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Generation of Highly Damaging H,0% Radicals by Inner Valence Shell

lonization of Water

Oriol Vendrell,* Spas D. Stoychev, and Lorenz S. Cederbaum*™

Water molecules surround all biological matter and have a cru-
cial role as the matrix of life. Owing to the close proximity of
water molecules to all biological systems, it is important to un-
derstand the response of water to ionizing sources, since the
emitted electrons and open-shell fragments play a major role
in various damaging mechanisms of biomolecules. Very recent
experiments have investigated the inner valence ionization of
water in the water dimer!! and in larger water clusters,® and
have found that the system decays emitting electrons of low
energy and radical cations H,O". Low-energy electrons can ef-
fectively interact and induce breakage of biomolecules. The
water radical cation is also capable of great damage.>“ It is a
strong acid and will immediately transfer a proton to any
nearby group with proton-accepting capability. The proton
transfer results in OH’, which is extremely reactive itself. In
nature and experimentally the inner valence ionization can be
accomplished by interaction with light. Other preparations are
also conceivable, for example, an inner-valence ionized state
can be the result of a cascade of processes, such as Auger
decay, started by ionization or excitation of a core electron by
an energetic particle or photon. The process by which an
inner-valence ionized state decays by emission of an electron
is called intermolecular Coulombic decay (ICD). ICD is an elec-
tronic deexcitation process that was first theoretically predict-
ed for hydrogen-bonded systems™® and van der Waals clusters
of noble gas atoms.”? Later, experimental evidence of ICD in
van der Waals clusters was reported,®® and more recently, evi-
dence of ICD in water has been reported as well*'¥ |CD can
take place if the inner valence ionized state is energetically
above the double-ionization threshold of the system. This is
usually not the case for isolated atoms or small molecules.
However, for aggregates, the double ionization threshold can
fall below the inner valence ionization energy, opening the
possibility for ICD to occur. The process can be described as a
relaxation of the ionized atom or molecule, in which an outer
valence electron fills the inner valence hole. The energy re-
leased is transferred to a neighboring species, from which a
second outer valence electron is expelled. In the case of the
water dimer, the double ionization threshold is about 3 to 4 eV
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below the inner valence ionization energy, and therefore ICD
follows an inner valence ionization process.™

In the experiments on the water dimer of ref.[1], the ICD
process is triggered by ionization from an inner valence shell
of one of the water molecules. The two emitted electrons
(direct photo-electron and ICD electron) and the cationic frag-
ments resulting from the Coulomb explosion of the dimer are
then measured in coincidence, determining their directions,
and the charges and masses of the fragments. Such experi-
ments clearly show that ICD results in two H,O" fragments,
which immediately separate in a Coulomb explosion. Other
scenarios could in principle be conceived, such as an ultrafast
proton transfer from the hydrogen-bond donor to the hydro-
gen-bond acceptor molecule while the system is still in a
singly ionized state,['"! followed by ICD and Coulomb explosion
of the H;0% and OH* fragments. However, this decay channel
is not observed experimentally, supporting the notion that in
fact ICD is a very fast process in water. ICD in water can have
far-reaching consequences for the damage to biological struc-
tures. An ICD event not only generates two H,O%, additionally
they are generated as neighbour ions, which leads to an im-
mediate release of Coulomb repulsion energy, of the order of
5 eV, as translational, rotational, and vibrational energy of the
fragments. The sum of the translational kinetic energies
(kinetic energy release, KER) of the repelling H,O" fragments is
reported from the experiments, but nothing is known about
the internal state of the two water radical cations after the
Coulomb explosion. The KER can easily be estimated as the po-
tential energy of two positive charges at the equilibrium
oxygen-oxygen distance of the water dimer, which is 2.9 A.
This simple estimation leads to an expected KER of about
4.9 eV. However, the experimental KER distribution lies clearly
below this value, suggesting that a considerable amount of
energy ends up trapped in the vibrational and rotational de-
grees of freedom of the H,O" fragments.

Herein, we simulate the Coulomb explosion of the ionized
water dimer by ab initio molecular dynamics (AIMD), giving a
detailed picture of the mechanism by which two water radical
cations separate after inner valence ionization followed by ICD,
and how the energy is distributed among the rotational and
vibrational degrees of freedom of the fragments after the ex-
plosion. The computed probability distribution of the KER of
the H,O" fragments is compared to the experimental results
of ref. [1]. Observable quantities are computed quasi-classically
from averaging over 1500 classical trajectories. Averaged quan-
tities over all trajectories are denoted as {A) throughout. The
initial positions and velocities of each trajectory are sampled
from the Wigner distribution of the quantum-mechanical vibra-
tional ground state of the neutral dimer in harmonic approxi-
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mation. Each trajectory is numerically integrated on the poten-
tial energy surface (PES) of the ground electronic state of the
dication, computed at the second-order Mgller—Pleset pertur-
bation theory. The trajectory integrations were performed
using the Gaussian 03 program package.'? Further details on
the trajectory integrations are provided in the Supporting
Information.

Figure 1a shows the calculated average KER as a function of
time. Its value approaches an asymptotic limit, but it would re-
quire extremely long propagations to reach the true asymp-
tote of (KER) due to the long range of the Coulomb interac-
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Figure 1. a) Computed average (KER) as a function of time. b) Experimental
and simulated KER distributions. For the experiment, the number of counts
at a given energy as reported in Ref."” is given. c-KER refers to the KER com-
puted from the system dynamics with asymptotic correction, while i-KER is
the KER obtained solely from the distance between the oxygen atoms at
t=0 fs. The left y-axis represents a probability density for a total probability
of 1.

tion. However, such long propagations are not necessary, be-
cause at large distances both fragments already see each other
as point charges (i.e. any interaction except for the Coulomb
one is negligible). The KER value for each single trajectory is
then obtained by adding the Coulomb energy corresponding
to the distance between both fragments at t=800 fs to the
KER resulting from the trajectory propagation. The corrected
KER (c-KER), shown in Figure 1b, takes into account the inter-
nal and rotational dynamics of the fragments, and has the cor-
rect asymptotic behaviour. On the other hand, the initial-condi-
tions KER (i-KER) distribution is computed from the distance
between both oxygens at t=0 fs, and completely neglects any
internal and rotational dynamics of the H,O% cations as they
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fall apart, therefore assuming that the Coulomb potential
energy is entirely released as translational kinetic energy of the
fragments. The maximum of the experimental KER distribution
is located at 4.2 eV, and compares well with the maximum of
the c-KER distribution, which is 4.3 eV. For both distributions,
the probability of a KER of 4.9 eV is low. However, the experi-
mental distribution extends to lower energies, which is proba-
bly related to the nuclear dynamics of the singly-ionized
system after photo-ionization, and before the onset of ICD.
The lack of quantum effects in our simulations, the harmonic
approximation of the ground vibrational state of the dimer
used to sample the initial conditions, and the experimental ac-
curacy, might also play a role in the deviations between the
computed c-KER and experiment. Conversely, the i-KER is pre-
cisely centered at 5.0 eV and has little overlap with the experi-
mental KER. The i-KER is shifted 0.6 to 0.8 eV to higher energies
with respect to the ¢-KER distribution, illustrating the fact that
rotational and internal degrees of freedom of the H,O" frag-
ments absorb an important amount of energy during the
Coulomb explosion.

Figure 2a shows the average rotational energy, and the ki-
netic energy of the internal vibrations of each fragment along
time. Details on the calculation of these quantities are given as
Supporting Information. The curves do not start at zero energy
for t=0, because the initial conditions are sampled from a
Wigner distribution of the water dimer. The average energy re-
leased into vibrations and rotations corresponds to the differ-
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Figure 2. a) Average rotational and vibrational energies of the donor and ac-
ceptor H,O* fragments as a function of time. b) Average components of the
total angular momentum of each fragment projected onto molecule-fix
axes. The definition of the axes is given in the text. The vertical line denotes
a change of timescale.
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ence between the values at t=800 fs, which have long since
reached their asymptotic behaviour, and the values at t=0 fs,
which reflect the initial energy distribution. The average incre-
ment of internal and rotational energy of both fragments is
0.65 eV. Of these, 0.41 eV correspond to rotational energy of
the donor, 0.09 eV to vibrational energy of the donor, 0.04 eV
to rotational energy of the acceptor, and 0.11 eV to vibrational
energy of the acceptor.

The rotational energies of both fragments oscillate strongly
until they reach their final values after about 150 fs, when the
two H,0" are found at an average distance of about 11 A.
Until that point, there is exchange of translational and rota-
tional energy between both fragments. After 30 fs the donor
molecule reaches its maximum rotational energy of more than
0.8 eV. It can also be seen in Figure 2a that there is no rota-
tion—-vibration energy exchange, and that the vibrational ener-
gies oscillate from the beginning around their final asymptotic
value.

Interestingly, more than half of the energy going into rota-
tional and vibrational motion ends up as rotational energy of
the hydrogen-bond donor molecule. In order to disentangle
the rotational dynamics of each of the H,O% fragments, the
components of their angular momenta are computed on a set
of molecule-fixed orthogonal axes x, y and z that have their
origin in the center of mass (CM) of each molecule. For each
water molecule, the x-axis connects the CM of the molecule
with the CM of both hydrogens, and the z-axis is perpendicular
to the plane of the molecule. The y-axis is then defined as per-
pendicular to x and z. The average values of the components
of the angular momenta (j,,,), {j,.). and {j,,) for each frag-
ment are presented in Figure 2b, where w={(d,a) for the donor
and acceptor molecules, respectively. The details of the calcula-
tion of the angular momenta are given in the Supporting Infor-
mation. Each component of the angular momentum can have
either a positive or a negative sign depending on the sense of
rotation around that particular axis. Due to the symmetry of
the water dimer, {j, ;) and {j,,) for the donor and (j,,) and
<jzv,,> for the acceptor cancel at all times, although such com-
ponents do not vanish in general for individual trajectories.

Figure 3 shows snapshots of the particular trajectory starting
from the minimum energy geometry of the neutral dimer with
zero initial kinetic energy. This trajectory illustrates the average
behaviour during the explosion. Initially, the donor molecule
starts to rotate strongly around its z-axis, performing full turns.
This is seen clearly in Figure 2b, where <jz,d> never changes
sign. At the same time, the acceptor molecule starts a hin-
dered rotation around its y-axis in a well defined sense of rota-
tion. The acceptor does not have enough rotational energy to
perform full turns, which are hindered by the interaction with
the donor molecule. This is seen in the changes of sign of
(jya) with time. Finally, {j,,) tends to zero, indicating that
when the molecules are freely rotating at large distances, all
memory of the direction in which the initial impulse was given
to the acceptor molecule has been lost. Only <jz,d> retains an
asymptotic value different from zero.

In conclusion, we report a detailed picture of the events
after an inner valence ionization of the water dimer followed
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Figure 3. Side view of the Coulomb explosion starting from the minimum
energy geometry of the water dimer and with zero initial kinetic energy. The
numbers at the right side denote time in femtoseconds and oxygen-oxygen
distance in Angstroms. For this particular trajectory, the y-axis of the accept-
or molecule (left) and the z-axis of the donor molecule (right) are at all
times perpendicular to the plane defined by the three atoms of the donor.
The definition of the molecule-fix axes is found in the main text. The per-
spective is such that one of the hydrogen atoms of the acceptor is eclipsed
by the other hydrogen atom at all times.

by ICD decay. Very recent experiments have shown that this is
the decay channel in water after inner valence ionization. After
ICD, two neighbouring H,O" fragments are generated, which
quickly separate in a Coulomb explosion, gaining a large
amount of translational and rotational energy. The internal and
rotational dynamics of the fragments during the explosion is
simulated, the distribution of kinetic energy of the generated
H,O0" fragments is compared to the experiments, and good
agreement is found. Experimentally, the final kinetic energy of
the fragments is lower than the estimation obtained by consid-
ering the initial distance between the cations. Our simulations
show that a non-negligible portion of the Coulomb repulsion
energy ends up as rotational energy of the hydrogen-bond
donor water molecule, accounting for the experimentally mea-
sured KER. The rotational energy of both H,O" cations varies
with an oscillating pattern until 150 fs after the Coulomb ex-
plosion, when they are about 11 A apart. After this point, both
cations gain only translational kinetic energy. The H,0" frag-
ment corresponding to the hydrogen-bond donor maintains
its sense of rotation around the axis perpendicular to the mo-
lecular plane indefinitely, and its rotational energy after the ex-
plosion is of about 0.6 eV. Conversely, the fragment generating
from the acceptor molecule has lost all information on the ini-
tial sense of rotation by the time the cations are freely rotat-
ing. The reported simulations assume an instantaneous ICD
decay, neglecting the nuclear dynamics of the singly ionized
cluster before the onset of ICD and the decay to the doubly-
ionized state. The low-energy tail of the experimental KER in
Figure 1b is most probably related to the vibrational dynamics
effects of the singly ionized cluster during the first few femto-
seconds after the photoionization, and such effects will be the
subject of future investigations. The reported simulations pres-
ent fundamental information on the dynamics of water after
ionization by high energy sources, and our findings are impor-
tant for understanding future experiments on electronic decay
processes and ionization in water medium.
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