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ABSTRACT: Ultraviolet (UV) photoelectron spectroscopy provides a direct way of Imess(E) luso(E)

measuring valence electronic structure; however, its application to aqueous solutions has - o
been hampered by a lack of quantitative understanding of how inelastic scattering of low- eKE/eV eKE/eV
hv Y o

energy (<S5 eV) electrons in liquid water distorts the measured electron kinetic energy
distributions. Here, we present an efficient and widely applicable method for retrieving true
UV photoelectron spectra of aqueous solutions. Our method combines Monte Carlo
simulations of electron scattering and spectral inversion, with molecular dynamics simulations
of depth profiles of organic solutes in aqueous solution. Its application is demonstrated for
both liquid water, and aqueous solutions of phenol and phenolate, which are ubiquitous
biologically relevant structural motifs.

queous solutions play a central role in chemistry; inelastic scattering of the electrons from water molecules.

however, determining their electronic structure is still Consequently, the peak of the measured distribution, I,,.,.(E),
challenging. One of the most direct ways of determining is shifted to lower eKE, which introduces inaccuracies in eBEs
electronic structure is to use photoelectron spectroscopy extracted from such measurements. Transmission through the
(PES) to measure electron binding energies (eBEs). For a long water/vacuum interface and the spectrometer result in further
time, PES was restricted to the gas or solid phases, due to the distortions; the electrons require a threshold eKE to escape the
requirement for high vacuum to minimize scattering of the liquid and the transmission efficiency of the spectrometer
emitted electrons.”” However, the introduction of liquid jets drops for electrons with very low eKE (0.3 eV in our
and their combination with intense X-ray sources at spectrometer).

. 3

synchrotrons, in the late 1990s,” expanded the scope of PES So far, two approaches have been employed to extract

to include liquids. Liquid-jet PES (LJ-PES) is now an active accurate eBEs of solvated electrons (eaq_) from UV LJ-PES
research field inVOlV}B%f growing number of research groups measurements. (1) Monte Carlo simulations using electron
around - the world. Nonetheless, the requirement for scattering cross-sections determined from photoelectron spec-
relatively high concentrations of solute to obtain adequate troscopy measurements of liquid droplets’’ have been
signal-to-noise ratio after subtracting the photoelectron employed to model a series of UV photoelectron spectra of
spectrum of water has excluded most X-ray LJ-PES studies eaq—'zs Although the simulated true eBE distribution had an

of aqueous solutions of organic moleculges because organic unexplained shoulder on the high-eBE side, which has
molecules tend to be only weakly soluble.” A solution to this . . 27-29,32 .
generated some discussion, it had the same peak

problem is to use resonance-enhanced PES with ultraviolet . .

UV) i 9,14—23 . maximum as EUV photoelectron spectra of e,,~ that were
(UV) light pulses.” Unfortunately, a major challenge that measured subsequently.?® A slight disadvantage o} the method
has been hampering the development of UV LJ-PES for d % & &

CL . is that it employs an iterative procedure involving repeated
aqueous solutions is a lack of consensus on the precise effect of ' POy rterative p ure ivoving rep

. : . - S Monte Carlo simulations in a grid search for fitting parameters
inelastic scattering of low kinetic ener§y electrons in liquid . 3 ; - /

e 2430 and is therefore computationally intensive and requires parallel
water on peak shapes and positions.

A schematic illustration of the inelastic scattering process computing resources. (2) A spectral inversion process based on
following resonance-enhanced photoionization/detachment in t}.1e assumption that e.xtr.eme' UV (EUV) LJ-PES measurem.ents
aqueous solution is shown in Figure 1. The initial photo- yield the true eKE distribution has been employed to retrieve
electron kinetic energy (eKE) distribution in the conduction true UV photoelectron spectra from measured UV photo-
band, I,.(E), is formed with a spatial distribution defined by
the laser focusing conditions and the solute concentration Received: June 9, 2022
depth profile. Subsequent transmission through the conduction Accepted: July 14, 2022
band results in distortion of the initial eKE distribution due to
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Figure 1. (a) Energy diagram of multiphoton photoionization/photodetachment and schematic illustration of subsequent electron transport in
aqueous solution: (i) initial eKE distribution in the conduction band, I,.,.(E); (ii) electron scattering; (iii) transport through the water—vacuum
interface and spectrometer to generate the measured eKE distribution, I, (E). (b) Flow diagram of key simulation steps (bottom) and cartoons
(top) illustrating the I, o(E) — I c.(E) transformation (solid arrows) and spectral retrieval (dashed arrow).

electron spectra.”***** Although recent work has suggested
that inelastic scattering and indirect autoionization processes
distort the distributions obtained from EUV LJ-PES measure-
ments using photon energies < 30 eV above the ionization
threshold,” the peak maximum was the same as that obtained
using the Monte Carlo simulations.” A slight disadvantage of
this approach is that its wide applicability is limited by the
extremely low signals obtained from EUV LJ-PES measure-
ments of weakly soluble solutes and by experimental
complexity. It is also worth noting that neither of these
methods considered, explicitly, non-uniform solute concen-
tration depth profiles, which are common for weakly soluble
organic molecules that tend to have an enhanced surface
concentration,' *%*”

Here, we present a computationally efficient and widely
applicable method for retrieving true photoelectron spectra
from UV LJ-PES measurements of aqueous solutions with
arbitrary depth profiles. Inspired by the methods developed to
extract accurate eBEs of solvated electrons,”>”® we combine
spectral inversion with Monte Carlo simulations of electron
scattering in water to determine I (E) — Ine.(E) linear
transformations, together with molecular dynamics simulations
of depth profiles of solutes in aqueous solution. We
demonstrate the applicability of the approach by retrieving
true photoelectron spectra of liquid water,”'***™*" and
aqueous solutions of phenol and phenolate, which are
ubiquitous biologically relevant structural motifs whose vertical
ionization and detachment energies (VIEs and VDEs) have
been determined using X-ray LJ-PES.** Our procedure takes
only a few seconds to run on a standard laptop computer and
will be straightforward to apply to time-resolved LJ-PES
measurements comprised of tens of individual data sets.

Our retrieval method assumes that true photoelectron
distributions can be represented by a weighted sum of
Gaussian functions, I,..(E) = Y.; ¢;G,(E), where each Gaussian
G,(E), with weight c;, has its own central eKE and full width at
half-maximum (FWHM). Following the approach of Suzuki
and co-workers,”® we then assume that the measured UV
photoelectron spectra can be fit to a linear combination of
gi(E)) given by Imeas(E) = Zi Ctgi(E)) where gt(E) are the
measured eKE profiles representing the effect of distortion by
inelastic scattering on the initial Gaussian distributions G;,(E).
In contrast to Suzuki and co-workers, who use an EUV PES
measurement to determine Gi(E) - g,-(E) transformations, we
derive the G,(E) — g(E) transformations from Monte Carlo
simulations of the electron transport equations in water, using
an algorithm similar to those used by Signorell, Worner, Green,
and corresponding co-workers.”>***
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The G{(E) — g(E) transformations are built “on-the-fly”
from a basis set of E, — S,(E) transformations, where E, is the
initial eKE of an electron formed at a distance z from the
liquid—vacuum interface and S,(E) is the eKE distribution that
leaves the liquid. Example E, — S,(E) transformation functions
are presented in Supporting Information Figure S4. Currently,
our model neglects anisotropy, but the transformation
functions could provide angular information by including the
polarization vector of the laser pulse and angular dependence
of the scattering cross-sections. The liquid jet is assumed to be
illuminated uniformly by UV light, on the basis of previously
reported numerical simulations of UV light propagation
through water.”® In contrast to the case of water, where
nascent photoelectrons are assumed to be formed with uniform
probability throughout the microjet, the depth profiles of
solutes and their corresponding photoelectrons are taken into
account by weighting the sampling of electron formation
locations by the solute probability density as a function of
depth beneath the surface of the microjet. Guided by the
results of molecular dynamics trajectories of dilute phenol and
phenolate aqueous solutions, summarized in the Supporting
Information,**® we use an exponential function with a mean
0.5 nm below the water surface to describe the concentration
profiles of phenol and phenolate in aqueous solution (Figure
S6). Fitting the measured photoelectron kinetic energy
distribution, I,,(E), to the linear combination ) .cg,(E) was
performed using a Levenberg—Marquardt least-squares algo-
rithm. The data were fit above 0.20 eV (water), 0.20—0.35 eV
(phenol), or 0.15 eV (phenolate). The different cutoffs for
different sets of data arise from both the correction for the
transmission function of our photoelectron spectrometer
(Figure S1) and our correction for the vacuum-level offset
(Figure S2). The fitting procedure takes several seconds on a
laptop computer, including the on-the-fly construction of
G(E) — g(E) transformations. The E, — S(E) trans-
formation functions take several minutes to an hour to
compute and are saved to disc for reuse.

We demonstrate the wide applicability of our spectral
retrieval method by determining accurate measurements of the
lowest VIE of liquid water and the lowest VIE and VDE of
phenol and phenolate in aqueous solution, respectively. A two-
photon, non-resonant photoelectron spectrum of liquid water
was recorded at 200.2 nm under near-zero streaming potential
conditions, corrected for the instrument function of the
photoelectron spectrometer and the vacuum-level offset
between the aqueous solution and the detector, and plotted
as a function of eKE (Figure 2a; see also Table 1). The
measured spectrum has a profile that is almost Gaussian, with a
slight skew toward lower eKE, a peak maximum of 0.83 + 0.07

https://doi.org/10.1021/acs.jpclett.2c01768
J. Phys. Chem. Lett. 2022, 13, 6889—6895


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01768/suppl_file/jz2c01768_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01768/suppl_file/jz2c01768_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01768/suppl_file/jz2c01768_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01768/suppl_file/jz2c01768_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01768/suppl_file/jz2c01768_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01768/suppl_file/jz2c01768_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01768/suppl_file/jz2c01768_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?fig=fig1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c01768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

1.0

0.5

Photoelectron signal / arb. units

0-0 LELELEL I LELELEL I LEELELEL I LELELEL I LI
0.1 -
0.0 3
_0.1-IIIIIIIIIIIIIIIIIIIIIIIIIIIII
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Electron kinetic energy / eV
12.0 - 7
1b O Winter et al., 2004
] A Nishizawa et al., 20113
% 11.8 % V Kurahashi et al., 2014%°
g ] XX Perry et al., 20202
= - & Thirmer et al., 202140
o 11.6 7] O Thirmer et al., 20214
g i O This work (raw)
11.4 N é ® This work (retrieved)
- a5 cr--—ﬁ“a“‘m%
11.2
T III I T T I LI II I T T I LI II
5 10 20 50 100 200 500 1000
hv/eV

Figure 2. (a) Photoelectron spectrum of water following nonresonant
two-photon ionization at 200.2 nm (black) together with the fit to
Iess(E) (blue) and corresponding retrieved I,,,.(E) distribution (red).
The residuals associated with the fit are plotted below the spectrum,
and the measured and retrieved electron kinetic energies and binding
energy are presented in Table 1. (b) Plot of values of the 1b, vertical
ionization energy of liquid water as a function of photon energy. Data
from refs 4, 12, and 38—41.

eV, and FWHM = 1.20 eV. Our spectral retrieval method was
applied and the fitted spectrum is plotted over the
experimental data, with the residuals plotted below, together
with the retrieved photoelectron spectrum. The retrieved
photoelectron spectrum has a peak maximum of 1.03 + 0.07
eV and FWHM 1.27 eV, corresponding to a vertical
ionization energy, VIE = 2hv — eKE = 11.36 =+ 0.09 eV. This

value is in agreement with recently reported values obtained
from X-ray photoelectron spectroscopy measurements (aver-
age of measurements made at a range of wavelengths, 11.33 +
0.03 eV)*' and EUV photoelectron spectroscopy measure-
ments made with a helium discharge lamp (11.40 + 0.07 ev)*
(Figure 2b). The VIE determined from our raw data is
overestimated by 0.2 eV as a result of inelastic scattering of
low-energy electrons; however, it is worth noting that VIEs
derived from experiments using EUV photon energies around
1S eV can be overestimated by as much as 0.5 eV due to
electronically inelastic scattering."' There has been some
debate about the effect of the liquid—vacuum interface escape
threshold, which is related to the electron affinity of water, on
Monte Carlo simulations of liquid photoelectron spectra.””**
Signorell showed that varying the escape threshold from 1.0 to
0.1 eV did not affect the maximum of the retrieved eBE
distribution of the ¢,,~ photoelectron spectrum,”®*’ and we
have found that varying the escape threshold from 1.0 to 0.1
eV has little impact on the retrieved VIE of liquid water,
reducing it by only 0.04 eV (Figure SS), which is still in good
agreement with recent literature values.*>*!

Multiphoton photoelectron spectra of aqueous phenol and
phenolate were recorded following photoexcitation at a range
of wavelengths just below the onset of, or resonant with, their
So — S, transitions and are plotted as a function of eKE in
Figure 3). Because these weakly soluble organic molecules tend
to have an enhanced concentration at the liquid—vacuum
interface, we applied our spectral retrieval method using an
exponential solute concentration depth profile. The spectra
presented in Figure 3af are non-resonant multiphoton
ionization/detachment spectra obtained by subtracting sol-
vent-only spectra to isolate the organic chromophore
contributions. The retrieved photoelectron spectra have peak
maxima of 0.79 + 0.07 and 0.73 + 0.07 eV, corresponding to
vertical ionization/detachment energies VIE/VDE = 2hv —
eKE = 7.76 + 0.09 and 7.02 + 0.09 eV, which are in agreement
with X-ray photoelectron spectroscopy measurements, 7.8 =+
0.1 and 7.1 £ 0.1 eV,* respectively. It is worth noting that the
values obtained using the peak maxima of the measured
distributions, I,.,(E), are only overestimated by around 0.1
eV. This is less than the overestimate observed in the UV
photoelectron spectrum of water because the photoelectrons
originate predominantly from within a nanometer of the
surface of the liquid—jet and undergo very few scattering
events before being detected. This observation is consistent
with the results of our recent photoelectron spectroscopy study

Table 1. Peak Maxima (eKE) of I,...(E) and I,

(E), Full Widths at Half-Maxima (FWHM:s) of eKE

wuer and One- and Two-

Photon Binding Energies, v — eKE and 2hy — eKE, Obtained from the Photoelectron Spectra of Water, Phenol, and

Phenolate Presented in Figures 2 and 3“

molecule A/nm eKE, .../ eV eKE,./eV
water 200.2 0.83 + 0.07 1.03 + 0.07
phenol 290.0 0.67 + 0.07 0.79 + 0.07
278.6 0.70 + 0.07 0.73 + 0.07
272.5 0.73 + 0.07 0.77 + 0.07
266.6 0.76 + 0.07 0.81 + 0.07
phenolate 320.0 0.62 + 0.07 0.73 + 0.07
298.7 0.92 + 0.07 0.98 + 0.07
291.7 0.95 + 0.07 1.01 = 0.07
285.0 1.00 + 0.07 1.06 + 0.07

FWHM,,./eV hv — eKE/eV 2hv — eKE/eV
1.27 5.16 + 0.07 11.36 + 0.09
0.94 7.76 + 0.09
0.90 3.72 = 0.07 8.17 £ 0.09
0.92 3.78 + 0.07 8.33 + 0.09
0.96 3.84 + 0.07 8.49 + 0.09
0.87 7.02 + 0.09
0.98 3.14 + 0.07 7.32 £ 0.09
1.04 3.21 + 0.07 7.49 £+ 0.09
1.09 3.29 + 0.07 7.64 £+ 0.09

“Vertical ionization and detachment energies arising from non-resonant excitation are in bold.

6891

https://doi.org/10.1021/acs.jpclett.2c01768
J. Phys. Chem. Lett. 2022, 13, 6889—6895


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01768/suppl_file/jz2c01768_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c01768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

—_
o
|

0.5

0.0
0.3

290.0 nm

0.0
-0.3

f 320.0 nm

1 W

1.0

0.5

—
—

290.0 nm

320.0 nm

0.0

0.1
0.0

-0.1

1.0

0.5

0.0

278.6 nm

/N87nm

0.1

0.0
-0.1

T —

Photoelectron signal / arb. units

1.0 d

0.5

0.0

272.5 nm

291.7 nm

0.1

0.0
-0.1

B

10qe

0.5

0.0

266.6 nm

285.0 nm

0.1

0.0
-0.1

0.0 05 1.0

e ne—

15 20 25 3.0 00 05

10 15 20 25 30

Electron kinetic energy / eV

Figure 3. Photoelectron spectra of phenol (a—e) and phenolate (f—j) following multiphoton ionization/detachment (black) together with the fits

to Ies(E) (blue) and corresponding retrieved I,

Iwo(E) distributions (red). The residuals associated with the fits are plotted below the spectra.

Photoelectron spectra presented in panels a and f are nonresonant multiphoton ionization/detachment spectra obtained by subtracting solvent-only
spectra to isolate the organic chromophore contributions; the corresponding original spectra are presented in panels b and g. Photoelectron spectra
presented in panels c—e and h—j are resonant multiphoton ionization/detachment spectra. There are weak contributions from three-photon
ionization of liquid water to the spectra of aqueous phenol in panels c—e (dashed red lines).

of the green fluorescent protein chromophore in aqueous
solution, in which one-dimensional electron scattering
simulations suggested that the eKE loss was <0.2 eV."*

Next, we consider the resonance-enhanced photoelectron
spectra presented in Figure 3c—eh—j. For both molecules, the
retrieved two-photon binding energies rise monotonically as
the photon energy is increased to scan over the S; band, from
8.17 to 8.49 eV for phenol and from 7.32 to 7.64 eV for
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phenolate. All of the I,,.(E) profiles have FWHM of
approximately 1 eV, consistent with previously reported X-
ray LJ-PES spectra;** however, they also increase slightly with
increasing photon energy. We attribute both the increase in
two-photon binding energy and the FWHM to vibrational
relaxation within the S, states or changing Franck—Condon
profiles, since it is known that electronic relaxation of the S,

states is longer than the pulse duration of our laser pulses.*”**

https://doi.org/10.1021/acs.jpclett.2c01768
J. Phys. Chem. Lett. 2022, 13, 6889—6895
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Full analyses of these spectra, supported by accurate quantum
chemistry calculations, are underway.

We now return to the non-resonant photoelectron spectra
presented in Figures 3b,g. These spectra have contributions
from both the solvent and solute and are best fit to two initial
Gaussian distributions with different concentration depth
profiles. The lower eKE features are attributed to phenol or
phenolate (with exponential concentration depth profiles) and
the higher eKE features are attributed to the solvent (with
uniform concentration depth profiles). We note that only
fitting with the sum of two features gives an adequate
description of the peak shape (Figure S8).

For phenol (Figure 3b), the lower eKE feature has eKE,,, =
0.74 + 0.07 eV, which corresponds to a VIE of 7.81 + 0.09 eV.
This value is in good agreement with the VIE of 7.76 + 0.09
eV extracted from the background-subtracted spectrum. The
higher eKE feature has eKE,, = 1.61 + 0.07 eV, which we
attribute to three-photon ionization of water. The three-
photon binding energy of the background signal in the 290.0
nm spectrum of aqueous phenol is 11.2 + 0.1 eV. We suspect
that the difference between the VIE determined from three-
photon ionization and that obtained by two-photon non-
resonant ionization at 200.2 nm (Figure 2) is a resonance in
the absorption spectrum of water at the two-photon-
level™*”*" shifting the Franck—Condon profile. Interestingly,
there are also weak contributions from bulk water signals
observed in each of the three resonant spectra of phenol that
have been fit using bulk solute distributions centered at 2.15 =+
0.07, 2.32 + 0.07, and 2.50 + 0.07 eV, corresponding to three-
photon binding energies of 11.2 + 0.1, 11.3 + 0.1, and 11.5 +
0.1 eV.

For phenolate (Figure 3g), the lower eKE feature has eKE,,,,
= 0.70 + 0.07 eV, which corresponds to a VIE of 7.05 + 0.09
eV. Again, this value is within error of the VIE obtained from
the background-subtracted spectrum, even with the complica-
tion of a second feature within the same LJ-PES spectrum. The
higher eKE feature has eKE,, = 121 + 0.07 eV, which
corresponds to a three-photon binding energy of 10.41 + 0.09
eV. Three-photon ionization of liquid water is not possible at
this wavelength. The most plausible explanation is 2 + 1
resonance-enhanced detachment via a high-lying electronically
excited state of aqueous hydroxide, which is present at a
concentration of 2.0 mM in the aqueous solution of phenolate
and has a VDE of 9.2 V.’

In summary, we have developed an efficient and widely
applicable method for retrieving true photoelectron spectra
from UV LJ-PES measurements of liquids to an accuracy of
<0.1 eV; this is comparable to state-of-the-art LJ-PES
measurements employing X-ray or EUV light,”>***" which
require synchrotrons or high-harmonic generation. As a result,
UV LJ-PES is now ready to become a powerful technique for
accurate determination of valence electronic structure of
molecules in aqueous solution, which is especially important
for sparingly soluble organic molecules for which X-ray LJ-PES
is not feasible due to overwhelming contributions from solvent.
This capability is not only significant in terms of enabling us to
improve our fundamental understanding of the electronic
structure and dynamics of aqueous solutions of organic
molecules but also provides new opportunities for quantitative
studies of low-energy (<5 eV) electron scattering events in
fields such as radiation biology and chemistry, atmospheric
science, nuclear energy, plasma medicine, and plasma water
purification. The possibility of retrieving true photoelectron
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spectra of components of a solution with different concen-
tration depth profiles suggests that UV LJ-PES also has the
capability to become a useful analytical tool. Our analysis also
shows that the low-energy scattering cross-sections (<3 eV)
derived from photoelectron imaging of water nanodroplets,”’
that have been subject to debate,””>**** are robust.

B METHODS

Photoelectron spectra were recorded using our liquid-microjet
magnetic-bottle time-of-flight (TOF) photoelectron spectrom-
eter.”' Solutions were prepared using ultrapure water (Purelab
Chorus, Elga, >15 MQ-cm), with 0.8 mM NaF to minimize
charging of the jet (liquid water measurement), 0.1 mM
phenol and 1.75 mM of NaF (aqueous phenol measurements)
or 0.1 mM phenol and 2.0 mM NaOH (aqueous phenolate
measurements). These solutions were introduced into the
source chamber of the photoelectron spectrometer through a
20 ym diameter fused silica capillary (AdMiSys) using a high-
performance liquid chromatography pump (backing pressure,
65—75 bar; flow rate, 0.7 mL/min). Around 2 mm down-
stream from the capillary nozzle, the resulting laminar jet was
intersected by femtosecond laser pulses generated by an optical
parametric amplifier (Coherent OPerA Solo) pumped by a
regenerative amplifier (Coherent Astrella-HE), before the
liquid was collected in a warmed beryllium copper catcher and
removed from the vacuum system using a peristaltic pump.
Photoelectrons resulting from multiphoton ionization or
detachment were guided into the TOF photoelectron
spectrometer by a strong inhomogeneous magnetic field (~1
T). The photoelectron spectrum was built up as a histogram of
electron counts against TOF to a microchannel plate detector.
Photoelectron spectra of NO and Xe were recorded to convert
TOF to eKE and to determine the energy resolution (AE/E ~
1%), instrument function, streaming potential, and vacuum-
level offset between the interaction region and analyzer, the
procedures for which are described in detail in the Supporting
Information.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768.

Time-of-flight to kinetic energy conversion; instrument
transmission function; streaming potential and vacuum-
level offset; E, — S,(E) transformation function; solute
concentration depth profiles; spectral retrieval; uncer-
tainty analysis; example application to solvated electron
spectrum (PDF)

Transparent Peer Review report available (PDF)

B AUTHOR INFORMATION

Corresponding Author
Helen H. Fielding — Department of Chemistry, University
College London, London WCI1H 0A], United Kingdom;
orcid.org/0000-0003-1572-0070; Email: h.h.fielding@
ucl.ac.uk

Authors
Michael S. Scholz — Department of Chemistry, University
College London, London WCIH 0A], United Kingdom;
orcid.org/0000-0003-3290-2722

https://doi.org/10.1021/acs.jpclett.2c01768
J. Phys. Chem. Lett. 2022, 13, 6889—6895


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01768/suppl_file/jz2c01768_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01768/suppl_file/jz2c01768_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01768/suppl_file/jz2c01768_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01768/suppl_file/jz2c01768_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01768/suppl_file/jz2c01768_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Helen+H.+Fielding"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1572-0070
https://orcid.org/0000-0003-1572-0070
mailto:h.h.fielding@ucl.ac.uk
mailto:h.h.fielding@ucl.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+S.+Scholz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3290-2722
https://orcid.org/0000-0003-3290-2722
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+G.+Fortune"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c01768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

William G. Fortune — Department of Chemistry, University
College London, London WCIH 0A], United Kingdom
Omri Tau — Department of Chemistry, University College
London, London WCI1H 0A], United Kingdom;
orcid.org/0000-0002-9097-6941

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.2c01768

Notes

The authors declare no competing financial interest.

The software will be made available to the scientific
community. Requests should be submitted to h.h.fielding@
uclac.uk.

B ACKNOWLEDGMENTS

We are grateful to Dr. Alice Henley for early discussions about
the retrieval method and for preparing Figure 1 and to Dr.
Alice Henley and Professors Graham Worth and Ivan Parkin,
for comments on the manuscript. The work was supported by
EPSRC Grants EP/T011637/1 and EP/V026690/1. Photo-
electron spectroscopy experiments were performed using the
Ultrafast Laser Facility in the Department of Chemistry at
UCL (EPSRC Grant EP/T019182/1), with technical support
from Dr. Julia Davies. Calculations were carried out using the
UCL Myriad High Performance Computing Facility (Myriad@
UCL) and HPC services in the Department of Chemistry, with
technical support from Dr. Frank Otto.

B REFERENCES

(1) Siegbahn, H.; Siegbahn, K. ESCA applied to liquids. J. Electron
Spectrosc. Relat. Phenom. 1973, 2, 319—325.

(2) Siegbahn, H. Electron spectroscopy for chemical analysis of
liquids and solutions. J. Phys. Chem. 1985, 89, 897—909.

(3) Faubel, M.; Steiner, B.; Toennies, J. P. Photoelectron
spectroscopy of liquid water, some alcohols, and pure nonane in
free micro jets. J. Chem. Phys. 1997, 106, 9013—9031.

(4) Winter, B.; Weber, R.;; Widdra, W.; Dittmar, M.; Faubel, M.;
Hertel, I. Full valence band photoemission from liquid water using
EUV synchrotron radiation. J. Phys. Chem. A 2004, 108, 2625—2632.

(5) Siefermann, K. R;; Liu, Y.; Lugovoy, E.; Link, O.; Faubel, M,;
Buck, U.; Winter, B.,; Abel, B. Binding energies, lifetimes and
implications of bulk and interface solvated electrons in water. Nat.
Chem. 2010, 2, 274—279.

(6) Shreve, A. T.; Yen, T. A; Neumark, D. M. Photoelectron
spectroscopy of hydrated electrons. Chem. Phys. Lett. 2010, 493, 216—
219.

(7) Liibcke, A.; Buchner, F.; Heine, N.; Hertel, I. V.; Schultz, T.
Time-resolved photoelectron spectroscopy of solvated electrons in
aqueous Nal solution. Phys. Chem. Chem. Phys. 2010, 12, 14629—
14634.

(8) Arrell, C. A.; Ojeda, J.; Sabbar, M.; Okell, W. A.; Witting, T.;
Siegel, T.; Diveki, Z.; Hutchinson, S.; Gallmann, L.; Keller, U.; van
Mourik, F.; Chapman, R. T.; Cacho, C.; Rodrigues, N.; Turcu, I. C;
Tisch, J. W.; Springate, E.; Marangos, J. P.; Chergui, M. A simple
electron time-of-flight spectrometer for ultrafast vacuum ultraviolet
photoelectron spectroscopy of liquid solutions. Rev. Sci. Instrum.
2014, 8S, 103117.

(9) Seidel, R.; Winter, B.; Bradforth, S. E. Valence electronic
structure of aqueous solutions: Insights from photoelectron spectros-
copy. Annu. Rev. Phys. Chem. 2016, 67, 283—305.

(10) Hummert, J.; Reitsma, G.; Mayer, N.; Ikonnikov, E.; Eckstein,
M.,; Kornilov, O. Femtosecond extreme ultraviolet photoelectron
spectroscopy of organic molecules in aqueous solution. J. Phys. Chem.
Lett. 2018, 9, 6649—6655.

(11) Suzuki, T. Ultrafast photoelectron spectroscopy of aqueous
solutions. J. Chem. Phys. 2019, 151, 090901.

6894

(12) Perry, C. F.; Zhang, P.; Nunes, F. B.; Jordan, I; Von Conta, A,;
Worner, H. J. Ionization energy of liquid water revisited. J. Phys.
Chem. Lett. 2020, 11, 1789—1794.

(13) Perez Ramirez, L.; Boucly, A.; Saudrais, F.; Bournel, F.; Gallet,
J.-J.; Maisonhaute, E.; Milosavljevic, A. R.; Nicolas, C.; Rochet, F. The
Fermi level as an energy reference in liquid jet X-ray photoelectron
spectroscopy studies of aqueous solutions. Phys. Chem. Chem. Phys.
2021, 23, 16224—16233.

(14) Tau, O.; Henley, A.; Boichenko, A. N.; Kleshchina, N. N,;
Riley, R.; Wang, B.; Winning, D.; Lewin, R.; Parkin, I. P.; Ward, J. M,;
Hailes, H. C.; Bochenkova, A. V.; Fielding, H. H. Liquid-microjet
photoelectron spectroscopy of the green fluorescent protein
chromophore. Nat. Commun. 2022, 13, 507.

(15) Buchner, F.; Ritze, H. H; Lahl, J.; Liibcke, A. Time-resolved
photoelectron spectroscopy of adenine and adenosine in aqueous
solution. Phys. Chem. Chem. Phys. 2013, 15, 11402—11408.

(16) Buchner, F.; Nakayama, A.; Yamazaki, S.; Ritze, H. H.; Liibcke,
A. Excited-state relaxation of hydrated thymine and thymidine
measured by liquid-jet photoelectron spectroscopy: Experiment and
simulation. J. Am. Chem. Soc. 2015, 137, 2931—-2938.

(17) Buchner, F.; Heggen, B.; Ritze, H. H.; Thiel, W.; Liibcke, A.
Excited-state dynamics of guanosine in aqueous solution revealed by
time-resolved photoelectron spectroscopy: Experiment and theory.
Phys. Chem. Chem. Phys. 2015, 17, 31978—31987.

(18) Riley, J. W.; Wang, B.; Woodhouse, J. L.; Assmann, M.; Worth,
G. A;; Fielding, H. H. Unravelling the role of an aqueous environment
on the electronic structure and ionization of phenol using photo-
electron spectroscopy. J. Phys. Chem. Lett. 2018, 9, 678—682.

(19) Roy, A.; Seidel, R.; Kumar, G.; Bradforth, S. E. Exploring redox
properties of aromatic amino acids in water: contrasting single photon
vs resonant multiphoton ionization in aqueous solutions. J. Phys.
Chem. B 2018, 122, 3723—3733.

(20) Kumar, G.; Roy, A.; McMullen, R. S.; Kutagulla, S.; Bradforth,
S. E. The influence of aqueous solvent on the electronic structure and
non-adiabatic dynamics of indole explored by liquid-jet photoelectron
spectroscopy. Faraday Discuss. 2018, 212, 359—381.

(21) Riley, J. W.; Wang, B.; Parkes, M. A,; Fielding, H. H. Design
and characterization of a recirculating liquid-microjet photoelectron
spectrometer for multiphoton ultraviolet photoelectron spectroscopy.
Rev. Sci. Instrum. 2019, 90, 083104.

(22) Erickson, B. A,; Heim, Z. N.; Pieri, E.; Liu, E.; Martinez, T. J.;
Neumark, D. M. Relaxation dynamics of hydrated thymine,
thymidine, and thymidine monophosphate probed by liquid jet
time-resolved photoelectron spectroscopy. J. Phys. Chem. A 2019, 123,
10676—10684.

(23) Henley, A; Riley, J. W,; Wang, B.; Fielding, H. H. An
experimental and computational study of the effect of aqueous
solution on the multiphoton ionisation photoelectron spectrum of
phenol. Faraday Discuss. 2020, 221, 202—218.

(24) Yamamoto, Y.-1; Karashima, S.; Adachi, S.; Suzuki, T.
Wavelength dependence of UV photoemission from solvated
electrons in bulk water, methanol, and ethanol. J. Phys. Chem. A
2016, 120, 1153—1159.

(25) Luckhaus, D.; Yamamoto, Y.-I; Suzuki, T.; Signorell, R.
Genuine binding energy of the hydrated electron. Sci. Adv. 2017, 3,
e1603224.

(26) Nishitani, J.; Yamamoto, Y.-i; West, C. W.; Karashima, S.;
Suzuki, T. Binding energy of solvated electrons and retrieval of true
UV photoelectron spectra of liquids. Sci. Adv. 2019, S, eaaw6896.

(27) Bartels, D. M. Is the hydrated electron vertical detachment
genuinely bimodal? J. Phys. Chem. Lett. 2019, 10, 4910—4913.

(28) Signorell, R. Comment on “Is the hydrated electron vertical
detachment genuinely bimodal? J. Phys. Chem. A 2020, 124, 1666—
1667.

(29) Signorell, R. Can current experimental data exclude non-
Gaussian genuine band shapes in ultraviolet photoelectron spectra of
the hydrated electron? J. Phys. Chem. Lett. 2020, 11, 1516—1519.

https://doi.org/10.1021/acs.jpclett.2c01768
J. Phys. Chem. Lett. 2022, 13, 6889—6895


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Omri+Tau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9097-6941
https://orcid.org/0000-0002-9097-6941
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?ref=pdf
mailto:h.h.fielding@ucl.ac.uk
mailto:h.h.fielding@ucl.ac.uk
https://doi.org/10.1016/0368-2048(73)80023-4
https://doi.org/10.1021/j100252a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100252a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.474034
https://doi.org/10.1063/1.474034
https://doi.org/10.1063/1.474034
https://doi.org/10.1021/jp030263q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp030263q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.580
https://doi.org/10.1038/nchem.580
https://doi.org/10.1016/j.cplett.2010.05.059
https://doi.org/10.1016/j.cplett.2010.05.059
https://doi.org/10.1039/c0cp00847h
https://doi.org/10.1039/c0cp00847h
https://doi.org/10.1063/1.4899062
https://doi.org/10.1063/1.4899062
https://doi.org/10.1063/1.4899062
https://doi.org/10.1146/annurev-physchem-040513-103715
https://doi.org/10.1146/annurev-physchem-040513-103715
https://doi.org/10.1146/annurev-physchem-040513-103715
https://doi.org/10.1021/acs.jpclett.8b02937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b02937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5098402
https://doi.org/10.1063/1.5098402
https://doi.org/10.1021/acs.jpclett.9b03391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CP01511G
https://doi.org/10.1039/D1CP01511G
https://doi.org/10.1039/D1CP01511G
https://doi.org/10.1038/s41467-022-28155-5
https://doi.org/10.1038/s41467-022-28155-5
https://doi.org/10.1038/s41467-022-28155-5
https://doi.org/10.1039/c3cp51057c
https://doi.org/10.1039/c3cp51057c
https://doi.org/10.1039/c3cp51057c
https://doi.org/10.1021/ja511108u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja511108u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja511108u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CP04394H
https://doi.org/10.1039/C5CP04394H
https://doi.org/10.1021/acs.jpclett.7b03310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b03310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b03310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b11762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b11762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b11762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8FD00123E
https://doi.org/10.1039/C8FD00123E
https://doi.org/10.1039/C8FD00123E
https://doi.org/10.1063/1.5099040
https://doi.org/10.1063/1.5099040
https://doi.org/10.1063/1.5099040
https://doi.org/10.1021/acs.jpca.9b08258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b08258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b08258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9FD00079H
https://doi.org/10.1039/C9FD00079H
https://doi.org/10.1039/C9FD00079H
https://doi.org/10.1039/C9FD00079H
https://doi.org/10.1021/acs.jpca.5b09601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.5b09601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.1603224
https://doi.org/10.1126/sciadv.aaw6896
https://doi.org/10.1126/sciadv.aaw6896
https://doi.org/10.1021/acs.jpclett.9b01790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b01790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b10158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b10158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c01768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(30) Signorell, R.; Winter, B. Photoionization of the aqueous phase:
clusters, droplets and liquid jets. Phys. Chem. Chem. Phys. 2022, 24,
13438—-13460.

(31) Signorell, R; Goldmann, M. Yoder, B. L.; Bodi, A;
Chasovskikh, E.; Lang, L.; Luckhaus, D. Nanofocusing, shadowing,
and electron mean free path in the photoemission from aerosol
droplets. Chem. Phys. Lett. 2016, 658, 1—6.

(32) Schild, A.; Peper, M.; Perry, C.; Rattenbacher, D.; Worner, H. J.
Alternative approach for the determination of mean free paths of
electron scattering in liquid water based on experimental data. J. Phys.
Chem. Lett. 2020, 11, 1128—1134.

(33) Hara, A; Yamamoto, Y.-i; Suzuki, T. Solvated electron
formation from the conduction band of liquid methanol: Trans-
formation from a shallow to deep trap state. J. Chem. Phys. 2019, 151,
114503.

(34) Yamamoto, Y.i; Suzuki, T. Ultrafast dynamics of water
radiolysis: hydrated electron formation, solvation, recombination, and
scavenging. J. Phys. Chem. Lett. 2020, 11, 5510—5516.

(35) Malerz, S.; Trinter, F.; Hergenhahn, U.; Ghrist, A; Ali, H;
Nicolas, C.; Saak, C.-m.; Richter, C.; Hartweg, S.; Nahon, L,; Lee, C.;
Goy, C.,; Neumark, D. M.; Meijer, G.; Wilkinson, I; Winter, B.;
Thiirmer, S. Low-energy constraints on photoelectron spectra
measured from liquid water and aqueous solutions. Phys. Chem.
Chem. Phys. 2021, 23, 8246.

(36) Yamamoto, Y. L; Suzuki, Y. I; Tomasello, G.; Horio, T.;
Karashima, S.; Mitric, R; Suzuki, T. Time- and angle-resolved
photoemission spectroscopy of hydrated electrons near a liquid water
surface. Phys. Rev. Lett. 2014, 112, 187603.

(37) West, C. W.; Nishitani, J.; Higashimura, C.; Suzuki, T. Extreme
ultraviolet time-resolved photoelectron spectroscopy of aqueous
aniline solution: enhanced surface concentration and pump-induced
space charge effect. Mol. Phys. 2021, 119, e1748240.

(38) Nishizawa, K,; Kurahashi, N.; Sekiguchi, K.; Mizuno, T.; Ogi,
Y.; Horio, T.; Oura, M.; Kosugi, N.; Suzuki, T. High-resolution soft X-
ray photoelectron spectroscopy of liquid water. Phys. Chem. Chem.
Phys. 2011, 13, 413—417.

(39) Kurahashi, N.; Karashima, S.; Tang, Y.; Horio, T.; Abulimiti, B.;
Suzuki, Y. I; Ogi, Y.; Oura, M,; Suzuki, T. Photoelectron
spectroscopy of aqueous solutions: Streaming potentials of NaX (X
= Cl, Br, and I) solutions and electron binding energies of liquid water
and X". J. Chem. Phys. 2014, 140, 174506.

(40) Thiirmer, S.; Shinno, T.; Suzuki, T. Valence photoelectron
spectra of liquid methanol and ethanol measured using He II
radiation. J. Phys. Chem. A 2021, 125, 2492—2503.

(41) Thiirmer, S.; Malerz, S.; Trinter, F.; Hergenhahn, U.; Lee, C,;
Neumark, D. M.; Meijer, G.; Winter, B.; Wilkinson, I. Accurate
vertical ionization energy and work function determinations of liquid
water and aqueous solutions. Chem. Sci. 2021, 12, 10558—10582.

(42) Ghosh, D.; Roy, A.; Seidel, R.; Winter, B.; Bradforth, S.; Krylov,
A. L First-principle protocol for calculating ionization energies and
redox potentials of solvated molecules and ions: Theory and
application to aqueous phenol and phenolate. J. Phys. Chem. B
2012, 116, 7269—7280.

(43) Gadeyne, T.; Zhang, P.; Schild, A.; Wérner, H. J. Low-energy
electron distributions from the photoionization of liquid water: a
sensitive test of electron mean free paths. Chem. Sci. 2022, 13, 1675—
1692.

(44) Smith, M. E.; Green, N. J. B.; Pimblott, S. M. Methods for the
Simulation of the Slowing of Low-Energy Electrons in Water. J.
Comput. Chem. 2018, 39 (26), 2217—2228.

(45) Minofar, B.; Jungwirth, P.; Das, M. R.; Kunz, W.; Mahiuddin, S.
Propensity of formate, acetate, benzoate, and phenolate for the
aqueous solution/vapor interface: surface tension measurements and
molecular dynamics simulations. J. Phys. Chem. C 2007, 111, 8242—
8247.

(46) Sokhan, V.; Tildesley, D. Molecular dynamics simulation of the
non-linear optical susceptibility at the phenol/water/air interface.
Faraday Discuss. 1996, 104, 193—208.

6895

(47) Chen, X; Larsen, D. S.; Bradforth, S. E.; Van Stokkum, I. H.
Broadband spectral probing revealing ultrafast photochemical
branching after ultraviolet excitation of the aqueous phenolate
anion. J. Phys. Chem. A 2011, 115, 3807—3819.

(48) Oliver, T. A,; Zhang, Y.; Roy, A.; Ashfold, M. N.; Bradforth, S.
E. Exploring autoionization and photoinduced proton-coupled
electron transfer pathways of phenol in aqueous solution. J. Phys.
Chem. Lett. 2015, 6, 4159—4164.

(49) Elles, C. G.; Shkrob, I. A,; Crowell, R. A.; Bradforth, S. E.
Excited state dynamics of liquid water: Insight from the dissociation
reaction following two-photon excitation. J. Chem. Phys. 2007, 126,
164503.

(50) Elles, C. G.; Rivera, C. A; Zhang, Y.; Pieniazek, P. A;
Bradforth, S. E. Electronic structure of liquid water from polarization-
dependent two-photon absorption spectroscopy. J. Chem. Phys. 2009,
130, 084501.

(51) Winter, B.; Faubel, M.; Hertel, I. V.; Pettenkofer, C.; Bradforth,
S. E.; Jagoda-Cwiklik, B.; Cwiklik, L.; Jungwirth, P. Electron binding
energies of hydrated H;O" and OH™: photoelectron spectroscopy of
aqueous acid and base solutions combined with electronic structure
calculations. J. Am. Chem. Soc. 2006, 128, 3864—386S.

(52) Signorell, R. Electron scattering in liquid water and amorphous
ice: a striking resemblance. Phys. Rev. Lett. 2020, 124, 205501.

https://doi.org/10.1021/acs.jpclett.2c01768
J. Phys. Chem. Lett. 2022, 13, 6889—6895


https://doi.org/10.1039/D2CP00164K
https://doi.org/10.1039/D2CP00164K
https://doi.org/10.1016/j.cplett.2016.05.046
https://doi.org/10.1016/j.cplett.2016.05.046
https://doi.org/10.1016/j.cplett.2016.05.046
https://doi.org/10.1021/acs.jpclett.9b02910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5116818
https://doi.org/10.1063/1.5116818
https://doi.org/10.1063/1.5116818
https://doi.org/10.1021/acs.jpclett.0c01468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c01468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c01468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CP00430A
https://doi.org/10.1039/D1CP00430A
https://doi.org/10.1103/PhysRevLett.112.187603
https://doi.org/10.1103/PhysRevLett.112.187603
https://doi.org/10.1103/PhysRevLett.112.187603
https://doi.org/10.1080/00268976.2020.1748240
https://doi.org/10.1080/00268976.2020.1748240
https://doi.org/10.1080/00268976.2020.1748240
https://doi.org/10.1080/00268976.2020.1748240
https://doi.org/10.1039/C0CP01636E
https://doi.org/10.1039/C0CP01636E
https://doi.org/10.1063/1.4871877
https://doi.org/10.1063/1.4871877
https://doi.org/10.1063/1.4871877
https://doi.org/10.1063/1.4871877
https://doi.org/10.1021/acs.jpca.1c00288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c00288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c00288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1SC01908B
https://doi.org/10.1039/D1SC01908B
https://doi.org/10.1039/D1SC01908B
https://doi.org/10.1021/jp301925k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp301925k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp301925k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1SC06741A
https://doi.org/10.1039/D1SC06741A
https://doi.org/10.1039/D1SC06741A
https://doi.org/10.1002/jcc.25536
https://doi.org/10.1002/jcc.25536
https://doi.org/10.1021/jp068804+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp068804+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp068804+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/fd9960400193
https://doi.org/10.1039/fd9960400193
https://doi.org/10.1021/jp107935f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp107935f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp107935f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01861?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01861?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2727468
https://doi.org/10.1063/1.2727468
https://doi.org/10.1063/1.3078336
https://doi.org/10.1063/1.3078336
https://doi.org/10.1021/ja0579154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0579154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0579154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0579154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.124.205501
https://doi.org/10.1103/PhysRevLett.124.205501
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c01768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

