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SIMULATION OF PHOTOELECTRON SPECTRA OF SMALL ORGANIC MOLECULES  

 

by 

 

MD MAHBUB 

 

Under the Direction of Samer Gozem, PhD 

 

ABSTRACT 

Photoelectron spectroscopy (PES) is a technique that uses photons in the energy range 

above a molecules’ ionization threshold to probes the electronic structure of that molecule. 

Interpretation of the PES spectra often requires support from theory and computer modeling. 

This thesis focuses on the calculation of the total photoionization cross sections, which requires 

accurate wave functions of the initial and final states of the system. While the initial and final 

state of the molecular system can be represented using a single orbital, the final state also 

requires a description of the free electron wave function. At this moment, no black-box method 

exists that can be applied in a fast and systematic way to obtain accurate photoelectron spectra of 

polyatomic molecular systems. We will present a series of benchmarks using approximate and 

easy to implement treatments of the photoelectron wave functions, where we will compare 

computed and experimental photoionization spectra.  
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1 INTRODUCTION  

Photoelectron spectroscopy (PES) measures the binding energies of electrons in molecules. 

In combination with theoretical calculations, it provides a detailed insight into the electronic 

structure of molecules. This chapter introduces basic aspects of the experimental technique and 

methods to model PES computationally. The chapter also provides several former examples 

where studies of small organic molecules have been particularly fruitful with our proposed 

computational methods 

1.1 Background 

PES is a powerful spectroscopic method where electromagnetic radiation in the energy 

range above the ionization threshold of an atom or molecule is used to probe its electronic 

structure.1-3 More specifically, PES experiments typically measure the kinetic energy and count 

of electrons emitted upon ionization of the system by high-energy monochromatic photons.4 The 

graphical plot of the photoelectron spectrum is the number of electrons that are emitted from the 

energy level versus the kinetic energy. Another, related, type of spectroscopy, often yielding 

what is known as photoionization or photodetachment spectra, scans the count of electrons 

emitted as a function of the energy of the ionizing radiation used.5 Such experiments typically 

discuss how the electron count, or photoionization/photodetachment cross-section, varies with 

the energy of light. Both PES and photoionization/photodetachment spectra can be used to 

analyze the energetics and distribution of electrons and nuclei in molecules. 

Understanding ionization energy (IE) is a prerequisite for understanding PES. In general, 

the minimum amount of energy required to remove an electron from the ground state, the state of 

lowest energy, of one atom or molecule in the gas phase is called the ionization energy. 

Sometimes the term ionization potential is used in place of ionization energies, which denotes 

https://www.sciencedirect.com/topics/chemistry/photoelectron
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the potential difference, in electron volt (eV), through which an electron must be moved so that it 

can overcome its potential energy.4 Typically, IE refers to the ionization of an electron from the 

highest occupied molecular orbital (HOMO) of the system. Ionization energies differ based on 

the number of electrons of atoms or molecular orbitals and their shielding effect. The nth 

ionization energy is the energy required to remove nth electron after (n-1) have been removed 

from the atoms or molecules. Below is the chemical representation for the 1st ionization of a 

neutral molecule: 

𝑋 + 𝐸𝑛𝑒𝑟𝑔𝑦 →  𝑋+ + 𝑒−  ………………………… (1) 

Binding energies (BEs) more generally refer to the removal of an electron from any 

orbital of an atom or molecule. i.e., while IE specifically refers to ionization from the HOMO, 

BE is more commonly used to also refer to ionization from other orbitals such as the HOMO-1, 

HOMO-2, etc. Generally, electrons reside in atoms or molecules in orbitals, with each orbital 

having a maximum capacity of two electrons due to the Pauli exclusion principle. BE changes 

for individual atoms or molecules based on which orbital the ejected electron originally resided 

in. For example, the outermost electrons (valence electrons) are farthest from the nucleus on 

average and more shielded than the inner (core) electrons, and therefore have a lower BE. 

Upon irradiating an atom or molecule with photons having more energy than its BE, an 

electron is ejected that stores the extra energy (energy above the BE) as kinetic energy, as shown 

in the following equation: 

 𝐸𝑃ℎ𝑜𝑡𝑜𝑛 = 𝐵𝐸 +  𝐸𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛(𝐾𝑖𝑛𝑒𝑡𝑖𝑐)  …………………………… (2) 

If the photon energy is known, the measured kinetic energies of the electrons can be used 

to determine the BEs of the atoms/molecules from which they originated. The electron count can 
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also be used to determine the photoionization and photodetachment cross section of the molecule 

from the pressure and temperature of the system.6 

Figure 1.1.1 describes the PES spectrum of molecular hydrogen. The molecular orbitals 

of hydrogen are formed by the combination of two 1s atomic orbitals to generate one bonding 

1𝜎𝑔 orbital and one antibonding 1𝜎𝑢 orbital. The PES has single band that corresponds to the 

ionization of an electron from the 1𝜎𝑔 bonding orbital. The multiple peaks observed in the PES 

spectrum (red peaks) are due to ionization to different vibrational energy levels of the ionized 

state (vibronic structure).7 

                                 

Figure 1.1.1 Photoelectron spectrum molecular hydrogen. Adapted from reference 7.7 

 

Another example, shown in Figure 1.1.2, describes the PES of molecular nitrogen. The 

PES is slightly more complex since nitrogen has multiple molecular orbitals compare to 

molecular hydrogen. Five valence molecular orbitals are occupied (including two degenerate 

1𝜋𝑢 orbitals). The UV photoelectron spectrum of N2, has three bands corresponding to 3𝜎𝑔, 1𝜋𝑢, 

and 2𝜎𝑢 occupied molecular orbitals. Both 3𝜎𝑔 and 2𝜎𝑢 are weakly bonding and antibonding. 

The 1𝜎𝑔, 1𝜎𝑢, and 2𝜎𝑔 orbitals are not included in this example since their BE appears at a 
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higher energy than scales used in the plot.7 Note that both Figs. 1.1.1 and 1.1.2 are schematic 

figures meant to illustrate the principles of PES. The real PES spectra are often complicated by 

additional peaks arising due to autoionizing resonance states. 

 

Figure 1.1.2  Photoelectron spectrum of molecular nitrogen. Adapted from reference 7.7 

 

Photoelectron spectroscopy relies on the more familiar photoelectric effect, the original 

phenomenon presented by Albert Einstein in 1905. This experiment is widely viewed as one of the 

experiments that played a major role in the development of quantum mechanics. In Einstein’s 

experiment, electrons on a metal surface are exposed to ionizing radiation above the ionization 

threshold (in the case of metal surfaces this is called the work function). Regardless of the intensity 

of light used, electrons get ejected from the atoms of the metal surfaces only when the frequency 

of light is above the ionization threshold. At that point, the number of photoelectrons ejected is 

directly proportional to the intensity of the incident light for a given metal and given frequency of 

incident radiation. This was an indication that light behaves in some ways like a particle rather 

than a wave and led to the wave-particle understand we currently have. Increasing the frequency 

will ultimately increase the kinetic energy of the emitted electron. A pictorial representation of the 

photoelectric effect is shown in Figure 1.1.3. 
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Figure 1.1.3 The Photoelectric effect, an electron is ejected when a surface is irradiated   

 with light having more energy than the work function (ionization potential)   

 of the metal. 

 

The difference between the photoelectric effect and photoelectron spectroscopy is that the 

first one is more often used to the photoemission phenomenon itself while the latter is more often 

to discuss the experimental technique. 

The potential application of PES depends on the energy regime used. Generally, there are 

two types of PES, based on the light sources; Ultraviolet photoelectron spectroscopy (UPS) and 

X-Ray photoelectron spectroscopy (XPS). UPS studies are mainly focused on the electronic 

structure of solids, adsorbed molecules on metals, and determination of bonding, antibonding, 

and nonbonding molecular orbitals. XPS studies are usually focused8 on the elemental 

composition, empirical formula determination, chemical state, electronic state, binding energy9, 

and layer thickness in the upper portion of the surfaces. Both UPS and XPS have widespread 

applications in fields such as astrochemistry, environmental, atmospheric, and combustion 

chemistry10, and other fields where scientists are interested in the gas-phase reactivity of 

molecules. 
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Computational methods for the determination of IEs, or more generally BEs, are 

relatively well developed and tested.11,12 However, there are far fewer studies addressing the 

simulation of the energy dependence of the probability of ejecting the electron (i.e., the electron 

count, or photoionization cross-section, as a function of ionizing radiation energy). The accurate 

simulation of both the IEs/BEs and the photoionization cross sections is very useful to 

supplement PES experiments, for instance in the ultrafast detection and quantification of 

transient intermediates in the gas phase.13 Researchers often also employ PES to categorize 

bonding in molecules,14 as shown in the N2 example shown earlier.  

While PES is not a new method, it has been receiving a lot of recent attention because the 

experiments are becoming easier to perform due to more powerful and accessible high-energy 

lasers. However, the interpretation of experimental results is not straightforward and often 

requires theory and computer modeling to support the data analysis. Calculation of 

photoionization and photodetachment cross-sections require accurate wave functions of the 

initial and final states of the system. Essential information of these states of the system can be 

found from special types of orbitals called Dyson orbitals, which can be calculated accurately 

from existing electronic structure methods. Additionally, the final state of the electron requires a 

description of its wave function. At this moment, no black box method exists that can be applied 

in a fast and systematic way to obtain accurate photoelectron spectra of polyatomic molecular 

systems. Existing computational approaches are either not quantitative or require time-

consuming methods and expertise. We are working on the modeling the free-electron wave 

function to calculate the total cross-sections of the systems that are in quantitative or semi-

quantitative agreement with experimental spectra. 
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1.2 Experimental and Computational Overview of Photoelectron Spectroscopy: 

1.2.1 Experimental Overview: 

Experimentally, as discussed in the background, PES is categorized into one of those two 

main techniques, UPS or XPS, depending on the sources of the incident light8. UPS is mainly 

focused on ejecting electrons from valence orbitals, whereas XPS is more often used to eject core 

electrons. In some applications, XPS is also called Electron Spectroscopy of Chemical Analysis 

(ESCA) when used for elemental analysis. 

 
Figure 1.2.1 Electron ejection from Neon (or F-), either from valence orbitals (e.g., 2p) 

by UPS or either valence or core orbitals (e.g., 1s) by XPS. 

 

UPS uses ultraviolet radiation (< 41eV)15, which is typically enough for the ionization of 

valence shell electrons. UPS experiments are typically performed using a helium (He) discharge 

lamp.16,17 For XPS, the source is high energy X-rays which have energies of about 100 eV to 124 

keV. XPS experiments often employ metal discharge lamps18, which can be used to eject 

electrons from the core of atomic orbitals and valence orbitals as well (Figure 1.2.1).  

 Both UPS and XPS have three main basic components in their experimental setup: 

1. Radiation sources (e.g., He discharge lamp for UPS, metal discharge lamp for XPS) 
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2. Analyzer; (Used for dispersing the electrons based on kinetic energy and measure the 

flux of emitted electron of given energy) 

3. Ultra-High Vacuum Environment; (to avoid the interference of gas-phase collisions 

and analyze the photo-emitted electrons) 

1.2.2 Computational Overview: 

As mentioned in the background section, there are multiple methods for the simulation of 

binding energies with relatively high accuracy.19,20 We will focus in this thesis on the calculation 

of photoionization and photodetachment cross sections. These calculations require accurate wave 

functions of the initial and final state of the system, as well as the wave function of the ejected 

electron. It is possible to compute all three wave functions at the same time using methods that 

mix bound and continuum basis functions,21 or methods that simulate the continuum using very 

diffuse basis functions.22,23 However, such methods are not easy to implement or apply. Instead, 

it is possible to compute the system wave functions independently of the photoelectron wave 

function. All information about the system that is relevant to ionization can be abridged into a 

one-electron function called the Dyson orbial.24 Dyson orbitals can currently be computed 

accurately using correlated electronic structure methods.25  

 

  Figure 1.2.2 Dyson Orbital of methanol. 

 

Figure 1.2.2 above showing the Dyson orbital of methanol, which is computed from 

Equation-of-Motion-Couple-Cluster Single and Double electron (EOM-CCSD) wave 



9 

functions.26-28 These orbitals are computed in Q-Chem,29 an electronic structure software 

package that prints out the coefficients of the orbital in an atomic orbital (AO) basis set, as well 

as the norm of the Dyson orbital.30,31  

To calculate the total photoionization/photodetachment cross sections, we start with 

calculation of the photoionization/photodetachment differential cross-section, which is expressed 

by 
𝑑𝜎

𝑑Ω𝑘
 :3,32 

                                                         
𝑑𝜎

𝑑Ω𝑘
=  

4π2𝑘𝐸

𝑐
 |𝐷𝑘

𝐼𝐹(𝜃, 𝜙)|2  ……………………….. (3) 

Here, k is the magnitude of the photoelectron wave vector k. E is the ionization energy of 

the system, and c is the speed of light.  

Information about electronic states of the system is included in the dipole matrix element, 

(Dk
IF), which can be computed as follows; 

                                ………………………... (4) 

r is the dipole moment operator, and u is a unit vector in the direction of the polarization 

of light. By assuming strong orthogonality conditions, a simplified version of equation (3) will 

include Dyson orbital that has necessary information of the system before and after ionization, 

                                                 …………………………. (5) 

Here, 𝛹𝑘
𝑒𝑙 is the ejected electron wave function, and 𝛷𝐼𝐹

𝑑  is the Dyson orbital which 

abridges the relevant information from the initial (N -electron) and final (N-1- electron) states: 

    ……………………..(6) 

Once the differential cross section is computed using equation (3), the total cross section 

can be computed by integrating this equation over all solid angles (A solid angle is a 3D angular 
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volume that is defined analogously to the definition of a plane angle in two dimensions33). This 

is the approach that is used in this thesis, and the calculation of the cross sections given a set of 

Dyson orbitals is performed in a stand-along program named ezDyson.32 

The main difficulty in this approach is the need to use a reasonable photoelectron wave 

function, 𝛹𝑘
𝑒𝑙, that accounts for the interaction of the ejected electron with the remainder of the 

system. This is explained in more detail in the next section (Section 1.3). Also needed for the 

simulation of the photoelectron spectra are experimental details such as the laser polarization, 

ionization energy, molecular orientation (or averaging approach), and the range of electron 

kinetic energy. 

To obtain a quantitative agreement between computed and experimental photoelectron 

spectra, it is often necessary to include the effect of molecular vibrations on the computed 

spectra (e.g., as shown in Figure 1.1.2 for N2 in the background section). This requires the 

calculation of Franck-Condon factors, which are the overlaps between ground states and excited 

states.  

1.3 Previous Work and Motivation: 

Accurate molecular photoionization cross-sections can be computed with a modified 

central potential model that accounts for the non-spherical charge distribution of the core by 

adjusting the charge in the center of the expansion2. There are several methods used for the 

simulation of photoelectron spectra.  

Instead, the approach that we will focus on in this thesis is derived from a simpler model, 

which employs accurate descriptions of the molecular system before and after ionization 

(represented using a Dyson orbital) but uses a simple treatment of the photoelectron wave 

function. Though Dyson orbitals give all the electronic information about the initial and final 
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state, the difficult part in this approach is properly model the ejected photoelectron wave 

function. Oana et al. have proposed a simpler model of photoionization (strong orthogonality and 

single-center expansion) employing Dyson orbitals computed using high-level electronic 

structure methods, where the photoelectron wave function treated as a Plane wave (PW) (Figure 

1.3.1). Gozem et al.34 then extended this method to testing a Coulomb wave (CW) (Figure 1.3.1) 

approach, instead of a plane wave, for treating the photoelectron wave function in the case of 

photoionization of neutral atoms and molecules. 

 

                 

Figure 1.3.1 Schematic representation of Plane wave and Coulomb wave. 

 

Gozem et al.34 found that for small anions, a PW treatment provides a good description of 

the photodetachment spectra. For neutral atoms or molecules with one heavy atom, on the other 

hand, a CW treatment accounting for a +1 charge of the ionized core gives a better description of 

the photoionization (Figure 1.3.2). In fact, for small systems like Helium and Neon for which 

accurate experimental photoionization spectra are available, computations using a CW 

description of the photoelectron gave an excellent agreement with experiments. This is because 

the PW approximation assumes no electrostatic interaction between the ejected photoelectron 
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and the remaining core, while the CW the ionized core is simply treated as a point charge that 

exerts an electrostatic interaction on the ejected electron. Note that the computational approach 

here only models direct photoionization and does not account for resonance states such as those 

observed in the He experimental spectrum in Figure 1.3.2 at around 60 eV.35,36 

                  

Figure 1.3.2 Photoionization (left) and Photodetachment (right) cross-section using   

 Coulomb wave and plane wave treatment of the wave function. Photoionization from the 

 He shows that Plane-wave approximation is not a good fit with the experimental cross-

 section, while a Coulomb wave gives an excellent agreement with the experiment. On the 

 other hand, photodetachment from Hydrogen anion plane wave is working well. Figures 

 are generated using computational results of Gozem et. al34, and experimental results 

 from Samson et al.37 (left) and Branscomb et al.38 (right). 

 

For larger systems, both the plane and coulomb wave approximations (using a full +1 

charge) usually fail to give a good agreement with the experimental cross-sections. Instead, often 

the best agreement with experiments could only be achieved by using a CW with partial 

(effective) charge smaller than unity34.  
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Figure 1.3.3 Absolute cross-sections for formaldehyde photoionization. The 

experimental cross-sections39 are shown in blue dots, the computed values34 for the plane 

wave (PW) are shown in the black line, and the orange line indicates the coulomb wave 

(CW). The green line shows the coulomb wave partial effective charge (Z= 0.25). The 

error bars are shown in the figure is in the range of +/- 20% from the experimental values. 

Figures are generated using computational results of Gozem et. al34, and experimental 

results  from Dodson et al.39  

 

This effective charge can be considered to account for screening effects at the centroid of 

the Dyson Orbital that serves as the origin of the spherical wave expansion. Figure 1.3.3 shows 

experimental and computed photoelectron spectra for a sample system, formaldehyde. In this 

case, the CW gives a step-function-like shape, whereas the calculated based on the PW results in 

a gradually rising. The sharp rise of the threshold energy is typically a feature of the CW model 

and the gradual rise of energy is the feature of the PW model. However, using the value of Z = 

0.25 leads to a much better agreement with the experimental results.  
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Figure 1.3.4 Cross sections (without Franck Condon factor) using  different values of Z.34  

The approach by Gozem et al. is not predictive unless there is an approach to predict the 

effective charge for each molecule. The authors have shown that the absolute cross sections are 

in some cases strongly modulated by the value of the partial effective charge used (See Figure 

1.3.4 for formaldehyde with different Z values). The authors suggest a variational approach for 

obtaining the effective charge. Note that the dependence of the total cross section on the energy 

and effective charge can be understood by plotting the shape of the photoelectron radial function, 

𝑅𝑙(𝑘𝑟), (see Figure 1.3.5) and its overlap with 𝑟𝜙𝐼𝐹
𝑑 . In the figure, Y-axis represents the radial 

function and the X-axis represents the distance from the center of expansion in units of the Bohr 

radius. The bohr radius,  a physical constant, is equal to the most probable distance between the 

nucleus and the electron in a hydrogen atom in its ground state (non-relativistic and with an 

infinitely heavy proton).40 

 

 

 

https://en.wikipedia.org/wiki/Physical_constant
https://en.wikipedia.org/wiki/Atomic_nucleus
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Hydrogen_atom
https://en.wikipedia.org/wiki/Ground_state
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Figure 1.3.5  Coulomb radial function for l = 0 and k = 0.068 au (Ek = 0.0625 eV) 

 with Z= 0.0  (black), 1.0 (blue), 0.5 (orange). The Coulomb radial function with Z = 0 is 

 identical to the spherical bessel function of the plane wave. The Dyson orbitals of 

 formaldehyde do not extend beyond 10 bohr.34 

 

In summary, the study by Gozem et al. indicates that a single-center expansion of the 

photoelectron wave function and a PW or CW (often with an effective partial charge) can be 

used successfully to compute photoionization/photodetachment spectra with absolute total cross 

sections in reasonable agreement with experiments. However, the main problem is that the value 

of Z is difficult to predict without comparison with experiments. To develop predictive 

computational tools, it is desirable to have a method that can compute cross sections without any 

fitting parameters. Gozem et al. have discussed a potential algorithm to predict this partial 

charge. The purpose of this thesis work is to further explore this model and look for ways to 

develop it further.  

Due to the limitations of existing methods for predicting the photoelectron spectra and 

the quest for more accurate ab initio methods in this field, we propose moving from a single 

center to a multi-center expansion of the photoelectron wave function. In the single-center 
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expansion discussed above, the photoelectron wave expansion is placed at the centroid of the 

Dyson orbital. For multi-center expansion, a photoelectron wave expansion is placed on each 

atom of the molecule. Following the example set by Gozem et al., we also propose using 

Coulomb waves with partial charges, computed in a physically meaningful way, for each atom. 

The details of the methodology are provided in the following Theoretical and Computational 

Details section. 

 

 

2 THEORETICAL AND COMPUTATIONAL DETAILS 

2.1 Theoretical treatment of photoelectron spectroscopy: 

Computing the probability of removing an electron from the system requires a theory for 

modeling the photoemitted electron. Often, the probability of ejecting an electron from the 

system is expressed as the total cross-section at a given energy. The photoelectron dipole matrix 

element connecting the initial and final states of the systems, introduced in equations (3)-(6), 

requires a Dyson orbital and wave function of the photoemitted electron to quantify the total 

cross-section of the system. Equation (6) can be expressed as a sum of its x,y,z components39;  

                                       𝐷𝑘
𝐼𝐹 =  ∑ ⟨𝜙𝑑|𝑟𝛼|𝜓𝑘

𝑒𝑙⟩𝑐𝑜𝑠(𝜇, 𝑒𝛼),𝛼=𝑥,𝑦,𝑧  …………………… (7) 

Here, 𝑟𝛼 denotes the x, y, or z component of the dipole moment operator, and the cosine 

term represents the respective projections of the light polarization. 

The Dyson orbital, which contains all the information about the initial and final states of 

the molecule, is an analog of a Hatree-Fock orbital describing the initial state of the ionized 

electron within Koopman's theorem.27 Dyson orbitals can also be computed within the equation-

of-motion coupled-cluster (EOM-CC) framework,28 which provides accurate wave functions for 

closed-shell and various types of open-shell systems. EOM-CC Dyson orbitals included electron 
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correlation and orbital relaxation effects that are neglected in the Koopman’s approximation.26 

The calculations in this thesis only address photoionization from a closed-shell system, which 

can usually be best described by the EOM-CC variant known as EOM-IP-CC (EOM-CC for 

ionization potentials).27,28 The EOM-IP-CC is employed with single and double excitations, 

(EOM-IP-CCSD). 

2.2 Computational simulation of photoelectron spectra: 

So far, calculations and benchmarks using accurate (e.g., EOM-IP-CCSD) Dyson orbitals 

and approximate treatments of the photoelectron wave function have largely only used a single 

photoelectron wave function placed at the centroid of the Dyson orbital.41 This is termed the 

“single center”, or SC, approach. A multi-center (MC) approach has been proposed for the 

calculation of photoionization cross sections42 and for the calculation of photoelectron 

angular42,43 distributions. 

 In the present work, we will discuss both SC and MC approaches for modeling the 

photoelectron wave function in photoionization cross section calculations. These approaches will 

then be benchmarked for a series of small organic molecules for which experimental data is 

available. 

The SC approach has been briefly discussed in the introduction section. A single plane or 

Coulomb wave (Figure 1.3.1) is used to describe the photoelectron wave function, depending on 

the charge and size of the molecule. However, to date, there is no clear predictive approach to 

estimate which effective charge should be used for molecules. 

The center of expansion of the plane or Coulomb wave is often placed at the centroid of 

the Dyson orbital (e.g., see Figure 2.2.2). This is meant to ensure orthogonality.31 However, in 

larger molecules, we may find in some instances that the center of expansion is not always 
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placed at a position where there is a high electron density (e.g., imagine a long alkene where the 

pi bond is mixed with many other sigma bonds along the alkane chain and the centroid of the 

Dyson orbital is far away from the double bond). A similar problem was discussed by Gozem et 

al. for delocalized water dimers or clusters,43 where the center of expansion may be placed 

between water molecules rather than near the regions of high electron density. 

     

 

Figure 2.2.1 Example of a single-center expansion approach. The photoelectron wave 

expansion is centered on the centroid of the molecular Dyson orbital. 

 

The MC approach is a natural solution to these problems mentioned above. In the MC 

approach, the Dyson orbital is fragmented into its atomic contributions. E.g., for a 4-atom 

molecule like formaldehyde, the Dyson orbital is divided into four orbitals, each completely 

localized on one of the atoms. Four photoelectron wave functions are then used, one at each 

atomic center, as shown in Figure 2.2.3. Each expansion only interacts with part of the Dyson 

orbital localized on that same atom. The advantage of the MC approach is that it ensures 

orthogonality of the photoelectron wave function to the orbitals of the atom it is centered on and 

avoids some of the problematic behaviors of the SC approach mentioned above.  

The downside of using the MC approach is that it may be necessary to account for 

scattering (or coherences) between different atomic centers. It may also be necessary to account 

for overlap terms between the atomic centers. In this thesis, however, we will start with the 
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simplest MC model to probe how it performs compares to experimental PES of small organic 

molecules. In such a model, we will ignore scattering and overlap effects when computing the 

photoionization cross sections. This is justified if the overlaps terms are small (see discussion 

below) and assuming that scattering does not strongly affect the total cross section (only the 

angular distribution of the ejected electrons). 

The photoelectron wave function can be treated as a Coulomb wave interacting with 

charge corresponding to the natural charge on the corresponding atom. Multiple ways exist to 

determine such an “effective charge” on each atom. In our work, we use natural charges obtained 

from a Natural Bond Analysis using a Natural Bond Orbital (NBO) calculation.44 However, often 

the Dyson orbitals are delocalized on heavy atoms and not on the lighter hydrogen atoms. 

Therefore, we also tested another approach where we sum hydrogen charges onto the heavy 

atoms they are attached to. Hereon, this latter approach is referred to as the Heavy Atom Charge 

(HAC). We still use waves centered on the hydrogens but they interact with a 0 (zero) charge 

(typically the contribution of those waves to the total cross-section is very small because the 

magnitude of the Dyson on H atoms is small, so they have virtually no effect). Note that with the 

HAC approach, we also typically avoid having negative charges on atoms in almost all cases 

(whereas with NBO it is sometimes the case that heavy atoms have negative charges on them 

while the hydrogens are attached to them are positive). When we divide the molecular Dyson 

orbital into several parts, each localized on an atom, we are missing the overlaps between the 

different atom-centered orbitals, as indicated earlier. Therefore, the total norm of the orbital is 

reduced. In most cases, this reduction is small. For example, in formaldehyde, the total norm of 

the Dyson orbital as integrated is 1.000 (normalized). However, the sum of the squares of norms 

of the orbitals localized on each atom is 0.96, slightly reduced relative to the norm of the full 
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orbital. This missing norm is due to overlap terms. However, it is clear in this case that we 

capture most of the norm of the orbital using only the atomic terms with no overlaps. 

In some cases, the sum of the squares of norms of the orbitals localized on each atom is 

significantly reduced. This is the case, for instance, in H2, ethylene, and acetylene (typically 

where bonds are shared equally between atoms or groups). In those cases, the integrated norms 

are closer to ~0.7. In such cases, we may expect a larger error of the MC approach that doesn’t 

account for overlap terms. 

 

Figure 2.2.2 (a) NBO is the natural charge distribution of each atom. (b) HAC is derived 

 from the NBO charges by summing the charges of the hydrogen atoms onto the heavy 

 atom they are attached to. 

 

When the center of expansion is placed on an atom with 0 charge (e.g., hydrogen atoms in the 

HAC approach), the photoelectron can simply be treated as the plane-wave (PW)45; 

                                                     𝜓𝑘
𝑒𝑙 =  

1

2𝜋3 2⁄ 𝑒i.𝐤𝐫 …………………………… (8) 

The 2𝜋3 2⁄  the factor is for continuum normalization, and is typically used for PWs. PWs can 

also be expressed as the sum of the spherical waves; 

                                𝑒𝑖.𝑘𝑟 = 4𝜋 ∑ ∑ 𝑖𝑙𝑅𝑙(𝑘𝑟)𝑌𝑙𝑚
∗ (𝑟̂)𝑌𝑙𝑚(𝑘̂)𝑙

𝑚=−1
∞
𝑙=0  ……………(9)    
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Here, 𝑟̂ and 𝑘̂ define the position vector and wave vector respectively. Each spherical wave is 

characterized by its energy 𝐸 =  
𝑘2

2𝑚
 , and angular momentum l, m and is a product of radial 

𝑅𝑙(𝑘𝑟) and spherical harmonic functions 𝑌𝑙𝑚. Radial functions can be expressed as spherical 

Bessel functions for plane waves, 𝑅𝑙(𝑘𝑟) =  𝑗𝑙(𝑘𝑟). For the Coulomb wave, a Coulomb Radial 

function is used instead of spherical Bessel functions. The CW can also be expressed as the sum 

of Coulomb partial waves as in equation (9), except instead of using spherical Bessel functions, 

the radial part is described using a Coulomb radial wave function:46 

𝑅𝑙(𝑘𝑟, 𝜂) =  (2𝑘𝑟)𝑙𝑒
−𝜋𝜂

2⁄ |Γ(𝑙+1+𝑖𝜂)|

Γ(2𝑙+2)
 𝑒−𝑖𝑘𝑟 𝑋 1F1(l+1-i𝜂, 2l+2, 2ikr) ………………………(10) 

where Γ is the Gamma function and 1F1 is the confluent hypergeometric function of the first 

kind. η is the Sommerfeld parameter, which is equal to -Z/k in atomic units, where Z is the 

charge of the ionized core and k is the magnitude of the photoelectron wave vector. When Z = 0, 

the CW becomes a PW because the Coulomb radial function becomes equal to a spherical Bessel 

function.  

In the MC approach, the origin of the PW or CW expansion is fixed at the nucleus of each atom, 

which ensures orthogonality with the electrons of that atom (i.e.,  Ψ𝑒𝑙 is orthogonal to 𝜙𝑑).  

 In this work, we have benchmarked several methods for computing near-threshold 

photoionization cross sections for small molecular systems that have reliable experimental cross-

sections available. Specifically, we model the cross sections from the origin of the ionization up 

to a few electron volts above it. This region is sometimes considered as a key “fingerprint” 

region that is useful in identifying isomers in reactive mixtures.47-49 We avoided systems that are 

likely to have autoionizing resonances near the threshold energy; the extension of EOM-CC 

theory to metastable electronic states can, in principle, be used to model these cases.50  
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Specifically, we test both the SC and MC approaches. SC results are reported both using a PW 

and CW with Z=1, with the center of expansion placed at the centroid of the Dyson orbital, 

following the protocol discussed by Gozem et al.41 For the MC approach, we benchmarked both 

NBO and HAC approaches.  

2.3 Inclusion of vibrational effects: 

For all molecules studied in this work, density functional theory (DFT) is used to 

optimize the structures of the molecules with the 𝜔-B97X-D functional51. The overlap between 

the ground and ionized states of molecular vibrations, largely responsible for the relative 

intensities of the vibrational bands in photoionization transitions, are called Franck-Condon-

Factors (FCFs). The FCF is a vibrational overlap integral computed using geometries and 

vibrational frequencies of a molecule in the ground and ionized state. A change from one 

vibrational energy level to another one will be more likely to happen if the two vibrational wave 

functions overlap more significantly.52 Classically, in terms of FCF  approach, an electronic 

transition is most likely to occur without changes in the positions of the nuclei in the molecular 

entity and its environment. The resulting state is called a Franck–Condon state, and the transition 

involved, a vertical transition. The quantum mechanical formulation of this principle is that the 

intensity of a vibronic transition is proportional to the square of the overlap integral between the 

vibrational wavefunctions of the two states that are involved in the transition (Figure 2.3.1). Note 

that the vibration overlaps integral does not vanish by orthogonality because vibrational 

functions belong to different electronic states. In this thesis, we calculate FCFs using 

ezSpectrum.53 

 

 



23 

 

 

Figure 2.3.1 Franck-Condon factors associated with ionization (or any excitation). 

 Vibrational excitations from the ground to excited molecular states are most intense when 

 there is the largest overlap of ground and excited-state vibrational wave functions. 

 Adapted from the figure by M.P Kabir, et al.54 

 

2.4 Computational protocols: 

This work will employ a mix of density functional theory (DFT) methods and EOM-CC 

methods for all calculations. The latter methods are particularly well-suited for computing 

excited states, ionized states, and radical/biradicals character associated with certain molecules.55  

The EOM-CC method uses a single wave function to build on a robust size-consistent 

method by applying different operators to generate different types of final states.30,56-58 More 

generally, EOM-CC is a many-body approach to account for the dynamical properties of atoms 

and molecules.59  These dynamical properties include excitation energies and oscillator strengths 

in optical spectroscopy, the dynamic or frequency-dependent polarizability in light scattering 

studies, photoionization properties, and elastic and inelastic electron scattering properties.  

Geometry optimizations of the ground (neutral) and ionized (positively charged radical) 

states were performed using the 𝜔-B97X-D DFT method and aug-cc-pVTZ basis set. Q-Chem29 
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is used to generate Dyson orbitals, with the initial and final wave functions, Ψ𝑖
𝑁 and Ψ𝐹

𝑁−1, 

described by CCSD and EOM-CCSD, respectively.  The aug-cc-pVTZ basis set is used for the 

Dyson orbital calculations as well. Cross-sections are computed with ezDyson32 using 

experimentally determined ionization energies. FCFs are computed by ezSpectrum53 using 

DFT(𝜔-B97X-D)/aug-cc-pVTZ optimized structures and frequencies. The details about 

averaging over molecular orientations, accounting for electronic degeneracies of the initial and 

target states, and incorporating FCFs into the cross-section calculation can be found in ezDyson 

manual.32  

 

3 RESULTS AND DISCUSSION 

Two subsections are included in this results section. In the first section, we compare the 

simulated PES spectra (i.e., computed energy-dependent photoionization cross sections) for both 

the SC and MC treatments of photoelectron wave functions. In a second section, we compare the 

computed cross sections for a series of small alkenes and alkynes using the SC approach. 

3.1 Single-center vs Multicenter treatment:  

We have generated computational spectra with the SC (PW, CW with Z=1) and MC 

(NBO, HAC) approaches. The theory and backgrounds for those methods are discussed in 

Section 2. Shown in Figures 3.1.1 to 3.1.16 are the computed and experimental photoionization 

spectra for formaldehyde, 2,5-dihydrofuran, acetaldehyde, benzene, ethanol (vinyl alcohol), ethyl 

propionate, formic acid, furan, ketene, methanol, methyl acetate, methyl formate, and 

tetrahydrofuran, respectively. 
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Figure 3.1.1 Computed (lines) and experimental39 (dots) photoionization spectra of 

formaldehyde. Calculations are shown using a SC approach with PW (blue), Coulomb 

wave with Z=1 (orange), MC HAC (yellow), and MC NBO (green). The x-axis indicates 

the energy of ionizing radiation (eV), and the y-axis indicates the photoionization cross 

section (in atomic units). Photoionization cross sections are absolute and were not scaled. 

 

 

Figure 3.1.2 Computed (lines) and experimental60 (dots) photoionization spectra of 

 2,5-Dihydrofuran. Calculations are shown using a SC approach with PW (blue), Coulomb 

 wave with Z=1 (orange), MC HAC (yellow), and MC NBO (green). 
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Figure 3.1.3 Computed (lines) and experimental61 (dots) photoionization spectra of 

 Acetaldehyde. Calculations are shown using a SC approach with PW (blue), Coulomb 

 wave with Z=1 (orange), MC HAC (yellow), and MC NBO (green). 

 

 

Figure 3.1.4 Computed (lines) and experimental62 (dots) photoionization spectra of 

 Benzene. Calculations are shown using a SC approach with PW (blue), Coulomb  wave 

 with Z=1 (orange), MC HAC (yellow), and MC NBO (green). 
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Figure 3.1.5 Computed (lines) and experimental61 (dots) photoionization spectra of 

 Ethenol. Calculations are shown using a SC approach with PW (blue), Coulomb wave 

 with Z=1 (orange), MC HAC (yellow), and MC NBO (green). 

 

 

Figure 3.1.6 Computed (lines) and experimental63 (dots) photoionization spectra of 

 Ethyl propionate. Calculations are shown using a SC approach with PW (blue), Coulomb 

 wave with Z=1 (orange), MC HAC (yellow), and MC NBO (green). 
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Figure 3.1.7 Computed (lines) and experimental63 (dots) photoionization spectra of 

 Formic acid. Calculations are shown using a SC approach with PW (blue), Coulomb 

 wave with Z=1 (orange), MC HAC (yellow), and MC NBO (green) 

 

 

Figure 3.1.8 Computed (lines) and experimental60 (dots) photoionization spectra of 

 Furan. Calculations are shown using a SC approach with PW (blue), Coulomb wave 

 with Z=1 (orange), MC HAC (yellow), and MC NBO (green). 
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Figure 3.1.9 Computed (lines) and experimental60 (dots) photoionization spectra of 

 Ketene. Calculations are shown using a SC approach with PW (blue), Coulomb wave 

 with Z=1 (orange), MC HAC (yellow), and MC NBO (green). 

 

 

Figure 3.1.10  Computed (lines) and experimental62 (dots) photoionization spectra of 

 Methanol. Calculations are shown using a SC approach with PW (blue), Coulomb 

 wave with Z=1 (orange), MC HAC (yellow), and MC NBO (green). 
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Figure 3.1.11 Computed (lines) and experimental64 (dots) photoionization spectra of 

Methyl acetate. Calculations are shown using a SC approach with PW (blue), Coulomb 

wave with Z=1 (orange), MC HAC (yellow), and MC NBO (green). 

 

 

Figure 3.1.12 Computed (lines) and experimental63 (dots) photoionization spectra of 

 Methyl formate. Calculations are shown using a SC approach with PW (blue), Coulomb 

 wave with Z=1 (orange), MC HAC (yellow), and MC NBO (green). 
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Figure 3.1.13 Computed (lines) and experimental64 (dots) photoionization spectra of 

 Tetrahydrofuran. Calculations are shown using a SC approach with PW (blue), Coulomb 

 wave with Z=1 (orange), MC HAC (yellow), and MC NBO (green). 

 

In multiple cases, NBO and HAC outperform the SC approaches, giving a better result 

than Z=0 and Z=1. Often, HAC also outperforms the NBO approach, and in some cases provides 

cross sections that are in quantitative agreement with the experiments (within the experimental 

error). There are a few notable exceptions, however, including ethyl propionate, furan, and 

ketene. Overall, however, the HAC approach does not provide highly unreasonable artifacts or 

unrealistic cross sections, indicating that it is a reasonable approach for further pursuit, 

refinement, and benchmarking. 

There are multiple sources of error that complicate the comparison between computations 

and experiments. Those are: 
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a) Missing overlap terms. In the computational approach used here, a simple MC approach 

is used where the overlap terms between orbitals centered on different atoms are neglected. 

Accounting for the overlap terms may improve the results of the calculations. 

b) Other deficiencies of the computational model. The photoionization cross section is 

still computed using an approximate photoelectron wave function employing a Coulomb wave 

with an effective charge derived from natural charge calculations.  

c) Experimental resonant autoionizing states. The calculations only account for direct 

photoionization cross sections. However, experimental spectra include both direct 

photoioniozation as well as autoionization from resonance (metastable) states. Such states may 

increase the photoionization cross section if they exist near the ionization threshold. One 

example of where this occurs is ketene, where the bump at around 11.45 eV may be attributed to 

a resonance state. Other molecules may have other similar but more broadened low-lying 

autoionizing states. 

d) Experimental errors. The measurement of photoionization cross sections is not 

straightforward and requires accurate measurements of the pressure of the system. Often, 

experiments have a relatively large (e.g., 20%) error, as indicated by the error bars in Figures  

3.1.1 – 3.1.6. 62 Sometimes different experiments are not full internally consistent. This makes it 

difficult to quantify the exact error from calculations relative to experiments. 

For the reasons above, it is not easy to quantify the error of computations relative to 

experiments without doing more extensive benchmarks against more molecules and using more 

computational methods to check for consistency. 
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3.2 Comparison of Cross sections of alkenes and alkynes: 

Alkenes and Alkynes has almost identical Dyson orbitals. In Figure 3.2.1, we show a plot 

of a r x the Dyson orbital for the ethylene and acetylene along an axis going through the center of 

the C-C bond. Acetylene has just a little more electron density near the middle of the bond, but 

the difference does not appear large enough to justify very different cross sections. Therefore, it 

would be expected that ethylene and acetylene would have a similar cross section for ionization 

of a single pi orbital. 

 

Figure 3.2.1 Plot of Dyson orbitals of ethylene and acetylene along the axis indicated 

using arrows on the figures on the left. 

 

Note, however, that acetylene has two degenerate pi orbitals while ethylene has only one 

pi orbital. Therefore, statistically, acetylene is twice as likely to be ionized relative to ethylene. 

We can therefore expect that the cross sections of acetylene (and related alkynes) will be 

approximately double that of ethylene (and related alkenes). While this is observed 

computationally in our models, in many alkenes and alkynes this is not observed experimentally, 

as shown in Figures 3.2.2 – 3.2.5. 
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Figure 3.2.2 Comparison of the computed (lines) and experimental62 (dots) 

photoionization spectra of acetylene and ethylene. Calculations are only shown for SC 

approach with PW (blue), Coulomb wave with Z=1 (orange). Note that FCFs are not 

included here. 

 

 

Figure 3.2.3 Comparison of the computed (lines) and experimental61 (dots) 

photoionization spectra of propene and propyne. Calculations are only shown for SC 

approach with PW (blue), Coulomb wave with Z=1 (orange). Note that FCFs are not 

included here. 
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Figure 3.2.4 Comparison of the computed (lines) and experimental64 (dots) 

photoionization spectra of 1-butene and 1-butyne. Calculations are only shown for SC 

approach with PW (blue), Coulomb wave with Z=1 (orange). Note that FCFs are not 

included here. 

 

 

Figure 3.2.5 Comparison of the computed (lines) and experimental64 (dots) 

photoionization spectra of cis-2-butene and 2-butyne. Calculations are only shown for SC 

approach with PW (blue), Coulomb wave with Z=1 (orange). Note that FCFs are not 

included here. 
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In Figures 3.2.2 – 3.2.5, only a SC PW or CW approach is used. We note that the 

absolute cross sections computed for alkynes are approximately two times larger than the 

absolute cross sections computed in alkenes, as anticipated earlier. However, when we compare 

experimental and computed cross sections, we note that calculations on alkenes overestimate the 

photoionization cross sections relative to the experiment, while computations for alkynes 

underestimate the cross sections relative to experiments. This indicates that experimental cross 

sections are not related by simply a factor of 2 when comparing alkenes and alkynes. In fact, 

sometimes alkynes have an at least 3-4 times larger cross section than alkenes. While this may 

point a problem with an oversimplified computational model, a more likely (and, to some extent, 

experimentally supported) explanation is that alkynes have low-lying metastable states that do 

not exist in alkenes. Indeed, low-lying metastable states have been discussed in multiple 

alkynes.65 

 

4 CONCLUSIONS 

Total photoionization cross sections for the small organic neutral molecules have been 

calculated with a single center approach (using both plane and Coulomb waves) and a multi-

center approach (using natural charges derived from Natural bond analysis, both with and 

without hydrogen charges summed onto heavy atoms).  The calculation of the total cross-

sections by a multi-center approach often yields a better agreement with experimental 

photoionization spectra compared to single-center approaches, but it is not consistent for all the 

molecules. While comparing cross sections of alkenes and alkynes, however we saw alkynes 

have experimental cross sections that are often 3-4 times larger than those of alkenes. 

Theoretically, we expect that alkyne cross sections should only be twice larger than those of 
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alkanes. This implicates possible low-lying resonance states near the threshold ionization region 

in alkynes. There is some experimental evidence to support this conclusion.65 

To build on the work in this thesis, several approaches are possible. First, it is desirable to 

test the effect of including overlap terms in the calculations of photoionization cross sections. 

Second, more extensive benchmarking is needed to determine the most appropriate 

computational approach. Third, experimental data must be carefully examined to rule out 

involvement of resonance states or experimental errors. If resonance states cannot be ruled out 

experimentally, the extension of EOM-CC theory to metastable electronic states can be used to 

model these cases.50   
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