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Identifying the initial products of the interaction of high-energy radiation with liquid
water is essential for understanding the yield and patterns of damage in aqueous
condensed matter, including biological systems. Up until now several fast reactions
induced by energetic particles in water could not be observed on their characteristic
timescales, and hence some of the reaction intermediates involved, particularly those
requiring nuclear motion, have not been considered in describing radiation chemistry.
Here, through a combined experimental and theoretical study, we elucidate the ultrafast
proton dynamics in the first few femtoseconds after X-ray core-level ionization of liquid
water. We show through isotope analysis of the Auger-spectra that proton-transfer
dynamics occurs on the same timescale as electron autoionization. Proton transfer leads
to formation of a Zundel-type intermediate [HO*--H-OH,]*, which further ionizes,
forming a so-far unnoticed type of di-cationic, charge-separated species with high

internal energy. We call the process proton-transfer mediated charge separation.

The primary processes in water initiated by X-radiation are poorly understood despite
their paramount importance in different fields. Understanding the energy and charge re-
distribution in water upon X-ray photon absorption is vital for a design of more efficient
radio-oncology schemes,'” for disentangling the physical basis of genotoxic effects on living

tissues,”” for minimizing the damage of biological samples during X-ray diffraction



experiments,’ as well as for controlling the performance of nuclear reactors under operating
conditions.” Current understanding of electron-initiated processes in aqueous systems,
following energy deposition, and the subsequent radical chemistry have been recently
reviewed.® An explicit consideration of radicals and molecular species formed via multiple
ionization processes of water, involving for instance atomic oxygen and hydrogen peroxide,
can be found in the radiolysis literature, e.g. in refs.”’ However, the knowledge of the

ultrafast processes and mechanisms in water radiolysis remains to large extent unexplored.

In the present work we focus on the processes following Ols core-level ionization of
water. The highly excited species formed by the core ionization relaxes primarily via Auger-
electron decay. As shown in Figure 1b, Auger decay of a water molecule involves refilling the
water core-hole by one of the valence electrons, and the simultaneous emission of another
valence electron, the Auger electron, from the same water molecule. The resulting highly
reactive doubly ionized H,O*'(aq) molecule, with both vacancies (holes) located at the same
site (denoted here as 2h state), then undergoes ultrafast Coulomb explosion, forming

dominantly O + 2H".'%"!

In recent years a set of novel non-local autoionization processes has been identified to
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play an important role in weakly bonded atomic and molecular systems. One such

relaxation process is Intermolecular Coulombic Decay (ICD), initially observed upon inner-

121517 and later also (hydrogen bonded)

valence ionization of van der Waals-bonded clusters,
water clusters.'® In the ICD process, the energy provided by an outer valence electron upon
filling the vacancy is used to expel a second electron from an atom or molecule neighboring
the initially ionized site. Throughout the process the two units (two water molecules in our
case) can be considered as being electronically distinct; see scheme Figure lc. The final
product is a doubly charged species, but with the two positive charges located on different
water units, i.e., a [H,O"--H,0J(aq) complex is formed. Computational work suggests that the
ICD process is a rather general mechanism for electronic deactivation in hydrogen-bonded
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or water molecules

molecules in water such as hydrated biomolecules,19 ammonia,
interacting with a protein residue.”’ More recently ICD-like processes have also been
observed for core-ionization and core-excitation of aqueous solutions.’***?® The core-
ionization induced processes of ICD type have been also observed and thoroughly discussed
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for water and ammonia clusters.” An important difference between relaxation of core-

holes and inner-valence holes is that single core-ionization energies are greater than the



lowest valence double-ionization energies; thus the Auger channel is always open upon core-
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ionization whereas it might be energetically forbidden upon inner-valence ionization.

Here we explore yet another alternative relaxation route of core-ionized liquid water
which is mediated by the ultrafast motion of a proton in the intermediate core-hole state
(summarized in Figure 1d). The term ‘mediated’ and the corresponding acronym PTM
account for the fact that some of the processes considered here are possible only if proton
transfer had taken place. These processes occur on the timescale of the oxygen 1s core-hole
lifetime (approximately 4 femtoseconds),”® which is comparable to the 9 fs period of a full O—
H vibration in water. Experimentally, we perform a so-called core-hole-clock measurement,"
3 which is based on detecting electron energies emitted by autoionization, occurring
continuously from the geometrically evolving manifold of core-ionized structures. The
relaxation into two-hole final states is taken to be mono-exponential; the time constant is the
core-hole lifetime. The Auger spectra of water thus contain temporal information about
changes in the electronic structure induced by ultrafast proton transfer in the core-ionized

state.

At some point during the proton transfer, the two initially interacting water units form a
Zundel-type cationic species, [HO*--H--OH,]'(aq) (step 1 in Figure 1d). Relaxation by
autoionization of the core-hole state can therefore take place from a continuum of non-
equilibrium structures, even at this short timescale. In the proton-transfer mediated Auger
(PTM-Auger) process core-excited HO* emits an Auger electron (2-branch in Figure 1d). In
the proton-transfer mediated ICD process (PTM-ICD) energy released in the core-refill of
HO* is instead used to ionize the H,O of the Zundel-type species (3-branch in Figure 1d).
Both mechanisms are explicitly written in Figure 1d, steps 2°, 2’ and steps 3°, 3’ for the
Auger and ICD case, respectively. Here, internal conversion, IC, may occur because the states

formed in the upper process have somewhat larger energy as we show below.

We denote the final electronic states of these charge separated di-cationic complexes,
[HO™-H30"](aq) and [H,O"-H,0"](aq), 1he1h (as opposed to 2h for normal Auger, occurring
in the ground-state geometry). We further distinguish the lhelh states depending on whether
charge delocalization occurs through normal ICD, ie., in the ground-state structure
((Thelh)icp; Figure Ic), via ICD in the distorted geometry ((1helh)icp+ through PTM-ICD;
Figure 1d, step 3’), or via local de-excitation in the distorted geometry ((1helh)ayger through
PTM-Auger; Figure 1d, step 2°). The lhelh states can be experimentally distinguished from
the 2h states by their different Auger electron spectra. The actual occurrence of PTM-CS



effects is reflected in the larger intensities of the lhelh signature in the Auger spectra from
H,0(aq) than for D,O(aq), as soon will be demonstrated. The importance of nuclear dynamics
for core-ionized liquid water and for water excited into the antibonding 4a, state has also been
invoked to the explain X-ray emission spectra from liquid water.’*** With Auger-electron
spectroscopy we now explicitly address the electronic structure of the excited intermediates
and the character of the 2-hole final states by specifically measuring the kinetic energy of
electrons emitted during nuclear relaxation. The charge separation mechanisms (Figure 1d)

will be interpreted with the help of ab initio calculations.
Results and Discussion

Core-level ionization induced autoionization spectra: H,O(aq) vs. D,O(aq)

Experimental electron energy spectra for autoionization of light and heavy liquid water
are shown in Figure 2 for three different photon energies. In Figure 2a the photon energy is
600 eV, i.e., sufficient to cause direct core-ionization, being more than 60 eV above the Ols
ionization threshold of liquid water.*” The spectrum in Figure 2a is dominated by normal
Auger electron emission (Figure 1b). For normal water, similar ionization-autoionization
spectra have been obtained earlier.””*'** Peak /, near 505 eV kinetic energy (KE), identifies
the leading (normal) Auger transition. The feature relevant for the present study, however, is
the shoulder 2, near 510 eV KE. For core-level ionization (Figure 2a), but not for excitation
(see below), this peak has no gas-phase analogue,”’ and is the unambiguous electronic-
structure signature of 1he1h final states, whose energies are lower than for the 2h states, thus
leading to higher KE of the outgoing electron in the autoionization event. Our interpretation
of the shoulder at 510 eV KE is further supported by our constrained DFT calculations on
small water clusters presented below and in the Supplementary Information (SI), Figures S1

and S2.

The crucial observation to be made from Figure 2a is, however, the much stronger
intensity observed for 1helh states of H,O(aq), as compared to D,O(aq). Such large isotope
effect cannot be due to the subtle ground-state structural differences between light and heavy
water.” This agrees with the fact that the direct photoionization spectra of liquid water***
and water clusters™® exhibit a very small isotope effect, which is also consistent with our
simulated Auger spectra being essentially identical for small water clusters formed by H,O

and D,O when nuclear dynamic effects are not included (see SI, Figures S1 and S2). We

therefore conclude that the difference spectrum of Figure 2a reflects the effect of nuclear



dynamics in the ionized state. The situation is different for excitation, when the extra electron
must be taken into account. Absolute strengths of decay into lhelh states cannot be
determined here because of the small intensity of peak 2 on top of a larger peak from local

Auger decay, peak 1, the exact spectral shape of which is unknown.
Core-level excitation induced autoionization spectra: H,O(aq) vs. D,O(aq)

For comparison we also present the analogous spectra for resonant excitations at the
Ols absorption main-edge (537.5 eV photon energy, Figure 2b) and at the Ols absorption
pre-edge (535 eV, Figure 2c). This case will be only briefly considered here. In the excitation
spectra, peak / appears at somewhat larger KEs due to spectator energy shifts, an effect which
previously has been discussed for water in great detail.*'™** For core-level ionization and
excitation the spectral changes between normal and deuterated water are fairly similar;
compare the respective differential spectra. Proton dynamics thus seems to be of importance
for decays from all intermediate states reached throughout the O1s near-edge absorption fine
structure of liquid water (here the delocalized two-hole final state contains an additional
excited electron; lelhelh). This has also been concluded from previous X-ray emission
studies.*****’ In the present study, we use Auger spectroscopy for the experimental
identification of nuclear dynamics upon ionization, which is mediated by the solvent; gas-
phase water does not dissociate upon Ols ionization, but it does upon excitation.® The
dynamics of molecular water upon core-level ionization and excitation has been followed in
detail by classical simulations.*’ These authors corroborate the importance of O—H bond

lengthening for explaining the part of the spectrum designated as peak 2.
Nuclear motion in the core-ionized state

We now turn to a discussion concerning the nature of the 1helh states (peak 2 in Figure
2a) in terms of PTM-CS processes (i.e., steps 2’ and 3’ in Figure 1d). To quantify the effects
of nuclear dynamics we have carried out calculations of proton dynamics in core-ionized

water clusters.

Our results for the water dimer are shown in Figure 3. The dimer geometry corresponds
to the structure of condensed-phase water; here we use the Iy-ice structure with the O--O
distance set to 2.7 A. Figure 3a shows the lowest potential-energy curve along the O-H
bonding direction of the core-ionized water molecule. This mode is identified as the most
important proton-transfer coordinate since the O—H bond vibrates rather fast, as does the free

O-H bond which however does not dissociate upon core ionization. Potential energy curves



for other relevant modes of the quasi-tetrahedral water pentamer are presented in the SI,
Figure S3. In agreement with previous computations™ we observe that for water clusters the
O-H bond dissociation is energetically feasible, unlike for gas-phase water ionization as we
have already mentioned. The electron deficient core-ionized water molecule releases a proton
to an accepting neighboring water molecule (Figure 1d, step 1). Since the potential energy
surface is rather flat, the driving force for this reaction is not strong. However, the energy
content of the vibrational O—H wave packet is large, and as a consequence the wave-packet
dispersion is considerable even within the 4 fs core-hole lifetime. This is seen when
comparing the calculated wave packets of the ionized water dimer in the ground-state
geometry and the structure evolving after 4 fs, when the average O—H distance has increased
(Figure 3a). Although the center of the wave packet moves only slightly, there is a
considerable change in shape, and the high-energy tail of the distribution quickly penetrates
into the neighboring molecule. Effects are smaller for heavy water with the distributions for
D,0 staying much more compact. Note that the hydrogen-transfer process is barrierless for

the O--O distances in liquid water, but a barrier does appear at larger distances.”**’

These findings are in agreement with previous calculations.”®* Recent density
functional theory based simulations of core-ionized liquid water have shown that about 27%
of water molecules have the O—H bond distance larger than 1.3 A within the Ols lifetime.**°
At these elongated bond lengths, however, a proper distinction between the subunits in the

[HO*--H--OH,]" hydrogen-bonded species is no longer possible (Figure 1d).
The nature of the 1helh states

Figure 3b presents the singlet final-state energies of the doubly ionized water dimer
along the hydrogen-transfer coordinate. These di-cationic states are the final states of the
autoionization process. The analysis of the electronic wave functions reveals that the nine
lowest energies correspond to delocalized 1helh states. Near the ground-state geometry (i.e.,
near 1 A O-H distance), the delocalized states are the normal ICD states, denoted here as
(1he1h)icp; their electronic structure can be expressed as H,O™-H,O". The rates for decay into
these states are probably rather small though, as suggested by calculations for ammonia
clusters,”” and normal ICD is unlikely to make a strong contribution to the 1he1h peak in the
spectrum. The first doubly ionized local state corresponding to a H,O*"H,O charge
distribution has, at the water equilibrium distance, an energy approximately 10 eV higher than
the lowest delocalized state in the singlet manifold. This state, indicated by orange dots, has

essentially 2h character, i.e., the two positive charges can still considered being localized on



the initial water molecule. The large energy difference implies that 2h and (1helh)icp states
can readily be distinguished by electron spectroscopy. For larger O-H/D distances, however,
2h-state energies drop quickly. The electronic structure gradually changes from H,O0*"-H,O

into OH"-H"-OH,, denoted here as (1Thelh)auger state.

The important conclusion from Figure 3b is that proton-transfer mediated Auger
processes represent a viable route to populate the low-energy final di-cationic states found in
the experiment. For instance, at the O-H distance of 1.4 A, the lowest-lying (1he1h)ayger final-
state (which has gone from a pure 2h state to approach a (1he1h)auger state) is as much as 5 eV
below the corresponding 2h energy in the ground-state geometry. We can only speculate
about the probability for the creation of lhelh states within an ICD-type transition (final state
denoted as (1helh)cp+ with electronic structure described best as OH-H' -OH," ). Arguably
these processes are favorable for larger O—H distance when the two water units interact more
strongly. The energy difference between (1helh)auger and (1helh)icp+ states is however not
large enough to distinguish these two types of PTM processes in the experiment. Internal
conversion between (1helh)ayger and (1helh)icp+ states, as indicated in Figure 2d, is possible.
Eventually the system will undergo further relaxation to the lowest level, but on a much
slower time scale; a similar point was made in ref.** The different PTM processes leading to
different charge-separated complexes are likely to affect solution chemistry, though, but the
details remain to be explored. Below we briefly speculate what happens after the

autoionization event.

To make a more direct connection between the calculated energies of 2h and (1he1h)
states in Figure 3b and measured kinetic energies, we present in the figure inset the projection
of the wave packets from Figure 3a on the energy axis, obtained by the reflection principle.*®
Results are shown only for the first singlet state (the singlet contribution typically dominates
the overall spectral signal; triplet states are given in SI, Figure S4), with the two holes
localized on the hydrogen donor molecule. We also restrict our analysis to (1he1h)auger final
states correlating with the 2h state as these final states are formed within an essentially local
autoionization process. The diabatic state corresponding to the doubly charged donor water
molecule has been approximated by a linear function in the region spanned by the wave
packet. The graphs thus represent the high-energy onsets of the Auger signal for the local
Auger processes, blue for HO(aq) and red for D,O(aq). Solid curves correspond to electron
emission spectra from the initially populated structures, i.e., for a wave packet at # = 0. The

curve thus can be associated with the normal Auger signal of H,O*". The dashed curves,



shifted toward higher kinetic energies, represent electron emission corresponding to a
distribution of geometries the system would assume at 4 fs if no autoionization process had
taken place. The final states then correspond to the (lhelh)ayger States. A further shift in
energy will be caused by populating (1he1h);cp+ states but is not considered in the simulations
of Figure 3. Since this shift is small, it is not resolved in the present experiment, and thus an
experimental distinction between the two PTM-CS autoionization routes is not possible here.
Regarding the decay probabilities, it would seem reasonable that the probability of Auger
decay of the core-excited Zundel-like cation is similar to Auger decay of core-ionized single
water molecule. Whether the PTM-ICD process becomes more likely than normal ICD is

clearly one of the interesting questions that remain to be answered.

Analysis of the electronic structure in the core-ionized state indeed supports the
proton-transfer mechanism suggested above, whereas the transfer of a neutral hydrogen atom
is less likely (e.g., partial charge on transferred hydrogen at the O—H distance of 1.4 A is
0.7e). The Mulliken population analysis and inspection of the electronic wave function also
indicates that the electronic structure of the (1helh)ayger and (1helh)icp+ final states can be
indeed associated with OH™-H™-H,0 and OH--H"-H,O". Such a description is however only
approximate due to the strong interaction between the moieties. While the above structures
represent the dominant ‘resonance structures’, one can also expect a certain degree of

covalency.

Implications for radiation chemistry

It follows from our arguments that the core ionization of liquid water leads to formation
of not only the doubly charged H,O*" molecule but also to charge-separated [OH™-H;0"](aq)
and [H,O"--H,0"](aq) complexes formed in highly excited vibrational states. The possible
role of the [HO™-H,0"](aq) complex formed within regular ICD for biomolecular damage

2151 But neither the proton-transfer mediated ICD-type nor the

has been discussed recently.
Auger-type charge separated states were considered so far. We can only speculate on the
reactions following the autoionization process, and we argue that even the relatively subtle
differences in energy and structure for ICD vs. PTM-ICD will have an effect on the
subsequent chemical reactions. Following the formation of the doubly charged system, the
two positive charges created in close proximity will be forced to separate because of the
strong Coulomb repulsion. Very likely the charge separation proceeds via release of protons

towards neighboring water molecules; proton transfer between H,O " and H,O is very fast for

valence ionized water molecule (=20 fs),52 and the gas-phase rate constant for the reaction of
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OH" with water is almost as large as for the H,O" + H,O reaction.” Thus, two OH radicals
and two H;O" cations will probably be immediately formed starting from [H,O™-H,0"](aq),
while an oxygen atom and two H;0" cations or an OH radical and another H,O" will result
from [OH"-H307](aq) species.”®> On a longer (sub-picosecond) scale, the overall result of the
core ionization is the formation of various reactive oxygen species, particularly OH radicals,
O(3P) atoms and H,O,; similar processes are considered for multiple ionization in water
radiolysis.9 The relative yield, spatial distribution and energy state of these reactive particles

are controlled by the early processes described in the present contribution.

Summary

We have experimentally identified a novel type of non-radiative relaxation process upon
core ionization in a hydrogen bonded system. These processes lead to new type of di-cationic,
charged separated species, [OH --H;0"](aq) and [H,O"-H,O"](aq), forming upon core
ionization of liquid water involving ultrafast dissociative nuclear motion. Up until now these
species have not been accounted for in the radiation chemistry of water, which usually
assumes H,O?'(aq) as the only initially created doubly charged species. In particular Auger
processes other than the local one have not yet been considered in water radiation chemistry
and physics. >

Figure 4 graphically summarizes our main findings. Core-ionization of liquid water
leads to a time-evolving cationic Zundel-type structure within a few femtoseconds, containing
a bridging proton and a core-excited HO* radical, which then autoionizes. Energies of this
transient cationic structure are shown at the top of the figure, and the two PTM-CS
autoionization channels, one local (PTM-Auger) and one non-local (PTM-ICD) are depicted.
The final charge-separated reactive di-cationic products of the PTM routes have much lower
energies than the doubly charged water molecule, H,O*", and hence the charge-delocalized
complexes will likely play different roles in radiation-induced processes in water. The two
charge-separated forms, [OH -H;0"](aq) (from PTM-Auger) and [H,O"-H,O'](aq) (from
PTM-ICD), engaging in different immediate fragmentation, will likely lead to different spatial
and internal energy distribution of the primary products, and thus in turn make different
contributions to overall radical yields going onto the diffusive phase of the radiation
chemistry. In contrast to valence ionization, PTM processes tend to lead to more radical
centers, and the damage yield is thus higher. Analogous relaxation processes, involving

proton transfer and autoionization, seem so far to be exclusive for processes initiated by core



ionization. The autoionization processes are closed energetically upon outer valence
ionization. For inner-valence ionization of the water dimer, the ICD channel is open but

sequential double ionization by PTM autoionization has not been identified.*®

We argue that simulations of radiation chemistry processes at the molecular level need
to include the mechanisms identified here. Furthermore, we expect that the PTM-Auger and
PTM-ICD processes represent a generic feature for hydrogen bonded systems. Recent
advances in X-ray science, such as the advent of ultra-short pulses from free electron lasers
and high harmonics sources, may allow to further detail the findings in this work by time-

resolved experiments.

Methods

Experimental

Photoelectron-spectroscopy measurements were performed from a 15 pm-sized vacuum
liquid-water jet °"* at the soft-X-ray U41-PGM undulator beamline of BESSY II, Berlin. The
jet velocity was ~ 80 ms™, and the jet temperature was 6°C. Electrons were detected with a
hemispherical electron analyzer, separated by a 100-pm diameter orifice from the liquid jet at
a distance of approximately 0.3 mm. Details regarding jet preparation, experimental

. . . . 57,59
resolution, and spectra acquisition have been described earlier.

Computational

The calculations of dynamical events following the core ionization were performed on
water dimer model with geometrical parameters taken from hexagonal ice, setting the O--O
distance exactly to 2.7 A. The core-ionized states were calculated using the CASSCF method
with frozen core orbitals. We used an active space consisting of 19 electrons in 10 molecular
orbitals. The doubly ionized states were calculated with CASSCF method, with an active
space of 10 electrons in 7 orbitals. States with singlet multiplicity were considered (triplet
states shown in the SI, Figure S4). The character of the final states (localized or delocalized
positive charge) was analyzed by expressing the configuration state functions in a basis of
localized molecular orbitals. The energies of Auger electrons for a given structure were
calculated as a difference between the water dimer of the core-ionized species and the doubly
charged species. The probability of an Auger-type transition was considered to be

independent on the O—H distance, considering the final states with localized charge on the
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initial core-hole atom only. The aug-cc-pCVDZ basis was used for oxygen and aug-cc-pVDZ
basis for hydrogen atom. All calculations were done with MOLPRO 2009 suites of codes.®’

The nuclear wave function was propagated on the core-ionized potential energy surface
using a split operator (SO) technique. The wave packet was discretized on 1024 grid points on
a grid ranging from 0.6 to 2.2 A with imaginary absorption potential applied on the
boundaries. A time step of 1 a.u. was used in the propagation. The initial wave function was

obtained by wave packet propagation in imaginary time.
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Figure Captions

Figure 1 Schematic of the three autoionization mechanisms of core-ionized liquid water
considered in this study: normal Auger decay (b), intermolecular Coulombic decay, ICD (c¢),
and proton-transfer mediated charge separation, PTM-CS (with the two autoionization routes
of the Zundel-like intermediate) (d). For (b) and (c¢) the relevant energy levels are shown.
Starting point is the creation of a hole in the water core-level by photoionization (a). Energy
levels for (d) depend on the nuclear geometry, which varies in time during the proton-transfer

process.

Figure 2 Auger-electron spectra from normal (blue) and heavy (red) liquid water
together with the absolute intensity difference between the two spectra (in black). (a), (b), and
(c) correspond to water O1s ionization, main-edge, and pre-edge excitation, respectively, with
photon energies as indicated. All spectra are displayed as measured, and corrected only for
photon flux. For ionization (a), the positive difference signal (blue shaded) identifies non-
local final states (charge delocalization), 1helh. This signal is compensated by loss of signal
from normal Auger final states, 2h (corresponding to red-shaded area in the difference
spectrum). For core-level excitation (b), (¢) such a clear distinction between local and non-
local states is not possible due to additional signal at similar kinetic energies, partially arising

from participator Auger electrons (see text for details).

Figure 3 Potential energy curves of ionized water dimers. (a) Potential energy curve (in
green) along the hydrogen-transfer coordinate for the lowest core-ionized state of water dimer
from quantum dynamical calculations. Also shown are the respective wave packets (squared
wave function) at times ¢ = 0 fs (corresponding to ground-state molecular structure) and ¢ = 4
fs (corresponding to Zundel-type intermediate). Wave packets for HyO are presented in blue;
solid line for # = 0 fs, and dashed line for ¢ = 4 fs. Red color shows the analogous data for
D,O. At the large O—H distances at the far right proton transfer is complete. (b) Calculated
energy curves of the doubly charged final states resulting from autoionization of the cationic
structures (of Figure 3a) evolving along the hydrogen-transfer coordinate. Orange dots mark
the lowest-energy 2h states corresponding to doubly charged donor water unit (H202+--OH2
turning gradually into HO™-H"--OH,); all other states are of lhelh character (H,O--OH,"
turning gradually into HO--H"-[OH,]"). Only singlet electronic states are presented (triplet

states are given in SI, Figure S4). Inset: Kinetic energies of electrons originating from local
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Auger process for light and heavy water for two different times; the position of all peaks was

shifted to match the experimental maximum of the local Auger peak of normal water.

Figure 4 The main findings of this work summarized in a graphical form. The potential
energy curves of the ground state (black), core ionized state (orange) and final states (green)
are sketched. Photoionization projects the ground-state wave packets of normal and
deuterated water (solid blue and red lines) onto the intermediate core-ionized state surface
(thick orange arrow), which is repulsive along the proton transfer coordinate (independent
axis). Within 4 fs, the wave packets evolve, more so for normal water (dotted blue and red
lines). Within this time interval, autoionization occurs continuously (thin arrows, orange to
green), and populates local two-hole (2h) states, and charge separated states of the two
different types discussed in the text (1helh)icp, (1he1h)ayugr. The vertical Gaussians illustrate
the distribution of energies of the doubly ionized states which are associated with

autoionization of an  evolving  distribution of  Zundel-like  geometries.
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