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Abstract

Using x-ray absorption spectroscopy (XAS), x-ray emission spectroscopy (XES) and x-ray
photoelectron spectroscopy (XPS) in combination with density functional theory (DFT)
the changes in electronic and geometric structure of hydrocarbons upon adsorption are
determined. The chemical bonding is analyzed and the results provide new insights in
the mechanisms responsible for dehydrogenation in heterogeneous catalysis.

In the case of alkanes, n-octane and methane are studied. XAS and XES show signif-
icant changes in the electronic structure upon adsorption. XES shows new adsorption
induced occupied states and XAS shows quenching of CH∗/Rydberg states in n-octane.
In methane the symmetry forbidden gas phase lowest unoccupied molecular orbital be-
comes allowed due to broken symmetry. New adsorption induced unoccupied features
with mainly metal character appear just above the Fermi level in XA spectra of both
adsorbed methane and n-octane. These changes are not observed in DFT total en-
ergy geometry optimizations. Comparison between experimental and computed spectra
for different adsorbate geometries reveals that the molecular structures are significantly
changed in both molecules. The C-C bonds in n-octane are shortened upon adsorption
and the C-H bonds are elongated in both n-octane and methane.

In addition ethylene and acetylene are studied as model systems for unsaturated hydro-
carbons. The validity of both the Dewar-Chatt-Duncanson chemisorption model and
the alternative spin-uncoupling picture is confirmed, as well as C-C bond elongation and
upward bending of the C-H bonds.

The bonding of ethylene to Cu(110) and Ni(110) are compared and the results show
that the main difference is the amount of back-donation into the molecular π∗ orbital,
which allows the molecule to desorb molecularly from the Cu(110) surface, whereas it is
dehydrogenated upon heating on the Ni(110) surface.

Acetylene is found to adsorb in two different adsorption sites on the Cu(110) surface
at liquid nitrogen temperature. Upon heating the molecules move into one of these
sites due to attractive adsorbate-adsorbate interaction and only one adsorbed species
is present at room temperature, at which point the molecules start reacting to form
benzene. The bonding of the two species is very similar in both sites and the carbon
atoms are rehybridized essentially to sp2.
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Chapter 1

Introduction

Most catalytic reactions in both industry and nature take place on surfaces. One of
the most important discoveries in the last century was the Haber-Bosch process to
make ammonia from molecular nitrogen on an iron catalyst. Ammonia is used to
make fertilizers and the discovery of an efficient ammonia catalyst has had great
impact on society. This catalyst was discovered by a trial and error approach,
where many different surfaces were tested to optimize the reaction. A fundamental
(i.e. microscopic) understanding of surface reactions would make predictions of
efficient catalysts possible and thus facilitate the design of catalysts for other
important reactions, such as formation of methanol from methane and oxygen.
There is an enormous amount of methane available as natural gas, and with an
efficient methanol catalyst this could easily be handled and used as an energy
source.

An example where basic surface science has lead to improved industrial cat-
alysts is the steam reforming reaction, where surface science results suggested
addition of Au to the Ni catalyst to solve problems with graphite formation which
poisons the catalyst [1, 2].

The aim of the present thesis is to gain insight into the microscopic details
of the local electronic structure of adsorbed hydrocarbons as well as the chemical
interaction between hydrocarbons and metal surfaces. The approach chosen is to
use well defined model systems which are studied in a clean ultra high vacuum
environment to gain maximum control of the experimental parameters and reduce
the uncertainties in order to be able to extract the most possible information from
the experiments. The experimental techniques used are mainly x-ray absorption
and x-ray emission spectroscopy (XAS and XES), which probe the unoccupied and
occupied local electronic structure, respectively. In addition x-ray photoelectron
spectroscopy (XPS) was used to probe the core levels. Together these techniques
give an atom specific and symmetry resolved mapping of both occupied and un-
occupied electronic structure. The experimental techniques are complemented by
theoretical calculations in the framework of density functional theory (DFT). This
combined approach makes it possible to extract much more information than from
either experiment or theory alone. The results can be important both from a basic
science point of view as well as in the search for better industrial catalysts.
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1.1 Physisorption vs Chemisorption

Adsorption of molecules is often separated in two different classes, physisorption
and chemisorption, based on the type of interaction involved. Physisorption sys-
tems involve only van der Waals forces, and are characterized by a lack of a real
chemical bond (electron sharing) between the adsorbate and substrate. The elec-
tronic structure is in this case essentially that of the gas phase molecule. The case
of chemisorption is, on the other hand, characterized by electron sharing. In this
case the electronic structure of the adsorbate can be significantly different from
the gas phase electronic structure. This type of interaction is generally consid-
ered more interesting from the perspective of surface science and catalysis, since
changes in the electronic structure open up possibilities for making and breaking
bonds.

The distinction between physisorption and chemisorption is often based on the
adsorption energy, since this quantity is related to the desorption temperature and
thus easy to measure. The assumption is that if the adsorption energy is small
enough there is only van der Waals interaction and the molecules are physisorbed.

However, it is not always true that a weakly adsorbed molecule is only weakly
interacting. A balance between large attractive and repulsive interactions can
give a small net adsorption energy, but with large changes in electronic structure.
Examples of classical physisorption systems where there are significant changes in
electronic structure upon adsorption will be given in the present thesis (chapter 5,
papers I, II, III and IV). In addition cases of chemisorption systems are presented
in chapter 6 as well as papers V and VI.

1.2 Hydrocarbons

In this work, four simple main classes of hydrocarbons were chosen and studied,
namely molecules with C-C triple, double and single bonds, as well as CH4, which
has no C-C bonds.

1.2.1 A C-C triple bonded molecule: C2H2

Acetylene (C2H2) has often been used as model system for adsorption of unsatu-
rated hydrocarbons to metal surfaces. The most important finding is that acety-
lene rehybridizes upon adsorption, which results in elongation of the C-C bond
length and an upward bending of the C-H bonds [3–9]. Photoelectron diffraction
(PED) studies have shown that the C-C bond-length is increased to 1.48±0.1 Å
on Cu(111) [6] and to 1.44±0.15 Å on Ni(111) [4, 5]. This is significantly longer
than that of gas phase acetylene, where the C-C bond is 1.21 Å. Similar bond
elongation was found with XAS for acetylene adsorbed on Cu(100) [3]. Theoreti-
cal studies where the adsorption geometry of acetylene adsorbed on Cu(111) was
computed with Hartree-Fock [7–9] yielded a C-C bond length of 1.36 Å and an
upward bending of the C-H bonds by 60◦. A density functional theory (DFT)
study yielded a C-C bond distance of 1.40 Å in the cross-bridge site and slightly
shorter in the “fcc” hollow and di-σ sites [10]. This distortion agrees well with the
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distortion of the geometry experimentally found by x-ray absorption spectroscopy
(XAS) [7] indicating a deformation of the molecules.

In addition acetylene has been studied for the cyclotrimerization reaction,
which is most well known on Pd(111) [11–19] and Cu(110) [20, 21], where the
acetylene molecules react to form benzene upon heating.

On Cu(110) the cyclotrimerization reaction occurs around room temperature
[20, 21] and below this temperature the acetylene molecules have been found to
adsorb in islands [21]. A theoretical study [22], performed at the Hartree-Fock
level, suggested that the most likely adsorption site of acetylene on this surface is
a low symmetry site similar to the cross-bridge site occupied on Cu(111), where
one C atom adsorbs in an “fcc” hollow and the other in an “hcp” hollow position
[6]. Scanning tunneling microscopy (STM) [23], on the other hand, indicated
adsorption in the short-bridge site with the C-C axis along the rows of the Cu(110)
surface.

The present work is focused on understanding the geometric and electronic
structure of adsorbed acetylene on Cu(110), both of which are important for the
reaction to take place.

1.2.2 A C-C double bonded molecule: C2H4

In the case of double bonded hydrocarbons, we studied ethylene (C2H4). Ethy-
lene, even more than acetylene, has been used as a model system for adsorption of
unsaturated hydrocarbons in a large number of both experimental and theoretical
studies. The adsorbate orientation has been studied with angle resolved ultravi-
olet photoemission spectroscopy (ARUPS) [24] and XAS [3, 25–32]. Adsorption
sites were determined by scanning tunneling microscopy [33] and photoelectron
diffraction [34, 35] and the long range order was studied with low energy electron
diffraction [24,36].

The bonding of hydrocarbon molecules to the metal surface is often described
in the Dewar-Chatt-Duncanson picture of donation from the ethylene π orbital into
the metal band and back-donation from the metal into the ethylene π∗ orbital. The
present work compares adsorption of ethylene on Cu(110) and Ni(110) to study the
different adsorption mechanisms on noble and transition metals since the transition
metals can dehydrogenate the molecules at high temperature whereas the noble
metals do not.

1.2.3 A C-C single bonded molecule: C8H18

To consider the case of single bonded carbon molecules, we studied n-octane
(C8H18). The fact that alkanes are only weakly adsorbed [37] on the metal surfaces
leads to the conclusion that they are physisorbed. The appearance of “soft bands”
in the C-H stretching region in vibrational spectra [38–40] does however hint that
there are some changes in electronic structure upon adsorption. More recently
electronic structure measurements revealed unoccupied adsorption-induced elec-
tronic states just above the Fermi level [41,42]. This finding indicated interesting
changes in the electronic structure, and a theoretical paper appeared suggesting
involvement of Rydberg orbitals in the chemical bonding [43].
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The work in the present thesis focuses on both the occupied and unoccupied
electronic structure measured with XPS, XAS and XES. These spectroscopies
give direct information about the electronic interaction with the metal surface.
In combination with DFT, conclusions about the geometric structure as well as
chemical bonding and catalysis can be drawn.

Understanding of the adsorption mechanism can prove important not only in
surface science but also for understanding carbon-hydrogen-metal bonds in metal-
organic complexes [44–46], as well as in the catalytic industry.

1.2.4 No C-C bonds: CH4

Methane is another good model system for adsorption of saturated hydrocarbons.
A complete understanding of methane adsorption on metal surfaces is directly
related to the development of steam reforming catalysts. In addition, it is easier
to understand the details of the adsorption mechanism in methane than in n-
octane because the methane molecule is smaller and the lack of C-C bonds result
in less relaxation channels for the molecule.

Methane, which adsorbs weakly on most metal surfaces, shows symmetry
reduction from Td to C3v upon adsorption on Pt(111), and undergoes photo-
dissociation with 193 nm light on Pt(111) [47, 48] in contrast to the gas phase
molecule, where a wavelength shorter than 145 nm is required to dissociate the
molecule [49,50]. This indicates that something interesting happens with the elec-
tronic structure upon adsorption. In the present work, angular resolved XAS
measurements were performed together with DFT spectrum calculations. The
results show s-p rehybridization in the unoccupied states and significant changes
in the geometric structure due to mixing between C-H bonding and anti-bonding
orbitals.



Chapter 2

Core level spectroscopy

In this chapter, the experimental techniques used in this thesis will be presented,
as well as interpretation of the data and a few examples of how the techniques can
be used.

The experimental techniques are x-ray photoelectron spectroscopy (XPS), x-
ray emission spectroscopy (XES) and near edge x-ray absorption fine structure
spectroscopy (NEXAFS), also known as x-ray absorption near edge structure spec-
troscopy (XANES) or simply x-ray absorption spectroscopy (XAS).

Central to all these techniques is the measurement of transitions into or from
core orbitals, as shown in the schematic drawing of the electronic processes involved
in Figure 2.1. This allows us to measure the electronic structure in the close vicinity
of a given atom due to the localized nature of the core orbitals. This is useful in
studies of adsorption systems, where the local electronic structure is measured and
the adsorbate contribution is separated from the substrate.
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Figure 2.1: Schematic picture of the processes involved in XPS, XAS and XES.

2.1 X-ray photoelectron spectroscopy

XPS is a technique to study the core levels in an adsorbate by core ionizing the
sample and measuring the kinetic energy distribution of the outgoing electrons.

Because of energy conservation, the binding energy EB of an electron is the
difference between the initial state total energy Ei and the core-ionized final state
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12 CHAPTER 2. CORE LEVEL SPECTROSCOPY

total energy Ef . This can be measured as the difference between the excitation
energy hν and the kinetic energy Ek of the outgoing electrons. In the case of
metals and adsorbates the binding energy is often related to the Fermi level. The
expression for the binding energy is EB = Ef −Ei = hν −Ek − φ, where φ is the
work function of the metal.

The binding energy depends on the system’s ability to relax in both the ground
state and the core ionized state. Since this is dependent on the neighboring atoms,
we can probe the local chemical environment using this technique [51]. The dif-
ference in binding energy between different systems is referred to as a chemical
shift. A spectrum with two chemically shifted peaks originating from acetylene in
different adsorption sites on a Cu(110) surface are shown in Figure 2.2.
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C 1s XPS C2H2/Cu(110)

Figure 2.2: XPS of acetylene adsorbed on Cu(110). The solid line shows a phase
with acetylene adsorbed in two inequivalent sites on the surface. Upon heating the
molecules move into the same site and the dashed spectrum results.

The level of XPS analysis in the present thesis will mostly be limited to dis-
cussion of chemical shifts. However, the removal of a core electron causes a large
perturbation of the electronic structure, which can cause the ionization to couple
with both valence electronic and vibrational excitations, giving rise to additional
features in the spectra. Vibrational fine structure is observed in both the n-octane
and the methane XP spectra in papers I and IV.

2.2 X-ray absorption spectroscopy

In the following section, the most important features of XAS relevant to this work
will be described and the adsorption of ethylene on Cu(110) will be presented to
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illustrate the usefulness of XAS.
XAS measures the cross section of the transition of a core electron into the

unoccupied density of states as a function of the photon energy. Since the core
orbital is localized around the nucleus of the atom, the orbitals into which the
electron can be excited with the largest probability are those which have a large
contribution close to the same nucleus as the core orbital. This means we can
locally probe the unoccupied electronic structure of an atom, in the presence of a
core hole.

A schematic illustration of this process is given in Figure 2.3. Excitation ener-
gies around hν give the contribution from the right atom to the valence orbitals
whereas energies around hν′ give the contribution from the left atom.
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Figure 2.3: Schematic picture showing atom specificity of XAS

The XAS transitions follow the dipole selection rule, so assuming we excite
an electron from an orbital of atomic s symmetry, we will only probe the atomic
p character. Furthermore the transitions with the final state p orbital pointing
in the perpendicular direction to the electric field vector of the exciting light will
have a vanishing matrix element. A useful consequence of this is that if we use
linearly polarized light and perform angular resolved measurements we can selec-
tively probe p states along a given direction. For an ordered adsorbate system,
this means we can separate orbitals with different symmetry.

The reverse is also true. If the direction of an orbital is known in the molecular
reference system, angle resolved XAS can be used to deduce the orientation of
adsorbates relative to the surface. This technique has been used to determine the
geometric structure of adsorbates in a large number of cases [29].

Figure 2.4 shows the symmetry resolved XA spectra of ethylene adsorbed on
Cu(110) (solid lines) and Ni(110) (dashed lines). The top spectra show the sym-
metry component arising from the out-of-plane orbitals. The middle spectra show
the orbital contributions from the orbitals pointing along the [001] direction, which
is in the surface plane but orthogonal to the rows of the (110) surface. The bottom
spectra show the component along the [11̄0] direction. These directions are defined
in Figure 2.4. The large difference between the different symmetry components
show strong ordering of the adsorbates relative to the surface plane.
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Figure 2.4: Symmetry resolved XA spectrum of the ethylene adsorbed on Cu(110)
and Ni(110). On the right side of the figure is the proposed adsorbate orientation.

Since the XA spectra are related to the unoccupied local p-density of states
on the molecule, one might want to relate the photon energy scale of the XA
spectra with a binding energy scale. If there is metallic screening in the system,
the XPS binding energy value directly gives the position of the Fermi level in
the XA spectrum. The XPS binding energy can thus be subtracted from the
photon energy scale to give a binding energy scale referenced to the Fermi level,
which is also the lowest energy that can absorb electrons since the states below are
occupied. The relationship between the XAS photon energy scale (hνXAS) and
the binding energy scale is depicted schematically in Figure 2.5.

2.2.1 Bound states

An XA spectrum can essentially be divided into two regions, below and above the
ionization potential (IP). Below the IP are the bound electronic states, which show
up as sharp features in the spectrum. States below the IP can be interpreted as
unoccupied valence or Rydberg states.

In the case of adsorbed ethylene the first state in the XA spectra appears in
the [110] spectral component right above the Fermi level for adsorption on both
surfaces. This feature is assigned to the molecular π∗ orbital and indicates that
the ethylene molecules are aligned with their molecular plane in the surface plane.

In the XA spectra of ethylene adsorbed on Ni(110) the intensity of the π∗
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EF

hυXAS

hυXES
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XPS
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Figure 2.5: Schematic figure of the relationship between the XAS and photon
energy scale, XES emission energy scale and the binding energy scale in a well
screened system.

resonance is much smaller than on Cu(110) and the full width at half maximum
(FWHM) is larger due to stronger interaction with the Ni than the Cu surface.

2.2.2 Continuum states

Above the IP are the continuum states. In this region all features show up as broad
peaks, whose origin can be assigned to mainly the so called σ∗ “shape resonance”
or multi-electron excitations. The existence and origin of the shape resonance has
been widely discussed [52–55]. There are two main interpretations, which both
seem to explain the origin of these states. The first, and maybe the most intuitive
explanation, is that the electron is excited into unoccupied molecular orbitals,
above the IP and then ejected as a photoelectron. The other is that the electron is
trapped in the molecular potential barrier for a while before it leaves the system.
Both approaches are essentially equivalent, and have been shown to describe the
phenomenon to an acceptable degree [56]. It has been found that states, which
have traditionally been assigned to shape resonances, in some cases are caused by
multi-electron excitations [52, 54]. Therefore special care should be taken when
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assigning these states.
The states appearing at 297.1 eV in the [11̄0] component of the XA spectrum

of ethylene adsorbed on Cu(110) and 296.3 eV on Ni, marked with σ∗ in Figure 2.4
is assigned to the shape resonance. The appearance of the shape resonance along
the [11̄0] spectral components indicates that the molecular C-C axis is aligned
along this direction, this alignment is shown in the right of Figure 2.4.

The shape resonance has been directly connected with bond lengths in the
empirical “bond length with a ruler” [27, 29] model, where bond lengths are de-
termined simply from extrapolating the trend that the energy position of shape
resonance shifts to lower energy as the bond length gets longer. In the case of
ethylene this approach yields bond lengths of 1.41(2) Å on Cu(110) and 1.43(2) Å
on Ni(110), which is in good agreement with the bond lengths yielded with DFT
total energy geometry optimizations. This is discussed in more detail in paper V.
In paper II this idea was used in combination with theoretical XAS calculations
to find changes in the C-C bond length of adsorbed n-octane.

2.3 X-ray emission spectroscopy
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Figure 2.6: Schematic picture showing atom specificity of XES

In XES the occupied electronic states are probed locally by measuring the
energy distribution of emitted photons from core hole decay processes.

To produce a core hole, electrons are excited from a core orbital into the un-
occupied valence or continuum. This can be done using electrons or photons. For
adsorbates it is typically better to use photons for the excitation process as this
reduces problems with sample damage and allows selective excitation into a spe-
cific orbital, which can select out only one species to be probed on the surface. A
few femtoseconds after the excitation, the core excited state decays. For light ele-
ments the majority of decay processes from this excited state take place as Auger
decay, but a small fraction are x-ray emission processes. For carbon, this number
is 0.52 % [57]. These emitted photons can be energy resolved and give the x-ray
emission spectrum.

XES is atom specific in a similar way as XAS. This is shown schematically
in Figure 2.6. The spectra corresponding to different atoms appear on different
emission energy scales. This energy scale can be transformed into a common
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binding energy scale by subtracting the corresponding XPS binding energy of the
core level from the emission energy scale.

XES can be measured both in resonant or non-resonant mode. In the resonant
case, additional selection rules will apply, resulting in a excitation energy depen-
dence of the intensity distribution. In order to accurately treat this effect one has
to take into account the intermediate states, whereas in the non-resonant case,
this effect can be neglected. Mainly the non-resonant case will be discussed in the
present thesis. Non-resonant XES has the same final state as valence band photoe-
mission, i.e. one valence hole, and can be interpreted without taking the core hole
into account other than as localizing the transitions to a given atom [58]. This
facilitates analysis of the data and helps make the technique extremely interesting,
despite the experimental challenges involved in acquiring the spectra. Similar to
the case of XAS, the XES emission energy scale can be shifted to correlate with
the photoemission binding energy scale simply by subtracting the XPS binding
energy, this is schematically depicted in Figure 2.5.

The transitions from the occupied valence orbitals into the core hole follow the
dipole selection rule. Assuming we initially excited a core electron with atomic s-
symmetry, only valence states with atomic p symmetry are probed in the emission
process.

Since the transition matrix element vanishes for any transition where the E-
vector of the emitted light is orthogonal to the direction of the valence p orbital,
the photons carry information about the orientation of the p orbitals making it
possible to extract symmetry resolved information of ordered systems, as in XAS.
However, the spectrometer is not sensitive to the polarization of the light. Thus,
the contributions from two orthogonal directions are always measured simultane-
ously. By performing angular dependent measurements and performing a linear
combination of the spectra, the states of different symmetry can be separated.
Angle resolved spectra of an ordered n-octane layer on Cu(110) are shown in Fig-
ure 2.7. The left panel of the figure shows the raw data with mixed symmetry
contribution. In these spectra a feature denoted M appears in both spectra con-
taining the out-of-plane [110] components, but not in the spectrum containing only
the in-plane components. By performing the symmetry separation, the spectra in
the right panel result. In these spectra, the M feature only appears in the [110]
component.

Care should be taken when performing the linear combination since assump-
tions about the relative intensities of the different components must be made.
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Figure 2.7: Example of orbital symmetry selectivity in XES. The left panel shows
the raw adsorbate n-octane data. In this figure there is a shoulder denoted M at
around 280 eV emission energy in the two spectra containing the out-of-plane [110]
component. The topmost spectrum, with only the in-plane components does not
have this shoulder. The right panel shows the symmetry separated spectra, where
the M feature only shows up in the [110] component.



Chapter 3

Experiment

In this chapter a few general requirements for surface science experiments will be
discussed and the experimental setup used to record the spectra appearing in this
thesis will be presented.

3.1 Sample preparation and ultra high vacuum

A surface science experiment is not trivial to perform, it requires a well defined
sample, and a large part of the experimental time is dedicated to sample prepa-
ration. Typically most “real” surfaces are covered by various atoms or molecules,
such as e.g. oxide layers or water. For a molecular adsorbate experiment, any
contaminants have to be removed and the desired molecules introduced.

The unit of the Langmuir (L) (1 L ≡ 10−6 torr·s) defines the exposure it
typically takes to adsorb a monolayer of molecules on a surface. At normal air
pressure of 760 torr it takes on the order of 1 ns. To keep the sample clean during
the period of measurement, which is on the order of minutes or hours, it is thus
necessary to have a pressure which is 1012 − 1013 orders of magnitude lower than
normal air pressure. Therefore all measurements in the present work were carried
out in an ultra high vacuum environment, where the base pressure was below
1 · 10−10 torr. The samples were prepared in situ by sputtering with argon ions,
which removes the topmost layers of the surface, followed by annealing to high
temperature which allows the surface atoms to move around to form a smooth
surface again. This procedure is repeated until the contaminants were less than
1 % of a monolayer. At this point the adsorbate molecules were introduced in the
system through a multi-channel plate gas dosing system.

Once the sample is prepared, the next challenge is to extract information about
it. Typically the substrates used in surface science have macroscopic dimensions.
In the present work cylindrical metal crystals with a radius of 1 cm and a thickness
of a few mm were used. This means the topmost atomic layer, which is the one
of interest, is on the order of 108 atoms and the total number of atoms in the
sample is on the order of 1024. To extract a signal from the surface layer, the
techniques thus have to be sensitive mainly to the surface. Otherwise the signal
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will disappear in a huge bulk background. This surface sensitivity can be achieved
in different ways. Here three main techniques are used. In two of them (XPS and
XAS) electrons are measured. The limited mean free path of electrons in solids
automatically gives some surface sensitivity. In the case of XES this is not the case
since soft x-ray photons can travel macroscopic distances in the solid. XES has
therefore had limited use as a surface science tool, but by using some tricks, such
as grazing incidence, the surface sensitivity can be enhanced and this technique
can give an appreciable surface signal. The atom specificity of all these techniques
further helps to separate surface from bulk signals.

3.2 Synchrotron radiation

All the experiments described here were performed using synchrotron radiation.
Most of the experiments were performed at Maxlab, which is the Swedish national
synchrotron radiation laboratory located in Lund, and the rest were performed at
the Advanced Light Source (ALS) in Berkeley, California.

X-ray Spectrometer

Hemispherical
Electron
Analyzer

Gratings

Slit

Sample

Electron beam
(bunched)

Bror Lustig Undulator

Detector

Grating selector

     Monochromator:
a) Horizontal Condenser
b) Plane Mirror
c) Plane Gratings (2)
d) Vertical Condenser
e) Exit slit (translating)
f) Flip Mirror

a)

b)

c) d)

e)

Optical Elements
Refocusing Optics:
g) Vertical
h) Horizontal

f)

Beamline I511 (MAX-LAB)
and the Uppsala

Surface-Science Endstation

XAS
Detector

g)

d) h)

Figure 3.1: Schematic picture of the beamline I 511, and the surface science end-
station.

A synchrotron is an electron accelerator and storage ring, where electrons are
kept at high kinetic energy (on the order of 2 GeV). The first generation syn-
chrotrons were used for high energy physics, and the radiation emitted when the
electron trajectory is changed in the bending magnets was an unwanted side prod-
uct. Eventually it was realized that this radiation could be used as a light source
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for a different kind of experiments, and soon facilities dedicated to production
of synchrotron radiation were built. These facilities are called second generation
synchrotrons.

Later more sophisticated devices were built where several magnets with differ-
ent polarity were aligned in the straight sections of the storage ring. These are
called undulators. This setup induces oscillatory motion of the electrons, which
then emit a large number of photons. If, in addition, the magnets are arranged in
a way to get interference, the number of photons at certain energies will be much
larger than in a bending magnet. This is what is done in third generation syn-
chrotrons. A schematic picture of an undulator is shown on the left in Figure 3.1,
which shows beamline I 511. The distance between the arrays of magnets in the
undulator can be varied to maximize the number of photons at a desired photon
energy. In this way the photon energy can be continuously varied over a large
energy range, depending on the electron energy in the storage ring and the design
of the undulator.

The symmetry plane in bending magnets and undulators gives naturally lin-
early polarized light with the electric field vector (E-vector) in the plane of electron
motion.

Recently more flexible undulators are being built where elliptically polarized
light is generated with variable polarization. Two extreme settings of these el-
liptically polarized undulators give rise to plane polarized light with the E-vector
along two orthogonal directions.

For the purposes of the present thesis, the synchrotron can be regarded simply
as a light source that provides linearly polarized soft x-rays at high brightness with
a continuously tunable photon energy. These properties of the synchrotron beam
makes a wide range of experiments possible.

3.2.1 Maxlab beamline I 511

The larger part of the experiments were performed at the undulator beamline
I 511 [59] at the third generation synchrotron MAX II [60,61].

The beamline I 511 undulator consists of an array of 49 magnets with alter-
nating polarity. The period length is 52 mm. With the 1.5 GeV electrons in the
storage ring this gives an effective photon energy range of 100-1500 eV. Typically
the storage ring is injected to a beam current of 240 mA. The ring is normally
injected every 24 hours.

The undulator radiation give a large number of photons for a given energy.
The width of these peaks is, however, much too wide for the applications in the
present thesis. The photon energy is thus selected using a monochromator. By
selecting the photon energy on a peak maximum, the intensity can be increased
by orders of magnitude relative to monochromatized bending magnet radiation.

In some cases, e.g. when performing XAS measurements, a broader useful
energy range is needed, and the sharp intensity peaks from the undulator can
cause problems. At beamline I 511 the undulator peaks are then broadened by
tapering the undulator, i.e. setting the gap differently in the front and in the end
of it. This procedure decreases the intensity in the peak maxima, but broadens
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the undulator peak. The monochromator can then be scanned over a fairly large
photon energy range without too large changes in the intensity.

One of the most important devices in the beamline is the SX-700 monochro-
mator, where the energy of the light for the two branchlines is selected. The
monochromator consists of a spherical focusing mirror, two exchangeable grat-
ings, one with 1221 lines/mm and one with 250 lines/mm, and a movable exit slit
allowing for high flexibility concerning the relation between photon flux, resolution
and high order light suppression. After the exit slit, there is a flip mirror which
allows to select which branchline the light goes into.

One branchline is designed for ultra high vacuum (UHV) studies of surfaces and
adsorbates, and the other for non-UHV studies of solids and gases. The surface
science branchline, which was used in these experiments, is equipped with elliptical
refocusing mirrors, enabling extremely small spot sizes of the incoming light. The
spot can be focused to approximately 10 µm in the vertical direction. This is
essential to maximize the intensity in the acquired spectra, without losing energy
resolution.

3.2.2 ALS beamline 8.0

The beamline 8.0 at the Advanced Light Source, which was used for the methane
XAS experiments described in paper IV, resembles the I 511 at Maxlab in its
general design and will not be described in detail here. However there are some
important differences that will be mentioned.

The ALS is operated at 1.5-1.9 GeV, for the experiments described here,
1.5 GeV. The storage ring is injected to a beam current of 400 mA. The ring
is injected every 8 hours. The beamline 8.0 undulator has 89 periods with a
period length of 5 cm.

For XAS measurements, the undulator was not run in tapered mode, as the
I 511 undulator at Maxlab. Instead the undulator was scanned with the photon
energy, in order to keep the photon energy for the XAS at the undulator peak
maximum, thus maximizing the number of incident photons.

The beamline 8.0 monochromator offers somewhat less flexibility in suppressing
high order effects. These are, however, less since the undulator is not run in
tapered mode and can be further reduced by choosing an appropriate grating and
only using the central part of the synchrotron light.

3.3 The Endstations

The surface science endstation at Maxlab beamline I 511 is equipped with two
UHV chambers. One for sample preparation, equipped with an ion gun for sample
sputtering, a multi-channel plate gas dosing system, LEED optics, and a mass
spectrometer. The other chamber, designed for core spectroscopies is equipped
with a Scienta SES-200 electron analyzer, a multi-channel plate partial electron
yield detector and a grazing incidence spherical grating x-ray spectrometer. The
setup is shown schematically in Figure 3.1.
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Figure 3.2: Picture of the new surface science endstation used for the beam-
line 8.0 experiments. The synchrotron beam enters the endstation from the left.
(Photo: Lowell Martinson, printed with permission from Nor-Cal Products, Inc.)

The sample is mounted on a cryostat rod allowing for cooling to 40 K, it is also
equipped with an electron bombardment system for sample heating above 1000 K.

The sample holder allows for mounting of two different crystals at the same
time, both mounted with the light at approximately 5◦ incidence angle. Both the
samples and the analyzing chamber are rotatable around the axis of the incoming
light allowing for angular resolved measurements. This setup gives the grazing
incidence condition which is essential to increase the surface sensitivity of XES,
and is useful also in XAS where it reduces the difference between the in- and out of
plane geometries. In these experiments two Cu(110) crystals were mounted with
90◦ different azimuthal angle. This setup allows both the E-vector of the incoming
light, and the x-ray spectrometer to be in three orthogonal directions relative to
the sample.

Like the endstation used at beamline I 511, the endstation at ALS beamline 8.0
has two vacuum chambers, one for sample preparation, equipped with standard
surface science tools, and one for core spectroscopies. The endstation is shown in
Figure 3.2. The synchrotron beam enters the endstation from the left in the Figure.
Unlike the older I 511 endstation the analysis chamber is not rotatable since it is
designed for use at beamlines with elliptically polarized undulators (EPU) where
the E-vector of the incoming light can be flipped simply by changing the undulator
settings. This makes the entire chamber much easier to work with. Like the I 511
endstation it has a partial yield electron yield detector for XAS experiments. In
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addition it has a Scienta SES-100 electron spectrometer, which is smaller than the
SES-200. The throughput and resolution are lower, but enough for surface science
applications at a third generation synchrotron.

3.4 XPS measurement

In order to record an XP spectrum the sample has to be core ionized and the
kinetic energy of the outgoing electrons must be measured. In this work the core
ionization was done by x-rays photons with energies between 350 and 800 eV, which
is high enough to remove C 1s electrons, and low enough to keep an appreciable
core ionization cross section. Here the x-rays were generated in an undulator,
but it is also possible to use standard lab based x-ray tubes or rotating anode
setups. The undulators are, however, superior in the sense that they give both
a continuously variable energy range and in the present case a larger number of
photons per time unit.

There are several ways to measure electron kinetic energies. In the present
work the hemispherical Scienta electron analyzers were used. In this setup elec-
trons emitted from the sample are taken through an electron lens, which focuses
and retards electrons before they enter the analyzer which consists of two half
hemispheres with a voltage between them. The voltage between the hemispheres
is set to let electrons with a given kinetic energy pass. This energy, known as the
pass energy, is normally set between 1 and 500 eV. Lower pass energy typically
gives higher spectrometer resolution. In the present work pass energies between
40 and 150 eV were used. This gives intermediate resolution around 100 meV,
which is enough for most surface science experiments.

The electrons are multiplied in a multi-channel plate setup and accelerated to-
wards a phosphor screen where they are detected by a CCD camera. The retarding
voltage is scanned during measurement to probe a kinetic energy interval. The
total resolution is determined by the energy resolution in both the monochromator
and electron spectrometer.

If orbitals of s symmetry are core ionized, like the C 1s orbital, the outgoing
electrons will have p symmetry since the transitions follow the dipole selection
rule. Since, in addition, the undulator light is typically plane polarized the elec-
trons will leave the sample mainly along the direction of the E-vector and not
at all perpendicular to it. This fact can be utilized by putting the spectrometer
perpendicular to the E-vector, thus suppressing the photoelectron contribution if
Auger electrons are of interest.

3.5 XAS measurement

There are several ways of measuring the absorption cross section. One can measure
the fluorescence signal, or the Auger signal, both of which are proportional to the
number of absorbed photons. The spectra in the present work were recorded either
in partial electron yield or Auger electron yield mode.

Partial electron yield means all electrons with kinetic energy above a given
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threshold are detected. The experimental setup for this is relatively simple. All
that is needed is a detector with the possibility to discriminate electrons with low
kinetic energy. This can be achieved by placing a grid on negative potential in
front of the detector.

In Auger electron yield XAS only electrons in a given energy interval, which
is dominated by Auger electrons are detected. This means the instrumentation
will be more complicated as both a lower and upper energy discrimination level
must be set. In practice this means an electron spectrometer is needed. In this
work, the spectrometer chamber was rotated to a position at which the electron
spectrometer was perpendicular to the E-vector of the incoming light to suppress
photoelectron contributions.

The advantage of partial yield measurements is that it allows for a simpler
experimental setup and a larger signal collection. Auger electron yield, on the
other hand, has the advantage of giving a much better signal to background ratio
since only electrons with the energy of the Auger electrons are recorded. This
background of inelastically scattered electrons is much smaller. In this case, the
experiment becomes less sensitive to instabilities that can cause problems with
partial electron yield XAS.

Great care has to be taken to minimize the photoelectron background, ab-
sorption in the beamline, high order diffracted light from the monochromator, as
well as optimize the stability in order to record high quality XA spectra. I highly
recommend the book “NEXAFS spectroscopy” [29] by J. Stöhr for anyone who
is interested in this subject. In the present thesis, XA spectra were normalized
by the signal to the number of incoming photons (I0) and the normalized clean
sample signal was subtracted.

3.6 XES measurement

The x-ray spectrometer has an entrance slit to enhance resolution and three inter-
changeable gratings for different energy regions. The energy resolution is obtained
by dispersing the emitted x-ray beam in grazing incidence on a spherical grating.
To maximize the energy resolution, the sample, grating and detector are placed on
a Rowland circle, which automatically focuses the x-ray beam onto the detector.
The signal is detected using a two dimensional position sensitive multi-channel
plate detector coated with CsI to enhance its sensitivity [62].

Since the grazing incidence setup provides a small solid angle that can be
collected and the cross section for the XES process is very small, it is essential to
excite a large number of core holes in order to get sufficient number of photons for
a spectrum. This can be done by maximizing the number of excitation processes.
However, there is a system dependent probability to damage the sample in this
process. To reduce this problem, in the present work, the sample was scanned
continuously in front of the spectrometer during the measurements to ensure that
the experiment always was performed on a fresh sample. The required scanning
speed was carefully checked by performing several scans on the same sample and
monitoring the time dependence of the spectra.
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Theoretical analysis

In order to analyze the results from an experiment, some kind of theory is always
required. As soon as we start talking about e.g. atoms, molecules, electrons or
photons we have moved into a theoretical model. The level of modeling can vary
substantially, and the present interpretation is based on quantum mechanics.

Much of the theoretical analysis in the present thesis is performed through
calculations of electronic properties within the Kohn-Sham formulation of density
functional theory (DFT) [63], which is a useful approach in getting quantitative
information from complex systems.

The basic ideas of DFT are that the external potential vext(r) of a system has
a one to one correspondence with the electron density ρ(r) of the system, to within
an additive constant, and the energy of a system with an arbitrary density ρ′(r)
has its minimum only when ρ′(r) equals the true ground state density ρ(r) [64].

There are many ways of using this information to draw conclusions about
real systems. One commonly used approach is the one developed by Kohn and
Sham [63], where the Schrödinger equation is replaced by a set of one particle
equations giving the same density as the interacting system. Both the local basis
set StoBe-deMon [65] code and the periodic DaCapo [66] code, which were used
in the present work are based on the Kohn-Sham formulation of DFT.

DFT has the advantage over the commonly used Hartree-Fock approach devel-
oped by Hartree [67] and Fock [68] that it includes electron correlation through
the functional. It is possible to include electron correlation also in the Hartree-
Fock approach using e.g. configuration interaction (CI). This is also an appealing
technique because it converges towards the “true” answer as more configuration
interaction is included. Unfortunately the computational cost for this is high, and
it is in practice only possible to treat small molecules with this technique. Gradi-
ent corrected DFT techniques do, however, give a reasonably good approximation
with much faster calculations.

In its original formulation the energy in DFT is computed directly from the
density, thus not involving molecular orbitals unlike in Hartree-Fock. For solid
state applications, where the k-vector replaces the use of molecular orbitals this
is no loss, but for molecular systems it would be nice to have orbitals to work
with. Since the Kohn-Sham formulation is a one-electron approach it is possible
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to construct orbitals which reproduce the electron density. These orbitals behave
much like the Hartree-Fock orbitals, but the energy is different since electron
correlation is included in DFT, but not in Hartree-Fock.

DFT is often perceived as a ground state technique, not suitable for excited
states [69, 70]. This idea comes from the fact that the well defined relationship
between external potential and electron density is only rigorously proven for the
ground state. Despite this, DFT is being used to successfully compute excited
states. The idea behind this rather bold step is that an excited state is essen-
tially nothing other than the lowest energy state, with some additional constraints
relative to the ground state.

One drawback of the DFT methods is that the exact functional which de-
scribes the relationship between the vext(r) and ρ(r) is not known. There are
many different functionals which are used to describe this relationship at differ-
ent level of approximation. For the periodic calculations the exchange-correlation
contribution was described at the GGA level [71]. For the cluster calculations
the non-local exchange and correlation functionals by Becke [72] and Perdew [73]
were used. This level of calculation has been shown to give reliable results for
many adsorbate systems [58,74–80], in terms of transition moments and transition
energies. It is, however, known that DFT has problems in handling weakly inter-
acting systems due to the lack of description of dispersion forces in the currently
available functionals. This means we cannot expect to get reliable structures from
total energy geometry optimizations for systems where dispersion forces dominate
the interaction from this level of calculation, but the electronic structure should
be rather reliable. There is work in progress to work around this limitation [81].

In the present thesis, the StoBe-deMon [65] code was used for the main part
of the calculations. This local basis set code allows for an explicit description
of the core orbitals and was used to compute total energy optimized geometries,
core level binding energies, molecular orbitals as well as XES and XA spectra.
In addition to this the periodic plane wave code DaCapo [66] was used for some
total energy geometry optimizations and calculation of local p density of states to
simulate experimental XE spectra.

4.1 Computed spectra

By calculating theoretical core-level spectra, a direct comparison between the mea-
sured and calculated electronic structure can be performed and the spectra can
be used to validate the theoretical model before analyzing its details to extract
information about chemical bonding. Trends in computed spectra can be used as
a measure of the changes in electronic structure upon changes in adsorbate geom-
etry. In this way geometries can be determined even in cases where total energy
geometry optimizations are not reliable, such as in adsorption of saturated hydro-
carbons, where dispersion forces become important and DFT fails to reproduce
the total energy.
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4.1.1 XPS binding energies

In the present work, XPS binding energies were computed using the ∆Kohn-Sham
(∆KS) approach [70], which includes both initial and final state effects. In the
∆KS approach, the ionization potential is taken as the difference in total energy
between the ground state and the core ionized state. This gives the XPS binding
energy measured relative to the vacuum level, i.e. the ionization potential (IP).
For higher accuracy, a relativistic correction should also be added to the energy.
For carbon this is 0.2 eV [70], irrespective of the chemical environment.

The experimental XPS binding energies were measured with respect to the
Fermi level. For a direct comparison between experiment and theory the work
function thus must be subtracted from the computed IP. For the present work,
the emphasis was, however, not on the absolute value of the XPS binding energies,
but rather the relative binding energy shifts, in which case neither the relativistic
correction nor the work function correction are important.

For a molecule with more than one atom with the same atomic number the core
orbitals will be delocalized in the calculations especially if symmetry constraints
are used. This can cause problems when computing chemical shifts for these atoms.
In order to keep the core orbital localized at a given atom effective core potentials
(ECP) can be used at all the other atoms of the same element [82].

4.1.2 XA and XE spectra

The XA spectra were calculated using the transition potential approach by Slater
[83], which has proven useful in the past [69]. The transition potential means that
the electronic structure is computed with half a core hole on the excited atom.
This takes care of relaxation effects up to second order, and reproduces the orbital
energies of the unoccupied density of states to within 1-2 eV of the experimental
values, on the absolute energy scale [70]. The spectral intensities were calculated
as the square of the matrix element corresponding to the dipole transition from
the C 1s to the unoccupied density of states. The core hole was localized by using
ECP:s like for the ∆KS calculations. Core relaxation effects are improved by using
the IGLO-III basis set [84]. Furthermore, to better account for the higher lying
Rydberg and near continuum states, a second large diffuse basis set containing a
large number of basis functions, grouped as (19s, 19p, 19d) was added in a second
step of the calculation.

To model the experimental XAS with the theoretical oscillator strengths, the
spectra were broadened using Gaussian functions of constant width below the IP,
and linearly increasing above it up to a threshold, above which the width was kept
constant. This is a somewhat arbitrary choice of broadening, but gives reasonable
results. The increasing width above the IP can qualitatively be motivated by
larger lifetime broadening.

The transition potential approach does not always give sufficiently good rep-
resentation of the electronic structure. In that case more careful state-by-state
calculations can be performed for the first few states where the transitions are
computed explicitly using the full core hole [85]. This is a more complicated and
time-consuming process which is not feasible for adsorbates. It does, however, give
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a better approximation of the bound states and allows evaluation of the quality of
the transition potential calculations.
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Figure 4.1: Symmetry resolved dipole oscillator strengths and broadened theoreti-
cal XA spectra of methane adsorbed on a Pt(111) surface computed in the transition
potential approach.

Figure 4.1 shows the oscillator strengths computed within the transition po-
tential approach for methane adsorbed on a Pt(111) surface, where the adsorption
system was modeled by seven methane molecules adsorbed on a Pt10 cluster. The
oscillator strengths were computed for the central methane molecule. Included in
the figure are also the final symmetry resolved XA spectra broadened with Gaus-
sians. The full width at half maximum was chosen to be 0.7 eV for the bound
states and increasing linearly above the IP (291.0 eV) to 14 eV at 310 eV, above
this it was kept constant.

All XE spectra in the present thesis were calculated using the ground state or-
bitals, where the spectral intensities are given by the square of the matrix element
representing a dipole transition from the occupied valence orbitals into the core
hole. The Kohn-Sham orbital energies were used as binding energy for the occu-
pied valence levels and the highest occupied molecular orbital was taken as Fermi
level. This approach, which completely neglects both core and valence hole effects
has been shown to give good results for non-resonant XE spectra because of can-
cellation of these effects [58,86]. The XE spectra were convoluted with Gaussians
of constant width to account for the experimental broadening.

4.2 Molecular orbitals

The Kohn-Sham molecular orbitals very much resemble the Hartree-Fock molec-
ular orbitals and can be analyzed in much the same way, even though the orbital
energy is different due to the added correlation energy in the DFT case.

Molecular orbitals are often used in quantum chemistry to describe the inter-
action between atoms. Often these are analyzed in the basis of atomic orbitals, of
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which the molecular orbitals can be constructed by linear combinations.
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Figure 4.2: π and π∗ orbitals of gas phase ethylene. These are the highest occu-
pied molecular orbital (HOMO) and Lowest unoccupied molecular orbital (LUMO).
These orbitals are built up of the atomic p orbitals in bonding and anti-bonding
combination.

Figure 4.2 shows how the C-C bonding π and anti-bonding π∗ orbitals of ethy-
lene are formed as linear combination of the atomic p-orbitals on the two carbon
centers. For adsorbates the situation can be more complex, but the same princi-
ples apply. In Figure 4.3 an occupied molecular orbital for ethylene adsorbed on
Cu(110) is shown. The orbital has molecular π character in bonding combination
with the Cu 3d states.

X

Z

Figure 4.3: Ethylene adsorbed on a Cu(110) surface. An occupied orbital with
molecular π character in bonding combination with the Cu d-states is shown.

4.3 Population analysis

Theoretical population analyses are often performed using the Mulliken population
analysis scheme. In most of the work in the present thesis, a somewhat different
method was used. The populations were instead computed from the oscillator
strengths in the theoretical C 1s XE spectra. This procedure gives results similar
to the Mulliken population analysis but reduces the basis set dependence because
the population is related to the overlap with the core orbital and not directly to
the basis representation. The dipole operator used in calculation of the XE spectra
automatically gives the atomic p-contributions. To correlate oscillator strengths
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with populations the integrated values were normalized to those of the gas phase
where the population is known.

In paper V populations of π and π∗ symmetry were probed using the selection
rule stating that the nodal structures in the initial and final states must be the
same to produce a non-vanishing matrix element if the dipole operator is in the
plane of the node. Ethylene, which adsorbs with its molecular plane in the surface
plane, was constrained to local C2v symmetry in the analysis and thus has two
equivalent carbons. This means it has two core orbitals forming bonding and
anti-bonding combinations, the first with no node and the second with a node.
For the π system, which is oriented out of the surface plane, one can separate
the contributions with and without node (π and π∗) by looking at the out-of-
plane dipole overlap with the two core orbitals, as shown in Figure 4.4. These
spectra can be integrated and normalized to the gas phase to give a population of
0.84 π electron/atom and 0.16 π∗ electron/atom.

Populations were also analyzed state specifically with the topological Bader
population analysis [87]. In the Bader analysis the gradient of the density is used
to map up paths defining the boundary between atoms. The density can in this
way be divided between all the atoms. The drawback of this technique is that the
density must be mapped over a three dimensional grid, which makes the procedure
rather time consuming. This method is more reliable for cluster systems than the
Mulliken population analysis, which tends to overestimate the electron population
at the center of the cluster if basis functions localized on this atom build up much
of the density. The Bader analysis also has the advantage over the XES population
analysis that it does not require core orbitals on the atom of interest and can thus
be used for analysis of H atoms, unlike the XES analysis.
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Figure 4.4: Contributions of π and π∗ symmetry to the computed XE spectrum of
ethylene adsorbed on Cu(110).
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4.4 Charge density difference

Electron charge density difference plots were used to analyze bonding mecha-
nisms. Typically the charge density difference was computed as the difference in
total charge density between the total system and the sum of the non-interacting
molecule and metal cluster. This provides a measure of how the electrons rearrange
due to a given interaction.
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Figure 4.5: Electron charge density difference computed for H2 and He2.

In the left of Figure 4.5, the charge density difference between H2 and two non-
interacting H atoms is shown. As the interaction is allowed, charge is transferred to
the region between the atoms because of the formation of a covalent bond. In the
right part of the figure, the corresponding charge density difference for molecular
He is shown. Since He is closed shell, it is not favorable for the molecule to form
a covalent bond with another He atom and thus the atoms repel each other. This
can be seen from the charge density difference plot from the decrease of charge
between the atoms.
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Figure 4.6: Charge density difference for ethylene upon adsorption on a Cu(110) or
Ni(110) surface. The solid lines denote increased charge and the dashed lines denote
decreased charge.

In paper III charge density difference plots were used to establish a covalent
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contribution to the bond for adsorbed n-octane, and in papers V andVI the charge
density difference was used to verify the Dewar-Chatt-Duncanson bonding model,
as well as provide additional support for the alternative spin-uncoupling picture,
where the bonding is separated into a bond preparation step consisting of ex-
citation to a suitable triplet state and subsequent bonding in order to compute
activation barriers.

The charge density difference plots of adsorbed ethylene are shown in Fig-
ure 4.6. For both surfaces, the main difference is a decrease of charge between the
C atoms, above and below the molecule, and an increase of charge outside the C
atoms. In addition there is an increase of charge between the molecule and the
metal surface. These changes look qualitatively the same as the changes in gas
phase ethylene upon transition from the singlet ground state to the lowest triplet,
i.e. when an electron is moved from the π to the π∗ orbital, shown in Figure 4.7.
The changes for the adsorbates are, however, smaller due to only partial excita-
tion. The loss in the π dominated area between the C atoms is about the same for
both metals, whereas the increase in the π∗ dominated area outside of the C atoms
is approximately twice as large for adsorption on Ni(110), in agreement with the
XES population analysis described in the previous section.
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Figure 4.7: Charge density difference between the ground state singlet → lowest
triplet for gas phase ethylene in a fixed geometric structure corresponding to ethylene
adsorbed on Cu(110). Solid lines denote increase and dashed lines denote decrease
of charge.



Chapter 5

Saturated hydrocarbons

Adsorption of saturated hydrocarbons has been much less studied than unsatu-
rated molecules, presumably because of the small adsorption energy, which sug-
gests that there is not much interaction with the metal substrate. In this chapter,
which summarizes papers I-IV, I will show that even though the adsorption en-
ergy of alkanes is small [37], there can be significant adsorbate-surface interaction
leading to large changes in the electronic structure.

In paper I we studied the unoccupied electronic structure of condensed and
adsorbed n-octane as well effects such as decreased width of XPS lines upon
adsorption, which can be of spectroscopic interest. In paper II we studied the
occupied electronic structure of adsorbed n-octane and correlated the adsorption
induced changes with changes in the geometric structure. In paper III we studied
the chemical bonding mechanism of n-octane to Cu(110) and Ni(110), and drew
conclusions on why certain metals are better dehydrogenation catalysts than other.
Finally in paper IV we studied the electronic structure of methane adsorbed on a
Pt surface and discussed symmetry breaking, s-p rehybridization and elongation
of C-H bonds, which is a first step towards dehydrogenation.

5.1 XAS of condensed and adsorbed n-octane on
Cu(110)

The character of the bound unoccupied states in alkanes has been an issue of debate
for some time [28, 29, 88, 89]. The relevant question is whether these states are of
anti-bonding C-H character or if they are Rydberg states. Multiple scattering Xα
calculations were performed [28, 29] to deduce anti-bonding C-H character of the
orbitals and from Hartree-Fock calculations with larger basis sets a pure Rydberg
character was concluded from the size of the orbitals measured by < r2 > [88,89].

To clarify this matter we performed a combined XAS and DFT study. X-ray
absorption spectra of condensed n-octane are shown in the left panel of Figure 5.1.
The spectrum consists of a main feature at 288 eV denoted R, which is assigned
to transitions into the CH∗/Rydberg states, and two features in the continuum,
assigned to transitions into the CCσ∗ shape resonance. The CH∗/Rydberg states

34
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were measured with high resolution, and two components were resolved, as shown
in the inset of Figure 5.1.
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Figure 5.1: Experimental XA spectra of condensed n-octane. The inset shows a
high resolution scan of a short energy range. The three lower spectra are computed
XA spectra for an isolated n-octane molecule. On the right are the first two unoc-
cupied molecular orbitals of free n-octane plotted along the molecular axis in and
out of the C-C-C plane.

Theoretical spectra were computed for a free n-octane molecule in the tran-
sition potential approach and the resulting symmetry resolved spectra are shown
in the bottom left panel of Figure 5.1. The symmetry components follow the
coordinate system given in Figure 5.1.

The computed spectra are in good agreement with the experiment and the R
feature appears along the Y and Z axes, i.e. the directions of the C-H bonds.
From these spectra the two R features, shown in the inset of Figure 5.1, can be
assigned to states of different symmetry. Close inspection of the corresponding
molecular orbitals, shown in the right panel of Figure 5.1, reveals that these states
are of mixed CH∗ and Rydberg character. This procedure should be more reliable
than using the < r2 > value, which measures the spatial extent of an orbital; also
valence orbitals will become large for a larger molecule.

The symmetry resolved XA spectra of adsorbed n-octane shown in the right
part of Figure 5.2 reveal large XAS dichroism, which indicates a well ordered
adsorbate. The spectral component measured with the E-vector of the incoming
light along the [11̄0] direction shows a strong feature 9.0 eV above the Fermi level,
which is assigned to the C-C shape resonance. There is also a weaker feature
in the spectral component along the [001] direction 6.9 eV above the Fermi level
assigned to the shape resonance. This feature is not at all present in the [110]
component, indicating that the molecule is adsorbed with the CCC plane in the
plane of the metal surface, in agreement with previous studies [90–93]. The shape
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resonance should have its maximum along the direction of the C-C bonds, and we
draw the conclusion that the molecules are aligned along the [11̄0] direction, i.e.
along the rows of the Cu surface. The shape resonance is present also in the [001]
component due to the zig-zag structure of the molecule.

In addition to these states there is a band appearing just above the Fermi level,
denoted M* and quenched C-H*/Rydberg resonances appearing 2.1 and 3.1 eV
above the Fermi level.
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Figure 5.2: Symmetry resolved experimental (solid line) and theoretical (dashed
line) XAS and XE spectra of n-octane adsorbed on Cu(110).

XA spectra were computed for the adsorbed molecule and the character of the
bound states in the XA spectrum was examined through visual inspection of the
molecular orbitals involved in the XAS transitions. This method showed that the
two spectral features appearing at 2.1 eV and 3.1 eV above the Fermi level in
the experiment have both CH∗ and Rydberg character. These resonances were
quenched upon adsorption also in the computed spectra, which are shown with
dashed lines in Figure 5.2. The corresponding orbital for the adsorbate polarize
away from the surface. The M∗ region consists of several states, which do not
possess any Rydberg character at all.

5.2 XPS chemical shifts in n-octane

In XPS the binding energy depends on the relaxation channels available. For a
gas phase molecule, and to a large extent in the condensed phase, the relaxation
is completely due to internal effects in the molecule [94], whereas for an adsorbate
the surface plays an important role. When a molecule is adsorbed on a metal, a
chemical shift towards lower binding energy is therefore expected due to efficient
metallic screening. This is observed upon adsorption for n-octane adsorbed on
Cu(110), where the XP spectrum is shifted by 0.8 eV lower binding energy than the
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condensed phase. Additionally XPS lines are often broadened upon adsorption due
to vibrational excitations in the core ionization process [95]. For adsorbed n-octane
the reverse is true. The FWHM of the XPS line decreases from 0.44 eV to 0.35 eV
upon adsorption, as shown in Figure 5.3. At first this seems counterintuitive
but for such a large molecule, with four inequivalent carbon atoms which can be
chemically shifted relative to each other, the additional relaxation channel provided
by the surface makes the different carbons less inequivalent and the chemical shift
between them smaller.

XPS binding energies computed for the isolated n-octane molecule show that
the binding energies form two groups, which make the main peak and the low bind-
ing energy shoulder in the condensed phase XP spectrum shown in Figure 5.3. The
features on the high binding energy side of the spectrum are caused by vibrational
excitations. These results are in good agreement with those obtained for the gas
phase molecule [96].

For the adsorbed case a complete reordering of the relative binding energies of
the different carbon atoms occurs due to the additional screening channel intro-
duced by the metal surface. This causes the two distinct groups disappear, leading
to a narrower adsorbate XP spectrum. The vibrational fine structure stays quali-
tatively the same.

This shows that great care has to be taken when comparing condensed or gas
phase XP spectra with adsorbate spectra since the new relaxation channel can
change the relative binding energies of the inequivalent atoms even for weakly
adsorbed systems.
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Figure 5.3: XP spectra of condensed and adsorbed n-octane on Cu(110).
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5.3 Geometric structure of adsorbed n-octane

The XE spectra, shown in the left part of Figure 5.2 are broad and relatively
featureless because of strong vibronic coupling [97] and band formation of the
molecular orbitals [94] in the comparatively large n-octane molecule. However,
there is a strong feature showing up only in the out-of-plane direction (lower left
spectrum), denoted M in Figure 5.2, similar to the M∗ feature in the XA spectrum.
This feature shows up at the energy of the metal d-band as a consequence of the
interaction with the metal.

Calculation of XE spectra for adsorbed n-octane in the total energy optimized
geometry with DFT results in reproduction of the main spectral features, but not
the fine details. The main discrepancy is that there is much too little intensity in
the adsorption induced spectral features denoted M in Figure 5.2.

The computed XA spectra also reproduce the main features but not the fine
details. In this case there is a smaller splitting in the C-Cσ∗ shape resonance in the
computed XAS and from the empirical “Bond-length with a ruler” concept [27,29]
one can anticipate that the C-C bond-length is shorter than that found in the DFT
total energy optimization, since the main part of the shape resonance appears at
lower energy. The missing intensity in the XE spectra suggests that the n-octane
molecule is in reality closer to the surface than the C-Cu distance of 3.0 Å found
in the total energy optimization.

In order to test these ideas XE and XA spectra were computed for geometries
with different C-C, C-Cu and C-H distance and angle. The best agreement between
theoretical and experimental spectra, at lowest energy cost, was found for a C-C
distance of 1.49 Å, and C-Cu distance of 2.7 Å and a C-H distance of 1.18 Å
where the C-H bonds had been rotated 10◦ towards the surface. These values
should be compared with the C-C distance of 1.53 Å and the C-H distance of
1.11 Å computed for the free molecule. The XE and XA spectra computed for
this geometry are shown as dashed lines in Figure 5.2.

How can this discrepancy in structure be understood? In fact it is not very
strange that a total energy DFT geometry optimization does not reproduce the
experimental geometric structure since there is no description of dispersion forces
in DFT. Dispersion forces contribute to a large part of the interaction for saturated
molecules [98]. This means that an attractive part of the interaction is missing and
the adsorbate molecule will end up further away from the surface in the geometry
optimization than in reality. The changes in C-C and C-H bonds can also be
understood. As the molecule approaches the surface a weak chemical bond starts
to form and in a simple picture of the bonding this means that electron charge has
to move from the C-H bond to the H-Cu bond, resulting in a weakening of the C-H
bond. This will then leave the carbon slightly unsaturated allowing it to strengthen
the C-C bonds. In this picture the carbon rehybridizes upon adsorption from sp3

towards sp2. With a linear interpolation of the sp hybridization as a function of the
bond length the C-C distance of 1.49 Å, which best reproduces the experimental
spectra, corresponds to sp2.8 hybridization.
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5.4 Chemical bonding of n-octane to metal sur-
faces

In order to better understand the bonding to the surface, the electron charge
density difference of octane upon adsorption was analyzed. The charge density
difference is plotted along two planes in Figure 5.4. The upper plot in the figure
shows the charge density difference along the C-H bonds pointing towards the
metal surface, and the lower plot shows the charge density difference in the plane
containing these H atoms and the central Cu row. In the Cu-H plane there is an
increase of charge between the H atoms and the metal. This indicates formation
of a weak chemical bond with the metal. In the C-H plane, there is charge polar-
ization towards the C atoms and charge depletion close to the H atoms, due to the
partial breaking of the C-H bonds. These changes are consistent with the changes
in molecular structure that were performed to achieve good agreement with the
experimental spectra.
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Figure 5.4: Charge density difference of adsorbed n-octane plotted along the C-H
orbitals and in the plane containing H atoms and the central Cu row.

Since all the adsorbate induced states are occupied when n-octane is adsorbed
on Cu(110) this will not contribute to the total adsorption energy. In addition to
the interaction with the Cu 3d states there is also interaction with the 4sp-band,
which crosses the Fermi level and can contribute to the energy. On Ni, on the
other hand, the d-band is right at the Fermi level and one can anticipate that
the M states will in this case start crossing the Fermi level and contribute to the
adsorption. As shown in Figure 5.5, this is exactly what happens. The spectra
in the left part of the Figure show the local p density of states computed in the
periodic approach for n-octane adsorbed on a Cu(110) and Ni(110) surface. The
main difference between these spectra is the M feature, which follows the position
of the d band and moves up and starts to cross the Fermi level on Ni.

We can then make a schematic model of the bonding, which is shown in the
right part of Figure 5.5. This picture shows the octane orbitals on the left and
the metal d band on the right. These interact to form a band at high binding
energy with mainly adsorbate character, this is the main peak in the XES, and an
unoccupied band with mainly adsorbate character. In between these bands there
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is a band with mainly metal character close to the Fermi level. For Cu, this band
is entirely occupied and does not contribute to the bonding, for Ni it is partially
unoccupied and can contribute to the adsorption energy. On Ni this bond will
be strong and the distortion of the adsorbate electronic structure will be larger.
This is in complete agreement with the fact that Ni is an efficient dehydrogenation
catalyst, while Cu is not.
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Figure 5.5: The spectra in the left part of the figure show the local p-DOS of
n-octane adsorbed on Cu(110) and Ni(110). On the right is a schematic molecular
orbital diagram depicting the bonding mechanism.

5.5 Methane adsorption on a Pt surface

We measured XAS of methane adsorbed on Pt(977) in order to understand the
changes in electronic structure upon adsorption. The symmetry resolved XA spec-
tra are shown in Figure 5.6. No effects due to the stepped crystal were observed,
so the spectra were interpreted as mainly originating from the Pt(111) terraces of
the crystal. Both spectra in the figure, show a significant broadening of the main
peak compared to the gas-phase methane XA spectrum [99]. In addition to this
the symmetry forbidden gas-phase lowest unoccupied molecular orbital (LUMO)
appears in the out-of-plane spectrum and is denoted “A1” in Figure 5.6. Vibra-
tional splitting of all these states can be noted, in agreement with the vibrational
progression in the methane XP spectrum in Figure 5.6. In addition to this a broad
band appears in the out-of-plane spectral component from the Fermi level up to
the “A1” resonance. This band will be denoted M∗ like the similar band that was
observed for adsorbed n-octane.

The appearance of the “A1” resonance in the out-of-plane methane XA spec-
trum indicates that the spherically symmetric gas-phase LUMO gets atomic p
character upon adsorption. This is in due to the symmetry being broken from Td

to C3v, which makes the 3a1 and out-of-plane 2t2 to both become of A1 symmetry
and allowed to mix.
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Figure 5.6: Symmetry resolved XA spectra of methane adsorbed on Pt(977). The
lower spectrum shows the in-plane component of the atomic p contribution. The
upper spectrum shows the out-of-plane component, where the gas-phase symmetry
forbidden 3a1 becomes allowed in XAS because of broken symmetry.

In order to understand the details of the methane adsorption, DFT spectrum
calculations were performed for methane on a Pt10 cluster representing the Pt(111)
surface. The C3v symmetry determined in previous work [100] significantly reduces
the number of possible adsorption geometries. In the present work only adsorp-
tion consistent with C3v symmetry was considered, i.e. one hydrogen pointing
straight towards or from the surface. The computed spectra suggested adsorption
with one hydrogen pointing towards the metal surface. Both on-top and hollow
adsorption sites were considered, but no conclusive determination could be made
in this respect. In all further discussion the molecule will be assumed to be in
the on-top site for simplicity. A model with seven methane molecules adsorbed on
Pt(111) was used to include adsorbate-adsorbate interaction in the model, which
turned out to be important for the reproduction of the spectra.

As discussed in the previous sections DFT does not account for dispersion
forces, implying that no reliable total energy geometry optimization can be per-
formed with DFT in systems where this type of interaction is important. A the-
oretical study of methane interaction with benzene, computed at the MP2 level
showed that 90 % of the attractive interaction is due to dispersion forces [98]. A
similar value could be expected for adsorption on metals. Instead of using the
total energy, the geometry was optimized based on the computed spectra similar
to the case of n-octane described in the previous sections.

The C-Pt and C-Hd distances (defined in Figure 5.7) were varied to find the
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best agreement with the experimental spectra. Both the energy splitting between
the “A1” and main peak as well as the intensity ratio depends on both the C-Pt
and C-Hd distance. Good agreement with the experimental spectra was obtained
for a C-Pt distance of 4.15 Å and a C-Hd distance of 1.18 Å. The XA spectra
computed for this geometry are shown in Figure 5.7.
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Figure 5.7: Computed methane XA spectra for methane adsorbed on Pt(111) with
a C-C distance of 4.15 Å and a C-Hd distance of 1.18 Å. This geometry yields the
best agreement with the experimental data. The panels on the right show some of
the molecular orbitals that contribute to the XA spectra.

Figure 5.7 also shows some of the molecular orbitals that contribute to the XA
spectra.

The orbitals contributing to the main peak typically look like the orbitals
labeled no. 5 (out-of-plane) and no. 6 (in-plane). These orbitals bear strong
resemblance of the gas-phase 2t2 state. The two orbitals contributing to the “A1”
XAS peak are no. 3 and no. 4. One of these orbitals (no. 3) looks like the gas-
phase 3a1 orbital which has become slightly distorted and the other looks more
like the gas-phase 2t2 orbital. Both these orbitals contribute almost equally to the
XAS “A1” peak. The M∗ region consists of orbitals looking both like polarized
3a1 and 2t2 orbitals, see e.g. orbitals no. 1 and no. 2. in the Figure.

Analysis of the occupied states reveals destabilization of the out-of-plane C-H
orbital. In addition states appear closer to the Fermi level due to the interaction
with the surface. These states, which resemble the M band in adsorbed n-octane,
have mainly metal character but also some C-H character and are weak in XES.
A state specific Bader analysis showed that the charge is more polarized to the
C atom than in the bonding C-H orbital, presumably due to mixing with anti-
bonding C-H orbitals.

The electron charge density difference upon adsorption was computed in order
to examine this more closely. The charge density difference plotted in a plane
containing the C, Hd and closest Pt atoms of the central methane molecule is
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shown in Figure 5.8. The main changes in the charge density are a decrease of
electron charge at the Hd atom and an increase at the C atom. There is a very small
increase between the Hd and the Pt atom. In addition there is also a polarization
of the charge at the Pt towards the adsorbate.
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Figure 5.8: Computed charge density difference for methane adsorbed on Pt(111).

The polarization of the charge from the Hd to the C atom is completely in
agreement with the mixing of bonding and anti-bonding C-H orbitals concluded
from the Bader analysis. The increase between the Hd and the Pt atom is too
small to be taken as evidence of a covalent bond between the adsorbate and metal.
Instead it also arises due to increased population of the C-H anti-bonding orbital,
which has density further below the Hd atom than the C-H bonding orbital. The
polarization of the charge leaves the Hd atom slightly positive, which leads to an
image charge being formed in the Pt. This results in the polarization observed in
the metal cluster.

These changes do not form an attractive interaction with the metal. Instead
the orbitals mix in order to polarize the charge away from the surface and minimize
the Pauli repulsion as the dispersion forces push the molecule closer to the metal.

5.6 Conclusions about alkanes

In conclusion, these core spectroscopic studies of saturated hydrocarbons show
significant changes in the electronic and geometric structure upon adsorption for
both molecules, which already in the adsorbed state have taken a first step to-
wards dehydrogenation. At the present stage density functional theory is not able
to reproduce the interaction without additional information from experiments.
Hopefully this shortcoming will be overcome with the development of new func-
tionals.

In the case of n-octane some of the energy cost associated with the elongation
of the C-H bonds can be compensated by stronger C-C bonds, whereas in methane
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there is no such mechanism. In methane the only relaxation mechanism is flat-
tening of the CH3 group. Even so, the C-H elongation in methane and n-octane
is very similar. In methane the electronic interaction with the metal surface is
completely repulsive and appears to minimize the Pauli repulsion as the molecule
is pushed closer to the surface by dispersion forces. In n-octane there seems to
be an attractive electronic interaction with the Cu sp band and on Ni with the d
band.

The charge density difference plots of the two molecules are similar in the
sense that they show polarization of charge away from the hydrogen and towards
the carbon, but different in the metal contribution since for methane there is a
polarization of the Pt electron density towards the molecule by the formation of an
image charge, whereas for n-octane there is a loss of charge in the metal orbitals
pointing towards the molecule, similar to that in adsorbed ethylene (paper V) or
water [101], where a covalent bond is formed.

Both methane and n-octane adsorption is interesting from a catalytic point of
view and the present results provide information which leads to a better under-
standing of dehydrogenation processes at metal surfaces.



Chapter 6

Unsaturated hydrocarbons

In this chapter I will summarize the most important results on the adsorption of
saturated hydrocarbons, described in papers V and VI.

Adsorption of unsaturated hydrocarbons to transition and noble metals have
been much more studied than the saturated counterparts. The chemisorption of
these systems is often described in the Dewar-Chatt-Duncanson model [102, 103].
An alternative theoretical picture where the adsorption is depicted as bond prepa-
ration followed by adsorption has also been proposed [10]. We studied ethylene
adsorption on Cu(110) and Ni(110) in the light of both these bonding pictures.
Even though some previous studies [34, 35] have shown that the ethylene adsorp-
tion site on these surfaces may be a so-called “half-bridge” site, our analysis of
ethylene which was restricted to C2v symmetry gave good agreement with our
experiments.

In paper VI we did not constrain the symmetry of the adsorbate, and studied
the adsorption and chemical bonding of acetylene to Cu(110), which reacts to form
benzene at higher temperature [20,21].

It turns out that acetylene adsorbs in two different sites on the Cu(110) sur-
face, one with local C2v symmetry and one with no symmetry, similar to the site
occupied on Cu(111) [6].

6.1 Chemical bonding of ethylene to Cu(110) and
Ni(110)

XA spectra of ethylene adsorbed on Cu(110) and Ni(110) reveal a well ordered
adsorbate aligned along the rows of the [11̄0] direction on the surface, as shown in
Figure 2.4. The less intense π∗ resonance and lower energy position of the shape
resonance on the Ni(110) surface suggest stronger surface interaction and a longer
ethylene C-C bond on the Ni surface than on Cu(110) as described in section 2.2.

The symmetry resolved experimental XE spectra of adsorbed ethylene are
shown in Figure 6.1. The symmetry labels from gas phase ethylene are kept for the
adsorbed molecule even though the symmetry is broken. Note that the gas phase
symmetry labels follows the convention that the Z-axis is along the molecular axis

45
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whereas the coordinate system used for the adsorbate follows the surface science
convention that the Z-axis is perpendicular to the surface plane. The spectra of
ethylene on Ni(110) show more intensity in the region close to the Fermi level,
indicating a stronger interaction with the metal. The spectra agree well with the
adsorption geometry assigned from the XAS experiment. In addition a σ-π mixing
is noted, indicating rehybridization of the carbon atoms upon adsorption.
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Figure 6.1: Symmetry resolved XE spectra of ethylene adsorbed on Cu(110) (solid
lines) and Ni(110) (dashed lines). The left panel shows the experimental spectra and
the right panel the shows spectra computed within a cluster model.

In order to gain a deeper understanding of the changes in electronic struc-
ture, DFT calculations of adsorbed ethylene were performed both on Cu(110) and
Ni(110). Total energy geometry optimizations of the molecule constrained to C2v

symmetry on both surfaces yielded geometries with elongated C-C bonds and CH2

groups that were bent away from the surface. The effect was slightly larger on Ni
than on Cu, and in agreement with the rehybridization picture from the exper-
imental data. Upon adsorption the carbon atoms rehybridize from sp2 towards
sp3.

Spectra computed in the cluster approach are shown for the optimized geome-
tries in the right panel of Figure 6.1. The spectra show good general agreement
with the experiment, apart from a splitting of the π state due to the small clus-
ter model and the intensity ratio between the two peaks in the Y component of
the computed data. This discrepancy arises because of the neglected resonant ef-
fects [76], neglecting resonant effects does not affect the conclusions on the ground
state properties.

A few of the relevant ground state molecular orbitals of ethylene adsorbed on
Cu(110) and Ni(110) are shown in Figure 6.2 together with the corresponding gas
phase molecular orbitals. The left panel shows orbitals of π symmetry and the
right panel shows orbitals of π∗ symmetry.

Both the orbitals of π and π∗ symmetry mix with the metal d band. The
states close to the Fermi level consists of orbitals which are non-bonding between
ethylene and metal, as shown in the middle row in Figure 6.2. The anti-bonding
orbitals of both symmetries are unoccupied. Visual inspection of the molecular
orbitals show larger distortion of the π orbitals, in agreement with the σ-π mixing
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Gas phase Gas phaseCu Ni Cu Ni
anti-bonding

non-bonding
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1b2u(π)
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Figure 6.2: Some of the relevant molecular orbitals of π and π∗ symmetry.

observed in XES.
Separation of the π and π∗ contributions to the computed out-of-plane XE

spectra was performed, as described in section 4.3, the spectral components are
shown in Figure 4.4. From integration of these spectra the population of the
ethylene π orbital was deduced to 0.84 and 0.78 electron/atom for Cu and Ni
respectively. The population of the π∗ orbital was computed to 0.16 for Cu and
0.31 electron/atom for Ni.

Another way of looking at this is in the charge density difference plots (Fig-
ure 4.6) where the area between the carbon atoms above and below the molecule
looks rather similar on both surfaces. This is the area where the contribution from
the π orbital is expected. The area on the outside of the carbon atoms above and
below the molecule, which is where the π∗ contribution is expected, shows much
larger changes for ethylene adsorbed on Ni(110).

The changes in electronic structure are in complete agreement with the Dewar-
Chatt-Duncanson model which states that there is donation from the π orbital
(charge depletion) and back-donation into the π∗ orbital (increased charge). The
results also go well with the spin-uncoupling picture, especially if the charge density
difference plots are compared with the charge rearrangement obtained in transition
from the ground state singlet to the lowest triplet (with fixed geometry), shown
in Figure 4.7.

The main difference in the chemical bonding between the two surfaces is the
much large back-donation into the π∗ orbital on Ni(110) because of the d band
being closer to this orbital in Ni. This leads to molecular dissociation upon heating
on Ni(110) [104] whereas on Cu(110) the ethylene desorb molecularly [105].

6.2 Acetylene adsorption geometry on Cu(110)

Figure 2.2 shows XP spectra of acetylene adsorbed on Cu(110). At liquid nitrogen
temperature the XP spectra show two peaks at 282.7 eV and 283.1 eV, corre-
sponding to adsorption in two different sites on the surface. These two species will
be referred to as the low- and high-binding energy species (LBE and HBE). Upon
heating of the sample all molecules move into the HBE site, which is the only
site occupied at room temperature where the molecules undergo the trimerization
reaction to form benzene.
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Previous investigations of acetylene adsorbed on Cu(110) [21, 22], where the
sample was prepared in a way where only the HBE species is present, showed
attractive interaction between the adsorbates resulting in island formation.

In order to understand the adsorption geometry XA spectra were recorded at
monolayer saturation coverage both for the low temperature phase, which consists
both the LBE and HBE species, as well as the high temperature phase where
only the HBE species is present. The spectra are shown in Figure 6.3. The
left panel shows the mixed low temperature phase and the right panel shows the
high temperature phase where only the HBE species is present. On each side the
proposed molecular geometry is shown.

The XA spectra of the HBE species show a strong feature at 285 eV, i.e. just
above the Fermi level, in the [11̄0] and [001] spectral components. This feature is
assigned to the π∗ resonance. One possible conclusion from this observation would
be that the acetylene molecule stands up on the Cu(110) surface with both its π
orbitals in the surface plane. This conclusion would not agree with the feature that
appears at 297 eV in both the in-plane components. This feature is assigned to the
σ∗ shape resonance and is aligned along the molecular C-C axis. The appearance
of this feature in both the in-plane spectral components, but not the out-of-plane
component indicates that the molecular C-C axis is aligned in the surface plane,
in agreement with previous investigations of acetylene adsorption [3, 5–9]. In this
geometry the π∗ resonance would also appear in both the [11̄0] and [001] spectral
components. A quantitative analysis the relative intensities of the π∗ resonance in
the in-plane spectral components suggests an average angle of 35◦ relative to the
[11̄0] rows of the Cu(110) surface.

In the out-of-plane spectral component there is a weaker feature at 285 eV. This
is assigned to the remainder of the other π∗ orbital, which becomes populated upon
adsorption.
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Figure 6.3: XA spectra of acetylene adsorbed on Cu(110). The left panel shows
the mixed low temperature phase and the right panel shows the high temperature
phase where only the HBE species is present. On each side is the proposed molecular
geometry.)

Total energy DFT cluster calculations of several molecular sites on the Cu(110)
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surface indicate that the most stable structure is a hollow C2v adsorption site with
the C-C axis aligned along the [001] direction. In this geometry the C-C bond is
elongated to 1.37 Å and the C-H bonds bent upwards by 63.5◦. This geometry
is shown in the left part of Figure 6.3. The second most stable structure is a
geometry which resembles the adsorption geometry of acetylene on Cu(111) [6],
where the molecules adsorb with one C atom in an “fcc” hollow and the other in
an “hcp” hollow site. On the Cu(110) surface this geometry is distorted by the
neighboring Cu row. This structure resembles that suggested for adsorption on
Cu(110) by Lomas et. al. [22] and had a C-C bond of 1.35 Å almost in the surface
plane at an angle of 39◦ to the [11̄0] rows. The C-H bonds in this geometry are
bent upwards by 61.6◦ and 60.4◦. In both these cases the molecules are slightly
passed sp2 hybridization.

The C2v site agrees well with the experimentally determined orientation of the
LBE site and the low symmetry site agrees well with the orientation of the HBE
species.

The fact that the C2v site is more energetically favorable than the low symme-
try site in the calculations can be attributed to the neglect of adsorbate-adsorbate
interaction in the theoretical model. The attractive adsorbate-adsorbate interac-
tion leading to island formation, which has previously been found for this system
after annealing the sample to 280 K, should correspond to the pure HBE species.
A simple calculation of interaction between two gas phase acetylene molecules
shows clearly an attractive interaction between the distorted (activated) π sys-
tems whereas interaction between the intact π systems is much less favorable.

In the LBE site there is very little possibility for interaction between the acti-
vated π systems, whereas the low symmetry of the HBE site makes this possible.
This can explain the transition into the HBE site at higher temperature when
there is enough energy available for the molecules to move around on the surface.

This attractive interaction between the activated π systems can also be viewed
as a first step towards the formation of the C4H4 reaction intermediate in the
trimerization reaction.

6.3 Acetylene chemical bonding to Cu(110)

XE spectra were recorded to understand more about the chemical bonding to the
Cu(110) surface. The experimental symmetry resolved XE spectra of acetylene
adsorbed in the HBE site are shown in the left panel of Figure 6.4. The spectra
agree well with those computed for acetylene adsorbed in the low symmetry site,
showed in the right panel of the Figure.

The symmetry is reduced from D∞h to C2v or lower upon adsorption. This
allows the orbitals to mix strongly, which is also noted in the XE spectra. The
carbon rehybridizes to essentially sp2 upon adsorption and the C-H bonds bend
upwards in agreement with previous studies. Decomposition of the computed
XE spectra into C-C bonding- and anti-bonding components was performed for
the LBE species, which has the necessary symmetry for this to be possible. The
method was the same as that described for ethylene in section 4.3. Integration of
the different spectral components showed population of 0.49 electron/atom with
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Figure 6.4: Experimental (left) and calculated (right) symmetry resolved XE spec-
tra of acetylene adsorbed in the HBE site on Cu(110).

π∗ character and 0.72 electron/atom with π character in the out-of-plane direc-
tion. This result is in good agreement with the DCD model and gives a good
example of the spin-uncoupling picture where the bonding can be viewed as a
bond-preparation by excitation of an electron into the π∗ orbital. The bonding
to the surface then takes place by back-donation of 0.22 electron/atom into the
molecular π orbital.

The in-plane π system showed population of of 0.87 electron/atom whereas the
π∗ is populated by 0.12 electron/atom. This is in agreement with the fact that
the C-C bond is slightly longer than that of gas phase ethylene, suggesting that
the carbon is slightly passed sp2 hybridization.

This analysis could not be performed for the HBE species since it does not
possess any symmetry. Instead the electron charge density difference can be stud-
ied, which shows how electrons redistribute upon adsorption. The charge density
difference was plotted for both species in the plane containing both C atoms and
both H atoms. This is shown in Figure 6.5. For both species there is a decrease
of electron charge in the area between the C atoms and an increase in the area
dominated by π∗ electrons, in agreement with what would be expected. The mag-
nitude of the changes is very similar in both species suggesting that also for the
HBE species an entire electron is excited into the molecular π∗ orbital.
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Figure 6.5: Electron charge density difference plotted in the molecular plane for
acetylene adsorbed in the LBE and HBE sites.

6.4 Conclusions about unsaturated hydrocarbons

The bonding to the surface of both acetylene and ethylene are successfully de-
scribed by the Dewar-Chatt-Duncanson model, where the bonding is depicted as
donation from the π orbital into the metal and back-donation from the metal into
the molecular π∗ orbital. The alternative spin-uncoupling picture, where the bond-
ing is separated into an initial bond preparation by excitation to an appropriate
triplet state and the interaction of this state with the surface, is also appropriate
especially when studying the charge density difference, which strongly resembles
excitation into the triplet state. In the case of acetylene an entire electron is excited
into the triplet state, whereas for ethylene a fraction of an electron is excited.

In agreement with previous studies of acetylene and ethylene adsorption [3–9,
34,35] we find that the C-C bonds are elongated and the carbon rehybridizes from
sp to sp2 in the case of acetylene and from sp2 towards sp3 in the case of ethylene
leading to upwards bending of the C-H bonds. The changes are larger in adsorbed
acetylene than in ethylene.

In the case of adsorbed acetylene adsorbate-adsorbate interaction becomes
more important than in ethylene due to attractive σ interaction. This is what
allows the acetylene molecules to form benzene upon heating.
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