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Je remercie également les lecteurs et lectrices de ce manuscrit, j'espère qu'il vous sera utile et pas trop désagréable à lire. v REMERCIEMENTS vi Résumé L'interaction d'électrons à basse énergie (≤ 20 eV) avec des molécules peut conduire à la formation d'anions temporaires via des processus résonants. La collision d'un électron à basse énergie avec une molécule peut induire de nombreux phénomènes tels que la dissociation, l'ionisation, l'isomérisation, la réactivité, etc, par l'intermédiaire de la formation d'un anion transitoire, composé de la molécule cible et de l'électron projectile, pouvant évoluer vers un état dissociatif via un phénomène sélectif. Tandis que les mesures expérimentales, par exemple, la spectroscopie à transmission électronique ou la spectroscopie par attachement dissociatif, permettent une caractérisation des anions temporaires, simuler l'attachement électronique (le plus souvent dans des états métastables) reste un déő à l'heure actuelle. Une caractérisation complète de l'anion temporaire, qui décrirait l'attachement électronique, la relaxation des degrés de liberté électroniques et vibrationnels, et les possibles phénomènes de fragmentation, reste inaccessible pour le moment. Les limitations proviennent de la difficulté à traiter la corrélation électronique dans un système anionique, la nécessité de mêler des états du continuum et des états discrets, et le nombre élevé de degrés de liberté, qui rendent les calculs numériques très couteux et fastidieux. Parmi les méthodes les plus populaires pour décrire les anions temporaires, on peut trouver une grande palette de méthodes pouvant calculer les énergies d'attachement électronique telles que les méthodes de matrice-R (R-matrix), la méthode dite de corrélation empirique, la méthode Schwinger à canaux multiples (Schwinger multi-channel), ou encore la méthode de stabilisation. Bien que ces méthodes fournissent des résultats satisfaisants, elles reposent soit sur des calculs couteux et fastidieux, soit sur des méthodes empiriques. Dans ce manuscrit, nous montrerons que la théorie de la fonctionnelle densité (DFT) et sa version dépendante du temps (TDDFT) sont capables de décrire l'attachement d'un électron supplémentaire, qu'il soit localisé dans un état de valence ou bien dans un état à longue distance (dit faiblement lié ou de non-valence). Nous présenterons une approche efficace pour prédire les énergies de résonance de l'attachement électronique en utilisant la TDDFT et deux bases atomiques différentes : une grande vii RÉSUMÉ base pour calculer l'électro-affinité verticale, et une base plus petite pour calculer les énergies d'excitation de l'anion. Ainsi, l'on peut calculer les énergies d'attachement électronique pertinentes sans avoir des états parasites du continuum discrétisés à cause du caractère őni de la base utilisée. Nous montrerons également que la DFT peut décrire des états anioniques faiblement liés, où l'électron se lie à la molécule avec une énergie très faible (∼ 100 meV) dans une orbitale très diffuse. Nous montrerons comment ces systèmes peuvent être décrits avec des méthodes Hartree-Fock et post-Hartree-Fock, et nous démontrerons que la DFT est pertinente pour l'étude de tels systèmes sous des conditions spéciőques. Nous présenterons également les limites rencontrées par la DFT pour étudier ces systèmes.

Introduction

Low energy electrons (≤ 20 eV) are at the heart of numerous fundamental processes. Indeed, such electrons have the ability to resonantly attach to molecules, forming a temporary negative ion which can undergo various pathways: the dissociation of the molecule, the formation of a stable ion (possibly in an excited state), the relaxation into an excited neutral or the emission of a photon. These pathways are at the heart of a rich and complex chemistry having implications in various őelds such as astrochemistry, radiation chemistry, nano-litography, or environmental sciences. Even in high energy radiation physics, the high energy radiations generate a massive amount of secondary electrons, which possess a typical energy distribution below 20 eV. These slow electrons are known to induce efficient fragmentation of molecules as large as DNA.

Experimentally, studying low energy electron induced processes can be complicated due to the short-lived nature of the temporary negative ions or the low energies that are sometimes involved (a few meV in some speciőc cases). Theoretically, a complete characterization of the temporary anion, which would describe the electron attachment, the relaxation of electronic and vibrational degrees of freedom, and possible fragmentation processes, is still challenging. Limitations come from the difficulty to treat the electron correlation in an anionic system, the need to combine continuum and discrete states, and the high number of degrees of freedom which make the numerical calculation very cumbersome. Among the most popular computational methods for describing temporary anions, one can őnd a broad class of methods that compute the electron-scattering cross-section, such as the R-matrix method or the Schwinger multichannel method. However, even though these methods provide useful and satisfying results, they are quite cumbersome and of limited accuracy.

The scope of the present work is to develop a theoretical methodology relying on Density Functional Theory (DFT) and Time-Dependent Density Functional Theory (TD-DFT) calculation to predict electron attachment energies. To do so, our primal focus is to study anionic systems and characterize them.

The őrst chapter of the present manuscript provides an overview of low energy INTRODUCTION electron-molecule interactions. In a őrst part, we review the evolution of the őeld in the last century, then we present the range of applicability of low energy electroninduced phenomena, and a description of the various processes induced by electronmolecule interactions. In a second part, we focus on molecular anions. We explain why anions are challenging from a theoretical point of view. Some experimental methods to study electron-molecule interactions are also presented.

The second chapter presents ab initio methods. We provide all the theoretical background needed to have a better understanding of the rest of the manuscript. It includes Hartree-Fock and post-Hartree-Fock methods such as the Møller-Plesset approximation and Coupled-Cluster theory, then the Density Functional Theory framework (DFT) and its time-dependent formalism (TD-DFT).

The third chapter presents TD-DFT methods to calculate electron attachment energies. The őrst one is the stabilization method, that allows to couple the continuum states with discrete states from the molecule, enabling to calculate electron attachment energies. The second method has been developed during this work and is presented with a benchmark supporting the reliability of the method. We show the predictive nature of the latter based on our work on resonances in oxaloacetic-acid and water, within a collaboration with a Polish and French experimentalist team.

The fourth chapter is devoted to weakly bound anions, systems where the electron binds to the molecule with a very low energy (∼ 1-100 meV) in a very diffuse orbital. We show how those systems can be described using post-Hartree-Fock methods, then we demonstrate that DFT can tackle these systems under speciőc conditions and the limitations there are so far.

Lastly, we conclude this manuscript and share some perspectives about our work.

Chapter 1 Low energy electron-molecule interaction 1.1 Historical background

In 1897, the electron was identiőed in an experiment by Thomson and coworkers [1]. Twenty years after the identiőcation of the electron, in 1916, Dempster [2], discovered that 800 eV electrons, colliding with a hydrogen gas, were ionizing the hydrogen and producing cations. Such a phenomenon is nowadays known as electron impact ionization phenomenon. Dempster's work is the őrst study of electron-molecule interactions (see Figure 1.1) and can therefore be considered as the beginning of a new research őeld.

In 1930, Lozier [3] studied the electron impact on the H 2 molecule. Though only cations were expected to be produced by the electron impact, the unexpected resonant formation of negative ions at 6.6 and 8.8 eV was observed [4]. Bleakney, using mass spectrometry [5] identiőed these negative ions to be H -. The anions were thought to be due to impurity in the hydrogen such as water vapor. The energetic analysis determined that the 6.6 eV and 8.8 eV peaks were likely to be due to the dissociation of H 2 O in H -and OH. Some further analysis demonstrated the possible dissociation of H 2 due to electron attachment for the 6.6 eV peak, however it seemed unlikely that the 8.8 eV peak could correspond to the H 2 .

In 1957, Khvostenko and Dukel'skii investigated the formation of H -from electron interaction with H 2 [6]. They also measured the dependence of their results with the hydrogen pressure in order to determine if their observations were due to the presence of H 2 or not. Doing so, they were able to obtain a yield curve for H -with a peak around 7.2 eV and another one around 14.5 eV. The peak around 7.2 eV was not disappearing when the hydrogen was removed from the apparatus, therefore it e - was concluded that there were still traces of water in the apparatus and that this peak was due to the dissociation of water as observed in [4]. On the other hand, the peak around 14.5 eV was unequivocally attributed to the dissociation of H 2 caused by electron attachment. Two years later, Schultz [7] was able to provide cross-sections for the formation of the H -ion from H 2 -electron interaction.

In 1959, Schultz presented a work about low-energy electron interaction with diatomic molecules, such as N 2 and CO [8] occurring at energy ranging from 0 to 14 eV. In the experiment, the capture of the electron leads to the formation of a temporary negative ion in an excited vibrational state, that then decays into an excited vibrational state of the neutral molecule and the autodetachment of the electron.

In 1972, the use of high-resolution and high-sensitivity electronic-transmission spectrometer allowed for more detailed results, in particular about the vibrational structure of the electron transmission spectra [9]. Afterwards, some more complex molecules were studied [10,11] but the key mechanisms were known from those earlier work [12,13].

The late eighties have also seen many works on low energy electron interaction with molecules adsorbed on surfaces [14,15,16,17]. In 1990, the idea of investigating low energy electron induced phenomena on surfaces emerged [18]. Since electron-1.1. HISTORICAL BACKGROUND molecule interactions can be modiőed in the condensed state by the environment, there is a way to control the outcome of the processes.

In 2000, Sanche and coworkers observed the breaking of simple and double DNA strand by low energy electrons [19], 70 years after the őrst studies about dissociative electron attachment. Since then, more and more teams have worked on low energy electron-molecule interactions, especially regarding molecules of biological interest, but not only, as we will see in paragraph 1.2.

All along experimental progress, the theoretical description of electron-molecule interactions was being developed. The earlier works are found in the late twenties -early thirties. Some works limited to the calculation of electron affinities for hydrogen [20,21], others to the evaluation of the wave-functions of the orbitals of anions, like Cl - [22] or F - [23], and their charge distribution, Fermi proved the existence of a 5 p stationary state in the atomic őeld of the iodine atom [24].

In 1936, Massey has calculated the electron attachment cross-section of an electron on various atoms and the autodetachment cross-section of the electron of various atoms [25] by evaluating the transition probability between a continuum state and a discrete state. These őrst calculations made clear the resonant nature of electron-attachment/detachment phenomena.

In 1950, the Schwinger variational principle [26] based on the Lippman-Schwinger equation was developed. The considered Hamiltonian included: the molecular Hamiltonian, the incident electron kinetic operator, and the interaction potential between the electron and the molecule. Then, using Green's function, one was able to evaluate the transition matrix between the incoming electron and the unperturbed molecule and then, the resonance energies and cross-sections are extracted from the transition matrix. However, the Schwinger variational principle was limited to closed-channel resonances (where the electron attaches to the molecule).

In 1971, the application of techniques used in nuclear physics to atomic physics, led to the R-matrix approach to electron-molecule interaction [27,28]. In this framework, space is divided in two regions (see Figure 1.2), one internal, treating the molecule and the additional electron, including all needed short range contributions as exchange or correlation ; and one external where the asymptotic behavior is described. The separation is done by a boundary surface at r = a 0 (the R-matrix surface). The coupling between the interior and exterior is done through the Rmatrix. Theoretically, R-matrix approaches are able to describe dissociative electron attachment phenomena additionally to resonant electron attachment phenomena. However, this requires the construction of a relevant conőguration interaction space that would allow the description of all possible target states. Nevertheless, it allows CHAPTER 1. LOW ENERGY ELECTRON-MOLECULE INTERACTION accessing information about cross-sections with a satisfying level of accuracy. Nowadays, R-matrix approaches are widely used in electron-molecule collision problems. into an internal and external region by a boundary at r = a 0 in R-matrix theory. Source: adapted from ref [29] In 1984, Takatsuka and McKoy [30] extended the Schwinger variational principle by using a projector, allowing to describe open-channel problems (where the electron does not attach to the molecule). This development led to the Schwinger Multi-Channel method that is widely used in molecule-electron collision problems as well.

INTERNAL REGION

In 1986, Heinrich and coworkers [31] extended the Koopmans' theorem [32] to evaluate electron-attachment energies in a semi-empirical way. In this approach, one uses the energy of the virtual orbitals (if it is negative) obtained in a Hartree-Fock calculation to extrapolate a linear law that supposedly accounts for the missing correlation in the Hartree-Fock approach. The linear law is optimized using a data set of known resonances (see Chapter 3).

In parallel to these theoretical developments about electron-molecule interaction, the continuous development of ab initio methods such as Density Functional Theory or post-Hartree-Fock methods and the development of increasingly powerful computers, allowed for more accurate results and new opportunities.

LOW-ENERGY ELECTRON INDUCED REACTIONS IN VARIOUS FIELDS

Low-energy electron induced reactions in various fields

Electron-molecule interactions can induce many phenomena such as electron impact ionization, electron impact excitation, dissociative electron attachment, autodetachment, associative attachment or chemical reactivity. This richness results in a wide variety of potential applications, from biology to astrochemistry. The following paragraphs are built upon the introduction of "Low-energy electron-induced reactions in condensed matter" by Arumainayagam and coworkers [33]. It has been completed by references to more recent works, but the interested reader is encouraged to refer to this article for more details.

Electron-induced reactions in materials sciences

Materials science is probably a őeld where electron-molecule interaction has the most applications. Indubitably, electron-induced chemistry is extensively contributing to the development and modiőcation of materials in the semiconductor and nanotechnology industry. It has been shown that electron impact enhances the oxidation of Si(100) by oxygen, forming a thick őlm of silicon dioxide [34]. In 2013, electron stimulated oxidation permitted the fabrication of nanocrystalline SnO 2 with pure tin. This could be in turn used to fabricate various types of SnO 2 nanomaterials and structures with pure tin [35].

Since electron beams can be focused into spots smaller than 1 nm, patterning of semiconductor surfaces using electron beam lithography is possible for fabricating nanoscale structures [36,37]. Electron beam lithography consists of high-energy electrons used to write the desired pattern, and although photolithography remains the main technique, electron beam lithography is gaining a lot of interest and is the dominant nanolithography technique used in academic environment.

Electron-induced phenomenon can be used to build nanostructures as with the Focused Electron Beam-Induced Deposition [38]. This method exposes a molecular beam to a high energy electron-beam near a surface. The electron irradiation induces dissociation, then the most volatile species might leave the beam impact region, while the non-volatile fragments will stick to the surface. This allows for controlled 3D nanoscale deposition and tailored deposit chemistry.

Low Energy Electrons (LEE, ≤ 20 eV) can be used to induce functionalization of various materials. For example, Lafosse and coworkers have shown that an irradiation CHAPTER 1. LOW ENERGY ELECTRON-MOLECULE INTERACTION by 2 eV electrons on condensed CH 3 CN on hydrogenated surfaces allows the selective attachment of CH 2 CN groups to diamond surfaces. This technique has a tremendous potential for the microelectronics industry.

Several studies reported that electron beam irradiation allowed the modiőcation of polymers' properties. For example, in ref [39], it has been demonstrated that under speciőc electron irradiation conditions, their structural properties (e.g. Young's modulus) can be modiőed. Massey and coworkers have shown that Polystyrene was degraded by exposition to below 100 eV electron irradiation [40]. Two phenomena were observed, a resonant process at 9 eV corresponding to the dissociative attachment of the electron, and above 20 eV electron impact ionization producing various cations. These two phenomena and others will be detailed in paragraph 1.3.

Electron-induced reactions in biology

To the extent of understanding the processes occurring in biological tissues after irradiation, researchers begun studying low energy electron-induced processes in biological samples. Indeed, even though high energy radiations are used, these radiations ionize other molecules, producing in turn secondary electrons with lower energies (≤ 20 eV). In order to explore experimentally possible mechanisms for DNA breaking, Desfrançois and Abdoul-Carime investigated electron-attachment to isolated nucleic acid basis, as in ref [41], then Sanche and his team showed that low energy electron can induce single and double strand breaking in DNA [19]. It was then conőrmed in 2006 by calculations performed by Simons [42]. Nowadays, secondary electrons, their ionic products and the highly reactive radicals they contribute to produce, are though to be responsible for inducing serious damage to DNA [43,44]. Some theoretical works intended to unravel the speciőc mechanisms leading to DNA breaking, as for example Sommerfeld and Dutta [45,46]. Furthermore, some studies have also shown that LEE can help to develop radiosensitizers [47,48] which are drugs that make cancer cells more sensitive to radiation therapy.

As for the management of chemical waste, electron beam irradiation techniques are quite effective methods for eliminating microbes in foods, medical devices and health products [49,50]. Though high energy electron beam are used in these methods, it is highly probable that these are in fact LEE that cause the chemical and biological changes.

In a recent work, we have also shown that citric (C 6 H 8 O 7 ) and oxaloacetic (C 4 H 4 O 5 ) acids, important metabolites found in aerobic organisms, can be decomposed under exposition to LEE. The decomposition of both metabolites by LEE 1.2. LOW-ENERGY ELECTRON INDUCED REACTIONS IN VARIOUS FIELDS could be associated with a disturbance of a cell's metabolism, and therefore these results may represent important pathways of radiation induced cell damage. [51].

Electron-induced reactions in astrochemistry

In the last two decades, telescopes and observatories such as the Atacama Large Millimeter/submillimimeter Array (ALMA), Herschel Space Observatory or more recently launched NASA's James Webb Space Telescope have shown the abundance of molecular systems in space [52]. Several works pointed out the importance of secondary electrons (≤ 20 eV), an important production of high energetic cosmic rays, in the formation of various species in the Interstellar Medium (ISM). In particular, Mason and coworkers [53] showed how low energy electron colliding with O 2 ice őlms was able to produce O 3 . Arumainayagam and coworkers [54] have conducted a systematic study of LEE induced condensed matter reactions relevant to astrophysical phenomena, and more recently we have shown [55] how methanol (CH 3 OH) could be formed in the ISM by interaction between electron and CH 3 CN:H 2 O binary őlms. Still in ref [54], Arumainayagam and coworkers emphasized the importance of secondary electron in various reaction pathways that are not available to photochemistry, and how low energy electron-induced reactions represent a high hope in uncovering some complex chemical mechanisms leading to the formation of prebiotic molecules. More generally, astrochemistry and LEE induced reactions in the ISM might gain a lot of interest in the upcoming years.

Electron-induced reactions relevant to environmental sciences

The studies devoted to the environmental sciences are mainly focusing on the inŕuence of electron-molecule interaction on the nuclear plants, chemical waste disposal or the stratospheric ozone depletion.

In water cooled based reactors, high-energy radiation interacting with water molecules produce a tremendous amount of secondary electrons. The latter will produce temporary negative ions and excited water molecules that might form corrosive species such as H 2 O 2 or O 2 . This might subsequently accelerate the aging process of water pipes and tanks [START_REF] Marin | Reaction of OH• radicals with H 2 in sub-critical water[END_REF].

The use of a moderate energy electron beam (∼ 100-300 keV) has been proven useful for the decomposition of various chemical waste [START_REF] Koch | Electric őeld effects on decomposition of dilute concentrations of CHCI 3 and CCl 4 in electron beam generated air plasma[END_REF]. It represents an efficient and economically viable solution to tackle the issue of chemical waste, posing some CHAPTER 1. LOW ENERGY ELECTRON-MOLECULE INTERACTION serious concerns for environmental safety. Even though moderate energy beams are used, more recent experiments have shown that secondary electrons play a signiőcant role in the decomposition of these chemical compounds [START_REF]Electron-Driven Processes: Scientific Challenges and Technological Opportunities, presented at the Fundamental Challenges in Electron-Driven Chemistry[END_REF].

Ten years ago, some studies have been conducted to elucidate ozone depletion mechanisms in the stratosphere. In 2010, Lu argued that electron-induced reactions have implications on the ozone depletion [START_REF] Lu | Cosmic-ray-driven electron-induced reactions of halogenated molecules adsorbed on ice surfaces:implications for atmospheric ozone depletion and global climate change[END_REF]. An electron can induce the dissociation of a halogenated molecule (chloroŕurocarbons CFC, hydrochloroŕurocarbons HCFC, HCl, ClONO 2 , etc...), that will produce a Cl -ion, which will exist in a polar stratospheric cloud in the polar winter stratosphere, then, later in early spring, the photodetachment of Cl -or photodissociation of Cl 2 form reactive Cl atoms that will decompose O 3 .

Since the Earth is exposed to energetic cosmic rays every day which in turn produce numerous secondary electrons, there are probably many more unexplored complex reactions arising from LEE induced chemistry.

Electron-Molecule Interaction: Non-Resonant

Phenomena

The diversity of őelds using electron-molecule induced reaction is a mere consequence of the variety of phenomena electron-molecules interactions imply. We now try to give an overview of these phenomena (see Figure 1.3) as well as giving a few deőnitions for the next chapters. We will try to be as synthetic as possible, but the reader is encouraged to go through Arumainayagam's paper [33] for more details.

Electron impact ionization

When the collision of an electron (e -) and a neutral molecule (AB) yields a cation in an excited state (AB + * ), it is referred to as electron impact ionization. It is one of the two phenomena responsible for polystyrene degradation in ref [40]. This phenomenon is characterized by the following equation:

e -+ AB → AB + * + 2e -. (1.1)
It is a direct non-resonant process where the interaction time is short (∼ 10 -16 s), which is roughly the time needed for the electron to go through the molecule. The total ionization cross-section smoothly increases with the energy of the incident electron, from ∼ 10 eV (typical order of magnitude of the ionization potential) up to ∼ 100 eV [START_REF] Deutsch | Theoretical determination of absolute electron-impact ionization cross sections of molecules[END_REF]. Afterward, the excited cation can undergo further dissociation or ion-molecule reactions that may produce reactive radicals [START_REF] Getoff | Primary yields of CH3 • O and • CH2OH radicals resulting in the radiolysis of high purity methanol[END_REF].

Electron impact excitation

When the incident electron transfers a fraction of its energy, that is sufficient to excite the neutral molecule, it is referred to as electron impact excitation. It is deőned by the following equation:

e -+ AB → AB * + e - (1.2)
This occurs for incident electron energies above the excitation threshold (∼ 6 eV [33]). Three decay channels then compete for the excited neutral. AB * may emit a photon, dissociates into two neutral radicals, or dissociates into a cation and an anion.
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Electron impact ionization or excitation phenomena will not be of interest for the rest of the manuscript.

Electron attachment

The capture of an incident electron with low energy (≤ 20 eV) by the neutral parent, resulting in the formation of a temporary negative ion or transitory negative ion (TNI) is called electron attachment. This phenomenon is characterized by the following equation:

e -+ AB → AB * -.

(1.3)

Before going any further, it is important to give a few deőnitions. The vertical electron attachment energy is deőned as the energy difference between the anion in the ground state (AB -) or an excited state (AB * -) and the initial state (usually AB in the ground state), see Figure 1 Contrary to electron impact ionization or electron impact excitation, electron attachment is a resonant process, since the Franck-Condon principle constrains the accessible energies for the transition from an initial state to a őnal state.

The different types of resonances

The resonant formation of a temporary negative ion (TNI) after the electron attachment process can be classiőed in several categories depending on whether there is a strong electronic rearrangement or not and if the parent molecule lie energetically above or below the TNI (see Figure 1 

Single particle resonance

It corresponds to a single electron process in which the incident electron (with energies ranging from typically 0 to ∼ 5 eV) occupies an empty molecular or a half-őlled molecular orbital of the neutral ground state of the molecule. It can occupy either the LUMO of the neutral system or higher unoccupied orbitals like the LUMO+1,+2,+3... One important characteristic is that single particle resonance leaves the electronic conőguration of the other electrons unchanged.

The presence of an electron induces a reorganization of the electronic cloud that polarizes the molecule, yielding a polarization potential between the electron and the molecule. This electron is also repelled by a centrifugal potential, both combines to form an effective potential V ef f that writes in atomic units:

V ef f (r) = - α 2r 4 
Polarization potential

+ l(l + 1) 2r 2

Centrifugal potential

where α is the molecule polarizability and l is the angular momentum of the orbital the electron is trapped in. If the incoming electron is trapped by the shape of the centrifugal barrier in the electron-molecule potential, the resonance is classiőed as a shape resonance (see Figure 1 For l ̸ = 0, we observe the presence of a centrifugal barrier.

probability for the electron to pass the barrier. Then, since these states lie above the neutral parent, the electron eventually autodetaches from the molecule, letting the system decays to the electronic ground state of the neutral parent. These are referred to as "open-channel resonances". Those states usually have short lifetime (between 10 -15 s and 10 -10 s) and yield large peaks in the electron-transmission spectra.

If the molecule can form a stable anion, the incident electron can be trapped in an anionic bound state. In this case, since the resonance lies below the ground state, the emission of an electron is impossible, resulting in longer lifetimes. These are referred to as Feshbach resonances. They exhibit sharp peak in the electron-transmission spectra and occur at low energies.

Core-exited resonance

It corresponds to a "two-electron one-hole state (2p-1h)". In this case, the incident electron (with energies ranging from typically ∼ 5 to ∼ 15 eV) occupies an empty or half-őlled molecular orbital of the neutral molecule and one electron from the lower shells is promoted to a virtual molecular orbital or a half-őlled molecular orbital. A simple way to picture core-excited resonance is to see it as a single particle resonance on a previously electronically excited neutral molecule.

If the incoming electron is trapped by the shape of the centrifugal barrier in the electron-molecule potential, the resonance will lie above the parent electronically excited state. This will be referred as core-excited shape resonance. As for single particle shape resonance, the lifetime of such resonances is quite short (between 10 -15 s and 10 -10 s) exhibiting large peaks.

ELECTRON ATTACHMENT

Similarly to Feshbach single particle resonances, if the electron is trapped in an electronically excited anionic bound state, lying below the parent electronically excited state, then one refers to core-excited Feshbach resonances exhibiting narrow peaks with long lifetimes (see Figure 1.7).

The TNI, whether it is a single particle resonance or a core-excited one, has four decay channels: auto-detachment, radiative cooling, associative attachment and dissociative electron attachment. They will be discussed in the next paragraphs. Of course, the description of the electron attachment as single particle or coreexcited resonance is somewhat crude, as it neglects the electronic reorganization in the molecule.

Energy

Auto-detachment

If the resonance lifetime is short (∼ 10 -14 s) the electron can disengage from the negative ion AB - * , this phenomenon is known as autodetachment. AB - * may leave the parent neutral in the ground state (elastic scattering):

AB - * → AB + e - (1.4) CHAPTER 1. LOW ENERGY ELECTRON-MOLECULE INTERACTION
or in an vibrationally or electronically excited state:

AB - * → AB * + e - (1.5)
The autodetachment lifetimes vary from less than 10 -14 s to 10 -3 s depending on the system.

Associative attachment

If the anion lies below the neutral molecule, there is a decay channel where the anion simply relaxes to its ground state via a process known as associative attachment or resonance stabilization:

AB - * → AB -+ energy (1.6)
It involves the capture of an electron in a TNI in a vibrationally excited state.

The excess vibrational energy is dissipated via collisions permitting vibrational de-excitation.

Radiative cooling

A third decay channel is radiative cooling. In this case, the TNI relaxes through photon emission to form a stable anion:

AB - * → AB -+ hν (1.7)
This channel is only available when the anion lies below the neutral. This is not a signiőcant competing channel due to radiative cooling lifetimes that are of the order of 10 -8 to 10 -9 s, which is usually much slower than the other processes [START_REF] Illenberger | Gaseous Molecular Ions : an introduction to elementary processes induced by ionization[END_REF].

Dissociative Electron Attachment

If the TNI has a long lifetime ( ∼ 10 -12 s to 10 -14 s) and the inter atomic potential is essentially repulsive, the nuclei may move apart sufficiently to induce dissociation. It is known as dissociative electron attachment.

Henceforth, if the TNI state is dissociative in the Franck-Condon region and if its lifetime is long enough and if B -lies below B, the TNI may break down as follows (Figure 1.8):

AB - * → A• + B - (1.8) 1.4. ELECTRON ATTACHMENT
Since the dissociation energy of the formed anion is below the dissociation energy of the neutral (see Figure 1.8), low energy electrons will enable bond dissociation at lower energies compared to electron-loss dissociation processes [START_REF] Illenberger | Gaseous Molecular Ions : an introduction to elementary processes induced by ionization[END_REF].

It is worth mentioning that the TNI can auto-detach and return to the neutral state before dissociating, this happens before reaching the crossing between the neutral-ground state and the anion curves (see őgure1. Finally, it is important to emphasize that among low energy electron induced phenomena, some produce highly reactive neutrals that will react with surrounding molecules, participating in complex chemical reactions. Therefore, low electron energy can induce a rich and complex chemistry, as presented in paragraph 1.2.
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Molecular Anions

Electron affinities definitions

The Electron Affinity (EA) is deőned as the energy difference between the ground state of the neutral molecule E neutral and the ground state of the corresponding anion E anion :

EA = E neutral -E anion .

(1.9)

EAs can be positive or negative depending on the molecule. EA is positive when the anion lies below the neutral molecule, and negative when the anion lies above the neutral molecule. However, there are some speciőc deőnitions of electron affinities depending on the various conőgurations of the neutral and anionic systems.

The vertical electron affinity (VEA) is the energy difference when both energies, inter-nuclear distance E neutral and E anion , are evaluated at the equilibrium geometry of the neutral molecule (Figure 1.9):

VEA = E geo.neu. neutral -E geo.neu. anion .

(1.10)

The adiabatic electron affinity (AEA) is deőned as the energy difference when considering both species at their respective equilibrium geometry:

AEA = E geo.neu. neutral -E geo.an. anion .

(1.11)

1.5. MOLECULAR ANIONS Lastly, the vertical detachment energy (VDE) is deőned as the energy difference when both systems are considered at the equilibrium geometry of the anion: VDE = E geo.an. neutral -E geo.an. anion .

(1.12)

The VEA can be measured using Electron Transmission Spectroscopy (cf paragraphe 1.6) and the VDE with photodetachment experiments.

1.5.2 Why negative ions are different from cations or neutrals?

For a neutral system, the most external electron is experiencing an attractive effective potential due to the (n -1)-electrons, combined with the n positive charges of the nuclei. Therefore, overall, especially at long range, the external electron experiences a clear attractive Coulomb potential (∼1 r ). It is more or less the same for a cation. The situation is radically different for anionic systems 1 (őgure 1.10): at large distance, since the total charge of the neutral molecule is zero, the additional electron experiences no Coulomb interaction (∼ 1 r ). However, there exist some attractive contributions at large distance, which fade out more rapidly. Since the charge distribution in the molecule is not uniform, it can exhibit positive and negative poles, yielding a ∼ 1 r 2 potential, due to the molecular dipole-electron interaction. A similar phenomenon can induce a molecular quadrupole, where instead of just two poles, there are four poles sharing the same barycentre. The molecular quadrupole will induce, at long range, a ∼ 1 r 3 potential between the electron and the molecule. Morever, the electronic cloud of the molecule will reorganize under the inŕuence of the electric őeld created by the incoming electron. The interaction, proportional of the polarizability of the molecule, gives an attractive potential in ∼ 1 r 4 . All these contributions are higher order terms in the Coulomb potential's expansion induced by several charges at long distance. They are not negligible and are the main attractive contributions at long distance. One consequence of the absence of Coulomb attraction at long distance and the stronger repulsion at short distance, is the weaker electron binding energy of the excess electron in an anionic system. Indeed, the typical EAs will typically be of the order of ∼ 1 eV, whereas, the IPs are usually of the order of ∼ 10 eV.

Carbon Atom Neutral

Another consequence is the spatial extent of the valence electron of anions. Indeed, anionic valence orbitals tend to be more diffuse than their neutral or cationic counterparts (Figure 1.11).

MOLECULAR ANIONS

Weakly-bound anions

There exists a substantial class of molecules, with a dipole-moment larger than a critical dipole-moment being of the order of 1.625 Debye2 [START_REF] Fermi | The capture of negative mesotrons in matter[END_REF][START_REF] Turner | Minimum dipole moment required to bind an electronÐmolecular theorists rediscover phenomenon mentioned in fermi-teller paper twenty years earlier[END_REF], that are able to bind an excess electron via the charge-dipole interaction (Figure 1.12-(a)). They quickly appeared as a class of doorway states to valence type states [START_REF] Sommerfeld | Coupling between dipole-bound and valence states: the nitromethane anion[END_REF], and in the case the valence state is dissociative, as a doorway to dissociative electron attachment processes [START_REF] Sommerfeld | Dipole-bound states as doorways in (dissociative) electron attachment[END_REF]. However, dipole-bound states are just one type of non-valence anions or weakly bound anions [START_REF] Simons | Molecular anions[END_REF] among other types such as quadrupole-bound anions [START_REF] Sommerfeld | Excess electrons bound to molecular systems with a vanishing dipole but large molecular quadrupole[END_REF][START_REF] Liu | The ground state, quadrupole-bound anion of succinonitrile revisited[END_REF] when the electron is bound to the molecule via the charge-quadrupole interaction (see Figure 1.12-(b)) or, studied more recently, correlation-bound anions [START_REF] Sommerfeld | Correlationbound anions of nacl clusters[END_REF][START_REF] Bezchastnov | Anions of xenon clusters bound by long-range electron correlations[END_REF][START_REF] Voora | Existence of a Correlation Bound s-Type Anion State of C 60[END_REF] (Figure 1.12-(c)). The latter corresponds to cases where the electron is unbound at the Hartree-Fock level, but, including the correlation effects allows binding the excess electron. In correlation-bound anions, the electron binds via dispersion-type interactions. To some extent, quadrupole-bound anions are also correlation-bound anions, since the contribution of the correlation effects is quite important for those systems as well [START_REF] Sommerfeld | Excess electrons bound to molecular systems with a vanishing dipole but large molecular quadrupole[END_REF] and in practice, categorizing a molecule into one category or the other can sometime be complicated and subject to discussion.
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In dipole-bound anions, the electron lies to the opposite direction in which the dipole of the neutral molecule is pointing, whether for quadrupole-and correlation-bound anions, the electron usually lies around the molecule (see Figure 1.12).

Weakly-bound anions usually have almost zero eV electron binding energies (eBE) (∼ 1 -100 meV). They are systems in which the excess electron lies in an extremely diffuse orbital (see Figure 1.12) where the average distance to the molecule is typically > 10Å, contrary to its valence counterpart with compact valence orbitals. Some works have shown that valence states and weakly bound states are coupled, and their coupling constant has been calculated in some cases [START_REF] Sommerfeld | Coupling between dipole-bound and valence states: the nitromethane anion[END_REF][START_REF] Tripathi | Electron Attachment to DNA Base Pairs: An Interplay of Dipole-and Valence-Bound States[END_REF] to be typically about ∼ 10-30 meV. Therefore, weakly bound anions could represent an intermediate step between continuum scattering states and stable or meta-stable valence states, being able to act as an aid in capturing thermal electrons [START_REF] Sommerfeld | Coupling between dipole-bound and valence states: the nitromethane anion[END_REF][START_REF] Sommerfeld | Dipole-bound states as doorways in (dissociative) electron attachment[END_REF][START_REF] Compton | On the binding of electrons to nitromethane: dipole and valence bound anions[END_REF][START_REF] Narayanan | Doorway mechanism for electron attachment induced dna strand breaks[END_REF].

Henceforth, weakly-bound states represent an interesting object to pay attention to when studying electron-attachment phenomena. Chapter 4 is devoted to how to study these systems from an ab initio point of view.

Accuracy requirement to describe anions theoretically

To illustrate the level of accuracy needed for a precise evaluation of anionic properties, Simons [START_REF] Simons | Molecular anions[END_REF] uses the example of the 4 S state of the carbon atom for which the electron affinity has been experimentally measured to be 1.2621226 ± 0.0000011 eV [START_REF] Bresteau | Isotope shift of the electron affinity of carbon measured by photodetachment microscopy[END_REF] whereas the total electronic energy of the carbon atom is evaluated to be -1030.108458 eV (obtained by adding all the carbon's ionization potentials to reach C 6+ found in the NIST database [START_REF] Kramida | NIST Atomic Spectra Database (ver. 5.9)[END_REF]). Here, EA represents 0.12 % of the total electronic energy of the neutral molecule. Therefore, evaluating the total electronic energy with a precision of about 0.01 % can make a 10 % error in the estimated EA. To illustrate that, we performed a DFT calculation at a high level of precision (Chapter 2 is devoted to ab initio methods such as DFT) and found an estimate for the total electronic energy of about -1029.8964 eV, representing a 0.02 % error. The EA is found to be of about 1.2397 eV, which represents a 2 % relative error on EA's estimate. This emphasizes the level of accuracy needed in order to have a precise determination of the anionic properties.

Experimental methods to study anions

There are several experimental techniques to study electron attachment. Some of the most utilized methods will be presented in order to give some perspective on 1.6. EXPERIMENTAL METHODS TO STUDY ANIONS what is experimentally accessible and what can be looked for theoretically.

Electron Attachment Spectroscopy

Electron Attachment spectroscopy [START_REF] Illenberger | Gaseous Molecular Ions : an introduction to elementary processes induced by ionization[END_REF] (EAS) records the appearance of negatively charged ions (parent and fragment ions) with respect to the energy of the incident electron. To do so, an electron beam with a given energy crosses a molecular beam, and with the help of a mass spectrometer the negative ions produced are detected in a mass spectrometer (Figure 1.13). This method can be useful to study molecules containing electronegative groups like halogenated molecules, alcohols or cyano compounds. Such molecules are generally characterized by low-lying channels for dissociative attachment, giving stable negative fragments. One can also refer to Dissociative Electron Attachment Spectra (DEA Spectra). It is the technique used by our colleague in our work on citric and oxaloacetic acids [51].

Negative Ions

However, for a lot of molecules, the ground state of the anion is unstable with respect to autodetachment in the gas phase. The EAS will only be able to record resonances that lead to associative electron-attachment or DEA. These inaccessible channels, are accessible with the use of the next method.

Electron Transmission Spectroscopy

In Electron Transmission Spectroscopy (ETS) an electron beam is crossing a cell containing a gas of interest. The transmitted current is recorded versus the incident CHAPTER 1. LOW ENERGY ELECTRON-MOLECULE INTERACTION energy of the electron. The transmitted current represents the unscattered part of the electron beam, hence, the ratio of the incident electron energy to the transmitted current gives a measure of the total electron scattering cross-section. 

Electron Gun

Temperature Programmed Desorption

Temperature Programmed Desorption methods consists in, őrst adsorbing a gas mixture or a molecular őlm on a surface, then the surface is heated, varying the temperature. Desorption of the reaction products is measured using a mass spectrometer. This is so far unrelated to electron-induced reaction. However, if one measures őrst a standard TPD experiment, and another where the surface is irradiated with low-energy electron at a given energy, one is able to reveal new electron-induced reactions. By repeating the experiment at different incident electron energy, a TPD spectra can be plotted with respect to the energy of the incident electron [33,[START_REF] Harris | Electroninduced reactions in methanol ultrathin őlms studied by temperature-programmed desorption: a useful method to study radiation chemistry[END_REF]. This is what our colleagues used in a study about electron-induced reactions in binary acetonitrile:water őlms [55] (Figure 1.15). 

Rydberg Electron Transfer Spectroscopy

The measurement of the electron Binding Energy (eBE) for dipole-bound-like anions is done with Rydberg Electron Transfer (RET) reactions. The general idea is to collision a laser excited Rydberg atom (Xenon, Rubidium, etc...) with a beam of polar molecules seeded in a Noble Gas. Anions are created by charge transfer between Rydberg atoms and the polar molecules. They are detected with a time of ŕight mass spectrometer. The anion formation rate constant is measured with respect to Rydberg quantum number n. The determination of the electron binding energy is described by a curve-crossing model, őtting experimental charge-exchange data to yield a fractional value of n and the electron binding energy, allowing one to access the electron binding energy. There are several subtleties that are not presented here, and the interested reader is encouraged to refer to the following articles [START_REF] Desfrançois | From 1 r to 1 r 2 potentials: electron exchange between rydberg atoms and polar molecules[END_REF][START_REF] Desfrançois | Determination of electron binding energies of ground-state dipole-bound molecular anions[END_REF] to have a better understanding of RET spectroscopy.

Chapter 2

Ab initio methods

The Hartree-Fock Framework

Schrödinger Equation and Born-Oppenheimer approximation

In quantum mechanics, a N nuclei and n electrons system is described by a wave function Φ1 satisfying the so-called Schrödinger Equation:

HΦ = ih ∂Φ ∂t , (2.1) 
where H is the Hamiltonian operator (whose mean value gives access to the energy observable). In the scope of the present manuscript, the Hamiltonian operator does not explicitly depend on time. Therefore, the wave function can be written as a product of two functions, one depending on the nuclei coordinates ⃗ R = ⃗ R 1 , ⃗ R 2 , ..., ⃗ R N and the electron coordinates ⃗ r = {⃗ r 1 , ⃗ r 2 , ..., ⃗ r N }, the other depending on time:

Φ = Ψ( ⃗ R, ⃗ r)Θ(t). (2.2)
As it is, the stationary Schrödinger equation can be solved time-independently by searching for its eigenvectors and eigenvalues:

HΨ = EΨ, (2.3) 
the time evolution reads:

Θ(t) = exp -iEt h . (2.4)
Since this last term does not usually contribute to the relevant physical quantities, it is ignored.

The usual non-relativistic Hamiltonian corresponding to a N nuclei and n electrons system is given, in atomic units (h 2 = e 2 = m e = 1), by:

H = - N A=1 ⃗ ∇ 2 A 2M A T N , Nuclei Kinetic Operator - n i=1 ⃗ ∇ 2 i 2 Te, Electron Kinetic Operator + 1 2 N A=1 N B̸ =A Z A Z B R AB V N N , Nuclei-Nuclei Repulsion + 1 2 n i=1 n j̸ =i 1 r ij Vee, Electron-Electron Repulsion - N A=1 n i=1 Z A r Ai V N e , Nuclei-Electron Attraction , (2.5) 
where in the distances

R AB = ∥ ⃗ R A -⃗ R B ∥, r ij = ∥⃗ r i -⃗ r j ∥, r Ai = ∥ ⃗ R A -⃗ r i ∥,
all upper case letters refer to nuclei coordinates and lower case letters to electron coordinates. The Hamiltonian's eigenvalues equation does not admit analytical solution, unless for a few simple cases, as is the hydrogen atom or hydrogen-like ions (He + , Li 2+ ...). For simplicity, the hat will be removed from the operators in the rest of the manuscript, but everything acting on a wave function should be considered as an operator.

In 1927, Born and Oppenheimer [1] suggested a hypothesis that is nowadays used in most molecular science calculations. Since the nuclei are far heavier than the electrons, their motion can be seen as far slower than the one of the electrons. Hence, electrons can be viewed as evolving in a potential created by őxed nuclei. This allows to split the molecular wave function into an electronic part and a nuclear part:

Ψ( ⃗ R, ⃗ r) = ψ N ( ⃗ R)ψ e (⃗ r; ⃗ R). (2.6) 
The electronic wave function ψ e (⃗ r; ⃗ R) explicitly depends on the electronic coordinates ⃗ r and parametrically on the nuclear coordinates ⃗ R. Assuming that:

T N (φ N ψ e ) = ψ e T N ψ N (2.7)
The Schrödinger equation then reads:

ψ e (T N + V N N ) ψ N + ψ N (T e + V N e + V ee ) ψ e = Eψ N ψ e . (2.8) 
Equation (2.7) is known as the adiabatic approximation and implies that the electronic wave function ψ e is immediately affected by a change in the nuclei's position. Solving equation (2.8) is done in two steps: the electronic equation is primarily solved by assuming the nuclei are őxed:

(T e + V N e + V ee ) ψ e = E e ψ e , (2.9) 
then the nuclear equation is solved in the potential created by the electrons:

(T N N + V N N + E e )ψ N = Eψ N .
(2.10)

The Born-Oppenheimer approximation is only relevant when the coupling between the electronic and nuclear motion is negligible. This means that the electronic wave function ψ e should not vary too drastically when the nuclei position change. However, if one wishes to study dynamically collision problems, or potential energy surfaces crossing problems, the Born-Oppenheimer approximation is not relevant anymore. There are speciőc techniques to tackle these problems, but these are beyond the scope of this chapter and this manuscript. In the rest of the manuscript, the Born-Oppenheimer approximation will be assumed and ψ e will be replaced by Ψ to refer to the electronic wave function.

Hartree-Fock Approximation

The electronic Schrödinger equation in the Born-Oppenheimer approximation reads:

HΨ = EΨ, (2.11) 
where Ψ is the polyelectronic wave function, H is the electronic Hamiltonian that reads:

H = n i=1 h i + 1 2 n i=1 n j̸ =i 1 r ij , (2.12) 
where

h i = - ⃗ ∇ 2 i 2 - N A=1 Z A r Ai , (2.13) 
is a mono-electronic operator and 1 r ij is a bi-electronic operator. The solution Ψ is a polyelectronic wave function and is expected to be quite complex in generic cases. In the Hartree-Fock framework, the electronic wave function is assumed to be written as a single Slater determinant. This ensures that the solution CHAPTER 2. AB INITIO METHODS will be antisymmetric under the exchange of 2 electrons. This will be denoted:

|Ψ 0 ⟩ = ϕ 1 (1) ϕ 1 (2) . . . ϕ 1 (n) ϕ 2 (1) ϕ 2 (2) . . . ϕ 2 (n) . . . . . . . . . . . . ϕ n (1) ϕ n (2) . . . ϕ n (n) = |ϕ 1 (1) . . . ϕ n (n)⟩ ,
where ϕ i (j) are monoelectronic spin-orbitals. ϕ i refers to a monoelectronic state that can be occupied by an electron. It is a product between a spatial orbital and a spin function, such as

ϕ i = Φ i (⃗ r)⃗ σ i .
The notation ϕ i (j) means that electron j is in the state ϕ i .

In such a framework, solving the Schrödinger Equation is equivalent to looking for the mono-electronic spin-orbitals ϕ i , chosen to be orthogonal and normalized, such that they minimize the energy:

E 0 = min {ϕ i } ⟨Ψ 0 | H |Ψ 0 ⟩ , (2.14) 
where

{ϕ i } satisfy ⟨ϕ i |ϕ j ⟩ = δ ij .
The energy reads:

E = ⟨Ψ 0 | H |Ψ 0 ⟩ = ⟨Ψ 0 | n i=1 h i + 1 2 n i=1 n j̸ =i 1 r ij |Ψ 0 ⟩ . (2.15)
The orthonormality condition and the anti-symmetry of the wave function leads to a simpliőcation of the above expression.

E = n i I i + 1 2 n i=1 n j=1 (J ij -K ij ) , (2.16) 
where

I i = n p=1 ⟨ϕ i (p)| h p |ϕ i (p)⟩ , J ij = 1 2 n p=1 n q̸ =p ⟨ϕ i (p)ϕ j (q)| 1 r pq |ϕ i (p)ϕ j (q)⟩ , K ij = 1 2 n p=1 n q̸ =p ⟨ϕ i (p)ϕ j (q)| 1 r pq |ϕ j (p)ϕ i (q)⟩ ,
I i corresponds to the kinetic and nuclear contribution to the energy of electron i, J ij is the classical Coulomb interaction between spin-orbital i and j and K ij is a non-local operator being a consequence of the anti-symmetry of the wave function, it accounts for the indistinguishable nature of the electrons. However, one generally uses the monoelectronic version of the Coulomb operator J i and the exchange operator K i , deőned as follows:

J i (q) |ϕ j (q)⟩ = ⟨ϕ i (p)| 1 r pq |ϕ i (p)⟩ |ϕ j (q)⟩ = ϕ * i (x p )ϕ i (x p ) r pq dx p |ϕ j (q)⟩ , K i (q) |ϕ j (q)⟩ = ⟨ϕ i (p)| 1 r pq |ϕ j (p)⟩ |ϕ i (q)⟩ = ϕ * i (x p )ϕ j (x p ) r pq dx p |ϕ i (q)⟩ ,
x p = {⃗ r p , σ p } refers to spatial ⃗ r p and spin variables σ p of electron p. J i is a local operator accounting for the mean potential created by spin-orbital ϕ i . Applying the K i operator on a spin-orbital ϕ j will turn it into the ϕ i spin-orbital. This is a purely quantum operator.

One can prove that δE = 0 for any variation of a spin-orbital ϕ i implies:

⟨ϕ t | F |ϕ k ⟩ = 0 for t ̸ = k,
This condition will be satisőed if the occupied orbitals ϕ k are eigenstates of the Fock operator. It follows that minimizing the energy is equivalent to diagonalizing the Fock operator F . The eigenvectors |ϕ i ⟩ and eigenvalues ϵ i are found such that:

F |ϕ i ⟩ = ϵ i |ϕ i ⟩ .
(2.17) ϵ i correspond to the Fock operator's eigenvalues, those can be seen as the Fock energies of the mono-electronic spin-orbitals. Equation (2.17) is referred to as a selfconsistent equation. Indeed, the Fock operator directly depends on the spin-orbitals since they are included in the Coulomb and exchange operator. Therefore, these equations are solved iteratively, starting from a őrst set of spin-orbitals which gives a Fock operator that will in turn give a new set of spin-orbitals, and so on, until a satisfying convergence is obtained. The energy is obtained after convergence and does not correspond to the sum of the Fock energies but rather,

E 0 = n i=1 ϵ i - 1 2 n i=1 n j=1 (J ij -K ij ) . (2.18)
Indeed, the Fock energies correspond to eigenvalues of the Fock operator and not the Hamiltonian. The Fock operator is derived from a variation of the expectation value of the Hamiltonian. Because of this, the Fock operator double-counts the 2 electrons contribution of the Coulomb and exchange operator. Hence, to retrieve the energy from the sum of the Fock energies, one needs to subtract what is exceeding. This is a őrst way of accessing the ground state energy of a molecule. In order to speed up the process, one usually rely on the use of gaussian basis sets to build the spin-orbitals. This point will be developed later in this chapter, as it is of some importance in the context of our work.

The tour de force of the Hartree-Fock approach is to replace an n-electrons problem by a mono-electronic problem, in which all electrons are experiencing a mean potential generated by the remaining n-1 electrons. Overall, the Hartree-Fock approach gives a good approximation of the probability density for conőgurations near equilibrium. Hence, the monoelectronic spin-orbitals obtained with Hartree-Fock can be used as a őrst approximation, and are often the starting point for other more accurate methods.

The Hartree-Fock approach can be done slightly differently using the Restricted Hartree-Fock (RHF) method which enforces the spin-orbitals with different spins to share the same spatial part and the Unrestricted Hartree-Fock (UHF) method in which spin α and β orbitals are treated independently. However, the latter may not provide eigenfunctions of the spin operator.

In spite of its efficiency, the Hartree-Fock approach fails to describe systems where electronic correlation is important. This can be explained by the fact that the exact wave function of the system is not described by one single Slater determinant, but rather by an inőnite series of determinants accounting for all possible rearrangement of all n electrons in a spin-orbital basis. The exact wave function can be written as follows:

|Ψ exact ⟩ = C 0 |Ψ 0 ⟩ + i,µ C µ i |Ψ µ i ⟩ + i,j>i µ,ν>µ C µν ij Ψ µν ij + . . . , (2.19) 
where |Ψ µ i ⟩ refers to a determinant built upon |Ψ 0 ⟩, where the mono-electronic spinorbital ϕ i has been replaced by the ϕ µ spin-orbital. Finding a way of getting closer to the exact wave function at a reasonable computational cost is at the heart of post Hartree-Fock methods, some of them will be presented in the following paragraphs.

Post Hartree-Fock methods

In order to facilitate the understanding of chapter 4 and 5, we will now review two post Hartree-Fock methods among many others.

Møller-Plesset perturbation theory

Møller-Plesset (MP) perturbation theory [2] is based on Rayleigh-Schrödinger perturbation theory. When the Hamiltonian H can decompose into a 0 th -order Hamiltonian H 0 with known eigenfunctions, and a perturbation term V supposed to be small compared to H 0 , the perturbation method is relevant. However, the eigenvalues of H 0 must be close to those of H.

H = H 0 + V
One of the MP perturbation scheme consists in considering the Fock operator to be the 0 th -order Hamiltonian, and V as the difference between the exact Hamiltonian and the Fock operator:

H 0 = i F i , V = H -H 0 .
In doing so, the 0 th -order Hamiltonian corresponds to the Fock operator and will give access to the Fock energy that is the sum of the Fock eigenvalues, but it does not correspond to the energy of the system. The őrst order perturbation theory then gives access to the standard energy obtained with the Hartree-Fock E HF method:

E (0) 0 + E (1) 0 = ⟨Ψ 0 | H 0 |Ψ 0 ⟩ + ⟨Ψ 0 | V |Ψ 0 ⟩ = E HF .
This is the standard őrst order perturbation theory result when considering the zeroth order Hamiltonian to be the Fock operator. One other standard property of őrst order perturbation theory is that, in order to ensure the orthogonal normalization of the exact wave function of the k th -eigenstate of H (Ψ k , sum of the n th -order wave function associated to this state), and the orthogonal normalization of the 0 th -order

k th -eigenstate of H 0 (Ψ (0) k ), then necessarily Ψ (0)
k and the őrst order wave function of the k th -state, Ψ

k , must be orthogonal

⟨Ψ k |Ψ k ⟩ = 1, and 
Ψ (0) k Ψ (0) k = 1 ⇒ Ψ (1) k Ψ (1) k = 0 (2.20)
In order to construct the őrst or second order wave function, one promotes one or two electrons (respectively for őrst or second order wave function) from a previously occupied state to virtual states, which is referred to as mono-or double-excitations. One consequence of the orthogonal normality condition is the Brillouin theorem, which states that mono-excitations do not interact with any of the 0 th -order wave functions

Ψ (0) k .
Higher order corrections are the ones obtained with usual perturbation method, such that, the MP energy will write:

E M P n = E HF + n i=2 E (i) 0 .
So, having that in mind, we denote Ψ (0) k to be one eigenstate of H 0 whose eigenvalue is E 0 k , then one is able to express the second order correction as:

E (2) 0 = k̸ =0 Ψ (0) 0 V Ψ (0) k 2 E (0) 0 -E (0) k , (2.21) 
where only the determinants k corresponding to double-excitations of the reference Hartree-Fock state Ψ 0 0 will have a non-zero contribution. One could expand the perturbation to the 3 rd -(MP3) or 4 th -order (MP4) following standard perturbation theory scheme, but most of the time one uses only 2 nd -order MP perturbation theory (MP2).

The theory is facing two major issues: the convergence in the perturbative expansion is not always achievable, especially when the denominator is close to zero; and the method is not variational, contrary to standard Hartree-Fock method.

Coupled-Cluster Theory

The Coupled-Cluster (CC) theory has been developed in atomic and molecular physics from the 60s with O. Sinanoǧlu [3,4] and J. Čížek and J. Paldus [5]. A modern review of coupled-cluster theory is in ref [6]. In this framework, the wave function is an exponential ansatz built upon a reference state |Ψ 0 ⟩:

|Ψ CC ⟩ = exp(T ) |Ψ 0 ⟩
Ψ 0 is usually chosen to be the Hartree-Fock wave function. T is the cluster operator that generates the mono-, double-, triple-, • • • excitations deőned as

T = T 1 + T 2 + T 3 + • • • ,
where T i are the i th -order cluster operator:

T 1 = i,µ t µ i a † µ a i , T 2 = i,j>i µ,ν>µ t µν ij a † µ a † ν a i a j , • • • , (2.22) 
the a † µ operator creates an electron in orbital µ and a i annihilates an electron in orbital i, these are standard annihilation/creation operators from many body formalism. It is a way of building the possible multiple-excitations from the reference state Ψ 0 . Then, expanding the exponential as a power series:

exp(T ) = 1 + T + T 2 2! + T 3 3! + • • • , (2.23) 
which, if excitations are sorted by their nature (mono, double, triple, etc), gives the following CC wave function:

Ψ CC = {1 + (T 1 ) + (T 2 + 1 2 T 2 1 ) + (T 3 + T 2 T 1 + 1 3! T 3 1 ) + • • • } |Ψ 0 ⟩ .
To access the energy, the Schrödinger equation is:

(H -E CC ) |Ψ CC ⟩ = 0
In doing so, non-linear coupled equations are obtained, and the unknowns are the amplitudes t µ i , t µν ij , • • • and the energy E CC . For the sake of simplicity, let us focus on the case where the Cluster operator is truncated to the single and double excitation, known as CC Simple Double method (CCSD). The wave function then writes:

|Ψ CCSD ⟩ = exp(T 1 + T 2 ) |Ψ 0 ⟩ .
Projecting this equation on the reference state ⟨Ψ 0 |, the mono-excitation ⟨Ψ µ i | and the double-excitations Ψ µν ij unravel the following equations:

⟨Ψ 0 | (H -E CCSD ) |Ψ CCSD ⟩ = 0, ⟨Ψ µ i | (H -E CCSD ) |Ψ CCSD ⟩ = 0 ∀i, µ, Ψ µν ij (H -E CCSD ) |Ψ CCSD ⟩ = 0 ∀i, j, µ, ν.
Since H only contains mono-and bi-electronic operators, these equations simplify to

⟨Ψ 0 | (H -E CCSD )|(1 + T 1 + T 2 + 1 2 T 2 1 ) |Ψ 0 ⟩ = 0, ⟨Ψ µ i | (H -E CCSD )|(1 + T 1 + T 2 + 1 2 T 2 1 + T 1 T 2 + 1 3! T 3 1 ) |Ψ 0 ⟩ = 0 ∀i, µ, Ψ µν ij (H -E CCSD )|(1 + T 1 + T 2 + 1 2 T 2 1 + T 1 T 2 + 1 2 T 2 2 + 1 2 T 2 1 T 2 + 1 3! T 3 1 + 1 4! T 4 1 ) |Ψ 0 ⟩ = 0 ∀i, j, µ, ν.
One notices how, in these equations, appear not only mono and double-excitations but also triple-and quadruple-excitations that can be written as a product of mono-and double-excitations. This is the mere consequence of the exponential form of the cluster operator. The equations are then solved iteratively from an initial set of amplitudes {t µ i , t µν ij , • • • }. This scales as n 6 -where n stand for the number of orbital functions (this element will be detailed in 3.5). Nowadays, including higher order excitations such as T 3 , T 4 remain a challenge in molecular physics [6,7] due to the computational ressources needed. However, there exist ways to include triple excitations in an approximated way. For example, the CCSD(T) method [8] incorporates the triple excitations perturbatively, using an MP4 perturbation method. This allows a scaling in n 7 improving the n 8 scaling required to include the T 3 term or the n 10 for the T 4 term. More recently, in 2020 Lesiuk [9] reported the implementation of CC using singles, doubles as presented in the present chapter, and the triples excitations using compression formulae on the triple amplitudes' tensor. This allows to include rather explicitly the third order excitations with a lower scaling closer to n 7 . Today, the CCSD(T) method represents the state of the art regarding theoretical chemistry and gives the most satisfying results. However, there is a numerical price to pay for that, and it is used mostly for describing fairly small systems (∼ 10-20 atoms).

Although there exist other post-Hartree-Fock methods such as the Conőguration Interaction methods or Complete Active Space methods, we have preferred to focus on those useful for the understanding of the present manuscript.

An alternative to computationally expensive post-Hatree-Fock methods lies in the Density Functional Theory, and this will now be the topic we will discuss.

Density Functional Theory

All previous methods, though generally quite accurate, share one major drawback: they are based on an n-electron wave function, which has for consequence quite computationally expensive calculations, which becomes quite problematic when one is interested in larger and larger systems. Hence, it could be interesting to develop cheaper theory on the computational point of view. Density Functional Theory has been developed with this goal in mind. In DFT, the system is described using the electronic density as the variable instead of the n-electron wave function. Hence, instead of studying a 3n-dimensional space, the problem is restricted to a 3-dimensional space. The following aims at presenting the main principles of DFT, it relies on the book from C. A. Ullrich [10] and R. Schira's thesis manuscript [11].

Hohenberg-Kohn-Sham theory

The n-electron density associated to a wave function

Ψ(⃗ r 1 , ⃗ r 2 , • • • , ⃗ r n ) is given by: ρ(⃗ r) = n |Ψ(⃗ r, ⃗ r 2 , • • • , ⃗ r n )| 2 d⃗ r 2 • • • ⃗ r n , (2.24) 
It is normalized to the number of electrons :

ρ(⃗ r)d⃗ r = n. (2.25) 
Let us now consider the Hamiltonian related to an n-electron system, subject to their mutual electronic repulsion and under the inŕuence of an external potential v(⃗ r), as, for example, the one created by the nuclei:

H = T + V ee + v(⃗ r) (2.26)
where T is the kinetic operator associated with the electron gas, V ee is the electronelectron repulsion operator.

This sets the context for the two major theorems on which DFT relies: the Hohenberg and Kohn theorems [12]. These theorems relate to any system consisting of an interacting electron gas in an external potential v(⃗ r), and they demonstrate that all properties of a physical system in its ground state (assuming it is non-degenerate) are entirely determined by its one electron density ρ(⃗ r). This density is obtained CHAPTER 2. AB INITIO METHODS using a variational principle applied to the energy functional of the system

E[ρ] = ⟨Ψ| H |Ψ⟩ = ⟨Ψ| T + V ee |Ψ⟩ + v(⃗ r)ρ(⃗ r)d⃗ r.

First Hohenberg-Kohn Theorem

The external potential is a unique functional of the electron density.

So v(⃗ r) is, within a constant, a unique functional of total density ρ(⃗ r) and, since in turn, v(⃗ r) őxes H, all physical properties of the system derive from the density ρ(⃗ r) [12].

Second Hohenberg-Kohn Theorem

There exists a universal functional of the density F [ρ] that allows to express the energy under the influence of any potential. The lowest energy is the one obtained for the true ground state density.

This allows expressing the energy as:

E[ρ] = F [ρ] + v(⃗ r)ρ(⃗ r)d⃗ r (2.27)
The ground state density is therefore the one minimizing E[ρ], giving subsequently the ground state energy:

E = min ρ(⃗ r) E[ρ(⃗ r)].
(2.28)

Therefore these two theorems allow accessing the ground state density as well as the ground state energy using variational principle on E[ρ].

These theorems are only valid for densities associated with wave functions that are the non-degenerate ground state of a Hamiltonian with external potential v(⃗ r). This problem is known as the v-reprentability problem [13], and restricts the use of the Hohenberg and Kohn theorems. Levy [14] and Lieb [15] have extended the scope of these theorems to degenerate states and n-representables densities (densities related to an n particle's wave function) [13]. Unfortunately, the deőnition of their functional is only formal and the Hohenberg and Kohn formalism is the one that is used in practice.

Kohn-Sham approach

Hohenberg and Kohn have proven the existence of a universal functional of the density such that the energy writes as in equation (2.27). However, these theorems In 1965, Kohn and Sham [16] suggested rewriting the energy in the following way

E[ρ] = T 0 [ρ] + 1 2 ρ(⃗ r)ρ( ⃗ r ′ ) ⃗ r -⃗ r ′ d⃗ rd ⃗ r ′ + ρ(⃗ r)v(⃗ r)d⃗ r + E xc [ρ], (2.29) 
where T 0 is the kinetic contribution of a non-interacting electron gas, the Coulomb contribution is classical and E xc is the correlation-exchange functional. The latter includes all contributions to electronic correlation and exchange, the corrections about the kinetic energy (the one missing from T 0 ) and the non-classical part of the Coulomb electron-electron interaction. It can be written in the following way:

E xc [ρ] = T [ρ] -T 0 [ρ] + V ee [ρ] - 1 2 ρ(⃗ r)ρ( ⃗ r ′ ) ⃗ r -⃗ r ′ d⃗ rd ⃗ r ′ .
(2.30)

T [ρ] and V ee [ρ] are the exact kinetic and electron-electron potential functionals. By substituting T by T 0 the Kohn-Sham approach replaces an interacting n-electron system with a őctitious one made of non-interacting particles, under the inŕuence of an external őeld. Then, we are looking for the density ρ, written from auxiliary orthonormalized functions (n orbitals ϕ 1 , • • • , ϕ n ) describing the őctitious non-interacting particles (that will be called electrons, though different from the interacting electrons). Accordingly, the density and the orbitals will satisfy the following conditions:

ρ = n i=1 |ϕ i | 2 and ⟨ϕ i |ϕ j ⟩ = δ ij ,
consequently, the energy functional will then write:

E[ρ] = n i=1 ⟨ϕ i | - ∇ 2 2 |ϕ i ⟩ + 1 2 ρ(⃗ r)ρ( ⃗ r ′ ) ⃗ r -⃗ r ′ d⃗ rd ⃗ r ′ + ρ(⃗ r)v(⃗ r)d⃗ r + E xc [ρ]. (2.31)
It follows that, due to the deőnition of ρ combined with the orthonormalization constraint, a minimization with respect to ρ can be expressed as a minimization with respect to the orbitals ϕ i . Therefore, the orbitals must be a solution of

δ δϕ i E[ρ] - n i=1 ϵ i |ϕ i (⃗ r| 2 d⃗ r -1 = 0, (2.32) 
where ϵ i are Lagrange multipliers that ensures the orthonormalization constraint. 

  - ∇ 2 i 2 + ρ( ⃗ r ′ ) ⃗ r -⃗ r ′ d ⃗ r ′ + v(⃗ r) + δE xc δρ(⃗ r)   ϕ i (⃗ r) = ϵ i ϕ i (⃗ r). (2.33)
This equation can then be rewritten in the following way:

H KS ϕ i (⃗ r) = - 1 2 ∇ 2 i + v KS (⃗ r) ϕ i (⃗ r) = ϵ i ϕ i (⃗ r), (2.34) 
where v KS (⃗ r) is the mean potential, or Kohn-Sham potential, acting on the orbitals: 

v KS (⃗ r) = v(⃗ r) + ρ( ⃗ r ′ ) ⃗ r -⃗ r ′ d ⃗ r ′ + δE xc δρ(⃗ r) (2.
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to be diagonalized, and, it will in turn give a new set of orbitals {ϕ ′ i } and so on until the iterative procedure converges. Contrary to Hartree-Fock theory, the Kohn-Sham equation (2.34) is exact when the exchange-correlation functional is known-though it is and probably will never be known exactly. It is also important to stress out that the ϕ i orbitals and the ϵ i eigenvalues correspond respectively to őctitious auxiliary orbitals and Kohn-Sham eigenvalues that are being used to determine the density ρ(⃗ r), but they do not correspond to the physical orbitals or the energies of the system.

Although we did not take into account the spin explicitly, all the previous formulae can be generalized with spin variables [17]. In practice, two őctitious systems are considered, each one with a spin value σ = α, β with two densities ρ α and ρ β . The exchange-correlation functional will be a functional of two densities ρ α and ρ β : 

E xc [ρ α , ρ β ]

The exchange-correlation functional

The main challenge in DFT lies in the determination of the exchange correlation functional, whose analytical expression is unknown. Approximations allowing a correct description of the studied properties are looked for. To do so, researchers can rely on a list of mathematical properties the exchange correlation functional E xc must satisfy, regarding: the asymptotic behavior, the sign, the summation rules of the exchange-correlation functional. They will not be presented in this manuscript, but the interested reader can refer to [10,18,19] for more details. In the upcoming paragraphs, we will discuss the main approximations for the exchange correlation functional, they can be sorted by generations, but it is important to keep in mind that the research on exchange correlation functionals is a very active őeld. For more details about most of these approximations, one can refer to [20,21].

The őrst generation is known as the Local Density Approximation (LDA). The density is assumed to be locally uniform, so that E xc writes:

E xc = ρ(⃗ r)ϵ xc [ρ(⃗ r)]d⃗ r, (2.36) 
where ϵ xc is exchange-correlation energy density per electron. In this model, the local ŕuctuations are supposed to be negligible. Usually, one divides ϵ xc in an exchange part ϵ x and a correlation part ϵ c . ϵ x was given by Dirac [22] 

ϵ x [ρ] = c x ρ 1 3
. For the correlation energy density, several parametrizations have been proposed. The most widely used nowadays is the one from Vosko and coworkers [23]. The correlation energy is obtained by analytical interpolation of a data set of correlation energies from quantum Monte Carlo calculations on a uniform electron gas [24]. Most calculations take into account the spin polarizability, so one usually refers to LSDA for Local Spin Density Approximation.

The LSDA is relevant in two cases : when the electronic density varies slowly, or, when the density is very large [16]. However, this approximation may give satisfying results for some systems even when the electronic density varies a lot. This is ś at least partially ś due to error compensations.

The second generation functionals depend on the density and its derivatives using a gradient expansion of the density, it is the Gradient Expansion Approximation (GEA) :

E GEA xc = ρ(⃗ r)ϵ xc (ρ(⃗ r))d⃗ r + B xc (ρ(⃗ r))∥∇ρ(⃗ r)∥ 2 d⃗ r + • • • (2.37)
However, as is, GEA functionals do not respect one of the mathematical properties mentioned earlier: the summation rule [10,18,19,25]. To correct this, new functionals satisfying the summation rule were developed, they are called the GGA functionals (Generalized Gradient Appoximation). The most widely used are the one from Becke for the exchange [26] and the one from Perdew [27,28] or from Lee, Yang and Parr [29] as well as the one from Perdew and Wang [30] for the correlation part. GGAs provides better results than LSDA does.

The third generation of functional is the one of hybrid functionals based on the adiabatic connexion method [31]. These functionals include a DFT exchange term as well as a proportion of exact Hartree-Fock exchange (the exact exchange operator is applied to the Kohn-Sham orbitals). In doing so, Becke developed a functional of the form:

E Hybrid xc = aE exact x + (1 -a)E LDA x + bE GGA x + cE GGA x , (2.38) 
where a, b, c are optimized parameters on a known data set. One of the most commonly used functional is a hybrid functional known as B3LYP and őrst mentionned in ref [32] and writes:

E B3LYP xc = 0.2E exact x + 0.8E LDA x + 0.72E Becke x + E V W N c + 0.81E LY P c , (2.39) 
where E Becke

x is the Becke exchange functional [26].

E V W N c
is the correlation functional from Vosko and collaborators [23] and E LY P c is the one from Lee, Yang and Parr [29]. Hybrid functionals give better results than GGAs. They partially resolve one of DFT's major drawback: the self interaction error. Indeed, in DFT, the electron can interact with itself since the contribution from the classical Coulomb term is not cancelled (2.29), a priori. In standard Hartree-Fock, the self-interaction contribution is zero since, in this case, the exchange and Coulomb operator cancel out.

A few years after Becke's work on adiabatic connection [31], Ernzerhof proposed an extension of the adiabatic connection to include a perturbation expansion of the correlation energy of MP2 type [33]. This approach is referred to as Double-Hybrid functional (DH). In this approach, the exchange-correlation functional reads:

E DH xc = a x E exact x + (1 -a x )E DFA x + (1 -a c )E DFA c + a c E MP2 c , (2.40) 
where E DFA

x and E DFA c correspond to the density functional approximation to the exchange and correlation energy. E MP2 c correspond to an MP2 type correction to the correlation energy. These DH functional have been popularized by Grimme with the B2PLYP functional [34] and are still currently investigated with the recent development of PBEQIDH functional by Brémond and coworkers [35]. They are supposedly correcting the self interaction error as well as more appropriately describing the correlation contribution. However, they are usually used as a last resort when all other standard functionals, including range separated hybrid functional that will be described in the next paragraph, fails to describe correctly the studied system.

All previous functionals suffer one major ŕaw. Their exchange correlation potential v xc (⃗ r) = δExc [ρ] δρ(⃗ r) do not reproduce the proper 1 r asymptotic behavior expected for r going to inőnity. They go to zero too quickly. This ŕaw can be detrimental to the evaluation of excitation energies, or the correct description of anions, as they tend to have more diffuse orbitals and weaker electron binding energies. Indeed, GGAs and hybrid functionals tend to perform poorly on anionic systems. In order to correct the asymptotic behavior of the exchange correlation potential, a new class of functional have been developed, namely the range-separated hybrid (RSH) functionals [17,36,37]. These functionals have an increasing portion of exact Hartree-Fock exchange, so that at long range there is up to 100 % exchange. The most widely used RSH functionals are CAM-B3LYP [38] (65 % of exact echange at long range) and ωB97x [39] (100 % of exact exchange at long range). In practice, the exchange contribution is split into a short range and a long range contribution: x is the exchange operator from the DFA, that is mainly used for short range contribution.

E RSH xc = E LR-HF x + c x E SR-HF x + E SR-DFA x + E DFA c . ( 2 
The way this splitting is done in practice is through a splitting of the Coulomb operator being separated in the following way: The ω parameter acts on the separation between long and short range. The őrst term in (2.42) corresponds to the short range interaction, mainly evaluated with an exchange potential from DFA, but also partially evaluated with exact Hartree-Fock exchange (about 15-25 %), this fraction is given by α. The second term concerns the long range exchange and is evaluated with exact Hartree-Fock exchange.

1 r 12 = 1 -(α +
For ωB97x [39], ω = 0.3 α = 0.16 and β = 0.84. Hence, there is 16 % of exact Hartree-Fock exchange at short range, and 100 % at long range.

RSH functionals drastically improve the description of excited states, in particular in charge-transfer phenomena or Rydberg states, and the ωB97x has proven to sometime be able to compete with more computationally expensive methods such as CCSD(T), for a computational cost that is far less important (n 4 where n is the number of orbital fucntions). However, though the asymptotic behavior of the exchange correlation potential is closer to the one we expect from it, there is still room for improvement. Indeed, the exchange-correlation potential remains too convex in the short-range domain (0-1.5 Ångström) compared to the expected 1 r behavior [40], causing the exchange correlation potential to go to zero too rapidly. In order to improve the shape of the exchange-correlation potential, it has been shown that for RSH functionals the ω parameter can be tuned speciőcally to the problem considered according to a scheme explained in [40,41].

To the extent of improving the precision of RSH-DFT further, people started working on range-separated double hybrid functionals (RSDH). The idea remains the same as for DH functional, but this time with a separated range exchange operator, and a range separated MP2 correction to the correlation energy, or even a Coupled-Cluster like correction as proposed Kalai and Toulouse [42,43]. Since we did not work with such functionals yet, the reader is invited to go through the mentioned articles for more information on the subject.
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It is worth mentioning that the community is also working on an approximated version of DFT referred to as Density Functional based Tight-Binding (DFTB) [44] and Time-Dependent DFTB [45] in which the repulsive contribution is approximated as the sum of the two-body interactions for each element pair. Such approaches could allow tackling larger systems and őll the gap between the classical molecular dynamic approaches and the ab initio approaches.

Time-Dependent Density Functional Theory for excited states

We have seen how to describe the ground state properties of a molecular system, particularly in the framework of DFT. However, in order to calculate excitation energies for the systems of interest, DFT needs to be extended. Therefore, we will review such an approach, namely, the Time-Dependent Density Functional Theory (TD-DFT) and the associated linear response theory and in particular the Casida approach. The interested reader is encouraged to refer to refs [10,18,46] for more details.

Let us set the context: a n-electron system under the inŕuence of an external, timedepending, potential v ext (⃗ r, t) including both the nuclear Coulomb attraction and a time-dependent perturbation, described by the following non-relativistic Hamiltonian:

H(t) = T e + V ee + v ext (⃗ r, t), (2.44) 
where T e , V ee correspond respectively to the kinetic operator and the electron-electron interaction operator.

In order to work analogously to standard DFT, Runge and Gross proposed two theorems [47]. The proof and mathematical complexity of these theorems is out of the scope of the present manuscript, therefore the interested reader is invited to refer to the ref [48]. Let us now review the two theorems.

First Runge-Gross theorem

Two densities ρ(⃗ r, t) and ρ(⃗ r, t) evolving from the same initial state Ψ 0 under the influence of two different potentials ṽext (⃗ r, t) ̸ = v ext (⃗ r, t) + c(t), which can be Taylor-expanded2 , will become different right after t 0 (Figure 2.2). Therefore, there is a one-to-one correspondence between the time-dependent density and the potential for a given initial state. A demonstration of this theorem can be found in ref [10]. with more than a time-depending function, differing after t 0 as a consequence of the first Runge-Gross theorem. Source: adapted from ref [10] .

Density

Time t 0 υ(t), ρ(t) υ(t), ρ(t)

The one to one correspondence between the density and the potential makes the Hamiltonian H and the wave function functionals of the density, assuming the initial state is the ground state of the system. Henceforth, all observables (usually written O) are determined by ρ(⃗ r, t):

O[ρ](t) = ⟨Ψ e [ρ](t)| O(t) |Ψ e [ρ](t)⟩ .
(2.45)

As for DFT, knowing the one electron density allows accessing all the interesting properties by the means of the observable's expectation value. However, so far this is just a formal statement. We will see later how to work in the TDDFT framework in practice. STATES

The second Runge-Gross theorem gives us a variational principle from which the exact density ρ(⃗ r, t) can be extracted.

Second Runge-Gross theorem

The action integral A[ρ], relative to an electronic system associated with an external time-dependent potential v ext (⃗ r, t), is stationary for the exact density.

The action integral is deőned in the following way:

A[ρ] = t 1 t 0 ⟨Ψ e [ρ](t)| i ∂ ∂t -H(t) |Ψ e [ρ](t)⟩ dt. (2.46)
It is possible to write the action as the sum of a universal functional not depending on the external potential and the integral over space and time of the external potential

v ext (⃗ r, t): A[ρ] = t 1 t 0 ⟨Ψ e [ρ](t)|i ∂ ∂t -T e -V ee |Ψ e [ρ](t)⟩ dt - t 1 t 0 v ext (⃗ r, t)d⃗ rdt A[ρ] = B[ρ] - t 1 t 0 v ext (⃗ r, t)d⃗ rdt, (2.47) 
Nonetheless, the action integral (2.46) formulated by Runge-Gross suffers a major drawback: it does not respect the causality principle [49], however, there exist other ways to formulate the variational principle circumventing this issue [50,51,52] allowing to access the time-dependent electronic density. Both Runge-Gross theorems are existence theorems and, therefore, remain formal. To the extent of evaluating the density and extracting observables from it, it is necessary to őnd a practical expression for the universal functional.

The time-dependent Kohn-Sham equations

Analogously to the Kohn-Sham approach, it is possible to replace the interacting system by a őctitious system under the inŕuence of an effective potential v KS (⃗ r, t). The latter one ensures the density remain the same as the one of the true interacting system. Proof of such a potential is discussed in these refs [18,46]. The density is looked for expressed in the following way:

ρ(⃗ r, t) = n i=1 |ϕ i (⃗ r, t)| 2 , (2.48) 
where the ϕ i (⃗ r, t) are monoelectronic orbitals of the non-interacting őctitious system. Consequently, the universal functional can be written as:

B[ρ] = i t 1 t 0 ⟨ϕ i (t)| i ∂ ∂t - ∇ 2 2 |ϕ i (t)⟩ dt - 1 2 t 1 t 0 ρ(⃗ r ′ )ρ(⃗ r, t) |⃗ r -⃗ r ′ | d⃗ r ′ d⃗ rdt -A xc [ρ],
(2.49) where the exchange-correlation action functional A xc [ρ] plays a similar role as the exchange-correlation functional E xc (cf 2.3.3) in the static theory. Hence, the universal functional B[ρ] includes a kinetic term for independent particles, a Coulomb interaction term and an exchange-correlation action functional. Consequently, the minimization of the action functional A[ρ] leads to the time-dependent Kohn-Sham equations:

H KS ϕ i (⃗ r, t) = - ∇ 2 2 + v KS (⃗ r, t) ϕ i (⃗ r, t) = i ∂ ∂t ϕ i (⃗ r, t), (2.50) 
with the initial constraint that Ψ e (t 0 ) = Ψ 0 is in the ground state. The effective potential therefore writes:

v KS (⃗ r, t) = v ext (⃗ r, t) + v H (⃗ r, t) + v xc (⃗ r, t) (2.51) 
where v xc (⃗ r, t) = δAxc [ρ] δρ(⃗ r,t) is the exchange correlation potential, v H is the Hartree potential and v ext is the external potential. As for DFT, v xc 's analytical expression is not known but must satisfy speciőc constraints detailed in ref [10,19].

The exchange-correlation potential at a given point in space and time depends on the density at all preceding times and positions. The space and time dependency of v xc (⃗ r, t) are non-local. What is usually proposed is the adiabatic approximation that supposes that the electronic system instantaneously adapts to the potential variations. The exchange-correlation action functional therefore writes:

A xc [ρ] = t 1 t 0 E xc [ρ t ]dt, (2.52) 
where ρ t correspond to the electronic density at time t. It only depends on ⃗ r since t is a őxed parameter. For this reason, the exchange-correlation potential is memory-less: it only depends on time through the evaluated density at time t:

v xc [ρ] = v xc [ρ t ](⃗ r). (2.53) 
The time-dependent Kohn-Sham equation coupled with the adiabatic approxima-
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tion should a priori provide the tools to evaluate the density in time. In this work, we are interested in knowing the excitation energies of anionic molecules. To do so, we will use the linear response theory framework.

Linear response theory

To be able to extract observables such as the excitation energies of a given system described by the Hamiltonian H, one usually uses the linear response theory framework. To do so, we will try to express the density ρ(⃗ r, t) and the external potential v ext (⃗ r, t) around the ground state density ρ 0 (⃗ r) (supposed to be the initial state) and a static external potential v 0 (⃗ r) (the nuclear Coulomb potential). In other words, we consider the system to be perturbed at t 0 by a time-depending potential δv ext (⃗ r, t) (like an electric őeld). Therefore, the external potential will write:

v ext (⃗ r, t) = v 0 (⃗ r) + δv ext (⃗ r, t). (2.54) 
Since there is a one to one correspondence between the density and the potential, the ground state density will be perturbed as well in the following way:

ρ(⃗ r, t) = ρ 0 (⃗ r) + δρ(⃗ r, t), (2.55) 
where δρ(⃗ r, t) is the perturbed density. In linear response theory, at őrst order, δv ext and δρ are related by the response function χ(⃗ r, ⃗ r ′ , t -t ′ ):

δρ(⃗ r, t) = dt ′ d⃗ r ′ χ(⃗ r, ⃗ r ′ , t -t ′ )δv ext (⃗ r ′ , t ′ ), (2.56) 
where the response function is deőned as follows:

χ(⃗ r, ⃗ r ′ , t -t ′ ) = δρ(⃗ r, t) δv ext (⃗ r ′ , t ′ ) . ( 2 

.57)

This corresponds to the response function associated to the real interacting system. The poles of the interacting response functions correspond to the excitation energies we are looking for. Therefore, the objective is to őnd an equation that allows us to extract the excitation energies from the response function.

In the Kohn-Sham approach, the non-interacting system under the inŕuence of the Kohn-Sham potential v KS yields the same density as the interacting system under the inŕuence of v ext . Therefore, expanding the Kohn-Sham potential around a 57 CHAPTER 2. AB INITIO METHODS static potential as we did for the external potential yield:

v KS (⃗ r, t) = v 0 (⃗ r) + δv KS (⃗ r, t), (2.58) 
and δv KS (⃗ r, t) and δρ(⃗ r, t) can be related similarly to equation (2.56):

δρ(⃗ r, t) = dt ′ d⃗ r ′ χ KS (⃗ r, ⃗ r ′ , t -t ′ )δv KS (⃗ r ′ , t ′ ), (2.59) 
where the response function associated with the non-interacting system is deőned as follows:

χ KS (⃗ r, ⃗ r ′ , t -t ′ ) = δρ(⃗ r, t) δv KS (⃗ r ′ , t ′ )
.

(2.60)

The poles of the non-interacting response function contain the excitation energies of the non-interacting őctitious system, and it will help to access the poles of the interacting response function as we will see. Indeed, using the fact that the noninteracting Kohn-Sham system and the interacting one should yield the same density, the following relationship is obtained:

dt ′ d⃗ r ′ χ(⃗ r, ⃗ r ′ , t -t ′ )δv ext (⃗ r ′ , t ′ ) = dt ′ d⃗ r ′ χ KS (⃗ r, ⃗ r ′ , t -t ′ )δv KS (⃗ r ′ , t ′ ).
(2.61) Finally, using the deőnition of the Kohn-Sham potential (cf equation (2.51)) leads to the following relationship between the two response functions:

χ(⃗ r, ⃗ r ′ , t -t ′ ) =χ KS (⃗ r, ⃗ r ′ , t -t ′ ) + d⃗ r 1 dτ d⃗ r 2 ′ dτ ′ χ KS (⃗ r, ⃗ r 1 , t -τ )× (2.62) δ(τ -τ ′ ) ∥⃗ r 1 -⃗ r 2 ∥ + f xc [ρ 0 ](⃗ r 1 , ⃗ r 2 , τ -τ ′ ) χ(⃗ r 1 , ⃗ r ′ , τ ′ -t ′ ),
where the exchange-correlation kernel f xc is deőned ś in the adiabatic approximation ś as follows: 

f xc [ρ 0 ](⃗ r, ⃗ r ′ , t -t ′ ) = δ(t -t ′ ) v xc [ρ t ](⃗ r) δρ t (⃗ r ′ ) . ( 2 
χ(⃗ r, ⃗ r ′ , ω) =χ KS (⃗ r, ⃗ r ′ , ω) (2.64) + d⃗ r 1 d⃗ r 2 χ KS (⃗ r, ⃗ r 1 ′ , ω) 1 ∥⃗ r 1 -⃗ r 2 ∥ + f xc (⃗ r 1 , ⃗ r 2 , ω) χ(⃗ r 2 , ⃗ r ′ , ω).
In order to őnd the excitation energy, we need to őnd the poles of the interacting response function χ(⃗ r, ⃗ r ′ , ω). However, we know the expression for the non-interacting system χ KS in the static case:

χ KS (⃗ r, ⃗ r ′ , ω) = i,j ϕ j (⃗ r)ϕ * i (⃗ r)ϕ * j (⃗ r ′ )ϕ i (⃗ r ′ ) ω -(ϵ j -ϵ i ) + iη - ϕ * i (⃗ r)ϕ j (⃗ r)ϕ i (⃗ r ′ )ϕ * j (⃗ r ′ ) ω -(ϵ i -ϵ j ) + iη , (2.65) 
where {ϕ i } are the occupied Kohn-Sham orbitals and {ϕ j } the virtual ones, and η is an inőnitesimal parameter.

The next steps are quite tedious, but it can be summed up in the following way. They have been proposed for the őrst time by Casida in 1995 [46]. In order to extract the poles of the interacting response function, we perform a change of basis such that in the new basis set, the excitation energies can be obtained from a diagonalization procedure. In such a basis, the Kohn-Sham response function χ KS is diagonal. The Hartree potential plus the exchange-correlation kernel in this basis are expressed in the following way:

K kl ij = d⃗ rd⃗ r ′ ϕ * i (⃗ r)ϕ * j (⃗ r)ϕ k (⃗ r ′ )ϕ l (⃗ r ′ ) 1 ∥⃗ r -⃗ r ′ ∥ + f xc (⃗ r, ⃗ r ′ , ω) .
(2.66)

These are called the coupling-matrix elements. After tedious calculations an eigenvalue equation is obtained:

A B B A ⃗ X I ⃗ Y I = ω I +1 0 0 -1 ⃗ X I ⃗ Y I . ( 2 

.67)

where matrices A and B are deőned as:

A kl ij = δ k i δ l j (ϵ j -ϵ i ) + K kl ij (2.68) B kl ij = K lk ij . (2.69)
Finally, equation (2.67) can be solved rewriting it in the following way:

Ω ⃗ F I = ω 2 I ⃗ F I , (2.70) 
where

Ω = (A -B) 1/2 (A + B)(A -B) 1/2 (2.71) ⃗ F I = (A -B) 1/2 ( ⃗ X I + ⃗ Y I ).
(2.72) Equation (2.70) is known as the Casida equation and allows one to őnally access the excitation energies ω I .

Atomic basis for ab initio calculations

All ab initio calculations previously presented in this manuscript have one element in common: they use auxiliary basis sets {χ k } to express the mono-electronic orbitals3 :

ϕ i = K k=1 c ki χ k , (2.73) 
Therefore, the search for ϕ i becomes the search for the coefficients c ki . The χ k are usually atom-centered and can be expressed as Slater type functions, in this case they are referred to as Slater Type Orbital and writes as:

χ STO k,A = N STO (x -x A ) a (y -y A ) b (z -z A ) c e -γ||⃗ r-⃗ R A || , (2.74) 
where x A , y A , z A refer to an atomic position, N STO is a normalization constant, γ characterizes the spatial extent of the function, and the indices a, b and c are natural integers transcribing the orbital type (s, p, • • • ). So, if a + b + c = 0 the χ STO k,A will be of s-type, if a + b + c = 1 the orbital will be of p-type and so on. These functions are interesting on a physical point of view since they are closer to the hydrogen-like wave-functions. However, on a computational point of view they are not the most efficient choice.

The most widely used alternative are Gaussian Types Orbitals (GTO), centered on an atom A:

χ GTO k,A = N GTO (x -x A ) a (y -y A ) b (z -z A ) c e -α||⃗ r-⃗ R A || 2 , (2.75) 
where N GTO is a normalization constant and α is related to the spatial extent of the function. As for STOs, a, b and c determine the type of the orbital. GTOs fasten the calculations for the reason that the product of two GTOs is a GTO. Nevertheless,

ATOMIC BASIS FOR AB INITIO CALCULATIONS

STOs and GTOs have a different behavior at short and long distances compared to hydrogen-like wave functions. In order to compensate this ŕaw, a collection of GTOs is used to mimic as good as possible the behavior of hydrogen-like wave functions. This implies that, in order to describe sharply peaked distribution, many GTOs are needed.

To overcome the primary weakness of GTO functions, one often combines a couple of GTOs into new functions called Contracted GTOs (CGTO). For example, a series of GTOs with large, intermediate and small α exponents are multiplied by contraction coefficients and summed to produce CGTO that approximate the proper behavior around r = 0, though it is impossible to have the exact behavior since Gaussian functions have zero slope at r = 0.

Much effort has been devoted to developing sets of STOs and GTOs basis orbitals for the main-group elements and lighter transition metals. In this manuscript, we will focus on GTOs. There are many catalogs of GTOs tailored to treat different systems. The aim of the next paragraphs is to decipher the construction of Gaussian basis sets, all the various functions required to ensure a correct behavior of the GTOs and hopefully have a better grasp at the ś sometimes obscure ś nomenclature of such basis sets (aug-cc-pvtz, 6-311+G * , LanL2DZ, • • • ).

Core and Valence functions

It is common to use a minimal basis in which the number of CGTOs is equal to the number of core and valence atomic orbitals. For example, for the carbon atom, one would use one tight s-type, one looser s-type and a set of three (x, y and z) looser p-type CGTOs. A fairly common alternative is using twice or three times (or as high as 5 or 6 in some cases) as many CGTOs as there are core and valence atomic orbitals. These are referred to as double-ζ (dz), triple-ζ (tz), quadruple-ζ (qz), 5-ζ (5z) or 6-ζ (6z). This choice is motivated by the necessity of additional ŕexibility, so the linear combination of molecular orbitals (LCAO) can describe orbitals of variable diffuseness as the local electronegativity of the atom varies.

The production of optimized orbital exponents and contraction coefficients has been massive, such that nowadays for most widely used atoms (even metals) one is able to őnd a suitable optimized list of exponents and contraction coefficients to start working with.

Polarization Functions

The primary orbitals are usually completed with a set of so-called polarization functions. These are functions of one higher angular momentum than the one appearing in the atom's valence-orbital space (e.g, p-functions for s-type functions, d-functions for p-type functions and so on). However, their exponents (α) are tailored so that their spatial extent is the same as the valence orbitals (i.e. the d-polarization function of C should have similar size as the 2p and 2s orbitals).

The purpose of these polarization functions is to account for the polarization. These functions allow describing deformations of the orbitals under the inŕuence of the other electrons and atoms.

Diffuse Functions

This category concerns primarily anions and Rydberg species. Indeed, when the spatial extent of the molecular orbital is large, the basis sets needs to be augmented with additional diffuse functions such as anions.

In some cases, it can also be necessary to add an extra-diffuse set of functions. For example, to describe Rydberg states, or dipole-bound anions. Later, in the manuscript, we will have the occasion to develop more about this.

Basis Nomenclature

In order to describe the basis sets, the community has come with various notations that are shorthand notations informing about the various functions that are used in the basis set. In this manuscript, we will focus on the Dunning and coworkers basis sets [53] and the notations used to describe those basis sets.

The notation is of the following form: aug-cc-pvxz or cc-pvxz or vxz. The "vxz" (x= { d, t, q, 5, 6 } ) is used to specify how many CGTOs are used to describe core and valence orbitals (double-ζ (dz), triple-ζ (tz), quadruple-ζ (qz), 5-ζ (5z) or 6-ζ (6z)). Each of the core orbitals is described by a single contracted Gaussian-type basis orbital. The "cc" standing for "correlation consistent", speciőes the contraction coefficients and the exponents were determined by requiring the atomic energies calculated using post-Hartree-Fock methods (including correlation) to agree with experimental data to some precision. If the "cc" is missing, it means that it is a Hartree-Fock method that has been used instead to calculate the atomic energies. The "p" is used to specify that polarization functions have been included in the basis set. Their number and type depend on the level of the valence basis set (it will be 2.6. HOW TO DESCRIBE ANIONS THEORETICALLY? different for vdz or v6z). Finally, the "aug" means the basis set has been augmented with diffuse basis functions (but not extra diffuse functions as used for Rydberg orbitals or dipole-bound like orbitals.). Once again, the number of additional diffuse functions and their type will depend on the chosen level of the valence basis set. Since we have worked primarily with the cc-pvtz and the aug-cc-pvtz basis set, they are a good example to illustrate what we have seen. Hence, cc-pvtz is a basis set including three times as many CGTOs to describe the valence orbitals, with polarization functions and aug-cc-pvtz is the same basis set with additional diffuse functions. We will discuss this choice later in the manuscript.

It is important to keep in mind that the computational cost depends on the basis set size. One other important point is that the level of convergence of the calculation also depends on the basis set size. Post-Hartree-Fock methods usually require quite large basis sets for accurate calculations, contrary to DFT which usually requires smaller basis sets than Post-Hartree-Fock methods.

How to describe anions theoretically?

Theoretically, in order to have accurate results about anions, it is important to have all the necessary contributions described by the selected theoretical method. All along this chapter, we have emphasized the necessary elements for describing anionic systems: treating correctly electronic correlation and using an adapted basis set to describe the peculiarity of anionic molecular orbitals. In order to illustrate the importance of these elements, we will present a few results obtained for the carbon atom.

Hartree-Fock method does not describe electronic correlation accurately. It turns out that differences in predictions of EAs between correlated and noncorrelated theories (post-Hartree-Fock or DFT, and Hartree-Fock) can amount to ∼ 1 eV. To illustrate that, let us compare the EA obtained for the carbon atom using various methods (see Table 2 one obtained with correlated methods (∼ 0.8 eV) that are far closer to the accepted experimental value.

Table 2.2 illustrates the need for diffuse functions in order to have satisfying accuracy when evaluating EA. However, it also emphasizes an important element. Though aug-cc-pv5z yields a slightly more accurate result than aug-cc-pvtz, the computational cost is far more important. Indeed, aug-cc-pvtz requires 46 basis functions where aug-cc-pv5z requires 127 basis functions. Since the computational cost scales in typically like n 3 -n 4 with the number of basis functions per atom, multiplied by the number of atoms, one can understand the necessity to use slightly smaller basis sets for reasonably less accurate results. As often in computational chemistry, it is a matter of compromise between the accuracy and the computational cost. Finally, in all previous examples, we have used the ωB97x functional. As explained before, it is an RSH functional. The advantage of such functionals is the ability to reproduce satisfyingly the 1 r behavior of the exchange-correlation potential. It is crucial to have such a functional to describe accurately anions. We will see in chapter 3 that global hybrid functionals with no such behavior of the exchange-correlation potential tend to give less satisfying results.

cc-pv5z aug-cc-pvtz aug-cc-pv5z

Chapter 3 TD-DFT methods for calculating electron-attachment energies

After discussing a few methods for calculating electron-attachment energies, we will present results we obtained using the so-called stabilization method and those obtained with a method we developed during this work.

Empirical Correlation methods

In the Hartree-Fock framework, the energy of a mono-electronic spin orbital ϕ i is given by

ϵ i = ⟨ϕ i | T + V |ϕ i ⟩ + j(occupied) ⟨ϕ i | J j -K j |ϕ i ⟩ . (3.1)
Therefore, ϵ i is the average of the kinetic and nuclear Coulomb attraction energy plus the sum over the occupied orbitals of the Coulomb minus exchange interactions of the occupied spin-orbitals with ϕ i . If ϕ i is an occupied orbital, the contribution of the Coulomb minus exchange interaction of the ϕ i spin orbital with itself will be:

⟨ϕ i | J i -K i |ϕ i ⟩ = 0.
Hence, the Coulomb minus exchange interaction will be with the remaining (n -1)electrons, being consistent with the goal of describing an n-electron system. Now, if ϕ i is a virtual orbital, the sum of Coulomb minus exchange will run over all n occupied orbitals. Consequently, the energy of the virtual spin orbital ϕ i corresponds to the energy of an electron interacting with n-electron, which corresponds to an (n + 1)-electron system. Consequently, the vertical electron attachment energies CHAPTER 3. TD-DFT METHODS FOR CALCULATING ELECTRON-ATTACHMENT ENERGIES could be estimated by: vertical attachment energy = -ϵ virtual orb. ,

where ϵ virtual orb. is the energy of a virtual orbital. This approximation is usually referred to as the Koopmans' theorem [1] 1 , and could be used to evaluate the vertical electron affinity and electron attachment energies provided that ϵ virtual orb. < 0.

Nonetheless, as we have seen in Chapter 2, the Hartree-Fock method remains quite inaccurate to treat anionic properties due to the missing correlation. However, Heinrich and coworkers [2] proposed a linear relationship between the virtual orbital energies and the experimental vertical attachment energies as E exp = cϵ virtual orb. + d, where c and d are őtted parameters. This approximation is known as the empirical correlation method, since a correlation is searched between the virtual orbital energies of a Hartree-Fock calculation and the experimental vertical attachment energies.

Considering the virtual orbital energies is physically relevant for estimating the vertical electron attachment energy, and the linear őt can then be understood as a correction to the missing electron correlation effects [3].

At a higher level of calculation, e.g. with the linear response Equation-of-Motion Coupled-Cluster (EOM-CC) or TDDFT methods, the excitation energies of the anion (relative to the energy of the neutral molecule) can be used instead of the energies of virtual orbitals, and then the parameters c and d are expected to be closer to the ideal values of 1 and 0 respectively [3].

Still, these empirical methods can lead to a good estimate of the attachment energy, only in the case of single particle resonances, while core-excited resonances are not accessible (Figure 1.5).

Modelli proposed to use the virtual Kohn-Sham orbitals energies provided by a DFT calculation instead of Hartree-Fock calculation [4]. However, contrary to the Hartree-Fock approach, in the DFT framework, the virtual orbital energies do not correspond to (n + 1)-electrons energies, but rather to excitation energies of a n-electron system, particularly in the case of LSDAs or GGAs functionals. Moreover, when a hybrid functional is used, the mixture of Hartree-Fock and DFT exchange leads to a loss of the physical nature of virtual orbitals. Consequently, using DFT virtual orbitals' energy has no physical motivation.

Lastly, the determination of the empirical parameters c and d requires the use of a large set of experimental data or high-level simulated values to serve as reference data, which limits the predictive nature of the methods. Furthermore, the scaling factor strongly depends on the level of theory (e.g. choices of the correlation method, the density functional, and the basis set), and possibly on the nature of molecules and excitations investigated: consequently, several őts can be found in the literature [5,6,7].

Stabilization method

Beyond empirical correlation method

Empirical correlation method fails at describing core-excited resonances, among other ŕaws. One way to go beyond empirical correlation method is by performing calculations on the anion instead of only the neutral molecule. Indeed, even though it is quite convenient and simple to extrapolate the virtual orbitals' energies, in order to have a more accurate description of the system, describing the anion explicitly is inevitable.

The calculation of the electron attachment energies can be decomposed in two calculations: őrst the calculation of the electron affinity, and then, the excitation of the subsequent negative ion. Since nuclear dynamics is a slow phenomenon compared to electronic reorganization, it is reasonable to consider the temporary anion at the optimized geometry of the neutral molecule. Henceforth, in order to access the electron attachment energy, the excitation energies of the anion at the geometry of the neutral and the vertical electron affinity are needed (Figure 3.1).

In order to correctly evaluate anionic properties, we have seen in paragraph 1.5 and in paragraph 2.5.3 that large basis sets are needed. However, one issue when calculating excited states with large basis sets is the appearance of continuum states that are discretized due to the őniteness of the basis set. Therefore, among all the calculated excited states, some correspond to resonant bound states of the system2 , while many other states correspond to discrete continuum states. The latter are parasites states that do not correspond to bound states and are therefore not of any interest to us. One way to distinguish the discretized continuum states from the bound states in electron attachment processes is to use the so-called stabilization method. 

The stabilization method

One of the main issues to describe the electron scattering in the formalism of ab initio calculations is the difficulty to couple the continuum state of the incoming electron with the discrete states of the molecule. An elegant method to overcome this problem is the stabilization method, where the calculations are repeated using a varying simulation box size. The energies of discrete states, which correspond to the attachment of the electron, are expected to be independent of the box size. In contrast, the energies of continuum states which collapse for large boxes are found to strongly increase at relatively small box size due to the implicit conőnement; such states are called discretized continuum states. The coupling of a discrete state of the molecule with a discretized continuum state leads to an avoided crossing in a so-called stabilization graph (plot of the electronic energies vs simulation box size). The resonance energy and the lifetime of the temporary anion can be extracted from the plateau [3,8,9]. Electronic calculations can be performed at EOM-MP2, EOM-CCSD, MRCI, ADC, or TDDFT level, while the simulation box is represented implicitly through a localized basis set whom diffuse exponents of Gaussian functions are scaled with a parameter α to increase or decrease the box size [3,9,10,11,12].

In Figure 3.2, we give a stabilization graph for CCl 2 F 2 calculated at TDDFT level. Most of the calculated low-energy states are found to be discretized continuum states. with the ωB97x density functional [13] and the aug-cc-pvtz basis set [14]. The most diffuse s and p exponents are scaled by the α factor. The plot gives the lowest-energy excitations of the anion. States in light gray are discretized continuum states. Red lines highlight states involved in avoided crossings, visible in areas marked with a circle. Source: [15] They originate from transitions involving virtual orbitals that do not represent states localized on the molecule, but very far orbitals mainly developed on the most diffuse functions of the basis set. These continuum states can be discerned in plotting the energy of the virtual orbitals with respect to the α parameter ; the Figure 3.3 shows clearly the correspondence between virtual orbitals energies and energies of a free electron in a box (the so-called discretized continuum state). However, two avoided crossings are visible in Figure 3.2 (in the area marked with a circle). The corresponding excitation energies are calculated at 1. 23 to the scaling factor α. Grey lines are the energies of one free electron in the absence any charges (nuclear and electrons) calculated at the same level of calculation (ωB97x) with the same molecular basis set as that used for the molecule. The clear correspondence between energies shows that virtual orbitals of the molecule represent some discretized continuum states (as a "free" electron in a box) when the basis set is enough extended (i.e. small values of α).

What about electron attachment cross-section?

Falcetta and coworkers [9,16,17] have presented a way of calculating electronattachment cross-sections by analytically continuing the stabilization graphs in the complex plane around the avoided crossings' area. First, one őnds an interpolating function for the energy using Padé approximants, then, by analytically continuing the obtained energy function, one is able to őnd a complex energy to be minimized. Since the imaginary part of the energy minimum is related to the width of the resonances, one is then able to deduce the electron-attachment cross-sections. However, it is quite cumbersome to perform such an analysis, especially for larger and larger systems for which the stabilization graphs exhibit many entangled curves. Moreover, the analytic continuation procedure does not provide a unique minimum depending on the starting point of the minimization procedure.

Another way of őnding electron-attachment cross-sections could be to use the density of resonance states, which gives the resonance energy as well as the resonance width Γ for an isolated state [18]. Then using a mathematical relationship between the average of the density of states, and the derivative of the energy with respect to the scaling parameter α, one is able to relate this derivative with the averaged cross-section over a ∆α range [19]. However, this could not be done during this work due to time constraints, and is left for future work.

Flaws of the stabilization method

While the stabilization method is one of the most efficient approaches to investigate the electron attachment, calculations are not always easy due to a somewhat difficult choice of the basis set and the scaling process. Also, it is noteworthy that the analysis of the stabilization graph becomes difficult when several avoided crossings occur in a small energy range and involve several states. The resonant discrete state often appears to be a hybrid state, mixing valence and continuum characters.

Lastly, the nature of the ground state of the anion can sometimes vary with the spatial extent of the basis set. For example, for the nitromethane molecule (CH 3 NO 2 ), a small value of α (≤ 0.5) leads to a dipole-bound like nature, while larger values of α (≥ 0.5) will exhibit a valence nature (see Figure 3.4). In order to have a consistent result, it is important to ensure that the ground state is of the same nature at every point, for all considered points (∼ 100 points). We have tried to develop a methodology that is as robust as the stabilization method, but that would simplify the analysis. This is what will now be presented in paragraph 3.3. 

Multi-Basis Set method

Here, we propose a simple approach to predict the resonance energies of the electron attachment using a TDDFT calculation and two different basis sets: a large basis set to compute the vertical electron affinity, and a smaller one to calculate the excitation energy of the anion. The present approach, in addition not to being cumbersome, does not calculate the intruder discretized continuum (DC) states. The methodology has been published in G. Thiam and F. Rabilloud, "Multi-Basis Set (TD)-DFT methods for predicting electron attachment energies, J. Phys. Chem. Lett., vol. 12, pp. 9995-10001, 2021 [15].

Methodology

One considers the attachment of a low-energy electron approaching a molecule with n-electrons. The asymptotic kinetic energy of the incoming electron is denoted by E inc , and E n the energy of the molecule in its ground state. Then, the whole (n + 1)-electron system has a total energy of E inc + E n , which actually corresponds to an excited state of the anion, and that can be computed at TDDFT level starting from the ground state of the (n + 1)-electron system. From this value, the vertical electron affinity must be subtracted to obtain the resonant attachment energy of the electron. A schematic representation of our methodology of calculation is given in Figure 3.5. Calculations of the electron affinity and the excitation energy are distinct. First, the vertical electron affinity is calculated at DFT level as the difference of the total energy of the neutral and anionic species. The augmented correlation consistent valence triple-ζ + polarization basis set, aug-cc-pvtz [14], which contains diffuse functions with low exponents, is used. Then, a TDDFT calculation for the anion is performed to obtain the excitation energy. For the latter, calculation is performed ELECTRON-ATTACHMENT ENERGIES with the triple-ζ + polarization quality basis set, cc-pvtz [14], which is well adapted for describing valence excitation states, i.e. states localized on the molecule. As this basis set does not contain any diffuse functions, the intruder DC states do not contaminate the spectrum of excited states (at least at low energy). Quadruple and quintuple ζ quality basis sets have been tried and did not change the calculated energies signiőcantly. The vertical electron attachment energy is calculated as the difference between the excitation energy and the vertical electron affinity (VEA). Of course, one must check that the SCF (Self-Consistent Field) procedure converges toward the same electronic state whatever the basis set, cc-pvtz or aug-cc-pvtz, is used. In some cases, one has had to replace an occupied orbital by a virtual one to get the correct electronic state. Hybrid functionals were used as they are expected to be much more suitable than local functionals for calculating anions properties [20]. We have selected the range separated hybrid functional ωB97x [13] which contains an increasing amount of Hartree-Fock exchange at long range. It is particularly well adapted for computing excited states within the linear-response TDDFT formalism [21]. For comparison, we also present results using the density functional B3LYP [22,23], and using the Coupled Cluster approach: CCSD(T)/aug-cc-pvtz level for calculating electron affinities and EOM-CCSD/cc-pvtz level for the excitation energies. The geometrical structure of the neutral molecules were optimized at ωB97x/cc-pvtz or B3LYP/cc-pvtz. The former were considered for Coupled Cluster calculations. We have considered a set of 18 molecules (plotted in Figure 3 

Benchmarks

Electron Affinities

Vertical electron affinities (VEA) calculated at several levels are given in Table 3.1. Values obtained at ωB97x/aug-cc-pvtz level are found to be close to those calculated at CCSD(T)/aug-cc-pvtz level or measured in ETS (Table 3.1). As expected, calculations with the cc-pvtz basis set systematically underestimate the anion's energy. Interestingly, while B3LYP and ωB97x values are found to be close to each other when the small cc-pvtz basis set is used, they can give large differences in the provided values when the large aug-cc-pvtz basis set is used. B3LYP is unable to well estimate the anion when the VEA is very negative, i.e. when the anion is very unstable. For example, the B3LYP values of -0.49, -0.53, -0.56 eV for dichlorodiŕuoromethane, benzene, and furan respectively, are far from the ωB97x (-1.17, -1.58, -1.91 eV, respectively), CCSD(T) (-0.99, -1.62, -1.80 eV) and experimental data (-0.97, -1.12, -1.73 eV). Actually, B3LYP calculations overestimate the VEA due to a strong contribution of DC states, which lowers the energy of the negatively charged ELECTRON-ATTACHMENT ENERGIES system when the basis set is large enough. Instead, the ωB97x potential, is able to lie a valence anionic state, and can furnish values close to those from CCSD(T) calculations. f Adiabatic electron affinity, Ref [29] . g Ref [24,30] . h Range of the vibrational broadening of 0.065-0.8 eV, Ref [31] .

i Ref [32] . j Ref [33,34] . k Ref [35] . l Ref [36] ; Adiabatic electron affinity = 0.35 eV [37] . m DEA spectra, Ref [38,39] . n Ref [40] . o Ref [41] .

Excitation energies

The excitation energies of valence-type states of the anion are calculated using the non-augmented basis set cc-pvtz. This basis set is found to be large enough to treat anionic valence states. Table 3.2 shows that energies calculated at ωB97x/cc-pvtz level compare well with those calculated with the augmented basis set (aug-cc-pvtz), and those obtained from the stabilization graph method. Using the cc-pvtz basis set for the anionic excitation signiőcantly simpliőes the analysis by unraveling far fewer states than with a more extended basis set. But an augmented basis set should be required when investigating the trapping of the electron via the long-range őeld of the molecule (e.g. dipole-bound anion, cf Chapter 4). ELECTRON-ATTACHMENT ENERGIES

Electron attachment energies

Calculated electron attachment energies are given in Table 3.3 at the high level ωB97x/MBS, where MBS stands for Mult-Basis-Set, i.e. a TDDFT calculation of the anion is performed with the cc-pvtz basis set while the electron affinity is evaluated with the large aug-cc-pvtz basis set following the schema presented in Figure 3.5. Results obtained with the less reliable ωB97x/cc-pvtz level, where cc-pvtz is used for both calculation steps, are also furnished for comparison, as well as the available experimental data. Figure 3.7 shows the good correlation between the DFT values and the experimental data. The reliability of our (TD-)DFT calculations is estimated through the linear relationship

E exp = mE calc + b, (3.3) 
where E exp and E calc are the experimental and calculated resonance energies respectively, and m and b are őtted parameters. At ωB97x/MBS level, the values of m = 0.976 and b = -0.246, together with the root-mean-square deviation from the curve, rms=0.358, attest to the good performance, even though for some systems the agreement is not so good since the error can exceed 0.5 eV. But it is noteworthy that the experimental data may be subject to quite large error bars due to e.g. broadening of the resonances. 

Table 3.3 :

Comparison of attachment energies calculated at TDDFT/ωB97x level with EOM-CCSD and experimental data.ωB97x/MBS stands for ωB97x/Multi-Basis-Set (TD(cc-pvtz) + VEA (aug-cc-pvtz)), while ωB97x/cc-pvtz refers to calculation performed using the cc-pvtz for both VEA and anionic excitations. EOM-CCSD/MBS means VEA calculated at CCSD(T)/aug-cc-pvtz level, and anionic excitation at EOM-CCSD/cc-pvtz level. EOM-CCSD/cc-pvtz means VEA calculated at CCSD(T)/cc-pvtz level, and anionic excitation at EOM-CCSD/cc-pvtz level. In order to judge the relevance of calculating excitation energies and vertical electron-affinities using two different basis sets, one can compare the results obtained with a multi basis-set (MBS) and using only cc-pvtz basis set. By doing so, there is quite a difference in the coefficients obtained from the linear interpolation since m = 0.829, b = -0.124 eV and rms = 0.523 eV (Figure 3.8-(a)), showing the systematic error made on the evaluation of the vertical electron affinity when a small basis set is used. Not only the correlation coefficient decreases, but also the deviation from the curve is more important. This comparison supports the need for an evaluation of the excitation energies and the vertical electron affinity using two different basis sets. Performing calculations at B3LYP/MBS level gives the following coefficients: m = 0.980, b = 0.191 eV and rms = 0.464 eV (Figure 3.8-(b)). These results do not seem to be so different from the one obtained with the ωB97x functional, while the rms is larger with B3LYP. However, it is noteworthy that the quite good results using B3LYP originate from an error compensation occurring when we calculate the electron affinity (see above) and anionic excitations. To evaluate the efficiency of the multi-basis-set ωB97x/MBS calculation, a comparison with Coupled-Cluster methods has been done for a restricted sample of 18 resonances (mainly due to the higher computational cost of the Coupled-Cluster methods). The EOM-CCSD method has been used with the cc-pvtz basis set to evaluate the anionic excitation energies while CCSD(T) with aug-cc-pvtz basis set has been used to evaluate the vertical electron affinities. As above, a linear őt of the data has been done and gave the following coefficient for Coupled-Cluster methods CHAPTER 3. TD-DFT METHODS FOR CALCULATING ELECTRON-ATTACHMENT ENERGIES (Figure 3.9): m = 0.900, b = 0.064 eV and rms = 0.390 eV. For this reduced sample, with m = 0.935, b = -0.112 eV and rms = 0.379 eV, ωB97x/MBS performs as well as Coupled Cluster.

Previously, Sommerfeld [3] has calculated excitations and vertical electronaffinities using Coupled Cluster together with the cc-pvtz basis set on a large set of 63 states. He obtained a linear őt with m = 0.857, b = -0.387 and rms = 0.63 eV. These relative poorer results compared to ours show once more that evaluating the vertical electron-affinity and the excitations with different basis sets is important in order to accurately evaluate the vertical attachment energies. Of course, coupled cluster calculations are expected to be improved using a higher quality basis set (e.g., 5-ζ or 6-ζ + more polarization functions), or by including corrections for the triple excitations as e.g. EOM-CC3, to evaluate excitation energies. But those calculations will be much more cumbersome than the present (TD-)DFT methodology.

Applications

In our work, we collaborated with experimental teams from Poland and France, on two different projects : the production of methanol from acetonitrile-water őlm irradiated by electrons, and the DEA of metabolites oxaloacetic and citric acids.

Production of methanol from acetonitrile-water film irradiated by slow electrons

This project concerns "Chemistry in Acetonitrile-Water őlms induced by slow (< 15 eV) electrons" and was published in ref [43]. For this project we collaborated with H. Abdoul-Carime, F. Charlieux (France) and J. Kopyra (Poland). The aim of this work was to explore the possible mechanisms leading to the formation of methanol (CH 3 OH) from acetonitrile-water őlms exposed to low energy electrons.

Experimentally, a őlm made of water and acetonitrile (CH 3 CN) was deposited on a gold surface and then exposed for one hour to irradiation by electrons with energy ranging from 5 to 14 eV, at a temperature of 85 Kelvins. Then, using Temperature Programmed Desorption techniques (cf paragraph 1.6), neutral fragments were detected (after ionization) using a mass spectrometer. A signiőcant production of m/z 32 species was observed and attributed unequivocally to methanol. The methanol yield as a function of the incident electron energy (Figure 3.10) shows a peak around 11 eV, and the production threshold of methanol is observed for incident electron energies of about 7 eV. Theoretically, the resonant electron attachment energies for H 2 O is evaluated with the multibasis set TDDFT method [15] (see paragraph 3.3). The VEA is calculated to be -0.72 eV for H 2 O.

Experimentally, water electron transmission sprectrum exhibited broad peaks around 6-8 eV, 8-10 eV and 10-14eV [44] The trapping of the extra electron is associated mainly with core-exited resonances (e.g. 7.40 , 9,60 and 11.66 eV) but it can also occur via single particle resonance (e.g. 0.72, 10.69 and 11.96 eV). Those őndings are in agreement with experimental results [44] and previous theoretical works based on real-time TDDFT simulations [45].

The resonances of acetonitrile, whose anionic ground state has a dipole-bound feature (the electric dipole moment of the molecule is calculated to be 4.07 D, in agreement with the experimental data of 3.924 D [46], while the electron lies at ∼ 10 meV), are obtained with the stabilization method coupled with TDDFT calculations (cf paragraph 3.2.2). The excited states of the ion are obtained at the ωB97x/aug-ccpvtz level, where the most diffuse exponents of the basis set are scaled by a factor α = 0.2-3. The calculated [CH 3 CN] -anion state is shown in Figure 3.12. Experimentally, acetonitrile electron transmission spectrum exhibits a sharp peak around 2.8 eV and broad and weak resonances around 5.7 and 6.8 eV [47], matching with our predictions for resonances at 2.9 eV, 6.14 and 7.03 eV (R-matrix calculations predicted resonances around 2.4 and 6 eV [48,49]). The trapping of the extra electron is associated with either a single particle resonance (e.g., 6.52, 9.10, and 11.66 eV for CH 3 CN) or a core-excited resonance. We have veriőed that the electronic structure and the resonance energies of the acetonitrile molecule were little affected by the presence of neighboring water molecules in the 5-13 eV range by investigating a cluster of three water molecules surrounding one acetonitrile molecule (see Figures 3.13 3.12). The shape resonance energies are shifted to lower values compared to the gas phase (Figure 3.12): the shape resonance calculated at 2.90 eV in gas phase is shifted to 2.52 eV, that obtained at 6.52 eV is now between 6.55 and 6.82 eV, that at 9.10 eV is between 7.97 and 8.63 eV. Source: [43] Table 3.4 : Gibbs free energies of fragmentation and reaction resulting in the production of Methanol, calculated at the ωB97x/aug-cc-pvtz level at 85 K. Enthalpies and Gibbs free energies of fragmentation are calculated at the ωB97x/augcc-pvtz level at 85 K. Energetics of dissociation reactions are provided in Table 3.4 and Figure 3.15.

Reaction (a) corresponds to the fragmentation of the H 2 O precursor molecule for the production of the •OH radical. The production of H -and •OH is the dominant channel observed from both the gas [50] and condensed phase studies [51]. The experimentally observed resonances, whether from this work or the litterature agree with the presently calculated states, i.e., excitation of a core electron from the HOMO to the LUMO or LUMO+1 concomitantly with the trapping of an electron into the LUMO, which presents a dissociative σ* character.

Reaction (b) corresponds to the fragmentation of CH 3 CN precursor molecule for the production of •CH 3 radical. The gas phase [52] and the őlm [53] experiments have shown the CN -and CH 3 and the H -to be relatively important among all the accessible fragmentation pathways. The temporary anion states are provided in Figures 3.11 and 3.12 for water and acetonitrile, respectively. They arise from both the single particle (in the gray box) and the core-excited resonances. Commonly to all DEA signals [50,51,52,53], i.e., CN -/CH 3 CN, H -/CH 3 CN, and H -/H 2 O, the threshold of appearance of the anion signals is observed at around 6-7 eV and agrees well with the observation of CH 3 OH production starting at 7 eV (see Figure 3.10).

The synthesized alcohol must arise from the reaction induced by the concomitantly generated radicals, i.e., •CH 3 /CH 3 CN and •OH/H 2 O. Indeed, we have theoretically explored different scenarios, as listed in Table 3.4, i.e., reactions (d), (e), and (f). Reactions (e) and (f) for methanol production, via •OH + CH 3 CN and •CH 3 + H 2 O, are found to be endothermic by 2.37 and 1.10 eV, respectively, indicating that these one-electron processes are not likely to be energetically accessible. In contrast, the reaction between the two close-by radicals, i.e., •CH 3 + •OH, initially produced by the decomposition of each precursor by an electron, is found to be exothermic by 3.8 eV [Table 3.4, reaction (d)], thus energetically accessible. We conclude that the methanol produced in Figure 3 3.4). Source : [43] The irradiation of acetonitrileśwater őlms (2:1) by low-energy electrons presented in these laboratory studies may, to some extent, reŕect a possible rich chemistry in atmospheric aerosols or space icy dusts. Within the experimental conditions, we show that methanol can also be effectively synthesized by electrons with energies as low as 7 eV.

The present outcomes may, for instance, potentially contribute to a better understanding of the chemistry occurring in the troposphere of Titan and information may also increase the knowledge on the chemistry of the Earth's atmosphere. Particularly, the poorly understood presence of methanol as the second most abundant atmospheric gas [54] can be related to the emission of CH 3 CN from the frequent wildőres burning due to the climate change. Theoretically, for all strudied molecules, VEA is calculated at ωB97x/aug-cc-pvtz level. For the OAA, it is found to be positive by 0.20 eV 3 . The dipole moment is calculated to be 1.87 D. The average quadrupole moment and the isotropic polarizability are calculated to be -49.08 D.Å and 9.43 Å 3 . In contrast to OAA, the VEA of CA is calculated to be negative (-1.52 eV). The average dipole and quadrupole moments and isotropic polarizability are estimated to be 3.33 D, -71.12 D.Å and 14.08 Å 3 , respectively. The resonant attachment energies were investigated using the MBS method for OAA and the stablisation method for CA. Finally, the enthalpies and the Gibbs free energies of the fragmentation are calculated at ωB97x/aug-cc-pvtz level at 400 K.

We will őrst consider the mechanism of the electron attachment for the formation of the temporary negative ion before considering the energetics for the production of the negative species and their neutral counterparts. The calculated states presented here are associated with single particle resonances, except the resonance at 3.69 eV which corresponds to a coreexited resonance where attachment of the alpha electron in the LUMO is concomitant with a HOMO-to-LUMO transition of the beta electron. Source : [55] For the OAA, the calculated MOs indicate that the excess electron occupies pure valence orbitals (Figure 3.17) prior to the fragmentation of the temporary negative ion via competitive channels. In the stable anion (energy of -0.20 eV in Figure 3.17), the extra electron is located in a π-type orbital at the COCOOH moiety of the OAA. In contrast, the electron is located on the other moiety (CH 2 COOH group) of the molecule for excitation at 1.92 eV. Localization of the electron on peripheral hydroxyl groups occurs according to our calculations at 3.17 and 3.32 eV. The calculated states presented in Figure 3.17 are associated with the single particle resonance, except the ELECTRON-ATTACHMENT ENERGIES resonance at 3.69 eV for which the attachment is done via core-exited resonance.

The case of CA (Figure 3.18) is interestingly different. The three lowest molecular orbitals exhibit a strong contribution of a very diffuse MO associated to a "multipole-"bound anion (due to the high values of the dipole and quadrupole moments and polarizability of the CA). Particularly at ∼ 0 eV, the diffuse orbital encloses all three carboxyl groups (Figure 3.18). The next diffuse MO localized at 0.1 eV is found to be close to the side carboxyl groups while at 0.16 eV, the excess electron density is localized near the central hydroxyl group. This diffuse "multipole-"bound state may then couple to the valence MOs, leading to the opening of very rich molecular dissociation decay channels, as observed in ref [55]. At the energy of 1.52 eV, the excess electron occupies pure valence MOs and the DEA is associated with the single particle resonance. In experiments for both molecules, the threshold for the molecular dehydrogenation was measured near 0 eV (0.14, 0.48 and 0.88 eV for [OAA-H] -and 0.01 and 0.99 eV for [CA-H] - [55]). The energetics for the production of the hydrogen atom associated with the [M-H] -anion (M: OAA or CA), and also for the loss of the HCOOH moiety, which has been observed for both OAA and CA, were investigated (see Table 3.5). For both molecules, the formation of the dehydrogenated parent anion has been found inaccessible with 0 eV at 0 K (reaction enthalpies of 0.95 eV and 0.89 eV, respectively). The Gibbs free energies were also calculated at 400 K for both molecules. The dehydrogenation reaction from OAA is found to be 0.19 eV. These results, for which the loss of the hydrogen atom arises at the carboxyl site, are in relatively good agreement with the experimental observations (0.14, 0.48 and 3.4. APPLICATIONS 0.88 eV [55]). In the case of CA, the dissociation threshold at 400 K is calculated to be 0.17 eV, in relatively good agreement with the experimental observation (0.01 and 0.99 eV [55]). It is noteworthy that the loss of the hydrogen atom arises from the middle site carboxyl groups, while for the side carboxyl and the hydroxyl groups, the reaction energy is higher, i.e., 0.22 eV and 1 eV, respectively. We have also examined the channel leading to the loss of either (H + COOH) or (HCOOH) for both molecules. For the citric acid, producing neutral H + COOH requires ∼4.7 eV at 0K and ∼3 eV at 400 K (Table 3.5). On the contrary, the cleavage of the central COOH and the H atom from the side carboxyl group concomitantly to the H + COOH recombination is exothermic by 0.80 eV (at 400 K). Since this channel has been observed near 0 eV (0.0 eV [55]), we suggest the recombination to arise. The energetic scenario for the molecular dissociation is found to be similar for the oxaloacetic acid (Table 3.5, experimentally observed at 0.14 eV [55]). In the case of OAA, the most intense peak observed at 0.17 eV [55] is measured for the decay channel leading to the loss of a m/z = 70 fragment. The latter is likely to be associated with the loss of neutral (HOCOOH) to form the [OAA-HOCOOH] - negative ion fragment. The reaction energies require 1.06 eV at 0 K, but only 0.13 eV at 400 K.

The present work reports a comparative study of dissociative electron attachment to oxaloacetic and citric acid. The two molecular systems show fragmentation of the transitory negative ion by near 0 eV electron attachment to the neutral parent molecule. However, the process is completely different in both molecules. Indeed, for the oxaloacetic acid, the dissociation operates via the attachment of the excess electron into some valence molecular orbital while for the citric acid, it is very likely to arise initially from the formation of a "dipole-multipole-"bound anion as a gateway for the dissociation of the covalent temporary negative ion. The decomposition of both metabolites by low-energy electrons could be associated with a disturbance of a cell's metabolism, and therefore the results found here may represent important CHAPTER 3. TD-DFT METHODS FOR CALCULATING ELECTRON-ATTACHMENT ENERGIES pathways of radiation induced cell damage.

Concluding remarks

In conclusion, the stabilization method and the multi-basis set method have proved to be complementary tools to evaluate electron attachment energies and also furnish valuable interpretation of resonances by providing molecular orbitals in which the incoming electron is trapped, and possibly the electron-scattering cross-section. The methods do not require any empirical parameters, and can treat both shape and core-excited resonances.

Moreover, the multi-basis set method has proved to be an excellent compromise between computational efficiency and accuracy, provided that an appropriate density functional is used and that only valence states are explored. The use of a large basis set (with diffuse functions) to compute the electron affinities results in accurate quantitative predictions, while the use of a less expanded basis set to obtain the anionic excitations prevents the occurrence of intruder discretized continuum states.

Lastly, some future perspective could be to extend the methodology to solvated systems or organometallic molecules. An interesting development would be to extend the method to the GW and BSE formalism.

Weakly bound anions from a post-Hartree-Fock perspective

Computing electron binding energies (eBE) associated with non-valence states (weakly bound states) is quite challenging and requires non-standard basis sets and electronic structure methods. Indeed, as weakly bound anions are characterized by the very diffuse orbitals occupied by the excess electron and their very low electron binding energies, a very large basis set with extra diffuse functions is needed [1,2,3]. Nevertheless, the mere use of very large basis sets is not sufficient in order to describe correctly the properties of weakly bound anions. While Hartree-Fock calculations combined with an extra large basis set might bind the additional electron in the case of a dipole-bound state, but usually with a signiőcant underestimation of the binding energy, they are unable to bind the excess electron in the case of correlation-bound anions or quadrupole-bound anions. In such cases, the Hartree-Fock orbital of the excess electron will describe a neutral system plus an electron in a discretized continuum orbital [4]. Moreover, post-Hartree-Fock methods, such as MP2 or CCSD(T), are expected to fail to bind the excess electron even when using adapted basis sets.

In order to describe weakly bound anions, particularly in the case of quadrupolebound or correlation-bound anions, methods allowing the singly occupied orbital to relax in response to the dispersion-type correlation effects are needed [5]. Nowadays, the state-of-the-art for describing weakly bound anions are EOM-CCSD methods [6] combined with the use of extra diffuse functions (7s,7p orbital functions) centered on the molecular center of mass or the area in which the excess electron is expected to lie in. The reason for using molecule centered orbital functions is to reduce the computational cost. These methods scale in n 8 with the number of orbital functions, then adding extra diffuse functions around all atoms would result in a drastic increase of the computational cost [3]. Henceforth, these methods are limited to fairly small systems.

A good alternative to post-Hartree-Fock methods, with far less computational costs, resides in DFT. If the latter were able to describe weakly bound anions, this could offer some perspectives to study larger systems. In 2009, Takayanagi and coworkers [7] reported a theoretical study on uracil and calculated some properties of dipole-bound states using the functional BH&HLYP [8] with a 50 % portion of Hartree-Fock exchange. In their work, the eBE for the dipole-bound state was calculated to be about 125 meV which compares relatively well with the experimental value from Desfrançois et al. [9] of 54 ± 35 meV. In order to evaluate the reliability of calculations using global hybrid functionals, we have considered, BH&HLYP and B3LYP (19% of Hartree-Fock exchange) [11,12] functionals for a couple of molecules. We used the diffuse (3sp)-aug-cc-pvtz basis set, which includes several atom-centered extra-diffuse functions (see paragraph 4.3.2 for details about it). The results can be found in Table 4.1. Overall, there is a reasonable agreement with experimental values. However, in order to ensure that the description of the orbitals is correct, we evaluated and plotted the radial distribution function (RDF) of the orbital occupied by the additional electron using the Multiwfn software [13]. In The RDF exhibits two separated hills. For acetaldehyde and acetone (Figure 4.2-(a) and (b)) they are around 5 and 30 Å, and around 5 and 35 Å for the nitromethane. Therefore, instead of having a single hill at large distance corresponding to a weakly bound state, there is a hill with half a charge quite close to the molecule, and a second one corresponding to the rest of the charge at inőnity, here conőned at about 30-35 Å due to the őniteness of the basis set. Consequently, the relatively satisfying In order to treat weakly bound anions correctly, it is necessary to work with a range-separated hybrid (RSH) functional with 100 % Hartree-Fock exchange at long range. We have chosen the ωB97x [14] RSH functional that is one of the most efficient functional for a wide variety of applications. It has also been used recently to tackle the calculation of resonant electron attachment energy and performed quite well [15] (see Chapter 3).

Basis sets

Describing weakly bound states requires a large basis set, augmented with extra diffuse functions. We constructed such a basis set from aug-cc-pvtz [16]. It was completed, by adding extra diffuse functions with s and p symmetry. The additional exponents were obtained by multiplying the previous most diffuse exponent by 0.3 as suggested in refs [17,18]. The constructed basis sets in this work are called (Nsp)-aug-cc-pvtz where N stands for the number of s and p functions added. In the following, (0sp)-aug-cc-pvtz will refer to the aug-cc-pvtz basis set.

Results

We have considered a large sample of molecules (Figure 4.3). It is composed of molecules studied in ref [19] 1 and for which the experimental value for eBE is available. The sample was enlarged with other types of system, such as correlationbound/quadrupole-bound anions. In those cases, the eBE will be compared with theoretical results from previous EA-EOM-CCSD calculations or available experimental values. 

Electrostatic description

The dipole moment and isotropic polarizabilty have been computed using (0,1,2,3 and 4sp)-aug-cc-pvtz basis sets. The values obtained for dipole-moment and isotropic polarizability remain constant with the size of the basis set (see table 4.2 and table 4.3). They are in agreement with available experimental data. Calculated dipole-moments are usually around 0.3 D from the experimental values, except for pivaldehyde where the calculated value overestimates by ∼ 0.9 D the experimental one. Regarding the isotropic polarizabilities, the calculated values are about 1 Å 3 lower than experimental values, one exception being nitromethane where the calculated value is 2.65 Å 3 from the experimental one for an unknown reason. So, the overall description of electrostatic properties such as dipole-moment or polarizabilities is quite accurate. Calculated eBE can be found in Table 4.4. At (0sp)-and (1sp)-aug-cc-pvtz levels, the electron is unbound, therefore, these basis sets are not adapted to treat these systems, even though the orbital corresponding to the ground state anion is a weakly-bound like orbital but too contracted. To illustrate that, we calculated and plotted the Radial distribution function of the electron around the acetone molecule for all considered basis sets (see Figure 4.4). In the case of (0sp) and (1sp)-aug-ccpvtz, though the orbitals are dipole-bound like, the electron still remains too close to the molecules for the systems to stabilize the electron. The (2sp)-aug-cc-pvtz is the őrst basis set in our selection that allows the molecules to bind the excess electron. Eventually, eBE does not vary signiőcantly when calculated with (3sp)-or (4sp)-aug-cc-pvtz.

In order to őnd the most appropriate basis-set, we have calculated the eBE to the nitromethane molecule using gradual extensive basis sets. First, we generated intermediate basis sets between (1sp) and (2sp): to (1sp)-aug-cc-pvtz, we added one s and p functions whose exponents were obtained by multiplying the previous most diffuse exponents by successively 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3 (the multiplicator of 0.3 gives (2sp)-aug-cc-pvtz). Similar processes were made starting from (2sp) and (3sp) until reaching (4sp)-aug-cc-pvtz. The curve representing the nitromethane eBE with respect to the spatial extent is plotted in Figure 4.5. This curve exhibits an optimal value with the (3sp)-aug-cc-pvtz basis set augmented with one additional s and p functions whose exponents were determined by multiplying by 0.8 the previous ones. However, we notice that the eBE does not vary a lot between (3sp) or (4sp)-aug-cc-pvtz basis set (∼ 2 meV in the least favorable case for the acetone molecule, see Table 4.4). Therefore, we have chosen to consider the results obtained with the (3sp)-aug-cc-pvtz basis set. The calculated values with the (2sp)-aug-cc-pvtz basis set are closer to the experimental data, even though the basis set is not the one giving maximum eBE. Overall, the agreement between the calculated eBE with (3,4sp)-aug-cc-pvtz basis set, and the experimental data remains satisfying. The root-mean-square deviation from experimental values is calculated to be 19.52 meV. The least favorable case is with the succinonitrile where the calculated value is 33.8 meV lower than the experimental value. The most favorable case is the benzonitrile where the calculated value is 5.3 meV above the experimental value. In most cases, the calculated eBE value overestimates the experimental one, the exceptions being : FMgF, NaONa, perŕurobenzene, succinonitrile and thymine. For all those molecules, correlation is expected to be an important contribution since FMgF, NaONa and perŕurobenzene are expected to form quadrupole-bound and correlation-bound anions which can only be described including correlation effects. For succinonitrile and thymine we can compare with experimental values, and the calculated eBE underestimates the experimental one by ∼ 30 meV. For the other three molecules, it is only possible to compare with other theoretical calculations that are expected to be quite accurate [5,10]. For FMgF, our calculated value is 120 meV smaller than the one calculated by Sommerfeld [10]. For NaONa, we are unable to converge toward a weakly bound state with basis sets larger than (1sp)-aug-cc-pvtz. For the perŕurobenzene, we are unable to converge toward a weakly bound states with basis sets larger than (2sp)-aug-cc-pvtz. The reason for this might be a somewhat insufficiently good description of correlation. This will be detailed in paragraph 4.3.4. The RDF corresponding to the excess electron around the acetaldehyde, acetonitrile, pyridazine and thymine molecules are plotted in Figure 4.6. It appears that the (2sp)-aug-cc-pvtz basis set keeps the excess electron closer to the molecule and larger basis sets stabilize the electron further away, conőrming the need to use a larger basis set than (2sp)-aug-cc-pvtz in order to have a good convergence for weakly bound states with the ωB97x functional. The plotted RDF with (3,4)-aug-cc-pvtz basis set are quite similar and exhibit the expected behavior: a diffuse orbital (hill around ∼ 12-20 Å) corresponding to a bound state. In the case of acetonitrile and thymine, the two RDF at (3,4sp)-aug-cc-pvtz level are almost identical. Lastly, we also compared the RDF we calculated for the FMgF molecule to the density of the excess electron calculated by Sommerfeld at the EOM-CCSD level in ref [10]. Both curves are quite similar (see Figure 4.7), suggesting that RSH-DFT could provide RDF competing with the ones calculated with post-Hartree-Fock methods.In the future, we would like to extend our sample of molecules in order to compare RSH-DFT results with other theoretical works. Therefore, DFT calculation with RSH functional is able to describe weakly bound anions. eBEs are calculated with a precision of about ∼ 0.02 eV and the RDF description does not exhibit the ŕaws obtained with global hybrid functionals and can be compared with other previous theoretical works. Nitromethane exhibits two different anionic states with two different geometries (see Figure 4.8). In the dipole-bound geometry, CNO 2 adopts a planar structure. In constrast, in the geometry of the valence states the two oxygen atoms are out of the plane. Going from one geometry to the other can be done by modifying the dihedral angle CNOO and by rotating CH 3 with respect to the CN axis. The strong dependency of the adiabatic electronic state on the nuclear coordinates leads to an avoided crossing.

Nitromethane has been studied both theoretically and experimentally [24,28,29,30]. The eBE of nitromethane has been experimentally measured to be about 12 ± 3 meV [24] and theoretically calculated, using CCSD(T) calculations, to be about 13 meV [29]. Using DFT, we slightly overestimate the eBE of nitromethane and calculate it to be about 27 meV.

Using TD-DFT and the (3sp)-aug-cc-pvtz basis set (Figure 4.9-(a)) we were able to draw an avoided crossing structure between the dipole-bound and valence state of nitromethane. We generated intermediate geometries between the geometry of the dipole-bound and the valence anion by linearly interpolating the atomic positions between the two initial and őnal geometries. Then, using TD-DFT, we calculated the őrst excited states. Before the avoided crossing, when nitromethane still exhibit a dipole-bound ground state, the excitations yield many transitions toward the discretized continuum and a careful analysis was required in order to spot the transition between the dipole-bound state and the valence state. After the crossing, the őrst excited state corresponds to the dipole-bound state and the ground state is of valence type. In our work, since the energy of the ground state is calculated at the DFT level, the valence state lies below the dipole-bound state as expected. More precisely, the former lies 0.2 eV below the dipole-bound state, which is in good agreement with the Coupled-Cluster value of 0.21 eV [29].

Intermediate geometries

Intermediate geometries In 2002, Sommerfeld studied the avoided crossing between the dipole-bound and valence states of nitromethane using EOM-CC methods [30]. He was able to plot the adiabatic surface between the dipole-bound and valence state by calculating the energies of the ground state and the őrst excited state using EOM-CC methods. However, the use of such a method underestimates the adiabatic electron affinity of the anionic valence state. For this reason, the valence state appears above the dipole-bound state in Figure 4.9-(b). But in this work Sommerfeld was not so much 4.3. WEAKLY BOUND ANIONS WITH RANGE-SEPARATED HYBRID FUNCTIONALS interested in the relative energies but rather the avoided crossing's structure.

Therefore, using TD-DFT we are able to draw the adiabatic avoided crossing between the dipole-bound and valence state which can then lead to further analysis using diabatization procedures in order to evaluate the coupling term between the two states. Being able to construct this kind of avoided crossing structures between valence and non-valence state (weakly bound anions) could allow studying more complicated systems exhibiting the same kind of feature. For example, uracil possesses both a valence and dipole-bound state [7,9] which most probably exhibits an avoided crossing structure. In the case of guanine-cytosine pair, adenine-thymine pair or perŕuorobenzene [5,31], theoretical works already proposed a description of avoided crossing structures and the calculation of the coupling term for those systems using EOM-CC or EOM-MP2 methods.

Possible improvements

In order to achieve a better agreement between the calculated eBE and the experimental values and also be able to bind the excess electron on systems like NaONa or Perŕuorobenzene, there are issues to be adressed.

Optimization of the range-separation parameter in the ωB97x functional

Due to the too important convexity of the exchange-correlation potential, the latter tends to go to zero slightly too rapidly. To correct this ŕaw, it is possible to őne tune the range-separation parameter ω [32,33,34,35]. To do so, the range-separation parameter ω (see paragraph 2.3.3, equation (2.42)) can be chosen so that the energy of the HOMO is equal to the opposite of the ionization potential [32,35]: IP(ω) = -ϵ HOMO (ω).

(4.1)

Since the calculated eBE are of the order of ∼ 1-100 meV, a small change in the exchange correlation potential could play a signiőcant role in the evaluation of the eBE. For a couple of systems, we looked for the optimal value for ω such that equation (4.1) was satisőed up to 10 -1 eV (see Table 4.5). However, the calculated eBE were not signiőcantly affected, the largest change occurring for the nitromethane where the difference is of 1.12 meV. To investigate further the inŕuence of ω we tried varying ω from 0.1 to 1.0 Bohr -1 but the change in the calculated eBEs were up to ∼ 3-6 meV in the most extreme cases, which does not provide values closer to the experimental ones being of 0.36 and 12 meV for acetaldehyde and nitromethane respectively. These results can be found in Figure 4.10. Therefore, we think that the range-separation parameter optimization is not what primarily causes the overestimation of eBEs. 

The influence of the correlation

Since correlation is expected to play an important role for weakly bound anions, we tried using double-hybrid functionals. Namely, we used PBEQIDH [36]. The latter is built as a global hybrid, including 70 % of exact Hartree-Fock exchange while the correlation part contains 33 % of Møller-Plesset MP2 contribution. Due to its global hybrid character, PBEQIDH is not expected to perform better than ωB97x, FUNCTIONALS but it can inform us on the role of the correlation by analyzing the importance of the MP2 contribution to the eBE. To do so, we calculated:

∆E 2 = E 2 (Neutral) -E 2 (Anion), (4.2) 
where E 2 (Neutral) is the MP2 energy correction on the neutral energy and E 2 (Anion) the one for the anion. These energies are accessible in Table 4.6. Overall regarding the eBEs, as expected, PBEQIDH does not perform better than ωB97x. In most cases, the overestimation of the eBE is more important. The exceptions being thymine, FMgF, and perŕuorobenzene where the eBE evaluation gives values that are closer to the expected values for thymine and FMgF, and allowed to bind the excess electron in a correlation-bound state for the perŕuorobenzene at the (3sp)-aug-cc-pvtz level, even though the calculated eBE is still a lot smaller than the one calculated by Jordan et al. in ref [5]. The biggest MP2 contribution to the eBE are the one of FMgF, perŕuorobenzene and thymine with respectively an MP2 contribution of 80, 18 and 12 meV. Adding ∆E 2 to the eBE obtained with ωB97x for the thymine molecule or FMgF gives corrected eBEs of about ∼ 50 meV for thymine and ∼ 224 meV for FMgF, which is much closer to reference values (respectively 69 meV and 269 meV). Even though the density used to evaluate the MP2 correction is not the same as the one obtained with ωB97x, this gives interesting information about the potentially missing correlation energy with ωB97x. Additionally, for systems such as acetaldhyde, acetonitrile, acetone, nitromethane, where the electron mainly interacts via dipole-charge interaction, the MP2 contribution is relatively small compared to the calculated energy. We also calculated and plotted the RDF, it has been compared to the one obtained at the ωB97x/(3sp)-aug-cc-pvtz level ( In regard of all the exposed elements, it seems likely that the addition of an MP2 correction to RSH functionals could increase the eBE for quadrupole or correlationbound systems, without increasing the eBE of dipole-bound systems. A possibility could be to use range-separated double hybrid functionals or range-separated coupledcluster ones, as suggested by Kalai and Toulouse [37,38]. Furthermore, the addition of such a correction might stabilize the excess electron closer to the molecule for dipole-bound systems, which could give eBE smaller than those calculated with ωB97x and therefore give predictions closer to the experimental values. For quadrupole or correlation bound systems, this might facilitate the stabilization of the excess electron and could allow describing systems like perŕuorobenze or NaONa that were inaccessible to ωB97x.

Concluding remarks

To conclude, DFT with RSH is able to describe weakly bound anions with satisfying accuracy. The calculated RDF does not present the ŕaws of the ones calculated with global hybrid functionals, and corresponds to long-distance bound states as expected. We have also shown using TD-DFT that RSH can provide avoided crossing curves between weakly bound states and valence states. These results represent a possible doorway to more systematic studies of weakly bound anions using DFT. Some possible improvements have been proposed in order to predict eBE closer to the experimental values. By doing so, we have presented the importance of the correlation effects in the estimation of the eBE based on calculations performed with double-hybrid functionals. These results suggest to use range-separated double hybrid or coupled-cluster functionals.

Lastly, studying weakly bound anions in the DFT framework forces one to explore the most fundamental aspects of the theory, as such states yield highly-non-local effects and low energies. In particular, this could lead to the construction of new functionals adapted to study such systems, which could be then used in other areas where non-local effects are also important.

Conclusion

In this manuscript, we have presented several approaches to evaluate electron attachment energies using (TD-)DFT in the context of low energy electron-molecule interactions. All the presented approaches required range separated hybrid functionals in order to provide a satisfying description of the anionic systems. The studied systems were usually organic molecules composed of 3-20 atoms.

First, we presented the stabilization method in order to calculate electron attachment energies. This method allows to couple the continuum states, corresponding to the incident electron, with discrete states of the studied molecules. It is done by performing TD-DFT calculations and varying the spatial extent of the basis-set. Such methodology allows discriminating bound states from continuum states, discretized due to the őniteness of the basis set, and allowing studying both single particle and core exited resonances.

Afterward, we proposed a new methodology allowing to obtain accurate electronattachment energies, involving a simpler analysis than the stabilization method and being less cumbersome than methods like R-matrix method. To do so, the vertical electron affinity and the excitation energies of the anion were evaluated separately. The vertical electron affinity was evaluated using DFT with a large basis-set, and the excitation energies were evaluated using TD-DFT and a smaller basis set. Such methodology allowed to calculate the electron attachment energies for electrons in valence orbitals. We provided an extensive benchmark of the overall performances of the methodology that shows a good agreement with available experimental data.

Then, we presented results obtained in the context of a collaboration with experimental teams from Poland and France. We őrst presented a study of irradiation of acetonitrile-water őlms by low energy electrons in which the stabilization method and the multi-basis set methods were used to calculate the electron attachment energies of water and acetonitrile molecules. The calculated results were supported by the experimental data. We then presented a comparative study of dissociative electron attachment to oxaloacetic acid and citrid acid that has also shown the predictive nature of both methods.

In the last chapter, we have brieŕy reviewed how to study weakly bound anions using post-Hartree-Fock methods, and we have been able to show that DFT calculcations with range separated hybrid functionals were able to satisfyingly describe weakly bound anions. To do so, we had to construct very diffuse basis-sets allowing to describe correctly weakly bound anions orbitals. After verifying that the electrostatic properties (e.g. dipole-moment, polarizability) of the considered molecules were correctly evaluated theoretically, we presented our results regarding the electron binding energies and the radial distribution functions for the considered systems. Overall, the agreement with experimental values was correct, however we reported a tendency to overestimate the electron binding energy for dipole-bound anions and underestimate the electron binding energies for quadrupole and correlation bound anions. We have also presented a preliminary work about avoided crossings between the valence state and the dipole bound state of the nitromethane anion.

There are some interesting perspectives for the presented work. The main one would be to calculate electron attachment cross-sections with the stabilization method. Regarding the multi-basis set method, the methodology could be extended to solvated systems, as it has been done in our studies of acetonitrile:water őlms, by explicitly taking into account the neighboring water molecules in order to have a more realistic description of biological systems. A joint project with a brasilian team should start studying this. It would also be interesting to see if the method performs as good on organometallic systems. Lastly, a new development could be to extend the method to the GW and BSE formalism.

Regarding weakly bound anions, these are systems requiring to explore DFT at a more fundamental level in order to have a better description of the considered systems. In the manuscript, we have proposed using range separated double hybrid or coupled cluster exchange correlation functionals, as they would deőnitely improve the evaluation of the correlation energy.
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 313 Figure 1.3 : Diagrammatic representation of all the different pathways for a generic molecule AB. Source: Adapted from [33].
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 15 Figure 1.5 : Schematic definition of single particle and core-excited resonances.
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 13116 Figure 1.6 : Representation of the effective electron-molecule potential.
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 17 Figure 1.7 : Schematic representation of the nomenclature for singleparticle and core-excited resonances corresponding to temporary negative ion. Source: Adapted from [33].
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 18 Figure 1.8 : Schematic representation of the competition between auto-detachment and dissociative attachment for a temporary negative ion. Source: Adapted from [33].

Figure 1 . 9 :

 19 Figure 1.9 : Schema of the various definitions of Electron Affinity, where the black horizontal line corresponds to the zero point energy of the considered system.

Figure 1 . 10 :

 110 Figure 1.10 : Qualitative plots of total potentials experienced by a valence electron for neutral, cationic or anionic systems. Horizontal axis gives the distance between the electron and the molecule. Source: adapted from [63].
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 1 Figure 1.11 : p-type Valence orbital of carbon atom in the neutral and anionic state. The calculation done with DFT at the ωB97x/aug-cc-pv5z level. The surface shown encloses 70 % of the charge density.
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 112 Figure 1.12 : (a) Dipole-bound type orbital for the acetonitrile (CH 3 CN) molecule. (b) Quadrupole-bound type orbital for the FMgF molecule. (c) Correlation-bound type orbital for the Perfluorobenzene (C 6 F 6 ) molecule. All surfaces shown encloses 50 % of the charge density.
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 113 Figure 1.13 : Schema of principle of Electron Attachment Spectroscopy experiment.
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 114 Figure 1.14 : Schema of Electron Transmission Spectroscopy experiment, adapted from [62].
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 115 Figure 1.15 : Schema of principle for temperature programmed desorption experiment.
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 2 AB INITIO METHODSUsing (2.31) one gets
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 21 Figure 2.1 : Scheme of the Self-Consistent resolution of the Kohn-Sham equation. η represents the convergence criterion.
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 41512 where E LR-HF x is the long range exchange operator that includes a growing fraction of exact Hartree-Fock exchange with r. E SR-HF x is a short-range exchange operator, AB INITIO METHODS including exact Hartree-Fock exchange. E SR-DFA
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 63584 Equation (2.62) is known as the Dyson equation. It relates the response function of the interacting system to the response function of the Kohn-Sham system. From now on, we will work in the Fourier space (in the frequency domain) since the convolution TIME-DEPENDENT DENSITY FUNCTIONAL THEORY FOR EXCITED STATES theorem simpliőes the equations we have. The Dyson equation now writes:
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 331 Figure 3.1 : Schematic representation of the electron attachment energy.
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 32 Figure 3.2 : Stabilization graph for CCl 2 F 2 using the TDDFT method
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 34 Figure 3.4 : (a) Dipole-bound like orbital of nitromethane molecule found for α = 0.5 (b) Valence type orbital of nitromethane molecule found for α ≥ 0.5
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 35 Figure 3.5 : Schematic representation of the prediction of the vertical electron attachment energies. The vertical electron affinity (VEA) is calculated at DFT level using the large basis set aug-cc-pvtz, while the TDDFT excitations are computed with the non-augmented cc-pvtz basis set.
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 36 Figure 3.6 : Geometries of all the tested molecules optimized at the ωB97x/cc-pvtz level.
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 37 Figure 3.7 : Electron attachment energy: comparison of the experimental data and the calculated ωB97X/MBS values.
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 38 Figure 3.8 : (a) Electron attachment energy: comparison of the experimental data and the calculated ωB97X/cc-pvtz values. (b) Electron attachment energy: comparison of the experimental data and the calculated B3LYP/MBS values.
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 39 Figure 3.9 : Comparison of the experimental data and the calculated value obtained with ωB97x/MBS and EOM-CCSD/MBS (electron affinity (VEA) calculated at CCSD(T)/aug-cc-pvtz level, and anionic excitations at EOM-CCSD/cc-pvtz level).
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 310 Figure 3.10 : Integrated yield of methanol as a function of the incident electron energy. The 35 % error bars represent signal reproducibility (film thickness, electron current stability) and the 0.5 eV electron energy accuracy.Source:[43] 
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 311 Figure 3.11 : Calculated attachment energies (in eV) relative to the neutral ground state of H 2 O are given, together with the molecular orbitals involved in the trapping of the extra electron. Shape resonances: the orbital occupied by the extra electron is plotted in a gray background.Core-excited resonances: trapping of the colliding electron into the LUMO concomitantly with the promotion of a valence electron from the highest occupied molecular orbital (HOMO) to the LUMO + n state. Molecular orbitals of the neutral H 2 O are provided on the left. Source :[43] 

  . The calculated [H 2 O] -anion state is shown ELECTRON-ATTACHMENT ENERGIES in Figure 3.11.
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 312 Figure 3.12 : Calculated resonance energies (eV) and molecular orbitals associated to the attachment of the electron for acetonitrile molecule. Single-particle resonances: the orbital occupied by the extra electron is plotted in a gray background. Core-excited resonances: trapping of the colliding electron into the LUMO concomitantly with the promotion of a valence electron from the HOMO to the LUMO + n state. Molecular orbitals of the neutral CH 3 CN are provided on the left. Source: [43]

  and 3.14).
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 313 Figure 3.13 : Geometry obtained for a cluster containing 3 watermolecules and 1 molecule of acetonitrile. Geometry optimization done at the ωB97xD/aug-cc-pvtz level. Source:[43] 
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 314 Figure 3.14 : Calculated attachment energies (in eV) for the acetonitrile molecule surrounded by three water molecules. The energies relative to core-excited states (6.29, 7.10 and 8.20 eV) are very close to those of obtained in gas phase (6.14, 7.03 -8.23 eV, see Figure3.12). The shape resonance energies are shifted to lower values compared to the gas phase (Figure3.12): the shape resonance calculated at 2.90 eV in gas phase is shifted to 2.52 eV, that obtained at 6.52 eV is now between 6.55 and 6.82 eV, that at 9.10 eV is between 7.97 and 8.63 eV. Source:[43] 

  .10 requires (1) DEA to H 2 O, (2) DEA to CH 3 CN, and (3) recombination of the neighboring methyl and hydroxyl radicals. The broad structure observed in the yield function shown in Figure 3.10 is reminiscent of the convolution of the yield functions of CN -(+ CH 3 ) and H -(+ OH) reported in refs [50, 51, 52, 53]. . OH + H - CH 3 OH (-3.80 eV). CH 3 + CN -
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 315 Figure 3.15 : Reactions and Gibbs energies for the production of neutral CH 3 OH (Table3.4). Source :[43] 
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 3 TD-DFT METHODS FOR CALCULATING ELECTRON-ATTACHMENT ENERGIES3.4.2 Studies of DEA to Metabolites Oxaloacetic and Citric acidsThis project was in collaboration with J. Kopyra, P. Wierzbicka, A. Tulwin from Poland, I. Bald from Germany and H. Abdoul-Carime from France. The results have been published in ref[55].Experimentally, a quasi-monoenergetic electron beam perpendicularly crosses a molecular beam of Oxaloacetic Acid (OAA, Figure3.16-(a)) or Citric Acid (CA, Figure3.16-(b)). The negative ions were detected using a mass spectrometer. Experiments were undertaken at 400 Kelvins.
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 316 Figure 3.16 : Optimized structure of the (a) neutral oxaloacetic acid, (b) citric acid.The molecules were optimized at the ωB97x/cc-pvtz level of theory at 0 K. Source :[55] 
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 317 Figure3.17 : Calculated resonance energies (eV) and molecular orbitals associated to the attachment of the electron for oxaloacetic acid. The calculated states presented here are associated with single particle resonances, except the resonance at 3.69 eV which corresponds to a coreexited resonance where attachment of the alpha electron in the LUMO is concomitant with a HOMO-to-LUMO transition of the beta electron. Source :[55] 

Figure 3 . 18 :

 318 Figure 3.18 : Calculated resonance energies (eV) and molecular orbitals associated to the attachment of the electron for citric acid. Only single particle shape resonances are involved. Source: [55].
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 2 DESCRIBING WEAKLY BOUND ANIONS WITH DFT: THE CASE OF GLOBAL HYBRID FUNCTIONALS 4.2 Describing weakly bound anions with DFT: the case of global hybrid functionals
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 42 Figure 4.2 : Radial Distribution Function of the excess electron around acetaldehyde (a), acetone (b) and nitromethane (c) molecules, calculated with global hybrid functionals BH&HLYP and B3LYP. The green dashed line correspond to the RDF calculated with BH&HLYP functional and the black one to B3LYP functional.
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 43 Figure 4.3 : Geometries of the studied molecules. All geometries were optimized at the ωB97x/aug-cc-pvtz level.

  -cc-pvtz 2sp-aug-cc-pvtz 3sp-aug-cc-pvtz 4sp-aug-cc-pvtz

Figure 4 . 4 :

 44 Figure 4.4 : Radial Distribution Function of the electron around the Acetone molecule calculated with ωB97x functional and (1 [green],2 [blue],3 [red],4 [black]sp)-aug-cc-pvtz basis sets.
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 45 Figure 4.5 : Evolution of the electron binding energy with respect to the size and the spatial extent of the basis set.
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 346 Figure 4.6 : Radial distribution function calculated at ωB97x/(2,3,4sp)-aug-cc-pvtz level for (a) acetaldehyde, (b) acetonitrile, (c) pyridazine and (d) thymine. For acetonitrile and thymine, the RDF calculated with (3sp)-and (4sp)-aug-cc-pvtz are almost identical.
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 47 Figure 4.7 : (a) Radial Distribution Function for FMgF calculated at the ωB97x/(3sp)-aug-cc-pvtz level (b) Density of the excess electron for various molecules. The largest peak in orange correspond to what Sommerfeld obtained for FMgF. Source: [10]. The vertical axes do not have the same unit, on the left atomic units are used and on the right Å -1 .
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 348 Figure 4.8 : (a) Geometry of neutral nitromethane corresponding to the geometry of the dipole-bound state. (b) Geometry of the relaxed nitromethane anion.(c) Dipole-bound orbital of nitromethane. (d) Valence orbital of nitromethane.
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 49 Figure 4.9 : (a) Adiabatic avoided crossing between nitromethane dipole-bound state (on the left-hand side) and the valence state (on the right-hand side) evaluated with DFT/TD-DFT with (3sp)-aug-cc-pvtz basis set and ωB97x exchange-correlation functional.(b) Adiabatic and diabatic surfaces based on the EOM-CC data. Full circles represent the ab initio points of the adiabatic potential energy surface. 0 correspond to the dipole-bound geometry and 1 to the valence anion geometry. Source : [30]
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 410 Figure 4.10 : Calculated eBE using (3sp)-aug-cc-pvtz basis set, with respect to range-separation parameter ω for the (a) acetaldehyde and (b) nitromethane.
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 4411 Figure 4.11 : RDF calculated at the PBEQIDH/(3sp)-aug-cc-pvtz level in gold and at the ωB97x/(3sp)-aug-cc-pvtz level in red for (a) acetaldehyde (b) acetone (c) acetonitrile (d) FMgF (e) nitromethane (f) thymine. 120
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35) 

Equation

(2.34) 

is known as the Kohn-Sham equation and is really similar to the Hartree-Fock equation (2.17). As for Hartree-Fock theory, these equations are solved in a self-consistent way, and are referred to as Self-Consistent Field equations (SCF, see őgure 2.1). A őrst set of orbitals {ϕ i } is chosen to construct the Kohn-Sham Hamiltonian H KS

Choice of a

  and the Kohn-Sham equation (2.34) is replaced by two equations, one associated to a potential v α KH and the other to a potential v β KH .

Table 2 .

 2 

	.1).		
	There is a noticeable difference between the Hartree-Fock calculation result, and the
	HF	MP2 CCSD(T) ωB97x Expt
	0.4510 1.3053	1.2424	1.2397 1.2621

1 : Calculated electron affinity (EA) in eV, compared to experimental data for 4 S of Carbon atom. All calculations have been done using the same basis set: aug-cc-pv5z.

Table 2 .

 2 

	Expt

2 : Calculated electron affinity (EA) in eV with respect to the basis-set used, compared to experimental data for 4 S of Carbon atom. All calculations have been performed using DFT with ωB97x exchangecorrelation functional.

  and 3.35 eV respectively. Plot of the energies of virtual orbitals of CCl 2 F 2 relative
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  .6) for which experimental results of attachment energies are available from ETS or DEA measurements. The set contains 53 experimental resonances.

	benzaldehyde	benzene	benzonitrile	buta-1,3-diene	butadiyne	chlorobenzene
	cyanogen	dichlorodifluoromethane furan	GeCl 4	water	nitrobenzene
	nitromethane	p-benzoquinone Phenyl isothyocyanate	phenylacetylene	pyrazine	pyridine

Table 3 . 1 :

 31 Calculated vertical electron affinities (VEA) compared to experimental data (ETS, except specified). For the chlorobenzene and butadiyne molecules, the B3LYP/aug-cc-pvtz calculations lead to DC states, instead of a valence anionic state.

	molecule		B3LYP		ωB97x	CCSD(T)	Expt
		cc-pvtz aug-cc-pvtz cc-pvtz aug-cc-pvtz aug-cc-pvtz	
	pyridine	-1.19	-0.48	-1.24	-1.00	-1.00	-0.59 a
	dichlorodifluoromethane	-1.24	-0.49	-1.75	-1.17	-0.99	-0.97 b
	chlorobenzene	-1.28	nc	-1.35	-1.15	-0.70	-0.72 c
	buta-1,3-diene	-1.16	-0.75	-1.30	-1.04	-0.79	-0.62 d
	benzonitrile	-0.23	-0.04	-0.35	-0.20	-0.32	-0.57 e
	p-benzoquinone	1.67	1.85	1.50	1.65	1.38	1.89 f
	benzene	-1.75	-0.53	-1.82	-1.58	-1.62	-1.12 g
	pyrazine	-0.54	-0.21	-0.58	-0.32	-0.02	-0.07 h
	nitrobenzene	0.57	0.84	0.36	0.60	0.41	
	phenylacetylene	-0.71	-0.46	-0.86	-0.69	-0.50	-0.35 i
	furan	-2.38	-0.56	-2.54	-1.91	-1.80	-1.73 j
	nitromethane	-0.72	-0.02	-0.85	-0.38	-0.58	-0.45 k
	water	-2.91	-0.45	-3.34	-0.72	-0.61	
	Benzaldehyde	0.05	0.25	-0.13	0.04	-0.42	> 0 l
	Phenyl isothiocyanate	-0.26	-0.74	-0.41	-0.26	-0.90	> -0.2 m
	Butadiyne	-1.24	nc	-1.48	-1.16	-1.32	-1.00 n
	Cyanogen	0.05	0.26	-0.11	0.07	-0.31	-0.58 n
	GeCl 4	0.85	1.10	0.19	0.38	0.59	> 0 o

a Ref

[24] 

. b Ref

[25] 

. c Ref

[26] 

. d Ref

[27] 

. e Ref

[28] 

.

Table 3 . 5 :

 35 Calculated fragmentation thresholds (DFT level of theory) of oxaloacetic (OA) and citric (CA) acids: enthalphy (0 K) and Gibbs free energy at the ωB97x/aug-cc-pvtz level at 400 K. Energies in eV.

	Source: ref [55]				
			M = OAA		M = CA
	Enthalpy Gibbs Free Energy Enthalpy Gibbs Free Energy
	[M-H] -	0.95	0.19	0.89	0.17
	[M-HCOO-H] -	4.78	3.05	4.72	2.98
	[M-HCOOH] -	0.22	-0.73	0.16	-0.80
	[M-HCOO-OH] -	1.06	0.13		

Table 4 . 1 :

 41 Calculated eBE with global hybrid functional B3LYP and BH&HLYP at (3sp)-aug-cc-pvtz level (cf 4.3.2), compared with experimental data, except for FMgF and Perflurobenzene for which it is compared to EOM-CCSD calculations (refs[5, 10]). In meV.

	molecule	B3LYP BH&HLYP	Expt
	Acetaldehyde	114.689	7.606	0.36
	Acetonitrile	-	47.022	18.2
	Acetone	131.613	13.355	2.8
	FMgF	684.446	438.018	269 (EA-EOM)
	Nitromethane	160.540	42.087	12
	Perflurobenzene	-	98.414 (2sp) 135 (EA-EOM)
	Thymine	-	82.007	69

  4.3. WEAKLY BOUND ANIONS WITH RANGE-SEPARATED HYBRID FUNCTIONALS eBEs calculated with global hybrid functionals are quite fortuitous, since calculations describe a non-physical state where only a small part of the electron is bound to the molecule. The Figure 4.2 highlights the inability of global hybrid to correctly bind a charge lying at long distance. This is due to their incorrect asymptotic behavior (see paragraph 2.3.3).

	4.3 Weakly bound anions with Range-Separated Hy-
	brid functionals
	4.3.1 The choice of the exchange correlation functional

Table 4 . 4 :

 44 Calculated electron binding energies (eBEs) in meV compared to experimental data (Rydberg Electron Transfer experiments mainly). (Nsp) means aug-cc-pvtz with N additional s and p functions.

Table 4 . 5 :

 45 Optimized value for ω, corresponding ionization potential (IP) in eV, HOMO energy in eV, eBE in eV and the eBE obtained with the default value of ω that is 0.3 Bohr -1 . molecule ω (Bohr -1 ) IP(ω) (eV) ϵ HOM O (ω) (eV) eBE optimized (meV) eBE def ault (meV)

	Acetaldehyde	0.32	10.20	-10.14	19.61	19.51
	Acetonitrile	0.35	12.33	-12.30	30.75	30.60
	Acetone	0.30	9.66	-9.70	20.84	20.84
	FMgF	0.43	13.99	-13.91	143.62	143.02
	Nitromethane	0.36	11.84	-11.77	27.72	26.60
	Pyridazine	0.27	9.07	-9.13	31.13	31.27

Table 4 . 6 :

 46 Calculated eBE values at PBEQIDH/(3sp)-aug-cc-pvtz level, together with the ∆E 2 contribution to eBE. Energy in meV.

	molecule Acetaldehyde	eBE 0.46 33.088 ∆E 2
	Acetone	2.04 34.821
	Acetonitrile	5.34 60.130
	FMgF	80.88 339.976
	Nitromethane	1.2	51.646
	Perflurobenzene 18.40 44.159
	Thymine	12.00 90.923

In this manuscript, we will only consider singly charged anions, but the situation can be even more pronounced for doubly charged anions or more.

This corresponds to the minimum dipole exhibiting a stationary state for an electron in the field created by two opposite charges (±e where e is the charge of the proton) at a given distance from each other. The solution is found by solving the associated Schrödinger equation.

In this manuscript all wave functions, basis-sets (see paragraph

2.5) and densities will be considered as real valued functions. However, in some cases, complex valued ones are necessary to study some specific phenomena.

The potential needs to writek c k (⃗ r)(tt 0 ) k where c k (⃗ r) = 1 k! ∂ k vext(⃗ r,t) ∂t k ) t=t0. Most of the potentials verify that condition or are arbitrarily close from it. However, magnetic time-dependent field do not fulfill this requirement.

Sometimes, people performs on -grid calculations, but the vast majority uses auxiliary basis-sets.

More precisely, the Koopmans' theorem is an approximate way of calculating the ionization potential from the energy of the HOMO. The extension to the electron affinities is a mere corollary to the theorem.

States for which the electron attaches to the molecule, hence, the states of interest for the electron-attachment energies.

In reality, two structures were stabilized corresponding to different isomers. We only present results for the most stable configuration that is the cis-isomer of OAA. Results regarding the trans-isomer are similar to the one of the cis configuration[55].

H. Abdoul-Carime and C. Desfrançois succeeded to accurately estimate the eBE, using an electrostatic model including the classical contributions from the dipolar, quadrupolar and polarization forces.

Remerciements

List of acronyms:

DFT Chapter 4 Weakly bound anions in DFT In paragraph 1.5 we presented weakly bound anions, systems where the excess electron stabilizes in a very diffuse orbital around the neutral with very low energy, ∼ 1-100 meV, see Figure 4.1. In this chapter, we will see how to describe those systems with ab initio methods. 

Calculation of the eBE

It is important to emphasize that converging the calculation toward a proper weakly bound anionic state with such large basis sets is sometimes troublesome due to a competition with the discrete continuum states. It sometimes requires to start the calculation from a previous one performed with a smaller basis set and converged in a weakly bound type orbital and not in a discrete continuum one.