCSD method.25, 43

The DFT calculations for the cluster were set analogously
to the bulk calculations, except that open boundary condi-
tions were used. All ab initio molecular dynamics simulations
were performed using the CP2K package and its DFT module
Quickstep.44

Spectral calculations using EOM-IP-CCSD/6-311
++G** focused on the excited states of a reactive sub-
system (vide infra) below 6 eV excitation energy. Such a high
level of theory is necessary to properly describe the excitation
energies and the associated transition properties.20 However,
at the coupled cluster level only a small core of the molecular
system can be included quantum mechanically. Excitations
lower than 6 eV will only originate from the open shell part of
the system; therefore, such a division of the system into a QM
and MM part is only meaningful once the spin has partially
localized. Our model defines a reactive trimer core by (i) the
oxygen atom of the water molecule that transfers the proton,
and (ii) two oxygen atoms closest to the hydrogens of the
proton transfering molecule. Hydrogen atoms are included
in the trimer if they are less than 1.5 Å from either of the
oxygens. We chose a trimer, rather than a dimer, as our
basic quantum mechanical core as in the molecular dynamics
we observed several large amplitude vibrations of either
OH bond in the central water molecule, before the actual
reactive step takes place. Further, dynamically defining the
trimer allowed to account for subsequent proton hops (from
H3O+ to neighboring H2O). Static selection of the oxygen
trimer framework is justified by the long time scale of water
diffusion. Thus, in effect quantum mechanical calculations
were performed either on (H2O)3

+ or OH(H2O)2, with the re-
maining water molecules treated as point charges taken from
the SPC/E water model (−0.8476 and 0.4238 for oxygen and
hydrogen, respectively).45 Each trajectory was followed up to
500 fs. Along each trajectory, the EOM-IP-CCSD excitation
energies were computed based on the closed-shell reference.
In order to construct transient absoprtion spectra at each step
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a 0.6 eV FWHM Gaussian was applied to each transition.
Experimental linewidths in electronic spectra of related
systems such the spectra of OH(aq) and H2O itself are 1 eV
or greater,31, 43, 46 due to the extremely strong solute-water
coupling, and so this rather arbitrary choice of width is likely
an underestimate. Essentially, the inclusion of additional
broadening is necessary because of under-sampling of the
distribution of liquid structures, assuming inhomogeneity
is the major determinant of the lineshape. The calculations
using wavefunction-based methods were performed using the
Q-CHEM program.47

RESULTS AND DISCUSSION

Ab initio MD following photoionization in bulk water

We simulated over 20 trajectories following ionization
of bulk water, started with different initial conditions. To
this end, we employed the BLYP-SIC functional with the
self-interaction correction optimized against accurate coupled
cluster calculations for the water dimer cation. For illustra-
tion, Fig. 1 depicts three crucial snapshots from a representa-
tive trajectory. The first snapshot shows the cationic hole right
after photoionization, i.e., with nuclei in the geometry of neu-
tral water. We see that the spin density of the cationic hole
is delocalized over several water molecules (a detailed dis-
cussion about which water mlecules are most prone to carry
the spin initially is presented in the supplementary material63

and in Refs. 48–50). However, the hole localizes very fast on
a single water molecule (second snapshot in Fig. 1). Such a
localized H2O+ moiety becomes extremely reactive, form-
ing H3O+ and OH in a reaction with a neighboring water
molecule, as depicted on the third snapshot in Fig. 1. The
products are first formed as a contact pair, but later become
separated by one or more solvent molecules due to proton
hops from the originally formed hydronium moiety to neigh-
boring waters.

For further description of the ultrafast dynamics of the
cationic hole and in order to draw robust conclusions, we

now provide data for the whole set of simulated trajectories.
Figure 2 shows the time evolution of the largest Mulliken
spin population found on an oxygen of a water molecule for
all trajectories. At the instant of photoionization, this largest
spin density amounts to 0.1–0.3, indicating significant spin
delocalization over several water molecules (vide infra).
However, with a mean time of 31 fs (with a mean deviation
of 21 fs) 95% of the spin localizes on a single water molecule
(see Table I). The progress of the chemical reaction toward
H3O+ and OH is then monitored in Fig. 3, which depicts for
all trajectories the time evolution of the distance between the
center of spin and the center of charge. During the localization
process and before the reaction, both spin and charge localize
on a single water molecule forming H2O+; therefore, this dis-
tance equals to zero. Right after the reaction, which proceeds
as a proton hop from H2O+ to a neighboring water molecule,
charge (H3O+) and spin (OH) become separated by a short
hydrogen bond of about 2.6 Å. The first proton hop occurs
on average at 33 fs (with a mean deviation of 14 fs), which
practically coincides with the 95% localization time (Table I).
However, for many trajectories re-crossings back to reactants
take place with the final stabilization of the products occurring
on average 44 fs after the first proton transfer. Afterwards,
the proton can hop to other water molecules and the products
become separated by a larger distance with most of the H3O+

. . . OH contact pairs disappearing within 200 fs (Fig. 3).
It is likely that due to the classical treatment of all nuclei
the proton transfer time and the number of re-crossings are
somewhat overestimated in the present calculations, which
thus likely present a lower bound to the proton transfer rate.51

It is useful to combine the principal results presented in
Figs. 2 and 3 into a single picture (Fig. 4), which correlates
for each trajectory the localization time with the moment of
occurrence of the first proton transfer. We clearly see from
Fig. 4 that the first proton transfer proceeds at the instant of,
or right after, the spin localization, with the reaction being
over (i.e., no more re-crossings occurring, open circles) for
most trajectories several tens of femtoseconds later. Another
useful correlation for understanding the process is that of the

FIG. 1. Snapshots along a selected trajectory showing water molecules together with isosurfaces (at values of 0.01 and 0.001 au−3) of the spin density.
(a) The system right after ionization (t = 0) when the system is in the neutral geometry and the hole is partially delocalized. (b) The system after the hole
localizes almost entirely on a single water molecule, forming transient H2O+ (t = 40 fs). This species reacts almost instantaneously with a neighboring
water molecule, forming an OH radical and a hydronium cation (highlighted in green), which eventually become separated by water molecules, as shown in
(c) (t = 400 fs).
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FIG. 2. Maximum Mulliken spin population (as a measure of localization of the hole) on a single oxygen atom, shown as a function of time for all trajectories.
The dashed line is at the value of 0.95, its intersection with each line marking the time when the localization is practically complete. DFT trajectories are
depicted in blue and DFT-D trajectories are in red. The black line is the average over all trajectories.

distance between the oxygen atoms involved in the proton
transfer reaction with the distance between the transferring
hydrogen atom and its new oxygen binding partner. This cor-
relation is plotted for all simulated trajectories in Fig. 5. We
see that in the initial stages of the reaction, both distances
shrink simultaneously (blue segments in Fig. 5). Also, the
shorter the initial O–O distance, the faster the system reaches
the region where proton transfer starts occuring. Between the
first proton hop and the time when the recrossings cease to
occur the two oxygens stay close to each other (red segments).
Once the two oxygens separate by more than 2.7 Å, the reac-
tion is essentialy over with the nascent H3O+ and OH prod-
ucts forming first a contact pair and later being separated
by water molecules. Note, that the shape of the trajectories
in Fig. 5 corresponds to a potential energy surface which is
remarkably similar to that of the water dimer cation,20 indi-
cating that after spin localization the reaction proceeds locally
with H2O+ and one or at most two other water molecules di-
rectly involved.

Benchmarking the initial delocalization
of the cationic hole

The initial degree of spin delocalization of the cationic
hole is, from the computational point of view, a subtle issue

TABLE I. Spin localization and proton hopping times in fs.

First reactive Final reactive
95% localization proton hop proton hop

Mean value 31 33 77
Standard deviation 21 14 45

which is dependent on the electronic structure method em-
ployed, as demonstrated in Fig. 6. The figure depicts, for a
selected trajectory, the spin density in the unit cell of wa-
ter right after ionization (t = 0), as obtained by different
methods. As already discussed above, the BLYP-SIC func-
tional yields a partially delocalized initial hole (Fig. 6). The
importance of the self-interaction correction emerges from
comparison to the uncorrected BLYP results (Fig. 6), which
results in a spin density which is over-delocalized (vide
infra). This over-delocalization is caused by the self-
interaction error, leading to a spurious repulsion of the
unpaired electron by itself.42 The other extreme situation,
i.e., complete localization of the initial cationic hole results
from Hartree-Fock calculations (Fig. 6), where the artificial
overlocalization is due to a symmetry breaking problem.51

Hybrid functionals to a large degree cancel out these two er-
rors. Figures 6(d) and 6(e) show the initial spin density fol-
lowing from calculations with the HSE functional with 25%
or 50%42 of exact exchange mixed in. While the first mixing
value is similar to that used in most standard hybrid func-
tionals, the second one matches best the EOM-IP-CCSD(T)
energy of the water dimer cation.20 In both the cases, we get
a partially delocalized hole with its delocalization decreasing
with increasing mixed-in fraction of exact exchange. The de-
gree of initial delocalization from BLYP-SIC, employed in
the dynamical calculations, is comparable to that obtained us-
ing the hybrid functional, being actually bracketed by the two
HSE calculations. Further discussion of benchmarking along
the dynamical trajectories is presented in the supplementary
material.63

The fact that the structure and dynamics of the cationic
hole in water sensitively depends on the approximations em-
ployed in the electronic structure calculations demonstrates
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FIG. 3. The distance between the center of spin and the center of charge, shown as a function of time for all the trajectories. This distance between an oxygen
atom with the highest Mulliken spin population and that to which the excess proton is the closest monitors the progress of the proton transfer reaction. It is zero
initially, becoming non-zero after the first proton hop. DFT trajectories are depicted in blue and DFT-D trajectories are in red. The black line is the average over
all trajectories.

the big challenges of the present problem and calls for
benchmarking against a very accurate method such as the
EOM-IP-CCSD.20 Such calculation can only be performed
for a small cluster model. We chose the smallest system with a
tetrahedrally coordinated water molecule, i.e., the water pen-
tamer cation in the geometry of a neutral cluster with one

central water molecule hydrogen bonded to four others.25

Figure 7 shows the spin densities after ionization of the neu-
tral water pentamer using all the methods discussed here. The
benchmark EOM-IP-CCSD spin density is partially delocal-
ized over the two water molecules with no accepting hydrogen
bonds. It is reassuring that the “workhorse” for the present

FIG. 4. Correlation between the time of localization and the time of reaction. The former is defined as the time when the maximum Mulliken spin population
on a single oxygen atom reaches 0.95 (dashed line in Fig. 2). The latter is characterized by the reaction interval (depicted by a line) that starts at the moment of
the first proton transfer (full circles) and ends when no more back transfer to the original hole occurs (open circles). DFT trajectories are depicted in blue and
DFT-D trajectories are in red. The full line shows direct proportion between the two times for reference.
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FIG. 5. Correlations between the distance between the oxygen atoms involved in the proton transfer reaction and the distance between the transferring hydrogen
atom and its new oxygen bonding partner along all simulated trajectories. Blue circles mark the initial conditions and blue lines denote the trajectory segments
until the reaction starts. Red segments with red circles at their boundaries mark the reaction intervals (as defined in Fig. 4). Gray segments show the rest of the
trajectories after the reaction.

study, i.e., the BLYP-SIC methods compares very well to
EOM-IP-CCSD. The hybrid HSE functionals also perform
satisfactorily, with HSE 25% slightly overestimating and HSE
50% slightly underestimating the spin delocalization. In con-
trast, BLYP overdelocalizes and HF overlocalizes the initial
spin density compared to the benchmark result.

Modeling of the absorption spectra

In order to facilitate connection to ultrafast electronic
spectroscopy, we have evaluated electronic spectra along
the AIMD trajectories. In our earlier work,20 we calculated
the absorption of the water dimer cation at various geome-
tries along the proton transfer coordinate and this provides a

FIG. 6. Snapshots of the aqueous bulk system right after ionization (t = 0) for a selected trajectory using different electronic structure methods. Water molecules
are shown together with isosurfaces of the spin density.
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FIG. 7. Water pentamer as a benchmark cluster system, calculated with different methods (see text for detail). Water molecules are shown together with
isosurfaces of the spin density.

helpful starting point for the bulk liquid ionization. The dimer
cation is the simplest model of the proton transfer reaction
in bulk water, where fully ab initio high-level calculations
of the absorption spectrum are tractable.20 We found that at
the geometry of the neutral water dimer, the dimer cation has
a calculated absorption near 620 nm that is associated with
the H2O+ moiety and decays with the timescale of the proton
transfer reaction. Following the reaction coordinate downhill
to a weakly bound H3O+. . . OH pair, a calculated absorption
band in the UV corresponds to a purely valence transition on
the OH radical.20 A similar evolution of the optical signature
is found for the gas phase dimer cation with wave packet time
dynamics computed explicitly.23

Here we have generalized this approach to follow the
bulk AIMD trajectories presented above and tried to include
as much of the effect of the extended solvent on the electronic
excitations as possible. As discussed in the Methods section,
we have done this using a QM/MM approach. The reactive
trimer is described by the EOM-IP-CCSD electronic struc-
ture method, while the rest of the system is described by point
charges. While this limits the description of the delocaliza-
tion, we can still follow how the reactive process influences
the spectroscopy as the proton transfer reaction proceeds. In
addition, we are sampling a range of initial H-bonding ge-
ometries in the liquid and structural changes of the network
along the AIMD trajectories contain the collective effects of
the liquid (e.g., “solvent drag”) in modulating purely ballistic
motions. In the AIMD simulations, the hole is initially par-
tially delocalized, whereas here, the forced localization from
the very earliest times allows us to obtain a clear picture of the
spectral signature of the localized hole and thus a means to
disentangle the spectroscopy from the localization dynamics.

At early times (t = 0–30 fs), we observe a very strong ab-
sorption spanning the entire 1–5 eV energy range [Fig. 8(a)].
Very little nuclear dynamics has occurred up to this point;
consequently, the electronic states of all three water molecules
are approximately degenerate. In particular, the configuration
of the two hydrogen bond accepting molecules is conducive
to the formation of an intense charge-resonance band.25

Due to the absence of symmetry constraints, this transition
couples to all the other excitations yielding intense bands
throughout the entire spectral range. As the reaction proceeds,
a close degeneracy between the two accepting molecules, one
of which becomes H3O+, is lifted, the charge-resonance tran-
sition disappears, and lower intensity is observed throughout
the entire spectrum.

Subsequently, as this broad absorption dies away, a new
absorption band is seen, weak at first and rapidly blue shift-
ing as it grows. By extrapolating to early times [more easily
seen in Fig. 8(b)], this feature starts at ∼2.3 eV (540 nm) at
30–50 fs and evolves to ∼4 eV (310 nm) by the end of the
computed time window. The band is not fully developed in in-
tensity until ∼150 fs. We note that a rising, blue shifting band
is similar to predictions for the dimer cation.20, 23 This evolv-
ing band has been assigned as the H-bond donor a1 → b1 (or
(a1/b1)* and (a1/b1) → (b1/0) in the dimer molecular orbital
formalism introduced in Ref. 20) transition at the vertical ion-
ization geometry turning into the σ → π valence transition
on OH with increased oscillator strength.20 In the bulk simu-
lation, the a1 → b1 transition starting out near 2.3 eV, which
we are assigning to localized H2O+, is considerably weaker
than in the dimer work. There is another noticeable difference
in the time-evolving spectrum between the gas phase dimer
and the bulk. In the wave packet simulations of Kamarchik
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(b)

(a)

FIG. 8. (a) Time evolution of electronic excitation spectrum for ionized bulk water. Average of 22 AIMD trajectories with excitations computed for core trimer
at the EOM-IP-CCSD level (see text). Stick spectra for each trajectory are broadened with 0.6 eV FWHM Gaussian. Excitations shown only for 1–5 eV, the
optically accessible range. (b) As panel (a) except that the computed spectral intensity is turned on for each trajectory only when the spin is 95% localized as
judged by analysis of the BLYP-SIC density, see Fig. 4. Intensity scale bar in both the plots is the oscillator strength density relative to that of the corresponding
gas phase OH radical transition (0.00312).

et al.,23 the proton is first transferred in ∼10 fs and the spec-
tral shift from 3 to 4 eV is over in 30 fs. This suggests that
the delayed onset of proton transfer events in the bulk simu-
lations, brought about by a rate limiting localization step, is
manifested by slower spectral shifting in the electronic spec-
tra. The influence of the surrounding waters (included as point
charges) seems to introduce only modest changes to the basic

spectral features, for example slightly red shifting the termi-
nal OH(aq) band compared to the gas phase dimer.

It is perhaps understandable that the current spectral
predictions map so well to the dimer cation spectra (with the
exception of the timescales) because there is an artificial
localization inherent to the present computational procedure.
Although the nuclear motions are dictated by the full AIMD
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and proton transfer is inhibited until spin localization has
taken place, the small size of the QM core (and particularly
the fact we carve out a trimer with a central double H-bonded
donor25) in the EOM-IP-CCSD calculations is prematurely
forcing the electronic structure to localize in the spectral
calculations. As we do not know what the spectral signature
of an initial hole spread throughout the water network is, we
turn on the spectra only after 95% localization is achieved for
each individual DFT trajectory, where we expect the coupled
cluster trimer to be a reasonable starting point for predicting
the electronic spectrum [Fig. 8(b)]. This removes the strong
initial feature, while the rest of the spectrum is not affected.
Spectrally ignoring the first phase can be further justified
when making a comparison to experiment as this temporal
region is obscured by a separate coherent spectroscopic
transition (vide infra) due to pulse overlap. This ad hoc
procedure has the advantage of highlighting the weak early
feature in the spectral simulations between 2 and 2.5 eV
which we have assigned as the spectrum of the localized
H2O+ hole. Clearly, an improved description of the electronic
spectroscopy including a large quantum mechanical region
is highly desirable to determine the spectroscopic signal of
the early delocalized hole, but such an approach is beyond
current computational capabilities.

Experimental search for the cationic hole and its
evolution by femtosecond transient absorption

The ratio of the calculated oscillator strength at the
proton-transferred geometry to the experimental46 extinction
coefficient of the OHaq (σ → p) transition in liquid water
gives a scaling factor that can also be used to estimate the
transition strength for a localized hole. Due to the uncertain-
ties described in the preceding paragraph, we use for this es-
timate the earlier value20, 25 for (H2O)2

+ at the vertical dimer
cluster geometry. This crude analysis suggests an experimen-
tal extinction coefficient of at least 80–100 M−1 cm−1 at peak
for localized H2O+, equivalent to about 0.4% of the maxi-
mum absorptivity of the equilibrium solvated electron (and
comparable to the OH radical valence band absorption near
310 nm) originating from the photoionization process.52 Note
that we make our comparison with the long wavelength part
of the OH(aq) absorption that has been assigned to the va-
lence transition rather than the stronger charge transfer com-
ponent at wavelengths shorter than 300 nm. The experimen-
tal extinction coefficient at the maximum of the OH (A←X)
transition in water is ∼125 M−1 cm−1 at 350 ◦C (see Ref. 46),
where hydrogen bonding is significantly reduced from room
temperature, approximating the dimer. The calculated UV ab-
sorption band in the proton-transferred geometry of the dimer
is ∼1.5 to 1.7 times stronger than the calculated absorption of
the cation dimer at the initial geometry.

The solvated electron absorption takes 2–3 ps to reach its
maximum value due to trapping and relaxation dynamics,16, 53

leaving a potential window (despite this unfavorable detec-
tion contrast ratio) to probe the newly localized hole. Assum-
ing then that ionization produces equal numbers of H2O+ and
solvated electron, the estimated extinction coefficient puts the
H2O+ absorbance very close to experimental detection limits

in favorable cases where the solvated electron signal exceeds
20 mOD. In addition, a fraction of the electrons are likely
to undergo geminate recombination during the 2–3 ps before
the solvated electron signal reaches its maximum, suggest-
ing a higher initial concentration of H2O+ than implied by
the electron signal.54 So, although the H2O+ absorption is al-
most certainly weak, the fact that it is quite possibly within
our detection limits convinced us to attempt a search for the
experimental signal in the transient absorption spectrum.

Broadband pump-probe measurements were therefore
performed that probe the range from 300 to 800 nm.
Our experimental apparatus has been described in detail
previously.16, 17, 31 Briefly, 30 fs pulses centered between 223
and 227 nm derived from four-wave mixing in a hollow-core
fiber55 are focused into a 70 μm thin flowing film of neat
liquid water.56 At the focus, two-photon absorption of the
pump by water leads to prompt ionization, and a broadband
white light continuum brought to a narrower focus probes
the absorption of products. The differential absorption from
the continuum is measured on a photodiode array with the
pump blocked every other shot. Figures 9(a) and 9(c) show
two datasets covering different parts of the continuum probe
transient absorption spectrum. A strong two-photon (pump
+ probe) absorption at short wavelengths dominates the sig-
nal near time-zero, where the pump and probe pulses over-
lap in time,31 while the absorption at longer wavelengths rises
with a timescale of ∼1 to 2 ps due to the formation of sol-
vated electrons57, 58 neither of which is accounted for in the
present AIMD simulations. Although well understood, these
two strong features complicate the search for a weak transient
absorption by a localized H2O+. As shown in the representa-
tions of the computed spectrum in the panels (b) and (d) of
the figure, the H2O+ species is expected to absorb from 600
to 500 nm, with a lifetime determined by the proton-transfer
reaction, and then evolve into an OH radical that absorbs in
the near-UV (most clearly seen in panel (b)). Comparing pan-
els (a) with (b) and (c) with (d) in Fig. 9, as well as their
cuts (Fig. 10), shows that there is no clear experimental sig-
nature for a localized H2O+ which would appear sandwiched
between these two other intense features in the dispersed 2D
dataset. From comparison of panels (a) and (b), it is clear that
even the signal from the final product OH radical (expected
with intensity ∼0.2 to 0.3 mOD is itself difficult to discern the
above continuous tail of the rising electron band, surprisingly
already present at short wavelengths just after the 30 fs ioniza-
tion pulse). Figures S3 and S4 in the supplementary material
show additional data and the OH spectral band contribution
expected (based on that detected from H2O2 photolysis).63

Careful examination of the pump-probe anisotropy and
power dependence of the signal do not reveal any sign of
a spectroscopic signature of H2O+. Weak absorption by the
short-lived H2O+ transient species is the most likely expla-
nation for the absence of an experimental signal. Another
possible experimental limitation is the short lifetime of the
H2O+ species, because the strong two-photon absorption
peak dominates the transient spectrum up to about 40 fs. This
experimental complication means that regardless of our un-
certainty in the spectral signature prior to localization [and
omitted in Figs. 8(b), 9(a), and 9(c)], the experiment will not
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(a) (b)

(c) (d)

FIG. 9. Comparing spectral predictions and experiment. (a) and (c) Experimental transient absorption spectra with a continuum probe and time resolution of
40–50 fs. Photoionization of pure liquid water achieved with 2 photons giving a total excitation energy ∼11 eV. Scale bar is transient absorbance in mOD.
The signal aligned along zero delay is coherent pump + probe absorption and is observed in absence of ionization (see text). In (a), cross phase modulation
between the pump and 800 nm driven probe continua is observed (see arrow)—this is minimized by driving the continuum at 1350 nm (c). Signal rising to
maximum at 500 fs delay most prominently at 700 nm is from the solvated electron; when fully developed, the absorbance at 720 nm is 20 mOD. (b) and (d)
Simulated spectrum for ground state cationic hole in bulk water, reproduced from Fig. 8(b) but now shown matching experimental range of probe wavelengths
and normalized to peak spectral intensity. Recall that the spectral simulation shows only signals attributable to the ionized and localized hole. These signals are
not apparent in the experimental datasets.

be able to comment on the spectral evolution during this earli-
est period. The best case experimental time-resolution of ∼40
fs is determined by the duration of the pump laser pulse; this
limits our observation window to transient species with life-
times longer than about 30–40 fs. Cross-phase modulation
and non-linear dispersion of the broadband probe pulses fur-
ther complicate the signal at very short delay. This can be seen
in the data in panel (a) using continuum light generated at 800
nm; we obtained better time resolution and stronger signal
using this continuum but significant cross phase modulation
artifacts (marked on plot with arrow) can be seen in this data
which complicate its interpretation. The data in panel (c) were
recorded using broadband probe light generated at a central
wavelength of 1350 nm, where the cross-phase modulation
and dispersion effects are minimal. Overall, analysis of all of
our data suggests we find no evidence for H2O+, including
where the time resolution is as short as 40 fs and where the
solvated electron signal exceeds the target 20 mOD. Although

our experiments fail to reveal a signature we can associate
with a H2O+ species, based on our experiments we can rule
out the previous measurement of Gauduel as an observation
of H2O+ or its reported lifetime.14 We have also been able
to place limits on the cross section and/or the lifetime of this
species.

The earlier14 pump-probe experiments delivered 8 eV
of energy into water, as compared to 11 eV employed here.
As remarked on in the Introduction, we now know that two-
photon photolysis of water near 11 eV yields a much higher
fraction of ionization events (compared to dissociation events)
than two-photon excitation at 8 eV28, 59 and at much lower
pump intensity due to the much higher 2PA cross section.31 In
that case, if the proton transfer reaction timescale was 100 fs,
the decaying signal assigned to H2O+ by Gauduel near
400 nm probe would then be readily seen here [Fig. 9(a)] with
shorter pulses and at 11 eV total excitation energy. The signal
in Ref. 14 instead of being due to H2O+ is most likely due to
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(a) (b)

(c) (d)

FIG. 10. Spectral cuts from the four panels of Fig. 9 at four pump-probe delays comparing theoretical prediction (b and d) and experimental reality (a and c).
No blue shifting feature is picked up experimentally.

simultaneous absorption of one pump and one probe photon
when the two laser pulses are overlapped in time.31 No excited
state is formed in this pathway and the width of the feature is
instead determined by the cross correlation of the two pulses.
If any of the signal is due to population formed by absorption
of two pump photons (no intensity dependent data are given in
Ref. 14), this part of the signal must originate from absorption
from the excited state of neutral H2O and the free43, 46 OH rad-
icals formed very rapidly by direct dissociation.28 Preliminary
measurements in our laboratory show rotationally hot OH rad-
icals, formed in greater yield by photodissociating H2O2 than
two-photon water photolysis, absorbing out to 400 nm (Figure
S4).60 We reiterate that H2O+ is not formed with 8 eV total
energy deposition.

If the lifetime of H2O+ is as short as the current AIMD
trajectories indicate, more intense pump pulses would in-
crease the likelihood of observing the proton-transfer reac-
tion directly. Shorter pulses give better time-resolution but
at the expense of increased cross-phase modulation artifacts.
More intense pulses would increase the population of H2O+

(quadratic in pump intensity), and thus, the signal relative to
the 2PA feature which is linear in the pump. However, if (as
indicated by AIMD calculations) the initial cationic hole is

delocalized and upon localization reacts fast, this means that
the population of the localized H2O+ will be small at any
time, and that even shorter pulses may not resolve the problem
of its detection.

There are some additional factors we should consider. In
the calculations, we have made an assumption that H2O+ is
formed in its ground electronic state, since excited state dy-
namics would involve calculations of the higher states and
non-adiabatic couplings, which are both highly non-trivial
tasks in the condensed phase. It is possible that it is also non-
trivial experimentally to produce a ground state H2O+. It may
be that in the experiment ionization at 11 eV does not exclu-
sively lead to H2O+ with a (1b1)–1 hole and consideration of
the excited resonance state of water prepared would then be
necessary.31, 61 In this scenario, excitation would promote an
electron from the second highest occupied orbital, 3a1 (just
as in the gas phase B̃ ← X̃ band) and this is more likely to
autoionize to give an excited state (3a1)–1 cation, or decay
through a neutral dissociative mechanism that does not pro-
duce H2O+ as a transient. The dynamics subsequent to ejec-
tion of a 3a1 electron from the water dimer has recently been
considered by Kamarchik et al.23 The excited H2O+ cation so
formed is metastable to proton transfer, and also has a very
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different excited state spectrum compared to the ground state
localized cation here so far considered. The dissociation sce-
nario is analogous to the neutral pathway that we have previ-
ously indicated plays a role at lower excitation energies near
8 eV, except that OH radicals will be formed in an electron-
ically excited state. Therefore, neither of these putative 3a1

promotion channels produces the ground state H2O+ we have
sought here. The relative two-photon cross sections for the
various (1b1)−1 and (3a1)−1 excited states and also for direct
ionization determine the importance of each of these chan-
nels. Despite this possible explanation for the non-observation
of ground state H2O+ signal, our current assignment of the
liquid water spectrum still suggests that at 11 eV transitions
to (1b1)−1 dominate over any (3a1)−1 excitation pathway.31

CONCLUSIONS

We have investigated in detail the reaction dynamics of
the cationic hole formed in water after ionization by high
energy radiation. Not only is this reaction of fundamental
importance in radiation chemistry, but this is also an excel-
lent test case for ab initio molecular dynamics, complement-
ing the numerous studies that have considered the excess
electron in water. We find that from a theoretical perspec-
tive, there is an initially partially delocalized state and that
the localization transition is of key importance in determin-
ing the overall timescale for the reaction process. The de-
gree of delocalization and the timescale for localization, how-
ever, are critically determined by the amount of HF exchange
included in the DFT treatment. We have carefully bench-
marked a self-interaction correction for BLYP against varying
amounts of exact HF exchange and EOM-IP-CCSD for small
clusters.20, 25, 62 For such a benchmarked DFT model, the aver-
age localization time is ∼30 fs and proton transfer starts prac-
tically immediately. Although the proton transfer step may
proceed even faster if quantum tunneling is accounted for, as
localization is found to be rate limiting here, tunneling should
not influence the overall kinetics.

Simulated electronic spectra are constructed using a
QM/MM scheme based on EOM-IP-CCSD and the structural
snapshots from the set of AIMD trajectories. These predict an
electronic signature shifting across the visible into the near-
ultraviolet and intensifying with time that provides a means
to track the reaction H2O+ + H2O → OH + H3O+. A tran-
sient absorption experiment with 40 fs time resolution was
carried out but did not see any such signature of reaction in
the visible and near UV. The spectral simulations make clear
that determining a reaction time by monitoring transient ab-
sorbance in the ultraviolet (in the stronger charge transfer part
of the OH spectrum43) is not an unambiguous marker for the
appearance time, as the system absorbs in this region even
prior to proton transfer. This experimental result definitively
overturns the prior value of 100 fs based on pump-probe spec-
troscopy and very often quoted in the literature and introduc-
tory texts on radiation chemistry for this reaction.

Several points concerning the experiment should be ac-
knowledged: (i) Our sensitivity to a localized H2O+ based on
its visible band oscillator strength may not be sufficient. (ii)
Because the localization step is rate-limiting for the overall

reaction, the localized H2O+ starts reacting immediately and
so is never strongly populated. This, together with the dis-
tribution of the starting times of the reaction (equivalent to
the localization times), makes it difficult for the experiment
to detect. (iii) In the experiment, due to complexities of the
photoionization process itself, which are yet to be fully un-
derstood, the system may not start out on the ground state
cation surface considered by AIMD. (iv) It is possible that the
reaction time is indeed at the lower limit of the theoretical pre-
diction and is, therefore, not resolvable with current temporal
resolution of the experiment.

In summary, we have characterized the ultrafast dynam-
ics following photoionization in bulk water with AIMD sim-
ulations. These calculations provide a detailed molecular pic-
ture of the cationic hole localization and subsequent proton
transfer and a <40 fs timescale for the overall reaction is con-
sistent, but not proven, by a new time-resolved study.
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The process of electron localization on a cluster of 32 water molecules at 20, 50, and 300 K is unraveled

using ab initio molecular dynamics simulations. In warm, liquid clusters, the excess electron relaxes from

an initial diffuse and weakly bound structure to an equilibrated, strongly bound species within 1.5 ps. In

contrast, in cold, glassy clusters the relaxation processes is not completed and the electron becomes

trapped in a metastable surface state with an intermediate binding energy. These results question the va-

lidity of extrapolations of the properties of solvated electrons from cold clusters of increasing size to the

liquid bulk.
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Interaction of ionizing radiation with water leads to
formation of a quasifree electron and a partially delocal-
ized cationic hole. Both of these species undergo ultrafast
reactive dynamics. H2O

þ reacts on a 100 fs time scale with
a neighboring water molecule forming H3O

þ and OH
[1,2]. The latter is a key radical involved in indirect radia-
tion damage of DNA. In this process, the quasifree electron
also plays a role [1,3]; however, the aqueous environment
causes its localization and formation of a solvated electron
on a picosecond time scale [4,5]. Depending on water
purity, solvated electrons survive for up to microseconds
or milliseconds before reacting with salt ions, dissolved
oxygen molecules, OH radicals, protons, or water mole-
cules themselves [1,6–10]. These are fundamental reac-
tions in radiation chemistry, which are important, among
others, in nuclear waste treatment [1].

Avery detailed molecular insight into the structure of an
electron in aqueous environment has been gained from
cluster studies. Both experiments and calculations show
that the character of this species changes from a weakly
(dipole) bound electron in small water clusters to a more
bulklike solvated electron in larger clusters [11–19]. This
behavior has been utilized for extrapolating the binding
energy and other properties of the electron from clusters of
increasing size into the aqueous bulk [12,20]. These ex-
trapolations are, however, not free of contradictions, which
concern the occurrence of several isomers and electron
binding motifs, as well as surface vs interior location of
the electron in water clusters of different sizes [12,14,19].
A crucial issue, which has gained more attention recently
[15,21] and will be addressed in this study, is the fact that
extrapolations to liquid water are done using clusters at
very low (typically below 100 K) temperatures. Under
these conditions, clusters with tens to hundreds of water
molecules are unlikely to be liquid, but rather resemble
amorphous solids [22]. In such a glassy state, translational
motion is dramatically slowed down. Therefore, kinetically

trapped electron-cluster geometries which depend on
preparation conditions, rather than fully relaxed structures,
can prevail in the experiment [12,15]. Measurements and
simulations show that the observed state sensitively de-
pends on the history of the cluster both before and after
electron attachment [15,21].
Here, we address the question of electron localization on

medium-size water clusters at warm vs cold conditions
using ab initio molecular dynamics (AIMD) simulations.
Initially, an electron is vertically (i.e., without any geome-
try change) attached to a neutral cluster comprising 32
water molecules and its subsequent dynamics is followed
at cluster temperatures ranging from 20 to 300 K. We show
below that the resulting localization process dramatically
depends on temperature, which puts a question mark over
extrapolations from cold clusters to the liquid bulk.
The computational methodology has been described in

detail in our recent paper on electron-proton recombination
in water [9]. Briefly, we perform AIMD using the BLYP
density functional [23,24] with a dispersion correction
[25]. Pseudopotentials [26] replace the oxygen core elec-
trons and the hybrid Gaussian plane wave scheme is used
for efficient evaluation of the energies and forces [27]. The
self-interaction correction is employed for the singly-
occupied orbital in a restricted open-shell Kohn-Sham
framework [28]. The Kohn-Sham orbitals are represented
using a TZV2P basis set [29] augmented with diffuse
Gaussian functions placed on a regular grid spanning the
whole simulation box. Open boundary conditions together
with a suitable electrostatic solver [30] are used, as is
appropriate for a cluster system. The vertical detachment
energy (VDE) is calculated directly from the energy dif-
ference between the anionic and the neutral system at the
same geometry. The excess electron is plotted as the un-
paired spin density of the system [31]. Comparison to
RIMP2 calculations suggests that the present DFT calcu-
lations only slightly overestimate the VDE of the excess
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electron [31]. The present way of correcting the self-
interaction error improves the description of the anionic
cluster at the expense of artificially increasing the VDE.
Compared to previously used one-electron models [19,32]
the all (valence) electron AIMD approach adopted here
explicitly accounts for coupling between the excess elec-
tron and valence electrons of water molecules [33].

All the localization trajectories were started from the
geometry of a neutral water cluster. For comparison, equi-
librium trajectories were also performed, started with a
preexisting polarized cavity [31]. Initial geometries for
localization at low temperatures were obtained by energy
minimization, while the 300 K simulations used snapshots
from dynamics at 300 K as their initial condition. All
production simulations were performed at constant total
energy using the CP2K package [34].

We simulated six localization trajectories with an elec-
tron added to a cluster of 32 water molecules equilibrated
at 300 K. Figure 1 shows three snapshots from a represen-
tative trajectory, taken at 0, 950, and 4250 fs. Upon attach-
ment to the neutral cluster, the excess electron is initially
delocalized over the outer surface of the water cluster
[Fig. 1(a)], with a radius of gyration of about 6 Å. How-
ever, the excess electron immediately starts to shrink,
polarizing neighboring water molecules. This localization
process can be roughly separated into two steps. First,
water molecules locally reorient forming the initial solva-
tion structure within less than a picosecond [Fig. 1(b)]. The
structure then becomes even more favorable for electron
binding by translational and further rotational motion of
water molecules. This process creates a polarized cavity
and moves the electron deeper into the cluster. Never-
theless, for most of the simulation time the electron re-
mains solvated asymmetrically with respect to the center of
the cluster, i.e., close to the surface [Fig. 1(c)]. In less than
1.5 ps the electron thus acquires its final size of about
2.75 Å and becomes indistinguishable from an equilibrated

solvated electron in a 32 water cluster, as investigated in
our previous study [31].
The main physical characteristics, i.e., radius of gyra-

tion, VDE, and average distance from the cluster center of
mass (COM) [31] of the excess electron along the trajec-
tory depicted in Fig. 1 are plotted in Fig. 2. The top panel
shows the process of shrinking of the excess electron from
its initial size of 6 Å to about 5 Å in less than 1 ps, and then

to the final value of�2:75 �A in another 0.5 ps. The middle
panel depicts the VDE, the negative value of which
strongly correlates with the radius of gyration of the excess
electron, as observed also for the equilibrated solvated
electron [31]. The initial delocalized electron is bound to
the neutral water cluster by less than 1 eV; however, within
1.5 ps its vertical binding energy triples, fluctuating around
its final value of about 3 eV. The last panel of Fig. 2 shows
the time evolution of the average distance of the excess
electron from the COM of the water cluster [31]. This
distance decreases from its initial value of 6 Å to about
5 Å. The excess electron is thus brought closer to the COM
of the cluster by the localization process. Nevertheless, it
remains to be situated predominantly in the interfacial
region, in agreement with previous studies of an equilib-
rium solvated electron in a cluster of the same size [19,31].
Finally, note that there is little correlation between the
position of the excess electron within the cluster and its
vertical binding energy [31].
Time evolution of the radius of gyration of the excess

electron [9] for the six simulated trajectories at 300 K is
depicted in Fig. 3. Because of different geometries of the
neutral clusters at the moment of electron attachment, the
localization process is unique for each trajectory. Never-
theless, the feature common to all of them is that the excess

electron shrinks from �6 �A to roughly 2.75 Å in less than
1.5 ps. For comparison, the red plot at the left hand side of
Fig. 3 shows the distribution of radii of gyration of elec-
trons attached to neutral water clusters at 200 different
geometries, while the green plot at the right hand side

FIG. 1 (color). Snapshots from a representative trajectory at
times (a) 0, (b) 950, and (c) 4250 fs after the vertical attachment
of the excess electron to a cluster of 32 water molecules at
300 K.
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[Å

]

0

− 1

− 2

− 3

− 4

−
V

D
E

[e
V

]

0 1000 2000 3000 4000 5000 6000

t [fs]

0

2

4

6

di
st

an
ce

[Å
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FIG. 2. Time evolution of the radius of gyration (top panel),
vertical detachment energy (middle panel), and average distance
of the excess electron from the cluster center of mass (bottom
panel) for a representative localization trajectory at 300 K.
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corresponds to radii of gyration obtained from 40 ps of
simulation time of an equilibrium solvated electron. Note
that the initial and final distributions of radii of gyration of
the localization trajectories match the former and the latter
plot, despite the fact that the final distribution is taken from
entirely independent simulations.

Let us now move from clusters at ambient temperature
to very cold ones. Figure 4 shows the time evolution of the
radius of gyration of the excess electron for clusters with
mean temperature of 20 or 50 K, compared to those at
300 K. We see that upon moving from warm liquid to cold
solid clusters the situation changes dramatically. The initial
(subpicosecond) electron localization phase is similar for
all temperatures, except that the vertical electron affinity at
t ¼ 0 is slightly lower in cold clusters. However, at later
stages the electron on cold clusters does not localize fur-
ther, but rather gets trapped in geometries with a radius of

gyration between 4 and 5 Å and VDE of 1.3–1.5 eV.
Clearly, the initial (partial) reorientation of water mole-
cules is feasible also in the cold glassy clusters, but further
stabilization of the electron solvation structure by transla-
tional motion of water molecules is hindered at low tem-
peratures. The cold clusters thus get trapped in a meta-
stable situation about half way between the initial geome-
try and the equilibrated solvated electron. This trapping
will persist on much longer time scales than those of the
present simulations (up to 15 ps). This is due to the
extremely small diffusion rate in amorphous solid water,
which is at least 6 orders of magnitude below that in liquid
water [35,36]. Therefore, excess electrons attached to cold
water clusters are likely to be kinetically trapped in meta-
stable geometries for the micro to millisecond time scales
pertinent to the experiment [12,15].
The trapping and nonergodic behavior in cold water

clusters is further demonstrated in Fig. 5, which shows the
correlation between the radius of gyration of the excess
electron and its average distance from the COM of the clus-
ter at different temperatures. Comparison to simulations of
an equilibrated solvated electron at 300 K shows again the
pronounced difference between localization in warm vs
cold clusters. During electron localization at 300 K the
system explores the same phase space region as the equili-
brated electron (actually an even broader one thanks to the
initially strongly delocalized geometries). In cold clusters,
however, the excess electron remains localized in a narrow
phase space region corresponding to large distances from
the cluster center and large to medium values of the radius
of gyration. Most notably, at 20 or 50 K the system never
visits the region of small radii of gyration, which are
characteristic for equilibrium solvated electrons, nor does
it leave the outer surface of the cluster. Note that this is not
the only possible scenario of formation of cold anionic
clusters [15,21], but it is pertinent to cluster experiments
used for extrapolations to the liquid bulk [12,20].
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FIG. 3 (color). Time evolution of the radius of gyration of the
excess electron in the six localization trajectories at 300 K. Black
curve shows the average of these trajectories. Black dots mark
the values at t ¼ 0 fs. Left, red: distribution of radii of gyration
of electrons attached to neutral water clusters. Right, green:
distribution of radii of gyration of the solvated electron in
equilibrium trajectories.

0 1000 2000 3000 4000 5000
t [fs]

2

3

4

5

6

7

r g
[Å
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FIG. 4 (color). Time evolution of the radius of gyration of the
excess electron in localization trajectories at 20 and 50 K.
Arrows with labels show the VDE for both trajectories at the
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300 K are shown for comparison (gray).
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localization trajectories at 300 K. Red, blue: data from localiza-
tion trajectories at 20 and 50 K.
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Our simulations shed new light on attempts to extrapo-
late electron binding energies of different isomers from
cold water clusters to the liquid bulk [12,20]. Different
experimental conditions lead to effective temperatures of
the clusters between 10 and 150 K, where they are solid or
at most partially melted [37]. The present simulations of
clusters at 20–50 K are most relevant for experiments
performed in the lower temperature range, where isomers
with weakly bound electrons exist. Experiments show that
in such cold clusters several isomers of the excess electron
with distinct binding energies can be found [12]. Our
simulations support previous suggestions [12,15,19] that
most of these isomers are metastable structures kinetically
trapped in the glassy clusters. The most stable isomer
probably represents an exception, being close to a relaxed
structure. This is indicated by the fact that its VDE ex-
trapolates reasonably to the bulk value [15,20,38]. Still,
these clusters are about 200 K colder than the liquid bulk
and, moreover, at these temperatures, all the less stable
isomers are kinetically trapped structures. The present
calculations show that in liquid clusters at ambient con-
ditions, which are, however, not readily accessible to ex-
periment due to evaporative cooling, no such distinct
isomers exist. The electron, initially attached to a neutral
system at 300 K, always relaxes within 1.5 ps into its
equilibrated state. Only for this situation, extrapolation of
the properties of the excess electron with increasing cluster
size to the aqueous bulk is fully justified.
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Ab initio molecular dynamics simulations were performed with the aim to follow two scenarios for an excess
electron in cold water clusters. In the first one, an electron is attached to a quenched neutral cluster. Such an
electron, initially very delocalized and loosely bound, shrinks somewhat and increases its vertical detachment
energy to 1-1.5 eV within several picoseconds. Unlike in warm liquid clusters, the electron in this cold
system does not, however, reach a more compact and strongly bound structure. In contrast, if an equilibrated
negatively charged water cluster with a well-localized excess electron is instantaneously quenched to ∼0 K,
the electron remains strongly bound in a water cavity and practically does not change its size and binding
energy. These results have important consequences for detailed interpretation of photoelectron spectroscopy
measurements of electrons solvated in aqueous clusters and liquid water microjets.

Introduction

One of the pressing questions concerning the structure and
dynamics of a hydrated electron1-5 concerns the relation of its
properties in water clusters and in the liquid bulk. This question
is not only how clusters of increasing size approach the bulk
limit but also how different the experimental conditions in the
two situations are.6-12 A crucial property of a solvated electron
is its vertical binding energy, i.e., the negative of the vertical
detachment energy (VDE) of the anionic system. Its importance
is also reflected in the fact that experiments on negatively
charged water clusters6,8,12 have been used to extrapolate its
value to the bulk limit, which has been hard to obtain directly.
Most recently, direct VDE measurements in the aqueous bulk
have become feasible thanks to the technique of liquid
microjets.13-15 In this context it is imperative to properly
establish the relation between cluster and microjet experiments.
While the former systems are solid, having effective tempera-
tures below 150 K,12 the latter are liquid with temperatures above
the freezing point.13,15

A typical feature of the experiments on negatively charged
water clusters is that several isomers with distinct VDEs are
observed for a given system size.8,12 Depending on the particular
way of cluster preparation, these isomers are populated with
varying abundances.12 There is ongoing discussion about the
structural interpretation in terms of either the position (surface
vs interior) or different surface states of the electron.8,12,16-21

Attempts have also been made to extrapolate the VDEs of these
isomers to infinite size and interpret the extrapolated values in
terms of different structures (bulk vs surface) of an electron
solvated in liquid water.8,12,13 There is, however, a potential
problem with such interpretations. Namely, in the microjet
experiment, equilibrium liquid state conditions can be assumed
for the solvated electron.13,15 However, the isomers observed

in the solid clusters do not necessarily correspond to an
equilibrium situation but can reflect metastable situations
pertinent to their experimental preparation.11,12,20,21 The issues
to be addressed in such extrapolations are, therefore, connected
not only with different temperatures and phases (liquid vs
amorphous solid or crystalline) but also with thermodynamic
vs kinetically trapped states.

Problems connected with the metastability of the cluster states
of the solvated electron and the corresponding dependence of
the result on the method of preparation have been addressed
both in experiments12 and in simulations.20,21 Comparison
between two experiments with different ways of formation and
storing of the water cluster anions is revealing.8,12 Some isomers
are present in both measurements, while others show up only
in one experiment, which again points to their metastable nature.
Related calculations, treating the electron as a quantum particle
and water molecules classically, confirm that the occurrence
and population of different isomers reflect the thermal history
of the cluster.20 Most recently, we have performed ab initio
molecular dynamics simulations of the localization process
following electron attachment to cold or warm neutral water
clusters.21 Using a density functional theory based all (valence)
electron approach, we have shown that at 300 K the excess
electron attached to a neutral water cluster relaxes to an
equilibrium solvated state within 1.5 ps, while at 20-50 K it
becomes trapped in a metastable state about half way between
the initial and the fully relaxed state.21 Here, we employ similar
computational techniques to investigate and analyze electrons
in cold water clusters prepared in different ways. Out of the
various possibilities,20 we chose to compare two very different
scenarios. In the first one, the electron attaches to a cold neutral
cluster and localizes afterward, while in the second one an
equilibrated warm negatively charged water cluster is quenched
to 0 K. This comparison allows us to characterize in detail the
nature of electrons localized in or on cold water clusters prepared
under different conditions.
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Methods

We performed ab initio molecular dynamics (AIMD) simula-
tions for anionic clusters consisting of 32 water molecules. Initial
conditions for the trajectories were prepared in two different
ways. In the first one, structures from an AIMD of a neutral
water cluster were taken and energy minimized and, at t ) 0,
the number of electrons was increased by 1. Eight trajectories
were launched from these initial geometries with velocities
sampled from Maxwell-Boltzmann distributions at 30-50 K.
In the second one, geometries were obtained by energy
minimization of 47 structures obtained in previous AIMD
simulations of (H2O)32

- at 300 K.21 Subsequently, two of these
were used as initial conditions for MD trajectories. Classical
equations of motion for the nuclei were propagated with a time
step of 0.5 fs with no temperature coupling.

Energies and forces were evaluated using the Becke, Lee,
Yang, and Parr (BLYP) exchange-correlation functional.22,23

Dispersion interactions were accounted for using empirical
pairwise damped London terms.24 It was shown previously that
this combination provides a very good description of liquid
water.25 To correct for the self-interaction error, which is an
important issue for open shell systems, the functional was
augmented with an additional term depending on the electron
density of the unpaired electron.26,27 To this end, we worked
within a restricted open shell formulation of the density
functional theory. The Kohn-Sham orbitals were expanded into
an atom-centered triple-� basis set with two polarization
functions, optimized for condensed molecular systems,28 in
conjunction with an auxiliary plane wave basis with a cutoff of
280 Ry for the electronic density. The Goedecker-Teter-Hutter
norm-conserving pseudopotentials29 replaced the oxygen core
electrons. The system was placed in a 20 × 20 × 20 Å3 box,
and an open boundary conditions Poisson’s solver,30 appropriate
for clusters, was employed. For a proper description of the
diffuse part of the spin density, an additional grid of 1000
Gaussian functions with width of 0.189 Å-1 and spacing of 2
Å was placed within the box.21 VDE was evaluated as the
difference between ground state energies of the cluster before
and after electron detachment, in the geometry of the anion.
Calculations were performed using the Quickstep module of
the freely available CP2K program package.31

Below, we provide for reference definitions of various
quantities monitored during the AIMD runs. Due to the restricted
open-shell formalism employed, the total spin density of the
system coincides with the density of the singly occupied
molecular orbital (SOMO):

The spin density itself is normalized as

The two main observables monitored throughout all of the
simulations are the first and second moments of the spin
distribution. Whereas the first moment rc provides the center
of the spin distribution

the second moment corresponds to the gyration tensor

This tensor has three eigenvalues, denoted as λx
2, λy

2, and λz
2.

For a description of the size of the excess electron, we use the
radius of gyration rg which can either be defined as

or using the three eigenvalues of the gyration tensor

The gyration tensor is symmetric and positive-definite; hence
all its eigenvalues are positive as well. Thus, we can approximate
the shape of the spin distribution as an ellipsoid with its half-
axes equal to λx

-1, λy
-1, and λz

-1. Several shape descriptors are
available for such an ellipsoid.32 The asphericity b determines
the deviation from a perfect sphere

It acquires non-negative values and it is zero for a perfect sphere.
The deviation from cylindric symmetry (acylindricity) is

which is also always non-negative and zero for cylindric
symmetry. The relative shape anisotropy, given by

is an overall measure of the deviation from any kind of
symmetry of the ellipsoid. It is bounded between 0 and 1, with
zero corresponding to a perfect sphere.

Results and Discussion

In this study, we compare the behavior of the excess electron
in cold water clusters prepared in two different ways: (i) by
attaching an electron to a neutral system which has been
thermally equilibrated and then instantaneously quenched to 0
K or (ii) by instantaneously cooling to 0 K a previously
thermally equilibrated negatively charged cluster, with the
electron occupying a well-developed cavity and being strongly
bound. In each case, we monitor the dynamics started from these
initial conditions with the total energy of the system kept
constant. Figures 1 and 2 show representative sets of snapshots
from these trajectories (for animations of these trajectories see
Supporting Information). We see that the two different ways
of preparation of the cold clusters lead to qualitatively different
structure and dynamics of the excess electron. When the electron
is attached to a cold cluster (Figure 1), it is initially strongly
delocalized over the cluster surface and within several pico-
seconds partially localizes at one side of the outer surface of
the water clusters. As also discussed in previous studies,21,33

this partial localization is due to a slight reorganization of the

s(r) ) ΦSOMO(r)ΦSOMO*(r)

∫ s(r) d3r ) 1

rc ) ∫ rs(r) d3r
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dangling hydrogens of surface water molecules. However, in
the cold water cluster there is not enough flexibility to allow
for a creation of a polarized cavity, which would lead to a fully
solvated electron. Such an equilibrated cavity electron forms
in a warm cluster and remains largely intact upon cooling of

this structure (Figure 2). Moreover, the shape of the excess
electron prepared in this way mostly does not change during
dynamics after cooling (Figure 2). It is worth mentioning at
this point that the excess electron in the warm cluster, while
strongly localized most of the time, can transiently acquire rather
delocalized structures.18 If such a structure is quenched to 30-50
K, we found that in the subsequent dynamics the electron
remains delocalized at the cluster surface.

Time evolution of the radius of gyration of excess electrons
prepared in the two ways described above is depicted in Figure
3. An electron attached to a quenched neutral water cluster starts
gradually shrinking from its initial radius of more than 6 Å.
However, on the time scale of the (several picosecond)
simulations it remains significantly larger than an electron
equilibrated at 300 K, with radius below 3 Å. In contrast, for
an equilibrated negatively charged water cluster quenched to 0
K the already small electron further slightly shrinks and
preserves its smaller size for the whole duration of the “cold”
trajectory. The sizes of excess electrons prepared in these two
ways thus appear on opposite tails of the equilibrium size
distribution in the warm cluster (Figure 3). Figure 4 shows for

Figure 1. Snapshots of the localization process following the attach-
ment of an electron to a cold neutral water cluster: (a) the moment of
electron attachment (t ) 0 fs); (b) snapshot after partial localization
on the surface (t ) 1.75 ps); (c) after further relaxation to a metastable
state (t ) 5 ps). Isovalues correspond to electron densities of 0.003,
0.0005, and 0.0002 au.

Figure 2. Snapshots from a run of an anionic water cluster equilibrated
at 300 K and then instantaneously quenched to 0 K. (a) t ) 0 fs and
(b) after 5 ps molecular dynamics at constant energy.

Electrons in Cold Water Clusters J. Phys. Chem. C, Vol. 114, No. 48, 2010 20491



the same set of trajectories as in Figure 3 the corresponding
time evolution of VDE. For electrons attached to cold water
clusters, their vertical binding shifts from about -0.5 to -1 to
-1.5 eV. These values are still rather far from the -2.5 to -3
eV binding of electrons in clusters equilibrated at 300 K,
indicating that the clusters are kinetically trapped.20,21 Note also
that cooling of an equilibrated negatively charged cluster leads
to small increase of electron binding, which then remains
roughly constant as time evolves (Figure 4).

Figure 5 shows the time evolution of the radius of gyration,
VDE, and the distance between the center of the electron and
center of mass of the cluster for a representative trajectory started
by attaching an electron to an instantaneously quenched
equilibrated neutral water cluster. As in our previous studies,18,21

we see a very strong correlation between the size of the excess
electron and its vertical binding energy. In contrast, there is
little correlation between the VDE and the position of the

electron with respect to the water cluster. This indicates that
photoelectron spectroscopy is an excellent tool for distinguishing
between delocalized and compact excess electron structures.
However, it does not provide direct information about the
position (interior vs interfacial) of the excess electron.

A direct presentation of the correlation between the radius
of gyration and VDE of the excess electron is provided in Figure
6. We see that the two investigated ways of preparing cold
excess electrons lead to filling separate regions of phase space.
Electrons attached to equilibrated and then quenched clusters
fill during subsequent dynamics a narrow region where the
radius of gyration changes from 6.5 to 3 Å and, in concert,
VDE moves from 0.5 to 2 eV. In contrast, when an equilibrated
negatively charged water cluster is quenched to 0 K, the phase
space region encompasses small radii of gyration (roughly 2-3
Å) and strong electron binding (about -2.5 to -4 eV) with
zero overlap with the situation where the electron is attached
to cold clusters (Figure 6). The phase space region corresponding

Figure 3. Radius of gyration of the excess electron as a function of
time for different types of trajectories. Runs started from quenched
equilibrated anionic water clusters are shown in blue (two trajectories),
runs started by attachment of the electron to a quenched neutral water
cluster are shown in other colors (eight trajectories). Equilibrium runs
at T ) 300 K are shown in gray for reference (six trajectories).

Figure 4. Vertical detachment energy of the excess electron as a
function of time for different types of trajectories. Runs started from
quenched equilibrated anionic water clusters are shown in blue (two
trajectories), runs started by attachment of the electron to a quenched
neutral water cluster are shown in other colors (eight trajectories).
Equilibrium runs at T ) 300 K are shown in gray for reference (six
trajectories).

Figure 5. Time evolution of the radius of gyration (top panel), vertical
detachment energy (middle panel), and average distance of the excess
electron from the cluster center of mass (bottom panel) for a
representative trajectory corresponding to initial attachment of the
electron to a quenched neutral water cluster.

Figure 6. Correlation between the vertical detachment energy and the
radius of gyration of the excess electron for different types of trajectories
and configurations. A set of geometries obtained by cooling equilibrated
anionic water clusters is shown in black, runs started from three of
those geometries are depicted in blue, and runs started by attachment
of an electron to a quenched neutral water cluster are shown in other
colors (eight trajectories). For comparison, equilibrium runs at T )
300 K are shown in gray (25 ps total simulation time).
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to equilibrated anion clusters at 300 K lies between these two
sets, overlapping on one end with the quenched negatively
charged clusters, while being separated by a gap from electrons
attached to cold clusters (Figure 6). The latter confirms that
attaching an electron to a cold cluster does not lead (at least on
the time scale of the simulation) to an equilibrated strongly
bound electron but rather to a weak electron binding energy of
a kinetically trapped species. Figure 7 shows similar correlations
as in Figure 6, but now between the asymmetry parameter of
the excess electron27 and its radius of gyration or VDE. We see
that the extended, loosely bound structures, pertinent to electron
attachment to a cold cluster, start as rather asymmetric distribu-
tions, which become more symmetric as the electron (partially)
localizes. The more compact and more strongly bound structures,
corresponding to equilibrated negatively charged clusters, both
before and after cooling, tend to be also more symmetric as
seen from lower values of the asymmetry parameter.

The kinetic trapping of the structures obtained from dynamics
started by electron attachment to neutral clusters quenched to 0
K is further demonstrated in Figure 8, which shows the time
evolution of the root-mean-square deviation (rmsd) from the
t ) 0 structure as a function of time for a representative

trajectory. We see an increase of the rmsd from 0 to about 1 Å
within the first few picoseconds, which corresponds to small
rearrangements of the surface water molecules as the electron
starts to localize. However, the reorientation of water molecules
then stops as exemplified by the leveling of the rmsd. In contrast,
at ambient conditions rmsd continues to increase (Figure 8) as
the cavity for the strongly bound electron forms in sufficiently
large water clusters (such as that investigated here) and moves
by diffusion in the liquid cluster. This, however, does not happen
in cold clusters and, consequently, the system becomes kineti-
cally trapped. These observations have important implications
concerning the validity of extrapolations of the properties of
the excess electron from cold clusters to the bulk liquid. If
experiments could be done for warm liquid clusters, such
extrapolation would be well justified. However, since the
kinetically trapped structures with weakly bound electrons tend
to disappear upon heating, it is questionable whether such
extrapolations to liquid water are justified. This in particular
concerns the experimentally observed cold cluster isomers with
less negative VDEs,8,12 which do not seem to have an analogue
in the ambient liquid.

Our results concerning the structure and dynamics of the
excess electron are only as good as the underlying electronic
structure description. It is, therefore, important to establish the
reliability of the results with respect to the employed basis set
and density functional method. The former issue is of particular
importance for proper description of delocalized structures such
as the excess electron. We found out that adding a regularly
spaced grid of diffuse Gaussian functions is an effective and
economic way of dealing with this problem. Figures 9 and 10
demonstrate the convergence of the crucial properties of the
excess electronsits radius of gyration and VDE, with the
number of Gaussian functions added. We see that for an excess
electron in a well-developed cavity convergence is achieved at
around 500 basis functions. For a more diffuse structure of the
excess electron convergence is, as expected, somewhat slower,
nevertheless 1000 basis functions (which in the present setup
corresponds to a grid spanning the whole box) provide practi-
cally converged radius of gyration and VDE. Figure 11 shows
the effects of additional Gaussian functions and the self-
interaction correction26,27 on the radius of gyration, position of
the excess electron, and its VDE along a representative trajectory

Figure 7. Correlation between shape anisotropy and radius of gyration
(top panel) and vertical detachment energy (bottom panel) for different
types of trajectories and configurations. A set of geometries obtained
by cooling equilibrated anionic water clusters is shown in black, runs
started from three of those geometries are depicted in blue, and runs
started by attachment of an electron to a quenched neutral water cluster
are shown in other colors (eight trajectories). For comparison, equi-
librium runs at T ) 300 K are shown in gray (25 ps total simulation
time).

Figure 8. Root mean square deviation of the system from its initial
geometry as a function of time for a representative trajectory, where
the excess electron has been attached to a quenched neutral cluster at
t ) 0 (dark blue). For comparison, results for three equilibrium runs at
300 K are shown in gray.
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(same trajectory as in Figure 5; first 5 ps) corresponding to an
electron attached to a quenched neutral cluster. We see that the
effects of both the additional basis set and the self-interaction
correction are important. Additional Gaussians allow accom-
modating better the excess electron, particularly in regions where
no atoms of water molecules are present, which leads to its
increase in size and distance from the center of cluster. At the
same time a more complete basis set results in a more strongly
bound excess electron.

Density functional methods within the generalized gradient
approximation (such as BLYP) cannot provide an exact descrip-
tion of the excess electron.34 They tend to overshoot the VDE
of the excess electron, which may be partly due to an unbalanced
description of system with varying number of electrons, i.e.,
before and after electron detachment. The self-interaction
correction removes a significant part of the spurious self-
repulsion of the excess electron. This allows the electron to
better localize, leading to more compact and more strongly
bound structures. Quantitatively, inclusion of the self-interaction
correction increases the VDE by up to 0.5 eV. Since we do not
correct for self-interaction error in the closed shell state after
ionization, this increase may to some extent be artificial.
Nevertheless, the structure and dynamics of the anionic clusters,
which are in the focus of our study, should not be affected by
this.

Conclusions

We performed ab initio molecular dynamics simulations of
an excess electron in cold water clusters containing 32 water
molecules, comparing two ways of preparation of the initial
conditions of the system. Within the first scenario, we attached
at t ) 0 an excess electron to a neutral cluster, previously
equilibrated (at 300 K) and then instantaneously quenched to 0
K. In the second approach, a negatively charged water cluster
was first equilibrated at 300 K and then instantaneously
quenched to 0 K, after which the dynamics was monitored. In
the first case, the initially very delocalized and loosely bound
electron partially relaxed, which is connected with a decrease
of its size and increase of its vertical detachment energy from
about 0.5 to 1 - 1.5 eV within several picoseconds. However,
at these cryogenic conditions the excess electron in a sufficiently
large water cluster, such as the one investigated here, does not
reach equilibrium (at least not on the picosecond time scale)
but rather becomes kinetically trapped. In the second scenario,
the excess electron remains well localized in a water cavity.
As a matter of fact, cooling of equilibrated negatively charged
water clusters, possessing a well-localized excess electron, even
increases VDEs and decreases the electron size. The size and
binding energy of such an excess electron change little during

Figure 9. Radius of gyration (top panel) and vertical detachment
energy (bottom panel) for a representative cluster geometry with the
excess electron in a well-developed cavity, as a function of the number
of ghost atoms used as additional diffuse basis functions. A spherical
cutoff from the center of the excess electron is used to decrease the
number of ghost atoms.

Figure 10. Radius of gyration (top panel) and vertical detachment
energy (bottom panel) for a representative cluster geometry with the
excess electron in a diffuse surface state, as a function of the number
of ghost atoms used as additional diffuse basis functions. A spherical
cutoff from the center of the excess electron is used to decrease the
number of ghost atoms.
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subsequent dynamics. Our results demonstrate, in agreement
with previous studies,12,20,21 that the properties of the excess
electron in cryogenic water clusters depend on the details of
the preparation of the system. This also raises questions
concerning the validity of direct extrapolations of properties of
electrons in cold water clusters to the bulk liquid.13,21
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Figure 11. Time evolution of the radius of gyration (top panel), vertical
detachment energy (middle panel), and average distance of the excess
electron from the cluster center of mass (bottom panel) for the same
trajectory as in Figure 5 comparing calculations with self-interaction
correction and additional Gaussian basis functions (blue) to calculations
lacking either the former (red) or the latter (green) item.
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Solvated electrons are ubiquitous intermediates in radiation-induced processes, with their lifetime being
determined by quenching processes, such as the direct reaction with protons under acidic conditions. Ab
initio molecular dynamics simulations allow us to unravel with molecular resolution the ultrafast reaction
mechanism by which the electron and proton react in water. The path to a successful reaction involves a
distortion and contraction of the hydrated electron and a rapid proton motion along a chain of hydrogen
bonds, terminating on the water molecule most protruding into the electron cloud. This fundamental reaction
is thus decidedly shown to be of a proton-transfer rather than electron-transfer character. Due to the desolvation
penalty connected with breaking of the hydration shells of these charged particles, the reaction is, however,
not diffusion-limited, in agreement with the interpretation of kinetics measurements.

Introduction

Solvated electrons are formed when high-energy radiation
passes through condensed material ranging from biological tissue
to polymers, ceramics, or aqueous solutions used for nuclear
waste storage and reprocessing. Water, in particular, has played
a central role in radiation chemistry; understanding the chemical
reactions that occur subsequent to the initial ionizing events is
essential to model radiation-induced processes in the broader
class of soft matter.1,2 The electron in water polarizes the
neighboring solvent molecules, creating a hydrated electron,
which possesses a fluctuating structure with an average radius
of gyration3,4 of about 2.5 Å. When water is ionized, electrons
are hydrated on a time scale shorter than 1 ps, and these species
are highly reducing.1,2 In pure deoxygenated water, the electron
can survive for milliseconds, but its reaction with either added
quenchers or (bio)chemical systems already dissolved within
the liquid are key to the nature of radiation damage that occurs
subsequently.

Acids are often used to quench (or scavenge) solvated
electrons. For example, the proton quenching reaction plays an
important role in the highly acidic media used for reprocessing
spent nuclear material (PUREX process). Despite this ubiquitous
role of quenching reactions in the radiation chemistry of aqueous
systems and the fact that the kinetics of such quenching reactions
have been known for decades,5 a molecular picture for the
mechanism of this intriguing class of fundamental reactions has
remained elusive.

The electron-proton reaction leading to a hydrogen atom is
seemingly the most elementary chemical process, at least in the

gas phase, where 1312 kJ mol-1 are released upon association.
In water, the strong solvation of both charged particles
substantially reduces the exoergicity (∆G298° ) -50 kJ mol-1),
and the reaction mechanism becomes correspondingly much
more complex.6 The reaction can be thought of as either a proton
transfer from a hydronium ion to a weak base, forming the H
atom in the former cavity of the electron,7,8 or an electron
transfer onto H3O+, forming transiently H3O, which rapidly
dissociates.5 There has been considerable argument over which
is the correct picture.5,7,8 In either case, the process is a reaction
between an aqueous H3O+ and a water shell polarized around
a central negatively charged cavity of eaq

- . It is the subtle way
in which the solvent shells need to respond to the motion of
each particle that holds the key to understanding the reaction
mechanism. The reaction is fast (k298 ) 2.3 × 1010 M-1 s-1).5,9,10

However, compared to the H+ + OH- f H2O reaction, which
similarly requires a large solvent rearrangement upon the loss
of two ionic hydration shells, the electron-proton reaction in
water is almost an order of magnitude slower.2 Furthermore,
despite the Coulomb attraction and the high mobility of H+,
the electron-proton reaction is slower than either of the H +
eaq
- + H2O f H2 + OH- or OH + eaq

- f OH- reactions.2 The
comparison with the latter is significant since most solvated
electrons produced in the ionization of water recombine with
the geminate OH rather than the geminate hydronium.11,12

Analysis of kinetic studies6 suggests a barrier to the “contact”
reaction of the electron-proton pair with passage time of ∼20
ps.

Although the solvated electron as an unusual quantum solute
has been an attractive target for nonlinear spectroscopy in the
liquid-phase and gas-phase spectroscopy of anionic water
clusters, the reactivity of solvated electrons has mainly been
charted by pulse radiolysis pump-probe spectroscopy.1 On the
theory side, calculations have dealt with the equilibrium structure
and spectroscopy of the hydrated electron,4,13-17 with its reaction
with a proton addressed previously only with static calculations
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for a small model system of an isolated Eigen cation (H9O4
+).18

The dynamical simulations reported here thus represent the first
successful modeling of the quenching reaction of the hydrated
electron in a system already possessing features pertinent to
bulk water, using the full power of methods that compute the
electronic structure as it evolves in time.

Methods Section

This section provides computational details pertinent to the
present ab initio MD simulations of reactive quenching of the
hydrated electron by an excess proton. A set of 10 independent
initial conditions were prepared using a 500 ps classical
molecular dynamics run of a water cluster containing 31 H2O
molecules and a single hydronium (H3O+) and the electron
substituted by a negative ion of comparable size.17 At t ) 0,
we switched to ab initio MD, simulating nominally a
H+e-(H2O)32 system at the same geometry, employing the
semilocal Perdew-Burke-Ernzerhof exchange-correlation func-
tional empirically corrected for long-range dispersion interac-
tions.19 The Goedecker-Teter-Hutter norm-conserving pseudo-
potentials20 replaced the oxygen core electrons. The Kohn-Sham
orbitals were expanded in an atom-centered triple-� Gaussian
basis set augmented with two polarization functions and
additional diffuse functions21 that are necessary for proper
description of the solvated electron. The use of the restricted
open-shell formalism allowed us to employ the self-interaction
correction (SIC) for the unpaired electron.22 Only with the use
of the SIC do the results compare quantitatively to benchmark
MP2 calculations.

The optimal values of the SIC parameters a and b were
obtained by minimizing the mean-square difference (MSD)
between SIC-DFT and RI-UMP2/aug-cc-pVDZ energies for
geometries sampled along two different reactive trajectories. A
total of 17 configurations were employed, and for each trajec-
tory, energies were shifted to zero average before computing
the MSD. The optimization procedure yielded the following
values of the SIC parameters: a ) 0.313 and b ) 0.180. These
were subsequently rounded to a ) 0.3 and b ) 0.2 as it was
found that around these values, the choice of SIC parameters
influenced only slightly the calculated energies. Note that
comparing DFT calculations with and without SIC showed that
the latter shifts up the energy of the reaction product (i.e., the
H atom) with respect to the reactants by up to 80 kJ/mol,
hindering therefore the recombination process.

The convergence of the employed basis set in terms of the
description of the hydrated electron was checked by augmenting
the m-TZV2P basis set23 by diffuse Gaussian functions with an
exponent of 0.1 distributed uniformly in space on a cubic grid
with a lattice constant of 2 Å. Tests for one of the reactive
trajectories show that this has only a minor effect of a relative
stabilization of the reactants with respect to the products by
about 30 kJ/mol (as compared to the basis set employed
throughout the present study).

The system was placed in a 20 × 20 × 20 Å3 cubic box, and
a cutoff of 280 Ry was used for the auxiliary plane wave basis
set. The Poisson equation was treated with a wavelet-based
solver with open boundary conditions, which are adequate for
the investigated isolated system. Classical equations of motion
were integrated with a time step of 0.5 fs within the microca-
nonical ensemble. Forces were obtained from an electronic
structure calculation fully converged at each step. All dynamical
calculations were performed using the CP2K package and its
electronic structure module Quickstep,21 employing a setup
similar to that of our previous study that focused solely on the
nonreactive behavior of the hydrated electron.17

The initial geometries for the presented simulations were
obtained from classical molecular dynamics using an empirical
force field. The system consisted of a cluster of 31 SPCE water
molecules, a hydronium, and an iodide ion. For initiating each
of the ab initio molecular dynamics simulations, we took a
particular geometry along the classical trajctory, removed the
iodide, and set the total charge of the system to 0. In this way,
an initial cavity was created that is suitable for the solvated
electron due to its size and polarization of the surrounding water
molecules. Due to the presence of the proton, the electron does
not exhibit such a strong tendency to drift fast to the surface
via a delocalized state as in our previous study concerned with
its nonreactive behavior (i.e., without the presence of the
quenching proton).17

Finally, we provide here definitions of physical observables
monitored during the simulations. The total spin density of the
system is defined as the difference between electron densities
of the two spin components

Because of the restricted open-shell formalism used in the
present work, the spin density actually coincides with the
electron density of the singly occupied Kohn-Sham orbital

In the following, we work with a spin density normalized so
that

From this spin density, further quantities are derived. The center
of the spin density (i.e., the position of the electron) is the first
moment of the distribution

The radial distribution of the spin density relative to this center
is then

where R ) |r - rc| and dΩ denotes an integration over the
angular variables. The second moment of the distribution is the
gyration tensor, given by

We denote the eigenvalues of this tensor as sx
2, sy

2, and sz
2. The

relative shape anisotropy, κ2, is defined in terms of these
eigenvalues in a standard way.24

For the excess proton, we use the following definition. First,
two closest protons are assigned to each oxygen atom, forming
a water molecule. Then, the excess proton is identified as the
one left after this assignment. As a consequence, in H3O+,
the excess proton is the one connected to the central oxygen by
the longest of the three O-H bonds. Note that due to this

s(r) ) FR(r) - F�(r) (1)

s(r) ) φSO(r)φSO* (r) (2)

∫ s(r)d3r ) 1 (3)

rc ) ∫ rs(r)d3r (4)

4πr2s(R) ) ∫ s(r - rc)dΩ (5)

S ) ∫ (r - rc)(r - rc)s(r)d3r (6)
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definition, the identity of the excess proton in H3O+ can change
during vibrational motions of this ion.

Results

We chose a medium-sized cluster since it not only bears many
similarities to the aqueous bulk but also allows for comparison
to the extensive body of experimental data on photoionization
and vibrational spectroscopy in electron-containing water
clusters.25-27 The present system with 32 water molecules is
large enough to possess an interior region, in which the solvated
electron initially resides in a pre-existing polarized cavity (see
Figure 1A and Methods Section for details). At the same time,
we can take advantage of the finite size of the system in the
sense that it reduces the phase space that the excess proton,
initially bound to a water molecule well separated from this
cavity (Figure 1A), has to explore before the reaction. Another
fact that makes the reaction more feasible in the cluster is the
slightly lower binding energy of the electron,17 which effectively
destabilizes the reactants with respect to the products and thus

accelerates the process. In summary, the reaction in the present
cluster is a good proxy to that in the aqueous bulk, being at the
same time computationally more accessible.

We obtained a total of 10 ab initio molecular dynamics (MD)
trajectories, each propagated for several picoseconds (for
computational details, see the Methods Section and for anima-
tions see the Supporting Information). Three of these trajectories
captured a successful reaction event leading to formation of a
hydrogen atom within 1-3.5 ps, while for the other seven
trajectories, the reaction did not occur over this time scale. The
reaction is most usefully described and quantified by analyzing
these trajectories in terms of the concerted dynamical behavior
of the excess proton and the hydrated electron. The three frames
in Figure 1 depict for one of the reactive trajectories the excess
electron (i.e., the total spin density) radial distribution function,
together with snapshots taken before, at the moment of, and
after the electron-proton reactive event. Before the reaction,
the excess electron is localized from roughly 80%15,16 in the
polarized water cavity, with the remainder of its spin density

Figure 1. Electron distributions (spin densities) and snapshots of the system before (A), during (B), and after (C) the electron-proton reactive
event. The vertical dotted line denotes the radius of gyration of the electron. White and red dots depict positions of water hydrogens and oxygens
with respect to the electron, while the green color is used to label the atoms forming the hydronium cation. The single water hydrogen penetrating
deep into the electron density just before the reaction and eventually becoming the product hydrogen atom is depicted in yellow in (B) and (C). The
dashed black line in (B) highlights the hopping path of the proton along the chain of hydrogen-bonded water molecules prior to the reaction.
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being distributed over the neighboring solvent molecules (Figure
1A). The cavity is spherical only on average, with large
instantaneous fluctuations of its shape and size. Right before
the reaction, the electron spin density changes shape, remaining
elongated in the direction of a particularly strongly solvating
water molecule (Figure 1B). The excess proton moves to this
molecule, reacting with the electron and forming a hydrogen
atom (Figure 1C).

The motion of the excess proton is qualitatively different from
that of the hydrated electron. While the electron constantly
reshapes but diffuses relatively slowly28 within the system, the
proton moves faster by a hopping mechanism.29,30 Note that the
excess proton is defined as the one that remains after each
oxygen atom is assigned the two hydrogens nearest to it. This
proton is then depicted as chemically bound to its nearest water
molecule (Figure 1). Before the reaction, the identity of this
excess proton changes frequently within a single hydronium,
which makes it available for occasional proton transfer to
neighboring water molecules.30 The present classical description
of nuclear motions provides a qualitatively correct description
of the proton motion,31 which can be further enhanced if
quantum nuclear effects such as tunneling are taken into
account.32

The relative motion of the two reactants in all three reactive
trajectories, as well as in three representative unreactive
trajectories, is demonstrated in Figure 2 (lower two panels),
which plots the time evolution of the mutual separation of the
proton and the center of the electron density. The upper panels
of Figure 2 show for the reactive events a projection of the
electron and proton trajectories onto the xz-plane. Figure 2
clearly demonstrates that the proton with its frequent hops is
the “light” particle while the electron due to its relatively
strongly bound solvent shell is the “heavy” one, which represents
an interesting but understandable reversal of the usual roles of
the electron and proton.

The reaction occurs only after many proton hops along the
hydrogen-bonded chain of water molecules and several unsuc-
cessful attempts at reacting with the electron (see Figures 2 and
3). The electron-proton reaction is thus not a diffusion-limited
process since direct association of electron and proton into a
hydrogen atom in water is hindered by the desolvation penalty
of the two charged reactants. The sequence of events leading
to the reaction is further illustrated by Figure 3, which presents
(for the reactive trajectory shown in Figure 1) the time evolution
of the mean sizes of the electron spin density along the three
principal axes of its gyration tensor. Initially, the electron is
roughly spherical; however, each attempt at reaction (marked
by a decrease in electron size) is accompanied by its distortion
toward a prolate shape. This can be understood in terms of an
asymmetric solvation shell, with one or two water molecules
penetrating deeper into the electronic cloud, being more reactive
than a symmetric one. A successful reactive event is thus
accompanied by a dramatic change from (on average) a spherical
to a prolate shape of the electron density, after which the electron
shrinks to the size of a hydrogen atom, becoming almost a
perfect sphere. This effect is further exemplified in Figure 4,
which shows for the three reactive trajectories the correlation
between the radius of gyration and asymmetry of the electron.
Note the anisotropic compression in two dimensions of the
electron density occurring in the early stages of the electron-
proton reaction. The electron distortion is, to a large extent,
driven by the reacting proton. This also follows from comparison
with previous simulations of an electron (without a proton) in
a water cluster of the same size, where no such large asym-
metries of the electron density were observed.17

Discussion

The fact that only 3 out of 10 trajectories led to a successful
reaction emphasizes that the reactants do not simply diffuse

Figure 2. Projections of the electron (blue) and proton (green) trajectories on the xz-plane for the three reactive trajectories (upper panels) and time
evolution of the mutual separation of the excess proton and the center of mass of the hydrated electron for three reactive (middle panel: black, red,
and violet) and three nonreactive (bottom panel: brown, cyan, and gray) trajectories. The projections show that the electron smoothly diffuses
within the system while the proton is more mobile, exhibiting frequent hops (note that the triangular parts of the trajectories correspond to shuffling
of the excess proton within a single water molecule). These projections, together with plots showing that the electron-proton separation does not
decrease until just before the reactive event (or attempts thereof), illustrate that the reaction is not diffusion-limited.
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toward each other and react, in which case the reaction would
always occur in the simulated water cluster within several
hundred femtoseconds. The reason for the slow-down of the
reaction is that not only are two hydration shells around charged
species lost but also the product H atom is hydrophobic, so there
is a very large solvent rearrangement penalty. This picture of a
barrier to reaction is fully consistent with the interpretation of
the bulk experimental rate constant and its temperature depen-
dence; namely, the reaction is only partially diffusion-controlled
at all temperatures measured,6 and the diffusion-limited rate
would be at least 5 times higher at room temperature2,6,12 (vide
infra).

As expected from dielectric continuum theories, the room-
temperature bimolecular rate constant decreases markedly from
2.3 × 1010 M-1 s-12 upon going to high ionic strength due to
screening of the attractive Coulomb attraction between the
reactants. The ionic strength dependence in quenching reactions,
including this one, was the original evidence used to establish
the solvated electron as the main reducing species produced by
radiolysis by virtue of its charge.34

Although the number of trajectories computed here is not
sufficient to predict a reaction rate for the cluster, simple use
of the bulk rate constant adjusted for ionic strength,2,10 along
with the effective H3O+ concentration in the cluster suggests

Figure 3. Time evolution of the square roots of the principal moments of the gyration tensor of the excess electron taken from one trajectory,
characterizing the size and asymmetry of its distribution, together with representative snapshots of the system. Note the correlation between increased
asymmetry, characterized by large differences between the three eigenvalues, and the tendency of the electron to react with the proton.

Figure 4. Correlation between the radius of gyration, rg, and the relative shape anisotropy, κ2, for the three reactive trajectories. Note the reactant
basin of the hydrated electron (large radius and small asymmetry) connected with the product basin of the hydrogen atom (small radius and small
asymmetry) via a transition structure (also shown as a snapshot) with an intermediate radius and large asymmetry.
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an average reaction time of ∼50 ps.35 The fact that only 30%
of our trajectories have reacted over 3.5 ps indicates that the
present ab initio MD methodology is semiquantitative in
describing the reaction.

The quenching reaction by protons of the solvated electron
has been investigated for at least 50 years due to its significance
in condensed-phase radiation chemistry. From the thermody-
namic and kinetic data established for this reaction, many
significant mechanistic insights have been gained, although as
mentioned in the Introduction, there have been long-standing
arguments as to whether the electron moves onto the hydronium
ion or whether the electron accepts a proton. The atomistic
picture developed in the current work helps to amplify many
of the kinetic observations and clarify the primary mechanism.

This electron-proton reaction in water is widely agreed not
to be under diffusion control.5,6,9 The ∼11 kJ mol-1 activation
energy is very close to the activation energy connected with
the diffusion coefficient in water. However, Shiraishi and others
have shown that, based on a Debye-Smoluchowski estimate,
the rate is lower than the diffusion limit by a factor of 5-10
over a large range of temperatures.6 The kinetic isotopic effect
for the reaction is relatively large. Direct measurements in
relatively concentrated acid solution show almost a factor of 2
slower bimolecular rate constant for D2O.33 This evidence has
been cited in the past to support an electron-transfer mechanism
producing a H3O radical,5 but substantial rearrangement of the
solvent shell (as seen in the simulation here) has also been
argued to explain the isotope effect in support of a proton-
transfer mechanism.8

Conclusions

The present simulations show that formation of hydrogen
from an electron and proton in water is fundamentally a proton-
transfer reaction and that there is no H3O intermediate. This
differs from the assertion that the solvated electron always reacts
by electron transfer,5 which is found in most of the older, but
still referenced, reviews and texts of the radiation chemistry
field.2 We are, however, in agreement with the more recent
consensus8 that in many solvated electron reactions with
Brønsted acids, the electron is acting as a base.7 The present ab
initio MD simulations thus provide a detailed and contemporary
picture of a token quenching process of a hydrated electron,
that is, the electron-proton reaction in water, directly elucidating
the molecular mechanism of this most fundamental process in
radiation chemistry.
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The impact of microhydration on the electronic structure and reactivity of the H3O moiety is

investigated by ab initio calculations. In the gas phase, H3O is a radical with spin density localized

on its hydrogen end, which is only kinetically stable and readily decomposes into a water

molecule and a hydrogen atom. When solvated by a single water molecule, H3O preserves to a

large extent its radical character, however, two water molecules are already capable to shift most

of the spin density to the solvent. With three solvating water molecules this shift is practically

completed and the system is best described as a solvent-separated pair of a hydronium cation and

a hydrated electron. The electronic structure of this system and its proton transfer reactivity

leading to formation of a hydrogen atom already resemble those of a proton–electron pair in

bulk water.

1 Introduction

The strength of hydrogen bonding interactions between polar

or ionic solutes and the solvating water molecules depends on

the polarity and/or charge density of the dissolved species.

From this perspective, a rather complex situation can occur

when the electronic structure of the solute changes significantly

upon hydration. In general, the highly polar water molecules

tend to induce an increase in the polarity of the solute

whenever its structure is sufficiently flexible to allow for such

a change. An interesting example of such a shift in the

electronic structure upon hydration is the H3O radical, which

has been suggested to be one of the key species involved

in radiation chemistry processes in water.1–6 This is a well-

justified suggestion, but needs some clarification concerning

the exact nature of this radical when interacting with water

molecules. It was shown that in water a ground state radical

with spin density localized at the H3O moiety does not

exist.3,6,7 Instead, this species acquires the form of a solvent-

separated H3O
+� � �e� pair, which raises the question whether

it is actually adequate to call it an H3O radical when dissolved

in water. A solvent-separated H3O
+� � �e� pair is only kinetically

stable, rapidly forming a hydrogen atom.3,7 The proton–electron

reaction is one of the fundamental processes in radiation

chemistry of water.8 It was shown both experimentally9,10

and computationally7 that this reaction is not diffusion limited,

exactly because of the formation of the solvent-separated

H3O
+� � �e� pair, and that it proceeds as proton transfer rather

than electron transfer. Moreover, calculations did not point to a

localized H3O radical as a reactive intermediate during this

process.7 In other words, the rate-limiting process of the reaction

is not the proton–electron recombination step but rather the

deformation of the immediate solvent shell of the hydrated

electron induced by the presence of the excess proton.7

For the gas phase radical the spin density must be localized on

the H3O moiety simply because there is no solvent to pass it to.

Additionally, previous calculations showed that already three

water molecules are sufficient to completely transfer the spin

density from the H3O to the solvent.3,6,11 From this perspective it

is of interest to explore the process of microhydration of H3O. In

the present study we investigate using ab initio quantum chemical

methods clusters containing H3O with up to three water

molecules focusing on two mutually interconnected issues. The

first one involves the gradual loss of the localized radical

character of H3O upon adding the first, second, and third water

molecule. The second one concerns the reactivity leading to the

loss of a hydrogen atom, either directly from the original H3O

moiety or indirectly via proton transfer to a water molecule

involved in solvating the highly mobile excess electron.

2 Methods

We performed geometry optimizations and minimum energy

path (MEP) calculations for differently sized H3O(H2O)n
clusters, with n = 0–3. For the main part of the results, the

electronic structure was calculated using the Møller–Plesset

perturbation theory in the resolution of identity approximation

(RI-MP2) in its spin-unrestricted formulation using Dunning’s
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correlation-consistent triple-z split valence basis set augmented

with diffuse functions (aug-cc-pVTZ).12 The Turbomole13

program package was used for all RI-MP2 calculations.

Geometry optimizations, relaxed scans of the potential

energy surface (PES), and nudged elastic band (NEB)14

calculations were performed using the above electronic structure

method. Geometries of the local minima of the clusters were

optimized with the Broyden–Fletcher–Goldfarb–Shanno

(BFGS) algorithm.15–18 MEPs for hydrogen abstraction from

the clusters with n = 0, 1, 2 were obtained as relaxed PES

scans, where the individual structures were optimized using the

FIRE algorithm.19 NEB calculations were performed for the

clusters with two (16 images) and three (32 images) water

molecules. A climbing image was used to ensure that one of

the images is the transition state.20 The FIRE algorithm was

used for the optimization of the band. In the NEB method, a

series of replicas of the system lying between the reactant and

product states is connected atom-by-atom using harmonic

bonds. Further, forces from the additional harmonic bonds

perpendicular to the direction of the band are removed,

preventing the band from ‘‘cutting corners’’. All the replicas

are optimized simultaneously under the influence of both

normal forces and forces from the harmonic bonds. The

endpoints of the NEB were two local minima—one structure

with the hydronium cation and the hydrated electron separated

by solvent molecules and another with a hydrogen atom

bound non-covalently to a relaxed cluster of two or three

water molecules. Initial positions of the intermediate images

were taken from the converged DFT calculations (see below).

All these optimizations were performed using the Atomic

Simulation Environment (ASE).21 Its interface to Turbomole

was modified to enable RI-MP2 calculations.

To check the effect of additional dynamic correlation we

also performed CCSD(T) calculations employing the same

aug-cc-pVTZ basis set on top of the RI-MP2 geometries of

the hydrogen abstraction path in H3O. The CCSD(T) calculations

were carried out using the NWChem program package.22

In addition, benchmark calculations were performed using

energies and forces obtained with density functional theory

(DFT). We used the Becke, Lee, Yang and Parr (BLYP)

exchange–correlation functional23,24 with additional, pairwise

additive London terms effectively accounting for dispersion

effects.25 We employed the scaled self-interaction correction

(SIC) applied only to the singly-occupied orbital in a restricted

open-shell calculation.26 The scaling parameters used were

a = 0.3 and b = 0.2, as previously parametrized for the

proton–electron reaction in a cluster of 32 water molecules.7

Other values were used as well for comparison purposes. A

hybrid Gaussians and plane waves (GPW) scheme was used,

where the Kohn–Sham orbitals are represented as a linear

combination of Gaussian basis functions, while the electronic

density is represented in a plane-wave basis. In this work, a

molecularly optimized generally contracted triple-z basis set

with two additional polarization functions (molopt-TZV2P)

was used as the atom-centered Gaussian basis set,27 possibly

extended by a grid of Gaussian functions denoted as ggg.7,28

The plane-wave cutoff for the density was set to 280 Ry and

the Goedecker–Teter–Hutter norm-conserving pseudopotentials

were employed.29 A wavelet-based Poisson solver was used for

correct treatment of electrostatics in open boundary condi-

tions.30 Although BLYP is generally not as accurate as MP2,

this setup, once benchmarked properly, can be applied to much

larger cluster systems as well as condensed phase problems.7

This electronic structure setup was used for NEB calculations

of hydrogen abstraction from clusters with two and three

water molecules. Improved tangent estimates31 were used for

better stability and a climbing image20 was used to obtain the

transition state. The band was optimized using molecular

dynamics with the projected velocity Verlet modification of

the propagator.32 This propagator works in the same way

as the original one used for molecular dynamics, but in addition,

the relative direction of velocities and forces is checked in each

step using a dot product. If the direction is opposite, velocities

are set to zero. The endpoints of the NEB were prepared the

same way as in the RI-MP2 setup. Initial conditions for the

intermediate images were created by linear interpolation

between the endpoints and one configuration in the vicinity

of the transition state taken from a relaxed PES scan. All

DFT-based calculations were performed with the CP2K

program suite and its Quickstep module.33

3 Results and discussion

First, we focus on consequences of microhydration of the

central H3O moiety on its electronic structure. To this end we

performed geometry optimizations of the H3O(H2O)n clusters

with n = 0–3, leading to the structures shown in Fig. 1.

Starting geometry of the largest H3O(H2O)3 cluster was taken

from ref. 2, while for H3O(H2O)n with n = 0, 1, 2 they were

obtained by sequentially removing water molecules from the

H3O(H2O)3 cluster. These optimizations yielded structures

(A), (C), (D), and (E). Except for structure (D), these were

previously reported as the local minima lowest in energy with

the constraint of preserving the hydronium species intact (i.e.,

non-dissociating).11 Note that structure (D) is 0.19 eV higher

than the lowest local minimum with a preserved hydronium

geometry for that system (which has a central water molecule

with H3O on one side and H2O on the other).11 In addition, we

separately constructed and optimized a previously unnoticed

Fig. 1 Minimum energy structures of the H3O(H2O)n (n = 0. . .3)

clusters. Depicted are contours of the spin density at four different

values (�0.001 and �0.003 e Bohr�3)
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structure (B), which has a water molecule donating rather than

accepting a hydrogen bond, and which is about 0.30 eV higher

in energy than structure (C).

Fig. 1 provides also graphical information on the electronic

structure in terms of the unpaired spin density for each system.

In isolated H3O, the spin density of the system is localized on

the hydrogen atoms and, to a lesser extent, also on the oxygen

of the H3O radical. The vertical ionization potential (VIP) of

the isolated H3O radical amounts to 5.88 eV (Table 1).

Comparing the two structures with a single solvating water

molecule, one can clearly see the difference between hydronium

accepting a hydrogen bond from a water molecule and that

donating a hydrogen bond to a water molecule. In the former

case, hydronium remains practically intact as a spin-localized

H3O radical with only a slightly reduced VIP of 5.65 eV

(structure (B) in Fig. 1 and Table 1). In the latter case,

however, the spin density distorts (structure (C) in Fig. 1),

leading to a significant reduction of the VIP to 4.56 eV

(Table 1). Just as the first water molecule, the second and

the third one also prefer to attach to the hydrogen side of the

H3O species (Fig. 1). In the process of increasing the number

of solvent molecules in the cluster, the spin density further

leaks away from H3O and localizes near the dangling hydrogens

of the water molecules. Already for two added water molecules,

there is very little spin density left on the original H3O radical

(structure (D) in Fig. 1) and, consequently, the VIP further

drops to 4.11 eV (Table 1). For three water molecules hydrating

H3O, the spin transfer to the solvent is practically completed.

Hence, the hydronium loses its radical character and becomes

a cation, donating hydrogen bonds to the surrounding water

molecules. The excess electron localizes on the opposite side

of the cluster between the free OH bonds. Thanks to the

stabilization by the dangling water hydrogens, as well as by the

presence of the H3O
+ cation, the excess electron in the cluster

with three water molecules already qualitatively resembles in

its size and binding energy (4.09 eV) a bulk hydrated electron.

The gradual shift from an H3O radical toward a solvent-

separated H3O
+� � �e� pair affects also the reactivity of this

species, as demonstrated by the minimum energy paths for the

dissociation of H3O(H2O)n to (H2O)n+1 + H. The isolated

H3O radical can only dissociate by breaking one of its OH

bonds. The energy profile of this process, obtained from a

relaxed PES scan, is depicted in Fig. 2. In order to validate

the employed RI-MP2 method, we compare it to CASPT2

calculations with a comparable basis set, taken from ref. 2,

and, for comparison, we also present UHF results. Note that

the CASPT2 method accounts for both static and dynamic

correlation, while RI-MP2 essentially only for the latter.

The bond lengths reported at the minimum are 1.01 Å with

RI-MP2 and 0.98 Å for CASPT2. At the transition state the

OH bonds are 1.2 and 1.19 Å and the barrier heights 0.11 and

0.13 eV, respectively. Also shown in Fig. 2 are CCSD(T)

energies (red) calculated for the geometries obtained from

the RI-MP2 relaxed scan. The close match in geometries and

relative energies between CASPT2 and RI-MP2, as well as the

non-negligible mismatch with the UHF results illustrates that

for the cleavage of an OH bond of the H3O radical, it is

dynamic correlation that primarily needs to be accounted for.

On the basis of the very good match between CCSD(T) and

RI-MP2, especially in the transition state region, we can

conclude that RI-MP2 is fully sufficient in describing the

correlation effects in our systems. This conclusion has also

been verified in previous studies for isolated H3O, as well for

the H3O(H2O)3 cluster1,34 and is in agreement with the

observation that ‘‘the ground state of the hydronium radical

is dominated by a single reference’’.1 SIC-DFT (a = 0.3,

b = 0.2) with the molopt-TZV2P+ggg basis set underestimates

the barrier of the reaction (0.03 eV) in contrast to RI-MP2 or

CCSD(T).

By adding one water molecule that donates a hydrogen

bond to H3O the formation of a hydrogen atom is only

favourable via the dissociation of an OH bond of the H3O

radical (Fig. 3). The energetics of the dissociation are essentially

the same as for the isolated H3O radical. The minimum is

located at an OH bond length of 1.02 Å, the maximum at

1.18 Å and the barrier height is 0.08 eV. In contrast, dissociation

of an OH bond of the water molecule donating a hydrogen

bond to the H3O radical proceeds only over a high barrier of

5.22 eV until the whole cluster undergoes rearrangements to

form an H2O dimer and a hydrogen atom. In the cluster with

the H3O radical donating a hydrogen bond to a water molecule,

there are two practically identical low-barrier (B0.1 eV)

Table 1 Vertical ionization potentials for the five structures depicted
in Fig. 1

VIP/eV

(A) H3O 5.88
(B) H3O(H2O)1 5.65
(C) H3O(H2O)1 4.56
(D) H3O(H2O)2 4.11
(E) H3O(H2O)3 4.09

Fig. 2 Minimum energy paths for OH bond dissociation in a hydronium

radical. Relaxed scan obtained with RI-MP2 (black) with the

aug-cc-pVTZ basis set. Energies of the RI-MP2 geometries calculated

with UHF with the aug-cc-pVTZ basis set (green), CCSD(T) with the

aug-cc-pVTZ basis set (red) and SIC-DFT (a = 0.3, b = 0.2) with the

molopt-TZV2P+ggg basis set (blue). CASPT2 (cyan dots)

energies calculated with the double-z ANO-L split valence basis set

augmented with additional diffuse s and p functions on the oxygen

atoms (z = 0.02 Bohr�1) are shown. The CASPT2 energies are taken

from ref. 2.
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pathways leading again to the formation of a hydrogen and a

water dimer (Fig. 4). We can conclude that in both H3O(H2O)

clusters the lowest reaction paths are analogous to that in the

H3O radical.

For clusters containing more than one water molecule, the

OH bond dissociation at the H3O moiety is not favorable. In

the H3O(H2O)2 cluster, only one hydrogen of the H3O does

not form a hydrogen bond to a water molecule. For dissociation

of the corresponding OH bond a barrier of about 0.22 eV has

to be overcome, which is mainly due to necessary rearrangements

of the cluster. The favorable process is, however, the dissociation

of a water OH bond, which proceeds over a small (o0.1 eV)

barrier connected with the proton transfer from H3O to the

water molecule. The almost simultaneous cleavage of the

water OH bond which has the hydrogen atom penetrating

into the excess electron density is practically barrierless. In

contrast, the other water OH bond does not break so easily,

since the cluster needs to rearrange first with respect to the

excess electron. In these cases, the reaction proceeds via

structures which have a highly distorted, but compact excess

electron.

A simple bond distance is not the best choice of a reaction

coordinate for hydrogen abstraction reactions in clusters with

more than one water molecule since it does not capture very

well collective motion—relaxation of the whole cluster or

coordinated transfer of two protons. One demonstration of

this problem is the lack of smoothness in the reaction profiles

presented in Fig. 5. In order to obtain the intrinsic reaction

coordinate of these more difficult reactions, we performed

calculations using the NEB method.14

For hydrogen abstraction from the H3O(H2O)2 cluster, a

total of 16 NEB images were used to obtain the MEP.

Specifically, the OH bond to be dissociated corresponds to

the green curve in Fig. 5. This choice corresponds to the OH

bond that most significantly points into the electronic cloud of

the excess electron. It was motivated by the fact that it shows

the lowest barrier in the relaxed PES scans presented above

and is, therefore, decisive for the stability of this cluster.

RI-MP2 energies along the resulting MEP are shown in the

top panel of Fig. 6 together with snapshots of selected

configurations. In contrast with the case of the relaxed scan,

the MEP obtained using NEB is smooth in energies and

geometries. Moreover, as the climbing image extension of

the NEB method was used, one of the replicas is in the

transition state, which gives a good estimate of the barrier

height. The barrier is negligible (5 meV) and would be

practically non-existent if quantum nuclear effects were taken

into account. The bottom panel of Fig. 6 shows relevant

distances between atoms taking part in the reaction as a

function of the reaction coordinate. The largest rate of change

of all of these coordinates can be seen in the vicinity of the

transition state.

The MEP for hydrogen abstraction from the H3O(H2O)3
cluster was evaluated in two steps. First, a rough estimate of

the reaction path was calculated using 8 images. These were

then used as a basis for interpolation to a total of 32 images,

which were again optimized using NEB. One of the three

Fig. 3 Minimum energy paths for different OH bond dissociations in

the H3O(H2O) (B) cluster. Inset shows the minimum structure of the

cluster. The color coding of the curves corresponds to colors of the

bonds of the structure displayed.

Fig. 4 Minimum energy paths for different OH bond dissociations in

the H3O(H2O) (C) cluster. Inset shows the minimum structure of the

cluster. The color coding of the curves corresponds to colors of the

bonds of the structure displayed.

Fig. 5 Minimum energy paths for different OH bond dissociations in

the H3O(H2O)2 (D) cluster. Inset shows the minimum structure of the

cluster. The color coding of the curves corresponds to colors of the

bonds of the structure displayed.
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equivalent OH bonds pointing into the electronic cloud of the

excess electron was chosen as that to be dissociated. These

NEB calculations were performed using SIC-DFT. The resulting

geometries plus independently optimized end points were used

in a second NEB calculation with RI-MP2. DFT and RI-MP2

energies along the resulting MEPs are shown in the top panel

of Fig. 7 together with snapshots of selected configurations. It

is notable that the MEPs of the H3O(H2O)3 dissociation with

SIC-DFT and RI-MP2 are now much closer to each other in

energy compared to those of the dissociation of the bare H3O

moiety. DFT performs well in the reaction region and for the

barrier height, while slightly overstabilizing the products. The

improved performance of DFT upon increasing the cluster size

(and thus enhancing hydrogen bonding interactions) indicates

applicability of this method for large clusters and the condensed

phase. The bottom panel of Fig. 7 shows distances between

atoms, defined the same way as before. The selected inter-

atomic distances again change appreciably only in the vicinity

of the transition state. Closer inspection of the geometries in

the reactive region (for animation of the reaction see ESIw)
reveals that the initial part of the reaction entails an overall

compression of the cluster on the side of the hydrated electron.

Only after this compression can the proton transfer from the

hydronium cation to the neighboring water molecule start,

being closely followed by the transfer of the next proton from

the water molecule to the center of the electronic cloud, where

it forms a hydrogen atom.

It is useful to quantify the changes in the shape of the spin

density of the system during the reaction. For this purpose, we

evaluate the gyration tensor of the spin density and quantities

derived from it, namely its principal moments sx, sy, sz, the

radius of gyration rg, and relative shape anisotropy k2.7 These
are plotted as functions of the reaction coordinate in Fig. 8.

The spatial extent of the spin density, as measured by its radius

of gyration, decreases monotonically during the reaction. The

principal axes of the ellipsoid corresponding to the gyration

tensor show a transition from an oblate shape in the initial state

to a prolate shape during the reaction and finally to the spherical

shape of a hydrogen atom in the final stage. The relative shape

Fig. 6 MEP for H3O(H2O)2 obtained with NEB and RI-MP2 and

aug-cc-pVTZ basis set (top panel). Bottom panel shows distances of

OH in hydronium cation (red), OH distance in water molecule (green),

OO distance of before mentioned molecules (cyan) and OH distance in

newly formed water molecule (blue).

Fig. 7 Two MEPs for H3O(H2O)3 obtained with NEB optimized

using two different electronic structure setups. SIC-DFT (a = 0.3,

b = 0.2) using the molopt-TZV2P+ggg basis set is shown in blue in

top panel, RI-MP2 using the aug-cc-pVTZ basis set is shown in black.

Energies at DFT and RI-MP2 geometries are shown using dashed and

full lines, respectively. Bottom panel shows distances of OH in

hydronium cation (red), OH distance in water molecule (green), OO

distance of before mentioned molecules (cyan) and OH distance in

newly formed water molecule (blue) from the DFT and RI-MP2

calculations using dashed and full lines, respectively.
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anisotropy, which is calculated from the principal moments,

demonstrates that the asymmetry of the spin density reaches

its maximum just after the transition state when the hydrogen

atom is being formed. It is notable that the reactive process in

a model system with only three water molecules already has all

the properties of the reaction identified in a much larger cluster

of 32 water molecules at a finite temperature.7 The effect of

the finite temperature in those cluster systems does not change

the qualitative picture of the reaction mechanism in the

H3O(H2O)3 cluster. Note that this reaction has been observed

and investigated, although not in such mechanistic detail, in

small clusters theoretically3,6 and it has been invoked in

interpreting measurements of kinetic energy distributions of

H-fragments for water nanoparticles doped with hydrogen

halides.4,6

For additional insight into the concerted proton transfer, we

have performed a two-dimensional relaxed PES scan in the

space of the two OH bonds that are being broken. The surface

is shown in Fig. 9 together with points corresponding to

geometries from the NEB calculation. There is an apparent

curved pathway, which is exemplified by the NEB curve,

leading from the initial minimum to the transition state.

In Fig. 10, we compare calculations at the MEP geometries

for the H3O(H2O)3 cluster with different DFT settings in order

to better understand the influence of the SIC and basis sets

extensions. Energies for the DFT setup that was also used

for the optimization of the NEB (SIC (a = 0.3, b = 0.2),

molopt-TZV2P+ggg) are shown in blue. We have already

established that these compare well to RI-MP2 energies

(Fig. 7), therefore the reaction path thus obtained should be

a good approximation to that optimized with RI-MP2. We

further note that RI-MP2 energies match full MP2 energies to

within less than 1 meV, which justifies the use of the RI

approximation for these calculations. Focusing first on the

influence of basis set choice in our DFT calculations, we can

see that the removal of diffuse basis functions (cyan) destabilizes

reactants by about 0.6 eV and practically removes the barrier

(0.02 eV). Comparison of the molopt-TZV2P+ggg basis set to

an aug-TZV2P basis set (not shown) indicates comparable

overall quality of the augmentation with diffuse functions,

with variations in relative energies in the 10 meV range.

Setting the SIC parameters is also important. Using the

original parameters a = 0.2, b = 0.026 (green) introduces an

overall bias, overstabilizing products by roughly 0.45 eV when

compared to SIC (a = 0.3, b = 0.2). Not using the SIC at all

(red) reshapes the PES significantly, reducing the reaction

exothermicity roughly to zero, and introduces an additional

spurious and rather broad barrier. This is a severe change

when compared to the roughly 0.7 eV decrease in energy

between reactants and products with the optimized SIC

(a = 0.3, b = 0.2). Finally, note the rather accidental

compensation of errors between the self-interaction error

and insufficient basis set in a calculation that uses only the

molopt-TZV2P basis set and no SIC (gray).

Fig. 8 Principal moments sx, sy and sz of gyration tensor of the spin

density along the MEP obtained with NEB calculations (red, green,

blue). Radius of gyration rg in black and relative shape anisotropy k2

in gray.

Fig. 9 Two-dimensional relaxed PES scan for H3O(H2O)3 along OH

bond distance in H3O cation and OH bond distance in water molecule

hydrogen-bonded to H3O at corresponding OH bond (colored). Black

dots are at values of the OH bond lengths at the geometries of the

MEP obtained with NEB calculations.

Fig. 10 Energies of the H3O(H2O)3 cluster obtained using DFT with

different basis sets and settings of the SIC calculated along the same

MEP as shown in Fig 7 (obtained with molopt-TZV2P+ggg basis set

and SIC (a = 0.3, b = 0.2), blue). Energies with molopt-TZV2P+ggg

and SIC (a= 0.2, b= 0.0) are shown in green, with molopt-TZV2P+

ggg and no SIC in red, with molopt-TZV2P and SIC (a=0.3, b=0.2)

in cyan and with molopt-TZV2P and no SIC in gray.
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4 Conclusions

We investigated by means of ab initio calculations how the

radical character and reactivity of the H3O species change upon

hydration by 1–3 water molecules. The first solvating water

molecule has only a minor effect on the radical character of

H3O when accepting a hydrogen bond from it and virtually no

effect when donating a hydrogen bond. As in the gas phase, in

this smallest cluster with water H3O remains a localized radical,

which is metastable with respect to the loss of a hydrogen atom.

The situation changes dramatically upon adding a second water

molecule, which results in transfer of most of the spin density

from H3O to the solvent. Upon adding a third water molecule

this transfer is practically completed and the cluster forms

a solvent separated H3O
+� � �e� pair. Microhydration thus

completely alters the electronic character of the H3O moiety

from a localized radical to an H3O
+ cation separated by

water molecules from a hydrated electron. This change has

consequences also for reactivity, which in the larger cluster

proceeds as a proton transfer to the excess electron, forming a

hydrogen atom. Both the electronic structure and the reaction

path in the cluster with three water molecules already bear all the

salient features of the situation in the aqueous bulk.
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CONS P EC TU S

U nderstanding the properties of hydrated electrons, which were first observed
using pulse radiolysis of water in 1962, is crucial because they are key

species in many radiation chemistry processes. Although time-resolved spectro-
scopic studies and molecular simulations have shown that an electron in water
(prepared, for example, by water photoionization) relaxes quickly to a localized,
cavity-like structure ∼2.5 Å in radius, this picture has recently been questioned.
In another experimental approach, negatively charged water clusters of increas-
ing size were studied with photoelectron and IR spectroscopies. Although small
water clusters can bind an excess electron, their character is very different from
bulk hydrated species. As data on electron binding in liquid water have become
directly accessible experimentally, the cluster-to-bulk extrapolations have become
a topic of lively debate. Quantum electronic structure calculations addressing
experimental measurables have, until recently, been largely limited to small clusters; extended systems were approached mainly
with pseudopotential calculations combining a classical description of water with a quantum mechanical treatment of the excess
electron.

In this Account, we discuss our investigations of electrons solvated in water by means of ab initio molecular dynamics
simulations. This approach, applied to a model system of a negatively charged cluster of 32 water molecules, allows us to
characterize structural, dynamical, and reactive aspects of the hydrated electron using all of the system's valence electrons.
We show that under ambient conditions, the electron localizes into a cavity close to the surface of the liquid cluster.
This cavity is, however, more flexible and accessible to water molecules than an analogous area around negatively
charged ions.

The dynamical process of electron attachment to a neutral water cluster is strongly temperature dependent. Under
ambient conditions, the electron relaxes in the liquid cluster and becomes indistinguishable from an equilibrated, solvated
electron on a picosecond time scale. In contrast, for solid, cryogenic systems, the electron only partially localizes outside of
the cluster, being trapped in a metastable, weakly bound “cushion-like” state. Strongly bound states under cryogenic
conditions could only be prepared by cooling equilibrated, liquid, negatively charged clusters. These calculations allow us to
rationalize how different isomers of electrons in cryogenic clusters can be observed experimentally. Our results also bring
into question the direct extrapolation of properties of cryogenic, negatively charged water clusters to those of electrons in the
bulk liquid.

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 was followed in the 32-water cluster. In accord with experiment, the
molecular mechanism is a proton transfer process that is not diffusion limited, but rather controlled by a proton-induced
deformation of the excess electron's solvent shell. We demonstrate the necessary ingredients of a successful density functional
methodology for the hydrated electron that avoids potential pitfalls, such as self-interaction error, insufficient basis set, or lack of
dispersion interactions. We also benchmark the 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 knowl-

edge that this process is much more vigorous in water.2

Therefore, it turned out not to be a practical way to inves-

tigate hydrated electrons, which were first observed via

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 reac-

tivity have been, therefore, intensely studied by time-re-

solved spectroscopies.4�7 In short, these studies showed

that initially nonequilibrium electrons, prepared by photo-

excitation 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
þ

(or the halogen atom), or react with a whole plethora of

scavengers such as N2O or SF6. Recently, the cavity model of

the solvated electron and its ability to interpret optical and

EPR spectra8 has been questioned, and an alternative,

diffuse electron model has been suggested9 and immedi-

ately criticized.10,11 In the course of this Account, 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 however, its character is very different from the

bulk hydrated species. In small systems, these are weakly

bound andvery 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 ap-

proaches the aqueous bulk limit.14,17 However, this issue

can be rather subtle since water clusters prepared by super-

sonic 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 recently14,15,17,21,22 and will be also one

of the subjects of this Account.

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�30Within

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 computa-

tionally most costly quantum mechanical part does not

increase with system size, and therefore, large systems

ranging from clusters with several hundreds of water mole-

cules 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 be-

tween all the electrons in the system, whichmay account for

about 10�20% of the excess electron binding.8,31 More-

over, 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 reac-

tivity of the excess electron is in principle out of reach of

these pseudopotential methods.

For the above reasons, it makes good sense to try to

describe the electronic structure of the whole electro-

n�water system quantum mechanically. Small anionic

water clusters with up to about 10 water molecules can

be treated using accurate ab initio quantum chemical

methods.32,33 Methods such as 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 resem-

ble 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 such as 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

Account, when the potentially problematic issues with DFT

are properly addressed, one can obtain a practical and

faithful method for the description of the structure, dy-

namics, and reactivity of electrons solvated in large aqueous

systems.
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2. DFTSimulations andAnalysis of theHydrated
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 semiquantitatively

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 32water molecules is as follows (for more details, see refs

21, 22, 36, and 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 functionalwith an

additional term depending on the electron density of the

unpaired electron within the restricted open-shell formula-

tion of DFT.41 The Kohn�Sham orbitals are expanded into

an atom-centered triple-ζ basis set with two polarization

functions, optimized for condensed molecular systems

(molopt-TZV2P),42 augmented by an additional grid of up

to 1000 space-fixed Gaussian functions. An auxiliary plane

wave basis with a cutoff of 280 Ry is used for the electronic

density. The Goedecker�Teter�Hutter norm-conserving

pseudopotentials43 are employed. The cluster is placed in

a 20 � 20 � 20 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, that is,

the negative of its vertical binding energy, is evaluated as the

difference betweenground 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 secondmoments of the spin distribution. The first

moment rc provides the center of the spin distribution. The

secondmoment corresponds to the gyration tensor, of which

wemonitor 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 mole-

cules 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

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 froman equilibrium simulation at T=300Kand
(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.
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exterior region of the cluster. However, this cavity is quanti-

tatively different from that 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 be-

tween 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 trajec-

tory 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

hydrogendistribution exhibits a peak∼1.2Å 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 noncavity

electron.9 This is striking, since visual inspection and anal-

ysis 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

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 occurr-

ing in cryogenic clusters have small values of VDE and are

always located at the exterior of the cluster.14,15,21,22 How-

ever, the situation concerning the more strongly bound struc-

tures, which appear both in cryogenic solids14,15 and in

warmer aqueous systems,17�20 is more complicated. Our

DFT calculations,21,36 as well as earlier pseudopotential calcula-

tions,27,46,47 show that in general there is little correlation

between VDE and position of the hydrated electron (Figure 3,

left) 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 3, left and also ref 48). Both

DFT and pseudopotential calculations thus indicate that photo-

electron 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 dif-

ferently at ambient conditions of 300 K and at cryogenic

temperatures of 30�50 K. Figure 4A shows the time evolu-

tion of the radius of gyration of the excess electron for three

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. (Left) Lack of correlation between vertical detachment en-
ergyof the excess electron and its distance from the cluster (measured in
two different ways) and (right) correlation between vertical detachment
energy of the excess electron and its radius of gyration, both for
equilibrium configurations at T = 300 K. On the left, data using the
average distance of the electron from the cluster center of mass are
shown in green,whereas those using thedistance between the center of
the electron and the cluster center of mass are shown in blue.
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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 cluster geometry is not particularly favorable for

electron binding. However, the electron polarizes the sur-

rounding 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 dy-

namics may be happening on a comparable time scale.

Nevertheless, the simulated localization times are compar-

able to the experimentally observed picosecond time scale

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 picose-

cond, the excess electron polarizes the surface water mole-

cules 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 inmetastable states less

than halfway 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 smal-

ler 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 elec-

trons can coexist in ensembles of cryogenic clusters depend-

ing 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. 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 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 preformed 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 simu-
lations of anionic clusters at T = 300 K are shown in red.
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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 elec-

trons (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 hy-

drated electron, in particular at acidic conditions, is the

hydronium cation. The electron�proton reaction in water

leading to formation of a hydrogen atom was shown ex-

perimentally to be slower than a purely diffusion limited

process.4,49 Also, measurements in deuterated water indi-

cated that the reaction is a proton transfer to the solvated

electron49 rather than electron transfer to the hydronium

cation connectedwith transient formation of a localizedH3O

radical, as suggested earlier.50 Note that the H3O 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 H3Omoiety but rather a

H3O
þ
3 3 3e

�
aq solvent-separated pair.51,52

We used AIMD to elucidate the detailed molecular me-

chanism of the electron�proton 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 an 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, corre-

sponds to a solvated electron which is only weakly per-

turbedby the presence of the hydroniumcation at a distance

of 4�5 Å (compare to equilibrated solvated electron in

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 andwhite dots show the
positions of the water oxygen and hydrogen atoms.
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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, con-

firming 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 effectivemass in water, in accord with the experimen-

tally suggested proton transfer mechanism.49

Does the proton have to wait for a perturbation of the

solvent shell of the excess 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 trajec-

tories (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 accu-

rate 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 loca-

lized 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

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 De-

pending on the parametrization (we mostly used the stan-

dard values of a = 0.2 and b = 041), 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 amatter 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. For example, the electron�proton 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 anddiffuse. For example, localized interior states can

be more easily described with an atom-centered basis than

delocalized surface states, and as suchwill 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 conditions.

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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However, only with the addition of the Gaussian grid func-

tions within a 10�13 Å cutoff (500�750 basis functions), a

faithful description (equivalent to the use of the aug-TZV2P

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 whichmay arise there. The first

challenge will be the significant size effects that can be

expected for the simulation of charged species and estimat-

ing 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 multiconfigurational wave

function approaches are currently computationally intract-

able for large systems, this calls for DFT functionals with

terms specifically describing static correlation.

7. 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 princi-

pal 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.

(ii) The process of electron attachment to a neutral water

system and subsequent localization is very different at

ambient versus 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” stateat theperipheryof thecluster,which is

moreweakly 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 extrapola-

tions of excess electron properties from these clusters to

the liquid bulk.

(iii) The electron�proton reaction in water, as the sim-

plest 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 elec-

tron cavity.

As a final note, we mention that after submission of

this Account 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 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 ref 53). These findings,

together with earlier pseudopotential calculations per-

formed 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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