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Abstract

The availability of synchrotron sources has expanded significantly the use of x-ray
photoelectron (PE) and photoabsorption (PA) spectroscopy to probe the molecular
electronic structure and to test the various bonding models the understanding of which is
central to all aspects of chemistry. All features observed in x-ray spectra result from
electronic transitions within the molecule, which are in turn determined by the molecular
electronic structure.

For this Ph.D. thesis, x-ray Photoelectron and photoabsorption spectra were
measured for a variety of small model molecules. Of particular interest were simple
compounds containing nitrogen, oxygen, chlorine and fluorine bound to phosphorus and
sulphur wherein these latter elements exist in a highly oxidized valence state, because the
state of bonding in these molecules is not well understood.

The experiments were conducted at the Canadian Synchrotron Radiation Facility
(CSRF) located at the Synchrotron Radiation Center (SRC), University of Wisconsin,
Madison, Wisconsin. A synchrotron light source displays several unique features ideal for
x-ray spectroscopy. The light produced has a continuous frequency distribution ranging
from the ultraviolet to the x-ray region. Specific frequencies can be selected with a
monochromator; and finally, the light produced is intense, collimated and polarized. All of
these properties contribute to the measurement of very high resolution x-ray spectra.

The research program involved the collection of experimental spectra of carefully
selected compounds in the gas phase, which simplified analysis because all the observed

spectral structure results from the electronic structure of the molecule without crystal



lattice or intermolecular interaction effects. The experimental spectra were compared with
the results of electronic structure calculations done with MS-Xa and Gaussian-94
programs. This comparison with experimental results allows the evaluation of the theory

and refinement of the bonding model.
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1. The Spectroscopic Study of Molecular Bonding

Understanding the chemical bond is central to all aspects of chemistry. Atoms
combine in many different ways to form molecules, each with a unique set of physical and
chemical properties. These properties are determined by the molecular electronic
structure, which in turn is determined by the laws of physics [1], in particular
electrostatics. Knowledge of the electronic structure is thus essential to understand and
predict the chemical behaviour of individual molecules. An insight into how the electronic
structure and the molecular properties vary within groups of related molecules is required
as well [1]. Numerous theoretical methods [1-7] have been developed to model the
electronic structure of atoms and molecules, and to calculate their physical and chemical
properties. In order to use these theoretical models to explain the electronic structure and
to predict unknown properties of atoms and molecules, these models need to be
thoroughly tested to answer the question: how well do the calculations reproduce known
properties, determined experimentally? Recent advances in x-ray spectroscopy using
synchrotron sources have provided the means of probing the molecular electronic
structure and testing the theoretical models. All features observed in the x-ray spectra
result from electronic transitions within the molecule, and these are determined by its
electronic structure.

Electronic spectroscopic studies can reveal substantial information about the
electronic structure of a molecule. The binding energies of all molecular orbitals can be
determined with photoelectron spectroscopy [8]. With appropriate resolution, vibrational
and rotational states of the ionized molecule can be revealed [8]. The energies required to
excite core electrons to unoccupied molecular orbitals in the valence shell and to Rydberg
orbitals fall within the x-ray region (soft to very hard, depending on the atom involved),
and this process is labeled x-ray absorption near edge spectroscopy (XANES). The
position and intensity of peaks in K-shell XANES spectra reveal both the identity of the
atom and its valence state in the molecule. Electronically excited states created with x-rays
undergo de-excitation processes, which yield fluorescence (x-ray fluorescence) {9] and

Auger electron spectroscopies [10]. Additional detail may be revealed through the use of
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photoelectron-photoion-coincidence techniques [11, 12]. All the electronic processes
observed are chemically sensitive and also sensitive to the structure of the molecule. The
fullest information is provided by high quality x-ray spectra, which are readily obtained
with a synchrotron light source [13].

In this project, x-ray photoelectron and photoabsorption spectra were measured and
combined with ab initio calculations to determine the electronic structure and chemical
bonding of a variety of small molecules. Of particular interest are simple compounds
containing nitrogen, oxygen, fluorine, and chlorine bound to phosphorus and/or sulphur,
especially species wherein these latter elements exist in a highly oxidized valence state. In
the cases of these highly oxidized valence states, the actual nature of the chemical bonds
formed is not well understood [14, 15]. Comparing the theoretical calculations with
experimental results derived from the x-ray spectroscopic measurements will allow the

evaluation of the theory, and whether it provides an appropriate description of the bond.

1.1.  Photoelectron Spectroscopy

Photoelectron spectroscopy yields both a measurement of the specific electron
binding energy of each molecular orbital and the photoionization cross-section o(hv)
(relative intensity) for each photoionization process. The photoelectron process is
illustrated in Figure [-1. A photon with energy hv interacts with the initial state of a
molecule, ionizing the molecule (i.e. creating an ionic state of the molecule with a vacancy
in molecular orbital ¢;). All of the input energy is used to promote and eject an electron
from the molecule and, because the energy of the photon is greater than the ionization
potential, this photoelectron has a measurable kinetic energy, Ex. The energy difference
between that of the initial molecular state (\V;) and the final state of the ion (\F;) can be
deduced through measurement of Ej at a known fixed photon energy hv, and by applying
equation (1-1), which is based on the Conservation of Energy Principle. This energy

difference is called the binding energy (Eg) of the electron [16].

Es =hv - E - E. (1-1)
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The term E. is a correction term which accounts for the recoil energy of the ion,
negligibly small in most applications [16], and the work function W, which can have a
significant effect in solids [16]. In a gas system, W arises from charging effects of the cell
and the charge buildup in the ionization region. The former can be minimized by
grounding the gas cell and the latter by effective pumping. Since E. is difficult to measure,
it is eliminated through calibration of the instrument with a gas with well known electron
binding energies, for example noble gases. Equation (1-1) hence simplifies to equation

(1-2) where E(Wy) and E('¥)) are the total energies of the final and initial states [8].

Es =hv - E, = E('Y) - E(Y)) (1-2)

Both the molecule and the ion are polyatomic species; hence both have electronic,
vibrational and rotational excited states. At room temperature, given the energy
differences between these states (rotational: < 0.1 eV, vibrational: 0.3 eV, electronic: 3 to
10 V), the vast majority of molecules will be in the electronic and vibrational ground
states (Boltzman distribution: ground state population > 99.99% for E.i» 2 0.24 eV and
E« 2 0.12 eV). However, transitions to electronically and vibrationally excited states can,
and do, occur. Both have been observed experimentally [17-20]. Transitions to
rotationally excited states are also expected, but these energy differences are so small (a
few meV) that in most photoelectron experiments they are not resolved. Their
contribution is omitted in further discussion. As the resolution of photoelectron
spectrometers continues to improve (at present, the state of the art instruments have a
resolution of about 5 meV), resolution of rotational structure for small molecules will
likely become routine in the near future. Recently there have been investigations of
rotationally excited states of N, [21, 22] and H;" [23].

The potential energy curves for the initial and final states are shown schematically in
Figure 1-2. The photoelectron process for the molecule thus involves a transition from the
ground electronic state X and ground vibrational state v, to an ion in an electronic state Y

and with a vibrational state v', [8].
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M(X, vo) +hv > M (Y =X ABC,..., Va-o12..) e (1-3)

For this photoexcitation process the transition probability per unit time, Py, is given
by equation (1-4) [24], where E, is the magnitude of the electric field vector of the
incident radiation, ® = 2nv is the angular frequency and p«(E) is the density of states at hv
=E, p is the sum of the linear momentum operators of the electrons, and e is a unit vector
in direction of the electric field vector of the incident radiation.

22
Eo

0= 207 PAE) [ (¥ (Yova)] €% ep [¥i(X.vo)) (1-4)

Application of the Born-Oppenheimer approximation [25] and the dipole
approximation [26] allows the last term of equation (I-4) to be separated into three
components, which describe the electronic state, the vibrational motion, and the electron

spin configuration, respectively.

p 2

TteE e c v 3 s
0= 5t PCE) [ [ep [ ) PLCwr [wi) FCwe [ P (1-5)

The existence of an unbound electron in the final state guarantees that Py will be
non-zero for all transitions, provided that ¢ = y;*, hence, the photoelectron process is
restricted only by the spin selection rule As = 0 [8]. As a result, if there is minimal lifetime
broadening, there can be a multitude of vibrational peaks for each electronic transition. Of
these, two are most commonly considered [8]:

1. Adiabatic ionization energy Eg,: the energy corresponding to the transition

M(X, vo) +hy > M'(Y, V' = vy') + e, (1-6)

2. Vertical ionization energy Eg.: the energy corresponding to the transition

M(X,vo) thy > M (Y, v =v,)) +e, (1-7)
where n is the quantum number of the vibrational state whose wavefunction gives

the largest overlap with the wavefunction of the initial state.
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For many molecules, these two ionization energies are identical or indistinguishable
within the limits of the spectral resolution.

Analysis of photoelectron spectra must also include the concept of multiplet splitting.
The two most important types of multiplet splitting arise from Russell-Saunders (LS)
coupling and from spin-orbit (jj) coupling of the orbital angular momenta and electron
spins. The former is caused by electrostatic repulsion of the electrons in an atom or
molecule [27]. This repulsion is greater for electrons occupying the same orbital than for
electrons in different orbitals. The electron spin is connected to electrostatic repulsion,
because electrons with parallel spins must of necessity occupy different orbitals. To
determine the electronic states in the Russell-Saunders coupling scheme, the orbital
angular momenta and spins of all electrons are coupled separately to give an overall
angular momentum L and spin S. These then couple to give the total angular momentum
J=L+S, L+S-1, ..., |L-S| of the state [27]. These three quantum numbers are then
combined to obtain the term value (*'Lj) [27). Just as the atomic orbitals with different
angular momentum are designated by letters (s, p, d, f...), so are the electronic states. The
angular momentum L is indicated by the corresponding capital letter (S, P, D, F...). A
state with L = 1, S = '/, and J = ¥/, is written as *P; , for example. Various theoretical [28]
inorganic and physical chemistry textbooks [27, 29, 30] describe the methodology of
assembling the proper description of LS coupled states of atoms or molecules.

Spin-orbit coupling (jj) arises from the relativistic interaction of electron spin and
orbital angular momentum [27]. As the electron moves about the nucleus with velocity v
at a distance r, it creates a magnetic field B given by equation (1-8)[31]. The magnetic
moment inherent in the electron spin aligns itself with this field in either parallel or

opposite directions. Of these, the latter alignment has lower energy.

Ze
B—t'%rxv (1-8)
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To determine the electronic states, first the orbital angular momentum | and the spin s
of each individual electron are coupled to give a combined moment j, and these are then
coupled to give a combined momentum J [27].

Both Russell-Saunders and spin-orbit coupling represent extreme cases of the
coupling between orbital angular momentum and electron spin. Many states of
intermediate coupling exist. It is, however, difficult to calculate these states of
intermediate coupling. Features in photoelectron spectra are usually described in terms of
either Russell-Saunders or spin-orbit coupling, and the decision on which scheme to use is
based upon relative energetics. If the electrostatic electron-electron repulsion energy
exceeds the magnetic spin-orbit energy, then Russell-Saunders coupling is the correct
scheme. Otherwise, spin-orbit coupling applies. For most molecules the former coupling
scheme dominates for valence shell excitations, while for core excitations the latter scheme
is more important. The magnitude of spin-orbit coupling increases with atomic number Z
of the excited atom.

Most molecules have a singlet ground state configuration, that is, all electrons are
paired. Upon valence-shell photoionization, an unpaired electron remains in the molecular
orbital ¢;, which leads to a doublet final electronic state. A single peak is observed for the
transition because the spin-orbit coupling within the valence shell is generally not large. A
few molecules, for example NO,, are radicals, which already have at least one unpaired
electron in the ground state configuration. Photoionization in these cases leads to a final
ion state, which has at least two unpaired electrons. These spins interact, creating several
distinct electronic states of the ion and photoelectron. In general, the transition energies to
these states will be different; and hence a photoelectron peak is observed for each. These
contrasting situations are illustrated in Figure -3 with the valence shell photoelectron
spectra of SO, (closed shell) and NO; (open shell). Photoionization of the former
molecule leads to an ion with one unpaired electron. The final state of the ion is—in the
LS coupling scheme—always a doublet, so each valence shell ionization gives rise to a
single photoelectron peak (Figure 1-3). In the case of NO,, however, the photoelectron
process leads to ions with two unpaired electrons unless the original unpaired electron in

the outermost orbital is ejected. With two unpaired electrons there exist two possible
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electronic states for the ion, a singlet and a triplet (LS coupling scheme). Each gives rise
to a photoelectron peak, as seen in Figure 1-3. In cases where the spin-orbit coupling is
large even in the (outermost) valence shell, for example, the 5p shell of xenon, a large
spin-orbit component is observed. The valence shell photoelectron spectrum of xenon
shows three peaks corresponding to the *Ps., °P;- (electron ejected from the valence shell
p orbitals) and S, (electron ejected from the valence shell s orbital) final electronic states

of the ion.

1.2.  Photoabsorption Spectroscopy

If the photon energy is less than that required for photoionization, the interaction
between photons and molecules leads to electronically excited molecular states. The
absorption of the photon promotes an electron into one of the unoccupied orbitals, which
may be of non- or anti-bonding character. In contrast to the photoelectric effect, which
occurs at all photon energies exceeding the ionization threshold, this process requires
matching of the incident photon energy to the transition energy, since there is no
photoelectron to carry away the excess energy. The photoabsorption spectrum of a
molecule therefore displays peaks at energies corresponding to the transition energies
between occupied and empty orbitals.

The photoabsorption transition probability to excited molecular states is given by
equation (1-5). However, in this case the final state does not contain any free electrons; all
electrons are in molecular orbitals, which have specified angular momentum. Hence, the
dipole selection rule (Al = + 1) applies to the photoabsorption process in addition to the
spin selection rule As = 0.

Most molecules do not belong to a high symmetry point group. In consequence, the
molecular field created by the presence of the other atoms removes the degeneracy of
atomic p, d, f etc. orbitals. For example, in PF3, a C;, molecule, the triply degenerate p
orbitals of phosphorus split into a; and e symmetry components, and the five-fold
degenerate d-orbitals split into an a, and two e components. Under these lower symmetry

epluiH? in equation (1-5) is only non-zero if

conditions the electronic transition term |[(y;°

and only if the triple product ['(y¢) x ['(p) x ['(y;°) of the irreducible representations of
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wr', p and y;°, respectively, contains the totally symmetric irreducible representation of the
molecular point group [28]. Or, more simply, the direct product ['(w¢) x [(w) must
contain at least one component of I'(p). Since the dipole operator has components in each
coordinate (p«x) etC., p =p« X + p, y + p; 2, it will always transform as x, y and z (the unit
vectors in the Cartesian coordinate system) in any point group. That is, [(p) = ([(x), ['(y),
['(z)). The character of the wavefunctions () x I'(y;®) must contain at least one of
these three irreducible representations [28]. Both I'(yw") and () are determined from
the electron configurations of the final and initial states, respectively. A detailed method
for determination of I'(wr’) and ['(y;°) is presented by Harris and Bertolucci [28]. The
overall effect of the lower molecular symmetries is to increase the number of allowed

transitions.

1.3.  Excited State Decay Processes: Auger, X-ray Fluorescence, and

Fragmentation of the Molecule

Both photoabsorption and photoelectron processes leave the molecule or ion in an
excited electronic state. This state, being unstable, will decay to a lower energy electronic
state through rearrangement of the electron configuration. Several paths exist to achieve
this de-excitation.

The major competing processes for decay of a core hole state are x-ray fluorescence
and the ejection of an Auger electron. In both processes, a transition of an outer shell
electron into the core hole takes place. The energy released is either converted into an
x-ray photon (x-ray fluorescence) or it is given to another electron in an outer shell orbital,
which is then ejected from the ion—the Auger electron. Of these two de-excitation
processes, the Auger effect is dominant for low binding energies of the core level initially
ionized, up to about the s ionization potential of arsenic (Z = 33) [32] (11.8 keV [33]).

X-ray fluorescence is essentially the reverse process of photoabsorption: an electronic
transition to fill an inner shell hole leads to the emission of a photon [9]. It is, therefore,
subject to the same selection rules: Al = £1, As = 0, and Aj = +1 or 0. In a few instances
the first and the last rule are broken (e.g. Al = -2 or 0, Aj = -2), and low intensity

forbidden lines are observed [9]. The energy of the x-ray produced corresponds to the



9

difference in binding energy between the two levels involved in the electronic transition.
The widely accepted notation for x-ray emission lines indicates the final level of the
electronic transition by a capital letter, e.g. K for the Is shell. This is then followed by a
lower case Greek letter and a number subscript to differentiate each line based upon its
relative intensity, for example Ka; and L, [9].

In the non-relativistic limit the Auger process involves a two-electron electrostatic
interaction [34]. Under Russell-Saunders coupling conditions the selection rules are
AS = AL = AMs =AM =AJ =0 and parity is conserved. Similarly, in the spin-orbit
coupling scheme, AM =AJ =0, and parity is conserved. For low Z atoms, the Auger
transitions are best described in terms of Russell-Saunders coupling. Spin-orbit
interactions become more important as the atomic number Z increases, but even for Z =
80 the electrostatic interactions between electrons cannot be ignored, and the observed
transitions are best described by an intermediate coupling scheme [34].

When a vacancy in an inner shell V is filled by an electron from the outer shell X, the
energy Evx released by this transition equals the difference between the ionization
potentials of the two levels. This energy is acquired by a second electron in the outer shell
Y, which then escapes from the ion. Its measurable kinetic energy E., equals the
difference between Evy and the binding energy of shell Y in an ion with a vacancy in shell
X—i.e. Ey'. This radiationless rearrangement of electrons is only allowed if Evy exceeds
Ey’. The kinetic energy of the Auger electron is independent of the energy of the incident
particles. It depends only on the energy levels involved in species that undergo Auger
de-excitation.

The Auger transitions resulting in the de-excitation of ions are labeled using the
energy levels involved, usually in the form of V,X,Y; [34]. V is the energy level of the
original vacancy; X and Y are the levels where vacancies occur after de-excitation. The
subscripts p, q and r are subshell indices. For example, K-series transitions have the
original vacancy in the K or 1s shell. They are denoted by KX,Y; or 1sX;Y.. Possible
K-series transitions include KL;L,=1s2s2p;, and KL,L:=1s2p;22ps2. A special type of

Auger transition is the Coster-Kronig transition [34]. In this process, the primary vacancy
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is filled by an electron from a different subshell of the same major shell, for example
L.L,M,. However, the overall process is similar to the Auger process.

A special case of the Auger process is the resonance Auger transition [10]. This may
occur when absorption of the photon leads to the excitation of a core electron into an
antibonding orbital, forming an excited molecular state with a hole in an inner shell rather
than the ion formed in the continuum Auger process. The normal Auger process then
occurs, with the final result that an ion with charge +1 and the Auger electron are
produced, in contrast to the continuum Auger process, in which the initial state is an ion of
+1 charge, and the final state an ion of +2 charge. Resonant Auger processes are
commonly divided into two groups [10]:

I. Spectator resonant Auger transition: The excited electron is a spectator in the

Auger decay process.

2. Participator resonant Auger transition: The excited electron is one of the
participating electrons in the Auger decay process. This transition is also referred
to as autoionization as it is identical to the autoionization process [8] observed for
valence shell excitation [10].

Of these two decay mechanisms, the spectator resonant Auger transition is the dominant
method for core hole states [10], but decay by participator resonant Auger transitions is
prominent in cases where the other mechanism is forbidden, for example valence shell
excited states [10]. Participator resonant Auger transitions are an important decay
mechanism in some core excited states (e.g. Ba(4d’4f) [35]) as well [10]. Energies and
peak intensities of the resonance Auger spectrum are expected to differ from the
continuum Auger spectrum observed when the initial excitation energy exceeds the
ionization potential of the core level with the primary vacancy [10]. Unlike the continuum
Auger, the resonance Auger process is only observed when the photon energy matches the
core—mo* transition energy, and so, it is necessary to have a tunable excitation source
(such as is provided by an electron synchrotron).

Another de-excitation path for electronically excited molecules or ions is
fragmentation. One or more of the chemical bonds break to produce various charged and

neutral fragment species. Core excitation usually leads to the complete breakup of the
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molecule [11] into its component atoms, which often have a high positive charge due to
multiple Auger transitions. In contrast, polyatomic fragment ions are often observed at
lower photon energies following valence shell ionization, see for example [36-43]. The
study of these fragmentation processes to gain information about electronic structure and
chemical bonding is the object of the emerging field of photoelectron-photoion

coincidence spectroscopy.



hy = E

Figure 1-1: The photoelectron and photoabsorption processes.
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Figure 1-3: The valence shell photoelectron spectra of SO, and NO,.
The labels specify the orbital from which the photoelectron was ejected.

(S) = singlet and (T) = triplet final state.
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2. The General Experimental Procedures

As explained in the previous Chapter, the molecular structure greatly influences all
intra-molecular interactions between photons and electrons. Thus, the various types of
electron spectroscopy can be used to probe the molecular electronic structure and to test
the various bonding models, the understanding of which is central to all aspects of
chemistry. To accomplish this, high quality spectra are a necessity. This requires an x-ray
photon source having both high intensity and high energy resolution. In addition, for
photoabsorption experiments the photon source must supply a continuous spectrum from
which the desired energies can be selected with a monochromator. The detection
mechanisms used to analyze the resulting photoelectrons also require high resolution. The
former is readily achieved with a synchrotron light source.

During the last three decades the availability of synchrotron light sources has greatly
expanded the fields of photoelectron and photoabsorption spectroscopy, as the photons
from such a source posses the qualities necessary for high resolution x-ray spectra.
Synchrotron light is intense, collimated, polarized, and in general has a continuous
frequency distribution [13]. Specific frequencies can be selected with a monochromator

without extreme losses in radiation intensity.

2.1.  An Electron Storage Ring, a Synchrotron

Synchrotron radiation is generated with a ring in which energetic particles, such as
electrons, are stored. A diagram of a typical synchrotron ring is shown in Figure 2-1. The
curvature of the particle trajectory introduces acceleration at relativistic speeds, which in
turn causes the emission of synchrotron radiation. Although all charged particles, when
accelerated, emit synchrotron radiation, the intensity of emission is inversely proportional
to the fourth power of the particle mass (intensity < 1/m*) [13]. Therefore, only very light
particles, such as electrons and positrons, give off light with useful intensities [13, 44].

Synchrotron radiation is intense, collimated and plane polarized radiation ranging
from the infrared (ir) to x-ray regions. It has found innumerable applications in physics,

chemistry, biology, materials science, and other fields [44].
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In the electron storage ring, such as the one used in this study, the electrons are kept
in a circular path by a series of bending (dipole) magnets spaced around the ring. The
centripetal acceleration thus created in these dipole magnets yields the synchrotron
radiation. The electrons, however, lose energy in the process. This lost energy is
resupplied by an accelerating voltage, which is applied via an oscillating electric field at a
radio frequency (rf) o, i.e. a microwave resonance cavity [45]. The required frequency is
determined by the field strength of the bending magnets (B) and the rest mass (ms) and the
charge (q) of the electrons [46]. This rf-cavity is inserted into the ring and the oscillating
nature of this potential allows transfer of energy only to electrons traveling in phase with
the rf ® [46]. In consequence, ® must be a whole number multiple of the revolution
frequency f of the electrons [45]. The ring and its radiation take their name from this
synchronous nature of the accelerating process, which is essential for maintaining the
electron beam in the ring over several hours [46].

When viewed from alongside the ring, the electrons oscillate in a similar fashion as
those on a radio antenna. So the expected frequency of the emitted light should equal the

revolution frequency f, [44].

_9B_ 2-1)

f= 2nmyc

If the electrons in the ring have low kinetic energies, the classical dipole pattern of
light having that frequency is observed [44]. However, when the electrons travel at
relativistic energies, the Lorentz transformations change the radiation pattern, so that the
light is emitted in a very narrow ray with its maximum intensity in the forward direction
tangential to the electron travel path. There will also be two side lobes. These result from
the backward radiation, which is bent forward by the Lorentz transformations. The

angular width 0 of the main ray is [13, 44]:

1 _ mgc’
E

Bzy = (2-2)
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Similarly the frequency is transformed from f;, into a pseudocontinuum. This is
composed of many harmonics of f;. These range from f; itself, a rf, into the UV, x-ray or
even the y-ray regions of the electromagnetic spectrum. The spectrum is characterized by
a critical energy €. given by

-

Sheyv
4nR

and the corresponding wavelength is

_4mR

=3 (2-3)

where R is the radius of the ring, and v is defined in equation (2-2) [44]. The maximum
photon flux occurs at about A/2. Flux declines rapidly with decreasing wavelength
(increasing energies), but there is only slow variation at longer wavelengths. Thus, the
synchrotron light spans a large section of the electromagnetic spectrum from the far ir to
the x-ray regions in a smooth continuum. The electron bunch structure imparted by the rf
phasing requirement means that the electrons travel in bunches or buckets around the ring,
and therefore the emitted radiation is pulsed. The frequency and length of these pulses are
determined by R, w, and the number and length of the bunches [44].

In addition to the bending dipole magnets, “wigglers™ and “undulators” can be used to
alter and control the electron trajectories, and so produce radiation [44]. These so-called
insertion devices are positioned on straight sections of the ring. They consist of a series of
closely spaced and oppositely orientated magnets. The field reversals cause the electrons
to travel in a zigzag path. The radiation from each pole adds constructively, resulting in
much higher beam intensity. The magnetic fields of wigglers are strong, and the resulting
deviation angle of the electrons is large compared to the width of the radiation cone. This
results in a uniform gain in intensity over the whole spectral range. Undulators, in contrast,
have small magnetic fields, so that the deviation of the electron path is small compared to

the cone width. Here, interference effects dominate and only specific frequencies are
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enhanced. Undulator radiation is quasimonochromatic with a very small solid angle. Its
high brightness and coherence make it an excellent radiation source for x-ray microscopy
and x-ray holography applications [44]. Both wigglers and undulators are characterized by

the dimensionless wiggler parameter [44]

K= (2-4)

and the magnetic period length A, [44]. If K is small (K < 1), the motion of the electrons
creates a dipole radiation pattern. Upon transformation to the lab frame of reference this
pattern gives the first undulator maximum with wavelength A,. For a symmetric device
only the odd harmonics of this fundamental wavelength are produced. The magnitude of

the wavelengths depends upon K and A, according to equation (2-5) [44].

Lk K
=gt (1F7)

he 2y
Ev= 03 15 K2 2-5)

Different sets of wavelengths can be selected through variation of K by changing the gap
between the poles of the permanent magnets in the undulator.

At large values of K the radiation pattern produced by the electrons becomes
increasingly more complex creating significant intensity in higher order harmonics. The
peaks broaden to create an intensity increase over the whole spectral range. An undulator
is an insertion device with a small value for K, usually K < 1 [44], while wigglers have
very large values for K, K >> | [44].

The experimental work for this thesis was conducted at the Synchrotron Radiation
Center (SRC) which is operated by the University of Wisconsin, Madison in Stoughton,
Wisconsin. This particular ring (Aladdin) has a 50.582 MHz resonance cavity [47] and an

average radius of 14.1 m [47]. The revolution period for each bunch of electrons is 297 ns
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(fo = 3.37 MHz) [47] and there are 15 bunches in the ring [47]. There are two operating
modes for electron kinetic energies: 800 MeV and | GeV. For the former the critical
wavelength A. is 22.7 A (gc = 545 V) [47] while for the latter A. is 11.6 A (e = 1065 eV)
[47]. Further information about the Aladdin ring can be obtained from the SRC website
[48].

2.2.  Beamlines and Monochromators:

As explained above, a synchrotron produces a wide spectral range of light, from the ir
to the hard x-ray region. However, for most experiments specific frequencies are needed,
SO it is necessary to select the required wavelength (energy) of the radiation [49]. This is
achieved with the use of a monochromator device. The monochromator has three main
optical elements: an entrance slit, an exit slit, and the diffraction element, which is typically
an appropriate crystal or a ruled grating operating under the Bragg diffraction law [50]
nA = 2d sin@ (where d is the spacing of the diffraction centres, and 0 is the angle of
incidence). The type of diffraction element used is dependent upon the photon energy
region to be accessed [49]. Crystals are often used for the x-ray region above
approximately 1000 eV, for example [51-57], but they can be used for energies as low as
500 eV, for example Beamline 6.3.1 at the Advanced Light Source [58]. Hard x-rays
(3.5-25 keV) are typically diffracted with Si(111), Si(220) or Si(311) crystals [53-56].
InSb(111) crystals cover the energy range from the Si K-edge (1840 eV) up to about 4000
eV. Lower photon energies can be obtained with Quartz (1010), Beryl (1010) and YBss
crystals. Energies in the vacuum ultraviolet and soft x-ray regions can be selected with a
spherical grating monochromator [59-61] and a plane grating monochromator [62-64].
Normal Incidence Monochromators [65] and Toroidal Grating [66] monochromators are
used in the vacuum ultra-violet region as well.

The grating typically consists of a plane or spherically concave mirror surface with
many parallel grooves. The spacing of these grooves depends on the desired photon
energy range, and can vary from 20 to 6000 lines/mm. The interference pattern created by
a diffraction grating is highly dependent upon the wavelength of the light; thus, there

exists a unique pattern for each photon energy.
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Other methods for energy selection exist as well, for example zone plates [67] which
focus x-rays of specific wavelengths determined by the width-spacing of the zones. This
form of energy selection is often used in x-ray microscopy beamlines, for example
Beamline 6.1.2 at the Advanced Light Source [68].

The experimental spectra presented herein were collected using three different
beamlines at the SRC depending upon the photon energy range required. Each of these

three beamlines will now be described in some detail.

2.2.1. The Mark IV “Grasshopper” Monochromator beamline of
CSRF

The Mark IV Grasshopper beamline of the Canadian Synchrotron Radiation Facility
(CSRF) located at the SRC in Stoughton, WI was employed for the valence-shell
photoelectron work and the phosphorus and sulphur L-shell photoabsorption spectra. In
this monochromator the energy selection is achieved through employment of a concave
grating and a Rowland circle geometry [69].

The focusing conditions of a concave grating are described with the aid of the
Rowland circle. This circle, having a diameter equal to the radius of curvature of the
grating, is placed tangential to the grating so that the grating centre lies on the
circumference. Then the diffraction spectrum of a point source lying on this circle will be
focused on the circle as well [70]. So, to achieve the optimal focal conditions of the
monochromator, both entrance and exit slit are positioned on the Rowland circle of the
diffraction grating with the grating centre lying on its circumference.

The total beam of synchrotron light enters the monochromator at the entrance slit, but
only light at one specific frequency and its harmonics exits through the exit slit. This
frequency is determined by the positions of both slits on the Rowland circle. In order to
select different frequencies and still maintain focus, at least one monochromator element
must be movable. The focal conditions can be maintained in one of two ways [70]:

L. One element moves along the Rowland circle.

2. The Rowland circle rotates about one element and the other two move accordingly

to remain on the circle.
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In the Grasshopper beamline of CSRF the exit slit is kept at a fixed position to obtain
a constant exit beam direction. The other elements move so that the Rowland circle
(radius r = Im [69]) rotates about the exit slit. A cylindrical mirror, M, focuses the
synchrotron radiation in the vertical plane onto the entrance mirror-slit S; which then
directs the beam onto the spherical grating (radius of curvature R = 2m [69]). To keep the
Rowland circle focusing conditions at the exit slit, the grating pivots about S;, while S,
itself rotates at half the angular velocity of the grating [69]. Both grating and M, also
translate parallel to the incoming radiation [69]. In theory this beamline covers an energy
range between 40 and 1000 eV (12-300 A) [71]. In practice, the energy range of photons
with useful intensity is much smaller, and is somewhat dependent upon the grating
installed. The 1200 lines/mm grating has a low energy cut-off at approximately 38 eV,
while the higher resolution 1800 lines/mm grating cuts off at approximately 67 eV. At
higher energies, the light intensity decreases significantly above the carbon Is edge at 284
eV, thus, the actual useful energy range for this beamline is between 40 and 300 eV. The
minimum bandpass is 0.05 A [71], so the best attainable energy resolution varies between
0.007 eV (at 40 eV) and 0.4 eV at (300 eV). The focused spot is 7 mm wide and | mm
high [71].

2.2.2. The HERMON Beamline of SRC

The photoabsorption and photoelectron oxygen 1s measurements in this thesis were
done with the High Energy and high Resolution Monochromator beamline (HERMON) of
SRC. This monochromator has a unique and new design feature, a grating with variable
spacing [72]. The optics for this type of beamline were developed to achieve beam focus
to the first power over a large range of wavelengths while keeping the position of the
entrance and exit slits fixed [73]. A Rowland circle monochromator, such as the
“Grasshopper” described earlier (Section 2.2.1), requires movable slits to maintain focus
conditions, and a plane grating monochromator employs auxiliary mirrors to do this. The
additional mirrors greatly reduce throughput and introduce additional difficulties in
figuring and alignment. The new optical design described for HERMON uses a variable

spacing grating [73] which can eliminate all these limitations. If the motion of such a
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grating is constrained to rotation only, very high resolution is achieved at two
wavelengths, but not elsewhere, largely due to defocusing of the beam. These defocusing
aberrations are removed by the introduction of a translation of the grating at ail other
wavelengths. This translation motion, executed along the tangent plane of its centre and in
direction of its ruled width, has the effect of bringing all wavelengths into focus at the
fixed exit slit, leaving only spherical aberration as the new limit for optical resolution.
Thus, this design has the potential to achieve very high spectral resolution of the order of
0.003 A (0.06 eV at 500 eV)[73].

In addition to a variable-grating fixed-slit monochromator design, the HERMON
beamline employs a Kirkpatrick-Baez mirror system for both pre- and postfocusing optics
[72]. SiC spherical mirrors are used for vertical focusing, and bent-glass cylindrical
mirrors for horizontal focusing, which occurs at the grating,

The high-energy varied-groove-density spherical grating installed for the experiments
presented herein covers an energy range between 500 and 1100 eV [74]. The best
attainable photon resolution is of the order of 0.002 A (slit = 0.01 mm,

AMA) = 0.2 x slit(mm)) [74]. This corresponds to 0.05 eV in the oxygen ls absorption

region (530 eV). The focused spot size is | mm by twice the width of the exit slit [74].

2.2.3. Double Crystal Monochromator (DCM) beamline of CSRF

The Canadian DCM beamline was used for measurement of phosphorus and sulphur
K shell spectra. This beamline employs crystal lattice diffraction to monochromatize the
synchrotron radiation. To keep the exit beam position fixed as the photon energy is
scanned, two crystals with linked rotation and translation motions are used. This
synchronized motion is achieved with a Golovchenko type of Boomerang mechanism [75,
76]. Both crystals rotate as the Bragg angle [50] is scanned to keep them parallel. The
second crystal also translates to intercept the diffracted x-ray from the first crystal and to
maintain a fixed vertical position of the exit beam. A focusing mirror is installed
downstream of the crystals. This mirror should ideally be ellipsoidal, however, such a
design was impractical when the beamline was built. Instead, a cylindrical mirror with a

unique mirror bender, which distributes the bending moment along the length of the
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mirror, is employed [75]. The optical surface of the mirror has a nickel coating, giving
good reflection in the 1500-5000 eV range [75, 76]. Two sets of crystals are available:
InSb (111) and Quartz (1010). With these, the beamline covers an energy range from
1500 to 4000 eV (3-8 A) [S51]. However, the light intensity provided by the Madison
storage ring decreases rapidly above the chlorine edge at approximately 2800 eV. The
photon energy resolution is about 1.0 eV [74]. The spectra of the phosphorus and sulphur

K shell regions presented in this thesis were obtained with the InSb crystals installed.

2.3.  Endstations: Photoelectron Spectrometer, Gas Cells

2.3.1. Electron Energy Analyzer

The photoelectron spectra were measured with a hemispherical spherical sector
analyzer built at the University of Alberta using hemispherical section spheres
manufactured originally by the McPherson Instrument Company [17]. In a spherical
analyzer, the entering photoelectrons, which exit from the gas cell (ionization chamber)
through a slot, traverse an electric field established between two concentric spheres to
reach the detector. This spherically symmetric electric field causes the electrons to traverse
the analyzer along a circular path. The central ray is shown by the dotted line in Figure 2-
2. The path traveled is determined by the relationship between the voltage applied across
the spherical plates and the radius of the plates. Thus, a specific voltage allows a certain

set of kinetic energies to traverse the internal paths between the plates, equation (2-6).

eRiR;  V
T2(RR) T

= Ex (2-6)
Only electrons with kinetic energies corresponding to a path radius between R, and R, will
be able to traverse the analyzer.

For a sphenical analyzer the first-order focal point of the electron current occurs at
180° [77]. However, according to Barber’s Rule, for spherical segments less than 180°,
object, image point and centre of curvature lie on a straight line [77]. This allows the

ionization region and the detector to be outside the field. The analyzer is able to accept a
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wide range of azimuthal angles, giving it very good sensitivity for a quasi-point source
[77]. Also, it is possible to simultaneously measure a range of kinetic energies through the
use of a multidetector array [77]. A range of kinetic energies, given by equation (2-6), is
focused at the detector plane by the analyzer. A subset of this energy range can be selected
through the use of an analyzer exit slit. The central kinetic pass energy of the analyzer can
be altered by changing the potential difference V between the spheres.

Our analyzer is a hemispherical section, which spans a horizontal angle of 154° and a
vertical angle of 60°. The inner and outer sphere radii R; and R; are 320 mm and 400 mm,
respectively, with a central radius of 360 mm [17). A multi-channel plate detector
assembly was installed at the exit focal plane to count the electrons. The width of the
detector range of kinetic energies is determined by the dispersion equation (reduced to
eliminate trap fields). Electrons with a range of kinetic energies given by equation (2-7)

were detected simultaneously.

KE at centre  KE at centre

2 x Rmcan ” x RI+R2
< 2

AE = (2-7)

The photoelectron spectra were obtained by scanning the analyzer voltage and measuring
the electron counts as a function of the pass energy at a fixed photon energy hv. To avoid
asymmetry contributions to the peak intensities, the exit slit of the gas cell and the
entrance slit of the analyzer were mounted at the pseudo-magic angle [17] to the incident
photon beam.

The ionization region was located inside a small gas cell to prevent the gas from
dispersing too quickly, and so, a localized high-pressure area was created. Effective
pumping kept the rest of the spectrometer at operating pressures of 10~ to 10~ torr [17].
A window and a differential pumping section were mounted between the monochromator
and the spectrometer to prevent gas flow into the UHV (107 torr) monochromator
region. The window material was aluminum for O(ls), or carbon or polyimide for the
S(2p), P(2p), and valence shell studies.
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For the oxygen ls photoelectron spectra, differential pumping and monochromator
protection requirements necessitated the use of a windowed cell, which was constructed in
the form of a copper block 5.6 cm long with an inner diameter of 0.95 cm, with an exit slit
of width 0.2 mm x 10 mm that was coupled to the entrance of the analyzer. The cell was
electrically isolated from the spectrometer to allow application of a retardation potential.
A thin (1500 A Al) window separated the sample chamber containing the cell from the
monochromator chamber, and similar windows capped each end of the gas cell to
minimize gas egress into the chamber. Thus, the monochromatized synchrotron radiation
passed through two windows before exciting the gas contained within the cell.
Monochromator protection requirements were not as stringent on the Grasshopper
compared to HERMON, so a more open gas cell design was used for the S(2p), P(2p) and
valence shell spectra. Rectangular capillaries guided the light into and out of the cell,

which was grounded to avoid charge buildup.

2.3.2. Photoabsorption Gas Cell

The photoabsorption spectra were measured using a double gas cell assembly as
shown in Figure 2-3. The type of window at the cell entrance depended upon the energy
region probed (carbon for the sulphur and phosphorus L shell and the oxygen K shell, and
beryllium for the sulphur and phosphorus K shell regions). To avoid contamination of the
monochromator due to possible gas leaks, a differential pumping section was established
between the monochromator and the window. Furthermore, as described above,
monochromator protection requirements of HRMON necessitated the employment of two
carbon windows between the monochromator and the gas cells. On the DCM, an in-line
gas cell containing 1.2 torr N, and closed off by beryllium windows was located between
the monochromator and the main gas cells. The i, current from this cell was collected
simultaneously with the experimental spectra and used for normalization purposes.

Each of the two gas cells of the main assembly (Figure 2-3) was 21.0 cm (8'4") long,
with an inner diameter of 3.5 cm (1%"), separated by an intervening distance of 21.0 cm
(8%"). A potential of 200 V was applied to one electrode in each cell to create a

photoelectron current, i, and i, in each cell. The absorption spectra were generated by
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scanning through the energy region of interest and measuring the electron currents i, and i,
as a function of photon energy. To obtain optimal spectral resolution, the monochromator
exit slits were set at the most narrow values (10 um for HRMON and 20 um for the
Grasshopper).

The total electron yield spectrum thus obtained was normalized by taking the ratio of
these two current signals: i/i2. Alternatively, the spectrum can be normalized by
simultaneous measurement of a standard. for example N,, and then taking the ratio of the
experimental spectrum to the standard. In either, the dependence of the electron yield
signal upon photon intensity is eliminated. The experimental peak energies were obtained
by fitting the experimental spectra with Gaussian/Lorentzian (Voigt) curves. A step in the
baseline was put at the approximate position of the ionization edge.

The gas cell used is based upon the double ion chamber design developed by Samson
[78]. When filled with a gas at a number density n and having a photoabsorption
cross-section c(hv), the ionization yield (n) as a function of photon energy is given by

equation (2-8) [78]:

i[/e
1: = 2-8a
ce n o e-onLy (1.0 (2-8a)
cell 2: n el (2-8b)

B I e-onl; (1-¢°™)

where q is the charge of the species collected and the cell parameters L,, L, and d are as
shown in Figure 2-3. An expression, given by equation (2-9), for the photoabsorption

cross-section o(hv) is obtained from the ratios of equations (2-8a) and (2-8b) [78].

_ lm l]/lz)
9 n(L-Ly) (2-9)



27

RF CAVITY

ELECTRON STORAGE RING
(PLAN VIEW)

INSERTION DEVICE

Figure 2-1: Diagram of a synchrotron ring, adapted from a brochure of the Maxwell

Brobeck company.
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Figure 2-2: A Hemispherical Analyzer, adapted from [17].
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Figure 2-3: Gas cell assembly and illustration of the cell parameters.



3. Electronic Structure and Bonding Theory

The interaction of the positive nuclei and negative electrons of the constituent atoms
of molecules gives rise to interatomic bonding. Atoms can be arranged in many ways to
form molecules. For each of these arrangements, there exists only one stable electronic
structure describing the movement of the electrons within the molecule. This electronic
structure is commonly described in terms of a molecular orbital bonding theory. Since all
chemical and physical properties are ultimately dictated by the electronic structure, an

accurate and reliable bonding model is required.

3.1.  The Principles of Molecular Orbital Theory
The analysis of bonding in molecules has advanced immensely during the last 70
years. The basic molecular orbital theory dates back to the 1920’s [25], but major
advances have been driven by the development of mathematical methods for the solution
of the very complex equations and the ever-increasing power of computers [7, 14]. In all
modern bonding theories, the behaviour of electrons in atoms and molecules is determined

by the Schradinger equation [79, 80]

H ¥ =(KE,+KE:+ Vi + Voo + Vo) ¥ = E (3-1)

where

H = Hamiltonian operator

. . ‘h‘ 2
KE, = Kinetic energy of the nuclei =3 5 Vi
p < My
-0
KE. = Kinetic energy of the electrons = 3. 5 -~ v:?

V:e = potential energy due to the interaction between the nuclei (1) and the electrons (i)

Z, e
__.Z o

Ly
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V.(i.,j) = potential energy due to the interaction between the electrons

2

e
=22
i T

Vum(}t,v) = potential energy due to the interaction between the nuclei
-y rphbs
vop g

E = total energy of the system.

The application of the Born-Oppenheimer approximation [25, 80] simplifies equation

(3-1) through the elimination of the nuclear motion (KE, terms) [79]. The remaining terms
comprise the electronic Hamiltonian H.;:

Hcl = KE: + Vnc + vcc (3'2)

and the nuclear repulsion term V,, [79], which is a constant for each nuclear configuration
and independent of the electron coordinates, the variables in the electronic Schrodinger
equation (3-2). V,, decreases all eigenvalues by a uniform amount, but otherwise it has no

effect on the eigenfunctions [79].

3.1.1. Hartree-Fock Theory
[n a multi-electron system, the term V.. in equations (3-1) and (3-2) links the
coordinates of all electrons into a system of unseparable partial differential equations;
hence the Schrodinger equation cannot be solved exactly [79]. An approximate solution of
the Schrodinger equation is achieved by substituting for the wavefunction ¥, another
function @ of known form. A very convenient and meaningful choice for this function is a
molecular orbital wave function which is an antisymmetric linear combination of products

of one-electron spin-orbitals (Slater determinant) [7, 79, 80].

Dyi0 = (N1 detldn(1) $2(2) .. pu(N)| (3-3)
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where N is the number of electrons in the molecule. The individual molecular orbitals ¢;
are functions of the coordinates of the electrons. In general these molecular orbitals are
not localized on any individual atom or within a specific bond, but are spread over the
whole molecule; thus, the electrons are delocalized [7].

Each molecular orbital ¢i(i) is an eigenfunction of an effective one-electron

Hamiltonian F; (the Hartree-Fock Hamiltonian operator) [79]:

Fi ¢i(i) = KEe + Voo + 2 [ 2 % Ji(i) - Ki(0)] (3-4)
J

where the electron-electron interaction energy V.. is approximated by the Coulomb
operator Jj(i) and the exchange operator K;(i){79]. The Hartree-Fock operator depends on
its eigenfunctions, so the solution has to be obtained by an iterative process until

self-consistency is achieved [79]. The molecular orbital function ®y; is the solution of the

Hamiltonian H.¢ (equation (3-5)) [79].

Hcﬁ‘q) = Em: ¢ where E}[F =2 Zei - Z Z (2 Jij - Kij) + vnn (3‘5)
i [N

According to the variation theorem [7], Eiyr > E. Therefore, to determine the best
approximation of 'V, E; is minimized through the use of a self-consistent-field method of
energy minimization [81].

A common method of forming the molecular orbitals ¢, is to construct a linear
combination of a complete set of basis functions 7, first proposed by Roothaan in 1951

{79].

¢l = Z Ca Xr (3'6)

which follow the normalization rules [1]:
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SJrrdv=1 fxndv=s,20 bur Soldv=1 [ ddv =0 (3-7)

If the initial basis set used is not orthonormal (s, # 0), then an orthonormalization
procedure should be undertaken before the solution of the Hartree-Fock equation is
attempted [7]. The electron indistinguishability principle and the electron density
interpretation of the wavefunction make all molecular orbitals ¢, either symmetric or
antisymmetric with respect to the symmetry operations of the molecule. This requirement
restricts the numbers and types of basis functions ¥, that may be combined to form a
particular molecular orbital ¢,. Hence, symmetry considerations greatly simplify the task of
forming the molecular orbitals [1, 7].

The Hartree-Fock method of approximating the Schrodinger equation has limitations
in accuracy, as it models the electronic motion as a set of one-electron functions [79]. For
each electron it approximates the electron-electron interaction as a potential due to a
charge density distribution of all other electrons, rather than treating each interaction
individually [7, 79]. This ignores any electron correlation effects, which can contribute
significantly to the overall energy of the system. To address this deficiency of the
Hartree-Fock theory, numerous post Hartree-Fock methods have been devised. These
include Meller-Plesset perturbation theory for correlation energy correction [7, 82, 83],

configuration interaction methods [7, 84, 85] and density functional theory [7, 86, 87].

3.2. Molecular Bonding Theory applied to Photoelectron and
Photoabsorption Spectroscopy

Solution of the Hartree-Fock equation gives a set of molecular orbitals, each with a
unique energy, thus creating a system of energy levels into which the electrons are placed.
The lower-lying members of these levels correspond to the localized core orbitals, which
are mainly atomic in character. The valence shell orbitals that correspond to the high
energy levels are often delocalized over the whole molecule. The removal of an electron
from one of these orbitals using photoelectron spectroscopy causes small perturbations to

the system. In particular, photoionization perturbs not only the energy level probed, but
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also all those orbitals corresponding to higher energy levels. The rearrangement of the
orbitals following such a perturbation is a collective response property, and is unique to
each compound. This “relaxation™ process is an integral component of photoionization; it
contributes the larger portion to the so-called “chemical shifts” in the binding energy of
electrons in core orbitals. The magnitude of these shifts is determined by several factors.
These include the chemical environment of the photoionized atom, the extent by which
other electrons shield the electron in question from the nucleus. and the forms of orbital
rearrangement occurring following photoionization. Thus, the “chemical shifts”, i.e. small
changes in the core level ionization potentials between different molecular systems, reflect
the chemical bonding in the molecule, and they can be used to deduce information about
the molecular structure. Several theoretical methods with varying degree of complexity
were applied to interpret the experimental values for both core level ionization and bound

core—mo* transitions.

3.2.1. Potential-at-the-nucleus model
A quite simple and successful method used previously [88-92] for the calculation of
the chemical shifts is the potential-at-the-nucleus method.
Koopmans’ theorem [8] relates the binding energy (E,') of an electron in molecular
orbital i to the energy of that orbital (g;) by equation (3-8). Hence, binding energy shifts

are related to orbital energy shifts [92].
Ev =-& and AE, = -Ag; (3-8)

These shifts in orbital energy of the molecular orbital i can be approximated by shifts in the
potential energy of an electron in that orbital (AV;), which in turn is approximated by shifts
in the potential energy of an electron located at the nucleus (AVy").

The total potential V,° at the nucleus of atom A in a molecule is given by the general
expression shown in equation (3-9) [92]. The wavefunction ® is the antisymmetric

product of the molecular orbitals ¢;, and the sum is over all electrons (i) in the molecule.
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The molecular orbitals are orthogonal and rLisa one-electron operator, therefore

equation (3-9) can be written as [92]:

n ez
= Z j 9i(1) — &i(i) du (3-10)

Expansion of the molecular orbitals in terms of the atomic orbitals ( ¢; = Z c;; x;) reduces
J

expression for V,© to three terms shown in equation (3-11) [92].

R 1
V= (5N T+ et (0| <) 400) + Z(eiPes) (") PR
; ik gok
(3-11)
The first of these terms is V,, the potential due to the nucleus of atom A and the electrons

formally assigned to it. As a consequence of the normalization conditions for the

molecular orbitals, the term Z(CijA)z equals the net valence shell electron population of
ij

atom A = Z,'-qa, where Z,' is the core charge of atom A and is equal to Z,—(# of core

electrons). This definition of (c;;*)” assumes that the core orbitals are atomic in character.
1)

| 1 ) .
The value of <r—;>’ the average value of g where r, is the distance from the nucleus for
E A

electrons in atom A, is provided by % , where & is the Slater exponent for the valence shell

of atom A, and n the principal quantum number of that valence shell [88]. A weighted
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average, calculated according to equation (3-12), was used for €, because the s and p

orbitals in the valence shell have slightly different £ values. The values of these Slater

exponents used were those given by Clementi [93].

E(ave) _E0)*35() (3-12)

4

The off-atom potential created by the interaction of the ionized atom A with all other
atoms in the molecule, Vaa, was obtained in the simplest model by treating all the other
atoms as point charges as represented in equation (3-13) [92], where qgg is the charge on

atom B and Rp the distance between atoms A and B.

Vg = Zm (3-13)

B=A

This point-charge model for the off-atom potential neglects a group of integrals which are
in principle not small [92]; however, the studies by Sodhi and Cavell [88, 89] have shown
that the point-charge model suffices for the assessment of the chemical shifts.

The binding energy shifts are equated to the shift in atomic potential, defined as the
difference between the potential V,° of the compound of interest and that of a reference

compound.

VA-VA'*‘VAB‘e(Z\—QA)é ZM (3-14)

If evaluations are carried out for the ground state of the molecule, the ground potential

model (GPM) is obtained, equation (3-15).

AEy* = - (Va(cmpd) — V. (ref)) (3-15)
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In actuality, a significant contribution to the observed shift arises from the adiabatic
relaxation following photoexcitation. This is easily accommodated as described by Davis
and Shirley in the relaxation-potential model (RPM) [92], wherein the excited (core
ionized) centre is represented by the equivalent core Z+1 atom lacking one valence shell
electron. That is, the final state of the molecule is mimicked by replacement of the Z atom

with a (Z+1) ion.

1 ion v7. + vllo?l
AEg = —/5(AVz + AV;.) = -A — (3-16)

Similar calculations were done for the photoabsorption transition energies. In this
case, however, the final state of the electronic transition possesses, in addition to the core
hole, an unpaired electron in an antibonding orbital. Thus, the retained antibonding
electron will influence the relaxation process. The final excited state for a bound electronic
transition was represented by the equivalent core + 1 radical rather than the equivalent
core +1 ion. That is, Z is replaced by a (Z+1) atom instead of a (Z+!)  ion. As in the
photoionized equivalent-core approach, the strategy is to maintain the proper number of

electrons in the final state system.

e v

AEg = —'/5(AVz + AV;S™) = —A( > (3-17)

Since relaxation is to some degree determined by the electronic state of the
photoexcited molecule, the unpaired electron of the radical was placed in the antibonding
orbital involved in the transition leading to the main pre-edge peak. This, however, does
not always correspond to the calculated ground state of the radical.

The formal charges q of the atoms in each molecule used for equation (3-14) were
calculated with Gaussian 94 [94], using the experimental bond lengths and angles [95-97]

as input. Since these charges are highly dependent upon the calculation method employed,
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several different schemes were explored to ascertain the most appropriate one for

explaining the experimental results. Details about these calculation methods are described

later in Chapters S and 6.

3.2.2. The AEsc]: Method

A second method for estimation of the chemical shifts involves the calculation of the
difference in total energy between the initial and final states of the molecule and its ion
[98, 99]. This method has been used recently for the calculation of chemical shifts in the
C-1s binding energy of alkenes [98, 99] and benzenes [100]. The total energy, Escr, of the
molecule was calculated with Gaussian 94 [94] for both the initial and final states. The
latter was simulated by the equivalent core model as described previously (Section 3.2.1).
The energy difference (AEscr) between the initial and final states represents the transition
energy [98, 99]. The chemical shift is given by the change in AEscy with respect to a
reference molecule. As with the potential at the nucleus method, the calculations were
done using different energy calculation methods. Details are given in Chapters 5 and 6.

As will be shown in detail below, the AEscr method does not predict the absolute
values of the ionization potentials accurately. However, in general, chemical shifts are
represented quite well by the AEscr model. The degree of correlation is highly dependent
upon the calculation method used. Better correlation with experiment is achieved for
K-shell excitation than L-shell excitation. This is not surprising, since the equivalent-core
model neglects shielding effects by lower lying core orbitals. The AEscr model provides
improvement over the potential at the nucleus model, as it does not treat atoms as point
charges, and so gives a better picture of the changes of electron distribution within the

molecule.

3.2.3. Koopmans’ Theorem Value

As already mentioned, the binding energy of an electron in a molecular orbital ¢; is in
the simplest, Koopmans’ Theorem [8, 101] picture related to the energy of that orbital,
equation (3-8). These orbital energies can be readily calculated with Gaussian 94 [94].

Again, several different calculation methods were employed, which are discussed in detail
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in Chapters 5 and 6. As expected, the values obtained are dependent upon the calculation
method.

The use of Koopmans’ value does not consider relaxation effects, relativistic
correction to the core energies or electron correlation [8]; hence, the absolute value of the
ionization potentials are often overestimated by this method [8]. Inclusion of adiabatic
relaxation by the use of the transition state method (equivalent-core model) improved the
correlation for ionization potential shifts between calculated and experimental data
(Chapter 6). The absolute values, however, are not improved. In the same way as the
AEscr method, the use of Koopmans’ theorem does not treat the atoms as point charges,
and it provides an improvement over AEscr, in that it models the shielding effects due to

other core electrons to a better degree.

3.2.4. Direct Calculation of the Transition Energies with MS-Xa and

Gaussian 94

Direct calculation methods of the photoabsorption transition energies and the
photoionization potentials account for both orbital relaxation and shielding effects, giving
an improved model of the electronic transitions involved; hence improved chemical shift
correlations are anticipated. They also give fairly accurate predictions of the absolute
energies. See, for example, Chapters 5 and 6.

Calculation of the excited electronic states of a molecule with Gaussian 94 [94] is
achieved with the single-excitation CI method described by Foresman et al. [102], but
because of a size restriction of the Davidson Matrix to 2000 diagonal elements in the
program, only a limited number of excited states can be computed. To obtain the core
excited states for most molecules, it is necessary to freeze most virtual orbitals in the
calculation for even the smallest basis sets, STO-3G and STO-3G*. Thus the analysis by
this method is not extended to the uitimate power of the method at this stage.

Ideally, calculation of the ionization potentials and the transition energies would
involve the computation of the total energy at optimized geometry of the initial and the
final electronic state, where the latter has a core hole in the proper orbital and, if required,

an electron in an antibonding orbital. The energy difference between these two states then
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represents the transition energy. This process is, unfortunately, not possible with the
Gaussian 94 program package [94], as the final state electron configuration is
automatically rearranged to obtain the lowest energy stable state (the state with the hole in
the HOMO).

This problem did not arise with the MS-Xa [103] code. Any electronic state of the
molecule can be computed, as the originally specified electron configuration is retained.
Optimization of the molecular geometry is, however, not possible. Furthermore, the
transition energies are not computed as total energy differences between the initial and
final states, but rather a transition state method is employed wherein ' an electron is
removed from the core orbital and, if required, placed in an antibonding orbital. The
transition energy then equals the energy difference between the two orbitals containing
@1/, electrons. For the ionization potential of the core orbital, Koopmans’ theorem [8,

101] is applied to the transition state.

3.3.  Molecular Field Splitting of Core Orbitals

An isolated atom has spherical symmetry, and belongs to the spherical group Ky [28],
but to determine the symmetry transformations of the atomic orbitals in this group it is
sufficient to use the rotation subgroup K given in Table 3-2. The electric field generated
by nucleus and electrons is completely isotropic. Thus, although p and d orbitals are
orientated differently in space, their electrons are subjected to the same electric field. As a
result, the p-subshells are triply degenerate and d-subshells have five-fold degeneracy.
They transform as P and D, respectively, under K symmetry. Photoionization of a closed
shell atom, for example Xe, creates an unpaired electron in one of these levels. This
introduces spin-orbit coupling. Consequently, there are two final states, giving rise to two
peaks in the photoelectron spectrum. Open shell atoms such as nitrogen, oxygen or
chlorine already have unpaired p electrons in their ground electronic state. Photoionization
of these atoms can lead to an increase or a reduction of unpaired p electrons. The
combined effect of spin-orbit and Russell-Saunders coupling (Section 1.1) in final states
with multiple vacancies in p (or d) orbitals leads to a multitude of peaks in the valence

shell photoelectron spectrum. Photoionization of a core orbital also leads to
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Russeli-Saunders and spin-orbit coupling in the final state. The spin-orbit interaction,
however, tends to dominate in this case, so only two photoelectron peaks are observed.

Combining several atoms to form a molecule alters the valence shell through
establishment of the molecular orbitals and, except in the special cases of radicals,
electrons are maximally paired to create singlet ground states. In molecules, the core
orbitals remain essentially atomic in nature. The altered valence orbitals and the presence
of the other nuclei change the electric field seen by the core electrons of the central atom.
It becomes anisotropic and depends upon the molecular structure and symmetry. The p-
and d-orbitals have different orientations in space; hence, their electrons are subjected to
different electric fields. This results in a loss of degeneracy for these core orbitals. They
split into different levels given by the molecular symmetry. The energy difference between
these levels is called the molecular field split (MFS) [104].

The strength of the molecular field depends upon the electronegativity of the atoms in
the molecule. A ligand with high electronegativity relative to the central atom tends to pull
the valence electrons away from the central atom, and thereby increases the magnitude of
the molecular field experienced by the core electrons. In lower symmetry environments,
the field is anisotropic; it will increase more in some directions than in others, and thus, the
molecular field splitting will increase. Both PH; and PF; are molecules with C;, symmetry.
In this point group, the 2p level of phosphorus will split into an a, orbital and a doubly
degenerate e orbital due to the molecular field. However, the Pauling electronegativity of
hydrogen is 2.20 [105], the same as that of phosphorus, while that of fluorine is 3.98
[105]. Thus, fluorine will pull electrons away from the phosphorus centre and increase the

molecular field. The molecular structure and geometry of PF, causes the field to increase

mainly in the x- and y-directions, but not in the z-direction. Hence, the MFS between the

a, (2p,) and e (2p, and 2p,) orbitals will increase. Ab initio calculations have given an
MES of 120 meV for the P-2p level of PF,, compared to 60 meV for PH, [106].

Core level photoionization will again result in an unpaired electron, introducing
spin-orbit coupling. The effect due to spin-orbit coupling will dominate because the
spin-orbit splitting is much larger than the molecular field splitting. Traditionally, the effect

of the molecular field has been ignored; the core orbitals were treated in the same manner
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as in the atomic case. This results in two final electronic states for the ion, giving two
peaks separated by the spin-orbit energy, just as in the atomic spectrum. However, with
improved spectrometer resolution, the molecular field splitting becomes observable [104].
The spin-orbit interaction dominates, so J, rather than L and S, remains a good
quantum number. Thus, the actual splitting of the final ionic states in the molecular field
has to be determined using the double point-group corresponding to the molecular
symmetry [107, 108] (Table 3-3 to Table 3-6). In a C;, molecular field the 2ps.; final state
splits into 'y, I's and I's. However, because of time reversal (Kramer’s theorem) [107], I'y
and ['s form a doubly degenerate E; state. So, the combined effect of the molecular field
and spin-orbit coupling will result in three possible final electronic states following P-2p
photoionization of PF;: Ex(2ps2), Ex(2ps2) and E3(2p,,). Time reversal also makes the I's
and [y states of the C, double group form one doubly degenerate E state. Hence, there
will be three final states possible for SOF," with an S-2p core hole, all with E symmetry.
The combined effect of the molecular field and spin-orbit splitting will give three P-2p
photoelectron peaks for PFs: E3(2ps.2), Es(2ps2) and E3(2p,2). Similarly, the C,, symmetry
of H,S and SO, will give three possible final states for S-2p ionization, all having E
symmetry. The only molecular fields which will not split the np: - photoelectron peaks into
two are the cubic fields of Ty, O and Oy symmetry, because in these double groups, a
four-fold degenerate irreducible representation exists [107]. The nds. final states,

however, will split even in these groups.

3.4.  Photoabsorption Cross-Section:

The peak intensities of x-ray photoabsorption spectra represent o, the absorption
cross-section. This is defined as the number of electrons excited per unit time divided by

the photon flux (photon per unit time per unit area) [24].

)
=

(3-18)

Q
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For any time dependent perturbation V(t) = V €™, the transition probability per unit
time, Py, is given by Fermi's “Golden Rule” [26], where p(E) is the density of final states,

V¢ is a particular final state, and V; is the initial state [24].

2r

5 [CEIVIED * pdE) (3-19)

Py =

For an electronic excitation caused by electromagnetic radiation of wavelength A and
frequency , Py is represented by equation (3-20) [24], where E, is the magnitude of the

electric field vector of the incident radiation.

9
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The photon flux for electromagnetic radiation with frequency o is given by equation
(3-21) [24].
Eo2 C

T8 rho (3-21)

F

Substitution of equations (3-20) and (3-21) plus employment of the dipole
approximation [26] yields equation (3-22) [24] as an expression for the «x-ray

photoabsorption cross-section .

4ne’ .
T (il ep | ¥ odB) (3-22)

The expression for the density of states p(E) depends upon the normalization
conditions of the wavefunctions involved [24]. In the case of the bound states, this is unit

normalization, and for continuum states the wavefunctions are normalized to the Dirac
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delta function in the kinetic energy of the photoelectron. As the photon energy approaches
the ionization energy, the bound state cross-section merges into the continuum
cross-section: pf(IP) = p(IP) (pF(E) = continuum density of states, pf(E) = bound
density of states) [24]. The plane wave approximation is often used for the wavefunctions
in the continuum. Although this gives a practical and simple expression for p(E), it does
not represent an accurate description of the wavefunctions, especially near the ionization
threshold, leading to incorrect values for o [24].

Intensities for bound state transitions are typically quoted in terms of oscillator
strength f rather than cross-section ¢. The two values are related according to equation

(3-23). [24]

2nie’h df
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The oscillator strength represents the area of the pre-edge photoabsorption peak. The
width of the peak represents 1/p¢(E) and the height c.

The interaction of the electric field vector of the incident radiation with the
anisotropic molecular field of the species ionized imparts an angular dependence onto the
photoionization cross-section. When the incident radiation is polarized, pronounced

asymmetry is expected. This angular dependence is given by the differential cross-section

(8]

d
3(1:%[1 +%(3 cos’0 -1)} (3-24)

where B is the asymmetry parameter, dependent on the molecular geometry and the
symmetry of the orbital ionized, and 0 is the angle between the polarization vector of the

light and the electron travel path. This angular dependence of the cross-section does not
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influence the total electron yield spectra measured with a gas cell, because all electrons are
collected and counted, regardless of their travel path. In a photoelectron experiment,
however, only a fraction of the electrons generated are actually analyzed, namely those
that pass through the analyzer entrance slit. Hence, the angular distribution of the
cross-section can have a significant effect on the photoelectron peak intensities. The
asymmetry contribution can be eliminated by positioning the analyzer entrance slit at the
magic angle of 54.74° to the polarization of the light. At this angle, the term 3cos’0 equals

. % o
) _—— =
1 and equation (3-24) reduces to 5Q " ar

3.5. MS-Xa calculations

A popular and quite successful method for calculating x-ray photoabsorption spectra
is the X Multiple Scattering Method. The method was developed by Slater and Johnson
in the late 1960’s [24]. Originally employed only for the bound electronic states, it was
expanded for the calculation of continuum final states by Dill, Dehmer and Davenport in
the mid 1970’s [24]. A detailed description of the technique is given by Johnson [103],
along with examples for gaseous molecules (SFs), complex ions in salts (KMnO,),
impurities in semiconductors (Mn in ZnS), and metal bonding in enzymes and proteins.
Here, we will give only a short summary of the main aspects of the method. Two
approximations form the basis of the Xa technique:

l. The exchange potential in the Hartree-Fock Hamiltonian is approximated by an
average potential determined by the total charge density. The one-electron
Hartree-Fock equation is solved for each atom of the molecule in turn. To avoid
the caiculation of numerous two-electron integrals, the Coulomb and exchange
potentials caused by electron-electron interactions are expressed in terms of the
total charge density of all other electrons, a simple matter for the Coulomb term,
but somewhat problematic for the exchange potential. It is approximated by the

Xa potential, where p(r) is the local electron density [24].
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3
Via(r) =3 etaA /g; p(r) (3-25)

The scaling parameter a has been calculated by Schwarz [109, 110] for atoms up
to Z = 86 (Radon), and is typically of the order of 0.75. At large distances from
the molecular centre these averaged potentials are insufficient to describe the
Coulomb interaction between electron and positive ion correctly. This shortfall
can be amended by the introduction of a “Latter tail”: the simple Coulomb
potential between electron and ion e’/r replaces the calculated molecular potential

at distances when the former exceeds the latter in magnitude.

The overall cluster potential is approximated by a potential in the form of a muffin
tin. The molecule under study is partitioned into three main regions. This is
illustrated for SO, in Figure 3-1. Each atom is represented by a sphere with radius
a;, and the entire molecule is surrounded by an outer sphere. The sphere radii
employed in the calculation influence the accuracy of the transition energies and
ionization potentials obtained. This is shown in Table 3-1, where our results for
the binding energies of the valence shell orbitals of PF: are compared to those
obtained by Powis [111]. However, although the sphere radii are of importance to
the Xa calculation, their choice is a somewhat arbitrary and intuitive process. To
put consistency into this choice, the atomic sphere radii a; are determined
according to the procedure suggested by Norman [112]. The ratios of these radii
are chosen to be proportional to volumes containing the atomic number of
electrons based upon the initial atomic charge distribution. Keeping this ratio
fixed, the actual radii are chosen to satisfy the virial theorem at self-consistency.
Overlapping atomic spheres are employed, as this improves the agreement
between the calculations and experimental results compared to touching spheres
[112]. Position and radius of this outer sphere are chosen so that it encompasses

all atomic spheres and minimizes the intersphere region II, the region with the
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least well-defined potential. The potential at any arbitrary point r is then

calculated as a superposition of the potentials stemming from each atom [24].

V(r) = 2 [Vei(r) + Val(r)] (3-26)

V(i) and Vxq'(r;) are the Coulomb and Exchange potentials of atom i,
respectively. In the atomic regions I;, the potentials are expressed in terms of
spherical harmonics. The potential is averaged to a constant value in the
intersphere region II, and a spherical average with respect to the centre of the
outer sphere is used in the outer region III to give the potentials Vy and Vi(r),
respectively. By retention of only the l=m=0 spherically symmetric term for the
atomic potentials V(r;), the overall molecular potential takes on a “muffin tin”
form, as illustrated for N, in Figure 3-2 [24].

Calculation of ionization potentials and transition energies to bound excited states are
performed in the transition state mode. Half an electron is removed from the initial orbital
and placed into the final orbital state. For the photoelectron process, then, wherein the
electron is completely removed from the molecule, a final state has one half unit of charge.
For the photoabsorption process, wherein the electron in transition is moved from the
inner-core level to an unoccupied level within the molecule, half an electron is placed in
the receiving antibonding orbital, and the molecule retains electroneutrality. A positively
charged Watson sphere [103] was employed to stabilize the final states of the bound
transitions [113].

The oscillator strengths for the bound transitions are obtained using the method
developed by Noodleman [114]. In presence of an electromagnetic field A(t) = Ao ™', a

Hamiltonian of the form

— i . -jet
H_HSCF+mC Appe (3-27)
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describes the system, where Hscr is the one-electron ground state Xa self-consistent-field

Hamiltonian for the system. Hscr is not uniquely defined throughout the entire excitation
process, so approximations are required [114]:

1. Hscr is replaced by an average self-consistent-field Hamiltonian. For this purpose,

the one-electron transition-state Hamiltonian is used, appropriate for the

configurational average between initial and final state.

[

The ground state density operator p is assumed to be diagonal in the basis of this
average Hamiltonian, achieved by expansion of po in terms of transition state
orbitals.

The accuracy of the second approximation is, of course, dependent upon the
magnitude of the perturbation resulting from photoexcitation [114]. Through application
of time-dependent perturbation theory, the oscillator strength equation is obtained.
Because of the nature of the potentials used in Xa theory, the acceleration form of the

oscillator strength, given in equation (3-28), is most convenient [114].

20’ |
£= 3m(IAE) sgz[nl(S)-m(S)] pg:pzl (' (T1,p1,s)] -VVr | 1" (T2,p2,)) I 8(e2"(5)-€1'(5)- ho]
(3-28)
where

AE = excitation energy =€, —¢,"

G = spin index

p1, p2 = initial and final orbitals, respectively

I',, ['; = initial and final irreducible representations
ny(s), ny(s) = orbital occupation numbers

€1, €2 = orbital eigenvalues

The advantage of the acceleration method for calculation is the behaviour of the
potential gradient VV in the Xa scattered wave method [114]. Since the potential is

constant in region II, its gradient will be zero in that region. Further, the potential is
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radially symmetric in regions I; and III, giving the gradient the simple form shown in

equation (3-29) in those regions [114].
. P dVr
VV1 =[sin@ cosd i + sinb sing j + cosd k] or (3-29)

The photoionization cross-section as a function of excitation energy was calculated
using the method developed by Dill and Dehmer [115] and Davenport [116]. Following
photoionization, the free electron moves in a pure Coulomb field. Thus, at long range the
final state electronic wavefunction takes on an asymptotic form of an incoming-wave
normalized Coulomb function combined with incoming Coulomb spherical waves, caused
by scattering from the non-Coulomb part of the potential. Photoionization of a molecule is

a dipole process to the first approximation; thus, the differential cross-section is given by

¢ ea’k .. . -
50~ hen o CIADID ? (3-30)

[115] where
k* = kinetic energy of the photoelectron
© = photon energy
A = polarization of the incident radiation

p = momentum operator

As with the oscillator strength for bound transitions [114], the acceleration method is used

to simplify the calculation of the transition dipole moment [115].

. flA-VV]i
[<F]A-p| i} | _LOAVVIL | (3-31)

k2 — €
where
€; = initial state energy of the orbital ionized

V = potential
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The cross-section is calculated in the molecular frame of reference [115]. For gas phase
species, this is then averaged over all possible orientations to obtain the overall differential
cross-section, equation (3-24). The total cross-section can be determined through
integration over all spatial angles Q [115].

For these calculations, the default settings of the Xa program were used. The alpha
parameters were the o values from the tables compiled by Schwarz [109, 110]. The
alpha parameters for the outer sphere (region III) and the intersphere region (region II)
were set equal to the same value, the average of the atomic alpha parameters. The atomic
sphere radii were calculated according to the Norman procedure [112], with a ratio of
actual radius to atomic radius of 0.88, and the atomic charge densities are used for all
atoms, including H, to calculate the initial potentials. Frozen core orbitals were not used.
Electron spins were considered only for open-shell molecules (e.g. NO,). The spin-orbit
splitting of P-2p orbitals (0.9 eV) and S-2p orbitals (1.2 eV) was added manually by
assuming that the calculated value is a weighted average of the two spin-orbit partners.
Relativistic core corrections were not made. The experimental bond lengths and angles
[95-97] were used to determine the atom positions, and the ground state molecular point
group was employed in the calculation.

The natural peak shape of the transitions in electronic spectra is a Lorentzian
distribution; however, instrumental resolution of the detection system and energy
resolution of the photon source add Gaussian components to the peak shape. Often these
instrumental effects dominate, leading to an essentially Gaussian envelope for the
experimental peaks.

The calculated spectra were generated using pure Gaussian or pure Lorentzian
curves, as described in detail later (Chapters 5 to 11). The peak area was given by the

oscillator strength or the photoionization cross-section.

3.6.  Molecular orbital compositions with ab initio methods

To determine the identity of the molecular orbitals (e.g. S-O ¢ or Rydberg-d), the

compositions of all valence and virtual orbitals were calculated for the ground state
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configuration of the molecule, using the Gaussian 94 package. The molecular geometry
was optimized, and the LCAO coefficients of the molecular orbitals were calculated at the
optimized geometry. The atomic orbital basis functions were orthonormalized according
to the symmetric orthogonalization procedure proposed by Léwdin [117] and outlined in
[80], using S""*—the inverse square root of the overlap matrix S, equation (3-32)—as the
transformation matrix of the atomic orbital basis functions y; ,equation (3-33), where i’;
are the new orthonormal basis functions:
1. The overlap matrix S was diagonalized by the unitary matrix U, whose columns
were the eigenvectors of S.
2. The inverse square root s of this diagonal matrix s was obtained by taking the
inverse square root of each of the non-zero elements of s, the eigenvalues of S.

3. §'%is obtained by undiagonalizing s*.
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The molecular orbital coefficients, c';, of this orthonormal basis are related to the original
coefficients by equation (3-34), where the matrix 8" is the inverse of $™? [80]. The new

atomic orbital basis functions obtained from this transformation are orthonormal:

@il =X et i = e Qi = Ze = 1 (3-35)
[ i i

The contribution in % to the molecular orbital by the atomic orbital x'; is given by
c'|*x100. Valence shell orbitals that are mainly (over 90%) composed of one particular
type of atomic orbital are assigned as localized lone pairs, while those with contributions
from many different types of atomic orbitals are either bonding orbitals or delocalized lone
pairs. Of these, the o-type bonding orbitals tend to have the lowest orbital energy,
followed by the delocalized lone pairs. The n-type bonding orbitals generally have the
highest orbital energy.

Orbital compositions of the virtual orbitals follow a comparable pattern. Rydberg-type
orbitals are usually localized and composed of one particular type of atomic orbital, while
molecular antibonding orbitals tend to be delocalized, with many different types of atomic
orbital contributing.

For example, in an HF calculation of SO, with the 6-311G* basis set, the 1a, orbital
of SO, was found to be 6.6% S-d, 93.2% O-p, and 0.2% O-d in character. This orbital is
dominated by O-p character, and thus classified as an O(2p) non-bonding (lone pair)
orbital. The 1b,* orbital of the same molecule has 56.7% S-p, 2.5% S-d, 41.9% O-p and

0.3% O-d character; thus, it represents a n-type molecular antibonding orbital.

3.7.  Energy estimation for Rydberg Series

Transition energies (E,) to Rydberg orbitals can be estimated using the modified
Rydberg formula [118]:

Ev=IP- o (3-36)
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where I[P is the ionization potential to which the series converges, R is the Rydberg
constant, n is the principal quantum number of the Rydberg level and & is the quantum
defect, the term introduced to account for the presence of the other nuclei and electrons in
the molecule. The applicable value depends on the penetration of the Rydberg orbital,
because it reflects the shielding. Thus, each subshell has a different value of 3, leading to
distinct s, p, d,... Rydberg series. Furthermore, the existence of an anisotropic molecular
field removes the degeneracy of the p, d, f,... orbitals giving multiple peaks in the
corresponding series.

Estimated values for these quantum defects, without consideration of the molecular
field effects, are obtained from the experimental term values of valence shell>Rydberg
transitions of many different molecules [118]. These data show that the quantum defect
for the p and d Rydberg series remains fairly constant regardless of chemical environment,
but the quantum defect for the s series varies significantly from molecule to molecule. In
the present work equation (3-36) has been used to estimate the term values of Rydberg
transitions in the phosphorus and oxygen K shell spectra (Chapters 8 and 9) and in sulphur
L shell spectra (Chapter 7). Details about the quantum defect employed are given in the

relevant sections.
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Figure 3-1: The arrangement of potential spheres in SO,.
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Figure 3-2: Muffin tin potential for N, [24].
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Table 3-1: The valence shell ionization potentials of PF; (eV)

orbital Experiment

(a)

Xa calculations

[119] present literature [111]
Sa, 40.85 36.25 36.47
6a, 22.44 21.79 22.04
Ta, 18.60 16.67 17.34
8a, 12.27 10.81 12.05
la; 15.88 14.88 15.64
3e 38.76 35.16 35.48
de 19.45 18.83 18.80
Se 17.47 16.10 16.75
6e 16.44 15.14 15.85

(a): experimental uncertainty +0.06 eV
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Table 3-2: Character Table for the K point group [28]

Cw | E xC.* xC,*®
S 1 1 1 Xyt +2?
P |3 1+2coso 1+2cos(2¢) (x,y.2), (R«Ry,R;)
D | 5 1+2cosp+2cos(20)  1+2cos(20)+2cos(4p) (22°-x’-y’ xz.yz,xy x*-y?)
F 7 1+2cos@+2cos(2¢0)+  1+2cos(20)+2cos(40)+ [Zs,xzz.yzz,xyz.z( x-y%),
2cos(30) 2cos(6¢) x(x*-3y%),y(3x*-y?)]

G | 9 I1+2cosp+2cos(2p)+ 1+2cos(20)+2cos(4¢)+

2cos(3¢p)+2cos(40) 2cos(6@)+2cos(8¢p)




Table 3-3: Character Table of the C;,. double group '
Csv E E 2C 2C 36, 36
ATt l 1 I 1 1
Ayl 1 | 1 -1 -1
Eids) |2 2 -1 -1 0 0
ETy) 1 -1 -1 1 i -1
Ty |1 -l -1 1 -1 i
ET) |2 2 1 -1 o o

(a): This character table was determined as described in [107, 108).



Table 3-4: Character Table of the Cs, double group

Cx E E C,C o.06. o/ .a'
Ayt 1 1 1 1
ATy |1 1 1 -1 -1
BT [ 1 1 -l 1 1
B.Ty) |1 1 -l -1 1
ETs) |2 2 0 0 0

(a): This character table was determined as described in [107, 108].



Table 3-5: Character Table of the D3, Double Group

Dw |E E 2C; 2C: 3C.3C; owow 252 25 30,36,
AV 1T 1 1 1 1 1 1
AT 11 1 -1 1 1 1 -1
E@T) 2 2 -1 -l 0 2 1 - 0
AY@Tyl1T 11 1 1 -1 S -1
ATt o1 1 -1 -1 S I 1
E'Te) |2 2 -1 - 0 2 ! 1 0
EE() |2 2 1 -1 0 0 3 4 0
ET |2 2 1 - 0 0 N3 \3 0
Es(To) | 2 2 -2 2 0 0 0 0 0

(a):

This character table was determined as described in [107, 108].
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Table 3-6: Character Table for the C, Double Group *

Cx E E c c
AT |1 1 1 1
Ayl 1 1
ET:) |1t -l 1 i

ay |1 1 i

(a): This character table was determined as described in [107, 108].



4. An Outline of the Concept of Hypervalent Molecules

The modern concept of the chemical bond as the formation of an electron pair linkage
between atoms was first described in the Lewis-Langmuir theory of molecular bonding
[120, 121], which predates molecular orbital theory. In this description, molecular stability
is achieved through the formation of octets; each atom in the molecule is surrounded by
eight electrons, or four electron pairs. These electron pairs can be considered to
correspond to the doubly occupied molecular orbitals obtained from the solution of the
Schrodinger equation. While the application of the Lewis-Langmuir theory [120, 121]
explained the chemical bonding of second row elements (C, N, O and F) in a satisfactory
way, it broke down for compounds containing third and higher row elements (P, S, Cl, As,
Se, Br, Kr, Sb, Te, I and Xe) in valencies other than their lowest stable valence [14]. To
explain the existence of these hypervalent compounds and ions, that is, compounds which
violate the octet rule by having more than eight electrons in the valence shell (e.g. OPF;,
SO,F; and CIO,7), one of two modifications is required to the Lewis rules [14]:

1. allow the violation of the octet rule by promotion of electrons into vacant

d-orbitals, or

2. modify the rule of localized bonding pairs to allow 50% or more ionic character.
The traditional method of dealing with hypervalency employed the first modification

treating these molecules as exceptions to the Lewis rule [14].

4.1.  Duodecet Rule
Robinson [122] proposed a duodecet rule for Si(IV), P(V), S(VI) and CI(VII)

compounds, based on the overall bond order of the central atom. In general, X-O and X-N
(X = central atom) bond lengths in hypervalent compounds are significantly shorter than
single bond lengths calculated from Pauling’s covalent radii, r,. Furthermore, bonds of
similar bond order have a constant value for r/r,. The value of r/r, decreases with

increasing bond order [122].



log(kxo) + A log(rxo) = constant

nyo = B kxo + constant (4-1)

Application of the relationship between bond lengths (rxo), stretching force constants
(kxo) and bond orders (nxo), shown in equation (4-1) [122], established X-O and X-N
bond orders as well as an overall bond order of the central atom X for a variety of Si(IV),
P(V), S(VI), and CI(VII) molecules. In all cases the total bond order of the central atom
was approximately 6, giving credence to a duodecet rule for third period elements in their
maximum oxidation state [122].

Experimental evidence for an expanded octet, which led to the concept of
involvement of d-orbitals in bonding, comes, for example, from the stability of phosphine
oxides which do not reduce even when heated with metallic sodium [123]. In contrast, the
corresponding amine oxides are thermally unstable [123]. This difference has been
rationalized by invoking the possibility of P(3d)-O(2p) n bonding in the phosphorus
compounds. The resulting double bond character strengthens the P-O bond leading to the
overall stability of the species. Since corresponding d-orbitals are unavailable in the
amines, the N-O bond is restricted to a weaker dative N—O single bond [123]. Support
for P(3d)-O(2p) = bonding is given by the relative dissociation energies of P-O (500-600
kJ/mol) in phosphine oxides and N-O (200-300 kJ/mol) in amine oxides [123]. Also, the
P=0 bond lengths of phosphoryl compounds correspond to values expected for a double
bond—shorter than the sum of covalent radii, and the P-O stretching frequency correlates
to the electronegativity of the other ligands [123]. These also give supporting evidence for
the © bonding model.

A second example is provided by NSF; [123]. Here, the S-N bond length of 1.416 A
[123], the shortest known between these two atoms, is consistent with the formation of a
triple bond. Also, the F-S-F bond angle of 94° [123] is compatible with the presence of
four sp’ ¢ bonds and two S(3d)-N(2p) = bonds [123].
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4.2. The Three-Centre-Four-Electron Bond Model and Partial lonic
Bonding

The first modification of the Lewis rules has, however, a serious drawback [14]: it
requires the promotion of electrons into empty d-orbitals and the formulation of sp’d or
sp’d® hybridization combinations. Consequently, the discovery of Xe compounds in the
early 1960’s led to a renewed search for the proper bonding model for hypervalent
compounds, because the Xe Sp—5d transition energy is prohibitively large [14] (of the
order of 10 eV [124]). The second modification to the Lewis rules therefore gained
popularity and a general theory of hypervalency was developed by Rundle [125] and
Musher [15], based upon a linear three-centre-four-electron bond model developed by
Pimentel [126], and by Hach and Rundle [127]. Musher [15] divided hypervalent
compounds into four groups:

I. HV/™ - hypervalent compounds of the first class with monovalent ligands, for

example: SF,, BrF;, [Fs and XeF,

2. HV - hypervalent compounds of the first class with divalent ligands. for

example: OSF,, HOCIO, HOCIO,, XeOs, and OXeF,

3. HVy™ - hypervalent compounds of the second class with monovalent ligands, for

example: SF,, PFs, and IF;

4. HVy' - hypervalent compounds of the second class with divalent ligands, for

example: SO,F,, S0,%, XeOQy, OIFs, FC10s, OPF;, HOCIO;, and NSF;.

It should be noted that the central atom in HV; compounds invariably belongs to
Group VI (S, Se, Te), Group VII (Cl, Br, I) or Group VIII (Kr, Xe) [15]. The ground

1

state electronic configuration for atoms in these groups is s’p<’p,'p.’, s’p<’py’p.' and
s°p’p,°p.’, respectively. All have at least one doubly occupied p-orbital.
When comparing hypervalent molecules with ordinary covalent molecules having the
same central atom, several characteristics of the former are observed [15]:
1. The ligands of the hypervalent molecules always include atoms with high
electronegativity (F, Cl, O, N),

2. Only HV molecules can have co-linear single bonds,
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3. Only HV molecules can have two different types of single bond on an atom so

that this species can undergo unimolecular geometric isomerization.

In a simple quantum mechanical picture, normal covalent bonds in molecules are
formed as a result of the overlap of a singly occupied atomic orbital of the central atom
with a singly occupied atomic orbital from the ligand [15]. The two orbitals combine to
form molecular orbitals—a doubly occupied bonding orbital and an empty antibonding
orbital. A thermodynamically stable species is obtained when all singly occupied atomic
orbitals of the central atom are employed in the bonding (e.g. PF;, SF,, and CIF). The
HV|" compounds can be viewed as forming through the addition of two extra ligands to a
stable covalent molecule (SF,+F,—SF,, CIF+F,—CIF; etc.) [15]. These additional ligands
are added on opposite sides of the central atom along the axis of a lone pair p-orbital
forming two co-linear single bonds, leaving the structure of the original molecule
essentially intact [15] (SF; [128]: S-F = 1.589A, F-S-F = 98°16’, SF, [95]: S-F =
1.545A, S-Fi = 1.646A, Fq-S-Foq = 101.6°, F,-S-Fi = 173.1°). Similarly, HV/
compounds are formed by the interaction of the two singly occupied orbitals on the ligand
with a lone pair p-orbital of the central atom (SOF; [95]: S-F = 1.5854A, S-O = 1.4127A,
F-S-F = 92.83°, F-S8-O 106.82°). In both cases, three orbitals containing a total of four
electrons combine to form molecular orbitals: an occupied bonding orbital (2e), an
occupied non-bonding orbital (2e°), and an empty antibonding orbital [15].

However, HVy compounds have more ligands than p-electrons on the central atom
[15]. This requires the use of the spherical symmetric s-orbital in bonding. The
arrangement of ligands in HVy molecules invariably has a highly symmetric geometry [15]:
tetrahedral (SO.F,, OPF;), octahedral (SFs, OIF;s), trigonal bipyramidal (PFs) and
pentagonal bipyramidal (IF;). Given these observations, formation of HVyp can be
described as the addition of extra ligands to an existing molecule to bring the central atom
to its maximum valence. The geometry of the product species is dictated by steric factors.
The electronic structure is completely rearranged through some form of sp™ hybridization
on the central atom to obtain the necessary bonding orbitals [15].

A second model that may be used to describe the bonding in hypervalent molecules

allows partial ionic bonding in combination with resonance structures. This was first
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proposed by Pauling [129] and is illustrated in Figure 4-1 for PFs. Of these six structures,
only the central one violates the octet rule, necessitating the employment of a d-orbital in
bonding. The other structures all contain an ionic bond, avoiding the involvement of
d-orbitals. Assuming equal contribution from each resonance structure to the overall
molecular structure, this scheme predicts 16.7% ionic character for each P-F bond.
Similarly, because of the resonance structure contributions, the phosphorus d-character of
the bonding orbitals is small (3.3%).

The advancement of computers during the last 30 years has made it possible to
perform theoretical molecular orbital calculations using wave-functions of sufficient
quality to obtain reasonably accurate molecular properties [14]. The bonding in
hypervalent molecules has been analyzed with a variety of theoretical methods: shared
electron number and occupation number analysis, electron density analysis, and natural
population analysis [14], for example. The general conclusion from these analyses is that,
although central atom d-orbitals in hypervalent species frequently contribute significantly
to the molecular energy (for example, the inclusion of d-functions in the basis set lowers
the total energy of the SFs molecule by 0.4 Hartree or 250 kcal/mol [130]) the overall
d-orbital population is small (< 0.3 electrons) [14]. This supports the partial ionic bonding
model (modification 2 of the Lewis rules), rather than the covalent sp'd and sp'd’
hybridization models (modification 1 of the Lewis rules) [14]. However, the d-orbital
functions are required to obtain reasonably correct molecular properties, even for many
non-hypervalent species [14]. This suggests that central atom d-orbitals in hypervalent
molecules serve as electron acceptor orbitals for back-bonding from the ligands, leading to
an overall energy stabilization which negates ligand-ligand repulsion [14]. The d-orbital
functions also act as polarization functions [14]. These are functions added to the basis set
to describe the distortion or polarization of the atomic orbitals in a molecular environment

{131], in part because Gaussians do not fully describe the wavefunction.

4.3. Bond Order and Valences

The d-polarization functions are generally introduced in ab initio calculations even for

non-hypervalent molecules containing only first row atoms (C, N, O, F) which do not
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posses d-orbitals in their atomic valence shell [14]. Mayer [132] therefore proposed an
extra criterion to determine if the d-orbitals have actual chemical significance. For this
purpose he calculated bond order and valencies for a variety of sulphur compounds,
including both hypervalent and non-hypervalent molecules. Three different basis sets were
employed: STO-3G, 3-21G and STO-3G*. From these calculations, Mayer [132]
concluded that for divalent sulphur the d-orbitals play only a role as polarization functions,
whereas the tetra- and hexavalent sulphur compounds (classed as hypervalent molecules)
require d-orbitals as valence orbitals which cannot be replaced by a more flexible s-p basis
set (3-21G). The d-orbitals are essential for full descriptions of the bonding features
including the molecular geometry, p-character of S=O double bonds and the charge of the
sulphur atom [132].

To summarize, Mayer proposed the traditional valence shell expansion model for
formation of hypervalent sulphur compounds [132]. In later papers Mayer [133] and
Angyan [134] investigated the three-centre-four-electron bond model of Musher [15] and
Rundle [125] and the role of central atom d-orbitals therein. First, the bond order of the
two occupied orbitals was investigated using the sp bonding model of Musher [15]. The
bond order for each hypervalent bond was Y2 (overall bond order of 1 for the bonding
orbital), and the ligand-ligand bond order was "4 (the non-bonding orbital) [133] for
compounds with symmetric hypervalent ligands. This reduced bond order explains the
differing bond lengths in HV; compounds (e.g. SF, [95]: S-F, = 1.545 A, S-F,, = 1.646
A). Furthermore, the hypervalent three-centre-four-electron bond is sensitive to the ligand
electronegativity [133]. In molecules with unequal ligands, the increased electronegativity
of one ligand atom leads to a stronger hypervalent bond between the central atom and the
other ligand [133]. Although the reduced bond order of the hypervalent bond in the
three-centre-four-electron bond model predicts increased bond lengths for the hypervalent
bonds, this increase is significantly overestimated [134]. The model also requires a
relatively large charge on the central atom, and ab initio calculations predict a bond order
less than "4 between the two ligands. These shortfalls led Angyan [134] to propose an
extended model where the non-bonding orbital gains some bonding character through

involvement of a central atom d-orbital with the appropriate symmetry (Figure 4-2).
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Inclusion of the d-orbital reduces both the charge on the central atom and the long bond
order between the ligand atoms [134]. It should be noted that this model allows for partial
d-orbital participation (0 < d-orbital population < 1). The extreme cases will give the sp’d
hybridization model (d-orbital population = 1) and the sp three-centre-four-electron bond
model (d-orbital population = 0).

These models proposed by Mayer and Angyan [132-134] have several serious
shortfalls. The calculation method for bond orders proposed by Mayer [135] is highly
dependent upon the basis set employed [136], in similar fashion as the Mulliken population
analysis method. Furthermore, because atomic orbitals from different centres overlap, the
point charge approximation is invalid [14]. Higher order terms in the Taylor expansion of
the Coulomb potential have significant values and should not be ignored. As a result, it is
possible for bond orders caiculated by Mayer’s method to have negative values [14, 136].
Baker [136] investigated calculated bond orders obtained in two different ways: Mayer’s
method based upon Mulliken population analysis [135], and an alternative method
proposed by Natiello and Medrano based upon Léwdin population analysis [137]. In
general, he found that the latter method gave more accurate resuits [136]. He also gave an
example of the instability of the Mulliken population analysis method using the negative
ion C;H; . The calculations were performed with the 3-21G and 3-21G+G basis sets. The
latter has diffuse s and p functions on the carbon atoms. While the Léwdin population
analysis gave reasonable occupancies and bond orders for both basis sets, the Mulliken
analysis predicted occupancies of +2.2012 and —1.9809 for diffuse orbitals when the latter
basis set was employed. Mayer’s bond order analysis gave C-C bond orders of —1.76 and
—4.26 with this basis set [136].

In a molecular environment, the valence shell atomic orbitals of each species combine
to form molecular orbitals. Thus, atomic orbitals per se do not exist in molecules.
However, it is convenient to discuss the molecular electronic structure in term of its
atomic building blocks and to connect it to the electronic structure of the isolated atoms.
Hence, the logical way to populate orbitals is to fill the lower energy valence shell of all
component atoms first, before placing electrons in the higher energy extra valence

d-orbitals of the central atom. Both Mulliken population analysis and Mayer’s bond order
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analysis tend to populate high energy Rydberg orbitals (in particular central atom
d-orbitals) at the expense of non-bonding valence shell orbitals on ligand atoms, a

phenomenon which makes these analysis methods vulnerable to basis set effects [14].

4.4. Natural Population Analysis

The first popular method for evaluation of the atomic orbital composition of
molecular orbitals was developed in the mid 1950’s by Mulliken [138-141]. However, this
method has significant drawbacks: it is possible to have orbitals with negative populations,
it gives unreasonable charge distributions in molecules with significant ionic bonding
character, and it is highly sensitive to the basis set used. To overcome these shortcomings
of the Mulliken population analysis, the natural population analysis (NPA) method was
developed [142]. Here, the atomic orbitals are constructed from linear combination of the
available basis functions, and the electrons are first assigned to valence shell orbitals
before any are placed in extra-valence central atom d-orbitals. This makes the NPA
method relatively immune to basis set effects. The natural atomic orbitals converge
smoothly towards well-defined limits upon expansion of the basis set, with stable electron
populations. The natural atomic orbitals obtained by NPA neatly divide into a set of core
and valence shell orbitals with high occupancy (> 1.95 electrons) and a set of Rydberg
orbitals with low occupancy (< 0.05 electrons). The molecular orbitals are constructed
from these through formation of an optimal orthonormal set of hybrids, the natural bond
orbitals (NBO). These NBO’s have maximum occupancy which similar to the natural
orbitals proposed by Lowdin [143]. However, in contrast to the Léwdin model, they are
localized on one (lone pair) or two (bond pair) atomic centres.

Reed and von Ragué Schleyer [14] investigated the electronic structure of X;AY
species using the NPA method. They concluded that hypervalent bonding in these
molecules occurs through “negative hyperconjugation” by which they mean that electrons
from ligand p-orbitals delocalize into c* orbitals, a process which provides © bonding
character to orbitals with nominal ¢ character. This process also weakens adjoining o

bonds through the population of o* orbitals. The d-orbitals of the central atom A act as
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polarization functions. Their interaction with ¢4x* improves the overlap of cax* and the
valence shell p-orbitals of Y, but also decreases the antibonding character of Gax*.

The NPA method is, however, not infallible. In this thesis, the NPA method was used
to evaluate the covalency of chemical bonds, including © bonds between oxygen and other
atoms belonging to Group IV, V or VI (Section 12.4). Optimized geometries were
calculated with Gaussian 94 using the HF method and the 6-311G* basis set. Both
Mulliken and Natural Population Analysis were performed at this optimized geometry.
CO,, a linear molecule with two equivalent C=0 double bonds, was among the

compounds studied. Rather than the expected structure of O=C=0, the NPA method

predicted a structure involving a C—O single bond and a C=O0 triple bond, 0O—C=0.



71

F\ !3*— F
"
F \
/ I F
F- F\w-. L* £
F ”
\ F\!, /V N

Figure 4-1: Resonance structures of PFs.
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Figure 4-2: The traditional three-centre-four-electron bonding model (left) and Angyan’ s
bonding modification [134] involving the central atom d,: orbital (right).



5. P(1s) Photoabsorption Edges and the Chemical Shift Trends for a

Series of Gaseous Phosphorus Compounds '

5.1. Introduction

Binding energies of core atomic orbitals in molecules are influenced by the valence
shell electron distribution in the molecule. The differences within a series of molecules can
be represented as chemical shifts—the differences in the binding energies or transition
energies of the atomic core orbital transitions from one molecule to the next, generally
assessed relative to one reference compound for the element. The magnitude of these
shifts thus reflects the chemical environment of the excited atom. As such these shifts
reflect the chemical bonding in a molecule and can be used to extract information about
the molecular electronic structure. Herein we describe the exploration of the P(ls)
absorption feature in a series of 19 gaseous phosphorus compounds, which span the
trivalent to pentavalent valence state and coordination environments ranging from 3 to 5.
The P(1s) and P(2p) core photoionization chemical shifts of this same series of molecules
as well as the shifts of the KL,L; (‘D) Auger lines have been previously reported [88-91];
and the absorption edge behaviour is herein compared. Our absorption edge results were
analyzed by various methods ranging from simple electronegativity, atomic charge and
potential-at-the-nucleus models (with molecular relaxation effects included) to
semiempirical and ab initio calculations. The experimental peaks were assigned with the
results from Xa [103] calculations and more complete ab initio calculations used to verify

and support the assignments.

5.2.  Experimental
The phosphorus K shell spectra were obtained according to the procedure outlined in
Chapter 2. The spectra were normalized with the Iy current from the nitrogen cell. PF; was

used as an internal calibrant. The energy scales for the spectra of all other gases were

' A version of this chapter has been published:
R.G. Cavell. A. Jiirgensen; J. Elec. Spec. 101-103 (1999) 125-129
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referenced to a P(1s) spectrum of PF; measured during the same experimental session.
The overall photon energy scale was calibrated using the main peak of Na,P,O; at
2152.40eV [144]. The P(ls) spectrum of PF; was referenced to the P(ls) spectrum of
solid Na,P,05 in a separate experiment in which both solid samples and the gas cell were
assembled as a contiguous unit. The gas pressure in the cells was between 0.2 and 1.0
torr. Several spectra were measured for each compound and the resulting peak energies
were averaged. For (CH;0),P(S)CI the standard deviation of the P(1s)—le* peak energy
was 0.12 eV, and for all other compounds it was less than 0.06 eV. The chemical shift
values are estimated to be precise within 0.12 eV.

OPF: was prepared by Dr. J. Nielson at Los Alamos National Laboratories, and SPF;
was prepared at the University of Alberta by Dr. D. Kennepohl. All other compounds
were obtained commercially, (CH;);P-Agl and most liquids from Aldrich, (CHi0):PS
from Hooker, PF; from Ozark Mahoning and PH; and PFs from Matheson. All chemicals
were used as received from the supplier. However, the solid and liquid samples were
vacuum-sealed into small glass tubings prior to use for transportation purposes. These
tubings were connected to the gas entry port of the cell apparatus while still sealed, and
then opened under vacuum. The (CH;):P-Agl complex was heated to 200 °C in vacuo, to

obtain P(CH3:) ; gas, a decomposition product.

5.3. Calculations

Assignment of the experimental peaks was accomplished by calculating the transition
energies and their oscillator strengths for transitions to the first few symmetry allowed
antibonding orbitals using the Xa. technique [103] as explained in Section 3.5 above.
Experimental molecular geometries [95-97] were used wherever possible for the
calculations. As molecular geometries of P(C,Hs);, SP(OCH;); and CH3P(S)Cl, were not
available, bond lengths and angles were approximated based on the data of structurally
related compounds. Thus CH;P(S)Cl, was given P-Cl (2.055 A), P-C(1.815 A), P-S
(1.914 A), C-H (1.10 A) and angles (for a staggered structure) 2 C-P-Cl (104.1°), /
Cl-P-§ (115.95°), £ C-P-S (115.2°), £ P-C-H (110°) estimated primarily from the
parameters for OPCl;, SPCl; and CH;P(O)Cl,. For P(C,Hs): the molecular structural
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parameters are: P-C (1.844 A), C-H (1.070 A), C-Cp (1.5351 A), Cy-H (1.0940 A), £
P-C-H and £ P-C-Cjboth (111.4°), £ C-P-C (98.8°), £ C-Cp-H (111.17°) using
parameters derived from P(CH;); and C;Hs. For SP(OCH;); the parameters are: P-O
(1.580 A)) P-S (1.936 A), C-H (1.10 A), C-0O (1.432 A) and angles £ P-0-C (118°), £
0-P-0 (105°), and £ O-C-H (105.7°) as estimated from P(CHj3);, SP(CH;);, OP(CHs);,
P(OCHj;); and OP(OCH3)s.

Transition energies were calculated by means of the transition state method (Section
3.5). A Watson sphere with a charge of +5.0 and a radius slightly larger than the outer
sphere was added in order to lower all orbital energies and thus allow the calculation of
the transition energies to virtual orbitals. The P(1s) ionization potential was calculated in

the same manner but without the imposition of the Watson sphere.

5.4.  Results

Selected spectra are illustrated in Figure 5-1. Spectra of PH;, PCl;, and OPCl;
represent typical spectra obtained for the pyramidal compounds: one high intensity
pre-edge peak followed by some low intensity structure below the ionization edge and a
shape resonance in the continuum. The strong peak corresponds to the P(Is)—le*
transition. This le* orbital corresponds to a phosphorus-halide o*.

The spectrum of PFs differs significantly from the pattern displayed by all other
compounds in that there are two high intensity pre-edge peaks instead of the single
dominant peak demonstrated by the pyramidal molecules. The D, trigonal bipyramidal
structure of PFs leads to two P(1s)—»mo* transition energies, both with similar oscillator
strengths assigned to P(ls)—>2e'*(P-F,, c*) and P(ls)>2a"*(P-F, o*) transitions,
respectively. The three fluorines in the equatorial plane of PFs correlate to a flattened PF;
pyramid; hence, the 2e’* component correlates to le* in the pyramidal molecules.

All the other differentially substituted compounds in the series are either trigonal
pyramids or symmetric tops with Cs, or C, symmetry. In the lower C, symmetry the le*
antibonding orbital splits into two (1a’* and la"*) but the same behaviour prevails, one
strong peak arises from the transition into one of the two orbitals resulting from the split

of the 1e*. Because this strong peak originates from an overlap of transitions to the two
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components of the le* and therefore correlates to this feature in the more symmetric
molecules, we will henceforth refer to this peak as the le* peak even in these lower
symmetry environments.

To facilitate comparison with related previous photoelectron and Auger studies on
these compounds [88, 90] the numbering scheme previously employed for compound
identification is used. In two cases, PBr; and CH;P(O)Cl,, the P(1s) ionization energy had
not been measured. They were estimated using the previously established correlation
between Is and 2p binding energies [88, 90] and a weighted average P(2p) ionization
potential measured by us in another study [145] (Table 5-1).

Experimental transition energies for the main pre-edge peak (le* or 2e’* for PFs) and
the chemical shift values relative to PH; are listed in Table 5-2. The shifts, defined

according to equation S-1,
shift = photoabsorption edge of compound - photoabsorption edge of reference. (5-1)

were compared to the previously reported P(1s) photoelectron shifts and the KL,L; (‘D-)
Auger line shifts of the same compounds [88, 90]. The relationships are shown in Figure
5-2.

These photoabsorption shifts were also correlated with the sum of the
electronegativity values of the ligands, as illustrated in Figure 5-3 and compared with
similar correlations of the P(ls) ionization potential (IP) shifts with the same
electronegativity assessment.

The simple charge and potential models used previously [88-92] can also be applied
with various levels of calculational detail being used to determine the on-and off-atom
charges. The success of this approach, discussed below, is very dependent on the resultant
charges. To compare the molecular calculation strategies used herein (Xo and ab initio)
with those used earlier (Potential at the nucleus using Hiickel and CNDO calculations)
[88, 90, 91] we have calculated and illustrate (Figure 5-4) the P(1s) IP shifts obtained with
the potential at the nucleus method (Gaussian 94, [94], Hartree-Fock (HF) theory,

experimental molecular geometry [95-97), D95* basis set, natural charges) to compare
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with the reported experimental P(1s) shifts [88-91]. As the studies on the effect of the
basis sets on the photoabsorption transition discussed below are mirrored in the P(ls)
photoionization results, we herein illustrate only the best of the set, the Natural
populations obtained with the D95* basis set. Finally we tested the ability of the Xa [146]
and Gaussian 94 [94] program sets to calculate directly the photoionization (1s) and
photoabsorption transition energies using the transition state method in the former case,
the AEscr [99] strategy in the latter case and also, with Gaussian 94 [94], the excited state
approach [102]. Numerical results are given in Table 5-2 and Table 5-5 to Table 5-8.
Assessment of these theoretical methods was achieved through comparison with the
experimental data (Table 5-2). The correlation was evaluated based upon the scatter
parameter ¥, equation (5-2), the slope and the intercept (in that order) of the best-fit line

(Table 5-3).

2
$ = Z [AIP(calc) - F(AIP,(exp))] , F(AIP.(exp)) = slope x AIP(exp) + intercept

(3-2)

A perfect correlation is achieved when the slope equals | and the intercept and ¥’ both

equal 0.

5.5. Discussion

5.5.1. Trends and Relationships

All of the processes analyzed herein derive from the photon excitation of the P(ls)
orbital and so in some respects the trends and responses of the system should be
comparable. There is however a considerable difference in the final state accessed by the
transition in each case, and thus, the detailed behaviour of each system is likely to be
different, reflecting the different chemical environment of the phosphorus atom and its

response to the perturbation.
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We correlate the processes by plotting the shift values for the Photoabsorption vs.
Photoelectron (1s) and Auger processes. As Figure 5-2a and Figure 5-2b show, all of the
spectroscopies do indeed follow the same overall trend but the detailed fit is not
particularly good; molecules with bulkier ligands tend to lie above the fit line, while those
with smaller ligands tend to lie below the line. There is a considerable amount of scatter,
especially in the correlation of the photoabsorption peak shifts with the Auger shifts.
However, this might be expected in view of the highly charged final state developed in the
Auger transition, which contrasts to the maintenance of a neutral molecule in the
photoabsorption process. Figure 5-2c emphasizes that within a limited structural and
substitutional series, quite good correlation between the photoabsorption transition energy
and the P(1s) ionization potential exists. The extension to the Auger shifts is only effective
in the limited case of the YPF; molecules (Figure 5-2d), but again the correlation is very
good.

The phosphorus-1s ionization potential represents the transition energy for the
ejection of an electron from the P(ls) orbital into the continuum. The initial state is the
electronic ground state of the molecule and the final state is composed of a singly charged
ion with a localized P(1s) core hole (*S- state) and a photoelectron. The same electronic
states are involved for all molecules studied, so the chemical shift of the P(1s) ionization
potential is dominated by the adiabatic relaxation [92, 147, 148] of the system in response
to the creation of the core hole. In the KL,L; (‘D) Auger transition this initially created
(1s) core hole (*S.» state) is filled and two (2p) core holes (nominally equivalent in a
simple electrostatic picture) are created. The final state consists of a doubly charged ion
('D; state) and an Auger electron. The doubly charged nature of the final ion state induces
a larger relaxation contribution to the energy shifts [147, 148]. Again, the initial and final
electron states are the same for all molecules and the shift behaviour reflects the magnified
relaxation contributions induced by the larger charge and the shielding differences between
Is and 2p holes. The differences between [P and Auger trends were analyzed to isolate the
relaxation contributions [88-91, 147, 148].

In photoabsorption spectra, the transitions connect the inner core level to outer bound

excited states beyond the valence shell. The electron remains bound in the neutral
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molecule. These transitions are therefore sensitive to the molecular structure because the
character of the final state, the antibonding orbital connected, may differ from one
compound to another. This is exemplified in the relative position of the la,* peak in YPX;
compounds compared to PX; compounds. For example OPCl; and PCl; (Figure 5-1) each
show a strong peak corresponding to the P(1s)—1e transition (which is the basis of the
chemical shift comparisons). Detailed spectral assignments show that in the former case
the companion weak 1a,* (P-Cl 6*) peak occurs at a lower energy than the le*, but in the
latter case the weak la,* (P-Cl 6*) peak occurs at a higher energy than the le’. In the
case of this series of phosphorus compounds however, the common transition to le* (2¢’*
for PFs) is dominant in all cases and can be readily used for a chemical shift analysis. In
other systems we have examined, we have found that the final electronic state can differ
dramatically [149].

Hence, structural and electronic effects contribute significantly to the relaxation
processes involved in each of the three different electronic transitions and it is not possible

to relate the shifts of all the compounds by simple functions of the form:
AEp(15)+1ee= -k AEg + ¢ AEp(15)s1e0 = -k AE yuger + € (5-3)

However, as illustrated in Figure 5-2¢ and Figure 5-2d, simple shift relationships exist
for subsets of similar compounds. This agrees with earlier results [88] displaying a rough
correlation between the P(1s) binding energy and KL,L; Auger shifts. Of note is the
correlation between binding energy and P(1s)—>le* chemical shifts for the trihalides and
dihalides (Figure 5-2c), suggesting similar relaxation processes and very closely related

environments exist.

5.5.2. Electronegativity
A simple, chemically satisfying, relationship between the photoabsorption shifts values
and the overall chemical environment of the excited atom which emphasizes that there is a
substantial “chemical shift” to the photoabsorption transition peak is given by the

correlation of the shifts with the total electronegativities of the ligand atoms (Figure 5-3a).
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Electronegativities of all ligands on the phosphorus were added to allow for the
differential substitutional members of the system. The Pauling electronegativities [105] of
all simple atomic ligands used are listed in Table 5-4 and the group electronegativities of
C,H;, CF; and CH; were calculated using the orbital method described by Huheey [150]
(Table 5-4). Although there is some scatter, the P(1s)—>le* shifts vary approximately
linearly with the sum of the ligand electronegativities (Figure 5-3a). All compounds
correlate in a manner comparable to the correlation of the (1s) photoelectron binding
energy shift (Figure 5-3b) with electronegativity. Overall, the P(ls) ionization potential
shifts correlate better with the ligand electronegativities, %~ equals 12.0 compared to 21.5
for the P(1s)—>1e* chemical shift. This is caused by the differences in the respective final
states for these two electronic transitions. The final state of the P(1s)—»le* transition has
an additional electron in the outermost shell which influences the distribution of the
valence shell electrons. P(1s) photoionization does not add extra valence shell electrons to
the system, so changes of the electron distribution within the molecule are only caused by
relaxation effects due to the core hole.

Qualitatively, in molecules with atoms of comparable electronegativity—e.g. PH;—
the electrons in bonding orbitals are shared more or less equally by the central phosphorus
and the ligand atoms. The valence shell population for phosphorus is expected to be close
to five, the formal charge on phosphorus will be low and the phosphorus-ligand bonds are
dominantly covalent. As the electronegativity of the ligands increases, valence electron
population is delocalized to the ligands thereby decreasing the valence population on the
phosphorus. The phosphorus atom becomes positively charged and the bonds become
more ionic in character. This decreases the phosphorus core electron-valence electron
repulsion leading to a stabilization of the P(1s) orbital and an increase in the ionization
potential or the absorption transition energy.

This simple picture is certainly supported by the calculated charges on the phosphorus
atom (Gaussian 94 [94], HF theory, experimental molecular geometry [95-97], Natural
Population Analysis (NPA) method [151]), Table 5-5. Although there is a considerable
amount of scatter, the general trend is an increased charge on phosphorus with increasing

ligand electronegativity (Figure 5-5). The same trend is observed for the correlation

-
1
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between P(1s)—le* and P(1s) ionization potential (IP) chemical shifts and the calculated
charge on phosphorus. While there is some scatter for the ionization potential shifts (x* =
41.5), the chemical shifts for the P(1s)—1e* transition correlate nicely (x* = 10.0) (Figure
5-6). Again, these observations can be explained by differences in the final electronic state.
In the P(I1s)—>le* transition process the final state involves a neutral molecule, all
electrons are still bound. The excited electron is in the le* orbital, which is centered on
phosphorus. So, the overall atomic charges do not change significantly. In contrast,
photoionization creates a +1 ion; the electron is removed from the molecule. Since the
P(1s) orbital is localized on the phosphorus atom, the photoelectron process leads to a
substantial change in the charge on the phosphorus atom (Aq = +1).

While this ligand electronegativity model does an adequate job in explaining the
influence of the initial electronic state upon the chemical shifts, it does not consider orbital
relaxation processes, which contribute significantly to ionization potentials and transition
energies. A proper calculation method for the chemical shifts has to accommodate these
relaxation processes. The following sections investigate several different methods for

calculation of the chemical shifts and correlate the results to the experimental data.

5.5.3. Potential at the nucleus method

In this method, the transition or ionization energies (as chemical shifts) are fitted to a
simple linear equation connecting the potential at the nucleus of the atom undergoing that
transition. The simplest model [92], which was found sufficient in the earlier work [88,
89], has been described in detail in Section 3.2.1 above.

The previous analyses used CNDO and similar semiempirical methods to evaluate the
charges and potentials [88-91]. In the present case, the formal charges q of the atoms in
each molecule were calculated with Gaussian 94 [94] at the Hartree-Fock [79] (HF) level
of theory using experimental bond lengths and angles [95-97]. The resultant charges are
highly dependent upon the calculation method and basis set employed. We evaluate the
performance by determining the best fit to the experimental data. Only the transition (or
RPM) correlations are illustrated and listed as these have been long recognized as the

most appropriate [88, 89, 92]. To investigate the effect of d-polarization effects on the
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calculations, the HF charges were calculated using two different basis sets: D95 and
D95*, the latter being the case wherein d polarization functions are added. The population
analysis was done using both Mulliken [138-141] and Natural [151] population analysis,
again because each approach gives different values of the charges. The calculated chemical
shift for the main P(1s) photoabsorption spectrum peak energy relative to PH;, determined
for all compounds and the different strategies used is listed in Table 5-2. Correlations of
experimental and predicted shifts are illustrated in Figure 5-7 and summarized in Table 5-
3. The slope and intercept of the best fit line are closer to the ideal values of 1 and 0,
respectively, for the Mulliken charges, but the parameter 3’ has a lower value for the
Natural charges. The Mulliken charge set demonstrates more scatter, leading to an
increased value of x°. The effect of d-polarization functions is minimal in the case of
Natural charges, the two plots being almost superimposable. The d polarization functions
increase all calculated chemical shifts relative to PH;. This effect, however, is not uniform.
It is largest in the chlorides, increasing the predicted chemical shift by as much as 1 eV for
SPCl; and CH:P(S)Cl,. In contrast, the fluorides experience only a minor increase in
chemical shift, the largest value being 0.17 eV for PFs. Overall these effects of the d
polarization functions slightly decrease the slope of the fit line (1.87 for D95, 1.86 for
D95*) and slightly increase the intercept and x°. In the case of Mulliken charges, however,
the inclusion of d-functions has a discernible effect on the relative positions of the points
and brings about some improvement to the correlation; x° and the slope both decrease, but
the intercept increases (Table 5-3). Overall, the Mulliken charge set gives best fit lines
with slope and intercept closer to the ideal values of 1 and 0 (Table 5-3), but there is more
scatter (larger 1°). So, the Mulliken charge set does not correlate as well as the Natural
charge set. These same natural charge values (calculated with d-polarization functions)
predict the P(1s) ionization potential chemical shifts very well as illustrated in Figure 5-4.
Comparable agreement is obtained by determining natural charges without d-functions.
For the Mulliken charges only the set obtained with the D95* basis set gives comparably
good predictions (Table 5-3).



83

5.5.4. AEscr method [99] for Photoelectron and Photoabsorption

spectroscopy

The total energy Escr of each molecule was calculated with Gaussian 94 [94] (HF
theory, experimental molecular geometry) for both the initial and final state as described in
Section 3.2.2 of this thesis. To evaluate the invoivement, if any, of the d-functions these
calculations were done using both the D95 and D95* basis set.

The results of these calculations for the P(1s) photoionization process are listed in
Table 5-6 and illustrated in Figure S-8. The correlation results are summarized in Table 5-
3. While the absolute P(ls) ionization energies are very different from the experimental
values, being far too low, the shifts of these ionization energies relative to PH; are quite
reasonable and correlate well to the experimental values (Table 5-3). The D95 basis set
gives a steeper slope (1.47) than the D95* set (1.18) suggesting that the polarization
functions are important in improving the energy spread of the system.

Table 5-6 also lists the calculation results for the P(ls)—le* photoabsorption
process. The correlation with the experimental data is shown in Figure 5-8 and
summarized in Table 5-3. Again, the absolute values are far too low, but the predicted and
experimental shifts correlate well (Table 5-3). The slope of this correlation is greater
without d-functions (slope = 1.24) (Figure 5-8c) than with d-functions (slope = 1.09)
(Figure 5-8d). The predicted transition energy shifts are of similar quality as those
obtained for P(1s) photoionization. Again, the different slopes observed for the two basis
sets arise from changes in the calculated chemical shifts. The d polarization functions
increase the shifts of the chlorides (maximum +0.4 eV for SPCl: and CH;P(S)Cl,) and
decrease the shifts for all other compounds. The net effect is an improvement in the
correlation; the slope of the fit line is closer to 1. The use of d-polarization functions also
decrease the amount of scatter in the data (lower ¥* as seen in Table 5-3); hence,
d-polarization functions are required for an accurate prediction of the energy spread of the

system.
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5.5.5. Excited states with Xa and ab initio methods

Direct calculations of the photoabsorption transition energies yield fairly accurate
predictions of the absolute transition energies (Table 5-7 and Table 5-8). Calculation of
the excited states with the Gaussian 94 [94] program package tends to predict larger
P(1s)—>1e* chemical shifts than observed experimentally Table 5-7. The excited electronic
states were calculated using the single-excitation configuration interaction (CIS) method
described by Foresman et al. [102], but because of a size restriction of the Davidson
Matrix to 2000 diagonal elements, only the STO-3G and STO-3G* basis sets were
employed and only three virtual orbitals were kept in the calculation; all others were
frozen. Thus the analysis by this method is not full at this stage. The results of this limited
analysis are shown in Figure 5-9. The method tends to overestimate chemical shift
differences. This over-estimation decreases if d-polarization functions are employed (slope
= 1.567 for STO-3G, slope = 1.454 for STO-3G*). However, the inclusion of
d-polarization functions also increases the amount of scatter (greater x°). The theoretical
chemical shifts obtained by the AEscr method (Section 5.5.4) compare favourably to the
CIS method giving better agreement with experiment (Table 5-3). The poorer
performance of the CIS method is at least partially explained by basis set effects. Future
work should include a re-evaluation of the CIS chemical shifts using a larger basis set, for
example D95*

The transition state calculations done with the Xo method [103] (Figure 5-10a) give a
good correlation (Table 5-3) for the most part with chemical shift differences being
estimated correctly (slope = 0.925). However, there is a significant deviation from the
main fit line, PH;. The reason for this deviation of PH: is not clear but this discrepancy has
the effect of shifting all predictions away from the unit slope and zero intercept line. Were
this not so, the predictions deriving from Xa would be very impressive. Excluding PH;
from the correlation results in a slope of 1.00 and a % of 2.17 for the main fit line. The
simple hydride is the most obvious reference molecule for chemical shift analysis so the
reason for the deviation should be explored. The chemical shifts for the P(1s) ionization

potential calculated with the Xa method are of slightly poorer quality (Figure S-10b).
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There is a bit more scatter to the points (greater x°, Table 5-3). PH; still deviates from the

main fit line, but not as significantly as for the P(1s)— le* transition.

5.5.6. The role of d-orbitals

As already mentioned, the inclusion of d-polarization functions improves the
correlation between the calculated and experimental chemical shift values. This arises from
non-uniform changes in the calculated shifts. Although these changes are unique for each
molecule, there are some general trends.

1. AEscr method: The chemical shift increases for the chlorides and decreases for all
other compounds. The phosphorus atom in thiohalides has a more positive charge
than that in the corresponding oxyhalide. The halide falls in between.

2. Excited state method: The chemical shift increases for most compounds; the
exceptions are PF;, P(OCH:); and P(C,Hs);. As with the AEscy method these
changes in chemical shift are not uniform. Greater increases are observed for
chlorides than fluorides.

For both methods the inclusion of d-polarization functions in the basis set decrease
the slope of the fit line between calculated and experimental values. Hence, the model

gives a better description of reality with d-functions in the basis set.

5.6. Summary

Photoabsorption shifts of the P(1s) peak in phosphorus compounds reflect the
chemical environment of the phosphorus atom in the compounds. The trends can be
successfully analyzed in terms of simple electronegativity relations and simple
transition-state potential calculations with appropriate assessment of the atomic charge
profile. Natural charges give better agreement with experimental shifts suggesting that
these natural charges are probably more appropriate for the realistic evaluation of atomic
character than Mulliken charges. The Xa method [103] is quite successful at predicting
the photoabsorption transition energy whereas the ab initio Gaussian 94 excited state
methodology [102] does not fare as well. The newer calculation methods used herein
provide good predictions of the P(ls) photoionization behaviour in these same

compounds.
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Figure 5-1: P(1s) Photoabsorption Spectra of PH; , PFs, OPCl; and PCls.
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Figure 5-2: The correlation between the P(1s)— le* transition energy shifts and the P(1s)
ionization potential (IP) (88, 90] and KL.L; ('D2) Auger shifts [88, 90] (eV) (relative to
PH;). Compound numbers are given in Table 5-8. In all cases, the numbering scheme
corresponds to that used previously (88, 90].

The symbols are: A = coordination No. 3, @=CN. 4and O =CN 5.

a: P(Is)>le* vs. P(Is)[P b: P(1s)—>1e* vs. KL:Ly('Dy)

c: P(1s)—>le* vs. P(1s)IP d: P(ls)—>le* vs. KLst(lDz).
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Figure 5-3: Correlation between the chemical shift (eV) and the
sum of the ligand electronegativities, Zy;.

a: P(I1s)—>le* vs. Zy; b: P(1s)IP [88, 90] vs. Iy,
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Figure 5-4: Correlation of the P(1s) Ionization Potential chemical shift [88, 90] (eV) with
the Potential at the Nucleus shifts calculated from ab initio natural charges

(Gaussian 94, D95* basis set).
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Figure 5-6: Correlation between the chemical shift (eV) and the calculated charge on the

phosphorus atom (Gaussian 94, D95* basis set).

a: P(1s)—>1e* vs. charge on Pb: P(1s)IP [88, 90] vs. charge on P.
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Figure 5-7: Correlation between the experimental P(1s)—> le* transition energy chemical
shift (eV) and the Potential at the Nucleus shifts calculated from ab initio charges.
a: D9S basis set and Mulliken charges b: D95* basis set and Mulliken charges

¢: D95 basis set and Natural charges d: D95 basis set and Natural charges.
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Figure 5-8: The correlation between the experimental chemical shifts and calculated
values: AEscr method [99].
a: P(1s)IP [88, 90], D9S basis set  b: P(1s)IP [88, 90], D9S* basis set
c: P(1s)—1e*, D95 basis set d: P(1s)—>le*, D95* basis set.
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Figure 5-9: The correlation between the P(1s)—> le* experimental transition energy
chemical shifts (eV) and the calculated values: CIS method [102].
a: STO-3G basis set b: STO-3G* basis set.
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Figure 5-10: The correlation P(1s)—> le* experimental transition energy chemical shifts
(eV) and caiculated values: Xa method [103].
a: P(Is)>le* b: P(1s)IP[88, 90].



Table 5-1: P(1s) and P(2p) ionization potentials (eV) of PBr; and CH:P(0)Cl,

Compound  P(2p:2)® P2pi2)™ P2p)™ A(P(1s))®  P(1s)®
PBr; 13881 13965 13909 236  2153.20
CH:P(O)Cl,  140.13  140.97 14041 385  2154.69

(a) [145], standard deviation: +0.08 eV
(b) weighted average, standard deviation: £0.16 eV
(c) AIPpis) = 1.129 AlPp(3) + 0.396, standard deviation: +0.16 eV

(d) Reference compound: PH;; standard deviation: +0.26 eV
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Table 5-2: Experimental P(1s)—le* transition energies (Ej,_, ), the experimental

transition energy shifts (AE,_, .+), and calculated chemical shifts:

Potential at the Nucleus Method [92].

Eioter AEs ,1er Calculated AE;; , .~ (V)
No. compound (eV) (eV) (©) (d) (e) (f)
1 PH;® 2145.84 0.0 0 0 0 0
2 SPF; 2151.43 5.59 966 1458 978  14.71
3 P(CH:); 2146.30 0.46 035 116 -053 139
4 SPCl; 2148.88 3.04 207 716 560 814
5 OPF; 2153.29 7.45 13.12 1692 11.52 17.04
6 OPCl, 2150.03 4.19 594 1092 748 116l
7 PF; 2154.98 9.14 1530 1865 1294 1882
8 PCl; 2147.31 1.47 436 612 611  6.69
9 PF; 2149.27 3.43 1066 1223 929 1234
10 (CH:0)P(S)Cl  2150.22 4.38 (h) (h) (h) (h)
Il OP(OCH:) 2152.25 6.41 723 1113 597 1146
12 SP(OCH:); 2150.69 4.85 327 910 419 959
13 P(OCH3:): 2148.24 2.40 473 586 349  6.12
14 CH;PCl, 2146.42 0.58 271 462 384 508
15 P(CHs)s 2146.23 0.39 012 117 -147 129
17 CH:P(S)Cl, 2148.01 2.17 1.3 633 417 734
20  CH;OPCl; 2147.38 1.54 492 713 568 749
29 PBr; 2146.46 0.62 (i) (i) (i) (i)
30 CH;P(0)Cl, 214921 3.37 530 1003 6.14 10.80

(a) standard deviation: +0.06 eV

(c) D95 Mulliken Charges
(f) D95* Natural Charges

(d) D95 Natural Charges

(g) reference compound

(b) standard deviation: +0.12 eV

(e) D95* Mulliken Charges

(h) The C; symmetry of the molecule did not allow unambiguous identification of the le*

component orbitals

(i) the basis set is not defined for bromine.
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Table 5-3: The line of best-fit parameters for the correlation between calculated and

experimental chemical shifts

P(1s)—le* transition

Method slope intercept X
Potential at the Nucleus [92]
D95, Mulliken" (Figure 5-7a) 1.45 0.32 95.99
D95*, Mulliken'”  (Figure 5-7b) 1.24 1.33 78.10
D95, Natural® (Figure 5-7c) 1.87 2.12 56.62
D95*, Natural (Figure 5-7d) 1.86 2.57 59.22
ALser [99]
D95® (Figure 5-8¢) 1.24 -0.44 9.64
D95 *® (Figure 5-8d) 1.09 -0.27 4.80
CIS [102]
STO-3G™ (Figure 5-9a) 1.62 -1.06 30.60
STO-3G*® (Figure 5-9b) 1.45 1.18 39.98
Xa[103]
(Figure 5-10a) 0.92 -2.43 9.05




Table 5-3, continued from the previous page.

99

P(1s) ionization potential

Method slope intercept X
Potential at the Nucleus [92]
D95, Mulliken”! 1.72 -1.49 143.37
D95*, Mulliken® 1.66 -0.86 29.83
D95, Natural® 2.08 0.56 64.46
D95*, Natural® (Figure 5-4) 2.10 1.13 51.03
AEscr [99]
D95 (Figure 5-8a) 1.47 0.03 3.83
D95*® (Figure 5-8b) 1.18 -0.05 1.31
Xa [103]
(Figure 5-10a) 0.96 -2.36 12.44

(a): basis set, and charge analysis method

(b): basis set
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Table 5-4: Atom and group electronegativities (Pauling Scale)

Atom  Electronegativity = Group  Electronegativity

P 2.19 CH; 227%
H 2.20 CH;CH; 2.28%
C 2.55 OCH: 2.68
S 2.58
Br 2.96
N 3.04
Cl 3.16
O 3.44
F 3.98

(a) Calculated according to [150]



Table 5-5: Ligand electronegativities and charge (NPA method [15 1])

on the phosphorus nucleus.

No Compound Zy Natural Charge (q) on P
D95 basis set D95* basis set
1 PH; 6.60 0.07 0.12
2 SPF; 14.52 227 2.33
3 PMe: 6.81 0.72 0.75
4 SPCl; 12.06 1.00 1.15
5 OPF; 15.38 2.81 2.89
6 OPCl; 12.92 1.71 1.84
7 PF; 19.9 2.93 2.99
8 PCl; 9.48 0.81 0.91
9 PF; 11.94 1.87 1.92
10 (CH;0),P(S)CI 11.10 1.84 1.93
11 OP(OCHs:); 11.48 2.71 2.77
12 SP(OCHs:); 10.62 2.20 2.30
13 P(OCHs:): 8.04 1.63 1.69
14 CH:PCl, 8.59 0.84 0.90
15 P(C.Hs)s 6.84 0.71 0.74
17 CH:P(S)Cl, 11.17 1.10 1.24
20 CH;OPCl, 9.00 1.22 1.28
29 PBr; 8.88 (a) (a)
30 CH3P(O)Cl, 12.03 1.82 1.93

(a) the basis set is not defined for bromine



Table 5-6: Experimental and calculated P(1s)—>le* (AEyq_,1.+) and P(15s) ionization

potential (AEp) chemical shifts(eV); AEscs method [99].

102

Experiment® Calculation
No. Compound AE .+ AEp AE 10 AEp
(b) (c) (b) (c)
[ PH;'" 0.0 0.00¢  0.00 0.00 0.00 0.00
2 SPF; 559 6209  6.70 5.80 9.31 7.35
3 P(CH:): 046  -098° 090 0.55 -1.33 -1.45
4 SPCl; 304 4219 309 3.50 6.00 5.40
5 OPF; 745  696° 88l 7.88 10.63 8.01
6 OPCl; 419 4709 467 4.73 7.07 5.75
7 PF; 9.14 8559 11.19 9.83 12.88 9.89
8 PCl; 147  328° 072 0.94 3.97 3.71
9 PF, 3.43 5489 381 2.89 7.25 5.75
10 (CH:0%P(S)CI 438 3609 () (f) 5.57 4.50
1 OP(OCH:): 6.41 3.349 812 7.21 5.95 4.06
12 SP(OCH:)s 485 3269 644 5.64 5.25 3.95
13 P(OCH:); 2.40 .82 3.04 2.44 2.64 1.72
14 CH:PCl, 058 1899  .0.19 0.03 2.32 2.08
15 P(C,Hs)s 039  -1.48°9 113 0.58 -1.64 -1.76
17 CH;P(S)Cl, 2.17 3.19¢ 1.82 2.24 4.47 4.07
20 CH;OPCl, 154  285® 098 1.15 3.79 3.23
29 PBr; 062  2.36™ () (i) 0) (i)
30  CH;:P(O)Cl, 337 385" 345 3.48 5.50 4.36

(a) standard deviation: 0.12 eV for AEpjs,, 1+ and +0.10 eV for AEp

(b) D95 basis set (c) D95* basis set (d) reference compound
(e) from [88] (f) The C, symmetry of the molecule did not allow unambiguous
identification of the le* component orbitals. (g) from [91]

(h) from Table 5-1 (i) the basis set is not defined for bromine.
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Table 5-7: Calculated P(1s)—le* transition energy (Eis.+) and the corresponding

chemical shift (eV): CIS method [102].

No. Compound STO-3G STO-3G*
Eiier AE( 10 Eroaier AE ., e
1 PH;® 2145.10 0 2143.15 0
2 SPF; 2152.85 7.75 2152.20 9.05
3 P(CH:)s 2146.03 0.93 2144.12 0.97
4 SPCl; 2148 47 3.36 2150.87 7.72
5 OPF; 2155.29 10.19 2153.92 10.78
6 OPCl; 2149.93 4.82 2152.66 9.51
7 PF; 2157.98 12.88 2155.50 1235
8 PCl; 2145.09 -0.02 2146.39 3.24
9 PF: 2148.32 3.22 2146.23 3.08
10 (CH;0)P(S)Cl  2150.81 5.71 2151.10 7.95
Il OP(OCH:): 2157.15 12.05 215561 12.46
12 SP(OCH:); 2154.25 9.15 2152.60 9.45
13 P(OCHz): 2149.20 4.10 2146.58 3.43
14 CH:PCl, 2144.17 -0.93 2145.07 1.92
15 P(C,Hs): 2146.31 1.21 2144.18 1.03
17 CH,P(S)Cl, 214731 2.21 214920 6.05
20 CH;0PCl, 2145.36 0.26 2146.24 3.09
29 PBr; 2143.46 -1.64 2145.28 2.12
30  CH,P(0)CL 2149.47 4.36 2150.69 7.54

(a) reference compound
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Table 5-8: Calculated P(1s) ionization potential (Ejp) and P(1s)—>1e* transition energy

(Eis-1+) and the corresponding chemical shifts (eV): Xa method [103].

No. Compound® Ep Eioier AEp AE |, (e
1 PH;® 2157.69 2153.08 0.00 0.00
2 SPF; 2161.45 2155.88 3.76 2.80
3 P(CH;); 2152.89 2150.89 -4.80 -2.19
4 SPCl; 2159.53 2153.10 1.84 0.02
5 OPF; 2161.40 2157.62 372 4.54
6 OPCl; 2160.95 2154.80 3.26 1.72
7 PFs 2163.15 2159.18 5.46 6.10
8 PCl; 2158.55 2151.63 0.86 -1.45
9 PF; 2159.73 2154.09 2.20 1.01
Il OP(OCH:);  2159.15 2156.16 1.46 3.08
12 SP(OCH;);  2158.86 2155.86 1.17 2.78
13 P(OCH:); 2156.68 2153.30 -1.01 0.22
14  CH;PCl, 2156.64 2150.44 -1.05 -2.64
15 P(C.Hs); 2153.01 2150.51 -4.68 2.57
17 CH:P(S)Cl,  2158.10 2151.89 0.41 -1.19

20 CH:OPCl,  2158.47 2151.60 0.78 -1.48

29 PBr; 2157.60 2150.88 -0.09 -2.20

30 CH:P(O)Cl,  2159.28 2153.55 1.59 0.47

(a) (CH;0),P(S)C1 (No. 10) was not included because its low symmetry (C,) did

not allow proper calculation with the Xa code.

(b) reference compound
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6. Chemical Shifts of Oxygen (1s) and Sulphur (2p) Core Binding
Energies of Volatile Sulphur Compounds: A Synchrotron
Photoelectron Study

6.1. Introduction

Chemical shift effects on the core level ionization potentials of phosphorus and
sulphur have been studied previously [88-91]. The 1s and 2p binding energy shifts were
recorded and compared to each other as well as to shifts in the KL,L; ('D,) principal
Auger line. Simple semi-empirical calculations were used to evaluate various charge and
potential at the nucleus models which can be applied to evaluate the changes associated
with chemical valence and structure.

The present study expands on this earlier work. As part of a study on the
photoabsorption spectra of sulphuryl halides (Chapter 10) we had occasion to measure the
oxygen |s ionization potentials of many of these compounds plus a variety of related
species, which are all characterized by a formally multiply bonded terminal oxygen,
sulphur or nitrogen atom. We used this opportunity to explore the binding energy
chemical shift of the peripheral oxygen or sulphur atom. This property had not been
extensively evaluated, previously because it has been generally regarded as insensitive to
the vanations of substituents on the central atom.

Core level photoelectron and photoabsorption spectroscopy has been revolutionized
in recent years by the availability of synchrotron radiation. In particular, core level
photoelectron spectra can be measured with a resolution unattainable by most laboratory
photon sources with the exception of the very expensive and elaborate monochromatized
x-ray sources developed for specialized laboratory instruments. The synchrotron sources
routinely allow clean separation of the spin-orbit splitting of the S(2p) levels. Vibrational
structure has been observed and molecular field splitting features have been measured for
some sulphur compounds [18, 104]. In this study we have measured both the O(ls) and
the S(2p) ionization potentials for all compounds of interest using a synchrotron light

source with a variety of monochromators, according to the energy requirements, and the
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best attainable resolution of our photoelectron spectrometer. Several of these molecules
had not been studied previously. In addition we have applied alternate up-to-date ab initio
calculations to the analysis of the ionization energy and chemical shifts.

The ionization potential shifts of the S(2ps.) level of thionyl and sulphuryl halides
were correlated to the 1s orbital ionization potential shifts for the terminal oxygen atom.
This revealed a difference in relaxation effect introduced by the presence of the lone pair
of electrons on sulphur in the thionyl compounds. To determine the role of these lone pair
electrons, the S(2ps2) chemical shifts of a variety of compounds, representing all three
valencies of sulphur, were correlated to theoretical values obtained from ab initio
calculations. Similarly, a series of oxygen compounds having a different central atom was
investigated. With the exception of the thionyl species, this central atom was always in its

maximum oxidation state.

6.2. Experimental

The photoelectron spectra were measured according to the procedure described
earlier in Chapter 2. The O(ls) ionization potentials of SO,, SO.F,, SO,FC| and SO.Cl,
were measured using an excitation energy of 570.0 £ 0.3 eV. The photon energy for all
other spectra was 900.0 + 2.0 eV, with a 200 eV retardation potential applied to the gas
cell. The monochromator exit slit width was set at 50 um for the 570.0 eV photons.
However, at higher photon energies a wider monochromator exit slit setting (150 um) was
required with concomitant reduction in resolution. Excitation energies of 190 = 0.2 eV,
195+0.2 eV, 200+0.2 eV and 210 £ 0.2 eV were used to collect the S(2p) spectra.

On average, five spectra were collected for each compound in each energy region.
The standard deviation of the experimental peak energies was +0.10 eV or less, so the
chemical shifts are precise within £0.20 eV. The measured binding energies were
calibrated against O(1s) ionization potential of CO; [152] and S(2p;-) ionization potential
of SO, {153]. All spectra were fitted with a combined Gaussian/Lorentzian curve. No
relativistic corrections were made in the kinetic energy to binding energy conversion.

SFsCl and OSF, were obtained from Dr. J. Thrasher at the University of Alabama,
OPF; from Dr. J. Nielson at the Los Alamos National Laboratory and SPF; from Dr. D.
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Kennepohl at the University of Alberta. All other compounds were obtained commercially,
the liquids from Aldrich, SO; and SFs from Matheson and the other gases from Ozark
Mahoning. Liquid samples were degassed via a freeze-thaw procedure in vacuum at liquid
nitrogen temperatures. Otherwise the compounds were used as received from the supplier

without further purification.

6.3. Results

All measured O(ls) binding energies are referenced to the accepted value for the
O(1s) ionization potential of CO, at 541.32 £ 0.05eV [152]. The measured S(2p) binding
energies are referenced to the S(2ps;2) ionization potential of SO, at 174.78 £ 0.03eV
[153]. The resultant O(ls) and S(2p) ionization potentials are listed in Table 6-1 and Table
6-2, respectively and therein also compared to literature values where available.
Agreement with those literature values is, in general, good.

The sulphur compounds studied can be divided into three groups, (Table 6-3)
according to the oxidation state of the sulphur atom. All compounds containing oxygen
have only sulphur-oxygen double bonds. They are, thus, thionyl or sulphuryl compounds,
belonging to groups S-IV and S-VI, respectively.

Comparison of the O(1s) and S(2p:2) chemical shifts of these compounds suggests
two separate correlations (Figure 6-1a), one for each group. This becomes even more
apparent (Figure 6-1b) when the O(1s) data for SOCl,, (CH;),SO and (CH;),SO, [154]
are added. Each group correlates separately with a slope of 0.51 in the case of the S-VI
compounds, and a larger slope of 0.84 in the case of the S-IV group. These non-unity
slopes reflect differences in chemical environment, shielding from the nucleus and
differential relaxation between the two levels. It is clear, however, that both peripheral and
central atoms reflect the overall chemical environment found in each compound with the

central atom showing larger effects than the peripheral atoms, as would be expected.

6.4. Discussion

Changes in ligand character and number alter the chemical environment of the central

sulphur atom leading to different S(2ps2) binding energies (herein expressed as shifts
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relative to the reference compound, SO,). These changes also cause—although to a lesser
degree—binding energy chemical shifts of the terminal oxygen Is orbital. Its neighbours
collectively determine the overall chemical environment of each atom in a molecule. The
combination of the valence shell electron distribution about a typical atom and the field
created by the surrounding nuclei creates a2 unique chemical environment for each atom,
which is specific for a particular molecule. The binding energy of the core electrons of the
atomic center samples this environment and hence the variations in binding energy are a
source of chemical information. The central atom is of course the most strongly affected
by the character of the surrounding atom set. The present results, however, illustrate that
the binding energies of peripheral atoms also sample the total environment and should not
be regarded as non-participants. Valence shell electron distributions within a molecule
vary according to the collective action of the constituent atoms. More electronegative
atoms attract electrons towards themselves and large electronegativity differences between
neighbouring atoms in a molecule result in a polarized electron distribution described as
ionic bond character. Small electronegativity differences yield a less polarized distribution
within the molecule described as a more covalent type of bonding. In the latter case the
atoms possess smaller effective charges. It is therefore possible to describe the
environment of any particular atom by means of atomic charges, which in simple or
classical models can be treated as point charges at the nuclear center. The molecular field
is assembled from the on-atom (or local) charges and the off-atom (or remote) charges
distributed according to the molecular geometry.

In the following discussion the various phenomena contributing to the chemical shift
effects are investigated. In order to obtain a relatively complete picture of all aspects
involved some literature data [89, 153, 154] was added to the measured set. Except for
SPF; and SCI; the formal oxidation state of sulphur in the compounds we studied is either
IV or VI. To provide a set of molecules representing all three possible oxidation states and
all six possible coordination numbers of sulphur, the S(2ps.) ionization potential data set
was augmented by seven molecules containing sulphur with oxidation state II (Table 6-3).

In all of the compounds studied the oxygen is a terminal atom and may be represented

as a formally doubly bonded substituent. For comparison, we have inciuded a number of
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similar M=O compounds of phosphorus, vanadium, chromium and carbon. These
compounds can be divided into five groups according to the identity of the central atom.
The sulphur compounds are further divided into thionyls (S-IV) and sulphuryls (S-VI),
resulting in a total of six groups. These groups are listed in Table 6-4. With exception of
the thionyl compounds (group S-IV), the central atom in all cases is in its maximum
oxidation state and there are no lone pairs on the central atom.

All molecules investigated are listed in Table 6-5 along with their S(2ps.2) and O(ls)
ionization potentials and their corresponding chemical shifts relative to SO,, a molecule
which provides a convenient reference standard for both oxygen and sulphur. This allows
for easy comparison of the O(1s) and S(2ps.) chemical shift behaviour, since both are
referenced to the same standard. Table 6-5 also gives the numbering scheme employed in
all figures and subsequent tables.

It is clear from the variation in the core ionization potentials in this system that the
chemical environment affects the binding energies. The environment is defined by the core
oxidation state of the element in question and this oxidation state may be represented by
the charge on that atom. The potential field created by the surrounding atoms in the
molecule also modulates the binding energy. Because of the localized nature of the
chemical environment, replacement of second and third neighbours has less effect than
replacement of a first neighbour. As a result, the chemical shifts for the S(2ps.) level are
larger than their O(ls) counterparts. It is therefore important to analyze these variations
for their chemical information content. The methodology available for such analyses varies
from the simplest semiquantitative level, which is easily applied, to detailed and therefore
more complex molecular orbital calculations for each system. The latter occasionally
present technical difficulties due to inadequacies of the code and/or the computing
platform available. The agreement between experiment and theory serves to evaluate the

efficacy of the theoretical strategy.

6.4.1. Analysis based upon the Electronegativity of the Ligands

The overall chemical environment provided by the ligand groups around the central

sulphur atom can be represented at the simplest level by summation of the
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electronegativities (Table 6-6) of the substituent groups (£y;). For the S(2ps.2) ionization
potential there is a general trend of increasing chemical shift as Zy; on the sulphur
increases. The overall correlation is reasonable but there is significant scatter in the points
(Figure 6-2a) and occasional anomalous deviations hence the predictability of the
relationship is wanting. If we separate subgroups of molecules with similar molecular
structure there is an improved correlation, which indicates that the molecules with a lone
pair on the sulphur contain contributions that are not properly evaluated by the
electronegativity assessment. This also appears in the correlation of the O(1s) IP with Zy;
on sulphur (Figure 6-2b). Here, there are four distinct correlations based upon the
coordination number of the sulphur atom: SO, (2), SOX; (3), SO.XY (4) and OSF, (5).
Addition of the literature values for compounds with sulphur coordination number one
(CS,, OCS, SPCl;, CH:P(S)CL,) and coordination number two (H,S, CH;SH, (CH;),S)
reveals a smooth correlation between the S(2p)s» ionization potential and Zy; on sulphur
(Figure 6-2c) for each coordination number (dotted lines). The overall correlation (solid
line) remains poor. As already discussed, the chemical environment is a local phenomenon.
Thus, distance between the ionized atom and each ligand can be expected to influence the
interaction between ionized atom and ligand. To account for this, the electronegativity of
each ligand was divided by the interatomic distance r between the ligand and the central
atom, and the resulting values were added. The overall correlation with the S(2p;s)
chemical shift (Figure 6-2d, solid line) improves. The correlation for groups of molecules
with the same coordination number of the ionized atom remains (Figure 6-2d, dotted
lines), however, suggesting a significant contribution to the chemical shift by lone pair
electrons.

The electronegativity of the group (S0,XY) attached to a terminal oxygen atom was
calculated using the method of Huheey [150] and the values are listed in Table 6-7. They
correlate nicely to the experimental O(1s) binding energy shifts (Figure 6-2e), although
there is some scatter..

The inclusion of molecules with a central atom other than sulphur only increases the
amount of scatter in the correlation. Especially species with a central carbon atom deviate

significantly (Figure 6-2f). Again, this correlation is improved by scaling the group
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electronegativity with the oxygen—central atom bond distance (Figure 6-2g). In contrast,
summing the scaled electronegativities of the individual atoms and CX; (X = H,F) groups
in the molecule only leads to an uncorrelated scatter of points (Figure 6-2h). These results
suggest that second, third, fourth, etc. neighbours influence the ionized atom only
indirectly through the chemical bonds. That is, the third neighbour changes the chemical
environment of the second neighbour, which causes a change in the chemical environment
of the first neighbour. This, in turn, alters the chemical environment of the atom ionized,
resulting in a shift in binding energy. Given this indirect action through the bonds, it is
expected that changes in second and third neighbours will lead to smaller shifts than
changes in first neighbours. This is borne out by the relative S(2ps.) and O(1s) chemical
shifts of thionyl and sulphuryl compounds. Other contributions, however, operate, as
illustrated by the series CH3SO,Cl, CH;SO,F, CF;SO,Cl, and SO,Cl. Replacement of the
methyl group in CH:SO,Cl by CF; to give CF:SO,Cl—a change in second (sulphur) or
third (oxygen) neighbour—produces a greater shift in the S(2ps-) and O(ls) ionization
potentials than the replacement of Cl by F to obtain CH:SO.F—where we have introduced
a change in the first (sulphur) or second (oxygen) neighbour. This behaviour was also
observed for the relative chemical shifts of the O(ls) binding energy in CF;SO,Cl and
SO,Cl;, compared to CH:SO,CI (Table 6-5).

6.4.2. Potential at the Nucleus

A simple and successful method applied previously for the calculation of the chemical
shifts to part of this system[88-92] is the potential-at-the-nucleus method. The method is
of course not an absolute approach, but does apply to the chemical shifts. The differences
in potential between the atom in the molecule of interest and an appropriate reference can
be equated to the chemical shift of the binding energy of the ionized atom [92]. Section
3.2.1 gives a detailed description of the potential-at-the-nucleus technique.

The charge and potential calculations can be carried out at various levels ranging from
simple semiempirical (Hiickel and/or CNDOQ) theories {88, 89] to more elaborate ab initio
based theories. In the present study we employed Hartree-Fock and Density Functional
methods of the Gaussian 94 [94] program package using the experimental bond lengths
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and angles [95-97] as input for the calculation of the charges q on the atoms in each
molecule, as this level of calculation had not been previously applied. Since the resuitant
charges are highly dependent upon the calculation method employed, several different
schemes were used, evaluated by the best fit to the experimental data. The different energy
calculation methods were those established in the Gaussian-94 program package [94]: a
semi-empirical CNDO method using the Hamiltonian of Segal and Pople [155], which is
comparable to the calculation methodology used previously [88, 89, 92], and
Hartree-Fock (HF) [79] and Density Functional Theory (DFT) [86], using a 6-311G*
basis set. For the latter, the hybrid B3LYP method, a small variation of Becke's

3-parameter hybrid functional [156] was used, equation (6-1).
(1-0.20) EP* +020 EYY +0.72 AE®* + 081 EYF + (108 E™  (6-1)

This variation combines the Slater (E;-*"*) and the Hartree-Fock (E.¥) exchange
with DFT exchange correlation. The exchange function is expressed by Becke’s
3-parameter functional [87] with the gradient-corrected correlation functional (E.-*%) of
Lee et al. [157] and the correlation functional (E."*™) of Vosko et al. [158] providing
non-local and local correlation, respectively. To properly evaluate the ability of the
potential at the nucleus model to account for position and movement of valence electrons,
the charges were obtained from both Mulliken analysis [138-141] and natural bond orbital
analysis [151] in the HF and DFT calculations. Only the Mulliken population analysis was
done in the case of the CNDO calculations.

The potentials obtained as well as the calculated O(ls) and S(2psz) chemical shifts
relative to SO; are listed in Table 6-8 and Table 6-9, respectively. Correlations between
these shifts are shown in Figure 6-3 and Figure 6-4. They were evaluated as described in
the previous Chapter. A summary of the fit parameters is given in Table 6-10. Only
potentials obtained with the transition state or RPM model are presented here, as it has
been established that these are most appropriate [88, 89, 92].

As expected, the different calculation methods of the atomic charges result in distinct

sets of calculated binding energy shifts. There is fairly good correlation between each set
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of calculation results and the experimental data (Figure 6-3, Figure 6-4 and Table 6-10).
However, some scatter exists. For both binding energies, the best correlation to the
experimental results—i.e. the least amount of scatter, or the smallest x° (Table 6-10)—is
obtained for the HF Mulliken charges. All four sets of calculated values, however,
overestimate the chemical shifts as evidenced by the greater than unity slopes. The least
error (slope closest to I, Table 6-10) in that aspect occurs for the CNDO charges. The
calculations perform better for the S(2ps.2) level than for the O(1s) level; the slopes of the
fit lines are lower for the former (Table 6-10).

Examination of the S(2ps2) chemical shifts reveals several trends. In general a higher
sulphur oxidation state corresponds to a more positive chemical shift, both calculated and
experimental (Figure 6-3 and Table 6-9). As expected from earlier evaluations [89], there
exists an overall linear correlation within all three groups. No trends in the chemical shift
are apparent for the six groups of oxygen compounds, other than that the thionyls are
consistently below the fit line (Figure 6-4 and Table 6-8). The slopes greater than unity in
both correlations represent systematic shortfalls of the potential at the nucleus model.
These deficiencies include an inadequate way of dealing with shielding from the nucleus,

and the use of point charges to represent the other atoms in the molecule.

6.4.3. Absolute Ionization Potentials

6.4.3.1. The AEscr Method

An absolute method for estimation of the binding energies and therefore chemical
shifts of binding energies involves the calculation of the difference in total energy between
the initial and final states of the molecule [99] as described in detail in Section 3.2.2 of the
thesis. This energy difference (AEscr) between the initial and final states represents the
transition energy and the chemical shift is given by the change in AEscr with respect to a
reference molecule—SO0, in this study. As with the potential at the nucleus method the
calculations were done using three different energy calculation methods: semiempirical
CNDO, Hartree-Fock, and density functional theory (B3LYP). The chemical shifts thus
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obtained are listed in Table 6-11 and Table 6-12, and the correlation to the experimental
data is shown in Figure 6-5 and Figure 6-6.

As was found in an analysis of P(ls) absorption edges [159] (Chapter 5) the AEscr
method does not accurately predict the absolute values of the ionization potentials. The
CNDO method underestimates the values—for O(1s) by as much as 55%—and the other
two methods overestimate. Here, not unexpectedly, the greater error occurs for S(2ps.2),
where the value is overestimated by a factor of 9.5. This failure in calculating the absolute
values of the ionization potentials accurately is caused by the use of the equivalent core
model to simulate the final state, however, in general, the AEsc; model represents the
chemical shifts quite nicely. The degree of correlation is highly dependent upon the
calculation method used. The semi-empirical CNDO method gives the poorest results—
especially for S(2paz)—and the B3LYP method gives the best agreement to experiment
with the least amount of scatter (Table 6-10). For the O(ls) data the slope of the BJLYP
correlation is 1.00. In general, the slopes for the O(1s) data are closer to | than those for
the corresponding S(2ps2) correlation. This is not surprising, since the equivalent core
model used neglects shielding effects by lower lying core orbitals and so it works best for
the K shell. Sodhi and Cavell [89] correlated the S(2p) and S(1s) chemical shifts, obtaining
an S(1s) vs. S(2p) slope of 1.157 which agrees reasonably well with the present AEscr
correlation for S(2p:2) using B3LYP (slope = 1.25). The difference in shielding effects
between the S-Is and S(2p) orbitals can be expressed by the core-valence-electron
interaction integrals (F°) [88, 89] from the tables compiled by Mann [160]. The ratio of
these integrals agrees reasonably well with the slope of the S(ls) versus S(2p) binding
energy chemical shift correlation [89]. Hence, the differences in shielding between the
S(1s) and S(2p) orbitals can be incorporated by multiplying the calculated chemical shifts

by the average core-valence-electron interaction integral ratio:

F'(2p,val)(S) + F2p,val)(C]) 931
F(1s,val)(S) + F(Isval)(Cl) ~ %

(6-2)
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where F(n,val)(Z) = %[F(n,3s)(Z) + 3xF°(n,3p)Z)]. In this work we applied this
correction only to the B3LYP data. The resulting calculated chemical shift values are
listed in Table 6-11 and the correlation to the experimental data is shown in Figure 6-6d.
As expected, inclusion of these shielding effects reduces the slope of the fit line and y’
(Table 6-10), thus improving the correlation and the agreement to experiment. The slope,
however, is still greater than | suggesting some additional relaxation effects operate,
which are not accounted for by the AEscr method.

Although the O(1s) data gives better agreement between calculation and experiment,
there is also an increased scatter of points (Table 6-10) compared to S(2ps.). In particular,
CrOyCl, deviates significantly for both HF and B3LYP (Table 6-12). This is likely caused
by basis set effects.

These results also clearly show that the AEscr model using density functional theory
(B3LYP) provides significant improvement in correlation with the experimental data over

the potential at the nucleus model.

6.4.3.2. The Xa Method

Our recent success with the Xa method [103] for prediction of chemical shifts [159]
(Chapter 5) prompted the use of this method for the present investigation. The Xo. method
possesses the advantage of allowing direct calculation of the ionization potential by means
of the transition state method, removing one-half an electron from the orbital in question
(Section 3.5). Unlike Gaussian 94 [94], the Xo. program [146] does not reshuffle all
occupancies to obtain the lowest energy stable state—the state with the hole in the
HOMO. The core level vacancy is allowed to remain.

The experimental molecular geometries [95-97] were used for the calculations. The
atomic alpha parameters were the oyr values determined by Schwarz [109] which are
incorporated into the computer code [146]. All sphere radii were determined by the
program, according to the Norman procedure [112]. To calculate the ionization potentials
the transition state method was employed: one-half of an electron was removed from the
relevant core orbital. Since the Xo method does not take spin orbit coupling into

consideration, the calculated S(2p) ionization potential was assumed to be a weighted
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average of the two spin-orbit partners. Further, a spin-orbit split energy of 1.20 eV was
assumed to determine the calculated S(2ps2) and S(2p:2) binding energies listed in Table
6-13. The correlation of the chemical shifts calculated by Xou with experimental values is
shown in Figure 6-7. The S(2ps») chemical shifts correlate nicely for the most part. The
notable exceptions are H,S and S,Cl,. The cause for the deviation of H,S is at present not
understood. However, a similar effect has been observed for the P(1s) ionization potential
shift of PH; [159] (Chapter 5). Hence, this discrepancy could be caused by an incorrect
estimation of the size of the hydrogen atom (Section 12.1.2). The deviation of the value
for S;Cl, is caused by symmetry effects and will be discussed below and in Section 12.1.1.

In contrast, the calculated O(1s) ionization energy values do not correlate at all. This
can be explained by symmetry effects. Many of the compounds studied have two
equivalent oxygen atoms. Upon core ionization of a terminal oxygen atom the overall
molecular symmetry is reduced, since the two oxygen atoms are no longer equivalent. In
the calculation, however, the Xo program [146] retains the original molecular symmetry
of these species. Hence, any relaxation effects caused by symmetry reduction are ignored.
It is possible to include these effects by performing the calculations in the reduced
symmetry of the ion with an oxygen core hole. This approach was successful for the O(1s)
binding energies of the sulphuryl halides and SO, as shown in Table 6-14. Unfortunately,
the method cannot be applied to all compounds studied, since many have C, symmetry.
Upon O(ls) photoionization the symmetry reduces to C,, which our version of the Xa
program [146] cannot handle. The values calculated for the molecules in Table 6-14 using
the ion state C, symmetry are of similar magnitude as those obtained for molecules whose
symmetry does not change upon O(ls) ionization. The correlation with experimental data
improves (Figure 6-7c). However, the chemical shifts of the chlorides are consistently
over-estimated, a phenomenon which, at present, is not understood.

Table 6-14 further illustrates the accuracy of the absolute values for the O(ls)
ionization potential obtained with Xa. The ground state molecular symmetry (Ca)
under-estimates the O(1s) binding energy by approximately 8 eV and the oxygen core hole
symmetry (C,) over-estimates by about the same amount. Averaging these values results in

an ionization potential corresponding nicely to experiment. This suggests that a molecular
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symmetry transition state model gives the best description for the O(1s) ionization of the
sulphuryl halides.

With the exception of S,Cl, this symmetry problem does not arise for the S(2p:2)
binding energy because the central atom is ionized and, hence, the overall molecular
symmetry is not altered. S,Cl,, however, has two equivalent sulphur atoms. An S(2ps»)
photoionization event introduces a symmetry reduction from C, to C, and the above
mentioned symmetry effects operate. An attempt to perform the calculation under the

ground state C, symmetry did not provide a result, which correlated with the other data.

6.4.3.3. The Application of Koopmans’ Theorem

The binding energy of an electron in a molecular orbital / can be equated to the
negative of the energy of that orbital—Koopmans’ theorem [8, 101]—as was common in
the early days of photoelectron spectroscopy. These orbital energies can be readily
calculated with Gaussian 94 [94]. As expected, the values obtained are dependent upon
the calculation method employed: the HF method overestimates and the B3LYP method
underestimates the absolute value (Table 6-15 and Table 6-16). The latter is surprising.
The use of the Koopmans’ ionization energy does not consider any relaxation effects;
hence, it often overestimates the absolute value of the ionization potentials. At present, the
reason for the unpredicted B3LYP values is not known. It might be caused by an
underestimation of the difference in the correlation energy between the initial and final
states of the species ionized.

Koopmans’ value predicts the S(2ps-) chemical shifts nicely (Figure 6-8 and Table 6-
10). It does not, however, perform well for the O(ls) chemical shift. Inclusion of an
adiabatic relaxation contribution through the use of the transition state method (equivalent
core model) improves the correlation for both ionization potential shifts, especially for
O(1s) (Figure 6-9 and Table 6-10). The notable exception from the O(ls) correlation is
again CrO,Cl,. This might again be caused by basis set effects; vide supra. For both edges
the B3LYP calculation gives a better prediction of the chemical shifts than HF; the slope

of the fit line is closer to 1, the intercept closer to 0 and %’ is also smaller (Table 6-10).
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Although the correlation improves for the S(2p;.;) ionization potential shift—there is
less scatter of points—the slope of the fit line increases (Table 6-10). The transition state
method is overestimating the S(2ps») chemical shift differences which, as before, can be
attributed to the use of the equivalent core model. The slope of the fit line for the B3LYP
calculation (1.08) is close to value of the inverse of the interaction integral ratio from
equation 6-2 (1.074). Inclusion of core shielding effects (Figure 6-9e) as described earlier
(Section 3.2.2), significantly improves the correlation (Table 6-10). The slope of the fit

line decreases to 1.01, the intercept becomes 0.04 and %’ decreases as well.

6.5. Summary

The investigation of the S(2p:2) and O(ls) ionization potential shifts of a group of
thionyl and sulphuryl compounds revealed comparable behaviour in response to changes in
the chemical environment, regardless if the central sulphur or the terminal oxygen atom
was ionized. There were, however, significant differences in relaxation following
photoionization between the two groups of molecules—thionyls and sulphuryls. The
origin of these differences in relaxation effect can be attributed to the lone pair of electrons
in the thionyls.

The experimental data were correlated to calculated values obtained by several
methods. The simple potentiai-at-the-nucleus model gave reasonable results; however, due
to systematic errors, the chemical shifts were consistently overestimated. The more
advanced theoretical methods used improved both correlation (i.e. less scatter of points, a
lower x°) and agreement with experiment (i.e. the fit line has a slope closer to 1 and an
intercept closer to 0). Of these, the shifts predicted by Koopmans’ value in the transition
state mode give the best agreement with the experimental results. In contrast, the Xa
method only performs well for the central sulphur atom. With few exceptions all
theoretical models investigated perform better for the S(2ps2) orbital than the O(ls)

orbital.
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Figure 6-1: Experimental chemical shifts (eV), O(1s) versus S(2psz). Sulphur [V
compounds are represented by @, and sulphur VI compounds by O.
The numbering scheme for molecule identification employed here and in all subsequent

figures is given in Table 6-5
a) only data from this work  b) includes (CH;),SO, (CH;3),S0;, SOCl;, and SOs.
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Figure 6-2: Experimental chemical shifts (eV) versus ligand electronegativity
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e) O(ls) vs.xy on Oxygen f) O(1s) vs. x; on Oxygen

g) O(l1s) vs. XTI on Oxygen h) O(ls) vs. Z{‘ on Oxygen.



Calculated Shift

Calculated Shift

Experimental Shift Experimental Shift

Figure 6-3: S(2ps») chemical shifts (eV), calculated versus experimental: Potential at the
Nucleus model [92]. The symbols differentiate between the three different oxidation states
of sulphur: sulphur [I—O, sulphur IV—@, and sulphur VI—OJ.

a) CNDO Mulliken Charges b) HF Mulliken Charges

¢) HF Natural Charges d) B3LYP Natural Charges.
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Figure 6-4: O(1s) chemical shifts (eV), calculated versus experimental: Potential at the
nucleus model [92]. The six groups of oxygen compounds given in Table 6-4 are
represented as follows: C-IV by M, Cr-VI by @, P-V by @, S-IV by O, S-VI by O, and
V-Vby A.

a) CNDO Mulliken charges b) HF Mulliken charges

c) HF Natural Charges d) B3LYP Natural Charges.
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Calculated Shift
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Figure 6-5: O(1s) chemical shifts (eV), calculated versus experimental: AEscr model [99].
The six groups of oxygen compounds given in Table 6-4 are represented as follows: C-IV

by @, Cr-VIby @, P-Vby @, S-IV by OJ, S-VI by O, and V-V by A.
a) CNDOQ; b) B3LYP; c¢)HF.
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Figure 6-6. S(2psn) chemical shifts (eV), calculated versus experimental: AEscy model
[99]. The symbols differentiate between the three different oxidation states of sulphur:
sulphur II—O, sulphur [V—@, and sulphur VI—0O.

a) CNDO; b) HF; ¢) B3LYP; d) B3LYP with core shielding.
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Figure 6-7: Chemical shifts (eV), calculated versus experimental: Xa method [103]. The
symbols represent the different groups of molecules as defined in Table 6-3 and Table 6-4.
S(2p:2): S-11 O, S-IV@, S-VI O; O(ls): P-V @, S-IV O, S-VI O

a) S(2ps») shift; b) O(1s) shift, ground state symmetry; c) O(1s) shift, ion state symmetry.
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Figure 6-8: Chemical shift (eV), calculated versus experimental: Koopmans’ value [8],
ground state model. The symbols represent the different groups of molecules as defined in
Table 6-3 and Table 6-4. S(2ps2): S-I O, S-IV@, S-VIO
O(1s): C-IVI, Cr-VI®,P-V@®, S- IV, S-VIO, V-V A

a) S(2psn), HF; b) O(1s), HF; c) S(2p:n), B3LYP; d) O(ls), BJLYP.
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Figure 6-9: Chemical shifts (eV), calculated versus experimental: Koopmans' value [8],
transition state model. The symbols represent the different groups of molecules
as defined in Table 6-3 and Table 6-4. S(2p3»): S-11 O, S-IV@®, S-viO
O(1s): C-IVA, Cr-VI©,P-V@, S-IVO, S-VIO, V-V A

a) S(2psn), HF, b) O(l1s), HF; c) S(2psn), B3LYP; d) O(ls), B3LYP;

e) S(2psz), B3LYP with core shielding.



Table 6-1: Oxygen Is ionization potentials (eV).

Compound Present Work™ Literature Values
CH:SO0.Cl 538.80
CH:SO-F 539.15
OPF; 539.22 539.1™, 539.3®
SO.Cl, 539.26 539.51™
CF:S0,Cl 539.46
SO,FCI 539.76
SO, 539.83 539.84"
SOF, 540.12 539.7%
OSF, 540.46
SO,F, 540.56 540.5®

(a) The uncertainty in the O(1s) ionization potentials is +0.10 eV
(b) reference [154]
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Table 6-2: Sulphur 2p ionization potentials (eV).

Compound Present Work" AE(S-0) Literature Values
2p32 2p12 2ps2 2pi12

SPF; 169.76 170.96 1.20 169.76™  170.96®

S.Cl 170.85 172.02 1.17 171.57¢

SCl, 171.31 172.49 1.18

(CH;),S0O 172.10 173.27 1.17 171.91¢

(CH:).S0, 174.04 175.30 1.26 173.90*

SOCl, 174.20 175.36 1.16 174.53%

SO, 174.78 175.93 1.15 174.78¢  175.99

CH:SO.CI 174.74 175.87 1.13

CH:SO.F 175.73 176.91 1.18

CF3SO.Cl 175.98 177.05 1.07

SO,Cl, 176.16 177.11 0.95 176.05*

SOF; 176.23 177.44 1.21 176.20%

SO,FCI 176.88 178.13 1.25

SF, 177.57 178.79 1.22 177.58®  178.78®

NSF;" 177.04 178.23 1.19 176.97°

SO,F, 178.08 179.30 1.22 177.67°

OSF," 179.03 180.20 1.17

SFsCl 179.19 180.43 1.24 179.27

SFs 180.20 181.44 1.24 180.20%® 181.5®

(a) the uncertainty in the S(2p) ionization potentials is £0.05 eV

(b) reference [89], an average S(2p) ionization potential is listed.

(c) reference [154], only S(2ps.») is listed.

(d) the S(2p;.2) IP of SO, at 174.78 eV [153] was set as calibration standard
(e) reference [153]

(f) unpublished data from Cavell and Yang.

(g) reference [161]
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Table 6-3: Sulphur compound groups.

Group Oxidation Compounds
state of
Sulphur
S-11 2 (CHz):S, CH;SH, CS;, SPC,,
H,S, SPF;, CH;P(S)Cl;, OCS,
SCl,, S:Cl,
S-1v 4 (CHz)80, SOCl,, SO,, SOF,, SF,
S-VI 6 (CH:;):S0,, CH:SO,Cl, CH;SO,F,

CF:S0Cl, SO.Cl,, SO;FCl,
NSF;, SO.F,, OSF,, SF;Cl, SFs,
SO:s




Table 6-4: Oxygen compound groups.

Group Oxidation State Compounds
(Central Atom)
C-1v 4 COCl,, COF,, CO,, OCS
Cr-VI 5 CrO.Cl,
P-v 5 OPCl;, OPF;
S-IV 4 (CH;).80, SOCl,, SO,, SOF,
S-VI 6 (CH;),80,, CH:SO.Cl,

CH;SOxF, SO,Cl,, SO,FC,
SO,F,, CF:SO,Cl, OSF;, SO
V-v 5 OVCL, OVF;

(93]

(S8
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Table 6-5: Experimental ionization potentials and chemical shifts (eV).

No. Compound S(2psa) O(ls)
P Shift® P Shift®
1 CH; P(S)Cl, 168.25® 613 e meeeen
2 SPCl; 168.87° -5.91
3 (CHs)S 169.14® 5.6 cmeeeee e
4 CH:SH 169.61® S5 70 U A
5 SPF; 169.76 502 s e
6 CS: 169.98Y 480 e e
7 H,S 170.379 ;-3 [
8 OCS 170.72'9 -4.06 540.30° 0.47
35 S,Cl, 170.85 393 e e
26 SCl, 171.31 -3.47
9 (CH;),SO 172.10 -2.68 536.67  -3.16
10 (CH;),S0; 174.04 -0.74 537.84  -1.99
I SOCl, 174.20 -0.58 53897  -0.86
12 CH:S0,Cl 174.74 -0.04 538.80 -1.03
13 SO, 174.78'9 0 539.83 0.00
14 CH:SO.F 175.73 0.95 539.15 -0.68
15 CF;SO,Cl 175.98 1.20 539.46 -0.37
16 SO,Cl; 176.16 1.38 539.26 -0.57
17 SOF, 176.23 1.45 540.12 0.29
18 SO; 176.67* 1.89 540.68" 0.85

19 SO,FCI 176.88 2.10 539.76 -0.07
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Table 6-5, continued from previous page

No. Compound S(2pz2) O(1s)

P Shift® P Shift®
20 NSF; 177.04 2.26
21 SF, 177.57 2.79
22 SO,F, 178.08 3.30 540.56 0.73
23 OSF, 179.03 4.25 540.46 0.63
24 SF;Cl 179.19 % 17§ [
25 SFs 180.20 542 cemee e
27 (0] 0] Y — 538.1¢ -1.73
28 (0177 ) XS — 538.90' -0.93
29 CrOCl;,  ceeeee e 539.06" -0.77
30 OPF;  ceeeee e 539.22 -0.61
31 COCl;, e s 539.729 -0.11
32 OVF: et el 540.0' 0.17
33 COF, 540.77* 0.94
34 CO; e e 541.32¢ 1.49

(a) Shift = AIP = compound - reference (SO,); uncertainty is £0.20 eV or less

(b) reference [89]. An average 2p value was listed. A spin-orbit splitting of 1.2 eV was
assumed in order to obtain the 2p; ionization potential. The uncertainty is £0.05 eV.

(c) reference [154]. The uncertainty is +0.10 eV or less

(d) reference [153]. The uncertainty is +0.03 eV



Table 6-6: Group electronegativities.

Group electronegativity

P 2.19®

H 2.20®
OCrCl, 2.20¢
VCl; 2.23¢@
CH: 227"
CH;PCl, 2,48
VF; 2.54
C 2.55%

S 2.58%@
CS 2.70
CCl, 2.89©
PCl; 2.90%
N 3.04'
Cl 3.16'™
co 3.17¢
o 3.44"
CF, 3.44
CF; 3.46"
PF; 3.51¢@
F 3.98%

(a) Pauling values (b) given in [150]
(c) calculated as described in [150]



Table 6-7: Ligand electronegativities.
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No. Compound Zy;onS Z(x/r)onS xonO E(yx/r)onO y/ronO
1 CH:P(S)Cl;, 248 130 e e s
2 SPCl; 2.90 B T T —
3 (CH;),S 4.54 251 eemmeee e e
4 CH,;SH 4.47 290 ceeeeee e e
5 SPF; 3.51 | e
6 CS; 2.70 247 eemmee emeeeee e
7 H,S 4.40 R T
8 oCsS 3.17 2.90 2.70 3.16 1.78
9 (CH:z).S0O 7.98 4.84 2.39 3.46 1.61
10 (CH;).SO- 11.42 7.36 2.57 493 1.80
11 SOCl, 9.76 5.47 3.03 4.02 2.12
12 CH;SO.Cl 12.31 7.66 2.78 5.19 1.95
13 SO, 6.88 4.81 3.74 3.20 2.61
14  CHiSO.F 13.13 8.72 2.85 5.76 2.02
15  CF:SO.Cl 13.50 8.30 3.45 5.64 2.44
16 SO.ClL, 13.20 7.99 3.31 5.46 233
17 SOF, 11.40 7.46 3.58 5.13 2.53
18 SO; 10.32 7.28 3.98 4.62 2.81
19 SO,FCl 14.02 9.05 3.53 6.03 2.51




Table 6-7, continued from previous page

No. Compound ZyonS Z(x/r)onS yonO Z(x/r)onO y/ronO
20 NSF; 14.98 984  emeeem- SR
2] SF, 15.92 11—
22 SO,F; 14.84 10.13 3.80 6.61 2.72
23 OSF, 19.36 11.95 3.69 8.4l 2.62
24 SF<Cl 23.06 5] KU -
25 SFs 23.88 17 1 —
26 SCl, 6.32 £ 30 S —
27 OPCly  wmeeeee mmeeen 2.90 4.78 2.01
28 OVCly  ceeemee e 2.23 4.18 1.42
7L TN o]t 0 % o) "SNP — 2.20 4.48 1.39
30 (6] 7S — 3.51 6.26 2.45
31 COCly, e e 2.89 4.61 2.45
32 OVF:  cememee oo 2.54 5.52 1.62
33 [0(0) 7 3.44 5.76 2.94
34 (00 TN — 3.17 3.68 2.73
35 S.Cl, 6.24 249 eeeeeee e e







