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The photo-induced radiolysis of water is an elementary reaction in biology and chem-
istry, forming solvated electrons, OH radicals, and hydronium cations on fast time
scales. Here, we use an optical-pump terahertz-probe spectroscopy setup to trigger
the photoionization of water molecules with optical laser pulses at ~400 nm and then
time-resolve the transient solvent response with broadband terahertz (THz) fields with a
~90 fs time resolution. We observe three distinct spectral responses. The first is a positive
broadband mode that can be attributed to an initial diffuse, delocalized electron with a
radius of (22 + 1) A, which is short lived (<200 fs) because the absorption is blue-shift-
ing outside of the THz range. The second emerging spectroscopic signature with a
lifetime of about 150 ps is attributed to an intermolecular mode associated with a mass
rearrangement of solvent molecules due to charge separation of radicals and hydronium
cations. After 0.2 ps, we observe a long-lasting THz signature with depleted intensity
at 110 cm™" that is well reproduced by ab initio molecular dynamics. We interpret
this negative band at 110 cm™" as the solvent cage characterized by a weakening of the
hydrogen bond network in the first and second hydration shells of the cavity occupied
by the localized electron.

solvated electron | THz spectroscopy | ab initio MD

The solvated electron is a fundamental reaction intermediate in a variety of physical,
chemical, and biological processes (1). For example, it has important roles in the energy
transfer during photochemical and electrochemical phenomena (2), atmospheric chemistry
(3), radiation damage of biological matter (4), and medical therapeutics (5). When the
intensity of the visible electromagnetic radiation is high enough, photoionization of water
molecules can occur in the liquid phase. As has been confirmed in many experimental
and theoretical studies, the fully relaxed, solvated, or hydrated aqueous electrons are
generated in less than 1 ps (6-13). In previous papers, it was proposed that the electronic
charge density is localized in a cavity with a radius of ~2.5 A (14-16) and surrounded by
~ 4 water molecules (17, 18), two of which are hydrogen bonded to the electron and the
other two participating in the water—water network. This has been challenged (19-22)
by the possibility that the electron might be more delocalized across waters rather than
localized in a cavity.

In a seminal work (11), the Hamm and Jungwirth groups studied the kinetics of elec-
trons generated in water by photoionization by recording the change in the maximum
amplitude of the THz probe signal. Depending on the optical frequency (23, 24), pulse
duration (25), and the amount of photons that are absorbed, the number and radius of
the precursor of the delocalized solvated electron (26, 27) can vary. Previously, the transient
increase in THz absorption over the frequency range of 1-2 THz was described by a particle
in the box picture, which postulates an increase in the frequency of the absorption mode
upon localization of the solvated electron (11). In line with this model, the overwhelming
partial absorption feature of the electron with the water molecules in the first and second
shells will shift outside of the covered frequency range within less than 200 fs. The partial
contribution originating from the negative cross-correlation between first and second
hydration shells of the localized solvated electron—which is weaker in intensity—should
be present for the entire time, up to the largest pump—probe delay of 250 ps. However,
this cross-correlation part was not resolved in their experiments.

Here, we use an optical-pump terahertz-probe (OPTP) spectroscopy setup that, and
unlike previous work, allows to record the frequency-resolved change in the THz spectrum
as a function of the pump—probe delay, tpp, and to follow the time evolution of the solvated
electron. From the creation of the delocalized solvated electron, subsequent charge separation
of the hydronium and the generated OH radicals, and finally electron localization, we
measure frequency-resolved changes in the THz spectrum, which probes the intermolecular
modes of the hydrogen-bonded water molecules between about 30 cm™! and 200 cm™!
with up to a pump—probe delay of 250 ps and with a time resolution of ~90fs. Upon
photoexcitation at 9.3 eV, we observe a short lived (<200 fs) transient THz absorption at
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(169 + 13) cm™!, which corresponds to a diffuse, highly excited
and delocalized Rydberg state (23-26, 28-30), e.g., an exciton
(26, 31) spreading over multiple hydrogen-bonded water molecules
with a radius of (22 + 1) A. We also observe a previously unknown
absorption feature with a lifetime of ~150 ps at 60 — 100 cm™},
which we assign to a translational mode of the solvent triggered by
the separation of the molecular complex containing the photo-gen-
erated positive charge, OH (H30%). We propose that the excitation
of this translational mode explains the experimentally observed
nonthermal structural bond distance distribution as observed by
time-resolved electron diffraction of OH-H;O" pair decay subse-
quent to photoexcitation of bulk water, as recently reported by Lin
et al. (32). With the aid of dedicated ab initio molecular dynamic
(AIMD) simulations, this state-of-the-art optical setup revealed the
transient signature of the solvent cavity formation of the localized
electron, which is imprinted into the perturbed, dynamic terahertz
spectrum of the collective water modes at ~110 cm™!. Based on
AIMD simulations, we are able to reveal the molecular details of
the weakening of the underlying collective translational and inter-
molecular stretching motions of the hydrogen bond network
(33-38), which leads to the experimentally observed decrease in
absorption compared with bulk water.

Results

THz spectroscopy probes the intermolecular modes of bulk water
and is very sensitive to any changes of the radial or angular part
of the water—water potential. The most characteristic modes are
the intermolecular stretch with a peak frequency at 200 cm™
(7 THz) and the hindered rotations of water molecules in the

hydrogen bond network with a maximum in absorption around
700 cm™' (20 THz). In a previous AIMD simulation study, upon
introducing spatially resolved analyses, the sensitivity of THz spec-
troscopy is traced back to characteristic distance-dependent mod-
ulations of absorpnon intensities for bulk water. The prominent
peak at ~200 cm is found to be dominated by first-shell dynam-
ics, whereas a concerted motion involving the second solvation
shell contnbutes most significantly to the absorption at about
80 cm™ = 2.4 THz (34). Cross-correlating these modes with the
local dipole demonstrates that the integrated contribution to the
total infrared activity for the mode around 2.4 THz is indeed very
weak, which 1s consistent with the lack of any clear resonance
around 80 cm ™" in the THz absorption spectrum, while the peak
is present in Optical Kerr as well as Raman spectra.

Furthermore, for solvated cations and anions characteristic THz
fingerprints, i.e., characteristic absorption features whose intensi-
ties scale linearly with electrolyte concentration, have been iden-
tified and assigned to so-called “rattling” modes of the charge in
the hydrogen bond network (39, 40).

Here, we record OPTP spectra to probe the THz changes in the
hydrogen bond network of the water upon the birth and the evo-
lution of the solvated electron as a function of pump probe delay
subsequent to photoionization of bulk water. The experimental
setup is described in detail in ref. 41. As a probe, we used a broad-
band terahertz time-domain spectrometer in the frequency range
between wgog ~60 cm™! (1.8 THz) and ~240 cm™! (7.2 THz).
The source spectrum is shown in S7 Appendix, Fig. S1. In Fig. 14,
we plot the frequency-dependent changes of the optical density
(OD) of water in the probed THz range, after the optical excita-
tion. We observe an instantaneous response, AOD (mEOS, tpp),
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Fig. 1. Results of OPTP experiments on bulk water at 5 °C. (A) Transient change of the optical density, AOD (wgos, tpp ), as a function of the probed THz frequency

(wgos) and the pump-probe delay (tpp). The color scale on the right indicates a maximum signal of ~1.4mOD. (B) Time-dependent change of the THz signal at
wgos ~ 180 cm~, plotted versus pump-probe delay. The dashed purple trace is obtained by averaging the signal between the THz probe frequency wggs = 169 cm™"
and wggs = 195 cm™, as indicated by the purple box in A. (C) THz transient spectrum close to pump-probe overlap, tpp = (0 + 0. 1) ps, plotted versus probed THz
frequency (wgqs). The gray trace corresponds to an average of AOD between tpp = —0.1 psand tpp = +0.1 ps.
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which covers the entire frequency range from 60 to 240 cm™! at
pump—probe overlap (tpp =0). In Fig. 1 B and C, we plot the
transient signal and the spectrum of the transient OD at short
pump—probe delays. The detected transient THz spectrum is broad
and centered at wggg ~180 cm™! for tpp = (0 £ 0. 1) ps as seen
in the gray curve in Fig. 1C. The time-dependent signal at
wpos = (182 + 13)em™! (purple curve in Fig. 1B) can be
described by a single exponential function with a time constant
7 ~ 115fs. The fit results are summarized in SI Appendix, Table
ST1. For confirmation, we checked that similar time constants are
obtained when the raw transient THz data are fitted; see
SI Appendix, Fig. S2.

The amount of absorbed photons can be quantified by meas-
urements as a function of the pump intensity, I. As detailed in
SI Appendix, Fig. S4, we found that the signal at
wpos = (182 + 13)cm ™! and tpp = (0 £ 0. 1) ps follows a quad-
ratic behavior below I ~0.8 TW/cm? and saturates at higher
pump intensities. In contrast, the transient response at
wpos = (78 £ 13)cm™! and tpp = (20 + 10) ps follows a cubic
dependence below I ~0.8 TW /cm?and is consistent with previous
publications (8, 11, 13, 24, 27, 42, 43); see also SI Appendix,
Fig. S5. The predicted reflection losses at the air—water interfaces
agree well with the results of the experiment, implying that the
amount of optical pump energy absorbed by the liquid water jet
must be less than the error bars, about 0.5 %. From this, we esti-
mate the maximum temperature increase in the liquid water sam-
ple to 0.2 °C (Methods and SI Appendix). Based on a comparison
with the expected changes of AOD and An for bulk water with
an increase in temperature of +0.2 °C (44-46), we conclude that
thermal effects can be neglected. In addition, in order to exclude
that the presence of counter ions affects the measurements, we
measured the change of the static, equilibrium optical density
upon addition of 3.5 mM Nal in water (8] Appendix, Fig. S6D)

A1.4X10-3 ] P R T SR NN TR S T TR N T S S i
Py 1 pure H,0 2 H20+1M NaNO3 -
- ] £% | (less electrons) | [
% 4 H : L
T 071 Hi ¥ -
0 ] i [
(o]

9 ] [
2 ] [
[m] J L
g% 0.0 WA ------7 -
T
-0.5 0.0 0.5 1.0
Pump-probe delay, tpp [ps]
05104...|....|....|...
X n .
Delocalized electron, e*
~ |
2 41 H0-1MNaNO, L
v == tpp=0+0.1 ps
%)
g 3 1
2
(| El
~170cm
9 2 :
<

100 150 200
Frequency, ogog [cm ]

and compare it to the observed change in AOD measured upon
photoexcitation.

Transient Signature of the Instantaneously Generated Electron.
In order to decrease or increase the number of solvated electrons, we
dissolved either 1 M nitrate anions (27, 47-50) or 50 mM iodide
anions (51-56), respectively. The experimental results are shown
in Fig. 2 A and B. As is known, the number of photo-generated
electrons decreases by more than 70 % by dissolvingl M NaNOj;
in pure water (27, 47, 50). As shown in Fig. 24, the dominant
positive signal at pump-probe overlap, tpp =(0+0.1)ps,
decreases by ~40% upon addition of the electron scavenger
(NO3). In contrast, we observe a 10-fold increase upon addition
of 50 mM Nal, i.e., under experimental conditions where more
precursors of the solvated electrons should be generated, in line
with our expectations; see Fig. 2B and the Methods section for
details. While the amplitudes of the signals at pump—probe overlap
differ by one order of magnitude upon the dissolution of NaNOj3
and Nal, the spectral shape, reported in ST Appendix, Fig. S7, is
similar, indicating the same underlying molecular processes.

W first want to focus on the initial signature of the photo-gen-
erated delocalized electron by comparing the results on bulk water
and on an aqueous solution containing the electron scavenger,
which is known to capture the pump-excited electron within less
than 80fs (27, 47, 48). Thus, the difference between the meas-
urements performed on pure water (with excess electrons) and on
an1 M NaNOj aqueous solution (in which the majority of pho-
to-generated electrons have been scavenged by the nitrate ion) is
expected to reveal the THz spectral signature of the photo-gener-
ated electrons. The difference between the measurements on pure
water and al M NaNOj solution at short pump—probe delays is
shown in Fig. 2C. It reveals a positive (AAOD x4 - 1079),
high-frequency (wgog &~ 170 cm™), and short-lived response at
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Fig. 2. Delocalized electron precursor generated by multiphoton excitation at 400 nm. (A) Time-dependent terahertz signal at the probe frequency
weos = (182 + 13)cm~' when the number of photo-generated electrons is reduced by a scavenger (1 M NaNOs, solid purple curve, circles data points). The
results on pure water are duplicated from Fig. 1B and shown with the dashed purple curve, solid triangles, for comparison. (B) Time-dependent terahertz
signal at the probe frequency wgos ~ 182 cm~"'when the number of photo-generated electrons is increased by dissolution of iodide anions (50 mM Nal, purple
squares). (C) We plot the difference between the transient optical densities, AAOD, measured in pure water and on a1 M NaNOj aqueous solution at5°C, at
the pump-probe delay tpp = (0 + 0. 1) ps, as a function of THz probe frequency, mgos. The transient signal is centered at (169 + 13)cm~', where 13cm~"is the
experimental frequency resolution. (D) Cartoon of the delocalized photo-generated electron shortly after pump-excitation.
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tpp = (0 % 0. 1) ps. The full map is shown in 87 Appendix, Fig. S8.
This overwhelming positive absorption is attributed to the auto-
correlation of the charge with the first and second shell water. As
shown in Fig. 2C, the initial signature of the pump-generated
electron yields a broad peak with a center frequency of
(169 + 13) cm™!. When we follow the model developed by the
Jungwirth and Hamm groups (11), the first excitation energy of
a particle in a box can be described as follows (14—16): E = A/ Ré
with E excitation energy, A constant (equal to 84,688 cm ™ in ref.
11), and Rg radius of gyration. Thus, a transition at
E = (169 + 13) cm™" corresponds to a radius of gyration equal to
R, ~ (22 DA. This values is in excellent agreement with the
average radius estimated before, independently, from the geminate
recombination kinetics (27), ~22A. Thus, we propose that the
mechanism of photoionization of liquid water at 400 nm is dom-
inated by the molecular excitation of diffuse molecular states
(57-59), akin to Rydberg states (23, 24, 26, 28-30) in a gas or
Wannier excitons (26, 31) in a solid, rather than by autoionization
(23, 25). A depiction of the initially delocalized photo-generated
electron is shown in Fig. 2D from AIMD simulations (described
further below) in which the electron is delocalized across several
water molecules.

Excitation of a Low-Frequency Intermolecular Solvent Mode
Initiated by Charge Separation. Fig. 34 shows the results on pure

water up to a pump—probe delay of 250 ps. Next to the initial
and fast-decaying feature, we clearly observe an additional, long-
lived spectral feature characterized by an increase in amplitude
at low frequencies (~60 — 100 cm™!). This feature rises with a
time constant 7, within ~130fs and ~200 fs and decays with
a time constant 73 between 115 and 176 ps (SI Appendix, Table
ST1). We display the spectrum of this long-lasting feature in gray
in Fig. 3B. This transient THz spectrum resembles a remarkable
Raman response of liquid water at equilibrium (60), which is
shown with the black curve in Fig. 3B. The amplitude of this
feature does not correlate with the number of photo-generated
electrons; see Fig. 3C. Furthermore, the decay time is on the order
of ~150 ps, which is shorter than the expected decay time of
the relaxed, solvated aqueous electrons that was reported to be
>300 ps in refs. 8, 11, 12, 23, 24, 42, 43, 61. Thus, we exclude
the assignment of this feature to any spectral response directly
associated with the solvated electron.

The emergence of this spectral feature is described by the time
scale 7,, which varies between ~130 fs and ~200 fs as detailed in
SI Appendix, Table ST1. Previously, time scales between ~50 fs
and ~250 fs were assigned to the formation of a “relaxed proton”
in water (32, 62-68). Loh et al. (62) performed pulsed X-ray
experiments and found two short time scales in the photoioniza-
tion of liquid water: ~50 fs and ~180 fs, which were assigned to
the decay of the photo-ionized cation H,O" and to the relaxation
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Fig. 3. The photoionization of water triggers collective low-frequency solvent modes. (4) Transient change of the optical density, AOD(wgqs, tpp), as a function
of the probed THz frequency (wgos) and the pump-probe delay (tpp). (B) THz spectrum at tpp = (20 + 10) ps, plotted versus probed THz frequency (wgqs). The gray
trace corresponds to an average of AOD between tpp = + 10ps and tpp = + 30 ps, as indicated by the gray box in A. The black curve is the Raman spectrum of
pure water as measured by Walrafen (60). (C) THz time-traces at the probe frequency wgos = (78 + 13)cm~", plotted versus pump-probe delay. The traces are
obtained by averaging the signal between the THz probe frequency wgos = 65 cm~'and weos = 91 cm~, as indicated by the orange box in A. The results on pure
water are shown with orange triangles, the results with the scavenger in light orange (circles), and with iodide in dark orange (squares). (D) Cartoon of a collective
mode launched by the separation of the OH(H3;0") complex. The separation between the hydronium cation and the hydroxyl radical (blue oxygen) triggers a
solvent perturbation, and a rearrangement of the position of the water molecules (red oxygen). The ripple propagates in the water network.
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of hot OH radicals, respectively. Lin et al. (32) performed time-
resolved electron diffraction measurements and suggested that the
decay of H,O™ forms a OH(H;0™) complex within 140 fs sub-
sequent to the photoexcitation, followed by the dissociation of
OH(H3O+) into OH radicals and H3OJr after ~250 fs. Thus, a
7, between ~130 fs and ~200 fs agrees well with the 50 — 250 fs
formation time of the relaxed proton in water (32, 62-68) and
the lifetime of the transient complex OH(H;0™).

Previously, low-frequency intramolecular modes were identi-
fied in liquid water with Raman spectroscopy by Walrafen (60).
Two broad bands were found, with one centered at ~60 cm™!and
extending up to ~100 cm ™. This Raman band overlaps very well
with the transient terahertz feature detected here at
~60 — 100 cm™!. In ref. 60, the Raman band was assigned to
transverse spherical acoustic shear phonons with a wavelength of
~8 A (S-band), corresponding to a rearrangement of the hydro-
gen-bonded water network involving up to the third nearest
neighbors. Most interestingly, Lin et al. (32) reported that, after
about 200 fs from the photoionization of a water molecule in the
bulk liquid, there is a perturbation of the pair-distribution func-
tion—which pinpoints the structural rearrangement of water—up

to about 8 A. Considering the similar timescale (~200 fs), spectral
response (~60 — 100 ecm™!), and extent of perturbation of the
water structure (~8 A), we propose that the long-lived terahertz
signal detected here is a collective low-frequency intermolecular
mode in the solvent triggered by the charge separation of the
transient complex OH(HS O+)as sketched in Fig. 3D. The obser-
vation of bond distance changes beyond the first hydration shell
(5.4 — 6.2) A in the ultrafast electron diffraction study after 0.5
ps is in line with the rise of the band at 80 cm™" around 200 fs
in our OPTP experiment, as these stem from motions within the
second solvation shell or even beyond.

Terahertz Fingerprint of the Localized Solvated Electron. We
performed AIMD simulations of bulk water in the presence of
one electron in a box with 64 waters to follow the localization of
the photo-generated electron. In Fig. 44, we plot the radius of
gyration, R,, of the spin density for one electron (17) in water
over a 20 ps trajectory. Initially R, is large, but converges to an
average value of ~2.4 A within 0.5 ps, in good agreement with
previous experiments and theoretical QM/MM calculations (11).
We checked whether nuclear quantum effect give rise to major
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Fig.4. The solvated electron disrupts the water network. (A) The time evolution of gyration radius of electron spin density in neat water with one excess electron.
Insets visualize the structures of spin density for some key snapshots. Blue: positive spin density; yellow: negative spin density. Spin density isovalues: opaque:
+0.0015arb. u.; transparent: £0.0003 arb. u. (B) The theoretical water reorientation lifetime, respectively, for the water molecules in bulk and in the hydration
shell of a single excess electron. (C) Free energy of cavity formation, p,.,, for bulk water and the electron cavity. (D) With the red curve we plot the difference
between the transient optical densities, AAOD, experimentally measured in pure water and on a1 M NaNOs aqueous solution at 5°C, at the pump-probe
delay tpp = (200 + 50) ps, and as a function of THz probe frequency, wgos. The transient signal is centered at ~110 cm~". The results from the simulations are
plotted in blue (right axis). See text for details.
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changes; however, this was not the case as seen in S/ Appendix,
Fig. §9. In Fig. 4B, we examine the hydrogen bond dynamics
of the water molecules in the hydration shell of the solvated
electron(s). We find that the water reorientation lifetime in the
first solvation shell of the electron is significantly smaller compared
with bulk water, indicating a weakening of the hydrogen bond
network. Further evidence is shown in Fig. 4C: At R¥2.4 A, we
predict a negligible energy cost needed to create an electron cavity
of a given size relative to the free energy cost of cavity formation
in the bulk liquid. Furthermore, while the free energy of cavity
formation, p,,,,,, increases linearly for bulk water, the energy cost
of the electron cavity of the solvated electron is highly nonlinear,
effectively on par with kgT but ultimately rapidly exceeding the
bulk free energy value at nearly the same value of the cavity size
at which the Rﬁ converges to the trapped electron.

While for short pump—probe delays, tpp = (0 +0.1) ps, the
difference between the experimental results of the OPTP spectra
on pure water and on the aqueous 1 M NaNOjsolution is assigned
to the initial spectral response of the delocalized electron (Fig. 2);
at longer pump—probe delays, tpp 21 ps, we expect that this dif-
ference could reveal a signature of the localized, solvated electron.
As shown in Fig. 4C, experimentally, we find a small, transient,
negative THz signal that is centered at ~110 cm™! (red line). This
spectral response survives beyond the largest pump—probe delay
investigated here, tpp >250 ps. This conforms to the expectations
for the spectral signature of a localized solvated electron, since the
recombination time of the solvated, relaxed aqueous electrons in
water was found to be longer than 300 ps in previous works (8,
11, 12,23, 24, 42, 43, 61). Thus, we propose that this long-lived
signal (~110 em™Y;>250 ps) reveals a spectral feature that is cor-
related to the long-time response of the aqueous solvated electron
that is “trapped” by a solvent cage.

For a direct comparison to the theory, we subtracted the sim-
ulated THz spectra of bulk water from the THz spectrum of the
localized electron in aqueous solution. In Fig. 4D, we compare
this with the difference between the experimental photoionization
of pure water (with excess electrons) and the scavenged electrons
in I MNaNOj (with less electrons). The blue curve in Fig. 4D
shows that our AIMD calculations reproduce the experimental
THz signal (red curve), which is overall negative with a broad
minimum at ~110 cm™, very well. We have to keep in mind that
the difference between the photoionization of pure water (with
excess electrons) and the scavenged electrons in 1 M NaNOj
(with less electrons), is the difference between a sample with more
or less solvated electrons—rather than with and without electrons.
Thus, in ST Appendix, Fig. S10, we also show AOD for the simu-
lated difference of the THz spectra of the two electron aqueous
solution from the one aqueous electron, which give also a negative
spectral signature, yet with a center frequency which is closer to
the bulk water value. Based on the qualitatively good comparison
between experiment and theory, the AIMD result allows us to
further rationalize the experimental observations and understand
the response of the hydration shell of the aqueous solvated electron
that is trapped by a solvent cage.

As shown in ref. 11 and in our work, the expected overwhelming
contribution to the THz signature, the autocorrelation part of the
charge, leaves the THz window within 200 fs. Physically, this spectral
contribution describes exclusively those changes that are due to the
solvated ion complex, which can be simplified with the particle-box
picture. However, when a solute is dissolved in water, the water
network rearranges to accommodate it, usually causing an entropic
penalty for creation of a cavity, and any changes of the hydrogen
bond network is imprinted into the perturbed collective modes in
the THz range. Indeed, we have previously found that the water
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molecules surrounding alcohols in solution display a specific tera-
hertz band centered at ~165 cm™!, which is red-shifted from the
unperturbed water band at ~195cm™L. The amplitude of the
~165 cm™! hydration water band is correlated to the number of
weaker hydrogen bonds (69, 70) of the solute-induced cavity, and
is linearly correlated with the changes in entropy (71). For solvated
anions and cations, the picture is more complex. Using AIMD sim-
ulations, we were able to discern that theoretical THz difference
spectra of aqueous salt solutions can be deciphered in terms of only
a handful of dipolar autocorrelations and cross-correlations (39),
including the self-term of the ion and its cross-correlations with water
molecules in the first and second shells, respectively. Physically, the
autocorrelations are spectral contributions that exclusively describe
changes that are due to the solvated ion complex, in particular its
hindered translational motion—or the rattling of the ion in the cage
(40). This gives rise to an increase in THz absorption compared with
bulk water, with a characteristic anion-specific or cation-specific
frequency. In contrast, the cross-correlations quantify the spectral
difference due to hydrogen bonding between the first and second
solvation shells around the ion in the solution with respect to hydro-
gen bonds in the pure solvent reference system. While the firse—
usually overwhelming—contribution is positive in the spectral region
between about 50 cm™! and 300 cm ™, the second is negative, cen-
tered between 100 cm™! and 200 cm™1, and less ion specific. These
are caused by contributions that couple water molecules in the first
solvation shell to those in the second shell and give rise to a decrease
in absorption compared with bulk water (39, 40).

In the present experiment, we expect also a partial negative
cross-correlation describing the spectral difference due to hydro-
gen bonding between the first and second solvation shells of the
electron cavity with respect to standard hydrogen bonds in the
pure solvent reference (bulk water), which should be in the fre-
quency range between 100 and 200 cm™" and should be visible
during the lifetime of the solvated electron (71). Thus, we expect
an overall negative A or AOD spectral contribution, which
should be red-shifted compared with the intermolecular bulk
water stretch, in agreement between our AIMD simulations and
experimental results in Fig. 4.

Conclusion

In conclusion, our study reveals the dynamical coupling between
translational modes in the liquid and photo-generated charge car-
riers, highlights the spectroscopic fingerprint of hydrated electrons
from the solvent perspective, and provides a platform for the
examination and investigation of solvated electrons. From OPTP
spectroscopy, we can identify a broadband feature, ultra-short
lived (<200 fs), and centered at ~180 cm™! corresponding to a
particle in a box with a radius of (22 +1)A, i.e., “excitonic”
molecular precursors of the solvated electron that are instantane-
ously generated upon photoexcitation. Upon localization, this
autocorrelation THz response will very rapidly blue-shift outside
of the THz range. The cross-correlation part is usually less prom-
inent than the autocorrelation part, as it is weaker, of opposite
sign and overlaps for monovalent and divalent cations and anions
with the overwhelming autocorrelation part. Here, we observe the
negative cross-correlation part of the localized electron, which is
no longer spectrally overlapping with the positive autocorrelation
part after the electron localization, i.e., at tpp >0.2 ps. Due to the
sensitivity of our experimental setup, we were able to probe this
solvation cavity part without the ion-specific effect, which is a
direct probe of the hydrogen bond strength of the cavity and the
trace of the birth of a solvated electron in water. As supported by
AIMD, we conclude that the hydrogen bond strength is
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considerably weakened around the localized electron, which facil-
itates localization and gives rise to an increase in entropy — in
contrast to what was observed before for addition of salts (39, 40)
or alcohols (70, 71).

We also discovered a propagating intermolecular Raman mode
at~60 — 100 cm™ !, initiated by the solvent rearrangement during
charge separation of hydroxyl radicals and hydronium cations,
which is found to be only weakly damped with a lifetime of ~150 ps
and centered in the frequency range of the collective hydrogen-bond
network motions, extending over several hydration shells (34).

Materials and Methods

Experimental Procedures.

Technique. The experimental setup is detailed in ref. (41). In short, we generated
broadband probe pulses in the terahertz range via two-color plasma filamentation
in nitrogen. The THz probe pulses were recorded via electrooptical sampling in a
0.1 mm-thick gallium phosphide crystal. The optical pump pulses have a central
wavelength of 400 nm, pulse duration of 50fs, a repetition rate of 0.5 kHz,
maximum fluence 0f 0.28 J /cm?, and maximum intensity of ~1.4 TW /cm?. The
maximum pump intensity used here is at least ten times smaller than the optical
breakdown threshold required to disrupt the jet (72). The instrument response
time is estimated in S Appendix, Fig. S2 and amounts to 7z = (90 + 9) fs. We
took particular care to match the optical-pump and the terahertz-probe spot
sizes at the sample position. The laser spots were measured with a camera
and amounted to ~400 um (1/¢?) for both the optical pump as well as the
terahertz probe beams. For frequencies smaller than about 25 cm="(0.75 THz),
the terahertz wavelength is larger than the spot size of the optical pump beam
(400 pm).Thus, the interpretation of experimental results at frequencies smaller
than 25 cm=1(0.75 THz) is affected by diffraction (73, 74), and we restricted our
analysis to frequencies above 25 cm™", see S/ Appendix, Fig. S1B. In order to avoid
contributions by anisotropy (47, 53), the linear polarizations of the THz-probe and
optical-pump beams are set to the magic angle ~54. 7°Arecirculating chiller kept
the temperature of the liquid samples to either 5 + 0.05°C or 35 + 0.05°C.
The experiments are performed in purged nitrogen atmosphere, with less than
5% humidity. The thickness of the water jets was estimated from the arrival
time of the terahertz fields. Monochromatic electromagnetic radiation takes a
timet=d/(c/n)=d - n/cto propagate through a medium of thickness
d with index of refraction n, with ¢ speed of light. The difference between the
time it takes to propagate through two different media with the same thickness
is At=d - An/c, where An is the difference between the indexes of
refraction. From the black and the blue terahertz field traces transmitted by an
equal thickness of air and water, as shown in S/ Appendix, Fig. S1A, we obtain
At = 501s. If, for simplicity, we assume that the index of refraction of water in
the investigated terahertz range is equal to ~2 (44-46), we can estimate the
thickness of the liquid jettod =c - At/An ~ 15 pm.The jet thickness
estimated in this way varied less than 10 % in all the experiments reported here.

Data. As displayed in Fig. 1, we estimated the transient variation of the optical
density to AOD(UJEos: tPP) = —logy, % whereMagFT is the mag-
nitude of the Fourier transformation, Eqy, (teos. tep ) is the terahertz field transmitted
by the water jet when the pump is ON, Eog (tegs, tp ) is the THz field transmitted
by the water jet when the pump if OFF, ty is the pump-probe delay, t;oc is the
electrooptical sampling detection delay, and ey is the frequency. We zero-padded
the THz fields to 128 points, and then performed the FT with a Hanning window.
The pump-induced change of the phase of the THz fields can be associated with the
transient refraction; see S/ Appendix, Fig. S3.The experimental results reported here
and in S/ Appendix were obtained after averaging 50 independent pump-probe
measurements. Each single measurement took approximately 2 h. The error bars
indicated in the figures correspond to the standard error of the mean.

Heating. In SI Appendix, Fig. S6A, we recorded the optical pump intensity
transmitted by the liquid water jet. Due to reflections at the two air-water
interfaces of the quuid2 jet, the transmittedzintensity can be estimated
as Mo ( 2 > LR ( 250 > ~0958 where nyp=1

AR NARTNH, 0 "H,0 MH) 0 +NAIR
andny o = 1.339:at400 nm. This value is plotted with the solid line "reflection
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losses” in SI Appendix, Fig. S6A. Thus, the amount of energy absorbed by lig-
uid water must be smaller than the error bars of the transmitted pump inten-
sity, which correspond to about 0.5 % as shown in S/ Appendix, Fig. S6A. By
considering a jet thickness of 15 pm and a maximum optical pump fluence of
0.28 J/cm?, we estimate the maximum pump energy density in the liquid sample
to be 0.28J /cm? /(15 um) ~ 186J / cm®. The maximum amount of energy
absorbed by the liquid sample is 0.5% - 186 J/m® ~ 0.93 J/m®.
This  corresponds to @ maximum  temperature increase  of
0.93J/em®/(4.2J/em3/°C) = +0.2°C, where 4.2 J /cm? /°Ciis the specific
heat of water. Please note that the absorbed energy of multiple laser pulses is
notaccumulated, because the jetis flowing at a speed that is much faster than
the repetition rate of the laser. For details, see ref. 77.

Generation of solvated electrons. Multiple optical-pump optical-probe experi-
ments were previously performed (8,11,13,24,27,42,43)to quantify the amount
of solvated aqueous electrons that can be generated in water by three-photon ioniza-
tion with optical pulses centered at400 nm. Gobert etal. (43) used a pump intensity
similar to the maximum intensity used in the present experiment, ~1.4 TW /cm?,
and measured a concentration of solvated aqueous electrons of 0.38 mM. Similarly,
Crowell et al. (42) reported 0.32 mM solvated aqueous electrons. Based on these
previous observations, we estimate a concentration of ~0.35 mMof solvated aque-
ous electrons generated in our experiments. Correspondingly, within ~200 fsfrom
the photoexcitation events (32, 62, 76), we expect a presence of ~0.35 mMhydroxyl
radicals (OH) and hydronium cations (H,0™) in water.

Nitrate anions (NO3 ) are well known staticand dynamic scavengers (27,47-50),
i.e., they deexcite the molecular water precursors of the solvated aqueous elec-
trons within less than (27, 47, 50) 80 fs (static scavenging), as well as the pre-
solvated and solvated electrons on longer timescales (dynamic scavenging).
When compared with bulk water, the number of photo-generated electrons is
drastically (>70%) and instantaneously reduced in the presence of sodium
nitrate (1 M NaNO;). Fora1 M concentration of NO3, the amount of electrons
is reduced by 70 % according to ref. 27. According to ref. 50, the amount of elec-
trons is reduced by 88 %. No signal of solvated electrons (~100 % reduction)
could be found in ref. 47.1n summary, the amount of photo-generated electron
precursors is decreased by at least 70 % ina1 Msolution of sodium nitrate with
respect to pure water.

The addition of iodide anions (I7) in water increases the number of pho-
to-generated electrons. While the iodide anion has no stable excited state
in the gas phase, it displays a broad absorption peak around 225 nm when
dissolved in water. This broad feature was assigned to charge-transfer-to-
solvent (CTTS) bands (51). The resonant excitation of the CTTS band in an
iodide aqueous solution with an optical pump pulse close to 225 nm (51-54)
results in the generation of a contact pair of a solvated electron and an iodine
atom within 300fs, which later relax and recombine on timescales between
~Tand 20 ps. However, the photodetachment mechanism is different when
the optical pump pulses are not resonant with the CTTS band(54-56). When
the optical pump is set to the central wavelength (55, 56) of 312.5 nm, it was
found that the electrons are generated by the three-photon excitation of the
iodide anions. When monitored with a delayed optical pulse that probes the
population of relaxed solvated aqueous electrons, Long et al. (56) suggested
that a "wet electron” is formed from the photo-excited molecular precursor
with a time constant of 400 + 40fs, and later it decays into the fully relaxed
aqueous electron within 600 + 40 fs. These time constants are very similar
to the ones reported for bulk water, which were 300 + 40 fs and 540 + 40fs,
respectively. By also comparing the recombination times, the authors of ref.
54 indicated that the non-CTTS-resonant ionization of iodide aqueous solutions
strongly resembles the photoionization in pure liquid water. In ref. 56, it was
shown that the transient signal of the solvated electron froma1 Msolution of
sodium iodide is 10 x larger than the one in pure water, for a pump excitation
intensity of about 0.24 TW/cm?. Refs. 52 and 54 reported that the amount
of photo-generated electrons is roughly proportional to the amount of Nal
in solution. In summary, recalling that nonresonant photoionization of an
iodide anion requires three photons and that the maximum fluence used in
the OPTP experiments reported here is 1.4 TW/cm?, we expect that the signal
associated with the photo-generated electronsin a 50 mM Nalsolution should

2 \3
be approximately 22 (01'244?NW//‘:nz) ~ 10times largerthan the one in
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pure water. This would result in about 10 - 0.35 mM = 3.5 mMsolvated
aqueous electrons and 3.5 mM neutral iodine atoms in the pump-perturbed
50 mM Nalaqueous solution. Please note thatin both the nitrate (1 M NaNO,)
and iodide (50 mM Nal) solutions we chose sodium as counterion because it
interacts weakly with the photo-generated electrons (77).

Theoretical Procedures.

AImMDs.The AIMDs calculations were performed by CP2K package (78)ina NVT(T
=300 K) ensemble for a system with 64 water molecules in a periodic cubic box
with length L= 12.42 A, which corresponds to the experimental density of bulk
water at 300 K (79, 80). The NVT simulation adopts a Nose Hoover thermostat
(81) with a time step of 0.5 fs. The system is negatively charged so as to provide
excess electron(s). Hybrid functional revPBEO-D3 (79, 80) with Grimme's DFT-D3
dispersion corrections with zero-damping is employed with the Gaussian plane
wave (82) pseudopotential method, while Goedecker-Teter-Hutter (83) pseu-
dopotentials with a MOLecularly OPTimised (MOLOPT) basis set at Triple-Zeta
for Valence electrons plus Two Polarization functions (TZV2P) level is used with
an energy cutoff up to 400 Ry. Each production run achieves a time range up to
20 ps after it reaches equilibrium. The examination of the influence of nuclear
quantum effect was performed with the help of i-Pi software (84).

The total dipole moment during the AIMD simulation was calculated using
the Wannier functions method and systematically collected to calculate the IR
spectroscopy using a linear response method. To be specific, the IR intensity a(cw)
is obatined by the Fouries transform of the autocorrelation function of dipole
moment M(t) as denoted by previous literature (34, 79, 80) and shown below,
where F(w)is a prefactor.

) =Fla) | de <M0) > (]

—00

The spread of the spin density of the excess electron was quantitatively evaluated
by its gyration radius (17), while the center of the of spin density was collected
to calculate the diffusion constant D, according to the Einstein relation as below,
where r2is the mean squared displacement of the species (15).

<>, =6Dt [2]

The cavity energy denotes the energy cost that is needed to create a cavity within
the system at a certain radius. It can be calculated according to the relation to
the probability of finding zero species within the cavity throughout all snapshots,
P,(0). That reads, P,(0) = ePA#av where f = 1/kgT.
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