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Abstract

Water is one of the most common compounds on earth and is essential for all biological
activities. Water has, however, been a mystery for many years due to the large number
of unusual chemical and physical properties, e.g. decreased volume during melting and
maximum density at 4 °C. The origin of the anomalies behavior is the nature of the
hydrogen bond. This thesis will presented an x-ray absorption spectroscopy (XAS) study
to reveal the hydrogen bond structure in liquid water.

The x-ray absorption process is faster than a femtosecond and thereby reflects the
molecular orbital structure in a frozen geometry locally around the probed water
molecules. The results indicate that the electronic structure of liquid water is significantly
different from that of the solid and gaseous forms. The molecular arrangement in the
first coordination shell of liquid water is actually very similar as the two-hydrogen-
bonded configurations at the surface of ice. This discovery suggests that most molecules
in liquid water have two-hydrogen-bonded configurations with one donor and one
acceptor hydrogen bond compared to the four-hydrogen-bonded tetrahedral structure in
ice. This result is controversial since the general picture is that the structure of liquid
water is very similar to the structure of ice. The results are, however, consistent with x-
ray and neutron diffraction data but reveals serious discrepancies with structures based
on current molecular dynamics simulations. The two-hydrogen-bond configuration in
liquid water is rigid and heating from 25 °C to 90 °C introduce a minor change in the
hydrogen-bonded configurations. Furthermore, XAS studies of water in aqueous solutions
show that ion hydration does not affect the hydrogen bond configuration of the bulk.
Only water molecules in the close vicinity to the ions show changes in the hydrogen
bond formation. XAS data obtained with fluorescence yield are sensitive enough to
resolved electronic structure of water molecules in the first hydration sphere and to
distinguish between different protonated species.  Hence, XAS is a useful tool to prov-
ide insight into the local electronic structure of a hydrogen-bonded liquid and it is applied
for the first time on water revealing unique information of high importance.
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Where you come from is gone.

Where you thought you were going to were never there.

And where you are ain’t no good unless you can get away from it.

Ministry
Jesus built my hotrod, (Nov. 6, 1991)
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1. Introduction

Over the years different techniques to study the unoccupied electronic states of molecules
and inorganic solids have been developed. Examples of techniques are inverse
photoemission spectroscopy (IPES), bremsstrahlung isochromat spectroscopy (BIS),
electron energy loss spectroscopy (EELS), x-ray absorption spectroscopy (XAS), x-ray
Raman scattering (XRS), and optical transition spectroscopy [1-5]. Probing the
unoccupied states reveals information about the atomic structure in the material and
provides insight into the properties of the system of interest. In particular, detailed
structural determinations of complex macromolecules involved in biological processes
and the study of atoms and molecules absorbed at surfaces, important for surface chemical
processes, have driven researchers to develop new and more advanced techniques. Ideas
about different techniques to probe the unoccupied states began to emerge in the beginning
of the 1900’s, but the requirement of high energy sources, effective vacuum pumping
systems and high technology detection systems have delayed the practical use of
theoretically possible but technologically demanding techniques.

XAS, also known as near edge x-ray absorption fine structure (NEXAFS) or x-ray
absorption near edge structure (XANES), has become a dominant method to directly
probe unoccupied states in recent years. Furthermore, with the high intensity and the
small divergence of synchrotron radiation, XAS has become one of the most widely
used techniques for elucidating the nature of bonding between molecules [4]. XAS
involves the excitation of a core electron into the unoccupied states, see Figure 1. Since
the core level energy positions depend on the element and its chemical environment,
XAS provides an element specific probe of the local and chemical environment around

atom X atom Y

unoccupied
valence state

IP

hν1

hν2

continuum states

Figure 1. Schematic potential picture showing atom specificity of XAS. For a diatomic molecule a potential
barrier separates the core-levels, which becomes spatially localized to the two atoms. The molecular valence
states are shared. The states close to the ionization potential (IP) are unoccupied and available for photon-
excited core-electrons.



10

a given atom, facilitated by the spatial confinement of the core hole. Due to the short
time-scale, less than 1 fs, of the excitation process, i.e. much faster than the vibrational
and translational motions, see Figure 2, the spectrum becomes the sum of snapshot
contributions from individual atoms or molecules in their instantaneous environments.

Applying XAS on liquids has been a long-standing challenge. In particular the vacuum
environment required to perform soft x-ray XAS, necessary for carbon, nitrogen and
oxygen K-edge XAS, is incompatible with the high vapor pressure of liquids. Another
problem is that carbon, nitrogen and oxygen have a high absorption cross-section, i.e.
the probabilities for an absorption event is high and therefore may give limited penetra-
tion into the liquid, especially if the absorbing atom dominates the liquid, e.g. oxygen in
water.

The development of soft x-ray synchrotron sources, effective vacuum pumping
systems, high technology detection systems and ultra thin windows have, however, made
oxygen K-edge measurements of liquid water possible, see Paper III and references
therein. Different approaches, techniques and detection schemes have been used; each
with their own advantages and disadvantages. When analyzing x-ray absorption spectra
quantitatively, one has to address the possibility of beam damage, finite-probing depth,
saturation effects and, in some cases, temperature and interface effects. XRS can also be
affected by contributions from non-dipole transitions. Hence, it is important to discuss
the results of these techniques in a comparative manner. This thesis will describe and
scrutinize the techniques used to obtain x-ray absorption spectra of liquid water and
aqueous solutions and evaluate the reliability of the recorded information.

The most interesting and challenging liquid is water, which has for many years been
a mystery. Liquid water possesses a number of important properties essential for life in
any form known today. The origin of the properties of the liquid water is the hydrogen
bond [7]. Combinations of different experimental techniques and theoretical simulations
have been used to reveal information of the hydrogen-bonded structure. A full picture of
the water structure has, however, not yet been achieved. The results obtained with XAS
studies presented in this thesis may be the missing piece. XAS is, after all, sensitive to
the local environment and bonding configuration of the absorbing atom.

Figure 2. Time scale of molecular processes in water and of x-ray absorption processes. The vertical arrows
indicate the periods associated with various molecular processes. t

D
 and t

V
 are the periods for molecular

displacement and vibrations, t
S
 is the period for an OH stretching vibration and t

E
 is the time required for an

electron to complete one circuit in the innermost Bohr orbit [6].

+2 0 -2 -4 -6 -8 -10 -12 -14 -16 -18+4

Time scale of x-ray absorption processes

log of time (seconds)

τVτD τS τE
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2 Liquid water

Liquid water (H
2
O) is often considered to be an ordinary compound since it is transpa-

rent, odorless, tasteless and found everywhere. The small molecule is a tri-atomic
construction where two hydrogen atoms (H) are bonded to one oxygen atom (O), where
the O-H bond length in the water gas phase molecule is 0.957 Å and the H-O-H angle is
104.5° [8], see Figure 3. This simple molecule is one of the most common compounds
on earth and is essential for all biological activities [9, 10]. At ambient conditions (room
temperature and atmospheric pressure) water appears as a liquid, see Figure 4, which is
the aggregation-state this thesis will focus on.

Figure 3. A water molecule consists of one oxygen atom (O) and two hydrogen atoms (H). The O-H bond
length in the water gas phase molecule is 0.957 Å and the H-O-H angle is 104.5°. The mass ratio between
the oxygen atom and the hydrogen atom is close to 16:1.

Oxygen

2 x Hydrogen
104.5o

0.957 A
o

Figure 4. Phase diagram of water. Water is a liquid at ambient conditions, i.e. atmospheric pressure (1x105

Pa) and room temperature (300 K), shown in the diagram as a “X”. Lowering the temperature or increasing
the pressure will give ice while a raise in temperature or decreasing the pressure will give gas. The Roman
numerals indicate different crystalline polymorphs.
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Despite the fact that water is so important, it is still a mystery. Water exhibits a large
number of unusual properties both in pure form and as a solvent. Some of the more
notable physical properties are the following:

• decreased volume during melting.

• maximum density at 4 °C, i.e. in the ambient liquid range.

• isothermic compressibility minimum at 46 °C, i.e. in the ambient liquid range.

• numerous crystalline polymorphs.

• high dielectric constant.

• anomalously high melting, boiling, and critical temperatures for a low-molecular
weight substance that is neither ionic nor metallic, see Figure 5.

• increasing liquid fluidity with increasing pressure.

• high-mobility transport for H+ and OH- ions.

There are other compounds and substances that exhibit some of these attributes, but
the remarkable thing is that all these eccentricities occur together in one and the same
substance. No other compound or substance possesses this number of anomalies and
scientists have tried to solve this mystery for more than a century. The first published
paper devoted primarily to explaining these peculiarities of water came 1892 [12]. Since
then many publications have contributed experimental and theoretical data but remain
devoid of satisfying answers. One important discovery, however, was that a specific
attraction seems to exist between hydrogen atoms and electronegative atoms, such as
nitrogen, oxygen, fluorine and chlorine, especially when the hydrogen atom is chemically
bonded directly to one of the electronegative atoms. The strength of this specific attraction
(4-15 kcal/mole) is ten times larger than for van der Waals interactions but an order of
magnitude less than for covalent chemical bonds [7]. This specific attraction was named
“hydrogen bond” and can be found between molecules like hydrogen fluoride (HF),
ammonium (NH

3
) and water (H

2
O). The hydrogen bond is a short-range interaction

Figure 5. The melting points and boiling points for compounds in the H
2
X-series, X = O (oxygen), S

(sulfur), Se (selenium), Te (tellurium), and Po (polonium), and the YH
4
-series, Y = C (carbon), Si (silicon),

Ge (germanium), Sn (tin). The hydrogen bond between the hydrogen atoms and the oxygen atoms affects
the melting point and the boiling point [11].
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involving a hydrogen atom of one molecule and a lone pair of another. The lone pair is
a lobe of a charge cloud that extends out from the molecule away from the hydrogen
atoms. In water there are two lone pair lobes, which extend above and below the H-O-H
plane [6]. The whole structure of the hydrogen atoms and lone pairs can then be
represented by a tetrahedron, where the protons are directed toward two of the vertices
and the lone pairs toward the other two. Because of the tetrahedral geometry the water
molecule can have four hydrogen bonds, two donating and two accepting, see Figure 6.

This tetrahedral-coordination of hydrogen bonds characterizes the structure of ordinary
ice I

h
, where the hydrogen atoms are placed between the oxygen atoms and the distance

between oxygen atoms is 2.75 Å [13]. The space filling is, however, very inefficient and
the ice structure contains void spaces. Upon melting the voids become smaller or maybe
disappear and cause the density to increase by about 9 percent. This fact is the reason
why liquid water, formed when ice melts, is denser than ice. Neutron- and x-ray diffraction
data, however, indicates that each molecule in liquid water in average has 4.5-4.7
neighbors within a distance of ~3.5 Å [6, 13], i.e. not too different from ice. This discovery
resulted in the assumption that the structure of liquid water is actually very similar to the
structure of ice [6]. XAS is sensitive to the local environment [4] and should then be the
perfect tool to verify this assumption.

Figure 6. Hydrogen bond configuration in ice I
h
 includes four hydrogen bonds, two donating and two

accepting. The hydrogen bonds follow the straight O-H - - O line and thereby make four water molecules
form a tetrahedron around the central water molecule.
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3 X-ray absorption spectroscopy

Molecular orbitals can be divided into two different types depending on their energy
levels: core levels and valence levels, see Figure 1. Bonding between individual
molecules, or any other kind of interaction between the molecule and its surroundings,
is carried out by valence level orbitals. These bonding interactions depend upon the
local electronic structure of the involved molecules. XAS uses a photon absorption
process that involves a photon with energy that corresponds to a core-electron excita-
tion up to a valence level. Since both the core levels and the valence levels are involved,
XAS is element specific and sensitive to the bonding situation to neighbor atoms.

3.1 X-ray absorption

When a beam of monochromatic x-rays goes through matter, it loses intensity due to
interaction with the atoms in the material. The intensity drops exponentially with distance
and if the material is homogeneous the intensity after transmission is:

I = I
0
e-ρµd (1)

where I and I
0
 are the transmitted and the incident x-ray intensities, respectively. Mass

density is represented by ρ, µ is the absorption coefficient and d is the thickness of the
sample. The absorption coefficient will decrease smoothly with higher energy except
for certain photon energies, see Figure 7. When the photon energy reaches the critical
value for a core electron transition the absorption coefficient increases abruptly. These
abrupt increases in absorption occur whenever the incident photon has just enough energy
to promote a core electron to an unoccupied valence level or into the continuum (leave
the atom). The probability to eject an electron is largest when the photon energy matches
the energy of the transition process. After each absorption edge the absorption coefficient
will continue to decrease with increasing photon energy.

The loss in intensity can also be expressed in terms of the photoabsorption cross-
section (σ) by the following expression:

I = I
0
e-nσd (2)

where n is the atomic density and d is the thickness of the sample. The difference between
the two expressions (eq. 1 and eq. 2) is that eq.1 is a macroscopic description of the
photoabsorption process and involves atoms in a particular solid material or molecular
form, while eq. 2 is a microscopic description of the same process but for single isolated
atoms. One benefit in the microscopic description is the possibility to separate the
contributions of the various atomic subshells [14].
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3.2 The absorption edge

The absorption edge structure often consists of discrete absorption bands superimposed
on the steeply rising continuum absorption edge, see Figure 8. These discrete absorp-
tion bands originate from transitions of core electrons to discrete bound state valence
levels. The absorption edges that are of most interest are the K-edge (1s) followed by the
three L-edges: L

1
-edge (2s), L

2
-edge (2p

1/2
) and L

3
-edge (2p

3/2
) [4]. These edges are

element specific and shift to higher energies when the atomic number increases. Since
the core levels depend on the element and its chemical environment they also show
chemical specificity. XAS is therefore not only an element specific technique but also
sensitive to the immediate environment of the absorbing atom.

An x-ray photon energy range of 3 – 30 keV results in accessibility of K-edges from
roughly chlorine to silver. The L-edges of elements from molybdenum through the act-
inides also fall within this energy range. Soft x-rays in the range of 100 – 1000 eV will
make it possible to do K-edge XAS studies of the lower atomic number elements such
as carbon (ca 280 eV), nitrogen (ca 410 eV) and oxygen (ca 540 eV).

3.3 X-ray absorption processes

There are three types of excited photoelectrons, see Figure 9. The first type does not
have energy enough to leave the absorbing atom. Those electrons will do a transition to
one of the unoccupied valence states. These transitions will give rise to pre-edge peaks,
i.e. peaks before the continuum threshold (ionization threshold) located at the energy
value E

0
, which is the minimum energy necessary for the photoelectrons to escape into

the continuum (leave the atom). The excitation of the core electron into the unoccupied
valence states obeys the dipole selection rule [4], which for an atom strictly limits the

Figure 7. An x-ray beam loses intensity via interaction with a material. The absorption coefficient will
decrease smoothly with higher energy, except for special photon energies. When the photon energy reaches
the critical value for a core electron transition the absorption coefficient increases abruptly.
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change in the angular momentum quantum number (∆l) to ±1. If the incoming photons
for example have their energy around the 1s-orbital electronic excitation of the studied
element, the features in the XAS spectrum can only show unoccupied electronic states
with local atomic p-contribution. For K-shell transitions of molecular systems the spa-
tial localization of the 1s orbital involved in the excitation results in the spectrum being
completely dominated by transitions to molecular orbitals with a local p-orbital
contribution although the overall symmetry is not atomic-like. For an oxygen 1s electronic
excitation the features in the XAS spectrum will thus only reflect the local atomic p-
contribution to the excited unoccupied valence orbitals at the site of, e.g., the oxygen
atom in the water molecule.

The second and the third types of excited photoelectrons have energies above E
0
 and

can thus escape into the continuum. The kinetic energy of the second type of photoelectron
is, however, low (10 – 40 eV) and the excited photoelectron can be trapped in continuum
states, which are called shape resonances, before it leaves the system. When the incoming
photons have energy above the critical energy value E

c
, as in the third case illustrated in

Figure 9, the photoelectron will be weakly backscattered by neighbor atoms. This pro-
cess gives sinusoidal variations of the absorption coefficient caused by interference
between the outgoing photoelectron wave from the probed atom and the backscattered
photoelectron waves from its nearest neighbors. The frequency of the sinusoidal signal
is a function of interatomic distances, number of neighbors and type of coordinating
(backscattering) atom. The sinusoidal variation extends 50 – 1000 eV after the absorp-
tion edge and is called extended x-ray absorption fine structures (EXAFS) [3, 15].

Figure 8. In an x-ray absorption edge there are discrete structure from core electron transitions (dotted
lines) superimposed. The photon ionization energy (E

0
) is the threshold energy the photoelectron needs to

have to escape into the continuum and E
c
 is the critical energy value for EXAFS.
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3.4 The XAS Synchrotron Beamline

The majority of operational standard XAS beamlines at the existing synchrotron radia-
tion sources are dedicated to transmission or photoyield XAS. The synchrotron radia-
tion [14], produced by a bending magnet or an insertion device like wigglers or undulators,
is monochromatized (energy filtered) by a monochromator. The geometry conditions of
the monochromator, which gives a Bragg angle, determine the energy of the photons
that impinge the sample. By changing the Bragg angle the absorption can be stepwise
recorded versus photon energy. Focusing optics and mirrors maximize the number of
photons at the sample. To minimize the photon intensity loss the whole beamline is
operated under ultra high vacuum (UHV) conditions. The endstation connected to the
beamline is unique for different types of experiments and/or detection modes but normally

Figure 9. There are three types of excited photoelectrons. Excited photoelectrons to one of the unoccupied
valence states, excited photoelectrons with low kinetic energy and excited photoelectrons with high kinetic
energy. Photoelectrons with low kinetic energies can be trapped in continuum states, which does not occur
for the high kinetic energy photoelectrons.

NEXAFS EXAFS

low kinetic
energy
E < Ec

high kinetic
energy
E > Ecunoccupied

valence 
states

occupied
valence 
states

core
states

Figure 10. Schematic overview of the synchrotron radiation beamline 8.0 at ALS. The beamline consists of
an undulator, a rotatable spherical grating monochromator and refocusing optics.

Beamline 8.0 at the Advanced Light Source, Lawrence Berkeley National Laboratory

End station

Horizontal & vertical
refocusing mirrors

Translatable
exit slitInterchangeable

rotatable spherical
gratings

Entrance slitSynchrotron light
from undulator

Vertical condensing
mirror

Storage ring

e-



18

consists of a chamber, differential pumping stage, sample holder, detector and an xyz-
adjusting system. An example of a beamline, which is used in the XAS measurements
of liquid water and aqueous solutions presented in Papers I-II and Papers IV-VI,
respectively, can be seen in Figure 10.

3.5 X-ray source

Performing oxygen 1s XAS on liquid water and aqueous solutions requires very high
photon flux. Beamline 8.0 (Figure 10) at the Advanced Light Source, the synchrotron
light facility operated by Lawrence Berkeley National Laboratory in California (Figures
11 and 12), gives a photon flux of 1011 – 1013 photons/second depending on resolution
and energy. The synchrotron light source is an undulator with ninety-eight (98) 5 cm
periods (first, third, and fifth harmonics) and operates over the energy range of 95  -
1400 eV. The spherical grating monochromator (SGM) has three interchangeable gratings
of 150, 380, 925 lines/mm, respectively, and can give a spectral resolution (E/DE) of
≤8000. To achieve as good resolution as possible both the entrance and the exit slit to
the monochromator are set to a minimum of 0.30 µm.

3.6 Detection mode

XAS spectra can be recorded in a conventional transmission mode, where the x-rays
pass through the matter and the intensity of the beam is measured before and after the
sample. In the transmission mode the detectors usually consist of a gold-mesh, a sensitive
photodiode or ionization chambers filled with an inert gas. The first chamber (or the
gold-mesh) will absorb ~20 percent of the incident intensity (I

0
) and the second chamber

(or the photodiode) will absorb most of the transmitted intensity (I). In some cases there
will be a third chamber behind the second chamber. It is then possible to simultaneously
measure the absorption of both a reference sample and the sample of interest.

Figure 11. View over the Advanced Light Source, the synchrotron light facility operated by Lawrence
Berkeley National Laboratory in Berkeley, California.
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Transmission XAS in the soft x-ray region is a straightforward method but requires
very thin and homogeneous samples. If it is impossible or very difficult to make the
sample thin enough, the x-ray absorption spectrum can be monitored indirectly by using
the photoyield mode, i.e. monitoring secondary deexcitation processes, see Figure 13.
After the absorption process, which creates a core-hole, the atom relaxes through
fluorescence emission or by ejecting an Auger-electron. The energy of the fluorescence
photon or the kinetic energy of the Auger-electron is equivalent to the released energy
of the electron transfer from a valence level to the core hole, which are independent of
the incoming photon energy. The number of created core holes is directly proportional
to the x-ray absorption cross section of the absorbing atom and thereby also the secondary
deexcitation process [4]. Photoyield mode XAS is therefore directly proportional to the
x-ray absorption cross section of the absorbed atom. For low Z atoms the Auger-electron
emission is dominant and electron detection is therefore often used for its high detection
efficiency [4].

Detecting the Auger electrons via an energy dispersive electron analyzer yields the
Auger electron yield (AEY) signal. The majority of the Auger electrons are, however,
scattered within the studied material, which gives rise to a scattering cascade of low-
kinetic energy electrons. Monitoring all electrons penetrating the surface yields the total
electron yield (TEY) signal. Selecting an energy window that detects electrons with
kinetic energy lower than the elastically scattered Auger-electrons but rejects the
inelastically scattered Auger-electrons with the lowest kinetic energy yields the partial

Figure 12. Schematic overview of the electron storage ring at ALS. Bunches of high energy electrons are
created in the linear accelerator (linac) and are brought up in speed close to the speed of light in the booster
synchrotron. An injection system directs the electrons into the ring and a radio frequency (RF) generator
compensates the energy loss due to synchrotron radiation when the electron passes bending magnets, wigglers
and undulators. The storage ring is optimized for soft x-ray radiation.
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electron yield (PEY). PEY may be selected when AEY detection gives insufficient
intensity, is too surface sensitive or has interference problems. The threshold energy for
accepted electrons must be chosen carefully so that the selected energy window does
not induce saturation effects in the recorded XAS spectra [16-19].

3.7 X-ray Raman scattering

One technique that can be a substitute for soft x-ray XAS is x-ray Raman scattering
(XRS) [20-22]. In XRS an inelastically scattered photon, with high energy, undergoes
an energy loss event corresponding to a core level excitation process [21]. The
correspondence between XRS and soft x-ray absorption was predicted more than 80
years ago, but because of the small cross section for Raman scattering and the need for
a scattered beam analyzer, XRS remains a difficult experiment. Synchrotron radiation
has, however, made it possible to supply hard x-rays (photon energy of 1-10 keV) with
sufficient intensity to produce spectra with higher resolution and good signal to noise
ratio. XRS has therefore in the last 15 years been a successful tool for determination of
the local structure around a selected atom [5] and in Papers II-III it is shown that XRS
can also be applied on liquid water. Advantages of this technique include a deep pene-
tration length, no tendency for saturation effects and that the technique does not require
vacuum.

Figure 13. After the absorption of the x-ray photon, the excited atom will go through a decay mechanism.
For high Z atoms the fluorescence decay is dominant and for low Z atoms the Auger-electron decay is
dominant.

Fluorescence decay
Auger-electron decay

X-ray absorption

Decay Mechanism



21

4. O 1s XAS of liquid water and aqueous solution

Measuring the electronic structure to elucidate the nature of liquid water has been a
challenge for many years. XAS is a useful technique but requires intense x-ray sources
with a continuous spectrum, effective vacuum pumping systems and advanced detection
systems [4]. The requirement of vacuum environment while performing oxygen K-edge
XAS is incompatible with the high vapor pressure of liquids. The liquid water sample
can, however, be kept as a thin film between two Si

3
N

4
-windows as demonstrated by

Yang and Kirz [23] and as an alternative to transmission XAS Bowron et.al. [24] recently
presented a study where the absorption coefficient was obtained by XRS. Information
about the hydrogen bond structure in liquid water could, however, not be derived because
of the only moderate spectral resolution achievable at that time. Although these
experiments demonstrated that x-ray absorption studies are possible.

In addition to transmission XAS and XRS it is also possible to measure XAS indirectly
via secondary yield techniques. Hence, several ways to record spectra with high spectral
resolution are therefore available today.

4.1 Different detection schemes for O 1s XAS of liquid water

4.1.1 Transmission mode (T mode)

To record transmission mode spectra the water films need to be very thin. A T mode
XAS measurement is described in Paper III. The XAS measurements were performed
with samples that had thicknesses from about 300 nm to 500 nm, which were produced
by squeezing a water droplet between two Si

3
N

4
 windows. The thin film water sample

was then mounted in a chamber filled with helium (He), which is transparent to soft x-
rays in the energy range of interest for O 1s XAS. A photo diode was placed behind the
sample holder and photon energy scans could then be recorded with and without the
water sample. The ratio of intensities of the water filled sample holder and empty sample
holder gave the transmission spectrum of the water. To correct for changes in the incoming
x-ray beam the incident intensity I

0
 was monitored within the UHV section of the

beamline. Since x-rays penetrate the entire water film, spectra recorded in transmission
mode are inherently bulk sensitive.

4.1.2 Total electron yield (TEY)

To make it possible for the electrons to travel from the sample to the detector O 1s XAS
TEY mode requires vacuum conditions. This was previously impossible with liquid
water samples, but by employing liquid microjet technology the incompatible problem
with required vacuum pressures and high vapor pressure of liquids is now solved [25].
The liquid water microjet, which has a diameter of 20 µm, was brought into the chamber
through an xyz vacuum feedthrough, see Figure 14. Fine control of the liquid jet
orientation is necessary to achieve proper overlap of the 80 x 200 µm x-ray spot with the
20 µm liquid jet. The microjet traveled in the measured region, ca 5 mm, before it
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entered a 300 µm diameter s31mer and condensed on a liquid nitrogen trap 0.5 m away.
In the measuring region, which was kept at 1x10-5 torr, the x-ray beam impinged a
laminar flow of liquid water with a temperature close to room temperature (~290 K). A
smaller size of the liquid jet will lower the temperature due to the high evaporation [26].
To collect the escaping electrons, copper electrodes were mounted 2 mm from the jet
axis. The fluorescence from the core-hole decay process could also be measured with a
photodiode mounted in the line of sight of the microjet. The x-ray beam intersected the
liquid microjet axis at 90°. To correct for changes in the incoming x-ray beam the inci-
dent intensity I

0
 was monitored within the UHV section of the beamline. Further

description can be found elsewhere [26].

One advantage with the liquid microjet technology is that the continuous flow of
fresh solution replenishes the liquid sample and thereby minimizes surface contami-
nation. The laminar flow remains constant under vacuum and a well-behaved liquid
surface stays intact under the spectroscopic measurements. It is therefore also possible
to study the surface of the liquid through total ion yield (TIY) [27]. An absorption
spectrum from the TEY XAS measurement described above is presented and discussed
in Paper III.

Figure 14. Between the interaction chamber and the synchrotron beamline there are three individually
pumped vacuum chambers, each separated by a 2 mm diameter conductance limiter. This design is necessary
to keep the beamline free from contamination from the microjet and at the same time bring the x-ray beam
into the interaction chamber without any intensity loss. This pre-interaction section is first aligned around
the focused x-ray beam before the interaction chamber is connected. The interaction chamber is separated
from the pre-interaction section by a 5 mm conductance limiter. This aperture moves together with the
microjet while aligning the x-ray beam to the microjet. Further description can be found elsewhere [26].
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4.1.3 Auger electron yield (AEY)

Another way to do O 1s XAS electron mode detection is to have an efficient differential
pumping system keeping the sample at high pressure and the detection system at vacuum.
The high-pressure photoelectron spectrometer (HPPES) system is based on a concept
where the x-ray beam impinges the sample in a high-pressure cell and the photoelectrons
escape through a small aperture into an electron energy analyzer [28], see Figure 15.
Primary pumping is provided through the vacuum chamber, second stage pumping
through the electron lens, and the final pumping through the hemispherical analyzer
pumping port. By collecting the electrons with kinetic energies in the range from 412 to
437 eV an Auger electron yield O 1s XAS spectrum can be recorded.

In the high-pressure cell the sample was placed under a nozzle with an aperture
diameter of 0.9 mm. The electrons going into the aperture were led through a two-stage
lens system and focused into a hemispherical electron analyzer. The distance between
the sample and the aperture was approximately 1 mm. The monochromatized x-ray
beam went through a thin silicon nitride window and impinged the sample at an angle of
75° from the surface normal, which was aligned along the HPPES axis. The diameter of
the x-ray beam was ~1 mm and had a path length in the high-pressure cell close to 20
mm. When the x-ray beam passed the gas phase, at pressures above ~0.5 mbar, it generated
ions, which impinged the sample and thereby compensated the surface charge-up. This
is otherwise a problem when the photoelectron processes occur in an insulating material
like condensed water. The incoming x-ray beam intensity I

0
 was monitored within the

UHV section of the beamline and correction for changes in the I
0
 was thereby possible.

Further description can be found elsewhere [28].

Figure 15. An x-ray beam enters into the high-pressure cell through a 100 nm thin aluminum window. The
photons travel through an atmosphere of ~0.5 mbar before they impinge on the sample, which is condensed
on a copper substrate. Auger-electrons travel together with gas through the apertures of the lens system.
The gas is effectively removed by pumping stages while the electrons are focused into the hemispherical
analyzer. Further description can be found elsewhere [28].
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The sample was prepared by condensing water vapor onto a cooled copper substrate.
The substrate was then heated to the desired temperature. The O 1s XAS of liquid water
was collected at a temperature of –2 °C. At that temperature the liquid water surface is
in equilibrium with water vapor at up to 4.6 torr. An absorption spectrum from the AEY
XAS measurement described above is presented elsewhere [28, 29] and is used in the
comparative discussion in Paper III.

4.1.4 Fluorescence yield (FY)

In this technique the absorption spectrum is obtained by detecting fluorescent photons
from the core-hole decay process with a sensitive gallium arsenide (GaAs) photodiode.
The sample chamber was separated from the vacuum in the synchrotron beamline with
a 0.16 µm thick silicon nitride (Si

3
N

4
) window covering an opening of 200 x 200 µm.

The chamber was then filled with helium gas. The advantage of this technique is that the
sample can be kept under atmospheric pressure and room temperature without using a
liquid cell.

The liquid sample was placed in a polypropylene straw, 25 mm long and 8 mm in
diameter. From the top, along the straw, there was a 10 mm long and 1 mm wide slot.
This design exposed a water surface that was stable and with a low curvature. The liquid

Figure 16. The experimental set-up in the sample chamber of SXEER gives an ambient environment with
atmospheric pressure and room temperature. The beam passes a Si

3
N

4
-window into a chamber filled with

He gas. The photons travel a few mm through the gas and impinge onto the sample along the surface
normal. A vertically placed straw holds the liquid sample. A 1 mm wide slot exposes the sample to the
beam. A metal aperture in front of a GaAs photodiode defines the acceptance angle of 2° for the fluorescence
yield detection. Further description can be found in Paper III.
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sample vaporized during measurement, especially since a constant flow of dry helium
gas through the chamber continuously removed water vapor. However, the design of the
straw replaced the vaporized liquid with fresh liquid in the probed volume.

The relative distance between the sample holder and the diode was fixed, see Figure
16, and they could be moved together with respect to the incoming photon beam. That
was necessary because mounting the sample onto the sample holder was not exactly
reproducible. Fine adjustments in the x-direction were needed each time a new sample
was mounted onto the chamber, since the x-ray beam needs to impinge the sample in the
correct spot to reduce saturation effects [16, 17]. The y- and z directions were not that
sensitive and the adjustment was included in the chamber set-up procedure.

To correct for changes in the incoming x-ray beam the incident intensity I
0
 was

monitored with a gold mesh within the UHV section of the beamline. The I
0
-normalized

spectrum was also normalized with an XAS T mode spectrum of the Si
3
N

4
-window that

separates the helium atmosphere from the vacuum in the beamline. This was necessary
because of adsorbed water molecules on the window. Absorption spectra from the FY
XAS measurement described above are presented in Papers III-VI and with an alternative
sample arrangement in Papers I-II.

4.1.5 XRS

The XRS spectra in Papers II-IV were obtained by scanning the beamline monochromator
energy from 6500 to 7400 eV at a fixed analyzer setting. The Raman scattering was
analyzed with a high-resolution multicrystal analyzer and the scattered signal was
collected with a lead shielded liquid N

2
 cooled low-noise Germanium (Ge) detector. To

avoid beam damage the liquid water was flowing with 750 ml per hour in a 5 mm
diameter plastic tube. The tube had a 50 µm thick kapton window of 5 x 10 mm and was
placed at a 25° angle towards the direction of the incoming beam. This gave a scattering
angle (Bragg angle) of approximately 45° at the energy of 6460 eV. Six Si(660) analyzer
crystals, each with a diameter of 89 mm and a radius of curvature of 860 mm, were used
in the detection system. Each crystal was aligned in a Johann geometry consisting of the
sample as the source, the crystal analyzer, and the detector on a Rowland circle, see
Figure 17. The Rowland circle had a diameter equal to the curvature of the crystals (860
mm). Only crystals at high-angles were used to avoid non-dipole core-electron excita-
tion [30].

The sample, the analyzer crystals and the detector were fixed relative to each other
on a stable optical table. The aperture slit that defines the beam spot on the sample was
also mounted on the same table. Alignment to maximize the intensity of the incoming
photon beam, I

0
, could then easily be performed. Due to the low cross section and small

detector aperture, which was used to minimize the unwanted background scattering, up
to 15 scans were needed to achieve good data quality. Every single scan took about 30
minutes, and this made the spectrum collection time-consuming. Realignment between
scans was, however, not needed.

The signal from the Ge detector was normalized by the incident photon intensity, I
0
,

recorded with an N
2
 filled ion chamber. The Raman spectrum was then corrected for the

background, caused by the Compton scattering, through subtraction of an extrapolated
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function fitted to a region well below the absorption edge. The Raman spectrum was in
the end calibrated in absolute energy with the pre-edge peak positions, known from O
1s XAS FY measurements.

Figure 17. A hard x-ray beam travels through a kapton window into the liquid sample at low angle relative
to the surface. Inelastically scattered photons lose energy that match the required energy for core-electron
excitations. The scattered x-rays leave the sample and are monochromatized by Si-crystals before the intensity
is recorded with a liquid N

2
 cooled Ge detector. Further description can be found elsewhere [30].
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4.2 Oxygen 1s XAS spectrum of H
2
O

Figure 18 shows O K-edge spectra of water in three forms of aggregation indicating that

the electronic transitions vary significantly between the different forms. The gas phase

spectrum exhibits well-separated peaks corresponding to O 1s excitations into the

antibonding O-H 4a
1
 and 2b

1
 molecular orbitals at low energies (534 and 536 eV), see

Figure 19, and transitions into the Rydberg orbitals at higher energies [31, 32]. The ice

spectrum is broadened and shows a pronounced post-edge peak at 541 eV, but also pre-

edge and main-edge features at 535 eV and 537 eV, respectively. These features are

dominated by contributions from the ice surface and from defects in the ice structure

[33]. An optimized geometry and a thick ice layer of a well-prepared growth sample

would reduce the contribution from the surface and lower the defect density and thus

decrease the intensity of the pre-edge peak and the main-edge peak. The spectrum of

liquid water has a very strong pre-edge peak (535 eV), and compared to ice an

enhancement of the main-edge peak (537 eV). It also has a much less pronounced structure

in the post-edge region (541 eV). The results obtained from the XAS study presented in

Paper I show that the electronic structure of liquid water is different from that of solid

ice.

Figure 19. Molecular orbital energy level diagram of H
2
O, including seven molecular orbitals with labels

that designate their symmetry properties. The water molecule has C
2
n symmetry and the figure shows four

a
1
-orbitals (1a

1
, 2a

1
, 3a

1
 and 4a

1
), two b

1
-orbitals (1b

1
 and 2b

1
) and one b

2
-orbital. The 1a

1
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1
-, 1b

1
-, 3a

1

and 1b
2
-orbital are fully occupied by electrons, while the 4a

1
- and 2b

1
-orbitals are unoccupied. After the

2b
1
-orbital there are some Rydberg-orbitals not shown in the figure.
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4.3. Experimental considerations

X-ray absorption spectroscopy (XAS) and x-ray Raman scattering (XRS) are experi-
mental techniques that are sensitive to the local environment of the absorbing molecule.
However, when analyzing XAS spectra quantitatively, one has to address the possibility
of beam damage effects, finite probing depth, saturation effects and, in some cases,
temperature and interface effects. Newly developed XRS, which offers an alternative to
traditional XAS, can be affected by contributions from non-dipole, beam damage and
interface effects. The instrumentally induced and other artifacts that can affect the recorded
absorption spectrum are summarized in Figure 20.

4.3.1 Beam damage

Bright x-ray beams from synchrotron radiation facilities typically provide a photon flux
of the order of 1011 – 1013 photons/second for most of the soft x-ray experiments. It is
known that irradiation with such intense x-ray beams can cause decomposition of the
sample. In the case of liquid water, the x-ray may split the intramolecular O-H bond to
produce H-, O- and OH-radicals. XAS measurements of ice show spectral fingerprints
of decomposed species after a long exposure to soft x-rays with photon energies around
500 eV. Figure 21 shows two ice spectra; one recorded on a steady spot of the ice sample
and one where the sample was moved continuously with 30 µm/s to irradiate non-
damaged (fresh) spots during the measurements. Spectrum a in Figure 21 shows that,
due to the intense x-ray beam, decomposed species accumulate within the sampled water
volume, which gives rise to the peak at 531.6 eV. The peak saturates within the time
scale of one energy scan, about seven minutes, so there must be a self-healing effect
where the hydrogen bonded structure reconstructs. For spectrum b in Figure 21 the
amount of decomposed species is negligible. By comparing the two spectra in Figure 21
we see that there are no significant differences in the spectral features for the pre-, post
and main-edge peaks. In conclusion, the decomposed species give rise to a peak well

Figure 20. Ishikawa diagram (or fish-bone diagram) shows possible sources of artifacts in the recorded
absorption spectra.
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separated from the main features and thus easily identifiable. Since the liquid water
spectra in Papers I -III show no feature below 533 eV we can conclude that beam damage
is not significant in the presented spectra.

In addition to the x-ray-induced decomposition, we also need to consider the possibility
of a beam-induced structural rearrangement. For instance, heat load due to the x-ray
irradiation can break hydrogen bonds in liquid water and result in an over-estimation of
the number of broken hydrogen bonds. 27 et al studied a liquid microjet in vacuum [26]
where fresh water streamed continuously into the sampled volume and thereby rende-
ring beam induced restructuring negligible. Similar attention was taken in the FY XAS
experiment. Beam damage was investigated by recording FY spectra of a non-streaming
water sample for a series of different x-ray intensities. The photon flux was reduced
until no further changes in the spectral shape could be detected. In addition, the time
evolution of spectral changes upon x-ray irradiation was checked. Following these
procedures, beam induced decomposition and/or restructuring could be avoided.
Furthermore, measurement with a continuous flow of liquid water was performed with
almost identical results as the steady liquid measurements (compare Figure 1 in Paper I
with Figure 3 in Paper IV). In fact, the spectral features in the FY spectrum are similar
to the liquid microjet experiment spectrum presented in Figure 1 in Paper III and
consequently the spectral features, including the important pre-edge peak at 535 eV,
reflect the unique hydrogen bonded structure in liquid water and are not due to beam
damage. The XRS experiments measurements were performed both by using a continuous
flow of water in a plastic tube and with stationary water. No differences in the recorded
spectra could be seen. Furthermore, no beam damage was observed in the T mode XAS
experiment, which was verified as discussed in the FY XAS experiment. Since the
transmitted intensity can be effectively measured with a photo diode, the thin water

Figure 21. a) In the absorption spectra of ice a peak at 531.6 eV appears after long exposure to x-ray
radiation showing that water molecules are sensitive to x-ray and radiation damage. b) The peak at 531.6 is
absent if the sample is moved continuously during the measurements.
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films were determined to have been exposed to very low x-ray intensities of the order of
109 photons/second only, distributed over an area of about 1 mm2.

4.3.2 Detection depth

Electron detection techniques are often used for their high efficiency [4]. A key feature
of Auger-electron detection is the short mean free path of electrons in matter, which
makes electron detection methods surface or near-surface sensitive. While this is
advantageous in many applications, it causes electron yield spectra of liquid water to
actually map the hydrogen bond structure in the near surface region, which may be
different from the bulk due to the presence of the water surface. Inelastically scattered
electrons may, however, have a much larger travelling length since the band gap of
water is large and the number of valence electrons is small. TEY sampling depth may
therefore be much longer than for AEY. Fluorescence yield, on the other hand, samples
deeper below the water surface. Hence, although orders of magnitude less efficient,
fluorescence yield methods offer the advantage to truly probe the bulk structure.

The oxygen K-Auger-electrons monitored in the AEY measurement have an
attenuation length of 2 nm in liquid water [34], which corresponds to 7-13 “layers” of
water molecules. (Liquid water does not contain layers, as in ice, so in this case layers
stands for “number of water molecules the electron will pass on its way to the surface”).
For this reason AEY was used to study surface melting of ice [29] and the spectrum has
to be expected to be different from those obtained by more bulk sensitive techniques.
The TEY experiment, with the liquid microjet set-up, was also designed to study liquid
water surfaces [27]. However, the inelastically scattered electrons, which dominate the
TEY signal, have an escape depth much deeper than the Auger-electrons and can thus be
considered to probe the bulk structure.

To record transmission spectra, thin water films were prepared by squeezing a water
droplet between two Si

3
N

4
 membranes. Thicknesses from about 300 nm to 500 nm were

prepared by the addition (about 1 volume-%) of polystyrene nanospheres of a size
corresponding to the water droplets. The film thicknesses were determined by comparison
of measured and calculated transmission intensities at non-resonant photon energies for
which tabulated values are available [36]. Since x-rays penetrate the entire water film,
spectra recorded in transmission are inherently bulk sensitive. Further description can
be found in Paper III.

The fluorescent photons in the FY XAS measurement have an escape depth of many
microns, (up to 10 µm [36]), but the chosen geometry, with fluorescence acceptance
angle of only 2° from the surface, reduces the escape depth to about 100 nm. Hence, FY
XAS probes significantly deeper into the water bulk than TEY and AEY.

In XRS the O K-edge spectrum is recorded by means of inelastic scattering of hard
x-rays. Since both the incoming and the scattered x-rays have photon energies of several
keV the x-ray penetration lengths are on the order of several 100 microns [36]. Hence,
XRS is a truly bulk-sensitive technique.

Estimations of the detection depth are based on calculations of the attenuation length
of photons in water. The attenuation length in these calculations is defined as the depth
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into the material measured along the surface normal at which the intensity of x-rays
falls to e-1 of its value at the surface [36]. To estimate the attenuation depth for the XAS
and the XRS measurements we need to estimate the no event probability (P

ne
), i.e. the

probability that a photon does not interact with a water molecule along the photon pathway
[37]:

P
ne

(x)=e-ρµx (3)

where ρ is the mass density, µ is the mass interaction cross section for x-rays in matter
and x is the length of the photon pathway. The mass density of water is 1 g/cm3 and the
mass interaction cross section for oxygen is circa 20 000 cm2/g for x-rays with photon
energy 545 eV (i.e. after the K-edge) and circa 20 cm2/g for x-rays with photon energy
6500 eV [36, 38]. By using eq. 3 it is possible to calculate the attenuation length:

545 eV: I/I
0
 = e-ρµx = e-1 ⇔ x = 0.5 µm.

6500 eV: I/I
0
 = e-ρµx = e-1 ⇔ x = 500 µm.

This is in good agreement with tabulated values of the attenuation length for photons
with energy 545 eV and 6500 eV, which are 0.53 µm and 520 µm, respectively [36].

The basic idea of XAS and XRS is, however, that a photon interaction does, in fact,
occur. The probability for an interaction event to occur at a certain distance along the
photon pathway in a material increases exponentially with the distance from the surface
along the photon pathway. The event probability (P

e
) that a photon interacts with a

water molecule is:

P
e
(x)=1-P

ne
(x)=1-e-ρµx (4)

In the case of XAS a water molecule absorbs the photon and a fluorescence photon
leaves the molecule along a new pathway without further interaction and escapes from
the sample. The corresponding event in XRS is that a photon is inelastically scattered
and goes along a new pathway without further interaction and escapes from the sample.
That means we need to combine the two probabilities in eqs. 3 and 4:

P
e
(x)P

ne
(x)=(1-e-ρµx)e-ρµx (5)

The probabilities for interaction, no interaction and the combined probabilities are shown
in Figure 22. The combined probabilities show a maximum at 1.45 µm and 350 µm for
the XAS measurement and for the XRS measurement, respectively. These are the total
lengths of the photons/photon pathways with the highest probability in the XAS/XRS
measurements.
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Determination of the detection depth, d, with the highest probability is obtained by
the following criteria, (see Figure 23):

  h
1
+h

2 
= total pathway in water

  h
1
sin(ϕ) = d (6)

  h
2
sin(θ) = d

where h
1
 is the length of the photon pathway from the surface to the interaction event, h

2

is the length of the photon pathway from the interaction event to the surface, ϕ is the
angle of the incident x-ray beam relative to the surface and θ is the angle between the
direction of the escaping photon and the surface, see Figure 23.

In the case of the XAS measurements the incident photon impinges the sample along
the surface normal and the fluorescence is collected at an acceptance angle of 2°. Based
on the criteria in eq. 6, the detection depth with the highest probability is 49 nm.









Figure 22. The information depth from the surface to the interaction event depends both on the probability
for the incoming photon to interact with a water molecule and on the probability for the photon after the
interaction to not interact with a water molecule on its way out from the sample. The information depth for
the XAS measurements (left) and the XRS measurements (right) is defined by the shaded area (0.0 – 8.77
µm for XAS and 0.0 – 785 µm for XRS), which is defined as the depth at which 63% of the interaction
events have occurred. The calculations are based on a normal incident photon and that the detected photon
pathway is along the normal to the surface.
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In the case of the XRS measurements the incident x-ray beam had an angle to the
surface of ca 25° and θ was defined by the geometry condition:

θ =90−ϕ-α (7)

where α is the selected scattering angle. The scattering angle was chosen to be about
45°, which means that the scattered beam will pass the kapton window with an angle of
20°. The solution to eq. 6 gives the detection depth with the highest probability, as 70
µm.

The estimation of the detection depths in XAS and XRS is very rough and the error
bars are large. Scattering events occur at depths both deeper and shallower than the
estimated detection depth with the highest probability. The depth of interest is, however,
the information depth, i.e. the location for the majority of the information sources in the
form of absorption events for XAS or scattering events for XRS. The information depth
can be defined as the depth into the sample where 63% (1-e-1) of the detected interaction
event are located. The shaded area under the detection depth probability in Figure 22
represents the information depth. By using the length of the total pathway derived from
Figure 22, (the right border of the shaded area), and the criteria in eq. 6 the information
depths are 300 nm and 150 µm for the FY and XRS measurements, respectively.

4.3.3 Saturation effects

Due to the short attenuation length of soft x-rays in water, transmission measurements
are only applicable to sub-micron thin water films. Secondary yield measurements, on
the other hand, have less stringent sample requirements, which enables a much wider
range of experiments. It can be shown that the yield signal is proportional to the absorp-
tion coefficient if the sampling depth of the yield technique is significantly smaller than
the x-ray penetration length [4]. If this condition is not fulfilled saturation effects occur
[16-19]. The symptom of a saturated XAS spectrum is the presence of compressed spectral
features [17] or in severe cases an upper absorption limit, like if the spectrum has been
cut off at a maximum intensity value. For liquid water, a thus saturated spectrum is
shown in Figure 3 of ref. [39].

The XRS technique is based on an inelastic scattering process, locally around an
atom, which is independent of the x-ray absorption process. Non-linear intensity problems
like saturation effects do not, therefore, exist in the XRS technique and the XRS spectrum
can thus be used as a reference. AEY spectra should also be free from saturation effects,
because the attenuation lengths of the detected electrons are short in comparison with
the x-ray penetration length. TEY can have saturation effects if electrons with low kinetic
energy are allowed to be detected [16-19, 40, 41]. An electron with low kinetic energy
undergoes a high number of inelastically scattered events where the distances between
each event are 2-5 nm. The total travel length into the sample may therefore not be
sufficiently short relative to the x-ray penetration depth, which is required to avoid
saturation effects in the photoyield mode [4]. The FY spectrum, on the other hand, is
expected to be affected by saturation effects. It is, however, sometimes possible to
compensate for saturated features with a spectral procedure. Further details are described
in Paper IV. Paper III, Figure 2 shows the FY spectrum, after it has been compensated
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for the saturation effects, together with the T mode- and the XRS-spectra. It can be seen
that the FY spectrum now has almost the same proportions as the XRS spectrum, i.e. the
saturation effect correction can be applied successfully on FY XAS spectra of liquid
water and aqueous solutions (see also Paper IV).

4.3.4 Interface effects

The sampling depth depends on the detection scheme. The TEY- and AEY methods use
electrons as a probe and have shorter sampling depths relative to FY and XRS. The
electrons are emitted from the surface region of the liquid water and consequently the
XAS spectra measured with AEY and TEY are dominated by information from the
surface or near surface region. The AEY setup probes only 2 nm below the surface of
the liquid water and this indicates that the spectral differences, observed in the AEY
spectrum, are associated with the water film surface. From Paper III, Figure 1 we identify
these to be a broader continuum and that the post-edge peak seems to be shifted to
higher energy. The TEY spectrum shows the same trend, in comparison to the XRS
spectrum, although weaker as expected due to its relatively larger sampling depth. These
spectral features have been interpreted as contributions from tetrahedrally coordinated
species, see Paper II and ref. [42], which would indicate that the near-surface region
contains more water molecules with four strong hydrogen bonds than in the bulk.

The presence of interfaces can also be observed in the T mode spectrum, due to the
structural rearrangement of liquid water near the Si

3
N

4
 windows confining the water

film. In the T mode spectrum the post-edge peak has a higher intensity than the XRS-
and the FY- spectra, where the latter has the lowest post-edge peak intensity, see Paper
III, Figure 2. This indicates that the T mode spectrum has more contribution of tetrahed-
rally coordinated species than e.g. the FY spectrum. It is proposed in the literature that
a 1 nm thick region of tetrahedrally coordinated water is present near an interface in
confined spaces [43-48]. Assuming that the T mode spectrum probes a 400 nm thick
water film, the pronounced post-edge feature may indicate that the total thickness of
ordered layers, induced by the two interfaces, is 20 nm. Since there are two interface
induced layers the T mode measurements indicate that the ordered layer extends 10 nm
into the bulk of the water film.

However, we need to expect that there is a thin water layer on the gas side of the
Si

3
N

4
 windows, see Paper IV, Figure 2. We also need to expect that a thin water layer is

present on both sides of the Si
3
N

4
 windows when a spectrum of the empty sample holder

is recorded, unless the measurement is performed under vacuum conditions. The spectrum
of the empty sample holder then contains contributions from four thin water films with
ordered layers. The sample holder filled with water also has four ordered layers; two at
the gas side of the Si

3
N

4
 windows, as in the empty sample holder case, and two on the

liquid side, which probably are thicker than in the empty sample holder case. The interface
induced layer can therefore be thicker than the estimated 10 nm.

The XRS technique also uses a liquid cell with a window for the x-rays and the
comparison between the XRS spectrum and the FY spectrum in Paper III, Figure 2
shows a more pronounced post-edge peak (~1% of the FY spectrum). If the interface
induced layer of 10 nm, as indicated by the comparison between the T mode spectrum
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and the FY spectrum, causes the increased intensity at the post-edge region of the XRS
spectrum, the XRS measurements need to have the majority of the scattering events
within 1 µm depth. Since the detection depth with the highest probability in the XRS
measurements is of the same order as the thickness of the kapton window (70 µm and 50
µm, respectively) we need to take that into consideration. The kapton window has a
mass density of 1.43 g/cm3 and the mass interaction cross section for x-rays with photon
energy 6500 eV is circa 8 cm2/g [36]. Hence, the kapton window of 50 µm corresponds
to ~30 µm water. The detection depth with the highest probability in the water behind
the kapton window is then reduced from 70 µm to 40 µm. The information depth, however,
will not be affected by the kapton window since that distance depends on the photons
that have already passed the window. An ordered layer of 10 nm should then not have
any noticeable effect on the XRS spectra.

The alternative speculation regarding the different intensities at the post-edge between
the FY spectrum and the XRS spectrum is that the gas-liquid interface in the FY XAS
experiment contains a region of water with a less coordinated hydrogen bond network
than bulk water. This tentative explanation contradicts, however, the interpretation of
the aforementioned surface sensitive AEY spectrum and TEY spectrum.

5.3.5 Sample temperature

The temperature of the sample can affect the number of hydrogen bonds in liquid water.
Khan et al [49] explained the anomalous temperature variation, the increase in density
from 0 °C to 4 °C, by breaking of hydrogen bonds. Since most of the recorded spectra
presented in Paper III were conducted at room temperature, a similar amount of broken
hydrogen bonds can be assumed. The AEY measurements were, however, performed at
lower temperatures in order to lower the vapor pressure (the sample was cooled to -2 °C).
This can decrease the number of broken hydrogen bonds and increase the amount of
tetrahedrally-coordinated water. In fact, we can see a more pronounced post-edge fea-
ture in the AEY spectrum, compared to the other spectra, indicating more tetrahedrally-
coordinated water.

The small diameter of the liquid microjet makes it difficult to measure its tempera-
ture in the TEY experiment. To estimate its temperature, Raman spectroscopy, which is
sensitive to the local hydrogen bond situation, has been employed. While the exact
interpretation of the Raman spectrum (in light of two state or continuum models of
liquid water) is controversial, using the -OH band profiles to measure temperature is
well established [50, 51]. The temperature of the 20 µm diameter liquid jet is reported to
be around 10 °C at the point where it is intersected by the x-ray beam. It is shown that
the temperature in the jet is independent of the vacuum environment (10-3 – 10-5 torr),
probably because of molecular collisions that occur in the vapor sheath around the jet
and limit the evaporation rate by diffusion. For more details see ref. [26] and references
therein.
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4.3.6 Non-dipole transitions

The cross section of soft x-ray XAS follows the dipole selection rule [4], but the hard x-
ray photons used in the XRS experiment can also excite non-dipole transitions. For
small scattering angles, however, the dipole approximation is valid since the momentum
transfer q is very small [21]. The criterion to avoid non-dipole transitions is that qr<<1,
where r is the radius of the O 1s shell. Figure 24 shows XRS spectra with two different
q-values, respectively (taken from ref. [52] and Paper II). The comparison clearly shows
that the intensity in the pre-edge region at 535 eV and possibly the post-edge region at
541 eV decreases with a lower q-value while the rest of the spectrum remains unchanged.
In Fig. 24 we can also see a comparison between the XRS spectrum and a convoluted
FY spectrum from Paper III. The intensity of the pre-edge peak at 535 eV is slightly
higher in the XRS spectrum relative to the FY spectrum, indicating that the XRS spectrum
has some contribution from non-dipole transitions. Selecting a low scattering-angle
reduces the non-dipole transition contribution in the XRS spectrum, but even with the
low scattering angle of 45°, which gives a q value of 4.2 Å-1 (qr = 0.21), (see Paper II),
the spectrum still has some contributions from non-dipole transitions. The non-dipole
contribution is, however, very small and thus does not affect the interpretation of the
liquid water spectrum.

Figure 24. a) XRS spectra of water with different values of momentum transfer (q), taken from ref. [Bergmann]
(dashed) and Paper II (solid), respectively. The dashed spectrum has q > 7.2 Å-1 (qr > 0.36) [Bergmann] and
the solid spectrum has q = 4.2 Å-1 (qr = 0.21) (see Paper II) (r = 0.05 Å is the radius of the O 1s shell). b)
Comparison of the low q XRS spectrum (solid) with a FY XAS spectrum (dashed), which is corrected for
saturation effects and convoluted to equivalent spectral resolution [53]. The comparison indicates that non-
dipole transitions even at q = 4.2 Å-1 contribute to extra intensity at the pre-edge peak and possibly also at
the post-edge.

XRS spectra for different q-transitions
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and a convoluted XAS spectrumIn
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5. Density Functional Theory spectra calculations

This thesis is focused on the techniques behind the XAS spectra of liquid water and
many of the important results are obtained through comparison of XAS spectra at diffe-
rent sample conditions. Density Functional Theory (DFT) spectra calculations are,
however, essential in the process of interpreting the absorption spectra.

In XAS a core-electron is excited to unoccupied discrete states or to the continuum.
The spectral oscillator strengths (i.e. intensities) in the calculated absorption spectra are
obtained by computing the transition moment between the initial and final states. To
simulate the x-ray absorption spectrum a set of energy levels and their corresponding
oscillator strengths are computed. To obtain the entire spectrum, including valence,
Rydberg and continuum excitations, a Slater transition-potential approach is used where
both initial and final states are taken from the same wave function [54-56]. This is
obtained with the core orbital having half an electron removed, which represents a good
balance between initial and final state effects in the case of water in its condensed phase
[42].

The spectral intensities for the O K-edge excitations are obtained from the square of
the matrix element corresponding to the dipole transition from the initial 1s-orbital, φ

1s
,

to the final unoccupied orbital, φ
f
:

I µ|< φ
1s

 |µ| φ
f
 >|2 (8)

This gives a balanced description of initial and final state effects and well-defined
excitation energies, i.e. relaxation effects up to second order [54, 55] and reproduces the
excitation energy of the core level to within 2 eV of the experimental value on the
absolute energy scale. The final absolute energy scale is obtained with precision within
0.5 eV by correcting the spectral energy scale through the ∆Kohn-Sham approach [56-
58]. The absorption spectrum is uniformly shifted by matching the lowest oscillator-
strength to the energy difference between the total Kohn-Sham energies of the first
resonant core-excited state and the ground state.

The x-ray absorption spectra were generated within a DFT framework using the
StoBe-deMon program [59] with the gradient-corrected exchange and correlation
functionals developed by Becke [60] and Perdew and Wang [61], respectively. The
calculation results in a discrete set of energy levels, each associated with an oscillator
strength and a line broadening. The experimental broadening of a transition depends on
instrumental, life-time and vibrational broadening. These are simulated by convoluting
the obtained oscillator strengths in the theoretical spectra with Gaussians, which are of
constant width below the ionization potential (IP), have linearly increasing full width at
half maximum (fwhm) from the IP up to a threshold and constant again thereafter. Larger
lifetime broadening at higher energies motivates the choice of linearly increasing fwhm.
The method has been shown to give a reliable description of x-ray absorption spectra
for water in its condensed phases, see Papers I and II.

The core-excited oxygen is described by the IGLO-III all-electron basis set of
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Kutzelnigg et al. [62]. Effective core potentials (ECP), which eliminate the O(1s) level,
are used on all oxygen atoms but the core-excited one in order to simplify the definition
of the core hole [63]. The calculations were performed using a double-basis set technique
where, in the spectrum calculation, the normal molecular basis was augmented by a
large diffuse basis (~150 functions) in order to improve the description of the Rydberg
and the continuum states [64].
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6. Experimental results

6.1 Paper I

Paper I introduces the idea that water molecules in liquid water have an electronic structure
significantly different from that of the ice and gas phase water. Comparison with dens-
ity functional theory (DFT) spectrum calculations of specific hydrogen bond situations
indicates that the hydrogen bond configuration in liquid water consists of water molecules
for which the donating hydrogen bond situation is strongly asymmetric (D-ASYM).
Asymmetric hydrogen bonds on the acceptor side (A-ASYM) or tetrahedrally coordinated
(SYM) give spectrum contributions similar to ice.

The O K-edge XAS spectra of water in liquid and gaseous forms were obtained by
using SXEER, see Paper IV, Figure 1 (left). The sample was kept in He atmosphere at
atmospheric pressure and separated from the high vacuum of the beamline by a Si

3
N

4

window. The liquid sample was a water film slowly flowing over a metal substrate
where the water film surface was nearly normal to the incident beam. The fluorescence
was detected at an emission angle of 3°–5° with respect to the water surface to minimize
saturation effects.

The geometry of the sample with respect to incoming and emitted x-rays is an
important factor in minimizing saturation effects. Saturation effects were reduced by
maximizing the penetration depth of the x-ray beam and by minimizing the detection
depth by letting the x-ray photons impinge the sample near the surface normal and then
collect the fluorescence at a grazing angle. Comparison with an XRS spectrum in Paper
II shows that the geometrical arrangements were not enough to completely avoid
saturation effects.

To make the water film stable with a laminar flow the metal substrate was polished
to create fine canals along the surface. Many of the canals are less than 1 µm and some
even less than 0.1 µm. The finest canals may thus confine the water and introduce a near
interface region with tetrahedrally coordinated species. The effect is the same as in the
T mode XAS spectrum shown in Paper III where the post-edge peak has more intensity
than the FY spectrum and the XRS spectrum. Figure 25 compares the flowing water
film spectrum in Figure 3 of Paper I with the stationary water spectrum in Figure 3 of
Paper IV. The comparison shows that the former has a more pronounced post-edge peak
than the latter. FY XAS spectra obtained in an experiment with a laminar flow arrange-
ment may thus have contributions from tetrahedrally coordinated water species introduced
by the substrate-liquid interface.

The results presented in Paper I indicate that the hydrogen bond structure in liquid
water is different than in ice. Furthermore, the results indicate that the D-ASYM species
is dominant in liquid water, which was unexpected since it was generally assumed that
water conserves the hydrogen bond structure while melting. An estimation of the average
number of hydrogen bonds per water molecule gave 2.4-2.8, which is much lower
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compared with previous molecular dynamics (MD) simulations that often give a value
around 3.5 [65, 66]. Although this discrepancy of number of hydrogen bonds, the clus-
ter models used in the DFT spectra calculation had the same average number of nearest
neighbor water molecules within a radius of 3.5 Å as previously determined from the
radial distribution function (RDF) [66].

Although O K-edge absorption spectra were presented in the literature previous to
Paper I [23, 24] the XAS spectrum of liquid water shown in Paper I, Figure 1 was the
first spectrum with resolved features. Hence, Paper I showed that the combined XAS/
DFT study of liquid water is a successful tool to reveal information of the hydrogen
bond situation reflected in the fine structure of the O K-edge absorption.

6.2 Paper II

A more detailed analysis was performed in Paper II where the liquid water spectrum is
compared with the ice surface spectrum, ice bulk spectrum and DFT spectra calculations

Figure 25. Comparison between the pure water spectra in Paper I, Figure 3 and Paper IV, Figure 3. Note the
resemblance with the comparison between the T mode spectrum and FY spectrum in Paper III, Figure 2.
The two spectra are normalized at the main-edge peak intensity. Since the two spectra had different
fluorescence acceptance angle in the two experimental arrangements (3-5° in Paper I and 2° in Paper IV)
they probably have different degrees of saturation effect. Normalization at the main-edge will therefore
give the two spectra different pre-edge intensities.
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of an eleven water molecule cluster model. The comparison between the liquid water
spectrum and the two ice spectra showed that liquid water more resembles the ice sur-
face than the ice bulk, i.e. liquid water consists of water molecules with one broken, as
at the ice surface [67], or weakened hydrogen bond. The DFT spectra calculations show
that elongation or bending of the OH — H bond axis results in the characteristic pre-
edge peak and comparison with radial distribution functions from a neutron diffraction
study [68] showed that bending of the OH — H bond axis is more probable.

The x-ray absorption spectra of ice and liquid water consist of three main regions
denoted pre-edge, main-edge and post-edge. The bulk ice spectrum shown in Paper II,
Figure 1, is dominated by intensity in the post-edge region, while the ice surface spectrum
and the liquid water spectrum have contributions mainly in the pre- and main-edge
regions. The pre- and main-edge regions were assigned to water molecules with only
one strong donating hydrogen bond, denoted as single donor (SD) water species, while
the post edge was assigned to water molecules with two strong donating hydrogen bonds,
denoted as double donor (DD) water species.

This assignment of two different water species in liquid water was confirmed by
comparing a spectrum obtained at room temperature (25 °C) with a spectrum obtained
at a temperature close to the boiling point (90 °C), see Figure 1d in Paper II. The intensities
in the pre edge and the main-edge regions increase while post-edge intensities decrease
upon heating. The changes are, however, small compared to the changes observed between
the ice spectrum and the liquid water spectrum indicating that room temperature and hot
water have very similar structures. A difference spectrum of the 25 °C water spectrum
and the ice spectrum versus a difference spectrum of the 90°C water spectrum and the
25 °C water spectrum show that ice-liquid phase transition and heating liquid water
causes very similar changes, see Figure 1 in Paper II. The change in hydrogen bond
configurations is, however, 8 times smaller when heating liquid water than that of the
ice-liquid phase transition, which indicates that the transition from a situation with mainly
DD species to a situation with mainly SD species occurs already at the ice-liquid phase
transition.

Figure 26. Cluster model of eleven water molecules. DFT spectra calculations were performed on the
central water molecule.
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A model cluster, with eleven water molecules, was used to describe the local structure
around a water molecule, see Figure 26. Introducing distortions of the donor hydrogen
bond configuration affects the x-ray absorption spectra. As shown in Figure 2 in Paper
II the distortions introduce changes in the spectra compared to the ice spectrum and
different hydrogen bond situations were defined. Figure 27 presents three of them. The
tetrahedrally coordinated water species is characteristic for the hydrogen bond structure
in ice, the DD configuration is the liquid water species with two strong donating hydro-
gen bonds, and the SD configuration is the dominant liquid water species with one
strong donating hydrogen bond and one weakened.

Figure 27 shows that the cone, which defines the criterion for SD species (the shaded
area) has the same dimensions as an orbital of a water molecule with a broken donor
hydrogen bond. The orbital is an unoccupied antibonding orbital that is localized along
the internal O-H bond as illustrated in Figure 27. The localization is caused by the
breakage of one donor hydrogen bond while keeping the other hydrogen bonds intact
which causes s-p-rehybridization in the orbitals close to 535 eV and thereby contributes
to the intensity at the pre-edge region in the x-ray absorption spectrum [42]. Presence of
another molecule inside the cone changes this orbital and the corresponding spectral
feature.

By combining DFT calculated spectra from different hydrogen bond configurations
and comparing the resulting spectrum with the experimental spectrum the best fit sug-
gest that 85±15% of the water species are in SD configurations. The high amount of SD

Figure 27. a) The tetrahedrally coordinated water species characteristic for the hydrogen bond structure in
ice. b) The DD configuration in the liquid water, which has two strong donating hydrogen bonds. c) The SD
configuration in the liquid water, which has one strong donating hydrogen bond and one weakened. A
distorted hydrogen bond is not enough as a criterion for the appearance of the pre-edge peak in the x-ray
absorption spectra. The shaded area defines the DD species and it is only when the distortion is large
enough to place the neighboring water molecule outside the shaded area that the pre-edge peak appears.
The shaded area has similar dimensions as the contour plot of an unoccupied orbital of a water molecule
with a broken donor hydrogen bond. The shown orbital is one of the unoccupied orbitals that contribute to
the intensity at the pre-edge region in the x-ray absorption spectrum.
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species indicates that the dominant water species must include molecules with distorted
hydrogen bonds on both the donating and accepting sides of the water molecule. The
average number of strong hydrogen bonds per water molecule at ambient conditions is
then suggested as 2.1±0.4. Comparison of RDF’s derived from the model of eleven
water molecules and from neutron diffraction data [68] suggests that the SD species in
liquid water consists of weakened hydrogen bonds due to bending rather than elongation.

Comparison with MD simulations [69-71] shows that they all overestimate the number
of strong hydrogen bonds and can not simulate the experimental x-ray absorption spectra.
A new model to describe the liquid water is therefore needed and Paper II suggests that
liquid water is dominated by water molecules with two strong hydrogen bonds, one
accepting and one donating, and two weakened. The weakened hydrogen bonds are
mainly due to bending.

6.3 Paper III

In Paper III the FY XAS spectrum of pure water was compared with x-ray absorption
spectra obtained from other XAS detection schemes and a spectrum obtained from XRS.
The comparison shows that the spectra obtained from the non-radiant photoelectron
detection schemes, AEY and TEY, have a broader post-edge region than the FY spectrum.
This suggests that the AEY spectrum and the TEY spectrum probably have contributions
from a near surface region with larger amounts of tetrahedrally coordinated water
molecules.

The comparison in Paper III, Figure 2, shows that the T mode spectrum, the FY
spectrum and the XRS spectrum are very similar to each other. The absolute area, A, of
the difference spectrum between the T mode spectrum, I

TEY
(E

ph
), and the FY spectrum,

I
FY

(E
ph

),

(9)

is 4.9 % of the FY spectrum and the corresponding value for the difference spectrum
between the XRS spectrum and the FY spectrum is 3.4 % of the FY spectrum, (2.8% if
the FY spectrum is convoluted). The differences are due to one or several artifacts
summarized in Figure 20. In the case of the T mode spectrum the most probable artifact
is the presence of a near interface region of tetrahedrally coordinated water. The FY
spectrum suffers from saturation effects and a spectral procedure, applied in Paper IV, is
necessary to compensate for the artifact. The XRS spectrum can have minor contributions
from non-dipole transitions, which give extra intensity mainly at the pre-edge region,
and possibly contributions from the interface region, including the kapton window, which
should contribute to the post-edge region.

In the FY XAS we need to consider the possibility of differences in the resonantly-
and non-resonantly excited x-ray emission from the water molecule [39]. A difference
in the resonantly- and non-resonantly excited x-ray emission can affect the penetrating
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power of the resulting fluorescence at different incident photon energy ranges [72, 73].
Different energy regions of a spectrum can then have different detection depths and
hence variations in saturation effects. The compensation procedure of the saturated
spectrum, see Paper IV, may as a consequence not be completely successful. X-ray
emission spectra obtained from measurements with excitation energies between 537 –
541 eV do, however, show that the x-ray emission spectra are very similar to each other
in that region while x-ray emission spectra obtained from measurements with excitation
energy 535 eV are slightly different [74, 39]. The saturation effect can, thus, vary between
the pre-edge region and the rest of the spectrum, but the similarity between the T mode
spectrum and the FY spectrum in Paper III, Figure 2 contradicts that implication. The
difference between the FY spectrum and XRS spectrum in Paper III, Figure 2 is thus not
because of variation in saturation effects in the FY spectrum.

It is then reasonable to assume that the XRS spectrum has some minor contribution
from non-dipole transitions at the pre-edge peak, although the q value was as low as 4.2
Å-1 (qr = 0.21). In Paper III and in the supporting material to Paper II we report a
comparison between XRS spectra with q values 4.2 Å-1 and 3.2 Å-1 (qr = 0.21 and 0.16),
respectively, claiming that the non-dipole contributions to the spectra at low qr values
are negligible. The error bars are, however, relatively large and a small contributions of
non-dipole contribution can not entirely be ruled out. Another interesting observation in
Figure 1 in the supporting material to Paper II is that the post-edge intensity slightly
decreases with lower qr value. It is thus not only the pre-edge peak intensity that changes
with qr but also the post-edge peak.

The following conclusions can be derived from the comparison of the spectra in
Paper III: The main spectral features, a strong pre-edge peak at 535 eV, a main-edge
peak at 537 eV, and a less pronounced post-edge peak, are not related to x-ray induced
damage but reflect the hydrogen bonded structure in the bulk of liquid water. The AEY
technique uses electrons as a probe and thus contains large contributions from the sur-
face or near-surface regions due to the short mean free path of the electron. The TEY
technique has contributions from both the surface and from the bulk due to the wide
range of kinetic energies of the electrons. XRS and the photon yield based techniques, T
mode XAS and FY XAS, are bulk-sensitive. The spectral saturation is inevitable in the
FY spectrum and a correction is needed to obtain the absorption coefficient. Besides the
saturation effect, the differences between T mode XAS, FY XAS and XRS arise from
interface effects and from the minor presence of non-dipole excitations. The FY spectra
in Papers I – III demonstrate that a well-resolved spectrum of ambient water can be
obtained in this fashion, where the relative intensities are corrected for saturation effects,
and it is reliable for comparison with different theoretical models.

6.4 Paper IV

It is a well-known fact that ions affect macroscopic properties of water, e.g. freezing
point, surface tension and viscosity. It is, therefore, generally assumed that ions affect
the overall hydrogen bond network in the bulk of the aqueous solution. Ions have long
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been classified as being either structure makers or structure breakers depending on their
ability to induce changes in the macroscopic properties of water.

Paper IV presents a study of the hydrogen bonded network in aqueous solutions.
Calibration of the absolute photon energy of the incident x-ray was essential in this
study. A method to calibrate the XAS spectra of aqueous solutions was developed and is
presented in Paper IV. The calibration method involves an accurate determination of the
water gas phase features in the aqueous solution spectra. The gas phase spectrum exhibits
well-separated peaks corresponding to O 1s excitations into the antibonding OH 4a

1
 and

2b
1
 molecular orbitals at low energies (534 and 536 eV), and transitions into the Ryd-

berg orbitals at higher energies [31, 32], see Figure 18. The energy positions of these
features were determined by comparing a mixture of gas-phase water (H

2
O(g)) and

molecular oxygen (O
2
(g)) with an XAS spectrum of the O

2
 molecule physisorbed on

graphite. The peak position of the physisorbed O
2
 was calibrated through the determina-

tion of the C1s with respect to the Fermi level of a Pt(111) crystal mounted on the same
sample holder and since the O

2
(g) peak in the gas-mixture spectrum is well separated

from the H
2
O(g) peaks the spectrum can be energy calibrated by the O

2
(g) peak posi-

tion.

The next challenge was that the FY XAS spectra of water and aqueous solutions
suffer from saturation effects. In the metal chloride salt solution the saturation effects
are reduced by the chloride ions since the chloride L-edge absorption reduces the
fluorescence mean free path in the sample. The saturation effect is thus different for the
pure water sample and the metal chloride salt solution. A spectral procedure to correct
the saturation effects was therefore necessary.

The measured intensity I
f
 is proportional to the absorption coefficient µ

x
(hν) which

is the aim of XAS, but if the spectrum is saturated the proportionality is not linear.
Equation 10 shows the linear proportionality, which is valid if the effective escape depth,
D(ε

f
), of the fluorescence with energy ε

f
 is sufficient small.

(10)

where C is a constant and I
0
 is the incident photon energy. (see Paper IV). However, if

D(ε
f
) is large, e.g. when the fluorescence is detected along the normal of the surface [4],

the proportionality is not linear and a compensating factor for the reduced intensity S(ε
f
)

is necessary:

(11)

This expression is derived and further simplified in Paper IV. Saturated FY spectra of
water and aqueous solutions can thus be compensated if the compensating factor is
estimated by the use of reference absorption spectra. As shown in Paper III XRS spectra
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are free from saturation effects and can be used as reference in the compensation
procedure, see Figure 3 in Paper IV.

Ions are assumed to affect the hydrogen bond network in the liquid bulk water [75-
78], but the comparison between the pure water spectrum and the aqueous solution
spectra does not support this picture. At lower ion concentrations the XAS spectra remain
unchanged compared to the pure water spectrum and higher concentrations are needed
before the XAS spectra begin to show changes indicative of a breakdown of hydrogen
bond structure. For the 1m solutions the spectra have the same features as the pure
water, see Figure 4 in Paper IV, and the differences are very small compared to the
spectral changes observed while melting ice (see Paper I and Paper II). There are, however,
changes in the intensities and the peak shapes indicating that the dissolved ions have
some effect on the hydrogen bond situation in the water.

For the NaCl(aq)-solution and the KCl(aq)-solutions the difference spectra, shown
in Figure 5 in Paper IV, indicate a change in the hydrogen bond configuration resulting
in an increase of SD configurations. The change in the early post-edge region indicates
that water molecules with two strong hydrogen bonds that already have quite large
distortions become SD species in the aqueous solutions, see Figure 27.

The AlCl
3
(aq) spectra show an upward shift of all three peaks (pre, main and post),

see Figure 4 in Paper IV, but no significant changes in the intensity ratios indicating a
hydrogen bond network breakdown effect. The upward shift of the spectrum may indicate
that nearly sufficient distorted SD species are turned into tetrahedrally coordinated hy-
drogen bond configurations.

The study presented in Paper IV shows that there are changes in the XAS spectra of
aqueous solutions reflecting the hydrogen bond situation. There are, however, no
indications that the dissolved ions have any breakdown effect on the hydrogen bond
network in the bulk water. High concentration (≥1m) is needed before the XAS spectra
begin to show changes, which suggests that it is only the water molecules in the close
vicinity of an ion that are affected and that the liquid water conserves the hydrogen bond
network in the bulk, independent of the solvated ions. The XAS study does not contradict
information indicating that there are structural changes in the liquid water induced by
solvated ions, because XAS is only sensitive to changes in the local hydrogen bond
structure of the probed water molecule and not to changes in the long-range structure.

6.5 Paper V

The essential role of water as a solvent in chemistry and biology is closely connected to
the properties of the first hydration spheres of the aqua ions. The chemical interaction
between the ion of an element and the surrounding waters is important, not only for its
aqueous chemistry, but also for the reactivity of the solution complex. However, to
selectively measure the electronic structure of the waters coordinated to an ion in solu-
tion, out of all the molecules in the liquid, has been a formidable challenge.

Paper V presents a study of the local structure of water in transition metal solutions.
The combined XAS/DFT study demonstrates that the first hydration sphere makes specific
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identifiable contributions to the resulting spectrum. The molecular orbitals of these water
molecules mix with the d-orbitals of the metal ion, resulting in characteristic pre-edge
features in the O 1s XAS spectrum. The sensitivity is such that an additional chloride
ion in the solvation sphere is easily detected.

The experimental O 1s XAS spectrum of water with dissolved chromium chloride,
CrCl

3
(aq), has a pre-edge region that differs from the spectrum of water with dissolved

aluminum chloride, AlCl
3
(aq). Figure 1 in Paper V shows that there are extra features at

532-536 eV specific to the transition metal ions. The difference is not because of a
change in the coordination of the water species in the bulk caused by the ion hydration.
The extra features are due to the empty d-states on the Cr3+ ion and hence a different
bonding to the water molecules in the first ligand sphere compared to Al3+. A subtraction
procedure enhances the difference between the CrCl

3
(aq) spectrum and the AlCl

3
(aq)

spectrum and reveals three peaks, see Figure 5 in Paper V. Theoretical DFT calculations
for the [Cr(H

2
O)

6
]3+ cluster assign the two features at 533.8 eV and 535.8 eV to molecular

orbitals having strong metal d-character. The computed spectrum of the chloro-complex
[CrCl(H

2
O)

5
]2+, where one chloride ion in the first solvation sphere replaces a water

molecule, shows that the chloro-ligand induces an upward shift of the spectrum by about
1 eV, which generates the feature at 534.5 eV. The conditions of the experiment were
such that an equal mixture of [CrCl(H

2
O)

5
]2+ and [Cr(H

2
O)

6
]3+ must be expected and this

expectation is confirmed in the x-ray absorption spectrum.

The Fe3+ ion has a solution chemistry that is much more complicated. The bonding is
strong enough to cause deprotonation of the water molecules and subsequent
polymerization is then expected at low pH. Using HCl to eliminate dissociation of water
molecules in the first solvation sphere results in water-chlorine exchange in the solvation
sphere. By carefully selecting counterions and pH conditions it could be shown that the
previous observed mixing between the molecular orbitals of water and the Cr3+ d-orbitals
represents a general case in all transition metals, since Fe(ClO

4
)

3
(aq) and FeCl

3
(low pH-

aq) also exhibit extra features in the pre-edge region, see Figures 1, 7 and 8 in Paper V.

As compared to Fe(ClO
4
)

3
(aq), giving a pure [Fe(H

2
O)

6
]3+

 
complex, or FeCl

3
(low

pH-aq) with chloride ions in the first solvation sphere, the shapes of the d-orbital features
are more distinct in the FeCl

3
(aq) spectrum but also more complicated, see Figure 8 in

Paper V. There are local maxima at 530.0 eV, 531.6 eV and 532.8 eV and the computed
x-ray absorption spectrum of oxygen in the OH- ligands of the [Fe(OH)(H

2
O)

5
]2+ and

the [Fe(OH)
2
(H

2
O)

4
]+ clusters indicates that the first peaks in the FeCl

3
(aq) spectrum, at

530.0 eV and 531.6 eV, respectively, are due to the interaction between OH- molecular
orbitals and the d-orbitals in the metal, see Figure 7 in Paper V. A confirmation of this is
the absence of these two peaks in the experimental spectra of FeCl

3
 solution at low pH.

The broad peak at 532.9 eV is then assigned to the d-interaction of the water molecules
in the Fe3+ ion solvation sphere. All in all it was possible to assign all the peaks in the
spectrum based on the different contributing solvated clusters. XAS on ionic solutions
has thus been demonstrated to provide unique information on the electronic structure,
bonding and composition in the first hydration sphere of solvated ions. This is not possible
with any other existing technique and is thus expected to become a valuable tool in
solution chemistry.
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6.6 Paper VI

The combination of XAS experiments and DFT calculations has been proven to be a
useful tool in the study of the local electronic structure of the water molecule in the
hydrogen bond network of bulk water and aqueous solutions. The next challenge was
then acidic solutions. The nature of the interaction between the hydrated proton and the
water molecules has been difficult to characterize. Spectroscopic studies, as well as
theoretical simulations have so far been ambiguous as to which protonated species is
most likely present in an acidic solution. Whether the proton is bound to one water
molecule, as H

3
O+, or to two water molecules, as H

5
O

2
+, is still an open question. XAS

is sensitive to the local environment of the probed water species and with the aid of
DFT-based spectra calculations it is possible to assign specific spectral features in the
spectra including the signature of the H

3
O+ and the H

5
O

2
+ ions.

Figure 2 in Paper VI shows experimental XAS spectra of HCl and HBF
4
 in water.

The O(1s) XAS spectra of the acidic solutions show the same overall shape as pure
water. The 0.1M HCl(aq) and 1M HCl(aq) do, however, show small changes compared
to the pure water spectrum, including an increase of the intensity in the pre- and main-
edge regions. These intensities decrease with increasing concentration and the spectra
are shifted upward in energy. The 7.6M HBF4(aq) spectrum shows the same trend as the
6M HCl(aq). The difference spectra between the acidic solution spectra and the pure
water spectrum in Figure 3 in Paper VI highlight the changes. In the 0.1M HCl(aq)
spectrum and the 1M HCl(aq) spectrum the positive peaks at 535 eV and 536.5 eV and
the negative peak around 539 eV are indications of an increase of SD configurations,
see Paper IV. The reverse trend is observed for the higher concentrations, including the
7.6M HBF4(aq), mainly due to an energy-shift of the spectra compared to the pure
water spectrum. The feature at higher energy (>541 eV) increases in intensity with
increasing concentration.

The opposite behavior in the difference spectra at different pH intervals indicates
that there are at least two processes affecting the hydrogen bonded network in acidic
solution: one that is dominant at low concentration and another that is dominant at
higher concentration. The former process seems to be similar to the effects in NaCl(aq)
and KCl(aq) solutions presented in Paper IV, which indicates that water molecules with
two strong hydrogen bonds that already have quite large distortions become SD
configurations in the aqueous solutions. The process at higher acidic concentration,
however, is assigned to protonated species.

Figures 4 – 6 in Paper VI show DFT calculated spectra of H
3
O+ and H

5
O

2
+ clusters.

The figures show that the DFT calculations for water molecules in the solvation sphere
of the protonated species and the H

5
O

2
+ ion result in x-ray absorption spectra that are

similar to those obtained for pure liquid water. DFT calculated spectra of the H
3
O+ ion

are, however, shifted to higher energies and this suggests that the increasing number of
H

3
O+ ions cause the spectral shift to higher energies in the experimental spectra shown

in Paper VI, Figure 2. The HBF
4
(aq) spectrum shows a larger upward shift than the

HCl(aq) spectrum, which may be an indication that the anions are involved in the solvation
sphere of the H

3
O+ ions. The tetrafluoroborate ion, BF

4
-, is known to be too large to be
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involved in a solvation sphere of a metal ion [79], but in the case of acidic solutions the
protonated water molecule can be in the solvation sphere of the anion, i.e. the Cl- and
BF

4
-.

The fact that the intensity enhancement at the post-edge begins first at higher proton
concentrations is an indication that the formation of the H

3
O+ ion is preferable at higher

concentration while the moderate acidic concentration leads to the H
5
O

2
+ ion. The

vanishing pre-edge peak in acid aqueous solutions is interpreted in terms of stability of
the protonated clusters, which are tightly bonded to neighboring water molecules by
strong hydrogen bonds and as a result of the Cl- ion interaction with the water molecules.
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7 Summary

XAS complements other spectroscopic and crystallographic techniques, but has several
decided advantages. One example is that the information can be obtained separately for
each type of atom in the material by tuning the x-ray energy to coincide with the absorp-
tion edges of just one type of atom at a time. Hence the local atomic environment can be
determined separately for each type of atom in a chemical compound. Another example
is that the material does not need an ordered structure and hence atoms in an amorphous
material or in biological molecules can be investigated.

XAS provides information about the empty molecular orbitals of the absorbing atom.
The number of empty molecular orbitals and their energetic positions are characteristic
for different chemical species. The fine structures at the absorption edge of an x-ray
absorption spectrum do therefore provide information about different molecular spe-
cies, e.g. the oxidation states, the geometrical arrangements around the probed atom,
and the interaction between the probed atom and the local environment.

This thesis presents the XAS technique including different detection schemes, each
with its own strengths, limitations, and artifacts. The focus is, however, the x-ray ab-
sorption spectra of liquid water obtained by FY XAS and XRS, which is reflected in the
papers. By knowing the characteristics of these techniques it is possible to derive some
conclusions of the reliability of the recorded spectra. The FY XAS technique and the
XRS technique are bulk sensitive. The spectral saturation is, however, inevitable in the
FY spectra and correction is needed to obtain the absorption coefficient. The XRS spectra
may have some minor contributions from non-dipole excitations.

The common picture among water researchers has been that each molecule in the
liquid, at any given time, has on the average close to four bonds. This estimate is based
on RDF’s derived from neutron diffraction, x-ray diffraction and computer simulations
with results that are consistent with known properties of water, e.g. the unusually high
melting temperature. However, the XAS studies suggest that the number of bonds in the
liquid is only about half of that in ice. The water molecule is still four-fold coordinated
but with two strong and two weakened hydrogen bonds. This type of coordination would
be found for chains or rings, but not in a completely disordered near-tetrahedrally
coordinated liquid. Furthermore, the change from tetrahedrally coordinated hydrogen
bond structure to four-fold coordinated with two strong and two weakened hydrogen
bonds happens completely at the melting point; heating from room temperature to close
to the boiling point has very little effect on the hydrogen bond configuration in the
liquid, see Paper II, Figure 1.

XAS studies have also shown that the hydrogen bond network in liquid bulk water is
insensitive to dissolved ions. Only water molecules in the close vicinity, i.e. in the
hydration sphere, of the ion are affected. The dipolar water molecule will conform to the
electrostatic field around the ion and thereby promote or degrade strong hydrogen bond
formations between the water molecules in the ion hydration sphere and their neighbors.
Furthermore, in the case of dissolved transition metal ions the interaction between the
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ion and the water molecules in the solvation sphere involves orbital mixing between the
d-orbitals of the metals and the molecular orbitals of the solvating water.

XAS shows some sensitivity to the local environment of the solvated proton. The
decrease of the pre-edge peak in highly concentrated acidic aqueous solutions is an
indication of formation of protonated clusters with increased hydrogen bond stability
compared to pure bulk water. Furthermore, comparison with DFT spectral calculations
indicates that the H

5
O

2
+ ion is dominant at low acidic concentration, up to 1M, and that

the H
3
O+ ion concentration increases at higher acidic concentration.
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Comments on my contribution

The work behind this thesis is a result of a teamwork within the Chemical physics group
in Stockholm as well as with collaborators. My contributions in this teamwork was
mainly on the experimental part including planning, developing, preparing, and
performing the XAS experiments on liquid water and aqueous solutions and thereafter
analyzing the recorded XAS data. My positions in the author lists reflect my contribution
in form of planning and preparing the manuscripts to Papers I-VI.
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