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Chapter 1 General Introduction

Diazines are 6-membered aromatic carbon rings with two nitrogen atoms, all with the formula C 4 H 4 N 2 . Depending on the position of the nitrogen atoms, three possible congura- tion of diazines can exist: pyridazine (1,2-diazine), pyrimidine (1,3-diazine) and pyrazine (1,4-diazine). Because of their electron-withdrawing properties, these heterocycles are used in structures called push-pull due to their polarized nature. Push-pull molecules are systems consisting of an electron acceptor (noted A) and an electron donor (noted D) connected by a -conjugated linker group. This polarised D--A structure gives rise to a number of properties due to the ease of charge separation. This has made them attractive for various applications such as biological imaging, photovoltaic devices, second harmonic generation, etc. 17

These types of organic molecules are often used as uorophores . A uorophore is aconjugated molecule that exhibits photoactive properties, such as photo-absorption and/or uorescence. Organic (carbon-based systems) uorophores have been extensively studied in the last decades, making their structure extremely diverse, comprising chemical groups such as perylenes, polycyclic aromatic hydrocarbons, anthraquinone, acridan, BODIPY, etc.
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According to the United Nations Environment Programme (UNEP), emissive devices such as displays and lighting appliances contribute for approximately 20% of the global electricity consumption and 6% of the CO 2 emissions. The increasing prevalence of light-emitting devices and the widespread use of screens for various purposes, combined with the pressing concerns of the climate crisis, have made the development of energy-ecient lighting solutions a key focus of academic research in recent decades.

In this context, Organic Light Emitting Diodes (OLED) have emerged as a promising technology. As their name implies, OLEDs are light-emitting devices composed of or-ganic molecules that utilize an electroluminescent process. The development of OLED devices has gained signicant momentum in recent years, as evidenced by the abundance of publications and reviews dedicated to this eld and by their widespread commercial use in screens (television, computer, handheld videogame console,etc.) 1216 The organic nature of the OLED emitter ensure a potential low cost of fabrication and a low toxicity of these systems. Additionally, they attain remarkable energy eciency of several dozens of lm.W I , 14 making it an exciting eld of research. I highly recommend readers to refer to the detailed overview provided in reference [16], which oers valuable insights into the development of OLEDs for lighting applications. The reference discusses typical molecular systems used in this context, providing a comprehensive understanding of the subject. Transporting Layer, ETL: Electron Transporting Layer, EML: Emissive Layer. The application of an electrical current generates a hole (+) and an electron (-) that recombine in the emissive layer, forming an exciton and inducing the emission. Adapted from reference [14].

The emission in an OLED device is generated through electro-excitation. As a consequence of this excitation process, the resulting Excited State (ES) of the molecules are distributed between singlet and triplet multiplicities in a proportion of 25% for singlets and 75% for triplets. As uorescence can happen only from a singlet ES, this aects the eciency of the device. It led to the existence of multiple OLED generations, dened by the lightproducing molecules and the photophysical processes used to bypass this limitation. Figure 1.1 shows a general OLED structure. Upon electro-excitation there is a recombination of the generated hole and electron, forming an exciton, from which the de-excitation by photon emission is observed. Over the years, OLEDs have evolved considerably in terms of the emitters used in the emissive layers in order to optimise the limitations imposed by this excitation process. The so-called rst generation of OLEDs used only uorescence and could achieve a maximum theoretical External Quantum Eciency (EQE) (the ratio between the number of emitted photons and the number of charges injected into the device) of 25% due to spin statistics. The second generation OLED, using not only organic uorophores but also heavy metal-based complexes, emitting light through a phosphorescence mechanism and further increasing the eciency of the devices. 17 However, their composition does not full the inherent need for a fully organic emitter. The use of heavy metals is limited by their price, toxicity, abundance, etc. To use fully organic uorophores and achieve the highest possible eciency, third-generation OLED have been developed using a process called Thermally Activated Delayed Fluorescence (TADF), which can push the theoretical maximum EQE to 100%. 1820 Such OLED uorophores will be further in- vestigated in chapter 4. Recently, new ways of optimising OLEDs have led to strategies that can be regrouped as the fourth generation OLED. Such devices use a process named Hyperuorescence , which combines both TADF and an intermolecular Förster Resonance Energy Transfer (FRET) process. 21,22 In this thesis, the systems of interest are push-pull uorophores based on diazines, as they have the potential of being used for OLED applications. Dierent theoretical methods will be applied in order to investigate their photophysical properties. These electron-accepting groups, together with their benzoannelated derivatives (quinazoline, quinoxalines, etc.) are known for their applications as emissive molecules and have been extensively studied by our collaborator Sylvain Achelle.
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The availability of literature focused on theoretical studies of diazinic uorophores is scarce, contrary to the experimental works. 13,3234 Therefore, there is a compelling need for a comprehensive theoretical investigation into the photophysics of these derivatives using theoretical tools. Quantum chemistry calculations are a ecient tool to understand the structure-property relationships, rationalize the emission properties or study the inuence of the environment of the molecule. Exploring the dierent tools theoretical chemistry has to oer to calculate the properties relevant to the photophysics of diazine-based systems is then mandatory. This work is part of this movement, aiming to lead an extensive study of diazine uorophores employing a diverse range of theoretical tools. The present work is made in close collaboration with experimental colleagues, ensuring a comprehensive and interdisciplinary approach to the investigation. The ability of dierent levels of theories to model the properties of diazines will be estimated through the dierent chapters of this work. This thesis is not about the development of novel methodologies but rather a contribution towards the comprehension of the structure-properties relationship of diazinic uorophores and the rationalization of their properties using quantum chemistry tools.

In each chapter of results, the reader will nd a review of the literature that introduces the topic and places my work in the research context of each project. When relevant, the structure-property relationship of diazines is discussed.

In chapter 2, the photophysical context of the thesis will be exposed, giving an overview of the mechanisms that happen between the ES and the Ground State (GS). Then, in the same chapter, the quantum chemistry methods used to compute all these properties will be detailed. These methods are the practical tools utilized to study the molecules of interest and their dierent electronic and vibrational states. It is therefore important to expose their strengths and weaknesses when using them to describe such complex properties.

The following chapter 3 is the rst result chapter of this thesis.

A series of diazinic uorophores will be studied in the prospect of producing white light for a White Organic Light Emitting Diode (WOLED) application.

White light was dened by the Comité International de l'Eclairage (CIE) in 1931 by the position at the (0.33,0.33) coordinates on a colour space diagram as shown in the gure 1.2. It can also be shown on an emission spectrum as an emission band covering most of the visible light spectrum. Producing this white light is no easy task, as organic molecules generally only emit from their lowest ES, thus at a single wavelength of emission. To produce white light, the aim is to have an emission spectrum covering most of the visible range. There are several strategies for achieving such luminescence, which will be explained in this chapter. A theoretical investigation of the vertical transition properties of diazinic uorophores using Time-Dependent Density Functional Theory (TD-DFT) will be the central point of this work.

In chapter 4 two series of uorophores are investigated for their application in third generation TADF OLED. To do this, an investigation on the choice of theoretical methodology was carried out, leading to the use of a wavefunction-based method, followed by a photophysical study of the molecules of interest. This study permits an exploration of the feasibility of a TADF process in push-pull diazinic uorophores, by studying the complexity of the ES manifold.

Chapter 5 is an exploratory study of a computational method that can provide a deeper insight into the complex processes that govern the transition between two electronic states and the emissive capacity of a molecule. The method of interest, a vibronic method, considers not only the electronic state but also the coupling with the vibrational states to obtain a more correct description of the transitions. This study has been carried out rst on diazine heterocycles and then applied to D-A uorophores, to give a critical evaluation of the applicability of the method.

In the last chapter, an assessment of the performance of tight-binding DFT methods for the description of both GS and ES properties of diazinic uorophores is presented.

This benchmarking work provides insight into the use of semi-empirical methods to study complex properties of uorophore systems. As widely used quantum chemistry methods are computationally expensive and severely limit the range of applications, it is necessary to pave the way towards the use of more approximate methods, especially for complex applications such as OLED. This is a rst step towards a goal of lightning-fast methods to either quickly obtain photophysical properties of molecules or to study organic uorophores in a more complex environment such as an explicitly dened solvent.

Bibliography ( The study of the photophysical and optical properties of molecular systems is intrinsically linked to the knowledge of the ES manifold and the dierent mechanisms involved. Upon excitation of a molecule to an ES several photophysical processes can occur, radiative or non-radiative. Fluorescence consists of the radiative de-excitation of an ES populated after a photoexcitation (i.e. the absorption of a photon), an electroexcitation (as it is the case in OLED devices) or by any method that promotes a molecular system to a higher energy level. This is a fast phenomenon, occurring between states of the same spin multiplicity, as opposed to phosphorescence which is slow and occurs between states of dierent spin multiplicities. In organic molecules, the GS is often of a singlet multiplicity, denoted S H .

A simplied scheme in the form of a Perrin-Jablonski diagram is presented in excitation, the molecule is in a geometry that is not the most stable for the ES electronic structure, and so it quickly reorganises itself towards a stable conguration (the minimum).

This rapid reorganisation of the geometry is the cause of the observed energy dierence between the absorption energy and the uorescence energy (the so-called Stokes shift).

The emission therefore takes place after the reorganisation, between the minimum energy of the ES and the S H at this same geometry. The ES of a uorescent system then have an experimentally measurable lifetime, typically in the order of a few nanoseconds. The timescale of the dierent mechanisms is given in table 2.1.

Most often, uorescence occurs from the ES of lowest energy and same multiplicity (i.e.

the rst singlet ES, noted S I ). This is known as Kasha's rule, and cited as Kasha-like emission. However in some cases, uorescence from higher-lying states can occur, resulting in so-called Anti-Kasha emission.

1

The eciency of uorescence can be evaluated through a value called the uorescence quantum yield ¨f l . This is the ratio of the number of photons emitted over the total number of photons absorbed. ¨f l can also be dened as the ratio of the uorescence rate constant over the sum of all the rate constants that may be present in all the phenomena occurring at the ES, including the non-radiative ones.

¨f l a k f l k r C k nr (2.1) With k r the radiative rate constant, consisting of uorescence and phosphorescence, and k nr the non-radiative rate constant. The non-radiative mechanisms comprised in k nr are of various nature and are numerous. 

Non-radiative mechanisms

Here are listed the most common non-radiative processes seen in organic chromophores:

Internal Conversion (IC): Consists of the vibrational de-excitation between two electronic states of the same spin multiplicity. It is the diusion of the kinetic energy of an electron into the vibrational modes of a molecule. IC requires a coupling between the vibrational states of the dierent electronic states. It is an extremely fast mechanism, on a timescale between IH IR and IH II seconds.

Intersystem Crossing (ISC): the vibrational transition between two states of dierent spin multiplicity (e.g. singlet 3 triplet). This mechanism is discussed in more details in section 2. 1.3. Other non-radiative mechanisms can occur at the ES, but will not be detailed in this manuscript as they are less relevant to my studies. Such mechanisms are Twisted Intramolecular Charged Transfer (TICT), 3 Excited State Intramolecular Proton Transfer (ESIPT), 4,5 going through Conical Intersection (CI). 6,7 All these phenomena are extremely hard to quantify, either experimentally or computa-tionally. One family of methods allowing to model these processes is described later in this chapter in the form of vibronic (i.e. considering both electronic and vibrational states) calculations. These are static (as opposed to dynamic) methods that use the knowledge of the coupling between the electronic and vibrational states to estimate the rate of transfer. Other methods, which were not the focus of this thesis, are able to recover the value of ¨f l . Such methods consist mainly of a dynamic approaches, which can quickly become computationally expensive. 810 Many applications such as third generation OLEDs require a large f l value. One strategy is to use a phenomenon called TADF. TADF is a photophysical process that was rst observed on eosin in 1961.

12 It was, until recently, mainly used in heavy metal-based com- plexes, using metallic centres such as iridium, platinum, copper or gold. 13,14 In 2011, the pioneering work of Adachi and co-workers proposed rules for the design and generalisation of TADF in organic molecular chromophores, paving the way for hundreds of publications (Figure 2.2). 15

In this section, the mechanisms involved in TADF will be discussed. The interested reader will nd in chapter 4 a non-exhaustive overview of the molecular strategies used in the recent years for TADF. 16,17 Reverse Intersystem Crossing

In OLED, the excitation of the emissive molecules is done through the application of an electrical current. Due to spin statistics, this electro-excitation creates 25% of singlet states and 75% of triplet states. Electro-excitation is not bound by the selection rules existing with a photo-excitation (spin and symmetry rules). Therefore, all possible spin congurations can be generated, illustrated in gure 2.3.

Since uorescence only occurs between states of the same multiplicity, triplet 3 singlet electronic transitions are spin forbidden. To maximise the eciency of the uorescent emitter, nding a way of harvesting the triplets that are produced to increase the quantum eciency of the device is necessary. This is done using a process called Reverse Intersystem Crossing (rISC) (as opposed to ISC, which converts a singlet into a triplet). ISC and rISC are processes driven by two specic quantities: ¡E ST and Spin-Orbit Coupling Matrix Element (SOCME). ¡E ST is the energy splitting between the excited singlet and triplet states, and SOCME quanties the spin-orbit coupling between the states of dierent multiplicities.

1822 As the transition between those states is forbidden, the presence of spin-orbit coupling is then necessary to ensure the rISC process.

After the rISC the molecule can exhibit uorescence (S I 3S H ). Here, uorescence appears at a much later timescale than prompt uorescence because the rate-limiting step is the rISC. Fluorescence is then delayed and observed approximately a few microseconds after excitation.

Factors driving the TADF process ¡E ST is the driving force behind the speed of the rISC. The ne-tuning of this energy splitting is a key parameter to consider in the design of TADF molecules. The coupling between two states is vibronic in nature (i.e. involving both electronic and vibrational states). This means that rISC occurs through the vibrational modes of the triplet and singlet states. 28,29 A quantitative description of rISC cannot, therefore, be based on ¡E ST alone, but also on the coupling of the vibrational states.

The other factor inuencing rISC, the SOCME, varies greatly depending on the type of system studied. For metallic complexes, such as iridium-based complexes, it can be as high as a few hundred of cm I . 30 More recently, some cheaper, less toxic copper-based alternatives have been developed with ecient TADF processes without sacricing the amount of SOCME. 31,32 The potential cost and/or toxicity of such complexes shifted the attention on fully organic emitters, which have a signicantly lower SOCME value, around 1 cm I . Nevertheless, a small spin-orbit coupling is not a limiting factor, since k rISC mainly depends on the singlet-triplet splitting.

18 Such small values of coupling are sucient for organic systems to achieve rISC, hence the TADF. The interplay between k rISC and the SOCME in such a range of values and their impact on k rISC has been demonstrated by several authors and is illustrated in gure 2.4.

In an attempt to rationalize delayed uorescence, El-Sayed, in 1963, dened what is commonly known as the El-Sayed rule for the design of compounds allowing rISC. 33 Formally, this rule states that the rate of the ISC process would be large if there is a change in the orbital nature between the two states considered for the process. In other words, a change in spin must be accompanied by a change in angular momentum in order to preserve the total angular momentum of the system, leading to a non-negligible SOCME value. 1820, 25,26,34 For example, one electronic state should have a Charge Transfer (CT) nature and the other a Locally Excited (LE) character (see gure 2.5). Another possibility could be a I ; £ 3 Q n; £ transition. Fullling this rule requires a spatial separation of the orbitals involved to achieve the CT -type bonding orbitals and £ -type anti-bonding orbital. Adapted from reference [27] character of the S I , resulting in a non-vanishing SOCME and small ¡E ST . To obtain this CT character in push-pull molecules, the design of the donor and acceptor moieties is critical. It is also important to carefully design the connectivity (linker moiety ) between the electron donor and electron acceptor groups of the molecule, as this has a nonnegligible impact on the value of ¡E ST . 26 Various molecular design strategies have been proposed to obtain TADF in organic compounds and will be discussed in chapter 4.

Non-adiabatic processes and vibronic calculations

From this point and onward, electronic states will not be dened as constant energy levels, as in gure 2.1, but rather as complex Potential Energy Surface (PES), as shown in gure 2.6. In fact, the two-dimensional representation is a schematic visualisation where the energy is a function of atomic coordinates rather than a singular point of energy. With this more complete description appears a new quantity, E H H . The E H H is dened as the adiabatic energy dierence between S H and S I , corrected by the dierence in their Zero- Point Vibrational Energy (ZPVE). It also corresponds to the crossing between absorption and emission spectra. 

Franck-Condon principle, Duschinsky rotation and general theoretical framework

In order to calculate the uorescence quantum yield, it is necessary to take into account the non-radiative processes taking place at the ES. One must consider the interplay between the electronic states and the vibrational states, i.e. the vibronic (electronic + vibrational) picture.

First, all vibrational de-excitations between dierent electronic states (IC or ISC) are considered to take place around the minimum of energy of the electronic state. This is due to the timescale of the dierent mechanisms, as vibrational relaxation is faster than other non-radiative processes. For example, in the case of a photon absorption that excites the molecule to the ES with a geometry that is not the most stable, the relaxation towards the minimum will take place before any IC or ISC mechanisms. 35

All vibronic calculations are conducted within the framework of the Franck-Condon (FC) approximation. The FC principle, since its denition in 1926, is the approximation that the speed of electronic transitions during absorption or emission is signicantly higher than the reorganisation of the nuclei. This means that the vibrational modes before and after the transition are the same. 3638 In other words, absorption and emission (uorescence & phosphorescence) occur at a xed geometry. It states that the intensities of vibronic transitions (between dierent electronic and vibrational states) are higher when the nuclei are in the same spatial position for both states. In vibronic calculations, in order to obtain vibrationally resolved spectra and non-radiative rate constants, it is necessary to dene the overlap integrals of the vibrational wave functions between the electronic states involved in the mechanism under study (also known as FC integrals).

39,40

The larger these integrals are, the more intense the transition is. The FC integrals will have larger values if the FC approximation is respected. If not (if the geometries are signicantly dierent), these integrals will be close to zero. To compute such integrals, one must either describe the entire shape of the PES exactly or approximate it with a mathematically constructed surface, for example within the quadratic (harmonic) approximation. In fact, focusing only on the vertical point of the PES (not the minimum) gives an incorrect description of the modes (often accompanied by the appearance of negative frequency vibrations), and so an expansion of the PES from the minimum is necessary.

Within this framework, the electric transition dipole moment between a GS and an ES can be expressed as a Taylor expansion (equation 2.2), usually up to the rst order:

S 0 S 1 @QA a S 0 S 1 H C N vib k @ S 0 S 1 @Q S 0 k Q S 0 Q S 0 k (2.2)
Here the rst term of the expansion (zeroth order) is called the FC contribution. The second is called the Herzberg-Teller (HT) contribution, where Q represents the coordinates of the vibrational modes of the considered state (here exemplied with the states S H and S I ).

In fact, HT simply considers the variation of the electric transition dipole moment (@ S 0 S 1 )

with respect to the displacement of atoms by vibrations (@Q S 0 k ). For the calculation of a vibronic spectrum, one can choose either a FC model, a HT model or a mixture of both, called FCHT (FC+HT).

41 At the FC level, the intensity of the spectra depends only on the transition electric dipole moment. At the HT level, the dependence of the intensity of the transition on the nuclear coordinates is considered. Thus, the transition can recover some intensity from the displacement of atoms due to vibrations. The HT model is par-ticularly relevant to the determination of the radiative rate constant for transitions where the electric dipole moment is small, since the HT contribution to S 0 S 1 @QA is never zero and the vibrational wave functions are mixed.

42,43

The coordinates of the normal modes of the ground (Q S 0 ) and excited (Q S 1 ) states are not identical and can be related by a vectorial transformation called the Duschinsky rotation:

Q S 0 a JQ S 1 C D (2.3)
Where J is the Duschinsky rotation matrix relevant to the rotation between the modes, and D is the linear displacement vector representing the displacement of the modes between both equilibrium geometries.

44

If the transformation of the normal modes from one state to another cannot be described by a simple translation and rotation, this formalism will be dicult to apply correctly and may lead to unrepresentative results from the calculations. It is therefore important to be careful when interpreting the results of vibronic calculations. 45,46

Approximations on the Potential Energy Surfaces

In order to account for the molecular vibrational space, it is necessary to go beyond the vertical adiabatic picture. This means that not only the minima are considered, but also the entire PES in the vicinity of the minima. To achieve this, the PES are approximated as harmonic surfaces centred on specic coordinates.

To construct the PES, several harmonic models exist and are classied into two categories:

the Adiabatic models, where the PESs are constructed around the equilibrium geometries of both electronic states.

the Vertical models, where the PESs of one state is expanded around the minimum geometry of another electronic state. For instance, considering an S H 3 S I absorption process, the S I PES is expanded around the geometry of the minimum of the S H .

In both models, the surfaces of both electronic states are modelled with the shape of the state of interest. A range of variations of adiabatic and vertical models, varying in simplications has been introduced by dierent authors. A representation of Adiabatic and Vertical models is presented in Fig 2 .7. 41,4749

However, the above models are only valid if both PES can be approximated by harmonic potentials, which often lack the complexity of a real PES, often inherently anharmonic.

Furthermore, applying these approximations to a highly anharmonic system will give unre- liable results. To summarise, two properties are necessary:

fullling the FC framework by having states of interest with close geometries Real PES is not far from harmonicity 3 the harmonic modelling correctly recovers its characteristics.

Vibrationally dened spectra, radiative and non-radiative rate constants

Vibrationally dened spectra reproduce better the reality compared to a fully vertical spectrum considering only the minima of the PESs. 50,51 The computation of the spectra follows a Fermi Golden Rule (FGR)-like equation, which is a sum-over-states of the vibrational modes, leading to the shape of the spectra L@!A ( i for vibrational states of the initial electronic states, f for the nal electronic state):

L@!A a i;f V I @T Ajhv i j if jv f ij P ! f ! i ¦ ¡E AD ~ ! (2.4)
where i and f denotes the initial and nal vibrational states, V I a e L H @!A a I P dte §it@¡E AD =~ !A @t; T Ag H @tA (2.5)

In equation 2.5, g H @tA is the Fourier transform of the broadening function replacing .

is the transition dipole correlation function dened as:

@t; T A a Z I vib T r e i H f f e i H i i (2.6)
where f a t=~and i a i t=~and H i and H f are the hamiltonians for the initial and nal states. From there, it is simple to compute the radiative rate constant, k r as the integral of the spectra over all frequencies expressed in cm I : 35,41,49,52 k r a L@!Ad!

(2.7)

With a similar FGR equation, it is possible to obtain a value of the rate constant of a vibrational IC mechanism, rst in a TI way as in equation 2.8 and in a TD manner after a Fourier transform (eq. 2.9).

k ic @¡E AD A a

P ~ i;f e E ES i Z jh© ES ; ¢ ES;i j V j© GS ; ¢ GS;f ij P ¡E AD C E ES i E GS f (2.8)
k ic @tA a

I P I I dte i¡E AD g H @tAk H ic @tA (2.9)
with © and ¢ the electronic and vibrational wavefunction of both states, decoupled due to the Born-Oppenheimer approximation, V the non-adiabatic coupling between the states and Z the partition function.

k H ic @tA, the Fourier transform of the rate expressed as a time-correlation function, is dened as in equation 2.10:

k H ic @tA a P ~I Z T r e @it A H ES V i;f e it H GS V y i;f (2.10)
For the calculation of k ic , a broadening function (or its Fourier Transform g H @tA) is considered. This broadening, appearing as a replacement of the function, can take various mathematical forms: either a Gaussian, Lorentzian or a Voigt function.

The role of this function is to assure the conservation of energy between the initial and nal states of interest.

A Lorentzian function can also be used to reproduce the intrinsic homogeneous broadening that is due to the nite lifetime of the vibrational states induced by the uncertainty principle. For homogeneous broadening, all vibrational states possess a nite lifetime , and the Half-Width at Half-Maximum (HWHM) of the broadening Lorentzian function is dened as I=.

A Gaussian function, also called inhomogeneous broadening , is used to model the eect of the environment on the molecule. Dierent molecules in a solution will all have slightly dierent environments, slightly dierent conformations and slightly dierent interactions with the solvent or other solutes, also depending on temperature. Consequently, each molecule will have slightly dierent energy levels, which may follow a Gaussian distribution.

53,54

The third type of broadening is a Voigt function. A Voigt function is dened as a convolution between a Gaussian and a Lorentzian function, combining the eects described by both. The eect of those broadening on the rate constants is nonnegligible and specic. It has been shown by Humeniuk and co-workers that the Gaussian function width should have a negligible eect on k ic , but a signicant one on k r , and the opposite has been shown for the lorentzian width function. 35 By considering the vibrational nature of transitions, this approach enables the evaluation of both radiative and non-radiative rates. However, it is important to note that it does not provide a comprehensive description of uorescence quantum yield, as certain nonradiative processes, including transitions through a CI or rISC are not accessible using this method. Additionally, it is a static method, which is a rough approximation and does not take explicitly into account the inuence of temperature over time on the ES.

Modelling of Thermally Activated Delayed Fluorescence

In the following are presented methodologies to assess the k rISC value, in a non-exhaustive manner. The reader is redirected to selected references for additional details.

The key value allowing to quantify TADF is the rISC rate constant (k rISC ). To express k rISC rigorously, one has to take into account the vibrational wavefunctions of the singlet and triplet states involved ( i and f in equation 2.11). A common way of expressing it is by using a FGR based expression taking the form of equation 2.11, in a formalism close to the one used for vibronic calculations. 26 k rISC a

P ~Z jh f j H SOC j i ij P ¢ jk e 1 T E j jh f k j ij ij P @E ij E f k A (2.11)
Where Z is the partition function that accounts for the vibrational states and T the temperature.

E j is the energy of the initial vibrational level j, and E ij is the energy of a particular vibrational level i of a particular electronic state. In this formalism, the spin-orbit coupling matrix element between the initial and nal electronic states and the Dirac function relevant to the energy dierence between the vibrational levels of the two electronic states also appear. This formalism has the same limitations as the abovementioned vibronic methods and can therefore only be used in the same framework. The simplest model to compute k rISC is the Semi-Classical Marcus Theory (SCMT). 5557

In this method, the rate is limited by a thermokinetic barrier ruling the transfer between the two electronic states. The PESs are approximated by parabolas as in the harmonic approximation, and both PES have the same curvature. They are dened as E@T I A a ax P and E@S I A a a@x C x S 1 x T The SCMT method can be used, for example, with TD-DFT calculations 23 and is a simple rst approach to qualitatively estimate k rISC , considering the vibrations in a classical description. However, ignoring the intrinsically vibrational nature of such a mechanism is a crude approximation. To overcome this problem, there are ways to implement electronvibration coupling as an extension of the SCMT. This model called the Marcus-Levitch-Jortner Theory (MLJT), 18,5860 uses the FCWD including the Huang-rhys (HR) factors of the vibrational modes, which are a measure of the electron-vibration coupling, and permit to add a quantum description of the vibrational modes.

The HR factors, noted P HR are a value denoting the coupling between vibrational states of dierent electronic states.

61 It is a dimensionless number that quanties the relative shift of the nal electronic or vibrational states with respect to their corresponding initial states.

If a vibrational normal mode is unshifted in both electronic states, its relaxation energy is zero, as is its HR factor. It is in fact proportional to ¡Q, the shift of the potential energy of the electronic or vibrational state, to k f (not to be confused with the uorescence emission rate), the force constant of the harmonic oscillator dening the state, and to ! vib , the frequency of the transition, such as P HR a k f ¡Q P P! vib (2.15) SCMT, Vibronic and MLJT methods are dierent approaches to describing the rISC pro-cess. However, it is important to remember that they are all approximations.

In this thesis, the SCMT method is used to approximate values of k rISC (chapter 4), as well as vibronic modelling to approximate IC and HR factors to approximate the eect of vibrational modes in the de-excitation process (chapter 5). the approximation that all properties of an electronic GS can be obtained through the electron density @rA. A wave function © is associated with an electron density on which DFT is based. Considering the electronic potential of a system as an arbitrary external local potential @rA, a relation between @rA and the GS electron density of interest @rA can be derived. Hohenberg and Kohn have shown that this relationship can be inverted, which means that the potential can be derived entirely from @rA. The HK theorem also states that DFT is a variational method, which means that the energy obtained by a DFT calculation is always greater than or equal to the real value of the total electronic energy.

Theoretical chemistry approaches

This energy and all its contributions are dened as a function of the electronic density (hence the name Density Functional Theory ). The HK formulation, however, retains the many-body problem that electrons interacting with each other cannot be described exactly.

In the Kohn-Sham (KS) formalism, 63 the picture is decomposed as an eective potential, separating the exact parts of DFT and what is called the exchange-correlation energy, relevant to the inter-electronic interactions.

E@rA a T s @r A C V ne @r A C J@rA C E xc @r A

(2.16)

With T s @r A the kinetic energy, V ne @r A the coulombic nuclei-electron interaction, J@rA the coulombic electron-electron interaction and E xc @r A the Exchange-Correlation (xc) energy. E xc @r A recovers the energy coming from the electronic correlation and from the electronic exchange: the former describes the energy resulting from the inuence of one electron on another, the latter the energy of the exchange interaction, due to the indistinguishable nature of the electrons.

To obtain this energy, one has to choose a xc functional to calculate the exchange and correlation energies. It is not possible to analytically obtain the exact form of the xc functional, as it is a many-body problem. xc functional are then approximated. There are dierent categories of xc functional, varying in complexity and precision in their formulations:

Local Density Approximation (LDA)

Generalized Gradient Approximation (GGA)

Meta-GGA (mGGA)

Hybrid functionals

Range-Separated Hybrid (RSH)

LDA is the simplest one, consisting of the rough approximation that the density is a uniform electron gas. GGA adds a normalized gradient allowing the consideration of the fact that the electronic density is not homogeneous in all points in space. mGGA functionals consider not the simple gradient, but the second derivative of @rA.

Hybrid functionals add to their construction the electronic exchange as dened in the Hartree-Fock (HF) manner. Indeed, in HF, electron exchange is described exactly. i~@ @t j©@tAi a Hj©@tAi (2.18) From this, the RG theorem shows that there is a possible direct mapping between the timedependent potential @r; tA and the time-dependent electronic density @r; tA. As in the HK theorem, this relation can be inverted, leading to a direct relation @r; tA 3 @r; tA.

In a similar manner than with HK, any time-dependent property can be obtained as a functional of the time-dependent electron density. From this point, the most common way of obtaining, excitation energies, transition dipole moments, etc. can be obtained with Linear Response Time-dependent Density Functional Theory (LR-TD-DFT).

6871 Several other TD-DFT methodologies exist but will not be detailed in this thesis, as they are out of the scope of this work (with the exception of Real Time TD-DFTB (RT-TD-DFTB), detailed in a further section). The interested reader can nd descriptions of the cited formalism in the references. 7274

Within the LR-TD-DFT framework, the electron density responds to an external electromagnetic eld, for example in the case of light irradiation. Constructing a partitioned

Hamiltonian consisting of the unperturbed system Hamiltonian and the time-dependent external eld Hamiltonian is the rst step:

H a H H C V ext (2.19)
Here, the H H hamiltonian is independent from time, and V ext :

V ext a @rAV ext @r; tAdr (2.20) Equation 2.18 is rewritten considering the interaction with the external electric eld:

i~@ @t j©@tA I i a V I j©@tA I i (2.21) In this rewriting of the Time-Dependent Schrodinger equation, j©@tA I i a e i H 0 t j©@tA I i, and V I a e i H 0 t V ext e i H 0 t . The I index means that the interacting function is considered (as opposed to a non-interacting one). This interaction is then rewritten as a Dyson series, at the rst order: j©@tA I i a j©@HAi i t I dt H V I @t H Aj©@HAi (2.22) In this representation, the zeroth order term is the unperturbed electronic system at t a H, before the perturbation. The rst-order term is the perturbation of the electronic potential on the unperturbed, t a H wavefunction. Looking at the integration limits, the perturbation is integrated from I to t, this is due to the adiabatic approximation, stating that the perturbation is slowly put on . This approximation is valid only for small perturbations, which is the case for photo-excitation by a UV-visible photon. Now, after this perturbation is applied, the response of an observable O to this perturbation can be followed. Its response is written as:

h Oi a h©@tAj Oj©@tAi h©@HAj Oj©@HAi a h©@tA I j O I j©@tA I i h©@HAj Oj©@HAi a lim 3H ie t t I h©@HAj O I @r; tA; V I @t H Aj©@HAi (2.23) In this last equation, is an innitesimal number. When t a H, the exponential is equal to 1, thus the perturbation is switched on . When t a I, i.e. before the start of the perturbation, the integral is equal to zero and the perturbation is non-existent. Now, to obtain an expression for V I : V I a e iH 0 t V ext e iH 0 t a e iH 0 t dr@rAV ext @r; tAe iH 0 t a dr i @r AV ext @r; tA (2.24) With i @r; tA a e iH 0 t @rAe iH 0 t @r; tY r H ; t H A a lim 3H i¢@t t H Ah©@HAj O I @r; tA; V I @t H Aj©@HAie @t H tA (2.26) @t t H A is a step-function for which the value is 0 when t t H < H and 1 when t t H > H.

This mathematical representation captures the concept that there is no response to the perturbation prior to its initiation and that a response emerges after the onset of the perturbation.

Now, for TD-DFT, the observable of interest is electronic density. The general observable O is replaced by the electronic density @r; tA: h@r; tAi a I I dt H dr H @r; tY r H ; t H A V ext @r H ; t H A (2.27)

The response function is written in the time domain. After a Fourier transform of this function, the response is rewritten in the frequency domain. This approach is valuable because it allows us to obtain the response to specic frequencies, which correspond to the energy of the perturbation (such as light, for example). The frequency-domain response function takes the form: h@r; !Ai a dr H @r; r H ; !AV ext @r H ; !A

(2.28)

Here, @r; r H ; !A a lim 3H i I I dh©@HAj i @t; HA; i @r H ; tA j©@HAie @i! A

V ext @r H ; !A a

I I V ext @r H ; t H Ae i!t H dt H (2.29)
At this stage, the response of the electronic density to a specic light frequency is obtained.

However, in order to obtain a spectrum, all unperturbed states that can be perturbed by various frequencies must be considered.

By considering the unperturbed ground-state j©@HAi with E H as eigenvalue, with the Schrödinger equation H H j© n i a E n j© n i, the whole set of unperturbed states can be introduced into the response function that interests us, i.e n j© n ih© n j a I, obtaining: @r; r H ; !A a lim 3H n h©@HAj@rAj© n ih© n j@r H Aj©@HAi ! @E n E H A C i h©@HAj@r H Aj© n ih© n j@rAj©@HAi

! C @E n E H A C i (2.30)
Replacing this development in KS formalism and following the work of Casida, 75,76 this formalism is rewritten as a matrix equation expanding the system as electron-holes pairs:

A@!A B@!A B £ @!A A £ @!A X@!A Y @!A a ! I H H I X@!A Y @!A (2.31)
Here, A a rs ab @ r a A C @ar jsbA C @ar jf xc jbsA and B a @ar jsbA C @ar jf xc jsbA. a; b and r; s correspond to the set of occupied and virtual molecular orbitals.f xc is the exchange-correlation kernel. In this formulation of TD-DFT, A@!A is the excitation matrix while B@!A corresponds to the de-excitation matrix. X and Y are the linear response vectors.

This equation is thus a pseudo-eigenvalue equation, and nding the poles of this function gives the energy of excitations. In other words, solving this matrix equation is how the excitation energies using LR-TD-DFT are obtained. For the study of triplet states (when studying TADF for instance), one can use an approximation called the Tamm-Danco Approximation (TDA), where the contribution of B@!A are neglected. TDA-DFT has been shown to give better results when describing triplet states and as such is relevant for evaluating values such as ¡E ST . 77,78 A tool commonly used to evaluate the character of the transition calculated using such a method (but also applicable to various other methodologies) is the use of Natural Transition Orbital (NTO). NTO allows to represent the electronic transitions in a compact representation combining contributions from all orbitals in the transition. It is based on a transformation of the transition density matrix, generating new orbitals (the NTO) permitting an easier chemical interpretation of the characteristics of the transitions. Details on how the NTO are generated are provided for the interested reader in the associated reference [79]. Throughout this thesis, NTO will be used to study the transitions.

Quantication of the Charge Transfer

Push-pull uorophores possess a characteristic CT due to the presence of electron-donating and accepting moieties. Quantifying this CT can prove useful for understanding the organic uorophores of interest, particularly when comparing their GS and ES. This method will be used in chapter 3. As dened by Adamo, Le Bahers, et al, the CT characteristics are based on calculations of the electronic density. 80,81 The dierence of electronic density upon the transition, for instance, an S H 3 S I excitation, is dened as : ¡@r A a S 1 @r A S 0 @r A (2.32) From this density dierence, two functions collecting the augmentation/diminution of @rA in all points in space are dened:

C @r A a ¡@r A if ¡@r A > H H if ¡@r A < H (2.33) @r A a ¡@r A if ¡@r A < H H if ¡@r A > H (2.34)
Then @r Adr a C @r Adr (2.35) With this, the barycentres of the spatial regions associated with C @r A and @r A are: R C a r C dr C dr a @x C ; y C ; z C A (2.36) R a r dr dr a @x ; y ; z A (2.37) The distance between the two barycentres is dened as the Charge Transfer Distance D CT :

D CT a jR C R j (2.38)
With a similar philosophy, the dierence in partial atomic charges computed at both states is written as:

q i a q S 1 i q S 0 i (2.39)
With this, two functions dening collections of atoms based on their gain or loss of partial atomic charges are considered:

q C i a q i if q i > H H if q i < H (2.40) q i a q i if q i < H H if q i > H (2.41)
The quantity of charge transferred upon the transition is: From those general amplitude equations, for the CCSD method, the corresponding equations are:

Q CT a q C i q i (2.
h¨Hje @ T 1 C T 2 A He @ T 1 C T 2 A j¨Hi a E h¨a i je @ T 1 C T 2 A He @ T 1 C T 2 A j¨Hi a H h¨a b ij je @ T 1 C T 2 A He @ T 1 C T 

97,98

This section explains the principle of DFTB and the various improvements of the method such as Long-Range Corrected DFTB (LC-DFTB) and the equivalent of TD-DFT for the tight-binding method: Time-Dependent DFTB (TD-DFTB). 99103

First, let us recall some fundamentals of DFT. The KS model states that the DFT energy can be broken down in dierent terms specied in the KS equation (eq. 2.16). In this formulation, every term is exact except the xc term E xc @r A which is not exactly dened.

Breaking down the KS equation, we obtain:

T s @r A a N elec iaI h i j I P r P j i i

V ne @r A a N nuclei a Z a @R a A@r A
jR a rj dr J@rA a I P @r I A@r P A jr I r P j dr I dr P (2.51)

With Z a the atomic number and R a the atomic radius. The Schrödinger equation is rewritten using the KS orbitals ¨i as h KS ¨i a e i ¨i. In this formulation, it should be noted that the eective potential (and thus the atomic electronic densities, as in the DFT, V a ef f a V ef f @ a A) comes from neutral atoms. Index a is relevant to atom a, index b to atom b. Of course, considering the system as a sum of diatomic interactions is a rather crude approximation. To correct for this, the atomic orbitals are tweaked by adding a so-called connement potential to the atomic Hamiltonian, which prevents the orbitals from being too diuse. Rewriting the atomic KS Schrödinger equation in terms of this conned potential leads to: I P r P C V ef f @ atom A C r r H P a e

(2.56) r r 0 P is the connement potential using r H as the connement radius, dened as two times the covalent radius of the atom of interest. This denition of r H is empirical, it should be noted that ideally it could be optimised. To summarise, a simplied Hamiltonian in the equation 2.55 has been dened, and the atomic KS equation has been rewritten in the equation 2.56. The goal now is to solve the set of linear equations 2.54 using the twocentre approximation. Solving this problem will give the energy of each mono-electronic wavefunction (the molecular orbital) e i . Using n i , the number of electrons in the molecular orbital i, the total energy of the molecule is:

E I a i n i c c H H a i n i e i (2.57)
E I is the total energy of the system in the tight-binding formalism. However, it still lacks the precision to study molecular systems. In fact, E I does not take into account most of the repulsion between the atoms, since only the valence electrons are considered in the parametrisation.

DFTB1, as the rst DFTB method developed, is a non-self-consistent method. In other words, the KS equations are solved once with no iterative process, giving to DFTB1 a rather poor accuracy.

Since the atomic orbitals are dened on neutral atoms, this is relatively suitable for homonuclear systems where the charge transfer is weak, such as hydrocarbons, or completely ionic bonds, such as in salt like NaCl. This model lacks a ne description of all the eects in the molecule and must be improved.

To take account of the eect of the diatomic interaction on the charges, a charge uctuation term is added, which is the sum of the small electronic density variation at each atom a , dened as: with R ab the distance between atoms a and b, S a short-range function leading to the correct convergence of ab at R ab =0. Combining equations 2.65 and 2.59 leads to the second-order DFTB2 energy. This is a signicant improvement on DFTB1, improving the description of the energy.

a % ¡q a Q a V e ajr Raj
E DF T BP a E I C E P (2.61)
To improve over DFTB2, the expansion of the energy at the third order through a DFTB3 scheme is done. DFTB3 introduce a derivative of the ab function named ab with respect to the charge, introducing the derivative of the chemical hardness of the atoms (i.e. the derivative of the Hubbard parameter). This takes the form E Q :

E Q a I Q ab ¡q P a ¡q P b ab (2.62)
Now, the issue of non-self-consistency remains. To answer this, the KS set of equations are rewritten as: c i @H e i S A a H

(2.63)

The dierence with eq. 2.54 is that no simplied Hamiltonian is used, but a self-consistent one:

H a H H C S c ¡q c I P h ac C h bc C I Q @¡q a ac C ¡q b bc A C ¡q c T @ ca C cb A (2.64)
In equation 2.64, H depends on q a the atomic charges, which depend themselves on the molecular orbital coecients. Thus, this equation is resolved in a self-consistent way, hence the name Self Consistent Charges DFTB (SCC-DFTB) (SCC-DFTB2 or SCC-DFTB3).

DFTB is a semi-empirical method. As such, DFTB needs parameters to function. For the determination of E I electronic density and orbital (compression radius) are needed, which are parametrised using atomic DFT calculations at a GGA level of theory. Atomic orbitals are dened using Slater-type orbitals, considering only valence electrons. Diatomic electronic integrals H and S are also computed using diatomic DFT calculations, often made at the GGA level with a minimal basis set. For E P , the chemical hardness and its derivative for E Q are also obtained with (atomic) DFT calculations.

To improve the precision is added to the total energy another parametrized value: the repulsive energy E rep , which is obtained as a pair potential obtained by comparing the total electronic energy with a DFT reference calculation (with V rep ab the repulsion potential):

E rep a I P ab V rep ab (2.65)
Adding this to the total energy, we obtain (here exemplied at the third order) the total DFTB energy:

E DF T BQ a E I C E P C E Q C E rep (2.66)
For E Rep , the di-atomic potential based on both DFT and DFTB calculations is dened as:

E Rep @R ab A a E DF T @E I C E SCC DF T B A for various R ab values (2.67)
For parametrisation, the standard procedure is to compute V rep ab the repulsion potential, for increasing a-b distances. From its values, a polynomial function representing the repulsive potential at all distances based on DFT & DFTB calculations can be obtained, from which the repulsive function E Rep is extrapolated.

Various sets of parameters have been developed over the years, all for dierent applications in specic chemical systems. Some general-purpose sets exist for organic molecules such as the mio parameters 105 or the 3ob parameters for DFTB3. 104,106,107 Other sets have been developed specically for variants of DFTB, such as the ob2 parameters for LC-DFTB, an extension of DFTB.

100 There are also sets for specic purposes, such as calculations on gold-organic systems 108 or specically for halogens 109 and solid-state calculations. 110,111

These multiple parameter sets, developed by the community of researchers working on DFTB, allow a wide range of topics to be addressed by such methods. However, this is not always sucient, as the precision of DFTB2 and DFTB3 is still an approximated picture.

An expansion of DFTB, in a similar philosophy of the range-separated hybrid DFT functionals, is to separate the treatment of the electronic exchange in a SR and LR terms. 99,102,112 To include the range eects, E xc @r A is rewritten as:

E xc @r A a E xSR @r A C E xLR @r A C E c @r A (2.68)
With E xsr @r A the SR exchange, E xLR @r A the LR exchange and E c @r A the correlation. Contrary to the case of RSH functionals, here there is no Exact Exchange (EXX).

E xLR @r A takes the form :

E xLR @r A a I R
erf @!r IP A r IP @r I ; r P A; @r P ; r I Adr I dr P (2.69)

With the density matrix. The short-range exchange is however described exactly. ! is an empirical parameter. The eect of the ! parameter, in a DFTB calculation, is illustrated in gure 2.9

One variation of tight-binding methods, which will be used in chapter 6 is the Extended Tight-Binding (xTB) method. The pair-specic parametrization of DFTB makes it dicult to cover the whole periodic table of elements. xTB has been developed as a palliative to this issue, following an element-specic parameterization. 113 This method resembles the DFTB3 scheme, except for the parametrization, and includes eects that are not 

115,116

There are two variations of the TD-DFTB formulation. One is strictly analogous to the Casida formulation of TD-DFT, considering an eigenvalue problem where the energy of excitations can be recovered by nding the pole of the function, according to Niehaus et al. 115 In the Casida TD-DFTB formalism or LR-TD-DFTB, the transition density p ij @r A between dierent orbitals is reduced into atom-centred contribution as seen in equation 2.70.

p ij @r A a i @r A j @r A a p ij (2.70)
Here p ij is approximated as :

p ij % q ij F @r A (2.71)
Where q ij are the Mulliken atomic transition charges and F @r A is a normalised spherical density uctuation on the atom . This is a derivation close to that observed for the SCC-DFTB scheme, simplifying the formulation of the Casida formalism using self-consistent charges for DFTB. As in TD-DFT, the Casida equation is solved, leading to the frequencies of the transitions as well as their transition dipole moments. This TD-DFTB formalism can also be applied with a range-corrected scheme of DFTB, leading to LC-TD-DFTB. 

Introduction

In the last few years, our collaborator for this study Sylvain Achelle, has been interested in the use of diazinic uorophores as well as their capacities to produce white light. 18 A series of uorophores he designed will be studied with theoretical tools in this chapter, with the goal of rationalizing their properties for a WOLED application. An assessment of the impact of the protonation and deprotonation on their photophysical properties will be done, alongside an estimation of their capacity as white light emitters. After introducing the strategies to obtain white light and a presentation of the experimental measurements by our collaborators, a justication of the choice of theoretical methodology will be done.

Then, a presentation of the calculation result regarding the neutral form will be presented, followed by a comparison of the properties of the (de)protonated form with regard to the neutral one. Finally, the structure-property relationship will be discussed, giving insight into the molecular design of emitters for such applications.

Strategies to obtain white light emission

History of the methods to obtain white light emission The strategy was to insert small percentages of dopant in the emissive layer to shift the colour observed macroscopically, producing emission spectra that cover a wide part of the visible wavelengths. From this point and onward, the strategy of using a dopant in a single emissive layer device was vastly exploited, using either organic uorophores as dopant, 10 metal-complexes or phosphorescent dyes.

1115

Another method is the use of multi-layered OLEDs, encompassing several emissive layers emitting at complementary wavelengths. 1619 This strategy consists in developing complex multi-layered OLEDs, where one of the diculties arising is to ensure the ecient transportation of the hole and electron generated by the electro-excitation, toward all emissive layers. The biggest issue with this strategy comes from the diculty of fabrication of the devices. Indeed, more complex devices lead to technical challenges and an increase in their fabrication cost. To address these issues, other groups proposed alternative strategies to cover the visible spectra such as devices using the formation of excimers, i.e. the formation at the ES of dimers emitting at a dierent wavelength than the monomers.

2022 Another solution is to play with the emissive properties of a ligand between its free state and its complexed form.

In this case, the complexation changes the HOMO-LUMO gap modifying the absorption and emission properties of the ligand as presented in gure 3.3. 23 White light emission using (de)protonation

By exploiting the protonation or deprotonation of a molecule of interest, an alteration of their properties compared to the corresponding neutral forms is triggered. I.e, a protonated chromophore will be distinguishable from the neutral chromophore in regard to its electronic, chemical and photophysical properties. This can lead to dual uorescence, at two dierent wavelengths, possibly generating white light. As illustrated in gure 3.4, the goal is for the neutral and protonated (or neutral and deprotonated) molecules to coexist in the emissive layer of the device. This strategy has been previously conducted using protonation 2426 and deprotonation methods. 27

The proposed strategy is under investigation in this chapter. All structures considered in this framework have a push-pull character.

2830 The addition of charge will modify their CT character, driving the change of emission wavelength. This strategy reduces the synthetic workload and the cost of fabrication of devices. The counterpart is that making the neutral and charged forms to coexist in the same environment can be a challenging task. The (de)protonation of the molecules can also be challenging to apply in the solid state or, in a polymer matrix (as PMMA).

Study results

Molecules set

In this work a series of 8 molecules belonging to the family of the hydroxystyryldiazines (with also a methoxystyryldiazine analogue) is investigated (gure 3.5). This set of molecules is varying in nature and length on the D, A and -linker moieties.

The electron-donating part of the uorophores is either a phenol group for compounds 1-7, or a methoxy group for molecule 3OMe. 3OMe serve for comparison purposes, evaluating the impact of two dierent donor strengths. The electron-accepting part is composed either of a pyrimidine (1-4, 3OMe), a pyrazine (5, 7) or the benzoannelated equivalent of pyrazine: quinoxaline (6). The -linker is made either of a phenylene ( 1 Neutral forms The absorption and emission spectra have been measured for compounds 2-7 and 3OMe

at Room Temperature (RT) in three solvents: Toluene, CH 2 Cl 2 , and DMSO. The maxima of absorption and emission are presented in table 3.1 for all compounds in these solvents along with the E H H energies (dened in gure 2.6), and the computed spectra are shown in gure 3.6.

All compounds showed a main absorption band in the near UV/blue region of the visible spectrum. Between the dierent solvents, a small bathochromic shift of the absorption is seen going from apolar to polar solvents up to 40 nm (0.33 eV) for 4 between Toluene and DMSO (Table 3.1). The shift between Toluene and CH 2 Cl 2 are smaller, with a maximum shift of 18 nm (0.19 eV) for 3OMe, with max abs @gr P gl P A < max abs @olueneA. Derivatives 5-7 are presenting a shoulder in the higher energy region (gure 3.6). 2 and 7 present the smallest more blue-shifted max abs , while molecule 6 shows the more red-shifted max abs as illustrated for DMSO in gure 3.6

For the emission properties, the solvent-induced bathochromic shift is more pronounced than for the absorption, up to 85 nm (0.49 eV) for 2 between Toluene and DMSO. 3 and its methoxy analogue 3OMe show the more blue-shifted energies in DMSO as seen in gure 3.6. In table 3.2 are presented in DMSO the maxima of absorption and emission along with the emission quantum yields em for neutral and charged forms. Neutral molecules exhibit ¨em > 0.5 in DMSO, with the exception of 4 (¨e m = 0.031). For the (de)protonated forms, maxima of absorption and emission are given in table 3.2.

For solubility reasons, the data for (de)protonated forms are obtained in DMSO. Protonation leads to a redshift of % 60 nm (%0.5 eV), while deprotonation induces a shift of more than 95 nm. This shift is visible in spectra 3. for the systems that can be protonated or deprotonated, the measured ¨em are drastically reduced, even to the point of no emission for 7. The (de)protonated forms also present signicantly lower quantum yields than the neutral forms.

The target of the calculations is to quantify and understand the inuence of the (de)protonation on the CT character of the molecules, leading to the shift in the emission energies. The theoretical calculations give an insight into the geometrical structure of the molecules, as well as the ease of (de)protonation of the uorophores. 

31,32

In this project, the interest is in vertical transition properties, justifying the use of TD-DFT. In this chapter, all calculations have been performed using the Gaussian16 software. 33

Experimentally, measurements are made in a solvent. The eect of solvation on the solute can be modelled using DFT, with several dierent models. The straightforward way is to explicitly dene each solvent molecule around the solute but is extremely computationally expensive. The alternatives are implicit models of solvation, which represent the solvent as a dielectric continuum with a cavity in the shape of the solute inside, where the molecule is modelled. Implicit models have the advantage of bypassing the explicit calculation of the solvent, which greatly reduces the computational cost, but only represents the dielectric medium-solute interactions. Implicit models will be used in this study as they have been

shown to be ecient for recovering excitation energies and ES properties using TD-DFT. 

Neutral forms

Geometrical features

The uorophores of the series can exist in dierent conformations. For systems 2, 4 and 7, Z and E stereoisomers can be considered. For the other molecules, the dierent congurations depend on the free rotation of the bond between the diazinic acceptor and the linker, switching the positions of the nitrogen in the cycle. These conformations are presented in gure 3.9, with the corresponding nomenclature. Table 3.5 reports the dierences of Gibbs free energy ¡G and the Boltzmann populations of the dierent conformations of the uorophores. For 2, 4 and 7, the E stereoisomer is more stable with a Z-E dierence of approximately 22 kJ.mol I , leading to a 100% Boltzmann population of this stereoisomer. Typically, the thermal energy at room temperature is around 2.5 kJ.mol I . It makes it unlikely for the two stereoisomers to coexist at RT. For 1, 3, 3OMe, 5 and 6, the A conformation is found to be more stable than B, with ¡G ranging between 3.99 (3) and 5.03 kJ.mol I (5).

The planar (or non-planar) character of push-pull uorophores is also a decisive property impacting their electronic properties (conjugation, (de)-excitation, etc.). In the series, (E) 0.00 100 the A moiety and linker always stay co-planar. Figure 3.10 denes the dihedral angle ¢ between the D group and the linker, while table 3.6 reports the calculated value of ¢ for all compounds in neutral form. In the S H state, all molecules exhibit a dihedral angle between 30°and 40°. This twisted S H geometry completely vanish at the S I , showing a near 0°d ihedral angle. This geometry reorganisation, expected from push-pull molecules, 42,43 can impact the photophysical properties described later in this chapter. HOMO-LUMO gaps for neutral forms are presented in table 3.7. Values are ranging between 6.77 (4) and 7.77 eV (1). Molecules with a thiophene and/or longer -conjugated group exhibit smaller gaps. The quinoxaline acceptor of 6 also induces a signicant reduction of the gap, when compared to 3.

Computed photophysical properties

Table 3.8 presents energies and oscillator strengths of the transitions. Stokes shifts, which are the dierence of energy between excitation and de-excitation, are also reported.

For all molecules in the series, the rst intense excitation corresponds to the S H 3 S I transition. The composition of this excitation is mainly of a HOMO 3 LUMO orbital character. This transition is a -£ excitation, illustrated for compound 3 on gure 3.12 with the corresponding NTO. Vertical excitation energies range from 3.55 eV to 4.20 eV for molecules 6 and 1 respectively. This is in qualitative agreement with the experimental results, knowing that energies of the transitions are close for some systems (less than 0.1 eV for 2, 3, 3OMe, 5). For all excitations, the oscillator strengths f are always calculated high, around 1, showing that these -£ transitions are optically allowed thanks to the sizeable spatial overlap of the HOMO and LUMO orbitals. The electric transition dipole moments are presented in table 3.18 in the appendix of the chapter and complement these observations.

Considering de-excitations, similar observations are made. A qualitative agreement with the experimental measurements on the energies is seen. Oscillator strengths remain intense, being always superior to one. The transitions also present the same -£ character as exemplied in gure 3.12. Compound 1 exhibits the more blue-shifted transition (4.20 eV), while 4 is the more red-shifted (3.60 eV). The Stokes shifts are large, often more than 8000 cm I due to the signicant reorganization of the geometry between S H and S I (as seen with the modication of the ¢ angle presented in table 3.6. The main factor in the variation of the energies of transition throughout the series is the nature of the linker moieties.

The presence of a phenyl bridge in 1 leads to the highest energies of excitation and de-excitation, while thiophenes and phenylenevinylenes backbones in 2, 3, 5 and 7 give signicantly more red-shifted transitions. Compound 4, with its thienylene bridge, exhibit the lowest energies of transition.

These push-pull molecules show characteristic intramolecular CT induced by the (de)excitation.

In table 3.9 the computed metrics estimating the strength of the CT for excitation and de-excitation are presented. All molecules exhibit upon the transition a displacement of their charge density along the molecular backbone. Q CT is around 0.5 e for all systems for both excitation and de-excitation. Illustrated in gure 3.12 are the location in space where there is a loss or a gain of electron density. D CT is found between 2.5 Å for S H 3 S I in 5 and 3.32 Å for 1. Considering the small size of these uorophores, this distance is non-negligible. However, the CT is not strong enough to fully separate the orbitals involved in the transitions, resulting in the intense f value despite the nonnegligible CT. For the S I 3 S H transition, the dierence in geometries (planar for the 

(De)protonated forms

Preferred protonation sites and pK a calculations Available experimental data do not provide insight into the location of the proton, which can be either nitrogen of the diazinic heterocycle (gure 3.9). Table 3.10 summarizes the ¡G of the systems protonated on one of the two nitrogens, in their most stable conformation.

All uorophores are more stable when protonation takes place on the N Q /N R position, corresponding to the position with the least steric hindrance. Impact on frontier orbitals Table 3.11 reports the HOMO-LUMO gaps for the (de)protonated forms of all molecules, along with their variation from the neutral form. Following protonation, the gaps are signicantly reduced by between 0.79 (4) and 1.12 eV (1). Similar behaviour is observed with deprotonation, with a reduction of the gap by between 1.00 (3) and 1.42 eV (1).

The topology of the orbitals is not severely impacted, albeit a slightly more (de)localized LUMO (HOMO) on the A (D) group. Protonation induces a large stabilization of the LUMO, increasing the accepting capacities of the diazinic system. Deprotonation slightly destabilizes the HOMO, giving a stronger donating character to the D groups.

Impact of the (de)protonation on the geometry First, the predominant congurations displayed in table 3.5 remained the same following (de)protonation. Table 3.12 reports the ¢ dihedral angle between the linker and the A moieties of the (de)protonated forms. Compared to neutral molecules, ¢ is not signicantly changed with the (de)protonation with dierences of less than 3°with the protonated form, and no more than 11°for protonated molecules. Deprotonated 2 and 7 however exhibit a fully planar S I unlike their neutral forms.

BLA values reported in table 3.12 show the improvement of the conjugation induced by (de)protonation, with up to half of the neutral value obtained at the S H . S I geometries of protonated systems also have a smaller BLA than at the S H . Regarding the deprotonated systems, the reduction of BLA at the S I is only observed for 1.

Impact of the (de)protonation on the photophysical properties Figure 3.13 exemplies the topology of the NTO of the transition of a 3 £ nature. This observation is constant throughout the whole series, in both protonated and deprotonated forms.

Table 3.13 reports values of the (de)-excitations energies and oscillator strengths of the (de)protonated forms, along with the dierences of the energies compared to the neutral forms. Regarding the excitations for both forms, 1 is the most blue-shifted (protonated: 3.70 eV, deprotonated: 3.53 eV), while 6 presents the lowest energy for the protonated form (2.90 eV) and 4 for deprotonated forms (2.88 eV). For the de-excitations, 1 stays the more blue-shifted compound in both forms (2.74 and 2.57 eV), while 4 is the most red-shifted (2.10 and 1.89 eV). Compared to the neutral forms, all transitions are found lower in energy. The shift is generally larger for the deprotonated forms, up to 0.75 eV for excitation and 0.59 eV for de-excitation. The measured experimental shift is also correctly reproduced. Displayed f are always superior to 1, apart from protonated 5 with values of 0.58 (excitation) and 0.91 (de-excitation). 3.14 reports the Q CT and D CT for all molecules in their charged forms, as well as the dierences with respect to the neutral forms. (De)protonated molecules still present the CT character of the transitions seen in their neutral forms. Both Q CT and D CT are each time found to be larger than their neutral counterpart. Protonated Q CT are between 0.07 (6) and 0.16 e (1,7) larger than neutral for the excitation, and between 0.06 (3) and 0.20 e (5) for de-excitation. The augmentation of the D CT is calculated each time between 0.33 (de-excitation, 6) and 1.53 Å (de-excitation, 5). As for deprotonation, augmentation of the Q CT is found to be between 0.09 (excitation, 4) and 0.25 e (excitation, 7). The augmentation of the D CT is between 0.63 (excitation, 4) and 2.42 Å (excitation, 7).

Deprotonation then impacts the most the electronic structure of the molecules, leading to the largest quantity and distance of charge transferred upon the transitions. Calculation of the pK a Experimentally, compounds 2-4 and 3OMe are dicult to protonate. Finding a theoretical methodology to calculate the pK a of the uorophores may help to rationalize this behaviour. The calculation of pK a in non-aqueous solvent is the subject of several publi- cations, through the use of dierent methods based on experimental references. 4547 To estimate the pK a in the series of uorophores, the method from reference [45] was followed.

In this work, an experimentally measured pK a value for aniline was cited as a reference to calculate the pK a of a solute, using the acid-base couple C 6 H 5 NH 2 / C 6 H 5 NH ( (pK a = 30.6 in DMSO). The rst step is to consider the proton exchange equation between an acid (noted AH) and its conjugated base (A ) :

AH + C 6 H 5 NH * ) A + C 6 H 5 NH 2
This proton exchange reaction is characterized by a ¡G exchange , the dierence of Gibbs free energy between the reacting species. The pK a is obtained as : pK a a QH:T C ¡G exchange ln@IHART This is valid for a deprotonation reaction, such as the deprotonation of the alcool group in our series. For a protonation reaction, especially of the nitrogen on the diazine group, a chemically relevant reference should be used. The other acid-base couple of aniline, more prone to a protonation reaction, is then the reference of choice in this second case with the acid-base couple: C 6 H 5 NH 3 + / C 6 H 5 NH 2 (pK a = 3.6 in DMSO). For the protonation, the proton exchange reaction and the pK a are:

A + C 6 H 5 NH 3 + * ) AH + + C 6 H 5 NH 2 pK a a Q:T C ¡G exchange ln@IHART
The calculated pKa values for alcool and diazine chemical groups are listed in table 3.15.

The M06-2X functional and the SMD solvent model (an implicit model analogous to PCM) were chosen, based on the literature. 45,4749 Table 3.15: pK a calculated in DMSO for the protonation site (N) and deprotonation site (OH). (M06-2X/SMD (DMSO)) pK a (OH) pK a (N) However, the calculated values using this methodology are highly dependant of the value of ¡G exchange . For comparison purposes, pK a of the diazine group for protonation was also calculated with a proton exchange reaction with pyridine as a reference (pK a in DMSO = 3.4). Results are presented in table 3.16.

Using the pyridine reference greatly impacts the pK a values, resulting in dierent trends in the series with regard to the precedent calculations. As such, relating these values to experimental observation of (de)protonation is dicult. First there is the choice of the reference acid-base couple for the calculation of ¡G exchange , which may be dicult.

The reference must be chemically relevant, with a proton exchange reaction that must be possible. Even with relevant references, it is dicult to estimate the precision of the calculations, as crude approximations are still made. The solvation energies in DMSO are not considered in any way, which will severely change the ¡G exchange values. 48 Then, the solvation model used is an implicit model. Despite the gain in terms of computational cost, Thapa and coworkers showed that using an implicit solvation model in combination with a few explicitly described solvent molecules around the solute can signicantly improve the results of the calculation. 47 The result of their benchmark conducted on 45 molecules, compared to experimental references, is presented in table 3.17. Despite the computational investment of modelling explicitly the solvent, this would be a way of improving the calculations of theoretical pKa signicantly. This direction was not followed in this thesis but is worth to be tried in the future.

Structure-property relationship

Following the addition of a charge by protonation or deprotonation, it is seen that the CT behaviour is signicantly aected. This leads to a reduction in the HOMO-LUMO gaps, a shift of energies towards higher wavelengths and a greater displacement of charges at the transitions. All of this is induced by the increase in the donating (upon deprotonation)

and accepting (upon protonation) capacities of the D and A groups, respectively.

Then the inuence of the electron-donating/accepting group and the linker, starting with D, is evaluated. 3 and 3OMe show almost the same values for each property (geometrical, photophysical) in both neutral and (de)protonated states. This suggests that the dierence between the phenol and its methoxy derivative as a donor group is minor.

The series contains three diazinic-accepting groups: pyrimidine (1-4, 3OMe), pyrazine (5,7) and quinoxaline 6. Comparing 2 and 7, as well as 3 and 5, it appears that the energies of the transitions are similar with dierences of less than 0.1 eV, with similar oscillator strengths, in neutral and (de)protonated forms. However, slight dierences are observed in the Q CT /D CT , with the two pyrazine derivatives (5,7) giving larger values.

Explanation of these dierences in behaviour between pyrimidine and pyrazine remains dicult at this stage, and the inuence on the emission properties is extremely small. The only quinoxaline derivative in the series, 6, is compared with 5 to assess the inuence of the electron-accepting group. 6 has lower transition energies in all forms and larger D CT in the neutral and deprotonated forms. In the protonated form, however, Q CT and D CT are larger for 5, unaecting the de-excitation properties of the uorophore.

Four dierent -conjugated linkers are compared in the series: a phenyl (1), a thiophene (3,3OMe, 5,6), a vinylenephylene (2,7) and a vinylthiophene (4). The longer the -conjugated backbone, the lower the excitation/de-excitation energies, as can be seen when comparing 2, 7 and 4 with 1, 3, 3OMe and 5. 1 has larger transition energies and D CT than 3 in all forms. This highlights the more conjugated nature of the thiophene group compared to the phenyl derivative, resulting in a more redshifted emission.

Comparing 2 and 4, the latter have lower transition energies in all forms, while having similar Q CT /D CT , again highlighting the conjugated nature of the thiophene,visible when comparing vinylenephenylene and vinylthiophene.

The -linker structure seems to be the driving factor in the (de)-excitation energies of the uorophores.

Conclusions

A series of eight push-pull uorophores were investigated in order to rationalize the inuence of the protonation/deprotonation on their photophysical properties. Using theoretical tools, a thorough investigation of their capacity to absorb and emit light was made, along with the inuence on their electronic density of the addition of a charge. The target was to shift the emission energy after the (de)protonation to attain dual uorescence, leading to the possible use of these molecules in a WOLED application.

Calculations correctly reproduced the shift of the electronic transitions observed experi- mentally upon (de)protonation. This modication of the behaviour was more pronounced with deprotonation than protonation. The shift is mainly due to an increased acceptor character of the diazine (or increased accepting character of the phenol), resulting in a higher CT of the transition from the S I state. The eect of the change of nature of the diazine ring or the -linker was quantitatively predicted by the calculations, leading to the conclusion that both protonation and deprotonation are ecient ways of obtaining two distinct emission energies, leading experimentally to white light as seen in gure 3.14.
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The determination of the pK a of the molecules to rationalize the diculty of protonation of the molecules 2-4 and 3OMe was unsuccessful, probably due to the lack of of description of intermolecular interactions in the solvent modelling. A future perspective could be to investigate methods that allow a better modelisation of the solvent, such as DFTB. DFTB will be the subject of the chapter 6. All the TD-DFT calculations in this chapter led to large oscillator strengths of de-excitation, suggesting particularly strong experimental emission.

However, experimental measurements of the emission quantum yield ¨em showed that most uorophores were not greatly emissive. In fact, f is not the only factor determining the eciency of uorescence. To correctly predict ¨f l , non-radiative de-excitation pathways such as IC or ISC should be taken into account. Vertical TD-DFT is insucient in this respect. This will be discussed later in this thesis, in chapter 5. 

Introduction

In this chapter, a series of eight diazine-based uorophores are studied using a wavefunctionbased theoretical method, CC2. The aim of this work is to evaluate the eciency of the molecules as OLED emitters, and more specically as TADF uorophores. First, an overview of the strategies to obtain TADF is given, followed by an explanation of the choice of the theoretical method. Then, the calculations and rationalisations of the vertical photophysical properties are carried out, before considering the triplet states and the estimation of the rISC capacity. Finally, the structure-property relationship of this series of uorophores is discussed with a view to obtaining TADF emitters.

Molecular design strategies for TADF with organic chromophores

There are numerous strategies to obtain TADF using only organic chromophores. This non-exhaustive review aims at presenting some notable strategies to the reader, along with the one presently used. Since the seminal work of Adachi, 1 a large amount of dier- ent molecular systems have been studied to improve rISC, by ne-tuning the Spin-Orbit Coupling (SOC) as well as the singlet-triplet splitting ¡E ST . Describing the overwhelming variety of molecular designs for TADF is a daunting task, as there are thousands of publications on the subject. However, the general strategy is always similar: separating spatially HOMO and LUMO orbitals at the ES. This is achieved either by using strong push-pull systems, decoupling the electron-donor and electron-accepting part, or by having a charge separation due to a resonant molecular system.

For the latter, this fairly recent strategy was rst described by Hatakeyama in 2015. 2 These molecules with an example of design presented in gure 4.1, involve an alternation of the spatial localization of the HOMO/LUMO due to the resonance eect of the electrondonating oxygen and the electron-withdrawing boron, leading to small enough ¡E ST and suciently strong SOC. This strategy has been in recent years more and more used to produce rISC-procient molecules, without sacricing much of the emissive capacities of the systems. 38

Some of these resonant structures are presenting an uncommon feature: an inversion of energy between the lowest triplet (T I ) and the rst excited singlet state (S I ). Whereas often for organic molecules, E(T I ) < E(S I ), some recently developed systems presented the opposite, which does not prevent rISC, and in some cases showed non-negligible quantum eciencies. 9

A more typical strategy is used in this chapter. By decoupling the D and A moieties and having an orthogonal structure between them, a strongly polarized CT S I is created. For such compounds, generally, the stronger the D and A are, the smaller ¡E ST is. 10 In this work, dimethylacridine (DMAC), phenoxazine (PXZ) or phenothiazine (PTZ)) were considered as the electron-donating groups, which are known to be quite ecient for such applications.

1114 Some other common donating substituents are for instance carbazole, often coupled with benzothiophene or diazine derivatives, with one example presented in from references [17] and [15].

As for the electron-accepting group, the focus was given again on diazine derivatives.

Diazine-based TADF molecules have been extensively presented in a review we published recently, detailing recent development of these derivatives. 25 Triazines have also been widely used as electron acceptors due to their electron-deciency.

1,2628 Triazines are however less emissive than diazines, limiting their eciency as TADF emitters. With such substituents, the molecular system can be suciently geometrically constrained, founding itself in an orthogonal D-A structure leading to a signicant CT behaviour. For polarized CT states, it is important to keep in mind that the dielectric environment (solvent) can drastically impact the properties of the molecules as some recent studies demonstrated (reference [29] and chapter 3). The orthogonal conguration can be used in a classical D-A structure, as well as in dendritic designs to achieve ecient emission in the wavelength range of interest.

30 A D-A structure also favours the LE character of the triplet states, providing sucient SOC (section 2.1.3). For the interested reader, I also recommend this extensive review by M.A Bryden and E. Zysman-Colman, [31] which is focused on TADF systems for photocatalytic applications but presents a large number of various chemical structures for TADF, going through hundreds of references.

The diculty with orthogonal structures is to ensure that the uorescence is ecient, as strong CT will not favour radiative de-excitation (the lower the spatial overlap between orbitals is, the lesser the transition is authorized).

As such, carefully designing these molecules is important, as a strictly 90°degrees orthogonal structure will prevent most of the emission. To circumvent the limitation of the orthogonal conguration, recent studies described a hybrid conguration of the states, in between LE and CT: Hybridized Local Charge Transfer (HLCT) states. This behaviour has been shown in the literature to be advantageous for the rISC process since it satises the El-Sayed rule while maintaining a suciently small energy-splitting value. 11,3234

Lastly, rISC is often presented as being a process between the T I and S I state. But formally, nothing prevents it to happen between higher-lying states as long as the ¡E ST and the SOC are sucient. Some works have shown that the appearance of rISC between T P and S I states, by exploiting spin-vibronic mixing of triplet states, can be exploited. 3538 In partnership with Julien Massue (ICPEES, Univ. Strasbourg) for the spectroscopic measurements, such systems have been studied within the scope of potential TADF due to their D group, which is known to exhibit an orthogonal conguration between the electrondonating and accepting moieties. In this chapter, both series are investigated through theoretical calculations regarding their emissive properties, as well as their potential capacities as TADF uorophores.

Choice of the methodology, computational details

For the study of organic uorophores, one of the most commonly used methodologies is TD-DFT. While TD-DFT can be relevant for calculating vertical properties (excitation and de-excitation, see chapter 3), the estimation of the singlet-triplet splitting is more dicult.

Reference [48] presents calculated ¡E ST with dierent DFT functionals on pyrimidinebased push-pull TADF emitters.

As shown in table 4.1, the value of ¡E ST is highly dependent on the xc functional, ranging from % 0.1 to 0.9 eV. In this work, an experimental measurement of ¡E ST is used to choose the functional bestdescribing the molecular systems. As we do not have an experimental value for ¡E ST for the two series of molecules we are interested in, choosing the computational approach is not straightforward. As can be seen from the equation 2.11, the rISC process is highly dependent on the value of the splitting, and it is important to obtain the most accurate value possible.

According to recent studies, an eective method for calculating ¡E ST is the approximated coupled-cluster method SCS-CC2 (references [3,49], section 2.4.2). This wavefunctionbased method, together with its inherent accuracy for calculating the singlet-triplet splitting, does not need to use an xc functional.

All the calculations presented in this chapter are then carried out at the SCS-CC2/def2-TZVP level of theory, using gas-phase calculations, with the exception of SOCME calculations, conducted using the TD-DFT method M06-2X/TZVP on the CC2 geometries.

All CC2 calculations are made using the TURBOMOLE code, while the SOCME values are obtained with the ADF package. kJ/mol, hinting toward a possible co-existence of both at RT. In these six molecules where a QA minimum is obtained, both conformers will be considered in the calculations.

PXZ and PTZ moieties are found to be non-planar at the GS, with a torsion angle of ca. 100°. They present a bending around the heteroatom leading to a buttery-like structure. This conguration has been described in the literature for dierent acridan derivatives, PXZ and PTZ in their GS, highlighting also the conversion to planar geometry in the S I . 53,54 4.3 presents the excitation properties of all molecules, obtained at the optimized S H . QE conformers all exhibit a lowest energy transition (S H 3 S I ) with a zero or low (f = 0.12 for PTZ-T-Ph) oscillator strength. This transition is more redshifted for the styrylpyrimidines, between 3.07 eV (Styryl-DMAC) and 3.33 eV (Styryl-PXZ), while for the quinazolines they lie between 3.67 eV (DMAC-Ph) and 3.90 eV (PTZ-T-Ph).

For these QE conformers, a higher-lying transition with a larger f value is shared by all molecules in both series. This transition toward a singlet state of higher energy is the most intense in the styrylpyrimidine series with f values between 1.19 and 1.38. In the quinazoline series f ranges between 0.13 and 0.71. For the three styryl, this excitation falls around 4.20 eV, while in the quinazoline derivative it appears between 3.89 ev for DMAC-T-Ph and 4.60 eV for DMAC-Ph and DMAC-OMe.

For the QA conformers, excitation towards S I is allowed in all cases. The calculated oscil- lator strengths for the styryl are around 1.30, while for the quinazolines f ranges between 0.36 (PTZ-T-Ph) and 0.54 (DMAC-T-Ph). This S H 3 S I transition is found between In the QE conformers, the weak excitation toward S I is due to a strong CT character, where there is a clear displacement of the electronic density from the D group to the A group. Due to the orthogonal structure of the GS, the D and A groups are strongly decoupled, resulting in little or no overlap of the orbitals involved in the transition, hence in low oscillator strength. However, PTZ-T-Ph displays a rst excitation of a slightly dierent nature (gure 4.21). The CT is less pronounced, as the transition is localised between the phenyl on the quinazoline ring and the thiophene linker, typical of a HLCT transition.

Intense transitions toward higher energy singlet states present a marked LE nature, localized on the donating group. A large spatial overlap between the implied and £ orbitals leads to an ecient excitation characterized by a large oscillator strength.

Regarding the QA conformers, the styryl derivatives are recognizable by a transition localized on the whole -conjugated backbone leading to a strong overlap of the orbital and large oscillator strengths. In the three quinazolines presenting a QA (DMAC-Ph, DMAC-T-Ph, PTZ-T-Ph), this transition exhibit a HLCT character, with slight CT between the electron-donating group and the phenyl ring on the accepting group (gures 4.19, 4.20 Signicantly dierent behaviour is obtained for the QA conformers, with f > 0.1. More specically, the three phenyl-substituted quinazolines display lower values close to 0.20, while the three styryl derivatives all show intense de-excitations with oscillator strengths greater than 1. The energies of these transitions are also signicantly dierent; around 3 eV for the three styrylpyrimidines and DMAC-Ph, and 2.61 and 2.64 eV for DMAC-T-Ph and PTZ-T-Ph, respectively.

De-excitation properties

In gure 4.6 is summarized the NTO of the de-excitations of Styryl-PTZ, illustrating the character of the transition in all the styryl derivatives (gures 4.16 and 4.17). The depicted QE de-excitations present a CT behaviour, similar to the excitations. This polarized character is coherent with the near-zero oscillator strength due to the low overlap of the orbitals participating in the transition. QA styrylpyrimidine have however a strong 3 £ de-excitation, delocalized over the whole molecular backbone of the molecule, leading to the large f.

Within the quinazoline series, the nature of the transition depends on the compound under consideration. Figure 4.7 reports NTO of the de-excitation of DMAC-Ph, where a deexcitation of an n 3 £ nature is observed in the QE conformer. The same behaviour is A more detailed structure-property relationships discussion for these (de-)excitation properties is given in section 4.6. of the second experimental band can not be fully explained by calculations made at the minimum geometry of the relevant electronic states. Experimentally, at RT, the geometry is not xed due to the geometrical freedom of the molecules. The two bands observed in gure 4.9 can thus be linked either to the co-existence of the QE and QA conformers or to contributions from dierent transitions due to RT variations of ¢. The disappearance of the low energy band at 77K support these hypotheses. At low temperatures, either only one conformation exists signicantly, as thermal agitation is not enough to cross the energetic barrier between both conformations or/and the low temperature does not permit enough freedom of movement, preventing the presence of the dierent transitions presented in table 4.5. signicant intensity at dierent wavelengths. It is dicult to correctly interpret these lowtemperature spectra, as these bands could come from dierent conformers and dierent electronic transitions as showed in table 4.5, or they could be vibrational contributions to the emission. The PMMA emission spectra show two emission maxima supporting the same explanation as for the RT solution one. The two OMe substituted quinazoline derivatives show UV-Vis spectra at RT with one unique band, both in solution and PMMA (gure 4.15 of the appendix). However, it is dicult to evaluate the 77K measurements, since the spectra have a very complex structure, and it is again dicult to conclude on the nature of the transitions.

Triplet states and rISC process

To estimate the potential rISC process of the two series of uorophores, the focus will be shifted toward the value of the singlet-triplet energy splitting and the SOCME value.

In this study, experimental ¡E ST have not been measured. The evaluation of a potential delayed emission will thus be based solely on the uorescence lifetime measurements, and rationalised with the theoretical estimations of ¡E ST andSOCME Table 4.6 lists the computed ¡E S 1 T 1 (between the S I and T I states) and ¡E S 1 T 2 (between the S I and T P states) for all the uorophores. In all molecules, T I is more stable than S I , with ¡E S 1 T 1 all superior to 0.30 eV. QE conformers exhibit values from 0.33 eV (Styryl-PXZ) up to 0.89 eV for DMAC-T-H. In the QA conformers, the three styryl derivatives all exhibits very large ¡E S 1 T 1 of around 0.90 eV, T I lying below S I . The QA quinazolines S I -T I SOCME (SOCME T 1 S 1 ) for the QE conformers are ranging from a vanishingly small value of 0.05 cm I for PXZ-OMe, up to 1.52 cm I for DMAC-Ph. PTZ presents T I and T P transitions mostly delocalized over the whole molecular backbone.

The computed value of k rISC for the styrylpyrimidine series are presented in table 4.7, and have been obtained using SCMT (see section 2.3). Due to a lack of time, these calculations haven't been done for the quinazolines derivatives. k rISC were computed for the T I 3 S I crossing, in the QE conformers, using the calculated ¡E S 1 T 1 and SOCME T 1 S 1 presented above. Very low values are obtained for all three compounds, at P:WW ¢ IH T , I:RR ¢ IH R and V:TQ ¢ IH P s I for Styryl-DMAC, Styryl-PXZ and Styryl-PTZ respectively.

Given the rather large value of the singlet-triplet splitting and the relatively weak SOCME calculated, near-zero k rISC are expected. However, despite these small values, dierences between the three molecules can be noticed: Styryl-PTZ has the highest k rISC between the three, as it presents the highest SOCME value, while Styryl-DMAC has the lowest rate because of its largest ¡E ST and smallest SOCME. However, it is important to remember that SCMT is a very approximated method. It does not take into account the vibrational nature of the ISC process, and its approximation of the thermokinetic barrier between the two minima certainly does not accurately describe the transition state. All molecules in the series possess an DMAC, PXZ or PTZ group as a donor. Comparing the styrylpyrimidines is the best way to assess its inuence, as the -linker and the diazine electron-accepting group do not change between them. PXZ and PTZ appear to have similar donor capacities, inuencing the vertical transition properties equally with almost the same (de-)excitation energies. DMAC however seems to redshift the most the transition energies, as it possess the lowest electron-donating capacity. The eect of the donating group on the rISC capacity is more dicult to assess, as no clear dierences regarding this property seem to come from the donating group.

Eect of the linker group

In the styrylpyrimidines, the linker is a styryl group, which is a longer -conjugated system than the phenyl and thiophenes bridges in the quinazolines molecules. Apart from the redshift due to the longest conjugated backbone (in the same way that it was discussed in chapter 3), the more impacting eect of the length of the linker on the TADF properties is the decoupling between D and A groups. This large distance between the two parts makes the CT character of the S I more pronounced, resulting in little or no orbital overlap and inducing near-zero oscillator strengths. This eect is prevalent in the QE conformers, due to their orthogonal D-A conguration. In the QA, as orbitals participating in the transitions are far more delocalized, the eect is lesser.

The phenyl and thiophenes linker in the quinazolines prevents such extreme decoupling of the D and A moieties, as seen on PTZ-T-Ph, DMAC-OMe and PXZ-OMe. Their eect is also coupled with the inuence of the electron-accepting groups.

Eect of accepting group

The dierence of -conjugated system length between quinazoline and pyrimidine aects the transition energies. However, the most important eect from the point of view of this study is due to the substitution of the quinazoline with either a phenyl or a methoxy group. Substituting the quinazoline with a phenyl or a OMe group aects its accepting capacities, in two ways. On one hand, the impact on the -conjugated system of the phenyl redshifts the transition energy as seen in DMAC-Ph, DMAC-T-Ph and PTZ-T-Ph compared to the other two quinazolines. On the other hand, it has consequences on the topology of the NTOs. The phenyl substitution leads to a more pronounced HLCT character of the system in its de-excitation from the S I state. The consequence is that not only does the transition have a larger than zero f in its de-excitation, but also that the S I and T I states have a signicantly dierent topology of their orbitals, fullling the El-Sayed rule. This is particularly evident for the QE of PTZ-T-Ph. Combined with the short phenyl or thiophene linker, this results in delayed uorescence. Both the QE and QA conformers can exhibit this behaviour, suggesting that measured TADF could come from both.

The n 3 £ character of the S I de-excitation calculated in DMAC-Ph and DMAC-T-Ph is dicult to relate to their chemical structure, apart from this known character in quinazolines. 55 It does not prevent rISC as it does not contradict the El-Sayed rule, as seen on the SOCME. It however prevents an ecient emission process.

Conclusions

In this chapter, two series of uorophores were studied, based either on a styrylpyrimidine pattern or a quinazoline accepting group. With a view to their use as uorophores for rst-generation OLED applications, most of them lacks the intensity of emission required for this application, as low oscillator strengths for de-excitation from the S I are obtained in almost every molecule in their most stable QE conformation. However, it can be modulated by adding an electron-donating group to the diazine, as seen in DMAC-OMe and PXZ-OMe, coupled with the moderately sized linker, which prevents a total separation of the electronic structure of the D and A groups. The main contribution to the experimentally seen emission is twofold: i) an variation of the D-A dihedral angle due to thermal agitation (see table 4.5) giving rise to transitions which are unlikely in a fully orthogonal conguration, and ii) a coexistence of two conformers, QE and QA, where the latter has a signicantly higher oscillator strength due to the strongly delocalised nature of the orbitals induced by the geometry.

Considering these emitters for a TADF application, DMAC-T-Ph and PTZ-T-Ph presented experimentally delayed uorescence. Dierentiating the molecules solely on their calculated ¡E S 1 T 1 or SOCME T 1 S 1 is dicult. All ¡E S 1 T 1 are too large to consider a rISC, and is not compensated by strong enough SOCME T 1 S 1 . This observation is valid for both conformers. However, if we consider the higher-lying triplet state T P , the conclusions change. ¡E S 1 T 2 are each time small when they were calculated, acompanied for DMAC-T-Ph and PTZ-T-Ph by signicant SOCME T 2 S 1 , suggesting a probable rISC. In these cases where TADF was observed, it could reasonably come from the QE and the QA conformers, due to their HLCT character, favourable for both emission and rISC. The styrylpyrimidine series or the other quinazolines either presented too weak SOC, or too large singlet-triplet splitting.

Despite the encouraging results on most of the system, results obtained for DMAC-OMe do not allow to rationalize experimental data. In fact, the theoretical model used may have some aws. Firstly, no solvation model was used, modelling the molecules in the gas phase. This can be an important approximation, as the ¡E ST can be aected by a solvent, especially for CT states that are polarised. It can also have an eect on the stability of the two conformers, with implications for their populations. The modelisation of the PMMA environment may also be relevant, as delayed uorescence is measured in the polymer matrix. The calculations of SOCME values are also approximated, as a TD-DFT scheme was applied to CC2 geometries. And most of all, a complete estimation of the photophysical scheme could be necessary to attain predictive results for TADF applications, considering the vibronic coupling between the dierent electronic states involved. Here, a three-states scheme (S I , T I , T P ) was considered. The consideration of higher-lying singlet and triplet states could be important to correctly estimate the intricate properties of such uorophores.

In this prospect, I highly recommend a recent paper by K. 

Introduction

In this chapter, the goal is to evaluate to which extent vibronic models are valid and can predict ¨f l . This will be done rst by considering the simple diazinic heterocycles (pyrim- idine, pyrazine and pyridazine), common building blocks of diazine-based uorophores. In the second part of this chapter, vibronic methods will be applied to full-sized push-pull uorophores, presented in Figure 5.10. They have all previously been the subject of research by our collaborator Sylvain Achelle who recorded their experimental spectra and ¨f l values. Molecules 1 and 6 were taken from reference [1], molecule 2 from [2], molecule 3 from [3], molecules 4 and 5 from [4] and 7 and 8 from reference [5]. Criteria regarding the results of vibronic calculations will be dened in a further section, dening the applicability of vibronic methods and will be veried one after another.

This study is made in partnership with Daniel Escudero, specialist of the theoretical description of the photophysics of molecules. In order to learn how to use the vibronic methods, I spent a month in Daniel Escudero's group, at the University of Leuven (June-July 2021).

Overview of the literature about uorescence quantum yield calculation with vibronic methods

In section 2.2 methods relevant to non-adiabatic vibronic calculations were described.

By considering the vibronic structure of each electronic state, one can have access to a non-vertical description of the transitions.

As explained in the second chapter, the reliability of vibronic methods is inherently dependent on the system under investigation.

The dierent electronic states must be correctly approximated by a harmonic PES, and have suciently similar geometries (FC approximation). To the best of my knowledge, the literature relevant to k r and k IC calculations with such a method is scarce. Nevertheless, there are some relevant examples of applications of vibronic calculations which will be briey presented in this rst section.

Recently, Santoro and coworkers used vibronic models to study the prevalence of vibronic eects in the photophysics of a helicene molecule.

6 Using such methods, they were able not only to calculate the vibrationally dened excitation and de-excitation spectra, but also described IC and ISC processes through estimation of their rate constant. Helicene derivatives, which are helical polyaromatic hydrocarbons, are highly constrained molecules.

This means that the FC approximation and the harmonic approximation are typically well suited to this type of polyaromatic system.

Other groups applied vibronic calculations to uorophores, recovering vibrationally dened spectra and IC rate constants in order to calculate uorescence quantum yields. The systems studied were reasonably constrained systems such as benzoindolizines or benzothiazole derivatives. These recent papers are examples of how a qualitative prediction of ¨f l may be achieved.

7,8

Shuai et al used similar strategies to investigate chromophores for TADF applications, evaluating the k rISC value in various organic molecules. 9 They also studied BODIPY (boron- dipyrromethene derivatives) systems and obtained an overview of the mechanisms taking place between S H and S I states (IC, ISC and radiative rate constant). 10 In this last paper, they divided the examination of the PES in two: First by considering the harmonic region close to the minima according to the FC approximation, then by studying the rest of the PES, further from the minima and inherently anharmonic. This way, they achieved they determined the prevalence of each channel of de-excitation, considering a crossing point between the S H and the S I PESs.

Peng, Shuai et al also studied the impact of the Duschinsky rotation on the calculations of radiative and non-radiative rate constants.

Dening thresholds to respect the limits of vibronic calculations

Recently, Humeniuk et al published a study on the choice of methodology for predicting uorescence quantum yield values. 16 In this paper, the authors provided a set of rules dening whether the calculated rate constants with the harmonic models are likely to be reliable or not.

A rst rule, not presented in reference [16] but which appears naturally is:

1. Transition energies obtained by methods recovering the real PESs (TD-DFT) and transition energies obtained by harmonic methods should give roughly the same values. If not, the harmonic approximation does not hold. As shown in gure 5.1, vertical transition energies are the dierence between two PESs at a given geometry.

If the PESs are not well approximated, TD-DFT and vibronic calculation will not

give the same energy.

The other rules dened in reference [16] are:

2. k r and k IC should not depend on the HWHM of the broadening function used.

3. Adiabatic and vertical models should give similar results. If they dier signicantly it means that the geometry dierence between the electronic states is too large.

4. k IC depends on the adiabatic energy dierence between the electronic states (¡E AD ).

The evolution of k IC as a function of this energy dierence can be followed, dening a maximum value k max

IC . If k ¡E AD IC > IH S k max
IC , the results are not reliable. According to reference [16], the Lorentzian function and anharmonic eects are the driving factors of k IC when k ¡E AD IC < IH S k max IC , which is out of the framework correctly described by the model.

After the validation of these rules, two parameters will be investigated not as rules but for test purposes to give insight into the applications of the methods. An examination of the vibrational normal modes and their HR factors will be conducted to identify potential non-radiative relaxation pathways. Then, the inuence of the calculated ¡E AD on the ¨f l will be veried to assess the importance of the precision of the quantum chemistry method used to recover this energy. 

Computational details

Vibronic calculations are based on (TD)-DFT calculations. Geometries and hessian (through a vibrational modes calculation) are obtained at the PBE0/6-311+G(d,p) level of theory for diazines, and at the !B97X-D/6-311+G(d,p) level for the push-pull uorophores, using the Gaussian 16 code. 17 The choice of xc functional is made by comparing excitation and de-excitation energies to the experimental values (see later). For vertical transitions of diazines, CC2/aug-cc-pVTZ calculations using the TURBOMOLE package have been conducted for comparison purposes.

18 By using the TD-DFT geometries and vibrational modes, vibronic calculations were conducted using the FCclasses 3.1.0 code.

19 Both Adia- batic Hessian (AH) and Vertical Hessian (VH) models were used, using a Voigt broadening function, to recover the eects of both the homogeneous and inhomogeneous broadening.

Dierent sets of widths for the Gaussian (HWHM Gauss ) and Lorentzian (HWHM Lorentz ) functions were used to evaluate their impact on the rate constants. Unless specied otherwise, calculations were performed in gas phase.

Study of diazinic heterocycles

Experimental data concerning the photophysics of diazines in the gas phase are to the extent of my knowledge not available in the literature, apart from recently measured gas phase absorption spectra. 20 k r and k IC have not been reported in the literature. Reference [21] presents absorption and emission spectra of diazines in isooctane (2,2,4 trimethylpentane), which is an apolar solvent and will be our experimental reference for absorption and emis-sion energies calculated in the gas phase.

Calculation of transition energies: Vertical TD-DFT vs Harmonic

As mentioned in the introduction, various applicability thresholds of the vibronic methodology will be veried, starting with the dierence in transition energies between TD-DFT and harmonic calculations.

The vertical transition energies were obtained both with TD-DFT and using the harmonic approximation (AH model). They are reported in table 5.1, along with the CC2 transition energies. The calculated vibrationally dened spectra, and the experimental UV-Vis spectra are presented in gure 5.2. The lineshape of the calculated spectra are notably similar to the experimental spectra, recovering the vibrational nature of the absorption and emission. CC2 reproduces qualitatively the experimental trend in the evolution of the energies between the diazines. With TD-DFT the transition energies for pyrimidine are close to the experimental absorptions and emissions, with dierences of less than 0.05 eV. CC2, however, results in energies that are further to experimental values than TD-DFT. Comparing TD-DFT and harmonic values, the excitation energies are similar, with a dierence of 0.03 eV. The same observation can be made for de-excitation, with dierences of about 0.01 eV.

For pyridazine, in contrast to the absorption energies, the calculated emission energies differ from the experimental values by 0.8 eV with TD-DFT. When comparing the TD-DFT and harmonic vertical energies, signicant variations between the calculated values are also observed. The discrepancies between vertical TD-DFT and harmonic calculations have to be analysed. The dierences, which are more pronounced for excitation than for de-excitation for Pyridazine, may be the symptom of both GS and ES PES that are not harmonic, leading to an imprecise calculation of the transition energy. Rule 1 is then not respected for pyridazine. 

Adiabatic model vs Vertical model

In gure 5.5 are plotted the values of k IC computed within the AH and VH models. For Pyrimidine and Pyridazine, values of k IC are impacted to the extent of less than one order of magnitude between AH and VH. For Pyrazine, however, a large dierence between the calculated values in both models is observed, of more than an order of magnitude. VH model forces the same geometry between both electronic states. If AH returns dierent values, this indicates that the geometry of one state is too dierent from the geometry of the other state. This may indicate a variation in geometry between the S H and S I states that is large enough to not fall into the FC framework. The third rule is then not respected for Pyrazine. ¡E AD for dierent HWHM Lorentz . The purpose of these gures is to check if the nondependency on HWHM Lorentz is followed regardless of ¡E AD , as well as to verify that k ¡E AD IC > IH S ¢ k max IC . A steady decrease after the maximum value is expected when the harmonic approximation is well-suited to the molecules of interest.

16

For each of the three molecules, dierences of less than ve orders of magnitude are This mode, as it is the one participating the most in the IC mechanism, needs to be well described by a harmonic model to obtain a correct estimation of k IC .

To this extent, the total energy of the system was followed through a rigid scan, stretching the bond length as represented in gure 5.8. It appears that the variation of the energy is dierent when comparing the two electronic states. At the S I , the variation of the energy is more sharp and presents a more asymmetrical behaviour in the region near the minimum when compared to the S H PES. This observation shows that the PES of the two states have signicantly dierent curvature and that the AH model does not describe correctly both electronic states. 

Inuence of the value of the Adiabatic Energy on f l calculations

In this section the inuence of the adiabatic energy dierence on the constants k r and k IC , and on the value of f l is studied for the diazinic heterocycles. Daniel Escudero and his group suggested that, by using a ¡E AD value computed at a higher level of theory (such as CC2) after TD-DFT calculated geometries, then, the results can be improved.
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To investigate the impact of ¡E @ ADA on ¨@f lA, its value was articially increased and decreased by up to ¦ 30%. Figure 5.9 reports the corresponding values of k r , k IC and ¨@f lA with regard to the choosen values of ¡E AD , along with the (TD)-DFT and CC2

energies ¡E AD (DFT) and ¡E AD (CC2). Values of ¡E AD (calculated) are presented in table 5.2. As expected, the eect of the energy on the k IC is nearly linear (coherently with gure 5.6): The larger ¡E AD is, the lower is k IC /the larger is k r . For Pyrazine especially, it appears that increasing ¡E AD by 20% leads to a drastic modication of ¨f l from % 0% to % 38%. This highlights the inuence of the level of theory used for evaluating energies in the quantum yield determination, which is still present even if the previously mentioned criteria of validity are fullled.

Conclusion on the use of vibronic harmonic models on simple diazinic heterocycle

In this rst section, each of the following criteria of applications for vibronic models were applied to diazines, and the following conclusion were drawn:

1. No TD-DFT/harmonic vertical transition energies dierences: Pyridazine showed a signicant dierence between TD-DFT and harmonic vertical transition energies, both for excitation and de-excitation, clear hint toward an incorrect description of the PES with a harmonic surface.

2. No dependency of k r /k IC on the HWHM: No signicant variations of the rate con- stants have been found with the change of HWHM Lorentz /HWHM Gauss .

3. No dierences between AH and VH models: Pyrazine showed a discrepancy of about one order of magnitude between the calculated k IC obtained with AH and VH. This suggests that the dierence in geometry between the S H and S I states is too large. The conclusion is that for Pyrazine and Pyridazine, vibronic models are not adapted to precisely calculate k r and k IC . This makes the estimation of their ¨f l unreliable. For Pyrimidine, however, all criteria are fullled and indicate, to the extent of these rules, that vibronic models are more likely to provide relevant estimates of ¨f l .

5.3 Study of push-pull diazinic uorophores 5.3.1 Series of diazinic uorophores The studied series of uorophores are presented in gure 5.10, along with their their measured ¨em in toluene in table 5.3. k r and k nr have not been experimentally measured.

All uorophores exhibit values of ¨f l from 6% up to % 81%. Compound 1 was also synthesized with a NH 2 donating group (noted 1-NH 2 ) to assess the vibrational eect of the dimethyl group on the non-radiative de-excitation. The NH 2 derivative displays no uorescence in toluene. Regarding (de)-excitation energies, a strong consistency between the values calculated in both frameworks (gas phase TD-DFT and vibronic model AH) is observed, except for 6. Therefore, values of compound 6 are not represented due to extreme values. Compound 6 shows a very large deviation between TD-DFT and harmonic transition energy values:

3.84 eV (TD-DFT) versus 4.76 eV (harmonic) for excitation, and 3.12 eV (TD-DFT) versus 2.55 eV (harmonic) for de-excitation, in the gas phase. This discrepancy on molecule 6 could hint toward a more anharmonic character of its PES than the other uorophores of the series or a too-large dierence of geometry between both states. Solvents do not signicantly aect this observation, the only eect observed being an expected solvatochromic shift of the excitation energies. Despite these observations, compound 6 will be kept in the discussion for comparison purposes, to give more inset to the values calculated for the other uorophores. Push-pull uorophores can undergo signicant reorganisation after (de)-excitation as seen in chapter 3. It is compulsory to determine when this reorganisation is too large for the application of the models.

Estimation of the geometry reorganisation following the transition

Figure 5.12 represents the mean deviation of geometries between the minima of both electronic states, for all compounds, in the gas phase and the dierent solvents. For comparison purposes, the RMSD of the geometries of the two electronic states was also measured in an azulene molecule, from reference [13], leading to a value of 0.038 Å.

For the very rigid azulene molecule, vibronic calculations have been applied successfully and allowed to rationalize experiments, providing a reference to estimate where diazinic push-pulls place themselves. .12: RMSD of the geometries between the S H and S I state. The grey dashed line represents the reference value of 0.038 Å for Azulene. 13 Compounds 6 and 3 in the gas phase are not represented due to their very large deviations. Compounds 2 in the gas phase, 3 in n-hexane, 8 in toluene and n-hexane are not represented due to the appearance of negative frequencies after the geometry optimization.

For every compound, in each solvent and in the gas phase, the RMSD is always computed larger than the azulene reference, though it lies below or close to 0.1 Å. The exceptions are 3 in gas phase, 6 (not represented in the gure due to extreme values) and 8 in n-hexane, where 6 exhibits a deviation of more than 0.21 Å, while 3 has a RMSD of 0.67Å. Deviation for 6 is easily explainable considering its chemical structure. Figure 5.13 represents its S H and S I geometries, showing the planarization of the biphenyl linker, which has a lot of geometrical freedom. The reorganisation energy E reorg is another useful criterion to estimate the change of geometry. E reorg is the dierence of energy between the vertical (FC) geometry and the relaxed geometry (gure 5.5). Similarly, as for the vertical transition energies, comparing TD-DFT and vibronic E reorg can shed light on the limit of the harmonic representation of the PES. This comparison is presented in Figure 5.14 for all systems, including for the TD-DFT results both values obtained in the gas phase and in the dierent solvents. 3 and 6 are the outliers in the series (still not represented on the gure due to extremely large values). 3 presents dierence of reorganisation energies of 0.18 eV at the S H and 0.22 eV at the S I , both in gas phase. 6 displays dierences of 0.52 eV for S H and 0.92 eV for S I .

The approximations of the vibronic models, and thus the models themselves, are then not suitable for uorophores 3 and 6. Based on these results, a further inspection of the validity of the other criteria is to be done. This will be made on a representative sample of molecules, namely 1, 6 and 7. 1

has been chosen because it is one of the simplest molecular structures fullling the criteria concerning transition and reorganisation energies. 7 is one of the molecules experimentally showing the largest value of ¨f l . 6 is unsuitable for vibronic calculations and will serve as a comparison for the other two systems. to AH. However, molecule 6 presents nearly no dierence in the value of the rate constant between the two models. This may be unexpected, as 6 presents a signicant geometry reorganisation after the electronic transition. k r are also not dependent on the broadening width for the three uorophores.

Dependency on the broadening function width, Adiabatic vs Vertical

Table 5.4 reports values of k r and k IC obtained at ¡E AD (calculated) for the three uorophores, in both AH and VH models. 6 shows an unphysical value of the calculated k r in the AH framework of P:RV¢IH U s I . This is a clear indication of an incorrect calculation of the vibrationally resolved emission spectra. In the AH model, the vibrational modes of one electronic state cannot be easily matched to the other electronic state with a simple Duschinsky rotation. There are no such problems in the VH framework, where the same geometry between both states is forced.

For 1 and 7, good agreement is seen for both rate constants between the two PES models. Dierences of less than an order of magnitude between the AH and VH models are observed, as expected, illustrating their sterical rigidity compared to 6.

Table 5.4: Computed k r and k IC for compounds 1, 6 and 7 in the AH and VH models with a Voigt broadening function (HWHM Gauss = 0.02 eV and HWHM Lorentz = 1.10 T eV). indicating less coupling between the electronic and vibrational states, thus less vibrational de-excitation in these two uorophores.
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Comparison of NMe 2 and NH 2

In this section, 1-NMe 2 and 1-NH 2 are compared to assess the impact of the dimethylamino group on the calculations of k IC . Dimethylamino groups provide several low- frequency vibrational modes and several degrees of freedom, known to be a preferential pathway of de-excitation of organic molecules, diusing more of the energy from the ES. 22,23 Considering the NMe 2 derivative, low-frequency modes corresponding to rota- tions of the methyl groups are found between 61 cm I and 417 cm I . High energy modes corresponding to the elongations of the C H bonds are also found at 3000 cm I . Figure 5.18 shows the HR factors of the two derivatives along with the corresponding reorganisation energies. Several low-frequency modes appear for 1-NMe 2 with signicant HR factors corresponding to the methyl vibrational modes. All these modes could represent a preferential de-excitation pathway, which is not possible for 1-NH 2 . and de-excitation. The 1-NMe 2 spectra, obtained through vibronic calculations, shows a slightly more vibrationally structured shape than their amino derivative counterparts, which is related to the low-frequency modes.

Table 5.5 reports the values of the calculated k r and k IC for both derivatives. The values of k r are for both compounds in the same order of magnitude, around 10 V s I . The values of k IC however dier by more than one order of magnitude, the highest value being the one of 1-NMe 2 . This leads to highly dierent values of ¨f l : 8% for 1-NMe 2 and 76% for 1-NH 2 . Based solely on the calculations and the modelling of the vibrational modes, the prevalent non-radiative character of 1-NH 2 can be linked to the low-frequency vibrations of the dimethylamino group. The calculated ¨f l are in qualitative disagreement with the experimentally measured quantum yields, which are of 6% for 1-NMe 2 and 0% for 1-NH 2 , in toluene. In this second part, the vibronic models were applied to diazinic push-pull uorophores, verifying all the criteria of applicability. These verications were carried out rstly on a wide range of uorophores and then on a representative sample using the molecules 1, 6 and 7, and can be summarized as follows:

1. No TD-DFT/harmonic vertical transition energies dierences: In the whole series of uorophores, 3 and 6 are the less appropriate for the application of vibronic models.

None of the other molecules stood out on this criterion.

2. No dependency of k r /k IC on the HWHM: No dependency to the broadening width was seen on the calculated values of k IC for 1, 6 and 7.

3. No dierences between AH and VH models: 1 and 7 presented no dierence of more than one order of magnitude for k r and k IC . 6, however, presented a negative k r calculated with the AH model due to the geometrical rearrangement between the two electronic states.

k ¡E AD

IC > IH S :k max IC : None of the three uorophores showed a dierence of more than ve orders of magnitude between k ¡E AD IC and k max IC .

Comparing 1-NMe 2 and 1-NH 2 , the absence of the dimethylamino group decreased the calculated value of k IC , without impacting signicantly k r . However, this goes against the trend of the experimental measurement of ¨f l . This can be related to two phenomena: i) the lack of description of solvent as gas phase was considered for the comparison while experimentally measurements were made in toluene (this is true also for the other uorophores), or ii) the fact that for 1-NH 2 , not all non-radiative de-excitation pathways are taken into account. Indeed, ¨f l is the ratio of the radiative rate constant to the sum of all rate constants, radiative or not. Here only IC was considered, thus a calculated ¨f l larger than the experimental one hints toward a lack of description of the other mechanisms (IC, ISC, etc. See chapter 2).

General conclusion

The aim of this chapter was to assess the ability of vibronic methods to determine the radiative and non-radiative rate constants of diazine-based molecules, starting from the diazine building blocks up to push-pull uorophores.

For diazines, the criteria of reliability of vibronic calculations were valid only for Pyrimidine,

Introduction

Current widely used ab initio methods such as those used in the previous chapters of this thesis do not all allow to answer all experimental needs. In particular, the consideration of complex environments photoactive molecules can be encompassed (grafting support, a solvent or polymer matrix, etc.) is dicult due to the large computational cost involved with the thousands (if not tens of thousands) electrons. Exploring the PES using ab initio methods, with quantum dynamics methods for instance, is also out of reach for uorophores that can have hundreds of atoms. Properties arising from intermolecular interactions such as AIE are also out of reach of fully ab initio quantum chemistry methods. 1,2 DFTB (and xTB), as detailed in chapter 2, achieves much less computationally demanding calculations due to their parametrized nature. Ideally, if sucient accuracy is achieved, tackling thousand-electrons systems could be a possibility. In this respect, benchmarking is a good way of assessing the reliability and theoretical precision of the method.

To the best of my knowledge, benchmarks for DFTB methods focusing on organic systems are scarce, 35 especially for the ES properties. 69 In reference [6], the authors were inter- ested in the ES geometries and transition energies in a series of 102 organic compounds (small organic molecules, polyaromatic hydrocarbons, small organic heterocycles, etc.) using a LC-DFTB methodology, compared to CC2 references, but no diazines were included in the set while not only uorophores were investigated. They concluded that LC-DFTB was a suitable method to study ES properties, in the framework of their study. A recent paper in reference [7], studied a large set of compounds using dierent DFTB methodologies, with the purpose of estimating the vertical excitation energies. The molecular set comprised more than 21 000 molecules, both saturated and unsaturated. They concluded that DFTB suered from the same limitations as its DFT parent method, leading to large errors in the prediction of the excitation energies.

Although the cited studies focused on organic systems, they are not diazinic uorophores and the consideration is mainly in GS and absorption properties. Some insight into the ES is given, but there is a need for benchmarking work on the photophysical properties of diazinic push-pull molecules. This is the motivation for this work: a benchmarking work dedicated to diazinic uorophores, evaluating several tight-binding methods on both GS and ES properties, from geometrical parameters to absorption/emission properties.

6.2 Methodology and Computational details

Computational details

The Tight-Binding methods compared in this work are: DFTB2: Using the mio sets of parameters designed for organic molecules. 10,11 Parametrized at a GGA level of theory.

LC-DFTB2: The long-range corrected variant of DFTB2 using four variations of the ob2 parameters: base, shift and split from reference [4]. shift is similar to base, with a shift of the s-orbitals of the nitrogen of +0.033 Ha, while split is made by conning dierently the s and p orbitals of nitrogen in the parametrisation. The fourth set, named rep for reparametrised , is taken from reference [12] and is a reparametrization of ob2 including Sulfur. In this last set, N is parametrised in the same manner as in base.

DFTB3: The third order extension of DFTB, using the 3ob sets of parameters, designed for bio and organic molecules. Parameters are chosen to follow hybrid DFT results. 15

The gold reference of the benchmark will be the CC2/aug-cc-pVTZ (CC2/def2-TZVP for the Styrylpyrimidine family) level of theory.

In addition, to have a better understanding of the DFTB error, I will also compare results

with three DFT levels of theory: PBE/6-31G(d). A GGA functional with a relatively modest basis set, that will be used as a reference for DFTB2, DFTB3 and xTB.

LC-PBE/6-31G(d). A long-range corrected equivalent of PBE, using a range separation formulation in a similar form as the one in the LC-DFTB2 method. It will serve as DFT reference for all LC corrected DFTB schemes.

!B97X-D/6-311+G(d,p). A Range-separated hybrid functional with an extended basis set, state-of-the-art TD-DFT methodology.

All DFTB calculations were made using the DFTB+ calculation suite. 16 DFT calculations 

Properties of interest

As specied in the introduction, the performance of all the methods benchmarked will be studied on various properties for both GS and ES. First, an examination of the electronic structure obtained by each method will be carried out in order to evaluate the qualitative description of the electronic properties by all methods. Then, an estimation of the precision of the obtained geometry of the GS compared to the reference will be done.

Two parameters will be used to assess how well DFTB performs for molecular geometries:

the BLA and the dihedral angle (¢) (dened in gure 6.7 in the appendix of this chapter).

BLA is the mean variation of bond length in a -conjugated system. The closer it is to zero, the lesser the variation in bond length in the system and thus the more ecient the -conjugated system is. ¢ is the dihedral angle between either the planes of the electron-donating moiety and the electron-accepting part or between groups dening the planarity of the uorophore and impacting directly its optical properties. 1921 As described previously in this manuscript, molecules 5a, 5b and 5c are orthogonal (or nearly orthogonal) uorophores. It should be noted that the ¢ angle does not have the same meaning in these derivatives as in the other molecules under study, as they show a buttery-like structure at the GS, which becomes planar at the ES. These two geometrical parameters are evaluated for GS and ES.

The two other properties that will be assessed in this benchmark are relevant to the photophysical properties of uorophores. First, the excitation energies are calculated with each method at a xed geometry obtained at the CC2 level of theory. The purpose of the xed geometry is to evaluate only the calculation of the transition, without considering the eects due to the inconsistencies in the geometry optimisations. Then, excitation properties at the geometry optimized by each method will also be investigated. Moreover, the emission from the S I ES toward the S H GS will be calculated, at the relaxed minimal geometry of the concerned method.

6.3 Presentation of the results

Ground State Properties

Electronic structure of the Ground state Starting with the DFTB2 results, the qualitative trend of CC2 BLA is respected. There is nonetheless an underestimation of the values, in average of 0.0073 Å as seen in table 6.1.

Interestingly, DFTB2 obtains slightly better results than the PBE level of theory, with less underestimation of the CC2 BLA.

The four LC-DFTB2 methods behave similarly and recover the CC2 trend in nearly every case. The sole exception is molecule 4, in the LC-rep method, presenting a large BLA of 0.128 Å. This discrepancy is dicult to explain, as its acceptor sub-unit, quinoxaline, is on the opposite well described. All four methods base, shift, split and rep overestimate the CC2 calculations (table 6.1), the latter more than the previous three (respectively with MSE of 0.0016, 0.0010, 0.0012 and 0.0065Å in average). Results are found closer to the !B97X-D level of theory, outperforming LC-PBE. base, shift and split even obtains results statistically slightly better than !B97X-D when compared to the CC2 reference.

xTB leads to values close to DFTB2, following the same qualitative trend and underestimating similarly CC2. In the same way, xTB performs slightly better than PBE regarding the GS BLA.

DFTB3 follows also the evolutions in the series of CC2, slightly underestimating its values.

It obtains results on par with !B97X-D, albeit with a mean deviation of the opposite sign. The exceptions are 1i (a phenylthiophene) and the styrylpyrimidines, which is found nonorthogonal and/or with a planar PXZ/PTZ as with the other tight-binding methodologies.

Compounds containing a biphenyl group (1d, 1g-h, 3b), a phenylthiophene linker (1ik, 3a) and a PXZ/PTZ moiety (5b-c) seem particularly problematic for tight-binding methods. None of the semi-empirical methods recovers the bent PXZ/PTZ moieties on the GS, and for the other groups they all possess some rotational degree of freedom, proving to be especially dicult for semi-empirical levels of theory.

Interestingly, xTB mostly recovers the correct qualitative trend. This may be related to the inclusion of the empirical dispersion in the GFN2 parameters, which leads to better geometries. The minimal basis used in the DFTB parametrisation and the absence of dispersion could also be the cause of an incorrect description of intramolecular steric hindrance leading to a less correct description of the geometries. First, regarding the nature of the transitions, CC2 predicts for each push-pull molecule the lowest energy transition with a 3 £ nature. The small oscillator strength in the styrylpyrimidine is due to the large CT, as described in chapter 4. The lowest energy transition of the diazines exhibits an n 3 £ character.

As seen in table 6.3, the CC2 nature of the excitations is recovered for DFTB2, except for 1g and 3b where the intense 3 £ is not the lowest energy transition, and for which a n 3 £ transition is found. Regarding the diazines, the correct n 3 £ nature is obtained.

With the four LC-DFTB2 methods, the lowest energy transition is found to be of an n 3 £ nature for every molecule of the benchmark. The 3 £ transition is found second in energy in each push-pull case.

Figure 6.4 represents the excitation energies of the rst intense 3 £ transition (f > 0.1), obtained with all methods, at a xed CC2 geometry. DFTB2 underestimates the CC2 results for molecules 1a-4 at the minimum by 0.62 eV for 1a, up to 1.36 eV for 1d.

On the opposite, in the three styrylpyrimidines, DFTB2 overestimates the CC2 energies of around half an eV. For the diazines the CC2 transitions are overestimated by 0.21 eV and 0.24 eV for Pyrimidine and Pyrazine, respectively, while they are underestimated by 0.30 eV for both Quinazoline and Quinoxaline. As seen in table 6.4, these transition energies are found similar to the PBE level of theory.

The LC-DFTB2 methods show dierent behaviour. The CC2 transition energies are always overestimated by the long-range corrected levels of theory, except for 1h which have a lower 
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transition energy than CC2 of 0.24 eV. Molecules 1a-4 are found with energies between 0.15 eV (3b) and 0.41 eV (1a) higher than CC2 with base/shift/split, respectively. LC-rep follows the same trend. The overestimation of the energies is greater for 5a-c, by about 1.4 eV. This may be connected to an incorrect description of the CT character of this transition. For the diazines the energies are about 0.4 eV higher than for CC2. With the exception of 1h with LC-base /shift /split, all four LC-DFTB2 levels are closer to LC-PBE than to !B97X-D DFT results, both in terms of mean deviation and error (table 6.4).

All DFTB methods there obtains mean deviation to CC2 energies of more than 0.5 eV as seen in table 6.4. These are large deviations with regard to the reference wavefunction method, at the order of magnitude of the compared DFT methods. Now we will consider DFTB-optimized geometries and re-examine excitation energies. LC-base /shift /split exhibit the same deviation through the series as with a xed geometry, slightly overestimating the CC2 energies for molecules 1a-4 (with the same exception on 1h) and still overestimating the styrylpyrimidines, although by a smaller value of about 0.5

eV. The same evolution as at xed geometry is obtained for the diazines. This underestimation of the energy is up to about 1 eV for quinoxaline, where the dierence in geometry seems to have the most signicant eect on the excitation energy. LC-rep slightly underestimate CC2 in the Pyr-A, Qzl-A, Pyra-A and Qxl-A families. For the styrylpyrimidine and diazines, results are found close to the other three LC-DFTB2 parameters. The dierence with LC-PBE is in this case greater, while the results fall closer to the range-separated hybrid !B97X-D (table 6.5).

Even at a xed CC2 geometries, some excitations were not described properly. The error is then not entirely due to incorrect geometries. However, considering the emission at the minimum geometry obtained with each method made the dierences slightly worse. Using a CC2 geometry for excitation calculations then would improve slightly the results. 

Excited State geometry and de-excitation

As seen previously (table 6.3), the four LC-DFTB2 schemes obtain a lowest excitation of a n 3 £ nature for each molecule, as opposed to CC2 obtaining a 3 £ transition for all push-pull systems. The evaluation of the ES properties related to the geometry and the emission energy is then not relevant. Corresponding data (ES values of BLA, ¢ angles and de-excitation energies) are reported in the appendix in gures 6.8, 6.11 and 6.12, but will not be discussed here. Only the properties obtained by DFTB2 will be discussed. Table 6.6 reports the nature of the de-excitation transition for the dierent methods. In CC2, this de-excitation is for each molecules a £ transition (except the diazines). For DFTB2, this is not the case for 1b, 1g-h, 1j and 3a-4 where an n £ nature of the transition is obtained. This behaviour is a result of the reorganisation of the geometry following the excitation. 
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diazines this reduction is extremely small, with a maximum of -0.004 Å for quinazoline.

DFTB2 however do not recover this diminution for all uorophores. 1a, 1c, 2a-b, Quinazoline and Quinoxaline exhibit a slight augmentation of the BLA with regard to the GS, of less than 0.027 Å and 0.021 Å for the two Qzl-A, and less than 0.01 Å for the other compounds. In the molecules where a diminution of the BLA is measured, it is in each case less than in CC2. DFTB2, similarly to PBE, recovers a slight increase in BLA in some molecules. With the exception of 1b, the trend between both methods is again qualitatively similar.

¢ dihedral angles of the rst ES are represented in gure 6.5. For 1a-4, CC2 lead to a quasi-planar conguration of the uorophores, except for 1d, 1g-h and 3b. The latter contains a biphenyl moiety that shows a dihedral angle between 14 and 30°. This same character is obtained by DFTB2 for all molecules apart from 1d which is calculated with a ¢ angle of 93°. The PXZ/PTZ groups in 5b-c are found planar for all methods. The resulting dihedral angle is obtained orthogonal (% 90°) by CC2 for the three derivatives. DFTB2 displays this orthogonal conguration for 5a and 5c, while 5b is obtained with an angle of 60°.

DFTB2 obtains signicantly dierent ¢ angles than PBE for 1a,1b,1e,1f,1h,2a,3a,4. For the styrylpyrimidines, there is also a discrepancy between DFTB2 and PBE on 5b, which is found perfectly orthogonal in DFT. These dierences are not limited to a few specic chemical groups, as they appear throughout the whole series.

The modication of the BLA following the reorganisation of the ES is found in a majority of cases to be of a dierent sign than in CC2, which highlights an incorrect description of the -conjugated system. The ¢ angles are found however qualitatively similar to CC2 apart from a few exceptions. Now, considering these optimised DFTB geometries of the rst ES, we will inspect the corresponding de-excitation energies. Figure 6.6 shows the energies of de-excitation from the lowest-lying ES for all molecules in the series. DFTB2 systematically shows a lower transition energy than CC2 for all molecules. The dierence between the two methods is between 0.34 eV (1a) and 1.41 eV (5c). Compared to PBE, the mean deviation of the energies is slightly lesser, with a smaller mean error in favour of the tight-binding level of theory (table 6.7). The PBE trend throughout the series is generally respected by DFTB2. Regarding the de-excitation energies, the dierences between the dierent methods are related both to the calculation of the transition through a Casida-like scheme, and to the inuence of the obtained geometry, signicantly diering from CC2. Considering that for some systems, as shown in table 6.6, the nature of the orbitals involved in the transition is dierent from the CC2 reference, it seems that a correct description of the ES properties for such push-pull is out of reach.

Conclusions

Calculations with various tight-binding methods on a series of organic push-pull uorophores were carried out in this chapter. GS (BLA, planarity) and ES (excitations, geometries, de-excitations) related properties were investigated to estimate the precision of the tight-binding method, compared to CC2, a wavefunction base method, and to dierent (TD)-DFT schemes.

To summarize, the dierent methods behave as follows:

For DFTB2:

The GS BLA is found similar to the PBE level of theory, qualitatively following the estimation of CC2 with a mean deviation of % 0.0085 Å.

The GS dihedral angle ¢ between the donor and acceptor is mostly recovered, except for the molecules containing a phenylthiophene/PXZ/PTZ group.

Excitation energies are similar to the PBE level of theory, at both xed and relaxed geometry.

¡BLA between GS and ES is of the opposite sign as CC2, though in most of the case similar to PBE.

The ¢ angle in the ES is obtained close to CC2 with the exception of 1d

(biphenyl -linker) and 5b (non-orthogonal conguration).

De-excitation energies from the ES are qualitatively close to PBE, severely underestimating CC2 energies of more than 1 eV in average.

For LC-DFTB2:

LC-base /shift /split do not correctly describe the non-planar character of molecules possessing a biphenyl/phenylthiophene groups, while LC-rep recovers correctly this character at the GS. The bent geometry of PXZ/PTZ donor units is not recovered by any of the tested LC-DFTB2 methods.

The rst intense (f > 0.1) is found in each push-pull case to be of a n 3 £ nature, as opposed to the 3 £ transition found in CC2. Therefore, the correct ES is not obtained.

For the excitations at xed CC2 geometry, the four LC-DFTB2 methods performs similarly to LC-PBE.

For the excitations using relaxed geometry, LC-base /shift /split methods performs the closer to CC2, and are surprisingly the closest methods to the !B97X-D level of theory. LC-rep lies statistically in between LC-PBE and !B97X-D. A future perspective of this work could be the possibility to consider a solvent in an explicit way (implicit solvation models are not implemented for TD-DFTB calculations). Since the GS geometries and the UV-vis spectra are correctly obtained with some methods (especially the LC-DFTB2 methods), one possibility would be to use DFTB to perform molecular dynamics calculations, leading to a representative picture of all the conformers of a molecule, for example by estimating with TD-DFTB on several snapshots a closer to experience a simulation of a UV-vis spectrum. Another direction would be a re-parametrisation of the methods to allow a better description of the ES. Nevertheless, this study has provided insights into the performance of tight-binding methods on diazinic push-pull systems, in particular for the calculation of photophysical and ES properties, which to my knowledge has not been extensively studied in the literature. This is the rst step in the use of semi-empirical DFT for uorophore molecules of applied interest. 

General Conclusion

An extensive study of diazinic uorophores has been presented, along with an assessment of various quantum chemistry methodologies to study their photophysical properties. The methods employed covered a large spectrum of the panel quantum chemistry has to offer, giving a meaningful insight into how to eciently study such molecules. From the investigation of vertical properties such as the absorption and prompt uorescence, up to properties such as electron-vibration coupling and rISC, diverse methods, density or wavefunction-based were used. DFTB, a semi-empirical formulation of DFT, was also investigated in order to evaluate the performances of less computationally expensive methods on the ground and excited state properties.

A TD-DFT study on styryldiazines was conducted in chapter 3, with the prospect of investigating the series of molecules for a WOLED application, in parallel to the experimental work. The strategy was to protonate or deprotonate the molecules of interest, shifting their emission energies, leading to white light macroscopically due to the coexistence of both neutral and charged forms of the molecules. Even if we were unable to explain the experimentally measured uorescence quantum yields, TD-DFT led to a correct assessment of the vertical transition properties with regard to the experimental references and a rationalization of the inuence of the (de)protonation on the photophysics of the systems.

In next step, an investigation on diazinic uorophores with interest in a TADF process was done. In this chapter, two families of molecules were studied: a series of styrylpyrimidine derivatives and a series of quinoxaline derivatives. Once again with a strong partnership with experimentalists, the study of a process as multifactorial as TADF was a challenge that TD-DFT could not easily be up to without proper experimental references. As such, a wavefunction-based method, CC2, was used after thorough considerations to estimate properties such as ¡E ST . The description of the structure-properties relationship for TADF diazinic uorophores was made, pushing further the comprehension of these systems. Some quinoxaline derivatives were then pointed as promising TADF emitters, due to their fullling of the El-Sayed rule and their prominent HLCT character, in both QE and QA conformers.

To consider the ne inuence of vibrational modes in the photophysical properties of uorophores, vertical TD-DFT was not sucient. An evaluation of the validity of the application of a vibronic method on uorophores, permitting to go beyond a vertical description was then done. Modelling the PES as a harmonic surface and taking into account the vibrational modes of both the GS and ES permits a depiction of a non-vertical picture of the photophysics of the system. To begin with, using these methods on simple diazines, building blocks of our uorophores, vibronic methods were applied to ensure that they correctly described the heterocycles. For Pyridazine and Pyrazine, it appeared that obtaining reliable results was dicult. Then the same study was made on full-sized uorophores,

showing that all thresholds and rules dened to apply the methods were necessary, but not sucient. From this work, we conclude that obtaining reliable results with vibronic methodologies on organic uorophores is still a dicult task to achieve, as coherent results with regard to experimental data were not obtained. Indeed, the FC framework where these calculations take place, and the harmonic approximation used to model the PES of the dierent electronic states, may not be adapted approximations for push-pull molecules.

Finally, in the last chapter, a benchmarking work was made on the use of tight-binding DFT, in the perspective of using a semi-empirical method to conduct extensive screening study of the photophysics of organic chromophores and to study complex environment without the high computational cost associated with fully ab initio methods such as DFT.

For several tight-binding methodologies, it was estimated that the study of GS properties such as the optimization of geometry, and excitation behaviour, was achievable for the panel of molecules, with a precision similar to some TD-DFT methods. Especially, the xtB and dierent LC-DFTB2 methodologies were found to be the best to estimate the geometry, while the LC-DFTB2 with the rep parameters was found the best to reproduce a UV/Vis spectrum. For the ES properties, however, it seems extremely dicult to obtain with precision the geometries and emission energies of diazinic uorophores in the tightbinding framework, especially with the LC-DFTB2 methods which do not obtain the correct ES.

Following this work, the topics open toward dierent directions for the future. On the chemical design aspect, several take-home messages can be kept. Regarding the chemistry of the diazine uorophores, the main problem we faced was that some of them were experimentally non-emissive. For the WOLED uorophores, understanding the cause of the low ¨f l values should be the rst step. Unfortunately, vibronic calculations did not permit such comprehension. As seen in chapter 4, playing with the -conjugated structure of the uorophore can lead to promising results, both on the rISC and on the emission side. Pushing toward an HLCT nature of the transitions seems to be an ecient way to obtain TADF with an orthogonal structure between the D and A groups. To do so, adding a -conjugated group to the electron-accepting diazine (as done in this work with the phenyl substitution) while having a short -linker to obtain orbital overlap seems ecient.

However, a short linker means more steric hindrance between the D and A moieties, forcing a pronounced orthogonal geometry and decoupling the orbitals involved in the transitions (as seen with the two methoxy derivatives), hence a balance should be found.

On the methodological aspect, two perspectives are considered: First, the consideration of the ne properties of the ES, with both TADF capabilities and electron-vibrational coupling inducing IC processes could be a direction to pursue. As we have seen with a vertical methodology, giving an insight into the photophysics and reecting on the structureproperties relationship is feasible. However, if one wants to go further than the vertical picture, vibronic methodologies are insucient as their application is too system-dependent.

One possible direction is the use of dynamical methods, such as the trajectory surface hopping or Ehrenfest dynamics. 13 Such methods could provide detailed insight into the transition between electronic states, radiative or not, and will take into account the vibronic character of organic molecules by considering the evolution of the electronic density and the position of the nuclei through time (as opposed to the static method we used), but are extremely computationally expensive, which would be feasible with DFTB.

As far as tight-binding methods are concerned, achieving a correct description of ES of organic uorophore seems to be out of reach with current methods and parameters. While the GS is relatively well described for a fraction of the computational cost of DFT, this prevents the description of the complete picture of diazine uorophores. The optimisation of parameters specically for this purpose could be a possible solution. Another direction could be the development of tight-binding protocols to study the environment of the molecule (solvent). Indeed, the computational cost of ab initio methods severely limits the calculations of a complex explicit environment, highlighting the interest in semi-empirical tight-binding methods. For applications such as the fabrication of white OLEDs (WOLEDs) or third generation OLEDs (TADF OLEDs), the theoretical tools provide an understanding of the optical properties of these compounds and a rationalization of the experimental measurements.

In this work, the optical properties of diazine fluorophores are discussed using a variety of quantum tools for different applications. First, TD-DFT is used to study the effect of (de)protonation on the emission properties. Secondly, a wavefunction-based method, CC2, is used to estimate the TADF capabilities of a series of compounds. Thirdly, a vibronic model (considering electronic and vibrational states) is evaluated for its relevance to the study of diazine fluorophores. Finally, the performance of a semi-empirical method based on DFT, DFTB, for obtaining optical properties is evaluated.

Résumé en Français de la thèse.

Les diazines sont des cycles carbonés aromatiques à six atomes comprenant deux atomes d'azote, ayant la formule C4H4N2. Selon la position des atomes d'azote, trois configurations sont possibles : la pyridazine (1,2-diazine), la pyrimidine (1,3-diazine) et la pyrazine (1,4-diazine). En raison de leur capacité à attirer des électrons, ces hétérocycles sont utilisés dans des structures appelées « push-pull », caractérisés par la polarisation de leur structure électronique. Ces molécules sont des systèmes composés d'un accepteur d'électrons (A), d'un donneur d'électrons (D), et sont tous deux reliés par un groupe de liaison π-conjugué. Cette structure D-π-A polarisée présente de nombreuses propriétés amenées par la facilité de séparation de charges. Cela a permis dans les dernières décennies leur application dans de nombreux domaines, tel que la bio-imagerie, la production de dispositifs photovoltaïque, la génération de seconde harmonique, et la production de dispositifs émetteurs de lumière.

Ces molécules organiques sont souvent utilisées comme « fluorophores ». Un fluorophore est une molécule π-conjuguée présentant des propriétés de fluorescence. Les fluorophores organiques (à base de carbone) ont fait l'objet de nombreuses études au cours des dernières décennies, ce qui a permit le développement d'une grande diversification de structures, comprenant des groupements chimiques tels que les pérylènes, les hydrocarbures aromatiques polycycliques, les anthraquinone, acridans, BODIPY, etc.

Selon le Programme des Nations Uniques pour l'Environnment (UNEP), les dispositifs émissifs tels que les écrans et les appareils d'éclairage contribuent à hauteur de 20% à la consommation mondiale d'électricité et à 6% des émissions de CO2. L'augmentation de la prévalence des dispositifs lumineux et l'utilisation généralisée des écrans à diverses fins, combinées aux préoccupations urgentes liées à la crise climatique, ont fait de la recherche de solutions d'éclairage économies en énergies un point central de la recherche académique de ces dernières décennies.

Dans ce contexte, les diodes électroluminescentes organiques (OLED) ont émergé comme une technologie prometteuse. Comme leur nom l'indique, les OLED sont des dispositifs lumineux composés de molécules organiques qui utilisent un processus électroluminescent. Le développement des dispositifs OLED a pris un élan significatif ces dernières années, comme en témoigne la multitude de publications et de revues consacrées à ce domaine, ainsi que leur utilisation répandue dans les écrans (télévisions, ordinateurs, consoles de jeux portables, etc.). La nature organique de l'émetteur OLED assure un potentiel de fabrication à faible coût et une faible toxicité de ces systèmes. De plus, ils atteignent une efficacité énergétique remarquable de plusieurs dizaines de lm.W -1 , ce qui en fait un domaine de recherche passionnant.

L'émission lumineuse dans un dispositif OLED est générée suite à une électro-excitation. En conséquence de ce processus, l'état excité obtenu peut-être à la fois d'une multiplicité de spin singulet et triplet, dans une proportion de 25% pour les singulets, et de 75% pour les triplets. Comme la fluorescence ne peut se produire qu'à partir de l'état excité singulet, cela affecte l'efficacité du dispositif. Cela a conduit à l'existence de plusieurs générations d'OLED, définies par les molécules productrices de lumière et les processus photophysiques utilisés pour contourner cette limitation. La littérature axée sur les études théoriques des fluorophores diaziniques est limitée, contrairement aux travaux expérimentaux. Par conséquent, il existe un besoin impérieux d'une investigation théorique exhaustive de la photophysique de ces dérivés en utilisant l'outil théorique. Les calculs de chimie quantique sont un outil efficace pour comprendre les relations entre la structure et les propriétés des composés, rationaliser les propriétés d'émission, ou étudier l'influence de l'environnement de la molécule sur cette dernière. Il est donc essentiel d'explorer les différents outils que la chimie théorique a à offrir pour calculer les propriétés pertinentes pour les photophysiques des systèmes à base de diazine.

Ce travail s'inscrit dans le cadre de ce mouvement visant à mener une étude approfondie des fluorophores diaziniques en utilisant une diversité d'outils théoriques. Le présent travail est réalisé en étroite collaboration avec des collègues expérimentaux, garantissant ainsi une approche globale et interdisciplinaire de l'investigation. La capacité des différents niveaux de théories à modéliser les propriétés des diazines sera évaluée à travers les différents chapitres de ce travail. Cette thèse ne porte pas sur le développement de nouvelles méthodologies, mais constitue plutôt une contribution à la compréhension de la relation entre la structure et les propriétés des fluorophores diaziniques, ainsi qu'à la rationalisation de leurs propriétés en utilisant des outils de chimie quantique.

Dans chaque chapitre des résultats, le lecteur trouvera une revue de la littérature introduisant le sujet et situe mon travail dans le contexte de recherche de chaque projet. Lorsque cela est pertinent, la relation entre la structure et les propriétés des diazines est discutée.

Dans le chapitre 2 de cette thèse, le contexte photophysique de la thèse sera exposé, offrant un aperçu des mécanismes qui se produisent entre l'État Excité et l'État Fondamental. Ensuite, dans le même chapitre, les méthodes de chimie quantique utilisées pour calculer l'ensemble de ces propriétés seront détaillées. Ces méthodes sont les outils pratiques utilisés pour étudier les molécules d'intérêt et leurs différents états électroniques et vibrationnels. Il est donc important d'exposer leurs points forts et leurs faiblesses lorsqu'on les utilise pour décrire de telles propriétés complexes.

Le chapitre 3 est le premier chapitre de résultats de cette thèse. Une série de fluorophores diaziniques sera étudiée dans la perspective de produire de la lumière blanche pour une application de Diode Electroluminescente Organique Blanche (WOLED). La lumière blanche a été définie par le Comité International de l'Éclairage (CIE) en 1931 par la position aux coordonnées (0,33,0,33) sur un diagramme de l'espace des couleurs, comme illustré dans la figure 2 Le chapitre 5 constitue une étude exploratoire d'une méthode de calcul qui peut fournir un aperçu plus approfondi des processus complexes qui régissent la transition entre deux états électroniques et la capacité émissive d'une molécule. La méthode d'intérêt, une méthode "vibronique", prend en compte non seulement l'état électronique, mais aussi le couplage avec les états vibrationnels pour obtenir une description plus précise des transitions. Cette étude a d'abord été menée sur les hétérocycles diaziniques, puis appliquée aux fluorophores D-A, afin de fournir une évaluation critique de l'applicabilité de la méthode.

Dans le dernier chapitre, une évaluation des performances des méthodes de DFT à liaison serrée pour la description des propriétés à la fois de l'État Fondamental et des États Excités des fluorophores diaziniques est présentée. Ce travail de référence offre un aperçu de l'utilisation des méthodes semiempiriques pour étudier des propriétés complexes des systèmes de fluorophores. Comme les méthodes de chimie quantique largement utilisées sont coûteuses en termes de calcul et limitent considérablement la gamme d'applications, il est nécessaire de progresser vers l'utilisation de méthodes plus approximatives, en particulier pour des applications complexes telles que les OLED. Il s'agit d'une première étape vers l'objectif de développer des méthodes "ultra-rapides" pour obtenir rapidement les propriétés photophysiques des molécules ou pour étudier les fluorophores organiques dans un environnement plus complexe, tel qu'un solvant explicitement défini.

Figure 1 . 1 :

 11 Figure 1.1: Schematic representation of the general structure of an OLED. HTL: Hole

Figure 1 . 2 :

 12 Figure 1.2: Color diagram, with the white light domain around the (0.33,0.33) coordinate, and the equivalent of the colour in wavelength (nm) (in blue).
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 21 illustrate the most common photophysical mechanisms.

Figure 2 . 1 :

 21 Figure 2.1: Simplied Jablonski diagram presenting radiative (de)-excitation pathways between GS and ES, as well as the transition between excited singlet state and triplet state. ISC: Intersystem Crossing, rISC: Reverse Intersystem Crossing
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  Number of publications containing "TADF" as a keyword

Figure 2 . 2 :

 22 Figure 2.2: Number of publications since 2011, from a WebOfScience search using the keyword "TADF"

Figure 2 . 3 :

 23 Figure 2.3: Schematic representation of the singlet and triplet states conguration after an electro-excitation.

Figure 2 . 4 :Figure 2 . 5 :

 2425 Figure 2.4: Variation of k rISC with the value of ¡E st and of the SOCME. m is the marcus reorganisation energy. Reproduced from reference[18] 

Figure 2 . 6 :

 26 Figure 2.6: Perrin-Jablonski diagram representing the various potential energy surfaces of ground, excited singlet and triplet states. The thin grey lines represent the vibrational normal modes, plain arrows are radiative transitions and dashed arrows are non-radiative processes. Along the PES is represented schematic absorption and emission spectra, along with the E H H . For clarity purposes, all possible transitions between vibrational states aren't represented.

Figure 2 . 7 :

 27 Figure 2.7: Diagram representing both adiabatic and vertical models for the harmonic model of the PES. The GS PES is represented in red and the ES PES is represented in green. Q i is the minimum of the initial state, Q f of the nal state. ¡E AD is the adiabatic energy dierence between the two electronic states.

Figure 2 . 8 :

 28 Figure 2.8: Modelisation of the PES of the singlet and triplet excited electronic states as harmonic surfaces
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 41 Density functional theory and Time-Dependent DFT Density functional Theory Density Functional Theory (DFT) is a method based on the work of Hohenberg and Kohn (HK), who dened the seminal theorems of DFT. 62 The HK theorem consists in

( 2 .( 2

 22 58)Where a and b are the atomic Hubbard parameters (chemical hardness) for atoms a and b. 104 And when considering this uctuation for all diatomic pairs in the system, and adding ab a function describing the charge interaction, E P is dened as: E P @ a ; b ; R ab A a I P ab ¡q a ¡q b ab @ a ; b ; R ab A

  considered in DFTB (electrostatic interactions, exchange-correlation eects, dispersion model, ...). The parameters are not the same as in DFTB and are chosen with regard to hybrid DFT calculations references. The reader is redirected toward an extensive review of the xTB method in reference [114].
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 29 Figure 2.9: Value of the energy of the two-electron long-range integral as a function of the inter-atomic distance presented for various values of !. Reproduced from reference [112]
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In 1994 ,

 1994 Kido et al. introduced for the rst time the concept of WOLED using multilayer devices with doped emissive layer. 9 At the time, the strategy was to build an OLED device, with an emissive layer containing a polymer, poly(N-vinylcarbazole) (PVK). This polymer, used as a hole-transporting emissive compound, is accompanied by three emissive dopants presented in gure 3.1, along with PVK.

Figure 3 . 1 :

 31 Figure 3.1: PVK and dopants structures used in the production of a WOLED device by Kido et al..9

9

 9 

Figure 3 . 2 :

 32 Figure 3.2: Electroluminescence spectra of a multilayered emissive device, showing the dierent emission bands corresponding to each emissive layer, exhibiting macroscopically white light emission. Reproduced from Tokito. S et al. Applied Physics Letters 2003, 83, 24592461. 17

Figure 3 . 3 :

 33 Figure 3.3: Schematic representation of the modication of the HOMO-LUMO gap caused by the complexation of a metal. Reproduced from Shiraishi. Y et al. Chemistry -A European Journal 2011, 17, 83248332.23 

Figure 3 . 4 :

 34 Figure 3.4: Schematic representation of the white light emission after protonation of a diazinic-based push-pull chromophore. Photos taken by Sylvain Achelle.

  ), a phenylenevinylene (2, 7), a thiophene (3, 5-6, 3OMe) or a thienylene (4) group, thus varying in length and eciency of the conjugation. Molecules in this series possess in principle rotational freedom around the bond of the linker, leaving the possibility of more or less planar congurations between D and A moieties. The OH groups are the deprotonation sites, while the diazine unit can be protonated.

Figure 3 . 5 :

 35 Figure 3.5: Structure of the diazine-based compounds studied in this chapter.

Figure 3 . 6 :

 36 Figure 3.6: Experimental normalized absorption (left) and emission (right) spectra measured in DMSO for molecules 2-7

  7 and 3.8, respectively measured in Camphorsulfonic Acid (CSA, pkA = 1.2 in water) and 1,8 Diazabicyclo[5.4.0 ]undec 7-ene (DBU, pKA = 13.5 in water). The shift allows complementary emissions as illustrated in gure 3.7 and 3.8, a necessary condition for white light. It is important to notice that

Figure 3 . 7 :

 37 Figure 3.7: Changes in absorption (A) and emission (B) spectra of compound 3 in DMSO upon addition of CSA

Figure 3 . 9 :

 39 Figure 3.9: Nomenclature used for the protonation sites (N 1 , N 3 and N 4 ) along with the conformations called A and B, shown for compounds 3 and 5

Figure 3 . 10 :

 310 Figure 3.10: Compound 3 with the annotated atoms forming the ¢ dihedral angle

Figure 3 .

 3 Figure 3.11 represents the frontier orbitals of molecule 3 in the neutral form. The topology of the HOMO and LUMO orbitals of all the uorophores in the series are similar. Orbitals are both of a nature, delocalized over the whole backbone of the compound.

Figure 3 .

 3 Figure 3.11: HOMO and LUMO frontier orbitals of molecule 3 in its neutral form (isovalue = 0.02 e /a.u Q ).

Figure 3 .

 3 Figure 3.12: Compound 3 NTOs of the S H 3 S I and S I 3 S H , along with the Electron density dierence upon the S H 3 S I excitation, for the neutral form (isovalue = 0.02 e /au Q )

Figure 3 . 13 :

 313 Figure 3.13: NTO of the excitations and de-excitations for the protonated and deprotonated forms of 3 (isovalue = 0.02 e /au Q )

Figure 3 . 14 :

 314 Figure 3.14: Changes in the colour of a DMSO solution of 3 after the addition of 1500 equivalents (middle) and 6700 equivalents (right) of DBU. Photo was taken in the dark upon irradiation with a handheld UV lamp. Figure reproduced from reference [50].

Figure 3 . 15 :

 315 Figure 3.15: Bonds considered in the calculation of BLA for each compound, represented in red.
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 316317318319 Figure 3.16: Frontier Orbitals of all compounds in their neutral forms (isovalue = 0.02 e /au Q )

Figure 3 . 20 :

 320 Figure 3.20: Calculated Absorption UV-Vis spectra for all compounds in protonated form

Figure 4 . 1 :

 41 Figure 4.1: Structure of dierent resonant TADF compounds, along with a simplied schematic representation of the separation of orbitals fullling the El-Sayed rule. Adapted from reference [3].

Figure 4 . 2 . 1524 Figure 4 . 2 :

 42152442 Figure 4.2. 1524

Figure 4 . 3 :

 43 Figure 4.3: Sets of diazine-based molecules studied in this chapter.
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 3 Geometrical features of the push-pull chromophores DMAC, PXZ and PTZ can exist in two dierent conformations, called Quasi-Equatorial (QE) and Quasi-Axial (QA). 36,38,52 The QE conformation consists of an orthogonal con- guration between D and A, while QA presents a folding of the D group toward the rest of the molecule. Both conformations are presented in gure 4.4.

Figure 4 . 4 :

 44 Figure 4.4: QE and QA conformations along with ¢ dihedral angle dening the D-A dihedral for QE, and the angle for QA, exemplied with Styryl-PTZ.

3. 30 (

 30 DMAC-T-Ph) and 3.63 eV (Styryl-PTZ and DMAC-Ph) for all six uorophores, leading to band positions very distinct from the QE conformer.

Figure 4 .

 4 Figure 4.5 summarizes the character of the transitions, representing the NTO of the excitations of Styryl-PTZ. Apart from a few exceptions that will be discussed, all the uorophores of this series share the same NTO topology in terms of excitations and are presented in the appendix of this chapter in gures 4.16 to 4.23.

Figure 4 . 5 :

 45 Figure 4.5: NTO of the excitations from the GS of Styryl-PTZ, for both QE and QA conformers. (isovalue = 0.02 e /au Q )

Figure 4 . 6 :

 46 Figure 4.6: NTO of the de-excitation from the S I for Styryl-PTZ of both conformers. (isovalue = 0.02 e /au Q )

Figure 4 . 7 :Figure 4 . 8 :

 4748 Figure 4.7: NTO of the de-excitation from the S I for DMAC-Ph, for both QE and QA conformers. (isovalue = 0.02 e /au Q )

Figure 4 .

 4 Figure 4.9 presents the experimental absorption and emission UV-Vis spectra, at 298 and

Figure 4 .

 4 10 represents a scan of the energy of the GS following the dihedral angle ¢ of Styryl-PTZ (see gure 4.4 for a representation). This approximation of PES exploration shows that around the minimum, the energy is not greatly impacted by slight angle modications. This suggests an oscillation of this angle due to thermal agitation at RT.

Figure 4 . 10 :

 410 Figure 4.10: Rigid scan of the ¢ dihedral angle with 5°steps at the S H .

Figure 4 .

 4 Figure 4.11: DMAC-T-Ph experimental UV-Vis absorption (plain black) and emission spectra at 298 (plain blue) and 77K (dotted black) (left) in Toluene and emission spectrum in PMMA (right)

Figure 4 . 12 :Figure 4 .

 4124 Figure 4.12: NTO regarding the rst and second triplet states for DMAC-Ph. (isovalue = 0.02 e /au Q )

Figure 4 .Figure 4 . 13 :

 4413 Figure 4.13 illustrates triplet states NTO of QE Styryl-DMAC. The T P state exhibits a transition with signicant CT topology, similar to the S I NTO, explaining the low SOCME.Styryl-PXZ (gure 4.17) presents a similar QE T I nature. QA Styryl-PXZ and Styryl-

Figure 4 . 14 :

 414 Figure 4.14: Absorption spectra (black), emission spectra at 298K (blue) and at 77K (dotted black) in toluene (left) and n-heptane (center), emission spectra in PMMA at 298K (plain red) and 77K (dotted red) (right) for DMAC (a), PXZ (b) and PTZ (c).

Figure 4 . 15 :

 415 Figure 4.15: Absorption spectra (black), emission spectra at 298K (blue) and at 77K (dotted black) in toluene (left) and n-heptane (center), emission spectra in PMMA at 298K (right) for the whole series of quinazoline-based molecule.
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 416417418421422423 Figure 4.16: NTO of Styryl-DMAC, in all states and conformers. (isovalue = 0.02 e /au Q )

Figure 5 . 1 :

 51 Figure 5.1: Schematic representation of a case where harmonic approximation holds (left) and where it does not (right), highlighting the dierences in the calculation of transition energies. The reorganisation energies E reorg and the adiabatic energy dierence ¡E AD are also dened.

Figure 5 . 2 :Figure 5 . 3

 5253 Figure 5.2: Comparison of calculated spectra obtained with the AH model, using a Voigt broadening function (HWHM gaussian = 0.02 eV, HWHM Lorentz = IH T eV), and experimental spectra reproduced from reference[21] 

Figure 5 .Figure 5 . 3 :

 553 Figure 5.4 represents the impact on the k IC of the width of both Lorentzian and Gaussian functions. It appears that for all three molecules, their inuence is negligible with variations of around 10 I s I , several orders of magnitude less than the calculated rate constant. The

1 Figure 5 . 4 :

 154 Figure 5.4: Values of k IC constants obtained using the AH model at ¡E AD , with a Voigt broadening function, at dierent HWHM Gaussian and HWHM lorentz value.

Figure 5 . 5 :Figure 5 . 6 :

 5556 Figure 5.5: Comparison of the calculations of k IC between AH and VH models for varying values of HWHM Lorentz using a Voigt broadening function with HWHM Gauss = 0.02 eV

Figure 5 .

 5 Figure 5.6 shows the calculated k IC as a function of the adiabatic energy dierences

Figure 5 . 8 :

 58 Figure 5.8: Scan of the N N bond length of Pyridazine, zoomed on the minimum region.

Figure 5 . 9 :

 59 Figure 5.9: Calculated values of k r , k IC and f l at dierent values of ¡E AD for Pyrimidine, Pyrazine and Pyridazine. E(DFT) is the ¡E AD calculated at the TD-DFT level, compared

Figure 5 . 10 :Figure 5 .

 5105 Figure 5.10: Series of uorophores studied in this work

Figure 5 . 11 :

 511 Figure 5.11: Comparison of vertical excitation and de-excitation energies between TD-DFT (!B97X-D/6-311+G(d,p)) and harmonic calculations using the AH model (Molecule 6 is not represented)

Figure 5

 5 Figure 5.12: RMSD of the geometries between the S H and S I state. The grey dashed

Figure 5 . 13 :

 513 Figure 5.13: Planarization of compound 6 between the S H and S I states, in gas phase (!B97X-D/6-311+G(d,p))

Figure 5 . 14 :

 514 Figure 5.14: Comparison of the TD-DFT and harmonic reorganisation energies E reorg for the S H (top) and S I states (bottom), in eV. 3 and 6 are not represented on the gures

Figure 5 .

 5 Figure 5.15 presents k IC values calculated for dierent HWHM Lorentz in a Voigt-shaped broadening, compared between the AH and VH PES model. All three compounds present no dependency on the broadening function width. Between the AH and VH models, 1 and 7 show an increase of the k IC values of nearly half an order of magnitude going from VH

Figure 5 . 16 :

 516 Figure 5.16: Representation of k IC in function of the adiabatic energy E AD , for compounds 1, 6 and 7.

Figure 5 .Figure 5 . 17 :

 5517 Figure 5.19 represents the vibrationally dened spectra of both derivatives for excitation

Table 5 . 5 : 8 1-NH 2 R

 5582 Values of k r and k IC for compounds 1-NMe 2 and 1-NH 2 calculated using the AH model with a Voigt broadening function with HWHM gaussian = 0.02 eV and HWHM Lorentz = 1.10 T eV. k r (s I ) k IC (s I ) ¨f l (%) 1-NMe 2 Q:TV ¢ IH V R:HQ ¢ IH W :TQ ¢ IH V I:RQ ¢ IH V

Figure 5 . 18 : 2 Figure 5 . 19 :5. 3 . 7

 518251937 Figure 5.18: HR factors and reorganisation energies of each vibrational mode at the ES for 1-NMe 2 and 1-NH 2

Figure 6 . 1 :

 61 Figure 6.1: Series of molecule studied in this chapter, representing the Pyrazine family (blue), the Quinazoline family (red), the Pyrazine family (yellow), the Quinoxaline family (purple), the Styryl family (green) and the diazine family (grey).

Figure 6 .

 6 Figure 6.2 presents the topology of the HOMO-1, HOMO and LUMO orbitals presented in DFTB2, LC-DFTB2 (base ), PBE, LC-PBE, !B97X-D and CC2 methods for uorophore 1a, at their optimised geometries. These three orbitals are the ones involved in the lowenergy electronic transitions. The observation is the same in every tight-binding method,

Figure 6 . 2 :Figure 6 . 3 :

 6263 Figure 6.2: Frontier Molecular Orbitals of compounds 1a calculated in DFTB2, LC-DFTB2 (base), PBE, LC-PBE, !B97X-D and CC2. (isovalue = 0.02 e /au Q )

Figure 6 .

 6 Figure 6.4 summarizes corresponding data computed at the GS minimum obtained for each level of theory. This leads DFTB2 to obtain qualitatively similar results as when using CC2 geometries, each time underestimating the transition energies of the wavefunction-based method. The sole exception is for the styrylpyrimidine where it results in slightly larger energies. It also closely follows the PBE results, as seen in table 6.5.

Figure 6 . 4 :

 64 Figure 6.4: First non-zero (f > 0.1) excitation energies at the CC2 geometry (top) and rst non-zero excitation energies at the geometry optimized with each method (bottom).

Figure 6 .

 6 Figure 6.5 represents the dierence of BLA between the GS and ES ¡BLA. For all molecules, CC2 displays a diminution of the BLA between -0.05 and -0.08 Å. For the

Figure 6 . 5 :

 65 Figure 6.5: ¡BLA (top) and ¢ dihedral angle (bottom) for all methods at the ES.

Figure 6 . 6 :

 66 Figure 6.6: De-excitation energies from the rst ES for all uorophores.

  the correct GS ¢ angles with respect to CC2, with the exception of the phenylthiophene/PXZ/PTZ groups. It is also the tight-binding method obtaining the closest GS BLA to CC2, outperforming any DFT reference. xTB: xTB recovers similar results to DFTB2 for the GS BLA, close to the PBE level of theory.xTB obtains qualitatively correct ¢ dihedral angles, apart from 1i (phenylthiophene linker), and the PXZ/PTZ groups.In general, DFTB2 performs mostly in a similar manner than PBE. The discrepancies with CC2 may then be linked not to the tight-binding formulation, but to the GGA parametrization. The same is said for LC-DFTB2, which is often similar to LC-PBE. Regarding the GS geometry, the methods obtaining the best results are either xTB or LC-rep (due to the recovering of the planar/non-planar character of the push-pull uorophores). For the excitations, LC-rep gives the closest results to CC2, with a mean deviation of 0.53 eV, considering the rst transition of the same nature as the wavefunction method. Despite a lowest energy transition found of the wrong nature for the push-pull diazines, UV/vis spectra should be correctly obtained. Some chemical structures are less correctly described by semi-empirical methods i.e. biphenyl, phenylthiophene, phenoxazine and phenothiazine groups. These groups show large reorganizational freedom and should be treated carefully. The underestimation of the transition energies by the local methods (DFTB2, DFTB3, xTB) may be inputted, as suggested by some authors, to the SIE which is not corrected without range-separation.7,2224 The estimation of ES properties for this family of uorophores seems at the moment out of reach of all tight-binding methodologies, as range-corrected methods do not recover the correct state and DFTB2 hardly recovers the qualitative trend of the CC2 reference on each property apart from the ¢ angle.
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 676869610 Figure 6.7: Set of molecule studied in the benchmark, along with the bond used in the BLA calculations in red, and the atoms forming the ¢ dihedral angle IPQR
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 611612 Figure 6.11: Values of the D-A dihedral angle for all methods obtained at the lowest energy ES

Titre:

  Propriétés photophysiques de fluorophores à base de diazines : Évaluation critique des méthodes de mécanique quantique allant de la Théorie de la Fonctionnelle de Densité semi-empirique à des approches basées sur la fonction d'onde Mots clés : fluorophores à base de diazines, photophysique, Fluorescence Retardée Activée Thermiquement (TADF), OLED, quantum chemistry Résumé : Le développement de composés fluorophores organiques est un axe essentiel de recherche pour l'obtention de nouveaux dispositifs émetteurs tels que les OLEDs. En particulier, les fluorophores à base de diazines (pyrimidine, pyrazine, pyridazine) sont des systèmes prometteurs en tant que nouvelles molécules émissives. Pour des applications tel que la fabrication d'OLEDs blanches (WOLED) ou d'OLEDs de troisième génération (OLEDs TADF), l'outil théorique permet l'apport d'une compréhension des propriétés optiques de ces composés, et une rationalisation des mesures expérimentales. Dans ce travail de thèse sont discutées les propriétés optiques de fluorophores diaziniques, au travers de l'utilisation d'une variété d'outils quantiques, pour différentes applications. Tout d'abord en utilisant la TD-DFT, l'étude de l'impact de la (dé)protonation sur les propriétés d'émission est étudié. Ensuite, afin d'estimer les capacités de présenter de la TADF d'une série de composés, une méthode basée sur la fonction d'onde, le CC2, est exploitée. Dans un troisième temps, un modèle vibronique (considérant les états électroniques et vibrationnels) sera évalué quant à sa pertinence pour étudier des fluorophores diaziniques. Enfin, les performances d'une méthode semiempirique basée sur la DFT : la DFTB, pour obtenir les propriétés optiques sont évaluées. Title: Photophysical properties of diazinic-based fluorophores: Critical assessment of quantum mechanical methods from semi-empirical Density Functional Theory to wavefunction-based approaches Keywords: diazine-based fluorophores, photophysics, Thermally Activated Delayed Fluorescence (TADF), OLED, quantum chemistry Abstract: The development of organic fluorophore is a key area of research for novel emitting devices such as OLEDs. In particular

Figure 1 .

 1 Figure 1. Représentation schématique de la structure générale d'une OLED. HTL : Hole Transporting Layer. ETL : Electron Transporting Layer. EML : Emissive Layer. L'application d'un potentiel électrique génère un trou (+) et un électron (-) qui se recombinent dans la couche émissive, formant un exciton et induisant l'émission.

  . Elle peut également être représentée sur un spectre d'émission comme une bande d'émission couvrant la majeure partie du spectre lumineux visible. Produire cette lumière blanche n'est pas une tâche facile, car les molécules organiques émettent généralement uniquement depuis leur plus bas État Excité, donc à une seule longueur d'onde d'émission. Pour produire de la lumière blanche, l'objectif est d'avoir un spectre d'émission couvrant la majeure partie du spectre visible. Il existe plusieurs stratégies pour parvenir à une telle luminescence, qui seront expliquées dans ce chapitre. Une investigation théorique des propriétés de transition verticale des fluorophores diaziniques en utilisant la Théorie de la Fonctionnelle de la Densité Dépendante du Temps (TD-DFT) sera le point central de ce travail. Dans le chapitre 4, deux séries de fluorophores sont étudiées pour leur application dans les OLED de troisième génération basée sur le TADF. Pour ce faire, une enquête sur le choix de la méthodologie théorique a été menée, conduisant à l'utilisation d'une méthode basée sur la fonction d'onde, suivie d'une étude photophysique des molécules d'intérêt. Cette étude permet d'explorer la faisabilité d'un processus TADF dans les fluorophores diaziniques "push-pull", en étudiant la complexité de l'ensemble des États Excités.

Figure 2 .

 2 Figure 2. Diagramme colorimétrique, avec le domaine de la lumière blanche autour des coordonnées (0,33 ; 0,33), et l'équivalent de la couleur en longueur d'onde (nm) (en bleu).
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Table 2 .

 2 1: Timescale of the various mechanisms that can happen at both GS and ES.

  ¡E AD is the adiabatic energy dierence between the two electronic states. The sign ¦ is dened by the type of transition, C for excitation and for de-excitation. In practice, this function can be replaced by a broadening function to eciently model the spectra (see below).

	The equation written in this form is called the Time-Independent (TI) formalism. The other
	formalism is called the Time-dependent (TD) formalism and, although it is equivalent
	to the TI formulation, it requires less computational eort. It is based on the Fourier
	transform of the equation 2.4 and takes this form:

~! i Z vib is the Boltzmann population for the initial state, a I=k b T , Z vib is the vibrational partition function of the initial state and is the Dirac function ensuring energy conservation.

  1 A P C ¡E ST with x S 1 and x T 1 respectively the minima of energy of the S I and T I states (x being the reaction coordinates). and £ are respectively the reorganization energy and the energetic barrier at the intersection of both PES (see gure 2.8). Then, a E S 1 =T 1 E S 1 =S 1 with E S 1 =T 1 being the energy of the S I state at the T I geometry and E S 1 =S 1 as the energy of the S I state at its minimum. This thermokinetic barrier is thus dened as equation 2.12.

		z a	@¡E ST C A P R	(2.12)
	An Arrhenius-type equation (equation 2.13) can be used to dene the Franck-Condon
	Weighted Density of States (FCWD):		
	SCMT F CW D a	I p Rk b T e	£ k b T	(2.13)
	which is included in the determination of k rISC :
	k rISC a	P ~jh f j H SOC j i ij P ¢ SCMT F CW D

(2.14) 
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  3.2.2 Experimental measurementsExperimental data on the molecular set obtained by our collaborator Sylvain Achelle are presented in this section. Molecules were synthesized by both Sylvain Achelle and Augustin Lenne. Compound 1 was not synthesized with a sucient reaction yield, thus no experimental data are reported.

Table 3 .

 3 1: Experimental absorption and emission maxima of the neutral forms of the diazine-based compounds in toluene, CH 2 Cl 2 and DMSO, along with the E H H in DMSO

		Toluene		CH 2 Cl 2			DMSO	
	2	max abs (nm) max em (nm) max abs (nm) max em (nm) max abs (nm) max em (nm) E H H (eV) 335 421 335 439 353 506 2.98
	3	358	424	358	432	368	467	2.96
	3OMe	388	427	359	439	365	453	3.03
	4	360	472	387	472	399	530	2.70
	5	360	427	360	447	370	478	2.96
	6	393	470	394	495	408	539	2.69
	7	349	417	345	450	365	496	3.02
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 3 

		Neutral	Deprotonated	Protonated	Neutral	Deprotonated	Protonated
	2	353 (22.7)	481	417	506 (0.54)	a	a
	3	368 (20.0)	487	433	467 (0.64)	630 (0.32)	571 (0.094)
	4	399 (23.3)	541	467	530 (0.031)	725 (0.082)	646 (0.040)

2: Absorption ( max abs ) and emission ( max em ) maxima of 2-7 and 3OMe in DMSO, for neutral, protonated and deprotonated forms, along with the corresponding molar absorption coecient " and emission quantum yield ¨em . a No emission detected. b Fluorophores are not signicantly protonated in CSA 10 I solution. c No deprotonation site. Compound max abs [nm] (" [mM I cm I ])

max em

[nm]

(¨e m ).
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  Two implicit solvation models used with TD-DFT are compared: the Linear Response Polarizable Continuum Model (LR-PCM) 35 and the State-Specic PCM (SS-PCM). 3638 LR-PCM applies a linear response scheme to the Polarizable Continuum Model (PCM) to recover the solvent perturbation on excitation. SS-PCM takes into account the dierence between the GS and ES electronic densities. Results in both models are presented in table 3.3.

Table 3 . 3

 33 

		LR-PCM	SS-PCM
	1	4.20/3.16	4.26/3.12
	2	3.83/2.75	3.79/2.83
	3	3.82/2.74	3.75/2.86
	3OMe 3.80/2.72 3.72/2.83
	4	3.60/2.36	3.72/2.57

: Comparison of the calculated values of the excitations/de-excitations energies (in eV) within the LR and SS-PCM (DMSO) formalism for neutral forms of 1-4 and 3OMe, at the !BWUX D=T QII C G@d; pA level of theory.

Both methods recover nearly the same results, with less than 0.1 eV of variation between LR and SS-PCM. However, SS-PCM is signicantly more computationally costly and brings more steps to the calculation. Considering the similarity in the computed energy values, LR-PCM will be used in the following when modelling DMSO solvent. !97X-D displays closer E H H to experience than PBE0, with the Mean Absolute Error (MAE), Mean Signed Error (MSE) and Root Mean Squared Deviation (RMSD) being signicantly smaller than for the standard hybrid functional. As such for the rest of this chapter, all results presented will be obtained using the !B97X-D/6-311+G(d,p) level of

Table 3 .

 3 4: Comparison of the experimental E H H energies (in eV) with calculated values within the LR-PCM (DMSO) formalism for neutral forms of 1-7, along with the Mean Absolute Error (MAE), the Mean Signed Error (MSE) and the Root Mean Squared Devi-

	ation (RMSD), obtained with PBE0 and !B97X-D.	
		PBE0	!B97X-D Exp
	1	3.16	3.54	
	2	2.75	3.12	2.98
	3	2.79	3.05	2.96
	3OMe 2.76	3.03	3.03
	4	2.42	2.70	2.70
	5	2.76	3.04	2.96
	6	2.52	2.88	2.69
	7	2.78	3.15	3.02
	MAE	0.22	0.09	
	MSE	0.34	0.06	
	RMSD	0.23	0.11	
	theory.			
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 3 5: Computed Gibbs free energy dierences ¡G with the corresponding Boltzmann population for the dierent congurations and conformations in their neutral forms

		conformations	¡G (kJ.mol I ) %pop
	1			100
	2	(Z) (E)	22.52 0.00	0 100
	3	A B	0.00 3.99	84 16
	3OMe	A B	0.00 3.99	83 17
	4	(Z) (E)	21.75 0.00	0 100
	5	A B	0.00 4.63	87 13
	6	A B	0.00 5.03	88 12
	7	(Z)	14.16	0
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 3 6: Computed ¢ dihedral angles for S H and S I states for neutral forms, along with the calculated Bond Length Alternation (BLA) values (10 Q ) for the neutral forms.

		¢ S H ¢ S I BLA S H BLA S I
	1	39	3	11.1	2.1
	2	39	18	7.3	1.0
	3	32	0	8.1	0.0
	3OMe 32	0	8.0	-0.1
	4	31	0	7.0	1.2
	5	32	0	9.7	0.1
	6	31	0	8.2	0.0
	7	39	19	7.4	0.8

molecules, BLA are each time closer to zero in the S I than in the S H . This should be seen in conjunction with the reduction of ¢. A planar geometry and a smaller BLA indicate less decoupling between D and A, with a more conjugated S I .
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 3 7: HOMO-LUMO gaps (eV) for all compounds in the neutral form.

				HOMO-LUMO gaps (eV)	
		1		7.74		
		2		7.13		
		3		7.27		
		3OMe	7.22		
		4		6.77		
		5		7.26		
		6		6.86		
		7		7.15		
	Table 3.8: Excitation and de-excitation energies in eV (nm) with the associated oscillator
	strengths and Stokes shifts for the neutral forms		
		E S 0 3S 1 f S 0 3S 1 E S 1 3S 0 f S 1 3S 0 Stokes shift (cm I )
	1	4.20 (295)	1.14	3.16 (392)	1.60	8400
	2	3.83 (324)	1.54	2.75 (451)	1.84	8700
	3	3.82 (324)	0.98	2.74 (452)	1.25	8700
	3OMe 3.80 (326) 1.03 2.72 (456) 1.31	8700
	4	3.60 (344)	1.24	2.36 (525)	1.65	10000
	5	3.81 (325)	0.96	2.73 (454)	1.23	8700
	6	3.55 (349)	1.01	2.59 (479)	1.36	7800
	7	3.90 (318)	1.60	2.76 (449)	1.85	8800

Table 3 .

 3 9: Quantity of charge transfer (Q CT (e)) and distance of charge transfer (D CT (Å)) upon excitations and de-excitations for the neutral forms.

		Q S 0 3S 1 CT	D S 0 3S 1 CT	Q S 1 3S 0 CT	D	S 1 3S 0 CT
	1	0.56	3.32	0.51	3.10
	2	0.51	3.06	0.49	3.07
	3	0.54	2.79	0.48	2.46
	3OMe 0.55	2.87	0.49	2.56
	4	0.53	3.10	0.49	2.81
	5	0.52	2.50	0.47	2.25
	6	0.56	2.70	0.51	2.57
	7	0.47	2.55	0.45	2.60
	excited state) diminishes the CT.			

Q CT and D CT are consequently slightly lower, by ca. 0.05 e for the former, and by 0.4 Å for the latter.

Table 3 .

 3 

	PCM (DMSO))			
		N I (%) N Q /N R (%) ¡G
	1	2 (2.3)	98	2.3
	2	0 (3.3)	100	3.3
	3	0 (5.0)	100	5.0
	3OMe 0 (4.9)	100	4.9
	4	1 (2.3)	99	2.3
	5	1 (1.6)	93	1.6
	6	2 (2.2)	98	2.2
	7	11 (1.2)	89	1.2

10: Boltzmann Populations (298K) between the two potential protonation sites along with ¡G values for the least stable site in kcal.mol I (!B97X-D/6-311+G(d,p)/LR-

Table 3 .

 3 11: HOMO-LUMO gaps (eV) for all compounds in (de)protonated forms, com-

	pared to the neutral forms			
		Protonated	¡ Protonated Deprotonated ¡ Deprotonated
	1	6.62	-1.12	6.32	-1.42
	2	6.27	-0.86	5.87	-1.26
	3	6.41	-0.86	6.27	-1.00
	3OMe	6.35	-0.87		
	4	5.98	-0.79	5.71	-1.06
	5	6.30	-0.96	6.13	-1.13
	6	6.00	-0.86	5.69	-1.17
	7	6.34	-0.81	6.01	-1.14

Table 3 .

 3 

			protonated			deprotonated	
		¢ S H ¢ S I BLA S H BLA S I ¢ S H ¢ S I BLA S H BLA S I
	1	38	5	9.0	1.4	31	4	5.7	-3.5
	2	38	17	5.1	0.0	31	3	3.1	-4.0
	3	30	0	4.7	-0.4	21	0	2.1	-5.9
	3OMe 29	0	3.6	-0.7				
	4	30	0	4.3	0.0	22	0	2.5	-4.2
	5	31	0	6.9	2.1	22	0	-3.9	-5.6
	6	28	0	4.2	0.1	20	0	2.4	-7.9
	7	38	17	4.9	-0.4	31	2	3.3	-3.3

12:

Computed ¢ dihedral angles (°) and BLA (10 Q Å) values for the (de)protonated forms of the series, at both S H and S I states.

Table 3 .

 3 13: Excitation and de-excitation energies (in eV) with the associated oscillator strengths and Stokes shift for (de)protonated forms. The shift of the energies with respect to the neutral forms is also presented, noted ¡E neutral .

		E S 0 3S 1 ¡E neutral S 0 3S 1 f S 0 3S 1 E S 1 3S 0 ¡E neutral S 1 3S 0 f S 1 3S 0 Stokes shift (cm I )
					protonated form	
	1	3.70	-0.50	1.07	2.74	-0.42	1.82
	2	3.31	-0.52	1.51	2.40	-0.35	1.95
	3	3.25	-0.57	1.05	2.46	-0.28	1.41
	3OMe	3.22	-0.58	1.10	2.43	-0.29	1.47
	4	2.92	-0.68	1.45	2.10	-0.26	1.82
	5	3.28	-0.53	0.58	2.43	-0.30	0.91
	6	2.90	-0.65	1.23	2.20	-0.39	1.57
	7	3.30	-0.60	1.51	2.37	-0.39	1.96
				deprotonated form	
	1	3.53	-0.67	1.10	2.57	-0.59	1.79
	2	3.24	-0.69	1.48	2.17	-0.58	2.15
	3	3.07	-0.75	1.05	2.25	-0.50	1.47
	4	2.88	-0.72	1.39	1.89	-0.47	1.87
	5	3.15	-0.66	1.03	2.26	-0.47	1.43
	6	2.92	-0.63	1.12	2.10	-0.49	1.56
	7	3.34	-0.56	1.52	2.25	-0.51	2.15

Table 3 .

 3 14: Quantity of charge transfer (Q CT (e)) and distance of charge transfer (D CT (Å)) upon excitations and de-excitations for (de)protonated forms, along with the dier-

	ence to the neutral form ¡Q neutral CT	/¡D neutral CT	.		
			Protonated				Deprotonated
						S H 3 S I	
		Q CT ¡Q neutral CT	D CT ¡D neutral CT	Q CT ¡Q neutral CT	D CT ¡D neutral CT
	1	0.72	0.16	4.25	0.93	0.79	0.23	4.62	1.30
	2	0.65	0.14	4.10	1.04	0.75	0.24	5.18	2.12
	3	0.63	0.09	3.51	0.72	0.72	0.18	4.10	1.31
	3OMe 0.65	0.10	3.59	0.72		
	4	0.64	0.11	3.87	0.77	0.62	0.09	3.73	0.63
	5	0.73	0.21	3.78	1.28	0.70	0.18	4.07	1.57
	6	0.63	0.07	3.26	0.56	0.76	0.20	4.40	1.70
	7	0.63	0.16	4.00	1.45	0.72	0.25	4.97	2.42
						S I 3 S H	
	1	0.63	0.12	3.89	0.79	0.67	0.16	4.01	0.91
	2	0.59	0.10	3.82	0.75	0.69	0.18	4.56	1.49
	3	0.54	0.06	2.96	0.50	0.60	0.12	3.20	0.74
	3OMe 0.56	0.07	3.04	0.48		
	4	0.54	0.05	3.02	0.21	0.62	0.13	3.73	0.92
	5	0.67	0.20	3.78	1.53	0.60	0.13	3.30	1.05
	6	0.57	0.06	2.90	0.33	0.65	0.14	3.68	1.11
	7	0.58	0.13	3.74	1.14	0.67	0.22	4.54	1.94
	Table								

Table 3 .

 3 16: pK a calculated in DMSO for the protonation site (N), considering a proton only reproduce the dielectric interactions with the solute. While it can recover some eects such as solvatochromism, other eects like hydrogen bonding or steric hindrance are not reproduced. DMSO, which is polar and can accept hydrogen bonds, will be greatly approximated with an implicit model.

	exchange reaction with pyridine. (M06-2X/SMD (DMSO))
		pK a (N)
	1	6.7
	2	6.3
	3	6.3
	3OMe	16.9
	4	5.9
	5	15.8
	6	10.7
	implicit solvent models	

Table 3 .

 3 17: Statistical metrics obtained from the benchmark of pK a calculations conducted on a set of 45 molecules, compared to experimental data. Adapted from reference[47].

		Fully implicit solvent	1 explicit molecule	3 explicit molecules
	Mean Signed Error	7.77	4.53	-0.11
	Mean Absolute Error	7.77	4.53	0.43
	Standard Deviation	1.58	1.13	0.50

Table 3 .

 3 18: S H electric dipole moments H H , S I electric dipole moments I I , S H to S I transition electric dipole moments H I , S I to S H transition electric dipole moments I H .

	All presented in Debye (D)				
		H H H I I I I H
			neutral	
	1	5.45	8.23	13.91	11.54
	2	5.44	10.31	13.95	13.29
	3	6.42	8.23	12.97	10.99
	3OMe	6.64	8.46	13.98	11.27
	4	6.62	9.52	15.06	13.56
	5	3.11	8.14	9.39	10.89
	6	2.99	8.66	9.86	9.65
	7	2.34	10.39	9.13	13.29
			protonated	
	1	22.85	8.75	7.44	12.60
	2	27.62	10.96	11.82	14.64
	3	19.60	9.25	8.24	12.28
	3OMe	19.65	9.49	8.66	12.62
	4	24.73	11.45	11.28	15.11
	5	21.84	6.84	9.84	9.94
	6	9.42	17.33	5.40	13.72
	7	21.39	10.98	8.33	14.77
			deprotonated	
	1	22.92	9.06	5.12	13.53
	2	27.14	10.98	4.75	16.15
	3	21.62	9.51	8.71	13.12
	4	25.78	11.26	7.88	16.23
	5	22.44	9.27	8.42	12.91
	6	27.00	10.04	10.24	13.99
	7	28.97	10.97	8.19	15.86

Table 4 .

 4 

	B3LYP	PBE0	BMK	M06-2X	M06-HF	!B97X-D Exp.
	¡E ST (eV) 0.132 0.318 0.532 0.584	0.647	0.900	0.111
	em (nm) 522	486	409	380	383	375	525

1: Values of ¡E ST and emission wavelength calculated with various functional, compared to experimental results. Adapted from reference

[48]

.

  50,51 Calculations are performed in the gas phase as no implementation of implicit solvation schemes is available for SCS-CC2 calculations. TD-DFT is used for the SOCME calculations as it is not yet implemented with the CC2 method.

Table 4 .

 4 DMAC and Styryl-PXZ presents ¡G values of respectively 7.72 and 9.65 kJ/mol between the two conformers, leading to a nearly 100% population of QE at 298K. Styryl-PTZ, DMAC-Ph, DMAC-T-Ph and PTZ-T-Ph are much more balanced between both conformations with ¡G inferior to 2

2 contains the calculated ¡G between both conformers at the GS. For the methoxy derivatives DMAC-OMe and PXZ-OMe, no QA minimum was found and the stable conformation corresponds to the QE conformation. For all other uorophores, both conformers lead to a minimun that can be optimized. Styryl-

Table 4 .

 4 2: Gibbs free energy dierence ¡G between the QE and QA conformers at the GS, along with the respective Boltzmann population of the most stable one. Values reported are each time relative to the minimum, which is in each case the QE conformer.

		¡G (kJ/mol) % Boltzmann
	Styryl-DMAC	7.72	96
	Styryl-PXZ	9.65	99
	Styryl-PTZ	0.10	57
	DMAC-Ph	1.28	63
	DMAC-T-Ph	0.17	52
	PTZ-T-Ph	0.85	58
	DMAC-OMe PXZ-OMe	No minimum found
	4.4 Vertical photophysical properties	
	4.4.1 Excitation properties		
	Table		

Table 4 .

 4 3: Excitation properties from the S H for all compounds, with the energy (wave- length) of the transition in eV (nm), the oscillator strengths f and the state reached by

	the excitation.						
			QE			QA	
		E	f	States	E	f	States
	Styryl-DMAC	3.07 (404) 4.18 (297)	0 1.38	S I S S	3.39 (366)	1.35	S I
	Styryl-PXZ	3.33 (372) 4.20 (295)	0 1.26	S I S T	3.58 (346)	1.27	S I
	Styryl-PTZ	3.31 (374) 4.19 (296)	0 1.19	S I S T	3.63 (341)	1.29	S I
	DMAC-Ph	3.67 (338) 4.60 (269)	0 0.25	S I S U	3.63 (341)	0.43	S I
	DMAC-T-Ph	3.70 (335) 3.89 (319)	0 0.13	S I S P	3.30 (376)	0.54	S I
	PTZ-T-Ph	3.90 (317) 4.35 (285)	0.12 0.71	S I S T	3.42 (362)	0.39	S I
	DMAC-OMe	3.76 (330) 4.60 (269)	0 0.35	S I S S			
	PXZ-OMe	3.78 (328) 4.30 (288)	0 0.14	S I S Q			

Table 4 .

 4 4: Energy in eV (nm) and oscillator strengths of the de-excitation from the S I state, for all compounds in their QE and QA conformers.

		QE		QA	
		E	f	E	f
	Styryl-DMAC 2.64 (470) 0.00 3.01 (412) 1.49
	Styryl-PXZ	2.27 (546)	0.00	3.05 (406)	1.37
	Styryl-PTZ	2.31 (537)	0.00	2.98 (416)	1.46
	DMAC-Ph	2.80 (443)	0.00	3.02 (410)	0.20
	DMAC-T-Ph 2.85 (435) 0.01 2.61 (475) 0.18
	PTZ-T-Ph	2.60 (477)	0.06	2.64 (470)	0.17
	DMAC-OMe 3.25 (381) 0.24		
	PXZ-OMe	2.98 (416)	0.21		

Table 4 .

 4 4 reports all calculated energies and oscillator strengths of the S I 3

S H deexcitations. Considering rst the QE conformations, all molecules except the two OMe substituted quinazolines show weak transitions with f < 0.1. The calculated values of f of 0.24 and 0.21 respectively for DMAC-OMe and PXZ-OMe suggest a more probable emission than for the other uorophores. Styrylpyrimidines have de-excitation between 2.27 eV (Styryl-PXZ) and 2.64 eV (Styryl-DMAC), while the ve quinazolines have transitions ranging from 3.67 eV (DMAC-Ph) to 3.90 eV (PTZ-T-Ph).

Table 4

 4 

	.5: Excitation properties calculated by varying the ¢ dihedral angle between the
	donor and acceptor moieties relative to its minimum geometry, presenting the lowest energy
	transition along with the following non-zero (f > 0.1) transitions.
		¢ (°)	E (eV)	f	States
			.05 (406)	0.11	S I
		4.10 (302) -15°3 4.21 (294)	0.12 1.16	S Q S R
	Styryl-DMAC		4.39 (282)	0.25	S S
			.05 (406)	0.08	S I
		4.10 (302) +15°3 4.20 (295)	0.11 1.20	S Q S R
			4.39 (282)	0.53	S S
			.10 (400)	0.17	S I
		-15°3 4.13 (300)	0.11	S R
	Styryl-PXZ		4.24 (292)	1.13	S S
			.10 (400)	0.07	S I
		+15°3 4.16 (298)	0.13	S R
			4.21 (294)	1.15	S S
	Styryl-PTZ	.28 (378) -15°3 4.17 (297)	0.01 0.23	S I S R
		.28 (378) +15°3 4.17 (297)	0.01 0.28	S I S R
	Proceeding with the phenyl substituted quinazoline derivatives, experimental spectra of
	DMAC-T-Ph are presented in gure 4.11. DMAC-Ph and PTZ-T-Ph are exhibiting
	similar behaviours, their spectra are presented in gure 4.15 in the appendix of this chap-

ter. Experimental absorption spectra are dicult to interpret as solvent absorption hides most of the spectra in the near UV region. On the emission spectra recorded at RT, an intense band at lower energies is present. At higher energies, smaller contributions are seen, especially visible in Toluene. These dierent contributions could once again suggest the coexistence of the two conformers. At 77K, several transitions are measured with

Table 4 .

 4 6: Calculated ¡E ST between S I and T I (noted ¡E S 1 T 1 ) and between S I and T P (noted ¡E S 1 T 2 ), along with the corresponding SOCME obtained at the optimized triplet geometry (¡E ST obtained at the SCS-CC/def2-tZVP level, SOCME obtained using the M06-2X/TZVP level of theory).

		Conf.	¡E S 1 T 1 (eV) ¡E S 1 T 2 (eV) SOCME T 1 S 1 (cm I ) SOCME T 2 S 1 (cm I )
	Styryl-DMAC	QE QA	0.49 0.89	0.02	0.18 0.06	0.05
	Styryl-PXZ	QE QA	0.33 0.90		0.62 0.13	
	Styryl-PTZ	QE QA	0.35 0.92	0.00	0.72 0.15	
	DMAC-Ph	QE QA	0.69 0.66	0.07 0.02	1.52 0.42	0.54 0.40
	DMAC-T-PH	QE QA	0.89 0.58	0.29 0.01	0.78 0.83	2.19 0.48
	PTZ-T-Ph	QE QA	0.62 0.60	0.22 0.01	0.51 0.81	1.42 0.47
	DMAC-OMe	QE QA	0.56	0.01	0.40	1.35
	PXZ-OMe	QE QA	0.38	0.11	0.05	0.60
	however shows splitting ranging between 0.58 eV (DMAC-T-Ph) and 0.66 eV (DMAC-
	Ph).					

  All SOCME T 1 S 1 for QE conformers except DMAC-Ph are inferior to 1 cm I . QA conformers presents smaller values in the styrylpyrimidines SOCME T 1 S 1 in the than in the other conformers, around 0.06 cm I for Styryl-DMAC and 0.15 cm I for Styryl-PTZ. Quinazolines show slightly larger DMAC-T-Ph QA SOCME T 1 S 1 than in the QE conformers at 0.83 cm I and 0.81 cm I respectively, while DMAC-Ph exhibit a coupling of 0.42 cm I . ¡E S 1 T 2 was also investigated for QE Styryl-DMAC and Styryl-PTZ in the styryl deriva-

	tives and in all quinazolines. ¡E S 1 T 2 2 is smaller than the corresponding ¡E S 1 T 1 , below
	0.1 eV for the three styrylpyrimidine derivatives, DMAC-Ph and DMAC-OMe in all con-
	formers. QE DMAC-T-Ph, PTZ-T-Ph and PXZ-OMe are displaying dierences of 0.29,
	0.22 and 0.11 eV, respectively.

Computed SOCME T 2 S 1 are in the same order of magnitude as the SOCME T 1 S 1 . Styryl-DMAC stands out with the lowest coupling at 0.05 cm I , while other molecules are ranging between 0.40 cm I (QA DMAC-Ph) and 2.19 cm I (QE DMAC-T-Ph). Every QA conformers showed smaller SOCME T 2 S 1 than the QE.

Table 4 .

 4 7: k rISC values for the styrylpyrimidine derivatives using SCMT. As for the quinazolines, delayed uorescence has been measured for DMAC-T-Ph and PTZ-T-Ph with of 7.48 s and 1.63 s in PMMA. What distinguishes these two molecules is their SOCME T 2 S 1 of 1.42 cm I and 2.19 cm I in the QE conformation, which are the largest computed values in the series of uorophores investigated in this chapter. This coupling, along with the suciently small ¡E S 1 T 2 of 0.29 and 0.22 eV can give rise to rISC from the second triplet state, providing TADF.In the quinazolines sub-series, rISC from the T I seems unlikely due to the large ¡E ST . DMAC-OMe possess a sucient SOCME T 2 S 1 and small ¡E S 1 T 2 , but showed no TADF experimentally. This indicates that the methodology implemented here has not reached a predictive power. Possible reasons are either the lack of solvent model in our calculations, altering ¡E ST and SOCME or de-excitations pathways that are not taken into account, such as IC from T P to T I , in competition with a rISC process.

	Styryl-DMAC	Styryl-PXZ	Styryl-PTZ
	k rISC (s I ) P:WW ¢ IH T I:RR ¢ IH R V:TQ ¢ IH P
	Fluorescence lifetimes have been experimentally measured. In the styrylpyrimidines se-

ries, none of the three uorophores presented delayed uorescence at RT, with a maximum of 11.2 ns in PMMA for Styryl-DMAC, which is far too fast for a TADF process, typically at the microsecond scale. The styrylpyrimidines all show a small coupling with both triplets and large ¡E ST in both conformers, explaining the absence of delayed uores-cence experimentally. 4.6 Structure-properties relationships 4.6.1 Eect of the donating group

Table 4 .

 4 8:Photophysical data in solution and in the PMMA matrix for Styryl-DMAC/PXZ/PTZ. abs is the maximum absorption wavelength, em is the maximum emission wavelength, is the molar absorption coecient. Fluorescence quantum yield

	Stavrou, C.P. Marian and

through numerous singlet and triplet states. The experimental work provided values of ¡E ST and measurements of lifetimes, and led to the fabrication of OLED devices. Having experimental ¡E ST would make it possible to rene the theoretical protocol.

Table 4 .

 4 9: Experimental data for the quinazoline-based series. Values in parenthesis are taken at 77K, and values between brackets are phosphorescence measurements with 0.1 ms of delay.

	Dye	Solvent	abs (nm)	.10 Q (M I .cm I )	em (nm)	¨f l	
		toluene	385	2.2	477 (438)	0.13	7.5 ns
		heptane	386	1.8	426 (449)	0.21	3.1 ns
	DMAC-PH	MeTHF PMMA	383 370	4.3	545 (457/515/555/603) [473/652] 457 (418/466) [525]	0.03	10.2 ns (8.2 s) 55 ns/ 9.9 ns/ 1.7 ns (4.31 s)
		toluene	369	2.0	459 (426)	0.15	
		heptane	368	2.2	430 (425)	0.16	
	DMAC-OMe	MeTHF PMMA	370 360	3.8	504 (454/563) [437/553] 425 (382/418/446/466) [484]	0.06	6.8 ns (9.5 s) 54.2 ns/6.3 ns/1.0 ns (5.89 s)
		toluene	390	1.7	515 (447/491/525)	0.24	
		heptane	393	4.4	460 (454/495/536)	0.10	
	PXZ-OMe	MeTHF	386	3.1	551 (512) [445/582]	0.06	8.1 ns (7.8 s)
		PMMA	360		484		
		toluene	370	4.0	431 (487/549/580)	0.35	6.5 ns
		heptane	383	1.6	491 (488/573)	0.20	4.6 ns
	PTZ-T-PH						
		MeTHF	361	6.3	563 (464/608) [453/553/587]	0.08	4.5 ns (52.7 ns/ 6.1 ns)
		PMMA	360		415/466 (381/415/440/466) [558]		1.63 s (52.5 ns/ 8.9 ns/ 15 ns)
		toluene	404	4.8	525 (486/568)	0.06	0
		heptane	396	5.8	483 (511)	0.09	
	DMAC-T-Ph						
		MeTHF	367	8.5	555 (486/530/575/626) [559]	0.02	2.1 ns/ 4.0 ns (7.8 ns)
		PMMA	360		404/467 (385/414/440/467) [572]		7.48 s (4.1 ns/ 8.5 ns/ 15.7 ns)

Table 5 .

 5 1: Transition energies for Pyrimidine, Pyrazine and Pyridazine, presented in eV,

	comparing experimental energies, 21 vertical TD-DFT and CC2 energies, and energies ob-
	tained on harmonic PES.						
		E Exp abs E Exp em E CCP S 0 3S 1 E CCP S 1 3S 0 E T D DF T S 0 3S 1	E Harm S 0 3S 1 E T D DF T S 1 3S 0	E Harm S 1 3S 0
	Pyrimidine	4.32	3.34	4.61	3.63	4.37	4.40	3.36	3.35
	Pyrazine	3.91	3.60	4.34	3.99	4.00	4.01	3.65	3.64
	Pyridazine	3.58	2.97	4.05	2.62	3.58	4.34	2.17	2.28

Table 5 .

 5 

	2: ¡E AD (calculated) values obtained using both DFT and CC2 methodologies
		Pyrimidine	Pyrazine	Pyridazine
	DFT	3.93	3.88	3.15
	CC2	4.15	4.21	3.61

Table 5 .

 5 3: Measured uorescence quantum yields in toluene.

	1	2	3	4	5	6	7	8	1-NH 2
	¨em (%) 6 26 2 6 49 69 81	0

  I ) I:SI ¢ IH W I:UR ¢ IH IH W:UW ¢ IH IH Dierences in the shape of the proles are observed, with a decrease in k IC that is slower for 6 than for the other two. Still for the compound 6, a zero value of the rate constant is obtained for small ¡E AD . Compared to the proles of the diazines in gure 5.6, 6 shows a prole similar to pyridazine, which was not correctly described by the vibronic models.

	10 11	10 11	1	6	7
	k IC (s 1 )	10 7 10 9			
	10 8 Figure 5.15: Computed k IC for compounds 1 and 7, for varying values of lorentzian HWHM, 10 7 10 6 10 5 10 4 10 3 HWHM Lorentz value (eV) 10 10 k IC (s 1 ) k IC 1, AH 10 5 k IC 1, VH k IC 7, AH k IC 7, VH k IC 6, AH k IC 6, VH compared with an adiabatic AH model and a vertical VH model. 5.3.5 Inuence of the Adiabatic Energy dierences on the IC rate constant Figure 5.16 shows the evolution of k IC with respect to ¡E AD . Regarding the dierence between k ¡E AD IC and k max IC , 1, 6 and 7 all three showed values within the threshold of ve 1 2 3 4 5 6 E AD (eV) 0 1 2 3 4 5 6 E AD 0 1 2 3 4 5 6 E AD (eV) orders of magnitude. 0 10 4 10 5 10 6 10 7 10 8 Emission energy Adiabatic Energy
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  3,13 Excitation properties are not yet imple- mented in the linear response Casida formalism for this method. Parametrized at a

	GGA level of theory, as DFTB2.
	xTB: Grimme's tight-binding formulation, where a large part of the periodic table
	is parametrized using the GFN2 method, with the D4 dispersion model included in
	the parametrization. 14 Excitations are not yet implemented with this methodology.

Table 6 .

 6 Now we evaluate the performances of LC-DFTB methods with respect to our CC2 reference data. The four long-range corrected DFTB methods, when compared to CC2, do not follow the same trend obtained by the wavefunction-based method. LC-base /shift /split displays a planar conguration for 1a-4 molecules, while CC2 obtain a non-planar geometry for 1d, 1g, 1h and 3b (with angles of 38, 17, 41 and 35°respectively). These molecules all contain a biphenyl -linker. LC-rep obtains correctly the same planar/non-planar conguration as in CC2. For the styrylpyrimidines, none of the four LC-DFTB2 methods obtains correctly the orthogonal conguration 5a and non-planar geometry of PXZ/TZ in 5b-c. Compared to the two range-separated DFT methods apart from 3b where LC-PBE

	1: RMSD, MAE and MSE of GS BLA compared to CC2 for all methods.
	BLA (Å)	RMSD	MAE	MSE
	DFTB2	0.0085	0.0074	-0.0073
	LC-base	0.0039	0.0026	0.0016
	LC-shift	0.0034	0.0020	0.0010
	LC-split	0.0034	0.0020	0.0012
	LC-rep	0.0202	0.0089	0.0065
	DFTB3	0.0052	0.0042	-0.0035
	xTB	0.0084	0.0071	-0.0068
	PBE	0.0111	0.0096	-0.0095
	LC-PBE	0.0115	0.0101	0.0100
	!B97X-D 0.0081 0.0069 0.0069
	Dihedral angles			
	In gure 6.3 are reported the values of the ¢ dihedral angles, dened in gure 6.7 in the
	appendix of this chapter.			
	First comparing DFTB2 and CC2. DFTB2 correctly recovers the planar/non-planar char-
	acter obtained by CC2, with the exception of 1i and 1j, which presents a phenylthiophene
	moieties in the -conjugated linker (CC2 : 26 and 25°, DFTB2 : 1 and 5 °). For the
	styrylpyrimidines, the PXZ and PTZ are found planar, while CC2 obtains a bent structure
	of the acridan derivative. Comparing DFTB2 and PBE, they obtained signicantly dier-
	ent results on molecules 1i-1k, 3a and the styrylpyrimidines. 1i-1k are found non-planar
	in PBE with angles of 27, 45 and 37°, respectively. These are the three Pyr-A deriva-
	tives containing a phenylthiophene -linker. 3a, also a phenylthiophene, is found planar in
	DFTB2, while non-planar in PBE. For the styrylyrimidines 5a-c, the tight-binding method
	recovers the non-planar PXZ/PTZ and the orthogonal structure of 5a obtained in PBE.

Table 6 .

 6 2: RMSD, MAE and MSE of GS the ¢ dihedral angles compared to CC2 for all

	methods			
	RMSD	MAE	MSE
	DFTB2	17	11	-8
	LC-base	27	18	-20
	LC-shift	27	18	-20
	LC-split	26	18	-20
	LC-rep	16	11	-5
	DFTB3	16	10	-9
	xTB	13	8	-5
	PBE	14	9	1
	LC-PBE	19	12	6
	!B97X-D 14	8	7
	6.3.2 Excited State Properties			
	Excitation from the Ground State			

Table 6 .

 6 3: Topology of the orbitals comprised in the lowest energy excitation, for all

	methods.						
	DFTB2	LC-base	LC-shift	LC-split	LC-rep	PBE	LC-PBE

Table 6 .

 6 4: RMSD, MAE and MSE of the rst allowed transition energies at the CC2 geometry compared to CC2 for all methods (in eV).

		RMSD	MAE	MSE
	DFTB2	0.87	0.80	-0.62
	LC-base	0.65	0.53	0.50
	LC-shift	0.65	0.53	0.49
	LC-split	0.65	0.53	0.49
	LC-rep	0.53	0.38	0.38
	PBE	0.98	0.90	-0.71
	LC-PBE	0.60	0.49	0.49
	!B97X-D 0.27 0.18 0.15
	Table 6.5: RMSD, MAE and MSE of the rst allowed transition energies at the corre-
	sponding relaxed geometries compared to CC2 for all methods
		RMSD	MAE	MSE
	DFTB2	0.97	0.91	-0.82
	LC-base	0.41	0.32	0.03
	LC-shift	0.45	0.35	0.01
	LC-split	0.44	0.35	0.01
	LC-rep	0.59	0.40	0.01
	PBE	1.04	0.97	-0.76
	LC-PBE	0.78	0.71	0.71
	!B97X-D 0.33 0.22 0.20

Table 6 .

 6 6: Nature of the orbitals comprised in the de-excitation from the rst ES to the GS, in the DFTB and DFT methods.

	DFTB2	PBE	LC-PBE

Table 6 . 7
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		RMSD	MAE	MSE
	DFTB2	1.02	0.95	-0.95
	PBE	1.29	1.24	-1.24

: RMSD, MAE and MSE of the de-excitation energies at the corresponding relaxed geometries of the ES compared to CC2.

Table 6 .

 6 8: First intense transition energy calculated in all methods at the CC2 geometries.Red values represent transitions which are not the lowest in energies, supplemented by a forbidden n 3 £ transition (except for the Styryl-orthogonal molecules and Diazines).

		DFTB2	LC-base	LC-shift	LC-split	LC-rep	PBE	LC-PBE	wB97XD	CC2
	1a	3.08	4.11	4.12	4.11	4.04	2.93	4.15	3.87	3.70
	1b	3.14	4.16	4.17	4.16	4.10	2.89	4.22	3.93	3.81
	1c	2.60	3.92	3.92	3.92	3.84	2.38	3.94	3.62	3.50
	1d	2.43	4.05	4.05	4.05	3.97	2.26	4.17	3.85	3.79
	1e	2.21				3.47	2.16	3.58	3.27	3.41
	1f	2.32	3.89	3.89	3.88	3.81	2.17	3.92	3.59	3.67
	1g	3.40	4.80	4.80	4.80	4.71	3.12	4.81	4.46	4.49
	1h	2.95				4.17	2.78	4.29	4.00	4.01
	1i	3.00				4.13	3.04	4.20	3.92	3.92
	1j	2.78				3.74	2.74	3.86	3.58	3.63
	1k	2.88				3.97	2.95	4.02	3.76	3.73
	2a	2.65	3.73	3.73	3.73	3.66	2.59	3.87	3.57	3.46
	2b	2.56	3.98	3.98	3.98	3.91	2.32	4.13	3.82	3.74
	3a	2.93				3.97	2.81	4.02	3.75	3.75
	3b	2.95	4.22	4.21	4.22	4.10	2.81	4.31	4.02	4.07
	4	2.58				3.67	2.47	3.82	3.53	3.50
	5a	3.72	4.48	4.48	4.48	4.40	3.61	4.48	3.67	3.08
	5b	3.68	4.49	4.49	4.49	4.41	3.64	4.49	3.73	3.14
	5c	3.73				4.40	3.63	4.49	3.89	3.31
	Pyrimidine	5.43	6.12	6.12	6.12	5.95	5.56	5.90	5.68	5.22
	Pyrazine	5.11	5.73	5.71	5.72	5.42	5.25	5.46	5.27	4.87
	Quinazoline	4.11	4.89	4.89	4.89	4.76	4.11	4.92	4.61	4.41
	Quinoxaline	3.98	4.85	4.84	4.85	4.67	3.80	4.79	4.51	4.27

It is generally accepted in the literature that ¡E st should be less than 0.2 eV for an ecient rISC process in organic molecules.2327 This rule of thumb for ¡E ST depends on many factors (the intensity of the spin-orbit coupling, the environment (solvent, solid), etc.) and should not

This is critical for the use of vibronic methods, as it tackles the question of the modication of the geometry between both states and the coupling of the vibrational modes.Daniel Escudero (KU Leuven) studied dierent types of systems and properties using those methods. In reference[12], the interest was to study the phosphorescence in iridium complexes, where HR factors were calculated to study the inuence of vibrational modes on the de-excitation processes.

More recently, Escudero's group evaluated the impor- tance of electron-vibration coupling in the process of anti-Kasha emission (emission from a higher-lying ES) in organic systems.

1315 All of these publications present applications to dierent chemical structures that have in common the rigidity of their system, making them ideal cases for the vibronic models. In these studies, they estimated qualitatively photoluminescence quantum yields of a few organic molecules.For the molecules of interest in this chapter, where torsions between dierent groups (Donor, Acceptor, Linker) can often vary between electronic states, the limit of validity of the models remains undiscussed in the literature. To be able to trust the results of the vibronic calculations when studying a new family of systems, one can either rely on experimental rate constant values if available or need to constitute a list of criteria, quantifying the frontier between systems where vibronic methods can be applied, and systems that cannot.
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obtained between the maximum value of k IC , and k IC at the ¡E AD (calculated). k max IC % IH II s I for all three diazines, while k E AD IC is 7.87 ¢IH V s I for pyrimidine, P:TQ ¢ IH IH s I for pyridazine and T:PR ¢ IH U s I for pyrazine.

The evolution of k IC with respect to the adiabatic energy is similar for all three molecules. This evolution follows equation 2.9, in agreement with the exponential energy gap law: k IC G e ¡E . Regarding the dierent widths of the broadening function, which determine how tightly energy conservation is enforced between the two states, there are no clear dierences except for pyrazine at extreme energies where the k IC drops rapidly to zero.

If the energy dierences between the two states are too large, there can be no coupling between the vibrational states, leading to the total extinction of the IC process. The fourth rule is then followed by all three molecules. 12 In all three diazines, the modes in the 500-1300 cm I range are the ones contributing the most to the k IC . However, Pyridazine exhibits one mode, at 1925 cm I , that stands out with a strong HR factor, associated with a large reorganisation energy of 903 meV. This mode corresponds to the N N stretching vibration. while Pyrazine and Pyridazine showed either a signicant variation of k IC between the AH and VH models or dierent values of vertical transition energy between TD-DFT and harmonic PES.

Study of the vibrational normal modes

For push-pull uorophores, the rules were fullled for molecules 1 and 7 but following with a deeper look into 1 and its amino derivative, the experimental ¨f l are nonetheless not recovered qualitatively. On the opposite, 6, expected not to be suited for vibronic calculations due to large geometry reorganisation between the two electronic states, validate three out of the four rules.

Application of vibronic calculations may thus not be done without care, as for even small molecules like diazines, the dened reliability thresholds were not always respected. A thorough understanding of the molecules studied should be the rule, to respect both the criteria of applicability and to be aware of unconsidered mechanisms taking place at the ES. These so-called rules of applicability are also necessary, but as explained surely not sucient, as illustrated for 1-NMe 2 and 1-NH 2 .

Considering the strong dependence of k IC on the calculated value of ¡E AD , the precision of the quantum method used is important. It is also dicult to say whether the rate constants are accurate to less than an order of magnitude. Since ¨f l is a ratio, it is very sensitive to the precision of the constants (see gure 5.9). As a general rule, one can keep in mind that, without experimental references for the rate constants, it is dicult at this stage to know the precision of their calculation.

Due to all these limitations, it is dicult in our case to go beyond the vertical description for diazinic push-pull uorophores, and an accurate calculation of the uorescence quantum yield seems to be out of reach. To extend this study, having experimental references for the rate constants could allow a correct reproduction of the quantum yields. are made using the Gaussian 16 suite, 17 while the CC2 calculations were performed using TURBOMOLE. 18

Series of molecules

All the molecules in this work have been studied in the previous chapters of this thesis and/or were experimentally investigated by our collaborator Sylvain Achelle. They are presented in gure 6.1. In this series of molecules, compounds 1a-1k are push-pull uorophores with pyrimidine accepting group (Pyr-A). Molecules 2a-2b are quinazolinebased push-pull uorophores (Qzl-A). Molecules 3a-3b are based on a pyrazine-accepting group (Pyra-A). 4 possesses a quinoxaline accepting moiety (Qxl-A). Molecules 5a-c are styrylpyrimidine-based push-pull uorophores, studied here in their QE conformations (Styrylpyrimidines). 5b and 5c possess as electron-donor respectively a phenoxazine (PXZ) and phenothiazine (PTZ) groups that will be studied in detail. The Diazines building blocks, pyrimidine, pyrazine, quinazoline and quinoxaline, were also considered in the study.