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Observation of the fastest chemical processes in the

radiolysis of water
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M.-F. Tu?, P. J. Ho?, A. M. March?, R. D. Schaller®®, M. S. Bin Mohd Yusof*, T. Debnath’, M. Simon™°,
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J. Koralek®®, M. P. Minitti*3, W. F. Schlotter'3, J.-E. Rubensson®, R. Santra®*%*, L. Young?4*

Elementary processes associated with ionization of liquid water provide a framework for understanding
radiation-matter interactions in chemistry and biology. Although numerous studies have been conducted
on the dynamics of the hydrated electron, its partner arising from ionization of liquid water, H,0",
remains elusive. We used tunable femtosecond soft x-ray pulses from an x-ray free electron laser to
reveal the dynamics of the valence hole created by strong-field ionization and to track the primary
proton transfer reaction giving rise to the formation of OH. The isolated resonance associated with the
valence hole (H,0*/0H) enabled straightforward detection. Molecular dynamics simulations revealed
that the x-ray spectra are sensitive to structural dynamics at the ionization site. We found signatures of

hydrated-electron dynamics in the x-ray spectrum.

adiolysis of liquid water is a universal

phenomenon that accompanies the in-

teraction of high-energy radiation with

matter in aqueous environments. It is

of fundamental importance in many
domains (7), including water-cooled nuclear
reactors where radiolysis products cause cor-
rosion (2). Living organisms consist of 80%
water by weight (3); hence, the detection of
radiation-induced genomic damage via radiol-
ysis of water is foundational to medical treat-
ment, diagnosis, and even extended human
space flight (4).

Although ionizing radiation is delivered via
various vehicles (x-rays, y-rays, charged parti-
cles), its interaction with matter can be un-
derstood conceptually as individual absorption
events along the particle path accompanied
by a cascade of electrons, ions, and radicals
(5). Consider the most elementary process:
ionization of pure liquid water, which leads
to the formation of a hydrated-electron pre-
cursor and a cationic hole (H,O"). Both spe-
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cies are very reactive. The dynamics of the
hydrated electron, e,,, has been the subject
of numerous studies (6-11) since the discov-
ery of its visible spectrum (72), which peaks at
718 nm and spans 500 to 1000 nm, a range
convenient for ultrafast laser spectroscopies.
In stark contrast, its ionization partner, H,O",
has not been experimentally detected. The
H,0" is predicted to undergo rapid sub-100-fs
proton transfer to a neighboring water mole-
cule to yield the hydronium cation (H;0") and
the hydroxyl radical (OH) (7, 13, 14). Attempts
to directly observe the H,O" cation using ul-
trafast visible or ultraviolet probes have been
inconclusive because of its ultrashort lifetime
and masked spectral signature (6, 14, 15). Thus,
basic questions regarding the ionization of
water remain. What is the lifetime of H,O"?
What are the absorption spectra of H,O" and
OH? What is the extent of hole delocalization
in H,O" and its time scale for localization rel-
ative to proton transfer?

Here, we introduce an ultrafast x-ray probe
that enables us to track the primary chemical
reaction following ionization of liquid water,
namely H,O* + H,O — OH + H;0"*. Com-
bined experiment and theory yield insight for
this newly accessible spectral regime. X-rays
are well suited for probing the short-lived H,O"
cation and OH radical, as their absorption
lines fall cleanly in the water window. Remov-
al of an electron from the outermost valence
orbital (1b;) of Hy,O produces a new transition
for H,O" that is red-shifted from the 1a, — 4a,
pre-edge transition at 535 eV (I6) roughly by
the highest occupied molecular orbital-lowest
unoccupied molecular orbital (HOMO-LUMO)
gap AE (17), as shown in Fig. 1A. The OH rad-
ical, isoelectronic to H,O", possesses a nearby
x-ray absorption resonance, whereas the other
product of proton transfer, H;0*, has reso-
nances that fall in a region of strong water
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absorption (Fig. 1B). Figure 1C shows the ex-
perimental configuration, consisting of a 60-fs,
800-nm strong-field ionization pump (10), a
tunable ~30-fs ultrafast x-ray probe from the
Linac Coherent Light Source (LCLS) x-ray free
electron laser (XFEL) (I8), and three photon-
in/photon-out detection channels.

Signatures of the impulsively produced va-
lence hole and excess electron appeared in all
three detection channels when the incident
x-ray energy was scanned. Figure 2A displays
data from the dispersed fluorescence channel,
whereas the transmission mode is used in
Fig. 2, B to D. Figure 2A shows absorption
before and after ionization (At < O ps and At >
100 fs, respectively). At negative time delay,
the absorption is that of liquid water—that is,
nonresonant ionization of the valence and
inner-valence levels of water plus the pre-
edge transition. (Saturation effects prevented
a clear observation of the pre-edge resonance.)
At positive time delay, two new features are
apparent: an absorption resonance at 525.9 eV
and a shift of the pre-edge absorption to lower
energies. The new absorption resonance is
consistent with the creation of a hole in the
outermost valence level of liquid water. The
corresponding H,O" transition energy can be
estimated to be 526.9 eV using the binding
energies in liquid water of the O 1s core level
(5638.1 eV) (19) and the 1b; HOMO (11.2 eV)
(20). The isoelectronic OH exhibits a gas-phase
absorption peak at 525.85 eV (2I).

The H,O" cation produced by the ionization
of liquid water is widely expected to decay via
a pseudo-first-order reaction involving proton
transfer to a neighboring water molecule,

H20+ + HQO — OH + H30+ (1)

to yield the OH radical and the H;O" species.
In the absence of electron scavengers, the OH
radical subsequently undergoes geminate re-
combination (22) with the ejected electron to
give OH". The time-resolved differential ab-
sorption spectrum, A4 = A(At) - A(At < 0),
showed a prompt increase at time zero, fol-
lowed by a narrowing of the spectral width
within the first picosecond, and finally a
gradual decay at longer time delays (Fig. 2B).
We modeled this behavior as sequential Ki-
netics: The species initially produced by ion-
ization decays with lifetime 1; to give an
intermediate species with lifetime 1,, with
absorption spectra S;(F) and S,(E), respectively.

We assigned S,(F), obtained by averaging
AA for time delays between 1.5 and 5.8 ps, to
the OH radical (Fig. 2C). So(E) can be fit to a
sum of two Lorentzians: a main peak at
525.97 + 0.08 eV and a sideband, weaker by
a factor of ~7, at 526.45 + 0.12 eV. The 0.48-eV
energy spacing between the two peaks is in
reasonable agreement with the 0.53-eV spacing
of the vibrational progression for core-excited
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gas-phase OH (2I). Both peaks have a com-
mon FWHM (full width at half maximum)
of 0.48 + 0.02 eV, considerably broader than
the 0.1-eV spectral bandwidth of the XFEL
pulses and the 0.147-eV natural linewidth (21),
which suggests inhomogeneous broadening
by the solvent environment.

With the x-ray absorption line shape of the
aqueous OH radical S,(¥) determined, the
next step is to extract the time constants t; and
15 and the spectral line shape of the short-lived
component S;(E). We used a Gaussian instru-
ment response function of 106-fs FWHM and
performed a surface fit of the experimental
data shown in Fig. 2B. (We did not convolve
the kinetic model with the experimental en-
ergy resolution of 0.1-eV FWHM because the
experimentally observed spectral features were
much broader.) The surface fit yielded 1, =
0.18 + 0.02 ps, 15 = 14.2 =+ 0.4 ps, and a
Lorentzian absorption line shape S;(E) cen-
tered at 526.01 = 0.13 eV with a FWHM of
0.98 + 0.04 eV. The decay of the OH radical,
19, Most likely originates from geminate re-
combination of the OH radical with a hydrated
electron. The recombination time constant of
14.2 + 0.4 ps is considerably shorter than those
reported in the literature (22), most likely
because of the high initial ionization fraction
accelerating the geminate recombination pro-
cess. Geminate recombination between e,q~
and OH in ionized liquid water has been ex-
tensively investigated by time-resolved optical
spectroscopy (22) and is beyond the scope of
the present study. Nonetheless, considering
the relative diffusion coefficients of the re-
actants and the reaction radius, our observed
time scale for geminate recombination sug-
gests an approximate ionization fraction of
1.7%, in relatively good agreement with the
ionization fraction estimated on the basis of
OH x-ray absorbance (see below). The spec-
tral line shape S;(E) and time constant t; can
be assigned either to the decay of H,O" or to
the cooling of a vibrationally hot OH radical.
Both species should exhibit a larger spectral
linewidth than the OH radical. The x-ray ab-
sorption linewidth of H,O" may be similar to
the 1.5 eV-wide 1b, band in the valence photo-
electron (20) and the x-ray emission spectra
(23) of liquid water, whose widths have been
attributed to a multitude of hydrogen-bonding
configurations and intermolecular geometries.
The x-ray absorption spectrum of vibrationally
excited OH may be broadened if additional
hot-band transitions are present.

Further insight into the early-time dynamics
was obtained with time traces at three selected
photon energies: 525.43, 525.93, and 526.73 eV
(Fig. 2D). These time traces correspond to the
isotropic signal Adis, = (A4) + 2A4,)/3, re-
constructed from measurements in which the
relative polarizations of the pump and probe
pulses are parallel (AA4) and perpendicular
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(AA)). AA;s, is independent of rotational re-
orientation of the transient species in solution
and is therefore sensitive only to population
dynamics. Upon inspection, the A A;q, time
trace for 525.93 eV shows a markedly delayed
rise relative to those for 525.43 and 526.73 eV.
Attempts to perform a global fit with two time
constants could not reproduce the early-time
dynamics (see supplementary materials). The
presence of this delayed rise suggests the ex-
istence of an additional ultrafast process (24)
that was not captured in our analysis of the
two-dimensional dataset shown in Fig. 2B.
Indeed, global fitting of the A A;s, time traces
revealed a new component with a time con-
stant of 46 + 10 fs, whereas the other two
time constants extracted from the fit, 0.16 +
0.03 ps and 9.2 + 1.3 ps, are comparable to
those obtained from the analysis of the dataset
shown in Fig. 2B. This additional time con-
stant appeared as a growth component at
525.93 eV and, to a smaller extent, at 526.73 eV

as well, hence accounting for their delayed
appearances relative to the signal at 525.43 eV,
which rose with the instrument response func-
tion (where prompt absorption by vertically
ionized water is expected from the calculated
relative positions of the OH and H,O" reso-
nances). That the 46-fs component manifested
itself as a growing signal at 525.93 eV, near
the peak position of the OH radical absorp-
tion maximum at 525.97 eV, strongly sug-
gests that it reflects the time scale for the
formation of the OH radical. Given that OH
is formed from the decay of the H,O" radical
cation, this interpretation would therefore
suggest a lifetime of 46 fs for the H,O" rad-
ical cation. The experiments were conducted
at near-ambient temperature, making them
practically relevant. In this non-equilibrium
situation, any local temperature rise does not
affect the ultrafast proton transfer time scale.

To understand the observed ultrafast dy-
namics, we performed quantum mechanical
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Fig. 1. Ultrafast x-ray laser probe of ionization dynamics of liquid water. (A) lonization of H,0
produces H,0" with a strong isolated soft x-ray absorption resonance (la; — 1lb;). (B) Absorption
resonances in the gas phase for the four species associated with elementary proton transfer:

H,0* + H,0 — OH + H30" calculated with 6-311(2+,+)G(2df,p) basis with uncontracted core (oxygen)
using fc-cvs-EOM-CCSD (36). Only H,0" and OH fall outside the region of strong absorption by
liquid water (37) (i.e., in the water window). (C) Schematic of the experimental setup: 800-nm
strong-field ionization pump and time-delayed x-ray probe. The x-ray probe is monitored
simultaneously in transmission, total fluorescence and dispersed fluorescence as a function of
pump-probe time delay and incident photon energy (see supplementary materials).
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and classical (QM/MM) excited-state molecular
dynamics simulations of liquid water following
strong-field ionization. We considered initial
ionization in the upper 1.5 €V of the valence band
and averaged across 107 initial geometries of
liquid water. Non-Born-Oppenheimer effects
were taken into account by Tully’s fewest-
switches surface-hopping approach (25). We
combined a QM description of a (H,0);5"
cluster with an MM description of surround-
ing water molecules. The electronic structure
was obtained at the Hartree-Fock level of
theory using Koopmans’ theorem to obtain
singly ionized states and using the 6-31G
basis set as implemented in our software
package XMOLECULE (26, 27) (see supple-
mentary materials).

Our simulations explored to what extent
transient x-ray absorption is sensitive to ultra-
fast structural dynamics in water. The time-
resolved x-ray absorption spectrum of the
valence hole is shown in Fig. 3A for the first
100 fs after the initial hole formation. Although
initially electronic states down to HOMO-6
were populated, the trajectories arrived at the
cationic ground state within 25 fs (Fig. 3B)
and non-Born-Oppenheimer effects were no
longer present. This was accompanied by hole
localization on a comparable time scale.

Proton transfer can be characterized by the
distance between the charge and hole center.
Directly after ionization, the charge and hole
are overlapped at the H,O"; as proton transfer
proceeds, the hole stays on the OH moiety,
while the charge is carried away by the H;O*
(14). Figure 3C shows that the charge-hole
separation is correlated with the completion
of proton transfer. Within our model using
bond-order analysis (28), the proton transfer
time scale was found to be 60 fs, in good
agreement with (74). We further investigated
the chemical environment surrounding the
H,O"/OH, where the valence hole is located,
to extract correlations with x-ray spectral sig-
natures. The average distance from the H,O*/
OH oxygen to the nearest H,O oxygen is shown
in Fig. 3D along with the spectral shift (the
peak position of Fig. 3A). Initially, the par-
tially negatively charged oxygens are pulled
toward the region of positive charge (H,0"),
giving rise to the redshift of the absorption
peak. This motion initiates proton transfer;
thus, at the point of maximum redshift, proton
transfer is only about 25% complete (Fig. 3C).
As a consequence of charge-hole separation,
the distance between OH and the neighboring
oxygens increases, and the redshift shrinks. In
this way, proton transfer is indirectly reflected
in the time evolution of the x-ray absorption
peak position.

The results presented here offer insight into
the elementary dynamics of the highly reactive
and short-lived ion and neutral radical spe-
cies in ionized liquid water. Our experimental
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Fig. 2. Transient x-ray absorption spectroscopy for the reaction H,0* + H,0 — OH + H30*.

(A) Absorption for At < 0 and At > 100 fs monitored through the dispersed fluorescence channel.

(B) Differential absorption AA in the valence hole (H,0*/0H) region. Spectra collected at 216 time delays
between 1.5 and 5.8 ps are averaged to produce the resonance profile, which is fit to a sum of two
Lorentzians. Error bars denote SD. A total of 31 energy sweeps and 27,546 shots are collected.

(C) X-ray absorption spectrum of the aqueous OH radical. (D) Polarization averaged time traces at
three x-ray probe energies: 525.43, 525.93, and 526.73 eV.
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Fig. 3. Calculated x-ray absorption spectra and trajectory analysis. (A) Resonant x-ray absorption
spectrum of ionized water. (B) Hole radius (green) and nonadiabatic dynamics (gray, solid line shows
average). (C) Charge-hole distance (CHD) (blue) and completed proton transfer percentage (orange).
(D) Average distance between oxygens in H,O molecules (black) along with the average distance of the
H,0*/0H oxygen to the nearest oxygen (purple) and the spectral shift of the x-ray absorption resonance (red).
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approach offers several advantages over previ-
ous attempts (6, 14, 15) to determine the life-
time of the elusive H,O" radical cation. First,
relative to traditional two-photon ultraviolet
photoionization, strong-field ionization pro-
vides access to a large concentration of ionized
species in solution. Assuming a cross section
of ~7 Mbarn for the O 1s resonant absorption
of the OH radical, we estimated an ionization
fraction of ~0.8% under our experimental con-
ditions. Second, the H,O* and OH radicals
exhibit strong O 1s — 2p-like resonant tran-
sitions in the soft x-ray absorption spectra
because they possess open O 2p subshells.
These resonances occur in the background-free,
near-edge spectral region, enabling detection
down to concentrations of a few millimolar.
In comparison, previous attempts using spec-
trally resolved visible transient absorption
spectroscopy to observe the H,O" radical cation
via its predicted absorption signature at 2.3 eV
were unsuccessful because its weak absorption
was masked by the strong, broad hydrated-
electron absorption feature and further com-
plicated by cross-phase modulation artifacts
(6, 14, 15).

Our study revealed three distinct time scales
in the early-time dynamics of ionized liquid
water: 46 = 10 fs, 0.18 = 0.02 ps, and 14.2 +
0.4 ps, tentatively assigned to the decay of
the H,O" radical cation via proton transfer,
vibrational cooling of the hot OH radical pro-
duced from H,0O", and geminate recombination
of OH with the hydrated-electron by-product,
respectively. The first two processes, hitherto
unobserved, are of particular interest. The
assignment of the 46-fs component to the
lifetime of the H,O" cation is supported by
QM/MM molecular dynamics simulations,
which predict a lifetime of 60 fs. However, we
note that the same simulations also showed
that hole localization occurs within 30 fs. As
such, with the currently available time reso-
lution, hole localization also contributed to
the observed dynamics. On the intermediate
time scale, the 0.18-ps component was tenta-
tively assigned to vibrational cooling of hot
OH radicals that are produced upon ultrafast
proton transfer. The formation of a vibration-
ally excited OH product from H,O" is likely,
considering the 3% change in equilibrium
OH bond lengths between gas-phase H,O"
(0.9992 A) (29) and OH (0.9697 A) (30). The
assignment of the 0.18-ps component to vib-
rational relaxation of the OH radical is sup-
ported by studies of the OH stretch of liquid
H,0, where numerous time-resolved infrared
spectroscopic measurements show vibrational
relaxation and vibrational energy transfer oc-
curring within 0.2 to 0.3 ps (31, 32).

We expect that a future study with higher
time resolution and signal-to-noise ratios

of ultrafast dynamics involving possible hole
alignment, coherences, and nonadiabatic dy-
namics induced by radiolysis. With improved
statistics over a wide range of probe photon
energies, we also anticipate the possibility of
isolating the spectral signatures of H,O" and
the hot OH radical. Interestingly, in addition
to valence hole dynamics observed at 526 eV,
the soft x-ray probe appeared to be sensitive
to the dynamics of the electron that was in-
jected into the solvent by ionization. The spec-
tral changes observed in the vicinity of the
pre-edge absorption (531.0 to 533.7eV) fita
universal time constant of 0.26 + 0.03 ps that
matches previous studies of hydrated-electron
formation (7, 8) (see supplementary materials).
Future experiments focusing on the pre-edges
and main edges of ionized liquid water that
require a sub-micrometer-thick liquid jet could
potentially yield the electronic energy level
diagram of ionized liquid water (33) and shed
light on its electronic relaxation dynamics, as
well as possibly discern the cavity versus non-
cavity model for the structure of the hydrated
electron (34).
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The "hole" story of water ionization

The direct observation of the cationic hole HoO™ that is formed in liquid water after ionization has been a
long-standing experimental challenge. Previous attempts using optical and ultraviolet techniques have failed to reveal its
key spectroscopic signature during ultrafast transformation into a OH radical. Loh et al. address this gap by using
intense, ultrafast x-rayfulses from an x-ray free electron laser at ~530 electron volts. They found compelling evidence
for the formation H O™ and its decay to an OH radical by a proton transfer mechanism and elucidated the other fastest —
time scale steps in the early-time dynamics of ionized liquid water.
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