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If we knew what it was we are doing,
it would not be called research,
would it?
— Albert Einstein
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abstract
Chloral hydrate Cl3 C-C(OH)2 H in aqueous solution has been studied by photoelectron spectroscopy using synchrotron radiation. The expected separation
between the two carbon 1s lines due to different chemical environments could
not be observed in the aqueous solution, but was clearly seen in following gas
phase measurements. NMR measurements excluded sample damage in the aqueous solution and support the image of coincidence of the two carbon lines. The
coincidence of the two lines is discussed in terms of experimental resolution and
change in chemical shift in the aqueous phase. The observations are further
compared to measurements of trichloroethanol and ethanol, which both exhibit
the same characteristic C-C bond and at least one hydroxyl group. The present
data showed no clear evidence of change in chemical shift in aqueous solution as
compared to the gas phase, but such an effect might not be completely excluded.
The liquid measurements were performed using a liquid micro-jet, a recently
developed technique for accessing volatile liquids in a high vacuum environment
as required for photoelectron spectroscopy. The set-up is described in detail.
During the present project, I was involved into planning and performing
experiments, sample preparation, data analysis and discussion.
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1

introduction
In December 1903, several Chicago newspapers report that a Michael ”Mickey”
Finn, manager of the Chicago Lone Star Saloon, was accused of using knockout
drops to incapacitate and rob some of his customers. He mixed the sedative and
hypnotic compound chloral hydrate with alcohol, an infamous knockout cocktail
referred to as Mickey Finn. Chloral hydrate is a white crystalline powder. It
is soluble in water and alcohol, resulting in a transparent solution (Figure 1.1).
Chloral hydrate was first synthesized by Justus Liebig, in the middle of the 19th
century [1], and became the first synthetically produced sedative-hypnotic drug,
widely used in medicine.

(a)

(b)

Figure 1.1: Chloral hydrate as a white crystalline solid (a) and dissolved in water (b).
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In the present work, chloral hydrate dissolved in water was investigated by
photoelectron spectroscopy. The infamous knockout drop in aqueous solution
was found to knockout one of its two carbon 1s lines, i.e. the spectrum shows
only one single feature. Photoelectron spectroscopy is a very well suited technique to probe the deep lying core levels, though, for practical reasons, mostly
vacuum related, it has not been much applied to liquids. The understanding
of liquids is in many cases reduced to the macrosopic level, whereas the microscopic level is still unsufficiently unknown. Gas phase and solid phase properties
on the other hand are in general well determined. The discrepancy can be attributed to the higher complexity of liquids as compared to the solid and gas
phase, but also to experimental limitations. The solid crystalline phase is pictured as a completely ordered arrangement of atoms, whereas the gas phase is
a state of random disorder, where molecules are spatially disordered, moving
nearly independently from each other. Lying between that of a solid and a
liquid, the state of a liquid is characterized by short-range order among neighboring molecules, as in a solid, but by long-range disorder among more widely
separated molecules, as in a gas [2, 3]. According to Ashcroft, “the theory of
solids is so much more highly developed than the theory of liquids, [because]
the ions are arranged periodically in the solid state but are spatially disordered
in liquids” [4].
Especially, for liquid water, macroscopic properties are well understood, but
processes on a microscopic level remain still mysterious. This seems odd enough,
since water is the most familiar liquid on Earth, essential for all known forms
of life. It makes up the most part of a human body, where it acts as a solvent,
crucial for structuring processes of proteins. The water molecule is the simplest
compound of the two most common reactive elements, consisting of just two
hydrogen atoms attached to one single oxygen atom. The more electronegative

Figure 1.2: Illustration of the water molecule.

The partial positive charge of
the hydrogens highlighetd in green and the partial negative charge of the oxygen
highlighted in blue result in a charge polarity of the water molecule (Figure taken from
http://www.sciencelearn.org.nz/contexts/icy ecosystems/sci media/images/water molecule).
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oxygen attracts the electrons stronger than the less electronegative hydrogens.
This leaves the oxygen atom partially negatively charged, and the hydrogen
atoms partially positively charged (see Figure 1.2). The resulting molecular polarity causes neighboring water molecules to attract each other, forming strong
intramolecular bonds, called hydrogen bonds. The water molecules are hydrogen bonded to each other in an approximately tetrahedral geometry. Hydrogen
bonds are continually changing in lenghts, and water molecules are constantly
switching hydrogen bond partners [5]. The evolution of the hydrogen bond network is meant to be responsible for most of water’s unique properties, like its
high surface tension and its high boiling point. However, even, if water is the
most studied compound on Earth, its behavior and function remain still poorly
understood. No consensus about water’s structure could be found, yet, and
there remain a long-standing controversy regarding its dynamical properties in
the liquid phase [6].
Studying water as a solvent is especially important from a pharmaceutical
point of view. In the present thesis, chloral hydrate has been studied dissolved
in water. The expected separation between the two carbon 1s lines due to
the carbons’ inequivalent position in the molecule could not be observed in
the photoelectron spectrum of the aqueous solution. In order to interpret this
issue, further measurements involving trichloroethanol and ethanol has been
performed. Trichloroethanol and ethanol exhibit a similar chemical structure to
the one of chloral hydrate (see Figure 1.3). Especially, all three molecules exhibit
a prominent C-C bond and at least one hydroxyl group. For each molecule, the
separation of the two C1s lines in aqueous solution has been compared to the
one in gas phase in order to investigate the influence of the aqueous solution on
the C1s binding energies.

(a) Chloral hydrate

(b) Trichloroethanol

(c) Ethanol

Figure 1.3: Chemical structures of chloral hydrate, trichloroethanol and ethanol.
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2

theoretical
Photoelectron spectroscopy
Photoelectron spectroscopy is a powerful tool for chemical analysis. In probing the energy levels of electrons it provides information about the electronic
structure and chemical bonding in molecules and substances. Photoelectron
spectroscopy is based on the photoelectric effect, in which electrons are emitted
from a sample when irradiating it with energetic radiation. This effect was observed first by Hertz and Hallwachs in 1887, who discovered that a negatively
charged electroscope could be discharged in irradiating its surface with ultraviolet light, whereas no discharge was observed for positive charge [7]. This
phenomenon was not understood until 1905, the annus mirabilis, when Einstein
introduced the revolutionary hypothesis of the localized nature of light quanta
and published his theoretical explanation of the photoelectric effect [8], which
won him the Nobel Prize. He assumed that light consists of discrete energy
quanta with the energy hν, nowadays most commonly referred to as photons.
Here h is Plancks constant and ν the frequency of the photon. Electrons inside
an irradiated sample absorb photons from the incoming radiation. If the absorbed photon energy hν exceeds the electrons binding energy, the electron will
escape from the molecule carrying the excess energy as kinetic energy according
to the conservation of energy:
hν = Eb + Ekin

7

(2.1)

Close enough to the sample’s surface the electron has a chance to escape
from the sample without being inelastically scattered by other molecules. It is
then referred to as a photoelectron and can be detected outside the sample by
an electron detector. Knowing the incident photon energy hν and measuring
the electrons kinetic energy Ekin with an electron analyzer, equation 2.1 yields
directly to the electron’s binding energy:
Eb = hν − Ekin
Plotting the number of photoelectrons against their kinetic energy for a fixed
photon energy gives the photoemission spectrum. It reflects in first order the
occupied density of electronic states N(Eb ) in the sample. The principle of
photoelectron spectroscopy is shown in Figure 2.1.

(a)

(b)

Figure 2.1: Principle of photoelectron spectroscopy. (a) An incoming photon from
an energetic light source hits the sample and knocks out a photoelectron. Its kinetic
energy is equal to hν - Eb and can be measured by an electron analyzer (figure from
[7]). (b) Different electronic states contribute to different features in the photoemission
spectrum (figure from [9]).
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Since the removal of core electrons requires high energetic photons in the
X-ray range, the outer valence electrons, exhibiting low binding energies in
the 5-25 eV range [10], are in generally probed by photons in the ultraviolet
range. Photoelectron spectroscopy of core and valence electrons is therefore
most commonly referred to as ultraviolet photoelectron spectroscopy (UPS)
and X-ray photoelectron spectroscopy (XPS), respectively.
Pioneering work in ultraviolet photoelectron spectroscopy were performed
in the early 1960s by Spicer and his research group in Stanford and Turner
and his research group in the UK. In parallel, X-ray photoelectron spectroscopy
has been developed by Siegbahn and his research group in Uppsala, Sweden
[7]. Early, far-reaching discoveries in X-ray spectroscopy refer to M. Siegbahn
and his research group, whereas high-resolution electron spectroscopy has been
developed by his son K. Siegbahn. Both received the Nobel Prize for their contribution in this field. Today, high resolution X-ray photoelectron spectroscopy
is an ideal tool for chemical investigation and is often referred to as ESCA, the
famous acronym created by Siegbahn, standing for Electron Spectroscopy for
Chemical Analysis.
Siegbahn’s work involved comprehensive studies of core-level binding energies.
He observed and systematically studied the dependance of the exact binding
energy of a core-level on its chemical environment, referred to as chemical shift.
In an isolated atom, the allowed energies for an electron form a set of discrete
energy levels, intrinsic for each element and thus providing element-specific information. However, in a non-isolated system, the energy levels are sensitive for
the chemical environment, since the electrons feel the potential of neighboring
atoms or molecules. The change in energy with respect to the isolated atom then
is called the chemical shift. Valence electrons, the outermost electrons, which
are less tightly bound to the nucleus, are greatly affected by molecular bonding
or solidification. Core electrons, whose orbitals are close to the nucleus, remain
intimately related to the atom and their orbitals undergo only subtle changes.
Probing valence electrons thus provides information about molecular bonding,
whereas core electron levels yield element-specific information. In particular,
core electron spectroscopy allows identifying the constituent atoms of any sample and is therefore a very powerful technique for chemical analysis. Moreover,
atoms in non-equivalent positions exhibit different chemical shifts and give thus
rise to different features in the photoemission spectrum. That allows distinguishing between chemically distinct atoms in a single compound or between
different compounds in a mixed sample. For instance, the photoemission spectrum of trimethyl orthoformate shows distinct signals for the tertiary carbon
and the methyl carbons (Figure 2.2). The high electronegativity of the oxygen
atoms attached to the tertiary carbon drags on the carbon’s outer electrons, resulting in a lower electron density. The core electrons thus feel a higher potential
of the positively charged nucleus and the binding energy becomes higher. The
methyl carbons, on the other hand, are attached to less electronegative hydrogen atoms, which results in a higher electron density around the methyl carbons
as compared to the tertiary carbon. The surplus in negative charge, compared
to the tertiary carbon, screens the positive nuclear charge of the carbon atom
9

resulting in a smaller C1s binding energy. The intensity ratio of the two C1s
lines further substantiates this interpretation. It reflects the three to one ratio
for the methyl carbons at lower energy side.

Figure 2.2: Carbon 1s photoelectron spectrum for trimethyl orthoformate, taken
from [11]. Screening for the methyl carbons is stronger than for the tertiary carbon,
resulting in lower binding energy.
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Group shift model
In a first approximation the chemical shift can be estimated by the group shift
model, a simple theory based on empirical established values of chemical shifts
for certain groups attached to a specific element. The chemical shift of the atom
is then simply given by summing up the group shifts of all groups attached to
the atom:
∆E = ΣEgroup

(2.2)

A comprehensive overview of group shifts related to the carbon C1s line has
been published by Gelius et al. [11] and is shown in Figure 2.3.

Figure 2.3: Group shifts for groups bound to carbon published by Gelius et al. (1970)
[11].
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For the molecules studied within this thesis, the group shifts based on Gelius’
values are listed in Table 2.1. The last row gives the difference in group shifts,
corresponding to the peak separation of the two C1s lines. According to this
model, a peak separation of about 0.69 eV for the two carbon 1s lines of the
chloral hydrate spectrum is expected.
Chloral hydrate
Cl3 C’-C(OH)2 H

Trichloroethanol
Cl3 C’-C(OH)H2

Ethanol
H3 C-C’(OH)H2

∆E(C’1s)
∆E(C1s)

4.16 eV
3.47eV

4.26 eV
1.97 eV

1.21 eV
-0.39 eV

∆E(C’1s) - ∆E(C1s)

0.69 eV

2.29 eV

1.60 eV

Table 2.1: Group shifts for the two carbons C and C’ according to the group shift
model and the empirical values from Gelius et al. (see Figure 2.3). ∆E(C’1s) - ∆E(C1s)
gives the separation between the two C1s lines. Note for the -CCl3 and the -C(OH)2 H
group no empirical values exist. Here, a group shift of 0.44 eV has been extrapolated
for the -CCl3 group from the similar groups -CClF2 (0.48 eV) and -CCl2 F (0.46 eV),
and for the -C(OH)2 H group a group shift of -0.52 eV from the groups -CH2 (OH)
(-0.42 eV) and -CH3 (-0.32 eV).

In general, the group shift model has been found to reproduce shifts to a
pretty high accuracy [9]. The deviations from experimental observations are
rather small and quite acceptable, considering the nature of the underlying assumptions. However, the deviations are dependent on the nature of the molecular groups and the studied element.

Synchrotron radiation
In the 1970s photoelectron spectroscopy has been adapted to synchrotron radiation, driven by technical limitations of conventional light sources and the
demand of intense, tunable and polarized light. This improved performance has
revoluzionized photoelectron spectroscopy and led to a new quality in results
[12]. Synchrotron radiation provides intense, tunable, polarized, well focused
and stable light, covering a huge spectrum from infrared wavelength to hard
X-rays [13]. It results naturally from the centripetal acceleration of charged
particles moving at relativistic velocities inside an accelerator, such as a synchrotron. Evolved from being an undesirable but unavoidable by-product of
particle accelerators, it is nowadays a highly desirable tool in a wide range of
applications. The availability of intense, tuneable light with high polarization
makes it essential in modern research [12].
Synchrotron radiation is produced artificially in synchrotron radiation storage rings, where electrons are circulating at speeds close to that of light. The
electrons are controlled to move around the ring by a series of magnets. Since
their orbit is curved the electrons are instantaneously centripetally accelerated.
12

As they accelerate around the ring, they generate intense electromagnetic radiation or photons in a direction to the orbit. Undulators and wigglers, specially
designed magnetic devices, are placed in the path of the electrons to additionally
enhance the brightness of the light. Both devices consist of magnetic arrays,
which let the electron beam oscillate. While oscillating the electrons emit further radiation and enhance the brightness of the radiation. The permanent
energy loss due to the emission of synchrotron light is compensated by an accelerating cavity housed in the storage ring. The radiation exit through several
beam lines attached to the storage ring. The beam lines are equipped with several devices making the radiation ready-to-use for the experimental end-station
at the end of the beam line. A suitable monochromator situated in the beam
line filters light of a specific wavelength that is needed for the particular experiment. Synchrotron radiation is a clean source since the electrons circulate in the
storage ring under ultrahigh vacuum conditions. These conditions are ideal for
any experimental technique requiring ultrahigh vacuum, such as photoelectron
spectroscopy. Highly polarized, with its electrical field vector lying in the plane
of the electron orbit, synchrotron radiation further fulfills the requirements for
angle-resolved experiments [12].
Until now, three generations of synchrotron light sources are in use. In
the early 1990s the third generation started operating [14], providing extremely
bright X-ray beams in an energy range from several hundred eV up to several
hundred keV [15]. Very powerful wigglers and undulators produce brightness
enhanced by several orders of magnitude compared with former synchrotron
light sources [13, 16]. The development in the field is fast and the fourth generation sources will soon outclass the current facilities by orders of magnitudes in
brilliance and photon flux [17]. MAX IV, such a fourth generation synchrotron
facility, is currently being planned at MAX-lab in Lund, Sweden [18, 19].
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3

experimental

The experiments involved in the present work were mainly performed at the undulator beam line I411 at the Swedish National Synchrotron Laboratory MAXlab in Lund, Sweden. In addition, measurements involving chloral hydrate in
aqueous solution have been repeated at the undulator beam line U41-PGM at
the third generation synchrotron radiation facility BESSY in Berlin, Germany.
The measurements at BESSY could reproduce the results obtained at MAX-lab,
but do not contribute further quantitative results. For reasons of comparability,
the data treatment refers only to data taken at MAX-lab. The following description thus concentrates on the MAX-lab synchrotron facility and the set-up
used there.

MAX-lab, beam line I411 and experimental end
station
MAX-lab houses three electron storage rings MAX I, MAX II and MAX III,
producing synchrotron light used for experiments and measurements in a wide
range of disciplines and technologies [13]. Figure 3.1 gives a schematic overview
of the facility showing all three storage rings.
The beam line I411 is supported by MAX II, a third generation 1.56 GeV
synchrotron radiation source with a circumference of 90 m and a maximal stored
current of 280 mA [13]. Beam line I411 is a soft X-ray beam line, which was
designed for high-resolution electron spectroscopic studies of gases, clusters, liq-
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Figure

3.1:
Schematic illustration of the Swedish
chrotron Laboratory MAX-lab in Lund,
Sweden.
http://www.maxlab.lu.se/maxlab/about/index.html

National
Figure

Synfrom

uids and solid samples [20]. It is based on a 2.65 m long hybrid undulator with
88 poles of 59 mm period length providing photon energies between 50 and
1500 eV [20, 21]. The beam line is equipped with a series of optical components, which narrow the bandwidth of the synchrotron radiation and focus it
onto the experimental station at the end of the beam line. Figure 3.2 gives a
schematic overview of the beam line and its main components: specially shaped
mirrors (M1-M4), which are focussing the light, a monochromator SX700, which
allows to precise the range of the synchrotron radiation spectrum, a one meter
section (OM), where exchangeable experimental compounds can be integrated
and the end station, equipped with a rotatable Scienta R-4000 hemispherical
electron spectrometer (R-4000). The photon energy resolution can be regulated
in changing the monochromator exit slit size, which should be around 5-20 µm
to achieve high resolution [20].

Figure 3.2: Layout of the soft X-ray undulator beam line I411 at MAX-lab. Figure
modified from [20].
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Hemispherical spectrometer
The end station of beam line I411 is equipped with a high-resolution Scienta
R-4000 hemispherical electron spectrometer. It is rotatable around the direction of the synchrotron light from 0◦ to 90◦ with respect to the polarization
plane of the radiation. However, in order to avoid anisotropic effects all experiments within the present work have been performed at the so-called magic
angle. At the magic angle, 54.7◦ between the polarization plane and the analyzer, the differential photoemission cross section becomes proportional to the
total cross section. The measured intensities are thus independent of possible
angular anisotropy (asymmetry) of the emitted electrons, which makes relative
intensities in the photoemission spectra more meaningful [22, 23, 24].
A hemispherical electron spectrometer consists basically of an electron analyzer and an electron detector, the principle is shown in Figure 3.3. The analyzer
is equipped with two hemispherical electrodes, whereat the inner one is positive
and the outer negative. Photoelectrons enter the analyzer through an entrance
slit and are bent by the electrostatic field with respect to their energy. Only
electrons with a certain kinetic energy are forced on the path of the analyzer
and are detected by the electron detector at the other end of the hemispheres.
The detector is equipped with a multi-channel plate, which amplifies the impact
of the photoelectrons to a measurable pulse. Making the pulse visual by a phosphor screen, its position can be monitored by a camera and the corresponding
kinetic energy calculated by a computer [25]. The kinetic energy of an electron,
which describes exactly the analyzer’s path at a given applied voltage, is called
pass energy. Electrons of significant lower or higher energies will be bent too
strong or not sufficiently and get lost in collisions with the hemispheres. Varying the applied electrostatic field allows to record an electron energy spectrum,
since the electric field can be used to calculate the electron energies [26].

Figure 3.3: Principle of a modern hemispherical electron spectrometer. Photoelectrons generated by the interaction with the synchrotron radiation and emitted from the
sample enter the spectrometer through the electron lens. After dispersing between the
electrostatical hemispheres, they are detected by a position sensitive detector. Figure
modified from [25].
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However, the energy resolution correlates directly with the pass energy of
the analyzer, since the detector is likely to detect electrons with kinetic energies
within a certain deviation of the pass energy. The deviation increases with
increasing pass energy and, by implication, the resolution decreases. To achieve
a constant energy resolution over the whole range of the spectrum, modern
electron analyzers are equipped with retarding electron lenses [17, 25]. An
electron lens, consisting of a set of electrostatic lens components, retards or
accelerates the photoelectrons to a given pass energy before focusing them on
the entrance slit of the analyzer. The initial electron energy is determined by
the voltages applied to the electron lens and the photoelectron spectrum is then
derived from a scan over all applied voltages.
Apart from the pass energy, the resolution of the spectrometer depends
from the slit width of the analyzer entrance. By decreasing the slit width,
the resolution can be improved, at the expense of the signal’s strength. The
instrumental resolution of the spectrometer, to the first order, is determined by
[17, 27]:
s
(3.1)
2R
where Ep is the pass energy, s the slit width and R the mean radius of the
electron analyzer. In application, a trade-off between good intensity and acceptable resolution must be found. In the present experiments, a pass energy of
100 eV for the liquid measurements and a pass energy of 20 eV for the gas phase
measurements were used, while in both cases the slit width was set to 500 µm.
With an analyzer mean radius of 200 mm, this results in an instrumental energy
resolution of 125 meV for the liquid and 25 meV for the gas phase experiments.
∆E = Ep ·
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Liquid microjet set-up
The application of photoelectron spectroscopy to liquids has only recently become available after overcoming practical difficulties, mostly vacuum related.
Photoelectron spectroscopy requires ultra-high vacuum conditions to alllow photoelectrons reach the spectrometer without interacting with matter, since electrons exhibit an extremely short mean-free path. Liquids, however, evaporate
under vacuum conditions and the high vapor pressure hinders the photoelectrons from reaching the spectrometer. Furthermore, it is difficult to handle a
liquid volume exposed to vacuum, since the evaporation tends to either freeze
or deplete the sample. The demand of vacuum conditions makes the application
of photoelectron spectroscopy to liquids thus non-trivial.
Early photoemission experiments involving liquids were therefore mainly applied to non-aqueous solutions with low vapor pressure. Pioneering work in this
field has been made by K. Siegbahn and H. Siegbahn, studying liquids of sufficient low vapor pressure [28, 29]. In adding enormous amounts of salt, they
also succeeded to do first photoemission studies on liquid water [30]. The freezing point of the highly concentrated salt solution could be lowered drastically
and the vapor pressure reduced sufficiently. Faubel and coworkers developed a
novel technique accessing volatile liquids in a high vacuum environment, where
the sample is injected as a very narrow liquid jet into the vacuum chamber.
This renewable, small volume with reduced evaporation in combination with
a differentially pumped enclosure fulfills the need of the vacuum requirements
and enables photoelectron spectroscopy also to volatile samples [31]. Winter
and coworkers adapted the set-up to synchrotron radiation and studied the full
valence region of liquid water and several aqueous solutions [22].
The present experimental set-up is similar to that developed by Winter and
co-workers. A schematic illustration is shown in Figure 3.5. Injected by a highpressure pump, the sample is pushed through a micrometer-sized glass nozzle
into the main chamber forming a narrow liquid jet (Figure 3.6 (a)). For the
present experiments a glass nozzle with a diameter between 15 and 25 µm has
been used. Just behind the glass nozzle the liquid forms a straight, laminar
flowing, cylindrical liquid filament, before it breaks into droplets. Depending
on back pressure, nozzle diameter and sample the liquid flow is laminar over
a length of several millimeters [31, 32]. The synchrotron radiation enters the
chamber through a 1 mm hole and intersects the jet in its laminar region. Emitted photoelectrons leave the main chamber perpendicular to both, the liquid jet
and the synchrotron radiation, and are detected by the spectrometer. They
must pass through a conic skimmer with a 0.5 mm diameter opening (Figure
3.7), which separates the poor vacuum caused by evaporation from the liquid
jet from the high vacuum required by the spectrometer. Typical working pressures are in the 10−5 mbar range in the main chamber, where the liquid jet is
produced (measured far away from the jet, close to the jet, the pressure will be
approximately equal to the vapor pressure of the liquid) and in the 10−6 mbar
range in the analyzer chamber [32].

18

The set-up is equipped with a mu-metal shield, to isolate from Earth’s magnetic field [33]. The skimmer is positioned very close to the liquid jet, with a
distance of typically 2 mm, to let the emitted photoelectrons travel the shortest
possible way through the poor vacuum before entering the analyzer chamber
(Figure 3.4). Outside from the vacuum chamber the nozzle position can be
changed in x, y and z directions to allow the alignment of the liquid jet to both,
synchrotron radiation and skimmer opening. To the end of the set-up a liquid
nitrogen cold trap is mounted, which collects and freezes the liquid from the jet
to prevent it from evaporating and downgrading the vacuum (Figure 3.6 (b)).
The sample solution were made using highly demineralized water and the
sample were of highest purity commercially available (> 98%, Sigma-Aldrich).
In order to avoid charging of the jet, a small fraction of salt were added to the
samples which usually stabilizes the electrical potential of the liquid jet (0.1 m
NaCl were added to the chloral hydrate and ethanol solution and 0.2 m LiBr to
the trichloroethanol solution). Data treatment and fitting were done with the
IGOR Pro software by Wavemetrics. The spectra were calibrated against the
precisely known H2 O line determined to 12.62 eV [34], depicted in Fig. 3.9.

Figure 3.4: Insight in the experimental chamber of the set-up by Winter used at
BESSY. The micrometer-sized liquid jet is seen being pushed horizontaly out of the
nozzle. The sample is irradiated by synchrotron radiation perpendicular to the liquid
jet, in this figure in direction out of the plane of the paper. The photoelectrons leave
the chamber upwards through the conic skimmer and are collected by an electron
spectrometer (not seen in the figure). The principle of this set-up corresponds to the
one used at MAX-lab.
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(a)

(b)

Figure 3.5: Photograph (a) and schematic illustration (b) of the experimental set-up
used in the present experiments. The main chamber is evacuated by two 1600 l/s
turbo-molecular pumps upstream and one 300 l/s turbo-molecular pump downstream
the nozzle (Illustration from [32]).
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(a)

(b)

Figure 3.6: (a) 15 µm glass nozzle producing a high-pressure liquid jet of the applied
sample. (b) View through a window in the cylinder shows the liquid jet formed into
frozen streaks and collected by the nitrogen cold trap

(a)

(b)

Figure 3.7: (a) Unmounted copper skimmer and skimmer holder. The photoelectrons
leave the experimental chamber through its circular 0.5 diameter opening on the top.
(b) Insight in the experimental chamber in direction of the liquid jet. The mounted
skimmer is visible on the top side of the chamber. The little dark dot on the left shows
the entrance hole of the synchrotron radiation. The opening in the end of the chamber
is attached to a liquid nitrogen cold trap (not mounted in this picture), which collects
the liquid of the jet. The wire in the back shows an ice-cutter, which allows to cut
growing strings of ice.
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(a)

(b)

Figure 3.8: The switching cross (a) enables to switch between different samples (b)
on-the-flow during experiments.
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Figure 3.9: Photoelectron spectrum of pure gaseous water excited with the HeI resonance line at 21.22 eV (taken from [34]). The sharp, characteristic feature at 12.62
eV serves for energy calibration.
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Gas phase measurements
Gas phase measurements have been performed with Prof. Leif J. Sæthre and
his research group from the University of Bergen, Norway. The experiments
have been carried out at beam line I411 at MAX-lab in Lund, Sweden. The experiments involved measurements of gas molecules from liquid trichloroethanol
and solid chloral hydrate. Rather than using chloral hydrate as a liquid, it was
introduced as a solid, due to its high melting point. The solid’s high vapor pressure still allowed to record sufficient statistics. Ethanol gas phase measurements
have not been involved in the present experiments, but were earlier recorded by
Sæthre and his research group [35].
Figure 3.10 shows the set-up by Sæthre and his group at the endstation of
beam line I411. The ionization of the gas molecules takes place in a gas cell
placed in front of the electron analyzer of the endstation. The synchrotron light
hits the gas cell and the electron analyzer collects the emitted photoelectrons.

Figure 3.10: Experimental set-up for gas phase measurements by Sæthre at the
endstation of beamline I411.
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The gas cell is connected to a manifold, which acts as interface between the
sample and gas cell. The sample is mounted as a liquid in a glass tube to
the manifold and the gas molecules from the sample vapor reach the gas cell
through the manifold. Via the valves on the manifold, the gas flow of the sample
and consequently the pressure in the cell, can be regulated (Figure 3.11). The
pressure in the gas must be sufficiently high to obtain good intensities, but at
the same time low enough to avoid scattering effects in order to achieve a good
resolution. The pressure in the present measurements was kept in the 10−6
mbar range. Via the manifold, a second well-determined compound acting as
calibrant can be introduced simultaneous to the gas cell. The C1s spectra of
the present experiments have been calibrated against CO2 , whose C1s line is
reported to be at 297.664 eV [36].

(a)

(b)

Figure 3.11: Experimental set-up for gas phase measurements at beam line I411: The
liquid sample is attached in a glass tube to the manifold (a). Sample flow and pumping
is controlled via valves (b).
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Measurements at the Scienta ESCA-300
Further experiments involving measurements of chloral hydrate in form of crystalline powder were performed at the high resolution Scienta ESCA-300 XPS
instrument at the department of physics at Uppsala University. The Scienta
ESCA-300 is a state-of-the-art X-ray photoelectron spectrometer with high intensity and high energy and spatial resolution, described in detail elsewhere [37].
It is equipped with a monochromatic Al Kα light source, generating X-rays with
a photon energy of 1486.7 eV, and a 300 mm mean radius hemispherical electrostatic analyzer (Figure 3.12).
However, the present experiments at the ESCA-300 remained so far without
further success and do not contribute to the presented results. Difficulties were
mainly vacuum related. The instrument is not equipped with any cooling facility and at room temperature problems regarding the exposure of the highly
evaporating sample to the ultra-high vacuum could so far not be overcome. The
different experimental approaches are illustrated in Figure 3.13.

Figure 3.12: High resolution Scienta ESCA-300 XPS instrument at the department
of physics at Uppsala University.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 3.13: Different approaches inducing the sample into the ultra-high vacuum
analyzer chamber: (a) chloral hydrate put on conductive glass could not resist the low
vacuum pressure. (b) Chloral hydrate pressed into Indium on a copper surface (left
sample holder) has completely been evaporated after transferring it into the vacuum
chamber (right sample holder). (c) Chloral hydrate pressed to a compact tablet before
transferring it into the vacuum chamber. (d) The tablet dissolved visibly in the low
vacuum pressure. (e) KBr pellet of chloral hydrate (as used for infrared spectroscopy)
before transferring. (f) The pellet resisted the vacuum conditions but suffered irradiation damage as seen in the blue discoloration. (g) Gold mesh with 0.25 mm nominal
aperture, in which the sample was pressed (not shown). (h) After transferring it
into the vacuum chamber, the sample has completely evaporated from the gold mesh
leaving a visibly distorted mesh.
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results and discussion
Chloral hydrate
Figure 4.1 shows the C1s photoelectron spectrum of chloral hydrate in aqueous
solution (top) and in gas phase (bottom).
The gas phase spectrum exhibits two peaks separated by 0.52 eV. The full
width at half maximum (fwhm) over both peaks is determined to 0.9 eV. The
high energy peak is very likely to be the chlorine peak, corresponding to theoretical calculations on a B3LYP/TZP level of theory, kindly performed by Tom
Carroll at Keuka College, New York. The peak in the liquid spectrum is considerably broadened and redshifted by about 1.2 eV relative to the peaks of
the gas phase spectrum. Broadening and redshift for liquid binding energies
relative to gas phase binding energies can be considered as normal. Winter
reports a shift of about 1.4 eV to lower values for liquid orbital energies as compared to the gas phase for the valence photoemission spectrum from pure liquid
water [22]. The shift towards lower binding energies in liquid spectra can be
understood in terms of increased screening due to the denser medium. Higher
screening from the increased number of neighboring atoms implies less positive
potential and thus lower binding energy. Peak broadening can be attributed to
relaxation and surface effects. Moreover, the existence of many different local
environments in the liquid gives rise to many different binding energies, slightly
varying from each other. The different binding energies result in a broadened
peak as compared to the gas phase. Further broadening for the liquid spectra
can be attributed to experimental broadening, which for the present experiments
was higher for liquid experiments (125 meV) as compared to the gas phase mea28

surements (25 meV). Anyhow, the most striking difference between the aqueous
solution and gas phase spectrum is, that the former exhibits only one carbon 1s
signal, whereas a clear separation is seen in the gas phase spectrum.
The absence of the second peak in the liquid spectrum could be ascribed to
the following reasons:
• Sample damage or structural change of the molecule in aqueous solution
might have changed the molecular structure so that the sample contains
only carbon atoms in equal positions, which give rise to one single signal.
• The resolution of the liquid spectrum might be insufficient, meaning that
the two carbon atoms still give rise to different features, which are not
resolved in the spectrum.
• The C1s binding energies might be modified in aqueous solution and coincide.

Figure 4.1: C1s photoelectron spectrum of chloral hydrate in aqueous solution and
gas phase. Circles represent experimental data points and the solid lines the fit.
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In order to investigate whether chloral hydrate undergoes structural change
when dissolved in water, complementary Nuclear Magnetic Resonance (NMR)
spectroscopic measurements were performed (see Figure 4.2). It was found that
the experimental NMR results are consistent with computed values for chloral
hydrate. Sample damage and structural change in aqueous solution can thus be
ruled out as a reason for the missing peak.

Figure 4.2:

13

C-NMR spectrum of Chloral hydrate in D2 O. To be consistent with
former photoemission experiments 0.1 m NaCl has been added to the solution. The
peaks at 101.4835 ppm and 94.5478 ppm are consistent with computed values. The
difference in peak intensity is attributed to different relaxation times for the respective
carbon and has no quantitative significance for the distribution of carbon atoms. NMR
measurements were kindly performed by Jonas Mindemark at Uppsala University.
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The question then becomes, whether the two peaks for the aqueous solution
coincide, meaning that the chemical shift in aqueous solution and gas phase
differs, or, if the separation of the two lines simply cannot be resolved in the
liquid spectrum.
The featureless gaussian shape of the liquid C1s peak promotes coincidence
or convergence of the two carbon lines in the liquid spectrum. This is further
substantiated by the fact that the peak is not broadened (1.0 eV fwhm) as
compared to C1s peak widths of earlier liquid studies using the same set-up.
Bergersen and Ottosson report full widths at half maximum for the C1s peak
between 1.0 and 1.3 eV [38, 39]. However, Figure 4.3 shows a line profile model of
aqueous chloral hydrate, which was obtained by broadening the experimental gas
phase spectrum from a peak width of 0.28 eV to 0.9 eV fwhm. The latter peak
width represents a lower typical value for liquids. The resulting line profile (red
solid line) reproduces the single, featureless peak observed in the experimental
liquid spectrum, though the modeled peak happens to be somewhat broader
(1.2 eV fwhm) than the measured peak.
Even though, the modeled line profile proves that the absence of the second

Figure 4.3: Model of the aqueous chloral hydrate line profile. The liquid contributions
(bold dashed lines) were modeled by broadening the fit of the measured gas phase
(thin dashed lines) and result in a single peak (bold red line). Grey circles represent
experimental data points of the gas phase. The energy scale corresponds to gas phase
energies.
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peak in the aqueous solution can be explained solely by reasons of resolubility
due to the considerable broader peak width in the liquid as compared to the gas
phase, there might still be influence on the binding energies in aqueous solution.
A reduced separation of the two carbon 1s lines in aqueous solution as compared
to the gas phase would explain a narrower peak in the spectrum than in the
model. Note that the line profile in Figure 4.3 was modeled with a C1s peak
width below the reference values. Higher peak widths for each C1s peak would
imply even broader resulting peaks.
In order to further investigate the influence of aqueous solution on binding
energies, the observations from the chloral hydrate measurements are, in the following, compared to measurements of trichloroethanol and ethanol. Trichloroethanol and ethanol are compounds with a chemical structure similar to chloral
hydrate, which both exhibit, in particular, a C-C bond. This allows to investigate differences in C1s peak separation between gas phase and liquid spectra.
Comparing the peak separations might bring more insights, whether binding
energies in aqueous solution experience - besides the common gas to solvation
shift - a group specific shift.

Trichloroethanol
Figure 4.4 shows the C1s photoelectron spectrum of trichloroethanol in aqueous
solution (top) and gas phase (bottom).
The liquid spectrum was obtained as a difference spectrum, since the initial
spectrum showed a very strong gas phase signal due to the high vapor pressure of
the sample (see Figure 4.5). By moving the liquid jet off sight from the spectrometer detection axis the gas phase from the liquid jet could be recorded separately
and then subtracted from the initial spectrum. Just as well as in the chloral
hydrate spectrum, the high energy peak in both spectra can be attributed to the
chlorine carbon, according to theoretical calculations. The relative shift of 1.93
eV and 1.87 eV between the carbon 1s lines in aqueous solution and gas phase,
respectively, does not differ significantly in the two spectra. The small bias to
a larger separation of the two carbon lines in the aqueous solution is contrary
to observations in the chloral hydrate spectrum. Trichloroethanol resembles the
chemical structure of chloral hydrate, having replaced one hydroxyl group with
an hydrogen atom. Especially, the chlorine carbon exhibits the same attached
Cl3 group as in the chloral hydrate molecule, allowing to directly compare the
influence on the hydroxyl carbon of both compounds in aqueous solution. In
the spectrum of aqueous chloral hydrate the hydroxyl carbon would approach
to the chlorine carbon as compared to the gas phase spectrum, whereas in the
aqueous trichloroethanol spectrum the separation inclines rather to increase.
This would imply, that the attached H(OH)2 group of chloral hydrate shift
the C1s level towards higher binding energies relative to the H2 (OH) group of
trichloroethanol.
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Figure 4.4: C1s photoelectron spectrum of trichloroethanol in aqueous solution and
gas phase. Circles represent experimental data points and the solid lines the fit.

33

Figure 4.5: C1s photoelectron spectrum of trichloroethanol in aqueous solution (top),
gas phase (center) and difference spectrum (bottom).
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Ethanol
Figure 4.6 shows the C1s photoelectron spectrum of ethanol in aqueous solution
(top) and gas phase (bottom). The ethanol gas phase spectrum was not recorded

Figure 4.6: C1s photoelectron spectrum of ethanol in aqueous solution and gas phase.
Circles represent experimental data points and the solid lines the fit. In the gas phase
spectrum (bottom), the thin lines correspond to CH stretching. The functionalized
carbon at high energy shows clear evidence of CH stretching, giving rise of a clear peak
with lower intensity at high energy side. The methyl carbon exhibits a rather broad
and featureless appearance due to conformational effects [35] and the CH stretching is
only seen as a shoulder at the high energy side. In the liquid spectrum (top), the thin
dotted lines represent the gas phase and the bold dashed lines the liquid contributions.
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during the present work but has already been measured and published [35] by
Sæthre and his group and were kindly provided for this thesis.
The liquid spectrum of ethanol is pretty difficult to interpret since it exhibits
mostly gas phase signal due to the sample’s high vapor pressure. The liquid feature is very weak and can only be seen as a low intensity peak at the low energy
side of the gas phase peaks. However, ethanol gas phase contributions (thin
dotted lines in the spectrum) were modeled according to the fit from the gas
phase spectrum, whereby the peaks have been slightly broadened. The liquid
components (bold dashed lines in the spectrum) result then in the two carbon
peaks separated by 1.37 eV. That happens to be somewhat narrower, compared
to the 1.59 eV peak separation in the gas phase spectrum. In both, the liquid
and gas phase spectrum, the low energy peak can be attributed to the methyl
carbon and the high energy peak to the functionalized carbon.

Synthesis
Table 4.1 shows an overview of measured and calculated values for the relative
shift of the two carbon 1s lines for each molecule. Note calculated values only
exist for isolated systems. A simple schema showing how the carbon 1s lines
are changing relative to each other in the aqueous solution as compared to the
gas phase is given in Figure 4.7. The conclusion driven from the chloral hydrate
and trichloroethanol spectra does not seem to hold for the ethanol spectra.
The identical Cl3 groups on the high energy carbon of the chloral hydrate and

Measured values

Theoretical values
(gas phase)
Group shift
Gaussian
model

Aqueous
solution

Gas
phase

∆(gas, aq)

Chloral hydrate
Cl3 C’-C(OH)2 H

no shift
observable

0.52 eV

< 0.52 eV

0.69 eV

0.40 eV

Trichloroethanol
Cl3 C’-C(OH)H2

1.93 eV

1.87 eV

0.06 eV

2.29 eV

2.04 eV

Ethanol
H3 C-C’(OH)H2

1.37 eV

1.59 eV

0.22 eV

1.60 eV

–

Table 4.1: Relative differences in chemical shift between the two C1s lines of chloral
hydrate, trichloroethanol and ethanol. The higher binding energy carbon is indicated
by an inverted comma. ∆(gas, aq) gives the difference of C1s shift difference in gas
phase and aqueous solution. Gaussian calculations were kindly performed by Tom
Carroll at Keuka College.
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Figure 4.7: Simple schema illustrating how the two C1s lines behave relative to each
other. The arrows indicate the relative change in binding energy in aqueous solution
as compared to the gas phase.

trichloroethanol molecule allowed direct comparison between the H(OH)2 and
the H2 OH group, implicating that the H(OH)2 group generates a shift towards
higher and the H2 OH group a shift towards lower binding energies. The high
energy carbon of ethanol is attached to the very same side group H2 OH as the
low energy carbon of trichloroethanol. Assuming, that this group generates a
shift in aqueous solution towards lower binding energies, an even greater shift
towards higher binding energies would be required by the H3 group attached to
the low energy carbon, in order to yield a reduced separation of the carbon lines
in the liquid spectrum. However, when having compared the H2 OH and H(OH)2
groups, the H2 OH group, where one hydroxyl group is replaced by a hydrogen
atom, seemed to generate a shift towards lower binding energies relative to the
H(OH)2 group. It is then very unlikely, that the H3 group in which the second
hydroxyl group is also replaced by an hydrogen atom, generates an even higher
shift. Moreover, regarding the very subtle difference in peak separation between
the liquid and gas phase spectrum of trichloroethanol as negligible, the effect on
the chemical shift from the H2 OH and Cl3 groups can be equalized. That makes
the H(OH)2 and H3 groups of chloral hydrate and ethanol comparable, which
then both should cause a shift towards higher binding energy in the aqueous
solution. This is also not very meaningful, assuming that the H2 OH group
generates a shift towards lower binding energy as compared as to the H(OH)2
group. In addition, the different nature of the hydrogen and oxygen atom, in
respect of their electronegativity or hydrogen bonding activity, let anticipate
an opposite behavior for the two groups. From there, the observed changes in
chemical shift between the aqueous solution and gas phase of the investigated
compounds do not happen to be uniform, but rather seem coincidentally.
Likewise, absolute binding energies do not show any uniformity in shift from

37

gas phase to liquid energies. Table 4.2 compiles absolute binding energies for
chloral hydrate, trichloroethanol and ethanol in aqueous solution and gas phase,
and gives the energy shift between both. From there, the chlorine carbons of
chloral hydrate and trichloroethanol might still be shifted the same way, but,
the exact shift for the chloral hydrate carbon can not be determined due to the
overlap of the two carbon signals in the liquid spectrum. But, for the H2 OH
carbons the shift from gas to liquid differs significantly, being 1.23 eV and 1.05
eV for trichloroethanol and ethanol, respectively, which does not support the
picture of a group specific gas to solution shift. The shift of 0.83 eV for the
methyl carbon of ethanol seems to be comparatively small, but, on the whole,
the presented shift values do not show any bias. However, absolute binding energies for aqueous solution might exhibit deviations due to the spectra’s strong
gas phase signal. Furthermore, comparing absolute binding energies between
gas phase and liquid data might cause further uncertainties due to the different
calibration methods for gas phase and liquid measurements.

Chloral hydrate
Cl3 C’-C(OH)2 H

C1s(C(OH)2 H)

Trichloroethanol
Cl3 C’-C(OH)H2

C1s(C(OH)H2 )

Ethanol
H3 C-C’(OH)H2

C1s(CCl3 )

C1s BE in
aqueous solution

C1s BE in
gas phase

∆BE

[293.52, 293.82] eV
[293.82, 294.12] eV

294.72 eV
295.23 eV

[0.9, 1.2] eV
[1.1, 1.4] eV

291.83 eV
293.76 eV

293.06 eV
294.93 eV

1.23 eV
1.17 eV

289.78 eV
291.15 eV

290.61 eV
292.20 eV

0.83 eV
1.05 eV

C1s(CCl3 )
C1s(CH3 )
C1s(C(OH)H2 )

Table 4.2:

Summary of measured C1s binding energies of chloral hydrate,
trichloroethanol and ethanol in aqueous solution and gas phase as well as ∆BE, the
difference in binding energy of aqueous solution and gas phase. Note that the binding energies of the aqueous solution might exhibit significant deviations due to the
spectra’s strong gas phase signal. Especially, for aqueous chloral hydrate, the overlapping of the two C1s signals does not allow to determine exact binding energies. The
given energy range for chloral hydrate was estimated based on the model in Figure 4.3
representing largest peak separation.

In conclusion, for the involved compounds, no significant influence on the
chemical shift in aqueous solution can be drawn from the presented results.
The interpretation of the liquid spectra is not unambiguous. Indications of
convergence of the two carbon lines in the chloral hydrate spectrum are not
substantiated. Apart from the difference in peak width, the single peak in the
aqueous chloral hydrate spectrum can be reproduced by broadening the gas
phase spectrum. Also, the liquid trichloroethanol and ethanol spectra exhibit
strong gas phase contributions. The results are presented as difference spec38

trum or are fitted together with the gas phase contribution, which might cause
further uncertainties in the results. Especially, from the very subtle difference
of 0.06 eV between the trichloroethanol liquid and gas phase spectrum it is difficult to draw a conclusion. Furthermore, the general redshift from gas phase to
solution binding energies, as discussed earlier, is large as compared to the difference in peak separation in aqueous solution and gas phase. For the presented
compounds, the gas to solution shifts are in the order of 1 eV, as seen in the
last column of Table 4.2. The difference in peak separation between aqueous
solution and gas phase is compiled in Table 4.1. Especially, for trichloroethanol,
the difference in peak separation of 0.06 eV is very small as compared to the
gas to solution shift, being 1.23 eV and 1.17 eV, respectively. The fact that
the magnitude of the difference in peak separation in aqueous solution and gas
phase is small as compared to the general gas to solution shift, makes it further
difficult to observe significant differences in shifts between aqueous solution and
gas phase and to draw a definitive conclusion, whether there is a significant
group specific shift in aqueous solution or not.
Even, if the presented results do not show any significant influence on the
chemical shift in aqueous solution, such an effect might not be completely excluded. In aqueous solution, it might be attributed to the electronic polarization
of the water molecules [22], but could also arise from hydrogen bonding. Certainly, for the carbon 1s orbital, hydrogen bonding might have only a minor
influence, since the carbon atoms themselves are not expected to participate
in the hydrogen bond, but rather their neighboring atoms. After all, studying
molecules, which exhibit two identical elements in unequal positions, appears to
be a powerful method to investigate the difference in chemical shift between solution and gas phase. Comparing the relative peak shifts in both cases allows to
draw a conlcusion without treating absolute numbers and avoiding uncertainties
related to energy calibration.
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5

conclusion

The carbon 1s level of chloral hydrate, trichloroethanol and ethanol in gas phase
and aqueous solution has been studied by photoelectron spectroscopy applied
to synchrotron radiation. All involved compounds exhibit a C-C bond, giving
rise to two distinct carbon 1s features in the photoelectron spectrum depending
on the chemical surrounding of the respective carbon atom. In comparing the
peak separation of the C1s lines in aqueous solution and gas phase, the change
in chemical shift in aqueous solution as compared to the gas phase could be
investigated. Even though, the present results show differences in peak separation between the gas phase and aqueous solution, no uniform behavior could
be found. However, uncertainties in data evaluation do not allow to draw a
conclusion on this. Especially, for chloral hydrate, showing no peak separation
in aqueous solution, but a difference of 0.52 eV in gas phase, it is very uncertain,
if the difference is ascribable solely to peak broadening in solution or if there
actually is a difference in separation of the two C1s lines. Also, trichloroethanol
and ethanol spectra of aqueous solution exhibit very strong overlapping of gas
phase and liquid signals, making the resulting peak positions very uncertain.
Even though, the present picture shows no significant influence on the chemical shift of the C1s level in aqueous solution for the involved compounds, such
an effect might not be completely excluded. Au contraire, studying changes in
chemical shift in aqueous solution might even yield further understanding in
solvent processes and influence through hydrogen bonding.
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S. J. Osborne, S. Aksela, E. Nõmmiste, J. Jauhiainen, M. Jurvansuu, J. Karvonen, P.
Barta, W. R. Salaneck, A. Evaldsson, M. Lögdlund and A. Fahlman, New end station
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[21] M. Bässler, J.-O. Forsell, O. Björneholm, R. Feifel, M. Jurvansuu, S. Aksela, S. Sundin,
S.L. Sorensen, R. Nyholm, A. Ausmees and S. Svensson, Soft X-Ray Undulator Beam
Line I411 at MAX-II for Gases, Liquids and Solid Samples, J. Electron Spectrosc.
Relat. Phenom. 101-103 (1999), p. 953
[22] B. Winter and M. Faubel, Photoemission from Liquid Aqueous Solutions, Chem. Rev.
7 (1975), p. 155
[23] H. Aksela et Al., Resonant and Nonresonant Auger Recombination,
in U. Becker and D. A. Shirley, VUV and Soft X-Ray Photoionization, Plenum Press,
New York, 1996, p. 401
[24] R. Singh, Electron Spectroscopy, Mittal Publications, New Delhi, 2002
[25] F. Burmeister, Photoelectron Spectroscopy on HCl and Dcl, Acta Universitatis Upsaliensis, Uppsala, 2003
[26] A. Ellis, M. Feher and T. Wright, Electronic and Photoelectron Spectroscopy, Cambridge
University Press, Cambridge, 2005
[27] B. Wannberg, U. Gelius and K. Siegbahn, Design principles in electron spectroscopy, J.
Phys. E 7 (1974), p. 149
[28] H. Siegbahn and K. Siegbahn, ESCA applied to liquids, J. Electron Spectrosc. 2 (1973),
p. 319
[29] H. Fellner-Feldegg, H. Siegbahn, L. Asplund, P. Kelfve and K. Siegbahn, ESCA applied
to liquids IV. A wire system for ESCA measurements on liquids, J. Electron Spectros.
Rel. Phenom. 7 (1975), p. 421
[30] M. Lundholm, H. Siegbahn, S. Holmberg and M. Arbman, Core electron spectroscopy
of water solutions, J. Electron Spectros. Rel. Phenom. 40 (1986), p. 163
[31] M. Faubel, B. Steiner and J. P. Toennies, Photoelectron spectroscopy on a liquid water
jet: an exploratory experiment, J. Chem. Phys. 106 (1997), p. 9013
[32] H. Bergersen, R. R. T. Marinho, W. Pokapanich, A. Lindblad, O. Björneholm, L. J.
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