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ABSTRACT: We present time-resolved X-ray absorption spectra of ionized liquid water and
demonstrate that OH radicals, H;O" ions, and solvated electrons all leave distinct X-ray-
spectroscopic signatures. Particularly, this allows us to characterize the electron solvation process
through a tool that focuses on the electronic response of oxygen atoms in the immediate vicinity
of a solvated electron. Our experimental results, supported by ab initio calculations, confirm the
formation of a cavity in which the solvated electron is trapped. We show that the solvation
dynamics are governed by the magnitude of the random structural fluctuations present in water.
As a consequence, the solvation time is highly sensitive to temperature and to the specific way
the electron is injected into water.
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the formation of the solvated electron (eaq_).l’3 Several around e, They suggested using time-resolved X-ray
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Figure 1. XAS of water radiolysis. (A) Experimental XAS for unpumped and pumped (after a 2 ps pump—probe delay) water. (B) Experimental
differential XAS. (C) Theoretical XAS for solvated OH® (green line), solvated H;O" (red line), water molecules in the solvation shell of H;O*
(purple line), water molecules belonging to the cavity of e (pink line), and water molecules in the bulk (blue line). (D) Calculated difference
XAS for water containing the aforementioned species.
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Figure 2. Transient X-ray spectroscopy of electron solvation in water. (A) Transient absorption signal from ionized liquid water after subtracting
the static contribution from nonionized water (delay <0). (B) Same signal as in panel (A) but binned into time bins of 300 fs for comparison with
theoretical trXAS difference spectra. (C) Calculated difference spectra at 300 K with a thermostat for different time bins after electron injection into
the bulk water. The color-shaded areas indicate the standard error due to statistical sampling.

their exceptional suitability for uncovering local transient detail in the Supporting Information. The thin sheet jet
structures in liquid water.”*> But so far, experimental allowed us to measure an unpumped liquid water XAS that
applications of X-ray spectroscopy to the solvated electron reproduced the synchrotron measurement reported in ref 26.
and its solvation shell remain absent. In this article, we report The overall ionization fraction was estimated to be ~1%. The
the most direct evidence of cavity formation with the help of trXAS shown in Figure 2 was obtained using total fluorescence
trXAS. Thanks to a sophisticated all-electron methodology, we yield as described previously.””
further deepen our understanding of how e, and its At the intensity of our pump pulse, the 800 nm strong-field
environment affect one another during cavity formation. ionization proceeds via a multiphoton process involving 8—9
photons, which is well above the vertical ionization potential of
B METHODOLOGY liquid water (11.33 eV)zg—producing an electron with
Experimental X-ray Absorption Measurements. We nonzero kinetic energy in the conduction band.
recorded XAS for the different species involved in the strong- Theoretical Methodology for Simulation of Electron
field ionization of liquid water employing an 800 nm pump and Solvation. We model the electron solvation process using ring
a tunable ~30 fs ultrafast X-ray probe from the Linac Coherent polymer molecular dynamics (RPMD) in combination with a
Light Source X-ray free electron laser. The XAS shown in neural-network force field trained with high-level ab initio
Figure 1 was measured for a fixed pump—probe delay in a thin electronic structure calculations. Without having to perform
water sheet jet (0.7 gm) in transmission mode, as described in the unfeasible task of solving the time-dependent Schrodinger
3263 https://doi.org/10.1021/jacs.3¢c11857
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equation for the nuclear coordinates, the RPMD method
incorporates some of the nuclear quantum effects that seem to
be crucial for accurate modeling of the solvation mechanism.*’
The employed neural-network force field was taken from an
earlier work by Lan et al.>° It was parameterized for the ground
state of an anionic box of 47 water molecules with periodic
boundary conditions. The modeling thus represents the well-
defined scenario of an excess electron injected into bulk water
with zero additional energy. The training data set for the neural
network included forces and energies calculated at the MP2
level of theory. This level of electronic structure is considered
to be state-of-the-art for the study of liquid water’' and the
formation dynamics of the solvated electron.”” To identify
cavity formation, we calculated the spin density at the density
functional theory level of theory at selected snapshots of the
simulation (every 100 fs). This was necessary, as the RPMD
calculations only included the solvated electron implicitly
through the neural-network force field.

Theoretical Methodology for the Calculation of XAS.
To model the X-ray signatures for all relevant species in the
ionization of liquid water, we sampled structures from
simulations of the solvated species. For e,; and H,0, we
took structures from the RPMD simulations. Because no
neutral-network-based force field was available for OH® and
H,0", we employed ab initio MD simulations for these species
(see Supporting Information for simulation details and the
procedure that was used to sample geometrical structures from
these simulations). We calculated the XAS of these species
with our in-house software package XMOLECULE.”** To
adequately describe the spectral region around the X-ray
absorption edge that involves very diffuse orbitals, we
employed a Gaussian basis set that was extended with
additional Kaufmann basis functions.” From the discretized
pseudocontinuum that results from this Gaussian basis set, we
computed the absorption spectra for the electronic continuum
via the Stieltjes-imaging procedure.”® A more detailed
description of the calculation of the XAS can be found in
Supporting Information.

B RESULTS AND DISCUSSION

Experimental and Theoretical XAS. Previously, some
coauthors of this paper noted a feature in the pre-edge region
of ionized water (531.0—-533.7 eV) when tracking the
formation and reaction of H,O" using X-rays.”” This feature
corresponds to none of the species participating in the reaction
H,0" + H,0 — OH® + H;O" and its time scale aligns with
previous studies on electron solvation, so the authors
tentatively assigned it to the formation of e,,~. In Figure 1,
we show new experimental and theoretical results on water
radiolysis, confirming that e,,” indeed produces a distinct
feature in the pre-edge region of the XAS. In panel B, we
present experimental data for the differential static XAS
between bare water (pump off) and ionized water 2 ps after
interaction with the strong-field pump laser. The difference
spectrum exhibits an increased absorption peak at 526 eV, a
broad absorption gain in the 530—534 eV range, a depletion of
the absorption between 535—541 eV, and a slight absorption
increase around 544 eV. This differential signal reflects the
contributions of the various species involved in the radiolysis
of liquid water. At this pump—probe delay, H,O" has already
decayed via proton transfer to a neighboring water molecule,””
and the recombination of free electrons with holes has not yet
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occurred. This leaves OH® radicals, H;O" cations, and e, as
the main contributors to the XAS difference spectra.

In order to assign the key features of the XAS difference
spectra from Figure 1B to the aforementioned radiolysis
byproducts, we calculated the XAS values for each of these
species individually. In Figure 1C, we show the calculated XAS
of solvated OH® (green line), solvated H;O" (red line), water
molecules in the solvation shell of H;O" (purple line), water
molecules belonging to the cavity of e, (pink line), and water
molecules in the bulk (blue line). For OH®, we can observe a
strong resonance feature at 526 eV’ associated with a
transition between the core level and the singly occupied
valence orbital of the radical. In the radical, the remaining
absorption edge is pushed to higher excitation energies
compared to the absorption edge of bare water. A similar
shift of the main absorption edge to higher energies also
appears for H;O", followed by a strong increase in absorption
in the postedge region (~541 eV).”” The presence of H;0*
may also influence water molecules in its solvation shell since it
temporarily creates superstrong hydrogen bonds with
neighboring water molecules.’® We therefore also inspect the
X-ray absorption of water molecules in the vicinity of H;0". As
can be seen, at lower absorption energies (pre- and main-
edge), these water molecules, H,O(H;0") shown in purple,
have an absorption spectrum very similar to that of bulk water.
At somewhat higher absorption energies, an additional feature
at about 541 eV similar to the one in H;O" appears. The
resulting shifts can be interpreted in terms of the different
orbital hybridizations in H;O" and its neighboring water
molecules.” For water molecules belonging to the cavity of
€, » We observe a strong absorption gain in the pre-edge
region of the XAS (~533 eV). Li et al.”>' recently showed that
the solvated electron penetrates the antibonding orbitals of
water molecules from its cavity in a similar way as in the
formation of hydrogen bonds, thus producing the observed
absorption gain in the pre-edge region of the XAS.”" These last
two species in particular—water molecules from the cavity of
e,q and water molecules in the solvation shell of H;O"—
highlight the remarkable sensitivity of XAS to the local
hydrogen-bond environment of water molecules.”>*’

Each of the discussed species induces a change in the X-ray
absorption spectrum of liquid water that can be modeled with

Af;pecies (E) = fspecies (E) - fbulk (E) (1)

Here, Af (E) represents the XAS difference induced by a given
species. The sum of overall considered species

Af(E) = ) wAf (E) o

reveals a superposition model for the XAS difference of ionized
liquid water, where w, represents an appropriate weight for the
relative amount of the species s. For example, we observe that
on average, about 4.5 water molecules are part of the cavity
surrounding the solvated electron, whereas for each solvated
electron, only one OH® should be considered. This model
implies that all water molecules, excluding those belonging to
the solvated electron’s cavity or the solvation shell around
H,0%, exhibit largely unchanged XAS and that ionization is
diluted enough to treat these species separately. We refer here
to ref 21 for a more detailed explanation of the negligible
contribution to the XAS of water molecules outside the cavity
of e,

https://doi.org/10.1021/jacs.3c11857
J. Am. Chem. Soc. 2024, 146, 32623269
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Figure 3. Solvation time scales from simulated trajectories at 300 K with a thermostat (left column), at 340 K with a thermostat (central column),
and at 300 K without a thermostat (right column). The top row shows the evolution of the gyration radius for the different trajectories. The dashed
line at 3 A marks the threshold below which we assume a cavity to be formed. The bottom row shows the evolution of the ratio of trajectories in
which cavity formation has not (yet) taken place. The orange curve shows a monoexponential (left and central columns) or biexponential fit to the

data.

Figure 1D illustrates the modeled XAS difference spectra
arising from the superposition of calculated XAS-difference
spectra for all the species presented in Figure 1C. The assigned
relative weights are w, = 1 for H;0" and OH, w, = 3 for water
molecules in the solvation shell around H;0%, and w, = 4.5 for
water molecules in the cavity of e,;". As can be seen, this
model successfully reproduces all of the key features of the
experimental difference spectra. The good agreement between
theory and experiment allows us to assign the features with an
absorption gain in the pre-edge region to individual species.
Specifically, we can assign the peak at 526 eV to the strong
resonance of OH**” and the absorption gain in the range $30—
534 eV to the cavity around e,;". The latter confirms that e, ~
cavities produce a distinct signal in the pre-edge region of the
XAS—as previously proposed by Li et al.”'—thereby
demonstrating the potential of X-rays to trace cavity formation.

Electron Solvation: Experimental and Theoretical
Results. In the following, we focus on the time evolution of
the XAS in the region 530—535 eV, as it captures the
formation of cavities around e, in liquid water. Specifically, the
rise in absorption intensity in this range reflects the formation
of cavities. We show both experimental and theoretical results
for the trXAS of e, in Figure 2. The transient signal that
appears in Figure 2A, characterized by a primary peak at 533.3
eV, is a direct consequence of cavity formation in liquid water.
We obtained a cavity formation time scale of 0.26 + 0.03 ps
through a global fit of the experimental signal with a universal
time constant.””

To calculate the trXAS difference spectra from the
simulations, we inspected the resulting cavities as a function
of time after the electron injection. We grouped all snapshots
with fully formed cavities into time bins and averaged the
calculated XAS over the structures in each time bin.

The resulting difference spectra in Figure 2C show how
electron solvation increases X-ray absorption around 533 eV
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on a time scale of about 1300 fs. In Figure 2B, we compare
these results with the experimental difference spectra employ-
ing the same time-binning. While the change in the XAS is
qualitatively similar in both experiment and theory, we observe
a significant discrepancy in the time scale at which this spectral
change appears. The smaller time scale for the spectral change
in the experiment directly reflects the fact that cavity formation
seems to proceed considerably faster in the experiment than in
the simulations.

The discrepancy might stem from an unaccounted local
temperature increase during the injection of the excess electron
into liquid water in the experiment. Due to the substantial
amount of energy deposited by the strong-field pump, the
ionized electron has enough initial kinetic energy to locally
increase the temperature through inelastic collisions, which
would lead to faster solvation.”
estimate an initial electron kinetic energy of 1 eV, 1%
ionization probability, and full equilibration, the resulting
temperature rise amounts to ~13 K. However, our simulations
model the situation of an excess electron injected into bulk
water with zero kinetic energy. As we will show, this difference
can explain the discrepancy in the time scale of the solvation
process. Another possible origin for the slower solvation in the
simulation could be an artificial dampening of the dynamics
caused by the thermostat.”” Using a thermostat in a
nonequilibrium process, while counterintuitive, becomes
necessary due to the limited capacity of our small simulation
box to transport heat between the solvation region and the
bulk. The thermostat prevents such an unphysical accumu-
lation of heat that could alter the dynamics. To test the effects
of both temperature and the thermostat on the solvation
dynamics, we performed two additional sets of RPMD
simulations: one with a higher temperature and another
without a thermostat.

If we assume as a lower

https://doi.org/10.1021/jacs.3c11857
J. Am. Chem. Soc. 2024, 146, 32623269
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each trajectory. (A) Gyration radius of the electron spin density, Rg(AT) for the various sampled trajectories. (B) Number of hydrogen bonds per
water molecule (donors in orange, acceptors in blue) as a function of the distance from the spin center of mass of the electron for different Az (see
colored c1rcles) The dashed horizontal line at 3.58 marks the total average number of hydrogen bonds per water molecule in bare water at room

temperature
respectively).

! For At = 0 fs (bottom-right panel), we also include the radial distribution function for oxygen and hydrogen (red and green curves,

Electron Solvation Mechanism. After the insertion of the
excess electron in the simulation, the electron is almost
completely delocalized over the entire simulation box. After a
certain simulation time, the spin density contracts and
localizes, which is accompanied by the formation of cavity
structures. Figure 3 shows the gyration radius of e, (top
panel) and the fraction of cavities that have not formed
(bottom panel) as a function of time for the three different
situations considered: T = 300 K with a thermostat, T = 340 K
with a thermostat, and T = 300 K (initial temperature) without
a thermostat. We observe for the two latter scenarios
considerably faster solvation dynamics, especially at early
times. In contrast to the thermostated simulations, where
cavity formation follows a monoexponential trend, the
simulation results for T = 300 K without a thermostat are
considerably better fitted with a double exponential (see
Supporting Information). Aside from this long-time behavior
of the nonthermostated calculation, both new sets of
calculations reveal subpicosecond solvation time scales (7 =
0.8 + 0.1 ps for T = 340 K with a thermostat and 7, = 0.5 + 0.2
ps for T = 300 K without a thermostat) in contrast to the
original calculation at T = 300 K with a thermostat (=19 =+
0.4 ps). The observed acceleration is compatible with the so-
called “trap-seeking” mechanism,”~* in which random
orientational fluctuations govern the solvation time scale. In
this mechanism, the electron remains in a delocalized state,
waiting for a favorable configuration of water molecules—a
trap—to randomly occur. The electron then collapses into this
trap, forming a cavity around it. Enhancing orientational
fluctuations by increasing the temperature or by deactivating
the thermostat thus results in more traps and faster solvation.
One pr 4posed candidate for such a trap is a broken hydrogen

ond,”*”** whose concentration is dependent on random
ﬂuctuatlons and temperature.””*"

In Figure 3, different trajectories show different onset times
for electron localization. However, once the collapse of the
gyration radius starts, all trajectories follow a similar trend. To
make this trend more apparent, we have plotted in Figure 4A
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the gyration radius of each trajectory against its relative
formation time A7 =t — 7, where 7 is the 100 fs time step
where the gyration radius Ry(t) of each trajectory shrinks
below 3 A. Following the random onset of solvation, governed
by the trap-seeking mechanism, we observe a concordant
collapse of the gyration radius of the spin density across all
trajectories for the three cases studied (see Supporting
Information for the trajectories at 340 K and the trajectories
without a thermostat). This indicates that cavity formation has
entered a digging stage, where orientational fluctuations are no
longer the main driving force. To further 1nvest1gate the nature
of this hybrid trap-seeking/cavity-digging®’ solvation mecha-
nism, we analyzed the hydrogen-bond network of the water
molecules surroundmg e, since its disruption is linked to the
solvation process.”” Figure 4B shows the number of hydrogen
bonds per water molecule as a function of the distance from
where the spin center of mass of e, will be when the cavity
forms (A7 = 0 fs). The data reveal how the disruption of the
hydrogen-bond network is tied to the collapse of the gyration
radius. When the electron is still delocalized at At = —300 fs,
the hydrogen-bond network around the electron resembles
that of bulk liquid water. At Az = —100 fs, one can see how the
localization of the electron goes together with a local
breakdown of the hydrogen-bond structure, affecting mainly
the number of donor hydrogen bonds in close vicinity of the
future center of the spin density. This disruption propagates
outward as the electron shrinks and culminates in the
formation of a solvation layer in the region of 2—3 A around
the electron at A7 = 0 fs. Water molecules in the solvation
layer can only donate one of their hydrogens to other water
molecules; the other hydrogen points toward the center of the
cavity and coordinates with the electron, as can be seen in the
histogram and the radial distribution functions of oxygen and
hydrogen atoms around the spin center at Az = 0 fs (lower-
right panel of Figure 4B). Random fluctuations alone cannot
explain such a large and coordinated disruption of the
hydrogen-bond network, which supports the idea that the
electron is actively digging its own cavity.”’
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B CONCLUSIONS

Our study shows that trXAS is a sensitive probe of the cavity of
€,q and can be used to track electron solvation. It is important
to stress that X-ray absorption does not probe the solvated
electron directly but rather probes the structural changes in
water induced by the solvated electron and is thereby
complementary to earlier works addressing the question of
electron solvation using other methods. The fact that e,  leaves
a noticeable change in the X-ray absorption is therefore
incompatible with the concept of a delocalized solvated
electron as was hypothesized earlier.> Our results are evidence
for cavity formation induced by e,;. According to our trXAS
measurements, the cavity around ey forms in 0.26 ps after the
injection of an excess electron in liquid water at room
temperature. The simulations at 300 K with a thermostat,
however, exhibit a much longer solvation time scale of 1.3 ps.
Our analysis suggests that random orientational fluctuations
play a major role in determining the solvation time scale by
affecting the appearance of suitable traps for electron
localization. The resulting picture of electron solvation in
water is that of an electron that waits for a suitable trap to
randomly appear and then starts to actively dig its cavity,
causing disruption of the surrounding hydrogen-bond network.
While the trap-seeking mechanism is influenced by structural
fluctuations, which are notably influenced by temperature and
the electron’s specific preparation in water, the subsequent
collapse into a cavity occurs relatively fast (<100 fs). The
elucidation of X-ray spectroscopic signatures for e;;,, OH®, and
H;0" suggests that future studies will be able to provide more
insight into ionization dynamics, proton transfer, and proton
hydration in water. In particular, further insight may be gained
by studying electron solvation as a function of sample
temperature and ionization mechanism.
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