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RESUME EN FRANCAIS v

Résumé en Francais

Cette these étant rédigée en Anglais, une traduction équivalente & 10% du manuscrit
se doit d’étre réalisée en Francais. Ainsi les parties majeures de la these,
I'Introduction, les Résumés et les Conclusions des divers Chapitres sont traduits
ci-dessous. Seule la partie du Chapitre [1| concernant les méthodes fonction d’onde
a été traduite avec plus de détail, de part son possible intérét pour un étudiant

débutant la chimie quantique.

INTRODUCTION: Comme tous les étres humains, nous attachons une impor-
tance singuliere a notre environnement. Nous organisant en société, nous avons tou-
jours été confrontés a la notion d’environnement. Socialement, nous nous réunissons
en groupes dont chaque membre partage des intéréts communs avec les autres.
Il s’agit d'un environnement social. Ces intéréts sociaux peuvent étre considérés
comme des parametres qui définissent les individus. Dans la recherche de meilleures
conditions de vie, nous rejoignons un groupe lorsque nous pensons que son environ-
nement nous sera bénéfique, soit parce qu’il renforce nos croyances, soit parce qu’il
nous apporte des avantages. A cet égard, lorsque différentes personnes rejoignent un
méme groupe, elles influencent indirectement ses caractéristiques. Mais alors qu'un
groupe est faconné par les personnes qui le compose, celui-ci influence également ses
membres. D’un point de vue économique, les entreprises rassemblent des salariés
pour maximiser leur productivité. Les organisations non gouvernementales ont be-
soin de plus de personnes pour améliorer leur impact. Sur le plan politique, les
partis se renforcent a mesure que des personnes les rejoignent. Sur le plan sci-
entifique, la maniere dont un enseignant transmet son savoir influence directement
I’environnement scientifique des étudiants et peut encore les influencer une fois qu’ils
sont devenus des scientifiques a part entiere. Dans notre langage courant, nous util-
isons le terme ”environnement” pour désigner la Nature. La Nature est I'un des plus
simples exemples de I'influence réciproque de ’homme sur son environnement. Nous
I’avons détruite petit a petit, en tuant des especes, en modifiant les écosystemes,
en la faconnant a notre guise, en lui jetant nos déchets... En ce sens, nous avons
une profonde influence sur notre environnement. Pourtant, nous sommes toujours

influencés par la nature, de notre naissance a notre mort. Sil’on se réfere au rapport



vi RESUME EN FRANCAIS

du GIEC de 2023,[1] il ne fait aucun doute que nous serons encore plus influencés
par la Nature, en raison de notre comportement désastreux sur la Terre en tant
qu’espece. Mettant de coté des opinions personnelles, la notion d’environnement est
un concept important en chimie. L’environnement chimique se définit a de multiples

échelles.

Il peut tout d’abord étre défini a 1’échelle macroscopique. En chimie générale,
I’environnement désigne le milieu dans lequel une espece chimique évolue et peut
influencer ses propriétés et son comportement. Il peut étre vu comme 'ensemble
des facteurs qui entourent une molécule ou un ion, c¢’est-a-dire les autres atomes ou
molécules proches, les molécules de solvant, la température, la pression, le champ
magnétique... Les molécules de solvant qui entourent une molécule peuvent mod-
ifier sa réactivité, sa solubilité et d’autres propriétés.[2] En thermochimie, il ex-
iste de nombreux exemples ou le pH, la pression et la température peuvent fa-
voriser ou défavoriser la réactivité d’'une molécule.[3, [4, [5] En outre, la modification
de I'environnement par l'utilisation d’un autre solvant peut jouer un role impor-
tant dans les propriétés spectroscopiques d’une molécule, telles que ses spectres
d’absorption ou d’émission (par exemple, le solvatochromisme). Cette définition
se veut une image globale qui considere l’environnement comme un continuum

périodique.

On peut alors définir I’environnement a une échelle plus petite, c’est-a-dire une
portée autour de la molécule concernée. En chimie organique, ’empilement 7w
et les liaisons hydrogene sont de bons exemples. Alors qu’une seule molécule pi-
conjuguée occupe l'espace de facon aléatoire, la présence d’une autre molécule pi-
conjuguée dans son environnement permet une interaction non covalente (chevauche-
ment d’orbitales) qui empile les deux molécules. La spectroscopie de la premiere
molécule peut alors étre modifiée en fonction de son empilement 7. D’autre part,
certaines molécules ont des fréquences rotationelles plus élevées en phase gazeuse
en comparaison avec celles en solution, en raison d’interactions non covalentes avec
les molécules voisines, par exemple des liaisons H, des interactions de Van Der
Waals... Cette notion d’environnement doit étre différenciée de celle des réactions
chimiques, ou des liaisons covalentes sont rompues et créées. Dans ce cas, la no-

tion d””environnement réactionnel” se rattache a la premiere définition, un environ-
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nement global.

En raccourcissant encore les distances d’interaction, on peut proposer une autre
définition pour 'environnement, telle qu’elle est habituellement utilisée en chimie
inorganique. Un composé de coordination est, dans sa forme la plus simple,
un ion métallique entouré de molécules de ligands par des liaisons covalentes
de coordination. L’environnement des ligands est généralement considéré comme
I’environnement chimique du centre métallique, un ”environnement de coordina-
tion”. Historiquement, I'importance de l'environnement de coordination a été
décrite par différentes théories. D’une part, la Théorie du Champ Cristallin
(TCC),[6l, [7] qui approxime l'ion métallique comme une charge positive ponctuelle
et son environnement de coordination comme un champ électrique d’anions figés,
considere leur interaction comme purement électrostatique. Cette théorie décrit cor-
rectement la levée de dégénérescence des orbitales métalliques d et f par la géométrie
du milieu environnant. La séparation des orbitales métalliques dépend directement
de la nature et de la géométrie de I'’environnement de coordination, ainsi que de la
nature de I'ion métallique et de son état d’oxydation. La structure électronique du
complexe (haut spin ou bas spin), et plus particulierement de 'ion métallique, est
ainsi influencée par son environnement de coordination. D’autre part, la Théorie
du Champ de Ligands (TCL), inspirée de la TCC et de la Théorie des Orbitales
Moléculaires (TOM), décrit a la fois les interactions électrostatiques et les liaisons
covalentes de coordination par l'utilisation d’orbitales moléculaires. Elle décrit la
structure électronique du centre métallique et les caractéristiques de liaison, en fonc-
tion du type d’environnement. Ces deux théories visent a représenter 'influence de

I’environnement de coordination sur un ion métallique.

A toutes les échelles, 'environnement peut avoir une influence sur les systemes
d’intérét. Comprendre et quantifier cette influence est la clé de la rationalisation
scientifique des propriétés des composés. Cependant, la notion d’environnement
reste vague et ’environnement est souvent approximé ou méme négligé. De plus,
la chimie quantique ne peut pas se permettre de prendre en compte la description
complete de I'environnement dans ses calculs. Ainsi, différentes approximations
sont utilisées pour le prendre en compte intrinséquement (par exemple, les condi-

tions périodiques pour les matériaux, les modeles de continuum polarisables pour les
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solvants...). Cela permet d’obtenir des résultats plus physiques a un cotit acceptable.
Cependant, 'importance de I’environnement est parfois mal décrite et les quantités

évaluées s’en retrouvent biaisées.

L’état de spin d’un environnement peut influencer la structure électronique d’une
molécule, et la spectroscopie qui en résulte. En outre, différents schémas de cou-
plage de spin peuvent apparaitre, influencant davantage les interactions entre le
site d’intérét et son environnement. Des scénarios particulierement intéressants ap-
paraissent dans les systemes a couche ouverte. C’est le fil rouge qui a guidé mes
recherches au cours des trois dernieres années. Cette these aborde deux questions
liées au role de ’environnement sur la spectroscopie des architectures de spin, I'une
en photochimie organique (1) et 'autre en magnétochimie inorganique (2). Elle est

organisée comme suit.

Le Chapitre|l|introduit tous les éléments et méthodes nécessaires a la compréhension
des deux autres Chapitres. Toutes les inspections de cette these sont basées sur la
théorie de la fonction d’onde. Ainsi, ce Chapitre commence par la section ([1.1)),
avec une présentation du probleme électronique du point de vue de la théorie de
la fonction d’onde. Les principaux ingrédients de la fonction d’onde utilisés dans
cette these sont rappelés. Ensuite, dans la section (|1.2)), une breve introduction est
donnée aux méthodes basées sur la fonction d’onde, afin d’introduire 'importance
de la corrélation et des méthodes post-Hartree-Fock. Les méthodes d’interaction de
configuration (IC) et de champ multi-configurationnel auto-consistent (MultiConfig-
urational Self Consistent Field - MCSCF) sont présentées pour mieux comprendre
les deux méthodes de choix utilisées dans ce travail : la méthode du champ auto-
cohérent de 'espace actif complet (Complete Active Space Self Consistent Field -
CASSCF) et la méthode d’interaction de configuration par différence dédiée (Dif-
ference Dedicated Configuration Interaction - DDCI). La localisation est un con-
cept important en chimie quantique qui permet une meilleure lisibilité des fonctions
d’onde et une réduction possible du cotut des calculs. Elle est donc exposée dans la
section ([1.3)), et la méthode DoLo de localisation est brievement présentée. La sec-
tion ({1.4)) rappelle les opérateurs de spin et plusieurs éléments de ’algebre de spin,
par exemple les coefficients de Clebsch-Gordan. Enfin, la section se termine

par une introduction au concept de modeles en chimie quantique et aux Hamil-
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toniens modeles qui en résultent. L’Hamiltonien de Heisenberg-Dirac-Van Vleck, un
Hamiltonien modele de choix pour les systemes magnétiques, termine la section et

ce Chapitre.

Le Chapitre [2| est consacré a un processus photophysique, la fission du singulet
(Singlet Fission - SF). La SF est un phénomene prometteur qui nécessite au moins
un dimere (covalent ou non) pour produire deux excitons apres I’absorption d’un
seul photon. Ce phénomene a suscité un intérét croissant de la communauté au
cours de la derniere décennie, tant du point de vue expérimental que théorique. De
nombreuses conditions ont été théoriquement démontrées pour que le phénomene
de SF se produise. L’une d’entre elles est la ”condition thermodynamique”, relative
au positionnement des niveaux d’énergie des chromophores. Cependant, alors qu’il
faut au moins deux chromophores pour que le phénomene se produise, de nombreux
groupes théoriques prédisent de possibles candidats en calculant la spectroscopie
d’un seul monomere, sans tenir compte de son voisin. Nous nous sommes demandé
dans quelle mesure ’environnement immédiat d’'un monomere donné peut moduler
sa spectroscopie. Plus précisément, nous nous sommes concentrés sur l'influence
de la structure électronique et de la structure de spin de cet environnement sur un

monomere donné. Cela a soulevé les questions suivantes :

1) Le spin et la charge de I’environnement ont-ils une influence sur la condi-
tion thermodynamique du phénomene de la fission du singulet 7 Comment

peut-on quantifier et expliquer cette influence ?

Pour répondre a ces questions, le Chapitre [2] commence par présenter le phénomene
de SF et ses applications dans la section . Ensuite, dans la section , un
Hamiltonien modele est développé. Il est basé sur un modele minimal de deux
molécules de dihydrogene, avec une molécule considérée ”active” (dont la structure
électronique peut se relaxer) et 'autre considérée comme un ”environnement” gelé
(dont la structure électronique est gelée dans un état donné). Les influences du spin
et de la charge de 'environnement sur la spectroscopie du monomere actif sont mis

en évidence et dimensionnés. Ce Chapitre se conclut et propose une autocritique

dans la section ([2.3).

Le Chapitre [3| se concentre sur un phénomene particulier : la spinmérie. La TCC

et la TCL considerent les ligands d'un composé de coordination comme un environ-
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nement figé autour de I'ion métallique. En fonction de sa géométrie et de sa nature,
cet environnement de coordination peut influencer le spin, I'état électronique et
I’état d’oxydation de l'ion métallique. La versatilité du spin de I'ion métallique,
c’est-a-dire sa capacité a changer d’état de spin en cas de modification de son envi-
ronnement, est un effet important que 1’on retrouve dans les complexes a transition
de spin (Spin CrossOver - SCO). Cependant, ce phénomeéne se base sur la con-
sidération d’un environnement qui agit comme un champ moyen et est séparé du
centre métallique. Cette considération est acceptée et prouvée dans le cas de ligands
a couche fermée, mais elle est plus discutable dans le cas de ligands a couche ouverte,
et plus particulierement pour des ligands radicalaires. L’environnement généré par
des ligands radicalaires présente une variabilité de spin en raison des couplages en-
tre radicaux, ce qui remet en question la séparation entre ’ion métallique et son

environnement. Ceci nous conduit aux deux questions suivantes :

2) Quelles sont les limites de la séparation entre un environnement de coor-
dination et un ion métallique a transition de spin, lorsque I’environnement

est aussi de spin variable 7 Quelle est I'influence résultante sur la spectro-

scopie du complexe de coordination ?

Deux entités de spin variable couplées peuvent donner lieu a des scénarios inhab-
ituels. L’un de ces scénarios est le phénomene de spinmérie. Ce phénomene peut
étre considéré comme une analogie de la mésomérie, les différentes structures de
résonance étant des distributions d’états de spin locaux différents. Les principaux
ingrédients de la spinmérie ont été identifiés comme étant la présence d’au moins
deux entités de spin variable couplées. Cela engendre des états de spin total qui
sont des superpositions de différents états de spin locaux. Alors que le spin total
reste un nombre quantique pur, les spins locaux ne le sont plus. Néanmoins, les
différents couplages entre les états de spin locaux des deux entités génerent le méme
état de spin total. En ce sens, ce phénomene se produit méme en ’absence des bien
connus couplages spin-orbite. La spinmérie ouvre de nouvelles perspectives sur la
notion d’environnement dans les composés de coordination et sur la conception de
nouveaux dispositifs de spin-Qubits. Le Chapitre |3| commence, dans la section ,
par une introduction aux systemes SCO et aux phénomenes connexes, par exemple

le piégeage d’états de spin excité induit par la lumiere (Light Induced Excited Spin
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State Trapping - LIESST). Cela permet de mieux comprendre le phénomeéne de tau-
tomérie de valence (Valence Tautomerism - VT) et ses ingrédients : les ions SCO
et les ligands non innocents. Enfin, le phénomene de spinmérie est présenté plus
en détail et des applications possibles aux ordinateurs quantiques et aux Qubits
sont suggérées. La section suivante présente une étude du phénomene de
spinmérie basée sur un Hamiltonien modele. Elle est basée sur un ion SCO d? (ou
d®) 7artificiel”, coordonné & deux ligands radicalaires, et est limitée aux interactions
d’échange. Des structures d’état de spin inhabituelles sont observées et deux regles
guidant I'apparition d’une spinmérie importante sont dérivées. La section suivante
est une étude ab initio d’'un complexe oxoverdazyle de Co(Il), a travers des
méthodes basées sur la fonction d’onde (CASSCEF et DDCI). Des états fondamentaux
et des premiers états excités atypiques, car présentant un faible effet spinmérique,
sont calculés. Il s’agit de la premiere observation ab initio de spinmérie dans un
complexe de coordination. Ensuite, la section présente une étude ab initio d'un
complexe oxoverdazyle de Fe(II), en utilisant la méme approche que dans la section
. Alors que le spectre de basse énergie dépeint un schéma de Heisenberg-Dirac-
Van Vleck (HDVV) habituel, les états quintuplet plus élevés sont des superpositions
d’états de spin triplet et quintuplet locaux sur le Fe(II). Cette observation est la
conséquence d'un phénomene de spinmérie a [l’état excité. La modification du di-
agramme de Tanabe-Sugano d° par ce dernier effet est discutée, ce qui stimule de
nouvelles perspectives pour les environnements de spin variables. Une manipulation
de la spinmérie par le biais de 'effet LIESST est suggérée, ce qui permettrait de
concevoir de possibles candidats de spin-Qubits. Enfin, la section (3.5 conclut le

Chapitre par une autocritique.

Des conclusions et des perspectives cloturent enfin ce travail.

Chapitre 1: L’objectif de ce Chapitre est de présenter tous les éléments et
méthodes nécessaires pour comprendre les développements théoriques ultérieurs des
Chapitres [2| et . Il est divisé en cinq sections. Dans la section , le probleme
électronique et ses composantes sont présentés. Une attention particuliere est ac-

cordée a la correction des éléments de matrice construits sur une base d’orbitales
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non orthonormées. Dans la section , la méthode Hartree-Fock est brievement
présentée afin d’introduire les méthodes post-Hartree-Fock utilisées dans ce travail.
Les méthodes CASSCF et DDCI sont expliquées dans la sous-section . La
derniere partie de cette section donne quelques mots sur la théorie des perturba-
tions. Dans la section , le concept de localisation et les approches a priori et
a posteriori sont expliqués. La méthode DoLo, une méthode a posterior: utilisée
dans le Chapitre , est présentée. Dans la section , les opérateurs de spin
et les équations importantes du couplage de spin sont rappelés. Enfin, la section
(1.5)) présente, en quelques mots, le concept de modeles en chimie quantique et
les Hamiltoniens modeles qui en résultent. Un bref commentaire est donné sur les
Hamiltoniens effectifs, qui ne sont pas utilisés dans ce travail, et sur I’Hamiltonien
de Heisenberg-Dirac-Van Vleck, qui est largement utilisé pour rationaliser les com-

portements magnétiques.

Le probléeme électronique:

L’objectif principal de la chimie quantique est de résoudre I’équation de Schrodinger.
Dans cette optique, nous recherchons des solutions de 1’équation de Schrédinger non
relativiste :

H|V) = E|V¥) (1)
ot H est I'opérateur Hamiltonien.

Un électron pese environ 1836 fois moins que les protons et les neutrons. C’est
le principal argument en faveur de l’approximation de Born-Oppenheimer (BO)
: compte tenu du rapport de masse, on peut s’attendre a ce que le mouvement
des électrons soit instantané par rapport a celui du noyau (composé de nombreux
protons et neutrons). On peut donc supposer que les mouvements électroniques
et nucléaires dans les molécules peuvent étre traités séparément. Cela simplifie
fortement les calculs moléculaires et permet de séparer la chimie quantique en deux
points de vue : statique ou dynamique. Le point de vue statique considere les noyaux
figés dans l’espace et étudie les structures électroniques (équation de Schrodinger
électronique). Le point de vue dynamique suppose que le probleme de la structure
électronique a été résolu et étudie la dynamique nucléaire (équation de Schrédinger

pour les mouvements nucléaires).
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Dans le cadre de ce travail, nous nous intéressons au probleme électronique pour les
systemes a géométrie gelée. Nous nous concentrerons uniquement sur I’Hamiltonien

électronique H, et la fonction d’onde V..

Méthodes basées sur la fonction d’onde:

Venant de la chimie expérimentale, je peux affirmer que l'interprétation générale
d’une molécule dans son état fondamental est souvent la configuration obtenue en
remplissant % OM avec N électrons de I'OM la plus basse (en énergie) a 'OM la
plus haute. Ce concept s’inspire du principe d’Aufbau (qui s’applique aux atomes et
aux ions) selon lequel ” un maximum de deuz électrons sont placés dans les orbitales
dans lordre croissant de l’énergie orbitalaire : les orbitales de plus faible énergie
sont remplies avant que les électrons ne soient placés dans les orbitales de plus

haute énergie”.[]]

Instinctivement, les chimistes représentent 1’état fondamental d’'une molécule comme
une fonction d’onde mono déterminantale. C’est la base de 'approximation Hartree-
Fock (HF) : supposer que la fonction d’onde a N-électrons exacte d'un systeéme
peut étre approximée par un seul déterminant de Slater. Il est inutile de décrire
I’approximation Hartree-Fock en plus de détails, car elle fait déja 'objet d’une
abondante littérature. Cependant, HF reste le point de départ de presque toutes
les méthodes de chimie quantique et il est intéressant de commenter certains de ses

points.

De mon point de vue, l'idée la plus intéressante que porte HF est de considérer
que chaque électron du systeme a N-électrons "ressent” un champ moyen diu a
la présence des N — 1 autres électrons. Cela permet de découpler le probleme a
haute dimension de la fonction d’onde en plusieurs problemes de dimensionnalité
inférieure. Pour résoudre ce probleme non linéaire et obtenir la racine la plus basse,

il faut obtenir la meilleure fonction d’onde, comme le stipule le principe variationnel.

Pour ce faire, HF utilise une procédure appelée le champ autoconsistant (Self-
Consistent Field - SCF). En bref, cette procédure commence par une estimation
des OM a partir de laquelle le champ moyen, généré par N — 1 électrons, (et le
champ constant des noyaux) vu par chaque électron dans une OM est calculé, ce

qui permet d’obtenir la valeur propre du systeme. En promouvant un électron dans
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une OM virtuelle, il est possible d’évaluer I’énergie d’'une OM virtuelle. Ensuite,
les OM sont modifiées et la procédure est répétée itérativement, jusqu’a ce que
l"autoconsistance soit atteinte (c’est-a-dire que le champ moyen ne change pas et est
minimisé). Au final, on obtient 1’énergie HF de 1’état fondamental du systeme et

son ensemble orthonormé d’OM.

Inconvénients d’Hartree-Fock:

Cependant, si ’'on passe d'un systeme a 2N électrons a un systeme a 2N —1 électrons,
HF devient incapable de traiter le systeme. La méme chose se produit lors de la
recherche d’un état a couches ouvertes. Le concept de déterminant unique est limité
a un déterminant entierement doublement occupé. Ainsi a vu le jour la méthode
Hartree-Fock non restreinte,[9] qui est capable de traiter les systémes a couches
ouvertes. Cependant, un nouvel inconvénient est apparu en raison de l'utilisation
d’un seul déterminant pour décrire une couche ouverte, la contamination de spin :
une fonction d’onde mono-déterminantale n’est pas une fonction propre satisfaisante
de l'opérateur de spin total SQ, et les états propres obtenus sont donc contaminés

par le spin.

Un autre probleme possible dans la méthode HF est I'approximation du champ
moyen elle-méme. Il s’agit d'une approximation puissante qui a son lot de respons-
abilités. En effet, elle apporte une moyenne des répulsions électron-électron en con-
sidérant l'interaction d’un électron avec un champ moyen généré par N —1 électrons.
HF ne tient donc pas compte des fluctuations des répulsions électron-électron. Ces
fluctuations sont particulierement importantes dans la description des interactions
faibles. Un exemple connu est la mauvaise description de Hy a la limite de disso-
ciation. En effet, la corrélation est nécessaire pour décrire avec précision certains

phénomenes physiques.
Corrélation:

Il est important de présenter un concept majeur dans les méthodes de chimie quan-
tique : D'énergie de corrélation. L’UICPA la définit comme ”la différence entre
I’énergie Hartree-Fock calculée pour un systeme et [’énergie non relativiste exacte
de ce systéme”.[10] Elle est due a la représentation approximative des répulsions

électron-électron dans la méthode HF, également appelée corrélation de Coulomb.
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HF remplace les interactions électron-électron instantanées par une interaction
moyenne d’un électron avec un champ moyen de N — 1 électrons. La méthode
HF étant une méthode mono-déterminantale, elle peut étre considérée comme une
optimisation sous contrainte de ’équation de Schrodinger exacte non relativiste :
elle ne tient pas compte de la corrélation électronique. Il est nécessaire de retrouver
cette corrélation manquante, ce qui nécessite des méthodes post-HF décrites plus

loin. Cependant, avant d’avancer, il est nécessaire de préciser trois faits :

1) La corrélation dépend fortement de la base utilisée. L’énergie non relativiste
exacte (Fezqet) d'un systeme néceessite un ensemble d’orbitales atomiques (OA) infini,
ce qui est trop couteux sur le plan informatique. Par conséquent, la corrélation est
calculée a I'aide d'un ensemble fini d’OA suffisamment grand pour étre considéré
comme complet. En raison de la dépendance a la base, les comparaisons entre les

méthodes doivent étre effectuées dans le méme ensemble de base complete.

2) Ainsi, la définition UICPA de I’énergie de corrélation (E,) est généralement définie

comme le gain d’énergie FE par rapport a HF (EHF)EI

E.=FEyr—FE (2)

3) L’énergie de corrélation est souvent divisée en deux types : la corrélation dy-
namique et la corrélation non dynamique (statique). Dans les deux cas, la corrélation
est récupérée en passant d’une fonction d’onde mono-déterminantale a une fonction
d’onde multi-configurationnelle. En d’autres termes: mélanger plus de déterminants

de Slater |®;) au déterminant HF |®yp) .
U) = cup|®ur) + Y cr|®)) (3)
T

Si cyp est proche de 1 et que de nombreux déterminants excités sont ajoutés mais
ne donnent qu’une faible contribution, alors la corrélation dynamique est princi-
palement traitée. En revanche, s’il existe des déterminants |®;) avec des poids ¢;
proches de cyp, alors la corrélation statique est principalement traitée. Cepen-
dant, ces définitions sont particulierement arbitraires. La limite entre corrélation
dynamique et statique n’est pas claire. Les configurations dégénérées et quasi-

dégénérées doivent étre prises en compte dans la corrélation statique mais qu’est-ce

IToutefois, on peut trouver E, = E — Exr dans la littérature.
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qui définit le critere d’énergie de quasi-dégénérescence ? De plus, les configura-
tions a plus haute énergie qui peuvent étre considérées comme des perturbations
devraient étre prises en compte dans la corrélation dynamique, mais qu’est-ce qui
définit les criteres d’énergie 7 En fin de compte, mon opinion est que chacun doit
se satisfaire de sa propre définition. Une approche intéressante de 'arbitraire de
ces définitions consiste a s’adapter dynamiquement au systeme, c’est-a-dire en util-
isant 1’espace d’interaction du premier ordre (First Order Interacting Space - FOIS).
Dans la partie suivante, nous présenterons d’abord la maniere de traiter ces deux
corrélations, puis les méthodes axées sur la corrélation statique, et ne présenterons

pas les méthodes axées sur la corrélation dynamique (Théorie des Perturbations).

Interaction de Configuration:

Au-dela de HF, une méthode de choix pour capturer la corrélation est la méthode
dite de l'interaction de configuration (IC), décrite dans le paragraphe précédent.
Elle consiste en une expansion de la fonction d’onde en une combinaison linéaire
du déterminant fondamental et de déterminants excités. Ensuite, les coefficients c¢;
sont optimisés en respectant le principe variationnel.
min <ZICI®I|ﬁ|ZICI®I> > B, (4)
e (Qorer®rld o er®r)

Il s’agit de I'une des méthodes les plus simples sur le plan conceptuel. En pra-

tique, elle revient a travailler avec (2]5) déterminants pour 2K spin-orbitales et NV
électrons. Cela en fait 1'une des méthodes de chimie quantique les plus exigeantes
en termes de calcul. Une premiere astuce pour réduire la taille du probléme consiste
a ne travailler que dans un sous-espace M, choisi. Par exemple, supposons que nous
calculons un état quintuplet (S = 2). Alors, en I’absence de tout champ magnétique
extérieur, nous pouvons réduire le nombre de déterminants a ({f) (I%{:é) ( %[i 2) en
prenant seulement les M, = 42 déterminants. La prise en compte de l'espace
d’excitation complet est appelée méthode d’interaction de configuration compléte
(Full Configuration Interaction - FCI). Par rapport a la théorie HF dans laquelle les
OM sont optimisées, cela n’est pas nécessaire dans la méthode FCI car ’amélioration
de la fonction d’onde par les excitations est équivalente a la rotation des OM. Cepen-

dant, en raison de son énorme facteur d’échelle, cette méthode n’est possible que

pour les systemes de petite taille.
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Pour économiser du temps de calcul et traiter des systemes plus grands, nous de-
vons tronquer l'espace IC. Cela donne lieu a la méthode ICD, limitée aux excitations
doubles, a la méthode ICSD, limitée aux excitations simples et doubles, etc... Cepen-
dant, un probleme important dans la troncature est la perte de la cohérence de taille.
Cela signifie que 'énergie de deux sous-systemes infiniment éloignés doit étre égale
au double de I'énergie d’un seul sous-systeme et que la fonction d’onde totale doit
étre égale au produit de chaque fonction d’onde individuelle, ce qui est perdu par
la troncature. C’est pourquoi les méthodes d’IC tronquée doivent étre utilisées avec
précaution pour étudier la dissociation des molécules. Dans le cas contraire, il est
nécessaire d’apporter des corrections appropriées pour retrouver une cohérence de

taille.

Méthodes de champ autoconsistant multi-configurationnel:

Il existe des méthodes pour corriger la cohérence de tailles. Nous allons présenter
ci-dessous un concept propre aux méthodes multi-configurationnelles, ’espace actif

(Active Space - AS), ainsi que les méthodes qui lui sont associées.

Nous avons vu d’une part qu’HF utilise la méthode SCF a travers la rotation des OM
pour minimiser ’énergie. D’autre part, une fonction d’onde multidéterminantale
comme celle de l'interaction de configuration permet de récupérer 1'énergie de
corrélation. Néanmoins, nous ne pouvons pas nous permettre le cotut de calcul
du FCI et la troncature perd la cohérence de taille. Mais conserverions-nous la
cohérence de taille si nous faisions une FCI dans un sous-espace plus petit 7 C’est
ce qui a motivé le développement des méthodes de champ autoconsistant multi-
configurationnel (MultiConfigurational Self-Consistent Field - MCSCF). Au lieu de
traiter le systeme dans son ensemble, seule une partie de celui-ci est étudiée a un

niveau précis. Ce sous-espace plus petit est le concept de 'espace actif.

Tout comme les chimistes représentent une molécule par ses orbitales de valence, ce
que 'on appelle 'espace actif est une tranche du systeme électronique qui est jugée
plus importante que le reste du systeme, c’est-a-dire pour étudier des propriétés
particulieres. Il existe plusieurs méthodes MCSCF, mais je ne parlerai que de celle
que j’ai utilisée tout au long de mon doctorat, la méthode CASSCF (Complete
Active Space Self-Consistent Field). La méthode CASSCF est basée sur la définition
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préalable d'un espace actif complet (Complete Active Space - CAS). En ce sens, les

OM sont divisées en trois catégories :
e OM virtuelles, toujours vides, dénotées r, s.
e OM actives, occupation partielle d’électrons, dénotées a, b.
e OM inactives, toujours doublemenet occupées, dénotées p, gq.

Le CAS est défini par un nombre n d’électrons dans un ensemble k d’OM actives (par
exemple CASI[8,7] signifie 8 électrons dans 7 OM). Toutes les excitations possibles
a l'intérieur du CAS sont générées (FCI a l'intérieur du CAS). Les fonctions d’onde
sont donc construites comme des combinaisons linéaires des déterminants du CAS.
Pour éviter les biais, ces déterminants sont traités sur un pied d’égalité, ce qui
signifie qu’ils sont considérés comme dégénérés. CASSCF utilise ensuite le principe

variationnel pour effectuer une double optimisation sur les OM 1); et sur la fonction

d’onde CAS ’\I]CAS>-
wi = ch Xk and “IICA5> = ZC} ‘@[) (5)
k I

on Y ,c?=1

L’énergie du systeme est ensuite minimisée en suivant cette double optimisation

jusqu’a convergence. )
v H|W
(Voas|H|Veoas) > F, (6)
crer (Veoas|Weoas)

Cela permet de récupérer un grand nombre de corrélation statique et un peu de
corrélation dynamique. Il est certain qu’étendre le CAS a la taille du systeme
complet équivaut a faire un FCI (et ’étape d’optimisation des OM sera inutile), ce
que nous ne pouvons pas nous permettre. Dans ce sens, CASSCF est un compromis

intéressant entre les méthodes SCF et FCI.

Afin d’obtenir davantage de corrélation, il est également possible d’utiliser des
méthodes d’interaction de configuration multiréférence (MultiReference Configu-
ration Interaction - MRCI). Contrairement a la méthode d’IC ou il n’y a qu'un
seul déterminant de référence HF, la méthode MRCI utilise plusieurs déterminants
comme référence. Une fois de plus, la troncature est nécessaire pour réduire le

cout de calcul. FEn choisissant les références appropriées, on peut équilibrer la
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corrélation entre ’état fondamental et I'état excité, car les excitations simples et
doubles génerent désormais des excitations triples et quadruples. Cependant, le
probleme de la cohérence de tailles subsiste dans les MRCI tronqués. Apres avoir
présenté les méthodes MCSCF, on peut voir que ces méthodes génerent un ensemble
d’OM approprié et une fonction d’onde multidéterminante. C’est une bénédiction
pour les méthodes MRCI qui ont besoin de bonnes OM de départ. Il est alors pos-
sible de transmettre ces fonctions d’onde et ces OM a une méthode MRCI telle que
DDCI afin d’obtenir une corrélation plus dynamique. Les méthodes MRCI tronquées
sont bien décrites dans la littérature. Pour cette raison, je ne présenterai dans cette
these que celles que j’ai utilisées ces dernieres années, telles qu’elles sont mises en

ceuvre dans le code CASDI.

Méthodes d’Interaction de Configuration MultiRéférences

Nous allons maintenant discuter des méthodes MRCI implémentées dans le code
CASDI et utilisées le long de cette these. Afin de générer différents déterminants
excités, nous définirons certains termes : les ”trous” (h) sont des excitations d'un
électron des orbitales inactives vers I’AS ; les "particules” (p) sont des excitations
d’un électron de I’AS vers les virtuelles. Ces excitations sont schématisées dans la

Figure ci-dessous.

Virtuelles
r,s
T T
Actives J. 1
a,b 1 ¢ 2+ ® A
3
«
Inactives ® ® ® ®
[ ]
p,q o ® [ J
1h Ip || thip|| 2h 2p | | 2hip| | 1h2p 2h2p
_CAS )
\ CAS+S ‘
CAS+DDCI2
\ CAS+DDCI ‘
CAS+SD

Figure 1: Différents types d’excitation de CAS a CAS+SD.
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Commentons maintenant les méthodes MRCI mises en ceuvre dans CASDI :

1) CAS. 1l s’agit d’un calcul CASCI typique. Contrairement a CASSCF ou la fonc-
tion d’onde et les OM sont optimisées, ici les OM sont gelées et un FCI est calculé

dans le sous-espace CAS.

2) CAS+S. 1l s’agit d'une méthode MRCIS. Elle diagonalise la représentation de
I’Hamiltonien dans la base formée par les déterminants CAS et toutes les excitations

simples : 1A, 1p et 1hlp.

3) CAS+DDCI2. 1l s’agit d’'une méthode MRCISD tronquée. Elle travaille avec des
déterminants au niveau CAS—+S et ajoute des excitations doubles depuis et vers le

CAS uniquement, telles que : 2h et 2p.

4) CAS+DDCL. Egalement appelé CAS+DDCIS. 1l s’agit de la premiére méthode
d’interaction de configuration par différence dédiée, une MRCISD tronquée. Elle
utilise tous les déterminants précédents et génere davantage d’excitations doubles :

2h1p et 1h2p.

On peut observer qu’il manque des excitations doubles en dehors du CAS : 2h2p.
En ajoutant ces excitations, on obtient une méthode MRCISD (un calcul CAS+SD
dans CASDI). Cependant, ceci n’est pas nécessaire pour la plupart des composés
magnétiques. En effet, les excitations 2h2p, au second ordre de la théorie des per-

turbations, ne contribuent pratiquement pas aux différences d’énergie des états.

Localisation:

La question de la représentabilité des OM a fait ’objet de discussions au sein de la
communauté quantique depuis ses débuts. Deux philosophies ont vu le jour : les
OM localisées vs. délocalisées. Un Chapitre particulierement intéressant (p.41-101)
de Basis Sets in Computational Chemistry [11] présente les différentes méthodes de
localisation et leurs avantages et inconvénients par rapport a la délocalisation. Je
vais résumer les points qui me semblent importants dans le cadre de ce travail de

these.

Des les années 1930, les orbitales moléculaires localisées (OML) ont intéressé les
chimistes quanticiens, car elles permettaient de représenter les liaisons selon le for-

malisme des liaisons de valence. Cependant, elles limitent les liaisons a une paire
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d’électrons localisée entre deux atomes spécifiques, ce qui ne convient pas a de nom-
breux systemes, notamment ceux dont les électrons sont délocalisés. Néanmoins,
en tant qu’approximation, elle offre de la représentabilité aux étudiants de premier
cycle qui étudient la chimie quantique et reste acceptable pour les petites molécules.
Au contraire, le succes de la théorie des orbitales moléculaires (TOM) a introduit
la notion d’OM délocalisées sur I’ensemble de la molécule. C’est ainsi que sont ap-
parues les orbitales moléculaires canoniques (OMC), qui sont des OM optimisées
apres un calcul fonction d’onde. Les OMC sont aujourd’hui plus populaires que
les OML car la différence entre 1’énergie de deux OMC donne la fréquence de la
transition électronique associée a ces deux orbitales. Cependant, le fait d’avoir des
OM délocalisées est un inconvénient lors de 'analyse de la fonction d’onde, car on
ne peut extraire que des informations globalesE] Les blocs de construction de la
fonction d’onde électronique sont les OMF| La liberté d’utiliser des OM localisées
ou délocalisées vient du fait que 1'on peut appliquer une transformation unitaire
sur des OM délocalisées pour obtenir des OML, et vice-versa. Cela signifie que
toute valeur, en particulier ’énergie, reste intacte, et que seule la structure de la
fonction d’onde est modifiée. L’intérét d’une représentation locale est double. Tout
d’abord, elle est utile pour sélectionner les régions moléculaires qui sont physique-
ment ”intéressantes”, c¢’est-a-dire pour étudier les réactions chimiques, les états ex-
cités, les systemes magnétiques, etc. En d’autres termes, elle peut permettre de
réduire I'espace actif en ne travaillant qu’avec une sélection d’OML d’intérét. Cela
ouvre la voie a un deuxieme avantage, a savoir la réduction possible de la taille
de l'espace de référence, ce qui est pratique pour les calculs MRCI. 1l existe deux

concepts principaux de localisation : a posteriori et a priori.

Dans les méthodes a posteriori, un ensemble d’OMC est préalablement calculé puis
transformé par une transformation unitaire pour obtenir des OML. Deux méthodes a
posteriori populaires sont Foster-Boys, [12] ou une fonctionnelle basée sur la position
spatiale des OM est minimisée, et Pipek-Mezey,[13] ot une fonctionnelle basée sur

les charges atomiques partielles est maximisée.

2Les informations locales peuvent étre trop compliquées & extraire.
3Les OM servent de blocs de construction pour les déterminants, ce qui permet de construire

davantage la fonction d’onde.
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Les méthodes a priori sont basées sur I'intuition chimique : une estimation des OML
définie par l'utilisateur est utilisée comme point de départ. Ces OML convergent
ensuite vers les OMC de référence d’un calcul de la fonction d’onde, a condition
que les OML restent aussi locales que possible. Une méthode a prior: de choix
utilisée dans ce travail est mise en ceuvre dans la suite de programmes DoLo.[T4]
Sa spécificité est la séparation des orbitales inactives, actives et virtuelles en trois
classes. Il s’agit d’'une méthode en deux étapes. La premiere étape (1) consiste a
déterminer une estimation des OML. A partir d’OA non orthogonales, on commence
par orthogonaliser chaque classe d’OA (inactive, valence, virtuelle) pour obtenir des
OA orthogonales. Ensuite, des combinaisons linéaires d’OA orthogonales, guidées
par les informations sur les liaisons et les fragments moléculaires contenus dans la
matrice densité a un électron, sont réalisées pour produire des OML non orthogo-
nales. Enfin, les OML non orthogonales sont séparées en classes inactives, actives et
virtuelles, et chaque classe est orthogonalisée, avec un ordre de priorité diﬁérent.ﬁ
La deuxiéme étape (2) est 'optimisation des OML. Elle consiste a projeter les OML
sur des OMC de référence (apres un calcul HF ou CASSCF antérieur). Les OML
projetées peuvent perdre leur orthogonalité, une orthogonalisation finale est donc
nécessaire. Cette procédure peut ensuite étre répétée pour essayer d’augmenter la

projection des OML sur les OMC.

Les méthodes a posteriori sont plus faciles a mettre en ceuvre, mais plus difficiles a
utiliser pour identifier les régions physiquement ”intéressantes”, car elles ne sont pas
basées sur l'intuition chimique. Au contraire, cette intuition peut constituer un biais
pour les méthodes a priori. 1l existe de nombreuses autres méthodes de localisation.
Un bref exemple est celui de la méthode des orbitales de liaison naturelles [15] et
de son extension, I'approche des orbitales moléculaires localisées naturelles, [16] qui
produit des OML optimales pour une description de la structure de Lewis. Il est
également possible d’effectuer une localisation a posterior: ”a la main” en procédant

a une combinaison linéaire d’OMC choisies.

Enfin, il est important de souligner que toute stratégie d’OML brise la symétrie

du systeme. La symétrie est en effet un allié puissant dans les calculs de chimie

4La priorité la plus élevée est accordée aux OML inactives, puis aux OML actives et enfin aux

OML virtuelles.
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quantique pour réduire leurs couts. Il faut donc choisir entre I'utilisation d’OML
pour clarifier le probleme (région moléculaire et OM spécifiques) a I'aide de la lo-
calisation ou conserver la facilité de manipulation de la symétrie. Il est important
de préciser que les OML peuvent potentiellement réduire la taille de 'espace de
référence, et donc le cotit de calcul. La mise en ceuvre des OML est plus exigeante
que l'utilisation de la symétrie, mais elle présente de nombreux avantages, en parti-

culier pour 'analyse qualitative des données.
Modéeles:

Il est particulierement fastidieux de comprendre les propriétés physiques complexes
des molécules, telles que le magnétisme moléculaire, le spin ou l’aromaticité, en
utilisant I'Hamiltonien exact. Au lieu de cela, on peut simplifier le probleme en

développant un Hamiltonien modele ou effectif.

J’aimerais ici résumer l'idée principale derriere les modeles comme suit : ” Pourquoi
s’embéter a étudier le systeme dans son intégralité alors que seules certaines de ses
propriétés sont intéressantes ?” De fait, la prise en compte de toutes les interactions
possibles dans un systeme peut étre préjudiciable, car elle risque d’occulter les in-
formations pertinentes au profit d’informations non pertinentes. L’élimination des
éléments inutiles permet d’identifier un nombre minimum de parametres physique-
ment sensibles, mais aussi de réduire le cott de calcul a une résolution analytique
ou numérique peu cotteuse. La capacité a identifier les parametres sensibles d’'un
systeme ouvre la voie a de nouvelles approches moléculaires et a une analyse plus
qualitative des phénomenes. Un modele est donc une simplification, physique ou
non, d’un probleme complet qui permet de se concentrer uniquement sur certaines
de ses propriétés. C’est un jouet avec lequel les scientifiques peuvent s’amuser, grace

a 'utilisation d’'un Hamiltonien modele.

Un Hamiltonien modele est défini sur un sous-espace de I'espace exact, un ”espace
modele” ; ou différents parametres sont choisis pour intégrer la physique du probleme.
En les ajustant, on peut explorer la physique d’une maniere plus simple et identifier
les parametres sensibles. Les Hamiltoniens modeles sont nécessaires tant a la com-
munauté expérimentale que théorique. D’une part, les expérimentateurs mesurent

les propriétés exactes du systeme complet, puis traitent leurs données en supposant
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un Hamiltonien modele donné, ce qui permet d’extraire les parametres physiquement
pertinents. D’autre part, les calculs théoriques étant cotteux, on peut développer
un Hamiltonien modele a partir d’un modele chimique afin de mieux comprendre les
mécanismes en jeu. Ces Hamiltoniens sont souvent proposés sur la base d’intuitions
chimiques/physiques. Cependant, ils doivent reproduire aussi précisément que pos-
sible les valeurs propres d’un ”espace cible” de I’'Hamiltonien exact. Les énergies
et les fonctions d’onde ciblées sont souvent celles des solutions de basse énergie. 11
est donc important pour la chimie théorique de fournir des preuves de la validité
(ou de l'invalidité) de ces modeles. La validité d’'un Hamiltonien modele dépend du
type de ses approximations : une approximation non physique aboutit souvent a un
modele erroné. Lorsqu’un modele est correct, ses parametres peuvent étre extraits a
partir de calculs de premier principe. Lorsqu’un modele n’est pas valide, ¢’est-a-dire
qu’il ne reproduit pas les propriétés physiques souhaitées du systeme, les chimistes
théoriciens peuvent utiliser différents outils pour corriger et déduire un Hamiltonien
modele plus précis. L’un de ces outils est ce que 'on appelle les Hamiltoniens effec-
tifs. En bref, un Hamiltonien effectif est une contraction de ’'Hamiltonien exact dans
un espace modele particulier ou toute la physique du probleme est prise en compte
de maniere effective. Comme les Hamiltoniens modeles, les Hamiltoniens effectifs
sont beaucoup plus simples que les Hamiltoniens exacts et visent a reproduire des
solutions ciblées. Cependant, ils utilisent des parametres ab initio, transformés dans

I’espace modele pour cartographier efficacement le reste du systeme.

Hamiltonien modeéle Heisenberg-Dirac-Van Vleck:

[’Hamiltonien Heisenberg-Dirac-Van Vleck est un Hamiltonien modele formulé par
Heisenberg [17] et amélioré par Dirac [I8] et Van Vleck.[I9] Développé a l'origine
pour mieux comprendre le couplage (anti)ferromagnétique, il est rapidement de-
venu utile pour traiter un grand nombre de composés ferromagnétiques et anti-
ferromagnétiques. Il peut étre dérivé d'un Hamiltonien effectif de I’Hamiltonien
exact et /ou d’un modele de Hubbard généralisé suivi d’une perturbation Rayleigh-

Schrodinger au second ordre.[20), 21]
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La forme générald’] de 'Hamiltonien HDV'V est :
Hypyy = — Z 2.J;;8:5; (7)
i>j
avec des sites de spin actifs i et j (s > 0). Comme S; et S'j sont des opérateurs
scalaires, il est possible de réécrire le produit scalaire 5'15'3 sous une forme plus
pratique :
$:8; = 5.8 + S(5u5,+8.8,0) (8)
La littérature utilise un coefficient —2.J, —1.J, +1J ou +2J, ce qui n’est qu'une
question d’appréciation. Dans le cadre de ce travail de these, le coefficient
—2J a toujours été considéré, par commodité. Le terme J;; est le couplage
magnétique entre les centres ¢ et j. Il incorpore toute la physique autre du
systeme, telle que l'interaction électron-électron, l'interaction électron-noyau et la
structure spatiale du systeme. Il est important de noter qu’il est valide lorsque
le systeme étudié est principalement constitué d’une configuration neutre (dans
le sens d'un transfert de charge négligeable, c’est-a-dire un petit rapport entre
I'intégrale de saut divisée par I'intégrale de répulsion coulombienne). Des déviations
expérimentales par rapport a I’Hamiltonien HDVV sont parfois signalés dans la
littérature. La correction de I’'Hamiltonien HDV'V par I’ajout d’un terme biquadra-
tique >, ; +24:;(5:8;)% [22, 23] a permis d’identifier et de prendre en compte le
role des formes non-Hund dans cette déviation.[24] Cependant, dans les systemes
ou la contribution de 1’échange direct peut étre considérée comme négligeable,
I’Hamiltonien HDVV permet de représenter correctement la physique du systeme.
L’une des forces de HDVV est qu’il ne fonctionne qu’avec les degrés de liberté de
spin, puisque la dépendance de la partie spatiale est injectée dans les valeurs de
la constante d’échange J;;. Cela permet d’extraire la valeur physique du terme de

couplage a partir de calculs ab initio ou de mesures expérimentales.

nq

4"jf pour fixer I’énergie de I’état de

5La littérature peut ajouter un terme supplémentaire —
multiplicité de spin le plus élevé a zéro. n; et n; sont le nombre d’électrons non appariés sur les

sites 7 et j, et I est Popérateur d’identité.
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En prenant comme exemple un systeme a deux sites A et B de spins respectifs Sy

et Sp, on peut dériver les termes suivants.

S’ = S’A + S’B (9)
SQ 25’124—}-5%—{—25'145'3 (10)
L’Hamiltonien HDVV de ce systeme H gpvy = —2J S AS’ B peut étre réécrit comme
suit
Hupyy = —J(8% — 8% — §2) (11)
dont les valeurs propres sont
E(S,S4,58) = —=J[S(S+ 1) — Sa(Sa+1) — Sp(Spg + 1)]. (12)

Comme tous les états générés par le couplage S4 et Sp ne different que par leur spin

total S, il est possible de changer l'origine du systeme pour avoir :
E(S)=-JS(S+1) (13)

Enfin, on constate que selon le signe de J, I’état de spin le plus élevé (J > 0) ou le
plus bas (J < 0) sera I’état fondamental. Conformément & notre décision d’utiliser
une constante de —2.J, un J positif représente un couplage ferromagnétique tandis

qu'un J négatif représente un couplage antiferromagnétique.

Chapitre 2: Ce Chapitre est composé de deux parties. Il commence par une intro-
duction sur le phénomene de SF, ses mécanismes et la facon dont I’environnement
est considéré par la communauté. Vient ensuite une étude modele sur les effets d’un
voisin sur les conditions thermodynamiques de la SF. Le modele est basé sur un
dimere de Hy ot la premiere molécule de dihydrogene représente un environnement
gelé ressenti par une deuxieme molécule, représentant un chromophore actif de classe
[. L’environnement est gelé dans un état de configuration électronique donné, soit
un état de spin singulet ou triplet, ce qui signifie que les transferts de charge ne
sont pas autorisés. L’influence de différents environnements sur la spectroscopie de
la fraction active est étudiée et différentes valeurs de correspondance énergétique
p = [E(Sa1) — E(Sap)]/[E(Ta1) — E(Sap)] sont obtenues, en fonction du type

d’environnement (couche ouverte/fermée et triplet/singulet). Le champ généré par
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un environnement singulet améliore le rapport p jusqu’a 6% par rapport a un chro-
mophore libre. Ce rapport est encore amélioré lorsque l’environnement est triplet,
jusqu’a 10% en comparaison au chromophore libre. Cela indique que la prédiction
informatique des candidats de SF qui utilise I’approximation ”un seul chromophore”
peut laisser de coté certains composés intéressants. Enfin, ce Chapitre est conclu et

d’autres critiques personnelles de I’étude sont discutées.

CONCLUSION Chapitre 2: L’importance de la structure de spin de
I’environnement sur les états d’énergie d’un chromophore actif & deux électrons a été
examinée en construisant un modele. L’ordre des états du chromophore actif est tres
affecté par la présence d'un environnement triplet ou singulet. En conséquence, le
rapport critique p = [E(Sa1) — E(Sa0)]/[E(Ta1) — E(Say)] défini sur les énergies
d’excitation des premiers états excités singulet et triplet peut atteindre la limite
inférieure p = 2, signe que la SF est thermodynamiquement possible. Il est impor-
tant de rappeler que la distance critique L = 1,9 A dans notre modele est analogue
a la distance d’empilement 7 dans un dimeére de systemes 7 conjugué (3,5 A).
L’environnement crée un champ électronique qui influence le chromophore actif des
L =3 A, ce qui équivaut & une séparation de 5,7 A entre deux pentaceénes. Une de-
scription simplifiée qui néglige les recouvrements conduit a une modification encore
plus profonde de la spectroscopie du monomere actif. En outre, le spin de 1’état fon-
damental change d’un singulet (bas spin) a un triplet (haut spin) lorsque la distance
entre le chromophore actif et I'environnement est d’environ 2,5 A. Cette distance
critique est régie par la structure d’un environnement singulet, qui agit comme un
champ controlant la hiérarchisation des états de spin. L’influence de l'intégrale a
deux électrons [iajaligjg|, qui décroit lentement en 1/L, sur la sous-unité active
est réduite lorsque la description devient plus complexe, ce qui ne I’empéche pas de
jouer un role discriminant entre les différents environnements. Méme en 1’absence
de transferts de charge entre les sous-unités, notre modele suggere que les effets des
environnements de spin doivent étre pris en compte. En effet, un environnement
triplet favorise la condition thermodynamique de SF, alors qu'un environnement
singulet doublement excité a couche fermée défavorise cette condition. A la lumiere
des nombreuses études approximant la condition énergétique de SF a I'étude d’un

seul chromophore, notre modele met en évidence I'importance d’un second chro-
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mophore agissant comme environnement. La simplicité de ce modele basé sur Hy
apporte des éléments de compréhension et des moyens d’interprétation qui devraient
étre transférables dans la recherche théorique de candidats a la SF. Enfin, il est im-
portant de souligner que ce modele (disponible en ligne dans ’annexe permet
d’étudier 'influence d’un chromophore ”environnement” gelé 2 x 2 (2 électrons dans
une paire HOMO/LUMO) sur un chromophore ”actif” 2 x 2. Il est alors possible
de remplacer les bases de HOMO et LUMO (construites sur la base minimale de
I'hydrogene 1s) par n'importe quelle base HOMO, s et LUMO, 5. Ce modele cor-
rige la non-orthonormalité entre les OM a travers la construction des éléments de
matrice, ce qui le rend apte a ajouter davantage de physique (par exemple, les OA

de carbone 2p), dans I'approximation d’'un Hamiltonien modele 4 x 4.

Chapitre 3: Ce Chapitre est divisé en quatre parties. Tout d’abord, il introduit
le phénomene de spinmérie, étudié plus loin dans le Chapitre, en présentant ses
différentes composantes clés. La premiere partie se termine par une bréve intro-
duction a l'informatique quantique. Elle se poursuit par une étude d'un Hamil-
tonien modele pour la spinmérie, avec une extension aux spin-Qubits moléculaires
utilisés par 'informatique quantique. Elle est suivie d'une étude ab initio basée
sur la fonction d’onde d’un complexe oxoverdazyle de Co(II) qui présente un faible
effet spinmérique dans son état fondamental. Malgré la faible manifestation de
spinmérie observée dans ce complexe, il s’agit de la premiere observation ab initio
de ce mécanisme. Enfin, la derniére partie concerne une étude ab initio basée sur la
fonction d’onde d'un complexe oxoverdazyle de Fe(II) qui présente de la spinmérie
a l’état excité. Ceci conduit a un commentaire sur 'influence de la spinmérie sur les
diagrammes de Tanabe-Sugano (ici uniquement sur le diagramme d° octaédrique)
et son applicabilité dans I’électronique moléculaire. Ce Chapitre se termine par une

conclusion générale et une autocritique.

CONCLUSION Chapitre 3: Les études basées sur I’'Hamiltonien modele et les
calculs ab wnitio ont mis en évidence 1’émergence d’un phénomene que nous avons
nommé la spinmeérie. Ce phénomene est une superposition de différents états de

spin locaux qui génere un état de spin total donné, en ce sens il differe des effets
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de couplage spin-orbite en maintenant le spin total a un bon nombre quantique. Il
peut étre considéré comme une extension de la mésomérie, les différentes structures
de résonance étant des distributions d’états de spin locaux différents. Anticipé par
I’algebre de spin, ce travail met en évidence sa manifestation dans deux complexes ab
nitio. La spinmérie repose principalement sur le couplage de deux composants spin
variables dont les variations sont identiques. Ici, 'utilisation d’un ion métallique a
transition de spin et de deux ligands radicalaires permet de mettre en évidence des

comportements spinmeériques.

En se concentrant sur les interactions d’échange direct, le premier travail a modélisé
un complexe construit & partir d'un ion a transition de spin artificiel (M = d? ou
d®) et de deux ligands radicalaires afin d’étudier les conditions d’émergence de la
spinmeérie. Cela a mis en évidence deux regles pour 'apparition d'une spinmérie
forte (50/50). Les contributions des transferts de charge (Ligand-Metal/Metal-
Ligand Charge Transfer - LM /ML CT) ont ensuite été prises en compte de maniere
perturbative pour se rapprocher de composés de coordination réalistes et souligner

leur influence sur le spectre énergétique.

Le second travail a présenté une inspection ab initio d'un premier complexe
moléculaire candidat a la spinmérie : un ion métallique Co(II) coordonné par deux
ligands verdazyle radicalaires. L’ion métallique Co(II) peut subir une transition de
Sy =1/2 a Sy = 3/2, et les radicaux verdazyle donnent lieu a un environnement
dépendant du spin S;, = 0 ou S, = 1. Les principaux ingrédients de la spinmérie se
trouvent dans ce complexe particulier et une faible spinmérie (~ 0,1%) est observée
au moyen de calculs basés sur la fonction d’onde. Cela a mis en avant le fait que
le champ de ligands généré par un ensemble de radicaux a couche ouverte ne peut
pas étre considéré comme un champ statique selon la vision habituelle des composés
de coordination. Cependant, le comportement spinmérique observé est trop faible
pour des applications potentielles, mais il élargit I'image traditionnelle du champ

cristallin dans les complexes de métaux de transition.

Enfin, le troisieme travail est une étude ab initio d'un autre candidat pour la
spinmérie : un ion métallique Fe(II) avec deux ligands verdazyle. L’ion métallique

Fe(II) présente une transition de spin de Sy, = 0 a Sy = 2. La transition de spin
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de ses ligands ne permet pas la superposition de Sy, = 0 et S); = 2, mais permet
la superposition de Sy; = 1 et S)y = 2. En effet, des états excités présentant cette
superposition sont observés et une importante spinmérie a [’état excité (~ 20%) est
mise en évidence. Alors que le spectre de basse énergie est facilement rationalisé par
un comportement de Heisenberg, la répartition des états excités redistribue les cartes
concernant le diagramme d® de Tanabe-Sugano. La flexibilité de ’environnement ou-
vre de nouveaux schémas d’interprétation, contrastant avec la vision couche fermée

habituelle du champ cristallin.

La spinmérie est un phénomene qui introduit un point de vue différent sur les
complexes magnétiques. Sa force réside dans le fait qu’elle est naturellement induite
par la structure de la fonction d’onde, ce qui la différencie des effets de couplage
spin-orbite. La versatilité de spin des sites locaux est la condition principale pour
les applications futures de la spinmérie. Par conséquent, la variabilité des états
de spin locaux pourrait permettre d’encoder des informations quantiques sur des
systemes moléculaires synthétiques. En sondant expérimentalement la densité de
spin locale, ces composés moléculaires pourraient devenir des cibles originales pour la
génération de spin-Qubits moléculaires dans de nouvelles architectures d’ordinateurs
quantiques. Nous suggérons l'utilisation de 'effet LIESST comme moyen possible

de controler les composés spinmériques et I'information qu’ils encodent.

CONCLUSION DE LA THESE: Ce manuscrit s’articule autour de la notion
d’environnement dans des architectures complexes de spin dans les domaines de la
photoChimie Organique et de la magnétoChimie Inorganique. Ce qui suit est un

bref résumé des principaux résultats et idées.

Dans le deuxieme Chapitre, la construction d’un Hamiltonien modele permet
d’évaluer qualitativement l'influence du spin et de la charge de différents environ-
nements sur un chromophore actif. D’un point de vue pratique, ce travail met en
évidence le fait que 'approximation du chromophore unique dans la Fission du Sin-
gulet (SF) ne reflete pas la réalité et sous-estime le rapport des écarts d’énergie qui
régit la condition thermodynamique de la SF. Cela signifie que de nombreux candi-

dats possibles sont ignorés en raison d’un calcul erroné de leur spectre énergétique
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et d’une sous-estimation de leur potentiel. Ce point est particulierement important
a I’aube d’une nouvelle ere d’apprentissage automatique et de criblage informatique
pour la SF. Le matériau parfait pour la SF n’a pas encore été découvert, et I'on
prend le risque de ’exclure en utilisant cette approximation. D’un point de vue fon-
damental, ce travail met en évidence et quantifie I'influence du spin et de la charge de
I’environnement sur la spectroscopie d’'un chromophore. Le modele utilise un nom-
bre minimal de parametres complété par des évaluations ab initio d’intégrales et
des modulations significatives du spectre d’énergie sont observées. En complexifiant
le modele (par exemple un glissement-empilement, une rotation...), d’autres types
d’environnement peuvent étre explorés, au prix d’une plus grande variabilité. Cela
constituerait un prochain travail intéressant, permettant d’avoir un apercu qualitatif
des différents empilements de chromophores et des mécanismes en jeu. Cependant,
I’augmentation de la variabilité appelle a la prudence : un Hamiltonien modele trop
complexe peut étre moins utile que le calcul direct avec un Hamiltonien ab initio.
Néanmoins, le modele développé est transférable a I’étude de nombreux systemes SF

de classe I, a condition de fournir des des HOMO et LUMO locales et pertinentes.

Dans le troisieme Chapitre, un Hamiltonien modele et des calculs ab initio étudient
le phénomene de spinmérie. Son émergence ouvre de nouvelles perspectives dans
les considérations sur le champ du ligand et les comportements magnétiques. An-
ticipé par I'algebre de spin, ce phénomene differe des effets de couplage spin-orbite
parce qu’il maintient le spin total comme un bon nombre quantique. La structure
particuliere de la fonction d’onde générée par des ligands variables en spin et un
centre métallique a transition de spin permet divers schémas de couplage qui, dans
les bonnes conditions, conduisent a une superposition significative d’états de spin
locaux. L’analyse qualitative des états de spin locaux met en évidence l'apparition
de la spinmérie. Cependant, ses mécanismes internes restent mal compris. Notre
étude avec un Hamiltonien modele met en lumiere 'importance des interactions
d’échange directes dans le controle de la spinmérie. 1l s’agit de la premiere étape
d’un long projet visant a trouver de bons candidats pour une manifestation impor-
tante de spinmérie. Dun point de vue appliqué, la spinmérie a de potentielles appli-
cations dans la conception de nouveaux spin-Qubits moléculaires, c¢’est-a-dire pour

I'informatique quantique. Pour progresser dans cette direction, plusieurs études sont



xxxii RESUME EN FRANCAIS

nécessaires, telles que la conception de complexes avec une superposition facilement
controlable et quantifiable d’états de spin locaux, la mesure de la cohérence quan-
tique dynamique et, surtout, des études expérimentales pour sonder la spinmérie.
D’un point de vue fondamental, ce phénomene représente une nouvelle perspective
dans l'interprétation des données magnétiques et dans I’étude des phénomenes in-
duits par une fonction d’onde polyvalente. Une compréhension plus approfondie de
la spinmérie pourrait étre la solution a une interprétation plus correcte des données
jugées "non rationalisables” par les modeles magnétiques habituels. Les architec-
tures basées sur un ion métallique a transition de spin coordonné a plusieurs (au
moins deux) ligands a couche ouverte sont susceptibles de remettre en question les
concepts traditionnels de spin gelé. En conséquence, la spinmérie appelle a re-
considérer la vision habituelle des diagrammes de Tanabe-Sugano, en passant d'un
”champ de ligands” strict a une considération d’un ”champ de ligands a couche ou-
verte”. Toutefois, ce phénomene n’en est qu’a ses débuts et des études théoriques
et expérimentales supplémentaires sont nécessaires pour en percer les mysteres. De

nouveaux projets et collaborations sont en cours pour atteindre cet objectif.

En conclusion, ce travail de doctorat a étudié 'importance des environnements a
couche ouverte et leur influence en Chimie Organique et Inorganique. Les calculs
fonction d’onde ont fourni un terrain fertile pour de telles recherches, au prix d’un
cott de calcul plus élevé. Le calcul et I'analyse approfondis de nos systemes ont
nécessité des outils de travail appropriés, tels que des méthodes de localisation et
I’algebre de spin. D’une part, 'environnement a une influence directe sur la spectro-
scopie d'une molécule (par exemple un chromophore, un composé de coordination).
D’autre part, il joue un roéle majeur dans la composition d’une fonction d’onde
polyvalente et des phénomenes induits qui lui sont associés. De mon point de vue
personnel, la spinmérie est un phénomene passionnant qui donne un nouvel apergu
des composés magnétiques, émergeant de la combinaison de ligands radicalaires avec

un ion métallique a transition de spin.
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Introduction

Like all human beings, we attach particular importance to our environment. Be-
cause we are organized as a society, we have always been confronted with the notion
of environment. Socially, we come together in groups where each member shares
common interests with the others. This is a social environment. These social in-
terests can be seen as parameters that define individuals. In the search for better
life conditions, we join a group when we think that the environment will benefit
us, either because it reinforces our beliefs or because it brings us advantages. In
this regard, when different people join the same group, they indirectly influence the
characteristics of that environment. But since the group is shaped by people, it also
influences its members. Economically, companies bring people together to maximise
productivity. Non-Governmental Organizations need more people to improve their
impact. Politically, parties grow stronger as more people join them. Scientifically,
the way in which a teacher transmits her or his knowledge directly influences the
students’ scientific environment and can still influence them once they have become
fully-fledged scientists. In our everyday language, we use the term ”environment” to
describe Nature. Nature is one of the simplest ways of seeing the reciprocal influence
of humans on their environment. We have destroyed it little by little, killing species,
modifying ecosystems, shaping it to our own liking, throwing our waste away for
nature to deal with... In this sense, we have a profound influence on our environ-
ment. Yet, we are always influenced by Nature, from birth to death. Looking at the
IPCC report for 2023,[1] there is no doubts that we will be even more influenced by
Nature because of our disastrous behaviour on Earth as a species. Putting personal
opinions aside, the notion of environment is an important concept in Chemistry.

The chemical environment is defined on multiple scales.

First it can be defined at the macro-scale. In general Chemistry, the environment
refers to the medium in which a chemical species evolves and which can influence
its properties and behaviour. It can be understood as all the factors that surround
a molecule or an ion, including other nearby atoms or molecules, solvent molecules,
temperature, pressure, magnetic field... The solvent molecules around the molecule

may tune its reactivity, solubility, and other properties.[2] In Thermochemistry,
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many examples exist where pH, pressure and temperature can favour or disfavour the
reactivity of a molecule.[3] 14, [5] In addition, modification of the environment through
the use of another solvent can play an important role in the spectroscopic properties
of a molecule, such as its absorption or emission spectra (i.e., solvatochromism).
This definition is a somewhat global picture which consider the environment as a

continuum.

Then one may define the environment at a smaller scale, i.e. the range around
the molecule of interest. Good examples in Organic Chemistry are m-stacking and
H-bonds. Where a m-conjugated molecule would be randomly arranged in space,
having another m-conjugated neighbour in its environment allows for a noncovalent
interaction (orbital overlaps) which then packs the two molecules together. The
spectroscopy of the first molecule may then be tuned depending on its m-stacking.
On the other hand, some molecules have high rotational frequencies in the gas
phase that can lower in solution due to noncovalent interactions with neighbouring
molecules, e.g. H-bonds, Van Der Waals interactions... This environment is to be
differentiated from the one of chemical reactions, where covalent bonds are broken
and created. In this case, the so-called "reaction environment” is then the former,

a global environment.

Shortening further the distances of interactions, one may find another definition for
the environment, like the usual one in Inorganic Chemistry. A coordination com-
pound is, in its simpler form, a metal ion surrounded by ligand molecules through
coordinate covalent bonds. The surroundings of ligands is usually considered as the
chemical environment of the metal centre, a ”coordination environment”. Histor-
ically, the importance of the coordination environment was described by different
theories. On one hand, the Crystal Field Theory (CFT),[6] [7] which approximates
the metal ion as a punctual positive charge and its coordination environment as a
static electric field of anions, considers their interaction as purely electrostatic. This
theory well describes the breaking of metallic d- and f-orbitals degeneracy due to the
geometry of the surrounding environment. The type and strength of the splitting
depends directly on the nature and geometry of the environment[f] The electronic

structure of the complex (high- or low-spin) and more particularly of the metal ion

6Tt also depends on the nature of the metal ion and its oxidation state.
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will then be influenced by its coordination environment. On the other hand, the
Ligand Field Theory (LFT),[25] inspired from CFT and from Molecular Orbital
Theory (MOT),[26] describes both electrostatic interactions and coordinated cova-
lent bonding by the use of Molecular Orbitals. It provides information on both the
electronic structure of the metal centre and its bonding characteristics, depending
on the type of environment. Both theories aim to represent the influence of the

coordination environment upon the metal ion.

At all scales, the environment can have an influence on systems of interest. Getting
to understand and quantify this influence is the key for scientific rationalization
of the properties of compounds. Still, the notion of environment remains vague
and the environment is often approximated or even neglected. Moreover, Quantum
Chemistry cannot afford to consider the full description of the environment in their
calculations. Thus, different approximations are used to take it into account ef-
fectively (e.g. periodic conditions for materials, Polarizable Continuum Models for
solvents...). This allows one to obtain more physical results at an acceptable cost.
Yet, the importance of the environment is sometimes reduced and the evaluated

quantities can be biased.

The spin state of an environment can influence the electronic structure of a molecule
and its resulting spectroscopy. Moreover different spin coupling schemes can arise,
tuning further the interactions between the site of interest and its environment. Par-
ticularly interesting scenarios arise in open-shell systems. This is the thread that has
guided my research during the past three years. This thesis addressed two questions
related to the role of the environment on the spectroscopy of spin architectures, one
in Organic photoChemistry (1) and the other in Inorganic magnetoChemistry (2).

It is organized as follows.

Chapter |1]introduces all the elements and methods needed to understand the further
two Chapters. All inspections in this thesis are wavefunction-based. Thus, in section
(L.1), a presentation of the electronic problem in a WaveFunction Theory (WFT)
perspective starts this Chapter. The main ingredients of WFT used in this thesis are
reminded. Then follows, in section , a brief introduction to wavefunction-based

methods, in order to introduce the importance of correlation and post Hartree-
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Fock methods. Configuration Interaction (CI) methods and MultiConfigurational
Self Consistent Field (MCSCF) methods are explained to better understand the two
methods of choice used in this work: the Complete Active Space Self Consistent Field
(CASSCF) method, and the Difference Dedicated Configuration Interaction (DDCI)
method. Localization is an important concept in Quantum Chemistry which allows
an easier readability of wavefunctions, and a possible reduction in the computational
cost of calculations. It is thus presented in section , and the DoLo method of
localization is shortly presented. Section reminds the spin operators and several
elements of spin algebra, e.g. Clebsch-Gordan coefficients. Finally it ends by section
(1.5) with an introduction to the concept of models in Quantum Chemistry and
the resulting model Hamiltonians. The Heisenberg-Dirac-Van Vleck Hamiltonian, a

model Hamiltonian of choice for magnetic systems, ends the section and the Chapter.

Chapter [2| is focused on a photo-physical process, Singlet Fission (SF). SF is a
promising phenomenon that necessitates at least a dimer (covalent or not) to pro-
duce two excitons upon the absorption of a single photon. It has seen an increase
in interest over the last decade, both on experimental and theoretical perspectives.
Many conditions have been theoretically demonstrated for the SF phenomenon to
occur. One of them is the so-called "thermodynamic condition”, relative to the
energy level positioning of chromophores. However while at least two chromophores
are needed for the phenomenon, many theoretical groups investigate possible candi-
dates by calculating the spectroscopy of a monomer, discarding its neighbour. We
wondered how much the immediate environment of a given monomer may modulate
its spectroscopy. More precisely, we concentrated on the influence of the electronic
structure and the resulting spin structure of this environment on a given monomer.

This raised the following questions:

1) Does the spin and charge of the environment influence the conditions for
the Singlet Fission phenomenon ? How can we quantify and explain this

influence 7

To answer the latter, Chapter [2| starts by introducing the Singlet Fission phe-
nomenon and its applications in section (2.1). Then, in section (2.2)), a model
Hamiltonian is developed. It is based on a minimal model of two hydrogen molecules,

with one molecule labelled ”active” (whose electronic structure is allowed to relax)
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and the other labelled ”frozen environment” (whose electronic structure is frozen in
a given state). The influence of the spin and the charge of an environment on the
spectroscopy of the active monomer is evidenced and sized. This Chapter concludes

and proposes self-criticism in section ([2.3)).

Chapter |3| focuses on a peculiar phenomenon: spinmerism. The usual picture in
CFT and LFT considers the ligands in a coordination compound as a frozen-spin
environment for the metal ion. Depending on its geometry and nature, this coordina-
tion environment can influence the spin, electronic and oxidation states of the metal
ion. The spin-versatility of the metal ion, its ability to change spin states upon mod-
ification of its environment, is an important effect found in Spin CrossOver (SCO)
complexes. Yet, this is based on the consideration of a static, tunable, environment.
This consideration is accepted and evidenced for the case of closed-shell ligands, but
more debatable for the case of open-shells ligands, and more particularly, radical
ligands. The environment generated by radical ligands can be spin-versatile due to
the couplings between radicals, which question the separation between the metal

ion and its environment. This led us to the following two questions:

2) What are the limits of the separation between the coordination envi-
ronment and the spin-versatile metal ion, when the environment is also

spin-versatile 7 What is the resulting influence on the spectroscopy of the

coordination complex 7

Two coupled spin-versatile entities can give rise to unusual and puzzling scenarios.
One unusual scenario is the spinmerism phenomenon. This phenomenon can be
seen as an analogy of mesomerism, with the different resonance structures being
different local spin states distributions. The main ingredients for spinmerism where
identified as to have at least two coupled spin-versatiles entities. This produces
total spin states which are superpositions of different local spin states. Whilst the
total spin remains a pure quantum number, the local spins are not anymore. Still,
the various couplings between the local spin states of the two entities generate the
same total spin state. In this sense, this phenomenon occurs even in the absence
of well-known Spin-Orbit Couplings. Spinmerism opens up new views towards the
notion of environment in coordination compounds and present perspectives towards

the design of new spin-qubits devices. Chapter [3|starts, in section (3.1]), by an intro-
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duction to SCO systems and related phenomena, e.g. Light Induced Excited Spin
State Trapping (LIESST). This allows for a better understanding of the Valence
Tautomerism (VT) phenomenon, and its ingredients: SCO ions and non-innocent
ligands. Finally, the spinmerism phenomenon is presented in more details and pos-
sible applications to Qubits and Quantum Computers are suggested. Then section
(3.2) presents a model Hamiltonian-based study of the spinmerism phenomenon. It
is based on an artificial” d* (or d®) SCO ion, coordinated to two radical ligands,
and is restricted to exchange interactions. Unusual spin state structures emerge and
two guiding rules for a consequent spinmerism effect are derived. Next, section (3.3
is an ab initio study of a Co(II) oxoverdazyl complex, by means of wavefunction-
based methods (CASSCF and DDCI). Atypical ground and first excited states are
reported, which present a weak spinmerism effect. This is the first ab initio report
of spinmerism in a coordination complex. After that, section (3.4)) shows an ab
initio study of a Fe(II) oxoverdazyl complex, using the same approach as in section
. While the low-energy spectrum depicts an usual Heisenberg-Dirac-Van Vleck
(HDVV) picture, the higher-lying quintet states are superpositions of local Fe(II)
triplet and quintet spin states. This observation is the consequence of excited state
spinmerism. The modification of Tanabe-Sugano d® diagram by the latter effect
is discussed, which stimulates new perspectives for spin-versatile environments. A
manipulation of spinmerism through the mean of LIESST effect is suggested, which
would allow for the design of possible spin-qubits candidates. Finally, section

concludes the Chapter with some self-criticism.

Conclusions and perspectives are finally ending this work.



Chapter 1

WaveFunction Theory and its

methods

The aim of this Chapter is to introduce all the elements and methods needed
to understand the further theoretical developments in Chapters[d and[3 It
18 divided into five sections. In section , the electronic problem and its
constituents are presented. A particular attention is paid to the correction of
matriz elements constructed on non-orthonormal orbitals. In section ,
the Hartree-Fock (HEF) method is shortly presented in order to introduce
post-HF methods used in this work. Complete Active Space Self-Consistent
Field and Difference Dedicated Configuration Interaction methods are ex-
plained in subsection (1.2.5). The last part of this section gives some words
to Perturbation Theory. In section , the concept of localization, and
a priori and a posteriori approaches are explained. The DoLo method, an
a posteriori method used in C’hapter@ 1s presented. In section , spin
operators and the important equations for spin coupling are reminded. Fi-
nally, section presents, in a few words, the concept of models in Quan-
tum Chemistry and the resulting model Hamiltonians. A brief comment is
given on effective Hamiltonians, which are not used in this work, and on
the Heisenberg-Dirac-Van Vieck Hamiltonian, which is widely used to ratio-

nalize magnetic behaviour in this work.

keywords: wavefunction, wavefunction methods, localization, spin coupling, models
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1.1 The electronic problem

The main goal in Quantum Chemistry (QC) is to solve the Schrodinger equation.

In this interest, we search for solutions of the non-relativistic Schrodinger equation:
H|U) = E|T) (1.1)
where H is the Hamiltonian operator.

We will not elaborate on time-dependent quantities as this work concerns only time-
independent studies and will stick to time-independent molecular Hamiltonian (in

atomic units):

iy 2 ZaZp | (1.2)

B>A

with H, the electronic Hamiltonian and 7}, the nuclear kinetic energy:

Z . 1
Z vz Z A Z_ and Tn:—XA:QMAvi. (1.3)

r
1A i>j

Where M4 = % is the ratio of the mass of the nucleus A to the mass of an electron.
The position vectors r = {r; = (riz,7iy,7i2)} and R = {Ra = (Ras, Ray, Ra.)}
are, respectively, for electrons and nuclei. Distances between particles are written

rij = |r; — rj| (distance between electrons ¢ and j). A similar definition is given for
o* 02 (92

distances 7,4 and R4 p. V? Oz 2 + 353 Ay 2 Oz 2

is the Laplacian of electron ¢ (here

in cartesian coordinates).

To solve this many-body problem, different approaches have been derived and will
be discussed further in the text. In order to efficiently manipulate the QC operators
(such as H ), two type of representation were proposed. The first one, developed by
Born, Jordan and Heisenberg in 1925,[27, 28] made use of matrices, the so-called
matrix mechanics. This allows the representation of an operator in a defined basis
using matrix notations. Then the system is defined following all its inner possible
interactions. This information is stored as matrix elements (i|H|j), which implies
that one needs to know how to calculate these matrix elements. Diagonalizing this
matrix, one can obtain its eigenvectors (V) and eigenvalues (F), which represent
the energy and the wavefunction of each states of the system. Around the same
time, Schrédinger proposed its wave formulation (equation , where he used wave

mechanics to describe the QC problem. It is important to note that the matrix
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representation was primarily meant for particles, whilst the wave representation for
waves. As quantum bodies are a duality between a particle and a wave, Paul Dirac
incorporated matrix mechanics and the wave equation of Schrodinger into a single
formulation. Matrices are an efficient tool and, through their diagonalization, one
can get the quantisized energies of the system. Considering the full system means
working with large matrices. However, diagonalizing a N x N matrix represents a
N3 numerical cost, which becomes a significant limitation for N > 10! (until today,
the highest recorded calculation had 10'? determinants).[29] This calls for clever
implementation of diagonalization methods and mathematical tricks. One of the,
in my opinion, most interesting trick is the concept of block-diagonalization: only
the most important part of the system will be treated intensively (diagonalization).
This is the case of the commonly implemented Jacobi-Davidson method,[30] which
reduces the cost of diagonalization to n.M? (n is the number of iterations and M
the size of the working subspace, M <<< N). Then, the calculation is corrected
extensively using different correction methods. This allows to reduce the numerical
cost of the problem while keeping the physics of the system. A strong argument for
such approach is the fact that, often, only part of the system’s spectrum is of interest,
e.g. the low-lying energy spectrum. Thus, only a correct description of the states
of interest is necessary to render the physics studied. Still, particular care must
be given in the selection of the states of interest. In fact, the extensive correction
may fail or induce wrong results when particular states, which are important for
the physics of the system, are neglected (for example in second-order Perturbation

Theory, as discussed in subsection [1.2.6]).

1.1.1 Born-Oppenheimer approximation

An electron weights roughly 1836 times less than protons and neutrons. This is
the main argument for Born-Oppenheimer (BO) approximation: considering the
mass ratio My, one can expect the electrons motion to be instantaneous relatively
to the nucleus (made of many protons and neutrons). Thus one can assume that
electronic and nuclear motions in molecules can be treated separately. This strongly
simplifies molecular calculations and allows to separate QC into either static or

dynamic pictures. The static viewpoint considers nuclei frozen in space and studies



10 CHAPTER 1. WAVEFUNCTION THEORY AND ITS METHODS

electronic structures (electronic Schrodinger equation). The dynamic perspective
assumes that the electronic structure problem has been solved and studies nuclear

dynamics (Schrédinger equation for nuclear motions).

In this regard, the BO approximation separates a molecule’s wavefunction of inde-
pendent coordinates {r;} and {Ra} into a product of a nuclear wavefunction ¥,
of coordinates {Ra} and an electronic wavefunction ¥, being an implicit function
of nuclei coordinates {r;; {Ra}}. Replacing ¥ by ¥, in equation (L.1), different

terms appear:

~ 1 o
HU W, =—)" 5\1/nv§\1/e + 1,0,

1
=3 S (VAP V4T, + ¥, Vi0,) (1.4)
A

+ Vv v,

where V' is a function of {7r;} and {Ra} and represent all the potential energy
terms. The terms with V4V, and Vi\lfe are not zero because W, is an implicit
function of nuclei coordinates { R 4}. However, Born and Oppenheimer proposed to
neglect these terms, considering that they are small due to M4 > 1836 appearing
in the denominator. Considering that the positions of the nuclei are frozen, the

Zal .
term Z A%B i1 V becomes constant and the term v, T,¥, becomes zero. Thus,

AB
B>A
they can be treated outside of the electronic problem. This approximation allows

then to solve first the electronic problem at frozen nuclei geometry, then the nuclear
problem. Yet, it is important to note the different limitations of neglecting the two
above terms by BO approximation. The neglected terms may carry more importance
as the condition on the mass ratio My >> 1 is approximated.[31] As soon as the
energy difference between two electronic states is of the order of vibrational quanta,
the separation between the electrons and nuclei displacements is invalidated.[32]
Still, BO approximation was a crucial step in the development of QC and, until

today, its computational advantage outweighs its possible limitations.

As this work interest is in the electronic problem for systems with frozen geometries,
we will concentrate solely on the electronic Hamiltonian I—:Te and wavefunction W,.

For the sake of simplicity, H, will be referred as H in the follow-up and ¥, as V.
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1.1.2 Antisymmetry or Pauli Exclusion principle

To fully define an electron, it is necessary to specify its spin projection. As an

1

electron has a defined spin S = %, its spin projection can take the values 3

and —3.
It is then needed to introduce two ”spin functions” of an integrating spin parameter
w: a(w) and f(w), respectively for spin up and down. These two spin functions are

complete and orthonormal.
/dw o (w)a(w) = /dw fH(w)p(w) =1 (1.5)
{ala) = (B]8) =1 (1.6)

and

{a|B) = (Bler) = 0. (1.7)

An electron is then defined following the three spatial coordinates » and one spin
coordinate w, denoted as & = {r,w}. This way, the wavefunction of an N-electron
system is a function of @1, xs, ..., T, written as ¥(xq, @2, ..., £y ). Pauli formulated
in 1925 that no two (or more) electrons (more generally fermions, extended in 1940)
in the same atom can occupy the same quantum state, meaning they cannot have
the same @; coordinates (so called ”Pauli Exclusion Principle”). A beautiful way to

proceed is to make the wavefunction antisymmetric.
U(xy, ..., x4y .., gy oy xn) = —V(21, ..., Tj, oo, Ty oo, TN) (1.8)

Then, assuming x; = x;, the wavefunction becomes zero. This allows to take
explicitly into account both the spatial and spin coordinates. For these reasons, "a
many-electron wavefunction must be antisymmetric with respect to the interchange of

the coordinate x; of any two electrons”, this is the ”antisymmetry principle”.[33] [34]

1.1.3 Spatial and Spin orbitals

An orbital is defined as a wavefunction for a single particle, an electron. A spatial
orbital ¢;(7) is a function of © which describes the spatial distribution of an electron.
In this sense, |¢;(r)|? dr represents the probability density to find an electron in
a small volume element dr surrounding r. Concerning the electronic problem, it

is best to have an orthonormal spatial orbitals set. The importance of having an
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orthonormal orbitals set in QC is developed in subsection ([1.1.6)). For now let us

consider having an orthonormal spatial orbitals set {¢;(r)}, which means that:

(Dilg;) = bij- (1.9)

This set needs to be infinite to be complete which, until today, is impossible to
compute. In practice, we will work with a finite set {¢,—1 _x(7r)} of K spatial
orbitals. Working with a finite set and fully diagonalizing the complete space lead

to "exact” results in the finite set region.

As described in the previous subsection , it is necessary to add the integrating
spin parameter w to fully describe an electron. Thus, we will introduce the set of
K spin-orbitals x;(x) by multiplying the spatial orbital ¢;(r) by the spin function
a(w), and the set of K spin-orbitals X;(a) by multiplying ¢;(r) by f(w):

Xi(®) = ¢i(r)a(w)
Xi(x) = ¢i(r)B(w)

i=1,....K. (1.10)
As we study the molecular electronic structure, we will need molecular orbitals.
This introduces two usual families in QC: atomic orbitals (AOs) sets and molecular
orbitals (MOs) sets. Before pursuing, it is important to say that a ”spin-orbital”
corresponds to one orbital of the 2K set of spin-orbitals whereas an ”orbital” means
the pair of {x;(x); Xi(x)}, belonging to the K set of AOs or MOs. When no magnetic
field is applied, x;(x) and X;(x) are degenerated.

A molecule is a system made of n > 1 atoms, each bringing their atomic electronic
structure. In this regard, the first step is to define a K AOs "basis set”. Each
AO (e.g. 1s, 28, 3d...) can be represented depending on different theories, usually
either as Slater orbitals or Gaussian orbitals. As these are common knowledge,
we will not describe them in this text but will comment on two facts: 1) Slater
orbitals are more physical than Gaussian’s. 2) Slater orbitals integration is really
difficult whereas Gaussian orbitals integration, being Gaussian functions, is easy
to compute. For this reason, the majority of QC have been done using Linear
Combination of Gaussian orbitals (so-called contracted orbitals) as AOs sets, to
be more physically accurate and to keep the mathematical advantage of Gaussian

over Slater orbitals. Even if the contraction of Gaussian orbitals brings more basis
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functions to manipulate, the numerical cost is lower than with a smaller basis of

Slater orbitals.

Studying n = 1 atom, the AOs set is enough to describe the atomic electronic struc-
ture as developed above. For molecules, this becomes a many atoms system. In
this case, considering a sufficient K4 AOs set on each n atoms, one can construct
MOs as a Linear Combination of Atomic Orbitals (LCAQ). This allows to build a
> a-1,..n B4 MOs set {[¢);)}. Moreover, different AOs sets are not forcibly orthog-
onal. Doing a LCAQ, one is able to introduce orthonormality into the electronic
problem, through the generation of an orthonormal MOs set. An orthonormal MOs

set is more advantageous for a QC calculation than to a non-orthonormal set, as

demonstrated in subsection (1.1.6)).

) = cin X0 (1.11)

I

where ¢; , is the LCAO coefficient.

1.1.4 Slater determinants

In order to take into account the antisymmetry of the wavefunction, Slater came
up with an original mathematical description: determinants. As stated in subsec-
tion (1.1.2)), 7 a many-electron wavefunction must be antisymmetric with respect to
the interchange of the coordinate x; of any two electrons”. One can mathemati-
cally prove that any N electronic (antisymmetric) function can be rewritten as a
linear combination of so-called ”Slater determinants”[]. Slater proposed to write
configurations as determinants where one axis (rows in example below) represents
spin-MOs {t;} and the other axis (columns in example below) the electrons {x;}

of the configuration. This allows to write a one configuration wavefunction as:

Yi(x1)  Yi(x2) ... i(xN)
Uy, Ta TN = —— (1.12)

JNT|
Un(@1) (@) ... Un(oN)

with N the number of spin-MOs. Permuting two columns or two rows in a determi-

nant multiplies it by (—1). Then if two electrons occupy the same spin orbital, the

"'We will often call them simply ”determinants”.
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determinant becomes zero, which carries Pauli exclusion principle. This long-hand
notation above is important when developing the workings behind determinants
and their use in QC. However in order to work efficiently with determinants, it is

necessary to introduce a short-hand notation for normalized Slater determinants:

\I’($17$2, ,mN) = |’¢)1 @Dg @DN) (113)

One can see that this notation only presents the diagonal elements of the determinant

and includes the normalization constant (N!71/2).

1.1.5 One- and two-electron integrals

As presented in subsection ((1.1.1]), we will apply the electronic Hamiltonian H to
the electronic wavefunction ¥(«1, ..., xn). The electronic Hamiltonian for a many-

electron system is often rewritten as:
. 1 Za 1
H=-) -V?- — 1.14
Y-y ey i
A 1
= E h(i) + — (1.15)

=0, 4 0, (1.16)

where B(z) is the mono-electronic Hamiltonian operator, describing electron ¢ kinetic
energy and potential energy in the field of all nuclei. It is usual to split H in two
sub-parts: @1, the mono-electronic part (one-electron) and @2, the bi-electronic part

(two-electrons).

When calculating the matrix element (U|O;|¥) and developing (&1, ..., xN) as a

sum of product, one will observe the appearance of one-electron integrals:

[ b @) s (L17)

with ©;(2,,) and ¥y (2,,) spin-orbitals. It is important to note that this one-electron

integral is directly zero if both spin-orbitals differ in spin.

0
/ AP i (T ) (P ) 1o () [ dw (w) (1.18)

In this sense, it is often rewritten in a ”chemists” notation [i|k|k] for spin-orbitals:

(sl ] (1.19)



1.1. THE ELECTRONIC PROBLEM 15

Following the same procedure, and developing the matrix element (U|OQy|¥), two-

electron integrals will appear:

[ o e vt (@m)inm) (@)t (1.20

mn

This time, spin-orbitals |¢;) and |¢);) need, respectively with |¢;) and |¢;), to have
the same spin for this integral not to be zero. The previous notation is referred as

the chemists’ notation and is shortened to:

[ib| 4] (1.21)

The wavefunction being antisymmetric, pairs of two-electron integrals will always

appear, which calls for an antisymmetrized two-electron integral denoted as:

(Wil en) = [Witbw| V] — [ithi| ). (1.22)

1.1.6 Importance of orthonormality and General rules for

matrix elements

Before presenting briefly the general rules for one- and two-electron integrals, I
would like to use the next five pages to present why it is so important to work with
orthonormal orbitals. It is a fact which is commonly accepted in the QC community
but I find that its explanation nowadays do not give enough credit to the beauty of
the mathematics occurring here. Moreover this will be of help for the reader in the

Chapter [2|

1.1.6.a Non-orthonormal orbitals

This section presents Slater’s derivation [35] of Lowdin’s equations [36] for matrix

elements for non-orthonormal orbitals.

Assuming a determinantal function W(xy, xa, ..., xN) formed of N spin-orbitals, de-

fined as

U(xqy, 2, ..., TN) = (1.23)



16 CHAPTER 1. WAVEFUNCTION THEORY AND ITS METHODS

where spin-orbitals are not necessarily orthogonal neither normalized. The desired

matrix element (\I/|f( |W), where K is any even operator, is described by Slater as

uj(xy) ui(xa) ... ui(xn) ui(xy) wi(xe) ... ui(xN)

1
N!
uy(xy) ui(x2) ... ul(zN) uy(x1) un(xa) ... un(xN)
(1.24)

where the volume elements dxy include summation over spin. It is interesting to
see that the left determinant in equation ({1.24]) can be rewritten. Developing this

determinant, one obtain

wi(x1) wi(xa) ... wi(xN)
............... D (—1)PP(uy (21 )uz(2) . .. un(zn))  (1.25)

uN(wl) UN(mz) uN(mN)

with P the permutation operator and p the parity of the permutation. K being
an even operator, permutation of electrons do not affect it ([P,k | = 0), and an
interesting derivation arises from equation (|1.24]). Developing the left determinant
and permuting electrons indexes as in equation ([1.25[), it is possible to obtain N'!
terms, each having a sign 41 in front, depending on their parity. It is interesting
to see that for each electrons permutation, this also affects the right determinant,
which makes appear a factor £1 depending on the permutation parity. These two

+1 parity signs will then always cancel each other, allowing to simplify equation

[[2) into

ui(e1) wi(xa) ... ui(xN)

/ wi@)s(ms) . @K | dwydy ... do.

(1.26)

Developing the above equation, it is now possible to evaluate the three matrices
which we will encounter in usual QC when K is: a constant operator 1, a sum of

one-electron operators Z ﬁ-, and a double sum of two-electron operators Z Jij-
i i>j

First if K is a constant operator, equation 1} produces N! terms with a coefficient

+1 depending on the development of the right determinant. As an example, the term

-— / ............... f( ............... dxidxs . ..

dCBN
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obtained by taking the diagonal element of the right determinant will be equal to
SllSQQ...SNN (127)

where

Sij = /u:((CIJl)U](CUl)dCBI (128)

In the end, this is simply the determinant det |S,,|, also called the normalization
integral. One should then always multiply the determinant in equation by (det
|Spq|)_% to have normalized functions. For sure if spin-orbitals u; are orthonormal
(Sij = 0ij), det |Sp,| = det |1] = 1 so the above mentioned function is already

normalized.

S S ... Sin

det S| = (1.29)

Snvi Sv2 ... Snn

Next let us consider the case where K = Z fi. As complexity will increase, we will

first use the operator fl and the principal diagonal term of the right determinant in

equation (|1.26]), which gives us
[1]1] S92 . .. Sy (1.30)

with

[i]5] = /u;(wl)fluj(wl)dxl. (1.31)
Then we will extend our derivation to all (N —1)! terms containing u; (1) in the right
determinant. The coefficient multiplying [1]|1] becomes the minor of the determinant

det |S,4| where the first row and column have been crossed out. We name this minor

|Spql1.1, equals to
Sog Saz ... Son

.......... (1.32)
Sn2 Sn3 ... SNN

In a similar way, we can find the coefficient multiplying [1|j] where j is any spin-

orbital. It appears to be the minor |S,,|; ;. Afterwards, doing the same derivation

with another one-electron operator ﬁ;, one can observe the general form of the co-

efficient multiplying [i|j] as the minor of the determinant det |S,,| where the i-th

column and the j-ih row have been crossed out, [Syi ;-
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Finally, let us consider the case where K= Z gi;. Following our previous develop-
i>j

ments, if we start with g1o and keep all terms where (21 )us(22) or us(xy)ui(xsa),

equation (|1.26]) reduces to

[11]22] — [12)21] (1.33)

multiplied by the minor of det |.S,,| where the first two rows and columns are crossed

out.

Generalizing the problem to i, j, k and [ indices (with ¢ > k and j > [), one can

observe that equation (1.26) becomes, when K = Z Jikji, @ quadruple sum over
i>k,j>1
[ij|kl] — [il|kj] times the minor determinant obtained by crossing out the i-th and

j-th columns and the k-th and [-th rows, multiplied by the parity factor (—1)? to
bring the i-th row and k-th column to the first row and first column and the j-th

row and [-th column to the second row and second column:

(=17 > (KLl = [U5EDISpal .k (1.34)

i>k,j>1
As stated by Slater,[35] ” We see that in general, with non-orthogonal orbitals, none
of the terms we have described will vanish”. This stresses the importance of working
with orthonormal spin-orbitals as, in this common case, all previously described

minor determinants will be either equal to 0 or 1.

To better grasp the complexity and the workings of equations, a personal attitude
is to take a simple but sufficiently complex example and to develop it somewhat
brutally. In this regard, let’s take two three-electrons determinants |D;) = K;|abc|
and |D,) = Ks|ade| made of non-orthogonal orbitals a, b, ¢, d, e and normalization

constants K and K5, which read

. a(xy) a(zz) a(xs) ) a(xy) a(zz) a(xs)
|D1) = NN b(x1) b(wz) blaws)| and [Ds) = NN d(xi) d(z2) d(z3)
0(111) C(CU2> C(.’E3) 6(111) €(w2) 6(%3)

with n; and ny the normalization factors for |D;) and |Dy). n; is obtained after
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deriving the equation [ DjD;(dv) with (dv) = deidxedxs. In this regard,

‘(lel :a(wl)b(wz)c(azg,) — a($1)6(w2)b(w3>
—b(x1)a(xz)c(xs) + b(x1)c(T2)a(x3)

+c(x1)a(x2)b(xs) — c(x1)b(22)a(xs)

and so

| pipatao) - K%( [ @ @a)e (@) o

a\ Lo a(xs (136)
- [ @@ @ (@) ) b o) (o)
C\ 21 C(Io C(I3
... )
Permuting electrons 2 and 3 in the second term will transform it into
a(z1) a(xz2) alws) a(x1) a(xs) alwz)
= [ @ @by @) [bw2) bwa) bea)| (@) = [ 0@ (@2)c (@) par) blas) bla)| (d0)
c(wy) c(x2) cfws) c(wy) c(xs) cw2)
a(@1) a(@2) alzs)
—+ [a (@)l (@2)e" (@) par) blaa) blas)| (do).
c(@1) c(@2) cfws)
Repeating these permutations allows us to obtain 3! times the first term of equation

(1.36). To have |D;) normalized, one should then fulfill the equality

/ D Ds (dv) = / 0 (@2)b (@2)* (ws) | b(wy) blaa) blas)| (dv) = 1. (137)

ni
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Developing the part in the integral of the above equation brings

a(xzi) a(xz) a(zs)

a*(z1)b"(x2)c (x3) |b(x1) blxe) blxs)| =a"(xT1)a(x1)b*(x2)b(z2)c" (T3)c(T3)

which can be plugged back into equation ([1.37)) and, applying integrals over (dv),

can simplify as

a*(z1)a(xy) b*(x2)a(xz) c(@s)a(es)
1

ni ) ¢ Ha)b(x1) b (@2)b(w2) (23)b(as)| (dv) =

a*(xq1)c(xy) b (xa)c(xa) c*(x3)c(xs)
(1.39)

[ a*(z1)a(zr)der [V (x2)a(ze)dee [ *(s)a(xs)dxs
SN = Sab Sbb Scb
Sac Sbc Scc

The same development occurs for |Dy). We will keep the notations n; and ns in the

rest of the derivations.

Now we will develop the matrix element between |D;) and |D,) when K is the sum

of one-electron operators K= Z f,

7

(D1 Zﬁ\l%) (1.40)

Let us first develop the case for K = fl then generalize it to the sum over ﬁ We

can directly use the previous derivation to determine

~

e(xy) e(xz) e(xs) [ a*(z1) fre(x)dzr  She

a(z1) a(z2) a(xs) . fCL (1) fra(z1)dxy Spa Seca
/a*(ml)b*(w2)0*(w3)f1 d(zy) d(zz) d(zs) (d”):\/m fa*(wl)fld(ﬂfl)dwl Spd Sea| -

SCE

(1.41)
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Developing further, one can see that three one-electron integrals arise from this
derivation, each having as multiplying factor the minor determinant obtained by
crossing the first column and the j-th row in det |S,,|, times (—1)?, taking into

account the parity p needed to permute the j-th row with the first one:

1 de Scd Sba Sca Sba Sca
ala) — [a|d] + [ale] : (1.42)
v e Sbe Sce Sbe Sce de Scd

Repeating this for f2 and fg, one will then obtain two times three other one-electron
integrals [i, 7], with a factor obtained by crossing the j-th row and, respectively, the

second and third column.

In an orthonormal basis set, one can expect at maximum three one-electron integrals
as Sp; = 0p, but in a non-orthogonal basis, N? one-electron integrals are to be

expected, each having a different multiplying factor.

The derivation for the case K = Z gi; follows the same logic as for the one-electron
>
operators sum. However some particular care need to be taken as two-electron

operators do not allow the splitting of the double-integral dx;dx;. Let’s take for

example g3 operator

Ir1)a\r1

I d ITq de C*(3)d(333) dw1d$2d$3

. 1 .
<D1’913\D2> :—m/gm a*
L1

ey

c*(3)d(x3) Spq| dxrdT2des
c*(3)e(xs) She

-1 A

a

(21)a ()
(1)d(1)
(z1)e(e1)
a*(xq)a(xy) c*(3)a(xs) Spa
(21)d (1)
(z1)e(z1)

L1 )e(r1

[aa|cd]|Spe| — [aalce]|Spal (1.43)

= - —lad|ca)|Spe| + [ad|ce]|Spal
+|[ae|ca)|Spa| — [ae|cd)|Spal
laa|ed] — [ad|ca))Spe

(

—1

= +([ae|ca] — [aalce])Spq
(

Vnins
+([ad|ce] — [aelcd])Spa

- s ([aal|cd]Sye + [ael|ca]Spa + [ad]|ce] Spa).
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One can see that this operator generates six two-electron integrals [ik|jl], all multi-
plied by (—1)? with p the parity to bring ¢ and j in, respectively, the first and second
row and k£ and [ in, respectively, the first and second column, and each multiplied
by the minor of determinant det |S,,| with i-th and j-th columns and k-th and I-th
rows crossed.

In an orthonormal basis set, all these integrals except one would equal 0 as | D;) and

| Dy) differ by two spin-orbitals, whereas ﬁ]\/ (N — 1) two-electron integrals are

expected in a fully non-orthonormal basis.

Moreover due to scaling factors of multideterminantal wavefunctions, it becomes
clear that orthonormal basis set are to be prioritized when necessary. However I
do think that it is important to grasp the beauty hidden behind the simplification
of all these minor determinants to 0 or 1 in an orthonormal basis. In my opinion,
this is a good exercise to better understand the matrix elements ”selection rules”
for determinants, as one can find in p.70 of Modern Quantum Chemistry [33] and
reminded in the next subsection, but also to remember the dangerous scaling which

can appear in QC.

1.1.6.b General rules for matrix elements

Hoping the reader is convinced on the use of orthonormal basis set in QC, we will
quickly summarize some tricks to evaluate efficiently matrix elements. As stated in
the previous section, when working with an orthonormal MOs basis set, all multi-
plying minor determinants will simplify to 0 or 1. This allows to derive four cases
and their respective mathematical tricks/rules. These rules are perfectly presented
and explained in p.70 of Modern Quantum Chemistry [33] and my position here
is to remind them briefly as they are often compared to non-orthonormal rules in

Chapter [2

Let us take two determinants |A) and |B). The rules for evaluating the matrix
element (A|O|B) depends on whether O is a sum of one-electron operators O; or a
sum of two-electron operators @2, and on the number of spin-orbitals differing from

1A) to |B).

The first case, Case 1, is when both determinants are equal. We are thus evaluating
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a diagonal matrix element.

[A) = [---mm--) (1.44)

In this case, the normalization integral (see equation ([1.29)) is the determinant of
identity |1|, meaning that every diagonal element is 1 and extra-diagonal elements

are 0. The resulting minor determinants are therefore non-zero when crossing 1) for

O, the same i row and column; 2) for O, the same i and j rows and columns.
10 0
01 0
00 1

The second case, Case 2, is when they differ by one spin-orbital.

1AY = |- -mm---)
IBY = |---pn---)
One diagonal element is then zero in the normalization integral. All minor deter-

minants except the ones obtained by crossing the line and column of zeroes will be

null and will make vanish their resulting integrals.

1 -+ 0 --- 0
0 0 0
0 0 1

The third case, Case 3, is when they differ by two spin-orbitals.

|A) = |- -mn---)

|B) =|[---pg---)

Two diagonal elements are zero in the normalization integral. All one-electron in-
tegrals’ minor determinants will be strictly zero as one needs to cross out two lines
and columns. Only one two-electron integral (obtained by crossing out the two lines

and columns of zeroes) will survive.
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The last case is when they differ by three or more spin-orbitals. In this case, minor
determinants obtained by crossing one or two lines and columns will always be zero.
This results in the fact that the matrix element of two determinant |A) and |B)

which differs by more than two spin-orbitals is always zero.

The two tables below were taken from Ref [33], and summarize the following rules

obtained by deriving the three first cases.

O, = ZiL(Z)
Case 1 Ay =1|---mn---)
(A|O1]A) = > {ml|h|m)
Case 2: |Ay=|---mn---)
|B) =[---pn--)
(A|O1[B) = (m]|h|p)
Case 3: |Ay=|---mn---)
B) = |--pq--)
(A|Oy|B) =0

Table 1.1: Matrix elements between determinants for one-electron operators.

A 1
=22
=1 1>j
Case 1:  |Ay=|---mn--)
N N
(A|Oy]A) = Z Z [mm|nn] — [mn|nm] = Z Z(manm)
Case 2: |Ay=|---mn--)
|B) =|---pn---)
N N
(A|O2|B) =Y _[mplnn] — [mnlnp] =Y (mn||np)
Case 3: |A)y=|---mn--)
1B) =1pg--)

(A|Os| B) = [mplng] — [mg|np] = (mnl|pq)

Table 1.2: Matrix elements between determinants for two-electron operators.
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1.2 Methods

Now that we possess many tools, we are able to do wavefunction calculations. This
section will start with mono-configurational methods (HF) in order to introduce
multi-configurational methods (FCI, MCSCF, MRCI) and will finally end on some
words regarding second order Perturbation Theory (MP2, CASPT2, NEVPT?2).

1.2.1 Hartree-Fock approximation

Coming from experimental chemistry, I can state that the generalized picture of a
molecule in its ground state is often the configuration obtained by filling % MOs
with N electrons from the lowest MO (in energy) to the highest MO. This concept
is inspired from the Aufbau principle (which is for atoms and ions) stating that " a
maximum of two electrons are put into orbitals in the order of increasing orbital
energy: the lowest-energy orbitals are filled before electrons are placed in higher-

energy orbitals” .[§]

Instinctively, chemists represent the ground state of a molecule as a mono-
determinantal wavefunction. This is the basis of the Hartree-Fock approximation:
assuming that the exact N-electrons wavefunction of a system can be approximated
by a single Slater determinant. There is no point in describing HF in details as there
is already plenty of literature around it. However HF remains the starting point for

almost all QC methods and it is interesting to comment on some of its points.

From my point of view, the most interesting idea carrying HF is to consider each
electron of the N-electron system as ”feeling” a mean field due to the presence of
the other N — 1 electrons. This allows to decouple the high-dimensional problem
of the wavefunction into multiple lower dimensionality problems. To solve the non-
linear QC problem and obtain the lowest lying root, one needs to obtain the best
wavefunction as stated by the variational principle.

Do| H| Do)

By = <<®0’%> (1.45)

HF being a mono-determinantal approach, the only parameter able to tune the

wavefunction is the definition of MOs. Finding the best ® MOs brings the lowest
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root.

. (D|H|®)
mq}nW > Fy (1.46)

To do such, HF uses a procedure called the Self-Consistent Field (SCF). Briefly,
it starts with a guess on MOs from whom the average field, generated by N — 1
electrons, (and the constant nuclei field) seen by each electron in a MO is calculated.
This allows to get the eigenvalue of the system. By promoting an electron into a
virtual MO, it is possible to evaluate the energy of a virtual MO. Then MOs are
modified and the procedure is repeated iteratively, until self-consistency is reached
(i.e. the average field does not change and is minimised). In the end, one obtains the

HF ground state energy of the system and its respective orthonormal set of MOs.

1.2.2 Drawbacks of HF method

However moving from 2N electron systems to 2N —1, HF becomes unable to treat the
system. Same thing happens when searching a state with open-shells. Its concept
of single determinant is restricted to a fully doubly occupied determinant. This
called for the development of unrestricted Hartree-Fock method,[9] which is able
to treat open-shells systems. Though, a new drawback appears due to the use
of a single determinant to describe an open-shell system: spin contamination. A
mono-determinantal wavefunction is not a satisfactory eigenfunction of the total

spin operator 5'2, thus states get spin contaminated.

Another possible trouble in HF method is the mean-field approximation itself. It is
a powerful approximation which comes with its responsibilities. In fact it averages
electron-electron repulsions by considering the interaction of an electron with an
average field generated by N — 1 electrons. Thus, HF misses the fluctuations of
electron-electron repulsions. These fluctuations are particularly important in the
description of weak interactions. A famous example is that it badly describes H, at
the dissociation limit. This is because correlation is needed to describe accurately

certain physics.
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1.2.3 Correlation

Before continuing, it is important to present a major concept in QC methods: corre-
lation energy. IUPAC defines it as " the difference between the Hartree—Fock energy
calculated for a system and the exact non-relativistic energy of that system” .[10]
It arises due to the approximate representation of the electron-electron repulsions
in HF method, also called Coulomb correlation. HF substitutes the instantaneous
electron-electron interactions by an averaged interaction of an electron with an av-
erage field of N — 1 electrons. Being a mono-determinantal method, it can be seen
as a constrained optimization of the exact nonrelativistic Schrodinger equation: it
misses electronic correlation. There is a need to retrieve this missing correlation,
calling for post-HF methods that are described in the following subsections. Yet

before advancing, it is necessary to specify three facts:

1) Correlation is highly basis set dependent. As said in section , the exact
non-relativistic energy (Eegqct) Of a system needs an infinite AOs set, which is too
computationally expensive. Therefore, correlation is calculated using a finite AOs set
large enough to be considered complete. Due to basis set dependence, comparisons

between methods should be done in the same complete basis set.

2) Thus, the IUPAC definition for correlation energy (E,) is usually defined as the
energy gain E from HF (Epr)P|

E.=Eyr—E (1.47)

3) Often, correlation energy is divided into two types: dynamical correlation and
non-dynamical (static) correlation. In both cases, correlation is recovered by going
from a mono-determinantal wavefunction to a multi-configurational wavefunction.

In other words: mixing more Slater determinants |®;) to the HF one |®yp).
V) = cup|Pur) + Z cr|Pr) (1.48)
I

If cyr is assumed to be close to 1 and numerous excited determinants are added
but give a small contribution, then dynamical correlation is primarily treated. On

the other hand, if there are some determinants |®;) with weights ¢; close to that

2However, the reader may find F. = E — Egr in the literature.
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of |®yr), then static correlation is primarily treated. However these definitions are
particularly arbitrary. The limit between dynamical and static correlation is unclear.
Degenerated and quasi-degenerated configurations should be accounted in static
correlation, but what defines the quasi-degeneracy energy criteria ? Moreover, higher
energy configuration that can be considered as perturbations should be accounted
for dynamical correlation, but what defines the energy criteria 7 In the end, my
opinion is that one should be satisfied with his/her own definition. An interesting
approach to the arbitrariness of definitions is to adapt dynamically to the system,
i.e. using a First-Order Interacting Space described in section . In the next
part, we present first how to treat both these correlations then methods focused on

static correlation, and finally methods focused on dynamical correlation.

1.2.4 Configuration Interaction

Going beyond HF, a method of choice to capture correlation is the so-called Con-
figuration Interaction (CI) method, as described in the previous paragraph (see
equation . It consists of an expansion of the wavefunction through a linear
combination of the ground determinant and excited determinants. Then, the ¢

coefficients are optimized with respect to the variational principle.

o;|H iy
min 2o P2 e (1.49)

cr <ZI CI¢’1|ZI cr®r) T

It is conceptually speaking one of the simplest methods. In practice, it represents

working with (2]{,() determinants for 2K spin-orbitals and N electrons. This makes
it one of the most computationally demanding QC method. A first trick to reduce
the size of the problem is to work only in a chosen m, subspace. As an example, let
us assume we are computing a quintet state (S = 2). Then, in the absence of any
exterior magnetic field, we can reduce the number of determinants to ({f ) ( g :é) ( %Ii 2)
by taking only ms = 42 determinants. Considering the full excitation space is called
Full Configuration Interaction (FCI) method. In comparison to HF theory in which
MOs are optimized, it is not necessary in FCI as improving the wavefunction through

excitations is equivalent to rotating MOs. However, due to its enormous scaling, it

is only possible for small-scale systems.

To save computational time and treat bigger systems, we need to truncate the CI
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space. This gives rise to CID method, limited to double excitations, to CISD method,
limited to single and double excitations, etc... Though an important problem in
truncation is the lost of size-consistency. It means that the energy of two infinitely
far subsystems must be equal to twice the energy of a subsystem, and that the
total wavefunction must be equal to the product of each individual wavefunction,
which get lost by truncation. For this reason, truncated CI methods must be taken
with care to study dissociation of molecules. Otherwise one needs to bring proper

corrections to get back size-consistency.

There exist different methods to keep size-consistency. Next, we will present one
concept proper to Multi-Configurational methods, the Active Space, and its related

QC methods.

1.2.5 Multi-Configurational methods

We have seen on one hand that HF uses the SCF method through MOs rotation to
minimise the energy. On the other hand, a multi-determinantal wavefunction like
the one from CI allows one to retrieve correlation energy. Nevertheless, we cannot
afford the computational cost of FCI and truncation looses size-consistency. But
would size-consistency be conserved if a FCI in a smaller subspace was realized ?
This is what motivated the development of Multi-Configurational Self-Consistent
Field (MCSCF) methods. Instead of treating the system as a whole, only a part of
it is studied at an exact level. This smaller subspace is the concept of the Active

Space.

Very much like when chemists represent a molecule by its valence orbitals, the so-
called Active Space (AS) is a slice of the electronic system which is deemed more
important than the rest of the system, .e. to study particular properties. Several
MCSCF methods exist but only the one used throughout this thesis will be discussed,
the Complete Active Space Self-Consistent Field (CASSCF) method. CASSCF is
based on the prior definition of a Complete Active Space (CAS). In this sense, MOs

are split into three categories:
e virtual MOs, always empty, denoted 7, s.

e active MOs, partial electron occupation, denoted a, b.
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e inactive MOs, always doubly occupied, denoted p, q.

The CAS is defined by a number n of electrons in the set k of active MOs (e.g.
CAS[8,7] means 8 electrons in 7 MOs). All the possible excitations inside the CAS
are generated (FCI inside the CAS). Different wavefunctions are thus constructed
as linear combinations of CAS determinants. To prevent biases, these determinants
are treated on an equal footing, which means that they are considered degenerated.
Then, CASSCEF uses the variational principle to do a double optimization on MOs
Y; and on the CAS wavefunction |Weag).

Y = ch xe and  [WUogus) = ZCI |D;) (1.50)

k I

where Y, c7 = 1.

The energy of the system is then minimized following this double optimization until

convergence. R
L H|\W
min \Ycas ] ¥oas) > E, (1.51)
cawer (Woas|Weoas)

This allows to retrieve a lot of static correlation and some dynamical correlation.
For sure, expanding the CAS to the size of the complete system is equivalent to a
FCI (which renders the MOs optimization step useless), which we cannot afford. In
this sense CASSCF is an interesting compromise between SCF and FCI methods.
It is important to mention that in this case, one may use the State-Average Com-
plete Active Space Self-Consistent method to compute excited states. This method
considers N states with the ground state and minimises a total wavefunction being

a preset weighted (w; > 0) linear combination of these states |U;).

U) =D wil¥) =Y w) ey
w; w; Ji

This method allows for an equal description of the ground state and its excited states

®y,) (1.52)

by the same set of MOs. It is particularly efficient to compute Conical Intersections.
However it needs particular attention in general calculations as it assumes that the
ground state and the excited states have the same set of MOs. In general, this is a
correct approximation but it has been proven in recent works that this fails terribly in
some cases.[37] In order to retrieve more correlation, it is also possible to use Multi-

Reference Configuration Interaction (MRCI) methods. Unlike in CI where there is
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one HF reference determinant, MRCI uses multiple determinants as reference. Once
again, truncation is a need to reduce computational cost. Choosing the proper
references, one can balance the correlation of the ground and excited states as single
and double excitations will now generate triple and quadruple excitations. Still,
the size-consistency problem survives in truncated MRCI. After presenting MCSCF
methods, one can see that these methods will generate proper MOs set and multi-
determinantal wavefunction. This is a blessing for MRCI methods which need a
good MOs set. It is then possible to feed these wavefunctions and MOs to a MRCI
method such as the Difference Dedicated Configuration Interaction (DDCI) method
to retrieve more dynamical correlation. The truncated MRCI methods are well
described in the literature. We will now discuss the MRCI methods implemented in

the CASDI code used in the presented works.[3§]

In order to generate different excited determinants, different terms are defined:
"holes” (h) are excitations of an electron from the inactive orbitals to the AS;
"particles” (p) are excitations of an electron from the AS to the virtuals. These

excitations are schematized in Figure [1.1]

Virtual
r,s
— p—— — o
Active
a,b 1 ® 2116 ° 4 i
A
[
Inactive e ® ® ° @
p,q ® ® ®
1h 1p 1hipl | 2h 2p | |2hip] | 1h2p 2h2p
_CAS J
‘ CAS+S }
‘ CAS+DDCI2 }
‘ CAS+DDCI J
CAS+SD

Figure 1.1: Different kind of excitations from CAS to CAS+SD.
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Now let us comment on the MRCI methods implemented in CASDI:

1) CAS. This is a typical CASCI calculation. Unlike CASSCF where both the
wavefunction and MOs are optimized, here the MOs are kept frozen and a FCI is

calculated in the CAS subspace.

2) CAS+S. This is a MRCIS method. It diagonalizes the Hamiltonian representation
in the basis formed by the CAS determinants and all single excitations: 1h, 1p and
1h1p.

3) CAS+DDCI2. This is a truncated MRCISD method. It works with determinants
at CAS+S level and adds double excitations from and to the CAS only, such as: 2h
and 2p.

4) CAS+DDCI. Also called CAS+DDCI3. This is the earliest DDCI method, [39, [40]
a truncated MRCISD. It uses all previous determinants and generates more double

excitations: 2hlp and 1h2p.

One can observe that double excitations outside the CAS are missing: 2h2p. Adding
these excitations makes a MRCISD method (a CAS+4SD calculation in CASDI).
However, this is not necessary for most of magnetic compounds. Indeed, 2h2p
excitations, at the second order of perturbation theory, do nearly not contribute to
the energy differences of the states. This is presented in detail in the following part

on Perturbation Theory.

1.2.6 Perturbation Theory

A computationally cheap way to retrieve dynamical correlation is to use Perturbation
Theory. There exist two main types of Perturbation Theories, Rayleigh-Schrodinger
Perturbation Theory (RS-PT) and Brillouin-Wigner Perturbation Theory (BW-PT).
RS-PT is analytical unlike BW-PT which can only be solved iteratively. The focus
will only be on RS-PT as it was applied analytically in Chapter , and because it
is useful for the QC previously described.

The principle of RS-PT is to split the Hamiltonian H into an unperturbed (zeroth-

order) Hamiltonian ffo, and a small perturbation V. Let us suppose we know the
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eigenvalues and eigenvectors of Hy by means of wavefunction calculations.
| v)") = B [v”)

RS-PT goal is to improve the eigenvalues and eigenvectors of the system. In this
regard, a dimensionless parameter \ is introduced, taking values from 0 (no per-
turbation) to 1 (full perturbation) such that the perturbed Hamiltonian takes the
form:

H = Hy+ \V. (1.53)

We then wish to solve the following eigenvalue problem:
H|U,) = (Hy + \V)|¥,) = E;|0,). (1.54)

It is possible to expand the perturbed eigenvalues and eigenvectors in function of

unperturbed ones following a Taylor expansion.

B =E” +AEY + NEP + ... (1.55)

) = [0 4 Aoy 4 A2 eP)y (1.56)

Until this point, this is textbook knowledge. The same goes for the derivations
of these equations to first-order, second-order and beyond. A particularly clear
development can be found in Chapter 35 of ESQC Book II by Roos and Widmark.
Thus, I will only focus on the important concepts that deserve discussion for this

thesis. The general formulation for energies up to second-order are:

B = (0| H, vy (1.57)
B = (P ve) (1.58)
EF = (w[vw)y (1.59)

One can see that the system energy is corrected starting at second-order £ @) Whereas

(2

its wavefunction is corrected at first order \\1151)). This gives the two general working

equations:
v 7o
oy = —<EZ(0)| |E(0)>\\pgg>> (1.60)
m#£i i T Pm
N 2
) [0
E® = (1.61)

o BBy



34 CHAPTER 1. WAVEFUNCTION THEORY AND ITS METHODS

because (U |H|W) = (WO |H — Hy WD) = (W7o,

The trick in second-order Perturbation Theory (PT2) is to chose a correct H, which
allows for easier developments. PT2 is analytically treated in Mgller-Plesset second-
order Perturbation Theory (MP2)[41] when there is a HF reference, but becomes

more complex for multi-reference wavefunctions.

Starting with MP2, as |\I/Z(0)> = |® ), then we construct Hy as

where Py = |V r)(Yyp| is a projection operator onto the reference function, Py

is a projection operator for the rest of the configuration space, and F' is the Fock
operator. As single excitations are not coupled to the HF reference determinant
(Brillouin’s theorem), and triple and above excitations are not coupled to ® g due to
Slater’s rules, the perturbation space is comprised only of double excitations. These

double excitations are generated using the double excitation operator Dab“@ HF =

¢7? to transform equation ((1.59)) into

2

o |(Dabrs®sar| V1)

Pup Z O _ g0

Dab,rsq)HF Pur Dab,rsq)HF a>b,r>s

{ab||rs)?

€, 1+ €p — €, — €

(1.63)

Then moving to multi-reference wavefunction, it becomes trickier. As presented in
subsection , MRCI methods already recover dynamic correlation. Let us dis-
cuss Multi-Reference Perturbation Theory methods. Two methods are particularly
popular for PT2 corrections of CAS energies: Complete Active Space second-order
Perturbation Theory (CASPT2)[42] and N-Electron Valence state second-order Per-
turbation Theory (NEVPT2).[43], 44] T have however only used CASPT2 as imple-
mented in MOLCAS.[45] Both methods are based on an approximation called the
First Order Interacting Space (FOIS). Instead of treating all the ”perturbers” (de-
terminants from the perturbation space), FOIS only consider the functions which
directly interact with the zeroth-order wavefunction |\I/§0)>. It is then spanned by
all determinants generated by single and double excitations from the determinants
defining |\I/Z(»O)>. It is important to state that NEVPT2 comes in two flavours and
only Partially Contracted N-Electron Valence state second-order Perturbation The-
ory (PC-NEVPT?2) is commented here. In CASPT2, the model Hamiltonian Hy
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is a one-electron Fock-like operator whereas, in PC-NEVPT2, it has two-electrons

components because it uses the Dyall Hamiltonian AP .[40]

(CASPT?2) Hy = Py, F Py ,s + ProisF Prors (1.64)
(PC — NEV PT?) Hy= Py, HP Py, + ProisH" Prors (1.65)

One may note that the FOIS of CASPT2 and PC-NEVPT?2 are equivalent. More-
over, the FOIS of the other flavour of NEVPT2, Strongy-Contracted N-Electron
Valence state second-order Perturbation Theory, is smaller and gives very similar
results with CASPT2 and PC-NEVPT2. However, this is outside of the scope of this
PhD as these methods were not used actively. The same goes for Quasi Degenerate

Perturbation Theories (QDPT).

It is important to state that RS-PT is size-consistent but not variational, it corrects
the energy by an external perturbation. This means that one may underestimate
the exact energy of a system. Even worse, if one perturber is close in energy with
the perturbed state, then the method may diverge. This is due to the fact, as stated
some paragraphs above, that the perturbation must be small in comparison with the
perturbed system’s energy. If such scenario were to occur, one should include this
perturber in the reference space. What about a mono-determinantal wavefunction
such as HF ? The answer is simple: MP2 will badly treat this system and QDPT or

multi-reference methods must be used.

DDCI demonstration

Now that PT was introduced, it is possible to come back to the proposed demon-
stration for the use of DDCI instead of MRCISD. Considering a double excitation
2h2p outside of the CAS, this is equivalent to applying a double excitation oper-
ator D,g,s to the CAS determinants ®;. Then, splitting the second-order energy

correction EZ(Q) and focusing on the 2h2p perturbers contribution, one can write

(2h2p) E® — Z M _ Z Z pqrs‘bJ|V’21€CAs cr®r)? '

i (0) (0) (0)
Pge2h2p Ez’ - E@@ p>q€inactive JECAS Eﬁpq rs®y

r>s€virtuals
(1.66)

Two cases are possible:

1) I # J, then the two determinants differ by more than three spin-orbitals and
<l§pq7rsq>J|V|q)I> = 0.
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2) I = J, then they differ by exactly two spin-orbitals and (D,,,.s®;|V|®;) =
(pal[rs).

Now if one assumes that Ei(o) —gW is a quantity independent of EZ-(O) as in MP

PqVTSq)J

definition of Hy. In other words, considering that E,L-(O) are quasi-degenerate, then

the above expression simplifies as

2
pql|rs
By, = Y. pal|rs) (1.67)

€ €g — € — €
p>g€Einactive P + q r s
r>sevirtuals

One may observe that coefficients ¢? disappeared from equation ([1.66)) to (1.67).

As each lA?pq,,«s excitation on the N determinants of the CAS generates N excited

N
determinants, the summation takes the form Z Zc%X = ZX because |¥;) is

p>q I p>q
r>s r>s

normalized and all X terms are equal.

Then, these perturbers shift all the diagonal elements by the same quantity. As
a consequence, energy differences between states are the same at the DDCI and
MRCISD level, at the MP2 level.[39, 40] Another advantage for this approximation
is the fact that the number of determinants from MRCISD to DDCI importantly

decreases, which reduces the cost of computation and the size-consistency error.
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1.3 Localization

The question of representability of MOs has been discussed in QC since its begin-
ning. Two philosophies arose: localized vs. delocalized MOs. A particularly nice
Chapter (p.41-101) from Basis Sets in Computational Chemistry [11] presents the
different localization methods and their advantages and disadvantages compared to

delocalization. I will summarize the points that are important for this PhD work.

Already in 1930s, Localized Molecular Orbitals (LMOs) interested Quantum
Chemists as they allowed for a representation of bonds following the Valence-Bond
formalism. However it restricts bonds to an electron pair localized between two spe-
cific atoms, which fails for many systems, e.g. systems with delocalized electrons.
Still, as an approximation, it gives representability to undergraduate students study-
ing QC and remains acceptable for small molecules. On the contrary, the success of
Molecular Orbital Theory introduced the notion of MOs delocalized over the entire
molecule. This introduced Canonical Molecular Orbitals (CMOs) which are MOs
optimized after a wavefunction calculation. CMOs are nowadays more popular than
LMOs as the difference between the energy of two CMOs gives the frequency of the
electronic transition associated to these two orbitals. However having delocalized
MOs is a disadvantage when analyzing the wavefunction as one may only extract
global information )] The building blocks of the electronic wavefunction are MOs[f]
The freedom of using either localized or delocalized MOs comes from the fact that
one can apply an unitary transformation on delocalized MOs to obtain LMOs, and
vice-versa. This means that any expectation value, in particular the energy, remains
untouched, and only the wavefunction structure is changed. The interest of a lo-
cal representation is twofold. First it is useful to select molecular regions that are
physically ”interesting”, e.g. to study chemical reactions, excited states, magnetic
systems... In other words, it may allow a reduction of the active space by working
only with a selection of LMOs of interest. This opens the way to a second advan-
tage, namely the possible reduction in the size of the reference space, convenient for
MRCI calculations. There exist two main concept of localization: a posteriori and

a priori.

3Local information may be too complicated to extract.
4MOs serve as a building block for determinants, further building the wavefunction.
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In a posteriori methods, a set of CMOs is previously calculated then transformed
by an unitary transformation to obtain LMOs. Two popular a posteriori methods
are Foster-Boys,[12] where a functional based on the spatial position of MOs is
minimized, and Pipek-Mezey,[13] where a functional based on the partial atomic

charges is maximized.

A priori methods are based on chemical intuition: a user-defined guess of LMOs
is used as a starting point. One may use directly these LMOs (and correct their
possible non-orthogonality) as done in Chapter [2] or converge these LMOs onto the
reference CMOs of a wavefunction calculation, on the condition to keep the LMOs
as local as possible. An a priori method of choice used in Chapter |3|is implemented
in the suite of programs DoLo.[14] Its specificity is the separation of inactive, active
and virtual orbitals into three classes. It is a two-step method. The first step (i) is
to determine a guess of LMOs. Starting from non-orthogonal AOs, one first orthog-
onalizes each class of AOs (inactive, valence, virtuals) to obtain orthogonal AOs.
Then linear combinations of orthogonal AOs, guided by the information on bonds
and molecular fragments contained in the one-electron density matrix, are made to
produce non-orthogonal LMOs. Finally non-orthogonal LMOs are separated into
inactive, active and virtual classes, and each class is orthogonalized, with a different
order of priority.E] The second step (ii) is the optimization of the LMOs. This is done
by projecting the LMOs onto reference CMOs (after a previous HF or CASSCF cal-
culation). Projected LMOs may lose their orthogonality, so a final orthogonalization

is necessary. This procedure can then be repeated to try to increase the projection

of the LMOs onto the CMOs.

A posteriori methods are easier to implement, but more difficult to use to identify
physically ”interesting” regions as they are not based on chemical intuition. On
the contrary, this intuition may be a bias for a priori methods. There are many
other methods of localization. A brief example is the case of the Natural Bond
Orbitals method [I5] and its extension, the Natural Localized Molecular Orbitals
approach,[I6] which produces LMOs optimal for a Lewis structure description. It

is also possible to make a "hand-made” a posteriori localization by doing a linear

SHighest priority is given to the inactive LMOs, then to the active ones, and finally to the

virtual ones.
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combination of chosen CMOs.

Finally it is important to point out that any LMOs strategy breaks the symmetry
of the system. Symmetry is indeed a powerful ally in QC to reduce computational
costs. Then one needs to choose between using LMOs to clarify the problem (specific
molecular region and MOs) with the help of localization or retaining the ease of
handling symmetry. It it important to state that LMOs can potentially reduce the
size of the reference space, and thus the computational cost. Implementing LMOs is
more demanding than using symmetry, however it has many advantages, particularly

for qualitative data analysis.
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1.4 Spin

1.4.1 Spin operators

Spin is the intrinsic kinetic momentum of quantum bodies. All bodies are described

1 3
75)1757'

number Mg, with 25 + 1 possible values such that —S,—-S +1,...,5 —1,5. For

by a total spin quantum number S, whose values are 0 .., and by a quantum

convention, we will use s and my for a single body system, and S and Mg for a
many-body system. Let us first take the case of a single body system. Its spin

angular momentum is defined by the vector operator §.
8§ =351+ 5,9+ 5.k (1.68)

where 2, 3 and k are unit vectors along the z, y and z directions. The components

S5z, 8, and §, satisfy the commutation relation:
52, 8] = 15, (1.69)
The square of 8 operator is a scalar operator §2.
F=58+5+5 (1.70)

§% S, 5, and §, are not a Complete Set of Commuting Observables, because only
one projection of 8 commute with 52. Considering the z axis as the main spin
axis, 5, and 52 constitute a Complete Set of Commuting Observables, i.e. they are
diagonalizable simultaneously in the same spin space ([$%, 8] = 0)[f] Thus the set of
spin states |s, m,) describing a single body are generally taken to be eigenfunctions

of {8%,8.} such as
§%s,my) = s(s + 1)[s, ms) (1.71)
8,18, ms) = ms|s, mg). (1.72)

This work concerns only electrons. An electron has a spin s = 1/2 and two possible

quantum states mg = +1/2.

{Issma)} = {1550 I3 —3)) (1.73)

6Tt is possible to consider the z axis, thus all the following equations must be permuted in a

circular fashion. This is rarely the case and the z axis is always preferred.
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These spin states are eigenfunctions of {5?,3,} but not of {3,,5,}. There is no
need for a demonstration as one can find a clear one in p.98 of Modern Quantum
Chemistry.[33] Instead of working with &, and §,, it is more convenient to introduce

the spin ladder operators s, and §,E|

Sy = 8y + 18, (1.74)
§_ =38, — 15, (1.75)
such that
54ls,mg) = \/s(s+ 1) — mg(ms + 1)|s,ms + 1) if my<s
= if mg=s
5_|s,ms) = \/s(s+ 1) — mg(mg — 1)|s,my — 1) if mg>—s

Interestingly, s, and s_ commute and are Hermitian conjugates: 5, = §". One may

then rewrite expression ((1.70]) as

82 =385, +8,+85. (1.76)

Moving on to a N-electron wavefunction, the total spin angular momentum S’ is the

vector sum of the spin vectors of each electron.

S = Z s(i) (1.77)

1

Then S’Z, 52 and gi are easily derived.

N
szz:é](z) I=ua,y2 (1.78)
) N
Si=Y 5:(i) (1.79)
5?=5.8,+5,+ 52 (1.80)

As the electronic Hamiltonian H we are working with does not contain any spin

coordinates, it commutes with $2 and S,. Thus the eigenfunctions ¥ of H are

"5, and 5_ are often named ”step up” and ”step down” operators.
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eigenfunctions of {52, S.}.

SW) = S(S +1)|W) (1.81)
S.| W) = Mg|W) (1.82)

These operators may be manipulated as presented in first quantization but their
numerical implementation is eased using second quantization, as presented in [Ap-]

pendix Al

1.4.2 Spin coupling

Some of the following equations can be found at p.367 of Molecular Magnetism [47]

but are needed for the spin coupling schemes presented later in this work.

Let us consider two local spins S4 and Sp having, respectively, a set of local spin
states {|Sa, Ma)} and {|Sp, Mp)} (for clarity, M4 and Mp stand for Mg, and
Ms,,). Coupling these two spin states as a total S spin state | different S values are

generated following the expression below:
|Sa4—Sp| <S5 < Sa+ S5 (1.83)

The generated spin states are expressed in a set of paired spin states
{|S4,SB,S, Ms)}, which are linear combinations of the direct product of the set
of local spin states |Sa, Ma) ® |Sp, Mp).
54,85, S, M) = Y [Sa, Ma) @S5, Mp)Co_c (1.84)
Ma,Mp
The coefficients Co_ of the linear combination are so-called Clebsch-Gordan (C-G)

coefficients and are expressed as

(Sa+ S —S)(S+Sa—5p)(S—Sa+5)1(25+1) "
(S+Sa+Sp+1)!

V(S + My)!(Sa — Ma)(Sg + Mp)!(Sp — Mp)!(S + Mg)!(S — Ms)! x

(=D*

(1.85)

Zk: k!(SA—l-SB -5 - ]{Z)'(SA — My — ]C)'(

8We may sometimes call the total spin S as Syo¢q; for further readability.

SB+MB—k?)!(S—SB+MA+/€)!(S—SA—MB+I€)!
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where (Mg, M4 + Mp) is the Kronecker symbol.

C-G formula is not trivial as it implies a triple sum, over M4, Mp and k. For M4
and Mp the values are well-defined and vary by an integer value from, respectively,
—S4 to S4 and —Sp to Sp. Having programmed the C-G formula in Python out
of curiosity, I can say that the summation over k is not easy. It is extended over
all integer k for which every factorial is nonnegative. However, once evaluated, the
C-G coefficients remain the same for a given Sy4, Sg, S and Mg. The results of some
specific cases used in this work are given in I personally find much
beauty in this heavy but general formula, as it develops what the community often

takes for granted.

A simple example is the case of coupling two spins Sy = S = 1/2, i.e. a copper(II)
dimer. Considering no Charge Transfers, chemists will expect one singlet state and
one triplet state. The generated wavefunctions will read |Sa4, Sg, S, M), where one

can see the analytical values of the C-G coefficients:

|SA,SB,1,+1> :1‘SA,+1/2>®|SB,+1/2>
’SAv 537 17O> =V 1/2|SA7 +1/2> ® |SBa _1/2> + \% 1/2’5147 +1/2> ® ‘SBa _1/2>
|S4,Sp,1,—1) =1|S4,—-1/2) ® |Sp,—1/2)

154, 55,0,0) = /1/2|S4,+1/2) @ |Sp, —1/2) — /1/2|S4,+1/2) ® |Sp, —1/2)
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1.5 Models

1.5.1 Model Hamiltonians and effective Hamiltonians

Understanding complex physical properties of molecules, such as molecular mag-
netism, spin or aromaticity, using the exact Hamiltonian is particularly tedious.
Instead, one may simplify the problem by developing a model Hamiltonian or an

effective Hamiltonian.

Here, I would like to summarize the major idea behind models as: ”Why bother
studying the full system when only some of its properties are of interest ?”. In
fact, considering all possible interactions in a system may be detrimental as it may
overshadow the relevant information under non relevant information. Sweeping away
unnecessary elements allows to identify a minimum number of physically sensitive
parameters but also to reduce the cost of evaluation down to analytical or low cost
numerical resolution. The ability to identify the sensitive parameters of a system
opens the way to new molecular design and more critical analysis of phenomena.
A model is then a simplification, physical or not, of a full problem which allows to
focus solely on some of its properties. It is a toy for scientists to play with, through

the use of a model Hamiltonian.

A model Hamiltonian is defined upon a subspace of the exact space, a ”model space”,
where different parameters are chosen to incorporate the physics of the problem. By
tuning them, one can explore physics in a simpler way and may identify sensitive
parameters. Model Hamiltonians are needed by both the experimental and the theo-
retical communities. On one hand, experimentalists measure the exact properties of
the full system then treat their data assuming a given model Hamiltonian, allowing
to extract physically relevant parameters. On the other hand, theoretical calcula-
tions being costly, one may develop a model Hamiltonian upon a chemical model in
order to have a neater understanding of the mechanisms in play. These Hamiltoni-
ans are often proposed following chemical/physical intuitions. However they must
reproduce as accurately as possible the energy solutions of a "target space” of the
exact Hamiltonian (see Figure . The targeted energies and wavefunctions are

often the ones of low-energy solutions. It is then important for theoretical chemistry
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to provide evidence of the validity (or invalidity) of these models. The validity of
a model Hamiltonian depends on the type of approximation regarding the studied
phenomena: a non-physical approximation often results in a wrong model. When a
model is correct, its parameters can be extracted from first principle calculations.
When a model is not valid, meaning it does not reproduce the desired physical prop-
erties of the system, then theoretical chemists may use different tools to correct and
deduce a more accurate model Hamiltonian. One of these tools are so-called effec-
tive Hamiltonians. Briefly, an effective Hamiltonian is a contraction of the exact
Hamiltonian in a particular model space where all the physics of the problem are
taken into account in an effective way. Like model Hamiltonians, effective Hamilto-
nians are much simpler that the exact Hamiltonian and aim at reproducing targeted
solutions. However they use ab initio parameters, transformed in the model space
to map effectively the rest of the system. In this sense, effective Hamiltonian the-
ories developed by Bloch (non-hermitian version)[48] and des Cloizeaux (hermitian
version)[49] showed that the eigenvalues and eigenvectors of an effective Hamilto-
nian are, respectively, the eigenvalues of the exact Hamiltonian and the projected

eigenvectors of the exact Hamiltonian:

Heff(P\IJemact) = Ee;tact(P\Ijemact> (186)
Model space Exact space Model space
Hmodel g Heff
projection Target projection ab initio
parameters | —— » projected
space
> parameters
AN
$
|2}
1<
]
A
ot
O
&
{E1v5)} {E:, |W:)} (E;, P|U;)}

Figure 1.2: Schematic comparison of exact, model and effective Hamiltonians.

Adapted from Ref [20].
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The main difference between exact, model and effective Hamiltonians are on the
type of approximation. Model and effective Hamiltonians are a simplification of the
exact Hamiltonian, and aim at reproducing some of its eigenvalues and eigenvectors.
On one hand, a model Hamiltonian works in a subpart of the exact space and ne-
glects some interactions on the basis of satisfactory approximations. It uses tunable
parameters, physical or not. On the other hand, an effective Hamiltonian also works
in a subpart of the exact space but effectively maps all the exterior contributions

and effects, i.e. not neglecting any interaction. It uses ab initio parameters.

There exist numerous model Hamiltonians, e.g. Hiickel, Hubbard or Heisenberg-
Dirac-Van Vleck (HDVV) modelsf| This work presents two model Hamiltonians
developed in more details in their respective Chapters (2| and . The HDVV Hamil-

tonian is intensively used in Chapter [3| For this reason, let us present it briefly.

1.5.2 Heisenberg-Dirac-Van Vleck Hamiltonian

The Heisenberg-Dirac-Van Vleck Hamiltonian is a model Hamiltonian formulated by
Heisenberg [17] and improved by Dirac [18] and Van Vleck.[19] Originally developed
to better understand ferromagnetism, it quickly became useful to treat a lot of
ferromagnets and antiferromagnets. It can be derived from an effective Hamiltonian
of the exact Hamiltonian and/or from a Generalized Hubbard model followed by

RS-PT2.[20, 21] The general form[™] of the HDVV Hamiltonian is

Hypyy = _Z2Jijgi‘§j (1.87)

i>j
with ¢ and j spin active sites (s; > 0 and s; > 0). As S; and S'j are vector operators,

it is possible to rewrite the scalar product 5'15'3 into a more convenient form:

S’zgj == iszz -+ —(S'H,S’j, + gi,»gjq,). (188)

9More information on model and effective Hamiltonians, out of the scope of this thesis, can be

found in the Refs [20] 50].
10The literature may add a supplementary —n’f i] term to set the energy of the highest spin

multiplicity state to zero. n; and n; are the number of unpaired electrons on sites 7 and j, and I

is the identity operator.
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The literature uses a coefficient —2.J, —1.J, +1J or 4+2.J, which is just a matter of
appreciation. Regarding this PhD work, the coefficient —2.J was always considered,
for convenience. The term J;; is the magnetic coupling between centers 7 and j.
It incorporates all the discarded physics of the system, such as electron-electron
interaction, electron-nuclei interaction and the spatial structure of the system. It is
important to comment that it is valid when the studied system is mainly made of
neutral configuration (in the sense of limited charge transfer, i.e. a small ratio of
the hopping integral divided by the coulomb repulsion integral). Experimental devi-
ations from the HDVV Hamiltonian are sometimes reported in the literature. Cor-
rections of the HDVV Hamiltonian by adding a biquadratic term 7, 42 jij(gigj)Q
to the former [22] 23] allowed to identify and take into account the role of non-Hund
forms in this deviation.[24] Yet, in systems where direct exchange contribution can
be considered as negligible, HDVV Hamiltonian allows to properly represent the
physics of the system. A strength of HDVV is that it only works with spin degrees
of freedom, as the spatial part dependency is injected in the exchange constant val-
ues J;;. This allows one to extract the physical value of the coupling term from ab

1mitio calculations or experimental measurements.

Taking as an example a two site A and B system of respective spins S4 and Sg, one

can derive the following terms from the equations presented in section (|1.4)).

S=28,+8g (1.89)
5?2 = 5%+ 5% +285,85 (1.90)

Then, the HDVV Hamiltonian for this system H HDVY = —2J S AS’ B may be rewrit-

ten as

Hupyy = —J(5% — 8% — §2) (1.91)
whose eigenvalues are

E(S,Sa,Sp) = —J[S(S +1) — Sa(Sa+ 1) — Sp(Sp + 1)]. (1.92)

As all states generated by coupling S4 and Sg only differ by their total spin S, then

it is possible to change the origin of the system to have:

B(S) = —JS(S + 1) (1.93)
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Finally one sees that depending on the sign of J, either the highest (J > 0) or
the lowest (J < 0) spin state will be the ground state. Following our decision of
using a constant of —2.J, a positive J represents a ferromagnetic coupling whereas

a negative J represents an antiferromagnetic coupling.
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Appendix A. Clebsch-Gordan coefficients

For the sake of clarity, the labels S4 and Sp have been omitted, and the prod-
uct [Sa, Ma) X |Sp, Mp) hs been shortened to |My, Mp) such that |S, M) =
> rianny Co-clMa, Mp). We will present five cases specific to this work but more

can be found in C-G tables or at p.368-373 of Molecular Magnetism.[47]

Sa=1/2and Sp=1/2:

I1,+1) =|+1/2,+1/2)
|170> :\/1/_2|+1/27_1/2>+\/W|_1/27+1/2>
I,-1) =1]-1/2,-1/2)

0,0) = VI2+1/2,-1/2) - /T2 - 1/2, +1/2)

Sa=1/2and Sg = 1:

13/2,+3/2) =|4+1/2,+1)
3/2,41/2) = /I/3| - 1/2.41) + /23| + 1/2,0)
3/2,-1/2) = /23| - 1/2,0) + /13| - 1/2,-1)
13/2,-3/2) =]|—1/2,—1)

1/2,41/2) = /273 — 1/2,+1) — \/I/3] + 1/2,0)
|1/27_1/2> = \/W| - 1/270> - \/2/_3| + 1/27_1>

Sy=1and S =1:

2,42) =|+1,+1)

12,+1) = /1/2| + 1,0) + /1/2|0,+1)

2,0)  =+/1/6]+1,—1) +/2/3]0,0) + /1/6] — 1, +1)
2,-1) =+/1/2[0,~1) — \/1/2| - 1,0)

‘2’ _2> = ‘ -1, _1>
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o1

|17 +1> - \/1/_2| + 1’ 0> - \/mmv +1>

‘1’()) =

\/1/_2‘ + 1?_1> - \/m, - 1>+1>

|17 _1> = \/1/_2‘07 _1> - \/W| - 170>

|0a0> = \/1/_3‘ + 1, _1> B \/mm»()) + \/ﬁ’ - 17+1>

Sy =3/2and Sp = 1:

15/2,+5/2)
15/2,+3/2)
5/2,+1/2)
5/2,=1/2)
5/2,=3/2)
5/2,-5/2)

13/2,+3/2)
13/2,+1/2)
3/2,=1/2)
3/2,=3/2)

11/2,4+1/2)
11/2,4+1/2)

=|+3/2,+1)

= /2/5| +3/2,0) + /3/5] + 1/2, +1)

= /1710 +3/2, —1) +/3/5| +1/2,0) + /3/10| — 1/2,+1)
= \/3/10] +1/2, =1) +/3/5| = 1/2,0) + /1/10] — 3/2, +1)
= \/3/5] = 1/2,-1) + /2/5] - 3/2,0)

=[=3/2,-1)

= /3/5| +3/2,0) — \/2/5| +1/2,+1)
= /2/5] +3/2,=1) + /1/15] + 1/2,0) — /8/15| = 1/2, +1)
= V/8/15] +1/2,—1) = \/1/15| = 1/2,0) — \/2/5 = 3/2, +1)
= V/2/5] = 1/2, 1) — \/3/5] = 3/2,0)

— V172] +3/2,-1) — /I3 +1/2,0) + /IJ6] - 1/2,+1)
= /6] +1/2,-1) = /I3 = 1/2,0) + /12| - 3/2, +1)

Sas=2and Sg = 1:

13,43) =|+2,+1)

13,+2) = /1/3] +2,0) +/2/3| + 1, +1)

[3,41) = /1/15] +2, —1) + /8/15[ + 1,0) + /6/15(0, +1)
3,00 =+/1/5]+1,—1) ++/3/50,0) + /1/5| — 1, +1)
[3,~1) = /6/15[0, —1) + /8/15] — 1,0) + \/1/15] — 2, +1)
3,-2) =+/2/3]=1,-1) +/1/3| = 2,0)

|3> _3> = ‘ - 27 _1>
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2,42) = /2/3]+2,0) = \/1/3| + 1,+1)
2,41) = /1/3] +2,-1) + \/1/6] +1,0) — \/1/2(0, +1)
|270> = \/1/_2‘+17_1>_\/W|_17+1>
|27 _1> - \/1/_2|0’ _1> - \/W| - 1’0> - \/1/_3| - 27+1>
|2a_2> = \/1/_3\—1’—”—\/%’—27@
I1,+1) = /3/5] +2,—1) — \/3/10] + 1,0) + /1/10]0, +1)
11,0)  =+/3/10] +1,—1) — \/2/5|0,0) + 1/3/10| — 1, +1)
I1,—1) = /1/10|0, 1) — \/3/10| — 1,0) 4+ /3/5| — 2, +1)
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Appendix B. Spin operators in second quantization

Second quantization will not be presented because it is textbook knowledge (see the
book Molecular Electronic Structure Theory [51], [52]) and because it was only used

numerically in this work.

In order to build 2 and S, operators, one needs two working equations:

. 1 L o
S, = 5 Z(a;aana — a;ﬂapyg) (1.94)
p
=Y (@] ) (1.95)
p

with d; creation and @, annihilation operators of an electron in the spin-orbital p.

As one can prove that S = S”Ir, then, from equation (|1.80)), one can define 52 as

5?2 =8 5, +5.(5. +1). (1.96)






Chapter 2

Environmental influence on the

Singlet Fission phenomenon

This Chapter tackles the notion of environment using an organic dimer where
one molecule is denoted active, while the other is the "environment”. It is com-
posed of two parts. It begins with an introduction on the Singlet Fission (SF')
phenomenon, its mechanisms and how the environment is considered by the SF
community. Then follows a model study on the effects of a neighbour on the
thermodynamic condition of SF. The model is based on a Hy dimer where one
hydrogen molecule represents a frozen environment felt by the other molecule,
representing an active class I chromophore. The environment molecule is frozen
in a giwen electronic configuration state function of either spin singlet or triplet,
which means that charge transfers are not permitted. The influence of different
environments on the spectroscopy of the active moiety is studied and different en-
ergy matching values p = [E(Sa1) — E(Sa0)]/[E(Ta1) — E(Sap)] are obtained,
depending on the type of environment (open/closed-shell and triplet/singlet). The
field generated by a singlet environment improves the ratio p up to 6% compared
to a free chromophore. This ratio is further improved when the environment
is triplet, improving the former by 10%. This indicates that the usual "single
chromophore” computational screening for SF candidates may leave out some

compounds of interest. Finally, this Chapter is concluded and further personal

criticism of the study is discussed.

keywords: singlet fission, class I chromophore, model Hamiltonian, energy spectrum

Part of the content of this Chapter has been published in Ref [53].

95
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2.1 Singlet Fission

Humanity has a need to move away from fossil energies to renewable ones. Nature
provides us with various sources of renewable energy such as biomass, hydraulic en-
ergy, geothermal energy, wind energy and, finally, solar energy. Over the years, we
have seen an awareness raising of the population with regard to renewable energies,
and efforts have been put towards them. The source of energy that inspired this
Chapter is solar energy. Light has always questioned humans. We see, breathe, and
eat thanks to light as it is needed in plant’s photosynthesis, which then generates
food and oxygen for the livings. It is a wonderful source of energy which we are
mainly getting from the Sun. We have been using solar power since ancient times,
i.e. for drying. However, it is only since the 19th century, when we started using
electricity and discovered the photo-electric effect, that solar power appeared as an
interesting resource. This gave birth to the field of Photovoltaics (”phos”, light and
"volt”), which goal is to convert solar power into electricity. The first practical solar
cell by Bell Labs in 1954 opened the way for its further developments. The first solar
panel used silicon. By producing an exciton (electron-hole pair) upon light absorp-
tion, semi-conductors were presented as the base material for solar cells. This is why
they still represent 90% of the total world production. However, the recent years
have seen different propositions arise with the development of material chemistry
and more specifically thin-film technologies. It allowed scientists to come up with
novel solar cells such as Multi-Junction solar cells, Perovskites cells, Dye-Sensitized
Solar Cells, and Organic PhotoVoltaic cells. By their easy tuning of properties and
lower cost, chromophores from Organic Chemistry are candidates of choice for fu-
ture photovoltaic applications. In parallel, many photo-physical processes have been
studied to go beyond the Shockley-Queisser limit, which states that the maximum
solar conversion efficiency for a single junction solar cell is 33%.[54] This section will

present one of these processes: Singlet Fission.

2.1.1 Introduction

Singlet Fission (SF) is an unique photo-physical process which requires two or more

entities, separated or covalently bonded. This phenomenon can be seen as the
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conversion of one overall singlet excited state (S*) into two triplet excited states
(T).
S*—T+T (2.1)

Considering two identical chromophores A and B both in singlet ground states, S
and Sp, the singlet excited state S* corresponds to the absorption of one photon
by a chromophore, promoting it into an excited state (i.e. S41). Usually, one will
consider two possible pathways to occur:

1) relaxation to S4 ¢ by either photon-emission (fluorescence) or Internal Conversion
(1IC).

2) Inter-System Crossing (ISC) to T4 a triplet state.

However, there is another one. From the general theory of kinetic moments
couplings,[47] a system consisting of two local triplet states can give rise to a singlet,
a triplet and a quintet overall state. Instead of assuming both chromophores inde-
pendents, let us consider them coupled. Considering that each chromophore has one
local singlet ground state (respectively S4 or Sgj), one local singlet excited state
(respectively Sa; or Sp1), and one local triplet excited state (respectively T4 ; or

Tp1), 11 total states arise, as can be seen in the Figure below.

. S**
Sa1 Sp1 2 S*
TA,] TB,] ’ T
SA,() SB,() S
A B (AB)

Figure 2.1: (left) From (local) uncoupled states picture to (total) coupled states
pictures (right).

The four total states resulting from the coupling of a local singlet state with a local
singlet, and the four total states resulting from the coupling a local singlet state with

a local triplet state, are readily predicted. However, the coupling of two local triplet



58 CHAPTER 2. ENVIRONMENTAL INFLUENCE IN SINGLET FISSION

states deserve particular care. Thus, we would like to focus on the appearance of
the three nearly degenerated states 5,7, (), and in particular the singlet state S.
This state can be rewritten as '(T'T), and is an overall singlet state made of two
local triplets. This is the other pathway, which is part of the total SF process: a
spin-allowed relaxation from S* to !(T'T). Then, one may separate this singlet state

into its two triplet components, usually spatially.
S s Y (TT) — YT T) — T+T. (2.2)

SF' is a spin-allowed process as the total spin never changes, and can be seen as an
internal conversion process, i.e. a radiationless transition. This makes it very fast,

roughly in the picosecond time scale.[55], 56, [57]

2.1.2 Brief history

Figure 2.2: Anthracene.

SF dates back to 1965, where it was introduced to explain experimental photo-
physical data in anthracene crystals.[58] During nearly 40 years, it was observed in
few molecular complexes but the community had minimum enthusiasm in its regard,
due to the lack of applications. It is in 2006 that a paper awoke the global interest
for SF.[59] In this paper, Hanna and Nozik suggested that the conversion of excited
singlets into pairs of correlated triplets by SF could drastically improve the efficiency
of solar cells. This quantitative analysis showed that the well-known Shockley-
Queisser 33% limit [54] of an ideal single junction photovoltaic cell would increase to
close to 44% in a SF-based solar cell. This paper attracted the community’s interest
in SF, but it was really after the first review on SF [60] that the spark was lit. Over
the last thirteen years, more than 1500 articles and 90 reviews have been published
regarding SF (see Figure . It is an emerging field with a constant growth of
interest for many fundamental and applied research groups.[61], (62} [63], 64], 65, [66]

Besides solar cells, SF has also been considered and applied to organic light-emitting
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diodes, [67] organic photo-detectors,[68] and many other applications, such as quan-
tum computing. [69)
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Figure 2.3: Number of articles and reviews published on SF. Source: Clarivate Web

of Science.

2.1.3 Mechanisms

SF differs from competing Inter-System Crossing (ISC) and Multiple Exciton Gener-
ation in inorganic semiconductors, where conversion into vibrational energy occurs.
Its mechanism is not yet fully understood and three main propositions have enlivened
the community: 1) direct internal conversion as described in subsection ([2.1.1]). 2)
mediation by virtual Charge Transfer (CT) states. 3) sequential two one-electron
transfers, having CT states as intermediates. However, this PhD work was not on
the SF mechanisms but on its particularities. One can find all the proper details
of these propositions in the three excellent reviews of Michl (2010, 2013)[60, [61]
and Casanova (2018).[63] For this reason, let us briefly extract some key concepts.
Alternant acene-like hydrocarbons are natural target systems; for the excited sin-
glet—triplet, splitting is sizable and connected to a large exchange integral (ca. 1 eV)
involving the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), so-called frontier orbitals (see Figure [2.4)).[70, 71} [72] SF

chromophores may be separated in three classes:
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e Class I. The first excited state S; is mainly a result of a HOMO — LUMO
transition. Its second excited state Sy is significantly higher in energy. The
transition Sy — 57 allows then to form S* (e.g. anthracene, tetracene,

perylene).

e Class II. The second or third excited state S, or S3 is mainly a
HOMO — LUMO transition. The first excited state S; is then reached
by a fast IC. It can be seen as a linear combination of HOMO — 1 — LUMO
and HOMO — LUMO + 1 (e.g. benzene, napthalene, pyrene).

e Class III. The second or third excited state Sy or S3 is mainly a HOMO —
LUMO transition. The first excited state S; is then reached by a fast 1C. It
can be seen as a doubly excited state HOMO, HOMO — LUMO, LUMO (e.qg.

polyenes and linearly conjugated polymers).

Following the three-class classification of organic chromophores, many theoretical
efforts have been dedicated to the positioning of the relevant energy levels (first
excited singlet S; and triplet 7} states of a single chromophore), thus to foresee the
chemical conditions to stabilize the first excited singlet state S;. Since the T} — 5
energy difference is almost insensitive to the acene size, the so-called ”energy match-
ing” or "thermodynamic” condition of the SE E(S,) — E(Sy) > 2[E(T1) — E(Sy)] is
attainable by a reduction of the S; — Sy energy gap. However, this condition is an
approximation to the more physical thermodynamic condition E(S*) > E(*(TT)),
where S* and !(T'T) are the excited states of the pair of chromophores. While the
approximated condition is easier to evaluate as it considers a single chromophore
instead of a two or more chromophoric system, the importance of considering the

L(TT) state has been debated in an excellent but critical review.[73]

It is important to state the many deactivation channels that may prevent SF. First,
the reverse process may occur, so-called Triplet-Triplet Annihilation, where (7T
produces one singlet excited state S4; and one singlet ground state S (or Sp;
and S4p). ISC may do a direct S* — T;; transition due to an important Spin-Orbit
Coupling (SOC). For this reason, organic molecules with their low SOC are good
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candidates. Next, Conical Intersections which induce a fast IC from S* to S can
cause trouble. This calls for non-flexible molecules. These conditions are fulfilled

by alternant acene-like hydrocarbons.

More recently, biradicaloids molecules have seen an increase in interest [74], [75, [70]
thanks to their propensity to fulfill the SF thermodynamic condition. Dimers built
on covalently linked monomers have also intrigued the community as they allow
to have a direct control on the monomers geometry, and a tuning on inter- and

intra-molecular SF.[77, [78], [79] 80]

2.1.4 Environment

In the meantime, the kinetics of the spin-allowed transition was depicted based on
electron transfer or energy transfer theories.[81) [82], 83] A critical parameter that
governs SF is the coupling between neighbouring units.[84], 85, 86] Following this
concern, computational studies have also much contributed to the definition of a well-
balanced coupling strength, and to the identification of the best chromophores.[87,
88, [89], 00, OI] While too strong an interaction is not favourable for the triplets to
separate and move apart, too weak a coupling reduces the rate of SF.[73], 92] 93],
94] The role of excimer formation in SF still deserves particular attention, indeed
its formation is a critical step for the generation of pairs of triplets.[95, ©96] The
energy matching condition, which approximates the energy positioning from the
monomer values, allows for the computational screening of possible SF' candidates
data sets.[97, 98, 99, 100, 10T, 102, 103, 104] Irrespective of the level of theory,
wave-function theory or density functional theory (WFT and DFT, respectively)
calculations, such an approximation is considered to be satisfactory for molecular

crystals, and more questionable in covalent dimers. [84, [105] [106], 107, [108§]

LUMO, LUMO,,

Homo, —H
!
Figure 2.4: Schematic description of the thermodynamic condition of the SF phe-

nomenon from the frontier orbital diagram of a class I compound built on A and B

chromophores.
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However, one may wonder how much the immediate environment of a given monomer
may modulate its spectroscopy. In the design of SF' compounds, we felt that atten-
tion should be paid to the molecular description, and to go beyond the free monomer
description. Practically, one would like to stress, if sizable, the influence of the elec-
tronic structure of a monomer spin state (so-called environment) on the relative
energies of a given neighbouring unit (so-called active chromophore). The impor-
tance of the environment is known and was reported in complex systems for which
local and collective effects are likely to compete.[109, 110, 111] Evidently, the ap-
propriate definition of the spin nature of the environment in ab initio calculations
calls for particular care, not to mention the system size which might make it not

tractable from quantum chemistry methods.
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2.2 Environmental effects on the thermodynamic
condition of the Singlet Fission phenomenon:

a model Hamiltonian-based study

In the screening of compounds for Singlet Fission, the relative energies of
the constitutive units are decisive to fulfill the thermodynamic rules. From
a model Hamiltonian constructed on the local spin states of an active chro-
mophore and its environment, it is suggested that the embedding greatly
influences the energy differences of the active monomer spin states. Even
in the absence of charge transfer, the field generated by a singlet environ-
ment produces an increase of the [E(Sa1) — E(Sao)l/[E(Ta1) — E(Sap)]
critical ratio by up to 6% as compared to the one of a free chromophore. Be-
sides, variations are observed when the intimate electronic structure of the
singlet environment is modified. This propensity towards SF is even more
pronounced (10%) when the environment is switched to the triplet state.
Finally, the embedding is likely to reverse the spin states ordering in the
limit of vanishing atomic orbital overlaps. Despite its simplicity, the model
stresses the importance of the environment spin nature in the quest for SF

candidates, and more generally in spectroscopy analysis.

= = =
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FIELD MODULATION
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2.2.1 Introduction

Our intention is to set the environment characteristics to foresee its impact on the
energies of the active chromophore. For a neighbouring closed-shell chromophore, a
single configuration might be an acceptable approximation and one strategy would
be to freeze the molecular orbitals (MOs) to mimic such a closed-shell environment.
However, the presence of a neighbouring open-shell chromophore (e.g. triplet) is
more problematic since the electronic structures and spin values of the sub-parts
cannot be decided in standard quantum chemistry calculations. Indeed, in a non-
relativistic description, the total spin is a good quantum number, and any calculation

produces spin eigen-states of the full system.

A model Hamiltonian built on the local spin states of two Hy sub-systems was con-
sidered to complement the current views on molecules with potential applications
for SF. A much more sophisticated environment may enrich the description at a
cost of a less comprehensive analysis. The model aims at capturing the environment
effects using this minimal picture consisting of a single Hy molecule. An ”active”
Hj molecule is then feeling a field generated by an ”environment” Hy molecule. The
relevance of traditional approaches based on isolated chromophores can be exam-
ined from this simple Hy model. Following the standard crystal-field theory that
relies on a closed-shell structure of the coordination sphere, we wanted to trace the
importance of the spin value of the environment, and the resulting modifications of
the Coulomb and exchange contributions. In particular, different coupling schemes
can arise with the presence of open-shells on both Hy molecules. The presence of
a spin-active environment triggers new interactions and coupling schemes with a
spin-active molecule. Such phenomenon is similar to spinmerism, a manifestation

in particular coordination chemistry compounds presented in the next Chapter.

2.2.1.a Description of the model

Traditionaly, theoretical inspections greatly concentrate on the HOMO and LUMO
frontier orbitals.[112], 113, 114} 1T5] The Sy—.S; transition in the popular class I of SF
chromophores is reasonably described by a HOMO-LUMO electronic transition.[116]

Indeed, the most promising candidates are slip-stacked chromophores where the di-
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Figure 2.5: Model system built on the active (A) and environment (E) chromophores
with relevant geometrical parameters | = 0.74 A (fixed intra-chromophore distance)

and L (inter-chromophore distance).

rect mechanism can be optimized.[109} 117, 118, 119] Therefore, Charge Transfer
(CT) states which might become competitive were not included in our description by
simply constraining the number of electrons on the active chromophore and the en-
vironment, a realistic picture when L >> [ (see Figure . The possibility of medi-
ation by the CT mechanism was explored elsewhere in covalent dimers. [83, [105] [106]
Thus, the model Hamiltonian is constructed on local spin states of a pair of interact-
ing Hy-like molecules (i.e. two electrons in two MOs). For preliminary inspections,
SF' is limited to the direct coupling mechanism. In summary, the construction is
nothing but a projection of the configuration interaction space into a selection of

configurations that preserve the electron numbers and spin states on the subunits.

Let us take one AO per hydrogen-site, which makes it a system of four electrons
in four AOs. Working with localised orbitals facilitates the wavefunction analysis
and its understanding. In this regard, one can either consider to work directly from
non-orthogonal AOs or to produce orthonormal MOs.[120] Each approach has its
specificity: on one hand, non-orthogonal AOs overlap (s) should be considered and
matrix elements for non-orthogonal orbitals need to be built, on the other hand,

orthonormal MOs need to be properly localized.

The a priori and a posteriori localization methods described in section (1.3)) are
particularly efficient for bigger systems but they must pay an orthogonalization cost:
a "delocalization tail” appears in the Localized MOs (LMOS)H When m-stacking

occurs in noncovalent SF chromophores, the inter-molecular MOs overlap is close

!The LMOs of a two-site system (A and B) are a linear combination of the AOS of A and B if

their AOs are not strictly orthogonal (in other words, if the AOs overlap is not zero).
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to zero due to the packing distance. As there is no exact control on the amount of
delocalization during the construction of LMOs, the first approach (non-orthogonal
AQOs) was chosen. To start from a chemical intuition picture, two locally orthonormal
MOs (gx and uy) are built on each monomer. Then, the non-orthogonality between

the two sub-spaces constructed on each H, fragment is taken into account.

Considering a minimal 1s AOs basis i4, ja, ig and jg (A and E being the active
and environment parts, respectively), the bonding (g4 and gg) and anti-bonding
(us and ug) LMOs of the active (A) and environment (E) subunits (see Figure
can easily be built as
1 . . 1 . .
gk = m(zk + k) and wu, = m(zk —Ji) (2.3)
where s = (ix|jk) is the AOs overlap between iy and j, and k is either the A or E

subspace.

From a chemist point of view, g, is the HOMO and u; is the LUMO of the sub-
system. g, and wuy are, by construction, orthonormal. However, the MOs of the
active subunit are not necessarily orthogonal to the MOs of the environment. In
fused-benzene compounds, orthogonality between the carbon-2p AOs becomes nu-
merically acceptable in the m — 7 interaction regime characterized by ~ 2.5 times
the carbon-carbon 7-bond distance (1.43 A). Indeed, the 2p carbon AOs o-overlap
is calculated as 0.01 for L = 3.6 A. At shorter separation distances, the AOs over-
laps can no longer be neglected, similarly is the 1s hydrogen AOs overlap in the
H,-model system for distances smaller than L ~ 2.5] ~ 1.9 A. Following the proce-
dure described in subsection , the matrix elements are corrected to account

for non-orthogonality.

u

—
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lggl luz| lgul lugl lgul |gul

Figure 2.6: Schematic representation of the mg = 0 closed-shell |gg|, |ua|, the mg =
0 open-shell |gu| and |ug|, and the mg = £1 |gu| and [gu| configurations on a dimer.
The mg = 0 singlet and triplet configuration state functions are \%(| gu| + |ug|) and

\/Li(|gﬂ| — |ug|) respectively.
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Neglecting the CT mechanisms, each monomer displays six possible local configu-
rations: one mg = —1, four mg = 0, and one mg = +1 (see Scheme . These
local configurations are combined into local configuration state functions I'y and I'g
to span the total tensorial product space 'y ® I'g. This tensorial product space

contains (;1) (;1) = 36 determinants, which are referenced in the following Table .

Ca®Tg | |grge| | lupur| | lgeuE| | updEs| lgpug| |grpuE|

|gagal
U4l

Ms =0 Ms=+1| Mg=-1
|gatial
|uagal
|gaua| Mg = +1 Ms=+2| Mg=0
|Gatial Mg = —1 Mg=0 | Mg=—2

Table 2.1: The total determinants basis for the configuration state functions I'y
(rows) and I'g (columns). Total spin projection Mg of the tensorial product space

'y ®I'g is given.

All matrix elements were first analytically calculated as functions of mono-electronic
and bi-electronic integrals expressed in the minimal AOs STO-3G basis set. Evi-
dently, the model Hamiltonian parametrization could be used. However, we pre-
ferred to introduce the chemical details of the structure, as any ab initio approach
would do, to possibly extend to any realistic SF chromophore. All integrals are

distance-dependent and numerically available from the PSI4 suite of programs [121]
(see Figure [2.5).

All determinants are built in the Mg = 0 manifold (in bold in Table 2.1, and
the energies are compared to the ones obtained in the absence of the environment
subunit. Within our approach restricted to the direct coupling mechanism (i.e. no
CT), the singlet state environment Sg is constructed as a contraction on the three

configuration state functions (see Figure [2.6)):

1
Sg = e1|lgpgp| + e2luptip| + 63ﬁ(|gEﬂE| + |uegg|)- (2.4)

Such a contraction allows one to (i) generate a given electronic structure that is

not affected by the presence of the active chromophore (frozen embedding picture),
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and (ii) extend our model to non-symmetric active-environment pairs. By varying
the coefficients in the contraction, the nature of the environment can be selectively
modified to account for the aggregate formation, and to reproduce different regimes.
In contrast, the electronic structures of active chromophore singlets Sy4, Sa1 and
Sao are fully relaxed as linear combinations of |gag,l, |uata| and \/Li(|g,4ﬂ,4| +

|uag4|) configurations:

1
|Sa,i) = a1]gaG 4| + az|uatia| + Clz%ﬁﬂgﬂfﬂ + |uagal)- (2.5)

Let us mention that a closed-shell Sg environment is readily achieved by freezing the
occupied and virtual LMOs of the environment in an ab initio procedure. Evidently,
the triplet state consists of a single configuration 741 = \/Li(|gAEA| — |uaGyl), the

energy of which is immediately calculated in the Sg field.

A similar inspection was then performed when the environment is switched into a
triplet state Tr. However, some particular care must be taken since a total triplet
state 3(TA71TE) emerges from the local triplet states 7% ; and Tx. Such a triplet
can mix in with the triplet state built from the \%(\gAﬂA\ + Juag,l) X \/Lﬁ(\gEﬂE] -
|upgg|) configuration (i.e. Sa1®Tk). Moreover, one overall singlet and one quintet
states emerge from the coupling of 7’4 ; and 7. The eigenvector analysis evidences

contributions arising from local singlet and triplet states on the active chromophore.

In this study, we are primarily concerned with the impact of the environment spin
structure on the energy level matching conditions. Thus, the objective is to examine
the sensitivity of the low-energy state ordering of an active chromophore A in the
field generated by a L-distant environment E. In this picture, the thermodynamic

condition for SF reads p = [E(Sa1) — E(S40)]/[E(Ta1) — E(Sap)] > 2.

2.2.2 Results and discussion

Let us first concentrate on the active chromophore energy levels in the field of a
singlet state environment Sg. In the Mg = 0 manifold, the Sy ® Sg space is
spanned by three determinants. A single determinant built as T ; ® Sg defines the
local triplet state energy on the active chromophore. Overall, three singlet states

Sa,; and one single triplet T ; energy are evaluated in the presence of a frozen
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singlet environment. All energies depend on the inter-dimer distance L as well as

on the contraction coefficients e, es, and es (see equation ([2.4))).
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Figure 2.7: (a) Critical ratio p = [E(Sa1) — E(Sa0)]/[E(Ta1) — E(Sap)] in the
field of different singlet environments as a function of the inter-dimer distance L.
The singlet environment Sg consists of a contraction e; = 0.91, e; = 0.27, and
e3 = 0.09. (b) Variations of the singlet and triplet states energies (eV) of the active
chromophore in different singlet environments. The energy of the ground state is

used as a reference. The intra-chromophore distance [ is set to the equilibrium H,

distance 0.74 A.

In the long-distance regime (L > 3.5 A), the Hy monomers do not interact, all
integrals becoming vanishingly small. The asymptotic limit of the critical ratio
p=[E(Sa1)—E(Sa0)]/[E(Ta1)—E(Sao)] (ca. 1.60) corresponds to the value that
is usually reported from calculations performed on a single chromophore. However, p
is very sensitive to the presence of a surrounding partner (see Figure[2.7(a)), even in
this simplified picture. The nature and amplitude of the dipole-dipole interactions
are responsible for this differentiating effect. For interacting m-systems, the ratio
between the intramolecular carbon—carbon distance and the packing separation is
ca. 2.5. In analogy, one expects that, below L ~ 2.5 ~ 1.9 A, CT contributions
should be included between 1s hydrogen AOs, and our simplified view would be
invalidated. However, even at this low-distance limit, p is increased up to 1.72 (see
Figure 2.7(a)). Figure 2.7[(b) shows the variations of the energy levels of the active
chromophore in different singlet environments. A closed-shell |grgy| environment

lower the energy levels of all excited states with respect to the ground state S4 . The
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first excited singlet S4; and triplet T4 ; states are equally stabilized with respect to
the ground state. However, the gap between S, ; and T4 ; is nearly independent from
L (standard deviation 0.05). Overall, this favours the SF thermodynamic condition
(p increases up to 1.75). A closed-shell |ugtg| environment imposes a weaker but
opposite behaviour. Finally, the open-shell singlet environment (long dash lines in
Figure slightly stabilizes the excited states with respect to the ground state,

which slightly improves the SF thermodynamic condition.
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Figure 2.8: (a) Critical ratio p = [E(Sa1) — E(Sa0)]/[E(Ta1) — E(Sap)] in the field
of a triplet environment T as a function of the inter-dimer distance L (in dash-dot
line). Ratio evaluated in the field of the singlet |grgy| environment, from Figure
2.7 is repeated for the sake of comparison (in grey plain line). (b) Variations of
the low-lying triplet state energies (eV) for a triplet environment (dash-dot lines).
Variations of the low-lying states in the field |gggy| environment is repeated for
comparison (grey plain lines). The ground state consists of a pure singlet on A,
and its energy is used as a reference. The excited triplet states are labelled with
the dominant contributions on A. The intra-chromophore distance [ is set to the

equilibrium Hy distance 0.74 A.

As soon as the environment spin state is switched to triplet, the picture is some-
what modified. Irrespective of the inter-dimer distance, the ground state singlet
(reference energy in Figure 2.8(b)) is a pure singlet on A dominated by the |gag |
configuration. As mentioned before, the excited triplet states result from the mixing

between different spin-coupling schemes (S4; ®7Tr and Ty ; ®Tg). From our numer-
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ical inspections, these states labelled as Ty ; and S4; in Figure (b) are largely
dominated (ca. 98% at L = 2 A) by the triplet and singlet on A, respectively. Thus,
these energies can be compared to the ones obtained from an isolated chromophore
picture for which p = 1.60 and T4 1 — 5S4, = 16.50 eV. Not only does the Sy1 —T4
energy difference increases with the decreasing inter-chromophore distance (+1.74
eV), but also the SF thermodynamic condition p > 2 is fulfilled for L values close
to 1.9 A (see Figure 2.§(a)). For comparison, the triplet-singlet energy difference
and the p value for L = 3.5 A were, respectively, calculated as 16.50 eV and 1.60
at the CAS[4,4]SCF level in a minimal 1s AOs STO-3G basis set.[45] The same
results were obtained at the CAS[2,2|SCF level, in the same minimal basis set. In
this regime, the contracted view of the model (see Figure 2.8(b)) reproduces the

CASSCEF energy splitting as well as the asymptotic value p = 1.60.

Despite its simplicity, our model stresses that the presence of the environment sig-
nificantly modifies the spin state ordering. As expected, the field generated by the
environment depends on its spin state, giving rise to an enhanced SF inclination
in the presence of a triplet environment 7. The observed critical regime of 1.9
- 2.6 A in the Hy model agrees with the traditional range of the manifestation of
m-stacking interactions in conjugated organic molecules up to a scaling factor based

on the intra- and inter-molecular distances (L ~ 2.51).

It is known that realistic synthetic systems for SF are acene-like and our model may
look at first over-simplistic. First, the hydrogen 1s AOs o-overlap is 0.66 for [ = 0.74
A, whereas the m-overlap between the 2p carbon AOs is reduced down to 0.19 for a
typical carbon—carbon distance. Then, the density of states increases with the num-
ber of carbon atoms in a polyacene. Together, these elements favour a reduction of
the HOMO-LUMO gap within the chromophore. In the m-stacking acene arrange-
ments, the inter-chromophore interactions are governed by negligible 2p carbon AOs
o-overlap (0.01 for L = 3.6 A). For all these reasons, we felt that setting all overlap
values to zero (intra- and inter-chromophores) in our model would allow in making
the contact with synthetic compounds, and in analysing the leading mechanisms at
work in the hierarchization of the spin states. Importantly, all the one-electron and
two-electron energy integrals were maintained as numerically evaluated from PSI4.

The former singlet and triplet environments were generated (see Figure [2.9)).
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In the asymptotic limit (4 A, see Figure upper panel), the spectroscopy evidently
does not depend on the environment structure and exhibits a singlet ground state
Sa,0. Nevertheless, the absolute energy of the latter is sensitive to the structure of
the environment and, as a consequence, the p value is modulated. The spectroscopy
of an isolated chromophore in the approximation that all overlap values are zero
is calculated as a reference, and the values for the T ; — Sa gap and p are 9.17
eV and 1.61, respectively. The four different environments create three distinct
behaviours, already at L = 20 A (see Figure , bottom panel). These variations
of spectroscopy are mainly shaped by the energies of the closed-shell active states

SA,O and SA72.
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Figure 2.9: Upper panel: Low-lying singlet and triplet states energies (eV) as a
function of the inter-dimer distance L in the vicinity of a contracted singlet envi-
ronment Sg (a,b,c) and a triplet environment (d). (a) e; = 1 and e3 = e3 = 0, (b)
e1 =0,es=1,and e3 =0, and (c) e; = e3 = 0 and e3 = 1. All AOs overlaps are set
to zero. Following the Tanabe-Sugano representation, the ground state energy Fgg
is taken as a reference. Horizontal dashed lines represent the spectroscopy of an
isolated chromophore. Bottom panel: Extension to the energies of all states beyond

the asymptotic limit (L > 4 A), for a clearer reading.
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By inspecting the different contributions, the leading one arises from the two-electron
integral [i4jalipjr] (see subsection ([1.1.5))). This is a slowly decaying 1/L integral
that destabilizes |gag49rGg| and |uaTsupug| configurations, whereas it stabilises
|uAiagegy| and |gag uptip| configurations. As a consequence, the energy of the
Sa, state increases in the presence of a mono-determinantal singlet environment
lgegr| (e1 =1, ea = e3 = 0). Conversely, it is lowered for the |ugtig| environment
(e1 =0, e2 =1, e3 = 0). For symmetry reasons, the energy of S4, is not sensitive
to the open-shell singlet environment \%(|gEﬂE| + |upggl) (1 = e2 =0, e3 = 1),
neither to the triplet environment. This state of affairs changes for the excited
triplet T4 ; and singlet Sy, states. Indeed, the dominant integral [i4j4|igje| has no
impact on their energies, and the S4 1 — 74 ; splitting remains constant and equal to

2K,

gAUA

(exchange integral). As a result of the long-range 1/L potential, the critical
ratio p is still sensitive to the environment even for L = 20 A where Plgsgsl = 1.70,

Plupuy| = 1.53 and p . = 1.61 (see Figure [2.9] bottom panel). A more

5 (lgptpl+upgpl
physical singlet environment is a contraction over the different singlet configuration
state functions. Different contracted singlet environment structures were generated

by varying the amplitudes e;, e and ez (see Figure [2.10)).

For L ca. 5 A, the p > 2 regime is reached (respectively from (a,b,c) of Figure
where all AOs overlaps are set to zero, p = 2.33, 2.28, and 2.10), in sharp
contrast with what was observed previously (p = 1.60 for the different contracted
environments in Figure [2.7[(a) where AOs overlap are non-zero). When L is further
reduced, the energy of the Sy state continuously increases, and eventually the
nature of the ground state switches to high-spin 74 ;. Such an observation somewhat
reconsiders the traditional picture ”strong field-low spin” in metal ion coordination
compounds. Interestingly, the switching L distance is shifted to lower values (see
Figure as the weight of the |ugtig| configuration increases. This is a reflection
of the competing effects of the |grgy| and |ugtig| configurations on the stabilization

of the S state, observed in Figure 2.10]
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Figure 2.10: Singlet and triplet states energies (eV) as a function of the inter-
dimer distance L in the vicinity of a contracted singlet environment S with the
increasing weight on the |ugtg| configuration. (a) e; = 1 and ey = e3 = 0, repeated
from Figure for better comparison of spectra, (b) e; = 0.99 and ey = e3 = 0.10,
and (c) e; = 0.95, e; = 0.29, and e3 = 0.10. All AOs overlaps are set to zero.
Following the Tanabe-Sugano representation, the ground state energy Fgg is taken
as a reference. Its nature changes for a characteristic L distance which is marked
by a vertical dashed line. Horizontal dashed lines represent the spectroscopy of an

isolated chromophore.

The examined electronic structure is evidently reminiscent of the one in cyclobu-
tadiene. As seen in Figure the ground state of the four-electron four-orbital
system is the singlet whatever the structure of the singlet environment. This obser-
vation is in agreement with the pseudo Jahn—Teller effect manifestation: the triplet
square structure is unstable and a distortion to the rectangular geometry leads to a
singlet ground state. In contrast, our constrained wave function description favours
a triplet ground state (741 ® Sg) even for strong deviations from the square geom-
etry. The contracted structure of the E part and the resulting absence of CTs are
responsible for this behaviour. However, our model highlights the significant impact

of the electronic structure of the environment.

2.3 Conclusions

The importance of the spin structure of the environment on the energy states of a

two-electron active chromophore was examined by building up a model. The active
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chromophore state ordering is much affected in the presence of a triplet or a singlet
environment. As a consequence, the critical ratio p = [E(Sa1)—E(Sa0)]|/[E(Ta1)—
E(Sap)] defined on the excitation energies of the first singlet and triplet excited
states may reach the lower bound p = 2 value for the SF condition to occur. It is
important to remind that the critical L = 1.9 A distance in our model is analogous
to the m-stacking distance in a conjugated 7-system dimer (3.5 A). As observed, the
environment creates an electronic field influencing the active chromophore already
at L = 3 A, equivalent to a 5.7 A separation of two pentacenes. A simplified de-
scription that neglects overlaps leads to an even deeper modification. Moreover, the
ground state is switched from the low-spin singlet to the high-spin triplet when the
distance between the active chromophore and the environment is ca. 2.5 A. This
critical distance is governed by the structure of the singlet state environment acting
as a field that controls the spin state hierarchisation. The influence of the slowly
decaying 1/L two-electron integral [iajaligjg| on the active subunit is reduced on
a more complex description, which does not prevent it from playing a discrimina-
tory role between environments. Even in the absence of charge transfers between
the subunits, our model suggests that spin-dependent environment effects should be
taken into account. Indeed, a triplet environment favours the SF thermodynamic
condition, whereas a closed-shell doubly excited singlet environment disfavours this
condition. In the light of the many studies approximating the SF energy condi-
tion to the study of a single chromophore, our model highlights the importance of
the ”discarded” environment chromophore. The simplicity of the Hy-based model
brings some insights and means of interpretation that should be transferable in the
theoretical quest of SF candidates. Finally, I would like to stress that this model
(available online in allows one to study the influence of a 2 x 2 (2
electrons in a HOMO/LUMO pair) frozen environment chromophore on a 2 x 2
active chromophore. Then, it is possible to replace the g, and u; MOs basis set
(constructed on the minimal 1s hydrogen basis set) by any desired gpp,s HOMO
and uppys LUMO basis set. This model corrects non-orthonormality between MOs
through its construction of matrix elements, which makes it suited to add more

physics (e.g. 2p carbon AOs), in the approximation of a 4 x 4 model Hamiltonian.

Self-criticism is always needed in Science. 1) It is important to mention that only
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the commonly used thermodynamic condition p = [E(Sa1) — E(Sa0)]/[E(Ta1) —
E(Sap)] is studied in this problem. A proper comparison with the more physical
thermodynamic condition pyn,s = [E(S*) — E(S)]/[E(*(TT) — E(S)] would allow to
have a reference pppys, useful to quantify the variations from one approximation to
another. 2) Charge transfers are neglected in the description to facilitate the anal-
ysis, and to access a physical undertanding. However, charge transfers states have
been suggested in literature to be of importance for SF to occur. Having an environ-
ment mainly frozen in a contracted state but with some allowed (e.g. 10%) charge
transfers contributions may open new understandings on the influence of environ-
ments. This idea is inspired from embedding methods, where one can control the
amount of charge transfers between an impurity and a bath by tuning their chemi-
cal potential. 3) The mono- and bi-electronic integrals calculated consider indirectly
the AOs overlaps. Thus, virtually neglecting overlaps in the orthogonalization pro-
cedure may induce a bias at shorter distances. 4) The model works in a minimal
STO-3G 1s hydrogen AOs basis set, an extended basis set would improve the quality
of the electronic spectra. Otherwise, using carbon atoms with 2p AOs such as in
an ethylene dimer may bring more physics, differentiating the 7 — 7 interaction for
intramolecular bonds from the ¢ — ¢ interaction for intermolecular stacking. Never-
theless, this description would complicate the model, raising the question to move
from a model (with or without Perturbation Theory corrections) to a selected-CI ap-
proach (where one would select only some electronic configurations). 5) Varying the
intramolecular [ distance may bring new perspectives to take into account the low-
ering of the HOMO-LUMO in polyacenes with increasing numbers of carbon atoms.
This was in fact explored but not presented as it involves new discussions, less im-
portant with regard to the variation of L. 6) The electronic structure is separated
into two local structures, but the hydrogen sites remain in a spatially symmetric
arrangement. Bringing in asymmetry by having different bonds distances (4 # lg),
slip-stacking or rotating the two subunits along an axis, would allow to explore the

influence of other types of environment, at the cost of an increase in variability.

Still, our model highlights the influence of a frozen electronic environment on an
active subunit. The influence of an electronic environment have applications beyond

the SF issues, such as energy and electron transfer mechanisms.
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Appendix C. Construction of the model Hamilto-
nian for SF

My opinion in Science is that, often, codes are written and developed for specific
problems but rarely appear when publishing an article or a thesis. For this reason,
the codes used in this Chapter have been put on a github page.[122] T would like
to take the next few pages to explain the philosophy and details that allowed us to
realize such a model study. Our system is a Hy rectangle. Its symmetry group is
D,. Symmetry arguments allow one to reduce the complexity of a problem, which

is the case in our study.

Singlet environment
2.3.0.a Single configuration

Let us first focus on the case where the active monomer is in a Singlet environment.
For a single configuration singlet environment (e.g. e; = 1, e = ez = 0), four

determinants are generated in the Mg = 0 space.

La®Tg | |9ege| | lupue| |gpue| |upge| |9pue| |detEl
|gaga| Ay

U4l By

lgaual | Ch

[uaga| Dy

|gaual

|gatial

Table 2.2: Single configuration singlet environment e; = 1, es = e3 =0

A 4 x 4 resulting matrix is then created, which eigenvalues contains the energies
of the three singlet and one triplet states of the active monomer in this field. As
we do not introduce any spin-orbit coupling, coupling terms between singlet states
and the triplet state are zero. In this sense, this 4 x 4 matrix can be transformed
as two decoupled matrices: a 3 x 3 singlet matrix, and a 1 x 1 triplet matrix. It is

then necessary to consider a linear combination of C; and D; determinants, which
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transforms our determinant basis ({ Ay, B, C1, D1} to a configuration state function

basis (singlet basis: {A;, By, \%(Cl + D1)}; and triplet basis: {\%(C’l —Dy)}).

Next, one needs to evaluate the matrix elements following the selection rules for
non-orthogonal orbitals stated in subsection ([1.1.6). As a concrete example, the

(A1|H|A;) matrix element is developed below.

Though, the first step is to define the secular determinant

ga 9a 9e UYE
ga | 1 0 S 0
ga| 0 1 0 5 (2.6)
ge | S1 0 1 0
ge | 0 S 0 1

with S1 = (gal9g)-

Let us start with the one electron operator. As a reminder, the mono-electronic
integral (ga|h|ga) have as coefficient the secular determinant above where column

g4 and row g4 have been crossed out, which makes

1 0 5
0 1 0|=1-5% (2.7)
S 0 1

(94G495U0E|O1|gagagein) = 2(1 — S2)(galhlga) + 2(1 — S){(gr|hlgs) + 4(S1 — S2)(ga|hlge)

We remind the reader that we are working with real orbitals ((ga|h|gz) = (g5|h|g4)),
but also that our system belongs to symmetry group D, which allows one to simplify

the mono- and bi-electronic integrals, for example: (galh|ga) = (9g|h|gs).

It is then important to differentiate inter- from intra-molecular integrals, which we
implement by introducing g and u, bonding and anti-bonding molecular orbitals
on a given site and 7 and v, bonding and anti-bonding molecular orbitals on the
neighbouring site, with respect to the given site. In this sense, there is no need

anymore to differentiate integrals which give the same result, e.g:

(9494l95uE] = [9a9a|uEgE] = [9E9E|vAgA] = [9E9E|gawA] = [99]5V] (2.8)
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Continuing with the two electron operator, the bi-electronic integral [gagal|gagal
have the secular determinant where columns g4 and g4 and rows g4 and g are

crossed out as multiplying factor.

(94949505 Os|gadagein) = 2(35:—1)[gj|19]—8S1[99]g7])+2(2—S?) (9917 +2gglg9]

If S; = 0, then one can observe the textbook selection rules for integrals as described

in subsection (|1.1.6.h)).

(9409495UB| H|gAGagEUE) =€q, + €4y + € + g3 + [9494]9494] + [995|gEIE]
+ [9494l989E] + [94949E9E]
+ [9494l989E] — [949E19E94) + [9494|9E9E] — [949E|dEGA]

=de, + 2[g9l99] + 2(2[g913i] — [917g])

There is no need to compute these matrix elements by hand and a working symbolic
Python code is available on Github.[122] If the spin of MOs was disregarded, one
matrix element for a system as simple as four electrons in four MOs would give
rise to 16 mono-electronic integrals and 72 bi-electronic with their respective secular

determinant to evaluate.

Concerning the triplet state (and equivalent open-shell singlet), one must evaluate
three matrix elements as demonstrated below:

1 1
V2 V2

Once the 3 x 3 singlet and 1 x 1 triplet matrices are derived in the basis set of

(Ci¥ D) |H|

( (C1F D)) = %((Cl|ﬁ|01>+<D1|ﬁ|D1>3F2<Cl|ff|D1>)~ (2.9)

the MOs integral, two choices are possible to evaluate these integrals: (i) direct
calculation from a QC code, (ii) transformation into AOs integral basis set. The
second option was chosen as it allows working in the AOs basis set. This non-
orthonormal basis contains AOs localized for the four hydrogen atoms. Above, we
explained the symmetry reasons behind the appearance of g, u, j and v in our
expressions. These same symmetry reasons can be invoked to write AOs integrals
in the basis of {i, 7,4, 5'} such that: 7 is the AO of a given H atom; j is the AO of
its intra-molecular neighbour; i’ is the AO of its closest inter-molecular neighbour;

and j' is the AO of its farthest inter-molecular neighbour.
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From the first step which gave the matrix elements in terms of the MOs integrals,

one can obtain a total of (é) (é) = 64 mono- and (;) (é) (é) (é) = 4096 bi-electronic

MOs integrals. This number is reduced, respectively, to 4 and 19 with the help
of spin and spatial (D) symmetry rules that were presented before. Transforming
these MOs integrals to AOs integrals, 4 mono- and 19 bi-electronic AOs integrals
are obtained. These important but heavy looking terms are found in Table[2.3] An

analytical example is given for (g|h|j) integral:

(glhl3) Z(ﬁ(’ﬂrﬁw\/ﬁ

1 Ha P a T

22\/<1 S0 Si/jl)(<z\h|2>+ (i[hl3") + (Rl + (lRl57)
==y ) + 2lhl7)

(" + ')

By symmetry, (glhlu), (glhlv), [gulgg), [9gljv], giliul, [gulun], [gulve], [gulvu] and

[gv|jg] are zero.

These integrals were determined using a Psi4 code, which is also uploaded on
Github.[122] We have thus fully developed the problem and can now start plug-
ging in the numerical values of AOs integrals to observe the consequence of a frozen

singlet environment |grgr| on the spectroscopy of an active Hy molecule.

The same procedure can be repeated when the environment is |ugtg|. Particular
care must be taken when the environment is made of multiple frozen determinants
such as an open-shell singlet \/Lé(l grug|+ |ugge|). This is demonstrated in the next

subsection.



82 CHAPTER 2. ENVIRONMENTAL INFLUENCE IN SINGLET FISSION

MOs integral AQ integrals basis Acronym | AOs integral
(glhlg) = Sy(2e+2t) ¢ (il hli)
(ulhlu) = S_(2¢ - 2t) tij (ilhl5)
(glhli) = Sy (2t + 2t) tii (ilhli)
(ulh|v) = 5_(2tir — 2tij) tije (ilh|j")

(gl7) = 51 = S4(25i + 25 Sij (il7)
(ulv) = S3 = 5_(2S; — 2Si;) Siir (")
Sijf (il ")

l99lg9] = S%(2U +2J + 8X\; +4K) U [i4]i1]
[99135] = S3(2J" +2J1 + 8Xg + 4wy) J [id57]
[97179] = 52 (2K + 20, + 86 + 2w, + 2ws) J’ [i]i'4]
[uu|uul] = S2(2U + 2J — 8\, +4K) K [i7]i7]
[gg|uul =S5.5 (2U +2J — 4K) K’ i1 |i7]
lgulug] S-(2U —2j) S [édl"5']
[gg|vv] =S5 (2J +2J; — 4w) A1 [it]i]
[gv|vg] =SS (2K — 20, + 2wy — 2ws) A2 [id]d’5']
[uu|vv] = S2(2J" 4+ 2J; — 8\ + 4w,) w1 [i7]¢ 5]
[uv|vu) = S2 (2K’ + 260, — 804 + 2wy + 2ws) wa [i7'|ig"]
lguljv] = S5.5-(2)" = 2J) w3 [i5'1i'j]
[gv|jul =SS (2K' — 20, — 2wy + 2w3) 01 i1 7]
[g7|uv] =SS (2K + 26, — 2wy — 2w3) 0, [i7|77]
99191 = ST(27 + 272 + 273 + 274 + 45 + 476) M (7]
97| uu] = S15-(2m1 + 272 + 293 + 274 — 45 — 46) V2 [id5"]
lguluj] = 5520 — 292 + 295 — 27) ot [idij']
[uwu|uv] = 5% (271 + 2799 — 27v3 — 24 — 475 + 476) Y4 [i1]77]
lggluv] = S4S_ (291 + 272 — 295 — 2va + 475 — 47%) s [i]i]
lgulvg] = 845-(2%1 — 272 — 273 + 27) o (i35

Table 2.3: (left) MOs integrals transformed into linear combinations of AOs integral

basis.

S+:

1
2(1+5i5)

used for better readability.

and S_ =

__1
2(1-S,;)"

(right) AOs integrals and their acronym
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2.3.0.b Multiple configurations

Now let us focus on a multiple configuration singlet environment (i.e e;, e and e3

are different from 0). There arise 16 determinants as represented in Table [2.4] below.

La®Tg | |gegel | lupue| | lgpuE| | luegel | lgpue|  |9pis|
|9ag4l Ay Az Az Ay
[uatia B, B, By B,
|gatia| C1 Co Cs Cy
luagal | D D, Dy D,
|gaual
| Gatial

Table 2.4: Singlet environment

If the environment is not frozen, then a 16 x 16 matrix need to be built. It is
composed of two uncoupled matrices: one 12 x 12 singlet matrix and one 4 x 4
triplet matrix. However, as we are freezing the environment, we need to contract
these spaces from 12 x 12 to a 3 x 3 singlet matrix and from 4 x 4 to a 1 x 1 triplet
matrix. One naive way to proceed would be to do a linear combination of the four
singlet matrices with basis {4;, B;, \%(C’, + D;)}. However, this would neglect the
inter-matrices coupling such as <A1|FI |As), which may appear. As an example, the
matrix element (A|H|A) is evaluated in the basis of the 16 x 16 matrix H, whose

elements are denoted as Hy,z;, = (Y;|H|Z;) = Hyy, (Y, Z=A-Dandi,j=1-4).

|A) = |€ﬂgAgA9E9E|+-6ﬂ9A9AUEUE|4‘63N/—UQA9A9EUE|+W9A9AUE9ED>

= le A1 + e2As + e5—=(As + Ay))

\/_

<A’ﬁ|A> <61A1 + €2A2 + e3—— (Ag + A4)|H|61A1 + 62142 + e3—— (Ag + A4)>

\/_

2 2
= elHAlAl + e211[142142 +

\/_

1
§€§<HA3A3 _'_ HA4A4 - 2HA3A4) + 26162HA1A2

+V2e1e3(Hayn, + Haa,) + V2eses(Hayay + Haya,)

This calls for the evaluation of the 136 matrix elements of the 16 x 16 matrix { Hy,z, },

then their linear combination to reduce the problem size through contraction. This
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is a general way of proceeding which allows one, in the end, to have a global expres-
sion of a Dy symmetric system in terms of {e;}, overlaps, mono- and bi-electronic
integrals. Being a generalized model, it is possible to use it to describe more complex
systems, either stopping at the MOs integrals and using pre-computed HOMO and
LUMO MOs or going down to the AOs integrals and studying, for example, the C,

m-system of a ethylene dimer.

Triplet environment

Let us briefly discuss the case of a triplet environment. It is not necessary to take
into account all five possibly generated Mg (=2, —1, 0, 1, 2). We then focus only
on the Mg = 0 determinants as they give a global picture of all the possible calcu-
lated states. The three active singlet states can couple with the triplet environment,
producing three singlet states. The active triplet state coupling with a triplet en-
vironment generates one singlet, one triplet and one quintet states. One may have
observed that our initial determinant basis in Table [2.5] contains ten determinants.
Four of the generated determinants belong to the open-shell singlet environment

counterpart. A total of six states is to be studied when having a triplet environ-

ment.
La®Tg | |gedel  |upug| | |geuE| | luege| | l9puE! | |9pis)|

|9agAl Az Ay

|uatia| B By

|91l Cs Cy

[uagal Dy D,

|gaual Eg
|gatia| F

Table 2.5: Triplet environment in Mg = 0.
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Chapter 3

On the rise of spinmerism

This Chapter tackles the notion of environment in the point of view of in-
organic chemistry: the system of reference is now a metal ion, while the
environment 1is the ligand sphere. It is divided in four parts. First, it
introduces the spinmerism phenomenon, studied later in the Chapter, by
presenting its various key components. The first part ends with a brief in-
troduction to Quantum Computing. It continues with a model Hamiltonian
study of the spinmerism phenomenon, with an extension to possible molec-
ular spin-qubits hardware for Quantum Computing. This is followed by an
ab initio wavefunction-based study of a Co(II) oxoverdazyl complex which
exhibits a weak spinmerism effect in its ground state. Despite the vanish-
ingly small manifestation of spinmerism observed in this complex, it is the
first ab initio observation of this mechanism. Finally, it ends with an ab
initio wavefunction-based study of a Fe(Il) oxzoverdazyl complex that exhibits
excited state spinmerism effect. This leads to a comment on the influence
of spinmerism on Tanabe-Sugano diagrams (here solely on octahedral d® di-

agram) and its applicability for molecular electronics. This Chapter finishes

with a general conclusion and a self-criticism.

keywords: spinmerism, wavefunction, model Hamiltonian, ab initio, Tanabe-Sugano,

spin-qubits

Most of the content of this Chapter has been published in Refs [123] [124], [125].
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3.1 An introduction to spinmerism

With the fast evolution of science over the last century, many new research areas
have emerged, and many older fields have evolved accordingly. Humans have always
miniaturized their technology, while increasing its energy consumption. The field of
magnetism has a particularly long history. As magnetic materials occur naturally
(magnetite), they have been recorded by mankind since 800BC, and used as navi-
gation tools since the 11th century. With the development of advanced theories for
magnetism around the 19h century, scientists separated effects from materials. This

led to the development of magnetoChemistry.

In recent decades, magnetoChemistry has remained an attractive field of research
for the scientific community, especially with the advent of molecular magnetism.
Magnetic properties were primarily measured and studied on coordination chem-
istry complexes of metal ions with unfilled d-orbitals. The synthesis of free radicals
has opened the way to new explorations, thanks to the unpaired electrons in the p-
orbitals of stable free organic radicals. Association of open-shell fragments, such as
transition metal ions and organic free radicals, has led to molecule-based magnetic
systems. Magnetic considerations have shifted from a strictly magnetic metal centre
to a total ensemble, resulting from the coupling between magnetic centres (metals
and/or radicals). Their magnetic properties can be modulated by effectively con-
trolling the nature of the magnetic interactions, and may present extended material
properties (e.g. low density, transparency, photo-response). They come in a variety
of forms: single molecules (zero-dimensional, 0D), chains (1D), layers (2D), and 3D
networks structures. The innovative properties of these compounds have opened new
perspectives in fields such as molecular electronics and supramolecular chemistry. A
significant number of magnetic phenomena (Spin CrossOver, Giant MagnetoResis-
tance, Spin Hall Effect, Tunnel MagnetoResistance...) have contributed to increase
the theoretical understanding of magnetism, and to continue the frenetic techno-
logical race in the fields of data storage, spintronics and sensors. In recent years,
quantum technologies have also manifested their interest for information storage and

manipulation possibilities.
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This PhD work was inspired by a rather peculiar phenomenon: Valence Tau-
tomerism. Yet, in my opinion, it is easier to tackle this phenomenon after first

understanding another phenomenon: Spin CrossOver.

3.1.1 Spin CrossOver Systems

Spin CrossOver (SCO) phenomenon results from molecular bistability of particular
compounds. The latter can be defined as "the ability for a molecular system to
exhibit two stable states in a given range of external perturbation”.[126] SCO is
mainly observed in coordination complexes with a first row transition metal d* to d”
and a Ng octahedral environment.[127] These compounds may exhibit a crossover
between a low-spin (LS) and a high-spin (HS) states, induced by a variation of
temperature, of pressure, and by light irradiation.[128] This crossover is associated
with changes in the ligand field strength, molecular structure, volume, magnetic
susceptibility, and color. Indeed, LS and HS states have their own (different) ligand
equilibrium geometry. This makes them particularly interesting for memory devices

and electrical switches applications.[129]

SCO was first observed in 1931, through the temperature-induced interconversion
of two spin states of natural Fe(IIT) complexes.[I30] It was then highlighted in other
natural iron compounds such as hemoglobin and its derivatives.[I31), [132] In the
1960s, some groups studied and reported the crossover region for Fe(II) [133] and
Co(II) [134], 135] compounds, but it is truly the development and use of Méssbauer
spectroscopy [136] which allowed to study in depth the SCO phenomenom.[137,
138] It was overall mainly studied in Fe(II) compounds,|[139, 140, 126] but also
in Co(IT) compounds,[T141] due to their particular properties and because they are
the best candidates for Mossbauer spectroscopy. SCO compounds are very diverse,
from mononuclear spin transition compounds [142], [143] to polymeric spin transition

compounds, [144), [145], 146] but also as thin films, and nanoparticles.[147, 148, [149]

Briefly, one can observe that there is a crossover region in the Tanabe-Sugano dia-
grams [150] for d* to d” in an octahedral geometry (see Figure . Modulating the
ligand field allows one to change the spin state of the metal (AS =1 for d* and d7;
AS =2 for d° and d%). As stated earlier, this modulation can be tuned by different
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Figure 3.1: Tanabe-Sugano diagrams from d?® to d® octahedral metal complexes. A,

is the ligand field, B is the second Racah parameter, and E is the energy.

external stimuli. If sensitive to temperature, a SCO compound may present a ther-
mal hysteresis. Four criteria [I51} [152] [153] are to be fulfilled for the compound to
be of interest for thermal devices applications: (i) abrupt transition during heating
and cooling. (ii) the transition temperature 77/, at which half of the species are in
LS, and the other half in HS, to be around room temperature. (iii) thermal hys-
teresis width to be of the order of 50 K. (iv) stability of the hysteresis after > 1000
cycles. Pressure variations are more often used as a way to tune thermal hystere-
sis, and related 7}/, in greater depth.[I54] Nevertheless some pressure-induced SCO
compounds can be found in the literature.[I55] Thanks to wavelength tunability,
light is a perfect stimuli to select specific transitions (d-d, Metal-to-Ligand Charge
Transfer MLCT, Ligand-to-Metal Charge Transfer LMCT).[I56] When using wave-
lengths matching the ligand absorption bands, one can tune the ligand field by
inducing ligand configuration changes (photo-isomerization or cyclization). This is

the case for Ligand-Driven Light-Induced Spin Change,[157, 158, [159] where SCO
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is induced through a photochemical reaction on the ligands, and for Light-Driven
Coordination-Induced Spin-State switching,[I60, 161] where SCO is induced by a
drastic change in the ligand coordination (coordination/dissociation). When using
wavelengths matching the d-d bands or the MLCT transitions, transient excited
states can be populated, inducing a photo-induced crossover. This is the principle
of the Light-Induced Excited Spin-State Trapping effect (LIESST).[162] As it was
mainly studied and observed in Fe(IT) complexes, let us take one of it as an example
(see Figure . A vertical transition promotes the molecule from the singlet LS
state to a singlet excited state, then a first InterSystem Crossing (ISC) AS = 1 traps
the molecule into an excited triplet state. Finally, a second ISC AS = 1 promotes
the molecule into the quintet HS state.[163] The switching is really fast (~ ns) and
the quantum yield is high. However, these systems need to be kept at low temper-
ature (< 50 K) to have a neat energy barrier between LS and HS.[126] The reverse
process from HS to LS is also possible, and has been named reverse-LIESST.[164]

IMLCT
1’I‘2
1T1 -

K

1A\ X /5T2

T\ )/ \& V4

Low-spin (LS) High-spin (HS)
Figure 3.2: LIESST effect in a Fe(II) compound. Wavy arrows are non-radiative

transitions, (red) are fast transitions, whereas (blue) is a slow transition.

Another possibility is to use intense light irradiation to heat the sample (photother-
mal effect), in order to make a thermal SCO using light.[165] Finally, it is important
to mention that other processes may induce SCO, generally through an Electron
Transfer. This is the case for Valence Tautomerism, [166, [167] presented in the fol-

lowing subsection.
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3.1.2 Valence Tautomerism and non-innocent ligands

Valence Tautomerism (VT) is the redistribution of electrons between isomeric forms.
It involves the distribution of electrons between a metal centre and redox-active
ligands. This gives rise to two different valence tautomers, and consequently different
optical, electric, and magnetic properties.[168, [167] It can be induced by external

stimuli such as temperature, pressure, and light.[128] [169] 170} 171]

KO0 —

LS-Co3*-cat HS-Co?*-sq

1 -

Figure 3.3: Representation of the electronic states associated with a VT transition

|

in cobalt-dioxolene complex. cat = catecholate, sq = semiquinonate. Adapted from

Ref [167].

The first reported valence tautomeric compound was an octahedral dioxolene cobalt
complex.[166] This paved the way to explore other complexes and ligands. [172] Com-
pounds prone to present VT behaviour are mainly metals from d* to d? (except d*),
with a variety of redox-active ligands (i.e. with an accessible radical form).[T70, [167]

Candidates of choice are thus the so-called "non-innocent ligands”.[173]

==K
Poxcdl-Poxad-Dea

Figure 3.4: Non-innocent behaviour of (a) quinone, and (b) a dithiolene M metal

complex.
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A non-innocent ligand has the ability to undergo redox reactions under mild condi-
tions, in particular when coordinated to a metal centre. This was first introduced (as
”suspect ligands”) by Jergenssen to contrast with ”innocent” ligands: ” Ligands are
innocent when they allow oxidation states of the central atoms to be defined” .[174]
Quinones, dithiolenes, and nitrosyl are perfect examples of the non-innocence of
ligands. While for quinones and dithiolenes, a free radical isomer may appear (see

Figure [3.4), nitrosyl ligand binds differently to a metal depending on its oxidation
state (see Figure [3.5)).

..0
NO* (linear): W= > =20
. ® -
NO- (bent): M——N - M=——=N
\ NS

O:

Figure 3.5: Example of different bindings of nitrosyl ligand.

Another way to have a ligand with an accessible radical form would be to directly
use a stable radical ligand. Radical organic ligands have been interesting building
blocks for molecular materials.[I75] The most promising organic free radicals [170]
are nitronyl nitroxide,[177] dithiadiazolyl,[I78] o-semiquinone, [179] thiazyl,[180] and
verdazyls free radicals.[I81] In the interest of this work, let us present verdazyl free

radicals in the next subsection.

3.1.3 Verdazyl free radicals

R
R\N)\N/R R )J\ R
'ILY|

R R

N oN

Figure 3.6: (left) verdazyl, and (right) oxoverdazyl compounds.

Verdazyl-free radicals were first reported in 1963.[I82] Considered as weakly basic

stable radical molecules, the first verdazyl compound was disproportionatd!] at low

Talso called dismutation, a redox reaction in which a compound acts as both an oxidant and a

reductant, forming two species: one reduced, and one oxidized (see Figure [3.7)).
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pH, which made it difficult to manipulate. Synthesis of the first oxoverdazyl com-
pound in 1980,[183] less prone to disproportionation, showed their potential use as

coordination chemistry ligands.

Coordination chemistry of stable radicals has seen much growth in last 40 years, and
the most reported radical ligand chemistry is nitronyl nitroxide coordination. The
first nitronyl nitroxide coordination complex was synthesized in 1987,[184] whereas
the first oxoverdazyl coordination complex appeared ten years later.[I85] Shortly
after, a variety of oxoverdazyl ligands, and respective complexes arose in the liter-
ature: Mn(II), Fe(II), Co(II), Ni(II), Cu(I), Cu(II), Zn(II) complexes, to cite but
a few.[I81] The resulting coordination compounds present ligand-based redox pro-
cesses, and non-innocent behavior. Oxoverdazyl being stable radical species, their

presence in a coordination complex opens a way to explore magnetic properties.

3.1.4 Recent applications

The synthesis and characterization of molecule-based magnetic systems has been
an intense research area for decades, with applications outcomes such as molecular
switches, [I86] thermal sensors,[167] and photomechanical properties.[I87] Recently,
it has seen an increase of interest and funding prompted by the need for informa-
tion storage devices and advances in quantum technologies.[188], (189, 190, [191] The
motivations for targeting such complexes stem from their physical-chemical prop-
erties ranging from long coherence time [192, 193, 194, 195, 196] to manipulation
possibilities.[197, [198], [199, 200} 201, 202]

In this context, various types of molecular systems have been investigated ranging
from transition metal complexes to organic magnetic molecules.[203], 204 205, 206,

207, 208] Natural building blocks are paramagnetic metal ions which can be coupled

R R
R )\ R R )\ R R R
~\ N Ht ~y\ e \ﬁ e
2 | |

N
I

Figure 3.7: Disproportionation of verdazyl radycal, adapted from Ref [I81].
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through polarizable ligands. Organic radicals have considerably diversified the pos-
sibilities offered by 3d ions, not to mention their ability to bind and stabilise high
oxidation states of metal ions.[209) 210} 2111 212]

Besides, the resulting transition-metal complexes can be very sensitive to oxidation,
and interestingly the oxidative process may involve all partners. As suggested in
a metal field,[213] the metal and the ligands should thus be treated on the same
footing. As evidenced by means of wavefunction calculations, the spin nature of
diradical non-innocent ligands can be controlled by the electrostatic field generated
by the metal ion. Such observation had led to the excited state coordination chem-
istry concept developed for various coordination compounds.[214] Importantly, the
redox activity of radical-ligands such as verdazyls [215] is preserved when coordi-
nated to metal centres, introducing exchange interactions between the cation and its
coordination sphere. A well-accepted and robust picture to describe magnetic prop-
erties is the Heisenberg-Dirac-Van Vleck (HDVV) spin Hamiltonian. Depending on
the metal ion, different regimes were reported in verdazyl coordination complexes,
ranging from strong ferromagnetic [216] to weak antiferromagnetic [212] interactions

between local spin states.

Despite its robustness, deviations from the HDVV spin Hamiltonian were reported
and theoretically explained by the appearance of the so-called non-Hund forms.
These contributions were first reported in the study of manganese oxides [24] and
later evoked to account for non-Heisenberg behaviours.[217, 218 24] 219] The im-
portance of the three-body operator in three-centre systems was stressed as a major
source of deviation. Nevertheless, the direct exchange contributions in these sys-
tems were considered as negligible, whereas ferromagnetic interactions are observed
in verdazyl-based inorganic compounds.[220] Therefore, direct exchange couplings
may dominate, and super-exchange contributions should then be included in a sec-
ond step. In self-assemblies, the flexibility inherently attributed to the contacts
is likely to modulate the inter-unit interactions. This modulation calls for vari-
ous schemes of rationalization, ranging from exchange interactions coupling to Spin

CrossOver phenomenon.

Evidently, a prerequisite is the presence of spin-switchable units, prototypes being
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Spin CrossOver ions such as Fe(Il) or Co(II) (3d® and 3d7, respectively). Simi-
lar observations were reported in Prussian blue analogues where the mobility of
the counter cation displacement triggers the low-spin Co(III) to high-spin Co(II)
transition within the material.[221], 222] Moreover, external fields such as light or
temperature, can control the local spin state of Fe(II) or Co(II) (3d° and 3d", re-
spectively) ions. Important structural modifications are observed along the S = 0 to
S = 2 spin transition, with changes in bond distances of up to 0.2 A (i.e. 10 %).[223]
Furthermore, ab initio calculations showed that this transition is not restricted to a
mere change in the occupation numbers of the mostly d-type valence molecular or-
bitals (MOs). Indeed, deep changes in charge distribution (up to 0.5 electrons) were
calculated between the Fe(II) centre and its coordination sphere.[224] The latter are
responsible for hysteretic behavior in materials,[225] and are known to be the main

characteristic of valence tautomers. [167]

At the crossroad of exchange coupled and Spin CrossOver compounds, intrigu-
ing Co(II)-based systems have questioned the traditional pictures emerging from
a metal ion, either high-spin or low-spin, in the electrostatic field of neighbouring
ligands.[220], 123] The amplitudes of the charge transfers (LMCT, and MLCT) deter-
mine the geometry, spectroscopy and the spin states orderings in such coordination
complexes. Since the ligand field includes Coulomb and exchange contributions in a
complex built on spin-coupled partners, one may wonder whether different local spin
states may coexist on the metal ion. The introduction of radical ligands may indeed
disrupt the assumption of a given spin state on the metal centre. As presented
in Chapter [3| ab initio calculations have supported such speculation in a Cobalt-
verdazyl coordination compound [220] (see Figure [3.8) where coherent explanation

had remained elusive so far.
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Figure 3.8: [Co(dipyvd)s]*" (dipyvd = 1-isopropyl-3,5-dipyridyl-6-oxoverdazyl).
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3.1.5 The spinmerism phenomenon

More recently, transition metal ions combined with organic ligands have been con-
sidered as possible targets in the development of molecular-based quantum units of
information, e.g. qubits or qudits.[I88], (189, 190, 191] Theoretical studies have also
revealed the potential interest of radical ligands for the manipulation of quantum
information via the entanglement of local spin degrees of freedom.[123], [124] A pre-
requisite is the binding of radical ligands to paramagnetic metal centres without
losing their open-shell character. In this respect, oxoverdazyl-based ligands have
proven to fulfill such requirements, giving rise to a wealth of magnetic coupling
schemes. [226], 227, 228] Furthermore, the ease with which chemical modifications
can be made, and the well-established redox activity of organic-based compounds
make such materials particularly interesting. Not only can inter-unit interactions be
modulated with speculated Spin CrossOver behaviour,[229] but the field generated

by several open-shell ligands may give rise to unusual and puzzling scenarios.

In the course of my work, we came up with the concept of spinmerism, a phenomenon
that can be seen as a direct analogue of mesomerism (involving charge degrees of
freedom) for spin-degrees of freedom with entanglement in between two local sub-

parts of a molecule.

Let us consider a molecular complex based on an artifical SCO metal ion that can
do a transition between singlet and triplet. In the presence of a spin inactive ligand
field (S, = 0), the complex may present a transition from singlet to triplet upon

distortion of the ligand field.

—_—
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Now, let’s consider that the structure is frozen in space (i.e., no distortions allowed).
In the absence of Spin-Orbit Coupling (SOC), the non-relativistic electronic Hamil-
tonian H commutes with the spin operator squared 52 ([§2,f]] = 0), and it is

impossible to couple two different spins (e.g. singlet and triplet as in the Figure
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below). The spin of the metal ion, governing the overall spin, is a good quantum

number, either Sy, =0 or Sy = 1.

PURE S=35,, No SOC!

@ > OR < @

However, if one consider that the ligand field is spin active (S, > 0), new coupling
schemes can arise. If the local spin of the active unit S, is equal to or higher than
half of the difference of the two previously described pure spins S), then it becomes
possible to produce states of same total spin S, but of different local compositions.
As an example, we consider two overall triplet states in the Figure below. Within
a given total spin multiplicity and spatial symmetry, and if the states are close
enough in energy, they can mix in different local spin states. The coefficients of these
superpositions may be tuned depending on the competition between the S, local
spin states (i.e. energy gap between spin configurations), and on the spin flexibility
of the coordination sphere (i.e. metal-ligand couplings). This manifestation, that

results from spin algebra between different spin holders, was coined into spinmerism.

This Chapter gathers all the theoretical explorations done regarding spinmerism,
first analytically by a model Hamiltonian, then numerically in two metal oxoverdazyl

complexes.

It is important to mention that while our explorations were restrained to inorganic
complexes, the spinmerism phenomenon may be expected for spin active organic
complexes (i.e., a dimer such as the one presented in the Chapter . However, this

was not explored during this PhD work.
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3.1.6 Quantum computing and Qubits

As stated in subsection (3.1.4)), there has been an increase in research and funding for
quantum technologies. It is therefore interesting to briefly present what Quantum

Computing is, and what are its devices.

The initial goal of Quantum Computers was to go beyond the limitations of clas-
sical computers. Since 1965, the development of computers has followed the trend
stated by Moore’s law (the number of transistors in an integrated circuit doubles
every two years). From tens of microns in the 1970s, the size of silicon etching to
create transistors has decreased to 3 nm in 2022 (Samsung, TSMC). However, this
trend is about to reach its limit because the miniaturization of integrated circuits
and transistors cannot continue: electron leakage from one transistor to another
may occur below the nano-scale through tunnelling effects. New limitations appear
for technologies in the nanometer region, also called the "molecular level”. This
calls for research and development in molecular electronics. In the exploration of
new molecular-sized components, two approaches were envisioned: top-down, the
miniaturization of bulk materials into nanomaterials, and bottom-up, using atoms
and molecules to produce nanomaterials. The latter approach inspired the field of
Quantum Computing (QCo), i.e. using quantum materials and their properties to
design a new type of computer. There are two main branches in QCo: hardware,
and software. Hardware refers to all the devices that make up a quantum computer,
while software refers to the quantum algorithms executed on a quantum computer.
Everyday computing is based on the most basic unit of information, the bits (from
"binary digits”, they can take a value of 0 or 1). QCo, on the other hand, pro-
motes working with quantum information units, such as quantum-bits (qubits), and
quantum-dits (qudits). A qubit is the quantum version of classic bit, meaning it
can encode any information between 0 and 1. It allows to encode more information
than with a normal bit. This is physically achieved through a two-state physical
systemE]
W oubit = €0|0) + c1]1)

Many qubits are then put together to create a quantum circuit, which is used

2Qudits are qubits with more than two states.
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in a quantum computer. Various physical systems can be used as qubits, such
as quantum dots,[230, 231] trapped atoms and ions,[232, 233] superconducting
circuits,[234], 235] photons, [236, 237] molecular spins...[I88], 238] Qubits alone do
not allow to perform computations. It is necessary to manipulate qubits with the
help of quantum gates. Quantum gates manipulate the state of qubits by a physical
tuning (laser pulses, magnetic field, electric field). As schematized in Figure (3.9,
the qubits are first arranged in a defined input state. Then, different operations are
performed with the help of diverse quantum gates. Finally, the results are extracted
by physically measuring the qubits as an output state. In the case of spin-qubits,

spin will be the manipulated and measured quantity.

S Quantum Computer —\

4 Hreo | o—— x |-
Input state @ —E 4 Output state
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Figure 3.9: Scheme of a Quantum Computer. Qubits are in red and quantum
gates are in black. Adapted from Ref [239], it encodes the superposition of a HF
determinant and a HOMO-LUMO singlet CIS state.

From the different possible qubits devices discussed above, molecular quantum mag-
nets, such as SMMs, are promising systems due to their controllable magnetic char-
acteristics by chemical means, and by external stimuli.[238] In this regard, molec-
ular spin-qubits have been separated into two categories: nuclear spin molecular
qubits,[240] and electronic spin molecular qubits.[193, 241] Nuclear spin molecular
qubits are based on the manipulation of the nucleus’ spin through magnetic field,
and electromagnetic radiations (radio frequency). They present extremely long co-
herence time and low error rates,[240] but the small magnetic moments make the
interactions between qubits very weak, and complicate their integration to quantum
circuits. On the other hand, electronic spin molecular qubits are based on the ma-
nipulation of the electronic spin mainly through Electron Paramagnetic Resonance.
They can be manipulated at moderate temperature and magnetic fields.[238] The

ability to tune them by changing the types of ligands and metals make them ap-
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pealing for chemists.[I95] However, their major drawback is their important sus-
ceptibility to the nuclear spin bath, either from ligands, or from the solvent en-
vironment. Rigid structures, with less vibrations of nuclei, are therefore needed.
The main examples proposed by the community are S = 1/2 systems,[242, 243]
usually as iron [244, 245] and chromium/nickel [246] polynuclear complexes, or
vanadium [192, 206, 247] and copper mononuclear complexes.[194] More recently,
a dithiolene complex with a paramagnetic metal has been presented to suggest the
use of radical ligands for spin-qubits.[248] The field of molecular spin qubits is still

in its infancy but it opens up a new way of designing possible QCo devices.

The main current challenge for QCo is to maintain the coherence of the qubits
long enough to perform computations. Due to interactions with their environment,
qubits are susceptible to lose their quantum coherence, which induces errors in the
quantum computer. Many ways have been developed in order to protect qubits from

decoherence and errors, but we will not discuss them.

The other important part of QCo research is the development of quantum algorithms
and softwares. This field programs, either on real or on virtual qubits, algorithms to
execute various computations (optimization, cryptography...). Quantum algorithms
are out of the scope of this PhD work, which only promotes new devices. As the
development of QCo follows the same steps and problems as classical computing
(materials, error correction, algorithms...), the QCo community has a critical point
of view on its developments, and maintains efforts in all directions. The most em-
phasized application of QCo is the achievement of the Quantum advantage: solving
a problem that no classical computer could solve in a reasonable time.[235] This
motivation has prompted governments and big companies (Google, IBM) to invest
huge amounts of money in this novel field. However, it is important to mention
that QCo is a recent technology that has many advantages, but whose development
and induction in our daily life will require many more years, through novel design

approaches.

After describing the needs of QCo devices for a controlled superposition of states,
we have considered the application of the spinmerism phenomenon in the design of

new molecular spin-qubits. In fact, the local superposition of Sy; = 1 and Sy = 2
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presented in the previous subsection allows one to encode information as a super-
position of spin Sy, in a total spin S, without applying a magnetic field. This is
a different approach than the usual one for electronic spin molecular qubits where
quantum information is encoded as a superposition of spin projections Mg in a total
spin S, after applying a magnetic field. The applicability of the spinmerism phe-
nomenon in QCo devices, and its control through LIESST effect are discussed in the

following sections of this Chapter.
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3.2 Model Hamiltonian study of spinmerism in
a fictitious d?/d® SCO complex. Applications

to molecular spin-qubits generation.

Molecular platforms are regarded as promising candidates in the generation
of units of information for quantum computing. Herein, a strategy combin-
ing Spin CrossOver metal ions and radical ligands is proposed from a model
Hamiltonian first restricted to exchange interactions. Unusual spin states
structures emerge from the linkage of a singlet/triplet commutable metal
centre with two doublet-radical ligands. The ground state nature is mod-
ulated by charge transfers and can exhibit a mizture of triplet and singlet
local metal spin states. Besides, the superposition reaches a maximum for
2K = K1+ K, suggesting a necessary competition between the intramolec-
ular Ky and inter-metal-ligand Ky, and Ko direct exchange interactions.

The study provides insights into spin-coupled compounds and inspiration

for the development of molecular spin-qubits.

keywords: spinmerism, model Hamiltonian, molecular spin-qubits

3.2.1 Introduction

Prompted by the originality of coordination compounds built on Spin CrossOver
ions and radical ligands, we question the use of such complexes for the development
of new quantum unit of information, i.e. qubits (for quantum of bits). To this
purpose, a model Hamiltonian is derived to account for the suggested spinmerism

effect (presented in subsection (3.1.5)) and to motivate its potential use for qubit
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implementation. If practically accessible, the tunability of the metal local spin states
(via the spinmerism phenomenon) could provide an innovative way to encode and
manipulate information for molecule-based quantum computers. Our intention is to
expand the views on related magnetic molecular system by means of a parametrized
flexible model in order to identify the regimes where spinmerism may be observed.
To this purpose, this work concentrates the effort on extracting some rules and
synthetic strategy following a zeroth-order description based on direct exchange
interactions. Therefore, a three-site model system is considered, including a spin-
versatile metal ion Sy; = 0 or 1 (e.g. Ni* ion in an octahedral environment) and
two radical ligands Sy, = S7, = 1/2 (see Figure [3.10). The eigenfunctions of the
model Hamiltonian H, written on the neutral configurations (i.e. singly occupied
on-site orbitals) are decomposed on the local spin states. The contributions of the
Sy = 0 and Sy, = 1 components are evaluated in the ground and excited states
as a function of the exchange interactions. A key parameter is the metal exchange
interaction that not only governs the positions of the non-Hund forms, but also
elementary rules that are derived. Then, the energies are corrected using second-
order Perturbation Theory to include charge transfers. These contributions account
for the fluctuations that must be introduced to go beyond a mean-field picture. The
originality of this work stems from the combination of a prototypical Spin CrossOver
ion and organic radical ligands, where the weights of the metal local spin states can
be modulated. The use of molecular-spin degrees of freedom to encode and/or
manipulate quantum information onto magnetic molecules remains a growing field

of research.

3.2.2 Description of the model

The system consists of four electrons distributed on ligand- and metal-centred or-
bitals referred to as ¢r,, ¢r,, ¢um and @y (see Figure [3.10). In reference to co-
ordination chemistry compounds, the ¢,; and ¢, orbitals correspond to the d,-

and dg2_

4,2 singly occupied atomic orbitals of a tetrahedral d? (or octahedral-like
d®) ion. The orbitals ¢, and ¢r, may be seen as the 7-frontier molecular orbitals
localised on the radical ligands. In the total spin projection Mg = 0 manifold,

the zeroth-order Hamiltonian [:IO = PHP is built from the full Hamiltonian H and
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the projector P = 3__|®,)®,| over the subset of six neutral configurations {|®,)}
defined as

{|q>a>} = {|¢L1<PMS0M’¢L2|7 |90L190M¢M/¢L2|>
‘¢L1@M¢M/@L2’7 |90L1¢M90M’¢L2|> (3.1)

|¢L1¢M@M’@L2|7 |¢L1¢M¢M’¢L2 |}

This subspace will be referred to as the inner (or model) a-space (following regu-
lar notations as used in Ref [249]) characterised by singly-occupied orbitals. The

resulting zeroth-order Hamiltonian takes the following form
Hy =) How |®0)Pu| (3.2)

From spin coupling algebra § = Sy + 8 L+ S L., two singlet, three triplet and one

quintuplet eigenstates are generated.

The zeroth-order Hamiltonian matrix elements H,. introduced in equation
are functions of the on-site energies (one-electron contributions) and positively de-
fined two-electron integrals. The one-electron energies are referenced to the oy,
orbital energy as €y, €; and €y for the @y, v, and @, orbitals, respectively (see
Figure [3.10). Evidently, the single-occupation of the orbitals in the {|®,)} set of
configurations leads to a common €y, + €; + €5 value on the diagonal elements of
the six-by-six matrix. The off-diagonal matrix elements are linear combinations of

the two-electron integrals.

The system may equivalently be examined from two subunits, namely the metal ion
centre M and the ligands pair L;Ls. For the former, the energy difference between
the Hund triplet and non-Hund singlet states is 2K,;, where K, is the atomic
exchange interaction. This is a dominant contribution in free ions, but the energy
splitting is evidently much affected by the field generated by the ligands. In Spin
CrossOver compounds, the low-spin and high-spin states lie close enough in energy to
observe a transition for moderate ligands field modification. In contrast, one would
anticipate a negligible Ligand-Ligand exchange integral in synthetic compounds with
Ly and L, in trans position (see Figure . Thus, this integral was set to zero in
this model.
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Figure 3.10: Tllustration of a Cy,-like symmetry M L; Ly model system. (Left panel)
representation of the molecular complex composed of a central Spin CrossOver ion
M (Sp =0 or 1) coordinated to two radical ligands Ly and Loy (Sp, = Si, = 1/2).
(Right panel) Associated model Hamiltonian composed of four orbitals. The orbital
labels, orbital energies and non-zero direct exchange integrals involved in the zeroth-

order Hamiltonian are shown.

After diagonalizing H,, the associated eigenvectors |¥) (with unperturbed energy
Ey) were projected onto the local singlet and triplet states of the M and LjLs
subunits. The procedure uses the standard Clebsch-Gordan coefficients algebra pre-
sented in subsection . This transformation allows one to evaluate the singlet
and triplet weights in the six different states with respect to the parametrization of
the model. In the following, all basis set vectors are written as |S, Sy, Sp) where S
is the total spin state. Sy, and S, stand for the local spin values on the metal and
the ligands pair, respectively. The control of the amount of Sy = 0 or 1 (and S;, =0
or 1 on the ligands pair L Ls) in the |S, Sy, Sp) wavefunctions makes this class of
compounds particularly interesting in molecular magnetism and might enrich the

panel of molecular spin-qubits candidates.

After evaluating the eigenstates |¥) of the unperturbed Hamiltonian Hy, the as-
sociated zeroth-order energies Ey were corrected using second-order Perturbation
Theory to go beyond the mean-field description of the metal-ligands interactions.
The fluctuations introducing the electron-electron interactions correspond to charge
transfers between the metal centre and the ligands. Following Ref [249], the so-called
outer (-space, built from the subset of eight LMCT and eight MLCT perturber con-

figurations {|®s)}, was introduced. The interaction between the inner a-space and
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outer [-space was limited to single charge transfers couplings formally modeled
by an interaction Hamiltonian 1% containing a single one-electron hopping integral
noted ¢. In addition, this Hamiltonian was extended to incorporate on-site repulsion

parameters Uy, (for metal) and Uy, (for each ligand).

As described in subsection ([1.2.6)), the energy correction brought by Perturbation
Theory up to second-order reads

outer-space

|(® U
EPT2 E + Z 5|V| >|

foTs (3.3)

where Eg = (®3|(Hy + V)|®p) is the energy of a given configuration |®3). Beyond
energy corrections, let us stress that the spin states decomposition is also affected
through first-order wavefunction modifications. The perturbers consist of local spin
1/2 states which modify the projection. Nevertheless, the contracted structure leaves

the relative weights in the model a-space unchanged.

To conclude, our motivations are twofold. First, it is to trace the arising of spin-
merism by means of a minimal number of physical parameters (see Fig.|3.10]). Pro-
ceeding this way naturally offers a great flexibility in terms of explored situations.
Specific variations of parameters (more precisely exchange integrals) can reflect the
effects of structural changes in realistic molecular systems. The eight-parameter
model can be simplified from symmetry arguments keeping only three parameters,
and still exotic features are observed. The second motivation of this approach is to
open new perspectives in molecular magnetism. The model is inspired from realistic
systems including metal centres with two unpaired electrons (e.g. analogue to Ni(II)
complexes). It extends the traditional views where the local spin multiplicities are
fixed quantities. Our intention is to show that significant superpositions of local
spin states can be observed in such systems and to unravel the physical conditions

that govern such behaviour.

3.2.3 Results and Discussion

All calculations were performed by fixing the Kj; value to unity. In the present
description, this is the leading parameter that is expected to become vanishingly

small for Spin CrossOver ions. The spin states structure is first analyzed from the
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zeroth-order Hamiltonian Hy. Subsequently, the spin states energies are corrected
by the outer S-space perturbers to foresee the low-energy spectroscopy of our model
system. For Kj; > K;, K, the spectroscopy splits into two sub-sets identified by
the Sy, value, S)y = 1 and Sy = 0. This is the standard situation based on the
atomic Hund’s states in coordination chemistry compounds. However, the picture
might be much different when the direct exchange couplings compete (i.e. all K;
and K] of the order of K)y), and satisfy particular conditions. In the absence of
symmetry (i.e. M L;Ly compound), the direct exchange couplings are all different
and the diagonalization of H, produces eigenvectors which project on pure Sy; =0
or S)y = 1 states on the metal ion. A strict separation between the Hund and
non-Hund states is observed. The systems ruled by such Hamiltonian fall in the
traditional category of metal ion complexes where the metal spin state Sy, is a good
quantum number. Nevertheless, this particular picture is deeply modified as soon

as a higher symmetry is introduced by reducing the number of parameters.

Let us first examine the spin states structures for K7 = K5, while maintaining K| #
K. This scenario is expected in spiro-like geometry (such as the Fe(II) and Co(II)
complexes studied in Refs [220], 227]) where the interactions are invariant along the

z-axis for similar ligands K; = K, = K,,, .2 = K> whereas they significantly

Ly,22
differ in the perpendicular xy-plane (K] = Koy a2—y2 # 0and Kl = Koy, a2y 0).
Both singlet and triplet manifolds exhibit combinations of local singlet and triplet
states. In the following, the amplitudes on the |S = 1,5y, S.) and |S = 0, Sy, Sp)

configurations are written as Ag,,s, and pug,,s,, respectively. Thus, the weight on
the high-spin (S); = 1) metal centre for the triplet eigenstates given by
|IS=1,5u,S.) = |S=1,Sy=1,5,=1)
+Ao|S=1,5y=1,5,=0) (3.4)
+Xo1|S=1,5u=0,5,=1)
reads A2, +A%), a value which may differ from zero or one (see Table[3.1). One should
note that this mixture does not result from Spin-Orbit Coupling effects which are
totally absent in the present description. Such a spin structure that incorporates
high-spin (Sy = 1) and low-spin (Sy; = 0) states on the metal centre is expected
from spin algebra, but deeply contrasts with the traditional views on inorganic

compounds. In analogy with the mesomerism effect that accounts for electronic
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charge delocalization, the model highlights the so-called spinmerism phenomenon
that involves the spin degree of freedom. Finally, the appearance of the |S = 1,5y =
1,S, = 0) and |S = 1,5y = 0,5, = 1) contributions (Ajp and A¢; amplitudes,
respectively) stresses the arising of entanglement in the state description. Quantum
entanglement is here reflected by the correlation arising between both ligands and
metal local spin states Sp and Sj; that naturally adjust to fulfil a spin § = 1
for the full molecular system. Note that, from a pure chemist point of view, spin
entanglement would represent a rather unusual picture especially in the case of
coordination chemistry compounds where it is usually assumed that local metal and
ligand spins states are fixed. This hypothesis however conflicts with fundamental
spin and angular momentum algebra which in practice does not forbid the arising

of such a feature between two interacting spin subsystems.[250], 251]

K1:K2:025 K1 :K2:050

S=1 81% 90%
S=0 19% 10%

Table 3.1: Metal triplet and singlet proportions in the second lowest lying triplet
state (see equation (3.4), K| = 0.60, K = 0.80 (K unit).

Moving to Td-symmetry compounds (L; = Lg) characterised by K; = K, and
K] = KJ, the spin states structure gets further modified. Whereas one triplet
state simply reads |S = 1,5y = 1,5, = 0), the other two exhibit a systematic

combination as

|S = 1,SM,SL> - )\11|S - 1,SM - 1>SL - 1>
(3.5)
The spectroscopy incorporates local high-spin (Sy; = 1) and low-spin states (Sy; =
0) on the metal centre whilst the ligand pair remains S;, = 1. As seen in Table
for K = K} = 0.75, the proportions are much affected by any modification of the
K, = K, value. In practice, exchange integrals are very sensitive to the structure

(interatomic bond distances) and the chemical details of the radical ligands. There-

fore, one may expect to modify the superposition of metal spin states induced by
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structural deformations on the coordination complex. In practice, this structural
modulation of the system would offer a possible way to encode, and to manipulate,
information onto the spin-degree of freedom. The molecular complex behaves as a
molecular spin-qubit carrying a quantum superposition of local spin states on the

metal with tunable amplitudes.

K1:K2:025 K1 :K2:050

S=1 79% 86%
S=0 21% 14%

Table 3.2: Metal triplet and singlet proportions in the second lowest lying triplet
state (see equation (3.4). K| = K = 0.75 (K unit).

Finally, it can be shown that the mixing reaches a maximum A}, = )2, (equal
weights on the Sy = 1 and Sy = 0) for a first rule 2K, = K + K/ (see [Appendix]
@. Even though this condition is difficult to achieve from a synthetic point of
view, it suggests that at least one ligand-metal direct exchange coupling should be
comparable to K. Any deviation from 2K, = K; + K] leads to variations of the
metal triplet state component A}, (and singlet A2;) which are shown in Figure [3.11]
as a function of the dimensionless parameter

o= M=K (3.6)
2(Ky — Ky)

For Q < 1,i.e. 2K > K+ K7, the second lowest lying triplet state is dominated by

the |S = 1,Sy = 1,5, = 1) configuration, whereas the configuration |S = 1,5y =

0,57 = 1) is the leading one for Q > 1. In the vicinity of ) = 0.7, the changes reach

up to 3.5% for deviations smaller than 10%. Therefore, any geometrical change

induced by external stimuli (e.g. pressure, temperature) is likely to deeply modify

the spin state structure whatever the K); value. This observation makes this class

of compounds particularly appealing in the generation of innovative spin-qubits.

Moving away from the Td-symmetry, the K; = K, = K] situation is examined.

While the mixing occurred in the triplet manifold, the singlet states are now the
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2Ky > Ky + K
2Ky < Ky + Ki

2
Ao1
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Q(KM — Ky)

Figure 3.11: Variations of the Sy; = 0 weight A2, as a function of the dimensionless
parameter () (see equation (3.6))) in the second lowest lying triplet state (see equation
(3.5) for a Td compound characterised by K; = K, and K| = K). The mixing is
maximal (A2, = M3, =1/2) for Q@ =1 (i.e. 2Ky = K; + K7).

intriguing ones. As a matter of fact, superpositions

’S = O,SM,SL> = NII‘S = 0, SM = 1,SL = 1>
(3.7)
+,U00’S = O, SM = O,SL = O>

are observed. A marked difference is the appearance of different spin states on both
the metal centre and the ligands pair. The entanglement between these open-shell
subunits reaches a maximum p?, = p3, for 2K, = 3K, + K. Since all exchange
values are positive, the condition Ky < 2K),/3 is necessary for this equality to be
fulfilled. For K5 values larger than 2K),/3, the relative weights ratio is reduced
until 2K)r = 2K + 2K}, a second rule where 313, = u2, (see [Appendix D). Such
condition displayed by less symmetrical M L;Ls compounds offers another possibil-
ity to address the local spin states superposition. At this stage, the description
concentrates on the H, eigenvectors analysis, leaving out the important electronic
correlation effects. Therefore, the energies were corrected using second-order Per-
turbation Theory accounting for charge fluctuations, and depicting a more realistic

electronic structure.
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Such framework is applicable for large enough energy separations between the Hy
and the perturbers energies, with respect to the hopping integral t. This picture is
not valid for systems governed by superexchange contributions (strong field regime)
but applicable to intermediate ligand field regimes where several spin multiplicities
compete (i.e. Spin CrossOver compounds). The relative weights of the Sy, = 1 and
Sy = 0 states are not affected by the outer S-space, but the spin multiplicity of the
ground state is likely to be changed.
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Figure 3.12: Low-lying states energies of a ML;L, system as a function of the
hopping parameter ¢t in Kj; unit. The H, energies are corrected using second-
order Perturbation Theory with the MLCT and LMCT as perturbers with fixed
parameters (K unit): Uy, = 2.95, Uy = 4.0, epp = 0.80, ¢ = —2.80 and € =
—1.50, K; = 0.35, Ky = 0.10, K] = 0.58 and K/ = 0.75. The ground state energy

is used as a reference.

As seen in Figure[3.12] the ground state switches from quintet to successively triplet,
and singlet as the hopping integral value is increased. For ¢t = (.52, the energy
correction to the S = 1 state is calculated 33%. This triplet becomes the ground
state and is dominated by a Sj; = 1 spin state (85%). As t is further increased,
the ground state switches to a singlet exhibiting a 36% proportion on the local
Sy = 1. Let us mention that a perturbative treatment in this regime is more than

questionable but the picture survives. Not only is the nature of the ground state
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sensitive to the strength of the ligand field following traditional pictures, but the

metal centre spin states contributions are significantly modified.

Evidently, any realistic system includes both direct exchange and charge transfers
contributions which compete to ultimately dictate the ground state and low-lying
excited states. However, our model sets the stage to foresee ground states where
the local spin on the metal centre is not uniquely defined, being a superposition of
different spin multiplicities. The presence of open-shell ligands as entangled part-
ners in the coordination sphere is a prerequisite for this manifestation. Thus, the
variability offered by organic radicals combined with mid-series metal ions should

give access to original compounds with fundamental and applied interests.

3.2.4 Preliminary conclusion

The spin states structure of a four electron/four orbital coordination compound
MLy Ly built on a Spin CrossOver metal ion (M =d? or d® ion such as Ni**) and
radical ligands (L; and L, such as oxoverdazyl) was examined on the basis of a
model Hamiltonian. The zeroth-order structure includes the direct exchange inter-
actions, whereas the LMCT and MLCT accounting for superexchange interactions
were treated using second-order Perturbation Theory. From the spin state versatil-
ity of the metal ion (Sy; = 0 or 1), the spin states of the complex combine different
local spin multiplicities. Depending on the relative values of the direct exchange
interactions, the eigenfunctions of the zeroth-order Hamiltonian can reach an equal
mixture of the S); = 0 and 1 metal states entangled with ligands S;, = 1 and 0
states. Spin projection gives rise to rules involving the metal atomic exchange in-
teraction K, and the sum of the ligand-metal K; and K,. Despite its simplicity,
the model stresses that under specific conditions (Spin CrossOver ion ferromagneti-
cally interacting with radical ligands) superpositions of local spin states are observed
and possibly varied. Evidently, such manifestation of entanglement is anticipated
from standard spin algebra. However, conditions for superposition of states are
suggested here and enlarge the traditional views in coordination chemistry com-
pounds that usually decide on a given spin state. By experimentally probing the
local spin density, such molecular compounds might become original targets for

spin-qubits generation. Spinmerism behaviour is expected in heavier element-based



114 CHAPTER 3. ON THE RISE OF SPINMERISM

compounds where the total angular momenta can vary.[252] However, the mixing
between spin-multiplicities might then be dominated by Spin-Orbit effects, which

mask the here-reported phenomenon.

Naturally, this work is a first step of a longer run project focused on the utility of
spinmerism in quantum information technologies. In practice, complementary stud-
ies are envisioned to characterize if complex quantum superpositions are possible.
Ab initio calculations should be performed to assess the changes in the exchange in-
tegrals of synthetic metal-ligand compounds and experiments should be conducted
to reproduce the here reported spinmerism behaviours. On longer terms, quan-
tum dynamical studies should also be considered to determine potential ways to

time-control the properties of the systems.
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3.3 Ab initio study of spinmerism in a d” Co(II)

oxoverdazyl complex.

The spin states of a Co(1l) oxoverdazyl compound are investigated by means
of wavefunction-based calculations (CAS+DDCI2). Within a ca. 233 K en-
ergy window, the ground state and excited states display a structure-sensitive
admizture of low-spin Sy = 1/2 in a dominant high-spin Sy = 3/2 Co(1I)
ton as indicated by the Localized Molecular Orbitals. The puzzling spin zo-
ology that results from the coupling between open-shell radical ligands and
a Spin CrossQuer metal ion gives rise to this unusual scenario, which ex-
tends the views in molecular magnetism. In agreement with experimental
observation, the low-enerqy spectroscopy is very sensitive to deformations
of the coordination sphere, and a growing admizture of Co(ll) low-spin is

evidenced from the calculations. This is the first time the spinmerism phe-

nomenon is reported in a molecular complex.

keywords: spinmerism, ab initio, wavefunction methods

SPINMERISM

3.3.1 Introduction

In self-assemblies and materials, a spin transition picture may be favoured over

exchange-interaction models, reflecting the flexibility of the contacts in purely



116 CHAPTER 3. ON THE RISE OF SPINMERISM

organic verdazyl radicals-based materials.[253 254] In this context, cobalt com-
pounds are known to be interesting targets since valence tautomerization as well
as temperature-dependent Spin CrossOver can be triggered by varying the coordi-
nation sphere of the Co ion. In coordination chemistry materials, the Co ion has
attracted much attention with the growing interest for photomagnetic properties in
FeCo Prussian analogue.[222] The cyanide bimetallic network is very sensitive to the

alkali environment and a low-spin Co(III) to high-spin Co(II) is observed.[255]

Figure 3.13: Compound 1.

As a prime example, Valence Tautomerism has been recently reported [250] in
the [Co(dipyvd)s]?*T (dipyvd = l-isopropyl-3,5-dipyridil-6-oxoverdazyl) coordina-
tion compound 1 (see Figure . A combination of magnetic susceptibility,
temperature-dependent UV and EPR experiments concluded on a valence tau-
tomeric equilibrium between a high-spin Sy; = 3/2 Co(II) and a low-spin Sy, = 0
Co(III). Nevertheless, the occurrence of a high-spin Co(II) in tetragonal environ-
ment, not to mention the strong ferromagnetic coupling traditionally observed in
cobalt-verdazyl compounds,[257] question the intimate nature of the interactions
that characterize this complex. The possibility to manipulate spin state and to
trigger Valence Tautomerism in solution makes this cobalt-verdazyl coordination
compound particularly fascinating. The authors concluded that there is still to be
learned and that a coherent explanation remains elusive. Part of the answer may
be found in moving away from overly simplistic models as mentioned by Hicks and
coworkers. [258] How much robust is the traditional view of a metal ion, either high-
spin or low-spin, in a crystal field? Local singlet and triplet spin values can emerge
from the environment generated by two open-shell dipyvd radical ligands. Besides,

Co(II) being a Spin CrossOver (SCO) ion, a high-spin Sy, = 3/2 and a low-spin
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Sy = 1/2 Co(II) ion (non-Hund form following Bastardis et al. [24]) are likely to
compete depending on the crystal field strength. As a consequence, the observed
total spin states of the complex may result from several intricated local spin states

on the ligands and the metal ion.

3.3.2 Computational details

The presence of open-shells on both the metal ion suggests the use of a wavefunction-
based method. Not only can wavefunction-based calculations reach spectroscopic
accuracy (a few tens of wave-numbers), but the nature of the spin states can be ana-
lyzed based on Localized Molecular Orbitals (LMOs), i. e. site orbitals. The energy
splittings cannot be reproduced by a mere Heisenberg-Dirac-Van Vleck (HDVYV)
Hamiltonian picture (see subsection whilst the structures of the correlated
wavefunctions deviate from the picture given by the spin-coupling between a local

Co(IT) high-spin and dipyvd radicals.

Herein, wavefunction-based calculations (CAS+DDCI) were conducted to examine
the electronic structures of low-lying states of 1. Using such methodology, the micro-
scopic origin of exchange couplings can be investigated, and spin Hamiltonians ratio-
nalized or invalidated. In the Complete Active Space Self-Consistent Field method
(CASSCF), the Complete Active Space includes the three unpaired electrons on the
Co and two on the oxoverdazyl ligands in 1. The CAS[5,5]SCF hexuplet MOs are
then transformed into LMOs, and shown in Figure [3.15 The localization procedure
of DoLo (see section affords a reading of the multireference wavefunction follow-
ing a Lewis valence-like picture. CASSCF and MRCI calculations were performed
as described in[Appendix E] The CI calculations eigenfunctions were projected onto
the local spin states of the oxoverdazyl ligands (sp1 = sp2 = 1/2) and the Co(II)
ion (Sp = 1/2 or 3/2). This allows for a decomposition into the different intricated
metal-ligand contributions. A fictitious [Zn(dipyvd)s]*T coordination compound 2
was constructed with a closed-shell diamagnetic divalent cation to mimic the elec-
trostatic presence of the Co(II). For this analogue 2, a similar procedure was used
starting from a CAS[2,2|SCF calculation to generate a set of MOs, followed by the
CAS[2,2]+DDCI evaluation of the singlet-triplet energy difference.
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3.3.3 Results and Discussion

From a traditional crystal field picture, one would naturally start by considering the
two radical ligands as the so-called environment of the metal centre. Following this
view, the Co(II) ion undergoes a field that is characterized by local singlet or triplet
spin multiplicities. Thus, our first intention was to evaluate the energy difference
between those local spin states. From a CAS[2,2]SCF calculation performed on 2,
the magnetic orbitals of the local triplet state are essentially the singly occupied MOs
localized on each dipyvd radical (see Figure . As expected, the local singlet and
triplet states are quasi-degenerated with a triplet-singlet CAS[2,2]+-DDCI energy
difference Es — Er = 3 K. This result suggests that the total spin states in 1 may
involve a local S;, = 1 as well as a S;, = 0 environment. From this point of view,
one can anticipate modulations of the crystal field acting on the SCO Co(II) metal

centre.

Figure 3.14: CAS|2,2] triplet MOs of the fictitious compound 2, Zn analogue of 1.

In order to explore deeper the magnetic behaviour and to provide a spin description
of 1, calculations were then conducted starting from a picture that involves five
unpaired electrons in five MOs (CAS[5,5]SCF). Any enlargement of the active space
to CAS[9,7]SCF leads to two MOs of d-type character with occupation numbers
close to two. The CAS[5,5]SCF MOs were then localized either on the metal centre
(3d.2, 0.74 3d,. 0.68 3d,2_2, 3dy,) or on the dipyvd ligands (see Figure [3.15]). This
procedure allows for a valence-bond like reading of the wavefunctions constructed
on orthogonal site-orbitals. Assuming a Sy; = 3/2 high-spin value on the Co(II) ion,
four low-lying spin states S can be anticipated, namely a doublet, two quartets and a
hexuplet. A very different scenario holds for a Co(II) low-spin Sy, = 1/2, resulting
in two doublet and a quartet state. Clarifications are readily accessible from ab

initio CAS[5,5]+DDCI calculations which give access to the low-energy spectrum.
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Figure 3.15: CASI[5,5] hexuplet Localized Molecular Orbitals of 1.

Due to the system size and the number of open-shells, a CAS[5,5]+DDCI level of
calculation cannot be reached, and our conclusions are based on CASI[5,5|+DDCI2
spectrum. Even though part of the screening effects is not included, the structures of
the wavefunctions are well-defined at this level of approximation. First, the ground
state is a doublet (see Figure which can be analyzed using the expansion over
determinants built on LMOs. It is dominated by a Sy, = 3/2 Co(II) ion and a S, = 1
environment. A similar analysis holds for the first quartet state, and naturally for

the hexuplet state.

Therefore, it is rather tempting to fit the low-energy spectrum using a single-
parameter HDVV Hamiltonian f]l_p = —2J8 MS' ., where J is the exchange cou-
pling between Sy = 3/2 and S, = 1 local spins. Within this description, the
ratio between the quartet-doublet and hexuplet-doublet energy differences is readily
evaluated 0.375 (see [Appendix E]). However, the CAS[5,5]+DDCI2 ratio (ca. 0.25)
strongly deviates from this value, not to mention the presence of a competing quar-
tet state dominated by a S, = 0 environment which cannot be described (see blue
dashed state in Figure . Thus, the spin Hamiltonian was extended by the
introduction of two exchange coupling constants j; and j, between the metal cen-
tre and the two individual ligands ffg,p = -2 S MS8L, —2 jzg ML, (two-parameter

HDVV Hamiltonian). Lifting the Sz, = 1 constraint allows for the description of four
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Figure 3.16: Low-energy spectrum of 1 calculated at the CAS[5,5]4+DDCI2 level.
The ground state energy is used as reference energy. Spin multiplicities 25 + 1 are

given.

spin states resulting from Sy, = 3/2, and s;, = sg, = 1/2 local spin states. Four
CAS[5,5]4+DDCI2 energy values give access to three energy differences which can be
compared to the analytical expressions of such spin Hamiltonian. A measure of the
robustness of this picture is the identification of a set (j1, jo) that reproduces the ab
1nitio excitation energies. Besides, the geometry of 1 suggests that j; and j, should
be very similar and any strong deviation might not be acceptable from a physical
point of view. From the fitting procedure using the S = 1/2, first excited 3/2 and
5/2 states, we find j; = —16 K and j, = —42 K. Our calculations support that both
ligands are antiferromagnetically coupled to the Co ion. This conclusion is to be
contrasted with some model that suggested with great care the simultaneous pres-
ence of ferromagnetic and antiferromagnetic interactions in some Co analogue.[259)
Nevertheless, not only do the antiferromagnetic couplings j; and j5 values strongly
differ, but the second excited quartet is then positioned 141 K above the ground
state, in disagreement with the calculated value (see Figure [3.16)). Finally, the
interaction between the ligand spins was introduced in a three-parameter HDVV
Hamiltonian ﬁg,p = —2j15’M§L1 — 2j25’M§L2 — 271281, 81, constructed on three
coupling constants. Evidently, the three CAS[5,5|+DDCI2 energy differences can be
reproduced, and j; = —20 K, j5 = —39 K and j;5 = —20 K are found. This picture
is consistent with spin frustration consideration. However, the exchange couplings

ratio ji/jo still deviates from unity without any particular justification. Besides,
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the antiferromagnetic coupling between the dipyvd radicals j; is significantly larger
than the singlet-triplet energy difference previously calculated in 2. Whatever the
extension of the HDVV Hamiltonian, the fitting to the ab initio spectrum leads to

some inconsistencies that deserve further investigations.

At this stage, one may wonder whether a given total spin state S may be pro-
duced through different spin coupling schemes, involving the contacts between a
versatile environment generated by two radical ligands (S, = 0 or 1) and a spin
crossover ion (Syr = 1/2 or 3/2). As a matter of fact, ingredients for entanglement
manifestation are gathered in this particular compound. While the flexibility of
the environment is rather natural and immediately invalidates the single-parameter
Hamiltonian ffl,p = —2JSMmSL, (Sy = 3/2 and S;, = 1), the local spin Sy, on the

metal centre might not be uniquely defined.

To push further the analysis of the interactions in 1, the ab initio wavefunctions were
projected onto the local metal and ligands spin states Sy, and Sy,. For the S = 3/2
(first excited state, or ground state under distortion), the configurations amplitudes
are given in Table and compared to the ones resulting from a Sy, = 3/2 and
Sp, =1 coupling scheme (Clebsch-Gordan coefficients as described in section [I.4.2)).
Let us mention that the first two configurations necessarily involve a Sy, = 3/2 spin
state on the metal whereas the ligands spin state can be either S, = 0 or 1. The last
three configurations are characteristic of S; = 1 and a metal spin state Sy = 3/2
or 1/2. Though small, the observed deviations are indicative of a contribution of
Sy = 1/2 and S, = 0. Quantitatively, a proportion of 0.06% for Sy, = 1/2 and
0.001% for S;, = 0 were estimated. Remembering the valence tautomeric behaviour
of 1 in solution, these contributions might be influenced by structural changes. In
particular, it is known that SCO phenomenon is accompanied by modulations of
the coordination sphere (ca. 0.2 A variations).[260] Besides, a significant charge
redistribution is calculated in this kind of compounds.[261] In the light of the small
deviations, one may question the accuracy of our calculations. For all those reasons,
the structures of the wavefunctions were examined as the geometry of the complex is
varied. First, a breathing deformation that symmetrically modifies the Co-N’ axial
bonds (slippage in Figure was applied to modulate the crystal field generated

by the ligands.
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Figure 3.17: Deformations of the coordination sphere of 1. Left: symmetric slippage
of the ligands along the (N’-N’) axis. Right: torsion of the two ligands around the
(N’-N") axis.

Upon contraction § = —0.15 A, the spin state ordering is modified with a S = 3 /2
ground state dominated by Sy, = 3/2 and S, = 1. As expected from Tanabe-
Sugano view of a d” ion, the growth of the Sy, = 1/2 spin contribution on the
Co ion is observed (see Table , while the so-called high-field regime is reached.
The Sy = 1/2 weight significantly increases to reach 0.12% for § = —0.15 A. On
the contrary, this contribution is reduced to 0.04% when the coordination sphere
is expanded with § = +0.10 A. These variations which agree with an expected
trend are a reflection of a physical phenomenon rather than a result of numerical
imprecisions. This sensitivity to environment was reported for this particular com-
pound by comparing the solid and solution phases, but also in other organic-based
materials.[254, 262] Then, a torsion of the two ligands was applied (see Figure ,
and similar conclusions can be drawn. Upon weak distortions, the spin multiplicity
of the ground state is changed, and the mixing of different spin states on the metal

varies, entangled to the spin environment.

L;.MMM.L; Clebsch-Gordan  Xray  Contraction Expansion Torsion
T 0.548 0.545 0.400 0.568 0.544
T 0.548 0.550 0.674 0.526 0.551
T —0.365 —0.350 —0.353 —0.338 —0.346
T —0.365 —0.362 —0.362 —0.353 —0.358
1T —0.365 —0.384 —0.380 —0.384 —0.390

Table 3.3: Wavefunction structure (CAS[5,5]4+DDCI2 level) of the S = 3/2 state
for the Xray structure and distorted geometries § = —0.15 A, § = +0.10 A, and
0 = +5° (see Figure [3.17)).
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Despite small deviations observed in Table [3.3] our suggestion is supported by the
observed modification of the Sy = 3/2 and Sy, = 1/2 contributions to the S = 3/2
state of 1. Evidently, the electrostatic changes that accompany the S = 1 to 0
spin change are rather small (Es — Ep = 3 K from our calculations). Should the
field generated by the ligands be stronger, the metal ion might consist of a more
pronounced weight on the Sy, = 1/2 state. Such compound that gathers a SCO ion
and organic radical ligands offers a variety of spin-coupling schemes that may not
be reproduced by a given spin state on the Co centre. This is to be considered as a
limiting case where Hund and non-Hund forms are close in energy in an intermediate
crystal field produced by radical ligands. These observations put forward the ab

initio evidence of weak spinmerism behaviour in this Co(II) complex.

3.3.4 Preliminary conclusion

While trapped as high-spin in the solid state, the electronic structure of
bis(oxoverdazyl) Co(II) compound 1 is deeply modified in solution. This compound
is magnetically intriguing and was inspected using the correlated quantum chem-
istry CAS[5,5]4+DDCI2 method. The controversy regarding the magnetic exchange
interactions is reflected by a structure sensitive low-energy spectrum. Indeed, the
ground state spin multiplicity is switched from a S = 1/2 to S = 3/2 upon weak
distortions. From our ab initio calculations, we observed that the spin states emerge
from an unusual scenario that combines various local spin states. The manifesta-
tion of entanglement results from the simultaneous presence of a SCO Co(II) ion
and a crystal field produced by a set of open-shell radicals. The mixing of local
high-spin and low-spin states in the construction of the total spin state S is the
direct observation of the spinmerism phenomenon in a d” inorganic complex. Upon
weak distortions of the coordination sphere, the superposition of local spin states
induced by the spinmerism behaviour is tuned. Further studies to quantify the ex-
change integrals in this complex are to be envisioned, in order to relate with the
model Hamiltonian presented in section . Still, this ab initio analysis evidences
a weak spinmerism effect. These views somewhat extend the traditional picture in
transition metal complexes where the spin multiplicity is fixed and governed by the

metal ion.
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3.4 Ab initio study of spinmerism in a d°
Fe(II) oxoverdazyl complex. Modifications of
Tanabe-Sugano d° diagram by ezxcited state

sSpinmerism.

Quantum entanglement between the spin states of a metal centre and radical lig-
ands is suggested in a Fe(Il) [Fe(dipyvd)y /™ compound (dipyvd = 1-isopropyl-
3,5-dipyridil-6-ozoverdazyl). Wavefunction ab initio (CAS+DDCI2) inspections
were carried out to stress the versatility of local spin states. The construction
of Localized Molecular Orbitals allows for a reading of the wavefunctions and
projections onto the local spin states. The low-energy spectrum is well-depicted
by a Heisenberg-Dirac-Van Vleck picture. A 60 cm™ ferromagnetic interaction
15 calculated between the radical ligands with the S = 0 and 1 states largely dom-
inated by a local low-spin Sgp, = 0. In contrast, the higher-lying S = 2 states
are superpositions of the local Spe = 1 (17%, 62%) and Sp. = 2 (72%, 21%)
spin states, caused by excited state spinmerism. Such mixing extends the tradi-
tional picture of a high-field & Tanabe-Sugano diagram. Even in the absence of
Spin-Orbit Coupling, the avoided crossing between different local spin states is
triggered by the field generated by radical ligands. This puzzling scenario emerges

from wversatile local spin states in compounds which extend the traditional views

in molecular magnetism.

keywords: excited state spinmerism, ab initio, Tanabe-Sugano, spin-qubits
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3.4.1 Introduction

The Co(II) oxoverdazyl compound presented in section has questioned the tra-
ditional picture of a metal ion as either high-spin or low-spin, in the electrostatic field
of neighbouring radical ligands. In particular, its ground state displays a structure-
sensitive admixture of low-spin S¢, = 1/2 in a dominant high-spin S¢, = 3/2,
a feature of spinmerism. The mixing was further interpreted by inspecting a d”
Tanabe-Sugano diagram that exhibits a doublet-quartet crossing in the intermedi-
ate ligand field regime. Since the ligand field includes Coulomb and direct exchange
contributions in a complex built on spin-coupled partners, one may wonder whether
different local spin states may coexist on the metal ion. The introduction of radical
ligands may indeed disrupt the assumption of a given spin state on the metal cen-

tre in the description of ground and excited states. Inspired by these observations,

7 N\, Ng
> ‘Fe2+7N N
N— ¢ 4 N
* 7 N5 \ N

Figure 3.18: [Fe(dipyvd)s]?T compound 3 from Ref [263]. The Xray Fe-N; distances
i=oa—¢are 1.98, 1.84, 1.95, 2.00, 1.85, and 1.98 A, respectively.

the pseudo-octahedral Fe(II) oxoverdazyl compound 3 [Fe(dipyvd),]** (dipyvd = 1-
isopropyl-3,5-dipyridil-6-oxoverdazyl) was considered as another prototype to be ex-
amined (see Figure .[263] Magnetic and spectroscopic properties were reported
in the literature and complemented by density functional theory-based calculations
suggesting a low-spin iron centre.[263] Bond lengths (for both ligand and metal ion)
are characteristic of a low-spin Fe(II) coordinated to neutral radical verdazyl ligands.
In particular, the Fe-N bond distances were reported ca. 1.95 A, as mentioned in
Figure [3.18 Such spin picture is also consistent with the IR spectrum, and the 5-
300 K magnetic susceptibility measurements support a low-spin metal centre. Fe(II)
being a Spin CrossOver metal ion, any intermediate ligand field should be appro-

priate to observe the coexistence of a Sp. = 0 (low spin) and Sg, = 2 (high spin).
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As seen in Figure , the d® Tanabe-Sugano diagram exhibits a crossing between
the excited triplet and excited quintet states. Therefore, a similar manifestation of
spin states mixing observed in the ground state of the Co(II) complex might ap-
pear in the excited states of this Fe(II) analogue. Guided by this observation in the
high-field regime, we thought that excited state spinmerism might be anticipated,
with total spin states resulting from combinations of local Sgp. = 1 and Sp. = 2.
For all these reasons, ab initio calculations were carried out to inspect the energy
spectrum of 3 (shown in Figure , dominated by local spins modifications. The
examined energy window consists of spin states characterized by similar charge dis-
tributions, leaving out ligand-to-metal and metal-to-ligand charge transfer states.
The eigen-states were constructed using Localized Molecular Orbitals (LMOs) to
allow for projections onto the local spin states of the metal and ligands, Sz, and

St, respectively.

; A /B
2 S 0 3 o/
Figure 3.19: Low part of the Tanabe-Sugano diagram of a Fe(II) d® ion in an octa-
hedral field. The critical ligand field value marking Spin CrossOver is indicated by

a vertical dotted line. The crossing between the excited Sp., = 1 and Sp, = 2 states

is highlighted.

The numerical results presented in this work highlight the presence of a strong
quantum entanglement between the local spin states, i.e. a spinmerism effect, of the
metal ion and the radical ligand environment. This evidence reshuffles the standard

views in molecular magnetism and simultaneously opens up new perspectives for
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technological development at the interface of physics and chemistry. The traditional
Tanabe-Sugano diagram concepts might be extended, giving possible out-of-the-box
answers to energy spectra governed by ligand fields displaying open-shell character.
In Light-Induced Excited Spin-State Trapping (LIESST) experiments,[162] the long-
lived excited states at low temperatures would consist of superpositions of Sp, = 1
and Sg. = 2. Therefore, the variability of local spin states could provide a pathway
to encode quantum information on synthetic molecular systems based on this light-
induced qubit, presuming that the access to the different local Sp. spin states is

available (e.g. Fe-N bond stretching frequencies).

3.4.2 Computational details

The presence of multiple open-shells on both metal ion and ligands strongly invites
the use of a wavefunction-based method, such as the Complete Active Space Self-
Consistent Field (CASSCF) method. The Complete Active Space should include
six electrons from the iron centre and two from the oxoverdazyl ligands in seven
molecular orbitals (CAS[8,7]). However, the active space was reduced to CAS[6,6] by
inspecting the occupation numbers of the active MOs. The CAS[6,6]SCF sextuplet
MOs were then transformed into LMOs (following the DoLo procedure presented
in section [I.3), which are shown in Figure [3.20] Such transformation allows for a
reading of the wavefunctions following a Lewis-like description. In the low-energy
spectrum of 3, we checked that the mostly metal d-type LMOs remained doubly
occupied (low-spin Fe(II)), and the active space was even reduced to CAS[2,2].
CASSCF and MRCI calculations were performed as described in [Appendix F|

The resulting CI eigenfunctions were projected onto the local spin states of the
oxoverdazyl ligands pair (S; = 0 or 1) and the iron ion (Sp. = 0, 1 or 2). This
procedure allows for a decomposition into the different entangled metal-ligand con-
tributions. To implement these projections and conduct our local spin analysis, the
open access package QuantNBody [264] was used. This numerical python toolbox
has been recently developed by Saad Yalouz, a researcher from LCQS, to facilitate
the manipulation of quantum many-body operators and wavefunctions. Based on
this tool, matrix representations (in the many-electron basis) of the local metal and

ligands spin operators 31127@ and S% were built and diagonalized to access the local
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spin subspaces. This approach makes it possible to design spin projectors (in the
many-electron basis) to target specific local spins contributions for the metal and

the ligands in the multi-reference wavefunction.

3.4.3 Results and Discussion

First, CASSCF calculations were conducted on 3. Inspections based on a CAS[8,7]
highlight the presence of a MO mostly localized on a 3d iron atomic orbital with
occupation number 1.99. Thus, the active space was reduced down to [6,6]. The
CAS[6,6]SCF MOs were localized either on the metal centre or on each individual
dipyvd ligand (see Figure [3.20).

Then, the electronic structure of the environment was inspected following the pro-
cedure presented in the section for a [Co(dipyvd)s]** compound (cobalt(II)).
Based on a fictitious [Zn(dipyvd)s]*T (closed-shell divalent metal ion) analogue of
the Co(II) compound, it was shown that the singlet-triplet energy difference Eg— Er
is of the order of +2.0 cm~!. Considering the geometry changes moving to com-
pound 3, a similar inspection was conducted by substituting Fe(II) by Zn(II). A
+1.9 cm™! singlet-triplet energy difference was computed at the CAS[2,2]+DDCI
level. This negligible exchange coupling value between the radical ligands suggests
that any projection of the total spin states of 3 may simultaneously involve the local
St =0 and S;, = 1 states. Besides, this value can be seen as a reference to quantify
the role of the electronic structure of the bridging metal ion. Indeed, the nature,
and more importantly the spin state, of the metal centre are likely to modify the
exchange coupling constant value, a particular issue we wanted to inspect. As re-
ported in the literature, the intramolecular radical-radical exchange couplings were
measured in a series of M(II)-(bipyvd)s complexes (M = Mn, Ni, Cu, Zn; bipyvd =
1,5-dimethyl-3-(2,2’-bipyridin-6-yl)-6-oxoverdazyl) and range from weakly antiferro-
magnetic (—10 ecm™') to weakly ferromagnetic (+2 cm™!).[228] Due to the system
size and the number of open-shells, a CAS[6,6]+DDCI level of calculation is out of
reach. Thus, all our conclusions are based on CAS[6,6]+DDCI2 excitation energies

and corresponding wavefunctions analysis, as summarized in Table

The energy spectrum results from the local spin states Sp, = 0,1,2 and S, = 0,1
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f Fe sd oS N
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Ligands LMOs

Inactive Fe 3d LMO

Figure 3.20: Representations of the four mostly metal-type and the two mostly
ligand-type LMOs included in the CAS[6,6] generated from a CAS[8,7]SCF calcula-
tion for the sextuplet spin state of 3. The mostly 3d-type inactive LMO is shown

below.

which give rise to ten states, namely two singlets (S;, i = 0 — 1), four triplets (7;
i = 0 — 3), three quintets (Q;, i = 0 — 2) and a single heptuplet (Hy). From our
calculations, the local spin states display 0, 2 and 4 open-shells on the Sgp. = 0,
Sre = 1 and Sg. = 2, respectively (see Figure . One should stress that the
local Sp. = 1 spin state involves a single pair of LMOs, a manifestation of the

absence of orbital degeneracy as schematically shown in Figure [3.21
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The local spin values can result either from pure spin states or superpositions of
different spin multiplicities as manifested in spinmerism. Therefore, four different

classes can be a priori anticipated in the energy spectrum of 3.

Figure 3.21: Schemes of the leading electronic configurations on the Fe(II) centre,
whatever the total spin state in the energy spectrum of 1. A single mostly d-
type LMO essentially doubly occupied (inactive) is shown below. For the sake of

simplicity, the maximum spin projections on the local Sg. spin states are shown.

Let us concentrate on the first class of states dominated by pure local spin states Sge
and Sy, (see light grey (x) entry in Table . First, the ground state Ty is triplet,
dominated by the local spin states Sp. = 0 and Sy, = 1, respectively, followed by the
singlet Sy lying 120 cm™! above. This picture is consistent with a d° low-spin metal
ion in a high-field environment. One should note that small admixtures (13 — 16%)
of charge transfers (Sp. = 1/2 and S, = 1/2) are evidently observed. Since the
CAS[6,6]SCF occupation numbers of the mostly d-type LMOs are larger than 1.98,
the Sy — Ty energy difference was further confirmed from CAS[2,2]+DDCI calcu-
lations (CASJ[2,2]SCF triplet MOs) and turned out to be 120 cm™*. This value is
in reasonable agreement with the reported one which may vary depending on the
extraction from density functional theory broken-symmetry calculations.[263] Thus,
the low-energy part of the spectrum of 3 can be viewed as two organic radicals
coupled through a closed-shell Fe(II) (see Figure [3.22)). Evidently, a HDVV Hamil-
tonian H = —2.J8;8, can be derived from the singlet-triplet energy difference. The

1'is consistent

calculated ferromagnetic exchange coupling constant J = +60 cm™
with the experimental value extracted from the magnetic susceptibility fitting (+82
cm™1).[263] This coupling is significantly larger than the reference one we estimated
to be +0.95 cm™! for the closed-shell hypothetical Zn(II) complex. The filling of

the mostly 3d type e -orbitals moving from Fe(II) (d® ion) to Zn(II) (d'® ion) deeply
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Energy
Label 25 +1 Sre @ St
(cm™)
2% S
0, o | 10156 5 86% Q
4% T
Si « | 8603 | 82% T 82% T
T3 * | 7691 3 83% @ 83% T
9% S
15 e | 6705 3 8% T
8% T
H, * | 5326 7 100% @ 100% T
8% S
T o | 4972 3 81% T
3% T
1% Q 1% S
Q1 3323 ) 10% @ 10% T
62% T 62% T
39% @ 39% S
Qo 2906 5} 33% @ 33% T
17% T 17% T
So « | 120 | 84% S 84% S
To x| 0 (ref.) 3 87% S 8% T

Table 3.4: Energy spectrum of 3. Quintets and heptuplet energies are calculated at
the CAS[6,6]+DDCI2 level. The ground state energy is used as a reference energy.
The spin multiplicities 25 + 1 and Sp. Q) S; decompositions of the wavefunctions
are given on the local spin states Sp. and Sg. S, T, () and H correspond to singlet,
triplet, quintet and heptuplet, respectively. The x symbol is used to refer to states
consisting of pure local spin states on both metal and ligand centres. The e symbol
refers to states consisting of pure local spin states on the metal centre, and mixed
spin values on the ligands. Spin states consisting of mixed spin values on both
metal and ligands do not show any symbol, and are manifestation of excited state

SPINMETISM.

modifies the electronic structure of the bridging unit (i.e., the metal ion). Similar

to the effect of structural modification, such substitution is likely to alter the ex-
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change mechanism between the two verdazyl spin holders, and its impact is difficult
to anticipate. Such contrast is also found with the experimental values reported in
a series of compounds, that not only differ from the relative positions of the ver-
dazyl ligands but also from the absence of the Fe(II) complex in the series.[228] The
higher-lying states T3, S; (and evidently the heptuplet Hy) are all characterized by
a pure S;, = 1 spin state on the coordination sphere. These states are expected from
the traditional d® Tanabe-Sugano diagram (see Figure . In a triplet Sp, =1
high-field regime, the states ordering follows Sg, = 0 (7o, reference energy), Sg. = 2
(T, 7691 cm™'), and Sp. = 1 (S}, 8603 cm™!). At this stage, the main difference
with usual picture in coordination chemistry compounds lies in the triplet nature of
the ligand field, a concept introduced in the literature as ”excited state coordination
chemistry”.[209] One should finally mention the presence of 1.6% singlet state on the

metal in S;. However, this negligible contribution arises from an excited open-shell

singlet.
3500 -
3300 = | Q; 62% Sy, =1 /21% S, =2
o | |excited state
2 31004 | _
= || spinmerism
™0
&y 2900 — | Q, 1% S, =1 [ T2% 5, =2
K
2007
1004 |Heisenberg Sy
. 2J = 120 cm™
04| behaviour T,

Figure 3.22: Energy spectrum of 3 reflecting a Heisenberg behaviour in the low-
energy part with T, and Sy states, whereas excited sate spinmerism is observed
higher in energy with Qo and @), states. The excited quintet states )y and ),

exhibit a strong mixing between the Sp, = 1 and Sp. = 2 local spin states.

Based on this preliminary observation suggesting a S; = 1 ligand field, we now
examine the third @y (25 + 1 = 5) excited state given in Table [3.4 The Fe(II)
spin state is dominated by a Sp. = 1 (62%) in the field of a 72% S;, = 1. Again,

such picture obtained from the spin projections of the wavefunction is consistent
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with a high-field d® Tanabe-Sugano diagram.[I50] However, the quintet state Q
in Figure exhibits non-negligible contributions from the local Sp. = 2 (21%)
and S;, = 0 (11%) spin states. Such superposition of triplet and quintet metal spin
states in the absence of Spin-Orbit Coupling is a manifestation of the spinmerism
effect. Our analysis supports the appearance of a similar phenomenon in 3, named as
excited state spinmerism. This manifestation results from the open-shell character
of the environment and the energy crossing between the Sp. = 1 and Sp, = 2
excited states in the high-field regime of the Fe(Il) d® diagram (see Figure [3.19).
The traditional allowed crossing between different spin multiplicities in the Tanabe-
Sugano diagram is lifted from the presence of two radical ligands. As expected, the
energy spectrum exhibits a second close-in-energy quintet state resulting from this
mixing (see Qo in Figure . The latter is found 2906 cm™! above the ground
state, with a dominant Sp, = 2 character (72%), and a significant mixing between
the environment Sy = 0 (39%) and S, = 1 (50%) spin states. This second class
of states ((Qp and @)1 in Table displays entanglement between the spin states
of the metal ion and its coordination sphere in the high-field regime. In agreement
with the model Hamiltonian-based inspection of section , the emergence of the
two quintet states @)y and ) in Figure from avoided crossing stresses the
importance of not only the magnitude of the ligand field (Coulomb contributions),

but also the open-shell character of such field (decisive exchange contributions).

From these numerical inspections, one may further take advantage of the electronic
structure changes observed in the photo-induced spin-states of Spin CrossOver
compounds (LIESST effect). Under low-temperature irradiation, it is possible to
quantitatively achieve a low-spin to high-spin conversion in Fe(II) Spin CrossOver
compounds.[162] Very recently, it has been shown that unusually long relaxation
times can be reached (ca. 20 hours) which makes such complexes particularly encour-
aging for practical applications. [265] Starting from the ground state 7j in compound
3, the spin-allowed transition would lead to the photo-generated 77 state dominated
by a local Sp. = 1. The (), state, and to a lesser extent the () state, exhibit a large
proportion of the Sp. = 1 local state (62% in Table . Thus, one may question
whether intersystem crossing between 77 and ()1 would be enhanced by the presence

of excited state spinmerism. The mechanism of light-induced Spin CrossOver was
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previously studied to calculate intersystem-crossing rates and concluded on a process
mediated by a triplet excited state.[260], 267] From the manifestation of the here-
proposed excited state spimnerism phenomenon, the LIESST effect would produce

local superpositions of Fe(II) spin states with potential applications as spin-qubits.

A third class of states in the energy spectrum of 1 is characterized by a pure local spin
state on the metal and a superposition of Sp, = 0 and S7, = 1 on the environment (77,
Ty, @2, see dark grey entry (e) in Table . Such mixture was previously reported
in noninnocent ligand-based Fe(IIT) compounds [213] 268] where the ”excited state
coordination chemistry” concept [209] was numerically evidenced. In compound
3, charge transfers are small enough to maintain a formally Fe(II) ion with Spin

CrossOver behavior, a prerequisite for spinmerism manifestation.

Finally, our analysis of the low-lying spin states does not reflect any representative of
the fourth class, characterized by the superposition of S, values in the field of a pure
Sy, value. Evidently, a S;, = 0 ligand field would not allow the mixing of different
Sre values. However, the absence of a mixed-spin state on the metal in a S;, = 1
ligand field is more puzzling at first. As reported in section (3.2), the entanglement
between local spin states is directly controlled by the relative amplitudes of the
direct exchange values and conditions which might not be fulfilled in the examined

compound 3.

3.4.4 Preliminary conclusion

The spin states structures of a coordination compound [Fe(dipvd),]*™ built on a Spin
CrossOver ion (Fe(IT)) and two radical ligands (oxoverdazyl) were analyzed from
CASI6,6]+DDCI2 wavefunctions calculations. The procedure is based on the gen-
eration of Localized Molecular Orbitals, and spin projections onto local spin states.
A ground state triplet S = 1 characterized by a Sg. = 0 local spin state is found, a
reflection of a high-field regime. A strong ferromagnetic interaction J = +60 cm ™ is
calculated featuring the coupling of organic radical spin holders through a low-spin
metal ion. Even though the low-energy part of the spectrum can be rationalized by
a Heisenberg-Dirac-Van Vleck spin Hamiltonian, the magnetic picture delivered by

a d Tanabe-Sugano diagram is deeply reshuffled in the next nearest excited states.
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The flexibility afforded by the open-shell character of the environment gives rise
to marked superpositions of local spin states Spe = 1 and Sp. = 2 in the S = 2
excited states. The traditional quasi-degeneracy in the high-field regime is lifted
by 417 cm™! with significant contributions from both S; = 1 and Sy = 0 on the
ligand pair. This observation, which we name excited state spinmerism, extends the
spinmerism phenomenon reported in the previous sections. The prerequisite for the
manifestation of such entanglement is fulfilled from the presence of a Fe(II) ion and
radical organic ligands. By irradiating the sample in the UV-vis or near-IR regions
at low temperature, such compounds might be photo-switched and become original
targets. Our analysis may stimulate experimentalists to photo-generate slowly de-
caying excited states consisting of Sp. = 1 and Sg. = 2 spin states superpositions.
Assuming that one can access the proportions of the different local Sg. spin states,
the reading of encoded quantum information may become feasible. Therefore, the
variability of local spin states could provide a pathway to encode quantum informa-
tion on synthetic molecular systems. This particular class of coordination chemistry
compounds combining versatile local spin states not only enlarges the traditional
pictures in molecular magnetism but might become original targets for spin-qubit

generation.
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3.5 General conclusions

The model Hamiltonian and ab initio calculations-based studies highlighted the
emergence of a phenomenon we coined into spinmerism. The spinmerism phe-
nomenon is a superposition of different local spin states that generates a given total
spin state, in a sense that it differs from Spin-Orbit effects by keeping the total spin
a good quantum number. It can be seen as an extension of mesomerism, with the
different resonance structures being different local spin states distributions. Antici-
pated from standard spin algebra, this work highlights its occurrence in two ab initio
complexes and aims at elucidating the conditions for its manifestation. Spinmerism
is based primarily on the coupling of two spin active components whose spin changes
are identical. Here the use of a Spin CrossOver metal ion and two radical ligands

was a mean to evidence spinmerism behaviours.

By concentrating on direct exchange interactions, the first work modelled a complex
built on an artificial Spin CrossOver ion (M =d? or d®) and two radical ligands in
order to investigate the conditions for the emergence of spinmerism. It highlighted
two guiding rules for strong spinmerism occurrence (50/50). The charge transfer
contributions (LMCT and MLCT) were then taken into account in a perturbative
manner to get closer to realistic coordination compounds, and stress their influence

on the energy spectrum.

The second work presented an ab initio inspection of a first molecular complex
candidate for spinmerism: a Co(II) metal ion coordinated by two radical verdazyl
ligands. The Co(II) metal ion may undergo a transition from Sy, = 1/2 to Sy = 3/2,
and the verdazyl radicals give rise to S;, = 0 or S, = 1 spin-dependent environment.
The main ingredients of spinmerism are to be found in this particular complex, and
a weak spinmerism behaviour (~ 0.1%) was observed by means of wavefunction-
based calculations. This pushed forward the fact that the ligand field generated by
a set of open-shell radicals cannot be considered as a frozen field according to the
usual view of coordination compounds. Still, the observed spinmerism behaviour is
too weak for potential applications, but extends the traditional picture of the crystal

field in transition metal complexes.

Finally, the third work investigated by ab initio means another candidate for spin-
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merism: a Fe(Il) metal ion with two verdazyl ligands. The Fe(II) metal ion exhibits
an usual spin-transition from Sy, = 0 to Sy = 2. The spin-transition of its ligands
does not allow for a superposition of S); = 0 and S); = 2, but does allow the
superposition of Sy, = 1 and Sy = 2. Indeed, excited states presenting this super-
position are observed, and an important excited state spinmerism effect (~ 20%) is
evidenced. Whilst the low-energy spectrum is readily rationalized by a Heisenberg
behaviour, the magnetic picture delivered by the excited states reshuffles the views
on the d® Tanabe-Sugano diagram. The flexibility of the environment opens up new

interpretation schemes, contrasting with the usual static view for the crystal field.

Spinmerism is a phenomenon that introduces a different point of view in magnetic
complexes. Its strength lies on the fact that it is naturally induced by the structure
of the wavefunction, which differentiates it from Spin-Orbit Coupling effects. The
spin versatility of the local sites is the major condition for future applications of
spinmerism. Therefore, the variability of local spin states could provide a pathway
to encode quantum information on synthetic molecular systems. By experimentally
probing the local spin density, such molecular compounds might become original
targets for spin-qubits generation in new Quantum Computers architectures. We
suggest the use of Light-Induced Excited Spin State Trapping effect as a possible

way to control spinmeric compounds, and the information they encode.

Now, let us make some self-criticism regarding the work presented in this Chapter.
1) The developed Model Hamiltonian for spinmerism presents two guiding rules de-
pending on the geometry of the system. Real systems may satisfy these symmetries
up to a small deviation. The evolution of the conditions for strong spinmerism dur-
ing small deviations from the reference geometry can bring additional information
in the search of candidates. A next step is to derive the model into an effective
Hamiltonian, using the ab initio conditions. This can help to validate the model,
and to improve its orientation towards realistic systems. Moreoever, a short screen-
ing of possible candidates based on their ab initio exchange integrals and energies
may pave the way for further ab initio studies of spinmerism. 2) Spin-orbit coupling
is one of the detractor of the spinmerism phenomenon. The two phenomena have
often been compared by referees to deny spinmerism. However, these two effects

are unrelated, but are both possible in heavier element-based compounds. Spin-
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orbit was always disregarded to focus solely on the spinmerism phenomenon. An
assessment of the proportion of Spin-Orbit in the complexes previously studied is
necessary in order to possibly correct the calculated energy levels. The evolution of
the spinmeric behaviour as a function of the Spin-Orbit character is an interesting
study, as it can guide the theoretical and experimental interpretations towards a
more global and physical picture. 3) The other argument for the criticism of spin-
merism by other referees is the lack of experimental evidence. The main issue with
observing a superposition of local spin states is that only the total spin .S is an ob-
servable, not the local spin states. This problem does not arise for complexes with
only one active spin entity, but it does arise for complexes with spinmerism because
they have more than one active spin entity. One possible idea is as follows: let us
measure standards of vibrational frequencies for two possible pure metal spin states
(e.g. Sy =1 and Sy = 2). The measured vibrational frequency of a .S spin state
built on two different local spin states (e.g. Sys) may then be the linear combination
of the two vibrational frequencies. This would allow us to experimentally quantify
the relative contributions of the local spin states. A deeper literature search and
an appropriate study are needed to prove this idea. 4) By considering a molecule
in the gas phase, many physical effects are neglected. More advanced calculations
taking into account solvent effects and packing in solution or in a crystal may help
to demonstrate experimentally spinmerism. 5) Finally, the proposal to use spin-
meric compounds as spin-qubits is tempting, but a number of questions need to be
resolved. The stability of these spin-qubits and of their encoded information (deco-
herence) need to be evaluated. Quantum dynamical studies are needed to assess the
evolution of spinmerism over time. A first step could be to construct the Potential

Energy Surfaces of a candidate, in preparation for future dynamical studies.

In my opinion, spinmerism is a phenomenon that will open up new perspectives
and interpretations in the field of molecular magnetism. It is still in its infancy, and
a first experimental proof may be needed to stimulate the concept among a wider

audience.



139




140 CHAPTER 3. ON THE RISE OF SPINMERISM

Appendix D. Model Hamiltonians and equalities

This appendix presents the model Hamiltonians used in section (3.3)), to study spin-

merism and the derived equalities, depending on the geometry of the system.

(General case
3.5.0.a Determinant basis

For the sake of notations clarity, the following determinants in {|®,)} basis were

renamed:
{|®a)} = {I@lsoM@M@LQI, 0L, oMPrrPr, ), = {[®1), |®2), (3.8)
|¢L1 @MaM’QOLzlv |90L1@M90M’¢L2|7 ‘(I)3>7 ‘(I)4>7 (39)
PuBuporab ot vl | @), |8)}  (3.10)

3.5.0.b General Hamiltonian

Neglecting ¢;, the following H,_space is Obtained:

Ky  -K! — K} —K —K, 0
K| —(K,+ K)) 0 —Ky 0 —K,
oo — K} 0 —(Ky + K}) 0 ~Ky -k
— K, — Ky 0 —(Ky + K7) 0 —K}
—K, 0 — Ky 0 —(Ki+K}) -K!
0 —K, —K; — K} —K! — Ky
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First rule: 2K, = K1 + K|
3.5.0.c Inner-space Hamiltonian for K; = K, and K| = K},

In case of Td-symmetry (L; = Ly =— K; = Ky = K and K| = K}, = K’), the

inner-space Hamiltonian takes the following form:

Ky K _K _K _K 0
K —(K+ K 0 _ Ky 0 _K
o _K 0 (K + K) 0 Ky -K
B 0 (K + K 0 _K
K 0 Ky 0 (K+K) —K
0 _K _K _K “K Ky |
BI1)

3.5.0.d Triplet reference states

Three triplet states are obtained using Clebsch-Gordan coefficients rules for spin

algebra.
D =150,1) = 5(|2) + [@3) — [P4) — [D5))

1)  =|1,1,0) = 3(|P2) — [®3) + [P4) — |P5)
|HI> - |1’ L, 1> - \/L§(|q)1> - |q)6>)

1
2
1
2

3.5.0.e Triplet only Hamiltonian

Working only in the Triplet inner-space, a 3 x 3 Hamiltonian is obtained. It was

constructed on the {|I), [II), |III)} basis.

~K - K + Ky 0 —V2(K — K')
Htriplet = 0 —-K - K — KM 0 (312)
—V2(K — K') 0 —Ky
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This Hamiltonian was formally diagonalized using WolframAlpha. Three eigenvalues

and respective eigenvectors were obtained:

1 K+ K = 2Ky + VA
M ==(—VA-K— K, = 0,1 3.13
L= 5 o n=C S a0 G
1 K+ K —2Ky — VA
o= =(VA - K—K), = 0,1 3.14
2= 5 . 7 = UL SRS
/\3 =—-K — K/ - KM, Vs = (O, ]_,0) (315)

with A =9K? — 14KK' +9K"”? — 4K Ky, — 4K'Ky; + 4K%,

3.5.0.f Resolution of )\, = \?, = %

Considering;:
2Ky =K+ K’
-K > K’

One can observe that
A =8K?—16KK'+8K”? =8(K — K')? = VA = 2V2(K — K') (3.16)

and

K+ K —2Ky=0 (3.17)

The former weight on |I) for (3.13) and (3.14)) becomes
K+ K —2Ky+VA

+1 3.18
2v2(K — K') (3.18)
which reads for v; and v
v = (1,0,1) = [I) 4 |1II) (3.19)
ve = (—1,0,1) = —|I) + |III). (3.20)

Due to the normalization condition of the wavefunction, one can see that the former

expression becomes

1 1
1 1

1

= The following equality is observed A, = A\, = 3.
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Second rule: 2K); = 2K, + 2K,
3.5.0.g Inner space Hamiltonian for K; = K, = K| and K],

In case of K; = Ky = K| = K, the inner-space Hamiltonian becomes:

Ky K -K, -K = -K 0 |
K —(K+K) 0 —Ky 0 K
P 0 9K 0 Ky K
K Ky 0 2K 0 K}
K 0 Ky 0 —(K+K) -K
0 K K -k}  -K Ky

BI1)

3.5.0.h Singlet reference states

Two singlet states are obtained using Clebsch-Gordan coefficients rules for spin

algebra.
V) = 0,0,0) = S(12) — [5) — ) + [5)) (323)
V) = [0,1,1) = —= (10) + |96)) — —=(|Bs) + |®5) + ) + [B5)  (3.24)

V3 2V/3

3.5.0.i Singlet only Hamiltonian

Working only in the Singlet inner-space, a 2 x 2 Hamiltonian is obtained. It was

constructed on the {|IV), |V)} basis.

Kl
K (- K

—P(K = K3 - K

Hsinglet - (325)

This Hamiltonian was formally diagonalized using WolframAlpha. Two eigenvalues

and respective eigenvectors were obtained:

3K + K, — 2K 2V A
)\4:—@ ’U4:( + 2 M+

K —K) 1) (3.26)
, 3K+ Ky — 2Ky — 2V
As = VA vs = ( N 1) (3.27)

with A’ = 3K? + K}* — 3K Ky — K, Ky + K3,
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3.5.0.j Resolution of p2, = 3u3,

Considering;:
- 2Ky = 2K + 2K},
- K > Kj

One can observe that

A = K? - 2KK,+ K}’ = (K — K})? = VA = (K — K})

and

3K + Kby — 2Ky = (K — KJ).

The former weight on |[IV) for (3.26)) and (3.27)) reads

v = (V3,1) = V3|IV) +|V)
1 1

Vs = (_ﬁ7 ].) = \/§

ITV) + | V).

(3.28)

(3.29)

(3.30)

(3.31)

Due to the normalization condition of the wavefunction, one can see that the former

expression becomes

=Ly 4 %\W

1T
1 3
vy = —5[IV) + §|v>.

The following equalities are observed for

= (13.26)), the lowest excited singlet state: — u2, = 3u%
= (13.27), the highest excited singlet state: 3u, = u%

(3.32)

(3.33)
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Appendix E. Details on ab initio calculations

All CASSCF calculations were performed on the available Xray structure without
any geometry optimization and used the MOLCAS 8.0 package.[45] The Co/Fe and
first coordination sphere atoms were described with 4s3p2d and 3s2pld basis sets,
respectively. Smaller basis sets were used for all other atoms, 3s2p whilst hydrogen
atoms were depicted with a 1s basis set. Such basis set affords for a balanced
description of the iron center and the first coordination sphere atoms fixing the

crystal field amplitude.

The dynamical and polarization effects were included following the Difference Ded-
icated Configuration Interaction (DDCI) method [39, 40] as implemented in the
CASDI code [38] and described in subsection ([1.2.5). Depending on the classes
of configurations involved in the CI expansion, different levels (CAS + S, CAS +
DDCI2, and CAS + DDCI) can be reached beyond the CAS picture. This variational
method that follows a step-by-step construction of the wavefunction has produced
a wealth of interpretations [20, 269, 270] and rationalizations [50, 271] with a sys-

tematic relaxation of the wavefunction (so-called ”fully decontracted method”).
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Appendix F. Heisenberg-Dirac-Van Vleck Hamil-
tonians

This appendix presents the n-parameter Heisenberg-Dirac-Van Vleck Hamiltonians
used to fit calculated energy spectra of section (3.3]). These matrices were formally

diagonalized using WolframAlpha. The obtained eigenvalues \; are shown.

One-parameter Hamiltonian: H = —QJSLSM

Sy = % and S;, =1, in M, = —l—% space:

{| - %7 1)5 |%70>; |g’ 1>}

J —2v2J 0
Hi_, = |-2y2J 0 —V6J (3.34)
0 —V6J  3J
A= -3J
)\2 == 5J
A3 =2J
Two-parameter Hamiltonian: H = —2j1§1§M — 2j2§2§M
Sy = %, S, = % and Sy = %, in My = +1/2 space:
111 11 1.1 1. .3 1
{|_§ 5 §> |_7_7_§>7 57_§7§>7 _7_7§>}
%(]1 + J2) —272 —27 0
—2j —1(j — 0 —j1V3
Hy = /2 3(1 = J2) o (3.35)
—2j1 0 s(h—Jd2)  —52V3
0 —hV3 —j2V3  2( +j2)_
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3 . )
Al = —5(21 + J2)

)\2:§<

1 . o . . .
Az = 5(—2\/4]12 — Tjja + 452" + j1 + J2)

g1+ J2)

1
M= 5@V — T + 4327 + 1 + )
Three-parameter Hamiltonian:
H = —25151S0 — 2525250 — 2512515

Sy = %, Sy = % and Sy = %, in My = +1/2 space:

111 11 1 .1 1. .3 1
{|_§ 5 §> |_7_=_§>7 57_§7§>7 _7_7§>}
%(]ﬁ + J2 — J12) —272 -2 0
—272 —5(j1 — Jj2 — Jr2) —J12 —j1V/3
—25 —J12 5(J1 — J2 + J12) —joV/3
] 0 —iiV3 V3 S0+ a) = g

(3.36)

1 . . .
AL = 5(—3J1 — 372 — J12)

Ay = 5(51'1 + 5752 — Ji2)

A3 = 5(—2\/4]12 — Tj1je + 4j2® — jiji2 — Jojia + J12° + 1 + Jo + j12)

A = 5(2\/4312 — Tj1J2 + 4]22 — J1J12 — J2J12 + j122 + j1+ jo + J12)






Thesis conclusions

This manuscript is articulated around the notion of environment in complex spin
architectures in the field of Organic photoChemistry and Inorganic magnetoChem-

istry. The following is a brief summary of the main findings and ideas.

In the second Chapter, the construction of a model Hamiltonian allows to qualita-
tively assess the influence of the spin and charge of different environments on an
active chromophore. From a practical point of view, this work highlights the fact
that the single chromophore approximation in Singlet Fission (SF) does not reflect
reality, and underestimates the ratio of energy gaps which governs the thermody-
namic condition of SF. This means that many possible candidates are swept under
the carpet due to an erroneous calculation of their energy spectrum and an under-
estimation of their potential. This point is particularly important in view of the
new era of Machine Learning and Computational Screening investigations for SF.
The perfect SF material is yet to be discovered, and one is taking the risk of ruling
it out by using this approximation. At the fundamental level, this work highlights
and quantifies the influence of the spin and the charge of the environment on the
spectroscopy of a chromophore. It uses a minimum number of parameters comple-
mented by ab initio integral evaluations and, despite this, significant modulations
of the energy spectrum are observed. By making the model more complex (e.g.
slip-stacking, rotation...), other types of environment can be explored, at the cost
of greater variability. This would be interesting follow-up works, providing a quali-
tative overview of the various packings of SF chromophores, and of the mechanisms
in play. However, care must be taken when variability increases: an overly complex
model Hamiltonian may be less useful than a direct calculation using an ab initio

Hamiltonian. Still, the developed model is transferable to the study of many class
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I SF systems, provided the relevant local HOMOs and LUMOs are given.

In the third Chapter, a model Hamiltonian and ab initio calculations studies in-
vestigate the spinmerism phenomenon. Its emergence opens up new visions with
regards to considerations of ligand field and magnetic behaviours. Anticipated from
spin algebra, this phenomenon differs from Spin-Orbit Coupling effects because it
maintains the total spin as a good quantum number. The particular structure of
the wavefunction generated by local spin versatile ligands and metal centre allows
various coupling schemes which, under the right conditions, lead to a significant
superposition of local spin states. The quantified analysis of local spin states high-
lights the appearance of spinmerism. Still, its inner mechanisms remain poorly
understood. Our model Hamiltonian investigation shines light upon the importance
of direct exchange interactions in the tuning of spinmerism. This is the first step in
a longer run aiming to find good candidates for an important manifestation of spin-
merism. At the applied level, spinmerism has potential applications for the design
of new molecular spin-qubits, 7.e. for Quantum Computing. To make progress in
this direction, various studies are needed, such as the design of complexes with an
easily tunable and quantifiable superposition of local spin states, the measurement
of dynamical quantum coherence and, most importantly, experimental studies to
probe spinmerism. At the fundamental level, this represents a new perspective in
the interpretation of magnetic data, and in the study of phenomena induced by a
versatile wavefunction. A deeper understanding of spinmerism could be the solution
to a more correct interpretation of data deemed "non-fittable” by the usual mag-
netic models. Architectures based on a Spin-CrossOver metal ion coordinated to
several open-shell ligands are likely to challenge the traditional frozen-spin pictures.
As a consequence, the spinmerism phenomenon calls to reconsider the usual view
of Tanabe-Sugano diagrams, moving from a strict ”ligand field” to more versatile
"open-shell ligand field” considerations. However, this phenomenon is still in its
infancy, and further theoretical and experimental studies are needed to unravel its

mysteries. New projects and collaborations are underway to achieve this goal.

To conclude, this PhD work has studied the importance of open-shell environments
and their influence in Organic and Inorganic Chemistry. WaveFunction Theory

calculations provided fertile ground for such investigations, at the cost of higher
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computational costs. The in-depth calculation and analysis of our systems required
appropriate working tools, such as the localization methods and the spin algebra
used in this work. On one hand, the environment has a direct influence on the
spectroscopy of a molecule (e.g. a chromophore, a coordination compound). On
the other hand, it plays a major role in the composition of a versatile wavefunction
and the induced phenomena associated with it. From my personal point of view,
spinmerism is an exciting phenomenon that provides a new insight into magnetic
compounds, emerging from the combination of radical ligands with a Spin-CrossOver

metal ion.
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Résumé

Cette these étudie I'influence de I'environnement sur les architectures complexes
de spin. Elle se concentre sur les environnements a couche ouverte en Chimie
Organique et Inorganique. Elle commence par une présentation des outils et des
méthodes de calcul fonction d’onde utilisés dans ce travail. Ensuite, une étude
basée sur un Hamiltonien modele explore qualitativement 'importance des en-
vironnements dans la Fission du Singulet. Elle se concentre sur la ”condition
thermodynamique” et met en évidence les défauts de ’approximation du ”chro-
mophore unique”. Enfin, un Hamiltonien modele et deux études ab initio étudient
I’émergence d’'un nouveau phénomene : la spinmérie. Les architectures basées sur
un ion métallique a transition de spin coordonné a plusieurs ligands a couche ou-
verte sont susceptibles de générer des états étant une superposition d’états de
spin locaux. Cela bouleverse le concept de spins gelés dans les composés de coor-

dination, en particulier dans les diagrammes de Tanabe-Sugano.
Mots-clés : Chimie Quantique, Hamiltonien modele, calculs ab initio, théorie de

la fonction d’onde, Fission du Singulet, Spinmérie

Abstract

This thesis studies the influence of the environment in complex spin architectures.
It focuses on open-shell environments in the fields of Organic and Inorganic Chem-
istry. It starts off by introducing the basic tools and methods for wavefunction
calculations used in this work. Then, a model Hamiltonian-based study qualita-
tively explores the importance of environments in Singlet Fission. It focuses on
the so-defined ”thermodynamic condition”, and highlights the flaws of the ”single
chromophore” approximation broadly used in the experimental and theoretical
community. Finally, a model Hamiltonian and two ab initio studies investigate
the emergence of a new phenomenon: spinmerism. Architectures based on a Spin
CrossOver metal ion coordinated to several open-shell ligands are likely to gen-
erate states which are a superposition of local spin states. This reshuffles the
traditional frozen-spin picture in coordination compounds, in particular in the

Tanabe-Sugano diagrams.
Keywords: Quantum Chemistry, model Hamiltonian, ab initio calculations, Wave-

Function Theory, Singlet Fission, Spinmerism
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