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Abstract

The role of chlorine as a substituent upon ionization, protonation and elec-
trophilic addition of HCI has been studied by means of computational chem-
istry and photoelectron spectroscopy. Gas-phase carbon 1s photoelectron
spectra of four chlorinated methanes (CCl,Hy—,,, n=1,2,3,4), six chlorinated
ethenes (CyCl,Hg_,) and seven chlorinated propenes are recorded. The
spectra are analyzed by means of theoretical modeling and ionization ener-
gies for each inequivalent carbon are extracted. Furthermore, ground-state
potentials for each site are computed and thereby the ionization energies
can be decomposed into contributions from the ground state and relaxation,
e.g. delocalization of charge in the final state. It is found that chlorine pri-
marily acts by making the ground-state potential of the neighboring carbon
more positive. However, upon ionization, chlorine also donates a significant
amount of electrons both to a neighboring carbon and to a second-nearest
m-bonded neighbor.

Activation energies for the electrophilic addition of HCI to the chlori-
nated ethenes and propenes are computed and probably we overestimate
the energies by about 10% compared to experimental results. Protonation
enthalpies are predicted with uncertainties of 0.09 eV or less. We find that
chlorine upon protonation act as an effective electron donor via the w-system
if in a neighboring position to the protonated carbon and that the effective
donation is much larger for protonation than for ionization and electrophilic
addition. The explanation is that the protonated site has an enhanced abil-
ity to accept electrons compared to if the same site is ionized or is subject
to an electrophilic addition.

At room temperature, both 3-chloropropene and 2,3-dichloropropene
possess two stable rotational conformers. As a part of the theoretical mod-
eling of a spectrum, we predict a theoretical vibrational lineshape for each
chemical inequivalent site in the molecule. As the theoretical lineshapes
for each of these rotamers are qualitatively different, the relative intensi-
ties of the vibrational lineshapes could be optimized and thereby relative
populations could be determined.

Adsorption of 1,1-dichloroethene (ClaC=CHj) to a Si(111)-7x7 surface
is studied by means of XPS. It is found that 1/3 of the molecules break
one C-Cl bond and 2/3 break both C-Cl bonds when chemisorbing to the
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surface. Physisorption spectra were compared to gas-phase spectra of the
same compound, and it is found that except for broadening caused by the
polarizable surface, the gas-phase spectrum constitutes an excellent model
for the spectrum of the physisorbed species. We recommend that gas-phase
spectra are used on a routine basis when assigning spectra of physisorbed
species.

Comparing to experiments, we find that we are able to compute the-
oretical ionization energies within chemical accuracy, e.g. within 0.04 eV.
However, our computed C-CI bond lengths have deviations in the range of
0.6 pm whereas the desired accuracy is £0.1 pm. The inaccuracy is related
to a very slow basis set convergence for chlorine, making it a demanding
substituent to model.
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Chapter 1

Introduction

Chlorine is an important substituent in organic chemistry. It has a double
nature - on one hand it has strong electron withdrawing abilities and on
the other hand, it can donate electrons, both through polarization and also
more directly by interaction with a nearby m-system. Hence, it can be both
activating and deactivating for a chemical process. A carbon-chlorine bond
is relatively weak, making chlorinated compounds a well suited starting
point for further functionalization through substitution reactions. Addition
of chlorine to a hydrocarbon will increase the polarity of the molecule and
can thereby change solubility and interfacial properties.

In the present work, a range of properties for simple chlorinated hy-
drocarbons have been studied, including core ionization, protonation and
electrophilic addition of HCI. The main focus has been the influence of
chlorine in each process. As representatives for saturated compounds, the
series of chlorinated methanes is included (CH4_,Cl,), while unsaturated
chlorinated hydrocarbons are represented by six ethenes and seven propenes.
By varying the degree of chlorine substitution in a systematic manner, one
can probe corresponding changes in properties and also detect possible in-
teractions between substituents. Computational chemistry has been an inte-
grated tool at every level. Spectroscopic measurements have partly provided
complementary information but also served to bridge the gap between the
computational and experimental world. Before introducing the topics of re-
search, a brief presentation of the applied spectroscopic technique, namely
photoelectron spectroscopy, may be of use.

1.1 X-ray photoelectron spectroscopy

The main idea is simple. An electron is removed by means of radiation,
and the kinetic energy of the outgoing electron is measured. Knowing the
energy of the radiation, one can calculate the energy by which the electron
was bonded to the nucleus. This energy is called the binding energy, or more
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commonly, the ionization energy. The removal of an electron, ionization, is
often carried out by means of UV-radiation, and then only valence electrons
can be removed. If, on the other hand, X-ray radiation is used, the radiation
has sufficient energy to remove also inner-shell electrons and the technique
is then called X-ray photoelectron spectroscopy, abbreviated XPS.

As an analytical tool, XPS is very powerful. It is element specific for
most elements in the periodic table and can provide detailed information
about the chemical environment, such as oxidation state or the presence of
neighboring atoms (substituents). In the present work, we are investigating
organic compounds and will therefore mainly focus on carbon 1s photoelec-
tron spectra. Essential to the interpretation of the spectra is the chemical
shift which is a difference in ionization energy. A chemical shift can be
caused by a change of substituent that in the next step will influence the
electronic environment of that specific atom and thereby how easily elec-
trons can be removed. These influences can be grouped into initial-state
and final-state effects (relaxation), depending on whether they influence the
charge distribution in the ground state or contribute to lowering the energy
of the final state. Hence, XPS provides a localized picture of the electronic
environment of a single atom. Fairly small changes in the electronic distri-
bution in a molecule can be probed, such as those caused by the presence of
different rotational conformers.[8]

Another important advantage of XPS, is its surface sensitivity. Although
X-rays can penetrate further into the bulk, the detection is constrained by
the limited ability of photoelectrons to escape from the condensed phase.
The higher the energy of the radiation, the more of the surface is accessible.
We have typically worked with radiation energies around 330 eV, corre-
sponding to a escape depth of 5-10 A. For comparison, the longest distance
between hydrogen atoms in an ethene molecule is about 3 A, and hence, we
are in the position of observing only a few monolayers.

1.2 Influence of chlorine on a photoelectron
spectrum

1.2.1 Chemical shift

Due to chlorine’s strong electron withdrawing abilities, there is a large in-
crease in ionization energy for a chlorinated carbon, about 1.5 eV per chlo-
rine. The peaks can therefore easily be distinguished and assigned. These
observations stem from the early days of photoelectron spectroscopy.[9] How-
ever, since then there has been a large improvement on instrumental resolu-
tion, mainly caused by the largely improved radiation sources (synchrotrons)
in the 1990’s. One has also realized that a photoelectron spectrum is far more
rich in information than simply a chemical shift. We have therefore mea-
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sured the spectra of the chlorinated methanes (chloromethanes) and ethenes
(chloroethenes) at high resolution. In addition, a set of mostly non-published
spectra of chlorinated propenes (chloropropenes) are presented. Most of the
spectra in this work have a instrumental resolution of 60-70 meV, and this
allows us to resolve also vibrational fine-structure in the spectra.

1.2.2 Lifetime of a core hole

When a core electron is removed from a carbon, a short-lived hole state is
created. This is an excited state, and it will primarily decay via the Auger
process, namely that an outer electron fills the core hole while a second
valence electron is ejected from the molecule. The decay rate, can, to a
first approximation, be related to the electron density on the ionized atom
(one-center Auger decay). According to this model, the electronegativity of
chlorine will reduce the electron density on the carbon and thereby increase
the lifetime of the core hole.

The excited species has a lifetime of only a few femtoseconds and the
lifetime-energy relation states that one cannot know both the energy and the
lifetime of a state with unlimited precision: AET > h. Here, 7 is the life-time
and h is the reduced Planck constant. AE is the range of energies, observed
as the peak’s full-width at half maximum (fwhm). Hence, the shorter the
lifetime, the larger the imprecision in energy, and the larger the broadening
of the photoelectron spectrum. For a carbon 1s spectrum, it is typically in
the range of 100 meV.[10] Life-time broadening is one of several important
parameters when interpreting a spectrum and can be determined only if all
other parameters, such as vibrational broadening, instrumental broadening
and post-collision interactions, are known. One aim of the present work is
to predict accurately the vibrational broadening so that we can determine
the lifetime of the Cls hole in the series of chlorinated methanes.

1.2.3 Rotamers

Many molecules undergo torsional vibrations in the ground state. If the
potential energy barriers between the torsional minima are sufficiently high,
then the rotation is hindered and the molecule possess two or more stable
rotational conformers or rotamers. Whereas a methyl group rotates freely
at room temperature, chlorine increases the moment of inertia, causing the
chloromethyl group to have a hindered rotation. The two molecules with
a chloromethyl group, 3-chloropropene and 2,3-dichloropropene, therefore
possess two stable rotational conformers.

It is often of interest to decide the relative abundance of rotamers at
room temperature. At this temperature NMR cannot be used as the field
frequency is usually far too low compared to the frequency of the rotation.
IR can be used if the rotation induces significant changes in at least one vi-
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bration, as often is the case. Also, gas electron diffraction and microwave
spectroscopy can be used, although each of them has their limitations. Re-
gardless of method, an experimental determination of relative populations
is a rather demanding task. In principle, theoretical calculations can be
used to predict the energy difference between two conformers and in the
second step, this can be used as input in the Boltzmann factor to predict
relative populations. However, it has proven difficult to predict the energy
differences accurately enough to obtain reliable relative populations. A yet
different approach is to utilize that the photoelectron spectra of two rota-
tional conformers often will be qualitatively different and that the measured
spectrum will be a weighted average of the two individual contributions.
Given that we are able to model both of the contributions, the relative pop-
ulations can be obtained in a least-squares fit of the two model spectra to
the experimental spectrum. [8, 11]

1.3 Ionization, protonation and electrophilic addi-
tion of HCI

Since the early days of XPS, researchers have sought to relate ionization en-
ergies to other chemical properties. Linear correlations between protonation
enthalpies and core-ionization energies have been found for nitrogen, oxy-
gen, and phosphorus in a variety of compounds and later also for carbon.[12—
24] The rationale for comparing protonation and ionization has been that
both processes involve the introduction of a localized positive charge in the
molecule. Often the correlations have slopes close to one, interpreted as ev-
idence for a substituent affecting the energies for the processes in a similar
way.

The process of protonation is the first step for electrophilic addition of a
haloacid, such as HCI, to a molecule in solution.The reaction is regiospecific
and depending on the orientation of HCI, the reaction is classified either as
Markovnikov or anti-Markovnikov, Markovnikov being the preferred. Again,
a localized charge is added to the molecule, and the correlation between acti-
vation energies and ionization energies have been investigated along similar
lines as the protonation enthalpies. Indeed, linear correlations for addition
of haloacids to hydrocarbons have been found, in fact even for gas-phase
electrophilic addition where the process is an one-step reaction without the
formation of a carbocation.[21, 23, 25, 26]

Holme et al. study the addition of HCI to a series of linear alkenes
and find certain patterns, as shown in Fig. 9 in Ref. [26]. Firstly, they
find a linear correlation between ionization energies and activation energies
for Markovnikov addition of terminal alkenes. However, the corresponding
anti-Markovnikov energies cluster together well above the line. Furthermore,
non-terminal alkenes display a more scattered pattern of points falling above
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the line and between the two other groups. From these findings we can
deduce that the matter clearly is more complex than a uniform correlation
of energies between the two processes.

1.4 Bonding of a chlorinated compound to a semi-
conducting surface

One of the two most common silicon surfaces is denoted Si(111)-7x7. The
term 7x 7 reflects the fairly complex reconstruction with a unit cell consisting
of 49 atoms. Today, the most widely accepted model of the structure, is the
one presented by Takayanagi et al.[27] According to their model, the surface
has a large variety of binding sites and the same molecule can potentially
covalently bond at different sites by different mechanisms.[28]

In the present work, we report on studies of the adsorption, both
chemisorption and physisorption, of 1,1-dichloroethene to Si(111)-7x7.[4, 5]
When a molecule is covalently bonded to a surface, we say that the molecule
is chemisorbed. During chemisorption, internal covalent bonds in the
molecule are broken and new bonds between the molecule and the surface
are formed. The chemisorbed species has different properties from the free
molecule. A spectrum of a chemisorbed species (chemisorption spectrum,
for short) is usually different from that of the free molecule, both concerning
internal shifts and the shape of individual peaks. [29-31]

The interpretation of spectra of adsorbed species (adsorption spectra) is
often complicated by limited resolution. Even if the experiments themselves
are of high quality, the polarizable surface induces additional broadening
to the spectra that cannot be avoided. It is therefore useful to search for
tools that can simplify the interpretation and one common approach is to
use computations. Often, a chemisorbed molecule is modeled as attached to
e.g. a SigHja cluster. However, chemical shifts are often mostly depending
on the closest neighbor and we test therefore the validity of a even simpler
model, namely to use SiHs as a model for the changes in ionization energy
caused by a covalent attachment to the surface.

If a molecule is bonded to the surface only by weak van der Waals
forces, the molecule is by definition physisorbed. A physisorbed molecule
is only slightly perturbed compared to the free molecule, in contrast to
the chemisorbed species described above. This could open for another
possible approach for interpretation, namely by comparison to gas-phase
spectra.[32, 33] By means of theoretical models, high-resolution gas-phase
spectra can often be unambiguously interpreted. If this interpretation could
be exploited for physisorbed molecules, it would largely simplify the inter-
pretation and increase the level of confidence. For 1,1-dichloroethene we
explore the hypothesis that a spectrum of a physisorbed species can be
modeled by the corresponding gas-phase spectrum if additional broadening
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is included. In reality, the boarder line between chemisorption and ph-
ysisorption is blurred and many intermediate situations can arise, such as
strong hydrogen bonding or weak charge transfer.[34] A close connection be-
tween physisorption spectra and gas-phase spectra might also open for the
possibility that one is in the position to judge whether a species is truly
physisorbed or if other bonding mechanisms are involved.

1.5 Computations and experiments

Sometimes, computations and experiments can provide the same piece of
information and can then be used to mutually indicate the quality of the two
sets of results. Depending on both the experiment and the computations,
one would have to decide which set of data is considered the most reliable.
Stochastic errors have a higher occurrence in experimental results, while
systematic errors dominate in computed results. Shift in ionization energies,
e.g. the energy difference between two peaks in a spectrum, can also be
predicted theoretically and one may use the measured shift to decide the
quality of the computation.

Often, the matter is even more complex. Not rarely, theoretical mod-
els are invoked in the interpretation of data, and it can be hard to decide
whether the discrepancies are caused by errors in the model used for in-
terpretation, in the measurements or in the computations. Such a situa-
tion arises when one is to interpret high-resolution gas-phase photoelectron
spectra. The spectra posses a large amount of fine-structure, and to be
able to access the chemical information contained therein, we are depend-
ing on computations. All the measured spectra have been interpreted using
a large amount of computed information and the experimental information
obtained is therefore also partly theory dependent. However, the more com-
plex the fine-structure, the less are the chances that one randomly create a
correct model. Correctly predicted geometries is one of the cornerstones to
be able to create models that reproduce the spectra. Hence, a good fit is a
clear indication of correctly predicted molecular geometries and the spectra
can therefore be used indirectly to evaluate computed molecular geometries.

In order to use computations as efficiently as possible, it is useful to
be able to perform computations at the desired and well-defined level of
accuracy. Chlorine can represent a computational challenge, even the C-
Cl bond length in CH3Cl has proven difficult to predict at a very precise
level.[35] Since chlorine is highly polarizable, it demands for polarization
functions and diffuse functions, rapidly increasing the computational costs
if larger basis sets are used. Also, electron correlation needs to be treated
more carefully, leading to more costly methods. Part of our aim is to get
insight in how well common methods and basis sets are performing when it
comes to geometries and energies of chlorinated compounds. By studying
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variations in a systematic manner, one might find corrections that can be
applied to related systems.
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Chapter 2

High-resolution X-ray
photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS), originally called Electron Spec-
troscopy for Chemical Analysis (ESCA), is a technique dating back to the
mid 1960’s. The work of Kai Siegbahn and coworkers was awarded the Nobel
Prize in Physics in 1981. The technique has several apparent strengths; it is
atom-specific for nearly all atoms in the periodic table, has a high surface-
sensitivity and can be applied to gas, liquid as well as the solid state. If con-
ventional X-ray sources are used, it can be performed as a home-laboratory
experiment. However, to achieve high-resolution spectra where vibrational
fine structure is also resolved, monochromatized synchrotron radiation is
needed. The photoelectron spectra in the present work were measured at
the synchrotron facilities MAX-lab in Sweden and at the Advanced Light
Source (ALS) in Berkeley, California. These two facilities are quite simi-
lar, and a procedure for uptake of X-ray photoelectron spectra at beamline
1411 at MAX-lab is described below.[36, 37] Details about the beamline at
ALS, Beamline 10.0.1, can be found in Ref. [38]. XPS measurements of
compounds adsorbed to a silicon surface are described in a separate section
below.

Except for a chlorine 2p spectrum (Ref. [4]), only carbon 1s photoelec-
tron spectra are included. A carbon 1s spectrum typically consists of several
main peaks, one for each chemically unique carbon. As a first approxima-
tion, one may assume the relative intensities of the peaks to reflect the
stoichiometry of the various carbons. However, it is important to note that
several phenomena can alter this ratio significantly, e.g. shake-up/shake-off
effects or the more recently discovered phenomena of photon-energy depen-
dent scattering effects.[39]
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2.1 Synchrotron radiation

In Fig. 2.1, an overview of the MAX-lab facility is given. Electrons are
accelerated to a speed close to the speed of light and inserted in a storage
ring by the injector. Beamline 1311 is the leftmost beamline, next to 1411,
and both beamlines are connected to the MAX II storage ring.

Figure 2.1: An overview of the MAX-lab facility. Reproduced with permis-

sion from MAX-lab.

Several devices at an electron
storage ring can create synchrotron
radiation, so as bending magnets,
wigglers and undulators. An undu-
lator consists of a periodic array of
magnets. The electromagnetic field
enforces the electrons to oscillate
and thereby create electromagnetic
radiation. By varying the distance
between the two arrays, one can ad-
just the wavelength of the radiation.
However, the resulting radiation is
still a somewhat broad distribution
of wavelengths. One can narrow the
distribution through monochroma-
tization and this takes place at the

Figure 2.2: An undulator produces ra-
diation by causing a periodic angular
acceleration of electrons. Reproduced
from Ref. [40].

beamline, the straight section departing from the storage ring. The soft
X-ray monochromator at beamline 1411 is a Zeiss-SX-700 plane grating
monochromator and consists of a diffraction grating and an adjustable, nar-
row slit. At the end of the beamline is an experimental station where the

measurements are performed.
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2.2 Experimental station and acquisition of spec-
tra

The compounds in the present work have a significant vapor pressure at
room temperature and are measured in the gas-phase. They are cleaned
by freeze-pump-thaw cycles before the vapor is let into a gas cell were it is
hit by the incoming radiation. The gas-phase spectra in the present work
are measured at 330 eV photon energy. The photoelectrons are analyzed
using a Scienta Electron Spectrometer (SES-200). A spectrometer analyzer
consists of an electron lens and a detector. The electron lens focuses the
electrons towards the entrance slit of the analyzer and also either retards
or accelerates the electrons to a known pass energy before they enter the
analyzer. The angle between the spectrometer and the analyzer was chosen
to be close to 54.7° (the magic angle). At this specific angle, the electron
intensity is proportional to the case where electrons are collected over all
possible angles.

In the analyzer, the electrons are shielded from the external magnetic
field. The electrical field between the two hemispherical electrodes is var-
ied, and electrons of different kinetic energy are detected. The detector
is a multichannel detector equipped with a grating to control the incom-
ing direction of electrons. The electrons then pass two micro-channel plates
(electron multiplicators) and hit a phosphorous screen thereby creating a
flash. These flashes are further detected by a charge-coupled device (CCD)
camera and counted. These numbers are the intensities (y) at each energy
(x) and constitutes the photoelectron spectrum.

2.3 Calibration

The actual wavelength of the radiation can differ from the set wavelength
and it is therefore necessary to calibrate the sample against a calibrant
with already known ionization energy that does not overlap with the sample
peak. For most carbon 1s spectra, COs is a useful reference compound with a
reported ionization energy of 297.664 eV.[41] The calibration was performed
by measuring a mixture of calibrant and sample. Also, the COs calibration
spectrum provides a useful measure of the instrumental resolution, since this
parameter can be left as the only free variable in a least-squares fit to the
spectrum. This was of particular use of when determining core-hole lifetimes
of chlorinated methanes.[1]
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2.4 Experimental procedures for surface measure-
ments

Spectra of 1,1-dichloroethene adsorbed to a Si(111)-7x7 surface were mea-
sured at Beamline 1311 at MAX-lab. This beamline has an experimental
section optimized for surface measurements and is described in Ref. [42].
The Si(111) surface was cleaned by cycles of flashing the surface above
1000°C followed by annealing below 900°C. Silicon 2p spectra were mea-
sured to verify that the surface was clean and the 7x7 surface structure was
verified. Liquid 1,1-dichloroethene was cleaned by freeze-pump-thaw cycles
before exposure.

Chemisorption was carried out by stepwise exposing the surface to a total
of 10 L sample at room temperature. Next, the system was cooled to 120
K by means of Na(1) and spectra of the chemisorbed species were measured.
Then, the surface was exposed to another 10 L at 120 K, leading to the
formation of a physisorbed layer on top of the chemisorbed molecules. These
spectra contain contributions from both the chemisorbed and physisorbed
species. Due to low intensity close to the Fermi level, the spectra are plotted
on a relative binding energy scale, in lack of a indigenous ionization-energy
reference. Carbon 1s spectra were measured at 320 and 330 eV photon
energy with estimated resolutions of less than 90 meV. Chlorine 2p spectra
were measured at 250 eV photon energy and have a estimated resolution of
less than 60 meV.



Chapter 3

Computational

The results of the present work are based on extensive use of quantum
chemical calculations. A quantum chemical calculation seeks to solve ap-
proximately the Schrédinger equation:

HU = EW (3.1)

H is the quantum chemical operator, ¥ is the wave function, and E is the
total energy of the system. However, since the equation cannot be solved
exactly for many-electron systems, the solution needs to be based on a set
of approximations. Firstly, the Born-Oppenheimer approximation states
that, due to the large difference in mass between electrons and nuclei, the
electrons can be considered to move in a stationary framework of nuclei.
As a consequence of this, the total wave function, ¥, can be separated into
one nuclear and one electronic part: ¥ = Ynuciear X Yelectronic- Different
approaches to solving the electronic part of the Schrodinger equation have
resulted in several main classes of computational methods, such as Hartree-
Fock and post Hartree-Fock ab initio methods and density functional theory
methods.

The present chapter starts with a very brief presentation of the main
computational methods used throughout the work, emphasizing the differ-
ences between them. It will also give an overview of the wave function
descriptions, namely the basis sets. Finally, it seeks to give the reader
the necessary details about how various chemical properties, such as ioniza-
tion energies, geometries, protonation enthalpies and activation energies, are
computed. Unless explicitly stated, the computations are performed using
the Gaussian package of programs, G03 or G09.[43]

13
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3.1 Computational methods

3.1.1 Hartree-Fock

Hartree-Fock (HF) is the foundation for all the other methods used in this
work. It is based on the Hartree-Fock assumption, namely that the true
wave function for a system can be approximated by an antisymmetrized
product of one-electron wave functions, a Slater determinant. According to
the variational principle, the correct solution to the Schrodinger equation
is approached by varying the wave functions so that the total energy (E) is
minimized.

The Hartree-Fock operator, f, is a one-electron operator and can be
expressed as

% =Te+ VNe + VHF,ee (32)

T, is the kinetic energy of the electron and Ve is the potential energy due to
the electron-nucleus attraction. Vyr e is the Hartree-Fock potential which
is the repulsive potential experienced by one electron due to the average
positions of every other electrons in the molecule. Vyp e can further be
separated into two components. The first component is the sum of pairwise
coulomb repulsions between the electron and every other electron. The
second component is the exchange potential (EZ).

In HF it is assumed that the total wave function can be separated into
one-electron wave functions. If this were correct, it would imply that each
electron behaves independently from the others, which it does not. As a
consequence, the HF energy (Epr) is always higher than the true energy
(Eg). Lowdin called this difference the correlation energy: Econ = Eo -
Epr.[44] The electron correlation energy increases in magnitude with the
number of electrons and with increasing electron density.

The correlation energy can be discussed in terms of dynamical and static
electron correlation.[45] Dynamical correlation is the far most important and
is related to the fact that there is instantaneous repulsion between the elec-
trons. HF does not take into account that due to this repulsion the electrons
instantaneously adjust their positions so as to minimize the total energy. As
a consequence, the electron-electron repulsion included in HF is too large
and therefore also the total energy, Eigr. The second contribution to the
correlation energy, static correlation, becomes important when different elec-
tron configurations are close in energy so that the system can be in different
states. Then a single Slater determinant cannot be qualitatively correct and
the HF approach leads to a wrong description of chemical properties such
as for example geometries.

Post-Hartree-Fock methods and density functional theory methods seek
to reduce the HF discrepancies through different approaches, and we focus
in the following on how the the dynamical correlation is treated.
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3.1.2 Post Hartree-Fock methods

A Mller-Plesset (MP) calculation consists of a HF calculation followed by
a calculation of the correlation energy correction by means of perturbation
theory.[46] The perturbed wave function and perturbed energy are expressed
as power series in the perturbation, which in MP is the difference between
the correct electron-electron repulsion operator and a sum of Hartree-Fock
potentials (one for each electron). The MP method is further named after
the highest power that is retained in these power series, i.e., the truncation
level. Two different MP methods were used in this work, namely MP2 and
MP4(SDQ). MP2 includes only second-order corrections to the energy.[47]
MP4(SDQ) is truncated after the fourth-order terms, but it is not a full MP4
as it only includes single, double and quadruple excitations of electrons into
virtual orbitals.

Another important group of methods are the coupled clusters methods.
They use an exponential cluster operator to account for dynamic electron
correlation in terms of excitations into virtual orbitals to create a new wave
function. We have used CCSD(T), coupled clusters with singles and doubles
and perturbative treated triples excitations.[48] Also included in CCSD(T)
are the products of single- and double excitations, so that higher order
excitations to some extent is included.

Coupled clusters and MP methods increase rapidly in computational
costs as higher orders of electron correlation are included and the most
accurate computations are only possible for rather small chemical systems.

3.1.3 Density functional theory

Density functional theory (DFT) commonly replaces the HF electron-
electron repulsion term, Vgpee, in the HF operator (Eq. 3.2) with new
terms to include both electron correlation and exchange energy. We have
applied the Becke three parameter hybrid functional B3LYP.[49] It is called
a hybrid functional because it includes a mixture of HF exchange and DFT
exchange-correlation. Three (3) constants (ag, a; and ac) are obtained by
optimization of results towards a set of experimental data.

ao-E)S(later—i-(].—ao)-E§F+CLX'AE§66k6+ac-EéYP+(1—ac)~EgWN (33)

The subscripts X and C denotes exchange and correlation, respectively.
B3LYP uses the non-local correlation provided by the LYP expression de-
veloped by Lee, Yang, and Parr.[50] Local correlation is described partly by
local terms included in LYP and partly by the VWN functional III. [51]
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3.2 Basis sets

When performing a quantum mechanical calculation, the wave functions
are expressed in terms of molecular orbitals, which in turn are found as
linear combinations of predefined functions. These functions constitutes a
basis set and the more basis functions, the larger the flexibility. However, a
larger number of basis functions also increases the computational cost and
one therefore often wants to increase the flexibility in regions where the
benefits are the largest. Commonly, a basis set is improved by adding extra
polarization functions or diffuse functions. Polarization functions allows for
a more asymmetrical electron distribution whereas diffuse functions extend
over a larger radial distance from the nucleus. An overview of the most
frequently used basis sets in the present work, is given in Tab. 3.1. Here,
the aug prefix indicates that the basis set includes diffuse functions. Since
the cc-pVTZ and cc-pVQZ sets do not include tight polarization functions,
an extra tight d-function is added for chlorine (4d).

When computing theoretical ionization energy shifts for chemisorbed
1,1-dichloroethene,[4] the 6-311G(d) basis was used for silicon.[52] The re-
maining atoms were represented by the tzp basis described above.

It should be added that a large basis set usually is more important for
post-Hartree-Fock methods than for density functional methods.[53] There-
fore, it was considered sufficient to use the tzp basis for most B3LYP calcu-
lations, although the basis did not perform well for CCSD(T) calculations
on chlorinated compounds.
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3.3 Ionization energies and geometries

As the core of each ionized atom is represented by an effective core potential
described below, only relative ionization energies can be computed. In most
cases, geometries were optimized at the CCSD(T)/tzp level and the energies
found in single-point calculations in this geometry. Corrections for zero-
point vibrations were computed at the B3LYP /tzp level of theory.

3.3.1 Hole-state calculations

The core of the ionized carbon was represented using the effective core po-
tential (ECP) of Stevens et al. scaled to account for only one electron in
the 1s shell.[60, 61] The validity of the ECP model for computing energies
and geometries was explored by a series of hole-state calculations at the HF-
level.[1, 2] These were conducted using the Dalton package of programs.[62]

3.3.2 Additional corrections

For the chlorinated methanes, the effect of basis-set superposition errors
(BSSE) on geometries were accounted for by counterpoise corrections.[63]

The most significant contributions to electron correlation comes from in-
teractions between valence electrons and the default setting in Gaussian is to
include only this interaction. When computing geometries of the chlorinated
methanes, also core-core and core-valence correlation corrections were com-
puted at the MP2 level. In addition, they were computed at the CCSD(T)
level for chloromethane and dichloromethane.

3.4 Extended Koopman’s theorem

If one substituent is interchanged with another, the resulting shift in ion-
ization energy (AIE) is partly caused by a new charge distribution in the
ground state (AV) and partly by a different pattern for charge delocaliza-
tion in the final state (AR). These contributions are commonly referred to
as initial- and final-state effects and the relation can be written
AIE = AV - AR.

Koopman’s theorem states that the initial state potential is given by the
orbital energy, €.. To also include electron correlation, an extended version
of Koopman’s theorem (EKT) was developed [64]:

AVEET — _ A, 4 A(UCoT — UHF) (3.4)

U is the electrostatic potential at the site of ionization. UHF is computed

using Hartree-Fock (HF') while U™ is the potential computed using an elec-
tron correlation method, in the present case MP4(SDQ). AR was calculated
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as the difference between AVFET and the experimental shift, AIE. Usually,
AVERT ig referred to as AEKT.

3.5 Protonation enthalpies

Protonation enthalpy, AHpot, is the enthalpy of the reaction of adding a
proton (HT) to a species and is the negative of the proton affinity. The
protonation enthalpies were computed as the difference in enthalpy between
the protonated state and the two ground-state species, a neutral molecule
and a proton. The enthalpies were calculated by means of Gaussian-4 theory
(G4)[65]. The temperature was set to 298 K and the enthalpy of the proton
was predicted as (5/2)RT.

3.6 Activation energies for electrophilic addition

Activation energies (E,) for the addition of HCI to chlorinated ethenes and
propenes, as well as to ethene and propene and 2-methylpropene, were com-
puted as the difference in energy between the ground-state species and
the transition-state complexes. Gas-phase geometries were optimized us-
ing BBLYP/tzp. Next, single-point energies for the species were computed
using CCSD(T)/aug-TZ. To obtain corrections for basis set incompleteness,
single-point energies were computed at the MP4(SDQ) level using aug-TZ
and aug-QZ. In addition to these corrections, the final estimates of the gas-
phase activation energies also included thermal corrections at 298 K.

To mimic the effect of a solvent phase, the scrf keyword (self consis-
tent reaction field) in G09 was used. The geometries were re-optimized in
two different polar surroundings according to the Polarizable Continuum
Model using the integral equation formalism variant (IEFPCM).[66] Solvent
parameters corresponding to 1,1,1-trichloroethane were chosen, and the cav-
ities were defined using the United Atom Topological Model (UAQ). The
solvent-state energies were used without any further corrections.
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Chapter 4

Analyzing a photoelectron
spectrum by means of
theoretical lineshapes

The previous two chapters describe how photoelectron spectra are recorded
and give a brief introduction to the computational methods that are used
in this thesis. The present chapter seeks to bring these two together and
describe how theoretical computations are used in the interpretation of the
experimental data. Our aim is to extract an ionization energy for each
chemically inequivalent site in a molecule from a spectrum. To be able to
do so, we predict a theoretical vibrational lineshape for each site based on
the Franck-Condon principle that will be described below.

Intensity (arb. units)

—r 1 1T
290 291 292 293
Ionization energy (eV)

Figure 4.1: Carbon 1s spectrum of ¢rans-1-chloropropene. The overall fit
(red line) to the experimental data (circles) is the sum of three theoreti-
cal vibrational lineshapes, C1 (blue), C2 (green) and C3 (orange), and a
constant background. Ref. [2].
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Fig. 4.1 displays the experimental carbon 1s photoelectron spectrum of
trans-1-chloropropene, HCIC=CH-CHj3. The peak at highest energy can
unambiguously be assigned to Cl1 due to the higher electronegativity of
chlorine. The low-energy peak contains contributions from both C2 and
C3. It has a shoulder at lower binding energy and a distinct feature at
291.4 eV. Included in the figure are also the three theoretical lineshapes used
to fit the spectrum (thin lines) and the resulting model spectrum (thick, red
line). The model spectrum does not constitute a perfect description of the
experimental spectrum, and in particular the peak assigned to the chlorine-
substituted carbon is less well represented. However, the lineshapes are
quite different and can by no means be interchanged, so the peaks can be
unambiguously assigned. Furthermore, the description at the low energy-
side of each peak is the most important, and since this is well described, we
know from experience that the uncertainty in ionization energy will be less
than 50 meV.

4.1 The Franck-Condon principle

Why do the theoretical lineshapes in Fig. 4.1 look different, and how can
they be predicted? A spectrum of a single atom may very well consist of only
a single line but when a molecule is ionized, it will often also start vibrating.
The additional energy involved in the vibrational excitation will decrease the
kinetic energy of the outgoing photoelectron and the corresponding signal
will appear as a satellite peak at higher energy in the spectrum. To interpret
the vibrational fine structure of the spectrum, we can predict the positions
and intensities of these additional satellites, or, in other words, construct a
theoretical vibrational lineshape.

Each vibrational state of a molecule is described by a vibrational wave
function, |v). We denote the vibrational wave functions of the ground state
|v;) and those of the final state |vf). Fig. 4.2 is an illustration of the Franck-
Condon principle for an one-dimensional case. As often is the case, the
potential energy surfaces of the two states are approximated by harmonic
potentials. The lowest vibrational states, |v;0) and |vgg), are the zero-point
vibrational states and a transition between these is an adiabatic transition.
The adiabatic ionization energy is the energy required to perform this tran-
sition, and although not explicitly stated above, this is the energy we would
like to extract from our spectra. For XPS measurements performed at low
resolution, vertical ionization energies are usually reported. The vertical
ionization energy is the average ionization energy when all vibrational exci-
tations are included.
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Figure 4.2: The Franck-Condon principle illustrated for an one-dimensional
case.

The Franck-Condon principle states that the probability for a given
transition, is given as the squared overlap integral between the two vibra-
tional wave functions, illustrated by the two grey lines in Fig. 4.2. The en-
ergy positions of each satellite relative to the adiabatic transition becomes
(€v; —€u;) — (€0, — €0,)- If we perform a full Franck-Condon analysis, we get
a theoretical vibrational lineshape, analogous to the one illustrated in blue
to the right in the figure.

4.2 Broadening of a photoelectron spectrum

However, neither the experimental spectrum nor the lineshapes in Fig. 4.1
appears as a set of sharp peaks similar to those to the right in Fig. 4.2.
Firstly, the incoming radiation is not perfectly monochromatized, and con-
tributions from the analyzer and detector induces additional uncertainty to
the measured kinetic energy. The sum of these contributions, commonly
referred to as instrumental broadening, is usually well represented by a
Gaussian-shaped broadening function. Secondly, even if we could perform a
measurement with infinite accuracy, we could not avoid life-time broaden-
ing. Thirdly, a carbon atom will relax from the excited core-hole state by
emitting an Auger electron. If the photoelectron is overtaken by the Auger
electron, it experiences a effective potential of 42 and is retarded. In the
spectrum, this is observed as an asymmetry of the peak and the phenomena
is often referred to as post-collision interactions.
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4.3 Overview of the Franck-Condon analysis

Geometries of the neutral ground and ionized states are optimized and for
each stationary state, normal modes and harmonic normal mode frequen-
cies are predicted at the B3LYP/tzp level. In a second step, geometries
were re-optimized at a higher level using CCSD(T)/tzp or better. Finally,
B3LYP/tzp normal modes and normal mode frequencies were combined with
changes in geometries computed at the higher level. All C-H contractions for
the ionized carbons (C*) are reduced by 0.3 pm for sp?-hybridized carbons
and 0.2 pm for sp?-hybridized carbons to account for neglect of core-core
and core-valence correlation and basis set deficiencies. [61] All frequencies
are scaled by a factor of 0.99 to correct for systematic errors and the fre-
quency of the symmetric C*-H stretching mode is scaled by an additional
factor of 0.97 for sp?- and 0.96 for sp3-hybridized carbons.

Normal modes in the initial and final states are paired off and Franck-
Condon integrals are computed in the harmonic approximation for most
vibrational modes. One exception is the symmetric C*-H stretching mode
which is described by a Morse potential. For the chlorinated ethenes, nor-
mal modes and the differences in equilibrium geometries were expressed in
Cartesian coordinates. For the chlorinated methanes and propenes, normal
coordinates were expressed in internal coordinates by means of the ASYM
program [67] and internal coordinates also used in the subsequent steps.

Fitting of theoretical lineshapes to the experimental spectra are per-
formed by a least-squares procedure as implemented in the SPANCF pack-
age written for Igor Pro (Igor Pro 6).[68, 69] Life-time broadening and post-
collision interactions are described by the combined function of van der
Straten et al.[70] The lifetime width was constrained to 100 meV for non-
chlorinated carbons [71, 72] and reduced by 10 meV per chlorine directly
attached to the ionized carbon.[1] The Gaussian width was either a free pa-
rameter equal for all atoms or it was constrained to the value obtained from
analyzing the CO9 peak in the calibration spectrum.[1]

4.4 Possible shortcomings

Imperfections in a model spectrum, such as those shown in Fig. 4.1, may
originate from one or more of the approximations invoked when applying
the Franck-Condon principle to a system with multiple vibrations. For the
chloromethane series, we aim to estimate the lifetime broadening and there-
fore need to predict the vibrational lineshape as accurately as possible. With
this aim, it is useful to evaluate every possible source of inaccuracy in the
predicted lineshape and the present section seeks to give a short overview
of possible shortcomings in our standard procedure.

Firstly, the intensities of a vibration is to a large extent depending on a
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correct prediction of the change in geometry upon ionization and as a rule
of thumb, changes in bond distances should be correct within 0.1 pm for a
precise description. Here, the choice of electron structure method and basis
set is important and also the approximations often applied therein. The ef-
fective core potential used to describe the core of the ionized atom may be
a possible source of error, as well as lack of correlation for inner electrons
and neglect of basis-set superposition errors. Secondly, there is a choice of
electronic structure method for computing normal modes and normal-mode
frequencies and also a choice if these should be computed in the harmonic
model. After computing the potential energy surface (PES), it is approxi-
mated by a function, usually a harmonic potential. As for symmetric C*-H
stretching, a Morse potential may be more appropriate. Thirdly, there is a
choice whether normal modes and changes in equilibrium geometries upon
ionization are to be expressed in internal or Cartesian coordinates. Curved
motions are difficult to describe in Cartesian coordinates as they simply will
describe a linear motion between two points and the representation is fur-
ther deteriorated for large displacements. Bond angles and dihedral angles
are curvilinear coordinates and intrinsically describe a curved vibrational
path for an atom. Internal coordinates will improve on this by express-
ing the motion as a change in angle. When mapping final-state normal
coordinates onto initial-state coordinates, we obtain a Duschinsky matrix.
In the further treatment, after resorting modes to make the diagonal of
the Duschinsky matrix as dominant as possible, off-diagonal elements are
usually neglected, implying that we are neglecting rotation of vibrational
modes between the two states. Also, thermal effects are usually neglected
and we consider then only transitions from |v;p). However, as an example,
1,1-dichloropropene turned out to have significant thermal excitation in the
ground state and a different treatment is then necessary. [2]
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Chapter 5

Major results

In the present chapter, some of the most important results from Refs. [1-5]
are reported and discussed. Firstly, the role of chlorine as a substituent in
each of the three processes core ionization, protonation and electrophilic ad-
dition is analyzed. Next, similarities and differences in how chlorine behaves
in the three processes are highlighted. The accuracy of computed energies
and geometries for chlorinated compounds are evaluated based on measured
energies and their abilities to reproduce experimental spectra. Lifetimes for
the core holes of chlorinated methanes are measured and the relative popu-
lations of the stable conformers of 3-chloropropene and 2,3-dichloropropene
are determined from their Cls spectra. Finally, we report results for ad-
sorption of 1,1-dichloroethene on a Si(111)-7x7 surface as studied by XPS.

5.1 Carbon 1s ionization energies

Carbon 1s (Cls) photoelectron spectra are recorded for four chlorinated
methanes, namely CH3Cl, CH5Cly, CHCl3, and CCly.[1] Also, Cls spec-
tra for six chlorinated ethenes (CoHy_,,Cl,,) and seven chlorinated propenes
are recorded.[2] The instrumental resolution of the spectra are in the range
60-80 meV. The spectra are analyzed by means of theoretical vibrational
lineshapes to obtain accurate Cls ionization energies. The absolute uncer-
tainty in the energies is about 0.03 eV while the relative uncertainty may
amount to 0.02 eV. To account for the possibility that it is lower, ionization
energies are quoted by three decimals.

5.1.1 Chlorinated methanes

Cls ionization energies of the four chlorinated methanes as reported in
Ref. [1] are included in Tab. 5.1. Also included are ionization energies rel-
ative to methane. Rightmost in the table, ionization energies computed
relative to the compound with one less chlorine are listed.
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Table 5.1: Absolute and relative carbon 1s ionization energies for chlorinated
methanes (eV).

Molecule IE AIE® Increase?
CH3Cl1 292.321 1.632 1.632
CH5Cl, 293.774  3.085 1.453
CHCl3 295.092  4.403 1.318
CCly 296.307 5.618 1.215

2Computed relative to methane, 290.689 eV, c.f. Ref. [41].
bComputed relative to the chlorinated methane with one less chlorine.

The average increase in ioniza-
tion energy per chlorine is 1.45 eV,
but as also is illustrated in Fig. 5.1,
the increase in ionization energy is
leveling off as the number of chlo-
rines is increasing. The increase in
ionization energy of chloromethane
compared to methane, is 1.632 eV.

Relative IE (eV)

0.0 ¢ T T T ]
For dichloromethane, the increase is 0 1 2 3 4

0.179 eV lower than twice the ef- Number of attached chlorines

fect of one chlorine. We may think

of this as the action of one chlorine
being modified by the presence of a
second chlorine, or more correctly,

Figure 5.1: Cls ionization energies for
methane and chlorinated methanes.
The black line represents a first-order

as a mutual interaction between the
two substituents. We may think of
1.632 eV as the substituent parameter for chlorine and 0.179 eV as an inter-
action parameter. If we apply these two parameters for trichloromethane, we
obtain: (3 x1.632+3 x —0.179) eV = 4.359 eV. This is only 0.044 eV lower
than the measured relative energy. Including interactions between every
pair of chlorines, we obtain for tetrachloroethene 5.454 eV which is 0.164 eV
lower than the measured shift. Hence, our model is able to predict triple but
not quadruple substitution. One possible explanation may be found when
comparing Mulliken charges for carbon computed using (aug)-cc-pV(T+d)Z.
They are 0.21, 0.36, 0.42 and 0.42 for ng; = 1, 2, 3, 4, respectively, effec-
tively reducing the charge per chlorine throughout the series. [1] As the
amount of charge per chlorine is decreasing, the influence of a chlorine on
the ionization energy and the mutual interactions between chlorines must
change correspondingly.

The ionization energies above could have been fitted using a linear re-
gression including higher-order terms to account for interactions between

regression to the data.
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parameters as described in Ref. [73]. However, then the interactions pa-
rameters are averaged so as to suit the complete set of data. This will
deteriorate the description for less substituted compounds in favor of de-
scribing the more anomalous multiple-substituted compounds. We choose
therefore in the present work to analyze also the chlorinated ethene and
propene ionization energies in terms of additivity and departure from ad-
ditivity for single and double substitution. Finally, the model is tested for
multiple substitution.

5.1.2 Chlorinated ethenes and propenes

The measured adiabatic Cls ionization energies for the six chlorinated
ethenes and seven chlorinated propenes are included in Tab. 5.2.[2] In addi-
tion, we rely on previously published ionization energies for ethene [41] and
propene.|[21]

g
H Cl H CH H CH
:B a: :[3 Oli 3 :B a: 2
H H H - H H

A B C

Figure 5.2: Ethene substituted with chlorine (A), methyl (B), and
chloromethyl (C).

For the sp? carbons, we may analyze the ionization energies along the
same line as described for the chloromethanes above. Although the com-
plexity is slightly larger, all the compounds can be thought of as ethene
where one or more of the hydrogens are replaced by either chlorine, methyl
or chloromethyl. Next, these substituents are categorized as being either in
« or [ position to the site of ionization, e.g. either attached to the ionized
carbon or to the neighboring sp? hybridized carbon. For simplicity, a sub-
stituent in the « position is denoted as an « substituent, and similarly for
8.

A substituent may act both by changing the ground-state electrostatic
potential and by contributing to relaxation upon ionization. Ground state
potentials were computed by means of the Extended Koopman’s theorem
described in Sec. 3.4. The resulting AEKT may be thought of as the change
in potential when substituting ethene with either of the substituents. The
relative relaxation, AR, is computed as: AR=AEKT - AIE.
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Table 5.2: Adiabatic carbon 1s ionization energies (eV) for chlorinated
ethenes and propenes. From Ref. [2].

Molecule IE AIE !  Ref.
Propene C1 290.136  -0.559 [21]
C2 290.612 -0.083 [21]
C3 290.671 -0.024 [21]
Chloroethene C1 292.203  1.508 [2]
C2 290.744  0.049 [2]
(lis-1,2-dichloroethene 292.148  1.453 [2]
Trans-1,2-dichloroethene 292.1622  1.467% [2]
1,1-Dichloroethene C1 293.516  2.821 [5]
C2 290.761  0.066 [5]
Trichloroethene C1 293.428  2.733 [2]
C2 292.138  1.443 [2]
Tetrachloroethene 293.435%  2.740% 2]
('is-1-chloropropene C1l 291.626  0.930 [2]
C2 290.666 -0.029 [2]
C3 290.782  0.087 [2]
Trans-1-chloropropene C1 291.619 0.924 [2]
C2 290.663 -0.032 [2]
C3 290.949  0.254 [2]
2-Chloropropene C1l 290.304 -0.391 [2]
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C2 292100 1.405 [2]
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[

C3 291.081  0.386 [2]
3-Chloropropene, gauche C1 290.496 -0.199 [2]
C2 290.949 0.254 [2]
C3 292.201 1.506  [2]
3-Chloropropene, syn C1 290.355 -0.340 [2]
C2 290.885  0.190 [2]
C3 292204 1509 [2]
1,1-Dichloropropene C1 292.963  2.268 [2]
C2 290.747  0.052 [2]
C3 290.948  0.253 [2]
Cis-1,3-dichloropropene C1 291.998  1.303 [2]
C2 290.986  0.291 [2]
C3 292275 1580 [2]
2,3-Dichloropropene, anti C1 290.472  -0.223 [2]
C2 292.323 1.628 [2]
C3 292.550  1.855 [2]
2,3-Dichloropropene, gauche C1 290.596  -0.099 [2]
C2 292.397 1.702  [2]

C3 292.512  1.817 [2]
! Tonization energies computed relative to ethene, 290.695 eV, cf. Ref. [41].
2 Here, the uncertainty is about 0.04 eV for absolute energies and 0.03 eV for
relative energies.
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Effect of single substitution: Substituent parameters

Fig. 5.2 illustrates the three single-substituted compounds, namely chloroethene
(A), propene (B) and 3-chloropropene (C). 3-Chloropropene possess two sta-
ble conformers at room temperature. The chemical shift between these is
significant and therefore they both need to be included. The substitution
parameters, computed as shifts relative to ethene, are given in Tab. 5.3.

Table 5.3: Substitution parameters (eV) for X-HC,=CgHs. From Ref. [2].

Substituent AIE AEKT® ARP
Carbon site— o 15} « B8 Q@ I}
Cl 1.51 0.05 1.92 0.48 0.41 0.43
CH; -0.08 -0.56 0.15 -0.28 0.23 0.28
CH,Cl, gauche 0.25 -0.20 0.66 0.35 0.41 0.55
CHCl, syn 0.19 -0.34 0.61 0.10 0.42 0.44

2Calculated using MP4(SDQ)/(aug-)TZ.
’AR = AEKT - AIE

We observe, as already early discovered [9], that the direct influence
of a chlorine is to increase the ionization energy of the carbon to which
it is attached by approximately 1.5 eV. This is primarily an initital-state
effect amounting to 1.92 eV modified by a relaxation of 0.41 eV. Seem-
ingly, a 8 chlorine does to a little extent influence the ionization energy,
introducing only a small positive shift of 0.05 eV. In reality, a rather large
influence (0.48 V) on the initial-state potential is nearly canceled by relax-
ation (0.43 eV). Noteworthy, the relaxation caused by chlorine is of similar
magnitude both to the « and § position.

The net effect of a methyl group is to decrease the ionization energy. In
contradiction to chlorine, the effect is larger when methyl is in 8 position
(-0.56 eV) compared to «a (-0.08 eV). The large § shift is caused by a charge
donation both in the ground state and upon ionization, the two being of
similar magnitude. An « methyl is slightly electronegative in the ground
state but is even a more efficient electron donor upon ionization.

Averaging gauche and syn, the influence of chloromethyl is intermediate
to that of chlorine and methyl, increasing the ionization energy of the «
carbon by about 0.2 eV and decreasing it by approximately -0.3 eV for the
B carbon. Both in « and 8 position, the electron withdrawing abilities are
about 1/3 of that of chlorine while the donating abilities are of comparable
magnitude to that of chlorine but smaller than that of a methyl.

Chloromethyl allows us to evaluate also the more distant effect of a chlo-
rine. Comparing syn and gauche, we observe that there is indeed an influence
on the ionization energies induced by the position of chlorine, primarily in
the initial state. Furthermore, both the initial- and the final state is of the
B site are more influenced than those of the « site. This is consistent with
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an expectation of a through-space interaction between the terminal chlorine
and a carbon to be larger for Cg than C,.

Effect of double substitution: Interaction parameters

We focus here on the interactions between chlorine and the other sub-
stituents. We assume that the substituent parameters in Tab. 5.3 are
additive and that departure from additivity carry information about the
interaction between substituents in a similar manner as described above
for chloromethane. The upper part of Tab. 5.4 includes the interaction
parameters for substituents being on the same carbon as chlorine, e.g.
(;(1 >Co=CgHs. In the lower part, the substituents are on neighboring car-
bons: Cl-C,H=CgH-X. AIE, AR, and AEKT are defined as being o or 3
relative to the position of the first chlorine.

Table 5.4: Cl-X Substituent interaction parameters (eV). From Ref. [2].

Cl-X Interaction AIE AEKT? AR?
Carbon site— Q@ I} «Q B «a B

(;’(1 >Ca:CﬂH2 :

Cl-Cl -0.20  -0.03 -0.26  -0.15 -0.07  -0.12
Cl-CH3 -0.02 0.12 -0.02 0.02 0.00 -0.10
Cl-CH,Cl, gauche -0.06 0.05 -0.15  -0.08 -0.09 -0.13
Cl-CH2Cl, anti -0.07 0.07 -0.11  -0.08 -0.04 -0.15

Cl-C,H=CzH-X :

trans-Cl-Cl -0.09 -0.12 -0.03
cis-Cl-C1 -0.10 -0.17 -0.07
trans-Cl-CHjs -0.03 0.00 -0.09  -0.09 -0.06  -0.09
cis-C1-CHg -0.02 0.01 -0.02 -0.01 -0.01  -0.01
cis-Cl-CH,Cl -0.01 -0.01 -0.10 -0.08 -0.09 -0.07

2AEKT is calculated using MP4(SDQ)/(aug-)TZ.
YAR = AEKT - AIE

The uncertainties are estimated to be in the range 0.05 eV or less, and
we discuss in the following only values of larger magnitude. Firstly, it is im-
portant to notice that most of the interaction terms are small compared to
the first-order effects presented in Tab. 5.3. Secondly, all values for AEKT
are negative, meaning that one or both of the substituents are able to with-
draw less electrons compared to the single-substituent situation. Also, the
donation of electrons upon ionization gets less effective, as seen from the
generally negative AR values.

Looking at two substituents located on the same carbon, the largest
interactions are found for two chlorines at the same carbon, amounting to a
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reduction in ionization energy of -0.20 eV at the « position. As can be seen
from AEKT, this is mainly an initial-state effect. Moreover, it is close to the
interaction parameter of 0.179 eV obtained for CH5Cly above. Hence, it is
reasonable that the interaction is to a small extent influenced by the 7 bond
but rather is caused by a competition for electrons through the C-CI bonds.
Seemingly, the same two chlorines acting on the g site have an insignificant
influence. However, in this case, there is a canceling between initial- and
final-state effects, amounting to -0.15 eV and -0.12 eV, respectively. The
interaction terms between chlorine and each of the substituents methyl and
chloromethyl are positive when they act on the 3 site and the reason is a
less effective relaxation. A further analysis indicates that this stems from a
reduced electron donation through conjugation, probably both from chlorine
and methyl.

If the two substituents are located at different carbons, the interactions
are generally smaller than when they are on the same carbon. Again, the
largest interactions are found between two chlorines, reducing the ioniza-
tion energy by about -0.10 eV relative to a pure additive situation, with a
marginally small difference between cis and trans. For the remaining sub-
stituents, initial- and final-state effects cancel, and the influences on the
ionization energies are insignificant.

Multiple substitution: Exploring the validity of the parameters

1,1-Dichloropropene, trichloroethene and tetrachloroethene all have a higher
degree of substitution and we use these as a testing ground for how well our
substituent- and interaction parameters are able to reproduce shifts relative
to ethene. We assume that the interaction parameters may be added so as
to describe every pair-wise interaction between substituents in the molecule.
Hence, for 1,1-dichloropropene, the ionization energy at C1 may be predicted
as [2x1.51 + (-0.56) | + [(-0.20) + 0.01 + 0.00] = 2.27 eV, similar to the
measured shift. Performing a similar analysis for the other three carbons
in the triply substituted compounds, the model predicts results that are
0.05 eV lower than the measured energies. Going to tetrachloroethene, the
similar deviation is -0.23 eV. Although the compound is four-fold substituted
with the substituent causing the largest deviations, these results indicate
a limitation of our simple additivity model when extending to more than
three-fold substitution.

5.2 Protonation
Protonation enthalpies are computed by means of Gaussian-4 (G4) the-

ory for chlorinated ethenes and propenes, as well as ethene, propene, and
2-methylpropene. Optimized structures for most protonated species are
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Figure 5.3: Structures of protonated ethenes and propenes predicted using
G4. An overview of the parent molecules are given in Table 5.5. From
Ref. [3].
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presented in Fig. 5.3. For ethene (1), the stable protonated structure in-
volves a bridging proton and the positive charge is delocalized over the entire
molecule. The structures 2, 3, 5, 8a, 8b, 9, 11, 12b, and 13 can be classi-
fied as classic protonated structures. A sigma bond is formed between the
added proton and carbon at the formal site of protonation with retention
of all sigma bonds present in the accepting molecule. The positive charge
is mostly localized to the geminal carbon. A sigma bond between the pro-
ton and the carbon is formed also in 10 and 12a. In addition the remaining
molecular framework is rearranged so that a terminal sigma-bonded chlo-
rine is transferred to a bridging position to form a chloronium ion.[74] 4
and 6 may be considered semi-classical structures. 4 is not a pure bridg-
ing structure although the chlorine is bent towards the other carbon and
in 6, the protonated carbon is rotated so that the symmetry is broken. As
will be shown, the final structure is important for the resulting protonation
enthalpy.

5.2.1 Protonation enthalpies

Computed protonation enthalpies are presented in Tab. 5.5 together with
previously published results. Experimental results are only available for
ethene, propene, and 2-methylpropene and for these compounds, our com-
puted results are 0.01 eV higher, 0.01 eV lower, and 0.1 eV higher, respec-
tively. Concerning the general quality of G4, it has been tested against a set
of 454 experimental energies, commonly referred to as the G3/05 test set.[79]
Average absolute deviation from experiment is 0.83 kcal/mol (0.036 eV) for
all the energies. For the 10 proton affinities included in the test set, the
average absolute deviation is 0.84 kcal/mol (0.036 ¢V) and the root mean
square deviation 1.04 kcal/mol (0.045 eV). Also taking into account that
chlorine is a demanding substituent to model, we estimate the uncertainties
for our computed results to be in the range of 2 kcal/mol (0.09 eV).

For the three dichloroethenes, our results are 0.12-0.19 eV higher than
those reported by Frash et al. in Ref. [76]. In the same publication, com-
puted protonation enthalpies for the di-fluorinated ethenes were found to be
0.26-0.56 eV lower than the experimental values. Assuming a similar trend
for the dichlorinated ethenes, our results are closer to experimental values
than those reported by Frash et al.

5.2.2 Substituent parameters for protonation

As for the ionization energies above, it is useful to discuss the protonation
enthalpies in terms of substituent effects. For protonation, we define a sub-
stituent to be in « position if connected to the site of protonation and f
if on the neighboring sp? carbon. For simplicity, we refer to a chlorine in
a () position as an « (S) chlorine. The parameters are derived as shifts
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Table 5.5: Enthalpies of protonation (AHyot) (eV).

Molecule Label H'on AHp, Prev. published
Ethene 1 -7.06  -7.05% -7.09°
Chloroethene 2 C2 -7.44
1,1-Dichloroethene 3 C2 -7.T7T -7.63¢
Cis-1,2-dichloroethene 4 -7.12 -6.93¢
Trans-1,2-dichloroethene 4 715 -7.03%¢
Trichloroethene 5 C2 -7.40
Tetrachloroethene 6 -7.22
Propene 7 C1 2772 27734, -7.94b
Cis-1-chloropropene 8a C1 -7.25

8b C2 -7.50
Trans-1-chloropropene 8a C1 -7.27

8b C2 -7.52
2-Chloropropene 9 C1 -8.01
3-Chloropropene 10 C1 -7.74°
1,1-Dichloropropene 11 C2 -7.79

Cis-1,3-Dichloropropene 12a C1 -7.42¢

12b C2 -7.33
2,3-Dichloropropene 13 C1 -7.70
2-Methylpropene C1 -8.41  -8.31%,-8.31f
@ Experimental results, see Ref. [75].
b Computed results from Ref. [21].
¢ Computed results from Ref. [76].
4 Experimental results, see Ref. [77].
¢ The protonated species are chlorine-bridged structures.
/' Computed results from Ref. [78].

relative to ethene in a similar manner as described above for the ioniza-
tion energies.[2] Except for 1-chloropropene and cis-1,3-dichloropropene, we
are only able to protonate at one site. As a result, only 8 parameters can
be obtained directly from the data. « parameters are computed as shifts
assuming that the effect of the two substituents are additive. Tab. 5.6 sum-
marizes the results of substituting hydrogen with chlorine or a methyl or
chloromethyl group at the specified position.

We observe that a § chlorine decreases the protonation enthalpy by
-0.39 eV while the corresponding value for methyl is -0.66 eV. A j
chloromethyl group may cause a lowering of the protonation enthalpy
by -0.26 eV. However, protonation of 3-chloropropene and C1 in cis-1,3-
dichloropropene leads to structures with a bridging chlorine, and the effec-
tive lowering is then far larger, amounting to -0.69 eV. Common for all the
[ substituents is that they favor protonation relative to ethene. Further-
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Table 5.6: Substituent parameters for protonation enthalpies (eV). Values
in parenthesis are obtained indirectly from the data assuming additivity.

Substituent Cl CHs CH,C1
Postition @ 8 o I} «@ I3
AH (0.32) -0.39 (-0.04) -0.66 (0.11) -0.26%/-0.69

@ Non-bridging structure. ® Bridging chlorine, chloronium ion.

more, the observed saturation effects for chlorine and methyl are small. The
protonation enthalpy of C2 in 1,1-dichloroethene is only 0.06 eV lower than
twice the difference between chloroethene and ethene. Similarly, the pro-
tonation enthalpy of 2-methylpropene is only 0.1 eV lower than twice the
difference between ethene and propene.

When in « position, chlorine increases the protonation enthalpy by about
0.3 eV. Knowing that chlorine is strongly electron withdrawing, it is not
surprising that a o chlorine makes the site less attractive for an electrophilic
attack by a proton. The corresponding number for chloromethyl is about
0.11 eV and for methyl it is close to zero, although being slightly negative.

We can make use of the substituent parameters in Tab. 5.6 to explain
the variations in protonation enthalpies observed in Tab. 5.5. As a chlorine
in 8 position increases the protonation enthalpy more than a « chlorine de-
creases it, it is easier to protonate tetrachloroethene than 1,2-dichloroethene.
Furthermore, among the chlorinated compounds, the most negative proto-
nation enthalpy is found for C1 in 2-chloropropene. It has both chlorine
and methyl in 8 position, both strongly reducing the protonation enthalpy.
The total effect is only 0.1 eV lower than the sum of each substituent acting
independently and again the substituent effect is small.

5.2.3 II donation from chlorine upon protonation

From the changes in electrostatic potentials (AEKT) above,[2] we see that
chlorine has a electron withdrawing effect also when in the 3 position, which
should, if acting alone, increase the protonaton enthalpy. The observed de-
crease in protonation enthalpy is therefore probably caused by relaxation.
Chlorine can donate electrons upon demand and the actual donation de-
pends also on abilities of the acceptor.
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In a study of ionization and pro-
tonation of fluorinated benzenes Car-
roll et al. find the 7 donation from
fluorine to be larger upon proto-
nation than ionization.[22] Further-
more, they conclude that the accept-
ing ability is strongly enhanced if one
hydrogen is located above and one be-
low the molecular plane so as to form
one molecular orbital of ¢ symme-
try and one of m symmetry. Except
for 1,4 and 6, all protonated species
have similar arrangements of hydro-
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Figure 5.4: Example of 7 rem-
iniscent  molecular  orbital  for
chloroethene. From Ref. [3].

gens. Fig. 5.4 shows an example of

such a 7 reminiscent molecular orbital for chloroethene protonated at C2.
The orbital is extending over most of the molecule, allowing for an effec-
tive charge donation from the (3 chlorine to the site of protonation. For
protonated tetrachloroethene (6) this is not a possibility, as it has only one
hydrogen. However, the somewhat surprising rotated structure with one
chlorine above and below the molecular plane may be related to chlorine
playing a similar role.

5.3 Electrophilic addition of HCI

In the gas-phase, addition of HCI to a unsaturated carbon-carbon bond is a
bimolecular reaction. As the transition-state species is extremely short-lived,
it cannot be observed experimentally. However, computed geometries point
towards a four-center state where the H-CI and C-C bonds are partly bro-
ken whereas bonds between H and Cl and the two carbon atoms are partly
formed, as shown for chloroethene in Fig. 5.5. The reaction is regiospecific
and is classified either as Markovnikov or a anti-Markovnikov, depending on
the orientation of HCI in the complex. In textbooks, Markovnikov addition
is commonly defined as the addition where ”the more highly substituted
carbocation is formed as the intermediate rather than the less highly sub-
stituted one.”[80] The definition refers to a situation where the reaction is
carried out in solution. Then the reaction is likely to proceed in two steps:
first the proton attacks the = bond and next, the chloride anion binds to the
carbocation. In our case, we have a range of substituents (chlorine, methyl
and chloromethyl) and it is sometimes difficult to decide which carbon is the
most or least substituted. As a practical solution to this problem, we define
the most stable carbocation as to the be most stable protonated species, as
predicted by G4 in the previous section.
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1.80

Markovnikov Anti-Markovnikov

Figure 5.5: Electrophilic addition of HCI to chloroethene.

5.3.1 Activation energies

Activation energies (E,) for the electrophilic addition of HCI are computed
for the series of chlorinated ethenes and propenes described above, as well
as for ethene and propene. Geometries for ground-state reactants and tran-
sition states are computed at the B3LYP /tzp level. Energies are computed
using CCSD(T)/aug-TZ and basis set corrections (MP2/aug-QZ) and ther-
mal corrections are included as described in Sec. 5.7. The energies are shown
in Tab. 5.7 together with previously published results.

Experimental results are available only for ethene and propene and our
computed results are 0.09 eV and 0.08 eV higher, respectively. However, nei-
ther of these compounds contain chlorine, and to better evaluate our compu-
tational routine, we also compute the activation energy for the elimination
reaction of HCI from 1,1,1-trichloroethane and 1,1,1-trichloropropane. The
resulting values of 56.3 and 55.3 kcal/mol can be compared to experimen-
tal results of 52 and 50 kcal/mol, as reported by Turpin et al. in Ref. [81].
It may therefore be assumed that our computed results for the chlorinated
compounds overestimate the true activation energy by about 10%.
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Table 5.7: Activation energies (E,) in the gas and solvent phase (eV).

Molecule HTon Orient. FEgqgqs Prev. 50l
Ethene 1.81  1.72% 1.62°,1.787  1.31
Chloroethene C1 aM 2.09 2.10° 1.71
C2 M 1.84 1.80°¢ 1.22
1,1-Dichloroethene C1 aM 2.29 2.02
C2 M 1.90 1.17
Cis-1,2-dichloroethene 2.06 1.53
Trans-1,2-dichloroethene 2.08 1.50
Trichloroethene C1 aM 2.23 1.80
C2 M 2.10 1.45
Tetrachloroethene 2.24 1.69
Propene C1 M 1.58  1.50°, 1.36° 1.507  0.92
C2 aM 1.85  1.79° 1.69°, 1.807  1.33
Cis-1-chloropropene C1 aM 1.84 1.32
C2 M 1.91 1.32
2-Chloropropene C1 M 1.66 0.97
C2 aM 2.13 1.77
3-Chloropropene C1 M 1.78 1.30
C2 aM 1.88 1.51
1,1-Dichloropropene C1 aM 2.03 1.63
C2 M 1.96 1.28
(is-1,3-Dichloropropene C1 M 1.93 1.58
C2 aM 1.89 1.39
2,3-Dichloropropene C1 M 1.74 1.17
C2 aM 2.14 1.83

¢ Solvent parameters defined by the keyword 1,1, 1-trichloroethane.

® Experimental results from Ref. [25].

¢ Computed results from Ref. [21].

4 Energy computed at the CCSD(T)/cc-pVDZ level from Ref. [82].

¢ Computed results at the MP2/6-3114+G(3df, 2p) level from Ref. [83].

5.3.2 Effects of a polarizable surrounding

Firstly, it should be emphasized that we have not performed true solvent
state calculations as the applied Polarizable Continuum Model does not in-
clude any specific interactions between the solvent and the solute. However,
the computations can be used to indicate the influence of a polarizable sur-
rounding on geometries and energies, and we will for simplicity refer to the
calculations as ”solvent-state calculations”, keeping the rather large limita-
tions in mind.

Comparing geometries, we find that the transition state reminiscences
more of a proton attack in the solvent state than in the gas phase. The
hydrogen from HCI is more closely bonded to the molecule, whereas the
HCI bond length and the C-H-Cl angle are increased.

The solvent-state and gas-phase E, in Tab. 5.7 are predicted by two
different methods and cannot be compared directly. However, gas-phase
B3LYP/tzp energies were computed in the first step of optimization. Firstly,
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as expected, E, is lower in the solvent state compared to the gas phase as a
polarizable surrounding will act to stabilize a localized charge. Interestingly,
the average lowering in energy for the Markovnikov complexes is 0.34 eV
whereas it is only 0.23 eV for the anti-Markovnikov ones. Comparing Mul-
liken charges, we find the Markovnikov complexes to have a higher dipole
moment than the anti-Markovnikov ones, which is a plausible explanation
why their stabilization energy is also higher.

5.3.3 Substituent parameters for E,

To obtain a more detailed picture, we choose to investigate the influence of
chlorine, methyl and chloromethyl in terms of substituent parameters (shifts
relative to ethene) as described above for ionization and protonation. The
two sets of E, included in Tab. 5.7 are obtained by different methods and
are therefore not directly comparable. We therefore include also substituent
parameters based on gas-phase B3LYP/tzp calculations to be compared to
the solvent-state parameters.

Table 5.8: Substituent parameters for activation energies (eV).

Substituent Method Cl CHj; CH,Cl
Position « 15} «@ I5} «a B
Gas E, CCSD(T)* 0.28 0.03 0.04 -0.23 0.07 -0.03
Gas E, B3LYP/tzp 0.32 -0.02 0.07 -0.27 0.12 0.02

"Solvent” E, * B3LYP/tzp 0.40 -0.09 0.03 -0.38 0.21 -0.01
@ CCSD(T)/aug-TZ with basis set corrections as described in the text.
b Using scrf solvent parameters for 1,1,1-trichloroethane.

The first line in Tab. 5.8 describes the interaction parameters for our
most accurate E, computed using CCSD(T). An « chlorine causes a sig-
nificant increase in E, of 0.28 eV whereas a § chlorine has little influence.
Methyl is on the other hand most important when in the 5 position and
then lowers the activation barrier by 0.23 eV. Chloromethyl has a relatively
small impact, the 0.07 eV increase from the « position being the most im-
portant. Both the o and S values fall between those of chlorine and methyl,
as also observed for ionization and protonation.

The substituent parameters obtained when using B3LYP /tzp reproduce
the results from CCSD(T)/aug-TZ within £0.05 eV. Going to the solvent
phase, the most important contributions in the gas phase are enhanced
whereas the smaller ones remain small. Noteworthy, 8 chlorine lowers the
activation energy by about 0.1 eV in the solvent state, indicating that the
accepting abilities are then enhanced, probably related to the larger ability
of stabilizing a localized charge when in a polarizable surrounding. It is
reasonable that this ability enhances both the withdrawing and donating
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Figure 5.6: Activation energies (E,) for electrophilic addition of HCI and
protonation enthalpies (AH) and plotted against carbon 1s ionization ener-
gies.

abilities, as seen from the increased magnitude also for « chlorine, 8 methyl
and « chloromethyl.

5.4 Ionization energies, protonation enthalpies and
activation energies

In the previous sections, our results for measured ionization energies, com-
puted protonation enthalpies, and computed activation energies for elec-
trophilic addition of HCI are summarized. In the following sections, we
compare the three processes and look for possible correlations between them.
Fig. 5.6 shows computed gas-phase activation energies plotted against ion-
ization energies to the left, and computed protonation enthalpies plotted
against ionization energies to the right. In neither of the cases are there any
clear correlation. The influences of chlorine, methyl and, chloromethyl in
each of the three processes are already quantized in terms of substituent pa-
rameters and a comparison of the various substituent parameters may be a
fruitful approach to explain the apparent lack of correlation. Next, we look
at the data more in detail to see if there is a correlation between subsets
of the data and if ionization energies may be used to predict protonation
enthalpies and activation energies in these cases.

5.4.1 Ionization energies and activation energies

Tab. 5.9 includes the first-order interaction parameters for all the three pro-
cesses ionization, protonation and electrophilic addition of HCI as derived
in the preceding sections. Based on these, we can expect that for the chlo-
rinated ethenes, gas-phase activation energies and ionization energies will
correlate. For these molecules, we have only one substituent, namely chlo-
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Table 5.9: Substituent parameters for ionization energies, protonation en-
thalpies, and activation energies (eV).

Substituent Cl CHgs CH,C1
Position o I} o I3 « 8
Ionization energy 1.51  0.05  -0.08 -0.56 0.22¢ -0.27¢
AHp, 0" (0.32) -0.39 (-0.04) -0.66 (0.11) -0.26°/-0.69°
E,, gas 028 0.03 0.04 -0.23 0.07 -0.03
E,, solvent® 0.40 -0.09 0.03 -0.38 0.21 -0.01

@Average value for the conformers syn and gauche.

b Non-bridging structure. ¢ Bridging structure.

4Values in parenthesis are obtained indirectly from the data.
€Using scrf solvent parameters for 1,1,1-trichloroethane.

rine. Since both processes have similar and negligible small 5 parameters,
only the o parameter needs to be taken into account. Deterioration of the
correlation is possible if the two processes have a very different pattern for
saturation effects upon higher substitution. The linear fit to the gas-phase
data (circles) in Fig. 5.7 has an R? of 0.97 and confirms that there is in-
deed a good correlation. However, going to the model of the solvent state
(squares), the 8 parameters are 0.05 eV and -0.09 eV respectively, and the
deteriorated correlation for the lower set of data is clearly related to this,
as well as possible second-order effects. Except for the expected decrease in
activation energy when going to the solvent state, there is a small increase
in slope caused by the larger E, o parameter for the solvent state compared
to the gaseous state.

In Fig. 5.8 all activation energies for both the chlorinated ethenes and
propenes are plotted against ionization energies. Holme et al. have studied
the electrophilic addition of HCI to alkenes and alkynes and find a cor-
relation between activation energies and ionization energies only for the
Markovnikov additions.[26] We therefore separate between Markovnikov and
anti-Markovnikov additions in the figure, keeping in mind the somewhat lim-
ited applicability of the definition of Markovnikov addition when more than
one type of substituents are present. The data fall in three groups depending
on the number of directly attached chlorines on the carbon. Those having no
chlorines fall between 290 and 291 eV ionization energy, and those with one
and two chlorines between 291.6-292.4 eV and 293-293.5 eV, respectively.

The lower, grey line represents the series of molecules having one
methyl and an increasing number of chlorines. As the slopes are dominated
by the « chlorine effects, the slope of the lower line is fairly similar to that of
the upper line, amounting to 0.16 and 0.15, respectively. The lower intercept
is due to the 8 methyl parameters for E, and IE both being negative. For
the remaining points, deviations from ethene may roughly be explained with
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Figure 5.7: Gas-phase (circles) activation energies for addition of HCI plot-
ted against ionization energies for the chlorinated ethenes. The squares rep-
resent activation energies when solvent effects are modeled as a polarizable
surrounding.

similar arguments.

Three points dominated by the influence of o« CH2Cl fall close to the
line. We may predict the slope of a line influenced by a certain substituent
effect as the ratio between the substituent parameters. Hence, for an «
CH2Cl-line we would obtain 0.07/0.22=0.32. This is twice the slope of the
fit to the gas-phase chloroethene data. However, since the two lines would
have crossed in the middle of our plot, the three data points for CHyCl
fall close to the fit for the chloroethene data. This example illustrates an
important lesson, namely that apparent correlation cannot directly be taken
as evidence for two phenomena being correlated. In fact, in the most extreme
case, two different phenomena may seem to correlate simply if both have an
additive behavior. Seemingly, an approach of comparing substituent effects
is a more fruitful approach when more than one substituent is present or if
a substituent contributes substantially both from an « and ( position.

By using this approach, we are in the position to explain why Holme et al
find a different correlation for the Markovnikov cases and anti-Markovnikov,
as shown in the upper part of Fig. 9 in Ref. [26]. The « and S methyl
parameters are -0.08 eV and -0.56 eV for ionization and 0.04 eV and
-0.23 eV for electrophilic addition. Assuming that larger alkyl groups have
similar parameters as methyl, we would to a first order predict Markovnikov
addition to linear terminal alkenes to be influenced by  parameters, both
being large and negative. Anti-Markovnikov additions would on the other
hand only be influenced by o parameters. As « E, is small but positive and
«a IE is negative, the points fall above the line that fits the Markovnikov
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Figure 5.8: Gas phase activation energies for addition of HCI are plot-
ted against ionization energies. FEthenes are marked with open circles
and propenes with filled. For the propenes, green points correspond to
Markovnikov and red to anti-Markovnikov addition. Ethene is marked with
a black circle.

additions. Shifts for non-terminal alkenes would be dominated by large /3
parameters but also influenced by « parameters, causing the points to fall
above the line only taking £ contributions into account. Our predictions
coincide with the observed pattern.

5.4.2 Ionization energies and protonation enthalpies

Gas-phase protonation enthalpies are plotted versus Cls ionization energies
as shown in Fig. 5.9. Focusing on the chlorine substituent, the data are
divided into subgroups depending on the number of a and S chlorine sub-
stituents, as indicated by the label («, ), explained as (M,N) in the figure.
The two non-chlorinated alkenes (0,0), ethene and propene, appear to the
left. The second group is indicated with red circles and include five com-
pounds having one (8 chlorine and no « chlorines and the fit to these points
has a slope of 0.98. In addition to S chlorine, these also have « chloromethyl
(12b), a methyl (8b), 8 chloromethyl (13), and 8 methyl (9). The corre-
lation may seem promising at first glance. However, if this correlation was
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Figure 5.9: Proton affinities plotted versus ionization energies for chlorinated
ethenes and propenes.

completely dominated by S chlorine contributions, we would have expected
a different pattern, namely a line passing through 1 and 2 and with a slope
close to -8, as obtained from the ratio of the 8 parameters for ionization and
protonation. The corresponding ratia for the other substituents are all in
the range 0.9-2, modifying the slope of the final fit to become positive. The
small deviation in ratia between the non-chlorine substituents explain why
we observe a correlation seemingly defined by the number of 3 chlorines.

5.4.3 Concluding remark

The important lesson from the foregoing comparisons is that a given group
of substituents may or may not display a correlation with respect to two
different processes. To interpret a pattern and also to predict when such
correlations can be expected, we recommend the use of substituent param-
eters.

5.5 Computational accuracy

As already mentioned, chlorine was expected to be a demanding substituent
to model accurately. Therefore, much effort has been devoted to establishing
the level at which the computations had the necessary and desired accuracy,
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both in terms of electronic-structure method and basis set. To this end,
geometries and relative ionization energies are useful quantities as they can
be compared to measurements. A full comparison of geometries would be
too extensive and the C-Cl bond length was chosen for the comparison based
on its importance when predicting vibrational lineshapes.[1]

5.5.1 Relative theoretical ionization energies

For the chlorinated ethenes and propenes, theoretical shifts in ioniza-
tion energies were computed using six different combinations of electronic-
structure methods and basis sets. [2] Tab. 5.10 summarizes the deviations
when comparing to measured results. The largest mean error is found for
CCSD(T)/tzp, amounting to 116 meV. Clearly the error is related to the
basis set as changing to aug-TZ decreases it to 31 meV. This is further con-
firmed by comparing to BSLYP, which is less demanding with respect to basis
set. Here tzp produces results within a mean absolute error of 65 meV. The
overall large errors for MP2 indicate that it does not include the necessary
level of correlation. MP4(SDQ) produces satisfactory accuracy with aug-TZ
whereas the errors are actually larger for the aug-QZ basis. The lower part
of Tab. 5.10 shows the resulting parameters when fitting measured shifts to
the computed shifts. Correcting for systematic errors, we obtain chemical
accuracy for CCSD(T)/aug-TZ and also MP4(SDQ) both using aug-TZ and
aug-QZ. The best overall results are obtained using CCSD(T)/aug-TZ.

The shifts are computed using an effective core potential (ECP) to rep-
resent the core of the ionized carbon. The possible error related to this
is explored by conducting proper hole-state calculations at the HF /aug-TZ
level of theory. For the chlorinated ethenes, the errors are found to vary
from 0 to 44 meV. This is higher than similar results for pure hydrocarbons,
where the average errors are found to be less than 10 meV.[84] Hence, to
compute shifts in ionization energies for chlorinated compounds with chem-
ical accuracy, ECP-related errors should also be corrected for.

5.5.2 Geometries: C-CI bond lengths

The chloromethane series was considered a proper testing ground for the
accuracy of computed C-Cl bond lengths. [1] Firstly, Refs. [35] and [85]
report measured ground state geometries of CH3Cl, CH,Cly, CHCI3 and
CCly that may be compared to computed. Secondly, the theoretical Franck-
Condon profile is highly dependent on the predicted change in geometry. To
be able to reproduce the experimental spectrum well, the predicted changes
in geometries need to be correct, and hence we may indirectly test also the
final-state geometries. We describe our best model for computing changes
in C-Cl bond lengths in the next section. Here, we summarize our results
for computed ground-state bond lengths, cf. Tab. 5.11.
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Table 5.10: Comparison between measured and computed shifts in ionization
energies for chloroethenes and chloropropenes. From Ref. [2].

Comp. method  B3LYP CCSD(T) MP4(SDQ) MP2
Basis tzp tzp aug-TZ aug-TZ aug-QZ aug-QZ
Errors compared to experimental results (meV)

Mean error 53 116 18 31 41 82
Mean abs. error 65 117 31 31 50 99
RMSE 81 132 37 48 59 123
Max error 161 235 79 95 120 284
Measured ionization energies fitted to theoretical energies

Slope 0.952(6) 0.955(7) 0.984(5) 0.975(4) 0.966(4) 0.927(8)
Intercept (meV) -10(8)  -73(10) -4(6) -9(6) -11(6)  -15(11)
RMSD (meV) 40 47 30 27 28 56

Generally, MP2 compute bond lengths that are too short while B3LYP
bond lengths are too long. CCSD(T) has a slow convergence with basis set,
as also found by Demaison and coworkers.[35] Core-valence correlations were
computed at the MP2 level and the results were confirmed with test calcu-
lations using CCSD(T)/aug-TZ. Our best estimates amount to -0.0037 Afor
all four molecules. Basis set superposition errors where corrected for by
means of counterpoise calculations. According to these results, the bond
lengths are computed to be 0.4-0.6 pm too short when using aug-TZ and
0.2-0.3 pm for QZ. Our best estimates for the C-Cl bond lengths include ge-
ometry optimizations at the CCSD(T)/QZ level with core-valence and BSSE
corrections. The resulting values fall between the two set of experimental
results with differences of 0.6 pm or less. Hence, it seems more challenging
to obtain chemical accuracy for geometries than for energies.
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Table 5.11: Ground-state C-Cl Bond Lengths (in A) for Chlorinated

Methanes. From Ref. [1].

Basis sets CH;3Cl CH-Cl, CHCl; CCly
B3LYP cc-pV(Q+d)Z 1.7942 1.7804 1.7661 1.7802
Valence-correlated optimizations
MP2 (aug-)ec-pV(T+d)Z  1.7771 1.7649 1.7609 1.7645
MP2 ce-pV(Q+d)Z 1.7720 1.7601 1.7562 1.7598
MP4SDQ  tzp 1.8019 1.7870 1.7817 1.7850
CCSD(T) tzp 1.8074 1.7920 1.7863 1.7893
CCSD(T) (aug-)ce-pV(TH+d)Z  1.7885 1.7748 1.7700 1.7733
CCSD(T)  ce-pV(Q+d)Z 1.7826 1.7692 1.7645 1.7677
CCSD(T) pe-3 1.7818 1.7686 1.7641 1.7675
Core-valence corrections
Best estimate ¢ -0.0037 -0.0037 -0.0037  -0.0037
Counterpoise corrections
MP2 (aug-)ce-pV(T+d)Z  0.0063 0.0058 0.0051 0.0044
MP2 cc-pV(Q+d)Z 0.0032 0.0032 0.0026 0.0020
Corrected geometries
CCSD(T)/(aug-)cc-pV(T+d)Zb  1.7911 1.7769 1.7714 1.7740
CCSD(T)/cc-pV(Q+d)Zbe 1.7821 1.7687 1.7634 1.7660
Experimental ¢ 1.7768(2)  1.766(2) 1.760(2) 1.767(2)
Experimental © 1.7854(10) 1.7724(20) 1.758(2) 1.7667(30)

@ Prepared as the average for CH3Cl and CH2Cly from CCSD(T)/(aug-)cc-pCV(T+d)Z
and further corrected for basis-set incompleteness as
MP2/cc-pCV(Q+d)Z) - (MP2/(aug-)cc-pCV(T+d)Z).

b Corrected for core-valence correlation® and BSSE (MP2).

€ Best estimate. ¢ Demaison (2003), Ref. [35].

¢ Landolt-Bornstein, Ref. [85].
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5.6 Lifetime of core holes in chlorinated methanes

Ref. [1] reports the measured Cls spectra of CH3Cl, CHyCly, CHCl3, and
CCly. The spectra are fitted with the aim of predicting the vibrational
lineshapes as accurately as possible. In Sec. 4.4, possible shortcomings to
our usual procedure for computing Franck-Condon factors are outlined. To
summarize, for the present series of molecules both Duschinsky effects and
thermal excitations have a very small impact and can be neglected. Only a
small improvement is observed when applying internal coordinates instead of
Cartesian coordinates. The potential energy surface is well represented by a
harmonic function for all modes except the symmetric C-H stretching mode
at the core-ionized carbon. Hence, we focus in the following on obtaining an
accurate description of changes in geometries upon ionization. To be more
specific, we focus on the C-Cl bond contraction.

Geometries are optimized at the CCSD(T)/cc-pC*V(Q+d)Z level fol-
lowed by a set of additional corrections. Basis set superposition errors
are corrected for by means of counterpoise corrections computed at the
MP2/cc-pV(Q+d)Z level. Due to canceling between the initial and final
states, the corrections to the C-Cl bond are found to be small, between
-0.02 and 0.02 pm. Core-valence correlation corrections computed at the
MP2/cc-pCV(Q+d)Z level are about -0.1 pm, hence an overestimation of
the contraction. The largest error is related to the core hole being described
by an effective core potential (ECP). At the HF level of theory, this error
is independent of basis set and amounts to -0.30(2) pm. This is of similar
magnitude to the correction predicted for the contraction of the C-H bond
in core-ionized methane and indicates that it is primarily depending on the
ECP rather than the substituent.[61]

After assuring that the vibrational lineshapes have the necessary quality,
they are convoluted with a Gaussian function to account for instrumental-
and Doppler broadening. The instrumental broadening is constrained to be
equal to the value obtained for COs from the calibration spectrum. Also,
the lineshape is convoluted with a combined function to account for post-
collision interactions and lifetime broadening, as described in Sec. 4.3. The
Lorentzian component is left as a free parameter and can then be determined
in a fit to the spectrum. As can be seen in Fig. 5.10, the match to the exper-
imental spectra is highly satisfactory. Based on these spectra, we conclude
that the lifetime broadening values for the series of chlorinated methanes
are 88+5 meV for CH3Cl, 80£5 meV for CHyCly, 74+5 meV for CHCl3
and 62+5 meV for CCly. They are all lower than the reported lifetime of
methane, 95+5 meV.[71, 72]

In Fig. 5.11, our experimental lifetimes are compared to estimates ob-
tained from a statistical model proposed by Walsh, Meehan, and Larkins. [86]
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Figure 5.10: Carbon 1s spectra of the four chlorinated methanes (circles)
fitted with theoretical lineshapes (red). The figure is reprinted from Ref. [1]
with permission.

The model is based on an assumption that the Auger rates scales with the
population in the valence orbitals. Predictions, as obtained from Eq. (3) in
Ref. [86], are scaled to give a lifetime of 95 meV for methane. We obtain a
squared correlation coefficient of 0.985, a slope of 1.055 and a constant term
of -8 meV. The high degree of correlation between the two set of data indi-
cate that the one-center model for Auger decay of the core hole is valid for
the chlorinated methanes.

Furthermore, for the present compounds, there is a correlation between
the core ionization energies and lifetime broadening, consistent with a hy-
pothesis presented by Shaw and Thomas.[87] For the series of chlorinated
methanes, the lifetime broadening is reduced by 5-6 meV per 1 eV increase
in ionization energy.

5.7 Probing relative abundance of conformers by
means of XPS

Both 3-chloropropene and 2,3-dichloropropene possess stable rotational con-
formers due to the hindered rotation of the terminal chloromethyl group.
3-Chloropropene exist as a syn conformer (Cl eclipsed with the C=C
bond) and a gauche conformer (H eclipsed with the C=C bond). 2,3-
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Figure 5.11: Comparison between experimental and predicted lifetime
broadening in the chlorinated methanes. Reprinted from Ref. [2] with per-
mission.

Dichloropropene can be either in an anti conformer (C1-C3-C2-Cl=180 deg)
or one of two gauche conformers (Cl-C3-C2-Cl=+71.2 deg). The spectra of
3-chloropropene and 2,3-dichloropropene are included in Fig. 5.12. Since the
ionization is so fast, it provides an instant picture (snapshot) of the confor-
mal situation in the molecule. As a result of this, the theoretical lineshapes
need to be both site- and conformer specific and the spectra are fitted using
six different theoretical lineshapes.

For several reasons, the prediction of lineshapes was a non-trivial task.
Firstly, the presence of soft modes with significant thermal excitation in
the ground state is in conflict with an assumption in our standard Franck-
Condon analysis, namely that the molecule initially is in its vibrational
ground state. Secondly, several of the propenes undergo large internal ro-
tations upon ionization, severely weakening the foundation for a harmonic
treatment of the corresponding vibration. The solutions to each of these
problems are detailed in Ref. [2] (partly as Supplementary information) and
are too extensive to be repeated here.

Equipped with conformer- and site-specific lineshapes, these are fitted
to the experimental spectrum following the procedure described in Sec. 4.3.
An additional constraint is imposed, namely that the ratio of each conformer
should be similar for all sites. Hence, for 3-chloropropene, the constraint is:
Clgauche/Clsyn = C2gquche/ C2syn = C3gauche/C3syn- As already mentioned,
it is documented that the presence of chlorine often reduces the intensity
of the carbon to which it is attached, leading to a non-stoichiometric be-
havior, and this constraint accounts for that. However, possible rotational-
dependent long-range effects are not accounted for. The relative populations
of each conformer were obtained from the intensities of the lineshapes. We
find that the relative intensity of the anti conformer of 2,3-dichloropropene
to be 52+8%. Trongmo et al. performed gas electron diffraction exper-
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Figure 5.12: Carbon 1s photoelectron spectra of 3-chloropropene and 2,3-
dichloropropene. The spectra were fitted using one theoretical profile for
each chemically unique carbon [C1 (blue), C2 (green), and C3 (orange)] and
for each conformer. The less stable conformers, 3-chloropropene syn and
2,3-dichloropropene gauche, are represented by dotted lines.

iments and found the corresponding number to be 554+8% at 24°C. The
population of the syn conformer of 3-chloropropene is 1848%. This is simi-
lar to the gas electron diffraction result of 18+9% reported by Schei et al.[88]
Hence, given that site- and conformer-specific theoretical lineshapes can be
predicted with sufficient accuracy at and least one of the sites have qual-
itatively different lineshapes for the two conformers, high-resolution XPS
provides a reliable source for the determination of relative populations of
conformers, as already established.[8, 11, 89, 90]

5.8 Adsorption of 1,1-dichloroethene to a Si(111)-
7x7 surface

In two papers, we focus on the adsorption of 1,1-dichloroethene to the
Si(111)-7x7 surface[4, 5] and the main results will be summarized in the



54 CHAPTER 5. MAJOR RESULTS

following sections. In addition, non-stoichiometric behavior of the CCly car-
bons is discussed in light of more recent results.

5.8.1 Chemisorption

Cl2 067V 300K

!

hv =p250 eV

Intensity (arb. units)
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Figure 5.13: Chlorine 2p spectrum of 1,1-dichloroethene chemisorbed to
Si(111)-7x7. The figure is reproduced with permission from Ref. [4].

Previous studies conclude, based on various spectroscopic techniques
(conventional XPS, vibrational electron energy loss spectroscopy (EELS)
and thermal desorption spectrometry (TDS)) [91-93], that the chemisorp-
tion is preferred to happen by breakage of either one or two carbon-chlorine
bonds but also reveal a disagreement concerning which of these is preferred.
The chemisorption of 1,1-dichloroethene is therefore studied by means of
high-resolution XPS.[4]

In addition to carbon 1s spectra, also chlorine 2p spectra are measured,
shown in Fig. 5.13. At least two different chemical components are present,
each having a spin-orbit splitting. The main component covers 84% of
the intensity and is at 0.67 eV lower energy than the minor peak cover-
ing 16%. By comparing the electronegativity of silicon (1.90) and carbon
(2.55), it is concluded that the main component can be assigned to chlorine
atoms bonded directly to silicon while the smaller contribution correspond
to chlorine bonded to carbon. Assuming that the intensities correspond to
the relative stoichiometry, it follows from these observations that, at room
temperature, 1/3 of the molecules are single-bonded to the silicon surface
(Si(111)-ClC=CHzy), while 2/3 are double bonded (Si(111)>C=CHa).

Cls spectra are measured at photon energies (hv) of 320 and 330 eV
and the spectra are shown in Fig. 5.14. Interpretation of these spectra is
less clear cut since at least five components (a-e) are present. Therefore,
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Table 5.12: Theoretical and experimental shifts in Cls ionization energies
relative to =CHy (eV).

Theory ! Model C bonded to Si  =CHy
(SiH3)2C=CHy -0.58 0.00
(SiH3)CIC=CH, 1.24 0.13
(SiH3)4C -1.16

(SiH3)HC=CH(SiH3)  -0.36
Experiment hv = 330 eV (320 eV)? C bonded to Si =CH,

Si(111)>C=CH, d: -0.48 (-0.45) c: 0.00
Si(111)-CIC=CH, a: 1.36 (1.31) b 0.44 (0.40)
Si-C e: -1.12 (-1.09)

I Calculated shifts are scaled with a factor of 0.915, a factor taken from the
difference between the calculated and experimental gas phase shift between
the two peaks of 1,1-dichloroethene [2]. The energies are calculated relative
to CHy in (SiH3)2C=CH,. ? Values obtained at hv = 320 eV are shown in
parentheses. The table is reprinted with permission from Ref. [4].

theoretical ionization energies are predicted for simple model compounds in
an analogous manner as described above for the gas-phase compounds. The
effect of silicon on the ionization energy is modeled by means of SiHs groups
attached to carbon and computed results are shown together with measured
relative ionization energies in Tab. 5.12. When modeling the attachment to
the silicon surface more in detail, the most commonly used model is a SigH19
cluster.[28] However, the purpose of the present calculations is to obtain
chemical shifts, which are usually dominated by the nearest neighbors. Note
that possibility that various binding sites at a Si(111)-7x7 surface can have
significantly different electronic properties is not accounted for. However,
despite the rough quality of the model, it was able to reproduce the measured
shifts within a reasonable range.
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Figure 5.14: Carbon 1s spectra (open circles) measured after exposure to
10 L 1,1-DCE at 300 K followed by cooling to 120 K. The lower spectrum
is measured with a photon energy of 330 eV, the upper spectrum with a
photon energy of 320 eV. The dashed lines show the different contributions
to the each of the spectra and the solid lines the overall fit. The identity and
chemical shifts of components a, b, ¢, d, and e are explained in Tab. 5.12.
The figure is reproduced with permission from Ref. [4].
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Based on the theoretical calculations, two peaks are assigned to the two
=CH; moieties, namely the one originating from Si(111)>C=CH; (c) and
the one originating from Si(111)-CIC=CH; (b). Based on the relative in-
tensitites of these two peaks in the spectra measured at hv=330 eV it is
found that 67% of the molecules break both C-Cl bonds when chemisorb-
ing. The corresponding number for the spectra measured at hv=320 eV is
59%. Despite these deviations, the results are reasonably consistent with
those based on the Cl2p spectra and we conclude therefore that 1/3 of the
molecules chemisorb to the surface by breaking one C-Cl bond and 2/3 by
breaking two bonds. There is a possibility that time, or also a local heating
caused by radiation, can increase the proportion of double-bonded species,
Si(111)>C=CHa.

5.8.2 Physisorption

Fig. 5.15 displays the Cls photoelectron spectrum of 1,1-dichloroethene in
the gas phase (A) and in the adsorbed state (B). The two peaks in the
gas-phase spectrum are well separated. Also, they have significanly differ-
ent peak shapes. The low-energy peak has a shoulder at 0.4 eV higher
energy corresponding to the symmetric C-H stretching vibration of an ion-
ized carbon. The high-energy peak is dominated by softer vibrations and
has therefore a narrower shape. From the theoretical analysis, we know that
the C-CI stretching vibrations are much excited when ionizing C1. We can
therefore unambiguously assign the low-energy peak to C2(CHsz) and the
high-energy peak to C1 (CCly). The difference in vertical ionization energy
between the two peaks, e.g. the difference in mean position, is 2.57+0.01 eV.
Please note that Ref. [5] reports an erroneous value for this shift, as also
commented in Ref. [2]. Due to a technical error, the vertical ionization en-
ergy of C2 was reported to be slightly too low, causing an overestimation of
the shift. The correct vertical ionization energy for C2 is 290.99(3) eV.
The lower spectrum in Fig. 5.15 arise from 10 L physisorbed 1,1-dichloro-
ethene on top of 10 L chemisorbed molecules. As for the chemisorption spec-
trum in Fig. 5.14, the spectrum is plotted on a relative energy scale and the
center of the C1 peak is chosen as reference. The experimental spectrum
(circles) has two distinct peaks and the low-energy peak also has a shoulder
towards lower binding energy. It is fitted by three contributions, the first at
low energy being the experimental chemisorption spectrum described above
and reported in Ref. [4]. In addition, the two theoretical lineshapes pre-
dicted for gaseous 1,1-dichloroethene are used. The Gaussian widths of the
two latter are allowed to vary in a least-squares fit to the data, resulting
in a total fwhm of 0.85+0.03 eV for the C1 peak. To estimate the compo-
nent caused by the physisorption, the estimated instrumental broadening is
subtracted from the total broadening of each peak. The broadening caused
by physisorption is found to be 0.70 eV for the same peak and is hence
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the dominating component of the total broadening. Ref. [5] also includes a
closer analysis of the origin of this extra broadening and concludes that it
is caused by a distribution of ionization energies within each layer and also
across the multilayer condensate.

Although difficult to observe simply by visual inspection, the two theo-
retical lineshapes are qualitatively different even when additional broadening
is included. If they are interchanged, there is a significant increase in x?2,
the parameter monitoring the quality of the least-squares fit. The correct
shift in vertical ionization energy between the two peaks is 2.59+0.03 eV,
e.g. similar to the gas-phase shift within the error bars. Note that this is
0.09 eV lower than reported in Ref. [5] and is caused by the same error de-
scribed above for the gas-phase shift. McFeely et al. compare the vertical
ionization energy shifts of chloroethane in the gaseous state and physisorbed
to a hydrogenated Si(111) and find the shift to be reduced by 0.02 eV in the
physisorbed state compared to the gaseous state, less than the error limits
of each experiment.[33] In both cases, there are relatively small changes.

Hence, for 1,1-dichloroethene physisorbed on Si(111)-7x7, both peak
shapes and internal shifts in ionization energies correspond very well to the
gas-phase spectrum. If extra Gaussian broadening is included, the gas-phase
spectrum provides an excellent model of the physisorption spectrum. In fact,
Ref. [5] also reports a similar investigation of 1,3-cyclohexadiene adsorbed
on Si(111)-7x7. Based on the high capability of the model to reproduce
the physisorption spectrum, we strongly suggest that gas-phase spectra are
used on a routine basis when assigning physisorption spectra. This may
be considered a further simplification of what is presented above, where
theoretical lineshapes were used. If the gas-phase spectra are measured
in advance, they may also be used during measurement to decide whether
true physisorption is actually taking place under the chosen experimental
conditions.
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Figure 5.15: A) Cls photoelectron spectrum of gaseous 1,1-dichloroethene
(circles). The overall fit (solid line) is the sum of two atom-specific theo-
retical lineshapes (dotted lines), one for each inequivalent carbon. B) Cls
photoelectron spectrum of 1,1-dichloroethene adsorbed on a Si(111)-7x7
surface. The experimental spectrum (circles) contains contributions from
both chemisorbed and physisorbed molecules. The overall fit (solid line) is
a sum of theoretical lineshapes, one for each of the two carbons in the ph-
ysisorbed layer (thin solid lines), and the experimental Cls chemisorption
spectrum (broken lines). Reproduced with permission from Ref. [5]. (©) 2010
American Chemical Society.
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5.8.3 On non-stoichiometric behavior

Both Ref. [4] and [5] comment that the Cls spectra reveal a non-
stoichiometric behavior of the two carbons in the initial 1,1-dichloroethene.
In the gas phase, the intensity of the C1 peak is 89% of that of C2 and
the number is further reduced to 79% in the physisorbed state. In the
chemisorbed state, the carbons bonded to silicone or chlorine have a signif-
icantly lower intensity than those bonded to hydrogen. More recent studies
provide an explanation for this behavior. Séderstrom et al. report on large
variations in relative stoichiometry between the two carbons in mono-, di-,
and tri-chlorosubstituted ethane.[39] They find that the ratios have photon-
energy dependent oscillations and that the amplitudes increase with increas-
ing chlorine substitution. The oscillations can largely be predicted by means
of theory used to interpret extended X-ray-absorption fine structure spectra
(EXAFS). They conclude that the oscillations are caused by back-scattering
from the chlorine atoms and also that the polarizability of the chlorine sub-
stituents leads to a higher probability of shake-up and shake-off. Carroll et
al. report on a similar oscillating behavior for 2-butyne, even if this com-
pound does not have any high-Z scattering center.[7] Our choice of photon
energy is in the regions where the amplitudes are the largest and it is there-
fore likely that our spectra are influenced both by the oscillating scattering
effects and the more constant difference caused by shake up/shake off and
that this is the plausible explanation for the observed non-stoichiometric be-
havior. The optimized structure of the dimer of 1,1-dichloroethene reveals
that the shortest intermolecular distance is between the two CCly carbons.
It is therefore reasonable that the scattering effects may be enhanced in the
physisorbed state compared to the gas phase.
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Conclusions

We investigate chlorine as a substituent in 17 different chlorinated com-
pounds. To be more specific, these include four chlorinated methanes, six
chlorinated ethenes and seven chlorinated propenes.[1-5] In particular, we
study the processes of carbon 1s ionization, protonation and electrophilic
addition of HCI and we observe chlorine in a diversity of roles.

By comparing ionization energies for chlorinated ethenes and methanes
relative to their non-chlorinated origins, we find that chlorine increases the
ionization energy of the carbon to which it is attached by about 1.5 eV for
chlorinated ethenes and propenes and 1.6 €V for the chlorinated methanes.
When adding a second chlorine to the same carbon, a small saturation ef-
fect of about 0.2 eV is observed. We find that the most important contribu-
tions to the ionization energies come from the influence of chlorine on the
ground-state potential, demonstrating the strong electron-withdrawing abil-
ities of chlorine. Chlorine also contributes to the relaxation upon ionization
through donation of electrons via the o bond to the nearest neighbor and
via the m bond to the second-nearest neighbor. We find that this = dona-
tion is remarkably enhanced upon protonation compared to ionization. The
plausible explanation is that this increased donation is not only related to
chlorine itself but also to the protonated site which is a better electron ac-
ceptor than an ionized site. Two hydrogens located above and below the
molecular plane participate in a molecular orbital extending over most of
the molecule, allowing for an effective charge donation from chlorine to the
second-nearest carbon. An even more efficient charge donation is observed
upon protonation of 3-chloropropene and 1,3-dichloropropene. In these cases
the protonated species rearranges into a chloronium ion with chlorine in a
bridging position, increasing the oxidation number of chlorine to +I. Upon
electrophilic addition of HCI, chlorine primarily influences the nearest neigh-
bor by increasing the activation energy by about 0.3 eV relative to ethene.
The influence on the second-nearest neighbor is however negligible.

The core hole created upon ionization has a finite lifetime leading to an
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uncertainty of the energy of the peak, referred to as lifetime broadening. The
lifetime broadening values for the series of chlorinated methanes are deter-
mined from their carbon 1s spectra, and the resulting values are 88+5 meV
for CH3Cl, 8045 meV for CH,Cly, 74+5 meV for CHCl3 and 62+5 meV for
CCly. Comparison to a statistical model proposed by Larkins and coworkers
indicate that a one-center model for Auger decay is valid for this series and
that the electron withdrawing properties of chlorine increase the lifetime of
a core hole on a neighboring carbon.

If chlorine is attached to the terminal sp® carbon in a propene, it
may cause rotational isomerism, as observed for 3-chloropropene and 2,3-
dichloropropene. Based on the relative intensities of the conformer- and
site-specific vibrational lineshapes for these two compounds, we obtain a
syn population for 3-chloropropene of 1848% and an anti population for
2,3-dichloroethene of 52+8%, in close agreement with results obtained by
electron diffraction measurements.

When chemisorbing 1,1-dichloroethene to a Si(111)-7x7 surface, we ob-
serve a surface-analog to a nucleophilic substitution reaction. C-Cl bonds
are broken, and new bonds between carbon and the surface are formed.
We find that 1/3 of the molecules bind by breaking one bond and 2/3 by
breaking two bonds. Furthermore, as the carbon 1s shifts between chlori-
nated and non-chlorinated carbons are large, the spectrum of physisorbed
1,1-dichloroethene provides an excellent testing ground for comparison with
the gas-phase spectrum. Based on the analysis, we recommend gas-phase
carbon 1s spectra to be used on a routine basis when interpreting spectra
of physisorbed species.
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Suggestions for further work

We have quantized the influence of chlorine, chloromethyl and methyl on
ionization energies, protonation enthalpies and activation energies for elec-
trophilic additions. However, we sought also to give a more qualitatively
description of these influences and have only partly succeeded. On the the-
oretical side, a more detailed description of how electrons are transferred in
each process would give a much better understanding of which properties
of chlorine are the most important in each case and thereby also increase
the predictability when extending to larger systems. Indeed, an analysis of
electron donations upon ionization is included in Ref. [2]. An analysis of
chlorinated ethanes and propanes, e.g. the saturated analogs of the com-
pounds in the present study, could possibly allow us to separate the charge
donation via the ¢ system to that of the 7 system.

When analyzing the spectra of the chlorinated methanes, correction pa-
rameters for the bond length of C-Cl were established with the aim to use
these for larger systems, such as the chlorinated ethenes and propenes. In-
deed, these corrections were useful for the cases of chlorinated ethanes.[6]
However, going to sp? hybridized carbons in the ethenes and propenes, test
calculations indicated these parameters were not valid anymore and a simi-
lar investigation would have to be done again if one would aim for the same
accuracy in the fits.
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Appendix A

List of abbreviations

Tab. 3.1 lists the common abbreviations used throughout the text.
abbreviations related to basis sets, please confer Tab. 3.1 at p. 17.

For

Abbreviation Explanation

B3LYP Becke-3-parameter exchange with
LYP (Lee, Yang and Parr) correlation functional, cf. p. 15

BSSE Basis-set superposition errors, cf. p. 18.

c* Tonized carbon

C1, C2, ... Carbon 1, 2, ... according to ITUPAC nomenclature

Cls Carbon 1s

Cl2p Chlorine 2p

CCSD(T) Coupled clusters with singles and doubles and perturbative
triples, cf. p. 14.

DFT Density functional theory, cf. p. 15.

E, Activation energy, cf. p. 19.

ECP Effective core potential [60], cf. p. 18.

EKT Extended Koopman’s theorem [64], cf. p. 18.

FC Franck-Condon, cf. p. 22.

fwhm Full-Width at Half-Maximum.

AHprot Enthalpy of protonation.

HF Hartree-Fock, cf. p. 14.

1IE Tonization energy

MP2 Mpgller-Plesset with double substitutions, cf. p. 14.

MP4(SDQ) Mogller-Plesset with single, double and quadruple
substitutions, cf. p. 14.

scrf Self consistent reaction field, cf. p. 19.

XPS X-ray photoelectron spectroscopy

Table A.1: List of abbreviations used in the present work.
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