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ABSTRACT: X-ray absorption spectroscopy (XAS) is an electronic absorption
technique for which the initial state is a deeply buried core level. The photon energies
corresponding to such transitions are governed primarily by the binding energies of the
initial state. Because the binding energies of core electrons vary significantly among
atomic species, this makes XAS an element-selective spectroscopy. Proper interpretation
of XA spectra can provide detailed information on the local chemical and geometric
environment of the target atom. The introduction of liquid microjet and flow cell
technologies into XAS experiments has enabled the general study of liquid samples.
Liquids studied to date include water, alcohols, and solutions with relevance to biology and energy technology. This Review
summarizes the experimental techniques employed in XAS studies of liquid samples and computational methods used for
interpretation of the resulting spectra and summarizes salient experiments and results obtained in the XAS investigations of
liquids.
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1. INTRODUCTION
Modern second- and third-generation synchrotron light
sources, utilizing wiggler and undulator radiation sources, are
capable of producing X-ray beams with high flux (ca. 1010 to
1016 photons/s), excellent resolving power (typical E/ΔE =
1 000−10 000), small spot sizes (ca. a few hundred microns),
and broad tunability (e.g., a single beamline may be able to

produce photons with energies spanning 2 orders of magnitude,
and a single facility may simultaneously produce beams in
energy regimes ranging from the far-infrared to hard X-ray).
Access to such bright, tunable, and monochromatic sources has
enabled a powerful new suite of X-ray spectroscopies. Perhaps
the most straightforward and widespread approach is soft X-ray
absorption spectroscopy (XAS).
Soft X-rays are loosely defined as those having short

attenuation lengths in most media, including air. While a
variety of figures have been suggested for the upper energy
bound of this region, 5 keV (∼0.25 nm, 4 × 107 cm−1, 1.2 kHz)
can be considered a reasonable cutoff between the soft and hard
X-ray regimes. Studies involving X-rays below this energy have
typically been carried out in high-vacuum (HV) or ultrahigh-
vacuum (UHV) chambers as a result of the short attenuation
length of such photons in air. This requirement has historically
limited the applicability of soft X-ray spectroscopies for the
study of liquidswhile XAS experiments became widespread
beginning in the 1970s,1,2 they did not become commonplace
for liquid samples until the introduction of liquid microjet
technology into the field by Wilson et al. in 2001.3 Hence, this
Review covers primarily ∼15 years of experiments in this area.
A summary review of XAS and other X-ray techniques for the
study of liquid samples has recently been published by Lange
and Aziz.4 In addition, Nilsson and co-workers have published
several multitechnique reviews of X-ray spectroscopy of
water.5−7

2. EXPERIMENTAL TECHNIQUES
The soft X-ray energy regime corresponds to the typical range
of binding energies of core-level electrons. Consequently, the
dominant interaction between soft X-rays and matter is photon
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absorption and excitation of core electrons into unoccupied
energy levels or unbound continuum states as photoelectrons.
In the soft X-ray regime, this process is orders of magnitude
stronger than scattering processes.8 As core-level binding
energies vary substantially from atom to atom, XAS techniques
are highly atom-specific. The sensitivity of the unoccupied
valence electronic structure to the local environment make XAS
a powerful probe of the local intra- and intermolecular chemical
environment of the target atoms. The majority of studies
discussed in this Review involve experiments on the absorption
K-edges of low-z atoms, viz. absorptions with an initial state of
n = 1. Absorptions from higher energy levels advance through
the alphabet (e.g., excitations from n = 2 are termed L-edge,
etc.). XAS experiments can be broadly categorized into two
classes. Studies probing the region from the absorption onset to
several tens of eV above the edge are typically referred to as
near-edge X-ray absorption fine structure (NEXAFS) or X-ray
absorption near edge structure (XANES) and probe the
unoccupied bound states accessible to the target atom.9 Within
the dipole approximation, it may be said that K-edge NEXAFS
spectra reflect the p-projections of the local unoccupied density
of states. Experiments probing above this energy, sometimes to
as much as 1000 eV above the absorption edge, are termed
extended X-ray absorption fine structure (EXAFS) and probe
the local structural environment of the target atom.

2.1. NEXAFS/XANES

Near-edge XAS experiments probe excitations from core levels
into the unoccupied energy levels accessible to the target atom,
producing both an excited electron and a core hole. Relaxation
of the core-excited atom can take place radiatively, through the
emission of a fluorescent photon, or nonradiatively via the
emission of an Auger electron. The processes involved in
excitation and de-excitation are illustrated in Figure 1.

A variety of detection schemes can be employed for
measurement of NEXAFS spectra, exploiting both emission
pathways. The first fluorescence detection of a NEXAFS
spectrum was reported by Fischer et al. in 1986 and utilized a
gas proportional counter to detect the fluorescent signal.10 In
the years that followed, fluorescence was often measured by the
larger, liquid nitrogen-cooled solid-state detectors that had been
utilized for some decades for detection of X and γ radiation
from radioactive isotopes (e.g., Si(Li), Ge(Li), drifted silicon,
etc.), and which offered the advantage of excellent energy

resolution when properly operated. All of these detection
apparati typically employ windows of varying chemical
composition to filter out low-energy photons that may have
reached the detector as a result of scattering processes or from
external sources.9 Modern studies measuring fluorescence yield,
however, tend to utilize semiconductor photodiodes. These
simple detectors are small and do not require cryogenic
cooling, making them much easier to incorporate into
experimental designs. However, they do not energy-resolve
the incident photons and are also sensitive to photons with
energies in the visible and UV ranges. While the quantum
efficiency of such devices increases with photon energy, and
substantially larger currents are observed at X-ray energies
relative to the visible and UV,11 photodiodes generally produce
XA spectra with larger but generally constant backgrounds
relative to energy-resolved detection devices. Because photo-
diodes do not discriminate photon energies, data collected with
such detectors are typically referred to as total fluorescence
yield (TFY) spectra.
While energy-resolved fluorescence yield XA spectra tend to

have very low background and therefore offer an excellent
signal/background ratio, they often do not exhibit high signal/
noise as a result of low total signal strength. For core-excited
low-z elements, the Auger relaxation pathway dominates, as
shown in Figure 2; for example, the average fluorescence

quantum yield of carbon following K-edge excitation has been
measured to be 2.8 × 10−3.12 An additional complication for
fluorescence yield spectroscopy arises in part because of this
low quantum yield: state-dependent variation in the relative
yield of fluorescent photons is large relative to the average
quantum yield, potentially distorting fluorescence-yield spectra
in favor of spectral features resulting from transitions into states
with high fluorescence quantum yield.13,14 Furthermore, as the
fluorescent X-ray photons have energy only slightly below that
of the incident beam, they have a similar attenuation length.
Consequently, fluorescent photons from all absorption events
within the sample can reach the detector, and the probe depth
is defined by the penetration of the beam. For samples with a
path length enabling near-complete absorption of the incoming
beamonly hundreds of nanometers around edge resonan-

Figure 1. NEXAFS-relevant electronic transitions: (a) Absorption of
an X-ray photon results in excitation of a core electron into an
unoccupied state. (b) Nonradiative relaxation occurs via the Auger
process. (c) Radiative relaxation occurs via emission of a fluorescent X-
ray photon. As depicted in these energy-level diagrams, relaxation of
the excited electron is slow relative to relaxation of the core hole.

Figure 2. Quantum yields of Auger electrons and fluorescent X-rays
per core-excited atom. For second-row elements, Auger yield
represents >99% of relaxation events.
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ces15this results in substantial saturation effects in the TFY
spectrum. Self-absorption errorsspectral broadening caused
by reduction of peak heights due to absorption of fluorescent
X-rays within the samplehave also been observed when
samples are sufficiently concentrated.16

In recent years, a technique known as inverse partial
fluorescence yield (iPFY) has been developed to enable
fluorescence detection without the interference of saturation
and self-absorption effects and state-dependent spectral
intensity fluctuations.17,18 In this technique, partial fluorescence
yield is measured at a nonresonant wavelength, typically several
tens of eV below the resonant edge fluorescence energy. As
absorption events attenuate the beam and reduce the potential
for nonresonant scattering, resonant absorption results in a
reduction in the iPFY signal. It has been shown that the iPFY
signal is inversely related to the absorption coefficient and that
the inverse iPFY spectrum matches well with electron-detection
experiments.17 Gotz et al. have demonstrated the use of iPFY
detection for liquid samples and further suggest that, when
paired with PFY, it provides a probe of the Coster−Kronig
transition probabilities of transition metal species in solution.19

The sensitivity of iPFY detection closely matches that of PFY
detection while minimizing the effects of saturation and state-
dependent effects; however, both techniques exhibit reduced
sensitivity relative to TFY.
Prior to the development of fluorescence yield detection

methods, NEXAFS spectra were collected primarily via electron
yield. The simplest form of electron-yield detection is total
electron yield (TEY), which can be measured by placing an
electrode or channeltron detector near the irradiated region of
the sample, often utilizing a positive bias to collect electrons
from a larger solid angle. Whereas fluorescence yield detection
probes a sample depth of ca. the photon mean-free path, TEY
detection probes to a depth governed by the mean-free path of
electrons in the sample medium. In general, the photon mean-
free paths of soft X-rays in condensed phase media are ca. 100
nm.20 However, in the vicinity of an absorption edge, this may
drop to a few tens of nanometers. The effective probe depth
measured by TEY is more difficult to determine quantitatively.
While the mean-free path of Auger electrons with energies of a
few hundred eV are generally ∼1 nm in condensed phase, the
probe depth is believed to be greater than this. The extension of
probe depth beyond the mean-free path results from the nature
of the interactions of energetic electrons with their chemical
environment, which allow individual Auger electrons to
produce a cascade of inelastically scattered secondary electrons.
Several studies summarized in ref 21 predict a probe depth of
several tens of Å in solid Si, GaAs, and Al. However, the probe
depth is thought to vary with sample composition and Auger
electron energy.22,23 The probe depth in aqueous media has
been estimated by Smith as 50 Å;24 however, this value is based
on a simple model with a crudely estimated multiplicative factor
for inelastic scattering and should not be considered
quantitative.
While electron escape depths of tens of Angstroms represent

a substantially shallower probe depth than that measured via
fluorescence yield, TEY still constitutes primarily a bulk
measurement. It is possible to increase surface sensitivity by
energy-filtering the detected electrons. With each subsequent
scattering event, the Auger and secondary electrons become
greater in number and lower in energy; the TEY signal is largely
dominated by the numerous low-energy electrons generated by
Auger emission events initiated deep within the sample.9 By

collecting only the higher-energy electrons, a detection
approach referred to as partial electron yield (PEY), it is
possible to isolate signal from electrons having undergone a
small number of scattering events; such electrons will generally
have originated near the sample surface. PEY spectra have most
commonly been measured by placing a screening grid with a
negative bias between a sample and a simple electron multiplier.
The negative bias of the grid, often referred to as the retarding
bias, blocks electrons with kinetic energies below the grid
potential from reaching the detector; thus, a retarding bias of
200 V would allow passage and subsequent detection of
electrons leaving the sample with KE > 200 eV. Typical
retarding biases are 30−80 eV below the characteristic Auger
electron energy of the atom being probed. A comparison of a
PEY spectrum obtained using this type of detector, with a
retarding bias ∼40 V below the Auger energy, with a
fluorescence yield spectrum of ethylene chemisorbed on a
Cu(100) crystal is exhibited in Figure 3. This comparison

makes it clear why PEY has generally been preferred to
fluorescence yield for the study of low-z species adsorbed to
solid substrates: while the signal/background ratio is vastly
superior for fluorescence yield, the signal/noise is substantially
better in the PEY spectrum. PEY spectra can also be measured
using a standard electron energy analyzer, such as a channeltron
or hemispherical energy analyzer, by integrating only the
desired range of electron energies.25,26

An additional class of electron detection, also illustrated in
Figure 3, is Auger electron yield (AEY). Unsurprisingly, AEY
XA spectra measure electrons with a very narrow energy range
around an Auger emission energy of the target atom. Typically,

Figure 3. NEXAFS spectrum of ∼2 monolayers of ethylene adsorbed
on the (100) surface of a copper substrate as measured by (a)
fluorescence yield collected in a gas proportional counter, (b) Auger
electron yield collected in a cylindrical mirror analyzer, and (c) partial
electron yield collected with a 220 V retarding bias. All spectra are
normalized to the spectrum of clean Cu(100) measured via the
corresponding method. The listed JR values correspond to the signal/
background ratios (measured at 320 eV). Reproduced with permission
from ref 10. Copyright 1986 Elsevier.
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such spectra are collected via a cylindrical mirror analyzer
(CMA) with its acceptance window centered on the desired
Auger energy. The poor signal/noise evidenced in Figure 3 for
this detection method is largely a result of a shorter count
timegiven equal counting time, AEY spectra of adsorbed
species generally exhibit superior signal/noise relative to
fluorescence yield detection due to the greater quantum yield
of Auger electrons.10 The probe depth for such experiments is
determined by the mean-free path of the Auger electron, ∼1
nm in condensed phase media, providing greatly enhanced
surface sensitivity relative to other methods. However, due to
the fixed and typically short focal length and high-vacuum
requirements for the operation of CMAs, this detection
mechanism has generally been perceived to be incompatible
with liquid samples.
Two additional classes of NEXAFS detection merit

discussion. The first is ion yield detection. Auger electron
emission and the subsequent cascade of secondary electrons
produce local pockets of positive charge. This results in the
expulsion of ionized species, which can be detected as an ion
yield. Ion yield NEXAFS spectra have been recorded for
gases,27 adsorbed molecules on solids,28 and liquids.29,30 It is
suggested in these works that ion yield detection may be the
most surface-sensitive NEXAFS detection technique as a result
of the very short mean-free path of ionic species in condensed
phase. However, it has been demonstrated that ion yield spectra
of adsorbed species do not produce a spectrum linearly
proportional to the absorption coefficients of the target atom in
the spectral range.31,32 Moreover, while ions must be generated
near the vacuum interface to escape and be detected,
contributions of ions produced by secondary ionization events
following initial excitation and Auger emission within the bulk
have been found to dominate the spectrum of solid ice,33 and
further experimentation has shown the ion yield and electron
yield spectra of liquids to be generally indistinguishable.34

The final detection scheme used in NEXAFS spectroscopy,
which has become increasingly relevant to the study of liquids
in recent years, is transmission mode detection. This is the
most straightforward detection method for any absorption
spectroscopy. However, as a result of the small mean-free path
of soft X-rays in sample media, it is primarily useful in the study
of thin films,35 or more recently in the study of very thin liquid
samples, which will be discussed in greater detail in this work.

2.2. EXAFS

Whereas NEXAFS probes the unoccupied bound states of a
target atom, thereby providing information on the local
electronic environment, EXAFS produces excitations into the
continuum, producing photoelectrons and probing the local
structural environment. Because production of an X-ray
photoelectron generates a core hole that may relax via the
same Auger or fluorescence pathways accessible to core-excited
atoms following excitation into bound states, EXAFS spectra
can be collected using the same suite of measurement
techniques employed for NEXAFS. When displayed on signal
versus energy coordinates, as is typical for NEXAFS spectra
(e.g., Figure 3), EXAFS spectra appear as low-amplitude
oscillations in the signal intensity in the slowly decaying
baseline typically observed at energies above an absorption
edge (Figure 4). The origin of these oscillations is interference
between the wave functions of photoelectrons and backscatter
from nearby atoms.

Extraction of structural information from EXAFS spectra
requires conversion from energy coordinates to momentum
coordinates, typically expressed in terms of the photoelectron
wave vector k,

=
ℏ

−k
m

E E
2

( )2 0
(1)

where E0 is the ionization threshold. The signal intensity is
background-subtracted, typically by removal of a constant
background measured from the pre-edge region. The oscillation
intensity χ(k) is then obtained by normalization to an isolated
atomic background μ0:

χ
μ μ

μ
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This atomic background can be obtained from experimental
measurements or from a simple long-range fitting of the EXAFS
spectrum over many oscillations. Plots in k-space are often
displayed with χ(k) multiplied by a power of k (typically k2 or
k3) to visually amplify the lower-amplitude oscillations at higher
values of k.
The “EXAFS equation” can be derived from Fermi’s Golden

Rule with consideration of perturbations resulting from the
backscatter interference. While exact statements of the EXAFS
equation vary slightly with the formalism used (e.g., plane wave
vs curved wave, single scattering vs multiple scattering, etc.),
the most common form of the equation is

∑χ φ= +σ−k
Nf k

kR
kR k( )
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j j2

2 j
2 2
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Here Nj is the number of nearest neighbors, f j(k) is a
decreasing amplitude function, Rj is the interatomic separation,
φj is a phase shift function arising from the atomic potential,
and σj is the Debye−Waller factor. This final term is a measure
of the structural disorder in the sample, proportional to the
mean-squared fluctuation of symmetry-equivalent values of Rj.
Consequently, the exponential term of the EXAFS equation
describes a function reducing in amplitude at higher
momentum at a rate proportional to the disorder in the local
structure resulting from increasingly destructive interference

Figure 4. Raw EXAFS spectrum (μ) at the copper K edge of a single
copper crystal showing the smooth atomic-like absorption background
μ0 and χ, in this case shown in energy coordinates as χ(E). The zero of
the energy axis has been set to the ionization onset energy.
Reproduced with permission from J. J. Rehr & R. C. Albers,
“Theoretical Approaches to X-Ray Absorption Fine Structure.” Rev.
Mod. Phys. 2000, 72 (3), 621−654.36 Copyright 2000 by the American
Physical Society.
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patterns arising from neighbors at differing radial separation.
Consequently, the rates at which the magnitude of EXAFS
oscillations decay indicate the degree of disorder in the local
structure.
While reasonable values for some of the unknowns in eq 3

can be extracted from the experimental data, fitting of raw χ(k)
data is challenging because of the typical complexity of the
spectra. The basis of the modern solution to this problem was
developed in 1971 by Sayers et al.: by computing the Fourier
transform of χ(k), they demonstrated that it is possible to
extract a plot in terms of radial distance to scattering atoms.37

Back-transforming a single peak from this spectrum produces a
simpler EXAFS spectrum in k-space, for which eq 3 can be
solved to find the number of atoms and Debye−Waller factor
for neighbors at the distance from the target atom of the back-
transformed peak.
More detailed discussion of the derivation and solution of the

EXAFS equation for various formalisms can be found in the
literature.21,36,38−42 At present, most EXAFS data processing
and interpretation is performed in a generally straightforward
albeit not trivial in many casesmanner, utilizing one of
several preprogrammed packages that are readily available with
varying user inputs. A list of common programs for EXAFS
processing, including short descriptions and links, can be found
at http://www.ixasportal.net/wiki/Software.

2.3. Scattering Techniques

While they do not truly fit into the category of XAS techniques,
it is necessary to briefly mention X-ray and electron scattering
techniques because of their modern applications to similar
problems. Experiments utilizing inelastic X-ray scattering, often
referred to as X-ray Raman spectroscopy (XRS), typically
measure the inelastic scattering energy loss at energies around
an X-ray absorption edgeproducing data analogous to those
measured in NEXAFS experimentsor above itproducing
data analogous to those measured in EXAFS experiments. It has
been shown mathematically that, for cases in which the
momentum transfer is small relative to the inverse radial
distribution of the ground-state electrons (e.g., 1s electrons for
K-shell scattering)that is, cases in which the dipole
approximation can be considered validXRS provides the
same chemical and structural information available from XAS.43

Studies of crystalline substances by XRS have shown that it
reproduces spectra measured by traditional NEXAFS44 (Figure
5) and EXAFS45 techniques for low-z atom types. Such
experiments have the substantial benefit of offering an
essentially free choice of input photon energies. As scattering
cross sections increase at higher photon energy, XRS studies are
typically performed with hard X-rays and consequently are not
subject to the substantial difficulties associated with vapor
background from liquid samples and limited penetration depth
that make soft X-ray spectroscopy of liquids particularly
challenging.46 However, XRS experiments in the hard X-ray
require collection and quantitative energy resolution of the
scattered hard X-rays, often at E > 10 keV, and consequently
tend to require substantially longer collection times and exhibit
inferior spectral resolution compared to equivalent soft X-ray
techniques. A thorough overview of the development and utility
of the XRS technique through its early years has been published
by Krisch and Sette.47

Inelastic electron scattering experiments at soft X-ray
energies, typically referred to as inner-shell electron energy
loss spectroscopy (ISEELS) or simply EELS (which may also

refer to the equivalent technique in the vibrational energy
regime), can also probe information equivalent to that obtained
from XAS and XRS experiments.48 Experimental designs for
ISEELS typically combine an “electron gun” with a high-
resolution electron energy analyzer to map electron energy loss.
However, while ISEELS has been utilized to study, for example,
the water content of mineral species,49 the requirement for HV
or UHV pressures at the detector, typically short detector focal
lengths, and poor electron penetration through window
materials generally render bulk liquid samples incompatible
with this technique.

3. THEORETICAL INTERPRETATION OF NEXAFS
SPECTRA

XA spectra in the NEXAFS/EXAFS energy regimes contain a
great deal of information on the electronic and structural
properties of chemical species. However, this information can
only be extracted through comparison with appropriate
theoretical calculations. While interpretation of EXAFS can
be achieved by the straightforward solution of the EXAFS
equation for a given set of spectral data, interpretation of
NEXAFS spectra is less straightforward and typically requires
individual first-principles calculations on a system-by-system
basis. For example, a study in our group of the TEY nitrogen K-
edge NEXAFS spectrum of guanidinium ions in aqueous
solution found that the lowest unoccupied molecular orbital
(LUMO) and LUMO+1 states exchange ordering upon core-
excitation of a target nitrogen atom.50 Such effects are not
captured by a purely analytical computational approach.
Instead, the standard approach to analysis of NEXAFS spectra
combines molecular dynamics (MD) simulations of appropri-
ately chosen model systems with electronic structure
calculationsmost commonly ab initio density functional
theory (DFT)-based calculations51,52to compute core-
excitation energies and intensities. A thorough and detailed
review of MD and electronic structure techniques utilized in

Figure 5. Comparison of XRS (empty points at several momentum
transfer values) and NEXAFS (dashed line) spectra in the area of the
lithium K-edge of solid lithium metal. In this figure, qa represents the
product of the scattering momentum transfer q and the Li 1s inverse
orbital radius a. It is clear that for low qathat is, cases in which the
dipole approximation is validthe XRS spectrum reproduces the
NEXAFS spectrum quite well, while for larger qa the breakdown of the
dipole approximation results in greater discrepancies. Reproduced
from H. Nagasawa et al., “X-Ray Raman Spectrum of Li, Be and
Graphite in a High-Resolution Inelastic Synchrotron X-Ray Scattering
Experiment.” J. Phys. Soc. Jpn. 1989, 58 (2), 710−717,44 with
permission from The Physical Society of Japan.
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such calculations has been recently published.53 Here we will
briefly discuss the specific challenges associated with simulation
of NEXAFS spectra of liquid systems and provide relevant
details of the most commonly utilized computational methods
for such systems.
The first challenge in simulating liquid-phase NEXAFS

spectra is the selection of appropriate molecular coordinates in
which to compute the theoretical core-excitation spectrum.
Because of the inherent disorder in liquid systems, it is
necessary to representatively sample a large region of
configuration space while modeling generally transient
intermolecular interactions as accurately as is reasonably
possible. Many calculations utilize molecular coordinates
sampled from MD simulations of clusters, typically modeling
transitions arising from ground states of atom(s) near the
center of the cluster. Alternatively, a bulk liquid environment
can be simulated in some cases by utilizing periodic boundary
conditions. Many liquid studies have utilized fully classical MD
simulations or quantum mechanics/molecular mechanics
(QM/MM) simulations in which the central molecule to be
excited and, in many cases, its interactions with nearby solvent
molecules are treated quantum mechanically, while the bulk
liquid is treated classically. In addition, a number of simulated
NEXAFS studies have utilized full ab initio molecular dynamics,
particularly in the simulation of water,54−57 including Car−
Parrinello MD simulations58 and path-integral ab initio MD
simulations.59 Inclusion of quantum mechanical effects has
been shown to appreciably improve the fit to experimental
spectra for numerous liquid systems.60−62

Calculation of the simulated core-excitation spectrum from
coordinates sampled from MD simulations has been performed
within numerous methodologies. The simplest and least
computationally expensive standard DFT method for simulat-
ing NEXAFS spectra is the so-called “muffin-tin approach,” a
single-electron multiple-scattering approach in which the
excited states are modeled as dispersed within a potential
field consisting of a spherical potential around nuclei and a
constant interstitial potential. This method is analogous to the
analysis of EXAFS spectra; indeed, muffin-tin calculations for
the interpretation of NEXAFS spectra can be performed
semiquantitatively with the FEFF software package for EXAFS
analysis.36 This simple approach neglects the local electron
density and core-hole interactions; however, it has been found
to be sufficient to reproduce the K-edge NEXAFS spectra of
systems with highly delocalized excited states for which
individual electronic interactions are less significant.63,64 Note
that newer versions of FEFF have been updated to include
packages for NEXAFS analysis that combine multiple scattering
with, e.g., core-hole interaction estimates as described
below.65,66 A methodology utilizing a similar multiple-scattering
approach but employing an unconstrained potential field (i.e.,
free from the muffin-tin approximation) has been published by
Joly.67

The exponential growth in computational resources has
enabled DFT-based methods of NEXAFS spectral analysis for
realistic systems employing detailed approximations of the core-
hole interaction and the local electronic structure of the final
states. One such method that has been utilized substantially for
liquid systems is transition potential DFT (TP-DFT).68 This
method is a philosophical descendant of the Slater transition
potential method of calculating electronic transition energies69

in that it leverages an electronic configuration averaged
between the ground and excited states. However, unlike the

Slater method, which computes transitions on a state-by-state
basis, TP-DFT typically removes half of a core electron from
the atom of interest (for which reason it is often referred to as
the half-core-hole {HCH} method), relaxes the generated
molecular ion, freezes the resulting density, and computes the
full spectrum of excited states in a single calculation from the
resulting potential. Consequently, this methodology is able to
model directly the interactions of the core-excited structure and
the excited electron.
Analogous methodology to the HCH TP-DFT method

utilizing a full-core hole (FCH) has also been explored.54,70

Most commonly, the FCH is modeled using the z+1
approximation, in which, rather than explicitly generating a
core hole, the nucleus of the excited atom is replaced by the z
+1 nucleus (i.e., a carbon target atom would be modeled as a
nitrogen with 4 valence electrons, effectively generating the
same core charge as a carbon nucleus with a core hole). It has
been suggested that this method is problematic for atom pairs
wherein a substantial electronegativity gap between the two
species exists, in which case enhanced local valence occupation
due to the electronegative attraction for bonding electron pairs
may substantially impact the relative weights of peaks in the
observed spectrum.71 Furthermore, it has been suggested that
TP-DFT calculations may in general not be quantitatively
accurate in reproducing the experimental NEXAFS spectra of
liquids based on a random selection of coordinates,72,73

although this claim has been contested.5,6,74,75 The fact that
the excited half-electron is ignored may also be problematic for
systems in which the excited electron is fairly localized and/or
interacts strongly with the unoccupied orbitals of the excited
atom.74

The other analytical method that has been used effectively in
the analysis of liquid-phase NEXAFS spectra is the
Prendergast−Galli excited-electron and core-hole (XCH)
methodology.76 In this increasingly popular approach, the
excited atom is modeled with a modified pseudopotential to
represent the presence of the core hole, and the excited
electron is included explicitly in the lowest available valence
orbital. The electron density of the first excited state is then
calculated self-consistently. The remaining states are generated
nonself-consistently from the unoccupied Kohn−Sham orbitals
of the self-consistently generated field. Transition matrix
elements to the computed states are calculated within Fermi’s
Golden Rule within the dipole approximation. Whereas TP-
DFT calculations are typically performed with an orbital basis
set utilizing cluster-based sample systems, the XCH calculation
utilizes a plane-wave basis. Consequently, calculations on
clusters produce substantial nonphysical edge effects; instead,
coordinates must be generated under periodic boundary
conditions. For small box sizes, this may result in nonphysical
boundary interactions.7 Critics of the methodology have also
pointed out that it may break down in cases for which the first
excited state and higher-energy excited states differ substan-
tially, and they have also suggested that the nonself-consistent
portion of the calculationthe orbitals for which are computed
in the presence of the core-excited electron in the LUMO and
thus with a net-neutral charge rather than a positive charge
may be a poor model for insulating materials in which metallic
charge screening mimicking this effect would not be expected.74

NEXAFS spectra can also be computed via time-dependent
DFT (TDDFT).77 The accuracy of such methods has been
found to vary substantially with system and choice of
functional.77,78 Only two thorough TDDFT studies of the
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NEXAFS spectra of liquids have been performed, both studying
pure liquid water.79,80 Brancato et al. calculated a spectrum with
relative peak heights in poor agreement with experiment;
however, Fransson et al. found that utilizing larger clusters and
multimolecule averaging TDDFT produced a more quantita-
tively accurate reproduction of the experimental data than TP-
DFT calculations on the same molecular coordinates, as
exhibited in Figure 6.

All of the above computational methods simplify the two-
body electron−core-hole system into a single-body problem,
typically by modeling the core hole via an appropriate
pseudopotential for the core-excited atomic center. However,
in recent years it has become possible to solve the two-body
Bethe−Saltpeter equation (BSE) in conjunction with a plane-
wave DFT treatment of the excited state and GW quasiparticle
corrections to the self-energy (generally speaking, a dynamic
screening correction) to computationally address spectral
broadening.66,81−83 This methodology has been applied to
water;84 however, the system size was constrained to only 17
water molecules by the computational costs of the theoretical
methodology, and the calculated spectrum was not consistent
with experiment at high energies.7 The computational method
has recently been further streamlined for application to larger

systems, but this more-efficient adaptation of the calculation
has not yet been applied to liquid systems.85

4. XAS OF WATER

The hydrogen-bond structure of water has been the subject of
extensive study, as it underlies the remarkable properties of
water in its condensed phases. The unique liquid properties of
water are critical to its role in biological solvation and reaction
dynamics, e.g., in the stabilization of native protein structure.86

It has long been believed that liquid water at ambient
temperature has a locally ordered tetrahedral structure with a
small number of broken hydrogen bonds, allowing for tighter
packing than that found in ice Ih.

87,88 Indeed, this picture has
become “textbook knowledge” and has been supported by
several experimental techniques. For example, Fourier trans-
form infrared spectroscopy (FTIR) studies have indicated a
small number of dangling hydrogen bonds at room temper-
ature,89,90 supporting a picture of liquid water in which most
water molecules are donating and accepting two hydrogen
bonds. Neutron91 and X-ray scattering92,93 results have been
interpreted such that the extracted O−O radial distribution
functions (RDFs) have a reasonably sharp second peak,
indicating an ordered and periodic structure relative to that
of most liquids and with a separation between peak positions
consistent with tetrahedral bond angles. First-principles
simulations of liquid water have also almost universally
supported the locally tetrahedral structure of water, with
exceptions generally being ascribed to an incomplete basis set.94

This tetrahedral picture of liquid water was nearly universally
accepted until the development of techniques for NEXAFS
spectroscopy of liquid water introduced new controversy into
this old discussion, inciting passionate disagreements regarding
the nature of liquid water at ambient conditions.

4.1. Liquid Microjet Experiments

The first XA spectrum of a liquid sample was an EXAFS
spectrum of water published by Yang and Kirz in 1987.95 The
authors utilized a static water cell comprising two 150 nm
silicon nitride windows surrounding a sample of thickness 1 um
and a photomultiplier tube (PMT) detector in a transmission
geometry. Transmission through the empty cell was ∼20%. The
resulting EXAFS spectrum matched qualitatively with the
authors’ calculated spectrum; however, the lack of an accurate
amplitude function and phase shift for liquid water, combined
with the poor spectral resolution available at the time, did not
permit quantitative determination of the O−O pair correlation
function and Debye−Waller factor.
The breakthrough in XAS of liquids occurred with the

publication by Wilson et al. of the EXAFS and NEXAFS spectra
of liquid water microjets in 2001.29 Liquid microjet technology
had been pioneered for ultraviolet photoelectron spectroscopy
(UPS) by Faubel et al. in the late 1980s96 and was adapted for
use in XAS at Berkeley. Liquid microjets are formed by forcing
pressurized liquids through a micron-scale orifice with a linear
flow velocity in the range 20−100 m/s. The streaming jet
provides a continuously renewing sample and avoids the
substantial absorption losses from the windows observed in the
static cell experiment of Yang and Kirz. For XAS experiments,
the resulting liquid jet is intersected with the X-ray beam
downstream from the jet tip. Any of the various detection
methods described above compatible with observed chamber
pressures can be placed near the region of intersection.
Differential pumping allows the X-ray beamline to be

Figure 6. Comparison of simulated liquid water NEXAFS spectra
obtained from TP-DFT and TDDFT to the experimental spectrum.
Each theoretical spectrum is averaged over 100 sets of molecular
coordinates; each set of coordinates consists of a cluster of 32 water
molecules computed using path integral molecular dynamics (PIMD).
Here, the TDDFT calculated spectrum shows a better agreement with
experiment, particularly in terms of the main-edge (∼537 eV) to post-
edge (∼541.5 eV) peak ratio. This concept will be discussed in greater
detail in the discussion of the water NEXAFS spectrum. Reproduced
with permission from ref 80. Copyright 2016 PCCP Owner Societies.
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maintained at ultrahigh vacuum while the local pressure in the
sample chamber may be substantially higher (typical chamber
pressures are 10−5 to 10−3 Torr). As X-ray beam diameters are
typically larger than liquid microjets, a background signal from
the vapor jacket evaporating from the liquid jet is usually
unavoidable for volatile samples, although the recent
introduction of electrokinetic detection of the XAS spectrum
by Lam et al. greatly reduces the vapor contribution to the
measured signal.97 A schematic diagram of the experimental
chamber utilized in the earliest XAS studies of liquid water is
shown in Figure 7, and a detailed experimental description can
be found in ref 98.
Improvements to experimental and computational resources

since the publication of Yang and Kirz, particularly in the
resolution and brightness of synchrotron light sources, allowed
Wilson et al. to fit the EXAFS spectrum of liquid water,
exhibited in Figure 8. Utilizing a simple single-scattering
formalism, the authors found a nearest-neighbor O−O radius of
2.85 ± 0.05 Å, consistent with the values found from X-ray93

and neutron91 scattering studies. A follow-up study found a
similar value of 2.80 ± 0.05 Å.100 These studies first illustrated
the power of the liquid microjet technique for studying liquid
samples by soft X-ray absorption spectroscopy.
Ekimova et al. have recently reported the development of a

liquid flatjet produced by collision of two liquid jets in air or
vacuum.101 As can be seen in the photographs of such a jet
apparatus in Figure 9, under appropriate flow conditions this

collision results in the formation of several orthogonal flat
liquid sheets of roughly elliptical shape. The authors report that
these sheets are stable over times as long as hours and have
fairly stable thickness of ca. 1 μm. This combination of long-
term stability and thin sample path length render such sheets
ideal for windowless transmission-mode XAS studies of liquid
samples; several applications of this technique are presented in
ref 101. As transmission-mode spectral detection avoids
potential spectral distortions from absorption saturation,
decay path yields, etc., this technology has the potential to

Figure 7. Schematic diagram of the Berkeley endstation used to perform XAS of liquid microjets. This configuration allows pressures of ca. 10−4 Torr
to be achieved in the main chamber and pressures of ca. 10−9 Torr to be simultaneously maintained in the X-ray beamline with windowless coupling.
Adapted from ref 99 with permission.

Figure 8. EXAFS spectrum above the liquid water oxygen K-edge
measured using TEY detection and transformed into K-space. (a)
Experimental data smoothed via a 5-point Savitzky−Golay smoothing
algorithm. (b) Fourier-filtered experimental data. (c) Calculated
spectrum of water assuming a fixed single O−O scattering distance,
calculated to be 2.85 ± 0.05 Å. Reproduced with permission from ref
29. Copyright 2001 American Chemical Society.

Figure 9. Two photographs taken in (left) and perpendicular to
(right) the plane of the collision of two liquid jets. This jet was
produced by flowing the liquid sample at identical flow rates of ∼6
mL/min through two identical capillary tips with inner diameter 50
μm. The initial elliptical flat liquid sheet is formed perpendicularly to
the plane of the collision. In this case the second liquid sheet can be
seen breaking into droplets. Reproduced from ref 101 under a Creative
Commons Unported License.
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open a valuable new class of XAS experiments on liquid
samples. Additionally, the authors incorporated a sample
recycling system similar to that described by Charvat et al.
for laser desorption mass spectrometry102 and previously
adapted for XAS by Lange et al.,103 allowing for real-time
sample reuse. While introducing an enhanced risk of
contamination or radiative sample damage, this feature can
prove helpful when working with expensive or difficult-to-
synthesize liquid samples.
While the introduction of liquid microjets into soft X-ray

absorption spectroscopy has enabled the windowless study of
rapidly renewed liquid samples, thereby minimizing radiation
damage, weakly interacting liquids produce large vapor
backgrounds that strongly perturb the liquid signal. Con-
sequently, solvents (e.g., hydrocarbons, ethers, ketones, etc.)
and solutions of central importance in chemistry and biology
have been inaccessible by the microjet technology. Recently,
Lam et al. have developed a new detection method,
electrokinetic or “upstream” detection, in which a positive
electrode is utilized to remove electrons from the liquid
microjet sample and a positive current proportional to the
number of electrons ejected from the sample is measured from
a conductive capillary jet tip.104 This greatly reduces the vapor-
phase contribution to the X-ray absorption signal while
retaining important advantages of liquid microjet sample
introduction (e.g., minimal radiation damage). The effective-
ness of the upstream detection method was demonstrated in
the first study of the room-temperature liquid hydrocarbons n-
nonane and n-decane.104 More recently, Schön et al. have
adapted a similar two-electrode method to detect positive ionic
current from samples in liquid flow cells and found that it
reproduced the known spectra of several liquid samples very
well.105

4.2. Liquid Flow Cell Techniques

Shortly after the introduction of liquid microjet technology into
soft XAS by Wilson et al., flow cells emerged as an alternative
method of sample delivery for liquid XAS experiments. The
first flow-cell-based liquid XAS experiment was published by
Freiwald et al. in 2004.106 Their apparatus, diagrammed in
Figure 10a, consisted of a liquid chamber with input and output
tubing allowing liquid samples to be pumped through. Incident
X-rays enter and fluorescent photons escape to the detector via
a single 150 nm thick silicon nitride window. X-ray trans-
mittance through such windows generally increases through the

soft X-ray energy regime, ranging from 0.1 at 200 eV to 0.96 at
1600 eV.106

Several additional flow-cell designs for XAS of liquids
utilizing silicon nitride windows of 100−150 μm thickness
have been introduced since the design of Freiwald et al.107−114

Like liquid microjets, flow cells have the advantage of providing
a sample that can be continuously renewed without the need to
break vacuum and remove the sample mount. However, the
sample renewal is much slower than that of microjet
experiments as a result of the requirement that the pressure
forcing the liquid through the cell not be great enough to burst
the thin windows. Furthermore, the silicon nitride window
introduces a solid interface to the sample that does not exist in
liquid microjet experiments. On the other hand, flow-cell
experiments remove the risk of freezing that is present with
liquid jets and thus are generally more robust than microjet
experiments. Most can be performed without the gas-phase
background observed in microjet XA spectra.
Various cell designs have been employed to introduce

different experimental features. For example, some are designed
for active temperature control,109,112 with two parallel windows
to allow for transmission studies,107,110−112 or even to study
liquids at solid interfaces.108,113,114 Several cell designs allow for
XA spectroscopy to be conducted simultaneously with
electrochemical cycling.113−117 Figure 10b provides a simplified
schematic of the cell design of Nagasaka et al., a variable-
thickness flow cell with two parallel silicon nitride windows for
transmission detection.110 In this design, windows are sealed
externally to the flow cell via o-rings. The windows are
separated by spacers outside the o-rings relative to the central
interaction region. This arrangement allows sufficient flexibility
to modulate sample thickness in situ by changing the pressure
of the helium outside the windows and maintain the desired
total absorption through the sample without removing the cell
from vacuum to change out a spacer. On the other hand, the
dual-window transmission cell of Meibohm et al. utilizes rigid
gold spacers to maintain a well-defined sample thickness of 500
nm.112

4.3. Interpreting the Water NEXAFS Spectrum

The oxygen K-edge NEXAFS spectrum of water, initially
reported by Wilson et al.,3 has since been replicated by
n u m e r o u s m e t h o d s a n d i s w e l l - e s t a b -
lished.26,30,58,107,109−112,118−120 Spectra measured with various
detection methods are exhibited in Figure 11. From this
comparison, it is clear that the general spectral features remain

Figure 10. Schematic diagrams of several liquid flow cell apparati used for XAS experiments: (a) Single-window photon-in/photon-out flow cell for
TFY experiments utilizing a recycled sample. (b) Dual-window flow cell for transmission mode experiments.
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quite consistent from method to method. However, the
resolution of XRS experiments is substantially inferior to that
of the NEXAFS methods (∼0.5−1 vs ∼0.1 eV), and the relative
intensities of the spectral features appear to differ in AEY
relative to the other techniques. The origin of this anomaly is
unclear; while AEY is believed to represent the spectrum of
interfacial molecules even in a bulk sample, the experiment
providing the data for this spectrum was also performed on the
so-called “premelted” water, a thin layer of liquid known to
exist at the surface of ice in an atmosphere of water vapor.26

This sample may not exhibit the same structural characteristics
of the bulk water samples used for the other detection methods.
The water spectrum exhibits three distinct spectral regions,

highlighted in Figure 12: a small pre-edge feature around 535 eV
and larger main-edge (centered between 537 and 538 eV) and
post-edge (centered between 541 and 542 eV) features. It was
proposed by Cavalleri et al. in 2002 that the pre-edge feature
intensity was related to the number of broken hydrogen bonds,
as DFT calculations indicated that broken hydrogen-bond
donor sites result in asymmetry that enhances the p-character
of the 4a1 state and increases the oscillator strength of
transitions from the oxygen 1s.122 This suggestion is reinforced
by the fact that the pre-edge feature is weaker or nonexistent in

oxygen K-edge NEXAFS spectra of ice and has since become
generally accepted.59,76,123 Similarly, the post-edge feature has
been attributed to highly coordinated long-range tetrahedral
structure and is stronger in ice than liquid water.58,122

Moreover, time-resolved core-excitation decay studies have
indicated that the final state corresponding to the pre-edge
feature is fairly localized, whereas the final state corresponding
to the post-edge feature is highly delocalized.124

Substantial controversy exists as to the hydrogen-bond
structure of liquid water implied by the peak ratios observed
in the oxygen K-edge spectrum of liquid water. Wernet et al.
proposed in 2004 that the spectrum could only be explained by
a liquid structure in which most of the water molecules only
made two strong hydrogen bonds, one donated and one
accepted.58 Such a hydrogen bond structure results in the one-
dimensional “rings and chains” structural motif, entirely at odds
with the traditional picture of liquid water as a three-
dimensional quasi-tetrahedral liquid at room temperature.
These conclusions and the quantitative validity of the
associated theory were quickly questioned in the litera-
ture,76,125,126 and the structure of liquid water has continued
to be the subject of vigorous debate.5,6,24,55,73,74,127−131

Prendergast and Galli found that within the XCH approx-
imation the features of the observed NEXAFS spectrum of
liquid water can be well-reproduced without violating the well-
established tetrahedral model of water. Kühne and Khaliullin
have proposed an intermediary theory in which the average
molecule in liquid water is in a structurally symmetric
environment (that is, donating and accepting two strong
hydrogen bonds), but high-frequency structural fluctuations
result in significant instantaneous energetic asymmetry between
symmetry-equivalent bonding sites.123 Such solutions are
attractive in that they do not reject the tetrahedral picture of
liquid water, which has been supported by numerous
experimental and computational studies over the years.132,133

The implications of the NEXAFS spectrum of water on the

Figure 11. Comparison of oxygen K-edge NEXAFS spectra of water
measured via several detection methods: (a) AEY, (b) TEY, (c)
transmission mode, (d) XRS, and (e) TFY. Spectra are area-
normalized to the full spectral width available in all 5 spectra, that
is, from 532 to 550 eV. They have also been energy-aligned to place
the pre-edge feature at 535 eV. In addition, the TFY spectrum has
been corrected for saturation effects as described in ref 121.
Reproduced with permission from ref 107. Copyright 2005 American
Chemical Society.

Figure 12. Comparison of the oxygen K-edge NEXAFS spectra of
liquid water to gas-phase water vapor and water ice indicating the
spectral regions comprising the pre-edge, main edge, and post-edge of
the liquid water spectrum. The dotted line in the ice spectrum
represents the spectral contribution of ice Ih, with contributions above
this line arising from amorphous ice and coinciding with features of
the liquid spectrum. Reproduced with permission from ref 5.
Copyright 2010 Elsevier.
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understanding of the hydrogen-bond structure of liquid water
have been recently reviewed in greater detail in ref 7.
4.4. Perturbing the Hydrogen Bond Structure of Liquid
Water

The understanding of the spectral features exhibited in the
oxygen K-edge NEXAFS spectrum of liquid water has been
enhanced by studies of water under conditions for which the
hydrogen-bonding network has been intentionally altered, e.g.,
by varying the temperature of the sample or introducing
“defects” into the liquid water matrix. Several studies of the
temperature dependence of the liquid water spectrum have
been carried out, spanning a temperature range from
supercooled to supercritical.57,58,112,119,134 While Wernet et al.
and Smith et al. disagreed on the rearrangement energy
required to break a hydrogen bond and adopt an asymmetrical
configuration,58,119 the spectral signatures observed upon
temperature variation are consistent across all studies. As
temperature increases, the post-edge intensity decreases, the
pre-edge intensity increases, and the entire spectrum shifts to
lower energy; these effects are illustrated in Figure 13 for the

temperature range 1.5−39 °C. On the basis of the standard
interpretation of the respective spectral regions, these changes
are consistent with an increase in broken hydrogen-bond donor
sites and a decrease in long-range tetrahedral order as
temperature increases. Alternatively, increasing the pressure
results first in a decrease in pre-edge intensity, suggesting a
reduction of dangling hydrogens, followed by an increase in
pre-edge intensity above 0.3 GPa, perhaps indicating that the
structure becomes too compressed for tetrahedral ordering at
higher pressures.135

Lange et al. have demonstrated a spectral effect similar to
that of increasing the temperature by diluting water with
acetonitrile, a polar organic solvent that accepts but cannot
donate hydrogen bonds.136−138 Indeed, at 5% water (by
volume), the pre-edges and main edges of the water spectrum

closely resemble a simple blue-shift to the 4a1 and 2b2 peaks of
gas-phase water. The pre-edge is still reduced in intensity
relative to the gas-phase 4a1 peak, consistent with previous
findings indicating that even at very low concentration many
water molecules form 2−3 strong hydrogen bonds in
acetonitrile;139 however, the existence of a strong pre-edge
enhancement indicates that acetonitrile may not actually be
acting as a strong hydrogen-bond acceptor in these mixtures.
Additional studies have found this effect to be highly solvent-
dependent.136,140 For example, at similar concentrations, 3-
methylpyridine acts as a strong hydrogen-bond acceptor, and
while the spectrum of 10% D2O in acetonitrile closely
resembles that of H2O in acetonitrile, the spectrum of 10%
D2O in 3-methylpyridine much more closely resembles that of
neat water with a reduced post-edge intensity.140 Water at very
low concentrations in nonpolar solvents such as benzene and
chloroform exhibits the spectral characteristics of highly
coordinated icelike structure, indicating strong aggregation
within the hydrophobic solvent and, in the case of benzene,
possible formation of clathrate-like solvent traps.136 Having
noted a heavy water experiment here, it is also notable that
Bergmann et al. have reported that the NEXAFS spectrum of
D2O resembles that of H2O at a temperature ∼20 K lower; that
is, isotopic substitution to heavy water results in a spectrum
that is blue-shifted and exhibits a slightly enhanced post-edge
and reduced pre-edge relative to H2O.

141

A related clustering effect to that observed for low
concentrations of water in hydrophobic solvents has been
observed for thin films of water on solid substrates. Nordlund
et al. found that, while isolated water molecules adsorbed on
Ru(001) exhibited an oxygen K-edge NEXAFS spectrum
largely indistinguishable from that of the gas phase, continued
addition of water molecules resulted in an enhancement of the
post-edge and reduction in the pre-edge, and at coverage
approaching one monolayer, an icelike spectrum was
observed.142 A similar interfacial spectral behavior has been
observed for bulk water at a gold interface.114 Velasco-Velez et
al. utilized an electrochemical liquid flow cell with a ∼20 nm
layer of gold deposited on the 100 nm Si3N4 window and acting
as the working electrode and current collector for TEY
spectroscopy of the interfacial region. The NEXAFS spectrum
of water at the gold interface was found to exhibit minimal
signal in the pre-edge region at neutral or positive potential.
This phenomenon has been attributed to electronic coupling of
the core-excited state with the gold substrate, rather than to a
lack of dangling hydrogen bonds. By applying a negative
potential to the gold, the authors were able to observe a normal
water spectrum with the pre-edge feature intact, presumably
resulting from a structural rearrangement to rotate water
hydrogens toward the gold surface. The same spectral effect
could be achieved by coating the surface with a hydrophobic
substrate and preventing the electronic coupling with interfacial
water.
More subtle changes to the liquid water NEXAFS spectrum

can be induced by the introduction of certain solutes into
aqueous solution. Nas̈lund et al. observed new peaks in the
liquid water spectrum upon orbital mixing with the d-orbitals of
dissolved transition metals in salt solutions.143 In the same
work, the authors suggest the presence of a reproducible change
to the water NEXAFS spectrum attributable to hydrogen-bond
rearrangement upon addition of salts. The first systematic study
of such a phenomenon was published by Cappa et al. in 2005
and indicated linear increases in the intensity of the pre-edge

Figure 13. Temperature dependence of the oxygen K-edge NEXAFS
spectrum of liquid water. All black spectra are reproductions of the
1.5° spectrum to illustrate spectral changes. All spectra were collected
in transmission mode using a temperature-controlled flow cell with
temperature resolution of ±0.25 °C and have been area normalized.
Reproduced from J. Meibohm et al., “Temperature Dependent Soft X-
ray Absorption Spectroscopy of Liquids.” Rev. Sci. Instrum. 2014, 85
(10), 103102,112 with the permission of AIP Publishing.
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and main edge and a linear decrease in the intensity of the post-
edge feature with increasing concentration of sodium halide
salts in a study of liquid microjet samples utilizing TEY
detection (results shown in Figure 14).72 In addition, observed

were a concentration-dependent red-shift for NaI solutions, a
smaller red-shift for NaCl solutions, and no meaningful shift for
NaBr solutions, relative to neat water. These changes are
attributed primarily to local electronic perturbations from near-
neighbor halide anions rather than to substantial perturbation
of the water hydrogen-bonding network outside of the first
solvation shell.72,121 It has been alternatively suggested that
iodide and sodium ions both contribute to disruption of the
water hydrogen-bond network, while chloride and bromide do
not substantially alter hydrogen bonding.75 Interestingly,
utilizing a flow cell with TFY detection, Guo et al. observed
a small blue-shift, rather than a red-shift, for the sodium,
magnesium, and aluminum salts of chloride;144 the origin of
this discrepancy is unclear.
A substantial discrepancy in the observed effect on the water

NEXAFS spectrum induced by introduction of monovalent
cations has also been observed. Liquid microjets of aqueous
solutions of akali metal, ammonium, and guanidinium chloride
salts, detected via TEY, revealed minimal differences between
the solution oxygen K-edge spectra of the various salts.145

Spectra of solutions of Li+, Na+, K+, and NH4
+ acetate measured

in a single-window flow cell by TFY also exhibited no
significant difference in the water spectrum among the various
cations.146 However, in a transmission-mode study published
by Waluyo et al., the alkali chlorides and fluorides from Li+

through Rb+ exhibited the spectral signatures of disrupted
hydrogen bonding, viz. reduced post-edge and enhanced pre-
edge intensity, with cations larger than sodium also inducing a
small red-shift.75 With the exception of Rb+, the observed
spectral changes are more pronounced with each larger cation.
As with the preceding study of anions, the cause of this
discrepancy is currently unclear.
Utilizing the same methodology as that which found a red-

shift for NaCl, Cappa et al. observed a substantially smaller and
opposite spectral change for solutions of HCl from those of
NaCl.147 This has been attributed to competing effects; viz.
while chloride is implicated as a “structure breaker” in aqueous
solution, the hydronium ion acts as a “structure maker”, with
the combination producing a solution NEXAFS spectrum
similar to that of neat water. Chen et al. have studied the
NEXAFS spectra of aqueous HCl and NaOH and suggest that
hydronium structures water within the first solvation shell, but
hydroxide induces longer-range ordering.148 Some multivalent
cations may also be implicated as structure makers as a result of
apparent offsetting spectral effects in the spectra measured for
their halide salts.144,149 Spectral effects of multivalent cations
also appear to be ion-specific and may result from a
combination of structural impact on the water hydrogen-
bonding network and electronic coupling between the ions and
near-neighbor solvent molecules. The question of whether ions
substantially impact the hydrogen-bond network of water
outside the first solvation shell remains open.

5. XAS OF SHORT-CHAIN ALCOHOLS
While studies of water and aqueous solutions have clearly
dominated the field of XAS of liquids since its introduction,
short-chain alcohols have also been the subject of an increasing
number of experiments in recent years. The first and most-
common nonaqueous liquid to be studied by XAS has been
methanol. As it contains only one O−H bond, methanol can
only donate one hydrogen bond per molecule and therefore has
an average of ∼2 H-bonded nearest neighbors.150 Conse-
quently, the local liquid structure comprises primarily rings and
chains, and methanol exhibits a lower density than water at
room temperature, despite a shorter O−O separation. Wilson
et al. first reported the TEY EXAFS spectrum of methanol
above the oxygen K-edge in a liquid microjet in 2002,100

determining an average nearest-neighbor O−O distance of 2.75
Å, slightly shorter than the O−O hydrogen-bond pair length of
bulk water and in good agreement with existing neutron and X-
ray diffraction measurements.151 Subsequently, the liquid
methanol NEXAFS spectrum has been measured on both the
oxygen and carbon K-edges.152−156 The carbon K-edge
spectrum of liquid methanol measured by Cappa et al. is only
moderately distinguishable from that of the vapor and thus
provides little opportunity for extraction of meaningful
information on the liquid structure,153 consistent with the
vapor-phase finding that carbon K-edge spectrum of CH3 is
largely insensitive to the chemical environment.157 The carbon
K-edge spectrum measured by Nagasaka et al. does exhibit
some broadening and enhanced post-edge intensity.155 In
contrast, Figure 15 illustrates that the oxygen K-edge spectrum
exhibits a similar behavior to that observed upon condensation

Figure 14. Oxygen K-edge NEXAFS spectrum of aqueous solutions of
(a) NaI, (b) NaBr, and (c) NaCl. Spectra were collected via TEY of
liquid microjets and have been area-normalized over the spectral
region 532−550 eV. Difference spectra between each solution and the
neat water spectrum are shown at the top of each panel. Reproduced
with permission from ref 72. Copyright 2005 American Chemical
Society.
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of water: a blue-shift, reduction in 4a1 peak intensity, and
broadening of the higher-energy spectral features.152−156

Indeed, the liquid methanol spectrum closely resembles that
of liquid water, with reduced pre-edge intensity and a more
extended but less distinct post-edge feature (see comparison of
methanol and water spectra in Figure 16). Computational
analysis of this spectrum indicates that the spectral signature is
consistent with a 2-dimensional structure of rings and chains
with few dangling hydrogen bonds; however, the calculated
spectral signatures of rings versus chains may be too similar to
differentiate their relative populations from the NEXAFS
spectrum.153,154 Moreover, while longer-chain and branched
alcohols of up to 4 carbons exhibit small but distinct spectral
differences on the oxygen K-edge, the spectral signature of
hydrogen bonding and calculated hydrogen-bonding structure
are similar for all such species.154

While the various spectra measured for liquid methanol are
all generally in good agreement, one small but potentially
meaningful difference again occurs between the spectra
collected from liquid microjets156 and those collected in flow
cells.152,155 As illustrated in Figure 16, when compared directly
with a water spectrum collected under the same conditions, the
liquid microjet experiment produces a methanol spectrum for
which the pre-edge is at a slightly lower energy than that of

water. In flow-cell experiments, the pre-edge of methanol is at
the same or slightly higher energy. As is the case for similar
anomalies discussed above in the spectra of salt solutions, the
origin of this discrepancy is not clear.
Mixtures of water and methanol are of fundamental interest

due to their unusual thermodynamic properties. It has long
been known that these mixtures exhibit a negative excess
entropy of mixing; that is, mixtures are more ordered than
would be suggested by an ideal/random mixing description.158

Possible explanations for and previous studies of this
phenomenon are discussed in refs 155 and 156 and references
therein. The sensitivity of NEXAFS spectra to local hydrogen-
bonding structure makes the technique an ideal tool to
investigate the local structure in H2O/MeOH mixtures. Guo
et al. interrogated several water/methanol mixtures on the
oxygen K-edge utilizing a photon-in, photon-out (TFY) flow
cell.152 Their experimental spectra exhibit a new feature 3 eV
below the pre-edge for liquid mixtures. Analysis of the observed
spectra in light of both calculations and complementary X-ray
emission experiments attributes the observed negative excess
enthalpy of mixing to two factors: (1) incomplete mixing and
microimmiscibility and (2) conversion of methanol chains into
more organized ring structures containing one or more water
molecules. Later studies of the oxygen K-edge of water/
methanol mixtures by Nagasaka et al. and Lam et al., displayed
in Figure 16, observed no new low-energy feature upon solvent
mixing.155,156 Instead, the pre-edge regions of solution spectra
appear as linear combinations of the water and methanol
spectra. Nagasaka et al. find a linear relationship between the
relative concentrations of the components and the intensities of
their respective spectral components. Lam et al., however,
observed a faster-than-linear decrease in the spectral intensity of
the methanol pre-edge upon addition of water and therefore
have attributed the negative excess entropy of mixing to a
reduction in the number of broken hydrogen bonds around the
methanol molecules in water/methanol mixtures relative to the
neat liquid.

6. XAS OF SOLUTES AS A PROBE OF SOLUTION
STRUCTURE

6.1. Probing Solute−Solute Interactions

The vast majority of chemical reactions are carried out in
solution, wherein details of the interactions of solutes with

Figure 15. Comparison of the oxygen K-edge NEXAFS spectra of
methanol in the vapor phase (A) and liquid phase (B). Liquid spectra
were collected via TEY of a liquid methanol microjet; the vapor
spectrum was collected using the same experimental apparatus by
translating the jet several centimeters from the X-ray beamline,
allowing only the evaporated gas to interact with the X-rays.
Reproduced with permission from ref 153. Copyright 2005 American
Chemical Society.

Figure 16. Oxygen K-edge NEXAFS spectra of water/methanol mixtures. (a) Transmission-mode flow-cell spectra of Nagasaka et al.; the pure water
spectrum is in red, and the pure methanol spectrum is in violet. The pre-edge becomes increasingly pronounced as the fraction of water increases and
shifts to lower energy. Reproduced with permission from ref 155. Copyright 2014 American Chemical Society. (b) Liquid jet TEY spectra of Lam et
al. around the pre-edge spectral region. In these data the pre-edge also becomes more prominent as the fraction of water increases, but it is observed
to shift to higher energy. Reproduced from R. K. Lam et al., “Communication: Hydrogen Bonding Interactions in Water-Alcohol Mixtures from X-
ray Absorption Spectroscopy.” J. Chem. Phys. 2016, 144 (19), 191103,156 with the permission of AIP Publishing.
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solvent molecules and with one another are critical for
controlling their rates and products. Consequently, a clear
and detailed picture of the chemical environments of molecules
in solution is critical to a proper understanding of these
reactions. XAS has proven to be a powerful probe of the
solvation environment of appropriately chosen solutes. It
should be noted that it is not an effective tool for all solutes,
however. For example, DFT calculations on a variety of
molecular configurations indicate that the boron K-edge spectra
of aqueous boric acid, borate, and polyborate, while clearly
distinct from one another, are largely insensitive to the
formation of contact pairs with sodium ions.159 Similarly, the
calculated nitrogen K-edge spectra of the aqueous sodium salts
of nitrate and nitrite are insensitive to ion pairing, hydration
number, and solvent geometry.160 Computational results with
respect to ion pairing in these cases are supported by
experimental data indicating no spectral changes as a function
of salt concentration. Conversely, concentration-dependent
investigation of the sodium K-edge in aqueous NaCl reveals a
distinct spectral signature of ionic association.106,161 Computa-
tional spectroscopy further reveals that the observed spectral
changes are associated with the formation of solvent-separated
(alternatively “solvent-shared”) ion pairs rather than contact
ion pairs.161 Moreover, the spectral shape can be assigned to
sodium ions solvated by either 6 waters or 5 waters and 1
chloride, providing a qualitative understanding of the overall
solvation environment. Addition of hydroxide to solutions
containing Na+ results in the formation of ion clusters, with
each OH− interacting with 2.4 ± 0.6 Na+ ions as either contact
or solvent-separated ion pairs.162

It should be noted that NEXAFS spectral analyses are often
not so quantitative. For example, observe the concentration-
dependent spectra of aqueous NiCl2 on the nickel L3-edge
presented in Figure 17.163 The peaks labeled P1 and P2

correspond to transitions into the triplet and singlet final
states, respectively. It is clear that, at elevated salt
concentrations, excitations into the singlet state become
increasingly favorable. An additional feature above P2 is
predicted for Ni2+ ions in contact ion pairs and is visible in
the spectrum of solid NiCl2. As there is at most a slight
indication of the appearance of this peak in the 1.5 M solution
spectrum, it appears that, as with NaCl, any ion pairing occurs

via solvent-sharing and not direct ion−ion interaction.
Calculations indicate that enhancement of the singlet excitation
can occur upon reweighting of the transition dipole matrix
elements induced by breaking of the dipole equivalence of the
symmetry axes. However, no quantitative picture of the
solvation sphere corresponding to such a shift in the matrix
elements can be deduced, merely the existence of a change
resulting from asymmetry generated by formation of solvent-
separated ion pairs.
In addition to concentration-dependent pairing effects, ion-

specific pairing effects have been observed for carbonyl
species.146,164 On the carbon K-edge, blue-shifts in the
NEXAFS spectral features corresponding to the C1s →
π*CO transitions of acetate (shown in Figure 18a) and
formate correspond to stronger cation interactions with the
carbonyl oxygen.164 Using this formalism, it is established that
Li+ associates more strongly with the carbonyl than does Na+,
which in turn associates more strongly than does K+, consistent
with the respective ionic sizes and charge densities of these
species. This trend is reproduced in HCH electronic structure
calculations of sodium and potassium acetate, which compute a
blue-shift for sodium acetate relative to potassium acetate.
Lithium could not be calculated due to the lack of an
appropriate core potential basis set. The magnitude of the
observed shift between the sodium and potassium acetate
spectral features in the experimental spectra is similar to the
difference in interaction energies previously reported for these
species.165 On the oxygen K-edge, enhanced interaction
strength with the counterion is manifested as an enhancement
of the spectral feature corresponding to the O1s → π*CO
transition in solutions of acetate, formate, and glycine.146

Donation of electron density from the π* orbital to the cation
results in an increased unoccupied density of states in the final
state, resulting in the stronger spectral signature for this
transition shown in Figure 18b. Interestingly, by this measure,
the interaction strength of the carbonyl with lithium is found to
be weaker than that with sodium, whereas in the carbon K-edge
experiment, affinity was found to monotonically decrease with
ion size.
NEXAFS spectroscopy is also a valuable tool for the study of

solute aggregation. In addition to the aggregation of water
clusters in organic solvents discussed earlier in this Review,
solutions of acetic acid provide an interesting example, as the
gas-phase oxygen K-edge NEXAFS spectra of monomeric and
small-cluster acetic acid are well-known166 and provide a
reference for spectral behavior upon clustering. Figure 19
exhibits these reference spectra along with the spectra of several
concentrations of acetic acid dissolved in hexane and
acetonitrile.167 It is clear that both cluster formation and
dissolution in these organic solvents results in a systematic
narrowing of the gap between the π* feature at ∼532 eV,
corresponding to the transition originating from the carbonyl
oxygen 1s, and the π* feature at ∼535 eV, corresponding to the
transition originating from the hydroxyl oxygen 1s. These
effects can be attributed to the formation of strong hydrogen
bonds at both oxygens. Donation of hydrogen bonds by the
hydroxyl oxygen and acceptance of hydrogen bonds by the
carbonyl oxygen make the oxygens increasingly indistinguish-
able as the hydrogen bonds grow stronger/shorter, causing the
peak positions to move nearer to one another. On the basis of
the experimental spectra, it is clear that acetic acid in hexane
solution forms dimers or larger clusters at all experimental
concentrations. In acetonitrile this phenomenon is enhanced

Figure 17. Nickel L3-edge TFY NEXAFS spectrum, collected in a flow
cell, of several concentrations of aqueous NiCl2. The solid red lines
indicate the projected 50 mM spectrum corrected for saturation effects
at higher concentrations. Thus, the area on each spectrum shaded in
gray is the concentration-dependent spectral enhancement at that
concentration. Reproduced with permission from ref 163. Copyright
2007 American Chemical Society.
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with concentration, indicating a cooperative enhancement of
hydrogen-bonding interactions as a function of acetic acid
concentration. Whereas acetonitrile acts as a hydrogen-bond
acceptor in MD simulations of this system, hexane cannot act as

a hydrogen-bond donor or acceptor. Thus, interaction of acetic
acid molecules with one another must cause the observed shifts.
A slightly more pronounced shift has also been observed in
glacial acetic acid.168

Perhaps a more unusual example of aggregation of like-type
solutes is the π-stacking cation−cation pair formation observed
by Shih et al. in aqueous solutions of guanidinium chloride.169

The TEY nitrogen K-edge NEXAFS spectrum, shown in Figure
20, exhibits red-shifts of varying magnitude for its significant

spectral features at concentrations above 1 M. These can only
be reproduced in the calculated spectra by formation of like-
charge ion pairs. In this case the π-stacking energy is found to
be sufficient to overcome the electrostatic repulsion under
concentrated conditions.
In addition to these studies of solute aggregation in solution,

Schwartz et al. have utilized NEXAFS to study the auto-

Figure 18. Evidence for enhanced ion−ion affinity in sodium acetate relative to potassium acetate. (a) TEY carbon K-edge NEXAFS spectra of liquid
microjets of several acetate salts showing a red-shift with increasing cation size that has been attributed to reduced affinity. Reproduced with
permission from ref 164. Copyright 2008 National Academy of Sciences. (b) TFY oxygen K-edge NEXAFS spectra of several salts of acetate
compared to that of neat water (collected in a flow cell). Reproduced with permission from ref 146. Copyright 2008 American Chemical Society.

Figure 19. Oxygen K-edge TFY NEXAFS spectra of acetic acid
solutions in hexane and acetonitrile. Vapor-phase spectra of
monomeric and clustered acetic acid are provided for reference. The
two sharp π* features are shown in greater detail in (b) and (c).
Reproduced with permission from ref 167. Copyright 2012 Elsevier.

Figure 20. Comparison of nitrogen K-edge TEY NEXAFS spectra of
0.5 and 6.0 M aqueous solutions of guanidinium chloride, collected
using a liquid microjet, with the calculated spectra of cation−cation
stacked pairs and free guanidinium ions indicates that spectral changes
observed at higher concentration are well-reproduced in the theory by
formation of cation−cation pairs. Spectral changes observed upon
formation of Gdm+−Cl− cation−anion pairs do not agree with
experimental spectral changes at higher concentrations. Reproduced
from O. Shih et al., “Cation−Cation Contact Pairing in Water:
Guanidinium.” J. Chem. Phys. 2013, 139, 35104,169 with the permission
of AIP Publishing.
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oligomerization of pyrrole in aqueous solution.170 Pyrrole is
well-known to polymerize upon exposure to light or air and
more quickly upon exposure to water. The spectra of gas-phase
pyrrole on the carbon and nitrogen K-edges were compared to
the spectra collected from a liquid microjet of 0.5 M aqueous
pyrrole. Somewhat surprisingly, the spectra on both edges were
found to differ only slightly between the vapor and solution
phases. XCH calculations indicate that the nitrogen K-edge
spectrum is only marginally affected by solvation and
oligomerization. The small change observed between the
vapor and solution on the carbon K-edge has been attributed
to “damage” of the liquid pyrrole sample, resulting in
oligomerization of the neat liquid. Figure 21 reveals that the
experimental vapor-phase spectrum on the carbon K-edge can
only be reproduced in the calculated spectrum by averaging the
spectra of the pyrrole monomer and dimer. It is of note that,
while changes in the carbon and nitrogen K-edge spectra upon
solvation were subtle, consisting of slight shifts and, in the case
of the carbon K-edge, disappearance of a low-intensity feature,
they were accurately reproduced by the XCH calculations.

6.2. Probing Solute−Solvent Interactions

As described in the previous section, the solvation environment
of Na+ in aqueous solution comprises 6 components (6 waters
or 5 waters and 1 counterion).161 The solvation environment of
Na+ in ethanol has been determined to have the same
composition.106 More recently, the solvation of sodium halides
has been studied in water, methanol, ethanol, propanol, and
mixtures thereof.171 The dipole interaction strengths of the
alcohol solvents were found to decrease with increasing chain
length. However, Figure 22 illustrates that the sodium K-edge
NEXAFS spectrum of Na+ in a mixture of water and methanol
contains similar contributions from the pure water and pure
methanol solution spectra, while water/ethanol and methanol/
ethanol mixtures favor water and methanol over ethanol at
∼2:1. However, in spite of the apparently similar interactions of
sodium ions with water and methanol, water is found to have a
particularly stabilizing effect on the solvation shell. Stopping the

liquid flow within the experimental cell and exposing the
alcohol solutions of NaI to soft X-rays over time results in the
formation of I3

− as a result of radiative sample damage.
Triiodide binds tightly with the Na+ ion in alcohol solution,
which causes a substantial change in the observed spectrum in
alcohol solutions (Figure 22d). However, in water and water−
alcohol mixed solvents, no spectral changes are observed with
irradiation time, which has been attributed to a stabilization of
the solvation shell by water, which prevents triiodide from
forming contact ion pairs.
The solvations of Fe2+ and Fe3+ have also been investigated

in water and short-chain alcohol solvents.106,172 The charge
states of iron differ meaningfully in their spectral fine structure
on the iron L2 and L3 edges. The corresponding solvation
structures in alcohols have been determined from ligand
multiplet electronic structure calculations to be octahedral for
Fe3+ and primarily tetragonal for Fe2+.172 In addition, the
spectral differences between the oxidation states have been
utilized by Nagasaka et al. to demonstrate the capabilities of
their electrochemical flow cell.115−117 The authors have utilized
cell potentials to reversibly cycle between Fe2+ and Fe3+ in
aqueous solutions of iron sulfate without evidence of radiative
or electrochemical sample damage.
Relevant to the design of advanced lithium ion batteries, the

solvation of Li+ in solutions of LiBF4 in propylene carbonate
has been measured via NEXAFS by Smith et al.173 In this
system, a blue-shift in the spectral feature in the oxygen K-edge
spectrum of propylene carbonate corresponding to the 1scarbonyl
→ π* transition is observed when the carbonyl oxygen is in the
first solvation shell of a lithium ion (Figure 23). Spectral
analysis and electronic structure calculations within the XCH
approximation permit the net shift in experimental solution
spectra to be interpreted as a proportion of Li+-binding and
non-Li+-binding solvent molecules and so determine a solvation
number.
Our group has established the predictive power of XCH

calculations for reproducing spectra of the aqueous carbonate

Figure 21. Evidence for auto-oligomerization of neat pyrrole. (a) Calculated carbon K-edge NEXAFS spectra of various oligomers of pyrrole
computed within the XCH approximation. (b) The TEY carbon K-edge NEXAFS spectrum of pyrrole in the vapor phase can be reasonably
reproduced by combining 50% of the calculated monomer spectrum with 50% of the flat dimer spectrum, indicating that oligomerization has already
occurred in the neat pyrrole sample prior to introduction into the sample chamber. Reproduced from C. P. Schwartz et al. “Auto-Oligomerization
and Hydration of Pyrrole Revealed by X-ray Absorption Spectroscopy.” J. Chem. Phys. 2009, 131 (11), 114509,170 with the permission of AIP
Publishing.
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system. England et al. published the carbon K-edge NEXAFS
spectra of aqueous sodium carbonate and bicarbonate and
gaseous CO2 in 2011.174 Calculated spectra of these species, as
well as carbonic acid (H2CO3) and aqueous CO2, computed
within the XCH approximation, were also published; however,
the transient nature of the latter two species rendered their
experimental detection too difficult in the initial experiment.
Lam et al. have subsequently developed a fast-flow liquid
microjet mixing system utilizing a microfluidic mixing Y-cell to
acidify bicarbonate ∼5−10 μs before intersecting the solution
with the X-ray beamline. Utilizing this apparatus Lam et al. have
measured the spectra of both aqueous carbonic acid175 and
hydrated CO2.

176 In particular, the NEXAFS spectrum of
aqueous CO2 exhibits not only the characteristic shift in the
primary 1s → π* transition observed for all members of the
aqueous carbonate system but also the disappearance of a small
vibronic peak that is clearly observed in the spectrum of
gaseous CO2, as shown in Figure 24. It is interesting to note
here the significance of this finding relative to the statement

made at the beginning of this section of our Review: “XAS has
proven to be a valuable probe of the solvation environment of
appropriately chosen solutes.” The small but distinctive change
in the CO2 carbon K-edge NEXAFS spectrum upon solvation
in waterviz. the disappearance of the vibronic peakoccurs
in both the experimental and calculated spectra in spite of very
weak hydration energies. MD simulations indicate the existence
of only 0.56 hydrogen bonds per solute molecule. This
highlights the fact that appropriately chosen is not always
intuitively obvious, and in many cases, the suitability of systems
for NEXAFS analysis can only be determined empirically.

6.3. XAS Studies of Solvated Biomolecules

While the utility of XAS for studying biomolecules is largely
restricted by the size of most such molecules and the resulting
spectral complexity, some of the most important contributions
of the liquid XAS techniques have nevertheless resulted from
the study of solvation of biologically relevant molecules,
including isolated amino acids,177−179 polypeptides,177,180−182

Figure 22. Sodium K-edge TFY NEXAFS spectra of Na+ in solutions of water, methanol, ethanol, and mixtures thereof collected in a flow cell. Panel
(d) exhibits the spectral changes in alcohol solvents observed following extended irradiation under stopped-flow conditions. Reproduced from ref
171 with permission of the PCCP Owner Societies.
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nucleotide bases,183−185 and adenosine triphosphate (ATP).186

A great deal of effort has been directed toward the study of the
metal centers of metalloproteins, particularly those within
porphyrin rings. For example, NEXAFS spectroscopy has been
performed on the iron L2 and L3 edgescorresponding to
transitions from the 2p1/2 and 2p3/2 orbitals, respectivelyof
methemoglobin and beef liver catalase, porphyrin species with
low and high activity, respectively, as catalysts for H2O2

decomposition.181 The data from these experiments, along
with computed spectra calculated via the ligand multiplet
method with consideration for charge transfer and back-
bonding,187,188 are exhibited in Figure 25. These data

Figure 23. Comparison of TEY oxygen K-edge NEXAFS spectra of
propylene carbonate (red) and 1 M LiBF4 in propylene carbonate
(blue), collected from a liquid microjet, with calculated spectra of
propylene molecules associating with Li+ (green) and not associating
directly with Li+ (red) in a simulation box containing ∼1 M LiBF4.
The blue calculated curve consists of a linear combination of 60%
unassociating and 40% Li+-associating solvent molecules, correspond-
ing to an average solvation number of 4.5. Reproduced from ref 173
with permission of the PCCP Owner Societies.

Figure 24. Carbon K-edge NEXAFS spectra of the acidic pH species of the aqueous carbonate system. (a) Calculated spectra of gaseous CO2,
dissolved CO2, and aqueous carbonic acid. (b) Experimental spectra of 1 M HCl and 1 M NaHCO3 combined in the fast-flow mixing system with
sufficient interaction time to allow H2CO3 to decompose into water and CO2 (top panel) and well before interrogating the system, allowing for CO2
to leave solution (bottom panel). Reproduced with permission from ref 176. Copyright 2015 Elsevier.

Figure 25. TFY NEXAFS spectra of the Fe L2 and L3 edges of (a) 1
mM aqueous solution of methemoglobin and (b) a 1 mM solution of
aqueous beef liver catalase collected in a liquid flow cell at 30 °C and
pH = 7 (physiological conditions). Solid lines indicate calculated
spectra from ligand multiplet calculations. Inset (c) shows the
structures of the iron−porphyrin complex of beef liver catalase.
Note the proximal tyrosine ligand, which is found to be responsible for
reducing electron density at the iron center and conferring some Fe4+

character upon the observed spectrum. Reproduced from ref 181 with
the permission of the PCCP Owner Societies.
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unambiguously demonstrate that, while the iron centers in the
crystalline forms of these species exist in the low-spin state, in
the solution phase they are almost exclusively in the high-spin
state, as shown by the agreement between experimental spectra
and calculated spectra for these spin states. In addition, spectral
analysis reveals the extent of σ and π donation and back-
bonding from the ligands to the iron center and quantifies the
total charge transfer between iron and the porphyrin ring. The
calculations reveal back-donation from the iron center to the
phenolic oxygen of the tyrosine proximal ligand in beef liver
catalase, imparting a small Fe4+ character to the iron and
enabling fast bidirectional electron transfer between the iron
center and porphyrin ring. This effect facilitates the high activity
of catalase in hydrogen peroxide decomposition, which involves
both oxidative and reductive stages. The same technique has
more recently been applied to the study of charge transfer
between the Fe-porphyrin active region of myoglobin and
various transport ligands.189 The spectra of aqueous myoglobin
under ambient conditions in a liquid flow cell exhibited in
Figure 26 show a clear reduction in the intensity of the iron L3-

edge upon ligand binding. This reduction is substantially more
significant for the more tightly bound ligands (CO and CN)
and has been attributed to charge transfer between the ligands
and iron. Additional studies of metal active sites in proteins via
X-ray spectroscopies have been previously reviewed by Aziz.190

In addition, a similar L-edge NEXAFS study has investigated
the interaction between Ni2+ and nucleotide bases in (Ni)·M-
DNA, in which the metal ion participates in the base-pair
bonding interaction.183

Additional studies of amino acid and protein structure and
solvation in solution have been carried out directly on the
structural edges of the polypeptide backbone (i.e., C, O, and N
K-edges). Such studies are inherently limited to small-molecule
samples, because large polypeptides contain numerous non-
equivalent atoms of these types and thus would produce
NEXAFS spectra with too much complexity for reasonable
interpretation. For example, Schwartz et al. studied the nitrogen
K-edge of triglycine in several salt solutions to study specific-ion
interactions of the protein backbone with ions across the
Hofmeister series.182 A detailed pH-dependent study of all
three structural edges of the peptide backbone focused on the
isolated glycine amino acid for spectral simplicity.178 The
NEXAFS C, O, and N K-edge spectra of aqueous glycine as a
cation, zwitterion, and anion are shown in Figure 27. The

oxygen and nitrogen K-edges reveal distinctive spectral changes
upon protonation/deprotonation of the target atom, as might
be expected. Changes to the carbon K-edge spectrum as a
function of pH are subtle. Interestingly, the most obvious
change is the red-shift in the sharp feature corresponding to the
1sCO → π* transition at high pH. The protonation states of
the carbonyl oxygens, however, are identical at high and neutral
pH. Instead, this shift is thought to arise from a decrease in the
electronegativity of nitrogen upon deprotonation resulting in a
small rearrangement of the electron localization along the
molecular backbone.
A similar pH-dependent study has been performed on the

carbon and nitrogen K-edge NEXAFS spectra of aqueous ATP,
a nucleoside triphosphate with a critical role in storing and
transferring energy in biological systems (Figure 28).186 As
observed for glycine, solvation and delocalization effects spread
the spectral effects of protonation/deprotonation of the amino
nitrogen in the adenine ring to features associated with atoms
far from the amino group. At pH 2.5, the spectral feature in the
carbon K-edge spectrum centered at 287.3 eVthought to be
associated with ring carbons adjacent to the ring nitrogens191
is split. Moreover, while only one nitrogen changes protonation
state, all spectral features in the nitrogen K-edge spectrum are
observed to change in intensity and energy.

7. CONCLUDING REMARKS AND OUTLOOK
Since the introduction of liquid microjet technology into XAS
in 2001, X-ray absorption spectroscopy has evolved into a
general and powerful tool for the study of the structures and
dynamics of liquids and solutions. NEXAFS and EXAFS
techniques, coupled with electronic structure calculations, have
now been utilized to characterize the local environments of
many important species in the liquid phase. The atom-specific
nature of this spectroscopy permits the chemical environments
of specific atoms in fairly complex molecules to be
characterized, providing a valuable probe of solute−solute,
solute−solvent, and solvent−solvent interactions. However,
XAS of liquids is rapidly becoming a mature field, in which the
majority of the “low-hanging fruit” has already been explored.
This Review has provided an overview of current technology
and capabilities of XAS for the study of liquids and has
highlighted some of the salient results obtained from these
experiments. Moving forward, we will see experiments of
greater complexity than most described herein. The fast-flow
liquid microjet mixing system described herein for the study of
carbonic acid175 and hydrated carbon dioxide176 presents a
technological pathway to the study of other short-lived reaction
intermediates. The mixing of bulk liquid samples is inherently
nonspontaneous and therefore presents a substantial obstacle to
the determination of quantitative kinetic data (i.e., determi-
nation of a rate constant) via this technique. However, the
experimental design offers a valuable probe of mechanistic
details of liquid- and solution-phase reactions in situ. This
technology enables the study of important multistep reactions,
e.g., radical reactions in aqueous solution, which are of interest
in numerous biological systems.
A recent trend in NEXAFS has been the utilization of

multiple spectral-detection methods for the same sample to
extract electronic structure information that may not be
discernible from a single technique. Golnak et al. have
compared PFY and PEY measurements for various decay
channels following excitation of the Fe L-edge in aqueous
solutions of FeCl2

192 and FeCl3.
193 In addition to ascertaining

Figure 26. TFY NEXAFS spectra of the Fe L2 and L3 edges of
myoglobin with various transport ligands. The spectra have been
normalized to the intensity of the most intense feature of the L2 edge
centered at ∼721 eV. Reduced intensity of the primary feature of the
L3 edge, centered at ∼707.5 eV, has been attributed to charge transfer
between the ligands and the iron center. Reproduced from ref 189
with permission of The Royal Society of Chemistry.
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that PFY and PEY spectra collected at the energy of the iron 3s
→ 2p relaxation channel best reproduce the true absorption
spectrum measured via transmission, the authors suggest that
local electronic structure (e.g., electronic interactions with the
solvent, etc.) can be revealed by comparison of the spectra
obtained from various decay channels. While the validity of
related strategies for determining the local electronic structure
has been a subject of debate in the past,194−198 the utility of
such a method for measuring the local electronic interactions of
a transition metal center is unquestionable. Transition metals
play important catalytic roles in numerous reactions of

biological and commercial importance, and the ability to
measure electron density and/or interaction energy at ligand-
binding sites enables a substantial new class of XAS
experiments with broad application.
We have revealed in this Review a trend of subtle but

unmistakable discrepancies between spectra of liquid systems
measured in liquid microjets and in flow cells, particularly with
regards to changes to the water oxygen K-edge NEXAFS
spectrum upon addition of solutes. The origin of this
discrepancy has not yet been examined. In addition, we have
highlighted the ongoing debate regarding the interpretation of
the liquid water NEXAFS spectrum and its implication for our
understanding of bulk water structure. Note that all of the
features in the liquid water XA spectrum can be reproduced
using standard tetrahedral water models without invoking 1-
and 2- dimensional hydrogen-bonding structures (“rings and
chains”) as the dominant motif in the liquid, according to
Prendergast and Galli.76 Questions such as these can only be
adequately answered through continued application of state-of-
the-art theoretical methods. Recent progress in the develop-
ment of many-body potential energy functions has enabled, for
the first time, simulations of water capable of accurately
reproducing important properties of this critical material in all
of its phases.199 Continued improvement to MD methods for
simulation of water and aqueous solutions must provide the
basis for a universally acceptable interpretation of the water
NEXAFS spectrum and will help to interpret the spectral data
obtained from increasingly complex experiments such as those
described above.
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Figure 27. pH dependence of the NEXAFS spectrum of glycine at (a) the nitrogen K-edge, (b) the oxygen K-edge, and (c) the carbon K-edge
showing spectra of glycine as an anion (A), a zwitterion (B), and a cation (C). Spectral changes upon deprotonation of the amino group and
protonation of the carboxyl group are clearly visible in the high- and low-pH spectra, respectively. Adapted with permission from ref 178. Copyright
2005 American Chemical Society.

Figure 28. TEY NEXAFS spectra of 0.2 M aqueous ATP on the
carbon (A) and nitrogen (B) K-edges at pH 2.5 and pH 7.5 collected
from a liquid microjet. Reproduced from Kelly, D. N. et al.
“Communication: Near Edge X-ray Absorption Fine Structure
Spectroscopy of Aqueous Adenosine Triphosphate at the Carbon
and Nitrogen K-Edges.” J. Chem. Phys. 2010, 133, 101103,186 with the
permission of AIP Publishing.
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(32) Jaeger, R.; Stöhr, J.; Treichler, R.; Baberschke, K. Photon-
Stimulated Desorption due to Multielectron Excitations in Chem-
isorbed Molecules: CO on Ni(100). Phys. Rev. Lett. 1981, 47, 1300−
1304.
(33) Coulman, D.; Puschmann, A.; Höfer, U.; Steinrück, H.-P.;
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