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ABSTRACT

We report computational simulation results addressing the ionization response of liquid water upon valence ionization. The simulations cover
ionizations in the whole valence-orbital range of liquid water, i.e., vacancies in 1bi, 3a;, 1b,, and 2a; orbitals. It is found that ionization in
any of these valence orbitals leads to rapid proton-transfer dynamics. The timescale on which the proton transfer occurs depends on which
type of orbital is ionized. For ionization in the 2a; orbitals, the proton transfer takes place in about 22 fs, competing with the intermolecular
Coulombic decay mechanism that takes place on a similar timescale. This result is discussed in the context of earlier experimental results
(Richter et al., Nat. Commun. 9, 4988) regarding the intermolecular Coulombic decay in water. For ionization in the outer-valence orbitals
(1by, 3ay, 1by), we see rapid internal conversion via non-adiabatic transitions to the electronic ground state. The proton transfer occurs 46,
70, and 91 fs after the initial ionization from a 1by, 3a;, and 1b; orbital, respectively. The initial valence ionization induces strong vibrational
excitations in the surrounding water molecules, leading to a considerable increase in the local effective temperature. The created heat diffuses
into the liquid environment on a timescale of several hundred femtoseconds. We compare the results using two different embedding schemes,
subtractive and electrostatic embedding, and find overall very similar dynamics.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).

91:€1:80 G202 IudY €2

I. INTRODUCTION

Owing to its essential role in chemistry and biology, the dynam-
ics of water triggered by ionizing radiation are of fundamental
importance. Research fields, where radiation chemistry in water
plays a crucial role, are radiation damage in living tissues,' oncol-
ogy treatment,” or nuclear waste disposal.” In these contexts, the
response of water triggered by high-energy radiation is particularly
relevant, i.e., where the initially deposited energy is considerably
larger than the ionization potential of water, which is 11.67 eV.
In liquid water, such radiation leads to the release of fast pho-
toelectrons that induce further, secondary ionization. Eventually,
electronic vacancies in all electronic levels are created, triggering

relaxation processes and chemical dynamics through which ions
and radicals in liquid water are created that then induce radiation
damage in biological tissue or lead to corrosion.

The most strongly bound orbitals, the core orbitals, have an
ionization potential of about 540 eV.” The dynamics upon ionization
from these orbitals mostly involve non-radiative electronic relax-
ation via Auger-Meitner decay accompanied by ultrafast proton
transfer dynamics.” * If the incident radiation has sufficient energy,
the initial ionization process may be dominated by core ionization
(depending on the specific type of radiation and the respective cross
sections). Taking into account, however, all secondary ionization
processes, ionization of electrons from valence orbitals is, in general,
more abundant, because of their larger number, and because for each
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primary ionization event, the released photoelectrons cause further
ionization events. Even if the created photoelectrons initially have
kinetic energies above the core-ionization threshold, through inter-
acting with the water, they become slower and slower so that their
kinetic energy falls at some point below the core-ionization thresh-
old and, eventually, only valence ionizations remain energetically
possible.

Valence ionization in liquid water generally implies an initial
partially delocalized electron hole that quickly becomes localized on
a single water molecule.” The ionization triggers reactions affect-
ing the neighboring chemical environment, i.e., water molecules in
the vicinity. The chain of the reaction starts with the transfer of
a proton, in which the ionized water molecule donates one of its
protons to a neighboring water molecule.” This fundamental reac-
tion creates the hydroxide (OH) radical and the solvated proton,
also often considered a hydronium cation (H;0%). Recently, this
reaction has been tracked experimentally,'’ and via time-resolved x-
ray absorption spectroscopy supported by corresponding computer
simulations, the timescale of this reaction was found to be about
50 fs. In the experiment, however, the reaction was tracked only
for holes in the 1b; band, which were created through ionization
via multi-photon absorption using an 800 nm laser. If one consid-
ers high-energy radiation, i.e., energies of the incident radiation of
several hundred electron volts and higher, the relevant ionized elec-
tronic states are in general much more highly excited. The potential
of tracking the ultrafast ionization-induced dynamics triggered by
a pump pulse with high-energy radiation has recently been demon-
strated using all-x-ray attosecond transient absorption spectroscopy
(AX-ATAS).

To address this regime, we focus in this work on computation-
ally modeling the dynamics of water triggered by the removal of an
electron from any valence orbital. In particular, we cover the whole
range of valence orbitals, i.e., we address valence holes in the inner-
valence orbitals (2a;) as well as in the outer-valence orbitals (1b,,
3ai, 1b1) of liquid water.

Whereas a number of research studies focused on the
ionization of liquid water from 1b; orbitals, the dynamics triggered
by the ionization to more highly excited outer-valence-ionized states
(1by v 3af1) in liquid water have, to our knowledge, so far only been
addressed for the water dimer. "~ Calculations indicate that ioniza-
tion from 1b; and 3a, orbitals in the dimer leads to proton-transfer
dynamics, regardless of whether the charge becomes localized on the
hydrogen-bond donor or the acceptor unit (albeit involving a differ-
ent timescale).”” In contrast, ionization of the water dimer in one of
the 1b, orbitals was found to lead to dissociation into more complex
ions and radicals such as OH, H, and H,O™.

It is important to note that results on the dimer cannot be
directly transferred to the liquid phase, since the liquid environment
frustrates dissociation through caging. Furthermore, in aliquid envi-
ronment, more possible reaction partners for a proton-transfer reac-
tion are available than in a dimer, suggesting that proton-transfer
reactions are more abundant than for the dimer. Moreover, the
environment influences the reaction by transporting away exces-
sive vibrational energy that, in a dimer, remains concentrated on
the two molecules. Thus, relevant questions remain for the reaction
dynamics triggered by high-energy radiation in liquid water.

ARTICLE pubs.aip.org/aipl/jcp

Because of the fact that outer-valence orbitals 1b,, 3a;, and 1b;
have a similar binding energy, and given the fact that already in
the water dimer, rapid internal conversion takes place,'” it can be
anticipated that an outer-valence hole rapidly relaxes to the ionized
ground state via non-adiabatic coupling of the respective electronic
states. Because of this presumably rapid electronic relaxation, ion-
izations in these orbitals can, on the one hand, be expected to lead to
similar dynamics as if the ionization occurred from a 1b; orbital. On
the other hand, since the initial electronic-excitation energy is even-
tually transferred into vibrational degrees of freedom, the amount
of vibrational energy for initial ionization from one of the deeper
bound valence orbitals can be considerably larger than for initial
ionization from a 1b; orbital, thereby possibly affecting the resulting
dynamics.

In contrast to vacancies in the outer-valence orbitals, the fate
of inner-valence holes in liquid water involves a fundamentally
different process: Intermolecular auto-ionization processes become
energetically accessible. Through electron-electron interactions, an
initial inner-valence ionized water molecule may decay into an
energetically lower-lying ionized state, while the excess energy is
used to ionize a neighboring water molecule. It was discussed that
this autoionization process termed intermolecular Coulombic decay
(ICD) plays a major role for the relaxation of inner-valence-
hole vacancies in liquid water and the subsequent radiation damage
processes, because it represents an efficient source of low-
energy electrons, which are particularly harmful to bio-organic
matter.”’ The rate for ICD for 2a, vacancies in liquid water was
estimated to be 12-52 fs.”" At the same time, it was speculated
that a water molecule with an inner-valence vacancy in liquid water
is subject to rapid chemical dynamics involving a very fast pro-
ton transfer.”” As the proton-transfer reaction progresses, the decay
channel for ICD closes and, for the isolated water dimer, it was
considered that proton transfer might even outpace ICD if the 2a;
vacancy is initially located on the hydrogen-bond donor unit.
Recent measurements of photoelectrons and ICD electrons detected
in coincidence revealed that the efficiency for ICD in water clusters
with hundreds of water molecules is about 40%-50%,” indicating
that there is, indeed, a close competition between proton transfer
and ICD.

To clarify the few-femtosecond dynamics in liquid water
triggered by high-energy radiation, we report here results from
mixed quantum-classical simulations performed with the fewest-
switches surface hopping (FSSH) method. The liquid environ-
ment is described using quantum mechanics/molecular mechan-
ics (QM/MM) embedding strategies.”” We report on how the
timescale of the non-adiabatic electronic relaxation and the proton-
transfer reactions varies for the different initial ionization lev-
els considering electronic vacancies in all valence orbitals. For a
vacancy in the inner-shell 2a; orbital, our calculations confirm the
close competition between ICD and proton transfer. Moreover,
we inspect how fast the liquid environment absorbs the vibra-
tional energy injected into liquid water through the ionization

process.

In Sec. 1, we describe the simulation methodology, and in
Sec. I11, we present the simulation results. In Sec. IV, we draw final
conclusions.

J. Chem. Phys. 162, 154503 (2025); doi: 10.1063/5.0258328
© Author(s) 2025

162, 154503-2

91:€1:80 G202 IudY €2



The Journal

of Chemical Physics

Il. METHODS

The calculations are based on similar methods as those used
in Ref. 10, but here, the range of initial valence vacancies consid-
ered is extended to cover the full range of valence orbitals. More-
over, we extend the embedding scheme and employ a somewhat
larger basis set for the electronic-structure calculations as detailed
below.

To generate geometric structures and momenta of water, we
performed molecular dynamics (MD) simulations using GROMACS
(version 2024.0)"Y using the SPC/E water force field.”’ To sam-
ple different configurations, an equilibrated box of 2652 water
molecules was propagated for 100 ps using a time step of 2 fs at
a temperature of 300 K and a pressure of 1 bar using periodic
boundary conditions. For the MD calculations, we employed the
particle-mesh-Ewald method (rcyoff = 1 nm and a Fourier spacing
of 0.16 nm), Parrinello-Rahman pressure coupling (7, = 2 ps), and
velocity-rescale temperature coupling (7 = 0.1 ps).

Starting from water structures sampled in these MD simu-
lations, we further propagated the dynamics using the QM/MM
method for 1 ps employing a time step of 0.5 fs. The QM/MM
calculations were computed using GROMACS (version 4.5.5)
and XMOLECULE (version 0.2-465). In these simulations, a
randomly chosen cluster of 12 water molecules (the QM region)
was described using the Hartree-Fock method and the 6-31+G
basis set, whereas the remaining water molecules (the MM
region) were modeled using the force field employing the ONIOM
embedding scheme.”” In total, 100 different choices for the QM
region were taken, leading to 100 different equilibrated QM/MM
trajectories.

From these equilibration runs, a set of FSSH trajectories
were performed starting after the removal of an electron from
one of the valence orbitals. The FSSH trajectories were propa-
gated for a total simulation time of 200 fs using a time step of
0.5 fs. We employed QM/MM embedding without periodic bound-
ary conditions, the QM region was the same as for the respec-
tive equilibration runs, and the MM region incorporated all water
molecules within a distance of 10.6 A with respect to the center
of the QM region. For each final snapshot of the 100 QM/MM-
equilibration trajectories, we initiated three FSSH trajectories; in
each of them, a valence orbital for the initial electronic vacancy
was randomly chosen. The FSSH trajectories were computed using
the chemical dynamics toolkit (CDTK)"” with gradients and non-
adiabatic couplings calculated on the fly using XMOLECULE. Non-
adiabatic couplings were incorporated via calculated coupling vec-
tors; for hopping events, we employed rescaling of the velocities
in the direction of the coupling vectors. Within XMOLECULE,
Gaussian-basis-set integrals were evaluated using the libcint library
(version 6.1.2).

The electronic-structure model used for the various ionized
states is based on Koopmans’ theorem. In this approach, we compute
the neutral Hartree-Fock state and describe the potential energy,
its gradient, and the non-adiabatic coupling vectors of the ith ion-
ized state based on the assumption that the corresponding energy
is given by E; = E — ¢, where E is the neutral Hartree-Fock energy
and ¢; is the restricted-Hartree-Fock orbital energy associated with
orbital i. This electronic-structure model is a computationally effi-
cient and reliable method to obtain all the singly ionized electronic

ARTICLE pubs.aip.org/aipl/jcp

states. It turned out to give qualitatively correct surfaces in simi-
lar contexts. We note, however, that this approximation has
to be considered with care, specifically when higher excited states,
i.e., those with vacancies in deeper bound valence orbitals such as
2ay, are considered, because the relaxation effects of the electronic
structure upon removal of an electron are entirely missing. We have,
therefore, tested our approach by scanning potential energy sur-
faces for the water dimer geometry. shows a scan along
the proton transfer coordinate for a water dimer when an electron
is removed from the 2a, orbital on the hydrogen-donating water
molecule. The scan obtained using Koopmans’ theorem is compared
to the one obtained using the restricted open-shell Hartree—-Fock
(ROHF) method, in which we optimized the electronic structure
self-consistently in the presence of the inner-valence hole. Conver-
gence to the desired inner-valence-hole state was achieved using
the maximum-overlap method. Moreover, we compare with
the potential-energy-surface scan extracted from Ref. based
on multi-state state-averaged complete-active-space self-consistent-
field calculations with second-order perturbative corrections (MS-
CASPT2) and a somewhat larger basis set (6-31++G**). As can
be seen, with all three methods, qualitatively similar potential
energy curves are obtained, confirming that Koopmans’ theorem
approximation for the 2a;-vacancy states is valid. Given the fact
that, in liquid-water simulations, we do not find any considerable
specificity with respect to the individual 2a; orbital that is ion-
ized, we think that this electronic-structure model is adequate to
qualitatively address the immediate response of water to ionizing
radiation.

We employed two different embedding schemes for the FSSH
calculations. In the first one, the ONIOM subtractive scheme is
employed.”® Within this embedding scheme, the potential energy

5 - —— Koopmans'
ROHF
—— MS-CASPT2(15, 8)-SA8/6-31++g**
4
3 .
N
2L
w
2 .
1 .
0 .

0.8 1.0 1.2 1.4 1.6 1.8 2.0
0d-H distance (A)

FIG. 1. Scan of the potential energy surface along the oxygen-donor-hydrogen
coordinate for 2a;-valence hole states for the water dimer. The electron vacancy
is placed on the hydrogen-bond-donor molecule. Compared are three different
electronic-structure methods: Koopmans' theorem/6-31+G, ROHF/6-31+G, and
MS-CASPT2(15, 8)-SA8/6-31++g* * (extracted from Ref. 28).
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is computed as a function of atomic positions r in a subtractive
manner as

E( Fiotal ) = Emm (rtotal ) + EQM (rQM region ) - Evm ( FQM region ); ( 1)

where Emm(Frota) is the potential energy evaluated from the
force field for all molecules (MM region and QM region),
Enm (rom region) is the potential energy evaluated from the force
field for the molecules in the QM region, and Eqm(rqQm region) is
the energy obtained from electronic structure calculations involv-
ing the molecules in the QM region. It is important to note that the
electronic-structure calculations do not take into account the MM
environment. Thus, electrons see the effect of the surrounding water
molecules only implicitly via the MM forces that are applied to the
respective atoms in the QM region. Moreover, interaction between
the MM and QM regions is purely covered on the level of the force
field, i.e., the QM and MM molecules interact via the partial charges
and Lennard-Jones potentials as specified in the force-field para-
meters. This implies that the MM region is only indirectly affected
by the ionization in the QM region.

The other embedding scheme follows the idea of electrostatic
embedding. In particular, the potential energy is computed in an
additive manner as

E(rtotal) = EQM (rQM region> 'MM region )

+ ELI (rQM region» MM region) + EMM (rMM region ) > (2)

where the energy Enm(rmm region) is the force-field energy eval-
uated only for the molecules in the MM region, i.e., it only
covers MM-region—-internal interactions. Additional Lennard-Jones
(L)) interaction between the QM region and the MM region
E1j (YQM region> 'MM region) is added in Eq. (2). The same parameters
for the L] interaction terms are employed as specified in the SPC/E
force field. In Eq. (2), the term Eqm(rQMm regions 'MM region) is the
energy obtained from the quantum-mechanical electronic-structure
calculation that incorporates all atoms of the MM region in the
calculation as smeared-out charges. By including these smeared-
out charges in the electronic-structure calculation, the electrostatic
embedding scheme incorporates electrostatic interaction between
the nuclei and the electrons in the QM region and the charge
distribution of the surrounding MM region. In particular, each
MM atom is represented by the respective charge as defined in
the SPC/E force field, and its charge density is modeled via Gaus-
sian functions with a standard deviation given by the respective
covalent radius of the atom (0.66 A for oxygen and 0.31 A for
hydrogen®’). The usage of Gaussian-type charges with the over-
all fractional value was made possible via a modification of the
libcint library. Smeared-out Gaussian-type charge distributions were
employed before to avoid over-polarization of the QM region.”” In
our simulations, we observe that employing smeared-out atomic
charge distributions overcomes numerical instabilities when one
of the hydrogen atoms of the QM region comes close to one of
the MM atoms.

Computing the gradients and non-adiabatic couplings for
Koopmans’ theorem states requires solving the coupled-perturbed
Hartree-Fock (CPHF) equations. When using electrostatic
embedding, solving the CPHF equations for all the coordinates
(including all the MM atoms) can be prohibitively computationally

ARTICLE pubs.aip.org/aipl/jcp

expensive, because the implicit effects on the electronic structure for
all the atom positions (QM and MM regions) have to be solved in
the CPHF equations self-consistently. To overcome this problem, we
simplify the CPHF equations by treating the MM atoms using the
uncoupled approximation as described in Ref. 50. In the resulting
FSSH trajectories, we observe a total-energy drift of 0.2 eV (median
of the absolute energy change after 200 fs simulation time). In order
to test the convergence of the calculations with respect to the size of
the QM region, we also performed calculations with a smaller QM
region (see ).

Ill. RESULTS

In the following, we focus on discussing results obtained with
the electrostatic embedding scheme. Results for the ONIOM embed-
ding scheme are given in and are only discussed when
we find noticeable differences.

A. Electronic relaxation

The density of valence-hole states in liquid water is visual-
ized by the histogram of electron-binding energies in . In the
histogram, we group the valence orbitals employing the symmetry
nomenclature for an isolated water molecule, i.e., we employ the
usual labels 1by, 3ai, 1b,, and 2a;. The labeling is done accord-
ing to the relative energy position in the electronic structure of
the QM region considering that it contains 12 water molecules,
i.e., the highest occupied molecular orbital (HOMO) to HOMO-
11 were assigned to 1by, the orbitals HOMO-12 to HOMO-23 were
assigned to 3a;, and so on. We note that in liquid water, orbitals
are somewhat deformed due to structural fluctuations and exhibit
some degree of mixing among different water molecules. Accord-
ingly, the orbitals do not strictly follow the mentioned symmetry
implied by the labels. This is even more the case when we fol-
low a dynamical situation like a proton transfer reaction. However,
for simplicity, we still refer to the orbitals using these symmetry
labels.

0175 mmm 22, mm 3a;
1b, mmm 1b,

0.150

0.125 A

o
-
o
S

density (1/eV)

o
o
N
el

PES signal (arb. units)

0.050

0.025 A

0.000 -

40 35 30 25 20
binding energy (eV)

FIG. 2. Density of states obtained from the orbital energies of the sampled QM
clusters. The black line shows the experimental photoelectron spectrum from Ref.
for a photon energy of 32.6 eV.
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must be attributed to orbital relaxation effects that are missing when
evaluating the binding energies via Hartree-Fock orbital energies.
More specifically, photoionization in bulk water leads to polarization
of the electronic structure even beyond the QM cluster considered
here. This effect, which is absent in our calculations, leads in general
to lower binding energies.

As already anticipated, the high density of states in liquid water
leads to rapid internal conversion through non-adiabatic transitions.
An electron initially removed from one valence orbital is thus rapidly
transferred to an electronic vacancy in another orbital, leading on
average to the population of energetically lower-lying electronic
states. In our simulation, this electronic decay is modeled in the
FSSH trajectories by the change of the current active state of each
trajectory. In , we show the fraction of trajectories in a spe-
cific active electronic state (0-11) for trajectories initiated with a hole
in one of the 1b; valence orbitals. Due to the random initialization,
each state is initially almost equally populated. The electronic state
quickly relaxes to the ground state (state 0) and the lowest excited
state (state 1).

shows the fraction of trajectories having an active
state with a valence hole in one of the above-introduced orbital
groups. The hole populations are shown for trajectories starting with
a valence hole in one of the 1b; [ ], 3a; [ ], 1b,

0.8

state O
state 1

-t state 6
—+

—— state 2

—+

—+

—+

state 7
state 8
state 9
state 10
state 11

o
o
L

state 3
state 4
state 5

bt

o
IS
L

0.21

0 25 50 75 100 125 150 175 200
time (fs)

FIG. 3. Active-state populations for the ensemble of trajectories starting with a 1b;
valence hole. The error bars indicate the standard error.

As one can see in , the two groups 1b; and 3a; energeti-

cally overlap; otherwise, the different valence levels are energetically
largely distinct. In particular, there is a large gap between the inner-
valence levels (2a;) and the outer-valence levels of more than
10 eV.

The density of states generated from the orbital energies is com-
pared in with the experimental photoelectron spectrum for a
photon energy of 32.6 eV, which was extracted from Ref. 51. The
shape of the calculated density of state is overall consistent with
the one shown in the experimental spectrum. However, the exper-

[ ], and 2a; [ ] orbitals, respectively. As one can see,
for an initial outer-valence vacancy in one of the 3a; or 1b, orbitals,
the active-state population moves within a few femtoseconds to hole
states with a vacancy in one of the 1b; orbitals. The rapid elec-
tronic relaxation dynamics are further quantified by a fit of the
time-dependent populations. The dashed lines show fits assuming
a sequential decay process (1b;' — 3a;' — 1by'). While trajec-
tories starting with a hole in the 1b; orbital almost exclusively stay in
a hole configuration within that group [ ], it takes about 20 fs

91:€1:80 G202 IudY €2

imental binding energies are lower by about 2 eV. This mismatch for a 3a; valence hole to turn into a 1b; valence hole [ ]. For

(a) 1by! (b) 3ag!
1.0 4 b
c 081 —— state 2a7? i
o
= 0.6 1 —— state 1by! | 1
§_ 0.4 state 3a7! |
o -1
0.2 1 state 1b; i FIG. 4. Active-state populations for tra-
jectories starting with an initial valence
0.0 E hole in 1by (a), 3a; (b), 1by (c),

and 2a; (d), using electrostatic embed-
ding. The error bars indicate the stan-
dard error. The dashed lines show fits
assuming a kinetic-rate-equation model
g for a sequential decay 1b," — 3a;"

5 — 1b;". For 2a;", only a single decay
® 1+0.1 fs ) curve is fitted.
= .3+0.3fs | Toap.. = 2.4+1.8 ps
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trajectories starting with a deeper bound 1b,-valence hole, it takes a
similar time (17 fs) to decay into an intermediate 3a; hole configu-
ration. The subsequent decay to a 1b; hole configuration takes place
in about 26 fs.

These electronic decay dynamics are substantially different
from the scenario where the electronic vacancy is initially in a 2a;
orbital. Here, it takes about 2.4 ps for the electronic decay to occur.
The electronic decay from these inner-valence levels is much slower
due to the much larger energetic separation of the 2a; orbital to the
other ones (see ), which suppresses non-adiabatic couplings
between inner- and outer-valence-hole states.

B. Number of proton transfers

In all trajectories, we observe that a proton is transferred to
a neighboring water molecule. In order to analyze the number
of proton transfers, we associated each hydrogen with its clos-
est oxygen atom. When a hydrogen atom moves toward another
oxygen atom and, thus, this assignment changes, we consider a
proton transfer to have happened. shows the average num-
ber of such proton-transfer reactions for trajectories starting in a
respective initial hole configuration. The average number of proton
transfers increases rapidly and reaches within the 200 fs simula-
tion time, a value of about 1.5, indicating that on average more
than one proton transfer occurs. Inspection of individual trajec-
tories reveals that after a proton has been transferred, the water
molecule that has accepted the initial proton can, after some time,
give away a proton to a third water molecule. This reflects the highly
dynamical character of the solvated proton, which migrates through
the water via structural diffusion, a process known as Grotthuss
mechanism.

As can be seen, for an initial valence hole in one of the 1b;
orbitals [ ], the proton-transfer reaction starts a bit earlier
as compared to the case when the hole is initially in one of the 3a;

(a) 1b7! (b) 3a7l

ARTICLE pubs.aip.org/aipl/jcp

orbitals [ ]. For a 1b; valence hole, the proton transfer occurs
even later [ ]. In contrast, for a 2a; hole state [ ], it
starts significantly earlier.

C. Proton-transfer coordinates

To further study the progress of the proton-transfer reac-
tion, we identified the atoms involved in the first proton-transfer
reaction, based on the same geometrical criterion as used before
in .

In , we plot the average distances between proton and
donor oxygen (Od-H), proton and acceptor oxygen (Oa-H), as well
as the two involved oxygen atoms (Oa-Od). The analysis confirms
the earlier observation: When the valence hole is initially placed in
one of the 1b; orbitals, the proton transfer occurs earlier than when
the valence hole is initially in one of the deeper-bound 3a; or 1b,
orbitals. For the 2a; orbitals, however, the proton transfer occurs
much earlier than for all the outer-valence orbitals. Overall, one can
read out the time of the proton transfer as the time when, on aver-
age, the distance Od-H becomes larger than Oa-H, yielding 46 fs
for an initial 1b; valence hole, 70 fs for an initial 3a; valence hole,
91 fs for an initial 1b, valence hole, and 22 fs for an initial 2a;
valence hole.

One can also recognize in that during the proton trans-
fer, the participating oxygen atoms come closer to each other.
After the proton transfer, the distance between these two oxygen
atoms increases again. We compare this distance to the average
oxygen-oxygen distance for water molecules within the first sol-
vation shell evaluated for all water molecules in the QM region
(red line in ). This distance indicates that after the proton
transfer has happened, the two participating molecules, i.e., the
remaining OH and H30", move away from each other. This char-
acteristic change of Od-Oa is responsible for transient energetic
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shifts in the spectroscopic transitions through which it was pos- 1.0

sible to track the proton-transfer reaction via time-resolved x-ray
absorption measurements.

The much faster proton-transfer dynamics for 2a; valence
holes are in qualitative agreement with recent simulations for the
water dimer. Considering that the vacancy is placed on the proton-
donating unit in a dimer, Richter et al”® report an even smaller
timescale of 8 fs and Kumar et al.”’ give a timescale of 14 fs for
the completion of the proton transfer. Note that the value of 22 fs
taken from describes the time at which the proton has
a greater distance from the donor oxygen than from the acceptor
oxygen. The quantitative difference led us to perform additional
simulations for an ensemble of water dimers, where we also observed
a shorter proton-transfer timescale than for the liquid (the distance
Od-H becomes larger than Oa-H at 3.8 fs). Thus, the somewhat
larger value for the liquid must be attributed to the larger structural
heterogeneity in the liquid.

The 2a; valence hole undergoes ICD decay if the proton trans-
fer has not already progressed too far. Following Richter et al.,
we evaluated the fraction of trajectories where the ICD channel
is still open using the criterion that the distance of any hydrogen
atom to the oxygen atom in the proton-donating molecule remains
below 1.3 A. depicts the respective fraction of trajectories
initiated with a 2a; valence hole as a function of time. The expo-
nential fit in the figure reveals a half-life time of fopen = 18.9 £ 1 fs
for the closing of the ICD channel in liquid water—a noticeably
larger value than previously obtained by Richter et al*® for the
dimer (2.9 fs).

We can map the effective ICD probability « to an ICD life-
time Ticp assuming a competition between proton transfer and ICD
decay via

a=1- exp (*topen/TICD) (3)

0.8

o
o
L

=]
IS
L

fraction dog_n<1.3 A

0.2

0.0 A

0 20 40 60 80 100
time (fs)

FIG. 7. Fraction of trajectories for which the oxygen-hydrogen distances of the
proton-donating water molecule remain below 1.3 A. The error bars indicate the
standard error. The dotted line shows an exponential fit.

In Ref. 28, ICD probabilities have been measured for water cluster
of different sizes, revealing an ICD probability « that increases with
cluster size. In particular, a value of & ~ 0.5 for water clusters with an
average number of (N) = 250 water molecules was measured, and
the measurements suggested that the ICD probability « increases
further with (N). Extrapolating this value toward bulk water,

lists ICD decay times 7icp evaluated via Eq. for ICD probabilities
a = 0.5, 0.6, and 0.7, employing our value of t,pen computed for bulk
water and the earlier value of fopen computed for water dimers. As
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TABLE I. Calculated ICD decay times for bulk water for a given ICD probability «.

TICD in fS
a topen = 189 + 1 fs topen = 2.9 fs
0.5 273+ 1.6 4.2
0.6 20.6 £ 1.2 3.2
0.7 15.7 £ 0.9 2.4

one can see, the larger value for fopen yields effective ICD probabil-
ities that agree reasonably well with the value 7icp = 23 fs that has
been extrapolated from the corresponding ICD decay rate calcula-
tions for the dimer.”* Given that 7icp is larger than 10 fs, a value of
topen = 2.9 fs is incompatible with « > 0.5. The measurements per-
formed by Richter et al.” thus are consistent with the larger topen We
obtain for bulk water.

D. Local heating and cooling

The ionization places considerable vibrational excitation into
the liquid water. As discussed in , the initial electronic state
decays in a few tens of femtoseconds to the electronic ground state,
unless the initial hole is in an inner-valence orbital. Considering an
initial valence hole in a 1b, orbital, the rapid relaxation to the elec-
tronic ground state with a hole in a 1b; orbital implies an (electronic)
relaxation energy of about 7 eV (see ). However, even without
this electronic decay, the ionization induces motion in various vibra-
tional degrees of freedom, because potential energy surfaces in the
ionized states are considerably different in shape compared to those
in the neutral ground state.

Assuming that an energy of 7 eV is transferred to the vibrational
degrees of freedom of a water molecule and the four molecules in its
first solvation shell, each of these water molecules gains a vibrational
energy of about 1.4 eV, implying significant vibrational excitation.
In thermodynamic equilibrium, this would correspond to a temper-
ature increase of about 1800 K for the involved five water molecules.
Meanwhile, one must consider that the vibrational energy is quickly
distributed into the farther chemical environment of the liquid
water and, thus, it is quickly shared among many more water
molecules.

To inspect this vibrational energy transfer, we compute from
the simulation the effective temperature of water molecules follow-
ing valence-electron removal. The effective temperature as a func-
tion of time is determined from the instantaneous average kinetic
energy per atom Eyjp atom, Via

T=2 Ekin,atom/?’ kB- (4)

To inspect how quickly the vibrational energy spreads over differ-
ent spatial regions, we compute the effective temperature for groups
of molecules at various distances from the created OH radical. In
particular, we consider the atoms of the water molecule ending up
in the created OH radical plus the five water molecules in the QM
region closest to it (QM1), the remaining six water molecules in
the QM region (QM2), the six closest water molecules in the MM
region (MM1), and the next six closest water molecules in the MM
region (MM2). Here, one has to consider that due to the bond-length

ARTICLE pubs.aip.org/aipl/jcp

restrictions in the force field, kinetic energy cannot be put into inter-
nal vibrations of the MM molecules. Therefore, additional kinetic
energy can only appear as rotational or translational energy of each
water molecule, whereas for the QM region, the hydrogen—oxygen
bond length and the bond angles move classically in the respective
ab initio potential.

For an initial 1b; valence hole, shows how the effective
temperature rapidly increases for the QM1 region. As a consequence
of the sudden ionization, water molecules start to rearrange and
thereby gain vibrational energy. At about ¢ = 78 fs, the effective tem-
perature reaches a maximum of about 798 K and starts to decline
after that. The next closest water molecules (QM2 region) show
a much smaller increase in temperature and remain at a temper-
ature below 480 K. The corresponding temperatures of the MM1
and MM2 regions increase as well, approaching 460 and 430 K,
respectively.

For the simulations with an initial 3a; hole [ ], a sim-
ilarly rapid temperature increase can be observed. The amount of
vibrational energy placed into the system is somewhat larger, lead-
ing to a stronger rise in the effective temperature, particularly for the
QM regions. The temperature for the QM1 region grows up to 919 K
at t = 100 fs and decreases afterward, whereas the one for the QM2
reaches a plateau of 582 K at ¢ = 50 fs. The temperature for the MM
regions goes as high as 477 and 433 K, respectively.

An even stronger increase in the effective temperature can be
seen for an initial 1b, hole [ ]. Here, the temperature in the
QM1 region reaches a maximum of 1268 K at about 94 fs. The max-
imum for the QM2 region is reached somewhat earlier (918 K at
about 58 fs). A decline of the temperature in the QM1 and QM2
regions can be seen on an estimated timescale of several hundred
femtoseconds. Similarly as for the other valence holes, the effective
temperature of the MM regions steadily increases, reaching about
499 and 441 K, respectively.

Even though the inner-valence 2a; orbitals have a much larger
binding energy, which means that their ionization involves a much
larger electronic excitation energy, the situation is different here,
since the electronic relaxation happens much more slowly (see

) so that within the simulation time, the electronic excitation
energy almost exclusively remains in the electronic degrees of free-
dom. Accordingly, the increase in the effective temperature is not
as large as one would expect from the electronic excitation energy.
Meanwhile, the much more rapid proton transfer dynamics suggest
that the potential energy surfaces around the equilibrium geome-
tries are considerably steeper than for the outer-valence holes. From
this consideration, one might expect a much stronger increase in the
effective temperature than, for example, for an initial 1b; hole. It
turns out that the trends in the temperatures are similar to those for
an initial 1b, hole: Up to about 85 fs, the temperature in the QM1
region increases. It reaches a maximum of about 1188 K and then
starts to decay. The temperature in the QM2 region grows notice-
ably more slowly and reaches a plateau with a value of 654 K at about
125 fs. The temperatures in the MM regions go as high as 502 and
426 K, respectively.

Overall, the analysis of the effective temperature shows that
the ionization involves a considerable enhancement of vibra-
tions in the liquid environment, which corresponds to a signifi-
cant increase in the local temperature. The vibrational energy is
distributed over the liquid environment within several hundred
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FIG. 8. Effective temperature evaluated
for different sets of molecules: The
atoms of the molecule ending up as OH
radical plus the five closest molecules
in the QM region next to it (QM1, solid

line), the other six molecules in the QM
region (QM2, dashed line), the six clos-
est water molecules in the MM region

(MM1, dotted line), and the next near-
est six water molecules in the MM region
(MM2, dotted-dashed line), for trajecto-
ries with an initial valence hole in (a) 1b4
(blue), (b) 3as (orange), (c) 1b, (green),
and (d) 2a; (red), using electrostatic
embedding.
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femtoseconds. The increase in the local temperature remains spa-
tially constrained in the sense that only the closest six molecules
(i.e., approximately the first solvation shell) experience temperatures
above 1000 K.

illustrates that photoionization provides a means to
locally heat up water on very short timescales. For aqueous solu-
tions, the very steep and transient increase in effective local tem-
perature might trigger reactions involving solvated species in the
vicinity of the radiolysis reaction. This effect can also be regarded
as a tool to trigger chemical reactions, i.e., it opens up possibil-
ities to investigate ultrafast chemical reactions in aqueous solu-
tions that can then be tracked via pump-probe schemes. The
method that is also known as the temperature-jump technique
has been introduced using infrared laser radiation”* and has been
considered also with THz radiation. Our results suggest that
with temporally constrained high-energy radiation, considerable
local temperature jumps of more than 1000 K may be reached
as well.

The results for the electrostatic embedding ( ) are some-
what different compared to the results for the ONIOM embedding,
which are shown in . Overall, one can see that the effective
temperature of the QM regions reaches noticeably higher values
with the ONIOM embedding than with the electrostatic embed-
ding. Correspondingly, the temperatures of the MM regions remain
lower. This demonstrates a somewhat more rapid heat transfer from
the QM region into the MM region for electrostatic embedding
compared to the one for the ONIOM embedding. The discrep-
ancy must be attributed to the less direct coupling of the MM
molecules to the QM region in the latter. In fact, since, for the
former, forces calculated for the MM molecules involve the actual
electronic structure of the QM region, the effect of the overall pos-
itive electric charge can be seen by the MM molecules directly.
For the ONIOM embedding, in contrast, MM molecules effectively

time (fs)

interact with a neutral QM region, leading to a much more indirect
coupling.

E. Localization of the proton transfer

Conceptually, embedding schemes introduce artificial layers
into the simulation by splitting up the system into a QM region and
an MM region, whereas in reality, the bulk-water system is homoge-
neous. To identify possible artifacts from this QM/MM separation,
we inspect the positions of the created radicals and of the excess pro-
ton in the simulation. In particular, we inspect their distances from
the center of mass of the molecules that are part of the QM region
(COM). It is insightful to understand where in the QM region the
proton transfer occurs and whether the QM/MM interfacial region
plays a distinct role in the simulations. In , the average dis-
tances of various species from the COM are shown. In particular, the
figure shows the distance of oxygen and hydrogen atoms (both aver-
aged over the molecules in the QM region), as well as the distance
of the oxygen atom belonging to the formed OH radical and the dis-
tance of the excess proton from the COM. In order to determine
the position of the excess proton, we employ the excess-proton-
analysis framework introduced in Ref. 57. In particular, we compute
the position of the excess proton as

)

with

Ny

wi=y {1+exp[(dj,-—ﬁ)/r1]}_1, (6)

J

where d = 1.4 A, 7 =0.05 A, the sum in Eq.
atoms, the sum in Eq.

runs over all oxygen
runs over all hydrogen atoms, and dj; is the
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FIG. 9. Effective temperature evaluated
for different sets of molecules: The
atoms of the molecule ending up as OH
radical plus the five closest molecules
in the QM region next to it (QM1, solid

line), the other six molecules in the QM
region (QM2, dashed line), the six clos-
est water molecules in the MM region

(MM1, dotted line), and the next near-
est six water molecules in the MM region
(MM2, dotted-dashed line) for trajecto-
ries with an initial valence hole in (a)
1by (blue), (b) 3as (orange), (c) 1b,
(green), and (d) 2a4 (red), using ONIOM
embedding.

FIG. 10. Distances of QM atoms from
the center of mass of the QM region as

a function of time for trajectories start-
ing with an initial valence hole in 1b4 (a),
3aq (b), 1b, (c), and 2a; (d), using elec-

1400 @) 167 (b) 3ayl

< 1200 —+— QM1 w0 MM1 ]

5 -F- QM2 —-- MM2

5 1000 A .

©

g 800 1

S

3 600 .

b= TN I T

© 4004 Ml st |

Lago € 103 (d) 2ayt

¥ 1200 1

g

51000 i 1

g 800 - M \'M\V\iw«luh.h'\h., w |

S

3 600 .

% 400 7 ...-s.-.’..-'.---...g---‘l'-'"'—::::::-".—:l‘ B

0 50 100 150 200 0 50 100 150 200
time (fs) time (fs)
(@) 1b7? (b) 3a7?!

<

=

o

(@]

€

e

o

[8)

C

©

&

©

trostatic embedding. Average distance of

the oxygen atoms (O, blue), average dis-
tance of the hydrogen atoms (H, orange),
distance of the oxygen involved in the

formation of the OH radical (OH, green),
and distance of the excess proton (p,
red). The error bars depict the standard
error. The shaded red areas depict the
standard deviation for the proton. The

distance from COM (A)
o

dotted lines show the maximum oxygen
(blue) and hydrogen (orange) distances
in the QM region.
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time (fs)

distance between the ith oxygen atom and the jth hydrogen atom. In
contrast to the analysis performed in , this tracks the position of
the excess proton not as an individual atom, but as a structural prop-
erty. Thus, it allows one to follow the position of the excess proton
even beyond several proton transfer reactions.

As one can see in , for all three outer-valence holes, the
oxygen atom that is part of the later formed OH is, on average, some-
what closer to the COM than the average oxygen atom in the QM
region (O). The same holds for the excess proton (p), which is closer
to the COM than the average hydrogen atom in the QM region (H).

time (fs)

150 200

These features result from some selectivity of the proton transfer
reaction: By construction, the valence hole is constrained to the QM
region and the embedding scheme effectively prohibits proton trans-
fer from water molecules in the QM region toward oxygen atoms in
the MM region. Accordingly, proton transfer occurs only within the
QM region. The resulting bias (which is to some degree inherent
to QM/MM simulations) leads to the creation of OH and an excess
proton in the inner part of the QM region. Thus, the distance of the
OH radical from the COM is smaller than the distance of O from
the COM. The same trend is observed even more pronounced for
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FIG. 11. Distances of QM atoms from

distance from COM (A)

the center of mass of the QM region as
a function of time for trajectories start-
ing with an initial valence hole in 1b;
(a), 3aq (b), 1by (c), and 2a4 (d), using
ONIOM embedding. Average distance of

the oxygen atoms (O, blue), average dis-
tance of the hydrogen atoms (H, orange),
distance of the oxygen involved in the

formation of the OH radical (OH, green),
and distance of the excess proton (p,
red). The error bars depict the standard
error. The shaded red areas depict the
standard deviation for the proton. The

distance from COM (A)

dotted lines show the maximum oxygen
(blue) and hydrogen (orange) distances
in the QM region.
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time (fs)

the excess proton. Remarkably, the bias is much less for the inner-
valence hole: Here, the average COM distance of OH matches the
one for O.

The same analysis is shown in for the ONIOM embed-
ding. Overall, very similar curves can be seen for the average
distances of O, H, p, and OH from the COM. However, a clear
temporal kink in the distance of OH from the COM is observed.
It turns out that after the proton transfer has happened, the OH
radical is being pushed out of the QM region, a behavior that
is not observed for electrostatic embedding ( ), where the
distances from the COM seem to remain rather constant. We
thus consider this effect, which has been reported before in the
supplementary material of Ref. 10, an artifact due to the specific
interactions between the QM and MM regions neglected in the
ONIOM embedding scheme. Apart from the two discussed differ-
ences ( and 9 and and 10), we find that both embed-
ding schemes give almost identical results for the proton transfer
(see ).

IV. CONCLUSIONS

We have modeled the radiolysis of water after single ionization
of various valence orbitals. Our calculations show that the ionization
of outer-valence orbitals (1b;, 3a;, and 1b,) leads to rapid inter-
nal conversion, eventual leading to ionized water in its ground state
within tens of femtoseconds. The internal conversion mechanism is
accompanied by a proton transfer reaction, where a proton of one
water molecule is given to a neighboring water molecule. The time at
which the proton transfer occurs depends on where the initial elec-
tron vacancy was created. For ionization from a 1b; valence orbital,
proton transfer occurs about 45 fs after the ionization, whereas for
ionization from one of the deeper bound 3a; and 1b, orbitals, it takes
about 70 and 90 fs, respectively.

150 200

For inner-valence vacancies in the 2a; orbitals, internal con-
version due to non-adiabatic couplings is much slower because of
the energy gap between the inner-valence and outer-valence hole
states. We observe that the proton transfer takes place 22 fs after
ionization, which is considerably larger than the value reported for
dimers. We discuss the consequence of this result for the ICD
decay in liquid water. Since proton transfer competes with the ICD
channel, and measurements indicated that the efficiency for ICD in
bulk water is larger than 50%,”" our calculated time for proton trans-
fer is consistent with the extrapolated ICD decay times computed for
the dimer.

The vibrational excitation energy created in the ionization
is transported away within several hundred femtoseconds. If one
considers an aqueous solution, the resulting rise in effective temper-
ature might trigger further reactions involving solutes in the vicin-
ity of the transiently hot region. This way, high-energy radiation
could turn out to be a promising tool for prospective temperature-
jump-pump-probe experiments for studying ultrafast chemical
dynamics in aqueous solutions.

We have compared two different embedding schemes, ONIOM
and electrostatic embedding, and find that the results, overall, are
very similar. For ONIOM embedding, there is a trend that the OH
radical is pushed out of the QM region, which is not the case for
the electrostatic embedding. Moreover, the transport of vibrational
energy seems to be somewhat faster with the electrostatic embedding
compared to the ONIOM embedding.
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APPENDIX A: FURTHER RESULTS FOR ONIOM
EMBEDDING

Here, we present further results for the ONIOM-embedding
scheme analogous to those presented in the main text for the
electrostatic-embedding scheme. shows the density of
states obtained for the ONIOM embedding. It shows very simi-
lar distributions as those for the electrostatic embedding shown in

The active-state populations for the ONIOM embedding are
shown in together with a fit to a kinetic-rate-equation
model that assumes a decay 1b; ' 5 3a7! > 1by!. Overall, we con-
clude that the differences to the electrostatic-embedding scheme are
insignificant.
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FIG. 13. Active-state populations for tra-
jectories starting with an initial valence

hole in 1b; (a), 3a¢ (b), 1b, (c), and 2a,
(d), using ONIOM embedding. The error
bars indicate the standard error. The
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dashed lines show fits to a rate equa-
tion model assuming a sequential decay
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a single decay is fitted.
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shows the average number of proton transfers giv-
ing very similar trends as for the electrostatic embedding shown in

The evolution with respect to the proton-transfer coordinates
obtained with the ONIOM-embedding scheme is shown in
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APPENDIX B: COMPARISON WITH RESULTS
FOR A SMALLER QM REGION

The strong similarity of the results based on the two embed-
ding strategies suggests that the electronic decay and the proton

in analogy to

. Almost the same proton transfer times are

transfer are largely determined by the local environment around

obtained. the ionized water molecule and less influenced by the chemical
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environment farther away. One can, therefore, expect that the results of the proton-transfer coordinate in . In addition, here, the
are converged already with a relatively small QM region. To test the results are largely the same within the error margins.
convergence with respect to the size of the QM region, we performed The compatibility of both results indicates that the results are
additional simulations for a smaller QM region including only ten largely converged with respect to the size of the QM region.

water molecules.
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