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[FRA] RÉSUMÉ T out d'abord, nous évoquerons un aperçu général de l'analyse topologique basée sur la densité d'électronique, le trou d'échange-corrélation et la densité de paires.Une fois la densité électronique rappelée, l'analyse topologique de la densité électronique est expliquée, ainsi que la procédure de calcul des points critiques de la densité électronique, le calcul de la matrice hessienne de la densité électronique et la définition des points critiques à la surface. Tous ces outils topologiques permettent de caractériser la nature des liaisons chimiques parallèlement à l'indice basé sur la délocalisation. Afin de comprendre la nature des énergies et des interactions dans les systèmes, l'analyse d'interaction non covalente est expliquée et combinée à l'analyse de décomposition d'énergie. De plus, les états de transition seront étudiés en applicant les orbitales naturelles pour la valence chimique (ETS-NOCV).

Les concepts clés du magnétisme moléculaire sont abordés. Nous nous concentrons sur l'aimantation et la susceptibilité magnétique, les composants diamagnétiques et paramagnétiques provenant de toute réponse magnétique dans les systèmes. Les propriétes de champs magnétiques induits sont étudiés dans le but de comprendre l'aromaticité à travers de deux descripteurs, les déplacements chimiques indépendants du noyau et les densités de courant induit. En annexe à la théorie, l'interaction isotrope dans les composés dinucléaires est introduite pour expliquer et mesurer certaines erreurs trouvées dans la théorie de la fonctionelle de densité (TFD). Les propriétés physico-chimiques d'intérêt sont la structure électronique, la nature des liaisons chimiques et les interactions organométalliques (différenciation entre les métallocènes et les métallabencènes). De plus, la réponse magnétique et l'étude des blocs de construction sont des candidats possibles pour la fabrication de nano-fils ou de nouveaux matériaux magnétiques de basses dimension. Enfin, nous essayons de comprendre l'interaction et les erreurs inhérentes à certaines propriétés calculées théoriquement, comme le couplage isotrope entre métaux par le biais d'unités aromatiques (ou orv ganiques) devenues des molécules de référence importantes pour l'étude des propriétés magnétiques dans les systèmes inorganiques et métaux-organiques.

En ce sens, nous commençons par comprendre la aromaticité, en utilisant des molécules candidates comme blocs de construction de nano-fils, de filtres de spin ou de transporteurs quantiques, en utilisant des ressources théoriques telles que l'analyse de la décomposition de l'énergie (EDA) pour révéler la nature de l'anneau moléculaire.

Les interactions entre les métaux, parallèlement à la théorie du NOCV, pour décrire la charge du flux (densité électronique) et la façon dont la structure électronique est modifiée par ce type de composés montrant une communication possible entre les métaux dans l'empilement des molécules métaux-organique. Ainsi, à la fin de cette thèse, une analyse des barres d'erreur a été proposée.

Nous introduisons le NICS (Nucleus-Independent Chemical Shift) en tant que premier descripteur aromatique, confronté à ces résultats avec le champ magnétique induit B ind trouvant un bon accord entre ces deux descripteurs dans le comportement diatropique et paratropique dans les systèmes. Dans ce groupe de molécules, les métaux de transition jouent un rôle important dans l'amélioration du caractère aromatique du système (analyse de la réponse du champ magnétique induit), corroborée par le deuxième descripteur aromatique, les densités de courant induites.

L'influence des métaux sur les strucctures triple-decker, en sandwich et les pyramidales ont été étudiés à travers l'analyse de décomposition d'énergie (Morokuma-Ziegler), combinées avec l'état de transition élargi -Orbitales Naturelles par Valence Chimie (ETS-NOCV), indiquant que la liaison anneau de benzène-métal a eu une contribution covalente d'environ 60% en raison de l'interaction de liaison entre les orbitales d xz et d yz , d x 2 °y2 et d xy avec l'orbitale p z avec l'orbitale pz respectivement adapté par symétrie dans l'anneau, pour former des interactions de liaison º et ±.

Enfin, une quantité importante de densité électronique entre l'anneau et le métal a été trouvée. Cela joue un rôle clé dans la délocalisation des électrons dans cette zone.

Cette délocalisation électronique a été analysée via des calculs de champ d'induction magnétique et de déplacement chimique indépendant du noyau, en trouvant un motif vi entre les rayons atomiques des métaux et la zone de blindage. En outre, un comportement similaire pour Mo et W, dans l'amélioration de la réponse magnétique diatropique, a été affiché, alors que Cr avait un caractère diatropique légèrement inférieur.

Une fois que le rôle du métal dans le métallocène est clair, nous proposons d'étudier deux nouveaux systèmes: l'un est un complexe métallocène (ou métallabencène) et l'autre où un anneau est composé principalement de métaux de transition.

Dans le premier cas, nous avons pris une molécule (platinabenzéne), jugée aromatique en raison de certaines de ses propriétés physico-chimiques (liaisons chimique, RMN, des orbitales moléculaires homologues au benzène). Ce système est étudié au moyen d'analyses topologiques (NCIPlot et QTAIM), du comportement aromatique via NICS (qui montre un comportement aromatique dans le système); néanmoins, lorsque l'EDA est mise en oeuvre et analysée parallèlement aux analyses topologiques. Des études antérieurs ont indiqué que le platinabenzène était une molécule aromatique en raison de propriétés telles que les longueurs de liaison non alternées, les données de RMN, les orbitales moléculaires homologues comparées au benzène; néanmoins, il est important de poursuivre l'analyse du comportement aromatique ainsi que d'autres caractérisations de la molécule.

Quatre analyses importantes pour décrire la molécule ont été effectuées. L'analyse topologique qui montre clairement l'existence d'interactions covalentes et non covalentes dans le complexe de platinabenzène suggère également une délocalisation électronique ainsi qu'une liaison covalente plus forte entre le cycle Cp et le platinabenzène. Les NICS montrent l'amélioration de l'aromaticité à 1 Å du plan moléculaire et un comportement aromatique général, tandis que les effets spin-orbite fournissent quelques variations du décalage paratropique vers le blindage total.

En outre, l'EDA confirme l'existence de l'interaction covalente entre le Pt et le Cp, qui est plus forte que le Pt dans le noyau du métallabenzène, ce qui laisse supposer que le composé est plus métallocène que métallabenzène. Enfin, la densité de courant fournit un tracé du courant des anneaux dans le plan moléculaire ainsi que 1 Å à partir de là, montrant l'amélioration de l'aromaticité du cycle Cp alors que le cycle Bz vii est un cycle non aromatique. Le second descripteur (densités de courant) nous montre le caractère non aromatique de la molécule, suggérant que pour les molécules pures non benzéniques, les faibles valeurs négatives de NICS ne constituent pas une preuve suffisante de l'aromaticité.

Le deuxième système est un anneau composé uniquement de métaux ([Pt(µ-SiPh 2 )(PMe 3 ) 3 ]) qui présente des propriétés similaires à celles du premier. Dans ce cas, il est important de comprendre la nature des liaisons et de l'interaction entre les métaux de l'anneau, où l'interaction électrostatique est presque aussi importante que l'interaction orbitale, laissant ainsi une double nature de l'interaction attractive et répulsive entre les métaux.

(basé sur des analyses topologiques).

Le caractère d'aromaticité de [Pt(µ-SiPh 2 )(PMe 3 ) 3 ] a été exploré par des analyses topologiques sur la densité électronique utilisant la théorie quantique des atomes dans des molécules expliquant la Laplacienne de la densité électronique et ses valeurs propres, ainsi que la délocalisation électronique. qui a été étayée par la technique de quantification de la délocalisation électronique, le déplacement chimique indépendant du noyau, le long (through the z-axis) de l'axe des z. De plus, la nature quantitative des interactions trouvées à l'aide de QTAIM a été calculée en combinant une approche fragmentée de la structure moléculaire avec une analyse de décomposition d'énergie selon le schéma de Morokuma-Ziegler. Dans tous les cas, les résultats indiquent une interaction non covalente entre les atomes de Pt du cycle, bien qu'ils soient liés par interaction covalente avec les fragments PH 3 et SiH 2 ; de plus, l'indice de délocalisation entre les centres de platine et la longueur de la liaison, ainsi que le comportement diatropique et diamagnétique du noyau à environ 2 Ådu plan moléculaire, suggèrent l'existence d'une très faible aromaticité (comportement du système presque non aromatique). Ces observations seront finalement corroborés par des calculs de densité de courant. Tous les calculs ont été effectués dans le cadre de la théorie fonctionnelle de la densité relativiste intégrant l'hamiltonien d'approximation régulière d'ordre Zero avec un jeu de bases TZ2P, ainsi que le niveau de théorie relativiste à 4 composantes pour la densité de courant. viii La deuxième propriété attachée à la localisation et à la délocalisation électroniques est le couplage isotrope. Nous reprenons l'une des observations faites précédemment, c'est-à-dire la possible communication ou couplage entre métaux par le biais de anneau aromatiques. Ainsi, et selon la nature de l'interaction, l'étude des bases et de la dépendance fonctionnelle dans l'analyse du couplage isotrope dans les molécules avec des métaux ont été étudiée. Pour cette raison, nous avons décidé de comprendre les erreurs impliquées dans ce type d'analyse, essentiellement dans l'erreur de délocalisation de la TFD, en utilisant les limites existantes dans ces erreurs (HF et LDA), nous calculons la valeur de couplage J dans un ensemble. de molécules (qui sont la cible de référence pour les propriétés magnétiques) en utilisant un large éventail de niveaux théoriques, du HF au LDA, en utilisant les fonctions GGA, Meta-GGA et Hybrid, nous construisons les barres d'erreur et en utilisant des techniques d'interpolation nous pourrions donner une zone où la valeur expérimentale pourrait être et l'erreur impliquée dans le calcul de la valeur de couplage-J.

Les barres d'erreur proposées sont organisées en fonction de leur taille. Dans tous les cas, la commande est la même. Néanmoins, dans un souci de clarté, ils seront séparés en trois groupes en fonction des différentes manières de calculer le couplage isotrope. De plus, les données ont été mises à l'échelle afin de rendre la valeur expérimentale égale à zéro et de la visualiser plus facilement à l'aide de la barre d'erreur. Nous pouvons observer que, si la limite HF a tendance à se comporter dans le même ordre de grandeur pour les valeurs J, la limite LDA pour les barres d'erreur plus grandes a tendance à diverger. Suite à l'analyse de la densité de spin de chevauchement, en raison du schéma de localisation de la formulation HF, le chevauchement est proche de zéro, au lieu de pour la limite LDA, les valeurs sont très variables. Nous calculons la différence de chevauchement (overlap difference) entre les niveaux théoriques LDA et HF, le graphique suit la même tendance que la taille des barres d'erreur. (the lowest overlaps come from)Les chevauchements les plus faibles proviennent de PBE0, suivis de B3LYP, M06, M06L, BP86 et PBE. (I need to work a little bit on this analysis to complete and have conclusions in this part, so it is incomplete). ix Enfin, la troisième propriété attachée à la localisation et à la délocalisation est l'orbital moléculaire extrêmement localisée. La détermination précise des interactions non covalentes dans les systèmes biologiques est fondamentale pour rationaliser la structure et obtenir un aperçu des fonctions et de la dynamique des macromolécules. Nous proposons ici un nouvel outil pour l'identification efficace des interactions non covalentes dans les protéines. La méthode d'interaction non covalente (NCI), une stratégie bien établie pour détecter les interactions non covalentes dans les systèmes chimiques, est couplée aux bibliothèques d'orbites moléculaires extrêmement localisées (ELMO), qui permettent une reconstruction instantanée des distributions électroniques quantiquement rigoureuses de la mécanique quantique sur les polypeptides et les protéines. Les calculs de test effectués sur différentes interactions démontrent que la nouvelle stratégie NCI-ELMO surpasse toujours la méthode NCI d'origine basée sur l'approximation promoléculaire, alors qu'elle concorde étroitement avec les analyses NCI d'origine basées sur des calculs entièrement quantiques. La nouvelle technique permet de démêler le réseau d'interactions dans les systèmes biologiques et de suivre rapidement leurs évolutions dans le temps, avec des conséquences éventuelles sur la conception de nouveaux médicaments.

En conclusion, nous avons étendu le champs d' application de la méthode NCI pour la détection précise des interactions non covalentes dans les systèmes d'intérêt biologique et biochimique. Étant donné que la nouvelle technique est basée sur des densités électroniques quantiques rigoureuses sur le plan mécanique obtenues par le transfert d'orbites moléculaires extrêmement localisées à partir de bibliothèques bien construites, la méthode représente clairement un progrès par rapport à l'ancienne version de la stratégie NCI pour les macromolécules, qui exploitaient principalement les distributions électroniques promoléculaires. Tous les calculs de test effectués sur de petits polypeptides et de grandes protéines pour une grande variété d'interactions non covalentes ont confirmé ce fait, montrant que, dans toutes les situations, la nouvelle méthode NCI-ELMO est nettement supérieure à la précédente technique promoléculaire-NCI, sans augmentation significative du coût de calcul associé.

x Pour cette raison, nous pensons que la stratégie proposée peut être utilement utilisée pour définir rapidement et de manière fiable les réseaux d'interactions non covalentes dans les molécules biologiques et, en particulier, dans les très grandes protéines. De plus, étant donné que les protéines sont des systèmes intrinsèquement flexibles en mouvement constant entre différents sous-états conformationnels et que leurs propriétés dynamiques sont fréquemment associées à la reconnaissance moléculaire, à la fonction et à la catalyse, la nouvelle approche de NCI-ELMO englobe grande potentialité pour surveiller l'évolution des interactions non covalentes dans le temps, par exemple par un couplage approprié avec des simulations de la dynamique moléculaire.

En particulier, en analysant des échantillons représentatifs des structures des systèmes étudiés (correctement extraits des trajectoires des simulations de dynamique moléculaire), il pourrait être possible de fournir des descripteurs moyennés dans le temps associés aux interactions non covalentes existantes, dans le but d'attribuer la valeur globale. importance dynamique de chaque interaction et, éventuellement, dans le but de proposer une nouvelle stratégie semi-quantitative de construction de phamacophores capable de prendre en compte les caractéristiques dynamiques des macromolécules. Les travaux dans cette direction sont en cours .
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[ENG] ABSTRACT T he first property here analysed and related with electronic localization / delocalization is the aromaticity. Aromaticity is an important concept introduced by Kekulé; since then, theoreticians and experimentalist have tried to understand it in different groups of molecules analogues to benzene. The importance of this concept and how the aromaticity is affected by the chemical environment is important to understand and link some physicochemical properties. i.e., reactivity, stability, magnetic response.

The physicochemical properties of interest are the electronic structure, the nature of bonds and organometallic interactions(differentiation between metallocenes and metallabencenes). Furthermore, the magnetic response and the study of building blocks as possible candidates to make nano-wires or new low-dimension magnetic materials.

Finally, we try to understand the interaction and the errors involved in some properties theoretically computed like, the isotropic coupling between metals through aromatic (or organic) units that have become important benchmark molecules to study magnetic properties in inorganic as well as metal-organic systems.

In this sense, we start with the comprehension of aromaticity, using molecules that are candidates as building blocks of nano-wires, spin filter or quantum transporters, using some theoretical resources like Energy Decomposition Analysis (EDA) to reveal the nature of the ring-metal interactions, alongside with the NOCV theory to describe the flux charge (electron density) and how the electronic structure is modified by this kind of compounds showing a possible communication between metals in the metal-stacking. Thus, at the end of this thesis, an error bar analysis is proposed.

xii We introduce the Nucleus-Independent Chemical Shift (NICS) as a first aromatic descriptor, facing these results with the induced magnetic field B ind finding a good agreement between these two descriptors in the diatropic and paratropic behaviour in the systems. In this group of molecules, the transition metals play an important role in the enhancement of the aromatic character in the system (analysing the response of the induced magnetic field) which is corroborated by the second aromatic descriptor, the induced current densities.

Once the metal role in the metallocene is clear, we propose to study two new systems: one is a metallocene (or metallabencene) complex and a second one where a ring is composed principally by transition metals. For the former, we took a molecule which was believed to be aromatic because of some of its physical-chemical properties (i.e., distance bonds, NMR, molecular orbitals homologues to benzene) without concluding results. This system is studied by means of topological analyses (NCIPlot and QTAIM), the aromatic behaviour through NICS (which shows an aromatic behaviour in the system); nevertheless, when the EDA is implemented and analysed alongside with the topological analyses, the molecule shows primarily a metallocene character instead of metallabencene (as usually referred). It is important to recall the evident role of the metal in the structural stability in the metallabencene part, but its properties are metallocene-like. The second descriptor (current densities) showed us the non-aromatic character of the molecule, suggesting that for non-benzene pure molecules low negative values of NICS are not enough evidence of aromaticity.

The latter system is a ring composed only by metals (Pt) which has similar properties as the former. In this case, it is important to understand the nature of the bonds and the interaction among the metals in the ring, where the electrostatic interaction is almost as important as the orbital interaction, leaving a clear dual nature of the repulsive and attractive interaction between the metals (based on topological analyses). Also, the NICS values suggest an anti-aromatic behaviour in the molecular plane while the aromatic behaviour is around 2 Å from the molecular plane, with similar values to the last system, leaving doubts on its aromatic nature and suggesting a high non-aromatic character in xiii the system.

We take once again one of the observations made previously, i.e., the possible communication or coupling between metals through aromatic rings. This is the second property taken into account which is related with electronic localization/delocalization. Thus, and according to the nature of the interaction, the basis set and functional dependency in the isotropic coupling analysis in metal-organic molecules had been highly studied. For this reason, we decided to understand the errors involved in this kind of analysis, essentially, in the delocalization error in the DFT, using the existing limits in these errors (HF and LDA), we compute the J-coupling value in a set of molecules (which are target in benchmark for magnetic properties) using a wide-range of levels of theory, from HF to LDA, using the GGA, and Meta-GGA functionals, we construct the error bars and using interpolation techniques we could give a zone where the experimental value could be and the error involved in the computation of the J-coupling value.

Finally, we developed some analysis about extrem localization of molecular orbitals.

Knowing that accurate determinations of non-covalent interactions in biological systems are fundamental to rationalize the structure and to get insights into the functions and the dynamics of macromolecules. Here we propose a new tool for the efficient identification of non-covalent interactions in proteins. The non-covalent interaction (NCI) method, a well-established strategy to detect non-covalent interactions in chemical systems, is coupled with the libraries of extremely localized molecular orbitals (ELMOs), which allow instantaneous reconstruction of quantum mechanically rigorous electron distributions of polypeptides and proteins. Test calculations performed on different interactions show that the new NCI-ELMO strategy always outperforms the original NCI method based on the promolecular approximation, while it is in close agreement with original NCI analyses based on fully quantum mechanical calculations. The new technique allows to unravel the network of interactions in biological systems and to rapidly monitor their evolutions with time, with possible consequences on the design of new drugs.
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[ESP] RESUMEN L a primera propiedad acá estudiada y relacionada con la localización y deslocalización es la aromaticidad. La aromaticidad es un concepto que nació con Kekulé y desde entonces se ha hablado y tratado de entender en diversas moléculas y grupos de moléculas análogas al benceno. La importancia de comprender la aromaticidad y cómo ella es afectada por el entorno químico es de importancia para avanzar en el entendimiento de propiedades fisicoquímicas y la relación que tienen éstas propiedades (reactividad, estabilidad) con la aromaticidad.

Entre las propiedades que más se enfocan en este estudio son la estructura electrónica, los tipos de interacciones metal-orgánicas que existen en los sistemas; es decir, formación de metalabencenos y metalobencenos. Del mismo modo, la respuesta magnética y el estudio de unidades bloque (monómeros) como potencial base para la construcción de nanocables o nuevos materiales magnéticos de bajas dimensiones. Finalmente se intenta comprender las interacciones y los errores sujetos al análisis de algunas propiedades magnéticas como el acoplamiento isotrópico entre metales a través de unidades aromáticas, y otros puentes, que han sido tomados como referencia para el estudio de propieades magnéticas en sistemas inorgánicos y metal-orgánicos.

En este orden de ideas, los sistemas a trabajar empiezan con la comprención del concepto de aromaticidad a través de moléculas que son potenciales candidatas para la construcción de nanocables, filtros de espín o transportadores cuánticos. Aplicando técnicas computacionales como el análisis de descomposición de energía (EDA, por sus siglas en inglés) para entender la naturaleza de las interacciones metal-anillo (benzeno) acoplando el EDA al análisis de deformación de densidad en la zona de valencia xv para comprender el flujo de densidad electrónica y la manera en que la estructura electrónica se ve afectada en estos tipos de sistemas. Encontrando que puede existir una comunicación entre los metales que están en el apilado molecular Metal-Benzeno-Metal; por lo cuál al final, se propone estudiar sistemas en los que los metales se encuentren acoplados mediante diferentes puentes.

Se introduce la medición de Corrimiento Químico (NICS) como primer descriptor de aromaticidad, comparando sus resultados con la respuesta de campo magnético inducido B ind . Encontrando que juntos descriptores son consecuentes en su respuesta, en cuanto al comportamiento diamagnético o paramagnético de los sistemas estudiados. Para este grupo de moléculas se encuentra principalmente que los metales de transición mejoran la respuesta de las moléculas frente a campos magnéticos, traduciéndose como un incremento en su aromaticidad, lo que al final se comprueba con el segundo descriptor de aromaticidad, las corrientes inducidadas por campo mágnético externo.

Una vez comprendido el rol de los metales de transición frente a la aromaticidad, se proponen dos nuevos sistemas: los metalocenos/metalbencenos y los anillos formados principalmente por metales (de transición). En el primer grupo, se tomó una molécula que se ha creído ser aromática por algunas propiedades fisicoquímicas (distancia de enlace, NMR, homología con orbitales moleculares del benceno) sin llegar aún a una respuesta concluyente. La molécula se estudia a través de análisis topológicos (NCIPlot, QTAIM), la parte de aromaticidad mediante las NICS (las cuales efectivamente revelan un caracter aromático); sin embargo, al realizar el EDA y analizarlo en conjunto con la topología de la densidad electrónica se evidencia que la molécula posee un caracter más alto de metaloceno (como en el primer grupo de moléculas estudiadas) y no como se venía pensando; es decir, metalabenceno, un metal que forma parte de un anillo. Aunque el metal juega un rol de vital importancia para la estabilidad de del metalabenceno, las propiedades se asemejan más a un metaloceno, encontrando a través del segundo descriptor de aromaticidad (la densidad de corriente) que la molécula es no arómática indicando que valores bajos y negativos de NICS no son concluyentes para hablar de aromaticidad en sistemas que no son puro benceno. xvi Del mismo modo, se analiza el anillo compuesto de metal, que tiene unas propiedades parecidas al sistema anterior; es decir, sus distancias de enlace son características de un sistema aromático, al igual que sus NICS e incluso, alguno de sus orbitales moleculares son homólogos al benceno. En este caso era de vital importancia comprender el tipo y naturaleza de las interacciones entre los metales que conformaban el anillo en el que la naturealeza electrostática de la interacción es casi equivalente a la interacción orbitalaria, dejando en claro una naturaleza dual en la interacción, siempre de manera atractiva basados en la topología de la densidad electrónica. Finalmente las NICS proponen un comportamiento antiáromático en el plano molecular y un comportamiento aromático a 2 Å del plano molecular, con valores no muy lejanos al sistema anterior, dejando en duda la naturaleza de su aromaticidad pero sugiriendo una alta posibilidad de un comportamiento no aromático.

Para continuar, se retoma una de las observaciones hechas en el primero de los sistemas, la comunicación o acoplamiento existente entre metales a través de anillos aromáticos. Esta es la segunda propiedad evaluada que se encuentra relacionada a la localización/deslocalización electrónica.Para éste fin y dada la naturaleza de la interacción, se ha ampliamente estudiado la alta dependencia y la poca credibilidad que existe en los análisis de acoplamiento isotrópico en moléculas con al menos dos centros metalicos.

Razón por la cuál antes de avanzar en el cálculo de acoplamientos isotrópicos (J) entre metales a través de puentes orgánicos, se decidió desarrollar un análisis en los errores inmersos en el cálculo del parámetro J, especialmente el error de deslocalización en la teoría del funcional de la densidad. Mediante los límites existentes en los análisis de estos errores (HF y LDA) se calculan los parámetros J de un conjunto de moléculas base en benchmark desde los niveles de teoría HF hasta LDA pasando por diferentes grupos de funcionales GGA, Meta-GGA, construyendo las barras de error e interpolando la región donde el valor experimental es reportado y describiendo la magnitud del error en el cálculo del parámetro J.

Para finalizar, se desarrollan análisis sobre la localización extrema de orbitales atómicos. En este caso nos basamos en la importancia de determinar de manera precisa las xvii interacciones no covalentes en sistemas biológicos para la comprensión de la estructura, función y dinámica de macromoléculas. Acá se propone una nueva herramienta para la identificación eficaz de interacciones no covalentes en proteínas. El método de interacciones no covalentes (NCI), una herramienta bien establecida para detectar NCI en sistemas químicos es acoplada con las nuevas librerías de orbitales moleculares extremadamente localizados (ELMOs), lo cual permite de manera instantanea reconstruir la densidad electrónica con rigurosidad mecano-cuántica en sistemas como polipéptidos y proteínas. Los calculos prueba que se desarrollaron en diferentes interacciones muestran que la nueva estrategía NCI-ELMO siempre supera la versión original del método NCI basado en la aproximación promolecular. Además, está en constante acuerdo con los análisis originales del NCI basado en cálculos completamente mecano-cuánticos. Ésta nueva técnica permite develar las redes de interacción en sistemas biológicos y rápidamente seguirlas a través del tiempo lo cuál ayudará potencialmente en el desarrollo de nuevas medicinas. est expliquée, ainsi que la procédure de calcul des points critiques de la densité électronique, le calcul de la matrice hessienne de la densité électronique et la définition des points critiques à la surface. Tous ces outils topologiques permettent de caractériser la nature des liaisons chimiques parallèlement à l'indice basé sur la délocalisation. Afin de comprendre la nature des énergies et des interactions dans les systèmes, l'analyse d'interaction non covalente est expliquée et combinée à l'analyse de décomposition d'énergie. De plus, les états de transition seront étudiés en applicant les orbitales naturelles pour la valence chimique (ETS-NOCV). Les concepts clés du magnétisme moléculaire sont abordés. Nous nous concentrons sur l'aimantation et la susceptibilité magnétique, les composants diamagnétiques et paramagnétiques provenant de toute réponse magnétique dans les systèmes. Les propriétes de champs magnétiques induits sont étudiés dans le but de comprendre l'aromaticité à travers de deux descripteurs, les déplacements chimiques indépendants du noyau et les densités de courant induit. En annexe à la théorie, l'interaction isotrope dans les composés dinucléaires est introduite pour expliquer et mesurer certaines erreurs trouvées dans la théorie de la fonctionelle de densité (TFD). I n this chapter, a general background from the theoretical point of view is done.
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We start with some remarks on Topological Analysis, namely, the electron density, the exchange-correlation hole and the pair density. Once the electron density is recalled, the topological analysis over the electron density is explained, as well as how to calculate the critical points of the electron density and, the computation of the Hessian matrix of the electron density. All of this to characterize the nature of the chemical bonds based on the topological analysis, alongside with the delocalization index. In the description of the nature of the chemical bonds in the studied systems, the Non-covalent interaction analysis is explained and combined with the energy decomposition analysis, where the latter is deeply explained in order to understand the nature of the energies and interactions in the systems. It was combined with the explanation of the Extended Transition State with Natural Orbitals for Chemical Valence. Finally, the key concepts in molecular magnetism are explained. i.e., the magnetization and magnetic susceptibility, the diamagnetic and paramagnetic components from any magnetic response in the systems and how the induced magnetic field creates a response of interest to understand the aromaticity through two descriptors, the Nucleus-Independent Chemical Shifts and the Induced Current Densities. As an appendix to the theory, the isotropic interaction in dinuclear compounds is introduced to explain and measure some errors that were found in the DFT calculations.

Density-Based Descriptors

Some Remarks on the Electron Density

To start a topological analysis, it is important to understand the electron density which determines the probability to find any of the N electrons within the volume element Ω(r) while the other N-1 electrons have random positions. Ω is then a probability density or also called electron density.

(1.1)

Ω(r 1 ) = N Z ••• Z |™(x 1 ,x 2 , ...,x N )| 2 dx 2 ...dx N
The probability to find one electron into the volume element can be extended to two electrons, creating the pair density Ω 2 (x 1 ,x 2 ), which is defined as follow:

(1.2)

Ω 2 (x 1 ,x 2 ) = N(N °1) Z ••• Z |™(x 1 ,x 2 , ...,x N )| 2 dx 3 ...dx N
And, if both electrons in the same volume element can be found, the pair density could be written as follow:

(1.3) Ω 2 (x 1 ,x 2 ) = N °1 N Ω(x 1 )Ω(x 2 )
The generalization of these equations is called reduced density matrix of order 2 (∞ 2 )

(1.4) ∞ 2 (x 1 ,x 2 ,x 0 1 ,x 0 2 ) = N(N °1) Z ••• Z ™(x 1 ,x 2 ,x 3 ...,x N )™ § (x 0 1 ,x 0 2 ,x 0 3 ...,x N )dx 3 ...dx N
The diagonal elements of this matrix brings us the pair density Ω 2 (x 1 ,x 2 ). Additionally, if we exchange x1 with x2 , the sign changes due to the antisymmetry of the system; furthermore, if x1 = x2 the density becomes zero. This kind of correlation between electrons is a direct consequence of Pauli's exclusion principle and its called exchange or Fermi Correlation. On the other hand, it is important to recall the existence of the electronic charge, which is meaningful in the electronic pairs because it implies electrostatic repulsion (1/r 12 ) which is usually called electron correlation but from here on, it will be called Coulomb Correlation and is completely ignored by the Hartree-Fock (HF) approximation.

The influence of the Fermi, as well as the Coulomb correlation, can be separated in the pair density in the product of independent densities and the remainder (the Coulomb and Fermi effects as well as the normalization factor (N °1)/N)

(1.5) Ω 2 (x 1 ,x 2 ) = Ω(x 1 )Ω(x 2 )[1 + F(x 1 ;x 2 )]
where F(x 1 ;x 2 ) is called the correlation factor. If the correlation factor is equal to zero, it is the uncorrelated case, and the pair density is wrong-normalized due to the fact that normalization factor is in the correlation factor. It implies the need to introduce a conditional probability (≠) with integral equal to N-1.

(1.6) ≠(x 2 ;x 1 ) = Ω 2 (x 2 ;x 1 )

Ω(x 1 )
and with the difference between ≠ and the uncorrelated probability we obtain the exchange-correlation hole where it is straightforward to show that its integral is equal to -1 (It means that the Exchange-Correlation hole contains exactly the charge of one electron)

(1.7)

h xc (x 1 ;x 2 ) = Ω 2 (x 1 ,x 2 ) Ω(x 1 ) °Ω(x 2 ) = Ω(x 2 )F(x 1 ;x 2 )
The previously defined electron density is also called charge density in the frame of Quantum Theory of Atoms in Molecules (QTAIM), which has a definite value at each point in the space. This function is a scalar field defined over three-dimensional space and as any scalar field could be summarized by its critical points and some other properties from de vectorial gradient field derived from the scalar one.

Critical Points over Electron Density

The form of the distribution of the electron density is the result of different forces in the system. Mathematically, it is understood by the topological analysis of the distribution of the molecular charge Ω(r) through a maximum in the function of electron density at the nuclei which is experimentally supported by X-Ray diffraction studies.

The behaviour of the function Ω(r) (electron density) has a maximum in the nucleus position and diminishes while r increment. Thus, the function Ω(r) could be analysed through the critical points as maximum (it should be noted that formelly speaking the nuclei are cusps), minimum or saddle points using the first derivates of Ω(r) by means of the following equation:

(1.8) rΩ = ĩ @Ω @x + j @Ω @ y + k @Ω @z
But to understand the nature of the critical point, the second derivate (or curvature) is requested, and in general, one can find nine second derivates of forms @ 2 Ω/@ i @ j of any p point in the space and these results are an array, the Hessian Matrix of Ω(r), (which is diagonalizable) and its trace is called the Laplacian of Ω (r 2 Ω). Each Hessian matrix has its rank and signature and there are just four possible signatures for a Hessian of rank three. The first number represents the rank (number of non-zero eigenvalues) and the second one the signature (Algebraic sum of the signs of eigenvalues)

• (3,-3) All curvatures negative and is a maximum (Attractor)

• (3,-1) 2 curvatures are negative and is a maximum (2-Saddle)

• (3,+1) 2 curvatures are positive and is a minimum (1-Saddle)

• (3,+3) All curvatures are positive and is a minimum (repeller)

Analyzing the signs of the Laplacian of the density, it is easy to determine if the net gradient flux of density is leaving, (r 2 Ω > 0), or entering, (r 2 Ω < 0), indicating CHAPTER 1. THEORETICAL BACKGROUND concentration or a depletion of electronic density, respectively. Hence, the former is employed to indicate the covalent nature of the bond.

With the Laplacian of the electron density, the Bond Critical Points (BCPs) are straightforward to analyse. The sign of the Laplacian of the density (r 2 Ω) helps to distinguish between different types of interactions (e.g., covalent or hydrogen bonds).

The Laplacian can be decomposed in the three eigenvalues, (∏ i ) from the electron density Hessian matrix, and the analysis of this eigenvalues is also applied to understand the chemical bonding. In the case of covalent interactions, the Laplacian is negative (high concentration of Ω) regardless of the sign of each eigenvalue.

Characterization of chemical bonds

The QTAIM characterizes the "bonds" according to the magnitude of the r 2 Ω in the critical points. Thus, if the r 2 Ω is highly negative, it means that there is a concentration of electronic charge indicating a covalent interaction.

The atomic interaction can be classified according to topological analysis. We will concentrate on the properties of the charge density at the (3,-1) CP. As shown before, if Ω is high and the r 2 Ω < 0, it indicates a high concentration of electron density.

On the other hand, there is the another kind of interaction, non-covalent ones, like the van der Waals, hydrogen bonds, etc., Nevertheless, the nature of the r 2 Ω in this positive values, does not give much information about the nature of those noncovalent interactions. Many authors study the nature of the eigenvalues from the Hessian (∏ 1 , ∏ 2 , ∏ 3 ) because of the positive character of the Laplacian in these cases. When ∏ 2 is negative, it implies an attractive interaction (like hydrogen bonds); otherwise (∏ 2 > 0), it represents nonbonded interaction between the two centres, meanwhile the density gives information about the strength of that interaction.

For a deeper understanding of the nature of the non-covalent interactions, there are two ways to analyze it: from electron density analysis in a qualitative way or with Energy Decomposition Analysis in a quantitative way.

Delocalization-Based Indexes

Before talking about Delocalization-Based indexes, we must talk about the localized electron pair, a concept introduced by Lewis in 1916. This concept implies that there is a region of real space where it is highly probable to find two electrons with opposite spin which have a very low probability to be exchanged with electrons of other regions carrying with them their doppelganger or Fermi Hole . In a general way this corresponds to the description of the spatial delocalization of the charge of the reference electron.

i.e., if the electron is localized, then so is the Fermi hole; otherwise, we can talk about delocalization. On the other hand, when the electrons are localized (isolated from the remaining system) the exchange interactions are minimised.

As we have seen previously, the Fermi density integrates to -1. Thus, for an atom X, we can compute the electron pairs by F(A,A) by the double integration of the pair density Ω(x 1 , x 2 ) as follows:

(1.9)

Z A Z A Ω(x 1 , x 2 )dx 1 d x 2 = [N(A) 2 + F(A, A)]/2
From here if |F(A, A)|<N(A), it means that the electrons are not completely localized on the atom A; giving us the atomic localization index (known also as ∏(A). Furthermore, if the delocalization needs to be measured between two centres (F(A,B)) one can use the above expression between the two centres A and B, and it gives the total number of formed pairs between A and B. This criterion is growing up in relevance due to the idea of º°electron delocalization as an important behaviour in aromatic systems.

Non-Covalent Interactions through

Promolecular Analysis

It is important to recall some remarks about the Generalized Gradient Approximation, knowing that the LDA (Local [spin] Density Approximation) was the first approximation CHAPTER 1. THEORETICAL BACKGROUND

for the E XC (Exchange-Correlation Energy) but insufficient for most of the applications in chemistry. When the gradient of the charge density was taken into account for the non-homogeneity of the electron density through Taylor expansion as follows:

(1.10)

E GEA XC [Ω AE , Ω Ø ] = Z ΩE XC (Ω AE , Ω Ø )dr+ X ae,ae 0 Z C ae,ae 0 CX (Ω AE , Ω Ø ) rΩ ae Ω 2/3 ae rΩ 0 ae Ω 2/3 ae 0 dr+ ...
where GEA corresponds to gradient expansion approximation, Ω is the density, r the gradient and finally, ae and ae 0 indicating the spins AE and Ø.

After including some restriction in order to have meaningful physical behaviour, the last equation is truncated between h x and h c and this approximation is known as the Generalized Gradient Approximation (GGA):

(1.11)

E GGA XC [Ω AE , Ω Ø ] = Z f (Ω AE , Ω Ø , rΩ AE , rΩ Ø )dr
where f is a general functional and:

(1.12)

E GGA XC = E GGA X + E GGA C
and the E GGA X is written as:

(1.13)

E GGA XC = E LDA X °X ae Z F(s ae )Ω 4/3 ae (r)dr
where the argument of the functional F is called the Reduced Density Gradient (RDG)

and it helps to describe the homogeneity of the electron distribution.

(1.14)

s(Ω) = 1 2(3º 2 ) 1/3 |rΩ| Ω 3/4
The RDG is a key concept to understand the non-covalent interactions (NCI) as previously worked [2]. Localizing the low-density (the electron density is obtained by means of promolecular calculations) and low-gradient regions and combining them with the sign of the second eigenvalue from the Hessian matrix (which discriminates between the attractive or repulsive interaction in the non-covalent regions) we can obtain 2D and 3D plots with a quick qualitative view for the NCI in the system.

Basically, we can see the strong and stabilizing interactions (Hydrogen bond), the strong and destabilizing interactions (steric) and the delocalized weak interactions (like vdW). [3] Furthermore, to distinguish between attractive and repulsive interactions, the sign of the second eigenvalue of the density is analysed to determine concentration or depletion to finally be plotted in the well-known NCIPlots (Reduced Density Gradient vs sign(∏ 2 )Ω) as shown in Figure 1.1 CHAPTER 1. THEORETICAL BACKGROUND

Non-Covalent Interactions through Extremely

Localized Molecular Orbitals

The last section, we mentioned that the construction of the electron density of a system can be constructed by means of DFT calculation as well as promolecular approximation.

The former present a limit in the size of the system, it means, that for bigger systems it is a challenge to construct a good electron density and extract from it the physical chemical properties. In that sense, promolecular born as a low-cost solution to construct the electron density; nevertheless, the electron density in this framework is the sum of sphericalized atom electron density. One of the most recent solution to the electron density construction in big(ger) systems are the Extremely Localized Molecular Orbitals (ELMOs).

The Molecular Orbitals (MOs) can be represented in strictly localized subunits of a molecule (atoms, bonds, functional groups) and it can be transferable between two different molecules with the same subunit. The ELMOs have a large research and proposed techniques to be constructed [4][5][6][7]. Recently, the ELMOs librearies were constructed by Genoni's Group [8][9][10] with the aim of refining crystallographic structures.

The procedure of construct an ELMO is, first of all, to fragment the molecule into subunits (it is not a priori or arbitrary procedure). e.g., for water molecule HOH, it could be devided into HO + H or H + OH (taking into acount lone pairs and core electrons).

Each fragment has an atomic orbital with the form:

(1.15)

Ø i =|¬ iµ i M µ=1
where the ELMOs for each different subunit are expanded as follow:

(1.16) |¡ iAE i= M i X µ=1 C iµ,iAE |¬ iµ i
And the wavefuction that describes the entire system is a Slater Determinant of ELMOs (1.17)

™ ELMO = N Â∑ ' 1 1 ' 1 1 ...' 1 n 1 ' 1 n 1 ...' f 1 ' f 1 ...' f n f ' f n f ∏
with N as normalization constant, Â as the usual anti-symmetrizer, f as the total number of fragments in which the molecule has been originally subdivided, n i as the number of occupied ELMOs for the i-th subunit and ' i AE as a spinorbital with spatial part ' i AE and spin part Ø.

The coefficients of the ELMOs expansions are obtained by variationally minimizing the energy associated with wave function (1.17), which corresponds to solving the following modified Hartree-Fock equations self-consistently for each fragment:

(1.18) F i Ø Ø ' i AE AE = ≤ i AE Ø Ø ' i AE AE
where F i is the modified Fock operator for the generic i-th subunit, namely

(1.19) F i = (1 °Ω + Ω † i ) F (1 °Ω + Ωi )
with F as the usual Fock operator, Ω as the global density operator (which depends on all the occupied ELMOs of the system) and Ωi as the density operator of the fragment (which, on the contrary, depends only on the ELMOs of the subunit).

With this mathematical overview, the wavefunction of each fragment is constructed.

The different fragments are depicted in Figure 1 energy decomposition was firstly proposed by Morokuma [14] and by Ziegler, [15] where they linked the chemical bond concept with Quantum Mechanics.

Methodologically, EDA considers the molecule AB through its wave function, ™ AB , and its energy, E AB , as a combination of the fragments A' and B' with their wave functions ™ A 0 ;™ B 0 , and their energies E A 0 ;E B 0 , respectively. Thus, the A' and B' fragments are geometrically and electronically modified from their ground states to the states described by ™ A ;™ B (In the Kohn-Sham Theory) in the molecule AB; the energy required to distort the initial fragments to this state is known as preparation energy (¢E Prep , Eq. 1.20)

with its respective energy.

(1.20)

¢E prep = (E A + E B ) °(E A 0 + E B 0 )
And the difference between the molecule and its prepared fragments is the main focus of the EDA (Instantaneous interaction energy.¢E int ) which is depicted in the following equation:

(1.21)

¢E int = E AB °(E A + E B )
Furthermore, the EDA creates an intermediate state called "promolecule" (™ A ™ B and E 0 ) where the distorted fragments are moved from infinity to the position in the molecule.

The interaction between the fragments in the promolecule state is the quasiclassical Coulomb Interaction (¢E elec , Eq. 1.22):

(1.22)

¢E elec = X AE2A X Ø2B Z AE Z Ø R AEØ + Z drV B (r)Ω A (r) + Z drV A (r)Ω B (r) + ZZ dr 1 dr 2 Ω A (r 1 )Ω B (r 2 ) r 12
where the AE and Ø represents the fragments and the Ω i the density of each fragment.

This state ™ A ™ B is normalized but not antisymmetrized. Once the state is antisymmetrized and normalized (Eq. 1.23) the new state ™ 0 has a corresponding energy of E 0 ; the difference between these two states is called exchange repulsion (Eq. 1.24) or

¢E Pauli : CHAPTER 1. THEORETICAL BACKGROUND (1.23) ™ 0 = N ™ A ™ B (1.24) ¢E Pauli = E 0 AB °E0
Finally, the state ™ 0 must be relaxed to obtain the final state ™ AB . There must be, also, a decrease in the energy associated to the orbital mixing and it is related to the covalent contribution or the covalent character of the chemical bond (Eq. 1.25). Thus, the interaction energy (¢ int ) is a result of the sum of ¢E elec , ¢E Pauli and ¢E orb .

(1.25)

¢E orb = E AB °E0 AB
Another kind of analysis could be developed in the framework of EDA. e.g. the computation of steric repulsion as a combination of the terms ¢E Pauli and ¢E elec ; or the ¢E orb as a composition of different irreducible representations °of the point group.

In some cases, it is important to include other interatomic interactions which affect the chemical bonding, i.e., dispersion interaction must be included with the methods suggested by Grimme. It is important to consider two cases: (1) when DFT models do not consider dispersion interaction, it can be included by Grimme's method and the EDA results must be unchanged and (2) if the DFT method includes the dispersive energies and the Grimmes' method is included, the EDA changes, diminishing the Pauli repulsion.

The Energy Decomposition Analysis (or Extended Transition State, ETS [16]) can be mixed with the Natural Orbitals for Chemical Valence approach known as ETS-

NOCV. [17] The difference lies principally in the description of the ¢E orb .

Extended Transition State -Natural Orbitals for

Chemical Valence (ETS-NOCV)

Recalling the term discussed previously ¢E orb , it represents: (i) the interaction between the Occupied Molecular Orbitals (OMOs) of one fragment with the Unoccupied Molecular CHAPTER 1. THEORETICAL BACKGROUND Orbitals (UMOs) of the other fragment; (ii) the intrafragment polarization (mixing of occupied and virtual orbitals of one fragment). The full expression of ¢E orb will be depicted through the deformation density ¢Ω:

(1.26)

¢Ω orb = Ω °Ω0 = N X µ N X ∫ ¢P orb µ∫ ∏ µ ∏ ∫
where the µ and ∫ represent the occupied and virtual orbitals, respectively. The NOCV are constructed by the density matrix ¢P orb µ∫ satisfying the following equation:

(1.27)

¢P orb ™ i = ∫ i ™ i
The NOCV can be expressed as a sum of complementary pairs (√ k ,√ °k) with the corresponding eigenvalues ∫ k and °∫k (same absolute value but opposite signs).

(1.28)

¢Ω orb (r) = N/2 X k=1 v k [°™ 2 °k(r) + ™ 2 k (r) = N/2 X k=1 ¢Ω k (r)]
where k runs over N/2 electrons.

This set of complementary pairs of NOCV indicates the channels for electron transfer describing the changes in the atomic population presented by Nalewajski et al. (Charge Sensitivity Analysis). [17,18]; furthermore, this set of NOCV can be combined with the ETS in the well-known ETS-NOCV charge and energy decomposition scheme where a new expression for ¢E orb appears:

(1.29)

¢E orb = E[Ω] °E[Ω 0 ]
where the expression is expanded for the E[Ω] = E[Ω 0 + ¢Ω orb ] and for E[Ω 0 ] from the density Ω TS = 1/2Ω +1/2Ω 0 in the transition state (TS) between Ω and Ω 0 to express ¢E orb as:

(1.30)

¢E orb = N X ∫ N X µ ¢P orb ∫µ F TS ∫µ = Tr(¢P orb F TS ) CHAPTER 1. THEORETICAL BACKGROUND
Knowing that from Eq.1.27, the NOCVs have a set of ∏, by a unitary transformation of C; thus, it could be written as:

¢E orb = Tr(¢P orb F TS ) = Tr(C + ¢P orb CC + F TS C) = N/2 X k=1 ∫ k [°F TS °k,°k + F TS k,k ] = N/2 X k=1 ¢E orb k (1.31)
The third line of the last set of equations shows the diagonal matrix element F TS °k,°k and F TS k,k , they are diagonal transition-state Kohn-Sham matrix elements corresponding to NOCV's. This expression has an advantage, it shows the complementary pairs that contribute significantly to ¢E orb , thus, one can visualize the ¢Ω k and provide the energy contribution to the orbital part of the interaction energy.

Magnetism-Based descriptors 1.6.1 Nucleus Independent Chemical Shift

It is well known that experimentally 1 H chemical shifts are very useful to characterize aromatic systems and it is also associated with the ring currents induced by an external magnetic field; thus, the NICS has been useful to describe the aromatic behaviour of some systems, reversing the sign of the computational result and sustaining the diatropic currents. [19] Before the NICS were used to describe the aromaticity of some systems, the Magnetic Susceptibility Exaltation ( §) was also used but it is ring-size dependent.

To match the NMR experimental data with the computationally obtained NICS, one must take the negative magnitude of the NICS, which is typically computed on the atoms and in the ring centre and points perpendicular to the ring plane. Even more, one can compute the NICS values in a grid in order to obtain isolines (Iso-Chemicalshielding surfaces or ICSS) and/or the 3D response of the induced magnetic field in the molecule. As usual, the negative values indicate the diatropic current density and by extension, aromaticity, whereas positive values are associated with paratropic current and antiaromaticity. The advantage of the NICS over the other used criteria, such as §, is the tiny dependence on the ring size.

The Chemical shift can be described as a sum of partial shifts from occupied molecular orbitals

(1.32) ae = 1 2c 2 occ X k h√ k0 | rr n I °rN ≠ r |r °RN | 3 |√ k0 i°2 c occ X k h√ k0 | L N |r °RN | 3 |√ kl i
where L N = r N £r and r N = r °RN , r refers to the electronic position, R N the vector where the NICS is calculated and L N the angular momentum operator.

Relativistic Current Density

When the external field previously mentioned is applied over a molecular system, it was shown that it creates an induced magnetic field and as a response to that, the electrons move around the molecule (as explained classically by Faraday's Law); nevertheless, when the quantum mechanical effects are taken into account, the current can flow on two different ways, the classical one or diatropic, and the non-classical one or paratropic.

The most well-studied case is benzene. As depicted in Figure 1.4 two different responses for the inner as well for the outer part are observed. For comparison, we also show, the behaviour compared with the Faraday's Law where the benzene molecule acts like a coil with its current response when a magnetic field is applied. (Figure 1.5)

The induced magnetic field produces a current due to the interaction between the electrons and the magnetic field; thus, one can define the relativistic current density as:

(1.33) j R (r) =°e√ † R cAE√ R
where -e is the charge of the electron, c the speed of light and AE is the 4x4 matrix from the Dirac equation due to the nature of the 4-component wavefunction √. This equation is usually interpreted as the electron charge times the velocity distribution. The magnetic interactions are weaker than the electrostatic ones, the implementation of perturbation theory to compute this phenomenon is required. It means, that the applied magnetic field must be uniform and weak. The understanding of the induced magnetic fields on molecules is of high interest for chemist because it helps to reveal the electronic movement on the systems. Nevertheless, this kind of information cannot be obtained by experimental means (but as previously shown, the NICS and the Magnetic Susceptibility can be related to the induced magnetic field using the Bio-Savart Law Eq. ??).

The current density is a tensor that describes the current flow in the three Cartesian directions and is often analyzed as planes at molecular levels or at specific distances from the molecular plane in order to visualize the current density. Furthermore, the current density can be integrated through a plane giving the strength (current strength) and direction of the current flow, this strength is related to the electron delocalization and by extension can be related to aromaticity.

To introduce the magnetic interaction in a perturbation framework we should work on the momentum operator in the Kinetic energy operator, T, of the Hamiltonian

(1.34) T = 1 2 º 2
where º = p °A(r), p =°ir (momentum operator) and A(r) = 1 2 B £ (r °Ro). Thus, the current density J(r) is defined as the real part of the wavefunction which is obtained by the combination of the imaginary part of the operator and the wavefunction. The formal expression is as follow:

(1.35) J(r) = i 2 (™ R r™ I °™I r™ R + 2i™ R A(r)™ R )
And as before, the two first terms correspond to the paramagnetic contribution (Larmor contribution) and the last one to diamagnetic contribution (Non-Larmor contribution)

of the current density.

Furthermore, there is a nonrelativistic version of this equation

(1.36) j NR (r) =°e 2m √ † NR p√ NR °√T NR √ § NR °e2 2m √ † NR A√ NR °e 2m rx√ NR † ae√ NR
while the relativistic version of this equation is:

(1.37) j R (r) =°e 2m √ † R Øp√ R °√T R Øp√ § R °e2 2m √ † R ØA√ R °e 2m [rx√ R † Øae√ R ]°e 2mc @ @t √ † R iØAE√ R
with Ø a real number to be determined.

Isotropic Interaction in Dinuclear Compounds

Let us say that there exists a bimetallic molecule AB, and A and B are bridged by a diamagnetic ligand that is able of transmitting the electronic effects between A and B.

If there is an interaction, it means that the spins S A = S B = 1/2 are not good quantum numbers. Indeed a combination of those states would be the good quantum numbers.

Thus; there are two combinations with their respective energies E(S=1) and E(S=0) and the energy that separate those states is called J, the energy gap, and it is known as the isotropic interaction parameter:

(1.38)

J = E(S = 0) °E(S = 1)
The equation above suggests the existence of two possible general solutions. (1) the S=0 is the ground state and (2) when the S=1 is the ground state. The first one is antiferromagnetic and J is negative. Otherwise, J is positive and then the system has ferromagnetic behaviour.

It is important to recall that this isotropic interaction is purely electrostatic in nature but is formally described by the coupling between the spin operators S A and S B which are Theoretically, J can be fit into the phenomenological Heisenberg-Dirac-van Vleck Hamiltonian (HDvV) as follows:

(1.39) Ĥ =°X i> j J ij Ŝi • Ŝ j
And it is well known that for two centres with one unpaired electron, i.e., M s =±1/2

the HDvV Hamiltonian is written as Ĥ =°JS 1 S 2 and by extension, the magnetic coupling is the difference between the energies in the triplet and singlet states

The way to compute this property, unfortunately, must be divided into two groups due to the size-dependency on the computational cost. i.e., high-level quantum-mechanical methods (multideterminant-based methods) which can only be applied to small molecules.

Alternatively, another way to compute the J value is through the Kohn-Sham density functional theory using the Broken Symmetry Approach (BS-DFT) [20][21][22] , the latter is more used due to the low computational cost compared with the high-level quantummechanical methods; [23] Furthermore, the validity, as well as the accuracy of the BS-DFT framework, have been deeply studied, [24] It is important to recall that in the framework of the Broken Symmetry (BS) solutions for J, couplings are calculated according to the following equation:

(1.40)

J = 2(E BS °ET ) 1 + S 2 AB
where S 2 AB is the overlap integral between the magnetic orbitals containing AE and Ø electrons. This equation can be simplified at two different limits i.e., the overlap integral is equal to zero or one, where the former represents the localized limited while the latter is the strong delocalized limit. The choice of the limit is based on the proximity between the experiment and the computed value. CHAPTER 1. THEORETICAL BACKGROUND Nevertheless, different equations for the computation of J coupling have emerged due to the approximations and consideration implemented on each one; thus we work with three different J Coupling approximations (J(1), [20,21,25] J(2), [START_REF] Bencini | X. alpha.-sw calculations of the electronic structure and magnetic properties of weakly coupled transition-metal clusters. the [cu2cl6] 2-dimers[END_REF] and J(3) [START_REF] Yamaguchi | Ab-initio molecular orbital studies of structure and reactivity of transition metal-oxo compounds[END_REF][START_REF] Soda | Ab initio computations of effective exchange integrals for h-h, h-he-h and mn2o2 complex: comparison of broken-symmetry approaches[END_REF] ) as follows:

(1.41)

J(1) =°°( E HS °EBS ) S 2 max (1.42) J(2) =°°( E HS °EBS ) S max (S max + 1) (1.43) J(3) =°°( E HS °EBS ) < S 2 > HS °<S 2 > BS Equation 1.
41 was proposed by Ginsberg, Noodleman and Davison (GND), Equation 1.42 was proposed by GND with Bencini and Ruiz (BR). The last one is usually applied for most weakly coupled dimers (or small overlap) i.e., |J AF |>>|J F |. On the other hand, J(2) is used for large overlaps and the relation between the first and the second equation is understood by means of the third one (J(3)). i.e., if < S 2 > HS ª = S max (S max + 1) and < S 2 > BS ª = S max J(3) becomes J(1); while, for J(2) the relation for < S 2 > BS must be ª = S max , so J(3) can change between J(1) and J(2) based on strength of the orbital overlap. I n this chapter, the methodological as well as the computational description for each analysis are depicted. The general description of the computation of the wavefunctions to develop the topological analysis is made. The procedure of the analysis and calculation of the non-covalent interaction and the critical points over the electron density is described as well as the protocol for the Quantum Theory of Atom in Molecules analysis. The requirements for the NCIPlot analysis, and the obtention of 2D and 3D plots by means of the NCIPlot are explained. The parameters used to compute the EDA and ETS-NOCVs are described; in the same way, the computation of the induced magnetic field and the extraction of the Chemical Shifts as well as the current densities over the system of interest are described. Finally, the level of theory used to compute the error bars associated with the computation of isotropic interaction in dinuclear compounds is defined.

CHAPTER 2. METHODOLOGY

Methodology

Hypothesis

Taking into account all the information about the ways to study the electron density by means of topological analysis, as well as the determination of interaction energies involved in a molecule. we propose to work them together with the aromaticity descriptors (i.e., NICS and Current Densities) to study the aromatic character and the effects of the delocalization in physicochemica properties. Thus, we base the work in the following Hypothesis:

The tools for topological analysis on the electron density mixed with energy decomposition analysis allow us to do a correct description on the electron delocalization to predict the aromatic character of systems and the errors involved in the quantification of magnetic properties..

Objectives

General Objective

To explore the effects and relations of the electron localization/delocalization over the construction of electron density and magnetic response-properties like Aromaticity and Isotropic Coupling.

Specific Objectives

• To Compute the effects of transition metals over the electronic delocalization in aromatic rings.

• To use topological analysis over electron density and magnetic descriptors to characterize the electronic delocalization and its effects over the aromaticity 

Topological Analysis

In order to carry out topological analysis, as we can see in the Section 1.1 we must have the electron density, where the critical points can be easily found using the Equation 1.8 (rΩ) as well as the behaviour of the critical points (r 2 Ω). Once obtained, the critical points are classified according to the rank and signature. i.e., attractors, saddle points or repellors one.

The above-mentioned wavefunction is obtained by means of the at M06-L functional with ZORA-def2-TZVP basis set [START_REF] Weigend | Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for h to rn: Design and assessment of accuracy[END_REF] along the auxiliary basis set SARC/J [START_REF] Pantazis | All-electron scalar relativistic basis sets for the 6p elements[END_REF] and the Zeroth-Order Regular Approximation (ZORA) [START_REF] Van Wüllen | Molecular density functional calculations in the regular relativistic approximation: Method, application to coinage metal diatomics, hydrides, fluorides and chlorides, and comparison with first-order relativistic calculations[END_REF] for the relativistic level of theory in the framework of ORCA package. [START_REF] Neese | The orca program system[END_REF] This wavefunction was used to compute the delocalisation index [START_REF] Poater | The delocalization index as an electronic aromaticity criterion: application to a series of planar polycyclic aromatic hydrocarbons[END_REF] and some topological analyses [START_REF] Kumar | Bader's theory of atoms in molecules (aim) and its applications to chemical bonding[END_REF][START_REF] Bader | Atoms in molecules[END_REF] over the electron density (rΩ and r 2 Ω) that were performed with the software package AIMAll [START_REF] Keith | Aimall (version 13.05. 06[END_REF] using the Quantum Theory of Atoms in Molecules (QTAIM) to analyze critical points (CP), like the Bond, Ring and Cage Critical Points. Also, the contours and isosurfaces from the electron density and its Laplacian are depicted. The NCIPlot can reveal the non-covalent interactions using the Promolecular level of theory or as well the current level of theory by mean of the wavefunction. In these cases, it was previously shown that there are slight differences between the two levels of ligand or ELMOs associated with a metal center in a metallo-protein) can be easily read in input and used in the reconstruction of the global wave function and electron density. Exploiting the ELMOs, which are either stored in the database or, if necessary, obtained from tailor-made ELMO calculations, the ELMOdb program computes the final one-particle density matrix of the system under investigation and, at the end of the calculation, it provides corresponding Gaussian09 [START_REF] Frisch | Gaussian09 Revision D.01[END_REF] formatted checkpoint (FChk) file and wavefunction files (in the .wfn and .wfx formats), which can be directly read by the NCIPLOT program to detect and analyze non-covalent interactions.

EDA, ETS-NOCV

In this framework, the extended transition state theory with the natural orbitals for chemical valence (ETS-NOCV) analysis was combined with Morokuma-Ziegler to analyse the composition of the ¢E orb and to set up which part of the orbital energy is involved in the metal-metal interaction and which one is only due to the electron rearrangement on the structure. Therefore, it is possible to write the deformation density ¢Ω in the NOCV representation as a sum of pairs of complementary eigenfunctions (√ °k, √ k ) corresponding to eigenvalues ∏ °k and ∏ k .

Furthermore, the contours of the NOCVs and their deformation density are shown in contours values of 0.03 au, where the red zones represent the negative regions of the density where the flow of charge to deform the density are represented from the red zones to the blue zones.

The visual inspection of deformation density plots helps to attribute the symmetry and the direction of the charge flow. In addition, these pictures are enriched by providing the energetic estimations, ¢E k orb , for each ¢Ω k within ETS-NOCV scheme. The splitting of the system was done according to the symmetry of each one, using principally symmetry planes crossing through the bonds in zones of interest. Computing the electron density of each fragment, the instantaneous interaction and the final electron density of the whole structure in the framework of the EDA and the ETS-NOCV

Magnetical-Based Descriptors

NICS values were calculated in the framework of relativistic density functional theory using Amsterdam Density Functional code (ADF 2016) [START_REF] Te Velde | Chemistry with adf[END_REF]42] where the relativistic scalar effects were incorporated by the Zeroth-Order Regular Approximation (ZORA Hamiltonian). The calculations were carried out with the Meta-Generalized Gradient Approximation (MetaGGA) M06-L [43,44] as well as TPSS [45]; also, with the generalized gradient approximation (GGA) BP86 [46,47], HTBS [48], PBE [49,50] and OPBE [50,51] functional with the TZ2P basis of Slater-type orbitals for all the functionals named above.

The latest functional (OPBE) has shown better results according to Swart [49]. Thus, the Nucleus-Independent Chemical Shifts (NICS) [52][53][54][55] were used as first descriptor of aromaticity. These values are also known as magnetic shielding tensor and have been used to quantify the electron delocalization of the system [56] where negative shielding tensor values indicate the existence of diatropic ring currents as a result of an aromatic behaviour. [57] Due to the nature of the NICS, it can be calculated at any point in the molecule, and in some cases, the total shielding tensor can be expressed as 1/3(xx + yy+ zz), where positive values represent paratropic behaviour while negative values indicate a diatropic behaviour. The other way to analyse the Total Shielding tensor is a sum of paramagnetic and diamagnetic contribution, furthermore, the Spin-orbit contribution to the total shielding tensor can be computed in order to analyse the SO coupling in this kind of systems.

The shielding tensors, employed for the B ind calculations, were computed in Gaussian 09 program [58] using the BP86 functional with def2-TZVP [START_REF] Weigend | Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for h to rn: Design and assessment of accuracy[END_REF] basis set for carbon, nitrogen, boron and hydrogen atoms. The LANL2TZ basis set and the respective pseudo potentials were employed for the metal atoms. [59,[START_REF] Hay | Ab initio effective core potentials for molecular calculations. potentials for k to au including the outermost core orbitals[END_REF] including the dispersion correction (BP86-D3). [START_REF] Grimme | A consistent and accurate ab initio parametrization of density functional dispersion correction (dft-d) for the 94 elements h-pu[END_REF] Furthermore, the current densities (In the DIRAC 18 package) unlike the latest Hamiltonian used in DFT, gives electronics solutions of both, positive and negative It means that we use the 4-component operators using large and small components of basis sets to compute the current densities . The default Hamiltonian of Dirac (Dirac-Coulomb Hamiltonian) with the simple coulombic correction. Nevertheless, the integrals of type hss||ssi are neglected due to the reduction in the computational cost and non affect the accuracy to the full Dirac-Coulomb Hamiltonian. This Hamiltonian was used combined with the Unrestricted Kinetic Balance (i.e., deleting unphysical solutions from the free particle positronic spectrum) which require the implementation of uncontracted basis set, where the cc-pVDZ for the organic part of the molecule was used while for the metal the Dyall Basis set was used.

Finally, the isotropic interaction in dinuclear compounds was computed with unrestricted Kohn-Sham with LDA, GGA: BP86, PBE, MetaGGA: M06L, HYBRID: B3LYP, PBE0, METAHYBRID:M06, and basis set def2-TZVPP for non-metal atoms. [START_REF] Weigend | Accurate coulomb-fitting basis sets for h to rn[END_REF], For the metal atoms the def2-QZVPP basis set was used [START_REF] Weigend | Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for h to rn: Design and assessment of accuracy[END_REF] alongside with the auxiliary basis set def2/J; [START_REF] Weigend | Accurate coulomb-fitting basis sets for h to rn[END_REF] also, The zeroth order regular approximation (ZORA) was included to take into account the relativistic effects in the system. The relativistic level of theory was fine-tuned, the integration accuracy around the heavy atoms was improved with the SpecialGridAtoms and SpecialGridIntAcc keywords avalaible in ORCA Package and with a specific basis set for each heavy atom.

Observations not only disturb what has to be measured, they produce it... We compel the electron to assume a definite position... We ourselves produce the result of the experiment. . This electronic delocalization was analysed via Induced Magnetic Field and Nucleus-Independent Chemical Shift calculations, finding a pattern between metal atomic radii and shielding tensor. Furthermore, similar behaviour for Mo and W, in the enhancement of the diatropic magnetic response, was displayed while Cr had a slightly lower diatropic character.

Introduction

One of the most interesting topics in chemistry is aromaticity, represented by the major breakthrough developed by Kekulé [START_REF] Kekulé | Sur la constitution des substances aromatiques[END_REF] about aromatic substances like benzene. Its analogues and derivates paved the way for theoreticians and experimental chemists to understand how aromaticity works, what type of molecules could be aromatic and how aromaticity could be affected by the environment (i.e., magnetic fields or ligands).

Therefore, a new type of organo-iron complexes was synthesized in 1951 by Kealy and Pauson [START_REF] Kealy | A new type of organo-iron compound[END_REF] and Miller [START_REF] Miller | 114. di cyclo pentadienyliron[END_REF] at almost the same time. One year later, Wilkinson et. al, [START_REF] Wilkinson | The structure of iron bis-cyclopentadienyl[END_REF] and Fisher and Pfab, [START_REF] Fischer | Cyclopentadiene-metallic complex, a new type of organometallic compound[END_REF] proposed the characteristic sandwich structure adopted by the dicyclopentadienyliron compound, named ferrocene. In this complex, the iron atom contributes with eight electrons (3d 6 4s 2 ), while each of the cyclopentanienyl carbon atoms contributes with one electron, following the 18-electron rule. Similar compounds were later discovered, especially those based on benzene rings. The most characteristic compound is the (bis)benzene chromium. In this compound, the metal atom contributes with six electrons (3d 5 4s 1 ) and each benzene carbon atom with one, which also follows the 18-electron rule. [START_REF] Li | Ferrocene analogues of sandwich m (crb 6 h 6) 2: a theoretical investigation[END_REF] Aromatic molecules exhibit different kinds of physicochemical properties, and their aromaticity is affected by the environment according to Nucleus-Independent Chemical Shift (NICS) analysis. [START_REF] Schleyer | Does cr (co) 3 complexation reduce the aromaticity of benzene?[END_REF][START_REF] Chen | Nucleusindependent chemical shifts (nics) as an aromaticity criterion[END_REF] In the current work, the aromaticity of benzene will be studied by means of NICS and the induced magnetic field (B ind ) as a consequence of the change of transition metal atoms.

One of the first works on aromatic behaviour of benzene-like molecules and derivates was done by Bleeke et al. in 1991 followed by other authors, who focused more on metallabenzene chemistry [START_REF] Bleeke | Metallabenzene chemistry[END_REF][START_REF] Bleeke | Metallabenzene: synthesis, structure, and spectroscopy of a 1-irida-3, 5-dimethylbenzene complex[END_REF][START_REF] Rickard | Electrophilic aromatic substitution reactions of a metallabenzene: Nitration and halogenation of the osmabenzene [os {C (SMe) CHCHCHCH} i (co)(pph3) 2[END_REF][START_REF] Hung | Electrophilic substitution reactions of metallabenzynes[END_REF] in order to understand the interaction between the d orbitals, from metal atoms, and p orbitals from carbon atoms, to form rings of º-bonds and find different similarities between metallabenzenes (as a new class of aromatic compounds) and heterobenzenes. e.g., ring planarity, the absence of bond length alternation, downfield chemical shifts (for ring protons) , chemical reactivity and the clear experimental evidence of the presence of ring currents. Nevertheless, metallabenzenes display contradictory behaviour about its non-, anti-and -aromaticity turning it into an active research field. [START_REF] Landorf | Recent advances in metallabenzene chemistry[END_REF].

Different kinds of analyses over ferrocene-like molecules have been developed showing a D 6h symmetry of the structure. [START_REF] Nakajima | A novel network structure of organometallic clusters in the gas phase[END_REF][START_REF] Knickelbein | Magnetic moments of bare and benzene-capped cobalt clusters[END_REF][START_REF] Yasuike | Ionization energies and bonding scheme of multipledecker sandwich clusters: M n (c6h6) n+ 1[END_REF][START_REF] Zhang | Structural, electronic, and magnetic properties of co n (benzene) m complexes[END_REF][START_REF] Pandey | Electronic structure and properties of transition metal-benzene complexes[END_REF][START_REF] Kandalam | Geometry and electronic structure of v n (bz) m complexes[END_REF][START_REF] Wang | Structure and magnetism of v n bz n+ 1 sandwich clusters[END_REF][START_REF] Sohnlein | Pulsed-field ionization electron spectroscopy of group 6 metal (cr, mo, and w) bis (benzene) sandwich complexes[END_REF][START_REF] Liu | Triple-decker-sandwich versus rice-ball structures for tris (benzene) dimetal derivatives of the firstrow transition metals[END_REF] Alongside, experimental results show the formation of sandwich clusters for metals like Sc, Ti, V. [START_REF] Kurikawa | Electronic properties of organometallic metal-benzene complexes [m n (benzene) m (m= sc-cu)][END_REF] Theoretical approach of cationic structures with metals like Cr, Mo, W show again a D 6h symmetry for sandwichlike complexes [START_REF] Zhu | Density functional theory study of cationic group vi transition metal-benzene clusters[END_REF] and C 6v symmetry for pyramidal complexes. [START_REF] Rabilloud | Geometry and spin-multiplicity of half-sandwich type transitionmetal-benzene complexes[END_REF] Besides, analyses with relativistic effects, in heavy metals and some inner transition metals , are in agreement with previous results about thermostability and symmetry of each system. [START_REF] Hong | Scalar-relativistic density functional and ab initio pseudopotential study of zero-valent d and f metal bis-¥6-benzene sandwich complexes m (c6h6) 2 (m= sc, ti, y, zr, la, lu, hf, th, u)[END_REF] Magnetically induced current densities in homo-, non-, anti-, and -aromatic compounds showing correlation between the diatropic current and aromaticity of molecules, as well as between paratropic current and antiaromaticity, have been previously studied. [START_REF] Fliegl | Magnetically induced current densities in aromatic, antiaromatic, homoaromatic, and nonaromatic hydrocarbons[END_REF] Significant increases in magnetic anisotropy because of the influence of spin-orbit interaction were found by Mokrousov and co-workers. [START_REF] Mokrousov | Magnetic anisotropy energies of metal-benzene sandwiches[END_REF] A well-extended review of current densities and its applications [START_REF] Sundholm | Calculations of magnetically induced current densities: theory and applications[END_REF] like chemical shifts, aromaticity behaviour, chemical bond predictions and rescreening candidate molecules for molecular electronics devices, expose the large application of current densities and the information that could be obtained.

In order to understand the different properties of these systems such as electronic structures, magnetic response or transport phenomena of stable large stacked systems, [START_REF] Mahmudur Rahman | A density functional study of the electric and magnetic properties of a benzene-transition-metal multipledecker sandwich chain[END_REF] the study of building blocks in these neutral-charge systems: pyramidal, sandwich and triple-decker conformations, as a possible candidates to build molecular or nanowires, new low-dimensional magnetic materials, spin filter or quantum transport is mandatory. [START_REF] Yang | Density functional theory studies of nb? benzene and nb? borazine sandwich clusters and molecular wires[END_REF][START_REF] Yang | The magnetic and quantum transport properties of benzene-vanadium-borazine mixed sandwich clusters: a new kind of spin filter[END_REF] Aditionally, to gain more insight of the nature of the interaction in the complexes reported here, EDA [15,[START_REF] Morokuma | Why do molecules interact? the origin of electron donor-acceptor complexes, hydrogen bonding and proton affinity[END_REF] calculations were performed.

Moreover, the role of the electronic delocalization in the interaction of the metal with the benzene ring(s) is studied in terms of the B ind , [START_REF] Islas | The induced magnetic field[END_REF][START_REF] Merino | The induced magnetic field in cyclic molecules[END_REF] which has been successfully employed in molecules and compounds where transition metal atoms are involved. [START_REF] Islas | Analysis of the aromaticity of five-membered heterometallacycles containing os, ru, rh, and ir[END_REF][START_REF] Vásquez-Espinal | Testing the effectiveness of the isoelectronic substitution principle through the transformation of aromatic osmathiophene derivatives into their inorganic analogues[END_REF] The interaction with the non-aromatic borazine ring, [START_REF] Islas | Borazine: to be or not to be aromatic[END_REF] is also proposed because if the aromaticity has an important role, the borazine is the perfect counterpart.

The complexes reported here were minima in their respective Potential Energy Surfaces (PES) and they were catalogued in three groups based on their structural skeletons.

The first group was formed by pyramidal structures, which were labelled as 'pyramidal' complexes. These compounds have a M-(¥ 6 -C 6 H 6 ) interaction (and M-(¥ 3 -B 3 N 3 H 6 ) interaction for borazine). The second group was the classic metallocene structure, with M-(¥ 6 -C 6 H 6 ) 2 which adopted the 'sandwich'-like structure and finally, the third group was formed by the sum of a metallocene and a pyramidal structure, labelled as 'tripledecker' complexes, where M was the same metal atom. (Figure 3.1). The second and third groups were eclipsed structures. The charge for all the structures was 0 and M = Cr, Mo or W.

In Table 3.1, some important bond lengths for pyramidal, sandwich-like and tripledecker complexes are shown. The symmetry of pyramidal compounds is C 6v (the interaction is M-(¥ 6 C 6 H 6 )). In the pyramidal complexes, benzene rings are distorted from the planarity; in the benzene ring, the C 1 °C2 °C3 °H3 dihedral is 0.0 degrees, but in the Cr, Mo and W complexes this measure is distorted by 7.0, 5.1 and 5.3 degrees, respectively distorted. The M-C changes in the bond length were in agreement with the atomic radii:

Cr was shorter than Mo and W, but these two latter elements had similar radii. [START_REF] Clementi | Atomic screening constants from scf functions. ii. atoms with 37 to 86 electrons[END_REF] The benzene rings in these complexes were slightly distorted by the metal presence; the C-C bond length in the three complexes was larger than in the benzene ones (1.399 Å calculated with BP86/def2-TZVP).

The structural parameters of sandwich complexes are in Table 3.1. In these compounds, the C-C bond length is shorter and the dihedral distortion is diminished when compared with the pyramidal structures. For the C 1 °C2 °C3 °H3 dihedral angles, the distortion is only 1 degree in the Mo and W complexes. The M °C1 bond length, as well as C 1 °C7 (which could be associated with the benzene-benzene distances), are in agreement with metal atomic radii. The three structures are totally eclipsed, with 0 degrees in the H 1 °C1 °C7 °H7 dihedral according to symmetry D 6h , reported previously.

Finally, in the 'triple-decker' complexes, where M 1 and M 2 are the same metal atom, there are two types of equivalent benzene rings: those in the external (E) part and one central ring surrounded by two metallic atoms (I). For Cr and Mo complexes, the central benzene is slightly bigger than the external ones. But, in the W complex, the threebenzene rings have exactly the same structural parameters. The C-C bond lengths in the external benzenes of the Cr and Mo complexes are still larger than benzene aromatic bonds, but the C-C bond lengths in the W complex are closer for benzene structural parameters and they are perfect planar rings (Table 3.1). Also, the distances between the external rings and the central ring are in agreement with the atomic radii, and the three complexes are completely eclipsed structures. As a consequence, there was an important influence of the metal over the C-H bond, namely, the bigger the molecular weight was, the shorter the C-H bond distances were.

Alongside the structural analysis, an electronic description was done. Figure 3.2 shows the Highest Occupied Molecular Orbitals (HOMO) obtained for each analysed compound. In all cases, the HOMO is a p z pure orbital of the metal attached to the structure. The HOMO-1, HOMO-2 and so on, show º-and ± molecular orbitals with two and four nodes, respectively. Borazine shows an asymmetric distribution of the molecular orbital over the structure, while metal-benzene structure shows a symmetric one. These molecular orbitals will be discussed by Energy Decomposition Analysis.

Energy Decomposition analysis

The EDA (Energy Decomposition Analysis) shows the interaction of the complexes following the fragmentation proposed in Figure 3.1. For the pyramidal structures, the first fragment is the metal atom and the second one is the benzene or the borazine ring.

For the sandwich complexes, one fragment is formed by the two benzene rings and the other one is the metal atom. Lastly, the triple-decker complexes are split: the metallocene fragment and the pyramidal fragment.

The values of the EDA are reported in Table 3.2. For pyramidal structures (benzene and borazine) the principal contribution of the M-Ring interaction is covalent, the Mo complexes being the highest (or more covalent), and the W complexes the lowest ones.

Pauli repulsion energy increases as one goes down the group. The covalent percentages charge flux between metal and ring, but rather with the storage charge between the ring and the metal region (Figure 3.4). The charge flux goes from red zone to blue zone, meaning that there is a middle zone between metal and ring. Its behaviour is directly responsible for the response of the molecule in the presence of a magnetic field. Furthermore, there is an unexpected behaviour in the secondary energy in W, namely, it is approximately 10 times bigger than Cr and or Mo values. This could be explained because of the high electronic contribution from core to the outer shells, due to scalar-relativistic effects in the metal. In order to analyse the aromaticity, NICS and B ind were used on the triple-decker, sandwich and pyramidal structures to check whether the metal affects the electronic delocalization.

Aromaticity

showing no significant spin-orbit effect. The NICS values remained in the same order of magnitude.

In Figure 3.9-C, black lines represent the benzene molecule. In agreement with the previous results, the NICS is displayed from right to left, validating the large effect of Cr over the molecular aromaticity. When crossing the first ring, the aromatic behaviour increases. However, the closer the NICS analysis to the metal is, the less clear the result is. This is due to the high electronic density around the metal. The benzene inside the complex is aromatic. The fluctuation in NICS shows higher values in the planar ring and lower ones close to the ring. All these results are in agreement with the isolines in Figures The induced magnetic field was also employed in the analysis of the electronic delocalization. The aim was to understand the role of the electronic delocalization in the stability and the magnetic response of the pyramidal compounds. In Figure 3.10-A and in Figure 3.10-B, the magnetic response of the benzene and the borazine pyramidal complexes are plotted. For benzene complexes, the diatropic region around the Cr atom is smaller than the one observed in Mo and W complexes. The difference between the aromatic and the non-aromatic ring complexes is evident. For borazine complexes, the paratropic distribution around the metal atom is similar, but bigger in the Cr-borazine pyramid. Benzene complexes also show a difference in the Cr-pyramid, in which the values are about -20 ppm instead of -60 ppm. Thus, the Cr atom had an important impact on the magnetic response of this set of molecules due to the electronic density donation from metal to B, as well as to N, because of the electron deficit and the electronegativity, respectively.

For the 'sandwich' complexes (Figure 3.10-C), the magnetic response is not altered by the presence of the different metallic atoms. The magnetic response is similar in extension values. The B ind z value in the central region is about -60 ppm.

The magnetic response of the three 'triple-decker' complexes is diatropic (Figure 3.10-D). The external rings present the same trend as the 'pyramidal' and 'sandwich'

for Cr it was augmented indicating the effect of metal over rings structures. Thus, for aromatic structures the aromaticity was enhaced, while for non-aromatic structures the paratropic currents were diminished. Furthermore, the metal role in pyramidal structures changed the local electron density between metal and ring enhancing the diatropic current in each case, namely, the heavier the atom is, the lower the responses are.

In sandwich-like complexes, an equivalent behaviour is plotted in Figure ??. The Cr enhances the NICS values, while Mo and W display a similar role in magnitude.

Alongside the NICS values, the response of B ind showed a higher diatropic region around the ring for Cr pyramidal structure when compared with Mo and W. In addition, the net charge flux went from metal to ring in ± orbitals, while in º orbitals went from ring to metal. In the secondary energy decomposition using EDA, Figure 3. Another important subject is the splitting of the d orbitals from the metal as a response of the ligand field, which has a key influence over electronic delocalization.

In this work, two important parameters in the ligand field have been introduced: °= 10025 cm °1)<W( ¢ = 8008; °= 10765 cm °1). These differences could explain the most important electronic delocalization in Cr complexes, when compared with the Mo and W structures. The same trend is observed in the other two groups of molecules, i.e., the sandwich-like and triple-decker complexes. However, the energy gaps introduced by the ligand fields are more equivalent in magnitude. This makes sense when compared with NICS values observed in sandwich structures because of the similarity in the slope of the curve observed in Figure 3.9. On the contrary, when close to the benzene ring a change in the slope in the Cr structure is observed.

¢ = E a 1 (
Finally, an increment in the diatropic region, in the middle ring, for triple-decker structures, was shown despite the metal-ring distance. This could be explained due to the possible communication between the two metals across the middle ring. The HOMOs clearly showed an extended molecular orbital across the ring connecting the two metal centres.

As a final extension of this analysis, the computation of some current densities was made. In the DIRAC framework, the Triple Decker compounds containing Cr and W are open-shell systems, due to the multideterminantal nature of the electronic structure.

Although it is also so for Mo, it is easier to compute the induced current density, in the latter due to the way of constructing the average-of-configurations in the open shell part of the system. For this reason, only the description of the Mo-triple-decker system is done, the current densities show the aromatic behaviour of the system in the middle ring as well as in the external one (Figure 3.12 ). Furthermore, the region where the metal is placed, an antiaromatic behaviour is depicted (see SI) as well as the middle zone between the metal and the ring. 

Conclusions

The structural analysis was developed over each molecule finding that pyramidal structures have a C 6v symmetry, while sandwich and triple-decker structures have a D 6h symmetry. In all cases, the metal created a change in the benzene geometry, in the out-ofplane structure for each benzene, as well as in the bond distances or angles involved in its structure. Besides, a crucial influence of the metal over the C-H bond was found, namely, the bigger the molecular weight was, the shorter the C-H bond distances were. Thus, the structural parameters indicated that the impact of the metal atom presence was stronger in the pyramidal structures. The W 'triple-decker' complex was the best-fitted structure with almost null deformation of the benzene rings.

The electronic description clearly showed that in all cases, the HOMO is a p z orbital of the metal. To understand the metal-ring interaction, the EDA was carried out, showing that the main contribution was a metal-ring covalent interaction, being the Mo complexes the most covalent ones, and the W complexes the least covalent . At the same time, the NOCV analysis was done, indicating that the stabilization was primarily carried out by two orbital interactions: the º and the ± formed by the orbitals d xzd yz and d xy -

d x 2 °y2 ,
respectively.

An important observation in the electronic structure showed that the net charge flux was from metal to ring. The charge that was not involved in flux or in orbital stabilization was localized in the zone between the ring and the metal region. This charge was directly responsible for the molecule response in the presence of magnetic fields. This was measured finding that the bigger the atom was, the lower the NICS were. Consequently, an increment of the aromaticity was the result of metal-benzene interactions with a large effect from Cr. Furthermore, for aromatic structures, the aromaticity was enhanced, while for non-aromatic ones, the paratropic currents were diminished.

Finally, EDA values showed that aromaticity was not a determining factor in the stabilization of these compounds and benzene complexes had similar interaction with metal atoms.The magnetic response of the nine complexes was diatropic and the distribution of the negative values of the B ind z regions was similar in the three different groups, except for the Cr-pyramid.

[FR] Conclusions 

Introduction

Metallabenzene-like molecules were first proposed by Thorn et al. [START_REF] Thorn | Delocalization in metallocycles[END_REF] in 1979; after that, many attempts to synthesize metallabenzenes were done for finding metallacyclodienes of five and six members [START_REF] Elliott | Metallacyclohexatrienes or 'metallabenzenes.'synthesis of osmabenzene derivatives and x-ray crystal structure of [os (cschchchch)(co)(pph 3) 2][END_REF][START_REF] Grabowski | Stepwise transition metal promoted ring expansion reactions of vinylcyclopropenes to give cyclopentadienes and cyclohexa-2, 4-dienones. the first example of a 1metallacyclohexa-2, 4-diene complex,{[Pt-CH 2-CH [double bond, length half m-dash] C (Ph)-C (Ph)[double bond, length half m-dash] C (Ph)](PPh 3) 2}[END_REF][START_REF] Elliott | An osmium containing benzene analog, os (cschchchc h)(co)(pph3) 2, carbonyl (5-thioxo-1, 3-pentadiene-1, 5-diyl-c 1, c 5, s)-bis (triphenylphosphine) osmium, and its precursors[END_REF], these advances helped to understand the nature of the synthesis pathways of metallabenzenes. Thus, in 1989, Bleke et al. synthesized the first iridabenzene [START_REF] Bleeke | Metallabenzene: synthesis, structure, and spectroscopy of a 1-irida-3, 5-dimethylbenzene complex[END_REF][START_REF] Bleeke | Synthesis, structure, spectroscopy, and reactivity of a metallabenzene1[END_REF] followed by then other authors. [START_REF] Wu | Metallabenzenes and valence isomers. 3. unexpected rearrangement of two regioisomeric iridabenzenes to an (¥5-cyclopentadienyl) iridium (i) complex[END_REF][START_REF] Wu | Regioselective formation of Ø-alkyl-AEphenyliridabenzenes via unsymmetrical 3-vinylcyclopropenes: Probing steric and electronic influences by varying the alkyl ring substituent[END_REF][START_REF] Chase | Crystal structures of two unusual, high oxidation state, 16-electron iridabenzenes[END_REF][START_REF] Vivancos | Building a parent iridabenzene structure from acetylene and dichloromethane on an iridium center[END_REF] This allowed the synthesis of metallabenzenes to be extended to other metals like Iron [START_REF] Ferede | Possible formation of ferrabenzene and its novel conversion to 1, 3-diphenyl-2-methoxyferrocene[END_REF], Osmium [START_REF] Elliott | Metallacyclohexatrienes or 'metallabenzenes.'synthesis of osmabenzene derivatives and x-ray crystal structure of [os (cschchchch)(co)(pph 3) 2][END_REF][START_REF] Elliott | An osmium containing benzene analog, os (cschchchc h)(co)(pph3) 2, carbonyl (5-thioxo-1, 3-pentadiene-1, 5-diyl-c 1, c 5, s)-bis (triphenylphosphine) osmium, and its precursors[END_REF][START_REF] Xia | Osmabenzenes from the reactions of hc cch (oh) c ch with osx2 (pph3) 3 (x= cl, br)[END_REF][START_REF] Han | Synthesis, structure, and reactivity of an osmacyclopentene complex[END_REF] Ruthenium [START_REF] Yang | Detection of a ruthenabenzene, ruthenaphenoxide, and ruthenaphenanthrene oxide: the first metalla aromatics of a second-row transition metal[END_REF][START_REF] Zhang | Synthesis and characterization of stable ruthenabenzenes[END_REF][START_REF] Zhang | Interconversion between ruthenacyclohexadiene and ruthenabenzene: A combined experimental and theoretical study[END_REF] and Rhodium. [START_REF] Poon | Synthesis and characterization of rhenabenzenes[END_REF][START_REF] Lin | Synthesis of rhenabenzenes from the reactions of rhenacyclobutadienes with ethoxyethyne[END_REF][START_REF] Lin | Rhenabenzenes and unexpected coupling products from the reactions of rhenacyclobutadienes with ethoxyethyne[END_REF].

The First Platinabenzene (Pt II ) was synthesized by Jacob et al. [START_REF] Jacob | Metallabenzenes and valence isomers. synthesis and characterization of a platinabenzene[END_REF] where the Pt is part of a planar six-ring metallacycle with a clearly aromatic character such as non-alternating bond lengths and supported by NMR data. [START_REF] Jacob | Rearrangement of a ae-2-(cycloprop-2enyl) vinyl-to an ¥3-cyclopentadienylplatinum (ii) complex. selective protonolysis of the platinum-methyl bond[END_REF][START_REF] Landorf | Rational synthesis of platinabenzenes[END_REF][START_REF] Jacob | Platinabenzenes: synthesis, properties, and reactivity studies of a rare class of metallaaromatics[END_REF] For bigger molecules containing Pt as the heteroatom, it was found platinaphtalenes were found, [START_REF] Ghiasi | Spectroscopic studies and molecular orbital analysis on platinanaphthalenes and ring-fused bn platinanaphthalenes[END_REF] showing low aromatic behaviour of the complex at ring centre as revealed by a NICS analysis; [START_REF] Proft | Relative hardness as a measure of aromaticity[END_REF][START_REF] Wright | Metallabenzenes and metallabenzenoids[END_REF] while there is an enhancement of the aromaticity about 1 Å of distance from the molecular plane. [START_REF] Ghiasi | Theoretical investigation on geometries and aromaticity of heterocyclic platinabenzenes[END_REF][START_REF] Ghiasi | Computational study of substituent effect in para substituted platinabenzene complexes[END_REF] In this case, we will study the Pt-Bz-Cp system which has been previously studied by Iron et al. [START_REF] Iron | A computational foray into the formation and reactivity of metallabenzenes[END_REF] and where some interesing physicochemical properties were observed such as the existence of homologous molecular orbitals (compared with benzene), the planarity on the ring or the bond length between C-C in the ring. Also, they made an observation on the importance of the diatropic ring current to corroborate the existence of aromaticity which was not measured by them and is hereby presented by us. Furthermore, flux of Ω is entering) regardless of the sign of each eigenvalue [START_REF] Kumar | Bader's theory of atoms in molecules (aim) and its applications to chemical bonding[END_REF]. Figure 4.1 shows in blue the negative Laplacian in different regions in the molecular plane; consequently, it is highly possible that a covalent interaction between Pt and the ring exists, as well as in between Pt and the Cyclopentadienyl ring (Cp). Nevertheless at the BCP, the r 2 Ω is positive indicating a closed-shell interaction. Moreover, the red regions of Figure 4.1 have positive values of r 2 Ω implying weak or non-covalent interaction. The second eigenvalue from the Hessian Matrix (Table 4.1) helps to identify, through its negative value, the existence of weak bonding or closed-shell interactions [2,3]. Therefore, there is a negative eigenvalue (∏ 2 =-0.145) between Pt and C from the ring, showing the existence of weak bonding interaction as the dominating one. To go further in the analysis of the nature of the interaction between the Pt and the molecule, a promolecular analysis was made, revealing the non-covalent interaction in different molecular zones; thus. the 

they

Nucleus Independent Chemical Shift

The NICS were calculated in the perpendicular axis to the metallabenzene ring, taking into account the spin-orbit effects of the metal. The total shielding was decomposed as 1 3 (xx + yy+ zz) and the zz component was plotted as well as their paramagnetic, diamagnetic and spin-orbit contribution. As depicted in Figure 4.4 the paramagnetic and diamagnetic contribution have opposite behaviour, i.e., the paramagnetic with a major paratropic behaviour and diamagnetic with a major diatropic behaviour. Also, the spin-orbit interaction contributes with a low paratropic value to the total shielding tensor. Figure 4.4 shows an interesting behaviour of NICS. At the molecular plane, there is a low diatropic behaviour which is enhanced as getting away from molecular plane indicating a high aromatic behaviour about 1.0 Å from the molecular plane. If the plots of electron density over the plane and 1 Å from the molecular plane are depicted, we see how the electron density goes from a localized behaviour inside the molecule to a non-localized one. While outside the molecular shape always appears a non-localized electron density distribution always appears.

The electron density is clearly localized on the molecular plane over each atom while at 1 Å from there, the contour lines appear over the ring showing a non-localised explore the effect of the Ring-Pt-Cp interaction over the induced current density, we plot the streamlines for the total contribution at different distances from molecular plane due to the particular behaviour of the total tensor of the NICS value between 1 Å and 2 Å. Figure 4.9 shows the slices at 1 and 2 Bohr from the molecular plane. 

Current Density

Conclusions

The system here-studied was conceived as Metallabenzene-like molecule. Nevertheless, according with topological analysis there is an important repulsive character between the Pt and the C 5 H 5 ring, while the Pt has an important attractive interaction with the Cp. In both cases the existence of NCI is present. Indicating the metallocene character as well as metallabenzene character of the system. Due to the NCI interaction present in the system a Energy Decomposition Analysis was perform to quantify the interaction of Pt with the rings associated confirming the existence of the Metallocene character in the Metallabenzene molecule.

In the aromatic point of view, the system clearly present at molecular plane an aromatic behaviour. The current densities are in agreement with the other descriptors (density and NICS), where the aromaticity of the systems start to lose strength as one move away from the molecular plane due to the Pt influence over the system.

Due to the Symmetry Condition of the system, there is not possible to extract the components X, Y and Z separately,from the strength current path as well as total strength INTERACTION 

Introduction

Molecules of silicon bonded with transition metals represent an important field because of their catalytic relevance [START_REF] Corey | Reactions of hydrosilanes with transitionmetal complexes: formation of stable transition-metal silyl compounds[END_REF] alongside with the well-known properties of platinum complexes with silicon. [START_REF] Adams | Catalysis by di-and polynuclear metal cluster complexes[END_REF] The first reported crystal structure of a platinum trinuclear cluster containing a siloxy ligand was in 1999 by Bender [START_REF] Bender | First platinum clusters containing a direct pt-si bond: molecular structure of [pt3 {Si (OSiMe3) 3}(µ-pph2) 3 (pph3) 2] and electrochemical studies[END_REF]. Then, in 2000, a new triangular complex composed of three zero-valent platinum was synthesized by Osakada et al. [START_REF] Osakada | A triangular triplatinum complex with electron-releasing siph2 and pme3 ligands:[{Pt (µ-SiPh2)(PMe3)} 3][END_REF] they proposed the possibility of the Pt-Pt bond existence. Since then, many others molecules with an analogue core (i.e., Pt 3 Si 3 ) were synthesised, showing experimentally by X-ray crystallography that the core is a non-planar structure. [START_REF] Braddock-Wilking | Formation and xray crystal structure determination of the novel triplatinum cluster [(ph3p) pt (µ-sic12h8)] 3 from reaction of silafluorene with (ph3p) 2pt (¥2-c2h4)[END_REF] Additionally, other types of triplatinum complexes have been synthesized with different bridges like carbonile, [START_REF] Imhof | Trimetallic units as building blocks in cluster chemistry[END_REF] nitrile or phosphido [START_REF] Bender | Synthetic, structural, spectroscopic, and theoretical studies of structural isomers of the cluster pt3 (µ-pph2) 3ph (pph3) 2. a unique example of core isomerism in phosphine phosphido-rich clusters[END_REF] or along with dinuclear systems, [START_REF] Braddock-Wilking | Reaction of silafluorenes with (ph3p) 2pt (¥2-c2h4): Generation and characterization of pt-si monomers, dimers, and trimers[END_REF][START_REF] Braddock-Wilking | Spectroscopic and reactivity studies of platinumsilicon monomers and dimers[END_REF][START_REF] Baddour | Pt-mg, pt-ca, and pt-zn lantern complexes and metal-only donor-acceptor interactions[END_REF] or even more, expanded rings [START_REF] Tanaka | Ring expansion of cyclic triplatinum (0) silylene complexes induced by insertion of alkyne into a si-pt bond[END_REF][START_REF] Tanabe | Triangular triplatinum complex with four bridging si ligands: Dynamic behavior of the molecule and catalysis[END_REF] Triplatinum clusters have been useful to synthesize newer and bigger compounds as Pt(III) and Pt(II), [START_REF] Umakoshi | Deep blue mixed-valent ptiiiptiiiptii complex [pt3br2 (µ-pz) 6](pz= pyrazolate) showing valence-detrapping behavior in solution[END_REF] or mixed-valence Pt(II) and Pt(I). [START_REF] Leoni | Synthesis and characterization of new triangulo derivatives of ptiptiptii, including the first platinum cluster binding both ethylene and co[END_REF]146] It is important to recall that there are not only molecules with cores of Pt-Si but also with Pt-Ge which are of potential interest. [147][START_REF] Tanabe | A triangular triplatinum (0) complex with bridging germylene ligands: insertion of alkynes into the pt-ge bond rather than the pt-pt bond[END_REF][START_REF] Tanaka | Cationic hydridotriplatinum complex with bridging germylene ligands[END_REF] In order to understand if it is possible to have a Pt-Pt covalent bond as well as the interaction between transition metals with d 10 configuration proposed by Bender [START_REF] Bender | First platinum clusters containing a direct pt-si bond: molecular structure of [pt3 {Si (OSiMe3) 3}(µ-pph2) 3 (pph3) 2] and electrochemical studies[END_REF] we carried out a Quantum Theory of Atoms in Molecules analysis as previously used for Metal-Metal interactions with the aim of understanding the nature of the interaction [START_REF] Farrugia | Qtaim view of metal-metal bonding in di-and trinuclear disulfido carbonyl clusters[END_REF]. We show the low possibility of covalent bond formed between two centres using topological descriptors and delocalization indexes, highlighting as main conclusion that one should involve energetic considerations to evaluate the nature of the interaction over this kind of systems [START_REF] Farrugia | Metal-metal and metal-ligand bonding at a qtaim catastrophe: a combined experimental and theoretical charge density study on the alkylidyne cluster fe3 (µ-h)(µ-come)(co) 10[END_REF].

Furthermore, for the study of the possible existence of electron delocalization, the NICS as a second descriptor was proposed. It should be noted that other authors use it as first aromatic descriptor, as previously used in some systems like Re 3 [START_REF] Alvarado-Soto | Spin-orbit effects on the aromaticity of the re3cl9 and re3br9 clusters[END_REF] (where the electron delocalization was depicted through negative NICS values and the exhibition of aromatic behaviour due to the spinors in d shell) or system containing Os [START_REF] Zhu | Planar möbius aromatic pentalenes incorporating 16 and 18 valence electron osmiums[END_REF] (where the aromatic character shows negative values of shifts).. Finally, the ring current density is discused, [START_REF] Lazzeretti | Ring currents[END_REF][START_REF] Gomes | Aromaticity and ring currents[END_REF] where the current density could show the aromatic character of systems, like M 3 rings [START_REF] Rabanal-León | Aromaticity of [m3 (µ-x) 3x6[END_REF], through their diatropic ring current which has been deeply

studied. [157, 158] 5.1.

The Laplacian was decomposed in the three eigenvalues (∏ i ) from the electron density Hessian matrix and the analysis of their signs is used to understand the chemical bonding.

In the case of covalent interactions, the Laplacian is negative (high concentration of Ω)

regardless of the sign of each eigenvalue [START_REF] Kumar | Bader's theory of atoms in molecules (aim) and its applications to chemical bonding[END_REF]. Figure 5.2 shows in blue the negative Laplacian in different regions in the molecular plane; consequently, the existence of coordination is highly possible between Pt and PH 3 as well as between Pt and SiH 2 . This will be deeply discussed in the next section using Energy Decomposition Analysis.

Moreover, the red regions of Furthermore, from the atomic partition one can derive the Delocalization Index (DI).

The DI counts the average number of electron delocalized or shared between atoms A and B, ±(A, B). It is obtained by double integration over atomic basins of the exchangecorrelation density between atoms A and B. [START_REF] Fradera | The lewis model and beyond[END_REF][START_REF] Fradera | Electron-pairing analysis from localization and delocalization indices in the framework of the atoms-inmolecules theory[END_REF] DI has been used as aromatic criteria of some systems [START_REF] Poater | The delocalization index as an electronic aromaticity criterion: application to a series of planar polycyclic aromatic hydrocarbons[END_REF] and used to understand the relation with bond order of some others systems. [START_REF] Firme | Relation between bond order and delocalization index of qtaim[END_REF][START_REF] Mandado | Qtaim n-center delocalization indices as descriptors of aromaticity in mono and poly heterocycles[END_REF] In the Pt 3 ring, the DIs between Pt-Pt bonds are the same i.e., 0.69.

To understand the d 10 electronic distribution among atoms in the molecule, Table 5.1 shows the average electron delocalization, displaying one electron from Pt at each covalent bond (i.e., Pt-Si and Pt-P) for a total of 8 electrons involved. The remaining 2 electrons must be placed in the Pt 3 ring which is supported by the value 0.69 for Pt-Pt in the ring, showing clearly 2 delocalized electrons between three centres. It had been previously shown that the resonance between various canonical structures leads to the equalization of bond lengths. [START_REF] Krygowski | Structural aspects of aromaticity[END_REF] Finally, in order to understand the electronic (de)localization behaviour, the plot of electron density vs distance moving away from the molecular plane was done. Suggesting a pseudo-C 3v symmetry, Figure 5.2.1 shows the electron density as a function of distance in a plane that is perpendicular to ae h (molecular plane) and goes through the Pt-Pt region which we will deeply analysed using Nucleus-Independent Chemical Shifts.

Nucleus-Independent Chemical Shifts (NICS)

The NICS were calculated in two different zones in the molecule. The here-named Local Chemical Shift (LCS) which was placed in the ring formed by Pt-Si-Pt, and the herenamed Centre-of-Molecule Chemical Shift (CCS) which was placed at the centre of the Pt 3 ring. Both of them were calculated from °6.0 Å to 6.0 Å through the z axis where the 0.0 is located in the molecular plane. In both cases, the xx, yy and zz components were extracted as well as the paramagnetic, diamagnetic and spin-orbit tensors from the total shielding tensor.

To analyse the behaviour of NICS in the CCS region, the values were depicted in two different ways. The first one, in 

5.9(d))

. Each fragment shows a high electrostatic interaction rather than orbital one. Thus, it is observed that the electrostatic component plays an important role between the PH 3 and the structure as well as at each fragment segmented by symmetry. With the help of Topological Analysis we clearly show that high contributions of Electrostatic interaction could be due to the non-covalent interaction among Pt 3 and its positive Laplacian at BCP. Nevertheless, there is an orbital interaction between Pt and Si centre also depicted in the QTAIM analysis.

It is confirmed that the interaction between Pt in the molecule is due principally to non-covalent interactions (as a sum of Electrostatic and dispersive interaction). Also, the NCI between Pt and P is greater than Si with P. This is supported by the (3, +3) ring critical point at this interaction, where we found primarily electrostatic and dispersive interactions. 

Conclusions

The system was analysed through 4 different aspects. i.e., QTAIM, NICS, EDA (ETS-NOCV) and MICD. In QTAIM, the interaction between atoms was depicted founding principally NCI between Pt in the molecular centre as well as the interaction between Pt and P. The interaction found between Pt and Si was principally covalent. The topological analysis of electron density depicted an important region above 1.5 Å where the electron density is less localized over Pt centres or bonds which was calculated through Delocalization Index, showing a higher electronic delocalization between the Pt-Pt centres, followed next by Pt-Si and Pt-P.

CHAPTER 5. EXPLORING THE AROMATICITY CHARACTER OF [PT(µ-SIPH 2 )(PME 3 ) 3 ]ANALOGUECOMPLEX

This region was deeply analysed using NICS along the z-axis. I was found that at the molecular plane, the paratropic behaviour governs over the diamagnetic, spin-orbit and total shielding tensor. Nevertheless, above 1.5 Å above the plane, this paratropic behaviour changes to a diatropic one suggesting the existence of aromaticity above the molecular plane when the contribution to total shielding tensor are analysed.

The energy decomposition in the molecule helps to understand the NCIs as well as the covalent interactions. In this sense, the existence of NCI between the centres Pt-Pt, Pt-P and in the ring Pt 3 and Pt 2 Si is confirmed. This NCI are mainly electrostatic interaction and dispersive interaction. Finally, the molecule is stabilized due to the charge flux going from Si and P to Pt centres and from Pt centres flux charge in the middle zone in between them.

CHAPTER 5. EXPLORING THE AROMATICITY CHARACTER OF [PT(µ-SIPH 2 )(PME 3 ) 3 ]ANALOGUECOMPLEX

[FR] Conclusions

Le système a été analysé à travers 4 aspects différents. I n this chapter, we take into account one of the previous observations, i.e., the possible communication and coupling between metals through aromatic rings.

Thus, the nature of the interaction and functional dependence in the analysis of isotropic coupling in molecules with metals was studied. For this reason, we decided to understand the errors involved in this type of analysis, mainly in the delocalization error of the DFT, using the existing limits in these errors (HF and LDA), we calculate the coupling value J in a set of molecules (which are the reference target for magnetic properties) using a wide range of theoretical levels, from HF to LDA, using GGA, Meta-GGA and Hybrid functionals, we build error bars and using interpolation techniques we could give an area where the experimental value could be and the error involved in calculating the value of J-coupling. The proposed error bars are organized according to their size. In all cases, the order is the same. Nevertheless, for the sake of clarity, they will be separated into three groups according to the different ways of calculating the isotropic coupling. In addition, the data was scaled to make the experimental value zero and to visualize it more easily using the error bar. We can observe that if the HF limit tends to behave in the same order of magnitude for the J values, the LDA limit for the larger error bars tends to diverge. Following the analysis of the overlapping spin density, because of the location scheme of the HF formulation, the overlap is close to zero, instead of for the LDA limit, the values are very variable. We calculate the difference of overlap between the theoretical LDA and HF levels, the graph follows the same trend as the size of the error bars. The lowest overlaps come from PBE0, followed by B3LYP, M06, M06L, BP86 and PBE.

Introduction

The study of the magnetic properties of molecules containing transition metals and rareearth atoms have a great and potential applications in different fields due to their nonzero total spin. The application fields lean on the nowadays-called Quantum Technologies (QT) like: spintronic with application in spin-dependent transport, spin-polarized devices, magnetic recording,nonvolatile memories, quenching of superconductivity, [START_REF] Prinz | Magnetoelectronics[END_REF] or the developement of diluted magnetic semiconductor or low-dimensional superconductors (i.e., 1D or 2D magnetic systems). [START_REF] Wolf | Spintronics: a spin-based electronics vision for the future[END_REF] In this sense, the group of molecules that have been more studied are the Single Chain Magnets [START_REF] Coulon | Single-chain magnets: theoretical approach and experimental systems[END_REF] and Single Molecule Magnets (SMMs). The SMMs are quite important due to the fundamental physical properties and for its potential applications in the magnetic storage and quantum information. [167? ]

These quantum technology and SMMs are focused in the entaglement of two spins. In this work, those spins consist in positioning two metallic centres at a fixed distance and allow them to communicate usually in a superexchange interaction. [START_REF] Atzori | The second quantum revolution: Role and challenges of molecular chemistry[END_REF] The major focus and the more investigated group of molecules are those that involve

Copper (II) ions. Each of them are in a doublet state. Unfortunatelly, the spin of each center (A, B) are not good quantum numbers. The total spin (S=0 or S=1) are the good quantum numbers. The energies of each S state are not the same, they are separated by a J energy gap directly related with the superexchange interaction (also referred as Isotropic Interaction parameter).

The exchange parameter J ij between two local magnetic centres with spin s i and s j ;

and the prediction of this parameter are important for estimate the magnetic properties of new materials. This magnetic coupling parameter are commonly understand by means of temperature-dependent magnetic susceptibility studies. [START_REF] Bleaney | Anomalous paramagnetism of copper acetate[END_REF] On the other hand, theoretically, J is fitted into the phenomenological Heissemberg-Dirac-van Vleck Hamiltonian (HDvV) and it is valid for any pair of interacting magnetic centres as follows:

(6.1) Ĥ =°X i> j J ij Ŝi • Ŝ j
It is well known that for two centres with one unpaired electron, i.e., M s =±1/2 the HDvV Hamiltonian is written as Ĥ =°JS 1 S 2 and by extension, the magnetic coupling is the difference between the energies in the triplet and singlet states:

(6.2) J = E(S = 0) °E(S = 1)
This equation suggests the existence of two different solution with two different physical properties, i.e. when J is negative (delocalitzation effects), it is called antiferromagnetic behaviour; and when J is positive (direct exchange), it is called ferromagnetic.

J is the result of a contribution of the ferromagnetic and antiferromagnetic parts. From the very large amount of compounds which exhibits super-exchange coupling, most of them have antiferromagnetic behaviour [START_REF] Kahn | Ferromagnetically coupled dinuclear complexes[END_REF] The ways to compute this property, as previously shown, can be divided into two groups due to the computational cost. Firstly, high-level quantum-mechanical methods (multideterminant-based methods), which only can be applied to small molecules. And secondly to solve this cost, another way to compute the J value is through the Kohn-Sham density functional theory using the Broken Symmetry Approach (BS-DFT). [20][21][22] The latter is more used due to the low computational cost compared with the high-level quantum-mechanical methods. [23] Furthermore, the validity as well as the accuracy of the BS-DFT framework have been deeply established. [24] It is important to recall here that in the framework of the Broken Symmetry solutions, J coupling is giving by the following equation:

(6.3) J = 2(E BS °ET ) 1 + S 2

AB

where S 2 AB is the overlap integral between the magnetics orbitals containing AE and Ø electrons. This equation can be simplified at two different limits i.e., the overlap integral is equal to zero or to one. The former represents the localized limit while the latter represents the strong delocalized limit. The choice of the limit is based on the proximity between the experiment and the computed value.

Nevertheless, there are three different equations to compute J (due to the approximation and consideration implemented) as depicted in Section 1.6.3:. J 1 is usually applied for weak coupled dimers (small overlap), J 2 for large overlaps and J 3 can be applied for both limits based on the strength of the orbital overlap.

This selection between the two limits on the J equation, leaves an open issue in the J measurement, i.e., the selection of the limit, the functional or basis set which is not an a priori task. We suggest that this issue comes from the delocalization error of approximate functionals (Coulomb term). The Delocalization Error have been previously studied by different authors. [START_REF] Cohen | Insights into current limitations of density functional theory[END_REF][START_REF] Johnson | Delocalization errors in density functionals and implications for main-group thermochemistry[END_REF][START_REF] Hait | Delocalization errors in density functional theory are essentially quadratic in fractional occupation number[END_REF][START_REF] Peccati | Overcoming distrust in solid state simulations: Adding error bars to computational data[END_REF][START_REF] Janesko | Delocalization error in dft-predicted extreme long-range functionalization of carbon-doped hexagonal boron nitride[END_REF] The Delocalization error is the tendency of approximated methods to over-localize or over-delocalize the electron density. The extreme behavior of over-delocalization is given by the Local Density Approximation (LDA). LDA describes the homogeneous electron gas. Hence, it tends to delocalize electrons like in a metal.

Semilocal improvements of DFT build on the Local Density Approximation, partially correcting for this feature, but still leading to over-delocalization. On the other extreme, Hartree-Fock (HF) is built to promote electron-pairing, yielding over-localized electrons.

It is then easy to see that HF and LDA provide the upper and lower bounds to electron localization. This electron localization also translates into properties.

In the systems here presented, different benchmarks with different functionals and basis sets have been performed in order to evaluate the precision on the measurement of the magnetic coupling. we have used the following classical functionals: M06, B3LYP and PBE0. [START_REF] Valero | Performance of the m06 family of exchange-correlation functionals for predicting magnetic coupling in organic and inorganic molecules[END_REF] Other studies describe a good computation of J-coupling with functionals like HSE and LC-!PBE. [START_REF] Valero | Performance of the m06 family of exchange-correlation functionals for predicting magnetic coupling in organic and inorganic molecules[END_REF] Whereas others show that functionals like !B97XD and CAM-B3LYP reproduce accuretely the experimental values of AF (antiferromagnetic)

Coupling. Spin-Flip Time-Dependent DFT (SF-TDDFT) has also been described in the literature [START_REF] Valero | Magnetic coupling in transition-metal binuclear complexes by spin-flip time-dependent density functional theory[END_REF]. The problem arising with the solution offered by BS-DFT is the high dependence on the amount of exact exchange l as well as the spin contamination for the broken symmetry solution. Here, we propose a via to evaluate the J coupling based on the errors in the BS-DFT level of theory at two low computational cost UHF and LDA with a reasonable basis set.

Understanding the delocalization is important for the pysics of the systems, because the J value depends on it. Thus, if there is an excess of delocalization on the metal, there is a overestimation of J, and this could be attributed to the XC potential of the functional. It also means, that the correlation does not have an important influence on the J value. Furthermore, The value of J not only depends on the XC functional but also in the spin-contamination of the broken-symmetry solution. This fenomenon is clearly shown in studies where hydrid functionals were used (J changes depend on the amount of HF in the functional), while other authors suggest that the XC functional is not the only source of error in the computation. Indeed, self-interaction correction cancels the nondynamical correlation energy contributions [START_REF] Ruiz | About the calculation of exchange coupling constants using density-functional theory: The role of the self-interaction error[END_REF], So that the inclusion of self interaction correction in the BS-DFT framework introduces a contribution of non-dynamical electron correlation into the system [START_REF] Polo | Influence of the self-interaction error on the structure of the dft exchange hole[END_REF][START_REF] Polo | Electron correlation and the self-interaction error of density functional theory[END_REF][START_REF] Polo | Some thoughts about the stability and reliability of commonly used exchange-correlation functionals-coverage of dynamic and nondynamic correlation effects[END_REF], whereas in other cases the elimination of static correlation gives good results. [START_REF] Rudra | Accurate magnetic exchange couplings in transition-metal complexes from constrained density-functional theory[END_REF] In this sense, there is a lot of work trying to figure out how to improve the estimation and reproducibility of J studies. SF-TD-DFT shows that J is more dependent on the Exchange but reduces the deviation at large AF character [START_REF] Valero | Magnetic coupling in transition-metal binuclear complexes by spin-flip time-dependent density functional theory[END_REF], while the Post-B3LYP does not improve the J coupling computation, indeed it introduces a serious warning on the blind use of a single functional to predict magnetic coupling constants. [START_REF] Costa | Post-b3lyp functionals do not improve the description of magnetic coupling in cu (ii) dinuclear complexes[END_REF] All of these studies conclude that the amount of Hartree-Fock exchange must be about 20-40 % to get the best agreement with experiment. [START_REF] Phillips | The role of range-separated hartree-fock exchange in the calculation of magnetic exchange couplings in transition metal complexes[END_REF] Recently, it was shown that the best values are 30% of HF. Nevertheless, it is important to use this value with caution, because the amount of HF is system-dependent. [START_REF] David | What are the physical contents of hubbard and heisenberg hamiltonian interactions extracted from broken symmetry dft calculations in magnetic compounds?[END_REF] A series of different dinuclear compounds have been selected, most of them have been previously reported and studied as benchmark for J coupling interaction studies. [START_REF] Valero | Performance of the m06 family of exchange-correlation functionals for predicting magnetic coupling in organic and inorganic molecules[END_REF][START_REF] Valero | Magnetic coupling in transition-metal binuclear complexes by spin-flip time-dependent density functional theory[END_REF][START_REF] Rudra | Accurate magnetic exchange couplings in transition-metal complexes from constrained density-functional theory[END_REF][START_REF] David | Chemical tuning of magnetic exchange couplings using broken-symmetry density functional theory[END_REF] The molecules are labeled according to the name of the CCDB : CAVXUS, [START_REF] Julve | Design of. mu.-oxalato copper (ii) binuclear complexes exhibiting expected magnetic properties[END_REF] CUAQAC02, [START_REF] De Meester | Refined crystal structure of tetra-µ-acetato-bisaquodicopper (ii)[END_REF] CUCN(1, 2, 3) , [START_REF] Reger | Syntheses, structural, magnetic, and electron paramagnetic resonance studies of monobridged cyanide and azide dinuclear copper (ii) complexes: Antiferromagnetic superexchange interactions[END_REF] EDNCOX10, [START_REF] Felthouse | Magnetic exchange interactions in transition metal dimers. 10. structural and magnetic characterization of oxalate-bridged, bis (1, 1, 4, 7, 7-pentaethyldiethylene triamine) oxalatodicopper tetraphenylborate and related dimers. effects of nonbridging ligands and counterions on exchange interactions[END_REF] ICISUI, CHAPTER 6. ERROR BARS FOR ISOTROPIC COUPING [191] PUTBAH, [START_REF] Sun | (µ-och3) vo (ma)] 2, a strongly antiferromagnetic oxovanadium (iv) dimer[END_REF] YAFZOU, [START_REF] Tokii | Crystal structures and magnetic properties of novel µ-carboxylato-µ-hydroxo-bridged binuclear copper (ii) complexes with 1, 10-phenanthroline[END_REF] YETn(n=1, 6). [194] For the 11 molecules in list, the J coupling (in the three different approximations (J1, J2 and J3)) is computed at the following levels of theory LDA as upper limit, GGA: BP86, PBE MetaGGA: M06L HYBRID: B3LYP, PBE0 METAHYBRID:M06, always in the Unrestricted Kohn-Sham formulation.

The molecules QABn(n=1,2), [START_REF] Schäfer | Electronic structure of antiferromagnetically coupled dinuclear manganese (mniiimniv) complexes studied by magnetic resonance techniques[END_REF], will be treated separately because their metal center are Mn atoms and their maxima multiplicity is 8.

For the HF level, the J has been computed in two different ways: If the High spin is triplet or quartet the diference between the HS (High Spin) and LS (Low Spin) electronic configuration was computed and the ¢E corresponds to J coupling value;. Otherwise, the J is computed following the Lande interval rule: (6.4) E(S °1) °E(S) = JS

Results and Discussion

In order to understand the behaviour of each way to compute J, we consider the two limits of our database. The CUAQAC02 with a J exp =°286 and the CAVXUS with J exp =°13.8.

Table 6.1 presents the results for the limits of error bar as well as the all functionals used to compute J. For the small overlap system (CAVXUS), J 1 has good agreement with experimental values as well as J 3 which is usually used for small (and big) overlaps. For the big overlaps, the J 2 value is useful as theory says; nevertheless, the J 3 value is not good enough as theory predicts. All data collected for each molecule and each J value computed is reported in Appendix D. In all cases, J 1 and J 3 values are in agreement for the closest-to-experimental result while for the J 2 value is always alone. As we can see, there is not one functional who give the better results. It means, that is system dependent the way we choose the functional to get the best theoretical results. This leave an uncertainty because of the lack of a priori information about the nature of the coupling in the system.

If the Spin Density population is analysed (Table 6.2 ) we organize the functionals according to the increments in the spin population. Finding that, in a general way, our results suggest, for weak interactions (i.e., more localized magnetical orbitals), take into account the Hybrid-GGA or Hybrid Meta-GGA functionals while for strong interactions the GGA functionals. In order to describe de error involved in the theoretical measurement of J, the proposed error bars are organized based on their size. In all cases the ordering is the same. Nevertheless, for the sake of a clarity, they will be separated into three groups.

Also, the data was scaled in order to make the experimental value equal to zero and visualise easier by the error bar. Figure 6.1 shows the error bar proposed with the upper limit in blue at the HF level of theory and LDA as bottom limit in red. Other levels of theory were computed to obtain the isotropic value of the system. All of them are between the LDA and HF limit, indicating that these are he limits of this kind of properties, as well as previously shown in other properties. Figure 6.2 shows the behavior of the error bar for the three isotropic coupling approximations. We can observe that while the HF limit tends to behave in the same order of magnitude for J values, the LDA limit for the bigger error bars tends to diverge. Furthermore, in the LDA limit, the J 1 approximation gives absolute bigger values followed by the J 3 and J2. This is due to the nature of each approximation. i.e., the J 1 works better for systems with J AF >> J F .

Following the overlap spin density analysis, due to the localization scheme on the HF formulation, the overlap is close to zero, instead for the LDA limit, the values are 

Introduction

Non-covalent interactions play a fundamental role in the definition of the three-dimensional (3D) structure of macromolecules. Furthermore, they are also crucial in many biological processes in which biomolecules bind to small ligands [START_REF] Chandler | Interfaces and the driving force of hydrophobic assembly[END_REF][START_REF] Panigrahi | Strong and weak hydrogen bonds in the protein-ligand interface[END_REF] (e.g., inhibitors or cofactors) or to other large biological systems (e.g., protein-protein interactions [START_REF] Keskin | Predicting protein?protein interactions from the molecular to the proteome level[END_REF]). Hence, a complete and accurate description of the non-covalent network is essential to shed light on the functions of biological molecules and on the dynamics of biological processes, with also a possible impact in the design of new and more efficient drugs. As an example, the discovery of new directional interactions mediated by halogen ae-holes has been crucial in the design and engineering of new drugs and in their crystallization. [START_REF] Cavallo | The halogen bond[END_REF] Due to their chemical and biological relevance, a detailed understanding of the physical origin and scope of non-covalent interactions has become a major goal of physical organic chemistry. To this purpose different strategies have been developed.

In this context, one the most common methods [START_REF] Klein | Modified van der waals atomic radii for hydrogen bonding based on electron density topology[END_REF] to quickly map and classify non-covalent interactions as van der Waals interactions, hydrogen bonds or steric clashes is based on the evaluation of pairwise distances between atoms computed through van der Waals radii. However, it is also characterized by known shortcomings, as the usual overestimation of the length of hydrogen bonds.

Other more theoretically sound strategies are the Quantum Chemical Topology (QCT) methods, namely strategies based on electron and kinetic energy densities of the investigated systems. Among them, a prominent role is obviously occupied by the well known Quantum Theory of Atoms in Molecules (QTAIM). [START_REF] Bader | Atoms in Molecules: A Quantum Theory[END_REF] In fact, this technique can also be used to find and characterize weak interactions, exploiting the fact that a critical point in the electron density naturally occurs in presence of two interacting atoms.

More interestingly, strong correlations have been found between interaction energies and topological properties (e.g., electron density, Laplacian of the electron density and kinetic energy density) at the (non-covalent) bond critical points, especially for hydrogen bonds and van der Waals interactions. [START_REF] Espinosa | Hydrogen Bond Strengths Revealed by Topological analyses of Experimentally Observed Electron Densities[END_REF][START_REF] Espinosa | Topological analysis of the electron density in hydrogen bonds[END_REF][START_REF] Grabowski | Ab initio calculations on conventional and unconventional hydrogen bondsstudy of the hydrogen bond strength[END_REF] Within the same framework, we can also mention other investigations that used the Electron Localization Function (ELF) [START_REF] Becke | A simple measure of electron localization in atomic and molecular systems[END_REF][START_REF] Silvi | Classification of chemical bonds based on topological analysis of electron localization functions[END_REF] to approximately evaluate the strength of hydrogen bonds. [START_REF] Alikhani | What can tell the topological analysis of elf on hydrogen bonding?[END_REF][START_REF] Contreras-García | Electron delocalization and bond formation under the elf framework[END_REF] However, nowadays one of the most efficient strategies in theoretical chemistry and quantum crystallography [START_REF] Genoni | Quantum crystallography: Current developments and future perspectives[END_REF][START_REF] Grabowsky | Quantum crystallography[END_REF][START_REF] Massa | Quantum crystallography: A perspective[END_REF][START_REF] Tsirelson | Early days of quantum crystallography: A personal account[END_REF] to detect all the (inter-and intra-molecular) noncovalent interaction existing in a chemical system is undoubtedly the Non-Covalent Interactions (NCI) method. [2,[START_REF] Contreras-García | Nciplot: a program for plotting noncovalent interaction regions[END_REF] Fully belonging to the family of the QCT techniques, this approach relies on the analysis of electron density and of its reduced density gradient (RDG) resulting from quantum mechanical calculations on the molecules under exam.

Nevertheless, while the NCI technique can be easily used to identify non-covalent interactions networks of small and medium-size systems, when it is applied to large biomolecules, drastic approximations have to be introduced. More specifically, it is currently necessary to resort to the promolecular density approximation (also known as "independent atom model" (IAM) approximation) in order to reduce the computational cost. In other words, instead of using an electron density obtained through a traditional quantum chemistry computation, the electron density is given as the sum of independent and spherical atomic electron distributions, which were previously tabulated as a database of atomic shell exponentials. Although the result is qualitatively similar from the visual point of view, the promolecular approach is known to provide incorrect densities and, hence, the strength (and consequently also the type) of the interactions can only be roughly estimated.

To overcome the limitations of the NCI method when applied to large molecules, we

propose a new version of the technique that, by exploiting the computational advantages offered by the Extremely Localized Molecular Orbitals (ELMOs), [START_REF] Stoll | On the use of local basis sets for localized molecular orbitals[END_REF][START_REF] Fornili | Determination of extremely localized molecular orbitals and their application to quantum mechanics/molecular mechanics methods and to the study of intramolecular hydrogen bonding[END_REF][START_REF] Sironi | Extremely localized molecular orbitals: Theory and applications[END_REF][START_REF] Genoni | Molecular orbitals strictly localized on small molecular fragments from x-ray diffraction data[END_REF][START_REF] Genoni | X-ray constrained extremely localized molecular orbitals: Theory and critical assessment of the new technique[END_REF][START_REF] Dos Santos | Unconstrained and x-ray constrained extremely localized molecular orbitals: analysis of the reconstructed electron density[END_REF][START_REF] Genoni | X-ray constrained wave functions: Fundamentals and effects of the molecular orbitals localization[END_REF] can be applied to unravel the non-covalent interactions networks of very large biological systems.

ELMOs are orbitals strictly localized on small molecular units (e.g., atoms, bonds and functional groups) and, for this reason, easily transferable from one molecule to another, provided that the subunits on which they are localized have the same chemical environment. Due to their intrinsic transferability, [9,[START_REF] Meyer | Libraries of extremely localized molecular orbitals. 1. model molecules approximation and molecular BIBLIOGRAPHY orbitals transferability[END_REF][START_REF] Fornili | Determination of extremely localized molecular orbitals and their application to quantum mechanics/molecular mechanics methods and to the study of intramolecular hydrogen bonding[END_REF][START_REF] Sironi | The transferability of extremely localized molecular orbitals[END_REF][START_REF] Genoni | A novel approach to relax extremely localized molecular orbitals: the extremely localized molecular orbital-valence bond method[END_REF][START_REF] Genoni | Optimal virtual orbitals to relax wave functions built up with transferred extremely localized molecular orbitals[END_REF][START_REF] Genoni | A novel extremely localized molecular orbitals based technique for the one-electron density matrix computation[END_REF][START_REF] Sironi | Denpol: A new program to determine electron densities of polypeptides using extremely localized molecular orbitals[END_REF] databanks of ELMOs covering all the fragments of the twenty natural amino-acids have been recently

constructed. [9,10,[START_REF] Meyer | Libraries of extremely localized molecular orbitals. 1. model molecules approximation and molecular BIBLIOGRAPHY orbitals transferability[END_REF] It has been shown that they allow fast reconstructions of quantum mechanically rigorous electron densities and electrostatic potentials of systems ranging from small polypeptides to very large proteins. [10] Therefore, we have decided to couple the ELMO databases with the NCI method, giving rise to the novel NCI-ELMO approach.

The new technique enables to obtain accurate NCI features in biological molecules for a large variety of interactions, but at a very low computational cost.

Results and Discussion

Benchmark calculations

To evaluate the capabilities of the new NCI-ELMO approach, we compared the results of NCI computations based on promolecular, DFT and ELMOdb electron densities. In particular, the comparisons were conducted on three polypeptides characterized by different types of non-covalent interactions. We have chosen to use polypeptides in our tests because they represent a good compromise: they are medium-size systems which show non-covalent interactions similar to those normally found in large proteins, while their fully quantum mechanical calculations (to be used as benchmarks) are still feasible.

As first test case we considered lactoferrampin, an antimicrobial peptide characterized by antibacterial and candidacidal activities, for which we have selected the first NMR molecular geometry in PDB file 2MD3. [START_REF] Ghosh | Sequence context induced antimicrobial activity: insight into lipopolysaccharide permeabilization[END_REF] The considered geometry was afterwards used to perform calculations at DFT level (B3LYP functional) and to transfer the ELMOs from the considered libraries. All the basis-sets currently available for the ELMO databanks were taken into account to also evaluate the possible dependence of the NCI results on the size of the adopted set of basis functions. Furthermore, the total promolecular density was calculated for the chosen geometry as sum of tabulated atomic densities within the NCIplot program.

We particularly focused on a classical weak hydrogen bond interaction occurring between residues Phe2 and Gly3, which is depicted through a typical green RDG isosurface of the NCI method shown in hereinafter also indicated as "signed" electron density). In Figure 7.1B we have simultaneously reported the results obtained exploiting the promolecular, B3LYP/6-31G and ELMOdb/6-31G electron densities, while, in analogous way, in It is easy to observe that the peaks completely overlap and all the basis-sets provide similar results.

For our second benchmark-test, we considered a non-covalent interaction present in the high-resolution X-ray crystallographic structure of Leu-enkephalin. [1] In particular we considered the strong hydrogen bond between Tyr2 and Phe5, which is clearly highlighted by the RDG isosurface in Figure 7.3A. Also in this case we compared the 2D reduced density gradient plots obtained at promolecular, B3LYP and ELMO levels.

As done for the interaction analyzed above, in Figure 7.3B and 7.3C we have reported the results for basis-sets 6-31G and cc-pVDZ, respectively. In this case, all the NCI calculations provided a single peak in the negative region of the "signed" electron density, as it is usually observed for stabilizing hydrogen bond interactions. However, both in Figure 7.3B and in Figure 7.3C, we can see that the promolecular peak associated with the hydrogen bond interaction is clearly shifted with respect to the B3LYP one, which, on the contrary, clearly matches more closely the ELMO spike. In particular, we can easily see that in the negative domain, which is fundamental to identify stabilizing non-covalent interactions, the NCI analysis based on the promolecular density gives a peak that is "more negative", indicating a more stabilizing interaction than the one detected at DFT level. Conversely, the ELMO approximation slightly underestimates the stability of the interaction. Identical results were observed adopting the other three basis-sets (see Appendix E).

In Figure 7.4 we also report the dependence of the NCI computations on the used basis-set. In this case, the NCI-B3LYP and NCI-ELMO trends correspond (see Figure Finally, as third and final test calculation we considered an HIV Zinc fingerlike domain characterized by the presence of a metal center (Zinc) tetra-coordinated by four residues (particularly, three cysteine and one histidine residues). This example was chosen as a challenging case due to the presence of stronger interactions and of a charged metal center. The non-covalent interactions of Zinc with the surrounding residues (see Figure 7.5A) were indeed the focus of our test calculations, for which we considered the first NMR molecular geometry in PDB file 2ZNF. [226] As for the other polypeptides, the selected molecular geometry was used to perform calculations at DFT level, to transfer the ELMOs from the databanks and to construct the promolecular density. Unlike the tests conducted on lactoferrampin and Leu-enkephalin, the DFT calculations were performed using functional B3PW91, which is more suitable than B3LYP to study systems with metal centers. Furthermore, due to the presence of a metal, tailor-made ELMOs for Zinc were preliminary computed before the transfers. This was done by simply carrying out ELMO calculations on a model molecule mimicking the chemical environment of the metal in the polypeptide. Finally, it is also worth noting that, within the NCIPLOT program, the promolecular densities are generally constructed exploiting spherical densities of neutral atoms, but, in this specific case, for which the charge of the metal center is crucial, the promolecular density for the NCI analysis was obtained by considering the spherical atomic density associated with the Zn 2+ cation.

Also in this case we plotted and compared simultaneously the 2D reduced density gradient plots associated with the electron densities computed at different levels of theory.

In Figures 7.5B and 7.5C we have reported the results obtained for basis-sets 6-31G and cc-pVDZ, respectively. In both situations it is evident that the promolecular charge distribution does not allow to reproduce the reference spikes obtained at B3PW91 level.

In contrast to the results for the strong and weak hydrogen bonds, the NCI analysis based on the promolecular electron density gives peaks that are "more positive" compared to the DFT ones, thus revealing non-covalent interactions that are less stabilizing. Conversely, we can also clearly observe that there is a much better agreement between the B3PW91 and ELMO spikes, even if we do not observe the almost perfect overlap seen for the weak The preliminary test calculations on the three polypeptides have clearly shown that the new NCI-ELMO method is able to provide results very close to those obtained through NCI analyses that exploit traditional quantum chemical computations, independently of the adopted basis-set. Furthermore, and more importantly, it is also evident that the novel strategy outperforms the one based on the promolecular densities only at a slightly larger (and still completely acceptable) computational cost (See Table 7.1).

Indeed, the improved performance comes at a little computational cost even for very large systems. For instance, for the investigated HIV Zinc fingerlike domain, the total computing time associated with he ELMO approach is of the order of minutes, whereas the SCF one would take hours or even days. On the basis of these results, we have thus decided to exploit the new method to detect and characterize different types of noncovalent interactions in quite large proteins, namely in systems for which fully quantum mechanical calculations are generally impractical or impossible. Also in those situations we have tried to highlight again the non-negligible differences existing between the promolecular-NCI and NCI-ELMO descriptions.

Non-covalent interactions in proteins 7.2.2.1 Hydrogen bonds

Hydrogen bonds are fundamental interactions that significantly contribute to the determination of structure and function of biomolecules. They do not only play a crucial role in defining secondary, tertiary and quaternary structures of proteins and nucleic-acids, but they are also fundamental to establish the catalytic functions of enzymes. However, despite hydrogen bonding is a basic concept of general chemistry, its definition has greatly evolved over the years and it is nowadays fixed by the International Union of Pure and Applied Chemistry (IUPAC), [START_REF] Arunan | Definition of the hydrogen bond(iupac recommendations 2011)[END_REF] with the inclusion of different types of hydrogen bond donors and acceptors. In the present investigation, two types of hydrogen bond have been considered and characterized by applying the promolecular and ELMO versions of the NCI technique.

We initially focused on the strong O-H•••O interaction, which is obviously one of the most conventional hydrogen bonds and which can be easily detected by means of IR and NMR experiments. In particular, we considered the D192N mutant of Rhamnogalacturonan acetylesterase [START_REF] Langkilde | Short strong hydrogen bonds in proteins: a case study of rhamnogalacturonan acetylesterase[END_REF] (PDB code 3C1U), whose (1)H-NMR spectrum indicates the presence of a short and strong hydrogen bond between residues Asp75 and Asp87.

To characterize this interaction, we performed NCI analyses exploiting promolecular and ELMOdb electron densities. Furthermore, for the NCI-ELMO computations, all the basis-sets currently available for the ELMO libraries were taken into account.

As expected, all the NCI calculations were able to identify a strong and attractive hydrogen bonding interaction, as shown by the blue RDG isosurface depicted in Figure 7.6A. To better compare the results obtained through the promolecular-NCI and NCI-ELMO calculations, we also considered the two-dimensional plots of the reduced density gradients (see Figure 7.6B). Each NCI computation provides a RDG peak occurring at a negative value of the "signed" electron density, which clearly corresponds to the hydrogen bond under examination. Furthermore, in analogy with what was previously observed in the benchmark calculations for the strong hydrogen bond in Leu-Enkephalin (see The use of different sets of basis functions in the NCI-ELMO computations also showed that the RDG peak practically shifts towards less negative values as the size and the quality of the adopted basis-set increase (see Figure 7.6C), particularly with this order: 6-31G, 6-311G, 6-31G(d,p),6-311G(d,p) and cc-pVDZ. Except for cc-pVDZ, the To partially address the previous question and to further assess the capabilities of the new NCI-ELMO method, we have thus decided to analyze the CH-º interaction between the methyl group of Leu50 and the aromatic ring of Tyr59 in the crystallo-graphic structure of human erythrocytic ubiquitin [START_REF] Vijay-Kumar | Structure of ubiquitin refined at 1.8 å resolution[END_REF] (PDB code: 1UBQ), a structure already analyzed in details by other authors. [START_REF] Nishio | Ch-º hydrogen bonds in biological macromolecules[END_REF][START_REF] Huang | Selective recognition of aromatic hydrocarbons by endo-functionalized molecular tubes via c/n-h???? interactions[END_REF] The presence of the above mentioned CH-º interaction has been also confirmed through Nuclear Magnetic Resonance spectroscopy, [START_REF] Plevin | Direct detection of ch/º interactions in proteins[END_REF] which showed the qualitative structure of this kind of hydrogen bond in macromolecules.

From all our NCI calculations performed on the ubiquitin crystallographic structure, a green RDG isosurface was detected, both exploiting the traditional promolecular charge density and using the novel ELMOdb electron distributions (see Figure 7.7A). The 3D plot shows a more delocalized (not a circular shape) hydrogen bond due to the interaction with the whole º cloud [START_REF] Saleh | Revealing non-covalent interactions in molecular crystals through their experimental electron densities[END_REF]. The corresponding 2D plots of the reduced density gradient are reported in Figure 7.7B. They show a very high similarity with the RDG plots obtained for the traditional hydrogen-bond in lactoferrampin (see Figures 7.1B and 7.1C), with the promolecular-NCI and NCI-ELMO spikes having similar shapes but with the former observed at higher absolute density values compared to the latter.

As can be seen in Figure 7.7B, the different basis-sets associated with he ELMO libraries have been taken into account also for the NCI study of this interaction. In analogy with what was already observed for the weak hydrogen bond in lactoferampin (see Figure 7.2B), the different sets of basis functions basically give identical results and it is difficult to detect a trend in function of the adopted basis-set, thus leading to the conclusion that, for the NCI computations, the choice of the correct strategy to obtain the density (ELMO vs. promolecular) is generally more important than the choice of the basis-set. 

Cation°º and anion°º interactions

Another fundamental class of interactions that define structures and functions of biomolecules is represented by the cation°º and anion°º interactions. In particular, across a wide range of structural types, the former have been shown to have a crucial role not only in determining protein structures, but also in characterizing protein-ligand

interactions. An important implication of the cation°º interaction and of the related polar°º interactions is that phenylalanine, tyrosine, and tryptophan should not be considered simply as hydrophobic conventional residues such as valine, leucine and isoleucine. In fact, they are actually expected to play a unique role in protein structure and folding.

First of all, we focused on cation-º interactions, which generally occur between aromatic and ammonium groups [START_REF] Burley | Amino-aromatic interactions in proteins[END_REF] and particularly between sidechains of positively charged amino acids (e.g., lysine and arginine) and sidechains of amino acids bearing aromatic groups (e.g., phenylalanine, tyrosine and tryptophan). [START_REF] Gallivan | Cation-º interactions in structural biology[END_REF] In our investigation, this kind of interactions was analyzed by considering the X-ray crystallographic structure of glucoamylase-471 complexed with d-gluco-dihydroacarbose [START_REF] Aleshin | Crystallographic complexes of glucoamylase with maltooligosaccharide analogs: relationship of stereochemical distortions at the nonreducing end to the catalytic mechanism[END_REF] (PDB code: 1GAI), which is characterized by four non-covalent interactions between the positively charged ammonium group of Lys108 with the aromatic sidechains of Trp52, Trp120, Tyr50 and Tyr116.

To study these interactions we performed promolecular-NCI and NCI-ELMO (cc-pVDZ basis-set) calculations. Both of them provided green delocalized low-density RDG isosurfaces (see Figure 7.8A) clearly corresponding to the above mentioned cation-º interactions. We then compared the obtained 2D reduced density gradient plots, which are shown in Figures 7.8B (general plot) and 7.8C (zoomed plot). Compared to the hydrogen bond cases discussed in the previous subsection, the plots are more convoluted due to the simultaneous presence of four weak non-covalent interactions. However, also in this situation, the description given by the promolecular approximation is quite different from the one based on the ELMOdb electron density. As already observed for other interactions, the promolecular peaks are generally observed at larger absolute values of the "signed" density and, therefore, they lead to an overestimation of the strength of the associated interactions (especially if we consider the negative region of the "signed" electron density). Finally, we can also observe that ELMO-NCI spikes are generally sharper than the promolecular ones and hence the corresponding surfaces are more localized in the 3D picture.

At a second stage we took into account anion-º interactions, which are among the most recent interactions classified as non-covalent bonding contacts. [START_REF] Mascal | Anion-aromatic bonding: A case for anion recognition by º-acidic rings[END_REF][START_REF] Estarellas | Relevant anion-º interactions in biological systems: The case of urate oxidase[END_REF] For this purpose we considered the crystallographic structure of the antigene-binding fragment of the catalytic antibody 15A9 in complex with phosphopyridoxyl-L-alanine [START_REF] Golinelli-Pimpaneau | Structure of a pseudomerohedrally twinned monoclinic crystal form of a pyridoxal phosphate-dependent catalytic antibody[END_REF] (PDB code: 1WC7), for which we analyzed the non-covalent interaction occurring between Glu58 and Tyr94, already indicated as an anion-º contact by Lucas et al. [START_REF] Lucas | A thorough anion-º interaction study in biomolecules: on the importance of cooperativity effects[END_REF] by using geometrical criteria.

Also for this system we performed NCI analyses based on the promolecular density and on the charge distribution obtained by transferring ELMOs from the constructed libraries (cc-pVDZ basis-set). As expected, the two NCI computations consistently detected the presence of a weak non-covalent interaction between the carboxylic group of residues Glu58 and the aromatic ring of Tyr94, which is depicted as a green reduced density gradient isosurface in Figure 7.9A. At the same time, in Figure 7.9B, the 2D RDG plots obtained at promolecular and ELMO/cc-pVDZ levels are also shown, with the promolecular peaks that always occur at higher absolute values of the "singed" electron density compared to the ELMO ones. Interestingly, we can notice again that the NCI-ELMO spikes are sharper and better-defined than those resulting form the use of the promolecular electron density.

Lone pair (n-º*) interactions

Lone-pair (n-º*) interactions are another class of non-covalent interactions that significantly contribute to the stability of proteins and DNA conformations and that are extremely important for the binding of inhibitors in the pockets of biochemical receptors.

As observed for a large variety of proteins, [START_REF] Bartlett | Interplay of hydrogen bonds and n? º* interactions in proteins[END_REF] the n-º* interactions often come along with hydrogen bonds and, together, they contribute to stabilize local backbone-sidechain . contacts. In particular, according to Bartlett et al., [START_REF] Bartlett | Interplay of hydrogen bonds and n? º* interactions in proteins[END_REF], there are two kinds of hydrogen bonds involved in the interplay with the n-º* interactions: i) the local ones, which are usually found at turns of protein secondary structures and "bind" almost consecutive residues (namely, i and i+2 residues); and ii) the non-local ones, which generally involve residues that are separated by at least five residues in the aminoacidic sequence of the protein.

In this investigation, the promolecular-NCI and NCI-ELMO (cc-pVDZ basis-set)

techniques were exploited to analyze n-º* interactions in presence of local and nonlocal hydrogen bonds. To address the first case, we considered the crystallographic structure of the protein human carbonic anhydrase II [START_REF] Avvaru | A short, strong hydrogen bond in the active site of human carbonic anhydrase ii[END_REF] (PDB code: 3KS3), which is characterized by a local hydrogen bond between residues Asn61 and Gly63 and by an nº* interaction between residues Asn61 and Asn59. At the same time, to study the second situation, we resorted to the crystallographic structure of leucyl/phenylalanyl-tRNAprotein transferase [START_REF] Dong | The crystal structure of leucyl/phenylalanyl-trna-protein transferase from escherichia coli[END_REF] (PDB code: 2CXA), which presents a non-local hydrogen bond between residues Asn24 and Asp62 and an n-º* interaction between the oxygen atom (OD1) in the side chain of Asn24 and the carbon atom (C) of the carboxylic group in the backbone of Asn24. It is worthwhile to note that, both of these networks of interactions were also investigated by Bartlett and coworkers by performing NBO (Natural Bond Orbital) analyses. [START_REF] Bartlett | Interplay of hydrogen bonds and n? º* interactions in proteins[END_REF] Both the promolecular and the ELMOdb electron densities allowed to correctly detect the networks of non-covalent interactions in the two systems under examination. In fact, both in Figure 7.10A and in Figure 7.10B, it is easy to observe a blue reduced density gradient isosurface associated with the local/non-local hydrogen bond and, at the same time, a green reduced density gradient isosurface indicating the simultaneous presence of the n-º* interaction.

We have also compared the 2D RDG plots resulting from the different NCI analyses by separating the RDG peaks corresponding to the hydrogen bond from those corresponding to the n-º* interaction. In Figures 7.11A and 7.11C we report the 2D RDG plots related to the hydrogen bonds detected in protein structures 3KS3 and 2CXA, respectively. We can always notice the same trend observed for other conventional strong hydrogen bonds analyzed in the present study (for example, see the benchmark calculations on the strong hydrogen bond in the Leu-Enkephalin polypeptide). In other words, the single hydrogen bond spike obtained at promolecular level is clearly shifted towards higher absolute values of the "signed" electron density compared to the corresponding NCI-ELMO ones. Alike the previous cases, this means that the promolecular approximation tends to overestimate the strength of the hydrogen bond interactions compared to the ELMO approximation and all the quantum mechanical calculations. Finally, in Figures 7.11B and 7.11D, we show the reduced density gradient plots associated with the n-º* interactions. For both systems under investigation we observe again the same trend seen for other weak non-covalent interactions considered in this study. In fact, these interactions are characterized by the presence of two symmetric peaks that, in the NCI-ELMO cases, are sharper and better-defined and that, above all, always occur at lower absolute values of the "signed" electron density. 

Interactions with metal centers

To conclude our study, we have finally decided to consider the interactions with metal centers, which, after hydrogen bonds, are probably the non-covalent interactions that have the most important role in determining protein structure and enzymatic activity.

Unfortunately, the diffuse nature of the electron density and the multiple oxidation states of metal centers generally hamper the determination of non-covalent interactions in apo-enzymes and in ligand-protein complexes.

The promolecular-NCI and NCI-ELMO (cc-pVDZ basis-set) strategies were used to identify and characterize the interactions established by Zn(II) with the E2 domain of the amyloid precursor protein (APP), whose experimental evidence has been reported in a recent study. [START_REF] Young | Evaluation of cu (i) binding to the e2 domain of the amyloid precursor protein-a lesson in quantification of metal binding to proteins via ligand competition[END_REF] To accomplish this task, we particularly considered the X-ray structure of the APP E2 domain in complex with zinc [START_REF] Dahms | Metal binding dictates conformation and function of the amyloid precursor protein (app) e2 domain[END_REF] (PDB code: 3UMI). Furthermore, as done for the benchmark computations on the HIV Zinc fingerlike domain, the ELMOs for the Zn 2+ center were preliminarily calculated on a model molecule mimicking the chemical environment of the metal in the target system for this interaction. This enabled us to have all the necessary Extremely Localized Molecular Orbitals before carrying out the NCI-ELMO analysis. Finally, also in this case, for the computation of the promolecular Furthermore, each interaction corresponds to a specific spike in the negative domain of the 2D reduced density gradient plots (see Figure 7.12B). In this case it is interesting to observe that the NCI-ELMO peaks are observed at higher absolute values compared to the promolecular ones, which means that, according to the NCI-ELMO approach, the 

Conclusions

We have introduced an extension of the NCI method for the accurate detection of noncovalent interaction in systems of biological and biochemical interest. Since the new technique is based on quantum mechanically rigorous electron densities obtained through the transfer of Extremely Localized Molecular Orbitals from properly constructed libraries, the method clearly represents an advancement compared to the old version of the NCI strategy for macromolecules, which mainly exploited promolecular electron distributions. All the test calculations performed on small polypeptides and large proteins for a large variety of non-covalent interactions have confirmed this fact, showing that, in all the situations, the novel NCI-ELMO method is definitely superior to the previous promolecular-NCI technique, without any significant increase of the associated computational cost.

For this reason, we believe that the proposed strategy can be fruitfully used to rapidly and reliably define the networks of non-covalent interactions in biological molecules and, particularly, in very large proteins. Furthermore, since proteins are inherently flexible systems in constant motion among different conformational substates and their dynamic properties are frequently associated with molecular recognition, function and catalysis, [START_REF] Morra | Molecular recognition and drug-lead identification: What can molecular simulations tell us?[END_REF][START_REF] Genoni | Ligand selection from the analysis of protein conformational substates: new leads targeting the n-terminal domain of hsp90[END_REF][START_REF] Morra | Mechanisms of differential allosteric modulation in homologous proteins: Insights from the analysis of internal dynamics and energetics of pdz domains[END_REF][START_REF] Legnani | Conecalix[4]arenes with orientable glycosylthioureido groups at the upper rim: An in-depth analysis of their symmetry properties[END_REF][START_REF] Ferraro | Allosteric modulators of hsp90 and hsp70: Dynamics meets function through structure-based drug design[END_REF] the new NCI-ELMO approach encloses great potentiality for monitoring the evolution of non-covalent interactions with time, for instance through a proper coupling with Molecular Dynamics simulations.

In particular, analyzing representative samples of the structures for the investigated systems (properly extracted from trajectories of Molecular Dynamics simulations), it could be possible to provide time-averaged descriptors associated with the existing non-covalent interactions, with the goal of assigning the overall dynamic importance of each interaction and, possibly, with the goal of proposing a new semi-quantitative strategy to construct phamacophores able to take into account the dynamic features of the macromolecules. [START_REF] Morra | Molecular recognition and drug-lead identification: What can molecular simulations tell us?[END_REF][START_REF] Genoni | Ligand selection from the analysis of protein conformational substates: new leads targeting the n-terminal domain of hsp90[END_REF] Work in this direction is currently under way.
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Introduction

Dye-sensitized solar cells (DSSCs) are devices that convert light to electrical energy, which makes them excellent green alternatives for the increasing energy demand that we are currently experiencing. 1,2 DSSCs work under low light conditions, i.e. cloudy or indirect sunlight, which makes them an attractive technology in applications such as rooftop or window solar collectors. The cells are composed of a transparent conducting glass electrode covered with a film of porous nanocrystalline semiconductor (TiO 2 ) where dye molecules are adsorbed. These dyes act as sensitizers by absorbing photons from the sun radiation and injecting electron charge to the semiconductor. The oxidized dye is regenerated to its ground state by an electrolyte containing a redox couple (commonly I À /I 3 À or Co III/II )which is immersed between the glasses. Finally, a potential difference is obtained and the circuit is completed by a counter-electrode glass covered with platinum.

Nowadays, researchers have focused on going further into the understanding of the performance of different dyes in solar cells. In this sense, it has been reported that the DSSCs can display type I or II electron photo-injection (PI) mechanisms (Fig. 1a). The type I (indirect) pathway involves, in the first place, photon absorption by the dye which induces its excitation from the ground state to the excited state followed by an electron transfer to the conduction band of the semiconductor. On the a Instituto de Ciencias Quı ´micas Aplicadas, Facultad de Ingenierı ´a, other hand, the type II (direct) mechanism is referred to as onestep electron injection from the ground state of the dye to the semiconductor upon photo-absorption. In both cases, an oxidized dye results from the electron injection which is regenerated by the electrolyte. 3 Both PI pathways generate an interfacial TiO 2 (e À )/Dye + state but some advantages of type II over type I have been observed such as type II could show a wider spectral range of absorption and exploit in a better way the sunlight since it is able to show a new band because of the direct charge transfer upon adsorption of the dye to the semiconductor. Therefore, dyes that may display a type II PI mechanism in a DSSC could present the advantage of absorbing in the UV region and when the solar cell is constructed, the absorption can be red shifted to use the wide sun radiation spectrum. Then, the absorption in the visible range will not be a concern for the design of dyes. Moreover, for type I the LUMO energy has to be higher than the conduction band (CB) edge of the semiconductor, whereas the LUMO energy has no restriction for dyes displaying a type II mechanism.

Theoretical investigations have revealed that small structural differences in the chemical structure of the dye can induce a change of the PI mechanism in a DSSC, e.g. naphthalenediol and catechol display a type II mechanism and alizarin shows a type I mechanism. 4,5 Dyes containing a catechol have shown a direct PI pathway and exhibit the new absorption band in the visible region upon anchoring to the semiconductor TiO 2 corresponding to a dye-to-TiO 2 charge transfer. 6-8 One exception to the latter fact is the Ti-phthalocyanine with catechol-COOH as the anchoring group bound in a perpendicular way to the macrocycle and to the TiO 2 . This system displays an indirect path whose charge transfer process was studied under DFTB formalism. 4 This could indicate that not all dyes containing catechol show type II (direct) PI and that a search for type II dyes can be carried out.

Currently, the acceptor-bridge-donor (A-bridge-D)a r r a n g ement constitutes a common strategy in the architecture of dyes for improving the energy-to-electricity conversion yield with high molar extinction coefficients and low cost of production. 2 The main idea is that, when the dye absorbs light, intramolecular charge transfer occurs from the D to the A motifs through the p-bridge. The balance of the electronic properties of fragments that may give suitable attributes to the A-bridge-D dye for DSSC devices is a valuable aspect that influences their charge transfer performance and charge separation after photoexcitation, among others. In this framework, experiments suggest that the most of the organic A-bridge-D dyes are type I (indirect) injectors, but the mechanistic behavior of the dyes could depend on the chemical structure of the motifs constituting the D,bridgeandA fragments.

In the design of DSSCs, there is a huge concern about avoiding the possibility of the recombination of the injected electron TiO 2 (e À ) with the oxidized dye (dye + ) which is in part supported by the high driving force for the recombination process and due to the rate of recombination being negligible compared to the rate at which electrons are supplied by the electrolyte. 2 After electron photo-injection, lateral intermolecular electron transfer can also occur from one dye to another dye in its oxidized state. 9 This complication is attributed to dye aggregation due to intermolecular interactions mainly forming dimers that do not lead to electron injection and hence reduced overall conversion efficiency. 10,11 In our previous work we had analyzed the effects of varying the D-fragment which may lead to a specific PI pathway in a family of eleven donors with different electronic properties. 12 In the present theoretical study we focus on investigating the effects on the PI mechanisms of eight (8) A-bridge-D dyes, with an architecture displayed in Fig. 1b, differing in the A-fragment by the motifs presented in Fig. 2. The structure of the studied A-bridge-D systems (Fig. 1b) consists of thiophene as a bridge and triphenylamine as a D. Triarylamine-based dyes are widely investigated due to their prominent electron-donating ability and hole-transport properties giving good power conversion efficiencies in DSSCs and, on the other hand, thiophene is one of the most used p-bridges. 2 The family of acceptors A1-A8 (the complete A-bridge-D systems will be named the same), the subject of this study, has been chosen due to their reported characteristic structural and electronic properties. On the other hand, even though a lot of efforts have been made in obtaining organic dyes to enhance the efficiency, a highlighted subject that has been much less investigated is dye aggregation which plays an important role when a dye is chosen as a sensitizer in a DSSC.

Herein, our study focuses on analyzing (i) the effects of varying the A-fragment and the subsequent effects on the PI mechanism by means of density functional theory (DFT) 
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methods and (ii) the aggregation effects on the structural stability of the studied systems through the formation of dimers by molecular dynamics (MD) simulations. The analyses of the physical-chemical aspects, free energy of injection (ÀDG inj ), driving force for charge recombination (DG 0 rec ), lightharvesting efficiencies (LHEs), dipole moments (m), open circuit voltage (eV OC ), frontier molecular orbitals (FMOs) and electron density difference maps (EDDMs) that govern the light absorption process and the efficiency of the systems in a DSSC have also been performed in detail. 12,13 Computational methods

Composition of the family of acceptors (A)

A set of eight (8) acceptor fragments were selected in order to analyze their effect on the PI mechanisms and the photoelectronic properties in free metal dyes of the type A-bridge-D. To avoid confusion, the acceptor motifs and the whole dyes were labelled as A.

Cyanoacrylic acid (A1) is considered as a small and promising electron acceptor due to the strong electron withdrawing ability of the cyano and carboxylic groups, 14,15 which makes it the most famous anchoring fragment since more than 50% of the organic dyes contain carboxylic acid as the binding group. 16,17 The synthesis of A1 has been reported and experiments to evaluate the sensitizer behavior in DSSCs have been carried out showing an efficiency of 2.75%. 18 Arakawa et al. developed a family of A-bridge-D dyes by using coumarin dyes as donors and A1 as an acceptor linked with vinylene, isophorone or thienyl groups. 19-21 By adding this acceptor into the design, the systems showed wider absorption spectra and improved efficiencies.

Most efficient porphyrin and metallo-porphyrin dyes with efficiencies higher than 10% contain the common benzoic acid (A2) as an acceptor. 22,23 When this acceptor is modified to obtain 4-(cyanomethyl)benzoic acid, the dyes displayed decreased efficiencies. 24 On the other hand, it has been observed that an ortho-substitution with a cyano group in the benzoic acid sometimes leads to a more stable configuration of the dye-TiO 2 systems due to the interaction of the cyano substituent with the semiconductor. 25 Rhodanine-3-acetic acid (A3) has been part of dyes containing diethylaniline as a donor fragment. When the dye contains a thienothiophene core which is an excellent p-conjugated system, it provides an efficiency of about 6.2%. 26 Other examples with this acceptor are the indoline-based dyes that have presented efficiencies around 6%. 27 (Carboxymethyl)benzothiazolium (A4) was included in the studied family in order to assess the properties of an ionic dye. This class of dyes have also been tested in DSSCs, such as the hemicyanine based-dye containing A4 as an acceptor and a dialkylamino phenyl donor unit showing an efficiency of 4.6%. 28 Catechol (A5) has been known to bind to the TiO 2 surface through bidentate mononuclear chelating and/or bidentate binuclear bridging linkages. 6 The studied dye A5 including methoxy substituents in the TPA donor has been reported. 7 In this context, ruthenium(II)polypyridylcomplexes,withcatechol as the anchoring fragment, have shown significant slow charge recombination processes in experimental interfacial electrontransfer dynamics studies on TiO 2 . 29 Gra ¨tzel and Nazeeruddin have worked on the molecular engineering of acceptor and anchoring groups based on the 2-quinolinone moiety. 30 They studied (chlorotetrahydroquinolinyl)cyanoacrylic acid (A6)a n d( o x o t e t r a h y d r o q u i n o l i n y l ) c y a n oacrylic acid (A7), which have in common a cyanoacrylic acid type anchoring moiety in which the 2-chloro-substituent in the former is replaced with an oxo group in thel a t t e r .Q u i n o l i n y l b i p y r i d i n e anchoring groups have also been employed in the design of ruthenium sensitizers obtaining highly efficient DSSCs. 31 To assess the DSSC performance and the absorption profile of a dye with an additional rhodamine to the acceptor A3, the A8 framework was introduced in this study. This acceptor motif has been used in indoline-baseddyeswhichshowedaprominent efficiency of 9.0%, under AM 1.5 G irradiation. 32,33 

QM calculations

The geometry optimizations of the electronic ground states of isolated dyes and the dyes anchored to a (TiO 2 ) 15 cluster have been performed at the level of density functional theory (DFT), without symmetry constrains. The Becke-3-parameter-Lee-Yang-Parr (B3LYP) hybrid functional, 34,35 its long-range corrected version (CAM-B3LYP), 36 and the BHandHLYP were evaluated. 37 The basis set composed of Gaussian-type orbitals, 6-31G(d,p), was used for C, H, N, O and S and the LANL2DZ pseudopotential for Ti atoms. 38-40 During the computations, the dyes were bonded onto the TiO 2 via bidentate mononuclear chelating which has been as well documented as the preferred binding mode. 12,41 The A-bridge-D dyes were anchored to the (TiO 2 ) 15 cluster by deprotonating the carboxylic acid substituent of the dye and protonating the (TiO 2 ) 15 cluster surface. Harmonic vibrational frequencies were calculated to ensure that all the optimized geometries were minima on their corresponding potential energy surfaces. The computations of the oxidized states of the dyes were carried out using unrestricted DFT (UDFT)/PCM and the three functionals. The Gaussian 09 program package 42 was employed for all the QM computations.

The absorption spectra of the systems were also computed by means of time-dependent DFT (TD-DFT) using the theoretical levels mentioned above. 43 Implicit solvation effects were incorporated using the polarized continuum model (PCM, e = 35.7) for acetonitrile. 44 These computations provided the type of transitions occurring after photoexcitation of the dyes together with important electronic properties such as vertical excitation energies, (transition) dipole matrix elements and oscillator strengths.

In the framework of the PI mechanism of DSSCs, the electron transfer speed is studied via general classical Marcus theory, where DG inj (the free energy of injection) and l (the reorganization energy of the system) play an important role. The charge transfer process (CT) can be, therefore, associated with the free-energy change for electron injection ( 
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imply that the electron injection from the dyes to the semiconductor is spontaneous: 12,45 

DG inj = E dye * À E CB ( 1 
)
E CB is the reduction potential of the conduction band of TiO 2 , which has an experimental value of À4.00 eV. E dye * is the excited-state oxidation potential of the dye, which is determined by the redox potential of the ground state of the dye. This quantity can be estimated by the difference between the ionization potential energy (Koopman's theorem) and the vertical energy of the lowest singlet excited state.

For describing the electronic transition nature and the corresponding changes of the electron density, the electron density difference maps (EDDMs) were computed and plotted using GaussSum (v. 2.2.6). 46 On the other hand, the light absorbance of the dyesensitized TiO 2 film known as the light-harvesting efficiency (LHE in eqn ( 2)) of the dye should be as high as possible to maximize the photocurrent response. LHE is influenced by the oscillator strength (f) at a given maximum wavelength (l max ).

LHE = 1 À 10 ÀA =1À 10 Àf (2)
When f is large, LHE is strong. A (or f) is the absorption (or oscillator strength) of the dye related to l max . These data are also obtained from the TD-DFT calculations of the vertical absorption spectra of the dyes. 47 The relationship between the open circuit voltage (V OC ) and the energy of the lowest unoccupied molecular orbital (LUMO) of the dyes has been calculated based on the fact that the electron transfer occurs from the LUMO to the conduction band of the semiconductor (E CB ) using eqn (3). It is stated that when the energy of the LUMO (E LUMO ) is high, the V OC will be high as well. Besides, the enhancement of electron dipole moment (m)w i l la l s oi m p r o v eV OC ,w h i c hb e n e f i t sh i g h e re ffi c i e n c y .

eV OC = E LUMO À E CB (3) 
On the other hand, an important parameter that affects the performance of the cell is the driving force for charge recombination DG 0 rec , which is obtained as 48 DG 0 rec = E CB À E HOMO (4)

MD calculations

CHARMM force fields were developed and written down using the fftk plugin 49 in VMD 50 along with Gaussian 09 42 to carry out molecular dynamics (MD) simulations. The MP2/6-31G* level of theory was used for the geometry optimization, for the calculation of the Hessian used to optimize bonds, and for scanning for torsions within the relaxed potential energy. In addition, the HF/6-31G* level of theory was utilized for optimizing the distance and orientation of water molecules with respect to all atoms present in the dyes. The systems were minimized using NAMD 51 through 10 000 time steps (TSs). A canonical NVT ensemble was used during the MD simulations for 1 ns at a constant temperature of 298 K. The force field has two terms which include the van der Waals repulsive form and for dispersion the attractive form of the Lennard-Jones 12-6 potential and finally the Coulomb electrostatic potential. The molecular dynamics force fields include long-range electrostatic and dispersion interactions for all non-bonded pairs. 51 Once all calculations were finished, the energies and rootmean-square deviation (RMSD) analysis of the atomic positions for each system were analyzed. The interaction energy DE for the structures obtained from the minimization and the MD was calculated as follows:

DE = E dim À 2E mon ( 5 
)
where E dim is the energy of the dimer and E mon is the energy of the monomer. Two kinds of DE values were obtained. The first one refers to minimization and equilibration processes, and the second one to MD simulation over time. Besides, the difference between minimization and MD simulation energies was calculated in order to assess the behaviour of non-bonded interactions. Thus, DE nb indicates the change of non-bonded energies over time:

DE nb =| DE Dynamic À DE Minimization | (6) 

Results and discussion

Ground state optimization

To analyze the role of the acceptor motif (A) in dyes with D-bridge-A architecture in the electron injection processes in solar cells, we started by computing the ground state of the isolated dyes and of the dyes anchored to a semiconductor constituted of a cluster of fifteen units of TiO 2 in the anatase form (dye-(TiO 2 ) 15 ). Studies suggest that the cluster with fifteen (15) TiO 2 units is a small and optimal cluster that can reproduce the electronic and energetic features of the system as good as the cluster with thirty-eight (38) TiO 2 units. 12,52 Therefore, the spherical structure model of (TiO 2 ) 15 used in this work has been chosen as an equilibrium between a suitable form of the semiconductor and the computational cost. The dyes consist of the A fragment, thiophene as a bridge and triphenylamine (TPA) as a donor motif (D) which has been employed and optimized to design highly efficient DSSCs. Fig. 3 displays three of the studied systems. As the dyes are connected to the semiconductor through the carboxylic acid group, a bidentate bond of the dye with the cluster is proposed with one proton transferred to an oxygen atom of the cluster. The exception is A5 which contains catechol as an acceptor group; therefore the anchoring groups are two hydroxyl groups which are deprotonated and these protons are transferred to the cluster. It is observed that the acceptor fragments of A3, A4 and A8 have the -COOH anchoring group rather perpendicular to the body of the dye, which induces an almost horizontal position of the dye with respect to the cluster depicted by a narrow angle between the TiO 2 and the dye when it is compared to the other dyes.

To get a deeper insight into the electronic properties of the systems, the calculated energy levels of the molecular orbitals 
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of the free and adsorbed dyes were analyzed. For four of the dyes (A2, A4, A5 and A6), the energy levels are displayed in Fig. 4, while for the other systems the energy levels are provided in the ESI † (Fig. S1-S3). A common trend found for all the employed functionals is that the energies of the HOMO and the LUMO of the free and adsorbed dyes lie above the valence band (B7.0 eV) and the conduction band (CB, B4.0 eV) of the TiO 2 , respectively. 1 In fact, the LUMO levels are placed within the conduction band of the TiO 2 and the HOMOs are immersed in the band gap of the TiO 2 . As the free dyes' LUMOs are higher in energy than the CB edge of the semiconductor, an efficient thermodynamic driving force for charge generation via charge injection from the excited state of the dye to the TiO 2 is viable. This suggests that electron injection from the LUMO levels should be possible for all the studied dyes. Moreover, a closer look at Fig. 4 shows that the energies of the HOMO are maintained at almost the same energy before and after they bind onto the (TiO 2 ) 15 cluster. Besides, the LUMOs of the adsorbed systems are strongly stabilized after binding to the TiO 2 lying close to the conduction band edge due to the coupling between the dye and the semiconductor states.

The results clearly show a dependency of the energy level distribution with respect to the functional employed in the calculations (B3LYP, CAM-B3LYP or BHandHLYP). If a comparison is made between the computed (À1. 43 eV) and the experimental energy of the LUMO for A1, 18 it is observed that B3LYP is the functional that provided the highest deviated value with respect to BHandHLYP and CAM-B3LYP. The latter yields the nearest value, about À1.57 eV, to the experimental data, followed by BHandHLYP with À1.68 eV (see Fig. S1-S3 in the ESI †). The HOMO-LUMO (H-L) gaps for the eight studied compounds calculated at the three levels of theory are also presented in Fig. 4. The H-L gap between these structures changed when the family of 8 acceptor fragments were modified. It is noticed that the free A5 (having two terminal ÀOH anchoring groups) shows the major H-L gap using the three functionals. In this sense, it is worth mentioning that A5 shows the highest LUMO energy compared with the other dyes.

Oxidized state

After charge photo-injection from the dye to the semiconductor, the dye reaches its oxidized state and for its regeneration up to the ground state, this has to be reduced by an electron donation from the immersed electrolyte. The most employed electron donors in DSSCs are the I À /I 3 À (4.60 eV) 53 and the Co III/II (5.0 eV) redox couples. In the case of iodide, it provides very good regeneration efficiency (f reg ), achieving unity.

The driving force for the regeneration process represented by the potential energy difference between the oxidized species and the redox couple is related to f reg . 54 Therefore, the oxidation potential of the sensitizers, which in a theoretical approximation is obtained by the negative of the HOMO energy (ÀHOMO), must be more positive than the redox couples. In this context, our results show that all the dyes are in good agreement with this Using the B3LYP functional, the observed trend consists in the fact that all the ÀHOMO energies are very close to those of the redox couples. In contrast, with the CAM-B3LYP and BHandHLYP functionals, the ÀHOMO energies present on average a difference of 1 eV with the redox potentials of the donors. For A2 with the three DFT functionals, the ÀHOMO level shows the smallest energy difference with respect to the redox potentials, which probably results in the loss of driving force and hence low efficiency of the dye regeneration.

The computations of the oxidized states of all dyes using the three functionals were performed and the isosurface of the lowest empty orbital in each case after the electron removal was plotted (see Fig. S4 in the ESI †). These MOs are a qualitative prediction of the hole generated in the oxidized systems after the photoinduced electron injection to the semiconductor. In this sense, it is stated that the hole localized over the donor motif, which is the fragment that most of the times is further from the negatively charged semiconductor after the injection, leads to a charge separation which is favorable to decrease the probability of the interfacial back electron transfer between the semiconductor and the oxidized compound holding a positive charge, Dye + /TiO 2 (e À ). 9 Dyes A6, A7 and mainly A4 (presented in Fig. 5) show the best charge separation upon photoexcitation and electron injection into the CB of the TiO 2 , these dyes being the ones that display the hole significantly located over the TPA. As all systems have the same bridge motif, the difference in the hole distribution could be attributed to the structural and electronic effect of the acceptor fragments.

With regard to the regeneration process, it was also found that the energy of these lowest empty MOs computed for the oxidized sensitizers lies under the I À /I 3 À and Co III/II redox couple potentials, which ensures efficient regeneration of the cationic form of the dyes by an electron transfer from the electrolyte, avoiding in this way the charge recombination as it was also assessed using the ÀHOMO energy approximation.

Dipole moments

Electrochemical studies suggest that the interfacial dipole moment (m) contributes to the measured open-circuit photovoltage. 9 This is an important parameter that refers to the deviation of charge distribution and points from negative to positive charge, and then dipole moments might be very sensitive to the structure of the dyes. Therefore, the ground state dipole moments of the isolated dyes and the dyes anchored to the cluster were analyzed. It is expected that the dyes display dipole moments perpendicular to the semiconductor surface and the difference in the dipole moments will reflect the significant charge transfer trends in the systems.

The magnitudes of the dipole moments (m) for the isolated dyes and dyes bound to the TiO 2 cluster are displayed in Fig. 6 (also see Table S4 in the ESI †). Compared to the other A-bridge-D dyes, the A2, A6 and A5 dyes display a lower m value. The A4 dye with the benzothiazonium ring showed the largest m of the family. The differences in the calculated values between B3LYP and the other two functionals are significant but not extreme, with the values calculated with BHandHLYP and CAM-B3LYP being similar. The plots of the dipole moment vectors for all the dyes are reported in the ESI † (Fig. S5). One representative example is presented in Fig. 6 for the A6 dye. As expected, all systems display the direction of the vectors pointing towards the A unit and the cluster semiconductor in a perpendicular orientation. These ground state dipole moment vectors point from negative to positive charge indicating a tendency of charge transfer after photoexcitation of the systems.

Spectral properties

For understanding the energy transfer processes that lead to a specific PI mechanism it is essential to understand the energetic and electronic properties of the low-lying excited states of the dyes. In order to get insight into the performance of the chosen functional in the treatment of charge transfer excitations, TD-DFT calculations of the electronic vertical spectrum of the A-bridge-D dyes in acetonitrile were performed using the CAM-B3LYP, BHandHLYP and B3LYP functionals. The vertical excitation energies of the electronic states corresponding to the l max in the absorption spectra of the free dyes and anchored in (TiO 2 ) 15 are displayed in Table 1. Fig. S6-S8 (ESI †) depict the topologies of selected molecular orbitals as a guide to the description of the low-lying CT excitations. The simulated UV-vis absorption spectra of some selected A-bridge-D using the TD-CAM-B3LYP functional are presented in Fig. 7. More details about the results obtained for all the dyes and functionals are presented in Tables S1-S3 in the ESI. † According to the CAM-B3LYP calculations, the lowest singlet excited states of the dyes are computed between 2.83 and 3.73 eV. Bathochromic shifts of these excitation energies are observed after dye adsorption onto the (TiO 2 ) 15 surface to range between 2.55 and 3.25 eV. Comparing these excitation energies with those obtained with the other functionals (see Fig. 7(e andf)), it is observed that the B3LYP functional underestimates the CAM-B3LYP values with deviations around 40.7 eV as this 
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functional incorporates a small percentage (20%) of HF-like exchange. In contrast, the BHandHLYP functional (50% HF-like exchange) yields excitation energies with the same precision of CAM-B3YLP where the largest deviation within the evaluated systems was 0.1 eV for the A6 dye (free and anchored) while for the other systems it is close to zero. The BHandHLYP functional has previously been found to describe CT interactions well 55 but giving poor results for other molecular properties such as total energy (and therefore not conventionally used). 56 Both functionals (CAM-B3LYP and BHandHLYP) display a reasonable agreement with the experimental report for the A1 dye when compared with B3LYP (Table 1), as this value represents the only available estimate for comparison in the family of chosen A-bridge-D dyes. Nevertheless, the CAM-B3LYP functional was chosen as reference in this study, which incorporates 19% of HF-like exchange at short-range and 65% of such exchange at long interelectronic separations. It is important to mention here that implicit solvation interactions were modeled through a PCM environment where explicit solvation interactions were not taken into account, which may be affecting the accuracy of the calculated excitation energies. Insights into the photoinjection mechanism can be rationalized by comparing the UV-vis spectra of the dye-TiO 2 systems and those of the free dyes (Fig. 7). A type II (direct) pathway is often identified by the appearance of a new band in the UV-vis spectrum of the dye-semiconductor system compared to the absorption spectrum of the isolated dye. For these organic dyes, the new band may correspond to a donor-to-particle charge transfer state. 4,57 Besides, the type-I (indirect) pathway does not exhibit any new band upon adsorption, but a shift of the l max band is commonly observed.

The simulated TD-DFT absorption spectra of A2, A4 and A6 dyes display a bathochromic shift of the maximum absorption band (l max ) after adsorption onto the TiO 2 layer. On the other hand, the A5 dye spectral profile is characterized by the formation of a new band at higher wavelengths upon adsorption 
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to the semiconductor cluster. According to these results, A2, A4 and A6 dyes exhibit a type-I (indirect) photoinjection mechanism as also exhibited by A1 and A3 (see the ESI †), while A5 is found to be the only dye of the group that follows a type-II (direct) pathway. This conclusion is also obtained when using the BHandHLYP and B3LYP functionals in the calculation of the absorption spectra of the dyes. Recently, Ooyama et al. reported a series of three dyes using a catechol (A5)a sa na c c e p t o ru n i td e s i g n i n gt h e ma s photosensitizers for type-II DSSCs. 6 The computed trends (for a type-I mechanism) obtained for the rest of the dyes are in agreement with experimental reports for dyes using similar acceptors. 18,24,27,31,33 The nature of the corresponding excited states involved in the maximum absorption band (l max ) for most of the free A-bridge-D dyes displays a mixture of single electronic transitions from the HOMO and HOMOÀ1 to the LUMO, with a dominant contribution of the HOMO -LUMO excitation. The amplitudes of the wavefunctions corresponding to the HOMO are mainly localized in the D fragment while for the LUMO these are localized in the A fragments. This behavior is expected because of the D-A charge transfer state character of these transitions. On the other hand, for the dyes anchored within the TiO 2 framework (Fig. S6-S8, ESI †), the electronic transitions start either from the HOMO or from the HOMOÀ1 and end in several LUMOs of high energies from LUMO+1 to LUMO+5. Besides, for most of the type I dyes, the amplitudes of the unoccupied MOs are mostly localized in the A unit with a small localization in the TiO 2 cluster. Exceptionally, for the A5 dye the distribution of the LUMO involved in the electronic transitions is mostly located at the semiconductor layer with no amplitude localized in the dye. These are composed mainly of p and d orbitals of the oxygen and titanium atoms of the TiO 2 cluster. According to these analyses, the electronic density in A5 may be transferred from the dye (HOMO) directly to the semiconductor (LUMO+3, +4), which is an appropriate behavior of a type II PI process.

The electron density difference maps (EDDMs) calculated between the ground state and the first singlet excitation of the dyes anchored onto the TiO 2 cluster are presented in Fig. 8 for A2, A4, A5 and A6 dyes using the CAM-B3LYP functional. For the dyes and DFT functionals, the results are collected in Fig. S9 and S10 in the ESI. † The EDDMs have become very useful to evidence the charge separation via photon absorption as it resumes the charge migration in the adsorbed dyes which may generate D-A systems. These plots show the localization of the occupied MOs that depopulate, and the densities of the unoccupied MOs which would be populated after photoexcitation.

The observed trends in the EDDMs for all the dyes are equivalent when comparing the three functionals. For the A5 dye, the EDDMs reveal that the source of electrons is coming from the dye molecule while the region that receives this charge is located over the (TiO 2 ) 15 cluster. Confirming the MO analysis, this result describes the character of the new absorption band at low energies observed in the UV-vis spectrum and occurring after binding of A5 to the semiconductor. On the other hand, the EDDMs observed for the other dyes as represented by the A2, A4 and A6 dye exemplars display a distribution of the orbital delocalization initially extended over the dye through p orbitals and directed mainly to the acceptor motif (with some localization in the semiconductor) during the charge transfer process. This collection of results enables us to propose that the A5 dye exhibits a direct PI mechanism while for the other dyes the charge transfer process may occur via an indirect pathway. The unique electronic properties of the acceptor (A5) made the chosen A-bridge-D system (with the bridge and D invariable) to switch from the indirect route, as seen for the other dyes, to a direct mechanism.

Photovoltaic performance

All the photovoltaic parameters obtained with the employed functionals are reported in Table S4 in the ESI. † A5 that leads to a type II PI mechanism has an impact on the evaluated properties such as DG inj , DG 0 rec , LHE and the considerable increase of the magnitude of the dipole moment after adsorption to the semiconductor. In general, the assessed parameters for this dye follow the same trend, when calculated using the B3LYP, CAM-B3LYP and BHandHLYP functionals. In the case of eV oc , this value was not obtained for A5 as the theory involves an injection from the LUMO of the dye. For the remaining dyes, the type I PI mechanism is the predominant pathway and the photoelectronic properties can be evaluated and analyzed in a systematic manner. All type I dyes show similar light harvesting character given by LHE, with A6 and A7 having the lowest values for this parameter and for the eV oc calculated series. This eV oc parameter reaches its largest value in compound A2.

With respect to DG inj , it is common knowledge that the greater the DG inj value is, the greater the electron-injection efficiency will be expected. A5 and A2 dyes represented the best electron injection performance along the sequence. In terms of the DG inj results, there are no major changes between all functionals, but the magnitude of the values increases in the order CAM-B3LYP, BHandHLYP and finally B3LYP (Fig. 6). For the other dyes, A1, A3 and A7 have shown (with CAM-B3LYP and BHandHLYP) similar DG inj at all levels of theory. Moreover, A6, which differs from A7 in having a chlorine atom instead of an oxygen atom substituent in the acceptor motif, presents a small increase in the DG inj with respect to A7, which agrees with the slight variation of the efficiency percentages of 1.3 to 0.77 for A6 and A7, respectively. 30 On the other hand, A4 exhibits the worst performance in its series, with a very low DG inj value and with the most probable electron recombination from the TiO 2 as can be stated from the large driving force for electron back transfer to the dye (DG 0 rec ). The behavior of A4 is expected to be due to the presence of sulfur at the meta-position of the carboxymethyl anchoring group. Strong evidence exists of the close relationship between the chemical structure, the physical properties and the reactivity of many substituents in the -ortho,-meta and -para positions addressing the complex interplay between the competing electron-donor and electron-acceptor effects of some substituents. 58,59 MD simulations Seven (7) different configurations, shown in Fig. 9, were selected as the initial position to compute molecular dynamics calculations. The arrowhead refers to the A motif and the arrow tail refers to the molecular donor side. Each configuration was evaluated at two different moments: the minimization and through MD simulation. Examples of such dimer configurations obtained through minimization and the MDs of A1 are displayed in Fig. 10 and for the other dyes they can be found in Fig. S11-S17 (ESI †). Dimer interaction energies (DE)forA1, A2 and A4 dyes are reported in Fig. 11 and a full collection of them is presented in Table S5 (ESI †).

The study of the A1 dimer starting from Conf1 shows that the minimization process holds on the face-to-face arrangement and that through MD simulation there is a smooth displacement of one dye with respect to the other. The non-bonded interaction energy between the dyes (Fig. 10) which stabilizes the system ranges up to À20 kcal mol À1 (see Fig. 11 and Table S5, ESI †). The RMSD analysis shows a change in the spatial positions of the dyes with an average value of B4.5 Å (Fig. S19a, ESI †). The minimized structure of the A1 dimer from Conf2 (head-to-tail) is close to the proposed initial arrangement, but a slight change occurs through the MD simulation since the bridge and one donor ring of one of the dyes experience a rotation. The interaction energy through the MD is lower by about 2 kcal mol À1 than the minimization energy. This change does not represent a significant spatial displacement evidenced by the RMSD analysis which indicates a short-range deviation in the atomic positions (Fig. S19b,ESI †).

The geometries Conf3 and Conf5 correspond to tail-to-tail and head-to-head arrangements over the same plane, respectively. 
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Taking into account the side-by-side geometries of Conf6 and Conf7 of A1, there is no appreciable distortion after minimization of the Conf7 dimer, whereas Conf6 rapidly reaches the parallel head-to-tail arrangement. After MD simulations, both systems achieve similar configurations to Conf1 (Fig. 10). In this sense, these new spatial dispositions over time have a difference of interaction energy (compared with the minimized structures) equal to 0.21 kcal mol À1 for Conf6 and a larger change of about 3.5 kcal mol À1 for Conf7 (Fig. 11). The detailed changes are consistent with the RMSD analysis (Fig. S21 and S22, ESI †).

In the case of A2 dimers, the minimized and MD structures of Conf1 do not exhibit considerable changes over time, even when they presented a change of interaction energy (|DE nb |) of 1.75 kcal mol À1 . This is related to the RMSD analysis showing the lowest RMSD compared to the other dyes for most of the assessed time (Fig. S19a,ESI †).

The head-to-tail arrangement is still present after the minimization of the A2 dimer in Conf2. It is interesting to note here a strong change in the RMSD profile (Fig. S19b, ESI †) at 0.75 ns where the system turns head-to-head and the energy requirements are around 3 kcal mol À1 (Fig. 11). The analysis from the Conf3 geometry of A2 does not display substantial changes in the RMSD values through the MD simulation due to the presence of hydrogen bonds between the COOH groups (Fig. S11, ESI †) as it was also observed for A1 (Fig. 10). The same fact applies for A6 and A7 (Fig. S15 and S16, ESI †). In these cases, the change in the interaction energy (|DE nb |) is also low by around 0.82 and 0.39 kcal mol À1 , respectively.

The final spatial distribution of the A2 dimer at Conf4 once the MD run is completed is similar to that at Conf1. The RMSD analysis shows a large movement of atoms, especially in the very first steps due to the interaction between the two structures. Finally, this process calls for use of energy in the order of 1.76 kcal mol À1 . The spatial arrangement of Conf5 for A2 remains almost the same after geometry minimization, a result observed for the other studied dyes as well. On the other hand, in general after the MD analysis, almost all dyes interact parallel with each other (Fig. S11-S17, ESI †) and the dynamics over time starting from the minimized structures lead to stabilization which is, the largest |DE nb | by 15.38 kcal mol À1 (see Table S5, ESI †), found for A4.

These analyses show a high RMSD due to the new configurations obtained over time, with A6 and A7 being the dimers with the largest RMSD over 10 Å (Fig. S21a,ESI †). The side-by-side Conf6 and Conf7 dimers for A2 show that the obtained minimized and dynamic spatial structures are also similar to Conf1 unlike the MD structure from Conf7 that resulted in a head-to-tail position even when the initial proposed disposition was set to heads in the same direction. The last described change is clearly observed in the RMSD profile where a pronounced change appears at around 0.38 Å.

The A3 and A4 dye dimers show a particular structural feature as they have the COOH group out of the plane of the molecule. The minimization and MD simulation of these dyes show that the hydrogen bonds stabilize the observed conformations mainly involving the carboxylic groups from the anchoring part and display similar RMSD values for all the configurations over time. Specifically, results from Conf1 and Conf7 show for both dyes the largest RMSDs compared to all the other dyes (Fig. S19a and S22, ESI †). Interestingly for the A3 and A4 dimers, after the MD simulation of Conf7, the geometry of the dimer resembles that of Conf2. In spite of this result, a significantly more stable dimer was obtained for the dimers through Conf7, correspondingly (Table S5, ESI †). The minimized structures obtained for the geometries Conf3 to Conf7 are very similar. In the case of the structures obtained through the MD simulations, there are substantial differences in the spatial distribution of the dimer that can be attributed to the presence of the voluminous acceptor fragment of A4. The largest stabilization over time from the minimized structures is obtained from Conf5 in the case of A3 and from Conf3 and Conf7 for A4 (Fig. 11).

The A5 dye presents stable configurations due to the nonbonded interactions involving the -OH groups. From Conf2 to Conf4, there is a large RMSD from the equilibrium structure through the dynamics which evidences the changes observed in the resulted spatial distributions (Fig. S14, ESI †). The dimers from Conf1 to Conf4 tend to get a parallel disposition of the dyes. However, from Conf5 to Conf7 the geometries display a form of a cross and a low |DE nb |. The interaction energy values obtained through the MD simulations are below the average compared to all the other dyes.

The change of the oxygen atom substituent in A7 by a chlorine atom in A6 does not promote significant changes in the profiles observed for the RMSD analysis, except for Conf5 and Conf6 which show a preference for the head-to-tail configuration after the MD simulation. On the other hand, the results of the MD for Conf1 of A7 turn out to be similar to those obtained for A1. These dyes (A6 and A7) show large interaction energies and the largest change in the |DE nb |. This allows these structures to reach a stabilized structure like that observed for Conf5. The results also show that dyes prefer to lie over parallel planes instead of over the same planes when the donors start the simulation positioned in front of each other.

Finally, the RMSD analysis of A8 shows the highest deviation (around 12 Å) for Conf3 and Conf6 and similar interaction energies despite their different structures. In contrast, the MD of A8 in Conf4 shows the lowest RMSD with high interaction energies. Taking into account the RMSD profiles for Conf2 and Conf5, they are similar to A4, as also observed in the case of the observed spatial dispositions of the dimers over time.

Conclusions

The optoelectronic properties of a group of eight dyes with acceptor-bridge-donor (A-bridge-D) architecture have been analyzed in order to get insights into the effects of the molecular structure of A on the electron photoinjection (PI) mechanism in dye-sensitized solar cells (DSSCs). Computations in the framework of (time dependent-) density functional theory ((TD-)DFT) were performed to access the geometrical minima, absorption spectra and a number of electronic descriptors such as free View Article Online energy of injection (ÀDG inj ), driving force for charge recombination (DG 0 rec ), light-harvesting efficiencies (LHEs), dipole moments (m), open circuit voltage (eV OC ), and electron density difference maps (EDDMs). The structures of the modeled systems consist of thiophene as a bridge and triphenylamine as a D which are considered for all the dyes, which differ by the A unit (see Fig. 2). The systems were also anchored to a (TiO 2 ) 15 cluster. The aggregation effects of these dyes were studied through molecular dynamics (MD) simulations by analyzing the structural stability in terms of interaction energies upon dimer formation and root-main square deviation (RMSD) values.

Our results show that the molecular and electronic properties of the A fragment influence the observed PI mechanism in a DSSC device. Most of the designed dyes exhibited optical and electronic properties which are consistent with a type-I (indirect) mechanism. The absorption spectra of the dyes showed a bathochromic shift of the maximum absorption band (l max ) when comparing the isolated dyes and the dyes adsorbed to the TiO 2 .

Here, the molecular orbitals and EDDMs depict a D-A charge transfer in the dyes. For A1, A7 and A8, the dyes show improved spectral properties (with CAM-B3LYP and BHandHLYP) such as observable redshift with high intensity in the lower energy bands compared to the dyes with other A groups. On the other hand, the UV-vis absorption spectral profile of A5 displays a new absorption band with low oscillator strength with a dye-tosemiconductor charge transfer character at higher wavelengths upon adsorption to the semiconductor. In this case, the PI mechanism is exceptionally (for the eight studied dyes) considered as a type-II (direct) and confirmed by the analysis of the dipole moments, molecular orbitals and EDDM plots.

The frontier MOs of the oxidized dyes were analyzed to assess the hole generated after the photo-induced electron injection to the semiconductor in the system Dye + /TiO 2 (e À ). The A6, A7 and A4 dyes show the best charge separation as the hole is significantly located over the donor TPA, which is favorable to decrease the probability of the interfacial back electron transfer to the semiconductor. But in terms of DG 0 rec , this parameter indicates that A4 possesses a high driving force for charge recombination in contrast to A6, A7 and A2 which show the lowest values.

Moreover, A2 and A5 acceptor-containing molecules gave the highest DG inj value with respect to the whole family of dyes. The HOMO energies and the redox potentials of the electrolytes (I À /I À 3 and Co III/II ) were also compared (in the energy level diagrams). The cationic form of the dyes presents potential regeneration by the oxidized species of the redox couple after the injection which might also avoid or decrease charge recombination with the semiconductor. Overall, the results provided rationalize the differences in the photovoltaic performance, paving the way for the design of new and more efficient organic dye photosensitizers.

Finally, we have also investigated the possibility of dimer formation for the designed dyes with the different acceptor units. The geometrical stability was explored through seven types of configurations (spatial dispositions) of the dimers and by analyzing the resulting interaction energies. A comparison between minimized geometries of the dimers and structures obtained by MD profiles together with their corresponding interaction energies was made in order to get details about stability and most possible conformations. There isn't a very significant spatial disposition change throughout minimization of the dimers at each configuration. Nonetheless, there are changes over time which were studied using the RMSD values and the corresponding interaction energies. These results give an idea on the elucidation of the dye aggregation while designing the efficient sensitizers for the practical application of DSSCs. In this sense, it was observed that dyes containing A2 and A5 acceptor units display relatively low interaction energies (seen for all configurations) for the generated dimers, and therefore less strong aggregation with respect to the other dyes.

Introduction

One of the most interesting topics in chemistry is aromaticity, represented by the major breakthrough developed by Kekule 1 about aromatic substances like benzene. Its analogues and derivatives paved the way for theoreticians and experimental chemists to understand how aromaticity works, what type of molecules could be aromatic and how aromaticity could be affected by the environment (i.e., magnetic fields or ligands). 2-6 Therefore, a new type of organo-iron complex was synthesized in 1951 by Kealy and Pauson 7 and Miller 8 at almost the same time. One year later, Wilkinson et al., 9 and Fisher and Pfab, 10 proposed the characteristic sandwich structure adopted by the dicyclopentadienyl iron compound, named ferrocene. In this complex, the iron atom contributes with eight electrons (3d 6 4s 2 ), while each of the cyclopentanienyl carbon atoms contributes with one electron, following the 18-electron rule. Similar compounds were later discovered, especially those based on benzene rings. The most characteristic compound is the (bis)benzene chromium. In this compound, the metal atom contributes with six electrons (3d 5 4s 1 ) and each benzene carbon atom with one, which also follows the 18-electron rule. 11 Aromatic molecules exhibit different kinds of physico-chemical properties, and their aromaticity is affected by the environment according to Nucleus-Independent Chemical Shift (NICS) analysis. 12,13 In the current work, the aromaticity of benzene will be studied by means of NICS and the induced magnetic field (B ind ) as a consequence of the change of transition metal atoms.

One of the first studies on aromatic behaviour of benzenelike molecules and derivatives was carried out by Bleeke et al. in 1991 followed by other authors, who focused more on metallabenzene chemistry 14-17 in order to understand the interaction between the d orbitals, from metal atoms, and p orbitals from carbon atoms, to form rings of p-bonds and find different similarities between metallabenzenes (as a new class of aromatic compounds) and heterobenzenes. E.g., ring planarity, the absence of bond length alternation, downfield chemical shifts (for ring protons), chemical reactivity and the clear experimental evidence of the presence of ring currents. Nevertheless, metallabenzenes display contradictory behaviour about their non-, antiand aromaticity turning them into an active research field. 3 Different kinds of analyses on ferrocene-like molecules have been developed showing a D 6h symmetry of the structure. 5,18-24 Alongside, experimental results show the formation of sandwich clusters for metals like Sc, Ti, and V. 25 Theoretical approaches of cationic structures with metals like Cr, Mo, and W show again a D 6h symmetry for sandwich-like complexes 26 and C 6v symmetry for pyramidal complexes. 27 Besides, analyses with relativistic effects, in heavy metals and some inner transition metals, are in agreement with previous results about the thermostability and symmetry of each system. In Table 1, some important bond lengths for pyramidal, sandwich-like and triple-decker complexes are shown. The symmetry of pyramidal compounds is C 6v (the interaction is M-(Z 6 -C 6 H 6 )). In the pyramidal complexes, benzene rings are distorted from the planarity; in the benzene ring, the C-C-C-H dihedral angle is 0.0 degrees, but in the Cr, Mo and W complexes this measure is 7.0, 5.1 and 5.3 degrees, respectively, distorted. The changes in the M-C bond length were in agreement with the atomic radii: the Cr bond was shorter than Mo and W, but these two latter elements had a similar radius. 59 The benzene rings in these complexes were slightly distorted by the presence of the metal; the C-C bond length in the three complexes was larger than in the benzene ones (1.399 Å calculated with BP86/def2-TZVP).

The structural parameters of the sandwich complexes are shown in Table 1. In these compounds, the C-C bond length is shorter and the dihedral distortion is diminished when compared with the pyramidal structures. For the C-C-C-H dihedral angles, the distortion is only 1 degree in the Mo and W complexes. The M-C bond length, as well as C-C (which could be associated with the benzene-benzene distances), is in agreement with the metal atomic radii. The three structures are totally eclipsed, with 0 degrees in the H-C-C-H dihedral angle according to symmetry D 6h , reported previously.

Finally, in the 'triple-decker' complexes, where M 1 and M 2 are the same metal atom, there are two types of equivalent benzene rings: those in the external (E) part and one central ring surrounded by two metallic atoms (I). For Cr and Mo complexes, the central benzene is slightly bigger than the external ones. But, in the W complex, the three-benzene rings have exactly the same structural parameters. The C-C bond lengths in the external benzenes of the Cr and Mo complexes are still larger than those of the benzene aromatic bonds, but the C-C bond lengths in the W complex are closer for benzene structural parameters and they are perfect planar rings (Table 1). Also, the distances between the external rings and the central ring are in agreement with the atomic radii, and the three complexes are completely eclipsed structures.

Alongside the structural analysis, an electronic description was carried out. Fig. 2 shows the Highest Occupied Molecular Orbitals (HOMOs) obtained for each analysed compound. In all cases, the HOMO is a p z pure orbital of the metal attached to between metal and ring, but rather to the storage charge between the ring and the metal region (Fig. 4). The charge flux goes from a red zone to a blue zone, meaning that there is a middle zone between metal and ring. Its behaviour is directly responsible for the response of the molecule in the presence of a magnetic field. Furthermore, there is an unexpected behaviour in the secondary energy in W, namely,i ti sa p p r o x i m a t e l y1 0t i m e s bigger than the Cr and Mo values. This could be explained because of the high electronic contribution from the core to the outer shells, due to scalar-relativistic effects in the metal.

Aromaticity

In order to analyse the aromaticity, NICS and B ind were used on the triple-decker, sandwich and pyramidal structures to check whether the metal affects the electronic delocalization (Fig. 5 and6).

A metal-Bz structure was studied for the three different metals (i.e., Cr, Mo and W). Fig. 7a shows the behaviour of NICS along the z axis (metal is placed at 0 distance, the ring is represented by the black vertical line). As can be observed, the effects of Mo and W over the ring are equivalent, while Cr has a bigger influence over the ring current and the chemical shift, inside the space between the metal and the ring, as well as over the other side of the ring. The bigger the atom, the lower the NICS. However, at long range, the NICS is almost at the same value for each metal.

For sandwich-like structures, the metal was placed at 0 in distance (Fig. 7b), the benzene is represented by the black line. The behaviour of NICS was similar to that for the pyramidal structures, meaning that there was a large response of benzene with Cr metal, but a small one with Mo and W. Also, the inversely proportional trend to atomic radii and atomic weight was evident. On the other hand, the dotted line shows the behaviour of NICS without metal interaction, displaying a directly proportional relation to both atomic radii and atomic weight. Metal-(Bz) 2 structures, as well as the ones without metal, show aromaticity. An increment of the aromaticity was the result of the metal-benzene interaction with a significant effect from Cr. For heavy-metals, relativistic effects are important for electronic structure analysis, namely, the sa n dps h e l l sa r ec o n t r a c t e da n d , thus, the d and f orbitals of metals are de-contracted. These effects are eventually responsible for the p and d interaction between the metal and the ring. Also, EDA showed the existence of the high electron density between the ring and the metal, and as a result, the electron density was responsible for the chemical shift over the rings. On the other hand, a spin-orbit energy correction was carried out, showing no significant spin-orbit effect. Nevertheless, it is important to recall that the role of the core electrons is mainly contributing to the diamagnetic term of the shielding tensor. The NICS values remained in the same order of magnitude.

In Fig. 7c, black lines represent the benzene molecule. In agreement with the previous results, the NICS is displayed from right to left, validating the large effect of Cr over the molecular aromaticity. When crossing the first ring, the aromatic behaviour increases. However, the closer the NICS analysis to the metal, the less clear the result becomes. This is due to the high electronic density around the metal. The benzene inside the complex is aromatic. The fluctuation in NICS shows higher values in the planar ring and lower ones close to the ring. All these results are in agreement with the isolines in Fig. 8B-D.

The induced magnetic field was also employed in the analysis of the electronic delocalization. The aim was to understand the role of the electronic delocalization in the stability 
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The magnetic response of the three 'triple-decker' complexes is diatropic (Fig. 8D). The external rings present the same trend as the 'pyramidal' and 'sandwich' complexes, but the central rings display an accumulation in the electronic density together with an enhancement of the aromaticity.

In Fig. 9, the isolines in the molecular plane of the central benzene rings are depicted. The central region of the ring is À60 ppm and its protons lie in a region of about À25 ppm. The three complexes have the same distribution.

For pyramidal structures, a comparison between figures A and B was carried out. Thus, there was a small change in the distance between the metal and centre of the ring, i.e., an increase in the interaction distance from Cr to W. The same occurred in the borazine structures. The influence of metal over the ring structure was evident because of the change in the response of the B ind , showing a huge paratropic region between the Cr atom and the molecular ring due to the low atomic radii (short interaction distance of plane-metal), which is in agreement with Fig. 7a, showing the enhancement of the paratropic response. When the metal-ring distance was increased, the covalent interaction was decreased, generating a low influence in the NICS values, which is evident in the values of the diatropic regions in Fig. 8A.

The counterpart was analysed using the borazine structure showing a similar behaviour, meaning that paratropic regions were diminished by heavier metals, while for Cr, it was augmented, indicating the effect of metal over the ring structures. Thus, for aromatic structures, the aromaticity was enhanced, while for non-aromatic structures, the paratropic currents were diminished. Furthermore, the metal role in pyramidal structures changed the local electron density between metal and ring, enhancing the diatropic current in each case, namely, the heavier the atom, the lower the response.

In sandwich-like complexes, an equivalent behaviour is plotted in Fig. 7b. Cr enhances the NICS values, while Mo and W display a similar role in magnitude. Alongside the NICS values, the response of B ind showed a higher diatropic region around the ring for a Cr pyramidal structure when compared with Mo and W. In addition, the net charge flux went from metal to ring in the d orbitals, while in the p orbitals, it went from ring to metal. In the secondary energy decomposition using EDA, Fig. 3 shows clearly a huge electron density between ring and metal. The metal played an important role in the structure because of the anisotropy and the d orbitals involved in the middle region of the structure.

Another important subject is the splitting of the d orbitals from the metal as a response to the ligand field, which has a key influence over electronic delocalization. In this work, two important parameters in the ligand field have been introduced: ). These differences could explain the most important electronic delocalization in Cr complexes, when compared with the Mo and W structures. The same trend is observed in the other two groups of molecules, i.e., the sandwich-like and triple-decker complexes. However, the energy gaps introduced by the ligand field are more equivalent in magnitude. This makes sense when compared with NICS values observed in sandwich structures because of the similarity in the slope of the curve observed in Fig. 7c. In contrast, when close to the benzene ring, a change in the slope in the Cr structure is observed.

D = E a1 (d z 2) À E e (d
Finally, an increment in the diatropic region, in the middle ring, for triple-decker structures, was shown despite the metalring distance. This could be explained due to the possible communication between the two metals across the middle ring. The HOMOs clearly showed an extended molecular orbital across the ring connecting the two metal centres.

Conclusions

The structural analysis was developed over each molecule finding that pyramidal structures have a C 6v symmetry, while sandwich and triple-decker structures have a D 6h symmetry. In all cases, the metal created a change in the benzene geometry, in the out-of-plane structure for each benzene, as well as in the bond distances or angles involved in its structure. Besides, a crucial influence of the metal over the C-H bond was found, namely, the bigger the molecular weight, the shorter the C-H bond distances. Thus, the structural parameters indicated that the impact of the presence of the metal atom was stronger in the pyramidal structures. The W 'triple-decker' complex was the best-fitted structure with almost null deformation of the benzene rings.

The electronic description clearly showed that in all cases, the HOMO is a p z orbital of the metal. To understand the metal-ring interaction, the EDA was carried out, showing that the main contribution was a metal-ring covalent interaction, with the Mo complexes being the most covalent ones, and the W complexes being the least covalent. At the same time, the NOCV analysis was carried out, indicating that the stabilization was primarily carried out via two orbital interactions: the p and the d formed by the orbitals d xz À d yz and d xy À d x 2 Ày 2, respectively. 
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Finalement, une nouvelle

  méthode d'extraction de l'interaction non covalente est expliquée afin d'être appliquée aux macromolécules et aux protéines qui ne peuvent pas être traitées au niveau théorique de la TFD. Ainsi, le nouveau NCI-ELMO (Orbitales moléculaires extrêmement localisées) est expliqué et appliqué. Dans le deuxième chapitre, la description informatique de chaque analyse effectuée est exposée. La description générale du calcul des fonctions d'onde pour développer l'analyse topologique est faite. La procédure d'analyse et de calcul de l'interaction non covalente et des points critiques de la densité électronique est décrite, ainsi que le protocole d'analyse de la théorie quantique de l'atome dans les molécules. Les exigences relatives à l'analyse NCIPlot et à l'obtention de tracés 2D et 3D au moyen du NCI-Plot sont expliquées. Les paramètres utilisés pour calculer l'EDA et l'ETS-NOCV sont décrits. De la même manière, nous avons étudié le calcul du champ magnétique induit et l'extraction des déplacements chimiques ainsi que les densités de courant sur le système considéré. Le niveau théorique utilisé pour calculer les barres d'erreur associées au calcul de l'interaction isotrope dans des composés dinucléaires est défini. Finalement, la description théorique de l'obtention d'ELMOs est fait ainsi que le procédure pour l'extraction des interactions non covalentes avec le classique NCIPlot. La première propriété liée à la localisation et à la délocalisation électronique est l'aromaticité. L'aromaticité est un concept important introduit par Kekulé; depuis lors, théoriciens et expérimentateurs ont essayé de le comprendre avec différentes molécules et groupes de molécules analogues au benzène. Il est important de comprendre et d' associer certaines propriétés physico-chimiques pour comprendre le role fondamental de ce concept et la façon dont l'environnement chimique influe sur l'aromaticité. Par exemple, les systeme aromatiques presentent des proprietes specifiques concernant la réactivité, la stabilité, réponse magnétique, etc.
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Figure 1 . 1 :

 11 Figure 1.1: Colored 2DPlot. Where different NCI are depicted, in blue the strong and attractive, in green the weak interaction and in red the strong and repulsive interactions. (Plot reproduced with author's permission).

Figure 1 . 4 :

 14 Figure 1.4: Current Density on benzene molecule. Inner part shows the paratropic response while the outer part shows the diatropic one.

Figure 1 . 5 :

 15 Figure 1.5: Current Density on benzene molecule, plotted perpendicularly to molecular plane, according to Faraday's law. Ring is placed at y=0

CHAPTER 1 .

 1 THEORETICAL BACKGROUND related by the phenomenological (it does not provide information about how the isotropic interaction is) Hamiltonian introduced by Heisenberg and then discussed by Dirac and van Vleck and its known as the Heisenberg-Dirac-van Vleck (HDvV) Hamiltonian:

  , la description metodologique et l'informatique de chaque analyse effectuée est exposée. La description générale du calcul des fonctions d'onde pour développer l'analyse topologique est faite. La procédure d'analyse et de calcul de l'interaction non covalente et des points critiques de la densité électronique est décrite, ainsi que le protocole d'analyse de la théorie quantique de l'atome dans les molécules. Les exigences relatives à l'analyse NCIPlot et à l'obtention de tracés 2D et 3D au moyen du NCIPlot sont expliquées. Les paramètres utilisés pour calculer l'EDA et l'ETS-NOCV sont décrits. De la même manière, nous avons étudié le calcul du champ magnétique induit et l'extraction des déplacements chimiques ainsi que les densités de courant sur le système considéré. Le niveau théorique utilisé pour calculer les barres d'erreur associées au calcul de l'interaction isotrope dans des composés dinucléaires est défini. Finalement, la description théorique de l'obtention d'ELMOs est fait ainsi que le procédure pour l'extraction des interactions non covalentes avec le classique NCIPlot.

Figure 2 .

 2 Figure 2.1 shows an example of the electron density isolines, its gradient, Laplacian, and their Critical Points. These CPs are analysed according to the QTAIM theory. Where the path bonds are shown as black lines, the red points show the repellors in the molecule and the black points the Laplacian region where the electron density is concentrated, highlight the charge concentratin and depletionsAlongside with the topological analysis in QTAIM, the visualisation index based on the electron density and derivatives show the non-covalent interactions existing in the system analysed through the reduced gradient density at low densities. This analysis shows the attractive and repulsive interactions using the sign of the second density Hessian eigenvalue by means of NCIPLOT.[2,[START_REF] Contreras-García | Nciplot: a program for plotting noncovalent interaction regions[END_REF] 

CHAPTER 2 .

 2 METHODOLOGYenergies, through 2-component relativistic Hamiltonian with decoupling transformation.

  sur les strucctures triple-decker, en sandwich et les pyramidales ont été étudiés à travers l'analyse de décomposition d'énergie (Morokuma-Ziegler), combinées avec l'état de transition élargi -Orbitales Naturelles par Valence Chimie (ETS-NOCV), indiquant que la liaison anneau de benzènemétal a eu une contribution covalente d'environ 60% en raison de l'interaction de liaison entre les orbitales d xz et d yz , d x 2 °y2 et d xy avec l'orbitale p z avec l'orbitale pz respectivement adapté par symétrie dans l'anneau, pour former des interactions de liaison º et ±. Enfin, une quantité importante de densité électronique entre l'anneau et le métal a été trouvée. Cela joue un rôle clé dans la délocalisation des électrons dans cette zone. Cette délocalisation électronique a été analysée via des calculs de champ d'induction magnétique et de déplacement chimique indépendant du noyau, en trouvant un motif entre les rayons atomiques des métaux et la zone de blindage. En outre, un comportement similaire pour Mo et W, dans l'amélioration de la réponse magnétique diatropique, a été affiché, alors que Cr avait un caractère diatropique légèrement inférieur. CHAPTER 3. ELECTRONIC DELOCALIZATION IN METALLOCENE COMPLEXES M etal influence over triple-decker, sandwich-like and pyramidal structure benzenes were studied by means of Energy Decomposition Analysis (Morokuma-Ziegler), combined with Extended Transition State Natural Orbitals for Chemical Valence, finding that metal-ring bonding was a covalent contribution of about 60% due to the bonding interaction between d xz and d yz , d x 2 °y2 and d xy orbitals with p z orbitals respectively, adapted by symmetry in the ring, to form º and ± bonding interactions. Finally, an important amount of electron density between the ring and the metal was found . This has a key role in the electron delocalization in this zone.

Figure 3 . 5 :

 35 Figure 3.5: Schematic description of points along z axis to calculate NICS for Triple Decker Compounds.

Figure 3 . 6 :

 36 Figure 3.6: Schematic description of points along z axis to calculate NICS for Metal-Benzene molecules.

  3.10-B, 3.10-C and 3.10-D. (Further Results of NICS behaviour and its components are shown in Appendix A).

  3 shows clearly a huge electron density change between ring and metal. The metal played an important role over the structure because of the anisotropy and the ± orbitals involved in the middle region of the structure.

  Nevertheless, at 1 borh from the molecular plane, the aromatic nature of the rings still shows. The strength current values for the inner ring and for the external one are 30.31 and 3.81 nA/T, respectively.

Figure 3 . 12 :

 312 Figure 3.12: Ring Current Densities for Mo-Triple-Decker Complex at left the Central Ring and at right the external ring.

P

  latinabenzene has been thought to be an aromatic molecule due to some properties like non-alternating bond lengths, NMR data, the homologous molecular orbitals compared with benzene. Nevertheless, the importance of further analysis of the aromatic behaviour as well as other characterization of the molecule is important. Four important analyses to describe the molecule have been done. Topological analysis clearly shows the existence of covalent and non-covalent interaction in the platinabenzene complex, suggesting also an electron delocalization as well as a stronger covalent bond between the Cp ring and the platinabenzene. The NICS shows the enhancement of the aromaticity at 1 Åfrom the molecular plane and a general aromatic behaviour while the spin-orbit effects introduce low effects in the paratropic shift to the total shielding. Furthermore, the EDA confirms the existence of the covalent interaction between Pt and the Cp which is stronger than the Pt in the metallabenzene ring suggesting that the compound is rather a metallocene more than a metallabencene.Finally, the current density provides a ring current plot at the molecular plane as well as 1 Å from it, showing the enhancement of the aromaticity in the Cp ring while the Bz ring is a non-aromatic ring, which is supported by the electron density delocalization in the density plot at 1 Å from the molecular plane.

  measured the NICS over the platinabenzene as well as the Magnetic susceptibility anisotropy using effective core potentials, neglecting the relativistic effects of the Pt atom and its changes over the molecule which are presented here. INTERACTION OF PT IN A METALLABENZENE COMPLEX.

Figure 4 .

 4 2 alongside with Figure 4.3 shows the most important zones. It shows peaks A to H, where A and B represent clearly covalent interactions between two carbons in the metallabenzene ring, the C and D peaks represent the existence of low NCI all of them with attractive character (∏ 2 < 0).E to H represent non-covalent interaction with repulsive nature due to steric crowding ization index between two centres showing the average number of delocalised electrons (or shared) between atoms A and B, ±(A, B), and the results give an idea of the electron shared between atoms. The DI is used as the first descriptor of aromatic behaviour and in this system, one can see that DI descend as one moves away from Pt over the metallabenzene ring. i.e., the Pt and the orto-C have a DI equals to 1.08 while between the orto-meta and meta-para positions they are of the order of 0.93 and 0.88, respectively (The delocalization index decrease as one moves away from the metal in the molecular plane). This delocalisation should have a response when an external magnetic field is applied; thus, the nucleus independent chemical shift analysis is used to quantify the shielding tensor generated on the molecule and its relation with the possibly aromatic behaviour of the system.

Figure 4 . 5 :

 45 Figure 4.5: Energy Decomposition Analysis Models where the Cp ring is shown in red and the metallabenzene ring in blue. (Left). Model 1 and (Right) model 2.

Figure 4 . 6 :

 46 Figure 4.6: Highest Occuped Molecular Orbital of the molecule where the bonding interaction between Pt and Cp is depicted.

Figure 4 . 7 :

 47 Figure 4.7: Decomposition of Current densities at molecular plane, (Left) Component 1 (paramagnetic probability) from total current density and (right) the component 2 (diamagnetic probability) from total current density. The magnetic field vector points towards the reader and small circles represents atomic positions.

Figure 4 . 8 :

 48 Figure 4.8: Total Current density computed by means of DIRAC with a 4-component Hamiltonian at molecular plane.

Figure 4 . 9 :

 49 Figure 4.9: Slices parallel to molecular plane depicting total current density. Left 1 Bohr from molecular plane and Right 2 Bohr from molecular plane

Figure 4 . 10 :

 410 Figure 4.10: Strength current path computed from the Platinabencene ring center up to 10 Å away from ring perpendicularly . Where the, X, Y and Z component are depicted
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  OF PT IN A METALLABENZENE COMPLEX. current density. In a general way, the aromatic behaviour is clearly depicted with large strength in the z-axis because of the position of Pt in the molecule. Le caractère d'aromaticité de [Pt(µ-SiPh 2 )(PMe 3 ) 3 ] a été exploré par des analyses topologiques sur la densité électronique utilisant la théorie quantique des atomes dans des molécules expliquant la Laplacienne de la densité électronique et ses valeurs propres, ainsi que la délocalisation électronique. qui a été étayée par la technique de quantification de la délocalisation électronique, le déplacement chimique indépendant du noyau, le long (through the z-axis) de l'axe des z. De plus, la nature quantitative des interactions trouvées à l'aide de QTAIM a été calculée en combinant une approche fragmentée de la structure moléculaire avec une analyse de décomposition d'énergie selon le schéma de Morokuma-Ziegler. Dans tous les cas, les résultats indiquent une interaction non covalente entre les atomes de Pt du cycle, bien qu'ils soient liés par CHAPTER 5. EXPLORING THE AROMATICITY CHARACTER OF [PT(µ-SIPH 2 )(PME 3 ) 3 ]ANALOGUECOMPLEX interaction covalente avec les fragments PH 3 et SiH 2 ; de plus, l'indice de délocalisation entre les centres de platine et la longueur de la liaison, ainsi que le comportement diatropique et diamagnétique du noyau à environ 2 Ådu plan moléculaire, suggèrent l'existence d'une très faible aromaticité (comportement du système presque non aromatique). Ces observations seront finalement corroborés par des calculs de densité de courant. Tous les calculs ont été effectués dans le cadre de la théorie fonctionnelle de la densité relativiste intégrant l'hamiltonien d'approximation régulière d'ordre Zero avec un jeu de bases TZ2P, ainsi que le niveau de théorie relativiste à 4 composantes pour la densité de courant. CHAPTER 5. EXPLORING THE AROMATICITY CHARACTER OF [PT(µ-SIPH 2 )(PME 3 ) 3 ]ANALOGUECOMPLEX T he aromaticity character of [Pt(µ-SiPh 2 )(PMe 3 ) 3 ] was explored through topological analyses of the electron density using Quantum Theory of Atoms in Molecules by means of the Laplacian of electron density and its eigenvalues, also supported by the quantification of the electron delocalization technique, the Nucleus-Independent Chemical Shift along z-axis. Furthermore, the quantitative nature of interactions found using QTAIM was quantified combining a fragmented approach to the molecular structure with Energy Decomposition Analysis according to the Morokuma-Ziegler scheme. In all cases, the results show a non-covalent interaction among Pt atoms in the ring while they are bonded through covalent interaction with PH 3 and SiH 2 fragments; moreover the delocalization index between Pt centres and the bond length, as well as the diatropic and diamagnetic behaviour of the ring about 2 Å from molecular plane, suggest the existence of a very low aromaticity (almost non-aromatic system behaviour) which will be finally corroborated using current density calculations. All of the calculation were done in the framework of Relativistic Density Functional theory incorporating the Zeroth-Order Regular Approximation Hamiltonian with a TZ2P basis set, plus the 4-component relativistic level of theory for the current density.

  was shown by Fabrizi et al. in 2005[START_REF] Fabrizi De Biani | Formation and characterization of the hexanuclear platinum cluster [pt6 (µ-pbu t 2) 4 (co) 6](cf3so3) 2 through structural, electrochemical, and computational analyses[END_REF] with the formation of a Pt 6 cluster with a Pt 4 tetrahedral core. It was done by combining two Pt 3 -core clusters and as a secondary result of the reaction, an analogue core of Pt 3 cluster was found (trisphosphido-bridged tricarbonyl). Another synthesis showed that Pt 3 clusters are formed by Mixed-valence[143] 

Figure 5 . 2 :

 52 Figure 5.2: The sketch of molecule where the blue + represent the Bond Critical Points and Red X represent Ring Critical Points. The Values are reported in Table 5.1.

Figure 5 .

 5 2 have positive values of r 2 Ω implying weaker or non-covalent interactions. The second eigenvalue from the Hessian Matrix helps to identify, through its negative value, the existence of weak bonding interactions at low densities[2, 3]. Therefore, between two Pt atoms, there is a negative eigenvalue (∏ 2 =-0.023) showing the existence of attractive interactions between two metals. The Laplacian, r 2 Ω, of different CPs is shown in Figure 5.2. The different BCPs are grouped in three: The BCPs between Pt-Pt, Pt-Si and Pt-P. The Ring Critical Points are grouped in two: the RCP among Pt 3 and among Pt 2 Si. These values are reported in

Figure 5 . 7 ,

 57 shows the total shielding tensor as a sum of1 3 (xx+ yy+ zz). Positive values of NICS represent a paratropic behaviour while negative values represent a diatropic one. In this sense, the plot shows the paratropic behaviour of the zz component compared with the xx and yy components, which are equivalent between them. As a result, at the molecular plane, a negative NICS value for the total component is clearly shown. These negative values suggest an aromatic (or diatropic) behaviour[START_REF] Chen | Nucleusindependent chemical shifts (nics) as an aromaticity criterion[END_REF] mainly due to the xx and yy components. Also, an interesting change of sign in the xx and yy values compared with the zz component at approximately 1.5 Å from molecular plane is observed. Despite of this, the total shielding tensor always remain within the negative values, indicating an aromatic character due principally to the high electron density localized 2Å below the molecular plane over the bond paths as well as the Pt atoms (Figure 5.2.1.). If the zz component is isolated and plotted as a sum of their tensor contributions (Figure 5.7), at the centre of the ring, a clearly paratropic behaviour is exhibited as a result of diamagnetic and spin-orbit tensor contributions indicating the possible existence of anti-aromaticity character in the molecular plane due to the paratropic contribution supported by the electron density localised in the molecular plane over bonds and Pt atoms; . Nevertheless, about 1.5 Å away, the contribution of paramagnetic and spin-CHAPTER 5. EXPLORING THE AROMATICITY CHARACTER OF [PT(µ-SIPH 2 )(PME 3 ) 3 ]ANALOGUECOMPLEX

  These interactions and the deformation of the density over the molecule were understood through the combination of Extended Transition Estate (ETS) with the Natural Orbitals for Chemical Valence (NOCV). The charge flux goes from a red zone to a blue zone, in the three first cases (sketched in Figure5.10 )the PH 3 , and the SiH 2 give charge to the Pt atoms in order to stabilize the molecule with principally non-covalent interactions. In the last case, the three Pt atoms give charge to the middle zone of the triangle.

Figure 5 . 10 :

 510 Figure 5.10: First contours of ETS-NOCV deformation density, red represent Ω > 0 and blue represent Ω < 0. Flux charge goes from red to blue zone.

  Almost all aspects of life are engineered at the molecular level, and without understanding molecules we can only have a very sketchy understanding of life itselfdes interactions non covalentes dans les systèmes biologiques est fondamentale pour rationaliser la structure et obtenir un aperçu des fonctions et de la dynamique des macromolécules. Nous proposons ici un nouvel outil pour l'identification efficace des interactions non covalentes dans les protéines. La méthode d'interaction non covalente (NCI), une stratégie bien établie pour détecter les interactions non covalentes dans les systèmes chimiques, est couplée aux bibliothèques d'orbites moléculaires extrêmement localisées (ELMO), qui permettent une reconstruction instantanée des distributions électroniques quantiquement rigoureuses de la mécanique quantique. les polypeptides et les protéines. Les calculs de test effectués sur différentes interactions démontrent que la nouvelle stratégie NCI-ELMO surpasse toujours la méthode NCI d'origine basée sur l'approximation promoléculaire, alors qu'elle concorde étroitement avec les analyses NCI d'origine basées sur des calculs entièrement quantiques. La nouvelle technique permet de démêler le réseau d'interactions dans les systèmes biologiques et de suivre rapidement leurs évolutions dans le temps, avec des conséquences éventuelles sur la conception de nouveaux médicaments.

Figure 7 .

 7 1A. The actual comparison was performed by analyzing the traditional 2D NCI plots of the reduced density gradient s in function of the electron density multiplied by the sign of the second Hessian eigenvalue (sign(∏ 2 ) Ω;

Figure 7 .

 7 1C we have overlapped the 2D graphs resulting from the use of promolecular, B3LYP/cc-pVDZ and ELMOdb/cc-pVDZ charge distributions. In Figures 7.1B and 7.1C it is easy to observe that all the performed NCI calculations provided two symmetric peaks, which generally are the "NCI fingerprints" for weak intermolecular interactions. Furthermore, while the promolecular density provides reduced density gradient peaks that are clearly shifted from the reference B3LYP ones, the electron distributions obtained through the simple transfer of ELMOs give NCI spikes practically indistinguishable from those associated with the DFT calculations.
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 717 Figure 7.1: Weak hydrogen bond between Phe2 and Gly3 in lactoferrampin (A) RDG isosurface obtained at NCI-ELMO level and showing the interaction under examination; 2D RDG plots obtained at promolecular-NCI, NCI-B3LYP and NCI-ELMO levels for basis-sets (B) 6-31G and (C) cc-pVDZ

Figure 7 . 2 :

 72 Figure 7.2: Weak hydrogen bond between Phe2 and Gly3 in lactoferrampin: 2D RDG plots obtained at (A) NCI-B3LYP and (B) NCI-ELMO levels with all the considered basis-sets.

Figure

  Figure 7.3: Strong hydrogen bond between Tyr2 and Phe5 in Leu-enkephalin[1]: (A) RDG isosurface obtained at NCI-ELMO; 2D RDG plots obtained at promolecular-NCI, NCI-B3LYP and NCI-ELMO levels for basis-sets (B) 6-31G and (C) cc-pVDZ.

7 . 3 :

 73 Figure 7.3: Strong hydrogen bond between Tyr2 and Phe5 in Leu-enkephalin[1]: (A) RDG isosurface obtained at NCI-ELMO; 2D RDG plots obtained at promolecular-NCI, NCI-B3LYP and NCI-ELMO levels for basis-sets (B) 6-31G and (C) cc-pVDZ.

Figure 7 . 4 :

 74 Figure 7.4: Strong hydrogen bond between Tyr2 and Phe5 in Leu-enkephalin[1]: 2D RDG plots obtained at (A) NCI-B3LYP and (B) NCI-ELMO levels with all the considered basis-sets.
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 75 Figure 7.5: Interactions between the Zn 2+ ion and the coordinating residues (Cys3, Cys6, Cys16 and His11) in an HIV Zinc fingerlike domain: (A) RDG isosurfaces obtained at NCI-ELMO level; 2D RDG plots obtained at promolecular-NCI, NCI-B3PW91 and NCI-ELMO levels for basis-sets (B) 6-31G and (C) cc-pVDZ.

Figures 7 .

 7 Figures 7.3B and 7.3C), we can notice that the spike obtained at promolecular level indicates a more stabilizing/attractive interaction compared to the NCI-ELMO results.

Figure 7 . 6 :

 76 Figure 7.6: Strong hydrogen bond in the D192N mutant of Rhamnogalacturonan acetylesterase between residues Asp75 and Asp87: (A) RDG isosurface obtained at NCI-ELMO level; (B) 2D RDG plots obtained at promolecular-NCI and NCI-ELMO levels for all the considered basis-sets; (C) Zoomed 2D RDG plots from figure (B).
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 77 Figure 7.7: CH-º interaction in the human erythrocytic ubiquitin between Leu50 and the aromatic ring in Tyr59: (A) RDG isosurface obtained at NCI-ELMO level; (B) 2D RDG plots obtained at promolecular-NCI and NCI-ELMO levels for the considered basis-sets.
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 78 Figure 7.8: Cation-º interaction in the glucoamylase-471 complexed with d-glucodihydroacarbose between the positively charged ammonium group of Lys108 with the aromatic sidechains of Trp52, Trp120, Tyr50 and Tyr116: (A) RDG isosurfaces obtained at NCI-ELMO level; (B) 2D RDG plots obtained at promolecular-NCI and NCI-ELMO/cc-pVDZ levels; (C) Zoomed 2D RDG from plot (B).
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 79 Figure 7.9: Anion-º interactions in the antigene-binding fragment of the catalytic antibody 15A9 in complex with phosphopyridoxyl-L-alanine between Glu58 and Tyr94: (A) RDG isosurface obtained at NCI-ELMO level; (B) 2D RDG plots obtained at promolecular-NCI and NCI-ELMO/cc-pVDZ levels.
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 710 Figure 7.10: RDG isosurfaces obtained at NCI-ELMO level: (A) local hydrogen bond between residues Asn61 and Gly63 and n-º* interaction between residues Asn61 and Asn59 in the human carbonic anhydrase II protein; (B) non-local hydrogen bond between Asn24 and Asp62 and n-º* interaction between the oxygen atom of Asn24 and the carbon atom of the carboxylic group in the backbone of Asn24 in the leucyl/phenylalanyl-tRNAprotein transferase.

Figure 7 .

 7 Figure 7.11: 2D RDG plots obtained at promolecular-NCI and NCI-ELMO/cc-pVDZ levels: (A) local hydrogen bond between residues Asn61 and Gly63 and (B) n-º* interaction between residues Asn61 and Asn59 in the human carbonic anhydrase II protein; (C) non-local hydrogen bond between Asn24 and Asp62 and (D) n-º* interaction between the oxygen atom of Asn24 and the carbon atom of the carboxylic group in the backbone of Asn24 in the leucyl/phenylalanyl-tRNA-protein transferase.
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 712 Figure 7.12: Interactions between the Zn 2+ ion and coordinating residues (one water molecule and three histidine residues His382, His432 and His 436) in APP: (A) RDG isosurfaces obtained at NCI-ELMO level; (B) 2D RDG plots obtained at promolecular-NCI and NCI-ELMO levels for basis-set cc-pVDZ.

4 H

 4 actions non covalentes dans les systèmes d'intérêt biologique et biochimique. Étant donné que la nouvelle technique est basée sur des densités électroniques quantiques rigoureuses sur le plan mécanique obtenues par le transfert d'orbites moléculaires extrêmement localisées à partir de bibliothèques bien construites, la méthode représente clairement un progrès par rapport à l'ancienne version de la stratégie NCI pour les macromolécules, qui exploitaient principalement les distributions électroniques promoléculaires. . Tous les calculs de test effectués sur de petits polypeptides et de grandes protéines pour une grande variété d'interactions non covalentes ont confirmé ce fait, montrant que, dans toutes les situations, la nouvelle méthode NCI-ELMO est nettement supérieure à la précédente technique promoléculaire-NCI, sans augmentation significative du coût de calcul associé. Pour cette raison, nous pensons que la stratégie proposée peut être utilement utilisée pour définir rapidement et de manière fiable les réseaux d'interactions non covalentes dans les molécules biologiques et, en particulier, dans les très grandes protéines. De plus, étant donné que les protéines sont des systèmes intrinsèquement flexibles en mouvement constant entre différents sous-états conformationnels et que leurs propriétés dynamiques sont fréquemment associées à la reconnaissance moléculaire, à la fonction et à la catalyse, [247-251], la nouvelle approche de NCI-ELMO englobe grande potentialité pour surveiller l'évolution des interactions non covalentes dans le temps, par exemple par un couplage approprié avec des simulations de la dynamique moléculaire.En particulier, en analysant des échantillons représentatifs des structures des systèmes étudiés (correctement extraits des trajectoires des simulations de dynamique moléculaire), il pourrait être possible de fournir des descripteurs moyennés dans le temps associés aux interactions non covalentes existantes, dans le but d'attribuer la valeur globale. importance dynamique de chaque interaction et, éventuellement, dans le but de proposer une nouvelle stratégie semi-quantitative de construction de phamacophores capable de prendre en compte les caractéristiques dynamiques des macromolécules.[START_REF] Morra | Molecular recognition and drug-lead identification: What can molecular simulations tell us?[END_REF][START_REF] Genoni | Ligand selection from the analysis of protein conformational substates: new leads targeting the n-terminal domain of hsp90[END_REF] Les travaux dans cette direction sont en cours. *Appendix usually means "small outgrowth from large intestine," but in this case it means "additional information accompanying main text." Or are those really the same things? .ere we present the plots for the total induced current density as well as the paramagnetic (Component 1) and diamagnetic (component 2) components from the total current. Starting from molecular plane and moving away from molecular plane by step size of 1 bohr up to 5 bohr. Finally, the components from the path strenght integrals is presented. From left to righ are the total, diamagnetic and paramagnetic components.

Figure B. 11 :

 11 Figure B.11: Electron Localization Function with isosurface=0.05 a.u.

Figure C. 1 :

 1 Figure C.1: Molecular Orbitals Diagram for Pt3 system from HOMO-11 to HOMO

Figure E. 1 :

 1 Figure E.1: Weak hydrogen bond between Phe2 and Gly3 in lactoferrampin (PDB code: 2MD3): 2D RDG plots obtained at promolecular-NCI, NCI-B3LYP and NCI-ELMO levels for basis-set 6-311G.

Figure E. 2 :

 2 Figure E.2: Weak hydrogen bond between Phe2 and Gly3 in lactoferrampin (PDB code: 2MD3): 2D RDG plots obtained at promolecular-NCI, NCI-B3LYP and NCI-ELMO levels for basis-set 6-31G(d,p).

Figure E. 3 :

 3 Figure E.3: Weak hydrogen bond between Phe2 and Gly3 in lactoferrampin (PDB code: 2MD3): 2D RDG plots obtained at promolecular-NCI, NCI-B3LYP and NCI-ELMO levels for basis-set 6-311G(d,p).
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Fig. 1

 1 Fig. 1 (a) Scheme describing the PI mechanism in a DSSC. (b) Acceptorbridge-donor (A-bridge-D) molecular structure. Donor and bridge motifs are not varied while A is changed by different motifs.

Fig. 2

 2 Fig. 2 Family of the studied acceptor fragments.

Fig. 3

 3 Fig. 3 Molecular structure of A4, A5 and A6 adsorbed to the (TiO2)15 cluster.

Fig. 4

 4 Fig. 4 Energy level diagram of A2, A4, A5 and A6 dyes, free and adsorbed to the TiO2 cluster (Dye-(TiO2)15) calculated at the CAM-B3LYP theoretical level.

Fig. 5

 5 Fig. 5 LUMO (hole) of the oxidized states of the free A4, A6,a n dA7 dyes.

Fig. 6

 6 Fig.6Effects of the DFT functional on the calculated negative free energy of the injection (ÀDGinj), light-harvesting efficiency (LHE) for the lowest singlet excited state, the open-circuit voltage (eVOC), dipole moments (m) and the plot of the dipole moment vectors for a selected A-bridge-D, A6, free and anchored to the TiO2 cluster.

Fig. 7

 7 Fig. 7 UV-vis absorption spectra simulated through TD-CAM-B3LYP/6-31G(d,p) (acetonitrile) for (a) A2, (b) A4, (c) A5, and (d) A6.T h eb l u el i n e s correspond to the results for free dyes, and the red lines correspond to the dye-TiO2 systems. The bar graphics (e) and (f) reflect the effects of the DFT functional on the calculated vertical excitation energies (D Ev).

Fig. 8

 8 Fig. 8 EDDMs for some selected Dye-(TiO2)15 systems upon photoexcitation to the first singlet excited state calculated using the CAM-B3LYP/6-31G(d,p) wavefunctions. The blue densities represent the source of electrons, and the orange densities represent the target location after electron transfer.

Fig. 9

 9 Fig. 9 Initial proposed spatial configurations for the MD analysis.
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Fig. 1

 1 Fig. 1 Geometrical representation of analysed structures. M = Cr, Mo, W. The z-axis is placed in the same way as the principal symmetry axis.

Fig. 4

 4 Fig. 4 Cr-Contours of the NOCV deformation density for the secondary interactions (DE sec orb). The contour values are +0.03 a.u. Red represents r o 0 regions and blue represents r 4 0 regions.

Fig. 5

 5 Fig. 5 Schematic description of points along the z axis to calculate NICS in triple decker compounds.

Fig. 7

 7 Fig. 7 Metal influence of NICS for (a) pyramidal, (b) sandwich-like and (c) triple decker structures. External magnetic field (B ext ) coincides with the x axis. Distance are in Å. (a) Pyramidal comparison among Cr, Mo and W. The black line represents benzene and the left part represents the metal influenced zone. (b) Sandwich structures comparison among Cr, Mo and W. Zero distance represents the metal position and black line represents the benzene ring. The dotted line shows the NICS values without metal influence. (c) Triple-decker structures comparison among Cr, Mo and W. Zero distance represents an inner benzene molecule. The dotted line shows the NICS values without metal influence.

Fig. 6

 6 Fig. 6 Schematic description of points along the z axis to calculate NICS in piramidal compounds.

x 2

 2 Ày 2;d xy ) and G = E e (d xz ;d yz ) À E a1 (d z 2). Consequently, these values have the following order for pyramidal complexes: Cr (D = 5338; G = 8677 cm À1 ) o Mo (D = 7016; G = 10 025 cm À1 ) o W( D = 8008; G = 10 765 cm À1

Fig. 9

 9 Fig. 9 Isolines of the B ind z calculated in the triple-decker complexes reported in the current work. The plane reported here is orthogonal to the external magnetic field, B ext . The negative and positive values are associated with diatropic and paratropic regions, respectively. The units of the B ind z are ppm considering B ext =1T .

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 3 .

 3 2: EDA calculated at BP86/TZVP level. The energy units are kcal mol °1.

		M	E Pauli E Elec	E orb	E Disp E Int	E Int + E Disp
		Cr 596.56 -271.51 -414.86 -1.13 -89.8	-90.93
			39.56% 60.44%	
	Borazine	Mo 679.92 -303.34 -484.47 -1.29 -107.89 -109.18
			38.50% 61.50%	
		W	800.65 -379.37 -499.99 -3.52 -78.72	-82.24
			43.14% 56.86%	
		Cr 675.21 -305.53 -491.29 -4.61 -121.61 -126.22
			38.34% 61.66%	
	Pyramidal	Mo 770.96 -339.87 -567.77 -0.54 -136.68 -137.22
			37.45% 62.55%	
		W	855.63 -397.47 -564.1	-3.07 -105.94 -109.01
			41.34% 58.66%	
		Cr 224.74 -139.7	-170.09 -8.03 -85.05	-93.08
			45.09% 54.91%	
	Sandwich	Mo 227.09 -145.34 -165.48 -5.44 -83.73	-89.18
			46.76% 53.24%	
		W	492.85 -289.2	-365.21 -7.21 -161.56 -168.78
			44.19% 55.81%	
		Cr 252.39 -157.33 -190.78 -7.92 -95.72	-103.64
			45.2%	54.8%	
	Tripe-Decker Mo 272.42 -173.02 -196.29 -5.63 -96.88	-102.51
			46.85% 53.15%	
		W	817.95 -468.87 -509.03 -7.39 -159.94 -167.34
			47.95% 52.05%	
	An analysis of decomposition of E orb using the Natural Orbitals for Chemical Valence
	(NOCV) was done (Table 3.3 ). Stabilization was found to be fundamentally carried
	out by two different types of orbital interaction among the (Symmetry Adapted Linear
	Combinations) SALCs from rings: the first one a	

of about 60% of stabilizing system energy in most cases, while the electrostatic contribution represents 40% (i.e., the 60/40 rate is quasi-constant in all cases). Furthermore, there is a slight reduction of that orbital (or covalent) interaction with the increase of atomic weight, representing a 50-50 ratio of E elect -E orb contributions with a low contribution of dispersive energy. º-type interaction i.e., d xz and d yz orbitals; and the second one a ±-type interaction, namely, d xy and d x 2 °y2 orbitals. In both CHAPTER 3. ELECTRONIC DELOCALIZATION IN METALLOCENE COMPLEXES

REVEALING THE AROMATICITY AND THE NATURE OF THE INTERACTION OF PTINAMETALLABENZENE COMPLEX.

  L'analyse structurelle a été développée sur chaque molécule, les structures pyramidales ont symétrie C 6v , pendant que les structures en sandwich et triple-decker ont symétrie D 6h . Dans tous les cas, les métaux ont crée une modification géometrique dans le benzène, de la structure hors-plan de chaque benzène, ainsi que des distances ou angles de liaison impliqués dans ses structures. En outre, une influence cruciale des métaux sur la liaison C-H a été observée, c'est-à-dire si la masse moléculaire est grande, les distances de stabilisation de ces molécules. Les complexes de borazine et de benzène ont une interaction similaire avec les atomes des métaux. La réponse magnétique des neuf complexes était diatropique et la distribution des valeurs négatives des régions B ind z était similaire dans les trois groupes différents, à l'exception de la pyramide de Cr. 4. REVEALING THE AROMATICITY AND THE NATURE OF THE INTERACTION OF PT IN A METALLABENZENE COMPLEX. covalentes et non covalentes dans le complexe de platinabenzène suggère également une délocalisation électronique ainsi qu'une liaison covalente plus forte entre le cycle Cp et le platinabenzène. Les NICS montrent l'amélioration de l'aromaticité à 1 Å du plan moléculaire et un comportement aromatique général, tandis que les effets spin-orbite fournissent quelques variations du décalage paratropique vers le blindage total. INTERACTION OF PT IN A METALLABENZENE COMPLEX.

	C HAPTER	4
	les NICS sont bas. En conséquence, une augmentation de l'aromaticité est le résultat
	d'interactions métal-benzène avec un effet important du Cr. De plus, pour les structures
	aromatiques, l'aromaticité est accrue, tandis que pour les structures non aromatiques,
	les courants paratropes étaient diminués.	

la liaison C-H sont courtes. par conséquent, les paramètres structurels indiquaient que l'impact de la présence d'un atome de métal était plus fort dans les structures pyramidales. Le complexe triple-decker, W, était la structure la mieux ajustée avec une déformation presque nulle des anneaux benzéniques. La description électronique montrait clairement que, dans tous les cas, le HOMO est une orbitale du métal p z . Pour bien comprendre l'interaction métal-anneau, nous avons réalisé une EDA montrant que la contribution principale était une interaction covalente métal-anneau, les complexes de Mo les plus covalents et les complexes W les moins covalents. En même temps, une analyse NOCV a été effectuée, indiquant que la stabilisation a été principalement réalisée par deux interactions orbitales: le º et le ± formées par les orbitales d xzd yz et d xyd x 2 °y2 , respectivement. Une observation importante dans la structure électronique a montré que le flux de charge net va du métal à l'anneau. La charge qui n'est pas impliquée dans le flux ou dans la stabilisation orbitale est localisée dans la zone située entre l'anneau et la région métallique. Cette charge est directement responsable de la réponse de la molécule en présence de champs magnétiques. Cela a été mesurée [la reponse] et si l'atome est grand, Enfin, les valeurs d'EDA ont montré que l'aromaticité n'était pas un facteur détermi-nant dans la N ous avons pris une molécule (platinabenzéne), jugée aromatique en raison de certaines de ses propriétés physico-chimiques (liaisons chimique, RMN, des orbitales moléculaires homologues au benzène). Ce système est étudié au moyen d'analyses topologiques (NCIPlot et QTAIM), du comportement aromatique via NICS (qui montre un comportement aromatique dans le système); néanmoins, lorsque l'EDA est mise en oeuvre et analysée parallèlement aux analyses topologiques. Des études antérieurs ont indiqué que le platinabenzène était une molécule aromatique en raison de propriétés telles que les longueurs de liaison non alternées, les données de RMN, les orbitales moléculaires homologues comparées au benzène; néanmoins, il est important de poursuivre l'analyse du comportement aromatique ainsi que d'autres caractérisations de la molécule. Quatre analyses importantes pour décrire la molécule ont été effectuées. L'analyse topologique qui montre clairement l'existence d'interactions CHAPTER

Table 4 .

 4 1: Values of Ω, r 2 Ω and the eigenvalues from electron density Hessian Matrix ∏ 1 , ∏ 2 , ∏ 3 in Bond and Ring Critical Points alongside with the peak label from Figure 4.2. The convention -o, -m and -p belongs to the positions orto, meta and para, respectively.

	CP	Peak	Ω	r 2 Ω	(∏ 1 , ∏ 2 , ∏ 3 )	DI
				BCP		
	Pt-oC	C	0.140 +0.015 (-0.169; -0.145; +0.332) 1.081
	oC-mC B	0.184 -0.305 (-0.358; -0.306; +0.360) 0.937
	mC-pC A	0.187 -0.351 (-0.374; -0.312; +0.335) 0.882
	Pt-Cp	D	0.07	0.12	(-0.05; -0.01; 0.18)	0.33
				RCP		
	Pt-Ring E	0.017 + 0.08	(-0.01, +0.04, +0.05)	-
	Pt-Cp	H	0.064 + 0.13	(-0.05, +0.01, +0.16)	-
	Cp	G	0.044 + 0.19	(-0.013, +0.1, +0.1)	-
				CCP		
	Pt-Ring F	0.043 + 0.176	(0.018;+0.078;0.080)	-

Table 4 .

 4 2: Energies from Decomposition Analysis (in eV). The percentages of Electronic, Orbital and Dispersive contribution. ¢E pau ¢E Ele ¢E Orb ¢E Dis ¢E Int ¢E int+dis

	1	8.17	-4.67	-7.98	-0.17	-4.64	-4.81
			36,45 % 62,26 % 1,29 %		
	2 16.30	-13.86	-12.25	-0.19 -10.00	-10.19
			52.70 % 46.58 % 0.73 %		

Table 5 .

 5 1. The eigenvalues of each BCP between Pt-Pt are °∏1 , °∏2 , ∏ 3 and the r 2 Ω =+0.088 CHAPTER 5. EXPLORING THE AROMATICITY CHARACTER OF [PT(µ-SIPH 2 )(PME 3 ) 3 ]ANALOGUECOMPLEX indicating a BCP. The same BCP between Pt and Si has r 2 Ω =°0.079 revealing a covalent interaction between the two atoms Pt-Si. The other eigenvalues are reported in

Table 5 .

 5 1. 

Table 5 .

 5 1: Values of Ω, r 2 Ω and the eigenvalues from Hessian Matrix ∏ 1 , ∏ 2 , ∏ 3 over electron density in Bond and Ring Critical Points depicted in Figure 5.1.

	CP	Ω	r 2 Ω	(∏ 1 , ∏ 2 , ∏ 3 )	DI
				BCP	
	Pt-Pt	0.065 + 0.088 (-0.047, -0.023, +0.158) 0.69
	Pt-Si	0.090 -0.079	(-0.071, -0.048, +0.040) 0.79
	Pt-P	0.123 + 0.094 (-0.105, -0.100, +0.298) 1.18
				RCP	
	Pt-Pt-Pt 0.051 + 0.051 (-0.034, +0.042, +0.0423)	-
	Pt-Pt-Si 0.063 + 0.086 (-0.043, +0.027, +0.102)	-

Table 5 .

 5 2: Energies from Decomposition Analysis (in eV). The percentages of Electronic, Orbital and Dispersive contribution are shown.

	¢E pau ¢E Ele	¢E Orb	¢E Dis ¢E Int	¢E int+dis
	(a) 2.404	-1.725	-1.332	-0.020 -0.653	-0.673
		56.1 % 43.3 %	0.6 %	
	(b) 19.956 -17.431 -9.680	-0.535 -7.157	-7.692
		63.1 % 35.0 %	1.9 %	
	(c) 57.805 -39.982 -32.662	-0.573 -14.839 -15.412
		54.6 % 44.6 %	0.8 %	
	(d) 31.678 -30.175 -11.2066 -0.532 -9.703	-10.236
		72.0 % 26.7 %	1.3 %	

MEASURING THE ERROR BARS FOR THE ISOTROPIC COUPLING ESTIMATION, FROM HF TO LDA. HOW FAR ARE THE THEORY FROM THE EXPERIMENT?

  

	CHAPTER 6. ERROR BARS FOR ISOTROPIC COUPING
	nous construisons les barres d'erreur et en utilisant des techniques d'interpolation nous
	pourrions donner une zone où la valeur expérimentale pourrait être et l'erreur impliquée
	c'est-à-dire QTAIM, NICS, dans le calcul de la valeur de couplage-J. Les barres d'erreur proposées sont organisées
	EDA (ETS-NOCV) et MICD. Dans QTAIM, l'interaction entre les atomes était décrite; elle fondait principalement le NCI entre le Pt dans le centre moléculaire ainsi que l'interaction entre le Pt et le P. L'interaction trouvée entre le Pt et le Si était principale-ment covalente. L'analyse topologique de la densité électronique a montré une région importante au-dessus de 1,5 Å où la densité électronique est moins localisée sur les C HAPTER en fonction de leur taille. Dans tous les cas, la commande est la même. Néanmoins, dans un souci de clarté, ils seront séparés en trois groupes en fonction des différentes manières de calculer le couplage isotrope. De plus, les données ont été mises à l'échelle afin de rendre la valeur expérimentale égale à zéro et de la visualiser plus facilement 6 à l'aide de la barre d'erreur. Nous pouvons observer que, si la limite HF a tendance à
	PART III:
	LOCALIZATION AND DELOCALIZATION IN
	ISOTROPIC COUPLING
	The laws of light and of heat translate each other;-so
	do the laws of sound and colour; and so galvanism,
	electricity and magnetism are varied forms of this
	selfsame energy. .
	RALPH WALDO EMERSON
	comprendre les erreurs impliquées dans ce type d'analyse, essentiellement dans l'erreur
	de délocalisation de la TFD, en utilisant les limites existantes dans ces erreurs (HF et
	LDA), nous calculons la valeur de couplage J dans un ensemble. de molécules (qui sont
	la cible de référence pour les propriétés magnétiques) en utilisant un large éventail de
	niveaux théoriques, du HF au LDA, en utilisant les fonctions GGA, Meta-GGA et Hybrid,

centres ou liaisons de Pt, calculée à l'aide de l'indice de délocalisation, montrant une délocalisation électronique plus importante entre les centres Pt-Pt, suivie de par Pt-Si et Pt-P. Cette région a été analysée en profondeur à l'aide de NICS le long de l'axe z On a découvert qu'au plan moléculaire, le comportement paratropique gouverne le tenseur diamagnétique, spin-orbite et blindage total. Néanmoins, au-dessus de 1,5 Åau-dessus du plan, ce comportement paratropique se change en comportement diatropique, suggérant l'existence d'une aromaticité supérieure au plan moléculaire lors de l'analyse de la contribution au tenseur de blindage total. La décomposition de l'énergie dans la molécule aide à comprendre les NCI ainsi que les interactions covalentes. En ce sens, l'existence de NCI entre les centres Pt-Pt, Pt-P et dans les anneaux Pt 3 et Pt 2 Si est confirmée. Ces NCI sont principalement des interactions électrostatiques et des interactions dispersives. Enfin, la molécule est stabilisée en raison du flux de charge allant des centres Si et P vers Pt et de la charge de flux des centres Pt dans la zone médiane située entre eux. 1 D ans ce chapitre, nous reprenons l'une des observations faites précédemment, c'est-à-dire la possible communication ou couplage entre métaux par le biais de anneau aromatiques. Ainsi, et selon la nature de l'interaction, l'étude des bases et de la dépendance fonctionnelle dans l'analyse du couplage isotrope dans les molécules avec des métaux ont été étudiée. Pour cette raison, nous avons décidé de se comporter dans le même ordre de grandeur pour les valeurs J, la limite LDA pour les barres d'erreur plus grandes a tendance à diverger. Suite à l'analyse de la densité de spin de chevauchement, en raison du schéma de localisation de la formulation HF, le chevauchement est proche de zéro, au lieu de pour la limite LDA, les valeurs sont très variables. Nous calculons la différence de chevauchement entre les niveaux théoriques LDA et HF, le graphique suit la même tendance que la taille des barres d'erreur. (the lowest overlaps come from)Les chevauchements les plus faibles proviennent de PBE0, suivis de B3LYP, M06, M06L, BP86 et PBE.

Table 6 .

 6 1: Isotropic Coupling Parameter for two limits. The low overlap for CAVXUS and strong overlap for CUAQAC02. J 1 , J 2 , J 3 and overlap values for HF and different

	functionals are reported						
			CAVXUS			CUAQAC
		J1	J2	J3	Overlap J1	J2	J3	Overlap
	HF	-0,97	-0,48 -0,97	0,003	-20,47	-10,23	-20,48	0,0106
	M06L	-33,83 -16,92 -33,52	0,096	-378,63 -189,32 -361,81	0,218
	PBE0	-12,51 -6,25 -12,5	0,033	-168,62 -84,31 -167,29	0,094
	B3LYP	-17,9	-8,95 -17,86	0,045	-216,91 -108,45 -213,72	0,118
	M06	-21,69 -10,84 -21,65	0,044	-216,91 -108,45 -213,72	0,123
	BP86	-65,1 -32,55 -63,52	0,158	-588,92 -294,46 -527,27	0,343
	PBE	-66,66 -33,33 -64,99	0,160	-588,49 -294,24 -526,33	0,344
	LDA	-95,11 -47,56 -91,02	0,212	-799,82 -399,91 -657,57	0,466
	ERROR BAR 94,14 47,08 90,05	0,209	779,35	389,68 637,09	0,455

Table 6 .

 6 

	2: Spin Population analysis for the two limits (CAVXUS and CUAQAC02). Only
	one centre is		
		CAVXUS CUAQAC02
	LDA	0,459572	0,908117
	M06L	0,445473	0,636177
	BP86	0,474633	0,568585
	PBE	0,480725	0,570922
	M06	0,505937	0,639353
	B3LYP 0,603154	0,706488
	PBE0	0,619951	0,720645
	HF	0,864579	0,551422

Table 7 .

 7 1: Global CPU times (in the format hh:mm:ss.000) associated with all the benchmark NCI calculations. For the NCI-ELMO and NCI-DFT cases, the global CPU time is the sum of the time taken by the NCIPLOT program plus the time taken by the ELMOdb or Gaussian09 calculations.

		Lactoferrampin Leu-enkephalin HIV Zn domain
	Number of atoms	145	86	275
	Number of electrons	522	326	1098
	Promolecular-NCI	00:00:00.977	00:00:00.214	00:00:01.595
	NCI-ELMO/6-31G	00:01:09.809	00:00:04.316	00:08:16.113
	NCI-ELMO/6-311G	00:01:16.750	00:00:05.758	00:10:00.541
	NCI-ELMO/6-31G(d,p)	00:01:43.015	00:00:05.980	00:10:41.436
	NCI-ELMO/6-311G(d,p)	00:01:49.644	00:00:07.321	00:11:58.663
	NCI-ELMO/cc-pVDZ	00:01:52.870	00:00:06.964	00:12:40.584
	NCI-DFT/6-31G	02:29:19.071	00:31:31.273	04:46:49.380
	NCI-DFT/6-311G	04:03:45.798	00:37:43.427	17:18:36.688
	NCI-DFT/6-31G(d,p)	08:20:50.301	00:58:55.350	38:56:23.140
	NCI-DFT/6-311G(d,p)	17:39:25.391	02:45:32.024	47:31:56.169
	NCI-DFT/cc-pVDZ	20:53:03.176	01:55:34.030	51:36:05.193

Table C .

 C 1: XX, YY and ZZ contribution as well as Paramagnetic, Diamagnetic and Spin-Orbit contribution to the Total shielding Tensor for the NICS calculation.

			Paramagnetic			Diamagnetic			Spin-Orbit			Total Shielding	
	Position A	xx	yy	zz	TOTAL	xx	yy	zz	TOTAL	xx	yy	zz	TOTAL	xx	yy	zz	TOTAL
	-6,0	-0,35 -0,35 -0,05	-0,25	1,55	1,55	-3,11	0,00	-0,01 -0,01 -0,02	-0,01	1,19	1,19	-3,17	-0,26
	-5,5	-0,42 -0,42 -0,09	-0,31	1,87	1,87	-3,77	-0,01	-0,01 -0,01 -0,02	-0,01	1,44	1,44	-3,88	-0,33
	-5,0	-0,52 -0,51 -0,16	-0,40	2,28	2,28	-4,63	-0,02	-0,01 -0,01 -0,02	-0,01	1,76	1,76	-4,80	-0,43
	-4,5	-0,63 -0,63 -0,27	-0,51	2,81	2,81	-5,73	-0,04	-0,01 -0,02 -0,01	-0,01	2,16	2,17	-6,01	-0,56
	-4,0	-0,77 -0,77 -0,47	-0,67	3,47	3,47	-7,16	-0,07	-0,02 -0,02 0,01	-0,01	2,68			

Table D .

 D 1: J values calculated at different levels of theory. The values close to experimental value are highlighted. In Blue J 1 , Red J 2 and Yellow J 3

		NAME CAVXUS EDNCOX10	YET6	ICISUI PUTBAH YAFZOU CUCN01 CUCN03	YET1	CUCN02 CUAQAC02	QAB1	QAB2
		J Exp	-13,8	-37,4	-40	-57,3	-107	-109	-135	-161	-168	-223	-286	-110	-150
		J1	-0,97	-4,85	308,62	-4,95	-13,64	29,32	-26,35	-13,09	164,85	122,06	-20,47	10042,56 10133,87
	HF	J2 J3	-0,48 -0,97	-2,42 -4,85	154,31 215,02	-2,48 -4,95	-6,82 -13,64	14,66 28,81	-13,17 -26,44	-6,54 -13,07	82,43 156,83	61,03 110,48	-10,23 -20,48	5021,28 13583,47 14034,76 5066,94
		Overlap 0,00323	0,00691	0,01251 0,00398 0,01753	0,00132	0,00683	0,00646 0,00662 0,01557	0,0106	0,04928	0,04084
		J1	-65,1	-376,47	-759	-447,64	-278,24	124,09	-255,63	-269,38	-161,57 -606,69	-588,92	-7206,35	-6975,25
	BP86	J2 J3	-32,55 -63,52	-188,24 -342,07	-379,5 -601,42 -405,05 -223,82	-139,12 -267,41	62,04 -123,73	-135,26 -270,52	-134,69 -254,23	-80,78 -146,11	-303,35 -520,44	-294,46 -527,27	-3603,18 -7255,75	-3487,62 -6795,98
		Overlap 0,15758	0,31679	0,50702 0,32407 0,19959	0,05126	0,24296	0,24568 0,32318 0,40526		

Table D .

 D 2: J values calculated at different levels of theory. The values close to experimental value are highlighted. In Blue J 1 , Red J 2 and Yellow J 3 . The molecules are organized based on J exp and functionals in spin population order.

		NAME CAVXUS EDNCOX10	YET6	ICISUI PUTBAH YAFZOU CUCN01 CUCN03	YET1	CUCN02 CUAQAC02	QAB1	QAB2
		J Exp	-13,8	-37,4	-40	-57,3	-107	-109	-135	-161	-168	-223	-286	-110	-150
		J1	-95,11	-528,73	-1046,36 -660,7	-446,15	-176,24	-359,93	-361,74	-231,64	-808,58	-799,82	-7743,4	-7174,05
	LDA	J2 J3	-47,56 -91,02	-264,37 -445,32	-523,18 -330,35 -719,45 -548,31	-223,07 -409,2	-88,12 -175,4	-179,96 -325,48	-180,87 -326,32	-115,82 -200,58	-404,29 -638,25	-399,91 -657,57	-3871,74 -8336,51	-3587,02 -7748,41
		Overlap 0,21198	0,43245	0,6704	0,45242 0,29859	0,06665	0,32602	0,3301	0,3924	0,51539	0,46545	0,38915	0,41905
		J1	-33,83	-216,3	-438,98 -222,65	-169,43	152,24	-178,58	-177,68	-52,3	-318,16	-378,63	-11358,59 -10877,5
	M06L	J2 J3	-16,92 -33,52	-108,15 -208,77	-219,49 -111,33 -392,31 -215,24	-84,71 -165,26	76,12 151,98	-89,29 -174,92	-88,84 -173,97	-26,15 -49,21	-159,08 -296,71	-189,32 -361,81	-5679,3 -12474,27 -11373,27 -5438,75
		Overlap 0,09624	0,18988	0,33964 0,18619 0,15543	0,03469	0,14998	0,15131 0,24557 0,26459	0,21756	0,23582	0,24278
		J1	-65,1	-376,47	-759	-447,64	-278,24	124,09	-255,63	-269,38	-161,57 -606,69	-588,92	-7206,35	-6975,25
	BP86	J2 J3	-32,55 -63,52	-188,24 -342,07	-379,5 -601,42 -405,05 -223,82	-139,12 -267,41	62,04 -123,73	-135,26 -270,52	-134,69 -254,23	-80,78 -146,11	-303,35 -520,44	-294,46 -527,27	-3603,18 -7255,75	-3487,62 -6795,98
		Overlap 0,15758	0,31679	0,50702 0,32407 0,19959	0,05126	0,24296	0,24568 0,32318 0,40526	0,3425	0,32963	0,34779
		J1	-66,66	-382,51	-767,56 -451,51	-291,15	-124,35	-275,72	-275,92	-163,33 -607,34	-588,49	-7169,19	-6913,06
	PBE	J3 J2 J3	-16,92 -33,52 -33,33 -64,99	-108,15 -208,77 -191,25 -346,88	-219,49 -111,33 -392,31 -215,24 -383,78 -225,75 -606,68 -407,86	-84,71 -165,26 -145,57 -279,2	76,12 151,98 62,17 -123,99	-89,29 -174,92 -137,86 -260,08	-88,84 -173,97 -137,96 -259,88	-26,15 -49,21 -81,66 -147,83	-159,08 -296,71 -303,67 -521,2	-189,32 -361,81 -294,24 -526,33	-5679,3 -12474,27 -11373,27 -5438,75 -3584,59 -3456,53 -7443,95 -7209,3
		Overlap 0,09624 Overlap 0,15984	0,18988 0,32021	0,33964 0,18619 0,15543 0,51006 0,32695 0,20548	0,03469 0,05154	0,14998 0,2467	0,15131 0,24557 0,26459 0,24986 0,3218 0,40486	0,21756 0,34421	0,23582 0,3317	0,24278 0,35049
		J1 J1	-12,51 -21,69	-73,94 -109,3	124,6 -220,62	-66,17 -72,54	-93,82 -116,9	71,53 142,46	-71,28 -95,89	-68,74 -88,03	104,88 98,83	-129,21 -190,02	-168,62 -216,91	-18327,39 -18092,04 -25989,8 -24879,27
	PBE0 M06	J2 J3 J2 J3	-6,25 -12,5 -10,84 -21,65	-36,97 -73,58 -54,65 -108,43	-62,3 -121,38 -110,31 -211,02	-33,09 -65,94 -36,27 -71,9	-46,91 -93,24 -58,45 -115,74	35,76 71,49 71,23 142,26	-35,64 -71,13 -47,94 -95,55	-34,37 -68,6 -44,02 -87,71	52,44 103,1 49,42 96,17	-64,6 -126,97 -95,01 -184,8	-84,31 -167,29 -108,45 -213,72	-9163,69 -23369,59 -23483,83 -9046,02 -12994,92 -12439,64 -45728,63 -43458,49
		Overlap 0,03317 Overlap 0,04403	0,0697 0,09041	0,15344 0,06257 0,07856 0,20577 0,08384 0,09957	0,0177 0,02152	0,05655 0,07074	0,05606 0,11492 0,12227 0,07026 0,15374 0,15959	0,09363 0,12258	0,16224 0,17309	0,1709 0,18231
		J1 J1	-17,9 -17,9	-106,54 -106,54	-215,92 -215,92	-97,69 -97,69	-147,01 -147,01	70,24 70,24	-76,58 -76,58	-79,12 -79,12	60,29 60,29	-182,89 -182,89	-211,79 -211,79	-14311,25 -7137,84 -14311,25 -7137,84
	B3LYP B3LYP	J2 J3 J2 J3	-8,95 -17,86 -8,95 -17,86	-53,27 -105,63 -53,27 -105,63	-107,96 -208,08 -107,96 -208,08	-48,84 -97 -48,84 -97	-73,51 -145,4 -73,51 -145,4	35,12 70,19 35,12 70,19	-38,29 -76,29 -38,29 -76,29	-39,56 -78,83 -39,56 -78,83	30,14 59,06 30,14 59,06	-91,45 -178,53 -91,45 -178,53	-105,9 -209,08 -105,9 -209,08	-7155,63 -16690,73 -7238,75 -3568,92 -7155,63 -3568,92 -16690,73 -7238,75
		Overlap 0,04461 Overlap 0,04461	0,09317 0,09317	0,18891 0,08591 0,10434 0,18891 0,08591 0,10434	0,02279 0,02279	0,06805 0,06805	0,06833 0,13465 0,14966 0,06833 0,13465 0,14966	0,11749 0,11749	0,21273 0,21273	0,22411 0,22411
		J1 J1	-21,69 -12,51	-109,3 -73,94	-220,62 124,6	-72,54 -66,17	-116,9 -93,82	142,46 71,53	-95,89 -71,28	-88,03 -68,74	98,83 104,88	-190,02 -129,21	-216,91 -168,62	-25989,8 -24879,27 -18327,39 -18092,04
	M06 PBE0	J2 J3 J2 J3	-10,84 -21,65 -6,25 -12,5	-54,65 -108,43 -36,97 -73,58	-110,31 -211,02 -62,3 -121,38	-36,27 -71,9 -33,09 -65,94	-58,45 -115,74 -46,91 -93,24	71,23 142,26 35,76 71,49	-47,94 -95,55 -35,64 -71,13	-44,02 -87,71 -34,37 -68,6	49,42 96,17 52,44 103,1	-95,01 -184,8 -64,6 -126,97	-108,45 -213,72 -84,31 -167,29	-12994,92 -12439,64 -45728,63 -43458,49 -9163,69 -9046,02 -23369,59 -23483,83
		Overlap 0,04403 Overlap 0,03317	0,09041 0,0697	0,20577 0,08384 0,09957 0,15344 0,06257 0,07856	0,02152 0,0177	0,07074 0,05655	0,07026 0,15374 0,15959 0,05606 0,11492 0,12227	0,12258 0,09363	0,17309 0,16224	0,18231 0,1709
		J1 J1	-95,11 -0,97	-528,73 -4,85	-1046,36 -660,7 308,62 -4,95	-446,15 -13,64	-176,24 29,32	-359,93 -26,35	-361,74 -13,09	-231,64 164,85	-808,58 122,06	-799,82 -20,47	-7743,4 10042,56 10133,87 -7174,05
	LDA HF	J2 J3 J2 J3	-47,56 -91,02 -0,48 -0,97	-264,37 -445,32 -2,42 -4,85	-523,18 -330,35 -719,45 -548,31 154,31 -2,48 215,02 -4,95	-223,07 -409,2 -6,82 -13,64	-88,12 -175,4 14,66 28,81	-179,96 -325,48 -13,17 -26,44	-180,87 -326,32 -6,54 -13,07	-115,82 -200,58 82,43 156,83	-404,29 -638,25 61,03 110,48	-399,91 -657,57 -10,23 -20,48	-3871,74 -8336,51 5021,28 13583,47 14034,76 -3587,02 -7748,41 5066,94
		Overlap 0,21198 Overlap 0,00323	0,43245 0,00691	0,6704 0,01251 0,00398 0,01753 0,45242 0,29859	0,06665 0,00132	0,32602 0,00683	0,3301 0,00646 0,00662 0,01557 0,3924 0,51539	0,46545 0,0106	0,38915 0,04928	0,41905 0,04084

Table D .

 D 3: Spin density for each system and each functional used. The molecules are organized by J values and functionals by spin population for the lowest J experimental value. Where M represents each centre. All cases Cu except ffor PUTBAH (V) and QAB (Mn)

		CAVXUS EDNCOX10	YET6	ICISUI	PUTBAH YAFZOU	CUCN01	CUCN03	YET1	CUCN02 CUAQAC02	QAB1	QAB2
	LDA M06L BP86 PBE M06	M 1 0,459572 M 2 -0,459545 M 1 0,445473 M 2 -0,445453 M 1 0,474633 M 2 -0,474636 M 1 0,480725 M 2 -0,480691 M 1 0,505937	0,440767 -0,440737 0,437329 -0,437322 0,474308 -0,474323 0,479056 -0,478964 0,497294	0,33237 -0,310054 0,530255 -0,482657 -0,605501 1,120533 -0,588499 -0,534078 -0,648148 -0,532633 -0,498111 0,463092 0,603709 0,503281 0,475833 0,51518 0,398603 0,448719 -0,46309 0,603733 -0,50131 -0,523224 -0,474661 -0,406296 -0,44983 0,605502 1,120553 0,584735 0,537604 0,676438 0,526261 0,495196 0,408065 0,501129 0,76501 0,519505 0,49797 0,529833 0,427564 0,486071 -0,377614 -0,501139 0,764968 -0,51886 -0,543223 -0,493535 -0,435272 -0,48698 0,410764 0,506833 0,671011 0,52279 0,503627 0,534651 0,432165 0,492399 -0,3801 -0,506827 0,671048 -0,52225 -0,546923 -0,50126 -0,439585 -0,49362 0,582115 0,575428 0,869213 0,629412 0,51707 0,297177 0,559463 0,497756	0,908117 -0,908117 0,636177 -0,63616 0,568585 -0,568588 0,570922 -0,570721 -2,758558 -2,661848 2,669366 2,665039 -2,677241 -2,579322 2,707097 3,03677 -2,722509 -2,914371 2,754287 2,756047 -2,76321 -2,666706 2,749523 2,749451 0,639353 3,134873 3,300043

  DG inj ) which influences the electron injection rate. Negative values of DG inj PCCP Paper Published on 02 August 2016. Downloaded by Max Planck Inst. fuer Kohlenforschung on 22/08/2016 11:27:51.

Table 1

 1 Calculated maximum absorption wavelengths lmax [nm(eV)], oscillator strengths (f (L)), and the corresponding dominant contributions of the electronic transitions at the TD-CAM-B3LYP/6-31G(d,p) theoretical level

	Dyes	l max Dye	f	MOs	Contr. %	l max Dye@TiO 2	f	MOs	Contr. %
	A1 A2 A3 A4 A5 A6 A7 A8	415(2.99) a 349(3.55) 438(2.83) 439(2.83) 332(3.73) 400(3.10) 425(2.92) 436(2.84)	1.360 1.498 1.390 1.320 1.410 1.630 1.737 1.934	H -L HÀ1 -L H -L HÀ1 -L H -L+1 H -L HÀ1 -L H -L HÀ1 -L H -L H -L HÀ1 -L H -L HÀ1 -L H -L HÀ1 -L	80 14 70 15 13 72 10 79 14 85 56 24 46 39 61 27	471(2.63) b 381(3.25) 467(2.66) 473(2.62) 426(2.91) 450(2.76) 469(2.64) 486(2.55)	1.851 1.400 1.437 1.238 0.209 2.031 2.211 1.964	H -L+2 H -L+3 H -L+1 H -L+5 HÀ1 -L+2 H -L+2 HÀ1 -L+2 H -L+2 H -L+3 H -L+4 HÀ1 -L+2 H -L+2 HÀ1 -L+2 H -L+2 HÀ1 -L+2 H -L+2	50 19 20 37 15 78 12 82 13 20 20 58 30 50 18 47

a 404 nm (3.07 eV) in acetonitrile, ref. 18. b 404 nm (3.07 eV) in acetonitrile, ref. 18. PCCP Paper Published on 02 August 2016. Downloaded by Max Planck Inst. fuer Kohlenforschung on 22/08/2016 11:27:51.

Table 1

 1 Geometrical parameters (bond distances are in Å) for pyramidal, sandwich and triple-decker structures. I refers to an internal ring and E for the external one

		C-C	C-H	C-M	M-centre
	Cr(Bz) Mo(Bz) W(Bz)	1.436 1.437 1.440	1.092 1.092 1.090	2.049 2.178 2.199	1.462 1.636 1.661
	Cr(Bz)2 Mo(Bz)2 W(Bz)2	1.422 1.425 1.428	1.090 1.089 1.089	2.132 2.297 2.320	1.558 1.802 1.829
	Cr2(Bz)3-I Mo2(Bz)3-I W2(Bz)3-I	1.436 1.445 1.392	1.088 1.088 1.080	2.182 2.333 2.275	1.643 1.832 1.800
	Cr2(Bz)3-E Mo2(Bz)3-E W2(Bz)3-E	1.424 1.427 1.392	1.090 1.089 1.080	2.127 2.276 2.355	1.580 1.774 1.900

Table 3

 3 NOCV contributions to DEorb.Theenergyunitsareinkcalmol À1

	Metal	DE p orb	DE d orb	DE sec orb	DE other orb	DE orb
	M(Bz) Cr Mo W	À170.51 À147.16 À197.68	À130.20 À143.76 À196.34	À127.05 À199.95 À116.93	À63.513 À76.90 À53.15	À491.29 À567.77 À564.10
	M(Bz) 2 Cr Mo W	À46.52 À49.88 À40.5	À90.53 À84.1 À90.88	À25.62 À27.52 À228.88	À7.42 À3.98 À4.95	À170.09 À165.48 À365.21
	M 2 (Bz) 2 Cr Mo W	À50.34 À57.53 À74.62	À100.5 À99.26 À93.07	À28.39 À26.50 À330.65	À11.55 À13.00 À10.69	À190.78 À196.29 À509.03

Published under DOI: 10.1039/c8nj00510a in Collaboration with Dr. Rafael Islas.

4.4 [FR] ConclusionsLe système étudié ici a été conçu comme une molécule analogue à celle du Metallabenzene.Néanmoins, selon l'analyse topologique, il existe un important caractère répulsif entre l'anneau Pt et l'anneau ce C5H5, tandis que le Pt présente une interaction attractive importante avec le Cp. Dans les deux cas, l'existence de NCI est présente. Indiquant le caractère métallocène ainsi que le caractère métallabenzène du système. En raison de l'interaction NCI présente dans le système, une analyse de décomposition d'énergie a été réalisée pour quantifier l'interaction de Pt avec les anneaux associés, confirmant ainsi l'existence du caractère métallocène dans la molécule de métallabenzène.Du point de vue aromatique, le système présente clairement sur le plan moléculaire un comportement aromatique. Les densités de courant sont en accord avec les autres descripteurs (densité et NICS), où l'aromaticité des systèmes commence à perdre de la force à mesure que l'on s'éloigne du plan moléculaire en raison de l'influence du Pt sur le système.En raison de la condition de symétrie du système, il n'est pas possible d'extraire les composants X, Y et Z séparément, du chemin de courant de force ainsi que de la densité de courant de force totale. De manière générale, le comportement aromatique est clairement décrit avec une grande force sur l'axe des z en raison de la position du platine dans la molécule.
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A ccurate determinations of non-covalent interactions in biological systems are fundamental to rationalize the structure and to get insights into the functions and the dynamics of macromolecules. Here we propose a new tool for the efficient identification of non-covalent interactions in proteins. The non-covalent interaction (NCI) method, a well-established strategy to detect non-covalent interactions in chemical systems, is coupled with the libraries of extremely localized molecular orbitals (ELMOs), which allow instantaneous reconstruction of quantum mechanically rigorous electron distributions of polypeptides and proteins. Test calculations performed on different interactions show that the new NCI-ELMO strategy always outperforms the original NCI method based on the promolecular approximation, while it is in close agreement with original NCI analyses based on fully quantum mechanical calculations. The new technique allows to unravel the network of interactions in biological systems and to rapidly monitor their evolutions with time, with possible consequences on the design of new drugs. No significant change is observed from Conf3 neither in the minimization nor in the MD simulation for A1 (Fig. 10) and it is placed alongside the minimal value of RMSD in Fig. S20 and S21 (ESI †). This type of stabilization of the geometry at the dimer is supported by the formation of hydrogen bonds between the carboxylic groups in the anchor sites, which has been recently reported by Jiang et al. in their MD study replacing the COOH anchoring group by CSSH in the dyes. 10 In contrast, Conf5 shows no substantial change in the spatial configuration under minimization, but a substantial displacement was observed during the MD simulation: one of the dyes was moved forward to a plane parallel to the other dye where the final spatial configuration looks similar to Conf2 (Fig. 10). This change of spatial configuration from the Conf5 minimized system of the A1 dimer through the MD structure requires a mean-value energy of 5.11 kcal mol À1 (see Fig. 11).

The dimer Conf4 of A1 displays a geometry that forms a cross with the two dyes. This configuration shows a small spatial change at the equilibrium structure. Through the MD simulation the final molecular positions are similar to those obtained from Conf1 and Conf7 (Fig. 10). The difference between the interaction energies comparing the equilibrium with the MD is in the order of 0.5 kcal mol À1 , which implies a minimal energy barrier to exchange from the cross to the almost face-to-face arrangement. This result is described by fluctuations in the RMSD profile (Fig. S20, ESI †). Magnetically induced current densities in homo-, non-and anti-aromatic compounds showing correlation between the diatropic current and aromaticity of molecules, as well as between paratropic current and antiaromaticity, have been previously studied. 29 Significant increases in magnetic anisotropy because of the influence of spin-orbit interaction were found 30 and in the same way, the spin-orbit effects on electronic delocalization and or aromaticity over other inorganic or organometallic systems were studied by Mun ˜oz et al.,n a m e l y ,[ P d 3 (C 7 H 7 ) 2 X 3 ] À and [(CNT)Pd 4 (COT)] + . 31,32 A well-extended review of current densities and their applications, 33 like chemical shifts, aromaticity behaviour, chemical bond predictions and rescreening candidate molecules for molecular electronic devices, exposed the large application potential of current densities and the information that could be obtained.

In order to understand the different properties of these systems as electronic structures, studying the magnetic response or transport phenomena of stable large stacked systems, 34 the study of building blocks in these neutral-charge systems: pyramidal, sandwich and triple-decker conformations as a possible candidate to build molecular or nanowires, new low-dimensional magnetic materials, spin filter or quantum transport is mandatory. 35,36 Additionally, to gain more insight into the nature of the interaction in the complexes reported here, EDA 37,38 calculations were performed.

Moreover, the role of the electronic delocalization in the interaction of the metal with the benzene ring(s) is studied in terms of the B ind , 39,40 which has been successfully employed in molecules and compounds where transition metal atoms are involved. 41,42 The interaction with the non-aromatic borazine ring 43-45 is also proposed because if the aromaticity has an important role, the borazine is the perfect counterpart. 46 

Computational details

All the calculations were performed in the framework of the relativistic density functional theory using the Amsterdam Density Functional (ADF 2016) code, 47,48 where the relativistic scalar effects are incorporated by the zeroth-order regular approximation (ZORA Hamiltonian). The calculations were carried out with the generalized-gradient approximation (GGA) BP86 49,50 functional and a TZ2P basis of Slater-type orbitals, including the dispersion correction (BP86-D3) 51 according with several studies. 52,53 In order to understand the interaction between metals and ligands, an analysis of bonding energies was performed by combining a fragmented approach to the molecular structure with the decomposition of the interaction energy between fragments according to the Morokuma-Ziegler analysis (EDA decomposition scheme). This interaction between fragments can be decomposed as:

where, DE Pauli , DE Elect , DE orb and DE Disp represent Pauli repulsion, electrostatic interaction, orbital-mixing terms and dispersion correction, respectively. In this framework, the extended transition state theory with the natural orbitals for chemical valence (ETS-NOCV) analysis was combined with Morokuma-Ziegler to analyse the composition of the DE orb and to set up which part of the orbital energy is involved in the metal-metal interaction and which part is only due to the electron rearrangement on the structure. This technique involves a representation based on the molecular fragments (A and B) and allows a separation of the total orbital interaction term in a basis set of NOCV. Therefore, it is possible to write the deformation density Dr in the NOCV representation as a sum of pairs of complimentary eigenfunctions (c Àk ,c k ) corresponding to eigenvalues l Àk and l k as:

where k goes over the pairs of NOCVs. The visual inspection of deformation density plots helps to attribute the symmetry and the direction of the charge flow. In addition, these pictures are enriched by providing the energetic estimations, DE k orb , for each Dr k within the ETS-NOCV scheme. In the combined ETS-NOCV scheme the orbital interaction component (DE orb ) is expressed in terms of NOCVs as:

where ÀF TS Àk and F TS k are diagonal transition-state Kohn-Sham matrix elements corresponding to NOCVs with eigenvalues l Àk and l k , respectively.

The shielding tensors, employed for the B ind calculations, were computed in the Gaussian 09 program 54 using the BP86 functional with the def2-TZVP 55 basis set for carbon, nitrogen, boron and hydrogen atoms. The LANL2TZ basis set and the respective pseudo potentials were employed for the metal atom. 56,57 The induced magnetic field was computed following the formula:

where s represents the shielding tensor, and B ext represents the vector of the external magnetic field applied parallel to the z-axis of the cartesian coordinates. From the new vector, B ind ,the out-of-plane component, has been plotted in isolines planes. The visualization of the isolines was carried out employing Visit software. 58 

Results and discussion

Structural analysis

The complexes reported here were minima in their respective Potential Energy Surface (PES) and they were catalogued in three groups based on their structural skeletons. The first group was formed by pyramidal structures, which were labelled as 'pyramidal' complexes. These compounds have a M-(Z 6 -C 6 H 6 ) interaction (and M-(Z 3 -B 3 N 3 H 6 ) interaction for borazine). The second group was the classic metallocene structure, with M-(Z 6 -C 6 H 6 ) 2 , which adopted the 'sandwich'-like structure and finally, the third group was formed by the sum of a metallocene and a pyramidal structure, labelled as 'triple-decker' complexes, where M was the same metal atom (Fig. 1). The second and third groups were the structure. The HOMOÀ1, HOMOÀ2 and so on, show p-and d molecular orbitals with two and four nodes, respectively. Borazine shows an asymmetric distribution of the molecular orbital over the structure, while a metal-benzene structure shows a symmetric one. These molecular orbitals will be discussed by Energy Decomposition Analysis.

EDA analysis

The EDA (energy decomposition analysis) shows the interaction of the complexes following the fragmentation proposed in Fig. 1. For the pyramidal structures, the first fragment is the metal atom and the second one is the benzene or the borazine ring. For the sandwich complexes, one fragment is formed by the two benzene rings and the other one is the metal atom. Lastly, the triple-decker complexes are split: the metallocene fragment and the pyramidal fragment. The values of the EDA are reported in Table 2. For pyramidal structures (benzene and borazine), the principal contribution of the M-ring interaction is covalent, with the Mo complexes having the highest contribution (or more covalent), and the W complexes having the lowest contribution. Pauli repulsion energy increases as one goes down the group. The covalent percentage and the Pauli repulsion energy have the same tendency in both borazine and benzene rings, in spite of the different aromatic character of each ring. The drastic difference is the E disp : for borazine, it increases as Cr o Mo o Wb u t ,i nb e n z e n e ,t h e tendency is Mo o W o Cr. For the 'sandwich' complexes, the covalent character is also the predominant interaction (Fig. 3).

This means that the metal-ring interaction is stabilised mainly for a covalent contribution of about 60% of the stabilizing system energy in most cases, while the electrostatic contribution represents 40% (i.e.,t he6 0/ 4 0r a t ei squ a s i -cons t a ntina l lca s e s ). Furthermore, there is a slight reduction of that orbital (or covalent) interaction with the increase of atomic weight, representing a 50/50 ratio of E elect /E orb contributions with a low contribution of dispersive energy.

An analysis of decomposition of E orb using the Natural Orbitals for Chemical Valence (NOCV) was carried out (Table 3). Stabilization was found to be fundamentally carried out by two different types of orbital interaction among the Symmetry Adapted Linear Combinations (SALCs) from rings: the first one is a p-type interaction, i.e.,d xz and d yz orbitals; and the second one is a d-type interaction, namely, d xy and d x 2 Ày 2 orbitals. In both cases, the net charge flux was from metal to ring. On the other hand, the DE d orb increases in magnitude (i.e.,more stabilising) with molecular weight (DE is directly proportional to MW). In the sandwich-like compounds, the values are similar and, lastly, in the triple-decker compounds, the magnitude of DE decreases as molecular weight increases.

There is a part of the orbital energy that is not a response to the p and or d interaction, called 'secondary orbital energy' here. These values are not physically related to the charge flux and the magnetic response of the pyramidal compounds. In Fig. 8A and in Fig. 8B, the magnetic responses of the benzene and the borazine pyramidal complexes are plotted. For benzene complexes, the diatropic region around the Cr atom is smaller than the one observed in Mo and W complexes. The difference between the aromatic and the non-aromatic ring complexes is evident. For borazine complexes, the paratropic distribution around the metal atom is similar, but bigger in the Cr-borazine pyramid. Benzene complexes also show a difference in the Cr-pyramid, in which the values are about À20 ppm instead of À60 ppm. Thus, the Cr atom had an important impact on the magnetic response of this set of molecules due to the electronic density donation from metal to B, as well to N, because of the electron deficit and the electronegativity, respectively. For the 'sandwich' complexes (Fig. 8C), the magnetic response is not altered by the presence of the different metallic atoms. The magnetic response is similar to the extension values. The B ind z value in the central region is about À60 ppm. An important observation in the electronic structure showed that the net charge flux was from metal to ring. The charge that was not involved in flux or in orbital stabilization was localized in the zone between the ring and the metal region. This charge was directly responsible for the molecule response in the presence of magnetic fields. This was measured finding that the bigger the atom, the lower the NICS. Consequently, an increment of the aromaticity was the result of metal-benzene interactions with a large effect from Cr. Furthermore, for aromatic structures, the aromaticity was enhanced, while for non-aromatic ones, the paratropic currents were diminished.

Finally, EDA values showed that aromaticity was not a determining factor in the stabilization of these compounds. Borazine and benzene complexes had similar interactions with metal atoms. The magnetic response of the nine complexes was diatropic and the distribution of the negative values of the B ind z regions was similar in the three different groups, except for the Cr-pyramid.
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