Observation of the fastest chemical processes in the
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One sentence summary: Ultrafast x-rays capture the elementary steps of proton transfer and

hydroxyl radical solvation in ionized liquid water.

Elementary processes associated with ionization of liquid water provide a frame-
work for understanding radiation-matter interactions in chemistry and biol-
ogy. While numerous studies have been conducted on the dynamics of the
hydrated electron, its partner arising from ionization of liquid water, H,O™,
remains elusive. We use 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,O1/OH) enables straightforward detection. QM/MM calculations reveal
that the x-ray spectra are sensitive to structural dynamics at the ionization

site. We find signatures of hydrated-electron dynamics in the x-ray spectrum.

Radiolysis of liquid water is a universal phenomenon that accompanies the interaction of
high-energy radiation with matter in aqueous environments. It is of fundamental importance in
many domains (/), ranging from water-cooled nuclear reactors where radiolysis products cause
corrosion (2) to radiation-induced genomic damage in living organisms where water comprises
80% by weight (3), thereby making radiolysis foundational to medical treatment, diagnosis and
even extended human space flight (4). While ionizing radiation is delivered via various vehicles
(x-rays, y-rays, charged particles) its interaction with matter can be understood 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 precursor and a cationic hole (H,O"). Both species are very

reactive. The dynamics of the hydrated electron, Cog has been the subject of numerous studies
(6—11) since the discovery of its visible spectrum (/2), which peaks at 718 nm and spans 500-
1000 nm - convenient for ultrafast laser spectroscopies. In stark contrast, its ionization partner,
H,O™, has not been experimentally detected. The H,O™ is predicted to undergo rapid sub-
100-fs proton transfer to a neighboring water molecule to yield the hydronium cation (H;O™)
and the hydroxyl radical (OH) (I, 14, 15). Attempts to observe directly the HyO" cation using
ultrafast visible or ultraviolet probes have been inconclusive due to its ultrashort lifetime and
masked spectral signature (6, 13, 15). Thus, basic questions regarding the ionization of water
remain. What is the lifetime of H,O"? What are the absorption spectra of HoO" and OH? What
is the extent of hole delocalization in HoO™ and its timescale for localization relative to proton
transfer?

Here we introduce an ultrafast x-ray probe which enables us to track the primary chemical
reaction following ionization of liquid water, namely H,O" + H,O — OH + H30". Combined
experiment and theory yield insight for the effort in this new spectral regime. X-rays are well-
suited for probing the short-lived HO" cation and OH radical as their absorption lines fall
cleanly in the water window. Removal of an electron from the outermost valence orbital (1b;)
of HyO produces a new transition for HyO" that is red-shifted from the la; — 4a; pre-edge
transition at 535 eV (16) roughly by the HOMO-LUMO gap AFE (17), as shown in Fig. 1A.
The OH radical, isoelectronic to HyO™, possesses a nearby x-ray absorption resonance, while
the other product of proton transfer, H3O™, has resonances that fall in a region of strong water
absorption (Fig. 1B). The experimental configuration, consisting of a 60-fs, 800-nm strong-field
ionization pump (/0), tunable ~30 fs ultrafast x-ray probe from the LCLS (Linac Coherent

Light Source) x-ray free-electron laser (XFEL) (/8) and three photon-in/photon-out detection

channels, is shown in Fig. 1C.



Signatures of the impulsively produced valence hole and excess electron appeared in all
three detection channels when the incident x-ray energy was scanned. Fig. 2A displays data
from the dispersed fluorescence channel, whereas the transmission mode is used in Figs. 2B,
C and D. Fig. 2A shows absorption prior to (At < 0 ps) and after ionization (At > 100 fs).
At negative time delay, the absorption is that of liquid water, i.e. 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 HoO™ transition energy can be
estimated to be 526.9 eV using the binding energies in liquid water of the O 1s core level
(538.1eV) (19) and the 1b; HOMO (11.2 eV) (20). The isoelectronic OH exhibits a gas-phase
absorption peak at 525.85 eV (21).

The HyO™ 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 recombination (22) with the ejected electron to give
OH™. The time-resolved differential absorption spectrum, AA = A(At) — A(At < 0), showed
a prompt increase at time-zero, followed 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 be-
havior as sequential kinetics: the species initially produced by ionization decays with lifetime
7 to give an intermediate species with lifetime 75, with absorption spectra S;(F) and Sy (E),

respectively.



We assign Sz (E), obtained by averaging A A for time delays between 1.5—5.8 ps, to the OH
radical (Fig. 2C). Sa(E) can be fit to a sum of two Lorentzians, a main peak at 525.97 + 0.08
eV and a ~ 7x weaker sideband 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 gas-phase OH (2/). Both peaks have a common FWHM (full width at half
maximum) of 0.48 £ 0.02 eV, significantly broader than the 0.1-eV spectral bandwidth of the
XFEL pulses and the 0.147-eV natural linewidth (27), suggesting inhomogeneous broadening
by the solvent environment.

With the x-ray absorption lineshape of the aqueous OH radical Sy(F) determined, the next
step is to extract the time constants 7; and 7, and the spectral lineshape of the short-lived com-
ponent S;(FE). We used a Gaussian instrument response function of 106-fs FWHM and per-
formed a surface fit of the experimental data shown in Fig. 2B. (We did not convolve the kinetic
model with the experimental energy resolution of 0.1-eV FWHM because the experimentally
observed spectral features were much broader.) The surface fit yielded 73 = 0.18 £ 0.02 ps
and 75 = 14.2 + 0.4 ps and a Lorentzian absorption lineshape S; (F) centered at 526.01 £ 0.13
eV with a FWHM of 0.98 £ 0.04 eV. The decay of the OH radical, 7, most likely originates
from geminate recombination of the OH radical with a hydrated electron. The recombination
time constant of 14.2 4= 0.4 ps is significantly shorter than those reported in the literature (22),
most likely due to the high initial ionization fraction accelerating the geminate recombination
process. Geminate recombination between e, 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. Nevertheless, considering the relative diffusion coefficients of the reactants
and the reaction radius, our observed timescale for geminate recombination suggests an ap-
proximate ionization fraction of 1.7%, in relatively good agreement with the ionization fraction

estimated based on the OH x-ray absorbance (see below). The spectral lineshape S;(F) and



time constant 7; can be assigned either to the decay of H,O™ or to the cooling of vibrationally
hot OH radical. Both species should exhibit a larger spectral linewidth than the OH radical.
The x-ray absorption linewidth of HoO" may be similar to the 1.5-eV-wide 1b; band in the
valence photoelectron (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 ge-
ometries. The x-ray absorption spectrum of vibrationally excited OH may be broadened due to
the presence of additional hot-band transitions.

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 AA;,, = (AA; + 2AA,)/3, reconstructed from measurements in which
the relative polarizations of the pump and probe pulses are parallel (AA|) and perpendicular
(AA)). AA,,, is independent of rotational reorientation of the transient species in solution and
is therefore sensitive only to population dynamics. Importantly, and visible upon inspection, the
AA;,, time trace for 525.93 eV shows a significantly 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 SM, Supplementary Materials, for details). The presence of this
delayed rise suggests the existence of an additional ultrafast process (24) that was not captured
in our analysis of the 2D dataset shown in Fig. 2B. Indeed, global fitting of the AA;,, time
traces revealed a new component with the time constant 46 4+ 10 fs, whereas the other two
time constants extracted from the fit, 0.16 4+ 0.03 ps, and 9.2 4+ 1.3 ps, are comparable to
those obtained from the analysis of the 2D dataset. This additional time constant 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 function where prompt absorption by vertically ionized water might be

expected based upon the calculated relative positions of the OH and H,O™ resonances. That the



46-fs component manifested itself as a growing signal at 525.93 eV, near the peak position of the
OH radical absorption maximum at 525.97 eV, strongly suggests that it reflects the timescale 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™ radical 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 timescale.

To understand the observed ultrafast dynamics, we performed QM/MM excited-state molec-
ular dynamics simulations of liquid water following strong-field ionization. We considered
initial ionization in the upper 1.5 eV of the valence band and averaged across 107 initial geome-
tries of liquid water. Non-Born-Oppenheimer effects were taken into account by Tully’s fewest-
switches surface hopping approach (25). We combined a quantum-mechanical (QM) descrip-
tion of a (H,0)7; cluster with a classical (MM) description of surrounding water molecules.
The electronic structure was obtained at the Hartree-Fock level of theory employing Koop-
mans’ theorem to obtain singly-ionized states and using the 6-31G basis set as implemented in
our software package XMOLECULE (26, 27). (See SM for details).

Our simulations explored to what extent transient x-ray absorption is sensitive to ultrafast
structural dynamics in water. The time-resolved x-ray absorption spectrum of the valence hole
is shown in Fig. 3A for up to 100 fs after the initial hole formation. While 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 timescale.

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™ (15).



Fig. 3C shows that the charge-hole separation is correlated with the completion of the proton
transfer. Within our model using bond order analysis (28), the proton transfer timescale was
found to be 60 fs, in good agreement with Ref. (/5). We further investigated the chemical envi-
ronment surrounding the H,O" /OH, where the valence hole is located, to extract correlations
with x-ray spectral signatures. The average distance of the HyO' /OH-oxygen to the nearest
H>0O-oxygen is shown in Fig. 3D along with the spectral shift (the peak position of Fig. 3A). Ini-
tially, the partially negatively charged oxygens are pulled towards the region of positive charge
(HoO), giving rise to the redshift of the absorption peak. Note that this motion initiates proton
transfer, and 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 neigh-
boring 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 new insight into the elementary dynamics of the highly re-
active and short-lived ion and neutral radical species in ionized liquid water. Our experimental
approach offers several advantages compared to previous attempts (6, /3, 15) to determine the
lifetime of the elusive HoO™ radical cation. First, compared to traditional two-photon UV pho-
toionization, strong-field ionization provides 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 conditions. Sec-
ond, the H,O" and OH radicals exhibit strong O 1s — 2p-like resonant transitions in the soft
x-ray absorption spectra because they possess open O 2p sub-shells. These resonances occur in
the background-free, near-edge spectral region, enabling detection down to few millimolar con-
centration. In comparison, previous attempts by spectrally resolved visible transient absorption
spectroscopy to observe the HoO™ radical cation via its predicted absorption signature at 2.3 eV

were unsuccessful due to its weak absorption being masked by the strong, broad hydrated elec-



tron absorption feature, and, further complicated by cross-phase modulation artifacts (6, 13, 15).

The present study revealed three distinct timescales 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 produced
from H,O™, and geminate recombination of OH with the hydrated electron byproduct, respec-
tively. 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 molecu-
lar 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 presently
available time resolution, hole localization also contributed to the observed dynamics. On the
intermediate timescale, the 0.18-ps component was tentatively assigned to vibrational cooling
of hot OH radicals, produced upon ultrafast proton transfer. The formation of a vibrationally
excited OH product from HyO™ is likely considering the 3% change in equilibrium OH bond
lengths between gas-phase H,O™ (0.9992A) (29) and OH (0.9697A) (30). The assignment of
the 0.18-ps component to vibrational relaxation of the OH radical is supported by studies of the
OH stretch of liquid H,O where numerous time-resolved infrared spectroscopic measurements
show vibrational relaxation and vibrational energy transfer occurring within 0.2 - 0.3 ps (31,32).

We expect that a future study with higher time resolution and signal-to-noise ratios could
furnish a more accurate HoO™ lifetime and at the same time, permit the observation of ultrafast
dynamics involving possible hole alignment, coherences and non-adiabatic dynamics 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 injected into the solvent by

ionization. The spectral changes observed in the vicinity of the pre-edge absorption (531.0



- 533.7 eV) fit a universal time constant of 0.26 4= 0.03 ps that matches previous studies of
hydrated electron formation (7, 8) (See SM). Future experiments focusing on the pre- and main-
edges of ionized liquid water which 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 vs. non-cavity model for

the structure of the hydrated electron (34).
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Fig. 1. Ultrafast x-ray laser probe of ionization dynamics of liquid water. (A) Ionization
of HyO produces HyO" with a strong isolated soft x-ray absorption resonance (la; — 1by).
(B) Absorption resonances in the gas phase for the four species associated with elementary
proton transfer: HyO' + H,O — OH + H3O" calculated with 6-311(2+,+)G(2df,p) basis with
uncontracted core (oxygen) using fc-cvs-EOM-CCSD (35). Only H,O" and OH fall outside
the region of strong absorption by liquid water (36), 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 Materials

and Methods.

Fig. 2. Transient x-ray absorption spectroscopy for the reaction H,O" + H,O — OH
+ H;0%. (A) Absorption for At < 0 and At > 100 fs monitored through the dispersed
fluorescence channel. (B) Differential absorption AA in the valence hole (H,O1/OH) region.
Spectra collected at 216 time delays between 1.5 5.8 ps are averaged to produce the resonance
profile, which is fit to a sum of two Lorentzians. Error bars correspond to the standard deviation.
A total of 31 energy sweeps and 27546 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.

Fig. 3. Calculated x-ray absorption spectra and trajectory analysis. (A) Resonant x-ray
absorption spectrum of ionized water. (B) Hole radius (green) and non-adiabatic dynamics
(gray, solid line shows average). (C) Charge-hole distance (CHD) (blue) and completed proton
transfer percentage (orange). (D) Average distance between oxygens in HoO molecules (black)
along with the average distance of the H,O*/OH oxygen to the nearest oxygen (purple) and

the spectral shift of the x-ray absorption resonance (red).
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1 Methods and Materials

The optical ionization pump-soft x-ray probe measurements were performed at the soft x-ray
(SXR) endstation (38) of the Linac Coherent Light Source (LCLS) x-ray free-electron laser
(XFEL). The 800-nm output of a Ti:sapphire amplifier is focused onto a 2-pm-thick colliding
liquid sheet jet target (39) to ionize liquid water by strong-field ionization. The surface of
the liquid jet is oriented at 45° relative to the incident 800-nm ionization pump and soft x-ray
probe beams, with a crossing angle of ~1° between the two beams. With a pulse energy of 1.1
mJ, a focal spot size (1/e? diameter) of 170 (h) x 120 (v) um?, and a pulse duration of 60 fs,
the peak intensity of the ionization pump pulse is 2.3 x 10'* W/cm?, approximately one order
of magnitude higher than that used in an earlier study of strong-field-ionized liquid water by
ultrafast optical spectroscopy (/0). The 20-fs XFEL pulse (40 fs for the survey scan shown
in Fig. 2A), is monochromatized to a spectral width of 0.1 eV. This process also stretches the
20-fs pulse (40) to ~30 fs. The monochromatized XFEL pulse is then focused by a pair of
Kirkpatrick-Baez mirrors to a focal spot size (1/e? diameter) of 108 (h) x 17 (v) um? on the
ionized water target. The intensity and polarization of the 800-nm pump laser can be controlled
by a \/2, polarizer, A /2 combination in the 800-nm delivery path.

Three different observables are recorded simultaneously in the experiments as shown in
Fig. S1. The transmitted x-ray pulse energy is recorded by an x-ray CCD (upper panel); the
spectrally-integrated x-ray fluorescence is monitored by a pair of silicon avalanche photodiodes
(3-mm diameter, SAR3000G1 Laser Components) placed ~3.2 cm from the target for a solid
angle of 5.5x 10~ (middle panel); and the spectrally-resolved x-ray fluorescence is recorded by
an x-ray emission spectrometer, with a collection/transmission efficiency of ~10~" (41) (lower
panel). The transmission channel has the superior signal-to-noise ratio and was used for the

kinetics analyses.
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Figure S1: Simultaneous detection channels for x-ray transient absorption.
Survey scan from 524-528 eV with 0.1-eV bandwidth, ~30-fs pulses aver-
aged over delay times 1-6 ps. A total of 31,181 out of 158,680 shots met
the joint criteria for linear detector response to FEL intensity, acceptable
time jitter, and laser power. Upper panel: transmission channel (differential
absorption). Middle panel: APD signal (total fluorescence yield). Lower
panel: dispersed emission (partial fluorescence yield). There are 24 counts
at the maximum, a total of 130 counts and error bars are statistical.

Upstream of the liquid-jet endstation, a gas detector records the pulse energy of every XFEL
pulse in the front-end enclosure for single-shot referencing and rejection of spurious pulses and
a monochromator scans the incident x-ray photon energy in the range of 518 - 538 eV. The

incident fluence monitor, [, of the monochromatized x-ray beam was checked for linearity with
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respect to the upstream gas monitor; higher energy pulses in the nonlinear region were rejected
from the transmission data analysis (42). An arrival time monitor positioned in the upstream
Hutch 1 endstation monitors the relative arrival times of the optical laser and the XFEL pulses.
In these experiments, the optical-XFEL timing jitter limits the effective time resolution to ~110
fs (43).

The monochromator energy calibration (shift and dispersion) was determined as follows.
The energy shift relative to the monochromator readout was determined by comparing the ob-
served rise of the pre-edge absorption in our 2-pm water jet with that in a 800-nm water jet by
Nagasaka et al. (36). The thickness of our colliding water jet at a flow rate of 3.5 ml/min (linear
flow rate ~ 40m/s) was measured using white light interference fringes to be 2.09 + 0.10pm
at the Center for Nanoscale Materials at Argonne National Laboratory. This value was used to
determine the thickness of the jet in the experimental configuration, i.e. at 45° incidence angle,
and to scale the absorbance values of Ref. (36). Using jet-on/jet-off data for 5 separate runs, we
determined an energy shift relative to the monochromator readout of —2.07 £ 0.07 eV using the
inflection of the pre-edge resonance as a reference point. The dispersion of the monochromator
was checked with two reference points, the pre-edge feature as described above and the water
XES emission doublet from the 1b; orbital collected in the dispersed fluorescence channel for
incident energies between 536 - 538 eV (44). In a single scan from 518 - 538 eV, we observe
both reference points. The RIXS spectrum of the OH radical appears at the OH resonance en-
ergy (526 eV) and its elastic peak coincides with the lower energy partner of the water XES
doublet. We find that the calibrated dispersion of the monochromator does not introduce an
error larger than 0.07 eV (better than 1%) and use it directly. (We note that by using an alter-
native reported position for the XES emission doublet (45) would increase the monochromator

dispersion by 5%, and shift the OH radical resonance by —0.4 eV.)
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2 Intensity Dependence

Measurements were performed to investigate the dependence of the early-time dynamics on the
intensity of the strong-field ionization pump pulse. In these measurements, the pump power
was varied by using a combination of a half-wave plate and a linear polarizer while keeping
the pulse duration and focal spot sizes fixed. The differential absorption signal at 525.93 eV,
near the peak of the OH radical absorption, was recorded as a function of time delay for various
fractions of the full pump intensity (2.3 x 10'* W/cm?). All the time traces can be fit to a rise
time of 49 &+ 7 fs (Fig. S2), consistent with the time constant of 46 + 10 fs obtained from
the global analysis of the time traces shown in Fig. 2D of the main text. The absence of any
intensity dependence suggests that the observed dynamics arise from the chemical dynamics of
ionized liquid water rather than the collective, macroscopic dynamics of a plasma generated by
strong-field ionization. It is noteworthy that the A A value in the positive-time region is only
0.007 for the lowest peak intensity (9.5 x 10'* W/cm?) employed in the intensity-dependent

measurements.

. r — v T
-04 -02 0.0 0.2 0.4 0.6 0.8
Time delay (ps)

Figure S2: Intensity dependence of early time kinetics at different fractions
of the full pump intensity. Differential absorption traces for an incident pho-
ton energy of 526 eV.
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3 Sequential Kinetics Modeling

Surface Fit (Fig. 2B) A sequential kinetics model is used to fit the time-resolved A A spec-
trum taken in the 2D survey scan shown in Figure 2B. The model assumes that the species
initially produced by ionization decays with lifetime 7, to give an intermediate species with
lifetime 75, and that the absorption spectrum associated with each species is S (£) and S»(E),
where F is the probe photon energy. Within this framework, the A A signal as a function of

time delay 7 and E is given by the expression

SQ(E)TQ

T2 —T1

AA(E,t) = |Sy(E)e ™ + (e7t/™ — e ™Y H(t) «x IRF(t) (S1)

where H (t) is the Heaviside function. In our analysis we assume that 73 < 1 ps, as suggested
by the observed rapid narrowing of the A A spectrum on the sub-picosecond timescale, hence
allowing the absorption lineshape S, (') to be obtained by averaging the differential absorption

spectra collected at pump-probe time delays > 1.5 ps.

Global Fit (Fig. 2D) Fig. 2D shows a clearly delayed appearance of the isotropic A A signal
at 525.93 eV relative to 525.43 and 526.73 eV. The improved signal-to-noise ratio relative to
the 2D data in Fig. 2B is due to a 10-fold increase in the number of shots per time bin.

The three time traces, prior to normalization, are fit to the function

AA(t) = IRF(t)« H(t) Y Aje™"/™ (S2)
=1

where n specifies the number of exponential components, each with amplitude A; and time
constant 7;. Each component is multiplied with the Heaviside function H (t) before the product
is convolved with the instrument response function / RF'(t). The full-width at half-maximum
(FWHM) of I RF(t), the time-zero value (f,), and the time constants are set as shared parame-

ters in the global fit.
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In the spirit of the surface fit, we first attempted a fit to two time constants, with fixed ¢,
and /RF'. We find that it cannot reproduce the observed ordering of the delayed rise, which
experimentally is 525.43 eV < 526.73 eV < 525.93 eV as displayed in Fig. S3. That is, the
red-shifted trace rises first, followed by the blue-shifted trace and finally by the central trace

(black). The best fit, however, shows the blue trace to rise first, rather than the red trace.

1.0 1 !
0.8
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l  HF 526.73 eV
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Figure S3: A A;;, traces (same as Fig 2D main text) for three different inci-
dent photon energies shown with the best fit using two-time constants.

Next we allowed the width of the instrument response function and the time-zero position
to vary across the three probe photon energies while globally fitting the time traces to only two
decay components. The resultant time-zero shifts (¢y) and full-width at half-maxima (FWHM)
of the instrument response functions are summarized in Table S2 along with the time constants
and amplitudes.

It is evident that significant deviations in the ¢, and FWHM values are needed to fit the time
traces. In particular, in order to reproduce the pronounced delay in the rise of the signal at
525.93 eV, the FWHM value of the instrument response has to increase by 20% and the time-
zero position shifts towards positive time by 44 fs. In addition to these significant changes in
the o and FWHM values, we also note the non-monotonic trend in the Aty values as a function

of X-ray photon energy. These observations are unrealistic, given that the monochromator is
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Table S1: Parameters obtained from fitting the time traces in Figure S4 to
independent / RF'(t), FWHM and time-zero values.

525.43 eV 52593 eV 526.73 eV
Ay 0.0174 £0.0036 0.0286 +0.0052 0.0367 +0.0042
Ao 0.0249+0.0014  0.229540.0054  0.0613+0.0020
T1(ps) 0.19 +0.03
To(ps) 82+1.1
Aty -23 +57 44 +24 19 £33
FWHM(fs) 1134+ 24 142+4 13312

tuned by only —0.5 and 4-0.8 eV from a central energy of 525.93 eV.
The addition of a third time component allows us to fit the early time dynamics as shown in

Fig. S4 using the values summarized in Table S2

0.24 -
0.20 -
0.16 -
s 1 4 e 525.43 eV
<0129 4 e 525.93 eV
008d g 00200000 T 526.73 eV
0.04 e Al
f o v A Y,
0.00 -
] v 1 1 ] d ]
04 00 04 08 12 16

Time delay (ps)

Figure S4: Unnormalized A A, traces (same as Fig 2D main text) for three
different incident photon energies. The fit to a three exponential component
function is also shown.

The new 46-fs component (As3) is, within experimental error, absent at 525.43 eV, whereas
it manifests itself as a rising signal at 525.93 eV (A3 < 0) and to a smaller extent at 526.73
eV. The presence of the rising component accounts for the delayed appearance of the signal at
525.93 and 526.73 eV relative to 525.43 eV. Both the 0.16-ps and 9.2-ps components appear as

a decaying signal across all three probe photon energies.
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Table S2: Parameters obtained from fitting the time traces in Figure S4 to Eq. S2

525.43 eV 52593 eV 526.73 eV

Ay 0.0238+0.0076  0.0670+0.0270  0.0569+0.0162
Ao 0.0242+0.0012 0.227040.0053 0.0597 +0.0018
As 0.0008+0.0152 -0.2907+£0.0268 -0.0623+0.0231

T1(ps) 0.16 +0.03

T2(DS) 92+1.3

7o(fs) 46 + 10
to 0

FWHM (fs) 119+ 7

The presence of three time constants leads us to consider sequential kinetics involving four
species

NREN LI NY SRR (S3)

with rate constants k4, kg, and kc. From the main text, A, B, C, and D correspond to H,O™,
the vibrationally excited OH radical (OH*), the OH radical in the vibrational ground state, and

the OH™ anion. The time-dependent populations of these species are given by

Na(t) = NoeFat (54)
Nok a —kat —kpt
N — At _ B S5
B<t) kg — ki (6 € ) (S5)
Nokakp 1 “kat | —ket 1 ~kpt _ —kct
Ne(t) = at _ gmhety _ st _ ghe $6
V) =k | Fe = ) e <) 69
Nokgke ket Nokakp —kpt
Np(t) = Ny — e At — e "B
PO T R B (ks o) .
NOkAkB —kot

€
(ka — ko) (kg — k)
In the above equations, Ny is the initial population of species A that is created by strong-

field ionization. Fig. S5 shows the temporal evolutions of the various populations, computed
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based on the rate constants given in Table S1 and after convolving with an instrument response
function of 119-fs FWHM. Note that the observed A A;,, time trace at a specific x-ray probe

photon energy E is related to the populations via

AAjso(E,t) o< IRF(t)  H(t) Y Si(E)N;i(t) (S8)

i=1
where S;(E) is the absorption spectrum of component ¢ and N;(t) is the time-dependent popula-
tion of component 7. In the 526-eV region, only H,O", OH*, and OH are expected to contribute
to the A A;,, signal. The OH™ absorption appears just to the red of the pre-edge feature around
534 eV (46).

1.0 H
0.8
0.6

0.4 -

Fractional population

0.2

0.0

-0.4 0.0 04 0.8 1.2 1.6 2.0
Time delay (ps)

Figure S5: Sequential kinetics for H, Ot — OH* — OH — OH™. 7y = 46
fs, 79 = 0.16 ps, 73 = 9.2 ps.
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4 Franck-Condon analysis of the OH absorption lineshape

The absorption spectrum of the OH radical (Fig. 2C) shows a sideband that is associated with the
vibrational progression of the OH stretch, i.e., the main peak corresponds to the v/ =0 — v’ =
0 transition whereas the vibrational sideband corresponds to the v” = 0 — v’ = 1 transition.
The amplitude of the sideband is (0.139 + 0.028)x that of the main peak, which implies a
Huang-Rhys factor S of 0.139. (The Huang-Rhys factor characterizes the displacement between
the potential energy curves of the electronic ground state and the O 1s~! core-excited state.) Due
to the difference in the OH bond length of H,O" and OH, we expect the OH radical product to
be initially formed in a vibrationally excited state. The Franck-Condon factors for transitions
from the vibrationally excited v” = 1 and v” = 2 states of OH are summarized in Table S3;
transitions from the v = 0 ground state are also included for comparison.

Based on the Franck-Condon factors, we compute the absorption lineshapes for the OH
radical in the v = 0, 1, and 2 states (Fig. S6). The results obtained from the fit in Fig. 2C give
the energy spacing between adjacent transitions of 0.48 eV and FWHM widths of each transition
of 0.48 eV. Note that the absorption lineshapes for the vibrationally excited states of OH are
significantly broader than that for the v” = 0 ground state. Therefore, it is conceivable that
the broader lineshape that is observed at early time delays in Fig. 2B arises from vibrationally
hot OH. For comparison, we also include in Fig. S6 the lineshape of S;(F), modelled by a

Lorentzian with a FWHM width of 0.98 eV.
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Table S3: Franck-Condon factors for the various v — ¢’ transitions of the OH radical.

UHZO U//:]_ U”:2

0.8700 0.1879 0.0084
0.1211 0.6446 0.2097
0.0084 0.3254 0.4651
0.0004 0.0357 0.2713
0.0000 0.0023 0.0418
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Figure S6: Calculated lineshapes for the OH radical in various vibrational states. The lineshape
S1(E) that is obtained from the fit is also shown for comparison.

S Pre-edge shift

In addition to observing the proton transfer and vibrational cooling dynamics of the HoO™
and OH radicals at 526 eV, we also observe a red-shift of the pre-edge on the sub-picosecond
timescale (Fig. 2A). A single time constant 7 effectively fits all the data over the entire probe

photon energy range of 531.0 - 533.7 eV (Fig. S7), as described in the following expression
A(E,t) = So(E) + [S1(E) + Sy(E)e ™ /|H(t) * IRF(t). (S9)

The origin of this absorption increase warrants further investigation with a thinner liquid

microjet target that permits measurements beyond the main absorption edge at 537 eV. We
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Figure S7: Differential absorption traces near the pre-edge resonance. The
various traces, from red to violet, span 531.03 eV (red) to 533.73 eV (violet).
All traces can be fit to a single time constant of 0.26 £ 0.03 ps.

exclude the possibility that the observed dynamics at the pre-edge is due to the H,O™ radical
cation or the hot OH radical because the retrieved time constant (0.26 £ 0.03 ps) is significantly
different from the sub-picosecond time constants observed at 526 eV (46+10 fs and 0.16+£0.03
ps) and our ab initio calculations (see Fig. 1B in the main text and Section 6 below) do not
predict any x-ray absorption signature due to H;O™/OH in the pre-edge region. We also exclude
the OH™ anion, which exhibits x-ray absorption resonances near the pre-edge (46), but the
timescale for its formation due to geminate recombination is substantially longer, = 10 ps.
Hence, we posit that the spectral change observed at the pre-edge reflects the formation of
the hydrated electron because of the agreement between the retrieved time constant and the
~0.25-ps timescale for hydrated electron formation previously established by optical pump-
probe spectroscopy (7, 8). Hydrated electron formation is expected to disrupt the hydrogen bond
network, which according to previous first-principles calculations (47) and infrared pump-soft
x-ray probe (48) measurements of liquid water, results in an increase in the pre-edge x-ray

absorption.
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6 Theoretical Methods

Ab initio molecular dynamics To obtain an ab initio description of excited-state molecular
dynamics of strong-field ionized water, we adopt a two-layered QM/MM approach, where a core
region is treated quantum-mechanically (QM), and is embedded in a larger region described
classically (MM) (49). We describe the electronic structure of a (HQO)IL2 cluster quantum-
mechanically at the Hartree-Fock level of theory with the 6-31G Gaussian basis set. The QM
cluster is embedded in 1012 additional water molecules described by the classical SPC/E water
model (50). Internal bonds and angles in the MM region are constrained using the RATTLE

algorithm (57). Within the QM/MM approach, the energy is given as
E()?tot) = EQM<)?QM) + EMM()?tot) — EMM(X:QM), (S10)

where )Z'tot comprises all nuclear coordinates and X qu the subset of nuclear coordinates in the
QM region. The excited-state energies and gradients are obtained via Koopmans’ theorem. For
details, see Ref. (27).

To describe nuclear motion, we adopt Tully’s fewest switches surface hopping (FSSH),
which includes non-Born Oppenheimer effects (25). We sample over trajectories from a total
of 107 snapshots that were obtained from long, thermostated trajectories. For each snapshot,
we consider electronic states within the top 1.5 eV of the valence MO band to account for

strong-field ionization.

X-ray absorption spectra X-ray absorption spectra are calculated at the same level of elec-
tronic structure theory as used for the molecular dynamics. The absorption cross section is

given as

o(w) = %sza S bsldlon? Viw — wie), (S11)

d=z,y,z
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where w,es = €7 — €;. Here, ¢; and € refer to the initial and final MO energies, (¢r|d|¢;) are
the transition dipole matrix elements, and « is the fine structure constant. We take the natural
line width and the / RF' into account with a Voigt profile V, comprising a Lorentz function with
a FWHM of 170 meV and a Gaussian function with a FWHM of 100 meV. The 2D spectrum
in Fig. 3A of the main text is additionally convolved in time with a Gaussian function of 10 fs

FWHM.

Identification of OH formation In order to identify the formation of OH in the trajectories,
we employ bond-order analysis (28). The bond order of a given oxygen atom to its nearest two
hydrogen atoms in the QM region is denoted as by, byo, respectively. In H,O and HoO, we
expect by; =~ bys. To derive a criterion for OH formation, we demand that (i) the initial state is
reproduced (no OH is present), (i) the final proton transfer status after 200 fs is reproduced, and
(iii) at any given time step, there is at maximum one OH per trajectory. With this, we establish
OH formation if

Identification of the OH allows us to study its diffusion towards the MM region (Fig. S8). While

the radius of gyration,
Natoms

5 2
My Tk — RCOM’
2 k=1
/rgyr - Natoms ! (813)
my
k=1

of the (H,0){, QM cluster varies little over the course of 200 fs, the distance of the OH to the
center of mass (COM) of the remaining QM region increases upon OH formation. Note that OH
is formed initially close to the surface of the QM cluster. The OH to COM distance surpasses
Teyr after 80 fs. This is accompanied by a linear drift in the spectrum peak position. Therefore,
we conclude that this linear drift is an artefact of the limited QM cluster size that enforces OH

diffusion.
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Figure S8: Analysis of distances within the (H,O){,, cluster. Radius of gyra-
tion of the QM region (blue) and distance of the OH to the COM of the QM
region (purple). The shift of the spectrum peak position is included (red).
Hole and charge center The distance between the hole center and the charge center is a

means of quantifying the progress of the proton transfer (cf. Ref. (/5)). The hole can by

Koopmans’ theorem be identified with a Hartree-Fock molecular orbital «. Its center is given

by
Natoms
By = 0GR (S14)
k=1

where G,(f) is the normalized weight of MO « at atom k. The charge center is located at

Natoms

o= (" =™ 7. (815)
k=1

with the Mulliken charges q,(cMC) and the water model charges q,gWM), where q(OWM) = —0.8476,

qﬁWM) = 40.4238. Since the charges on the OH are not adequately described within the water

model, we exclude the OH from the summation in Eq. (S15).

Hole localization Hole localization for a valence hole in orbital « is measured by the hole

radius TE?), which is calculated analogously to a radius of gyration as

Natoms . 2
r =0 Y 6 R - B (S16)
k=1
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Core and valence MOs The position of the absorption peak is governed by the energy differ-
ence between the participating molecular orbitals. Fig. S9 shows the density of valence and core
molecular orbitals over time. The orbitals that dominate the absorption (located at H,O* /OH)
are highlighted by white lines. While the overall distribution of both valence and core orbitals
broadens with time, there is a clear separation of the OH orbitals towards higher orbital energies
emo. Since this shift is comparable for valence and core orbitals, the overall spectral shift is

comparatively small with a maximum of about 20 meV.
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Figure S9: Density of valence (top) and core molecular orbitals (MOs) (bot-
tom). MOs with dominant contribution to absorption spectrum highlighted
(white lines).

Basis set effects The ab initio molecular dynamics simulations and x-ray absorption spectra
presented in the main text were obtained using the 6-31G Gaussian basis set. By adding diffuse
functions to the basis set, as was done in the gas phase spectra of Fig. 1B of the main text, the
description of OH orbitals is improved and thus the x-ray absorption spectrum is affected. To
study the effects of the basis size, while keeping the existing molecular dynamics trajectories,
we calculated x-ray absorption including diffuse functions within the 6-31+G basis set. The
resulting 2D spectrum is shown in Fig. S10. It corresponds to Fig. 3A of the main text and

exhibits a blueshift of the spectrum at long times.
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Figure S10: Two-dimensional x-ray absorption spectrum as in Fig. 3A of the main text, but
calculated with the 6-31+G basis set which includes diffuse basis functions.

In order to resolve the difference between Figs. 3A (main text) and S10, in Fig. S11, we
study the effect of including diffuse functions for the x-ray absorption spectrum of OH and
H,O™ in the gas phase. We find that, while the OH absorption line is redshifted with respect to
the H,O™ absorption line with the 6-31G basis set, a blueshift is observed for the 6-31+G basis
set. This is consistent with the blueshift seen in Fig. S10 for long times, when proton transfer is
completed and absorption is taking place mainly at the OH.

With the computational limitations that come with the ab initio treatment of an (H,O)};, QM
cluster, molecular dynamics trajectories with the 6-31+G basis set are not feasible. (Please note
that, unlike e.g. Ref. (15), we include non-adiabatic effects in our simulations.) However, based
on the comparison in Fig. S11, we find that the x-ray absorption spectrum is sensitive to the
decreasing distance between neighboring oxygen atoms (Fig. 3D, main text). The energy dif-
ference of about 1.0 eV between the x-ray absorption lines of OH in the 6-31G and the 6-31+G
basis, respectively, arises mainly from the lowering of the oxygen core orbital when diffuse
functions are introduced. The valence orbital, which is relevant for the molecular dynamics, is

less affected.

S18



E 0'50_ ”__———— \‘
= 0.25 - P ,,/ ‘ :
@ 0.00 4 S=~
[9) . \-/\ —_— 6-31G
5 ~0257 — = 6-31+G
n
~0.50 1= , : . .
0 50 100 150 200
Time (fs)
3 6-31G, OH 6-31+G, OH
< 0.06 - —— 631G, H,0*  —— 6-31+G, H,0*
@ 0.04 -
§ 0.021
0.00 1— , . . | :
526.0 526.2 526.4 526.6 526.8

Figure S11: Comparison of x-ray absorption spectra obtained using the 6-31G and 6-31+G
basis sets. Top panel: Position of the x-ray absorption peak over time. Bottom panel: Gas

phase spectra of OH and HyO™.
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