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4.1: Physical Principles

Photoelectron spectroscopy utilizes photo-ionization and analysis of the kinetic energy distribution of the emitted photoelectrons to
study the composition and electronic state of the surface region of a sample. Traditionally, when the technique has been used for
surface studies it has been subdivided according to the source of exciting radiation into :

o X-ray Photoelectron Spectroscopy (XPS) - using soft x-rays (with a photon energy of 200-2000 eV) to examine core-levels.
o Ultraviolet Photoelectron Spectroscopy (UPS) - using vacuum UV radiation (with a photon energy of 10-45 eV) to examine
valence levels.
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Figure 4.1.1: Principles of x-ray photoelectron spectroscopy (XPS) sometimes called photoelectron spectroscopy (PES). (CC BY
2.5; Kjell Magne Fauske via TeXample.net)

The development of synchrotron radiation sources has enabled high resolution studies to be carried out with radiation spanning a
much wider and more complete energy range ( 5 - 5000+ eV ) but such work remains a small minority of all photoelectron studies
due to the expense, complexity and limited availability of such sources.

Physical Principles

Photoelectron spectroscopy is based upon a single photon in/electron out process and from many viewpoints. The energy of a
photon of all types of electromagnetic radiation is given by the Einstein relation :

E=hv
where h is Planck constant (6.62 x 103 7.5 ) and v is the frequency (Hz) of the radiation.

Photoelectron spectroscopy uses monochromatic sources of radiation (i.e. photons of fixed energy). In XPS, the photon is absorbed

by an atom in a molecule or solid, leading to ionization and the emission of a core (inner shell) electron. By contrast, in UPS the

photon interacts with valence levels of the molecule or solid, leading to ionization by removal of one of these valence electrons.
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Figure 4.1.2: Shows the basic principle of XPS and the Photoelectric Effect. (CC BY-SA 4.0; Roland Siegbert via Wikipedia)
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The kinetic energy distribution of the emitted photoelectrons (i.e. the number of emitted photoelectrons as a function of their
kinetic energy) can be measured using any appropriate electron energy analyzer and a photoelectron spectrum can thus be recorded.
The process of photoionization can be considered in several ways : one way is to look at the overall process as follows:
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Conservation of energy then requires that :

E(A) +hv =E(A%)+E(e”) (4.1.1)
Since the electron's energy is present solely as kinetic energy (KE) this can be rearranged to give the following expression for the
KE of the photoelectron:

KE=hv—[E(A")-E(A)]
The final term in brackets, representing the difference in energy between the ionized and neutral atoms, is generally called the
binding energy (BE) of the electron - this then leads to the following commonly quoted equation :
KE=hv—BE

An alternative approach is to consider a one-electron model along the lines of the following pictorial representation ; this model of
the process has the benefit of simplicity but it can be rather misleading.
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Figure 4.1.3

The BE is now taken to be a direct measure of the energy required to just remove the electron concerned from its initial level to the
vacuum level and the KE of the photoelectron is again given by :

KE=hv—BE

X Binding Energies vs. Workfunctions

The binding energies (BE) of energy levels in solids are conventionally measured with respect to the Fermi-level of the solid,
rather than the vacuum level. This involves a small correction to the equation given above in order to account for the work

function (9) of the solid.

At the most fundamental level ionization energies are well-defined thermodynamic quantities related to the heats of protonation,
oxidation/reduction chemistry, and ionic and covalent bond energies. Ionization energies are closely related to the concepts of
electronegativity, electron-richness, and the general reactivity of molecules. The energies and other characteristic features of the
ionization bands observed in photoelectron spectroscopy provide some of the most detailed and specific quantitative information
regarding the electronic structure and bonding in molecules. Photoelectron spectroscopy has served as a particularly important
basis for the bonding models used to describe organic, inorganic, and organometallic molecules because the energetics of ion
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formation from the neutral ground state are directly related to orbital electron configurations, oxidation states, charge
distributions, and covalency.

The Orbital Model of lonization

Tonization is explicitly defined in terms of transitions between the ground state of a molecule and ion states as shown in Equation
777 and as illustrated above. Information obtained from photoelectron spectroscopy is typically discussed in terms of the electronic
structure and bonding in the ground states of neutral molecules, with ionization of electrons occurring from bonding molecular
orbitals, lone pairs, antibonding molecular orbitals, or atomic cores. These descriptions reflect the relationship of ionization
energies to the molecular orbital model of electronic structure.

Tonization energies are directly related to the energies of molecular orbitals by Koopmans' theorem, which states that the negative
of the eigenvalue of an occupied orbital from a Hartree-Fock calculation is equal to the vertical ionization energy to the ion state
formed by removal of an electron from that orbital, provided the distributions of the remaining electrons do not change. There are
many limitations to Koopmans' theorem, but in a first order approximation each ionization of a molecule can be considered as
removal of an electron from an individual orbital. The ionization energies can then be considered as measures of orbital stabilities,
and shifts can be interpreted in terms of orbital stabilizations or destabilizations due to electron distributions and bonding.
Koopmans' theorem is implicated whenever an orbital picture is involved, but is not necessary when the focus is on the total
electronic states of the positive ions.
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Figure 4.1.4: Direct connection of photoelectron bands to electronic states.

The direct ionization transition is not restricted by any symmetry selection rules because the ejected electron can carry any
necessary angular momentum to make the process electric dipole allowed. Therefore, ionization to any excited positive ion state
obtained by removal of a single electron and within range of the photon energy can be observed. That is, ionizations can be
observed that correspond to removal of electrons from any of the occupied orbitals.

Photons with energies in the keV (X-ray) range are able to ionize down to the core electrons of atoms and molecules. Core
ionizations of molecules are associated with the individual atoms present and fall in characteristic energy ranges related to the
specific elements. The exact ionization energy of a core level is influenced by the charge potential around the atom and is useful for
distinguishing between atoms in different chemical environments.

Information Content of Photoelectron Spectroscopy: While the energy information that is contained in a photoelectron spectrum
is surely the most important information, further insight into the electronic structure of molecules is contained in other information
within the spectrum. This includes Ionization Band Shape:

https://chem.libretexts.org/@go/page/367409


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/367409?pdf
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Quantum_Mechanics/10%3A_Multi-electron_Atoms/Koopmans'_Theorem

LibreTextsm

H2+
184
‘%317-
6 . — } rd
/= =
5 154
=
Q .E.(H,)
<
N H
=
o
0 -
T 1T 7T
0 1 2
r(A)

Figure 4.1.5: Photoionization of H,, results in the formation of H;’ cation. This has

Removal of an electron changes the electronic structure and bonding in the molecule and results in a shift of the equilibrium
internuclear separations. If the geometry changes are sufficiently great, the most probable (vertical) transitions from the neutral
ground state to excited vibrational levels of the final ion state. When these vibrational levels are resolved, the change in vibrational
spacing from the initial state to the final state gives a measure of the change in vibrational frequencies and force constants
associated with the excitation, and the intensity pattern of the transitions to the excited vibrational levels (the Franck-Condon
factors) gives a measure of the change in equilibrium bond distances.
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F1eure 1. The photoelectron spectrum of H,0 using the helium 584 A line.

1

Figure 4.1.6: The photoelectron spectrum of H, O using the helium 58.4nm line.

The two bands for water above indicated three orbital energies. Now, look at the MO for water, derived as a linear combination of
SALC (for Hydrogens)
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Figure 4.1.7: Molecular Orbitals of Water with irreducible representations. (CC BY-NC; Umit Kaya via LibreTexts)
The oxygen atomic orbitals are labeled according to their symmetry as a, for the 2s? orbital and b,, a; and b, for 4 electrons in the
2p orbital. The two hydrogen 1s orbitals are premixed to form a A; (bonding) and B, (antibonding) MO.

o Notice that the O 1s orbital does not mix with the others - this is because it is much lower in energy than them.
o Notice also that the O 2p, orbital does not mix with any others - this is because it is the only AO belonging to the b; irrep.

Electronic configuration of H,O:
23 2
1a22a21b1”a?'b;
Figure 4.1.8: Occupied (top) and selected virtual (bottom) HF molecular orbitals of water

In agreement with this description the photoelectron spectrum for water shows two broad peaks for the 1b, MO (18.5 eV) and the
2a; MO (14.5 eV) and a sharp peak for the nonbonding 1b, MO at 12.5 eV. This MO treatment of water differs from the orbital

hybridization picture because now the oxygen atom has just one lone pair instead of two.

X Lone Pairs

In this sense, water does not have two equivalent lone electron pairs as VSEPR suggests from general chemistry.

4.1: Physical Principles is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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