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CONSPECTUS: Knowledge of the electronic structure of an aqueous solution is a prerequisite to
understanding its chemical and biological reactivity and its response to light. One of the most direct
ways of determining electronic structure is to use photoelectron spectroscopy to measure electron
binding energies. Initially, photoelectron spectroscopy was restricted to the gas or solid phases due
to the requirement for high vacuum to minimize inelastic scattering of the emitted electrons. The
introduction of liquid-jets and their combination with intense X-ray sources at synchrotrons in the
late 1990s expanded the scope of photoelectron spectroscopy to include liquids. Liquid-jet
photoelectron spectroscopy is now an active research field involving a growing number of research
groups. A limitation of X-ray photoelectron spectroscopy of aqueous solutions is the requirement to
use solutes with reasonably high concentrations in order to obtain photoelectron spectra with
adequate signal-to-noise after subtracting the spectrum of water. This has excluded most studies of
organic molecules, which tend to be only weakly soluble. A solution to this problem is to use
resonance-enhanced photoelectron spectroscopy with ultraviolet (UV) light pulses (hν ≲ 6 eV).
However, the development of UV liquid-jet photoelectron spectroscopy has been hampered by a lack of quantitative understanding
of inelastic scattering of low kinetic energy electrons (≲5 eV) and the impact on spectral lineshapes and positions.
In this Account, we describe the key steps involved in the measurement of UV photoelectron spectra of aqueous solutions:
photoionization/detachment, electron transport of low kinetic energy electrons through the conduction band, transmission through
the water-vacuum interface, and transport through the spectrometer. We also explain the steps we take to record accurate UV
photoelectron spectra of liquids with excellent signal-to-noise. We then describe how we have combined Monte Carlo simulations of
electron scattering and spectral inversion with molecular dynamics simulations of depth profiles of organic solutes in aqueous
solution to develop an efficient and widely applicable method for retrieving true UV photoelectron spectra of aqueous solutions. The
huge potential of our experimental and spectral retrieval methods is illustrated using three examples. The first is a measurement of
the vertical detachment energy of the green fluorescent protein chromophore, a sparingly soluble organic anion whose electronic
structure underpins its fluorescence and photooxidation properties. The second is a measurement of the vertical ionization energy of
liquid water, which has been the subject of discussion since the first X-ray photoelectron spectroscopy measurement in 1997. The
third is a UV photoelectron spectroscopy study of the vertical ionization energy of aqueous phenol which demonstrates the
possibility of retrieving true photoelectron spectra from measurements with contributions from components with different
concentration profiles.
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binding energies f rom UV photoelectron spectroscopy
measurements of aqueous solutions.

1. INTRODUCTION
Photoinitiated chemical reactions are central to a diverse range
of processes in nature and technology, from light harvesting
and photodynamic therapy to nanoscale machines and
electronic devices. Much of our detailed understanding about
the electronic structure and relaxation dynamics of the small
molecular chromophores that lie at the heart of these processes
has been obtained from gas-phase experiments and calculations
of isolated chromophores, free from complex interactions with
their natural environments.3−5 However, electronically excited
states can be exquisitely sensitive to their environments, and
there is considerable current interest in improving our
understanding of how complex environments tune the
electronic structure and relaxation dynamics of molecular
chromophores.
One of the most direct ways of measuring electronic

structure experimentally is to use photoelectron spectroscopy
(PES), which records the photoelectron kinetic energy (eKE)
distribution following photoionization or photodetachment of
an electron. In the independent electron approximation, the
photoelectron is removed without any reorganization of the
remaining electrons (Koopmans’ picture6), and the eKE
distribution allows us to determine the electron binding
energy (eBE) of the molecular orbital from which the electron
was removed, eBE = hν − eKE. The spectral profile encodes
the role of each vibrational mode of the molecule in the
structural relaxation that accompanies the photoionization/
detachment process. In the case of solution phase photo-
electron spectra, it also contains information about the ultrafast
solvent response. Femtosecond time-resolved PES (TRPES)
has proved to be a particularly powerful tool for investigating
the evolution of electronic structure following photoexcita-
tion.7−12 Since photoionization and photodetachment are
universal detection methods, TRPES can be used to follow an
entire reaction from the moment a photon is absorbed to the
formation of products, as long as the photon energy is high
enough to remove an electron from the sample.
Until the late 1990s, PES was limited to low vapor pressure

samples due to the requirement for high vacuum to minimize
scattering of the emitted electrons; however, the development
of vacuum liquid microjet technology and its combination with
intense X-ray sources at synchrotrons made it possible to
probe the electronic structure of volatile liquids, including
aqueous solutions.13 Since then, liquid microjet PES (LJ-PES)
has become an active research field14 and liquid-microjets are
now also combined with lab-based UV and EUV laser
sources.1,2,14−22 Unfortunately, a limitation of X-ray LJ-PES
is the experimental requirement for solutions with solute
concentrations ≳0.2 M in order to obtain a photoelectron
spectrum of the solute with adequate signal-to-noise ratio after
subtracting the photoelectron spectrum of water (56 M); this
has excluded studies of many organic molecules, which tend to
be only weakly soluble in water (≲1 mM).11,23−25 A solution
to this problem is to use resonance-enhanced PES with
ultraviolet (UV) light pulses (hν ≲ 6 eV).14,25−33 Moreover,
direct comparison of UV (TR)PES measurements of molecules
in both the gas and liquid phases promises to be a particularly
straightforward way of unraveling the role of an environment
on electronic structure and dynamics.30 Nonetheless, until

recently,2,15,34,35 a lack of concensus on the effect of inelastic
scattering on low kinetic energy electrons (eKE ≲ 5 eV) has
hampered the development of UV LJ-PES for aqueous
solutions. Here, we describe how to account for the effects
of inelastic scattering and to retrieve true UV photoelectron
spectra from multiphoton measurements of aqueous solutions
with excellent signal-to-noise ratio.

2. PHOTOELECTRON SPECTROSCOPY OF LIQUIDS
There are four key steps to obtaining a photoelectron spectrum
of an aqueous solution (Figure 1).

(i) Photoionization/detachment generates an initial eKE
distribution in the conduction band that is determined by the
energy level structure and relaxation dynamics of the species
being studied.36 The initial spatial distribution of photo-
electrons is determined by the focusing conditions and
penetration depth of the light source and the depth profile
of the species from which the photoelectrons are emitted.
UV light (hν ≲ 6 eV) has a penetration depth of several

centimeters (Figure 2a), which allows probing of solutes
irrespective of their distribution within a liquid-jet (typical
diameter ∼20 μm). In the deep UV and EUV regions (8 ≲ hν
≲ 20 eV), the penetration depth is ∼100 nm and is thus more
sensitive to the surface of a liquid-jet. For hν ≳ 20 eV, the
penetration depth increases monotonically; this wavelength
sensitivity has allowed differences in the electronic structure
between bulk and liquid-vacuum interfaces to be studied.37,38

Weakly soluble organic solutes tend to have an enhanced
surface concentration. Figure 2b shows the solute depth
profiles for aqueous solutions of phenol and phenolate,
determined using molecular dynamics calculations.2 These
simulations show that photoionization/detachment of phenol
and phenolate will generate initial photoelectron distributions
that are predominantly within a nanometer of the surface of
the liquid microjet. Enhanced surface concentrations have also
been inferred from LJ-PES measurements of deprotonated 4-
hydroxybenzylidene-1,2-dimethylimidazolinone (p-HBDI−),1

the green fluorescent protein (GFP) chromophore, and time-
resolved LJ-PES measurements of aniline.32 Solute distribu-
tions depend not only on molecular structure and charge but
also on pH and the presence of counterions;39 for example,
aqueous tetrabutyl ammonium (TBA) enhances the surface
concentration of iodide anions compared to less hydrophobic
counterions such as sodium.40 Variations in solute depth
distributions have also allowed differences in the electronic

Figure 1. Schematic diagram illustrating multiphoton photoioniza-
tion/detachment (i) and subsequent electron transport in the
conduction band (ii), through the water-vacuum interface (iii), and
through the spectrometer (iv). Adapted with permission from ref 1.
Copyright 2022 the authors. Published by Springer Nature under a
Creative Commons CC BY license.
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structure between bulk and liquid-vacuum interfaces to be
studied.19

(ii) After they have been generated, photoelectrons are
transported through the conduction band of the aqueous
solution to the liquid/vacuum interface. During this process,
scattering from liquid water molecules not only reduces the
flux (elastic scattering) but also the kinetic energy of the
electrons (inelastic scattering). This has the effect of skewing
the initial eKE distribution toward lower eKE. For eKE ≲ 20
eV, inelastic electron scattering is dominated by inter- and
intramolecular vibrational scattering with energy losses <1 eV.
For eKE ≳ 7 eV, electronic inelastic scattering is possible, with
energy losses of up to a few eV.35 The inelastic mean free path
characterizes the distance an electron travels before an inelastic
collision. It has a minimum of <1 nm for eKEs in the range
50−100 eV and increases monotonically on either side of this,
giving rise to an inverse-bell-shaped curve which is similar for
all materials and is referred to as a “universal curve” (Figure
2c). For photoelectrons generated in UV LJ-PES experiments
with less than 5 eV eKE, the inelastic mean free path (IMFP)

varies within the range 2−3.5 nm, which is greater than the
mean of the depth distribution profile of typical organic solutes
(Figure 2b). Although the contributions of different inelastic
scattering channels vary with energy in a nontrivial way,35 this
suggests that photoelectrons emitted from weakly soluble
organic molecules with an enhanced surface concentration will
be essentially free from inelastic scattering. This was supported
by preliminary one-dimensional electron scattering simulations
of mean eKE loss as a function of initial eKE which have
shown that photoelectrons generated within 5 nm of the
surface escape with almost no loss of eKE (Figure 3).1 In fact,

it is clear from Figure 3 that even photoelectrons generated 15
nm from the surface will escape without significant loss of eKE,
as proposed by Suzuki and co-workers in 2010.8 Nonetheless,
UV LJ-PES spectral profiles are still distorted by inelastic
scattering, particularly those with photoelectrons that originate
from deeper in the liquid-jet and those with lower eKEs.42,43

(iii) At the water/vacuum interface, photoelectrons can only
escape if their eKE normal to the interface is greater than the
electron affinity of water (V0), i.e. the energy difference
between the conduction band and vacuum level. The escape
probability, given by T(eKE) = 1 − (V0/(V0 + eKE))1/2,44

decreases as eKE decreases, so that no electrons with zero eKE
will escape and the probability of low eKE electrons escaping is
reduced. The absolute value of V0 lies in the range 0.1−1 eV.
Although the precise value of V0 has been subject to some
discussion,44−46 numerical simulations of UV LJ-PES have
been found to be fairly insensitive to changing V0 between 0.1
and 1 eV.2,46 Figure 2d plots photoelectron escape probability
as a function of eKE and depth below the jet surface. For
weakly soluble organic molecules within ∼1 nm of the surface
of the liquid-jet, almost 60% of photoelectrons with 2 eV eKE
will escape, but this falls to less than 10% for photoelectrons
with 0.1 eV.
(iv) After they have escaped through the water/vacuum

interface, photoelectrons are transported through the photo-
electron spectrometer which, for experiments with UV light
pulses, is usually a magnetic-bottle (MB) photoelectron
spectrometer. Our MB photoelectron spectrometer and
experimental procedures have been described in detail in ref
47, although we have made some improvements since then to
increase the accuracy of our measurements.1,2

Figure 4 shows the key components of our magnetic bottle
spectrometer. When the magnet, liquid-jet holder, liquid-jet
catcher and skimmer are all graphite-coated, the vacuum levels

Figure 2. (a) 1/e penetration depths for photons in the energy regime
0−100 eV. Data from ref 41. (b) Probability density function for
phenolate (black line) and phenol (blue line) in water (blue shading),
shown as a function of distance from the liquid−vacuum interface. (c)
Inelastic mean free path for electrons in liquid water for a range of
electron kinetic energies of ejected electrons. Data from refs 35 (≤10
eV) and 12 (>10 eV). (d) Photoelectron escape probability as a
function of eKE and depth below the jet surface calculated using the
algorithm from ref 2.

Figure 3. One-dimensional electron scattering simulations, plotted as
mean eKE losses as a function of initial eKE for electrons starting at
various depths (labeled) in the liquid relative to the surface. Only
electrons that emerge successfully from the liquid are included.
Adapted with permission from ref 1. Copyright 2022 the authors.
Published by Springer Nature under a Creative Commons CC BY
license.
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are equal and the potential in the interaction region is flat
(Figure 4a). Adding a liquid-jet with a different work-function
and a streaming potential results in a potential gradient that, in
Figure 4b, accelerates the photoelectrons.13 The potential
gradient can be controlled by adjusting the concentration of
electrolyte salt used in the solution, the flow rate, or adding a
bias voltage to the solution.48 For the measurements we
describe in this Account,1,2 we have flattened the potential
(Figure 4c) by adjusting the concentration of electrolyte salt.
Photoelectron spectra are recorded as a function of electron

time-of-flight (ToF), converted to eKE and then corrected for
the instrument function and vacuum level offset between the
interaction region and the analyzer. We carry out the ToF to
eKE calibration using 2 + 1 resonance-enhanced multiphoton
ionization (REMPI) of Xe and nonresonant MPI of NO to
obtain a series of time-of-flight spectra containing distinct
transitions with well-known eKEs. For each NO photoelectron
spectrum, the peak intensities of each band are determined
relative to the 0−0 vibronic band and their relative variation
with eKE is plotted to determine the instrument function. To
test whether the potential is flat, we record 2 + 1 REMPI
spectra of Xe with the liquid-microjet positioned at a series of
distances from the ionization point;8 this measurement also
allows us to determine the vacuum level offset.1,2

3. RETRIEVAL OF TRUE PHOTOELECTRON SPECTRA
Three approaches have been employed to extract true eKE
distributions, Itrue(E), from measured spectra that have been
distorted by inelastic scattering, Imeas(E).

Figure 4. Schematic diagram illustrating the electronic energy levels
of the components of a magnetic bottle photoelectron spectrometer in
which the magnet, liquid-jet holder, catcher and skimmer are all
graphite-coated. Φgraphite and Φanalyzer are work functions, EF is the
Fermi level and Evac is the vacuum level. (a) Without the liquid-jet in
place, there is no potential gradient between the magnet and the
skimmer. (b) Adding a liquid-jet with a different work function results
in a potential gradient that, in this example, accelerates photo-
electrons. (c) Adjusting the concentration of electrolytes in the liquid
flattens the potential between the magnet and skimmer.

Figure 5. Schematic flowchart of our LJ-PES retrieval algorithm. (i) Having selected the appropriate eKE range based on an experimental
measurement, (ii) Ez → Sz(E) transformation functions are generated using Monte Carlo simulations, (iii) before being integrated over the probing
depth z, (iv) with each depth weighted by an appropriate function to model the solute or solvent concentration profile. (v) Finally, the
experimental spectra are fit to a linear combination of Gaussian functions to which the transformations have been applied, ∑iciGi(E) → ∑icigi(E),
to give fit parameters eKEtrue and FWHM. Panel v is adapted with permission from ref 2. Copyright 2022 American Chemical Society.
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(1) Signorell and co-workers employed Monte Carlo
simulations to model electron transport, using scattering
cross sections determined from photoelectron spectroscopy
measurements of liquid droplets.15,49 Carrying out repeated
Monte Carlo simulations, in a grid search for parameters to fit
to UV photoelectron spectra of solvated electrons, allowed the
true eBE spectrum of the solvated electron, e(aq)− , to be
determined.15

(2) Suzuki and co-workers developed a spectral retrieval
method based on the assumption that EUV LJ-PES measure-
ments yield the true eKE distribution.34 LJ-PES measurements
of e(aq)− were made using both UV and EUV pulses. Inelastic
scattering effects were assumed negligible in the EUV
spectrum, allowing Itrue(E) for UV measurements to be
determined by shifting the EUV spectrum for a given UV
photon energy by hνUV − hνEUV. This Itrue(E) → Imeas(E) linear
transformation included, inherently, the effects of inelastic
scattering and experimental parameters. Its inverse trans-
formation allowed Itrue(E) to be determined for UV PES/
TRPES measurements of e(aq)− .34,50,51 The wide applicability of
this approach is slightly limited by the relatively low signals
obtained from EUV LJ-PES measurements of weakly soluble
solutes and by experimental complexity.
(3) Our group then developed a method combining spectral

retrieval and Monte Carlo simulations. The starting point was
a basis set of Ez → Sz(E) transformations, where Ez represented
the initial eKE of an electron formed at a distance z from the
liquid-vacuum interface and Sz(E) was the eKE distribution
leaving the liquid, calculated using Monte Carlo scattering
simulations with cross sections determined from photoelectron
spectroscopy measurements of liquid droplets.49 Following the
approach of Suzuki and co-workers,34 it was assumed that the
true photoelectron distributions were a weighted sum of
Gaussian functions, Itrue(E) = ∑iciGi(E), where each Gaussian
Gi(E), with weight ci, had its own central eKE and full-width
half-maximum (FWHM). Measured UV photoelectron spectra
were then fit to a linear combination of gi(E), given by Imeas(E)
= ∑icigi(E), where gi(E) were the measured eKE profiles
representing the effect of distortion by inelastic scattering on
the initial Gaussian distributions Gi(E). The Gi(E) → gi(E)
transformations were built “on-the-fly” from the basis set of Ez
→ Sz(E) transformations, weighted by the depth profiles of the
species from which the photoelectrons were emitted. Guided
by the results of our molecular dynamics trajectories of dilute
phenol and phenolate aqueous solutions (Figure 2b), we use
an exponential function with a mean 0.5 nm into the liquid-jet
to describe the concentration profiles of aqueous solutions of
organic molecules containing phenol and phenolate building
blocks.2

A flowchart illustrating our retrieval algorithm is presented
in Figure 5. The Ez → Sz(E) transformation functions take
between a few minutes to an hour to compute and are saved to
disc for reuse. The fitting procedure takes less than a minute
on a laptop computer, including the on-the-fly construction of
Gi(E) → gi(E) transformations, and will be straightforward to
extend to TRPES by using time-dependent coefficients, ci(t):
Imeas(E, t) = ∑ici(t)gi(E) and Itrue(E, t) = ∑ici(t)Gi(E).

4. VERTICAL DETACHMENT ENERGY OF THE GFP
CHROMOPHORE IN AQUEOUS SOLUTION

The green fluorescent protein (GFP) emits bright green
fluorescence when exposed to blue or UV light. It can be fused
to other proteins without impacting their function or their

cellular location and has, therefore, been used extensively as a
noninvasive tag for following dynamic events in cells.52 The
chromophore that lies at the heart of the protein has an
absorption band centered around 480 nm that is attributed to
the first electronically excited singlet state of the deprotonated
anionic form of the chromophore (p-HBDI−). There have
been numerous spectroscopic studies of p-HBDI− in solution
aimed at improving our understanding of the fundamental
photophysics of GFP.53 The first electronically excited singlet
state of p-HBDI− is responsible for the bright green
fluorescence and its higher lying electronically excited singlet
states are believed to be involved in photooxidation processes
and in the formation of solvated electrons.54,55 In 2001, it was
found that the vertical excitation energy (VEE) of the first
electronically excited singlet state of p-HBDI− in vacuo was
very similar to that of the protein in its anionic form.56 This led
to the suggestion that the electronic environment of the
chromophore in the protein was similar to that of a vacuum
and triggered numerous gas-phase studies of the vertical
detachment energy (VDE) of p-HBDI−, the most fundamental
property underpinning photooxidation.57−60 However, the
VDE had not been determined experimentally in any other
environment until a recent multiphoton (MP) resonance-
enhanced UV LJ-PES study of p-HBDI− in aqueous solution.1

One-color MP resonance-enhanced photoelectron spectra of
20 μM aqueous p-HBDI− using 440 and 249.7 nm are
presented in Figure 6. 440 nm is close to the adiabatic

excitation energy (AEE) of the S0−S1 transition and 249.7 nm
is resonant with S0−S5 and S6 transitions. The spectra were
recorded with a flat potential in the interaction region,
corrected for the instrument function of the photoelectron
spectrometer and the vacuum-level offset between the aqueous
solution and the detector, and best fit to two Gaussians. From
high-level quantum chemistry calculations of the electronic
structure of the singlet states of the anion and doublet states of
the neutral radical and Koopmans’ arguments, it was
determined that S1 is most likely to detach to D0 and D1, S5

Figure 6. Multiphoton detachment photoelectron spectra of 20 μM
aqueous solution of p-HBDI− (gray) together with the retrieved
Itrue(E) distributions (black), following photoexcitation at 440 and
249.7 nm, plotted as a function of eKE. Gaussians are fits to the
experimental data (filled) and retrieved contributions (lines) and
represent S1−D0 (dark green), S1−D1 (light green), S6−D1 (dark
blue), and S5−D2 (light blue) detachment processes. Adapted with
permission from ref 1. Copyright 2022 the authors. Published by
Springer Nature under a Creative Commons CC BY license.
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to D2, and S6 to D1.
1 Assuming that vibrational energy in the

resonant intermediate state is conserved during detachment,
and ignoring solvent reorganization, VDEs were estimated
using VDE(S0−Di) ≈ mhν − (hν − AEE) − eKE, where hν is
the photon energy and m is the total number of photons
involved in the detachment process (m = 3 for 440 nm and m
= 2 for 249.7 nm). S0−D0 and D1 VDEs were determined from
the 440 nm photoelectron spectra to be 6.8 ± 0.2 and 7.6 ±
0.2 eV, and the S0−D2 VDE was determined from the 249.7
nm photoelectron spectrum to be 8.6 ± 0.2 eV. Fitting the
measured spectra with Gaussians was justified in terms of p-
HBDI− being a weakly soluble organic chromophore with an
enhanced surface concentration, which results in photo-
electrons being emitted essentially free from inelastic
scattering. The values obtained this way lie within the errors
of refined VDEs that we have since determined using our
spectral retrieval software to be 6.8 ± 0.1, 7.5 ± 0.1, and 8.5 ±
0.1 eV for S0−D0, D1, and D2 (solid lines in Figure 6).
These experiments were the first reported VDE measure-

ments of any protein chromophore and highlighted the value
of multiphoton UV photoelectron spectroscopy for probing
the electronic structure of sparingly soluble organic chromo-
phores. Importantly, the first VDE of p-HBDI− in aqueous
solution (6.8 ± 0.1 eV) was found to be more than double that
of the deprotonated chromophore in vacuo (2.73 ± 0.01 eV)60

and very similar to that in the S65T-GFP protein (7.1 eV).59

This contrasts with the VEE of the first electronically excited
singlet state of p-HBDI−, which is very similar in the gas-phase
and protein and blue-shifted in aqueous solution.56

5. VERTICAL IONIZATION ENERGY OF LIQUID WATER
Water is the most important liquid because it is essential for
life. Knowledge of its electronic structure is crucial for
understanding the interactions between water molecules and
with other molecules in aqueous solutions. The vertical
ionization energy (VIE) of liquid water is the energy required
to remove an electron from its highest occupied molecular
orbital, the 1b1 molecular orbital. Despite the fact that this
fundamental quantity underpins chemical reactivity, there has
been a lack of consensus on its value.2,17,21,24,61−63 In 1997,
Faubel and co-workers made the first measurement of the VIE
of liquid water using LJ-PES with a Helium discharge lamp
(10.92 eV).64 Since then, improvements in our fundamental
understanding of streaming potentials,65 inelastic scattering
processes,66 the application of bias voltages and Fermi-level
referencing in LJ-PES24 has led to refinement of the VIE of
liquid water (Figure 7a). The current best estimates have been
obtained as an average of several X-ray LJ-PES measurements
(11.33 ± 0.03 eV)24 and LJ-PES measurements made using a
Helium discharge lamp (11.40 ± 0.07 eV).63 However, until
recently, there had not been any accurate measurements of the
VIE of liquid water using UV LJ-PES.2

Figure 7b shows a two-photon nonresonant photoelectron
spectrum of liquid water, recorded at 200.2 nm with a flat
potential in the interaction region, and corrected for the
instrument function of the photoelectron spectrometer and the
vacuum-level offset between the aqueous solution and the
detector. The measured spectrum had a peak maximum of 0.83
± 0.07 eV, corresponding to a VIE of 11.56 ± 0.09 eV. The
retrieved photoelectron spectrum had a peak maximum of 1.03
± 0.07 eV, corresponding to a VIE of 11.36 ± 0.09 eV, which
is in excellent agreement with the current best estimates.24,63

The difference between the VIE determined from our raw data

and that after accounting for inelastic scattering using our
spectral retrieval method is 0.2 eV. For photoelectrons with
eKEs around 1 eV (the peak of the retrieved spectrum), the
IMFP is around 2 nm (Figure 2c) and photoelectrons
generated within a few tens of nanometers still have a
reasonable probability of escaping the liquid (Figure 2d) after
having undergone several inelastic collisions, although those
generated deeper in the liquid will be lost. This explains why
the spectrum of liquid water is more distorted and shifted than
the spectrum of p-HBDI− (Section 4). It is worth noting that
VIEs derived from experiments using EUV photon energies
around 15 eV can be overestimated by as much as 0.5 eV due
to inelastic scattering.24

6. VERTICAL IONIZATION ENERGY OF AQUEOUS
PHENOL

Phenol is a ubiquitous biologically relevant structural motif
found in numerous biologically relevant chromophores,
including the GFP chromophore (Section 4). Its VIE plays
an important role in determining the kinetics of charge-transfer
processes. The first measurement of the VIE of aqueous phenol
was carried out using X-ray LJ-PES (7.8 ± 0.1 eV).23

Subsequent measurements of the VIE using resonance-
enhanced UV LJ-PES gave values of 7.6 ± 0.1 eV30 and 8.0
± 0.1 eV.25,67 Although the measurements gave values that
were within experimental error of the X-ray LJ-PES data, they
were not in good agreement with one other. The first UV LJ-
PES measurements recorded by our group30 were analyzed by
fitting a single Gaussian to the raw data. In contrast, the
photoelectron spectra recorded by Roy et al.25 and subsequent
measurements by our group67 were analyzed by fitting the data
to two Gaussians. In their analysis, Roy et al. also included an

Figure 7. (a) Plot of values of the 1b1 vertical ionization energy of
liquid water as a function of photon energy. Note that the values
measured by Thürmer et al. (open squares)24 with hν ≲ 20 eV are
included to highlight the significant impact of inelastic scattering at
these photon energies. (b) Nonresonant two-photon photoelectron
spectrum of water (black) following photoionization at 200.2 nm
(black) together with the retrieved Itrue(E) distribution (red).
Adapted with permission from ref 2. Copyright 2022 American
Chemical Society.
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energy shift to account for inelastic scattering, estimated from
photoelectron spectra of e(aq)− in aqueous solution.15

Since these UV LJ-PES measurements, it has become clear
that accurate UV LJ-PES measurements can only be carried
out with a flat potential in the interaction region and that the
vacuum level offset between the interaction region and
spectrometer and the instrument function must be taken into
account. It is also now clear that energy shifts arising from
inelastic scattering of e(aq)− reported in ref 15. are larger than
those expected for phenol, which has an enhanced surface
concentration (Figure 2b).2

Figure 8 shows the latest UV LJ-PES measurements of
phenol in aqueous solution at 290 nm, just below the onset of

the S0−S1 transition. The data presented in Figure 8a was
obtained by subtracting the solvent-only spectrum to isolate
the phenol contribution. The retrieved photoelectron spectrum
had a peak maximum of 0.79 ± 0.07 eV, corresponding to a
VIE of 7.76 ± 0.09, in excellent agreement with the X-ray LJ-
PES.23 Using the maximum of the raw data at 0.67 ± 0.07 eV
gives a VIE of 7.88 ± 0.09 eV, which is 0.12 eV greater than
the retrieved value, similar to p-HBDI− (Section 4). The
spectrum presented in Figure 8b has contributions from both
water and phenol and was best fit with two initial Gaussian
distributions with different concentration depth profiles. The
lower eKE feature was attributed to phenol (with exponential
concentration depth profile) and the higher eKE feature was
attributed to water (with uniform concentration depth
profiles). The lower eKE feature had a peak maximum at
0.74 ± 0.07 eV, corresponding to a VIE of 7.81 ± 0.09 eV, in
agreement with the VIE extracted from the background-
subtracted spectrum (Figure 8a). The higher eKE feature had a
peak maximum of 1.61 ± 0.07 eV, which was attributed to
three-photon ionization of water and equated to a VIE of 11.2
± 0.1 eV. The difference between the VIEs determined from
three-photon ionization and two-photon nonresonant ioniza-
tion at 200.2 nm (Figure 7a) was attributed to a resonance in
the absorption spectrum of water at the two photon level.68−70

Importantly, this measurement demonstrated that it is possible
to retrieve true photoelectron spectra of different components

of an aqueous solution with different concentration depth
profiles.

7. SUMMARY AND OUTLOOK
In this Account, we have shown that by combining accurate
experimental measurements with our efficient and widely
applicable method for retrieving true photoelectron spectra
from UV LJ-PES measurements, it is possible to measure
electron binding energies with an accuracy that is comparable
with state-of-the-art X-ray LJ-PES measurements. The
examples chosen to illustrate the power of our methodology
included measurements of the VDE of the GFP chromophore
and the VIEs of liquid water and aqueous phenol. The
measurement of the VDE of the GFP chromophore in aqueous
solution led us to realize that inelastic scattering was minimal
in UV photoelectron spectra of sparingly soluble organic
molecules with an enhanced surface concentration. This work
also revealed that the detachment energy was similar to that in
the protein, suggesting that the photooxidation properties of
the GFP chromophore in aqueous solution may be a good
model for those in the protein. The measurement of the VIE of
liquid water represented the first accurate UV LJ-PES
measurement of this most important liquid and demonstrated
that our spectral retrieval method was not restricted to aqueous
solutions in which inelastic scattering was minimal. The phenol
measurements resolved an uncertainty that had arisen from
earlier work about whether spectra recorded using REMPI via
the S1 state should be fit to one or two Gaussians, highlighting
the importance of accurate measurements and spectral
retrieval. Moreover, this work also demonstrated that our
software was capable of retrieving spectra of components of a
solution with different concentration profiles, opening up the
exciting possibility of UV LJ-PES becoming a valuable
analytical tool.
Our retrieval method is computationally efficient so it can be

extended easily to time-resolved measurements. Although
there are a range of experimental techniques for probing
ultrafast dynamics in aqueous solution, such as transient
absorption, LJ-TRPES is particularly appealing because it can
be compared directly with analogous TRPES experiments in
the gas-phase, thus making it ideal for disentangling the role of
an aqueous environment. In summary, UV LJ-PES and its
time-resolved variant promise to be powerful tools with the
potential to transform our understanding of the electronic
structure and relaxation dynamics of aqueous solutions of
sparingly soluble organic molecules.
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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.
(29) 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

Accounts of Chemical Research pubs.acs.org/accounts Article

https://doi.org/10.1021/acs.accounts.2c00523
Acc. Chem. Res. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acs.accounts.2c00523?ref=pdf
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/10.1021/acs.jpclett.2c01768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c01768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c01768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/0144235X.2018.1548807
https://doi.org/10.1080/0144235X.2018.1548807
https://doi.org/10.1039/C7CS00627F
https://doi.org/10.1039/C7CS00627F
https://doi.org/10.1039/C7CS00627F
https://doi.org/10.1021/cr020683w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020683w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0020-7381(69)80040-9
https://doi.org/10.1016/0020-7381(69)80040-9
https://doi.org/10.1146/annurev.physchem.52.1.255
https://doi.org/10.1146/annurev.physchem.52.1.255
https://doi.org/10.1016/j.cplett.2010.05.084
https://doi.org/10.1016/j.cplett.2010.05.084
https://doi.org/10.1063/1.3499240
https://doi.org/10.1063/1.3499240
https://doi.org/10.1021/jz101636y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz101636y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200154w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200154w?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/cr040381p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr040381p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
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/10.1126/sciadv.1603224
https://doi.org/10.1126/sciadv.1603224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4979857
https://doi.org/10.1063/1.4979857
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/10.1039/c0cp00847h
https://doi.org/10.1039/c0cp00847h
https://doi.org/10.1038/nchem.580
https://doi.org/10.1038/nchem.580
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/10.1021/acs.jpclett.9b03391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2010.05.059
https://doi.org/10.1016/j.cplett.2010.05.059
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/D1SC01908B
https://doi.org/10.1039/D1SC01908B
https://doi.org/10.1039/D1SC01908B
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/c2cp23305c
https://doi.org/10.1039/c2cp23305c
https://doi.org/10.1039/c2cp23305c
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/10.1021/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
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.2c00523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


time-resolved photoelectron spectroscopy. J. Phys. Chem. A 2019, 123,
10676−10684.
(30) 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.
(31) 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.
(32) 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.
(33) Titov, E.; Hummert, J.; Ikonnikov, E.; Mitric,́ R.; Kornilov, O.
Electronic relaxation of aqueous aminoazobenzenes studied by time-
resolved photoelectron spectroscopy and surface hopping TDDFT
dynamics calculations. Faraday Discuss. 2021, 228, 226−241.
(34) 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, DOI: 10.1126/
sciadv.aaw6896.
(35) Signorell, R.; Winter, B. Photoionization of the aqueous phase:
clusters, droplets and liquid jets. Phys. Chem. Chem. Phys. 2022, 24,
13438−13460.
(36) Venkatraman, R. K.; Orr-Ewing, A. J. Solvent effects on ultrafast
photochemical pathways. Acc. Chem. Res. 2021, 54, 4383−4394.
(37) Ottosson, N.; Faubel, M.; Bradforth, S. E.; Jungwirth, P.;
Winter, B. Photoelectron spectroscopy of liquid water and aqueous
solution: Electron effective attenuation lengths and emission-angle
anisotropy. J. Electron Spectrosc. Relat. Phenom. 2010, 177, 60−70.
(38) Mudryk, K. D.; Seidel, R.; Winter, B.; Wilkinson, I. The
electronic structure of the aqueous permanganate ion: Aqueous-phase
energetics and molecular bonding studied using liquid jet photo-
electron spectroscopy. Phys. Chem. Chem. Phys. 2020, 22, 20311−
20330.
(39) Mucha, M.; Frigato, T.; Levering, L. M.; Allen, H. C.; Tobias,
D. J.; Dang, L. X.; Jungwirth, P. Unified molecular picture of the
surfaces of aqueous acid, base, and salt solutions. J. Phys. Chem. B
2005, 109, 7617−7623.
(40) Yamamoto, Y. I.; Suzuki, Y. I.; Tomasello, G.; Horio, T.;
Karashima, S.; Mitríc, R.; Suzuki, T. Time- and angle-resolved
photoemission spectroscopy of hydrated electrons near a liquid water
surface. Phys. Rev. Lett. 2014, 112, 187603.
(41) Marblestone, A. H.; Zamft, B. M.; Maguire, Y. G.; Shapiro, M.
G.; Cybulski, T. R.; Glaser, J. I.; Amodei, D.; Stranges, P. B.; Kalhor,
R.; Dalrymple, D. A.; Seo, D.; Alon, E.; Maharbiz, M. M.; Carmena, J.
M.; Rabaey, J. M.; Boyden, E. S.; Church, G. M.; Kording, K. P.
Physical principles for scalable neural recording. Front. Comp.
Neurosci. 2013, 7, 137.
(42) Thürmer, S.; Seidel, R.; Faubel, M.; Eberhardt, W.;
Hemminger, J. C.; Bradforth, S. E.; Winter, B. Photoelectron angular
distributions from liquid water: Effects of electron scattering. Phys.
Rev. Lett. 2013, 111, 173005.
(43) Yamamoto, Y. I.; 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.
(44) Michaud, M.; Wen, A.; Sanche, L. Cross sections for low-
energy (1−100 eV) electron elastic and inelastic scattering in
amorphous ice. Radiat. Res. 2003, 159, 3−22.
(45) Bartels, D. M. Is the hydrated electron vertical detachment
genuinely bimodal? J. Phys. Chem. Lett. 2019, 10, 4910−4913.
(46) 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.
(47) 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, No. 083104.
(48) Nishitani, J.; Karashima, S.; West, C. W.; Suzuki, T. Surface
potential of liquid microjet investigated using extreme ultraviolet
photoelectron spectroscopy. J. Chem. Phys. 2020, 152, 144503.
(49) 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.
(50) Hara, A.; Yamamoto, Y.-c.; 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.
(51) 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.
(52) Misteli, T.; Spector, D. L. Applications of the green fluorescent
protein in cell biology and biotechnology. Nat. Biotechnol. 1997, 15,
961−964.
(53) Mandal, D.; Tahara, T.; Meech, S. R. Excited-state dynamics in
the green fluorescent protein chromophore. J. Phys. Chem. B 2004,
108, 1102−1108.
(54) Vengris, M.; van Stokkum, I. H. M.; He, X.; Bell, A. F.; Tonge,
P. J.; van Grondelle, R.; Larsen, D. S. Ultrafast excited and ground-
state dynamics of the green fluorescent protein chromophore in
solution. J. Phys. Chem. A 2004, 108, 4587−4598.
(55) van Thor, J. J. Photoreactions and dynamics of the green
fluorescent protein. Chem. Soc. Rev. 2009, 38, 2935−2950.
(56) Nielsen, S. B.; Lapierre, A.; Andersen, J. U.; Pedersen, U. V.;
Tomita, S.; Andersen, L. H. Absorption spectrum of the green
fluorescent protein chromophore anion in vacuo. Phys. Rev. Lett.
2001, 87, 228102.
(57) Bhaskaran-Nair, K.; Valiev, M.; Deng, S. H.; Shelton, W. A.;
Kowalski, K.; Wang, X. B. Probing microhydration effect on the
electronic structure of the GFP chromophore anion: Photoelectron
spectroscopy and theoretical investigations. J. Chem. Phys. 2015, 143,
224301.
(58) Bravaya, K. B.; Krylov, A. I. On the photodetachment from the
green fluorescent protein chromophore. J. Phys. Chem. A 2013, 117,
11815−11822.
(59) Bochenkova, A. V.; Mooney, C. R.; Parkes, M. A.; Woodhouse,
J. L.; Zhang, L.; Lewin, R.; Ward, J. M.; Hailes, H. C.; Andersen, L.
H.; Fielding, H. H. Mechanism of resonant electron emission from the
deprotonated GFP chromophore and its biomimetics. Chem. Sci.
2017, 8, 3154−3163.
(60) Deng, S. H.; Kong, X. Y.; Zhang, G.; Yang, Y.; Zheng, W. J.;
Sun, Z. R.; Zhang, D. Q.; Wang, X. B. Vibrationally resolved
photoelectron spectroscopy of the model GFP chromophore anion
revealing the photoexcited S1 state being both vertically and
adiabatically bound against the photodetached D0 continuum. J.
Phys. Chem. Lett. 2014, 5, 2155−2159.
(61) 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.
(62) 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.
(63) Thürmer, 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.
(64) 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.
(65) Holstein, W. L.; Hayes, L. J.; Robinson, E. M.; Laurence, G. S.;
Buntine, M. A. Aspects of electrokinetic charging in liquid microjets. J.
Phys. Chem. B 1999, 103, 3035−3042.

Accounts of Chemical Research pubs.acs.org/accounts Article

https://doi.org/10.1021/acs.accounts.2c00523
Acc. Chem. Res. XXXX, XXX, XXX−XXX

I

https://doi.org/10.1021/acs.jpca.9b08258?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.jpclett.7b03310?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/10.1080/00268976.2020.1748240
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/D0FD00111B
https://doi.org/10.1039/D0FD00111B
https://doi.org/10.1039/D0FD00111B
https://doi.org/10.1126/sciadv.aaw6896
https://doi.org/10.1126/sciadv.aaw6896
https://doi.org/10.1126/sciadv.aaw6896?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.aaw6896?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2CP00164K
https://doi.org/10.1039/D2CP00164K
https://doi.org/10.1021/acs.accounts.1c00549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.elspec.2009.08.007
https://doi.org/10.1016/j.elspec.2009.08.007
https://doi.org/10.1016/j.elspec.2009.08.007
https://doi.org/10.1039/D0CP04033A
https://doi.org/10.1039/D0CP04033A
https://doi.org/10.1039/D0CP04033A
https://doi.org/10.1039/D0CP04033A
https://doi.org/10.1021/jp0445730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0445730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
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/10.3389/fncom.2013.00137
https://doi.org/10.1103/PhysRevLett.111.173005
https://doi.org/10.1103/PhysRevLett.111.173005
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/10.1667/0033-7587(2003)159[0003:CSFLEE]2.0.CO;2
https://doi.org/10.1667/0033-7587(2003)159[0003:CSFLEE]2.0.CO;2
https://doi.org/10.1667/0033-7587(2003)159[0003:CSFLEE]2.0.CO;2
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.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
https://doi.org/10.1063/1.5099040
https://doi.org/10.1063/1.5099040
https://doi.org/10.1063/1.5099040
https://doi.org/10.1063/5.0005930
https://doi.org/10.1063/5.0005930
https://doi.org/10.1063/5.0005930
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/10.1063/1.5116818
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/10.1038/nbt1097-961
https://doi.org/10.1038/nbt1097-961
https://doi.org/10.1021/jp035816b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp035816b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp037902h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp037902h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp037902h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b820275n
https://doi.org/10.1039/b820275n
https://doi.org/10.1103/PhysRevLett.87.228102
https://doi.org/10.1103/PhysRevLett.87.228102
https://doi.org/10.1063/1.4936252
https://doi.org/10.1063/1.4936252
https://doi.org/10.1063/1.4936252
https://doi.org/10.1021/jp4028904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4028904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6SC05529J
https://doi.org/10.1039/C6SC05529J
https://doi.org/10.1021/jz500869b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz500869b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz500869b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz500869b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
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/10.1063/1.474034
https://doi.org/10.1063/1.474034
https://doi.org/10.1063/1.474034
https://doi.org/10.1021/jp984336v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.2c00523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(66) Signorell, R. Electron scattering in liquid water and amorphous
ice: a striking resemblance. Phys. Rev. Lett. 2020, 124, 205501.
(67) 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.
(68) Gadeyne, T.; Zhang, P.; Schild, A.; Wörner, 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.
(69) 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.
(70) 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.

Accounts of Chemical Research pubs.acs.org/accounts Article

https://doi.org/10.1021/acs.accounts.2c00523
Acc. Chem. Res. XXXX, XXX, XXX−XXX

J

 Recommended by ACS

Electron Impact with the Liquid–Vapor Interface
Ziwei Chen, Shan Xi Tian, et al.
OCTOBER 17, 2022
ACCOUNTS OF CHEMICAL RESEARCH READ 

Accurate Vertical Ionization Energy of Water and Retrieval
of True Ultraviolet Photoelectron Spectra of Aqueous
Solutions
Michael S. Scholz, Helen H. Fielding, et al.
JULY 21, 2022
THE JOURNAL OF PHYSICAL CHEMISTRY LETTERS READ 

Experimental Observation of the Resonant Doorways to
Anion Chemistry: Dynamic Role of Dipole-Bound Feshbach
Resonances in Dissociative Electron Attachment
Do Hyung Kang, Sang Kyu Kim, et al.
AUGUST 16, 2022
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Extreme Ultraviolet Reflection–Absorption Spectroscopy:
Probing Dynamics at Surfaces from a Molecular Perspective
Somnath Biswas and L. Robert Baker
MARCH 03, 2022
ACCOUNTS OF CHEMICAL RESEARCH READ 

Get More Suggestions >

https://doi.org/10.1103/PhysRevLett.124.205501
https://doi.org/10.1103/PhysRevLett.124.205501
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/10.1039/D1SC06741A
https://doi.org/10.1039/D1SC06741A
https://doi.org/10.1039/D1SC06741A
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
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.2c00523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00428?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00428?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00428?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00428?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00428?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00428?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00428?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00428?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00428?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00428?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00428?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00428?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00428?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00428?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00428?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.jpclett.2c01768?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/jacs.2c06334?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
http://pubs.acs.org/doi/10.1021/acs.accounts.1c00765?utm_campaign=RRCC_achre4&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670154008&referrer_DOI=10.1021%2Facs.accounts.2c00523
https://preferences.acs.org/ai_alert?follow=1

