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General introduction

The exploration of polonium properties began in 1898 with Marie and Pierre Curie discovering and reporting the new element [1,2]. For a certain time, however, it did not receive particular scientific attention until the 1940s, when the Second World War took place. The massive geopolitical crisis acted as a trigger for scientific developments, giving birth to the development of the nuclear bomb. Essentially, this time is marked as the most intensive polonium study, mostly made by American scientists in the framework of the Manhattan Project, during which most of the physical and chemical properties of polonium known today were revealed, as well as its applications established [3][4][5]. After this period, chemists did not bother to immerse themselves in polonium studies. However, ecologists and biologists were more investigative in their research since polonium tends to contaminate soils and water [6][7][8][9]. So, to a large extent, it is still terra incognita. At this juncture, this may have captured your attention, thereby prompting a further exploration of the subject of polonium in Chapter 1 of this thesis.

The chemistry of polonium is scarcely known, with most experiments being done with low-concentration solutions due to the danger coming from the toxicity and radioactivity of the given element and the sophisticated process of its synthesis. However, these complications should not be a hindrance to scientific development. As an alternative (and, of course, a compliment) to experimental techniques, chemists possess the theoretical tools to conduct research. Quantum chemistry is one of the numerous branches that shed light on the undiscovered polonium [10][11][12][13]. Since polonium is a heavy element, special approaches must be applied to study it. Chapter 2 contains a general presentation of the theoretical methods used in this work with a glimpse at alternative techniques.

1

In the 2010s, research groups from Nantes, France resumed work on polonium, both experimentally and theoretically. The doctoral research of Ali Younes [14] explored the chemistry of polonium, mainly focusing on its production and purification. The new methods minimized the time and cost of production and reduced the generation of radioactive wastes. In Thi Hong Hanh Le's PhD thesis [15], environmental contamination of soils with polonium has been examined. The study involved experimental investigation to quantify polonium in soil samples. Addressing the theoretical domain, the research has been presented in an article by Stoïanov et al. [16], where the authors suggested the explanation of some old experimental data. Additionally, theoretical studies on polonium complexation were conducted by Eric Renault and Rémi Maurice, though the findings remain unpublished. These studies were based on static quantum mechanical calculations, meaning that the positions of the nuclei were not propagated by molecular dynamics. Of course, static approaches may not catch all the physics occurring in solution. However, it is important to note that even in the static framework, several methodological issues remain to be solved.

Observing numerous blank pages in the knowledge of polonium chemistry raises various questions. In this thesis, relying on simulation at the molecular scale, the following points are aimed at being answered:

• Which coordination number does the Po(IV) ion have in solution, the most probable oxidation state of polonium? What is the nature of the bonding in these complexes?

• Do these properties change when we switch from the gas phase to solution and if yes, then how drastically does the solvation influence?

• Can we propose a new interpretation of the spectral properties of polonium complexes by means of quantum chemistry? Are there any other wellstudied systems that polonium can be compared to?

• What are the methods of quantum chemistry that would efficiently describe the properties of polonium mentioned above? Are the spin-free approaches correct enough or one needs to include spin-orbit coupling to reproduce the behaviour of polonium?

• Can we go further from static calculations towards molecular dynamics to investigate properties like coordination and hydration spheres of the Po 4+ in different chemical environments?

Chapter 3 and Chapter 4 reveal which questions from this list we have answered. In short, these results chapters start with the methodological groundstate calculations of small complexes of polonium with water and chlorine, proceeding with the study of the excited states of Po(IV) complexes aiming at the interpretation of the old experimental spectra.

Chapter1

Polonium and its Chemistry

Discovery

In 1898, Marie and Pierre Curie discovered a new element. They analysed a vast amount of uranium ore called pitchblende (uranium oxide), and concluded that the ore was 2.5 times more radioactive than uranium [2]: "The minerals which have been found to be active all contain the active elements. Two uranium minerals: pitchblende (uranium oxide) and chalcolite (uranyl and copper phosphate) are much more active than uranium itself. This fact is quite remarkable and suggests that these minerals may contain an element much more active than uranium."

The separated residual was examined with regular analytical chemistry methods. After a sequence of elemental separations including those of arsenic, antimony and lead, the final step of separating bismuth revealed a black coating on the tube, that suggested the occurrence of a new substance. It was 400 times more radioactive than uranium. The same year the Curies announced a discovery of a new element with chemical properties similar to those of bismuth and suggested calling it polonium, to honour the birth country of Marie Curie, Poland [17]. In 1902, German scientist Willy Marckwald discovered an element that he called "radio tellurium" after its separation from bismuth by reduction with stannous chloride. Later on, in 1905, Hofmann, Gonder and Wölfl [18] reported electrolysis experiments. Rutherford, who performed the half-life measurements, confirmed that the elements discovered by both Curies and Marckwald were the same [14,[19][20][21]. This was the first element discovered on the basis of its radioactivity [5]. In 1911 Marie Curie received her second Nobel Prize "in recognition of her services to the advancement of chemistry by the discovery of the elements radium and polonium, by the isolation of radium and the study of the nature and compounds of this remarkable element" [22].

Physical Properties of Polonium and Isotopes

Accurate measurements of the physical properties of polonium have always posed a challenge due to its intense radioactivity and low availability. Nonetheless, some data have been collected. Polonium is a silver metal that resembles lead and emits a blue-white glow due to a strong α-decay. It is soft enough to be scratched with a dissecting needle. It is important to note that despite its location in the periodic table, close to the line of separation between metals and non-metals, bulk polonium is a metal, unlike a common misconception [START_REF] Hawkes | Polonium and astatine are not semimetals[END_REF]. Depending on the purity of the sample, its appearance may vary, and it can be volatilised in a vacuum and deposited as a bright shiny mirror or a dull grey or black film [3].

The physical properties of polonium are more similar to those of its periodic table neighbours such as lead, thallium and bismuth, rather than tellurium, its lower homologue. As a solid metal, polonium exists in two crystal structures [3,5,[START_REF] Weigel | Chemie des Poloniums[END_REF]: an α (or a low-temperature)-modification has a simple cubic structure, that belongs to the space group O h , and a β (high-temperature)-modification with a simple rhombohedral structure, belonging to a D 3d space group [START_REF] Beamer | The crystal structure of polonium[END_REF][START_REF] Beamer | Physical Properties of Polonium. II. X-Ray Studies and Crystal Structure[END_REF]. The cell parameters measured at the temperature of 39 ± 15 °C are a 0 =3.359 ± 0.002 Å for an α-modification and a 0 = 3.366 ± 0.002 Å, α (interaxial angle)=98 • 5' ± 2' for a β-modification [START_REF] Goode | A redetermination of the lattice parameters of polonium[END_REF]. Both phases can co-exist in the temperature range between 18-54 °C, where 118 °C corresponds to a β → α transition when decreasing temperature and 54 °C to an opposite one with the temperature increase [START_REF] Goode | Phase Transition Temperature of Polonium[END_REF]. The transition is illustrated in Figure 1.1.

The density of polonium varies with the phase and conditions under which it is measured. In 1946, Maxwell reported a density of 9.4 ± 0.5 g cm -3 for both low-and high-temperature phases in his first experimental density determination for Po [START_REF] Maxwell | Physical properties of polonium. I. Melting point, electrical resistance, density, and allotropy[END_REF]. Later, four different densities were measured in an experiment conducted at the Dayton Project, depending on the presence or absence of high-and low-volatility impurities: (8.69 ± 0.19), (9.34 ± 0.14), (9.34 ± 0.21) and (9.20 ± 0.17) g cm -3 [START_REF] Brody | Density of metallic polonium[END_REF]. These measurements were taken at the temperature of 75 °C. Considering the last density value, one can suggest that the α-modification exists even in the high-temperature range. Theoretically, the densities can be computed from the X-ray data, on the basis of the volume of the unit cell and the number of atoms that occupy it. Calculated with this approach, the density of an α-modification is 9.196 ± 0.060 g cm -3 , and one of the β-modification is 9.398 ± 0.006 g cm -3 [START_REF] Goode | A redetermination of the lattice parameters of polonium[END_REF].

There are 42 isotopes of polonium reported in the literature with mass numbers ranging from A=186 to 227 [START_REF] Fry | Discovery of the thallium, lead, bismuth, and polonium isotopes[END_REF]. The HFB-14 1 model [START_REF] Goriely | Further explorations of Skyrme-Hartree-Fock-Bogoliubov mass formulas. VII. Simultaneous fits to masses and fission barriers[END_REF] suggests that polonium may have 45 more isotopes. The existing isotopes were discovered using different following methods: radioactive decay, fusion-evaporation re-Figure 1.2: The 238 U decay chain that includes 2 most long-living naturally occurring isotopes of polonium. actions, light-particle reactions and projectile fission or fragmentation. They can be divided into two categories: those, occurring naturally and man-made ones. The former includes only 7 representatives: two in Th (4n) decay series ( 212 Po and 216 Po), two in the actinium (4n+1) decay series ( 211 Po and 215 Po) and three in uranium (4n+2) decay series ( 210 Po, 214 Po and 218 Po). All the naturally occurring isotopes have a very short half-life of less than 1 minute except for 210 Po (T 1/2 =138.378 days [START_REF] Kocher | Nuclear decay data for radionuclides occurring in routine releases from nuclear fuel cycle facilities[END_REF]) and 218 Po (T 1/2 =3.098 minutes [34]). A similar trend applies to the artificially-obtained polonium isotopes with only two out of 35 isotopes having long half-lives: 208 Po with T 1/2 =2.898 (2) years [START_REF] Templeton | Artificial radioactive isotopes of polonium[END_REF] and 209 Po with T 1/2 =102 years [START_REF] Kelly | Some excitation functions of bismuth[END_REF]. A scheme of 238 U decay involving the 2 most long-living naturally occurring isotopes is presented in Figure 1.2 [START_REF] Bollhöfer | High sensitivity airborne radon concentration measurements in the Alligator River Region: rehabilitated Nabarlek[END_REF]. The synthesis of artificial isotopes is discussed later in Section 1.6. Polonium is a pure α source that emits only 2 γ-quanta in 10 5 alpha-emissions [3]. Its activity is 1.66 × 10 14 Bq g -1 (4.5 kCi g -1 )2 . One µg of 210 Po emits as many alpha particles per second as 4.5 g of 226 Ra, 262 mg of 238 Pu or 446 kg of 238 U [38]. The first ionization potential (IP) of polonium was reported in 1966 by Charles with its value of 8.417 eV [39]. After more than 50 years, in 2019, two different experiments, TRIUMF ISAC and CERN ISOLDE, carried out the re-determination of this value, leading to a new value of 8.418 07 eV [40,41]. Later in this chapter, in Section 1.8, a review of the computational study of the same value is presented. It is a great example of how theoretical and experimental studies can complement each other in scientific research.

Toxicity

Polonium is notorious for its high toxicity and radioactivity, being approximately 8 orders of magnitude more toxic than hydrogen cyanide. In fact, polonium is only dangerous for people and living organisms if it is taken into the body. As it was mentioned in Section 1.2, Po is a strong α-particle emitter (it has as well some photon emission, but it is far less dangerous). An alpha particle is actually a helium nucleus, thus consisting of 2 protons and 2 neutrons, and it is massive enough not to be able to penetrate obstacles even as thin as a couple of paper sheets, let alone skin epidermis. Consequently, external contamination of polonium is not fatal. However, the results of internal contamination like inhalation, ingestion, injection or penetration through wounds are not as safe. The same α particles that cannot penetrate human skin can easily go through the cells of the human body, destroying the DNA, liver, kidneys, spleen, red bone marrow, skin and even hair follicles [START_REF] Jefferson | Diagnosis and treatment of polonium poisoning[END_REF]. Despite the high toxicity of polonium, there is limited evidence of deaths caused by it. The first documented victim was Ms. Cotelle, a technician working with Irene Joliot-Curie. In 1941 a distillation vessel with polonium exploded in front of her, making her inhale the dangerous particles. Unfortunately, she died two weeks after the accident [38]. In another incident, a worker from the USSR accidentally inhaled a 530 MBq (1.43 × 10 -2 Ci) dose of polonium-210 and died 13 days later, suffering from nausea, vomiting, fever and decreased red blood cells. Two contamination events were reported in the Soviet Union, involving teenagers who "stole and opened" a Be-Po ampule in 1964 and received a radiation dose of 150 GBq (4.05 Ci and an event in 1969 when a group of children aged between 6 to 15 was in contact with a Po-Be source. The most famous case of polonium being purposively used as a poison dates back to 2006 when Russian ex-spy Alexander Litvinenko was killed [START_REF] Nemhauser | The polonium-210 public health assessment: the need for medical toxicology expertise in radiation terrorism events[END_REF]. This notorious toxicity makes scientists investigate the spread of polonium in the environment.

Environmental Contamination

The occurrence of Po in nature is linked to the presence of uranium and the migration of the long-living isotope 210 Pb (RaD). As depicted in Figure 1.2, Po emerges in the environment due to the disintegration of radionuclides of the 238 U chain. Po is present in minuscule quantities in ores, rocks, soils, marine and freshwater, atmosphere and precipitation, plants, and living organisms. The abundance of 210 Po in geological formations and soils is approximately 37-37 × 10 -4 Bq g -1 (10 -9 -10 -13 Ci g -1 ), whereas in the rainwater and atmospheric precipitation it is 0.02-1 Bq kg -1 (0.5 × 10 -12 -30 × 10 -12 Ci kg -1 ). In seawater, the abundance of polonium is 7-14 •10 -4 Bq L -1 (2-4•10 -14 Ci L -1 ), and in various living organisms, it ranges from 0.3-37 Bq kg -1 (0.007 × 10 -9 -10 -9 Ci kg -1 ). In plants, it is 19-93 Bq kg -1 (5-25•10 -10 Ci kg -1 ), and in the atmosphere, it is 2.6 × 10 -7 Bq L -1 (7 × 10 -18 Ci L -1 ) [START_REF] Ampelogova | Radiochemistry of Polonium[END_REF]. A scheme in Figure 1.3 illustrates the occurrence and cycling of polonium in the environment [START_REF] Carvalho | The environmental behaviour of polonium[END_REF].

The deposition of Po happens in various ways, including natural and artificial release from soils, particularly ores. The activity of ores changes depending on the soil type and depth. Volcanic eruptions can release Po into the air, which later settles on surfaces. The artificial release of polonium in the atmosphere happens during the calcining of phosphate minerals, which are widely used to obtain the elemental phosphorus, so several heavy elements are extracted, like Hg, Cd, As, Pb, etc. and natural radionuclides like 238 U, 232 Th and 210 Po. This brings us to a very famous problem nowadays-polonium accumulation in plants. Phosphate fertilisers are very popular in agriculture, bringing not only good growth and protection to plants but also their contamination with heavy metals and radionuclides [START_REF] Aoun | Releases of phosphate fertilizer industry in the surrounding environment: Investigation on heavy metals and polonium-210 in soil[END_REF]. Broad-leaved vegetables are concerned as the most susceptible ones to polonium uptake. Tobacco, popular among humans, accumulates polonium from both soil and the atmosphere. The amount of work published on this problem is countless in different domains-chemistry, ecology, biology, medicine, etc [START_REF] Ghanbar-Moghaddam | Study of Polonium-210 in Persian Cigarette and Tobacco Crops[END_REF][START_REF] Harley | Polonium-210[END_REF][49][START_REF] Khater | Polonium-210 in cigarette tobacco[END_REF][START_REF] Zagà | Polonium: the radioactive killer from tobacco smoke[END_REF][START_REF] Erri | Polonium 210 in tobacco, cigarette smoke, and selected human organs[END_REF][START_REF] Singh | Measurement of polonium activity in Indian tobacco[END_REF][START_REF] Abdulrahman | Determination of polonium 210 in different types of tobacco consumed in Sudan[END_REF][START_REF] Skwarzec | Determination and distribution of 210 Po in tobacco plants from Poland[END_REF][START_REF] Schayer | 210 Po and 210 Pb activity in Chinese cigarettes[END_REF]. The average activity of 210 Po in one cigarette is approximately 20 mBq (5.4 × 10 -13 Ci), and for bulk tobacco, it is around 13 ± 2 Bq kg -1 (3 × 10 -10 -4 × 10 -10 Ci kg -1 ). Smoking volatilises polonium, which can be inhaled and is, therefore, hazardous. People also gain microdoses of polonium through their diet. By estimation, an average Western diet has 0.04-0.4 Bq (1-10 pCi) of 210 Po per day. This number can be higher if the diet contains reindeer and caribou meat, as these animals consume lichens, which absorb a lot of polonium from the atmosphere. Plankton tend to accumulate polonium, which is then eaten by fish and molluscs and eventually by humans. The concentration of polonium in fish can be around 1 Bq kg -1 (27 pCi), and for molluscs this number is higher, being able to reach 40 Bq kg -1 (1 nCi) [START_REF] Peterson | Radiological and chemical fact sheets to support health risk analyses for contaminated areas[END_REF]. In summary, Po can be found almost everywhere, albeit usually in low quantities that do not pose a significant threat.

Applications

Although polonium is dangerous because of its intense alpha decay and toxicity, it is still found in usage in various fields.

Polonium is useful for studying the effects of α particles, such as their influence on solids and liquids, and for calibrating machinery. Apart from this, radiation from polonium was used in alpha particle transmission gauges, where the thickness of the absorbing material was checked via the energy loss of the alpha particle [5]. Intense alpha emission makes polonium useful as a static eliminator, used in industrial and personal settings to eliminate static charges in textiles, paper rolls, sheet plastics, film negatives, lenses, vinyl records, and more. Hitherto, one can buy an anti-static brush under the brand name "Staticmaster" to clean your possessions at home, like music records or camera lenses (see Figure fig. 1.4 on the facing page). These brushes appeared on the market in the 1950s produced by a Nuclear Products Company located in El Monte, California, USA. They have a 210 Po cartridge implemented in them, which ionises the adjacent air, consequently attracting the ions produced and reducing or totally eliminating the charge on the surface of a cleaned object [START_REF] Ncrp | Radiation exposure of the US population from consumer products and miscellaneous sources[END_REF]. Polonium is also an excellent heat source. One gram of 210 Po generates 140 watts of power, which makes a capsule containing 0.5 g of it reach a temperature of 500 °C. This makes it useful as a thermoelectric generator and a heat source in spacecraft. In the Soviet Union, numerous satellites and rockets had sources of power that contained 210 Po. These heaters allowed to keep the internal components of the moon rovers "Lunokhod -1" (1970) and " Lunokhod-2" (1973) warm and withstand the high negative temperatures during the moon nights in space. The same type of heaters was used in the satellites, namely "Kosmos-84", "Kosmos-90" and others [START_REF] Pustovalov | Proceedings ICT'97. 16th International Conference on Thermoelectrics (Cat. No. 97TH8291[END_REF]. However, due to polonium's relatively fast decay in lead, it was only used for short-duration missions. In the United States, polonium-fueled radioisotope thermoelectric generators were developed (Figure fig. 1.5 on the next page) but eventually were not used for spaceships and were substituted by those made with 238 Pu. Neutrons have always been an important object of investigation and experimental tool for physicists. They are produced as a result of the following nuclear . reactions: (α, n), (γ, n), (d, n), (p, n) and fission. There are no radioactive neutron emitters. Alpha-particles, deuterons and photons need to be accelerated to the energies required for neutron-emitting reactions, thus putting a limit on the production of neutrons since accelerators have only a certain amount of operation time. Alternatively, neutrons can be emitted continuously by mixing radioactive materials with specific target elements. This is evidenced by γ-neutron and α-neutron reactions. While the first one is out of the scope of the discussion, the second type of reaction needs to be described in more detail. Alpha-particles react with nuclei of atoms to produce neutrons. The neutron yield of a given element increases with the alpha energy. Polonium is usually used as the αemitter in the preparation of neutron sources, being mixed with lighter elements, eventually giving Po-Be, Po-B, Po-mock-fission (combination of Po with a mixture of sodium fluoborate and sodium fluoberylate) and miscellaneous (lithium and sodium) neutron sources. The primary weakness of polonium is its short half-life, which leads to the loss of 0.5% of the initial quantity of the element daily. The neutron yield depends on the target element, α-energy and degree of mixing. Considering all these factors, the Po-Be mixture is the most efficient one with the emission of neutron fluxes higher than 10 8 neutrons/sec. 210 Po decays emitting 5.3 eV of α-particles that collide with 9 Be producing an exothermic reaction (5.71 MeV), where 12 C and 1 n are produced [3,[START_REF] Vega-Carrillo | Int. Symp. Solid State Dosimetry[END_REF][START_REF] Hess | N) Sources[END_REF]:

9 Be + α -→ 12 C + 1 n (1.1)
The neutron sources have a variety of applications, such as activators in starting reactors, controllers of reactor power, calibration of instruments, biological radiation shielding experiments, and oil logging. Historically, Po-based neutron sources were notorious for their use as initiators in nuclear weapons. Both uranium-based "Little Boy" and plutonium-based "Fat Man" bombs were triggered by the alpha particles emitted by polonium [START_REF] Richmond | Neutron, alpha, and special sources from polonium[END_REF][START_REF] Reed | Rousing the dragon: Polonium production for neutron generators in the Manhattan Project[END_REF]. Now, the use of polonium-based neutron sources has been reduced due to safety concerns. In recent years, alternative neutron sources such as deuterium-tritium and deuteriumdeuterium sources have become more commonly used. These sources are safer and more environmentally friendly than polonium sources, and they can be used in a variety of applications such as medical imaging, neutron radiography, and materials research.

Extraction and Synthesis of Polonium Isotopes

Polonium is an exceedingly rare element with only 4000 tons of it present in the outermost mile of the earth's crust. In contrast, radium, which was discovered shortly after polonium by the Curies, is found in the earth's crust to the extent of 1.8 × 10 7 t, despite also being a rare element. Uranium ores contain only around 100 µg of polonium per ton [5]. When Marie and Pierre Curie discovered polonium, they sifted through several tons of pitchblende to separate a minuscule quantity of 210 Po. It was not until 1906 that the identification and separation of polonium were fully established. Additionally, up until 1944 (with the exception of one study [1]), all research on polonium was conducted using trace amounts of the element. The most intense research on Po production began in 1943, as part of the Manhattan Project, under the secret name of the Dayton Project. There, several different methods of extracting 210 Po from ores were examined. After establishing three of the most promising methods for polonium extraction and performing tests, the most efficient methodology was found. The so-called "wet" method involved converting ground-up lead oxide to lead nitrate through treatment with nitric acid and then neutralising it with lead carbonate. All three techniques were still very costly as it was necessary to sift through tons of ores to extract a bit of the element of interest. During the project, 37 tons of ores were treated to gain around 1.5 TBq (40 Ci) or 9 mg of Po [3,[START_REF] Bagnall | Chemistry of the rare radioelements : polonium-actinium[END_REF]. Although the method for obtaining polonium through the aforementioned technique is no longer utilised, the separation techniques used initially are still employed as the final steps of purification of artificially obtained polonium. Since 1944, the whole process of gaining Po has been switched to the treatment of irradiated bismuth slugs [START_REF] Reed | Rousing the dragon: Polonium production for neutron generators in the Manhattan Project[END_REF].

In the classic way, polonium-210 is produced from 210 Bi by neutron irradiation: In 2014, Younes and his colleagues proposed an alternative method. In their study, a foil of 209 Bi is bombarded with α-particle beam, resulting in the production of 210 At (T 1/2 =8.1 h), which later decays into 210 Po [START_REF] Younes | A route for polonium 210 production from alpha-particle irradiated bismuth-209 target[END_REF].

As Section 1.2 mentions, polonium has 42 isotopes. Among them are 2 man-made long-living isotopes, 208 Po and 209 Po. The advantage of using these isotopes is their lower radioactivity compared to 210 Po, which results in reduced radiation effects by a factor of about 600. At the Oak Ridge National Laboratory in the United States, a mixture of these isotopes is produced by bombarding 209 Bi with protons in a cyclotron, as shown in equations 1.3 and 1.4:

209 Bi + p -→ 208 Po + 2 1 n (1.3) 209 Bi + p -→ 209 Po + 1 n (1.4)
However, the main drawback of this method is that the isotopes can only be obtained in negligible quantities, which makes their price extremely high (an estimated price is $3200 per µCi, sold by the Oak Ridge National Laboratory in Tennessee, the USA [START_REF]The Element Polonium[END_REF] ) [4,[START_REF] Daggett | Gamma-Ray Spectrum of Polonium-209[END_REF][START_REF] Martin | Radioisotope production rates in a 22-MeV cyclotron[END_REF]. The purification of polonium still remains an actual problem. Over the years, various techniques for polonium-bismuth separation have been suggested, including those based on distillation, electrodeposition, ion exchange and solvent extraction. In 1906, Meyer et al. published a work where the separation of 210 Po from bismuth was performed by an electrodeposition technique with varied current densities [69]. Forty years later, at the Mound Laboratory, the following processing of 210 Po was established after the neutron irradiation of the bismuth slugs: the slugs were covered in aluminium and sent for further treatment, consisting of three steps [START_REF] Grove | Polonium-210 Program[END_REF]:

1. Decanning. Here, the slug aluminium coating was dissolved in HCl. times, 210 Po is concentrated approximately 1000 times.

3. Purification. 210 Po is purified by selective reduction with stannous chloride, ammonium hydroxide precipitation, and electrodeposition. As follows, metallic polonium of more than 95% purity is deposited on the platinum gauze plates.

This process can be illustrated by the scheme presented in Figure 1.6 [START_REF]Operable Unit 9, Site Scoping Report[END_REF]. Published in 1961, "Radiochemistry of Polonium" by Figgins [4] describes several different procedures of polonium separation. They include those of solvent extraction (extraction into an organic solvent like isopropyl ether, tributyl phosphate (TBP), thenoyltrifluoroacetone (TTA), dithizone, tri-n-benzylamine, etc.), ion exchange and paper chromatography, sublimation, spontaneous deposition (on silver, copper, nickel, noble metals) and electrodeposition. Later, in 1997, another study was reported, where Po was separated from bismuth using a Sr Serin (4,4'(5')-di-t-butylcyclohexano 18-crown-6 in 1-octanol on inert polymeric support) [START_REF] Vajda | A novel technique for the simultaneous determination of 210 Pb and 210 Po using a crown ether[END_REF]. Alternatively, liquid-liquid solvent extraction using tri-butyl phosphate (TBP) as an extractant can be employed, though this method generates a significant amount of radioactive organic waste and requires a long waiting time [START_REF] Younes | A route for polonium 210 production from alpha-particle irradiated bismuth-209 target[END_REF]73]. The same authors suggested a more environmentally friendly technique, using solid resin materials instead of liquid organic solvents [START_REF] Younes | Production of polonium from bismuth and purification using TBP resin and Sr resin[END_REF]. Despite the fact that relatively simple and cost-effective methods for polonium production and purification have been developed, this element remains scarce. Nowadays, only approximately 100 g of 210 Po are produced annually [START_REF] Younes | Production of polonium from bismuth and purification using TBP resin and Sr resin[END_REF].

Chemical properties of Polonium Determined

Experimentally

This section aims to provide a brief overview of the chemical properties of polonium, without delving into them extensively. There are numerous books available that describe its fundamental properties in detail, and they are available in different languages [3,5,[START_REF] Weigel | Chemie des Poloniums[END_REF]75,[START_REF] Abakumov | Thermal reactions of polonium[END_REF]. Below, the main chemical properties of polonium are presented and are illustrated through the compounds it can create.

According to its location in the periodic table, the electron configuration of neutral polonium is [Xe]4f 14 5d 10 6s 2 6p 4 (see Figure 1.7) [34]. In general, the chemical properties of polonium are similar to those of other chalcogens, but it as well can be very well compared to Bi. Compared to its homologues Se and Te, polonium is more basic, and it can create a greater number of salts. According to the Pearson hard-soft acid-base (HSAB) classification, polonium is classified as a soft element [START_REF] Pearson | Hard and soft acids and bases[END_REF]. Polonium has six valence electrons and can exist in oxidation states -2, +2, +4 and +6. Several experiments found polonium in previously mentioned oxidation states. As per the trend in chalcogens (except for oxygen), the stability of elements with the oxidation state of +6 decreases with the increase of the number of the element [START_REF] Abakumov | Thermal reactions of polonium[END_REF]. Po(VI) only exists in extreme conditions (high concentration or pressure of oxidisers) and therefore is not stable under normal ones. Synthesis of hydride confirms its existence in the -2 oxidation state, and it has been reported to stay like this in dimethylpolonium and polonides of alkaline and alkaline earth metals. Electrochemical and chemical studies have shown the existence of the +2 and +4 oxidation states [START_REF] Ampelogova | Radiochemistry of Polonium[END_REF][START_REF] Abakumov | Thermal reactions of polonium[END_REF]. The most probable oxidation state for Po in solution is +4.

Just like the synthesis of polonium, the most significant advancement in the development of its chemistry occurred between 1940 and 1960 after a relatively straightforward method of obtaining polonium from bismuth was established. The first experimental studies were made using mg quantities of polonium since higher concentrations resulted in the deterioration of the samples due to selfradiation damage. Even now, the radioactivity and toxicity of polonium limit scientists' ability to gain a more profound understanding of its chemistry. As polonium belongs to the VIA group of the periodic table it is a chalcogen. In 1967, Samsonov in his book about chalcogenides suggested their classification depending on the electronic structure of the elements they interact with. According to this classification, polonides can be divided into the following groups [START_REF] Samsonov | Chalcogenides[END_REF]:

1. Polonides of metals having outer s-electrons in a completed shell, or more deeply lying vacant electron shells with an ionic-covalent type of bond.

This group includes compounds with hydrogen, alkali and alkaline earth metals, which are experimentally observed, such as Na 2 Po, K 2 Po, Rb 2 Po, Cs 2 Po, MgPo, CaPo, SrPo, BaPo, ZnPo [3,5,[START_REF] Ampelogova | Radiochemistry of Polonium[END_REF][START_REF] Witteman | PREPARATION AND IDENTIFI-CATION OF SOME INTERMETALLIC COMPOUNDS OF POLONIUM[END_REF], and others. These compounds are mostly prepared by heating the elements together at 300-400 °C, being mostly grey or black solids identified by X-ray crystallography [5].

2. Polonides of elements having outer sp-electrons with a covalent-ionic type of bond. This group includes several essential compounds, such as polonium oxides. Depending on the synthesis, polonium can form mono-, diand trioxides. While the first category is not stable and rapidly oxidises upon air exposure, polonium dioxide is the most stable and thus the most studied. It exists in two phases: tetragonal (red) high-temperature and face-centred cubic (yellow) low-temperature forms. Polonium trioxide is thought to be obtained in trace amounts by the anodic disposition of polonium from an acid solution. However, like monoxide, it is unstable and has received limited attention. Other compounds with sp-electrons include polonium sulphide, polonides with gallium, indium, germanium, tin, lead, antimony, bismuth, and halides [START_REF] Goode | A redetermination of the lattice parameters of polonium[END_REF][START_REF] Bagnall | Chemistry of the rare radioelements : polonium-actinium[END_REF][START_REF] Witteman | PREPARATION AND IDENTIFI-CATION OF SOME INTERMETALLIC COMPOUNDS OF POLONIUM[END_REF][START_REF] Bagnall | Polonium monosulphide[END_REF]. All polonium halides are covalent, volatile, and readily hydrolysed compounds. Polonium fluorides are not well studied, but indications suggest the possible existence of PoF 2 and PoF 4 . Contrary to fluorides, chlorides of polonium are very well studied. In the direct synthesis of chlorides, a mixture of di-and tetrachlorides is obtained. In the solid state, X-ray analysis suggests that PoCl 2 has an orthorhombic symmetry, and PoCl 4 has a monoclinic one. The dichloride is more volatile than the tetrachloride and sublimes at around 190 °C. A more detailed explanation of the studies of polonium chlorides is provided below in this section. Polonium reacts with iodine and bromine in the oxidation state of +4, resulting in PoI 4 and PoBr 4 [81][82][83].

3. Polonides of the transition metals having complete dand f -electron shells, with a covalent-metallic type of bond in the superposition of a definite fraction of ionic bond. This last, third group, contains lanthanide polonides of the general formula Ln 2 Po 3 that are formed at very high temperatures (1000 °C) and LnPo at lower ones. Thorium, titanium, zirconium, hafnium and other elements react with polonium, but there is no evidence of compounds with tantalum, molybdenum, tungsten, chromium, cobalt, etc [START_REF] Abakumov | Thermal reactions of polonium[END_REF].

Apart from chalcogenides, polonium can form more complex compounds, including salts with inorganic and organic acids. The salts of oxyacids include polonium bromate, carbonate, chromate, iodate, nitrate, phosphate, sulfate, etc., where polonium mostly has its oxidation state +4. Special attention needs to be dedicated to the complex ions that polonium creates. There were a lot of attempts made to study the hydrolysis of polonium. Po is very prone to hydrolysis in slightly acidic and neutral solutions. The electronic structure of Po(IV) has a configuration of one lone pair of electrons (6s 2 ) and the possibility of accepting an electron pair on the vacant orbitals. Additionally, its relatively high ionic potential (ϕ=z/r=3.9) suggests that polonium should have a significant polarization power, and, thus should create a highly stable hydroxocomplexes of polonium [START_REF] Ampelogova | Radiochemistry of Polonium[END_REF]. Most probably, the hydrolysis process goes in several steps, but due to the very low polonium concentrations, it is very hard to derive quantitative characteristics of these processes. The hydrolysis study made by Ampelogova et al. [84] investigates the changes happening in the range of pH from 0.5 to 3.2 since the results obtained in solution with higher pH are not reproducible. Following their results, Po(OH) 3+ prevails for pH=0.5-2, Po(OH) 2 2+ for pH=2-2.8, Po(OH) 3 + in pH=2.8-3.5 and after that the prevailing complex is Po(OH) 4 . Section 1.8 will show a theoretical point of view on this process.

In the other work of the same authors, the complexation constants of polonium complexes with chlorine ions were presented [85]. The investigation focused on complexes of Po(IV) with 1 to 6 Cl anion ligands in water and water-acetone solutions. The authors suggest that complexes stabilise when acetone is added to the environment, and this effect is essentially seen for bigger complex ions. Not only for chlorides, but although for nitrates, sulphates, acetates, and oxalates, complexation constants were estimated [75]. The stability of polonium complexes was found to decrease in the following order:

OH -> Acac -> TTFA -> EDTA 3 -> C 2 O 4 2 -> DBP -> HCitr 2 -≥ Tart 2 -> HNTA 2 -> CH 3 COO -> Cl -> SO 4 2 -(≈PO 4 3 -) > NO 3 -≥ ClO 4 -3 .
This range can be explained from the viewpoint of the metal-ligand interaction and the structure of the formed complexes. Po(IV) is a highly charged cation with a relatively small radius. The highest stability complex is the one with OH -since the last is a constant dipole with a small effective radius, it has high polarizability and two lone electron pairs, while polonium can be an acceptor of an electron pair. Together it forms a solid interaction. The high stability of complexes with organic ligands and organic oxyacids tends to be explained by the creation of closed-chain compounds with Po, which are usually very stable. Another family of complex ions with essential value are those of halides, namely polonium complexes with chlorine. To the best of our knowledge, this is the only compound of polonium that has been used for absorption spectra studies. In the report of Moyer in 1956 two UV-Vis spectra were published, both are the study of polonium complex-ion formation in hydrochloric acid solutions, where the concentration of HCl was varied [3]. This spectroscopic investigation of 4 × 10 -5 m solution of PoCl 4 in HCl revealed the existence of at least two complex ions: one with an absorption peak at 344 nm, and another one with a peak at 418 nm (see Figure 1.8).

The following reactions are assumed to occur in the media:

Po 4+ + OH -+ b Cl ----⇀ ↽ ---Po(OH)Cl 3-b b (1.5) Po(OH)Cl 3-b b + 2 Cl ----⇀ ↽ ---PoCl 2-b 2+b + OH - (1.6)
Like this, the Po(OH)Cl 3 -b b complex should correspond to the band around 344 nm, while PoCl 2 -b 2+b is responsible for one at 418 nm. Several published works report the formation of [PoCl 6 ] 2 -complex at high HCl concentrations [5,73,[86][START_REF] Danon | Ion-Exchange and Solvent-Extraction Studies with Polonium[END_REF][START_REF] Sheppard | The distribution of bismuth (III) and polonium (IV) between trilaurylamine solutions of xylene and hydrochloric and hydrobromic acid solutions[END_REF][START_REF] Marcus | Metal-chloride complexes studied by ion-exchange and solventextraction methods: PartI. Non-transition-metalions, lanthanides, actinides, and d • transition-metal ions[END_REF]. The next section (Section 1.8) of this chapter will show how Stoïanov et al. have been using quantum chemistry methods to provide insights and explain which species are responsible for the band formation. Chapter 4 of this thesis is It is important to mention that polonium tends to form colloids in solution [90,91]. Some experiments have shown that polonium exists as an ion in strongly acidic and strongly basic solutions, while at pH values of 6, 9, and 10, the state of polonium is close to colloid. At pH = 11, the major part of polonium in solution exists as colloids [3,[START_REF] Weigel | Chemie des Poloniums[END_REF]. These studies have particular importance from biology and environmental perspectives since the colloidal state can be the one in which polonium exists in tissues, groundwaters, and other surroundings.

Chemical Properties of Polonium Predicted and

Described Theoretically

Theoretical chemistry can predict and explain a variety of phenomena. Different methods can be used for this, some of which will be explained in Chapter 2. However, despite the advantages of computational chemistry in terms of avoiding the risks of polonium's radioactivity and toxicity, this element has not re-ceived adequate scientific attention compared to other elements in the periodic table. Nonetheless, several works have been published in the past 15 years (see below). One of the problems scientists face when performing calculations on polonium is a lack of experimental data to compare the results and assess the accuracy of the QM methods. In such cases, researchers may draw parallels and make comparisons to polonium's homologues, Te and Lv, or to its periodic system neighbours, Bi and At. At the beginning, it is wise to review the theoretical predictions on elemental polonium. In 2015, Borschevsky et al. investigated the ionization potentials and electron affinities of the superheavy elements 115-117 and their homologues Bi, Po and At [12]. Ionization potentials (IPs) and electron affinities (EAs) are basic but fundamental atomic properties. The IP is the energy needed to remove an extra electron from the valence shell, while the EA corresponds to the opposite process. Knowing these values sheds more light on the electronic structure of elements and their reactivity, and they can be used for further research as a benchmark. The final recommended values are obtained with CCSD(T) electron correlation method, corrected for Breit interaction and quantum electrodynamics (QED) effects, and result in 8.432 eV (8.414 eV experimentally) for the first IP, 13.186 eV for the second and 1.469 eV for the EA. While these values were the most accurate at the time of publication, 5 years later, in 2020, Tom Horwitz presented work on the calculation of IPs and EAs of Po, Te and Lv on an even higher level of theory [92]. A methodological work regarding the estimation of the basis set, degree of relativity, the inclusion of extra Gaunt corrections and taking into account a different number of orbitals was performed. It was established that the inclusion of relativity has a crucial effect on the results, as well as the choice of a more advanced and complete basis set. As a result, the new predicted value for the first IP is 8.395 eV and 1.435 eV for the EA. These values were helpful in two experiments held in 2019 to determine the first IP of polonium, as previously discussed in section 1.2.

To explore the nature of polonium bonding with different elements, one can start with hydrogen. In a recent study published in 2022, Tulsiyan et al. [START_REF] Tulsiyan | Hydrogen bonding with polonium[END_REF] theoretically investigated hydrogen bonding with polonium. Using dimethyl polonium (Me 2 Po) as the model H-bond donor, the X -H•••Po (X = O, N, C) bond was investigated. Natural bond orbital (NBO) analysis, electron density analysis (Quantum Theory of Atoms In Molecules-QTAIM), comparison with spectroscopic data, and energy decomposition analysis of the intermolecular interaction energy-all these analyses gave the results that validate the possibility of the existence of polonium hydrogen bonds. Additionally, the authors emphasised the need to include relativistic effects for polonium bonding calculations. Another example of bond examining is a paper by Zierkiewicz et al. about chalcogen bonding [13]. Polonium is classified as a heavy chalcogen atom along with Se and Te. According to the IUPAC, a chalcogen bond is defined as "a net attractive interaction between an electrophilic region associated with a chalcogen atom in a molecular entity and a nucleophilic region in another, or the same, molecular entity" [94]. This type of bonding is important in various fields such as ligand-protein contacts, synthesis of organic compounds, and crystal structure frameworks. The authors discussed several questions concerning chalcogen bonding, such as the number of chalcogen bonds present with a single chalcogen atom, the coordination of the central atom, and, as the most important question for this review, whether the Po atom is capable of engaging in chalcogen bonding. The model molecule chosen was YF 4 , where Y = S, Se, Te and Po, and it is further bonded to two NH 3 ligands. Two possible geometries are considered: cis and trans (see them in Figure 1.9). The last one turns out to be preferable for the Po atom, and, following the analysis including the usage of the QTAIM and vibrational spectra, polonium can create chalcogen bonding. As previously mentioned, polonium exhibits a tendency towards hydrolysis. Starting in 2008, a series of four articles [10,11,95,[START_REF] Ayala | Quantummechanical study on the aquaions and hydrolyzed species of Po (IV), Te (IV), and Bi (III) in water[END_REF] were published by Ayala et al. on polonium complexes with water and hydroxide. They conducted extensive research beginning with a benchmark study on hydrated polonium complexes, revealing the hydration number of Po and the nature of the Po-water bonding [10]. In their subsequent paper, they studied more complex compounds of hydrolysed species derived from the hydrated Po(IV) in water, namely [Po(H 2 O) n (OH) m ] 4-m for 1 ≤ m ≤ 4 and 4 ≤ m + n ≤ 9, investigating the process of hydrolysis in various ways, predicting their geometries, and determining thermodynamic properties such as pK a and ∆G [11]. They concluded their research with a paper published in 2010 on ab initio molecular dynamics (Car-Parrinello) study on the hydrolysis of the Po(IV) aqua ion in water [95]. Their quantum chemical studies were performed with DFT-based MPW1PW91 functional, us-ing the Dunning aug-cc-pVDZ basis sets. The first study of aqueous complexes showed that Po(IV) holds 7 to 9 water molecules. They also revealed that for smaller hydration numbers, the Po-OH 2 bond may be explained by the orbital interaction between the 6p orbitals of the polonium ion and water molecules, while in the larger clusters, this interaction is attributed to electrostatic and its associated long-range contributions. They expanded their study by investigating the hydrolysis process of this highly positively charged cation, which involves deprotonation of the coordinated water molecules (formation of OH -). Their static calculations suggested that the hydrolysis is accompanied by a decrease in the coordination number, going from 9 for the aqua ion ([Po(H 2 O) 9 ] 4+ ) to 4 for the most hydrolysed species ([Po(OH) 4 ]). Concurrently, the increase in the hydrolysis degree is coupled to dehydration so the total coordination number of the complex decreases. According to the authors, mono-, di-, and trihydrodroxyl aqueous complexes coexist simultaneously, depending on the medium conditions. Eventually, this project was developed by means of studying these three complexes in dynamics. The final arrangement of Po ions in solution was accomplished, and the following statements were made: the coordination number of polonium in an aqueous solution is six, and there is an equilibrium of hydroxo-aqua ions [Po(H 2 O) 4 (OH) 2 ] 2+ and [Po(H 2 O) 3 (OH) 3 ] + in solution. The dehydration process in time evolution shows that it actually takes place after the hydrolysis process has happened. The last published paper in 2012 is dedicated not only to Po but also to the series of Po, Te and Bi and their aqua ions and hydrolysed species, studying the similarities and differences in the behaviour of these elements [START_REF] Ayala | Quantummechanical study on the aquaions and hydrolyzed species of Po (IV), Te (IV), and Bi (III) in water[END_REF]. The authors verified their methodology by comparing the calculated results with those received experimentally for Bi(III) ion. A study of [M(H 2 O) n (OH) m ] + showed a global trend that the chemistry of polonium, in this case, is closer to that of Te than Bi. Unfortunately, no further articles were published by this research group regarding polonium and its chemistry. This extensive research work should be very helpful for further theoretical and experimental works, as it provided many insights into information that has never been studied before. Altogether, these studies provided a foundation for this PhD work, which is described further in Chapters 3 and 4.

Theoretical studies of polonium have not only predicted its properties but have also helped in interpreting them. For instance, Stoïanov et al. published an article in 2019 [16] where they reinterpreted the UV-Vis absorption spectra of polonium (IV) complexes in an HCl medium. Although experimental absorption spectra were obtained in the 1950s and shown in the previous section (Figure 1.8), there was an ambiguity in the interpretation of the species contributing to the peaks. In this theoretical work, DFT and TD-DFT methods were used to calculate the ground states of possible molecules in both vacuum and condensed phases. This was followed by the calculations of the excited states with and without the influence of the spin-orbit coupling (SOC). Additional multiconfigurational and relativistic wave function theory calculations have been performed with the use of SA-CASSCF, NEVPT2 and c-SOCI (see Chapter 2). As in many other works, the authors imply that accounting for SOC in energy calculations is crucial since excitation energies can be altered. Their study puts forward an idea that the most probable compositions of complexes observed experimentally decades ago are [Po(OH)Cl 4 ] -for low HCl concentration and [PoCl 6 ] 2 -for HCl concentrations above 0.5 m. However, the authors themselves state that this study may be further developed methodologically, involving the testing of the influence of explicit solvation, change of implicit solvation parameters, exchange-correlation methodologies, etc. Note that the second part of my project is based on this suggestion. As mentioned earlier in Section 1.3, polonium is extremely toxic and radioactive. This was one of the reasons for Krishna et al. to investigate the metal chelation ability of protocatechuic acid (PCA) anion with Po [97]. The PCA dianion is an active component of many medicinal plants and can be found in nature in vegetation. Since it has a high affinity for metals, it should be a feasible chelating agent to bind with heavy polonium atoms, thus removing the unwanted heavy element from the bodies of humans and animals. Their study examines the metal-ligand complex for two oxidation states of polonium: +2 and +4. An explicit work that included geometry optimization of the complexes, topological analysis, an inspection of the Electron localization function (ELF) and Localised orbital locator (LOL), vetting the excited states, etc., showed that the complex with Po(IV) is the most stable in solution and predicted the shapes of absorption spectra of the complexes of interest in different solvents. A study like this can serve as a basis for further chemical and biological research in finding a natural chelating agent for polonium.

Conclusion

Polonium remains a fascinating element that is still being studied to this day. Despite its radioactive and toxic properties, there are several unique aspects of its behaviour that continue to intrigue scientists from various fields. This chapter presented a concise summary of the element, spanning from its discovery to its limited applications. However, much is still unknown about its chemistry and properties, and future research will undoubtedly shed more light on it. Despite its controversial reputation, radioactivity, toxicity, and disputed uses, polonium remains a beautiful element with exceptional traits that are yet to be fully understood. With further exploration, it is possible that polonium's peculiar behaviour may find applications that can benefit humanity. As such, the study of polonium remains an important area of scientific research.
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( Chapter 2

Theory and Methods

Introduction to Computational Chemistry

Quantum chemistry can provide answers to a lot of questions. One can use it to predict experimentally immeasurable quantities, understand the factors influencing this or that data, interpret the results of experiments, predict the properties of chemical compounds and many more. Nowadays, there is a variety of chemical methods available, and the challenge is to find the right approach for the right purpose. What is the quantum chemistry development status now? It aims at designing and solving approximations to the Schrödinger equation.

There are two main groups of quantum chemical methods for calculating the properties of chemical systems: the wave function-based methods, which are used in this work and described further in this chapter, and density functional theory (DFT), which is out of the scope of this project due to our choice of methods. Usually, the DFT method is used for calculations of big systems (for example complexes with large organic ligands) since it is computationally cheaper. In our case, the sizes of the systems under investigation are small enough to allow us to invest the computational resources in more accurate wave function methods. Both of them are reliable, and the choice of the method depends on the property that is computed, the size of the system and the targeted quality. When assessing quantum chemical methods, several criteria are used to evaluate their quality and applicability:

1. Variational Principle: the energy from a variational method is an upper bound to the correct ground state energy.

2. Size Extensivity: it refers to the property of a method that ensures the linear scaling of the calculated energy with the system size (number of electrons). It implies that the energy of a system composed of non-interacting fragments should be equal to the sum of the energies of the individual fragments, and therefore is often associated with the next criterion.

3. Size Consistency: it is related to the behaviour of a method when two or more fragments are separated. It states that the calculated energy of the fragments should remain unchanged, independent of their spatial separation. Size consistency is crucial for correctly describing dissociation processes and the energetics of chemical reactions.

Consistency with

Experimental Data: the method should be able to reproduce experimental observables, such as bond lengths, vibrational frequencies, and reaction energies, with good agreement. Even so, the latter is not trivial to define. Consistency with experimental data provides confidence in the reliability of the method for predicting and understanding chemical phenomena.

This chapter will give a general overview of some of the wave functionbased quantum chemistry methods and tools used with them, with more details provided on the approaches used throughout this manuscript. Apart from introducing the non-relativistic quantum chemical notions, an explanation of relativistic effect will be given, the concept of basis set will be presented, as well as solvation effects and the methods used as investigation tools.

Schrödinger Equation

In classical mechanics, following Newton's equations, we are looking for the positions and momenta of unknown variables, thus finding the "trajectory" of particles as a solution. In the world of quantum mechanics, Heisenberg's uncertainty principle forbids us from exactly knowing these two values simultaneously.

That is why here one relies on the probability of finding the particles at given points (or volumes) in space with given velocities, the particles being described with wave functions. In quantum chemistry, everything usually starts with the time-dependent Schrödinger equation, derived in 1926 [98]:

Ĥψ = iℏ ∂ψ ∂t (2.1)
where ψ is the wave function of the state under consideration, Ĥ is the Hamiltonian operator, i is the imaginary number and ℏ is the reduced Planck constant.

Unfortunately, in the real world of many-electron systems, it is impossible to analytically solve the Schrödinger equation. That is why several approximations should be applied even before the computations:

1. The Schrödinger equation is non-relativistic, so if we want to account for relativity, we need to use the Dirac equation (which is explained further in Section 2.4.1). As an effect, we consider that the speed of light is infinite.

2. The nuclei are considered point-like particles. In real life they have volume, however, in general, the nucleus radius is 10 -4 times smaller than the atomic one.

3. We assume that the system is stationary at the moment t, while, of course, time does not stand still.

The time-independent (stationary) Schrödinger equation has the following formulation as an eigenvalue equation:

Ĥ(r, R)ψ(r, R) = Eψ(r, R) (2.2)
where E is the energy of the system of interest. In the case of an isolated molecule, the Hamiltonian for a molecule can be written as:

Ĥ = - i 1 2 ∇2 i electron kinetic energies - A 1 2M A ∇2 A nucleus kinetic energies - i,A Z A riA electron-nucleus coulomb attractions + 1 2 i<j 1 rij electron-electron repulsions + 1 2 A<B Z A Z B RAB
nuclear repulsions (2.3) where i, j stand for electrons and A, B for nuclei, rij is the distance between two electrons, RAB is the distance between two nuclei and the Z are the atomic numbers of the nuclei.

Born-Oppenheimer approximation

The Born-Oppenheimer approximation is introduced as a final hint in this introductory part. Since a proton is heavier than an electron ( m p m e =1836), the Schrödinger equation may be simplified by considering that the electrons move much faster than nuclei. The fast response of electrons to the movement of the nucleus leads to an approximation of fixed positions of the nuclei. Instead of solving the Schrödinger equation for the whole system with all the particles at the same time, we solve it for the electrons moving in the static electric potential arising from the position of nuclei. Thus the electron distribution is dependent on the positions of nuclei and not their velocities. Within this approximation, the second term in the Equation 2.3, the kinetic energy of the nuclei, can be neglected, and the last term, the repulsion between the nuclei, is considered a constant. The total Hamiltonian within this approximation is decoupled into two parts, the electronic and nuclear: Ĥ = Ĥel + Ĥnuc (2.4) where the nuclear part is considered a constant, and the electronic part is:

Ĥel = - i 1 2 ∇2 i - i,A Z A riA + 1 2 i<j 1 rij (2.5)
Finally, the motion of electrons in the field of fixed nuclei is described as:

Ĥel ψ el (r, R) = E el (R)ψ el (r, R) (2.6)
Varying the position of nuclei in space emerges the concept of the potential energy surface (PES), thus describing energy as a function of nuclear coordinates. The optimal geometry for a given molecular structure can be found at the minimum of the PES. The Born-Oppenheimer approximation is a very re-liable approach for describing chemical behaviours. However, it has several limitations. The Born-Oppenheimer Hamiltonian does not contain terms that describe nuclei and electron interactions with external electric and magnetic fields, thus it becomes not sufficient to describe the cases where the velocity of nuclei increases, or when two or more PES become nearly degenerate in energy.

There are solutions for this kind of problem, but they are out of the scope of the present work and will not be further described in this manuscript.

Wave function constrains

For the systems consisting of n electrons, it is thoughtful to apply the approximation where electrons are considered as independent particles. This way an n-particle wave function ψ is a product of n one-particle orbitals φ:

ψ(x 1 , ..., x n ) = φ 1 (x 1 )...φ n (x n ) (2.7)
The description of one electron moving in an average field generated by the rest of the (n-1) electrons is called the mean-field approximation. Since electrons are fermions with spin 1 2 , the electronic wave function must fulfil the Pauli exclusion principle, according to which two particles cannot occupy the same quantum state simultaneously, and, consequently, the many-electron wave function must be antisymmetric with respect to the interchange of the coordinates x (both space and spin) of any two electrons [99,100]:

ψ(x 1 , ..., x n ) = -ψ(x n , ..., x 1 ) (2.8)
Both of these requirements are fulfilled if the wave function is described by a Slater Determinant (SD), expressed in terms of orthonormal spin orbitals:

ψ(x 1 , ..., x n ) = 1 √ n! φ 1 (x 1 ) φ 2 (x 1 ) • • • φ n (x 1 ) φ 1 (x 2 ) φ 2 (x 2 ) • • • φ n (x 2 ) . . . . . . . . . . . . φ 1 (x n ) φ 2 (x n ) • • • φ n (x n ) (2.9)
where elements in the same row involve the same electron and elements in the same column involve the same spin-orbital φ i .

Variational Principle

In order to represent the stationary states of the molecular system as Slater determinants, it is necessary for the energy to remain practically constant when varying the spin orbitals. The variational principle states that if we have a normalized wave function that meets the relevant boundary conditions (typically requiring the wave function to approach zero at infinity), the expectation value of the Hamiltonian provides an upper limit for the exact ground state energy [100].

The expectation value of the Hamiltonian H in a given state |ψ⟩ is always greater than or equal to that of the ground state of the system:

E = Ĥ = ψ| Ĥ|ψ ψ|ψ ≥ E 0 (2.10)
For normalized wave function, the denominator (⟨ψ|ψ⟩ ) is equal to 1, making this equation read:

E = ψ| Ĥ|ψ ≥ E 0 (2.11)

Basis Sets

Basis Set concept

In the previous section, it was noted that the wave function is described using a Slater determinant expressed in terms of orthonormal spin orbitals. The unknown spin-orbitals of a molecule are typically expressed as a finite set of basis functions (ϕ j ). Since we consider a molecule being built out of atoms, the molecular orbitals (MO) are represented as a Linear Combination of Atomic Orbitals(LCAO) [101]:

φ i = N AO j c ij ϕ j = N AO j c ij N b k d jk χ k (2.12)
where d jk is the expansion coefficient, χ k is the atomic basis set function, and N b is a number of the basis functions used. The atomic basis set functions χ k used to represent the three main types of atomic orbitals, core, valence and diffuse ones, see Figure 2.1, can be described either by Slater Type Orbitals (STOs) or the Gaussian Type Orbitals (GTOs), which are both products of a radial part R l (r) and spherical harmonic function Y m l (θ, φ). The STO is described as follows:

χ k (r) = N r n-1 e -ζr Y m l (θ, φ) (2.13)
where n is the principal quantum number, N is a normalisation constant, r is the electron-nucleus distance and ζ is a constant related to the effective charge of the nucleus. STOs correspond to the exact hydrogen-like atom orbitals and can be used to describe many-electron systems. However, it turns out that the evaluation of two-electron integrals for three or more atoms-systems, needed in WFT1 methods (see Equation 2.21 and Equation 2.22) is impractical; thus in order to overcome this problem, the GTOs were introduced:

χ k (r) = N r n-1 e -αr 2 Y m l (θ, φ) (2.14)
The use of GTOs speeds up the calculations, but it lacks accuracy in describing electron behaviour close to the nucleus due to its r 2 dependence. GTO has a rapid slope decline compared to STO and represents the function "tail" poorly, making it necessary to combine it with other GTOs to accurately reproduce the STO ( To account for electronic correlation, polarisation functions (P) containing higher angular momentum functions can be included in the basis set.

In order to better describe the long-range behaviour, the diffuse basis functions can be added, which are useful for studying the negatively charged molecules or van der Waals complexes. The quality of the basis set is crucial for the calculation outcome but it also affects the computational costs. Finding a balance between quality and price is challenging, but achievable through compromise. In this work, several types of basis sets are used, and their choice is described in the following chapters. 

Basis Set Superposition Error

When calculating the interaction energy between two or more molecular fragments, there is an artificial extra-stabilisation term resulting from the basis set's incompleteness of each atom. In the calculation of the interaction energy, the atomic orbitals of one fragment of the system may overlap with one of the other fragments, which leads to double counting of stabilising energy. This phenomenon is known as the Basis Set Superposition Error (BSSE). In 1970, Boys and Bernardi introduced the counterpoise correction, which aims to correct for the BSSE [103]. The uncorrected interaction energy (∆E int ) between atoms A and B would be computed as:

∆E int (AB) = E AB AB (AB) -E A A (A) -E B B (B) (2.15)
where the superscripts refer to the basis used, the subscripts are the geometry, and the symbol in parentheses denotes the chemical system considered. This equation needs to be corrected by the value that states the amount by which atom A is stabilized by the extra basis functions from B (and vice versa). The energy of atom A in the dimer basis involves placing all the basis functions of atom B on the atomic centres of atom B while disregarding the electrons and nuclear charge of atom B. In such a computation, the functions on atom B are called "ghost functions," and atom B is referred to as a "ghost atom". Thus, the BSSE is estimated as the following:

E BSSE = E AB A (A) -E A A (A) + E AB B (B) -E B B (B) (2.16)
where E AB A (A) and E AB B (B) are the energies of A and B, respectively, evaluated in the presence of the basis set of atoms B and A at their positions in AB, correspondingly. With the BSSE applied, the corrected interaction energy is calculated with the following formula:

∆E corrected int (AB) = ∆E int (AB) -E BSSE = E AB AB (AB) -E AB A (A) -E AB B (B) (2.17)

Frozen core approaches

In calculations that focus on chemical bonding and valence properties, it is extremely common to freeze the core electrons after an initial Hartree-Fock calculation (see subsection 2.3.1), meaning that the core electrons are left out of any treatment of the electron correlation. Hence one can only include the configuration functions that involve of excitation of valence-shell electrons.

When the inner-shell electrons remain untouched during the calculations, we talk about the frozen-core approximation. There, the electrons are considered fixed, thus not influencing the correlation of the valence electrons. With this approach, all the electrons are still present, meaning that it is not the same thing as the effective core potential approach, which is described later in subsection 2.4.5. This approach is usually applied to reduce the computational costs during the calculation of transition metal complexes, lanthanides, actinides and other heavy elements including polonium since the core electrons are tightly bound and less involved in chemical bonding. However, one should be careful with the choice of frozen electrons, since one needs to be sure that they would not indeed contribute much to the properties under investigation. The frozen core approximation should not be used when one needs to count for orbital relaxation of the core to accurately describe the system, like when one deals with NMR or X-ray spectroscopy.

Wave Function Methods

Hartree-Fock

The Hartree-Fock (HF) approach is a basis for a lot of other methods (known as post Hartree-Fock methods, described later in this section). By applying the variational principle (Section 2.1.4) to the Schrödinger equation where the trial wave function is defined as a single Slater determinant (Equation 2.9) and minimising the energy with respect to the choice of molecular spin-orbitals φ i , i=1, one makes use of the HF equations:

Fi φ i (r) = ε i φ i (r) (2.18)
where Fi (i) is the one-electron Fock operator, φ i is the molecular spin-orbital of the electron i and ε i is the corresponding orbital energy. The Fock operator is expressed as:

Fi (r) = ĥi (r) + N j=1 Ĵj (r) -Kj (r) (2.19)
where the ĥi is the one-electron operator that describes the kinetic energy of electron i and the one-electron operator representing the electron-nuclei potential energy [104]:

ĥi (r) = - 1 2 ∇2 i - N A=1 Z A riA (2.20)
The second part of the Equation 2.19 is a sum of two operators, the Coulomb operator Ĵ j , that represents the electrostatic interaction of an electron in orbital φ i with the average charge distribution from the other electrons, and the nonclassical exchange operator Kj that arises from the anti-symmetry of the wave function and it prevents electrons with parallel spins to occupy the same spatial position. Applying these operators on φ i gives:

Ĵj φ i (r i ) =       φ * j (r j )φ j (r j ) rij dr j       φ i (r i ) (2.21) Kj φ i (r i ) =       φ * j (r j )φ i (r j ) r ij dr j       φ j (r i ) (2.22)
And then the energy of the orbital i is obtained from the Equation 2.18, by bracketing the Fock operator:

ε i = φ i Fi φ i = φ i ĥi φ i + N j=1 J ij -K ij (2.23) with J ij = φ i | Ĵj |φ i and K ij = φ i | Kj |φ i .
The whole Hartree-Fock energy is then [105]:

E HF = N i=1 h ij + 1 2 N i=1 N j=1 J ij -K ij = N i=1         ε i + 1 2 N j=1 J ij -K ij         (2.24)
Solving the Equation 2.24 gives a set of N eigenvalues ε i . The total Hartree-Fock energy is not a sum of the orbital energies. Note that Equation 2.23 has a factor of 1 2 in front of the two-electron terms to avoid double counting. The Fock operator, Fi , depends on all occupied spin-orbitals. The Self-Consistent Field Method (SCF) allows us to obtain a more accurate set of orbitals from the approximate Hamiltonian, diagonalising the Fock matrix, and repeating the whole process again until the energy convergence criteria are fulfilled. Depending on the electronic structure of the molecule under investigation, the Unrestricted Hartree -Fock (UHF) or Restricted Hartree -Fock (RHF) approaches can be used. The first one can be used when the molecular structure is openshell, i.e. the system has one or more open shell unpaired electrons. Then the spin-orbital is written indicating individual spatial coordinates for each spin:

φ i (r) =          φ α i (r)α(ω) φ β i (r)β(ω) (2.25)
where α(ω) and β(ω) are spin-up and spin down, and ω is an unspecified spin variable. The drawback of this approach is that the wave function is not an eigenfunction of the total spin operator, and the resulting artefacts are known as spin contamination. It is possible to use projection operator techniques on the UHF wave function to obtain an improved wave function with more accurate spin S 2 expectation values. On the other hand, the RHF applies to closed-shell systems, or to open-shell systems with the restricted open-shell HF (ROHF) formalism that forces the spin symmetry. There, the spatial part for both α(ω) and β(ω) is identical by construction:

φ i (r) =          φ i (r)α(ω) φ i (r)β(ω) (2.26)
Both UHF and RHF are size-extensive and variational methods.

Electron Correlation and Post-Hartree-Fock Methods

The Hartree-Fock approximation treats the electron-electron interaction within the mean-field approximation, as was shown in Equation 2.20. This approach allows us to receive relatively neat results, but, nevertheless, it is still not proper enough to describe various physicochemical processes since we have to count for the correlated motion of electrons. This lacking part is known as the electronic correlation E corr , and it is the difference between the total exact energy of the system E tot and the Hartree-Fock energy E HF :

E corr = E tot -E HF (2.27)
The correlation energy can be separated into dynamic and non-dynamic (static) parts. The dynamic part refers to the motion of electrons that avoid each other by occupying different electronic configurations. The non-dynamic part arises from near-degenerate energy levels, and it indicates that the wave function needs to be described by more than one Slater determinant. This last condition is important for the description of the compounds with transition metals, lanthanides, actinides, or other heavy elements that have many electronic levels of similar energies, as well as to describe bond-breaking or bond-creations in chemical reactions. Formally, the n-electron wave function can be expanded in an infinite number of Slater determinants [100]:

|Ψ n ⟩ = C (n) 0 |Φ 0 ⟩ + r a C r(n) a |Φ r a ⟩ + r<s a<b C rs(n) ab |Φ rs ab ⟩ + r<s<t a<b<c C rst(n) abc |Φ rst abc ⟩ + ... (2.28)
with a, b, c staying for the occupied orbitals and r, s, t for unoccupied ones, and where all possible ways of arranging the electrons in the Hartree-Fock orbitals that are empty in the HF determinant |Φ 0 ⟩ are included as singly excited determinants |Φ r a ⟩, doubly excited determinants |Φ rs ab ⟩, triply excited determinants |Φ rst abc ⟩, etc. The originated determinants are referred to as Singles (S), Doubles (D), Triples (T), Quadruples (Q), etc. If the expansion in Equation 2.28 is complete, the solution of this configuration interaction (CI) method is exact, and this method is called the full CI (FCI). This procedure gives exact results, in a given basis set, but, as one can expect, it is very expensive computationally-wise. Even for a relatively small system with a minimal basis set the number of determinants included in the FCI calculation can be very large. That is why the use of truncated CI is a possibility. Depending on the determinant at which the Equation 2.28 is cut, one can use Singles (CIS), Singles and Doubles (CISD), Singles, Doubles and Triples (CISDT) CI methods. An important remark is that these truncated methods are neither size-consistent nor size-extensive, so their applicability may be problematic. To overcome both missing size extensivity and size consistency problems, different corrections were introduced (see Ref. [106][107][108]). One of the most popular approaches is the one suggested by Davidson and Landhoff, and it adds the correction by estimating the energy associated with the missing quadruple excitations in the CISD calculations as:

E Q = (1 -c 0 ) 2 (E CISD -E HF ) (2.29)
where c 0 is the coefficient of the HF determinant in the normalized truncated CISD wave function. Calculations carried out with this method are called CISD(Q) [104].

The Coupled Cluster Method

The coupled cluster method is one of the most accurate methods to account for the (dynamic) correlation energy, and it is often used as a reference in quantum chemical calculations [109][110][111][112]. This single reference and non-variational approach is based on the Coupled Cluster (CC) theory, and the higher-order excitations are included efficiently there. The theory introduces the excitation operator T, that relates the exact electronic wave function Ψ CC to the reference HF wave function Ψ 0 :

Ψ CC = e T Ψ 0 (2.30)
The exponential term e T is expressed as a power expansion:

e T = 1 + T + T 2 2! + T 3 3! + • • • (2.31)
and the excitation operator T is the sum of a series of increasing rank order excitation operators:

T = T1 + T2 + T3 + • • • + TN = N i=1 Ti (2.32)
where i is the excitation order and N is the number of electrons in the system. The excitation order shows the number of electrons excited from an occupied to an unoccupied orbital, for example:

T1 Ψ 0 = occ i virtual a t a i Ψ a i T2 Ψ 0 = occ i<j virtual a<b t ab ij Ψ ab ij (2.33)
representing single and double excitations with t a i being a single-excitation amplitude, t ab ij a double-excitation amplitude, etc. These latter parameters are determined by solving the CC equations, by the means of substituting e T Ψ 0 into the electronic Schrödinger equation. If all the cluster operators up to TN are included, one ends up with an equivalent to the FCI (for the ground state). As expected, this kind of calculation is very computationally costly and can only be performed on a very small system. Thus, one usually truncates Equation 2.32 at a given excitation level, leading to a family of coupled cluster methods: CC with single and double excitations (CCSD) with T truncated at the level of T2 [113], CC with single, double and triple excitations (CCSDT) with T truncated at the level of T3 [114] and so on.

As an illustration, the CCSD energy is defined as:

E CCSD = Ψ 0 e -T1 -T2 Ĥe T1 + T2 Ψ 0 (2.34)
As was mentioned above, this method is not variational. If computing it variationally, one ends up with a series of non-vanishing terms up to order N elec , thus being extremely expensive. Otherwise, the Equation 2.34 is projected onto a space of excited determinants Ψ , thus generating the amplitudes. The CCSD energy is computed starting from a single-reference determinant and depends directly on the single and double amplitudes, with indirect contributions from higher excitations. Since the energy depends on the amplitudes and the amplitude depends on the energy, the CC equations are solved in an iterative manner.

There is a more popular variation of the latter, CCSD(T), an approach currently regarded as a golden standard of quantum chemical calculations, where error cancellations are considered [115]. In this approach, the contributions of triple excitations are accounted for by means of perturbation theory. It is important to note that whatever the truncation of the CC wave function is, the power expansion assures that the approximation is size-extensive (as soon as each term is not truncated) [113].

Møller-Plesset Perturbation Theory

In the Møller-Plesset (MP) perturbation theory [116], which is based on the Many-Body Perturbation Theory, the improvement in the HF results is obtained by adding a correlation term (perturbation, Ĥ′ ) to a zeroth-order solution ( Ĥ0 ).

The Hamiltonian looks in the following way: Ĥ = Ĥ0 + Ĥ′ (2.35) In the MP perturbation theory, the zeroth-order solution is the Hartree-Fock wave function. The perturbation to this reference wave function is actually an inclusion of excited Slater determinants, and its contribution to the total energy or perturbed wave function is much smaller than the one of the Ĥ0 . The excitations that are taken into account for the perturbation are the promotion of one or more electrons to an unoccupied orbital. Thus, the first-order correction is the promotion of one electron to an unoccupied orbital. It is proven that the Møller-Plesset correction to the 1 st order (MP1) leads to the same solution as HF due to the Brillouin theorem (the last states that the singly excited configurations do not contribute to the first-order correction to the wave function). Then, the possible levels of correction are the second (MP2), third (MP3), fourth (MP4), etc. In most of the cases, the MP2 method is sufficient, since it can recover up to 99 % of the correlation energy, but for this HF should give a very good zerothorder approximation of the true wave function [117]. Further explanations of this perturbation theory would be illustrated with the MP2 approach since this method is used in this project, as can be seen later in Chapter 3 and Chapter 4.

To derive the MP expressions, the energy and the wave function are written as a Taylor expansion in powers of a perturbation parameter λ that depicts the strength of the perturbation:

E P T = λ 0 E 0 + λ 1 E 1 + λ 2 E 2 + ... (2.36) ψ = λ 0 ψ 0 + λ 1 ψ 1 + λ 2 ψ 2 + ... (2.37)
If we apply the first equation to MP2, the expression looks the following:

E MP 2 = E 0 + E 1 + E 2 (2.38)
Where the sum of the first two elements, according to the Brillouin theorem, is:

E 0 + E 1 = N elec j ϵ i - 1 2 ij ij || ij (2.39)
The last term, the double bar integral, is an antisymmetrized two-electron integral of the general type (given in Dirac notation):

pq || rs = ψ * p (1)ψ * q (2) 1 r 12 [ψ r (1)ψ s (2) -ψ s (1)ψ r (2)]dτ 1 dτ 2 (2.40)
where τ denotes integration over space and spin coordinates of the spin orbitals ψ [118]. The matrix elements with singly excited determinants Φ α i (i, j are the occupied orbitals and a, b are the virtual orbital) are the following:

Φ 0 Ĥ′ Φ a i = Φ 0 Ĥ0 - N elec j Fj Φ a i = Φ 0 Ĥ0 Φ a i -Φ 0 N elec j Fj Φ a i = Φ 0 Ĥ0 Φ a i -         N elec j ϵ j         Φ 0 |Φ aa i (2.41)
Φ 0 and Φ a i are orthogonal to each other, thus the last term of the Equation 2.41 is zero. According to the Brillouin theorem, in the closed-shell systems, two orthogonal states satisfying the HF equation and different by one orbital are equal to zero, following the first term of the equation being equal to zero as well, resulting in the whole contribution of the singly excited determinants being erased. The correlation in the MP2 energy is then only the contribution from the second-order correction:

E 2 = occ a<b virt i<j ab || ij 2 ϵ a + ϵ b -ϵ i -ϵ j (2.42)
The family of MPn methods is non-variational and may lead to energies lower than the true ground state energy with respect to the perturbation order n. However, it is size-consistent, which is believed to be more important than being variational [99], especially if one wants to compute reaction/dissociation energies.

Multireference Approaches

All the previously discussed methods gather a family of single-reference wave function calculations. In order to describe the systems in which static correlation (near-degeneracy effects) is important and/or excited states, multireference approaches are introduced. They all have roots from the full configuration interaction method introduced in Section 2.3.1. The wave function is expressed as a linear combination of all the possible determinants created by single up to n excitations from the HF determinant, where n is a number of electrons, a, b, c stand for occupied orbitals and r, s, t are unoccupied ones [100]:

|Φ FCI ⟩ = c 0 |Ψ 0 ⟩ + c S |S⟩ + c D |D⟩ + c T |T ⟩ + ... (2.43) = c 0 |Ψ 0 ⟩ + ar c r a |Ψ r a ⟩ + a < b r < s c rs ab Ψ rs ab + a < b < c r < s < t c rst abc Ψ rst abc + ... ( 2.44) 
The expansion coefficients c are determined variationally. In order to do this, all the possible excited determinants and their combinations are generated. In practice, one works with linear combinations of a small number of determinants constructed so as to have the correct spin symmetry as configuration state functions (CSFs). Of course, the number of CSFs grows rapidly. As an example, the formula below describes the number of CSFs needed to be calculated for a molecule with n electrons and with spin quantum number S = 0 [99].

CSFs = b!(b + 1)! ( 1 2 n)!( 1 2 n + 1)!(b -1 2 n)!(b -1 2 n + 1)! (2.45)
where b is the number of one-electron basis functions used to express the MOs. For example, in order to calculate our atom of interest, Po, which has 84 electrons with an ANO-RCC-VTZP basis set, that has 79 basis functions, the number of CSFs to calculate the singlet configurations is already 1.05 × 10 44 . Due to this extreme cost, it is better to reduce the number of active CSFs by selecting the orbitals that can contribute to the wave function in a non-trivial way.

Complete Active Space SCF

Before discussing the Complete Active Space SCF (CASSCF) method, it is important to indicate that it is based on the multiconfiguration SCF (MCSCF) method. Here, like in the full CI, the wave function is described as a linear combination of CSFs Φ i , but this time not only the expansion coefficients (herec i ) in ψ = i c i Φ i , but also the molecular orbitals in the CSFs are varied. One can understand that handling this type of calculation including a large number of possible configurations is computationally expensive, and, of course, there are different approaches available that can reduce the computational cost. One of them is the CASSCF method [119], which is variational, size-consistent, generally applicable, and computationally efficient for moderate-size active spaces. This method eases the calculations by selecting only the important determinants/CSFs. To do so, the molecular orbitals are divided into three areas: the inactive space, the active space and the virtual space, as illustrated on the Scheme 2.3. All the electrons in the inactive space are paired, the virtual space orbitals are empty, and only the molecular orbitals within the active space are allowed to have partial electron occupations. Here, in the active space, the full CI wave function will be built by letting all the possible configurations of the electrons within the active space orbitals contribute to it. The main question arising at this step is what should be the size of the active space? Where is the balance between precision and cost? No certain answer can be given here.

Sometimes the smallest active space can be representative (like the one that is used later in Chapter 4), and sometimes it is needed to use a larger active space. General advice on selecting the active orbitals for certain cases can be found in the work of Veryazov et al. [120]. When the size of the active space becomes too big and the full CI calculations become too expensive, one may simplify the calculations using the restricted active space SCF (RASSCF) approach [121,122]. There, the active space from the CAS is divided into three subgroups. The subgroup in the middle corresponds to the regular CAS active space where the full CI is performed, while the lower space allows only a certain number of electrons to be excited from it as well as the upper space allows only a certain number of electrons to be excited to it. This limitation can save computational resources without compromising too much the precision of calculation. A CASSCF calculation can be state-average (SA) or state-specific (SS). During the first one, the treatment of multiple electronic states that are important in the molecular system is happening simultaneously, describing several electronic states at once. A single wave function that represents an average over several states is constructed. The energy of each state is weighted by its importance or experimental significance. The resulting wave function is a compromise that provides a reasonable description of multiple states that are by construction orthogonal to one another. The state-specific CASSCF focuses on individual electronic states. It constructs a dedicated wave function to the state of interest. It aims to obtain the best possible description for the targeted state, without definitive consideration of others. Consequently, it is not the method of choice for further calculations of non-adiabatic couplings if one wants to avoid a non-orthogonal basis.

Recalling what was written in Section 2.3.2, the electron correlation can be schematically separated into the dynamical and static parts. The CASSCF method mainly recovers the static correlation. In order to add the dynamic correlation, the two main approaches are mostly used: either the configuration interaction methods like difference-dedicated configuration interaction (DDCI) [123] and multireference CI with single-and double excitations (MR-CISD) [124] or the perturbation methods. While the CI-based methods are out of the scope of this work, the perturbation ones will be described in more detail.

Post-MCSCF Perturbation Theory

The multireference perturbation theory (MRPT) can be regarded as an advance in the previously discussed MP theory (Section 2.3.4). The two most known MRPT methods are complete active space perturbation theory at second order (CASPT2) [125,126] and the N-electron valence state perturbation theory at second order (NEVPT2) [127][128][129]. The CASPT2 method is older, and it has several drawbacks that seriously limit its usage. Firstly, there is a problem of intruder states, when at least one perturber has energy almost the same as the CASSCF wave function [130][131][132]. The reason for this is the choice of the zeroth-order Hamiltonian. As in the MP theory, it is a monoelectronic Fock-type Hamiltonian, and it is modified in a way that the CASSCF wave function becomes its eigenfunction, and in the limit of a vanishing CAS space in CASSCF, it reduces to the standard Fock operator used in the MP theory [117]. The intruder states can be eliminated in different ways. First, one can think of enlarging the active space, although it cannot be infinitely big, as well as it may not solve every situation. Another solution is to apply the level-shift correction [133] or, for the weak intruder states, an imaginary shift [134]. Secondly, for the state-specific CASPT2 method, it is difficult to treat the mixing of the CASSCF references. Several multistate CASPT2 approaches were suggested as a solution (MS-CASPT2 [135], XMS-CASPT2 [136], XDW-CASPT2 [137]). Thirdly, a major problem was found in evaluating a large number of chemical problems for which systematic errors were noticed and ascribed to a bad zeroth-order Hamiltonian [138,139]. The NEVPT2 theory, being developed after, has tried to cover most of the CASPT2 imperfections. Contrary to the last, NEVPT2 is size-consistent and is almost free of intruder states, since the divergences in the perturbation summation are avoided through a good separation between the zero-order energies associated with the functions of the outer space from the zero-order energy of the state being studied. Free of artificial shifts, it is in practice more sensitive to the proper choice of the CAS space. The key point is the choice of the zeroth-order Hamiltonian (in NEVPT2 it is the Dyall's Hamiltonian: the summation of a monoelectronic part that is diagonal in the canonical inactive and virtual orbital spaces and a bielectronic part that is operating only in the CAS space [117]) and the definition of the perturbers and their corresponding energies. The zeroth order Hamiltonian can be expressed as:

Ĥ0 = Ĥi + Ĥv (2.46)
where Ĥi is a one-electron Hamiltonian defined in both inactive and virtual orbital spaces as:

Ĥi = inact i f (i) + virt r f (r) (2.47)
with f standing for the Fock operator and sums considering only doubly occupied orbitals in inactive and empty orbitals in virtual space. Ĥv is an electronic Hamiltonian that has a special term ĥef f accounting for the field created by the core electrons in an effective way:

Ĥv = act a ĥef f (a) + 1 2 act ab vee (a, b) (2.48)
Although CASPT2 and NEVPT2 have a common point (they both treat the dynamic correlation at the second order of perturbation by including all single and double excitations involving at least one inactive or one virtual orbital), they both are externally and internally contracted in their standard versions, so they do not change the coefficients of the reference wave function after the dynamic correlation treatment. The NEVPT2 approach has three different "flavours", related in the contraction of the basis states that span the first-order interacting space (FOIS), which can be partially-contracted (PC), and strongly-contracted (SC), as well as a quasi-degenerate (QD) NEVPT2 version [140], which is a multistate version of SC-NEVPT2 [141]. In PC-NEVPT2, as in CASPT2, the FOIS is spanned by the contracted functions that are defined from the CASSCF reference (zeroth-order) wave functions Ψ 0 m :

Ψ 0 m = I∈CAS c (0) m,I φ i (2.49)
by applying excitation operators

Φ rs ij = E ri E sj Ψ 0 m = i∈CAS c (0) m,I E ri E sj φ i ) (2.50)
which takes the expression2 

E ri = a † rα a iα + a † rβ a iβ (2.51)
with i, j doubly occupied orbitals, a, b, c active orbitals, and with r, s virtual orbitals.

In PC-NEVPT2 and CASPT2, this FOIS can be divided into 8 classes depending on whether no, 1, 2 holes are created in the active space, and no, 1, 2 particles are added to it upon excitation as depicted in Figure 2 l only necessitates one diagonalization for the PC-NEVPT2, which is then valid for all the S (k) l various instances, the PC-NEVPT2 approach, despite the much larger number of perturber functions used with respect to SC-NEVPT2, only needs a modest computational overhead when compared with the strongly contracted formulation. In practice, both forms of NEVPT2 have been shown to give very similar results [141]. QD-NEVPT2 is developed to handle systems with quasi-degenerate electronic states, where the energy gaps between different states are small. This approach implies a revision of the CASSCF references that allows for a more precise description of the electronic structure near degeneracy. It includes a diagonalisation of the effective Hamiltonian matrix within the active space or a subset of it, leading to improved accuracy in the description of the near-degenerate states.

Relativistic Effects

All the previously mentioned methods belong to the nonrelativistic approaches, and they are working perfectly for the description of the elements up to Z=36 in the periodic table [142][143][144][145]. For the atoms that are heavier than that, or for fine effects, the relativistic effects start to play a big role, since the electrons close to the nucleus start to move with a velocity close to that of the speed of light, thus changing the electronic structure description.

The relativistic effects can be separated into two categories: scalar ones, which correspond to the relativistic mass increase of the electron due to its increased speed in the vicinity of heavy nuclei, and the spin-orbit effects, which arise from the (effective) influence of the magnetic field induced by charges motion (current) on the spin of the electron. The strongest influence of the relativistic effects perhaps comes from the scalar ones, leading to two main consequences:

1. s and p orbitals are contracted and stabilized due to relativity 2. d and f orbitals are expanded and destabilized due to relativity In its turn, the spin-orbit effects influence in a so-called indirect way, originating from the contraction of the inner shells (s and p), and results in the screening of the nuclear charge for the outer shells, i.e. decreasing the effective nuclear charge and splitting of orbitals with angular momenta greater than 0 (p, d, f ).

The equation that is consistent with both the principles of quantum mechanics and the theory of special relativity is the four-component Dirac equation. It is presented further in this section, as well as its two-component approximations. Additionally, the effective core potentials are discussed.

Dirac Equation

The relativistic energy of a free particle having rest mass m and momentum p is expressed as:

E = c p 2 + m 2 c 2 (2.52)
Klein and Gordon derived a relativistic analogue to the Schrödinger equation for a free particle based on Equation 2.52, but it implied a time-dependent probability for the particle's location. Later, Paul A. M. Dirac concluded how to derive a relativistic Hamiltonian, which would be a linear operator with respect to both time and space like it is for the non-relativistic Hamiltonian. By introducing the algebraic quantities α and β, he suggested an equation that describes the relativistic motion of an electron in an external potential V ,

ĤD Ψ (r, t) = iℏ ∂ ∂t Ψ (r, t) (2.53)
with the Dirac Hamiltonian

ĤD = βmc 2 + cα • p + V (2.54)
with the following system of parameters:

α x =       0 2 σ x σ x 0 2       ; α y =       0 2 σ y σ y 0 2       ; α z =       0 2 σ z σ z 0 2       ; σ x =       0 1 1 0       ; σ y =       0 -i i 0       ; σ z =       1 0 0 -1       ; β =       I 2 0 2 0 2 -I 2       (2.55)
where σ terms are Pauli spin matrices and the "2" subscripts indicate 2x2 matrices. Both α and β parameters are 4 × 4 matrices, and the wave function is a four-component vector. In non-relativistic quantum mechanics, one can introduce the spin by making the wave function a two-component vector, called a 2-spinor. The same applies to the Dirac wave function:

Ψ (r, t) =                  Ψ 1 (r, t) Ψ 2 (r, t) Ψ 3 (r, t) Ψ 4 (r, t)                  (2.56)
in which components 1 and 3 correspond to spin 1 2 and components 2 and 4 to spin -1 2 , and the wave function is a 4-spinor. We can also write

Ψ (r, t) =       Ψ U (r, t) Ψ L (r, t)       (2.57)
Ψ U and Ψ L are the so-called upper (U , "large") and lower (L, "small") components of the wave function. Each holds two degrees of freedom α and β, the spin-components. This nomenclature comes from the fact that for nonrelativistic velocities mc ≫ p, the upper two components are large and the lower ones are small. They correspond to two different particles, electron and positron, and the electron-positron states are separated in energy by 2mc 2 , where energy solutions for electrons are higher than mc 2 , and positron are lower than -mc 2 :

E ± = ± p 2 c 2 + m 2 c 4 (2.58)
If the energy spectrum is shifted by -mc 2 to coincide with the electron rest mass energy, the Dirac equation is rewritten in a way that the lower bound of the high-energy spectrum matches that of electrons in the non-relativistic Schrödinger equation. For a free electron, the solution of the time-independent Dirac equation in a two-component form looks the following way:

      V cσ • p cσ • π V -2mc 2             Ψ U (r) Ψ L (r)       = E       Ψ U (r) Ψ L (r)       (2.59)
where

Ψ (r, t) =       Ψ U (r) Ψ L (r)       =                  Ψ U α (r) Ψ U β (r) Ψ L α (r) Ψ L β (r)                  (2.60)
As for the Schrödinger equation, it is possible to resolve the Dirac equation for only one electron. As soon as one deals with a many-electron system, approximations need to be made.

The Many-Electron Dirac Hamiltonian

As stated before, accurate quantum chemistry methods need to account for electron-electron interactions, so it is the same in a four-component framework. Thus, the Dirac-Coulomb-Breit Hamiltonian is a relativistic quantum mechanical Hamiltonian that incorporates both the effects of electron-electron interactions (Coulomb interaction) and electron-electron magnetic interactions (Breit interaction) within the framework of the Dirac equation.

ĤDCB = n i=1 ĥi + i<j ĝB ij (2.61)
where ĝB ij is the two-electron Breit correction term:

ĝB ij = - 1 2r ij        α i • α j + (α i • r ij )(α j • r ij ) r 2 ij        (2.62)
Here, the first term in parenthesis is the Gaunt term, characterising the magnetic interaction between electron spins [146], and the second is a gauge-dependent term characterising the relativistic nature of the bielectronic interactions [147,148]. These terms play an important role in the calculation of the properties of the core, while the data like energies and geometries are not altered by their inclusion into the calculation, as shown in references [149,150]. Although being a great tool to describe the relativistic effects, this Hamiltonian has its drawback of being complex since it treats a four-component Dirac equation, thus being time-and resource-consuming.

Dirac Equation Approximations

As explained above, solving the Dirac equation turns out to be expensive as one needs to deal with a four-component wave function. Simplifications can be made by transforming the four-component equation into two-component forms by decoupling the large and small components. There are two most used schemes to perform this: either the elimination of the small component (ESC) or decoupling via a series of unitary transformations.

Elimination of the small component

From the Equation 2.59, a relation between the Ψ L (r) and Ψ S (r) can be derived:

Ψ S (r) = K(E, r) σ • p 2mc Ψ L (r) (2.63)
where K(E,r) is a multiplicative operator defined as:

K(E, r) = 1 - V -E 2mc 2 -1
(2.64)

If one rewrites

K(E, r) = 2mc 2 2mc 2 -V 1 + E 2mc 2 -V -1 (2.65)
and one can expand the term in parenthesis in a power series in E/(2mc 2 -V ). If we keep only the first term of the expansion, the so-called zeroth-order regular approximation (ZORA) Hamiltonian [151,152] can be obtained :

ĤZORA = V + (σ • p) c 2 2mc 2 -V (σ • p) (2.66)
The advantages of the ZORA Hamiltonian are the normalization of the ZORA wavefunction and the absence of energy in the denominator of the approximate K operator. Despite being the simplest form of regular approximation, ZORA is capable of capturing the most significant relativistic effects in the vicinity of the nucleus. Additionally, it provides excellent reproduction of valence shell properties when compared to the fully relativistic Dirac equation. The ZORA Hamiltonian contains no mass velocity term, and only parts of the Darwin term, which results in lowering the energies because the spin-free relativistic corrections, which are usually the largest, cannot be reproduced well [152][153][154][155].

Decoupling via unitary transformations

An alternative to the ZORA Hamiltonian is the Douglas-Kroll-Hess one, which is widely used in quantum chemistry since it allows the relativistic equation to respect the variation principle [156,157]. Indeed a two-component Hamiltonian can be obtained by block-diagonalising the Dirac Hamiltonian with a suitable unitary operator, U , that removes the off-diagonal block:

U ĤD U † =       Ĥ+ 0 0 Ĥ-       (2.67)
The eigenvalues of H + and H -form the positive-and negative-energy branches of the full Dirac spectrum, respectively. Consequently, the two-component equation can be solved as

H + Ψ = EΨ (2.68)
which gives the eigenvalues for the electronic solution of the original Dirac equation.

Douglas and Kroll proposed a procedure to decompose the overall transformation, U, into the sequence of simpler unitary transformations,

U = • • • U 3 U 2 U 1 U 0 (2.69)
The first step in the DKH transformation is a free-particle Foldy-Wouthuysen (FW) transformation in momentum space because it is difficult to obtain an analytical form of the unitary operator, U, except in the free particle case. Using the free-particle eigensolutions of the Dirac Hamiltonian associated with the positive-energy eigenvalues, the unitary operator in the free-particle FW transformation is given as

U 0 =       A AR -AR A       (2.70)
where A and R are kinematical operators defined by

A = E 0 + mc 2 2E 0 1/2 (2.71) R = cα • p E 0 + mc 2 (2.72)
with E 0 the kinetic energy operator for the positive energy states:

E 0 = p 2 c 2 + mc 4 (2.73)
The application of the unitary operator, Equation 2.70, to the Dirac Hamiltonian in an external field, ĤD , gives

Ĥ1 = U 0 ĤD U 0 † = E 0 + E 1 + O 1 (2.74) 
where

E 0 =       E 0 0 0 -E 0       (2.75) E 1 =       E 1 0 0 E 1       (2.76) O 1 =       0 O 1 -O 1 0       (2.77)
with

E 1 = AV A + ARV RA (2.78) O 1 = ARV A -AV RA (2.79)
The E 0 and E 1 blocks are even (i.e., only diagonal blocks) and O 1 is odd; only off-diagonal blocks are nonzero. The resulting Hamiltonian yields the freeparticle FW Hamiltonian, which is also referred to as the no-pair Hamiltonian or the first-order DK (DK1) Hamiltonian in the context of the DK approximation.

The resultant DK Hamiltonian still maintains a four-component formalism.

The reduction from four-component formalism to electronic two-component formalism is carried out by keeping the upper diagonal block of all operators. In order to correspond to the nonrelativistic limit, the resulting two-component Hamiltonian is shifted by -mc 2 . Therefore, the DK1 Hamiltonian in the twocomponent form is given as

ĤDK1 = E 0 -mc 2 + E 1 (2.80)
Douglas and Kroll suggested that it is possible to remove odd terms of arbitrary orders in the external potential through successive unitary transformations as follows:

U n = (1 + W n ) 1/2 + W n (2.81) 
where

W n = -W n † =       0 W n -W † n 0       (2.82)
Here, W n is an anti-Hermitian operator of the nth order in V. The DKH transformation at second order in the external potential has been extensively studied by as it is implemented in many relativistic quantum chemistry codes. In the last two decades, there have been efforts to develop a fully decoupled two-component one-electron Hamiltonian from matrix representations of the four-component Hamiltonian, allowing for full elimination of the lower components with explicit construction of a matrix representation of U. Information regarding the development of these methods, now collectively termed X2C ("eXact 2-Component"), and details about the construction of such operators, can be found in Refs. [158][159][160].

Both DKH and ZORA Hamiltonians possess the convenient property of being susceptible to a further separation in a spin-orbit and a scalar-relativistic part, which is useful for molecular electronic structure calculations according to special needs [117].

Spin-Orbit Coupling Treatment

All-electron ZORA, DKH and X2C two-component Hamiltonians (denoted as

Ĥtot from here on) can be separated in a scalar relativistic part Ĥel and a spinorbit part ĤSO (this separation are available in the references [161,162]), thus offering different possible spin-orbit coupling treatments, including those of Spin-Orbit Configuration Interaction (SO-CI), Spin-Orbit Coupled Cluster (SO-CC), Two-Component Density Functional Theory (2C-DFT) and so on 3 . Before performing the SOC calculation, spin-free (SCF, CASSCF, etc.) calculations are performed in order to obtain scalar relativistic molecular orbitals and states.

The SO-CI method explicitly includes the SOC in the configuration interaction calculations, considering electronic configurations with different spin and spatial symmetries, allowing for accurate calculations of energy levels and transition energies affected by spin-orbit coupling. In the framework of the scalar relativistic methods that start from the LS-coupling scheme, there are two main ways to treat the CI and SOC: the first one treats them at the same time and defines either a one-step or two-step Double-Group CI (DGCI), while the other shifts the SOC treatment after the correlation interaction step, defining a CI LS +SO method. The general description of these methods is presented below.

DGCI methods. Here, as mentioned above, the electronic correlation and the spin-orbit coupling are treated simultaneously, which is why sometimes it is called a "one-step" SOCI method. This approach is applicable to the systems where both of them are important, and if the SOC effect is dominant, one deals with the jj coupling, otherwise with the intermediate coupling. Here, the SO-CI treatment is carried out in a selected set of orbitals where the selection is based on an iterative method, which tends to favour configurations necessary for improving the description of electrostatic effects. The spin-orbit contributions are determined by multiplying the selected functions by the spin functions (singlets and triplets have the same energy). The matrix of the relativistic scalar Hamiltonian is then recalculated using this new basis and diagonalised. This is a very computationally expensive method. Its benefit is that if the states under consideration are properly chosen, the excited states are very well described.

CI LS +SO methods. Here, the correlation and the spin-orbit part are separated, giving it a "two-step approach" name. If the SOC can be considered as a perturbation (this is the case if the Russell-Saunders coupling applies), then treating the SOC after the first CI calculation should be accurate enough. A great advantage of this method lies in the proper treatment of the spin-free correlation interaction state with the method and code of choice, which allows a precise treatment of electronic correlation. Here, after the diagonalisation of the spinorbit free Hamiltonian matrix, the set of N E el k eigenvalues and N eigenvectors Ψ el k of the Ĥel , L and S operators is obtained that is developed on the basis of determinants φ i of the reference space, where N is the sum of the numbers of the spin components of the SOF states.

Ψ el k = i c i k φ i (2.83)
This type of calculation is implemented, for instance, in ORCA [163,164] and was used for the SOC analysis presented in Chapter 3. After including the spinorbit operator ĤSO in the total Hamiltonian Ĥtot = Ĥel + ĤSO , the corresponding matrix is rewritten based on the previously calculated N vectors Ψ el k . Here, the diagonal elements correspond to the eigenvalues E el k , and the off-diagonal elements are the spin-orbit coupling elements between the functions Ψ el k .

Ψ el 1 • • • Ψ el i • • • Ψ el N Ψ el 1 . . . Ψ el i . . . Ψ el N                          E el 1 • • • • • • • • • H SO N 1 . . . . . . H SO ij . . . . . . E el i . . . . . . H SO ij . . . . . . H SO N 1 • • • • • • • • • E el N                         
(2.84)

After diagonalising this matrix, we obtain spin-orbit vectors Ψ SO k developed on the basis of { Ψ el k }. To simplify the calculation of the Ĥtot matrix, the SO-CI methods choose to expand the vectors Ψ el k in a reduced space, called the model space, compared to the total reference space, and correct the error introduced by this truncation using an effective Hamiltonian. The problem with this method is that it does not allow to correct the coefficients of the determinants on which the basis functions Ψ el k are developed. This way of treatment is called a contracted SOCI (c-SOCI). Some spin-orbit coupling can be missed if certain determinants are not included due to their low electronic correlation impact. Single excitations, which play an important role in orbital relaxation and in the spin-orbit coupling (SO polarisation), are less valued in correlation, meaning they have very small coefficients c k compared to double excitations. Furthermore, in this method, spin-orbit coupling is treated as a second-order perturbation. However, in many cases, especially for heavy ions (actinides and lanthanides), the two-step method becomes inappropriate as spin-orbit coupling becomes significant and requires the inclusion of a considerable number of states in the same space [165].

EPCISO

The Effective and Polarized CI+SO (EPCISO) method [166], used in this work, works in a way of two-step approaches, but it allows the polarisation of the wave function by electron correlation and the spin-orbit coupling and falls in the category of uncontracted SO-CI methods, as details below. Thus, it treats the correlation effects in non-relativistic symmetry and maintains the principle of working with an uncontracted determinant basis, including determinants having a significant spin-orbit interaction with a chosen determinantal reference space. The new model space is often smaller than the total reference space, and the effect of the ignored correlation determinants is projected onto the model states using the effective Hamiltonian technique [166]. The scheme in Figure 2.5 illustrates the way the EPCISO works.

The step-by-step description of the uncontracted SO-CI (uSO-CI) algorithm is the following. In the first step, the sophisticated CI or perturbative calculations are carried out in scalar-relativistic approximation for all the states of interest. The SF Hamiltonian ( Ĥel ) is diagonalized for each spatial symmetry σ under consideration (|Φ σ m ⟩ and E σ m are the eigenvectors and eigenvalues associated with state m):

Ĥel |Ψ σ m ⟩ = E σ m |Ψ σ m ⟩ (2.85)
Each eigenvector is expanded in a determinant basis φ σ i belonging to the target space T σ :

|Ψ σ m ⟩ = j∈T σ c σ i φ σ i (2.86)
The spin-orbit operator couples different symmetries, and the total target space T σ is, thus, defined as a union of all configurational spaces:

T = ∪ σ T σ (2.87)
and the mth many-electron wave function written in a general way as:

|Ψ m ⟩ = σ i∈T c σ i φ σ i (2.88)
In the second step, the total Hamiltonian is diagonalized, including the spinorbit coupling, in the determinant basis, unlike the contracted basis SO-CI methods. The obtained space, denoted as S ref , is a subspace containing the most important determinants belonging to T , which in addition contains the determinants contributing to the SO polarisation effects. In the present studies, the model space S ref corresponds to determinants of the CAS space used to perform the scalar relativistic calculations, plus singly-excited determinants. Formally, the EPCISO code allows to select singly-excited determinants whose perturbative contribution to energy or wave function exceeds a threshold (τ SO ) set by the user, and then treat them variationally:

if φ K ĤSO φ J E J -E K ≥ τ SO , then φ K ∈ S.
(2.89)

Here φ J are the determinants from the reference space and φ K are singlyexcited determinants. Determinants that are weakly coupled (that fall below the threshold parameter) can be treated by perturbation theory. In this work, all the single excitations have been variationally treated. The final diagonalisation of a total Hamiltonian ( Ĥel + ĤSO ) is performed in a generalized Davidson method [167]:

Ĥel Ψ 0 m = E 0 m Ψ 0 m (2.90)
The spin-orbit free transition energies E 0 m obtained within this space need to be corrected by an energetic shift on the basis of spin-free states defined as the difference between the latter energies E 0 m and the ones, E m coming from a sophisticated correlation treatment (See Equation 2.85) and projected on the basis of determinants. The total effective Bloch-type Hamiltonian can be written as

H tot = Ĥtot + m,i,j c 0 m,i c 0 * m,j φ i (E m -E 0 m ) φ j = H el + ĤSO (2.91)
where

H el = Ĥel + m,i,j c 0 m,i c 0 * m,j φ i (E m -E 0 m ) φ j (2.92)
yielding final energies E SO m and final wave functions Ψ SO m that include both correlation and spin-orbit polarisation:

H tot Ψ SO m = E SO m Ψ SO m (2.93)
Due to the projection, the resulting wave functions are expressed in the same way as the c-SOCI ones and one can also sum the contributions of the spin components belonging to each state.

Effective Core Potential

The Effective Core Potential (ECP) is a great tool to ease the computational cost of the calculations. The electrons in an atom can be divided into those of the core and valence ones. The latter actively participate in chemical bonding, while the first are considered almost chemically inert. Thus, they may be "frozen" during the calculations. In ECP calculations, an effective valence-only (VO) Hamiltonian is used, for n v valence electrons and N cores:

Ĥv = n v i ĥv (i) + n v i<j ĝv (i, j) + Vcpp (2.94)
with subscripts c and v referring to core and valence. Vcpp term stays for a core-polarization potential, and ĥv and ĝv are effective one-and two-electron operators, which are:

ĥv (i) = - 1 2 ∇2 i + Vcv (i) (2.95) and ĝv (i, j) = 1 rij (2.96)
The first term in Equation 2.95 is the kinetic energy of the valence electrons, the second is the interaction between the electron/nuclei and the valence electrons, and the term depicted by Equation 2.96 is the interaction between the valence electrons. The Vcv term is parametrized to include both scalar-relativistic and spin-orbit effects. In the case of a molecule, it is assumed that this term is a superposition of N atomic contributions:

Vcv (i) = n λ - Q λ r λi + ∆ V λ cv (i) (2.97)
with λ standing for a core and Q λ for a core charge, respectively. The selection of an appropriate ECP depends on the specific atom being studied and the level of accuracy desired. Various ECPs have been developed and optimized for different elements, and they are designed to reproduce the properties of valence electrons, computed with all the electrons. Since ECPs aim at reducing the computational cost by using a valence-only model, they are mostly used for heavy atoms. Thus, most of the time the ECPs also account for the relativistic effects within the core energy levels, which also impacts the valence levels. The relativistic ECP can give more accurate results during the calculations of heavy elements than non-relativistic all-electron calculations [168,169]. Note that energy-consistent pseudopotentials do not aim at reproducing the correct shape of the valence orbitals, in particular the nodes of the radial part of it.

The general way to write a potential is ECPnXY, where n stays for the number of core electrons, X = S/M: single/multi-electron fit and Y = HF/WB/DF: non/quasi/fully relativistic. For polonium, which is the main "hero" of this project, the small-core ECP with 60 electrons [170] has been chosen. The choice of the small-core ECP is grounded on the electronic configuration of polonium, leaving a sufficient number of valence electrons for the description of Po-ligand interactions (See section 1.7 and Figure 1.7 for the electron configuration of polonium). Sometimes, the ECP may be referred to as SOREP, which stands for a Spin-Orbit Relativistic Effective Core Potential, as on the Scheme at the figure Figure 2.5.

Solvation Effects

Theoretical chemistry can reproduce, explain and predict a lot of experimental measurements. But many experiments are carried out in solution, while quantum chemical calculations are generally made for isolated chemical species. Solvation effects are crucial and complex and can change the whole picture of species compared to the gas-phase results. There are two ways of considering solvent effects in quantum chemistry: explicit and implicit solvation. The first one consists of surrounding the solute molecule with the solvent ones, and in this model, the molecular details of each solvent molecule are taken into account.

This makes the calculations extremely expensive in terms of computational cost, thus not very widely-used, especially with big or heavy solute molecules. As an alternative, the second, implicit solvation model is suggested. This model suggests treating solvent as a continuous uniform medium characterized by a dielectric constant, while the solute is placed inside the cavity in the medium. The free energy of solvation is given by:

∆G solv = ∆G cav + ∆G disp + ∆G elec (2.98)
where ∆G cav is the free energy required to form the solute cavity, ∆G disp stands for the Van der Waals interaction between solute and solvent and ∆G elec is the electrostatic component (polarisation between solute and solvent induces charge redistribution). The last component is the dominant one, it drives the solvationfree energy and requires accurate calculation. In the computational solvation, the solute shape cavity of vacuum is introduced into the solvent, after this the solute charge density is placed in solute the cavity. The solvent molecules reorient and polarise in response to the solute charge density, ending up with the solute polarising in response to solvent polarisation. There are different implicit solvation models, and they differ in the way the size and shape of the solute cavity are defined, in the level of solute description, the dielectric medium description, the cavity calculation method and the representation of charge distribution. One of the most used implicit solvation models is the polarisable continuum model (PCM) [171,172]. In Equation 2.98, the ∆G elec is the only term, that enters the quantum mechanical formulation of PCM, while the others are calculated semi-classically. The electrostatic component can be expressed in the following way:

∆G elec = 1 2 Γ σ ( - → s )          V ρ M ( - → r ) - → r -- → s d 3 r          d 2 s (2.99)
where σ ( -→ s ) is the surface charge distribution and ρ M ( -→ r ) is the solute charge distribution inside the cavity, Γ being the surface of the cavity. The different ways of expressing the surface charge resulted in the creation of various PCM formulations like the Conductor-like Screening Model (COSMO), dielectric PCM (DPCM), the conductor-like PCM (CPCM), the integral equation formalism variant (IEFPCM) and others. In this work, the CPCM approach was used [173,174], and, thus, described below. This approach is considered one of the most successful solvation models for quantum chemical usage, but it is restricted to solvents having a relative dielectric constant (ε r ) higher than 5 [175]. As mentioned above, the solute is placed in a cavity formed by the envelope of spheres centred on the atoms or atomic groups. Inside the cavity, the dielectric constant is the same as in vacuum, outside it takes the value of the desired solvent. Localisation and calculation of the surface charges are approached through systematic mapping of the spherical surface in small regions (tesserae) of known area and calculation of one point charge per surface element. Each tessera is characterized by the position of its centre, area and the vector normal to the surface passing through its centre. The polarisation charges are expressed in terms of finite point charges placed in each tessera. The solvation charge is obtained by solving a system of N-coupled linear equations, with N being the number of tesserae. The dimensions of the spherical surfaces that build the cavity depend on the radius assigned to each atom of the solute. There are several different mostly used models to build the cavity, and in particular choices of the base radii of the atoms, namely the universal force-field (UFF) and the united atom (UA) topological models. One should choose these parameters carefully because they play a significant role in the composition of solvation effects.

Quantum Theory of Atoms in Molecules

QTAIM stands for the "Quantum Theory of Atoms in Molecules", a theoretical framework developed by R. Bader [176,177] that allows for the analysis and understanding of molecular systems at the atomic level based on the study of the topology and electron density of the chemical system. The electron density is partitioned into non-overlapping atomic basins (Ω) which develop around nuclei. In a molecule, such as AB, these basins are delineated by separators, which form interatomic surfaces S AB with zero flux, satisfying the equation:

∇ - → ρ (r) • - → n (r) = 0 (2.100)
Here, -→ ρ (r) represents the electron density at the point r of the space and -→ n (r) is a vector that is perpendicular to the interatomic surface. This condition ensures that a trajectory remains within a single basin without crossing its surface.

Once the basins are determined, various atomic properties can be calculated, including the electron population of the basin or the nuclear charge. The electron population N of an atomic basin Ω can be obtained by integrating the electron density over this basin:

N (Ω) = ⟨N ⟩ Ω = Ω ρ(r)d 3 r (2.101)
The atomic charge, q(Ω), can be derived by subtracting the electronic population, N(Ω), from the nuclear charge of the atom A, Z A . This is also known as the Bader charge, expressed as:

q(Ω) = Z A -N (Ω) (2.102)
In addition to characterising atoms in the molecules, this theory provides insights into interatomic interactions. The electron density is a scalar field, its topological properties are determined by the analysis of its associated gradient vector field.

One important feature that arises from this analysis is known as a critical point (CP). A critical point of the electron density is a special point of the system located at r=r crit , which describes either the minimum or maximum of local density, or a saddle point, where the gradient of this local density is equal to zero:

∇ - → ρ (r crit ) = 0 (2.103)
Critical points are characterized by the eigenvalues λ i (i = 1,2,3) of the Hessian matrix H of ρ, evaluated after the diagonalisation of the following matrix:

H(r crit ) =                ∂ 2 ρ ∂x 2 ∂ 2 ρ ∂x∂y ∂ 2 ρ ∂x∂z ∂ 2 ρ ∂y∂x ∂ 2 ρ ∂y 2 ∂ 2 ρ ∂y∂z ∂ 2 ρ ∂z∂x ∂ 2 ρ ∂z∂y ∂ 2 ρ ∂z 2                .
(2.104)

Critical points are classified by their rank, R (number of non-zero values in the Hessian matrix) and the signature, S, which indicates the excess of positive eigenvalues over negative ones. In an equilibrium system, R equals 3. If it is smaller than 3, then the CP is mathematically unstable and may disappear if the system is perturbed. For instance, a saddle point can have two strictly negative eigenvalues and one strictly positive eigenvalue, resulting in a rank of three and a signature of (-1)+(-1)+1=-1 [178]. In the QTAIM, four main types of critical points are examined (R, S): . The thin black lines form the atomic basins, with their trajectories ending in the vicinity of the attractor (nucleus). The black dots correspond to the BCPs, and the trajectories originating from these points conclude at the attractors, defining the bonding regions. The density at the BCP can provide quantitative information regarding the bond strength between two atoms. The bond order (BO) may be determined by the electron density at the BCP ρ b , according to the equation [180]:

1. ( 3 
BO = exp [A(ρ b -B)] (2.106)
where A and B are constants dependent on the nature of the bonded atoms.

Based on the value of ρ b the interaction is categorized as a "sharedshell" or "closedshell". The quantitative description will be provided later in this section. Another local descriptor of bonding is the delocalisation index, denoted as δ (A-B) for atoms A and B, which relates to the degree of covalence and bond multiplicity (single, double, triple). The Laplacian of the electron density at the BCP (sum of the second derivatives of ρ b at BCP) can also provide valuable insights into the nature of the bond. Mathematically, it is defined as the trace of the diagonalized electron density Hessian matrix (Equation 2.104):

∇2 ρ(r) = ∂ 2 ρ ∂x 2 λ 1 + ∂ 2 ρ ∂y 2 λ 2 + ∂ 2 ρ ∂z 2 λ 3 (2.107)
Here, the λ values represent the curvature of the density at the critical point. The first two curvatures are negative and perpendicular to the bond path, while the third curvature is positive and lies along the bond path. The negative curvatures indicate the concentration of density along the bond path, while the positive curvature reflects the depletion of density in the interatomic region and its concentration in the individual atomic basins [180,181]. To provide a more distinct differentiation between these bonding types, indicators based on the local expression of the virial theorem are employed:

1 4 ∇2 ρ(r) = 2G(r) + V (r) (2.108)
where G(r) is the positive definite kinetic energy density and V(r) is the potential energy density (negative). When the potential energy density dominates locally and results in a negative ∇2 ρ(r), it corresponds to a shared-shell interaction. Conversely, if the kinetic energy density at the BCP dominates and leads to a positive Laplacian, there is a charge depletion, indicating a closed-shell interaction. 

Introduction to the results chapters

As explained in the Chapter 1, our comprehension of polonium's chemistry remains mostly unknown. Within both experimental and theoretical domains there are plenty of paths to take. As for the theoretical study, it is logical to start from the basics, investigating the electronic structure of genuine compounds. Each research is initiated with an examination of the methodologies employed, or potentially employable, to obtain the requested results. This study followed the standard route, commencing with an exploration of suitable methodologies applicable to our objectives. As previously mentioned, polonium is not the most well-studied element, resulting in constrained references for theoretical computations. Consequently, finding a few theoretical works on polonium was not very representative, and the choice of the proper methodology was also grounded on the analogous works focused on other heavy elements.

The objects of investigation are complexes of Po(IV) with water or chloride ligands. The first group was chosen due to its chemical simplicity since solvated ions are the key to understanding the impact of complexation by actual ligands. The inclusion of the second ligand group stems from the availability of experimental data.

Chapter 3, which makes the first part of the results, is a multiple-aimed chapter that reaches different problems of polonium chemistry. A big part of this chapter is dedicated to the benchmark studies of polonium complexes in order to find the most convenient quality-to-price ratio of the method to be used for further analysis. The electronic structure analysis gives insights into the coordination number of polonium, the interaction energies evolution depending on the number of ligands in the complex and the difference in geometries between the complexes with water and chlorine in the gas phase. A deeper bond nature 95 investigation was conducted by means of the Quantum Theory of Atoms In Molecules (QTAIM), revealing some peculiar properties of the small complexes. Finally, the influence of the spin-orbit coupling was checked on the properties of the small complexes.

The second part of the results, Chapter 4, is dedicated to the complexes of polonium with chlorides in aqueous solutions. These compounds are the only ones to be experimentally studied with UV-Vis spectroscopy and reported in the literature. The experiment shows two different types of complexes arising depending on the pH of the media. At higher pH, the observed peak should be a signature of the Po(OH)Cl 3 -b b complex, while at lower pH, it should be the PoCl 2 -b 2+b . In this work, our aim is to shed light on the composition of the compound(s) that yields a peak at higher acidity. For years scientists have been attempting to provide a definitive answer to this question. PoCl 5 -and PoCl 6 are the most probable complexes according to the existing literature. In our work, we do suggest our view of the origin of the peak. Apart from an interpretation of the experimental results, this part contains a profound methodological step-bystep research, starting with the bare ions (Po 4+ and its isoelectronic homologue Bi 3+ ) and proceeding with complexes in both the gas phase and in solution.

Additionally, the crucial need for spin-orbit coupling to simulate the absorption spectra is highlighted.

The following chapters are based on the two published articles, "Geometries, interaction energies and bonding in [Po(H 2 O) n ] 4+ and [PoCl n ] 4 -n complexes" and "Excited states of polonium(IV): Electron correlation and spin-orbit coupling in the Po 4+ free ion and in the bare and solvated [PoCl 5 ] -and [PoCl 6 ] 2 -complexes".

Chapter 3

Geometries, interaction energies and bonding in hydrated and chlorinated complexes of Po 4+

Abstract

Polonium (Z = 84) is one of the rarest elements on Earth. More than a century after its discovery, its chemistry remains poorly known and even basic questions are not yet satisfactorily addressed. In this work, we perform a systematic study of the geometries, interactions energies and bonding in basic polonium(IV) species, namely the hydrated [Po(H 2 O) n ] 4+ and chlorinated [PoCl n ] 4 -n complexes by means of gas-phase electronic structure calculations. We show that while up to nine water molecules can fit in the first coordination sphere of the polonium(IV) ion, its coordination sphere can already be filled with eight chloride ligands. Capitalising on previous theoretical studies, a focused methodological study based on interaction energies and bond distances allows us to validate the MP2/def2-TZVP level of theory for future ground-state studies. After discussing similarities and differences between complexes with the same number of ligands, we perform topological analyses of the MP2 electron densities in the quantum theory of atoms in molecules (QTAIM) fashion. While the water complexes display typical signatures of closed-shell interactions, we reveal large 97 Po-Cl delocalisation indices, especially in the hypothetical [PoCl] 3+ complex. This "enhanced" covalency opens the way for a significant spin-orbit coupling (SOC) effect on the corresponding bond distance, which has been studied by two independent approaches (i.e. one a priori and one a posteriori). We finally conclude by stressing that while the SOC may not affect much the geometries of high-coordinated polonium(IV) complexes, it should definitely not be neglected in the case of low-coordinated ones.

Introduction

Since the discovery of polonium in 1898 by Marie and Pierre Curie, not a lot of experiments has been carried out to unravel its intriguing chemical properties. While most of polonium chemistry remains unknown, its extreme toxicity, being either chemical or radiological, is notorious [38,183]. Though its radioactivity may be used to detect it, it is still complicated to perform analyses to determine polonium traces in, for example, sea water [9], tobacco [49,184], plants [185], soils [186] and other samples. Meanwhile, former usages of polonium as a heat source in the space machine industry, as a α-emission source, or as static eliminators have now become obsolete because of alternatives based on materials that are safer and easier to get. In the case of accidental or criminal ingestion of polonium, no specific antidote is known, and one can administrate British anti-Lewisite (BAL), the antidote for heavy metals and in particular arsenic [187], unfortunately without any guarantee of success.

Polonium has more than 40 known isotopes. While only seven of them are naturally occurring [34], 210 Po is the usual isotope for performing experiments, even if other ones may be scarcely used, e.g. 208 Po for atomic spectroscopy [39]. The four oxidation states of polonium are usually considered: -II, +II, +IV and +VI. In solution, polonium(IV) is meant to be the most stable one [4], so it is clearly an oxidation state whose chemistry deserves to be studied. Nonetheless, evidences for polonides (Na 2 Po, ZnPo, etc.) [3], oxides (PoO 2 , PoO 3 ) [188], halides and dihalides (PoCl 2 , PoCl 4 , PoBr 4 , PoI 4 ) [81][82][83] and complexes with organic ligands such as the acetylacetonate anion (acac -), the ethylenediaminetetraacetic acid trianion (EDTA 3 -), the oxalate dianion (C 2 O 4 2 -), etc. were reported in the literature [75].

Computational chemistry is, of course, free of any direct toxicological impact. Its increased accuracy and applicability observed in the last few decades may open the way for future predictions aiming at designing new successful experiments with polonium. However, prior to this, methodological studies have to be performed in order to ensure good results for good reasons (or at least identified error cancellations). In fact, only a limited number of electronic structure theory studies were dedicated to polonium, among which a few emblematic ones will be discussed hereafter. Note that the electronic structure of the free Po 4+ ion is [Xe]4f 14 5d 10 6s 2 , which has two main consequences for the calculations, (i) single-configurational and single-reference approaches may correctly describe the ground-state wave functions of polonium(IV) species and (ii) relativistic effects must be accounted for explicitly or implicitly (e.g. scalar relativistic effects lead to a strong stabilisation of the 6s orbital [189]).

From 2008 to 2010, Ayala et al. published three computational works related to polonium(IV) hydration and to the formation of hydroxo complexes in solution [10,11,95]. In 2015, Borschevsky et al. calculated very accurately with a fully relativistic coupled-cluster method the ionisation potentials and electron affinity of the free Po atom [12]. Note that their first ionization potential value was in good accord with the early value of Charles [39], and proved to be also in good accord with the yet-to-come new experimental values derived from two independent experiments [40,41]. In 2019, Stoïanov et al. revisited from theory the UV-Vis absorption spectra of polonium chloride complexes [16]. The same year, chalcogen bonding with polonium was examined by Zierkiewicz et al. [13]. In fact, performing relativistic and correlated calculations is always quite challenging, and validating approximate schemes from scratch may require tedious methodological studies due to the lack of experimental reference data (one should then validate more approximate schemes by comparison with more accurate ones, i.e. based on very demanding calculations, see for instance the work of Rota et al. on the polonium hypothetical dimer [190]).

As mentioned before, the +IV oxidation state of polonium dominates in solution. Following the pioneer works of Ayala et al. [10] and Stoïanov et al. [16], we will focus on two families of Po(IV)-complexes, namely the hy-drated [Po(H 2 O) n ] 4+ and the chlorinated [PoCl n ] 4 -n complexes. The first series is of fundamental interest since it relates to the general context of the hydration of heavy-element cations in solution [6]. The second series is of practical interest since polonium chloride complexes can form in acidic chloride solutions [3,6]. We will focus on ground-state properties (geometries, interaction energies and bonding descriptors) and assess the dependence of the theoretical results with respect to specific degrees of freedom such as the choice of the correlation method, of the atomic basis sets or for instance of correcting for the basis set superposition error (BSSE) when computing interaction energies, which was not fully done in those earlier works [10,16]. To limit the discussion to pure electronic-structure theory aspects, only gas-phase results will be considered (future work may deal with solvation). Similarities and differences between the hydrated and chlorinated complexes will be discussed, in particular concerning the first coordination sphere of the polonium(IV) cation.

Computational details

Our most extended methodological investigation was done on the [Po(H 2 O) n ] 4+ complexes (where in fact n = 1-9), even though some tests were repeated on the [PoCl n ] 4 -n ones (n = 1-8, see section 3.4 and Appendix A). MP2 [191][192][193][194][195] and B3LYP [196,197] calculations were performed to determine the molecular geometries and the corresponding total interaction energies of all the complexes. Because of the close agreement of the MP2 and DFT (B3LYP) results and for the sake of simplicity, we will only report MP2 results in the remainder of the text. For the [Po(H 2 O) n ] 4+ (n = 7-9) complexes, initial structures were built from previous thorium structures [198]. Note that additional reference calculations with the coupled cluster method with single, double and perturbative triple excitations, [113,199] i.e. CCSD(T), were also performed on specific complexes, namely the [Po(H 2 O)n] 4+ with n = 1-3. All the MP2, B3LYP and CCSD(T) calculations were carried out with the Gaussian 16 [200] software. Note that every molecular geometry is optimised unless mentioned otherwise.

The By default, in post-Hartree-Fock calculations, Gaussian 16 correlates all outer-core (5s, 5p, 5d) orbitals and the occupied 6s valence orbital of Po(IV), while freezing the 5s and 5p orbitals is wiser to ensure a significant energy gap between the frozen and the correlated orbitals in a molecular system, as illustrated by Figure 3.1 related to the PoCl 4 molecule, where the Po 5s molecular orbital (MO 21) is energetically close to the frozen combinations of the chlorine 2s (MOs 9-12) and 2p orbitals (MOs 13-20). To generally avoid artefacts in the correlated calculations (when discussing trends, one should only compare results for which the same shells are frozen), the default frozen core choice was overwritten with the window keyword of Gaussian, with which the user may define the first unfrozen orbital, i.e. the number of frozen cores (NFC) plus one. In fact, in the current study, it was manually set to freeze 4 orbitals for Po (5s and 5p pseudo-orbitals), 1 for each water (the 1s orbital of the O atom), and 5 for Cl (the 1s, 2s and 2p shells). Moreover, though it is a bit technical, we would like to warn the reader that attention should be paid in computing the frequencies in a second step to ensure that Gaussian correctly applies the desired freezing scheme.

The interaction energies were calculated using the following formula:

E int = E complex -E P o 4+ -nE ligand + ∆E BSSE (3.1)
The basis set superposition error correction (∆E BSSE ) was calculated by the means of the counterpoise correction at the (fixed) geometry of the complex:

∆E BSSE = E Po 4+ -E ghosts Po 4+ -E (ligands) n + E ghost (ligands) n (3.2)
where the ghost(s) superscript refers to calculations performed with ghost ligand atoms (E ), meaning that the basis functions of the corresponding atoms are applied but their electrons are not (neither their nuclear charges). Note that unlike Equation 3.1, which dissociates the complex in Po 4+ + n ligands, Equation 3.2 considers clusters of n interacting ligands, denoted (ligands) n .

To describe the nature of the chemical bonds in the systems under study, quantum theory of atoms in molecules (QTAIM) [177] analyses were done with the AIMALL [203] software using the MP2/def2-TZVP electron densities. Note that more details concerning the meaning of the derived descriptors will be directly given in the Results and discussion section.

To assess the role of the spin-orbit coupling (SOC) on molecular geometries, two types of calculations were performed. First, zeroth-order regular approximation (ZORA) [152] relativistic Hartree-Fock calculations were performed using the AMS driver of the Amsterdam Modeling Suite [204] software and Slater-type TZ2P [205] basis sets, without freezing core orbitals. In this case, the SOC is included a priori, but the interplay between SOC and electron correlation is completely missing. Alternatively, we have performed two-step SOC calculations with ORCA [164] (v. 5.0.0), for which the SOC is introduced a posteriori, as a perturbation of the correlated spin-orbit free (SOF) level, obtained with the 157,206]. In this case, specific scalar relativistic recontracted (DKH-def2-TZVP) or originally generated (SARC-DKH-TZVP) all-electron basis sets [207,208] were used for all the atoms. There, the role of the SOC may this time be underestimated, and only a part of the interplay between electron correlation and the SOC is by construction treated (we have only used the contracted spin-orbit configuration interaction, SOCI, scheme). More details and explanation will be directly given in the section 3.4. In short, these two complementary approaches do not suffer from the same pitfalls, and if a physical effect is observed with both methodologies, one may thus be quite confident in its actual occurrence.

Results and discussion

Electronic structure theory calculations

As mentioned earlier, we will start the discussion with the interactions energies that were obtained for the [Po(H 2 O) n ] 4+ and [PoCl n ] 4 -n complexes, with special emphasis on the water complexes, previously studied by Ayala et al. [10]. We performed a partial benchmark to find the best accuracy/cost methodology for ground-state studies of polonium(IV) complexes. We recall here some of their important conclusions, confirmed by our independent calculations:

• up to nine water molecules can fit in the polonium(IV) coordination sphere, meaning that n = 1-9 for the hydrated [Po(H 2 O) n ] 4+ complexes under study;

• the interaction energies evolve monotonously with n;

• MP2 and to a lesser extend B3LYP calculations provide interactions energies in good agreement with the CCSD(T) ones when the aug-cc-pVDZ basis set are used.

We have thus retained the MP2 method, and focused on two main degrees of freedom: the nature and size of the basis set and the use of a BSSE correction (see Eqs. 3.1 and 3.2). Furthermore, since we have proposed to change the number of polonium frozen orbitals (see section 3.3), we have also reported new CCSD(T) and MP2 calculations with the aug-cc-pVDZ basis set, as well as original ones with triple zeta and quadruple zeta aug-cc or def2 basis sets (see Table 3.1, as well a Table A.1 andTable A.2 for an investigation of the impact of the BSSE correction).

One can quickly see that results for both the MP2 and CCSD(T) methods, in combination with the aug-cc-pVDZ basis set, are in fair agreement, though the accord is less impressive than in the paper of Ayala et al. [10]. Since the BSSE corrections are similar with both methods (see Table A .1 and Table A.2), the observed difference essentially comes from the number of frozen orbitals. However, it is known that wave-function theory calculations, especially correlated ones of the coupled-cluster type, slowly converge with the basis-set size. Because of the computational cost, we have not systematically performed CCSD(T) calculations with larger basis sets and have essentially investigated the effect of the basis-set nature and size only at the MP2 level. However, the interested reader may find a couple of CCSD(T) optimised structures obtained with the aug-cc-pVTZ and def2-TZVP basis sets in Table A.2. Interestingly, the accord between MP2 and CCSD(T) improves with basis set enlargement, independent from its nature (i.e. aug-cc vs. def2). Indeed, the difference between the two methods is divided by two with respect to the basis-set size. Anyway, due to the single reference nature of the ground state of polonium(IV) complexes, we indeed expect to obtain accurate values with MP2 provided that convergence of the results with respect to the basis-set size is reached. This is why we chose to pursue of analysis of the results dependence with respect to the basis set with solely the MP2 method.

Nowadays, computational facilities allow us to proceed with larger basis sets than fifteen years ago. For instance, we have reported calculations with the augcc-pVTZ, def2-TZVP and def2-QZVP basis sets (see Table 3.1). By comparing the aug-cc-pVDZ and aug-cc-pVTZ results, it is clear that the MP2 interaction energies are not yet converged with aug-cc-pVDZ basis set, which somehow justifies a posteriori the present benchmark. Thus, at least a triple-zeta basis set should be used. As an alternative to the aug-cc basis sets, we have employed the def2-TZVP and def2-QZVP ones (see Table 3.1). Notably, the def2-TZVP basis ) obtained at various levels of theory for polonium(IV) complexes with water and chlorides, computed according to Eqs. 3.1 and 3.2. set shows very similar results to the ones obtained with the aug-cc-pVTZ basis set, despite being built with fewer functions. The largest difference between the corresponding sets of results is below 20 kcal mol -1 for the n = 9 complex, which translates into ∼2 kcal mol -1 per ligand. Since the calculations with augcc-pVTZ basis set take roughly 5 to 20 times more time than the def2-TZVP one, it is clear that the best accuracy/cost ratio is expected for the def2 basis sets, in particular the def2-TZVP one.

As an additional step of analysis, we compared the results obtained with the def2-TZVP and def2-QZVP basis sets. As can be seen in Supplementary Information (Tables Table A.1 andTable A .2), interaction energies differ by less than 2 kcal mol -1 per ligand when the BSSE correction is included (the correction effectively reducing this difference). Considering the higher computational cost of calculations with the def2-QZVP basis set, we conclude that the MP2/def2-TZVP level of theory reaches the best accuracy to cost ratio out of all the tested methods for computing interaction energies between the Po 4+ -ion and the coordinated water ligands. Furthermore, we do not expect a notable improvement of the interactions energies by performing a complete basis-set extrapolation [209][210][211] based on the def2-TZVP and def2-QZVP calculations.

We have repeated similar calculations on the chlorinated complexes. First, we have found that eight chloride ligands are sufficient to saturate the coordination sphere of polonium(IV). Second, we observe a change in the evolution of the interaction energies (see Table 3.1), which is a priori more visible in Figure 3.2. While in the case of water, the evolution is monotonous with respect to ligand addition, the curve for chloride ligands displays a minimum for n = 5 (note that all the structures are stable though). We connect this phenomenon with the negative charges of chloride ligands: for each ligand addition, we earn a coordination bond but we also enhance the inter-ligand repulsion in a much stronger way than with neutral ligands. We have also repeated a similar benchmark as what was done for the stepwise water addition (see Table A .3 and Table A.4), leading to the exact same conclusion: the MP2/def2-TZVP level of theory is a good compromise to compute accurate interaction energies.

As a part of our benchmark study, we have been looking at molecular geometries, with emphasis on the mean Po -O and Po -Cl bond lengths. Prior to fully Figure 3.2: MP2/def2-TZVP interaction energies (kcal mol -1 ), E int , as functions of the number of ligands (n) for polonium(IV) complexes with water and chlorides.

digging into this, we start by an overall description of the structures. Perspective views are given in Figure 3.3, together with the symmetry point groups (SPGs). For the polonium(IV) complexes with water, we obtain similar structures as the ones reported by Ayala et al. [10], if we exclude the [Po(H 2 O) 7 ] 3 -complex from the discussion (a different SPG may be found depending on the applied level of theory). Concerning this specific complex, note that we report a C 2 SPG, obtained at the MP2/def2-TZVP level of theory.

When comparing the [Po(H 2 O) n ] 4+ and [PoCl n ] 4 -n structures two-by-two for n = 1-8, several situations occurs:

• For n = 2, the same SPG is observed; Though it is obvious that the presence of the hydrogen atoms of the water ligands may lower the symmetry, it is actually interesting to note that in some of the cases (n = 4, 5 and 7) quite different structures were obtained. Concerning more specifically the PoCl 4 complex, Stoïanov et al. reported in their article [16] a C 2v SPG for the gas-phase structure, with one set of bonds being slightly longer than the other. In fact, we found with our level of theory that the gas phase C 2v structure is only 1.6 kcal mol -1 higher in energy than the T d one, meaning that both are technically possible. We have thus performed several test calculations with various levels of theory, and concluded that though the potential energy hypersurface may be quite flat, the T d structure must be the correct gas phase one (we recall here that a structure similar to the one of the corresponding water complex is expected when a solvation model is applied [16]). Finally, we would like to mention that the structure of the [Po(H 2 O) 9 ] 4+ complex, which has no match in the chlorinated complex series, is highly symmetric (D 3 ), with 6 and 3 by symmetry-related bonds, respectively.

• For n = 1,
The dependence of the mean Po -O and Po -Cl bond lengths with respect to the basis-set sizes may be seen from Tables 3.2,Table A .5 and Table A.6, and is also displayed in Figure 3.4 for the polonium(IV) complexes with water. In line with the interaction energies, we note significant shortening of the bonds by going from the aug-cc-pVDZ basis set to the aug-cc-pVTZ one, a good agreement between the aug-cc-pVTZ and def2-TZVP results, and little change by going from def2-TZVP to def2-QZVP (see Table A .5), meaning that the def2-TZVP basis set is again a good accuracy/cost ratio performer.

For the [Po(H 2 O) n ] 4+ (n = 1-3) complexes, we obtain similar MP2/aug-cc-pVDZ bond distances than the ones of Ayala et al. [10], meaning that our proposed change in the NFCs as virtually no effect on the molecular geometries. Consequently, the good agreement of the MP2 and CCSD(T) structures that they observed is preserved in the present study. Concerning the [PoCl n ] 4 -n (n = 4-6) complexes, the mean B3LYP/aug-cc-pVTZ bond distances reported by Stoïanov et al. [16] (2.52, 2.59 and 2.67 Å, respectively), are significantly longer than the MP2/def2-TZVP ones (by ∼0.05 Å), which is in line with the ∼0.03 Å observed by Ayala et al. [10] for the [Po(H 2 O) n ] 4+ (n = 1-9) series. Note that the application of a dispersion correction [212] slightly diminishes those bond distances (by ∼0.01 Å in the [PoCl n ] 4 -n , n = 4-6, complexes), which thus only 

QTAIM analyses

To better characterise the nature of the bonds in the studied polonium complexes, QTAIM [177] analyses were performed. Several indicators may be defined, in particular at the bond critical points (BCPs). Such indicators may be used to classify the nature of the bonds, as proposed by Nakanishi and Hayashi [213] and validated by Pilmé et al. [182] for astatine species (a neighbour of polonium in the periodic table ). We report for convenience the bond lengths, and more specifically the electron density values at the BCPs (ρ), the Laplacian of the density at the BCP (∇ 2 ρ), the kinetic energy density (G), the potential energy density (V), the ratio between the absolute value of the potential energy density to the kinetic energy one (|V|/G), the delocalisation indices (δ), and the Po and O or Cl atomic charges (q) in Tables 3.3 and3 .4. With the value of the electron density at the BCP of interest, one can deter-

n(H 2 O) r(Po -O), Å ρ, a.u. ∇ 2 ρ G, a.u. V, a.u. |V|/G δ(Po -O) q(Po
), a.u. q(O) , a.u. q(H) , a.u. mine the nature of the bond, in particular, determine if the interaction is of the shared-shell (ρ ≥ 0.2 a.u.) or closed-shell type. This classification may also be done based on the following two relations for the Laplacian (∇ 2 ρ(r r r)) and the total electron energy densities at BCPs (H(r r r)) [213]:

1 4 ∇ 2 ρ(r r r) = 2G(r r r) + V (r r r) (3.3)
H(r r r) = G(r r r) + V (r r r) (3.4) where G(r r r) is positive and V (r r r) is negative. Actually, if the Laplacian of the density at the BCP is positive, as in all the studied complexes, then the kinetic energy density dominates, meaning that we are dealing with a closed-shell interaction [213].

Another criterion that can help us with the description of chemical bonds is the ratio between the absolute value of the potential energy density to the kinetic energy one. If this ratio is smaller than 1, we expect a pure closed-shell interaction (thus a pure ionic bond or a typical non-covalent interaction). If this ratio is larger than 1, which is the case in all the studied complexes, it means that the potential energy is large (electrons are thus stabilized at the BCP [213]), we face a regular closed-shell interaction.

For both the types of complexes we can see the same trend: the larger the complex, the longer the bond, the smaller the values of electron density at the BCP, and so do the values of the Lagrangian, potential and kinetic energy densities. This is somehow logical since the addition of ligand will lead to smaller charge transfers from each ligand to the polonium(IV) ion, i.e. to reduced "covalency", and since inter-ligand repulsion is also enhanced (which obviously is much more pronounced for chloride ligands, as already mentioned).

The delocalisation index (δ) [214,215], is also another important criterion, meant to be related to the bond multiplicity. A plot of the comparison between the mean δ(Po -O) and δ(Po -Cl) values is depicted in Figure 3.5, allowing a quicker view at the general trends than by inspecting Tables 3.3 and3.4. First, we can see that almost all the values are lower or equal to 1, that represents an ideal single bond (the two atoms exactly sharing one electron pair). In fact, half of the complexes presented here have δ's that are smaller than 0.5, meaning that the corresponding bonds are far from being covalent. Since a δ value around 1 may be indicative of several bonding patterns (i.e. covalent, charge shift [216] or even iono-covalent), these are not incompatible with our previous conclusion (regular closed-shell interactions). In fact, the more striking value is the one observed for the [PoCl] 3+ complex: 1.8. This value somehow resembles what is expected for a double bond, meaning that this bond must bear a strong covalent character.

In line with the delocalisation index, the QTAIM atomic q(Cl) charge in [PoCl] 3+ is positive (strong Cl -to Po 4+ charge transfer). Knowing that atomic charges are strongly dependent on the underlying charge model, we have also computed the Mulliken [217] and Hirschfeld [218] atomic charges (see Table A .7). Since all the applied charge models lead to a positive q(Cl) in [PoCl] 3+ , we conclude for a strong charge transfer from Cl -to Po 4+ in this diatomic. The trend observed by increasing the number of ligand is identical for the three charge models and is in fact not surprising: q(Cl) always decrease with increasing n. 

Spin-orbit coupling calculations

As already mentioned, the free Po 4+ ion has a [Xe]4f 14 5d 10 6s 2 electronic structure. We recall here that within the non-relativistic or scalar-relativistic picture (i.e. when one considers orbitals and not spinors), the SOC is only active with the occurrence of partially filled p, d, f, etc. shells (note that this is a necessary but not sufficient condition). Therefore, electron donation to the Po 4+ ion is required to activate the SOC, and in fact we have just seen that such a strong charge transfer occurs for the [PoCl] 3+ complex, which encouraged us to analyse the role of the SOC on this Po -Cl bond, in particular concerning the bond distance.

At the non-relativistic or scalar-relativistic Hartree-Fock level, three bonding valence orbitals are doubly occupied and have no populated antibonding counterparts (see Figure 3.6). These are the doubly degenerate π-bonding HOMO and HOMO-1 orbitals and the HOMO-2 σ -bonding orbital. This σ -bonding orbital is lower in energy than the π-bonding ones, meaning that the molecular orbital diagram is uncorrelated. Below these, the two anti bonding and bonding σ orbitals are essentially formed by linear combinations of the 6s orbital of Po and of the 3s orbital of Cl. Those two extra valence orbitals are doubly occupied, giving a net zero contribution to the formal bond order. Overall, the formal bond order in this system is 3, and the populated bonding orbitals are (i) delocalised on the two atoms (see Figure 3 Without explicitly computing effective bond orders (EBOs) [219][220][221][222][223], we would like to stress that two effects will tend to weaken the bond and thus enlarge the bond distance:

• electron correlation may promote electron pairs from a bonding to an antibonding orbital, here especially from the σ orbital to the σ * one (correlation induced reduction of the σ contribution to the EBO);

• the SOC may promote single electrons to antibonding orbitals, here especially the π orbitals to the σ * one (SOC induced reduction of both the π and σ contributions to the EBO).

As a consequence, the effective bond order will significantly differ from the formal one, meaning that one should not see the Po -Cl bond in [PoCl] 3+ as triple (and we have already seen with the delocalisation index, in the absence of the SOC, is more likely to be a double bond).

In previous works [10,16], the role of the SOC on the molecular geometries of polonium(IV) complexes was neglected, based on reference to the electronic structure of the free Po 4+ ion. However, since we have here evidenced that a strong effect can potentially occur in the hypothetical [PoCl] 3+ complex, we have computed molecular geometries in the absence and in the presence of the SOC, with two different frameworks, which are in fact complementary (see section 3.3):

• ZORA scalar relativistic and two-component Hartree-Fock calculations (no electron correlation, a priori inclusion of the SOC);

• two-step SOCI calculations, with a first scalar relativistic step and then diagonalisation of the H tot = E el + H SOC matrix in the basis of the M S components of the states of the previous step (spin-orbit free electron correlation, a posteriori inclusion of the SOC).

We just recall here that the first approach may overestimate the impact of the SOC (by lacking correlation) and that the second one (contracted SOCI) may underestimate it (by neglecting the SOC polarisation [166]). First, we tried out the a priori inclusion of the SOC, using the AMS software. For the [PoCl] 3+ complex, we observed an increase in the bond length from 2.17-2.29 Å, i.e. a 0.12 Å SOC-induced bond lengthening. This is a significant effect, clearly larger than the expected error of the underlying quantum mechanical method (meaning that this effect is significant and thus not negligible). As we have seen that "covalency", a key ingredient to active the SOC in polonium(IV) complexes, quickly diminishes in the [PoCl n ] 4 -n series, we have performed calculations for the n = 2, 3, 4 and 8 complexes. For the [PoCl 2 ] 2 -complex, the SOC triggers a 0.01 Å bond lengthening, which becomes even more insignificant for larger n values. From this first SOC study, we can already conclude that the SOC is negligible in high-coordinated polonium(IV) complexes, implying that its inclusion should not be key to perform future calculations of polonium(IV) complexes in solution (solvent molecules will always surround the heavy cation). On the contrary, a significant SOC effect can potentially occur on low-coordinated polonium(IV) complexes, meaning that SOC should somehow generally be probed in diatomics or systems with only a coupled of coordinated ligands (those systems are mostly of theoretical interest since gas phase experiments with polonium are not that safety-friendly).

Alternatively, we have also performed SOCI calculations on the [PoCl] 3+ complex, which proved to be interesting in terms of the SOC. We recall here that the two-step SOCI implementations do not yet propose any numerical or analytical gradients, meaning that the user has to explore the potential energy surfaces, here the potential energy curve (obviously with respect to the bond distance), by manual scans [224]. Several degrees of freedom are inherent to the SOCI approach: the size of the active space in the state-average complete active space (SA-CASSCF) calculation, the number of states that are included in the SA-CASSCF calculation and the way post-CASSCF electron correlation is introduced. In our calculations, we have considered 6 active electrons within 6 active orbitals (the σ , π, π* and σ * orbitals that are essentially formed by linear combinations of the 6p orbitals of Po and of the 3p orbitals of Cl). Note that test calculations showed that enlargement of the active space hardly affected our conclusions. With a ground state spin-singlet state, only spin-triplet spin components are directly coupled to it. After some tests, we have set up the SA-CASSCF state space to 11 spin-triplet and 1 spin-singlet states. Post-CASSCF electron correlation has been introduced by replacing the E el diagonal elements of the SOCI matrix [225,226] by N -electron valence space perturbation theory at second order (NEVPT2) ones [127,128,227]. With this setup, we observed a SOC-induced bond lengthening of 0.08 Å (from 2. 27-2.35 Å).

Before concluding on the role of the SOC on the bond distance, it is important to comment on the difference between both the scalar relativistic bond distances reported above (2.17 Å vs. 2.27 Å). For the sake of pedagogy and completeness, we would like to mention that three main factors may affect this difference: the basis set (TZ2P vs. a combination of DKH-def2-TZVP and SARC-DKH-TZVP, depending on the atom), the scalar relativistic Hamiltonian (ZORA vs. Douglas-Kroll-Hess) and the reference electronic structure method (Hartree-Fock vs. NEVPT2). As mentioned before, electron correlation is meant to weaken the bond order and in fact, also enlarge the bond distance. To probe this, we have performed an additional Hartree-Fock scan with ORCA with the same setup as in the second set of calculations, reproducing an equilibrium bond distance of 2.17 Å, as in the first set of calculations. We thus essentially attribute the observed difference in scalar relativistic bond distances to electron correlation.

Since the second approach is expected to underestimate the effect of SOC on the bond distance while the first one should overestimate it (see above), we finally conclude for a ∼0.1 Å SOC-induced bond lengthening in [PoCl] 3+ . This lengthening is of the same order of magnitude as the one observed for the AtX (X = F-At) diatomic molecule for instance [223], for which the importance of the SOC was more obvious (the free At atom displaying a strong SOC splitting of ∼2.9 eV [221] in its ground 2 P state). Also, it was shown in these systems that the SOC reduces the covalent character of the bond in terms of EBO [223] and of topological indicators [182,228,229] such as the delocalisation index or the population of the bonding basin of the electron localization function [230-232].

Conclusions

In this work, two series of polonium(IV) complexes were investigated, respectively with water and chloride ligands. A new benchmark study performed on the water complexes showed that the MP2/def2-TZVP level of theory is both accurate and efficient.

We have seen that the coordination sphere of the polonium(IV) ion may fit up to 9 water molecules or 8 chloride ligands, respectively. The interaction energy curves built by increasing n do not follow the exact same trend, a fact which we have attributed to the neutral vs. charged nature of the ligands.

We have also analysed the chemical bonds in the studied systems, generally qualified as regular closed-shell interactions. Because of signs of a strong "covalency" in the [PoCl] 3+ complex, we have investigated the influence of the SOC on the Po -Cl bond distance, quite unexpectedly revealing a SOC-induced bond lengthening of ∼0.1 Å in this system, which vanishes for larger coordinations (in fact already starting from n = 2). This allows us to formulate a more general conclusion concerning heavy-element chemistry:

• Even if the reference free ion of a given heavy-element cation do not display any SOC, electron donation from the ligands to the cation may be strong enough to active it and trigger sizeable effects. As a consequence, computational chemists should definitely not neglect the role of the SOC a Chapter 4

Excited states of polonium(IV): Electron correlation and spin-orbit coupling in the Po 4+ free ion and in the bare and solvated [PoCl 5 ] -and [PoCl 6 ] 2 -complexes

Abstract

Polonium (Po, Z = 84) is a main-block element with poorly known physicochemical properties. Not much information has been firmly acquired since its discovery by Marie and Pierre Curie in 1898, especially regarding its speciation in aqueous solution and spectroscopy. In this work, we revisit the absorption properties of two complexes, [PoCl 5 ] -and [PoCl 6 ] 2 -, using quantum mechanical calculations. These complexes have the potential to exhibit a maximum absorption at 418 nm in HCl medium (for 0.5 mol L -1 concentrations and above). Initially, we examine the electronic spectra of the Po 4+ free ion and of its isoelectronic analogue, Bi 3+ . In the spin-orbit configuration interaction (SOCI) framework. Our findings demonstrate that the SOCI matrix should be dressed with correlated electronic energies and that the quality of the spectra is largely 129 improved by decontracting the reference states at the complete active space plus singles (CAS+S) level. Subsequently, we investigate the absorption properties of the [PoCl 5 ] -and [PoCl 6 ] 2 -complexes in two stages. Firstly, we perform methodological tests at the MP2/def2-TZVP gas phase geometries, indicating that the decontraction of the reference states can there be skipped without compromising the accuracy significantly. Secondly, we study the solution absorption properties by means of single-point calculations performed at the solvated geometries, obtained by an implicit solvation treatment or a combination of implicit and explicit solvation. Our results highlight the importance of saturating the first coordination sphere of the Po IV ion to obtain a qualitatively correct picture. Finally, we conclude that the known-for-decades 418 nm peak could be attributed to a mixture of both the [PoCl 5 (H 2 O)] -and [PoCl 6 ] 2 -complexes. This finding not only aligns with the behaviour of the analogous Bi III ion under similar conditions but also potentially provides an explanation for previous discrepancies in the literature.

Introduction

Polonium (Po, Z = 84) is an unstable element displaying 33 radioactive isotopes with atomic masses ranging from 188 to 220 u. Discovered by Marie and Pierre Curie back in 1898, this main-group element remains poorly understood. Its natural abundance is among the weakest ones on Earth, its concentration being for instance only about 0.1 ppb in uranium ores [5]. Polonium isolation is complex, though possible, from ores. Nowadays, scientific studies are based on artificial polonium, which is obtained by irradiating bismuth targets with a neutron or proton beam.

Alternatively, quantum mechanical calculations may be helpful for looking for trends in the periodic table and also for paving the way for future targeted experiments. In the last two decades, a couple of studies appeared in the literature. Ayala et al. focused on the hydrated and hydrolysed complexes of the solvated Po 4+ ion [10,11,95], Rota et al. to the zero-field splitting of the Po 2 hypothetical molecule [190], Borschevsky et al. on the electron affinity and on the ionization potential of the free Po atom [12], and more recent studies were dedicated to chalcogen or hydrogen bonding with polonium [13,[START_REF] Tulsiyan | Hydrogen bonding with polonium[END_REF].

Besides those ground-state studies, less effort has been put into the computation of electronic excited states and more specifically on the potential absorption properties of Po IV complexes. One may quote the work of Stoïanov et al. on chlorinated complexes [16] and the work of Krishna and Muraleedharan on a complex formed with the protocatechuic acid anion [97]. From the first work, we have learnt that the excited states of Po IV complexes essentially expand on the 6p levels of Po, meaning that both scalar relativistic effects and the spin-orbit coupling must be properly accounted for. However, a few assumptions were made in this first study on the absorption properties of chlorinated Po IV complexes, which we aim to question in the current study. This study builds up also on our recent work on molecular geometries [233].

We will start by assessing the role of the decontraction of the perturbers in the N -electron valence state perturbation theory at second order (NEVPT2) [127][128][129] and of the decontraction of the complete active space self-consistent field (CASSCF) [234] references for the subsequent spin-orbit configuration interaction (SOCI) treatment [166]. This study will be performed for both the free Po 4+ ion and for two representative binary complexes in the gas phase, namely [PoCl 5 ] -and [PoCl 6 ] 2 -. After having selected an appropriate level for computing the excited energy levels, we will tackle the solvation issue, by an implicit solvation model, as in the previous study [16], and by a more advanced combination of implicit and "partially" explicit solvation. This will allow us to reinterpret the respective absorption properties of the solvated [PoCl 5 ] -and [PoCl 6 ] 2 -complexes and also to formulate conclusions on how to properly compute electronic absorption spectra of Po IV complexes.

Methodology

The correct computation of the electronic excited states at solvated geometries and in the presence of the SOC in Po IV complexes requires solving multiple issues related to electron correlation, relativity and solvation. Because of the single-reference characters of the ground states of such complexes, which has already been documented [16], we have split the methodology section in two main parts, (i) geometry optimizations and (ii) electronic excited states. In each part, specific issues will be detailed. In particular, geometry optimizations may be performed in the gas phase or in the presence of an implicit or a combination of an implicit and explicit solvation model, and several levels of theory may be used to compute electronic excited states. Note that the Results and discussion section will be conducted so as to sequentially address the electron correlation, relativity and solvation issues in systems of increasing complexity.

Ground-state geometry optimizations

All the geometry optimizations have been performed with the Gaussian 16 program package [200].

Gas phase structures

Because these complexes correlate with the ground state of the closed-shell Po 4+ ion, the ground states of Po IV systems are generally also closed-shell ones. Therefore, any single-reference method such as Møller-Plesset perturbation theory at second order (MP2) [191][192][193][194][195], coupled cluster with single, double and perturbative triple excitations (CCSD(T)) [113,199] or restricted Kohn-Sham density functional theory (DFT) with an appropriate exchange-correlation functional such as the almighty B3LYP [196,[235][236][237] one should in principle be capable of converging on the right ground state and on qualitatively correct molecular structures by optimisation.

In a previous work [233], we have revisited the computation of molecular geometries of hydrated and chlorinated complexes, complementing two previous studies from the literature [10,16]. We concluded that MP2 tends to slightly underestimate the bond distances involving Po whereas B3LYP tends to slightly overestimate them. Because of a small differential advantage in favour of MP2 (which underestimates less than B3LYP overestimates), we retained the MP2/def2-TZVP level of theory (with a combination of the ECP60MDF pseudopotential [170]/ and the associated def2-TZVP-PP basis set for Po and of the all-electron def2-TZVP [238] basis set for the lighter atoms). Following this work, we have applied the MP2/def2-TZVP level of theory for determining all the molecular geometries that are used in this work. Furthermore, we retained the same freezing scheme in the correlated calculations as in this previous work [233] (i.e. the 5s and 5p orbitals of Po are frozen). Note that the gas-phase structures of the bare [PoCl 5 ] -and [PoCl 6 ] 2 -complexes are thus strictly identical to the previously reported ones. Also, the potential consequences of this choice will be commented in the Results and discussion section. The C-PCM structures were determined at the same MP2/def2-TZVP level of theory. Because of the general lack of cavity parameters for the Po atom, we have used the default universal force field (UFF) [240] value for the base radius of this atom, which is 2.3545 Å, and we chose to use those as well as for all the other atoms (1.9735,1.7500 and 1.4430 Å for Cl,O and H,respectively). The α parameter has been left at its current default value in Gaussian, 1.1. The water solvent was considered (ϵ r = 78.3553).

All the structures that are key to develop our scientific reasoning in the remainder of the article are given in the Supplementary Information (Appendix B).

Electronic excited states

The electronic excited states have been essentially computed by means of two codes, namely ORCA [241] version 4.2.1 for the spin-orbit free part and EP-CISO [166] for the part that involves the SOC. Note that the calculation of SOC integrals within the pseudopotential approximation is not implemented in ORCA, which is why even the c-SOCI calculations have been performed with EPCISO. Also, since EPCISO relies on MOLCAS [242], the underlying spin-orbit free calculations have also been performed with this code.

Spin-orbit free energies

At the retained geometries, a series of single-point calculations are performed. Dependencies occur between those calculations. For a given system at a given geometry, the first calculation that is performed is a state-average (SA) CASSCF calculation. The same basis set as for the geometry optimisations is used. Thus, three main specific degrees of freedom emerge at this stage, (i) the size of the active space (n electrons within m orbitals), (ii) the number of roots that are computed and (iii) the SA scheme that is used. Following previous works [16,243], we have used active spaces comprising 2 electrons in 4 orbitals. In the Bi 3+ and Po 4+ free ions, those correspond to the 6s and 6p valence orbitals, the ground state electronic structure being [. . . ]6s 2 6p 0 . In the studied chlorinated Po IV complexes, the active orbitals correspond to the fully bonding HOMO orbital of the ground state (which bears some 6s character) and to the essentially 6p orbitals of Po. From the ground state, three single excitations to the 6p x , 6p y and 6p z orbitals are targeted, which result in spin-triplet or spin-singlet many-electron states [16]. Therefore, four spin-singlet and three spin-triplet roots are here computed by SA-CASSCF. We have used the default SA scheme in ORCA [163], which consists in having equal weights for each block (for the S = 0 and the S = 1 roots, respectively), and equal weights for all the roots within a block. Therefore, each S = 0 root weights 12.5 % and each S = 1 root 16.7 % in the weighted sum of the one-electron density matrices.

The SA-CASSCF roots serve as references for the subsequent NEVPT2 calculations. Since the is used, the two-electron terms within the active electrons are considered, which generally prevents the occurrence of (spurious) intruder states. Two flavours are used in this work, namely the strongly-contracted (SC) NEVPT2 scheme [127,128] and the partially contracted version of it [129], here via the fully internally contracted (FIC) implementation [244] of ORCA. In both schemes, the SA-CASSCF states remain the references (internal contraction), so that both approaches only differ by the way the perturber functions are defined (external contraction), a larger function space being used in the FIC-NEVPT2 approach, leading in principle to more accurate results concomitant to an enhanced computational cost. Note that we do not report partially internally decontracted results that could be obtained with the quasi-degenerate (QD) formulation [245] of SC-NEVPT2, simply because our set of spin-orbit free states do not allow for such partial decontraction in our reference systems (i.e. the free ions and the bare [PoCl 5 ] -and [PoCl 6 ] 2 - complexes, neither in the gas phase nor with the active C-PCM). Indeed, QD-NEVPT2 should only remix the SA-CASSCF roots if some of them belong to the same irreducible representation. Note that for computing the energy levels with EPCISO, the SA-CASSCF, SC-NEVPT2 and FIC-NEVPT2 electronic energies have been stored.

Spin-orbit energy levels

All the computations of the energy levels, i.e. all the SOC calculations, have been performed with EPCISO [166]. This code starts over MOLCAS [242] which is used to compute both the integrals and also the SA-CASSCF orbitals. Unlike ORCA, MOLCAS uses a different set of SA orbitals for each block. In this work, we have used the SA-CASSCF orbitals of the S = 1 block. EPCISO performs a configuration interaction (CI) (it can also add some perturbation theory), which can be done at both the spin-orbit free or at the SOCI level.

In all the reported SOC calculations, the diagonal of the CI matrix was dressed with the previous ORCA energies, be them the SA-CASSCF, SC-NEVPT2 or the FIC-NEVPT2 ones. The SOC integrals were computed with the spin-dependent part of the ECP60MDF pseudopotential [170]. Two types of calculations were performed:

1. When the CASCI wave functions generated by EPCISO are readily used as references for the SOCI, the calculation is said as 'contracted' (c-SOCI).

In fact, this simply consists in diagonalising the H tot = H el + H SOC matrix within the basis of the M S components of the retained spin-orbit free states.

The resulting energy levels are thus expressed in this basis, and, for the sake of simplicity, we only report the compositions in terms of weights associated with the spin-orbit free states. In other words, the weights for the three components of each given spin-triplet spin-orbit free state are summed.

2. Alternatively, one may decontract the CASCI references within the CAS space (internal decontraction in this space according to the previously employed vocabulary) prior to performing the final SOCI step. In this case, the calculation is said 'uncontracted' (uc-SOCI). The previous equation (H tot = H el + H SOC ) still holds, but now the SOC matrix elements (which constitute H SOC ) are computed in the basis of the M S components of the revised spin-orbit free states. Naturally, the way the decontraction is performed matters. In this work, we use the standard approach consisting in decontracting the CASCI states at the CAS plus single excitations (CAS+S) level, with no restrictions on the CAS+S space. If the CAS+S step were spin-orbit free, only orbital relaxation effects would be susceptible to be added (which is not likely to be significant here given the nature of the computed states). If this step includes both the spin-orbit free Hamiltonian and the SOC, both orbital relaxation effects and the spin-orbit polarisation are introduced (meaning that the interplay between electron correlation and the SOC is also there), which is the approach that has been used in the present work. By doing so, the SOC constant of a free 6p atom may be enhanced by up to ∼15 % (as it is the case for At [221]), leading to a much better description of the SOC and consequently to more accurate spectra.

Results and discussion

4.4.1 The isoelectronic Bi 3+ and Po 4+ free ions

We start by discussing the results concerning the Bi 3+ and Po 4+ free ions. Studying the reference Po 4+ free ion will later be interesting in view of understanding the electronic structures of the Po IV complexes that are at the core of this work, especially in the [PoCl 6 ] 2 -case. From a methodological point of view, the SOC is larger in the free ions than it is in related complexes. Therefore, a method that captures well the SOC in the free ions is also expected to be readily applicable to the complexes. For validation purposes, we have looked for an analogous for which reference experimental and computational data is available. This analogous must fulfil two criteria, (i) belong to the 6p family (the SOC being much smaller in the 5p block, not much is added from c-SOCI to uc-SOCI in this case) and (ii) be valence isoelectronic with the Po 4+ ion. It appears that the Bi 3+ ion fulfils these conditions and that Bi is an immediate neighbour of Po in the periodic table. In both cases (Bi 3+ and Po 4+ ), we aim at describing the electronic excited states that result from single excitations from the ground state [. . . ]6s 2 6p 0 electronic configuration to the single-excited [. . . ]6s 1 6p 1 one. At the spin-orbit free level, those single-excited states correspond to the 3 P and 1 P terms, while the ground state is 1 S.

In view of the subsequent SOCI calculations, it is important to start with accurate spin-orbit free energies. As can be seen in Table 4.1, the excitation energies to the 3 P and 1 P excited terms are quite affected by the dynamic correlation that is introduced by NEVPT2. While 3 P is pushed up by ∼1 eV, 1 P is pushed down by about the same quantity, resulting in an average decrease of ∆ = E( 1 P) -E( 3 P) of ∼2 eV (in fact, 1.89 for Bi 3+ and 2.06 for Po 4+ ). Therefore, it is already clear that the SA-CASSCF spin-orbit free energies cannot lead to accurate spectra for the targeted states. Therefore, we will only report below the SOCI results obtained with the SC-NEVPT2 and FIC-NEVPT2 spin-orbit free energies. Note that although SC-NEVPT2 and FIC-NEVPT2 lead to practically the same results, we retain both sets of spin-orbit free energies for dressing the SOCI matrices since such types of calculations have never been compared in this context. When the SOC is introduced, 3 P splits in three energy levels, here labelled according to a Russell-Saunders coupling scheme (J = L + S). If only the firstorder SOC of this 3 P term were considered (Russell-Saunders coupling scheme), the four theoretical excitation energies of interest would be:

E( 3 P 0 ) = E( 3 P) -2λ (4.1) E( 3 P 1 ) = E( 3 P) -λ (4.2) E( 3 P 2 ) = E( 3 P) + λ (4.3) E( 1 P 1 ) = E( 1 P) (4.4)
where λ is the SOC constant (here positive). As can be seen in Table 4.2, this Russell-Saunders picture is perfectible. In fact, E( 3 P 1 ) and E( 1 P 1 ) are coupled at the second order of perturbation by the SOC operator. A more refined theoretical picture thus requires at least an ad hoc correction to eqns. 4.2 and 4.4, e.g.:

E( 3 P 1 ) = E( 3 P) -λ - x ∆E (4.5) E( 1 P 1 ) = E( 1 P) + x ∆E (4.6)
where x is a positive defined and remains here an ad hoc parameter (it will not be further developed), and ∆E is the energy spacing between the 3 P and 1 P spinorbit free states. When eqs. 4.1, 4.3, 4.5 and 4.6 are considered, all the c-SOCI results reported in Table 4.2 are now well explained. Indeed, one can extract the λ SOC constants by making use of eqns. 4.1 and 4.3 (see also Table 4.3), and also the x ad hoc parameters, and then, reconstruct the excitation energies with high accuracy (not shown), which is not surprising owing to the chosen configuration space: only the theoretically described first-and second-order SOCs are here active in the calculations. In the Bi 3+ free ion, for which we benefit from accurate experimental data, it is interesting to compare the respective accuracies of the c-SOCI and uc-SOCI approaches. From Table 4.2, one can see that the mean-absolute error (MAE) the Po 4+ free ion qualitatively behaves in a similar way as the Bi 3+ one, meaning that the previous intermediate conclusion still holds (the NEVPT2 energies are more accurate than the SA-CASSCF ones, the uc-SOCI method significantly improve over the c-SOCI one, both the SC-NEVPT2 and FIC-NEVPT2 electronic energies are similar, etc.). Quantitatively, a few points are worth noting:

1. The λ constant is relatively less enhanced by the uc-SOCI method (+9 %) than in Bi 3+ , even if the absolute enhancement in terms of eV is slightly more important.

2. The SOC constant of the Po 4+ free ion is significantly larger than the one of the isoelectronic Bi 3+ ion. We simply attribute this to the larger effective charge.

3. The spin-orbit free energy difference between the 3 P and 1 P terms (∆E) is larger in the Po 4+ case (2.8 vs. 2.5 eV at the NEVPT2 levels) than in the Bi 3+ case.

Apart from the above-mentioned points, we observe very similar behaviours, which further justifies the retained analogy with the Bi 3+ free ion for methodological purposes.

4.4.2

The bare [PoCl 5 ] -and [PoCl 6 ] 2 -complexes in the gas phase Before tackling the solvation, it is interesting to focus on the [PoCl 5 ] -and [PoCl 6 ] 2 -complexes in the gas phase. This intermediate step will allow us to derive methodological conclusions that are free of solvation model issues and in particular see if the conclusions that were drawn from the free-ion study are readily transferable to the Po IV complexes or if additional subtleties or simplifications apply. As already reported elsewhere [16,233], the structures of the bare [PoCl 5 ] -and [PoCl 6 ] 2 -complexes in the gas phase belong to D 3h and O h symmetry point groups (SPGs), respectively. As a consequence, excitations to the 6p x,y,z levels generate two many-electron spin-orbit free states per spin multiplicity in the [ In the case of the [PoCl 5 ] -complex, two main effects are observed, the correlation that is introduced at the NEVPT2 levels (i) reduces the difference between the mean energy of the excited spin-triplet states and spin-singlet states by more than a factor of 3 and (ii) the order of the spin-free states changes ( 1 E ′ becomes lower in energy than 3 A ′′ 2 ). A similar situation occurs in the [PoCl 6 ] 2 -complex, apart from the state ordering inversion, the single-triplet energy difference being reduced by a factor of 3.5 at the SC-NEVPT2 level and 3.8 at the FIC-NEVPT2 one. As for the Po 4+ free ion, it is thus crucial to use correlated energies for the forthcoming SOCI calculations.

In Table 4.5, SOCI excited energies are reported. In the [PoCl 5 ] -case, the 12 excited roots expand on 8 energy levels, some of them being doubly degenerate (E ′ and E ′′ symmetries). The generic compositions in terms of summed weights over the spin components of each spin-orbit free state are given in Table 4.5. The numerical weights that are obtained at the c-SOCI level together with the SC-NEVPT2 are given in Table B.1. Note that for the sake of predicting UV-Vis spectra, only the transitions leading to energy levels with non-zero components on the spin-singlet states are active. For instance, a transition to the first excited energy level (A ′′ 1 ) is not allowed, while transitions to the second (A ′′ 2 ) and third (E ′ ) ones are. If we specifically focus on these two excited energy levels, it is interesting to note that the c-SOCI result with the SC-NEVPT2 energies is very close to the uc-SOCI one with the FIC-NEVPT2 energies. Moreover, the SC-NEPVT2 and FIC-NEVPT2 results are also pretty close to one another, as are the c-SOCI and uc-SOCI ones. As a consequence, computation of the lowestlying energy levels can be safely done at the c-SOCI level together with the SC-NEVPT2 energies. In the [PoCl 6 ] 2 -case, the situation is much simpler: two energy levels correlate only with 3 T 1u , meaning that the energy difference between those two energy levels can be readily used to derive the SOC constant in this complex:

A ′′ 2 b * 3 E ′ + (1 -b) * 1 A ′′ 2 2.55 2.57 2.52 2.54 E ′ ω 1 * 3 E ′ + ω 2 * 3 A ′′ 2 + ω 3 * 1 E ′ 2.
E ′ ω ′ 1 * 3 E ′ + ω ′ 2 * 3 A ′′ 2 + ω ′ 3 * 1 E ′ 4.
E ′ ω ′′ 1 * 3 E ′ + ω ′′ 2 * 3 A ′′ 2 + ω ′′ 3 * 1 E ′ 5.
λ = E(T 2u ⊕ E u ) -E(A 1u ) 3 (4.7)
where λ is expected to be reduced by covalency compared to the free ion one. Also, the two remaining excited energy levels, of T 1u symmetry, are characterized by a mixture of spin-triplet and spin-singlet characters (those correlate with 3 P 1 and 1 P 1 in the reference free ion). Here, the c-SOCI result obtained with the SC-NEVPT2 energies perfectly matches the uc-SOCI one with the FIC-NEVPT2 energies for the second excited energy level (T 1u ). As explained in a previous publication [16], the essentially spin-triplet energy levels that are ∼3 eV above the ground state are the ones that we are targeting, since these translate in a maximum of absorption near the experimental value of 418 nm (2.97 eV) [3].

We thus conclude that the c-SOCI/SC-NEVPT2 level is very accurate for our purposes (vide infra), because of (small) error compensations (both the studied decontractions have opposite consequences on the excitation energies of interest).

As a final validation of the c-SOCI/SC-NEVPT2 level for the rest of the article, we have reported the SOC constants that are obtained at the four main levels of interest in Table 4.6. In fact, all the SOC constants are in good agreement, meaning that our representation of the SOC is already quantitative at the c-SOCI/SC-NEVPT2 level in this complex and thus supposedly in other similar complexes such as [PoCl 5 ] -(Table 4.5 being in line with this), contrary to the Po 4+ case for which the spin-orbit polarisation was much more important. In fact, the SOC is quite significantly reduced in the [PoCl 6 ] 2 -case, with a reduction factor of ∼0.6. This is indicative of a significant covalent character in the Po-Cl bonds of interest for these two excited energy levels. Though we have not performed actual bonding analyses for these levels, we note that this is somehow consistent with the significant delocalisation indices that we have previously reported for the ground state (0.5, which would be indicative of "half-bonds") [233]. We start our analysis with the structures that have been obtained under the influence of the C-PCM. As can be seen in Figure 4.1, the structure of the bare [PoCl 5 ] -complex drastically changes from D 3h to C 4v , while the structure of the bare [PoCl 6 ] 2 -complex is qualitatively maintained (O h ). In [PoCl 5 ] -, this symmetry change translates into an inversion of the E and A spin-orbit free states (see Tables 4.4 and4.7), simply because it becomes more favourable to excite to the 6p z orbital vs. the degenerate 6p x,y ones. The crystal-field splitting is still of the order of 1 eV, with significant deviations between the value derived from the spin-triplet states, |E( 3 E) -E( 3 A)|, and the one derived from the spin-singlet ones. A fine understanding of these differences is out of the scope of the present work, we only require accurate spin-orbit free energies to further process with the c-SOCI step.

In the [PoCl 6 ] 2 -complex, the symmetry is not broken by the C-PCM, meaning that the situation is quite similar. The singlet-triplet splitting is practically untouched (0.42 eV in the gas phase and 0.43 eV with the C-CPM), while the mean single excitation energy is enhanced from 4. 55-4.85 The excitation energies obtained after the introduction of the SOC are displayed in Table 4.8. Following the change in the crystal field, the energy levels of the [PoCl 5 ] -complex do not show up in the same order as in the gas phase, with notable inversions of doubly-degenerate vs. non-degenerate levels. Other fea-tures are maintained, such as the occurrence of energy levels of pure spin-triplet characters, and the presence of two very close energy levels ∼3 eV above the ground state with non-zero spin-singlet character and thus non-zero oscillator strengths. While the energy difference between those two levels is the same at the gas phase structure and at the C-PCM one (0.05 eV), the mean excitation energy is pushed up by nearly 0.4 eV. Since in the C-PCM structure there is room for at least one more coordination bond, we will study the combination of implicit and explicit solvation. In the case of the [PoCl 6 ] 2 -complex, the use of the C-PCM structure unsurprisingly leads to a similar spectrum with all the computed excited energy levels being relatively destabilised with respect to the ground state, which is a direct consequence of what was observed at the spin-orbit free level. The energy level of interest for the final discussion is the energy level of dominant spin-triplet and significant spin-singlet character, i.e. the first T 1u level. The corresponding excitation energy is enlarged from 2.88 to 3.19 eV at the c-SOCI/SC-NEVPT2 level, which is concomitant with a bond shortening of only 0.015 Å! We must thus stress that our excitation energies suffer from significant uncertainty here, because alternative choices for the underlying method used for the geometry optimization and/or for the radius used in the C-CPM step may result in quite different excitation energies. Since here we do not want to force any artificial agreement with experiment (vide infra) and since we are more interested in comparing the absorption properties of the two closely-related [PoCl 5 ] -and [PoCl 6 ] 2 -complexes, we fix both the reference level of theory to determine the geometries to the MP2/def2-TZVP one and the reference level of theory for computing the excitation energies to the c-SOCI/SC-NEVPT2 one and only pursue by looking at differential effects between both the systems.

System SPG Symmetry Composition SC-NEVPT2 c-SOCI [PoCl 5 ] - C 4v A 2 a * 3 A 1 + (1 -a) * 3 E 2.84 E ω 1 * 3 A 1 + ω 2 * 3 E + ω 3 * 1 E 2.93 A 1 b * 3 E + (1 -b) * 1 A 1 2.98 A 2 (1 -a) * 3 A 1 + a * 3 E 4.64 A 1 (1 -b) * 3 E + b * 1 A 1 4.72 E ω ′ 1 * 3 A 1 + ω ′ 2 * 3 E + ω ′ 3 * 1 E 4.80 B 1 ⊕ B 2 3 E 5.51 E ω ′′ 1 * 3 A 1 + ω ′′ 2 * 3 E + ω ′′ 3 * 1 E 5.92 [PoCl 6 ] 2 - O h A 1u 3 T 1u 3.06 T 1u c * 3 T 1u + (1 -c) * 1 T 1u 3.19 T 2u ⊕ E u 3 T 1u 5.45 T 1u (1 -c) * 3 T 1u + c * 1 T 1u 5.75

Implicit and explicit solvation

In order to check the saturation of the first coordination sphere of the Po IV ion, we have considered the stepwise addition of water molecules in the quantum chemical treatment. The key structures in the gas phase and under the influence of the C-PCM are given in Appendix B. In the case of the [PoCl 5 ] -complex, while the first water molecule enters the first coordination sphere independent of the phase (i.e. with or without the C-PCM), the second one is clearly in the second sphere. Therefore, we retain the [PoCl 5 (H 2 O)] -system for the forthcoming calculations. It is worth noting that the positions of the hydrogen atoms are qualitatively different in the absence or presence of the C-PCM: while they hydrogen-bind to chlorine atoms in the first case, they point outside the complex when the C-PCM is applied (see Figure 4.2). Consequently, with the aim of explaining data in solution, we only retain the C-PCM structure. This structure, though of formal C 1 symmetry, is close to be C 2v . Since in both cases no degenerate irreducible representation is available, we end up anyway with 12 distinct excitation energies (see for instanc Table B.3, corresponding to the straight C 1 optimized structure).

In the case of the [PoCl 6 ] 2 -complex, even the first water molecule sits in the second coordination sphere of the Po IV ion. If only one water molecule is considered, the symmetry cannot be as high as O h anymore. This is why we prefer to keep the symmetry and only consider a complete first coordination sphere, as in the [PoCl 5 (H 2 O)] -complex, and thus keep the [PoCl 6 ] 2 -complex for the final discussion. In the [PoCl 5 (H 2 O)] -system, the second, third and fourth excited energy levels are the ones which correlate with the second and third one in the bare [PoCl 5 ] -complex. Because of the obtained geometry for the [PoCl 5 (H 2 O)] -system, we may assess the influence of the added water molecular on the spectrum if we compare it to the one for the [PoCl 5 ] -complex under the influence of the C-PCM. The three excitation energies of interest in the [PoCl 5 (H 2 O)] -system are 3. [START_REF] Goode | Phase Transition Temperature of Polonium[END_REF]3.36 and 3.37 eV (see Table B.3), to be compared to the 2.93 and 2.98 ones for the bare [PoCl 5 ] -complex (see Table 4.8). Though the splitting between those excited energy levels is of the same order of magnitude, the mean excitation energy is pushed up by the coordinated water. Furthermore, this mean excitation energy of interest now is larger than the one observed in With the bare [PoCl 5 ] -complex at the solvated geometry, one may expect two peaks for small broadening σ values, a shoulder on the right of the peak for moderate values, and only a spreading to the right for later values. This is due to the fact that the excitation energies of interest are smaller in the [PoCl 5 ] -complex than in the [PoCl 6 ] 2 -one, hence the larger wavelength. When the solvated [PoCl 5 (H 2 O)] -system is considered, its contribution now appears at a smaller wavelength respective to [PoCl 6 ] 2 -, and actually the difference in wavelength between them is less pronounced. Consequently, if broadening or shouldering there would be, it would clearly sit on the left side of the main peak. Moreover, even a small broadening parameter value such as 0.15 eV points to the potential occurrence of a single peak. Note that the 0.15 eV value has not been randomly chosen, it is the one that eventually leads to a broadening that matches the experimental one (∼80 nm). Since the experimental peak does not display any shoulder and broadening for larger wavelengths, but rather appears symmetrical, we conclude here that a 1:1 mixture of the solvated [PoCl 5 (H 2 O)] -and [PoCl 6 ] 2 -systems is also compatible with the experimental data, and not only the pure [PoCl 6 ] 2 -complex, as before concluded [16]. This mixture hypothesis, which arises from our new quantum mechanical study, would somehow bind up the story in the sense that (i) it is compatible with the data observed in the Bi III analogous case and (ii) it would support the conclusion of [86], complementing previous works which concluded for the occurrence of the sole [PoCl 6 ] 2 - complex [16,73,[START_REF] Danon | Ion-Exchange and Solvent-Extraction Studies with Polonium[END_REF][START_REF] Sheppard | The distribution of bismuth (III) and polonium (IV) between trilaurylamine solutions of xylene and hydrochloric and hydrobromic acid solutions[END_REF][START_REF] Marcus | Metal-chloride complexes studied by ion-exchange and solventextraction methods: PartI. Non-transition-metalions, lanthanides, actinides, and d • transition-metal ions[END_REF].

Conclusions

In this work, we have revisited the electronic absorption properties of Po IV systems, from the Po 4+ free ion to solvated complexes of experimental relevance in an aqueous solution.

From a pure electronic structure theory viewpoint, we have shown that the spin-orbit polarisation is very important in the Po 4+ free ion, as it is the case for its analogous Bi 3+ one [243]. Since the uc-SOCI/SC-NEVPT2 and uc-SOCI/FIC-NEVPT2 approaches lead to satisfactory results in the Bi 3+ case, we believe that our predicted spectra for Po 4+ is of the same quality. In the complexes of interest, we have found small spin-orbit polarisation effects, and that the cost-effective c-SOCI/SC-NEVPT2 approach is particularly sound, which supports previous research [16].

From a chemical point of view, we have seen that solvation may be quite tricky in polonium chloride complexes and that a combination of implicit and explicit solvation is required to converge reasonably the predicted excitation energies. In practice, convergence is reached when the first coordination sphere is complete. We recall here that since symmetry matters, partial completion of a given sphere, as the second coordination one, may lead to spurious symmetry lowering, and thus may not lead to better production calculations despite the will for better describing solvation.

Concerning the speciation of Po IV in HCl solutions, a lot remains to be done especially from the experimental viewpoint. Our quantum chemical calculations have pointed out that a 1:1 mixture of [PoCl 5 (H 2 O)] -and [PoCl 6 ] 2 -could very well occur, which naturally remains to be further experimentally probed, for instance by performing EXAFS at high HCl concentration.

Finally, the occurrence of a 1:1 mixture of [PoCl 5 (H 2 O)] -and [PoCl 6 ] 2 -at high HCl concentration (418 nm peak) may also transfer into another 1:1 mixture at more moderate HCl concentration (corresponding to the 344 nm peak reported by Moyer [3]), in particular of [PoCl 3 (OH)(H 2 O) 2 ] and [PoCl 4 (OH)(H 2 O)] -, which would also have to be later investigated.

Conclusions and perspectives

Delving into the theoretical study of polonium compounds proves to be uncommon, consequently making it intricate, challenging and exceptionally captivating. This research has both expanded and consolidated a modest database of polonium chemistry knowledge. The primary findings derived from the study along with prospects for future research are described below.

The meticulous benchmark study resulted in an approach of using MP2 theory coupled with the def2-TZVP basis set. This method effectively estimates the equilibrium geometries of the complexes in both gas and solvated phases. The interaction energies derived with the same methodology for the complexes of interest were corrected by the basis set superposition error. The suggested approach performs well and allows for the examination of the fundamental properties such as geometries and energies of small or larger Po 4+ complexes. Notably, its computational cost remains moderate.

The coordination number of polonium in the gas phase slightly changes with a change of ligands. In the gas phase, the Po 4+ ion fits up to nine water molecules in its coordination sphere, but this number decreases to eight for chlorine ligands. The interaction energy curve derived by increasing the number of ligands for the complexes with water does not follow the same trend as the one with chlorine ions, this divergence may be attributed to the influence of the charge. The gradual addition of chlorine ions initiates coordination bonding but as well the inter-ligand repulsion is intensified. According to our results, at the moment when a complex has 6 chlorine ligands, this repulsion becomes dominant, leading to an increase in the interaction energy. Not only the energy development but the geometries of the complexes also differ depending on the ligands. Although some complexes share the same symmetry point group, others 159 belong to a related subgroup or to totally distinct groups. A deeper investigation of the bonding by means of the QTAIM revealed a regular closed-shell interaction in most complexes. However, the [PoCl] 3+ complex has some parameters that stand out of the trend, namely a higher delocalization index, which is usually attributed to the double bond pattern, and a positive charge for the chlorine atom. Subsequent spin-orbit coupling calculations demonstrated a bond elongation mechanism in this smallest complex, a phenomenon that quickly vanished with the increase in the number of ligands. This precedent highlights the significance of the spin-orbit coupling, and that it can be activated by electron donation from the ligand to the closed shell, free of spin-orbit coupling, reference cation.

A more profound and methodological study has been performed to probe the absorption properties of Po 4+ , commencing with the isolated ion and proceeding with the solvated complexes. The comparative analysis involving Po 4+ and its isoelectronic analogous Bi 3+ underscored the importance of spin-orbit polarization in the free ions. Leveraging the good agreement between the theoretical and experimental data for Bi 3+ , extrapolation was made for polonium, affirming that the chosen methodology reproduces the experimental values accurately. While theoretical approaches have their strength, they, of course, still fall short of representing the experimental conditions. The combination of implicit and explicit solvation used in this project aimed at approaching the experiment as closely as possible. The accuracy of our predictions is limited to the first coordination sphere in order to prevent the appearance of errors coming from the partial filling of the second coordination sphere. The main conclusion of the work states the fact that the peak appearing in the high acidity region of the experimental spectrum may come not from one sole compound, as was previously suggested, but from a mixture of [PoCl 5 (H 2 O)] -and [PoCl 6 ] 2 -, which is more in accord with only one electrochemical study [86].

As previously emphasized, the understanding of polonium chemistry remains exceedingly limited. Consequently, every new study sheds more and more light on this subject. Our work should give scientists the ability to explain the existing experimental data more easily, as well as predict features while changing the nature of the ligand. For instance, it can be of particular interest to study the series of complexes with halogens, investigating the differences in their geometries and bonding characteristics [81][82][83]. Since our work mainly used WFT, assessing the accuracy of DFT might be an interesting alternative for exploring slightly bigger systems. Subsequent research based on this data, mainly complexation studies, can give predictions on equilibrium constants for the complexes [75].

Furthermore, another example of development is to perform calculations to probe the origins of the second peak on the electronic spectrum discussed in the Chapter 4. As a compliment to already existing UV-Vis data, an EXAFS study may be of particular interest to prove (or deny) the predicted geometry. Building upon the static viewpoint followed during this project, a potential ab initio molecular dynamics study [95] can take place in the future, giving deeper insights into the coordination and hydration spheres of the Po(IV) ion. ) with BSSE correction obtained at various levels of theory for polonium(IV) complexes with water, computed according to Equation 3.1 and Equation 3.2 (see Chapter 3). Table A.2: Interaction energies (kcal mol -1 ) without BSSE correction obtained at various levels of theory for polonium(IV) complexes with water, computed according to Equation 3.1 (see Chapter 3). Geometries for these calculations were taken from the MP2/aug-cc-pVTZ structures (single points).
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Table A.3: Interaction energies (kcal mol -1 ) with BSSE correction obtained at the MP2 level of theory with various basis sets for polonium(IV) complexes with chlorides, computed according to Equation 3.1 and Equation 3.2 (see Chapter 3). Geometries for these calculations were taken from the MP2/aug-cc-pVTZ structures (single points).

n(Cl -) aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ* def2-TZVP def2-QZVP* -1857.6 -1899.5 -1916.8 -1933.0 -1923.2 5 -1923.0 -2003.0 -1990.9 6 -1905.1 -1986.1 -1972.7 7 -1772.9 -1904.5 -1837.9 8 -1575.7 -1696.8 -1634.1 Table A.4: Interaction energies (kcal mol -1 ) without BSSE correction obtained at the MP2 level of theory with various basis sets for polonium(IV) complexes with chlorides, computed according to Equation 3.1 (see Chapter 3). Geometries for these calculations were taken from the MP2/aug-cc-pVTZ and MP2/def2-TZVP structures, respectively (single points). This energy level correlates with a pure spin-triplet energy level in the reference C 4v structure of the [PoCl 5 ] -complex. Because of the symmetry lowering to C 1 , some little spin-singlet character has emerged. This is not the case of the energy levels that are here indicated as "triplet" (for which no spin-singlet character was numerically observed).

Table B.3: Spin character of the excited energy levels and excitation energies (in eV), for the [PoCl 5 (H 2 O)] -complex at the solvated geometry (polarisable continuum model), obtained at the c-SOCI/SC-NEVPT2 level. 
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Nadiya Zhutova

September 2023 L'exploration des propriétés du polonium a commencé en 1898, lorsque Marie et Pierre Curie ont découvert et signalé ce nouvel élément [1,2]. Pendant un certain temps, cependant, il n'a pas fait l'objet d'une attention particulière de la part des scientifiques jusqu'aux années 1940, au moment de la Seconde Guerre mondiale. Cette crise géopolitique de grande ampleur a servi de déclencheur aux développements scientifiques, donnant lieu à la mise au point de la bombe nucléaire. Cette période est essentiellement marquée par l'étude la plus intensive du polonium, réalisée principalement par des scientifiques américains dans le cadre du projet Manhattan, au cours de laquelle la plupart des propriétés physiques et chimiques du polonium connues aujourd'hui ont été révélées, et ses applications ont été établies [3,4,5]. Après cette période, les chimistes n'ont plus pris la peine de se plonger réellement sur l'étude des propriétés du polonium. Cependant, les écologistes et les biologistes ont mené des recherches plus approfondies car le polonium a tendance à contaminer les sols et l'eau [6,7,8,9]. Dans une large mesure, il s'agit donc encore de terra incognita. A ce stade, cela a peut-être attiré votre attention, vous incitant ainsi à explorer plus avant le sujet du polonium dans Chapitre 1 de cette thèse.

La chimie du polonium est peu connue, la plupart des expériences étant réalisées avec des solutions à faible concentration en raison du danger lié à la toxicité et à la radioactivité de l'élément en question et du processus sophistiqué de sa synthèse. Toutefois, ces complications ne devraient pas constituer un obstacle au développement scientifique. Comme alternative (et, bien sûr, complément) aux techniques expérimentales, les chimistes disposent d'outils théoriques pour mener à bien leurs recherches. La chimie quantique est l'une des nombreuses branches qui permettent de révéler de nouvelles propriétés du polonium et de ses composés [10,11,12,13]. Le polonium étant un élément 1 lourd, des approches particulières doivent être appliquées pour l'étudier. Chapitre 2 contient une présentation générale des méthodes théoriques utilisées dans ce travail avec un aperçu des techniques alternatives.

Dans les années 2010, des groupes de recherche nantais ont repris leurs travaux sur le polonium, tant sur le plan expérimental que théorique. La recherche doctorale d'Ali Younes [14] s'est axée sur la chimie du polonium, en se concentrant principalement sur sa production et sa purification.

Les nouvelles méthodes ont permis de minimiser le temps et le coût de production et de réduire la production de déchets radioactifs. La thèse de doctorat de Thi Hong Hanh Le [15] porte sur la contamination environnementale des sols par le polonium. L'étude a impliqué une investigation expérimentale pour quantifier le polonium dans les échantillons de sol. En ce qui concerne le domaine théorique, un travail a été présenté dans un article de Stoïanov et al. [16], dans lequel les auteurs ont suggéré l'explication de certaines données expérimentales plus anciennes. En outre, des études théoriques sur la complexation du polonium ont été menées par Eric Renault et Rémi Maurice, bien que les résultats ne soient pas encore publiés. Ces études étaient basées sur des calculs statiques de mécanique quantique, ce qui signifie que les positions des noyaux n'ont pas été propagées par la dynamique moléculaire. Bien entendu, les approches statiques peuvent ne pas rendre compte de toute la physique qui se produit en solution. Cependant, il est important de noter que même dans le cadre statique, plusieurs questions méthodologiques restent à résoudre. L'observation de nombreuses pages blanches dans la connaissance de la chimie du polonium soulève de nombreuses questions. Dans cette thèse, en s'appuyant sur la simulation à l'échelle moléculaire, on cherche à répondre aux points suivants :

-Quel est le nombre de coordination de l'ion Po(IV) en solution, +IV étant l'état d'oxydation le plus probable du polonium ? Quelle est la nature des liaisons dans ces complexes ? -Ces propriétés changent-elles lorsque nous passons de la phase gazeuse à la solution et, si oui, quelle est l'influence de la solvatation ? -Pouvons-nous proposer une nouvelle interprétation des propriétés spectrales des complexes de polonium au moyen de la chimie quantique ? Existe-t-il d'autres systèmes bien étudiés auxquels le polonium peut être comparé ? -Quelles sont les méthodes de chimie quantique qui permettraient de décrire efficacement les Les objets d'étude sont des complexes de Po(IV) avec de l'eau ou des ligands chlorures. Le premier groupe a été choisi en raison de sa simplicité chimique, car les ions solvatés sont la clé pour comprendre l'impact de la complexation par des ligands réels. L'inclusion du deuxième groupe de ligands est due à la disponibilité de données expérimentales.

Le Chapitre 3, qui constitue la première partie des résultats, est un chapitre à objectifs multiples qui aborde différents problèmes de la chimie du polonium. Une grande partie de ce chapitre est consacrée aux études de référence des complexes de polonium afin de trouver le meilleur rapport qualité/prix de la méthode à utiliser pour les analyses ultérieures. L'analyse de la structure électronique donne des indications sur le nombre de coordination du polonium, l'évolution des énergies d'interaction en fonction du nombre de ligands dans le complexe et la différence de géométrie entre les complexes avec l'eau et le chlore en phase gazeuse. Une étude plus approfondie de la nature des liaisons a été menée au moyen de la théorie quantique des atomes dans les molécules (QTAIM), révélant certaines propriétés particulières des petits complexes. Enfin, l'influence du couplage spin-orbite a été vérifiée sur les propriétés des petits complexes. 
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 11 Figure 1.1: The polymorphism of polonium.
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 13 Figure 1.3: Occurrence and cycling of 210 Po in the environment. Reprinted from The environmental behaviour of polonium (p.36) by Carvalho et al., International Atomic Energy Agency Vienna, Austria: 2017; Vol. 484.
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 1 Figure 1.4: A 210 Po induced Staticmaster cleaning and ionizing brush. A Photo was personally taken at The National Museum of Nuclear Science and History, Albuquerque, NM, USA in March 2023
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 216 Figure 1.6: Bismuth-Polonium separation process. Reprinted from Operable Unit 9, Site Scoping Report (p. 2-5), Volume 7-Waste Management, Mound Laboratory (MOUND), Miamisburg, OH (United States), 1993.
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 17 Figure 1.7: Electron configuration of polonium.
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 18 Figure 1.8: Polonium absorbency curves. On the left: I, 4.5 • 10 -5 M Po in 0.12 M HCl, II, 4.3 • 10 -5 M Po in 1.2 M HCl. On the right: 2.225 • 10 -4 M Po in 0.224 M HCl. Reprinted from Polonium (p. 64, 66) by Moyer, H. V., US Atomic Energy Commission, Technical Information Service Extension: 1956; Vol. 3.
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 19 Figure 1.9: cis and trans configurations of PoF 4 • • • 2NH 3 complex. Green dots stand for the location of the bond critical points (BCP), and numbers indicate the electron densities at the BCP. Reprinted from "Chalcogen bonding of two ligands to hypervalent YF 4 (Y= S, Se, Te, Po)" byZierkiewicz et al., 2019, PCCP, 21, 20829-20839. 
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 2221 Figure 2.1: Orbitals in basis set concept.
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 22 Figure 2.2: Slater type function construction by nGTO (n=1-3).
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 23 Figure 2.3: Schematic representation of the three CAS spaces: inactive, active and virtual.

  .4. The simpler variant of NEVPT2, the SC-NEVPT2, uses just one function for each of the 8 excitation classes S (k) l , labelled V (+1) and V ′ (-1) in the scheme Figure 2.4. In the second, more elaborate variant, termed "partially contracted" (PC-NEVPT2) a diagonalization of the zeroth-order Hamiltonian is carried out in the subspaces S (k) l ∈ S (k) l generated by the contracted double excitations which map Ψ (0) m onto S (k) l . The same FOIS is used in CASPT2 calculations. Because each of the eight typologies of S (k)
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 24 Figure 2.4: Schematic representation of the 8 classes entering the definition of FOIS PC-NEVPT2 and CASPT2, taken from lecture notes of C. Angeli. URL
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 25 Figure 2.5: Schematic representation of the EPCISO code. Copied and adapted from: Simulation ab initio des propriétés optiques des matériaux photo-luminescents et apports méthodologiques dans le cadre d'une approche de cluster environné by Réal, F., Lille 1, 2006. The path in grey corresponds to the steps that were omitted in the current work.
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 326 Figure 2.6: A representation of the gradient vector field ∇ ρ (r) in terms of its gradient paths for the plane containing the nuclei of the FHC=CH 2 molecule. Reprinted from Quantum theory of atoms in molecules -Dalton revisited (p. 70) by Bader et al., Advances in Quantum Chemistry, Elsevier: 1981; Vol. 14.

   def2-TZVP and def2-QZVP basis sets together with the relativistic 60-electron small core ECP60MDF pseudopotential[170] for Po and its associated aug-cc-pVN Z-PP or def2-N ZVP-PP basis sets were used (N = D, T, Q). All the basis sets and pseudopotential parameters were taken from the Basis Set Exchange software[202].
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 31 Figure 3.1: Hartree-Fock/def2-TZVP orbital energies (in a.u.) of the PoCl 4 complex. The frozen (blue) and unfrozen (red) orbitals are displayed, by default (left) or with our recommended scheme (right).
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 33 Figure 3.3: Ball-and-stick representations and symmetry point groups of the studied polonium(IV) complexes with water molecules and chlorides. Colour code: polonium (dark green), chlorine (yellow), oxygen (red) and hydrogen (white).
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 34 Figure 3.4: Mean MP2 Po -O bond lengths (angstrom), obtained for polonium(IV) complexes with water for various basis sets, as functions of the number of water molecules (n).
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 35 Figure 3.5: Mean MP2/def2-TZVP Po -O and Po -Cl delocalisation indices as functions of the number of ligands (n) for polonium(IV) complexes with water molecules and chlorides, respectively.

  .6) and (ii) essentially formed by linear combinations of the 6p orbitals of Po and of the 3p orbitals of Cl.
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 36 Figure 3.6: Representations of the HOMO, HOMO-1 and HOMO-2 π and σ bonding orbitals of the [PoCl] 3+ complex. Note that HOMO and HOMO-1 are degenerate by symmetry (those are the π orbitals).

  Solvated structures Two types of solvated structures have been determined, i.e. structures of the bare [PoCl 5 ] -and [PoCl 6 ] 2 -complexes under the influence of a conductor-like polarisable continuum model (C-PCM) [174], and structures for the microhydrated [PoCl 5 (H 2 O) x ] -(x = 1,2) and [PoCl 6 (H 2 O)] 2 -complexes, in the gas phase and with the active C-PCM. Note that as a rule of thumb, it is necessary to stepwise increment the number of coordinated solvated molecules to determine the number of coordinated atoms in the first coordination sphere of the ion of interest (see for instance the recent work of Oher et al. [239] and references therein), which explains why we considered the [PoCl 5 (H 2 O) 2 ] -and [PoCl 6 (H 2 O)] 2 -complexes in our study, even if we end up developing our reasoning more specifically on the [PoCl 5 ] -, [PoCl 5 (H 2 O)] -and [PoCl 6 (H 2 O)] 2 -complexes, as will be later explained.
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 6 Polyelectronic (λ) spin-orbit coupling constant (in eV) of the excited bare [PoCl 6 ] 2 -complex obtained from the (T 2u ⊕ E u ) -A 1u energy difference. The SA-CASSCF references are built in each case on a 2 electrons in 4 orbitals active space.
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 41 Figure 4.1: Representations of the molecular geometries of the bare [PoCl 5 ] - and [PoCl 6 ] 2 -complexes in the gas phase (left) and under the influence of the polarisable continuum model (right). Colour code: polonium (dark green), chlorine (yellow).
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 43 The solvated [PoCl 5 ] -and [PoCl 6 ] 2 -complexes Implicit solvation

Figure 4 . 2 :

 42 Figure 4.2: Representations of the molecular geometry of the hydrated [PoCl 5 (H 2 O)] -complex in the gas phase and under the influence of the polarisable continuum model. Colour code: polonium (dark green), chlorine (yellow), oxygen (red) and hydrogen (white).

  [PoCl 6 ] 2 - (3.19 eV) and in fact closer to it. By analogy with what came out of EXAFS analysis of bismuth data [252], we end up by assessing the possibility for a mixture of [PoCl 5 ] -and [PoCl 6 ] 2 - absorbing at 418 nm instead of a pure [PoCl 5 ] -or [PoCl 6 ] 2 -species, as in aprevious work[16]. We recall here that in the case of the Bi III ion at high HCl concentration, a 1:1 mixture of [BiCl 5 ] 2 -and [BiCl 6 ] 3 -was successfully used to fit the data, but that no sign for the presence of an oxygen atom, which could indicate the coordination of a solvent water molecule, was found. Therefore, in the present work, we have assessed two possibilities, (i) a 1:1 mixture of [PoCl 5 ] -and [PoCl 6 ] 2 -at the solvated geometries (Figure 4.3, left) and a 1:1 mixture of the [PoCl 5 (H 2 O)] -and [PoCl 6 ] 2 -still at the solvated geometries (Figure4.3, right). In practice, since oscillator strengths do not perfectly match the experimental maxima of absorbance, we have computed the sum of the spectra of the two species of interest (without dividing it by a factor of 2 to respect the molar fraction), and we have focussed on a domain that is spread around the experimental 418 nm value.

Figure 4 . 3 :

 43 Figure 4.3: Predicted spectra for 1:1 sums of the [PoCl 5 ] -and [PoCl 6 ] 2 -complexes (left) and [PoCl 5 (H 2 O)] -and [PoCl 6 ] 2 -complexes (right) at the solvated geometries (polarisable continuum model) in the experimental domain of interest (300-500 nm which corresponds to 4.13-2.48 eV in terms of excitation energies). Note that only the lowest-lying absorbing levels are considered, corresponding to or correlating with the first E and A 1 levels of [PoCl 5 ] -and the first T 1u level of [PoCl 6 ] 2 -(see text).
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Titre:

  Modélisation de la chimie du polonium en solution Mot clés : Polonium, théorie de la fonction d'onde, effets relativistes, liaison chimique, états excités Résumé : Bien que découvert il y a longtemps, la chimie de l'élément polonium reste floue. Les études expérimentales étant dangereuses et coûteuses, la chimie théorique peut aider à sélectionner des expériences plus judicieuses. Ce travail présente une étude fondamentale de la chimie du polonium au moyen de calculs basés sur la fonction d'onde incluant les effets relativistes. Dans un premier temps, un aperçu général des connaissances actuelles est proposé. Ensuite, les méthodes utilisées et leurs alternatives potentielles sont décrites. La section dédiée aux résultats présente d'abord une étude systématique de complexes du polonium(IV), notamment hy-dratés et chlorés. Leurs géométries et énergies d'interaction sont étudiées, une analyse de liaison est ensuite réalisée et l'importance du couplage spin-orbite est enfin sondée sur certaines espèces. La partie suivante revisite les propriétés d'absorption de complexes de polonium, à savoir [PoCl 5 ] -et [PoCl 6 ] 2 -. En commençant par l'ion libre Po 4+ , l'étude se poursuit ensuite sur des complexes pertinents en phase gazeuse et en phase solvatée. Enfin, nous proposons une nouvelle attribution du pic principal UV-Vis observé expérimentalement, faisant l'hypothèse d'un mélange de deux complexes du polonium, [PoCl 5 (H 2 O)] - et [PoCl 6 ] 2 -. Title: Modeling Polonium Chemistry in Solution Keywords: Polonium, wavefunction theory, relativistic effects, chemical bonding, excited states Abstract: While discovered long ago, the chemistry of the polonium element remains unclear. Since experimental studies are dangerous and expensive, theoretical chemistry may help in selecting wiser experiments. This work presents a fundamental study of polonium chemistry by means of wave-function based calculations inclusive of relativistic effects. To begin with, a general overview of the current knowledge is given. Then, a description of the used methods and their potential alternatives is given. The first results section presents a systematic study of polonium(IV) complexes, namely hydrated and chlorinated ones. Their geometries and interaction energies are investigated, a bonding analysis is carried out and the spin-orbit coupling importance is finally probed on certain species. The next part revisits the absorption properties of polonium complexes, namely [PoCl 5 ] - and [PoCl 6 ] 2 -. Starting with the bare Po 4+ ion, the investigation then develops on relevant gas phase and solvated complexes. Finally, we propose a new attribution to an experimentally observed UV-Vis peak, as a mixture of two polonium complexes, [PoCl 5 (H 2 O)] -and [PoCl 6 ] 2 -.

2 propriétés

 2 du polonium mentionnées ci-dessus ? Les approches sans spin sont-elles suffisamment correctes ou faut-il inclure le couplage spin-orbite pour reproduire le comportement du polonium ? -Pouvons-nous passer des calculs statiques à la dynamique moléculaire pour étudier des propriétés telles que les sphères de coordination et d'hydratation du Po 4+ dans différents environnements chimiques ? Comme expliqué dans le Chapitre 1, notre compréhension de la chimie du polonium reste en grande partie inconnue. Dans les domaines expérimental et théorique, il existe de nombreuses voies à suivre. En ce qui concerne l'étude théorique, il est logique de commencer par les bases, en étudiant la structure électronique des composés authentiques. Chaque recherche débute par un examen des méthodologies employées, ou potentiellement employables, pour obtenir les résultats demandés. Cette étude a suivi la voie standard, commençant par une exploration des méthodologies appropriées applicables à nos objectifs. Comme indiqué précédemment, le polonium n'est pas l'élément le plus étudié, ce qui limite les références pour les calculs théoriques. Par conséquent, le fait de trouver quelques travaux théoriques sur le polonium n'était pas très représentatif, et le choix de la méthodologie appropriée a également été fondé sur les travaux analogues axés sur d'autres éléments lourds.

  La deuxième partie des résultats, formant le Chapitre 4, est consacrée aux complexes du polonium avec les chlorures en solution aqueuse. Ces composés sont les seuls à avoir été étudiés expérimentalement par spectroscopie UV-Vis et à avoir fait l'objet d'un rapport dans la littérature.L'expérience montre que deux types différents de complexes apparaissent en fonction du pH du milieu. A pH élevé, le pic observé devrait être la signature du complexe Po(OH)Cl 3 -b b , tandis qu'à pH plus faible, il devrait s'agir du complexe PoCl 2 -b 2+b . Dans ce travail, notre objectif est de faire la lumière sur la composition des composés qui produisent un pic à une acidité plus élevée. Depuis des années, les scientifiques tentent d'apporter une réponse définitive à cette question. PoCl 5 -et PoCl 6 2sont les complexes les plus probables selon la littérature existante. Dans notre travail, nous proposons notre point de vue sur l'origine du pic. Outre une interprétation des résultats expérimentaux, cette partie contient une recherche méthodologique approfondie, étape par étape, en commençant par les ions nus (Po 4+ et son homologue iso-électronique Bi 3+ ) et en poursuivant avec les complexes en phase gazeuse et en solution. En outre, la nécessité cruciale du couplage spin-orbite pour simuler les spectres d'absorption est mise en évidence. Les chapitres sur les résultats sont basés sur les deux articles publiés, "Geometries, interaction energies and bonding in [Po(H 2 O) n ] 4+ and [PoCl n ] 4 -n complexes" et "Excited states of polonium(IV) : Electron correlation and spin-orbit coupling in the Po 4+ free ion and in the bare and solvated [PoCl 5 ] -and [PoCl 6 ] 2 -complexes". L'étude théorique des composés de polonium s'avère peu commune, ce qui la rend complexe, stimulante et exceptionnellement captivante. Cette recherche a permis d'élargir et de consolider une modeste base de données sur la chimie du polonium. Les principales conclusions tirées de l'étude ainsi que les perspectives de recherche future sont décrites ci-dessous. Une étude comparative méticuleuse a abouti à une approche utilisant la théorie MP2 couplée à l'ensemble de base def2-TZVP. Cette méthode permet d'estimer efficacement les géométries d'équilibre des complexes dans les phases gazeuse et solvatée. Les énergies d'interaction dérivées avec la même méthodologie pour les complexes d'intérêt ont été corrigées par l'erreur de superposition de bases. L'approche proposée donne de bons résultats et permet d'examiner les propriétés fondamen-tales telles que les géométries et les énergies de complexes du Po IV de taille variable. Notamment, son coût de calcul reste modéré. Le nombre de coordination du polonium en phase gazeuse varie légèrement en fonction des ligands. En phase gazeuse, l'ion Po 4+ intègre jusqu'à neuf molécules d'eau dans sa sphère de coordination, mais ce nombre diminue à huit pour les ligands chlorés. La courbe d'énergie d'interaction dérivée en augmentant le nombre de ligands pour les complexes avec l'eau ne suit pas la même tendance que celle avec les ions chlore, cette divergence peut être attribuée à l'influence de la charge. L'ajout progressif d'ions chlore initie la liaison de coordination mais aussi la répulsion inter-ligand est intensifiée. D'après nos résultats, lorsqu'un complexe comporte 6 ligands chlorés, cette répulsion devient dominante, ce qui entraîne une augmentation de l'énergie d'interaction. Non seulement l'évolution de l'énergie, mais aussi les géométries des complexes diffèrent en fonction des ligands. Bien que certains complexes partagent le même groupe ponctuel de symétrie, d'autres appartiennent à un sous-groupe apparenté ou à des groupes totalement distincts. Une étude plus approfondie de la liaison au moyen de la QTAIM a révélé une interaction régulière en couches fermées dans la plupart des complexes. Toutefois, le complexe [PoCl] 3+ présente certains paramètres qui se démarquent de la tendance, à savoir un indice de délocalisation plus élevé, qui est généralement attribué à une liaison à caractère multiple, et une charge positive pour l'atome de chlore. Des calculs ultérieurs du couplage spin-orbite ont mis en évidence un mécanisme d'élongation de la liaison dans ce plus petit complexe, un phénomène qui disparaît rapidement avec l'augmentation du nombre de ligands. Ce cas d'école met en évidence l'importance du couplage spin-orbite et le fait qu'il peut être activé par un don d'électrons du ligand au cation de référence à couches fermées, exempt de couplage spin-orbite. Une étude plus approfondie et méthodologique a été réalisée pour sonder les propriétés d'absorption de Po 4+ , en commençant par l'ion isolé et en poursuivant avec les complexes solvatés. L'analyse comparative impliquant Po 4+ et son analogue isoélectronique Bi 3+ a souligné l'importance de la polarisation spin-orbite dans les ions libres. En s'appuyant sur le bon accord entre les données théoriques et expérimentales pour Bi 3+ , il a été conclu que méthodologie choisie reproduit les valeurs expérimentales avec précision et que ce résultat est transférable à l'ion Po 4+ . Si les approches théoriques ont leurs avantages, elles ne parviennent évidemment pas à représenter complètement les conditions expérimentales. La combinaison de solvatation implicite et explicite utilisée dans ce projet

  

  

  

  

  The criterion can be simplified as |V |/2G, where values greater than one correspond to a negative Laplacian and values smaller than one indicate a positive Laplacian. The ratio of |V |/G provides insights into the covalency of the interaction. If the value is smaller than one, the kinetic energy density prevails, causing electron destabilisation near the BCP, and no covalency is expected. These interactions are referred to as pure closed-shell interactions. On the other hand, if |V |/G>1, Figure 2.7: Typical QTAIM Classification of Interactions. Adapted copy from Pilmé et al. [182].
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indicating a large potential energy density, electrons are stabilized at the BCP, leading to a regular closed-shell interaction. All these values are schematically represented in Figure
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Table 3 .

 3 1: Interaction energies with BSSE correction (kcal mol -1

  3, 6 and 8, a direct subgroup of the SPG of the [PoCl n ] 4 -n complex is found for the corresponding [Po(H 2 O) n ] 4+ complex; • For n = 4, 5 and 7, the [Po(H 2 O) n ] 4+ complexes display, if any, much less symmetry elements than the corresponding [PoCl n ] 4 -n ones. Those structures are thus considered as qualitatively different.

Table 3 .

 3 2: Mean MP2 Po -O and Po -Cl bond lengths (Å), obtained for polonium(IV) complexes with water molecules and chlorides, respectively explains part of the difference between B3LYP and MP2 (see Table A.6). Since the bond lengths of the [Po(H 2 O)

n ] 4+ (n = 1-3) complexes tend to be overestimated by ∼0.02 Å

[10]

, we conclude that our new MP2/def2-TZVP structures for the [PoCl n ] 4 -n (n = 4-6) complexes are actually more accurate than the previously reported ones

[16]

.
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 3 

	complexes with chlorides	4: MP2/def2-TZVP Po -Cl bond distances (Å) and QTAIM bonding descriptors for polonium(IV)
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 4 1: Spin-orbit free excitation energies (in eV) from the 1 S ground state of the of the Bi 3+ and Po 4+ free ions. The SA-CASSCF references are built in each case on a 2 electrons in 4 orbitals active space.

Table 4 .

 4 2: Excitation energies (in eV) from the 1 S 0 ground state of the energy levels of the Bi 3+ and Po 4+ free ions. The SA-CASSCF references are built in each case on a 2 electrons in 4 orbitals active space. The mean absolute error (MAE) is computed with respect to the experimental reference set.

	System	Level	SC-NEVPT2	FIC-NEVPT2	Expt. [246]
			c-SOCI	uc-SOCI	c-SOCI	uc-SOCI	
	Bi 3+	3 P 0 3 P 1 3 P 2 1 P 1	9.30 9.79 12.08 14.13	8.90 9.51 11.99 13.96	9.30 9.78 12.07 14.09	8.90 9.50 11.98 13.92	8.80 9.41 11.95 14.21
	MAE		0.27	0.12	0.28	0.13	
	Po 4+	3 P 0 3 P 1 3 P 2 1 P 1	10.56 11.16 14.37 16.60	10.09 10.81 14.27 16.39	10.56 11.15 14.37 16.56	10.09 10.80 14.26 16.35	----
	System	SC-NEVPT2		FIC-NEVPT2	Expt. [246]
		c-SOCI	uc-SOCI	c-SOCI	uc-SOCI	
	Bi 3+	0.93	1.03		0.92	1.03	1.05
	Po 4+	1.27	1.39		1.27	1.39	-

Table 4 .

 4 3: Polyelectronic (λ) spin-orbit coupling constants (in eV) of the excited Bi 3+ and Po 4+ free ions obtained from the 3 P 2 -3 P 0 energy differences. The SA-CASSCF references are built in each case on a 2 electrons in 4 orbitals active space.

Table 4 .

 4 PoCl 5 ] -complex (of E ′ and A ′′ 2 symmetries), and only one in the [PoCl 6 ] 2 -one (T 1u ). The SA-CASSCF, SC-NEVPT2 and FIC-NEVPT2 spin-orbit free excitation energies are reported in Table4.4 and one can already observe a strong down shift (about 6 eV) of the electronic transitions in the complexes compared to the isolated ion. 4: Spin-orbit free excitation energies (in eV) from the ground singlet states of the bare [PoCl 5 ] -and [PoCl 6 ] 2 -complexes in the gas phase. The SA-CASSCF references are built in each case on a 2 electrons in 4 orbitals active space.

	System	SPG	State	SA-CASSCF	SC-NEVPT2	FIC-NEVPT2
			3 E ′	3.58	3.56	3.53
	[PoCl 5 ] -	D 3h	3 A ′′ 2 1 E ′	4.58 5.04	4.47 3.95	4.45 3.89
			1 A ′′ 2	6.38	5.03	4.95
	[PoCl 6 ] 2 -	O h	3 T 1u 1 T 1u	4.50 5.97	4.34 4.76	4.32 4.71

Table 4 .

 4 5: Excitation energies (in eV) from the ground 1 A ′

Table 4 .

 4 eV at the SC-NEVPT2 level, which is in line with the shorter Po-Cl bonds (the 6p orbitals display antibonding characters with respect to the ligands). 7: Spin-orbit free excitation energies (in eV) from the ground singlet states of the [PoCl 5 ] -and [PoCl 6 ] 2 -complexes at the solvated geometries (polarisable continuum model). The SA-CASSCF references are built in each case on a 2 electrons in 4 orbitals active space.

	System	SPG	State	SC-NEVPT2
			3 A 1	3.39
	[PoCl 5 ] -	C 4v	3 E 1 A 1	4.77 3.61
			1 E	5.43
	[PoCl 6 ] 2 -	O h	3 T 1u 1 T 1u	4.64 5.07

Table 4 .

 4 8: Excitation energies (in eV) from the 1 A 1 and 1 A 1g ground energy levels of the [PoCl 5 ] -and [PoCl 6 ] 2 -complexes at the solvated geometries (polarisable continuum model). The SA-CASSCF references are built in each case on a 2 electrons in 4 orbitals active space. The compositions are given in terms of the states ofTable 4.7. 
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1: Interaction energies (kcal mol -1

Table A .

 A 5: Mean MP2 Po -O bond lengths (Å), obtained for polonium(IV) complexes with water for various basis sets. Geometries for these calculations were taken from the MP2/aug-cc-pVTZ and MP2/def2-TZVP structures, respectively (single points).

	n(H 2 O)	aug-cc-pVDZ	aug-cc-pVTZ	def2-TZVP	def2-QZVP
	1	2.08	2.04	2.03	2.02
	2	2.11	2.08	2.07	2.06
	3	2.15	2.11	2.11	2.10
	4	2.20	2.17	2.17	2.16
	5	2.25	2.22	2.22	2.21
	6	2.30	2.27	2.27	2.26
	7	2.34	2.31	2.31	2.30
	8	2.37	2.34	2.34	2.34
	9	2.41	2.38	2.39	2.37
	n(Cl -)	aug-cc-pVDZ	aug-cc-pVTZ	def2-TZVP
	1	2.30		2.25	2.25
	2	2.33		2.29	2.28
	3	2.40		2.35	2.34
	4	2.52		2.48	2.47
	5	2.59			2.54
	6	2.66			2.60
	7	2.77			2.72
	8	2.88			2.83

Table A .

 A 6: Mean MP2 Po -Cl bond lengths (Å), obtained for polonium(IV) complexes with chlorides for various basis sets.Table A.7: MP2/def2-TZVP atomic charges for polonium(IV) complexes with chlorides derived from different charge schemes.E ′ + 13.1% * 1 A ′′ 2 E ′ 48.2% * 3 E ′ + 20.8% * 3 A ′′ 2 + 31.0% * 1 E ′ E ′′ 3 E ′ E ′ 46.9% ′ * 3 E ′ + 3.3% ′ * 3 A ′′ 2 + 49.8% * 1 E ′ A ′′ 1 18.7% * 3 E ′ + 81.3% * 3 A ′′ 2 E ′ 4.9% * 3 E ′ + 75.9% * 3 A ′′ 2 + 19.2% * 1 E ′ A ′′ 2 13.1% * 3 E ′ + 86.9% * 1 A ′′ T 1u + 26.2% * 1 T 1u T 2u ⊕ E u 3 T 1u T 1u 26.2% * 3 T 1u + 73.8% * 1 T 1uTable B.1: Numerical compositions the excited energy levels expressed in terms of the spin-orbit free states, for the bare [PoCl 5 ] -and [PoCl 6 ] 2 -complexes in the gas phase, obtained at the c-SOCI/SC-NEVPT2 level. A 1 + 31.3% * 3 E E 74.8% * 3 A 1 + 15.5% * 3 E + 9.6% * 1 E A 1 36.3% * 3 E + 63.1% * 1 A 1 A 2 31.3% * 3 A 1 + 68.7% * 3 E A 1 62.9% * 3 E + 36.7% * 1 A 1 E 24.4% * 3 A 1 + 59.3% * 3 E + 16.3% * 1 E B 1 ⊕ B 2 3 E E 0.6% * 3 A 1 + 25.2% * 3 E + 74.0% * 1 E T 1u + 26.1% * 1 T 1u T 2u ⊕ E u 3 T 1u T 1u 26.1% * 3 T 1u + 73.9% * 1 T 1u Table B.2: Numerical compositions the excited energy levels expressed in terms of the spin-orbit free states, for the bare [PoCl 5 ] -and [PoCl 6 ] 2 -complexes at the solvated geometries (polarisable continuum model), obtained at the c-SOCI/SC-NEVPT2 level.

	Mulliken Hirshfeld B.2 Supplemantary tables q(Po) q(Cl) q(Po) q(Cl) 2.23 0.77 2.15 0.85 1.52 0.24 1.34 0.33 1.25 -0.08 0.93 0.02 1.25 -0.31 0.77 -0.19 1.29 -0.49 (x2) 0.71 -0.40 (x2) -0.43 (x3) -0.34 (x3) 1.43 -0.57 0.67 -0.44 1.84 -0.70 (x5) 0.92 -0.58 (x5) -0.67 (x2) -0.50 (x2) System SPG Symmetry [PoCl 5 ] -D 3h A ′′ 1 A ′′ 2 [PoCl 6 ] 2 -O h A 1u T 1u SPG Symmetry 73.8% * 3 System -0.74 1.02 -0.63 Composition 81.3% * 3 E ′ + 18.7% * 3 A ′′ 2 86.9% * 3 2 3 T 1u Composition [PoCl 5 ] -C 4v A 2 68.6% 3 [PoCl 6 ] 2 -O h A 1u 3 T 1u T 1u 73.9% * 3 System SPG Composition Energy triplet 3.21 1.96 triplet/singlet 3.28
										triplet/singlet	3.36
										triplet/singlet	3.37
	[PoCl 5 (H 2 O)] -		C 1			(x2)	(x3)		(x5) triplet/singlet triplet (x2) triplet/singlet	5.14 5.17 5.20
										triplet/singlet	5.32
	QTAIM	q(Cl)	0.48	-0.03	-0.31	-0.50	-0.64	-0.59	-0.69	-0.74 triplet/singlet a -0.71 triplet -0.76 triplet/singlet	5.40 5.41 5.70
										triplet/singlet	5.84
	a										
		q(Po)	2.52	2.06	1.94	1.98	2.06		2.13	2.13	2.12
	Molecule		[PoCl] 3+	[PoCl 2 ] 2+ 3 ] + [PoCl	PoCl 4 5 ] -[PoCl		[PoCl 6 ] 2 -7 ] 3 -[PoCl	[PoCl 8 ] 4 -

HBF stands for Hartree-Fock-Bogoliubov

There are two mostly used units to measure the radioactivity: Becquerel, Bq, a term from the Systeme Internationale, and Curie, Ci, a conventional term. 1 Ci =

3.7•10 10 Bq. Since the values of radioactivity differ in units in the literature, here and below the numbers are given in both Bq and Ci.

Acac = Acetylacetone, TTFA = Thenoyltrifluoroacetone, EDTA = Ethylenediaminetetraacetic acid, DBP = Dibutyl phthalate, Citr = Citrate, Tart = Tartrate, NTA = Nitrilotriacetate

WFT stands for Wave Function Theory

here the a † and a are the creation and annihilation operators, respectively, as used in the second quantization formalism.

When the calculations are performed with the Effective Core Potential (ECP), the ĤSO is provided by the ECP (see subsection2.4.5) 

and 1 A 1g energy levels of the bare [PoCl 5 ]and [PoCl 6 ]

complexes in the gas phase. The SA-CASSCF references are built in each case on a 2 electrons in 4 orbitals active space. The compositions are given in terms of the states ofTable 4.4. 
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iii

Two main perspectives arise from this work, (i) exploring more deeply and largely the role of the SOC in low-coordinated polonium(IV) complexes as well as with valence iso-electronic complexes such as bismuth(III) ones and (ii) studying thoroughly the role of solvation on the molecular geometries, interaction energies and bonding in those complexes, which was out of the scope of the present work. is decreased by more than a factor of two when going from c-SOCI to uc-SOCI, independent from the chosen NEVPT2 flavour (SC or FIC). In both cases, a MAE of ∼0.1 eV is observed, meaning that satisfactory accuracy is reached. This tends to validate both the uc-SOCI method overall and also the dressing of the uc-SOCI matrix with either the SC-NEVPT2 or FIC-NEVPT2 spin-orbit free energies. Note that the error that we have observed at the c-SOCI levels is larger but comparable to the one reported by Roos and Malmqvist [247] for the Po free atom (∼0.2 eV), for which the SOC is meant to be smaller than in our case (smaller effective charge), which again illustrates the importance of the spin-orbit polarisation for 6p atoms and ions.

To further assess the quality of our uc-SOCI results, we have then compared the computed λ constant for the Bi 3+ ion to the experimental one, also derived by using eqs. 4.1 and 4.3. This constant is enhanced by 12 % by using the uc-SOCI approach, to reach a very close agreement with the experimental one. One can thus conclude that our representation of the SOC is especially accurate at the uc-SOCI level and that then the remaining errors that are observed in Table 4.2 may essentially be attributed to some lack of electron correlation.

At a finer level of description, it is worth noting that eqs. 4.1, 4.3, 4.5 and 4.6 cannot fully reproduce the uc-SOCI energies after extraction of the λ and x parameters. We believe that this is due to the revision of the references at the CAS+S level, which may introduce more subtle interactions with other excited configurations [248].

In this work, we have relied on the ECP60MDF pseudopotential. It is worth commenting on this choice here for the sake of completeness. First, it was shown by Réal et al. [243] that it is important to use a good quality pseudopotential such as the ECP60MDF one to improve accuracy (as compared with the largercore ECP78MWB [249] and ECP78MDF [250] ones). Second, test calculations have shown that similar quality results can be obtained with a good all-electron basis set such as the ANO-RCC-VTZP one [251]. Third and last, it is clear from Tables Table 4.2 andTable 4