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RésuméCe travail a onsisté à étudier des omplexes de Fer (II) et plus partiulièrementà dérire le phénoméne de piégeage d'états de spin exités par la lumière. La tailledes moléules présentant ette propriété étant d'une entaine d'atomes, la théorie dela fontionnelle de la densité (DFT) à été la méthode de hoix. Au travers de etteétude, les limites d'appliation de la DFT aux omplexes de Fer (II) ont été évaluéesen les omparant à des aluls ab initio puis à des données expérimentales. Il aété mis en évidene que le terme d'éhange des fontionnelles d'éhange-orrélationin�uene le plus la apaité à dérire ∆EHL et ∆rHL. La fontionnelle OLYP detype GGA a permis d'obtenir la meilleure desription de es omplexes. Les énergiesà dérire étant de l'ordre de la préision himique (kal.mol−1), les fontionnellesd'éhange doivent être enore améliorées pour obtenir des résultats plus �ables.
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AbstratThis work was a study of iron (II) omplexes and speialy, onsist to desribe thelight indued exited spin state trapping (LIESST) phenomena. The size of themoleules showing this property was around 100 atoms, so the density funtionaltheory (DFT) was the method of hoie. In this study, the limit of appliationsof the DFT to iron(II) omplexes was evaluated by omparing this DFT resultswith ab initio results and then with experimental results. It was shown that theexhange term of the exhange-orrelation funtionals most in�uene the apaityto well desribe ∆EHL and ∆rHL. The OLYP funtional (GGA funtional) allow thebetter desription of this omplexes. The energies to be desribed being in the orderof the hemial preision (kal.mol−1), the exhange funtional should be improvedin order to give more aurate results.
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IntrodutionDans l'histoire industrielle, la miroéletronique présente une roissane éono-mique et tehnique sans préédent depuis le premier miroproesseur (Intel 4004) en1971. Ces dernières années, la élèbre loi de Moore [1℄ s'est aélérée a�n de passerd'une tehnologie à la suivante tous les deux ans ontre trois auparavant. De plus,la forte miniaturisation, possible suivant une règle simple de rédution d'éhelle, aassuré la transition d'une génération à la suivante sans réelle rupture tehnologique,et e jusqu'à la tehnologie atuelle basée sur elle du siliium.Atuellement, la taille des éléments atifs est de 120 nm. La rédution des om-posants életroniques utilisés dans les tehnologies ourantes CMOS (pour l'anglaisComplementary Metal Oxide Semiondutor) devrait se poursuivre jusqu'à 22 nm.A l'approhe de ette dimension, les di�ultés tehnologiques à résoudre deviennentde plus en plus nombreuses, et les limites physiques du transistor MOS d'arhi-teture onventionnelle (poly-Si/SiO2/Si) imposent le développement de nouveauxmatériaux ou proédés.La thermodynamique de es systèmes sub-mironique di�ère de elle des sys-tèmes marosopiques. Dès lors, des problèmes de dissipation de haleur, d'inter-faes, d'interférenes,. . ., limitent ette expansion rédutrie. C'est dans e ontexteque l'életronique moléulaire a pris toute son importane.Elle se dé�nit par �l'utilisation de moléules omme �ls et omposants dans laonstrution de iruits életroniques [2℄�. Ainsi, il est possible de onevoir desédi�es moléulaires possédant des fontions életroniques telles que les diodes, lestransistors et les résistanes. Cependant, l'életronique moléulaire ne onsiste passeulement à élaborer des �nanoomposants�, mais également à stoker des informa-tions.Dans e but, les omposés à transition de spin présentent des ommutateurs mo-dèles possédant des propriétés intéressantes. Ces matériaux ont la aratéristique depouvoir exister dans deux états di�érents. La ommutation d'un état à l'autre estréalisable à l'aide d'une perturbation extérieure omme la lumière, la température,la pression ou le magnétisme. Parmi l'ensemble des ions métalliques présentant une1



2 INTRODUCTIONtransition de spin, les omposés à base d'ions Fe(II) sont partiulièrement intéres-sants. La ommutation se fait entre un état magnétique (état haut spin, HS, pourl'anglais High Spin) et un état non magnétique (état bas spin, LS pour l'anglais LowSpin). Le passage d'un état à l'autre s'aompagne d'un hangement de ouleur etde volume.Deux voies sont envisageables pour atteindre l'éhelle moléulaire. La premièreonsiste à étudier des systèmes marosopiques puis à réduire leur taille. Cette mé-thode est elle utilisée atuellement mais à haque rédution d'éhelle, de nouveauxproblèmes surviennent. La seonde est l'étude direte des phénomènes mis en jeu auniveau moléulaire.Cette dernière approhe est elle à laquelle nous nous sommes interressés dansette thèse. Nous avons dérit les deux états HS et LS impliqués dans le phénomènede transition de spin à l'aide des méthodes de la himie quantique. L'objetif prin-ipal étant la ompréhension du phénomène LIESST (pour l'anglais Light-InduedExited Spin-State Trapping) pour lequel la transition de spin est induite par la lu-mière. Cet intérêt pour les proessus photo-induits se justi�e par son avantage surla ommutation thermique : plus rapide et plus loale.La première partie de e manusrit sera onsarée à la présentation généraledes propriétés des omposés du Fe(II) à transition de spin. La présentation desmoyens théoriques mis à notre disposition pour omprendre e phénomène serontalors dérits.La deuxième partie rapportera l'étude de deux systèmes modèles de Fe(II), le om-plexe hexaaqua fer (II), [Fe(H2O)6℄2+ et le omplexe hexaammine fer (II), [Fe(NH3)6℄2+.Nous omparons les résultats de aluls ab initio très poussés ave eux obtenus parla Théorie de la Fontionnelle de la Densité (DFT pour l'anglais Density FuntionalTheory) a�n de déterminer une méthodologie pour étudier des omplexes d'intérêtspratiques.La troisième partie rapportera l'étude de systèmes d'intérêts expérimentaux,le omplexe tris(2,2'-bipyridine) fer (II), [Fe(bpy)3℄2+ et la famille de omplexes2,2'-bis(2-meraptophenylthio)diethylamine dianion, [Fe(`NHS4')℄(L) ave L = NH3,N2H4, CO, et NO+. Nous omparerons les résultats issus de aluls DFT ave l'ex-périene.En�n, nous onlurons puis nous proposerons des perspetives pour ontinuer etravail.
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4 INTRODUCTION



Chapitre 1Généralités
1.1 La himie des omplexes de oordinationLe but de ette thèse est de modéliser des omplexes de métaux de transition.Dans un premier temps, quelques rappels sur la himie de es omposés vont êtree�etués [1, 2℄.1.1.1 Qu'est-e qu'un omplexe ?Un omplexe est un édi�e polyatomique onstitué d'un atome ou d'un ionentral auquel sont liés des moléules (H2O, CO, NH3, . . .) ou des ions (Cl−, Br−,CN−, . . .) appelés ligands. Il est aratérisé par sa géométrie dépendant de son indiede oordination.L'atome ou l'ion entral d'un omplexe est un aide de Lewis. Selon la dé�nitionde Lewis, un aide est une entité dans laquelle un atome est dé�itaire d'au moins unepaire életronique. Il présente alors une tendane naturelle à pallier ette insu�sane.C'est un aepteur de doublet d'életrons. La plupart des atomes des omplexes ditsde oordination sont des éléments de transition, omme Cu2+, Fe, Fe2+, Fe3+, Co,Co2+, Ni, Ni2+. Cependant, d'autres ions omme Ca2+, Mg2+ peuvent aussi donnerdes omplexes.Les ligands sont des atomes ou groupes d'atomes liés à un atome ou à un ionentral, généralement métallique, dans une entité moléulaire polyatomique. Ce sontdes bases de Lewis. Selon la dé�nition de Lewis, une base est un donneur de doubletd'életrons. Ils possèdent au moins un doublet d'életrons libres. Un ligand lié àl'atome ou à l'ion entral par une seule liaison est un ligand monodentate, 'est leas de l'eau, de l'ammonia, de l'ion hydroxyde, de l'ion hlorure. Ceux omportantplusieurs liaisons sont polydentates tel que le ligand 2,2'-bipyridine. Il est bidentate5



6 Chapitre 1 : Généralitésar il se lie par les deux doublets non liants des 2 atomes d'azote de la moléule. L'ionéthylènediaminetétraaétate (EDTA), souvent noté Y4−, est un ligand hexadentate.Le nombre de liaisons simples formées par l'atome ou l'ion entral ave les ligandsest appelé l'indie de oordination. Il est égal au nombre de ligands entourantl'atome ou ion entral lorsque eux-i sont monodentates.Dans es travaux, nous nous restreindrons à l'étude de omplexes des ions métal-liques de transition.1.1.2 Un peu de nomenlatureLe nom des omplexes indique la nature de l'atome ou de l'ion entral, son nombred'oxydation, la nature et le nombre de ligands. Il préise également si le omplexeest une moléule neutre, un anion ou un ation. Son nom s'établit en suivant lesrègles suivantes :1. Les noms des ligands sont ités en premier ; le nom de l'atome ou de l'ionentral est plaé en dernier en indiquant le nombre d'oxydation de elui-i.2. Les noms des ations omplexes et des omplexes neutres n'ont pas de termi-naison aratéristique, en revanhe les anions omplexes sont aratérisés parla terminaison -ate.3. Les ligands anioniques sont ités avant les ligands neutres ou ationiques et lesligands minéraux avant les ligands organiques.4. Les pré�xes bi, di, tri, tétra, penta, hexa, et, sont utilisés pour indiquer lenombre de ligands identiques présents dans le omplexe. Cependant, lorsquele nom du ligand ontient déjà l'un de es pré�xes (par exemple bipyridine) lenombre de ligands est préisé à l'aide des pré�xes bis, tris, tétrakis, . . .Quelques exemples : [Fe(CN)6℄4−, ion hexayanoferrate (II) ; [Fe(H2O)6℄2+, ion hexaa-qua fer (II) ; [Fe(NH3)6℄2+, ion hexaammine fer (II) ; [Fe(bpy)3℄2+, ion trisbipyridinefer (II).1.1.3 Élément de transitionLe terme générique d'élément de transition désigne théoriquement tous les élé-ments de la lassi�ation périodique aratérisés par une sous-ouhe d ou f partiel-lement rempli, soit à l'état élémentaire, soit dans son état d'oxydation stable. Il estimportant de rappeler, pour la suite de es travaux, la struture életronique de telséléments.



La himie des omplexes de oordination 71.1.3.1 Struture életronique à l'état fondamentalÉtablir la on�guration életronique d'un atome ou d'un ion monoatomique dansun état donné onsiste à indiquer la répartition, dans et état, des életrons dansles di�érentes spin-orbitales monoéletroniques (1s, 2s, 2p . . .). Pour déterminer lastruture életronique à l'état fondamental, les trois règles et prinipes suivants sontà appliquer :� Règle de KlehkowskiDans un atome polyéletronique, l'ordre de remplissage des orbitales ara-térisées par les nombres n (nombre quantique prinipal n, entier stritementpositif) et l (nombre quantique seondaire ou azimutal l, entier positif ou nultel que l < n) est elui où la somme n+ l est roissante. Quand deux orbitalesdi�érentes ont la même valeur pour la somme n+ l, l'Orbitale Atomique (OA)oupée en premier est elle dont le nombre quantique prinipal n est le pluspetit.� Prinipe d'exlusion de PauliDeux életrons d'un même atome ne peuvent avoir leurs 4 nombres quantiques
n, l, ml et ms identiques. ml est le nombre quantique magnétique, entier relatifompris entre −l et +l et ms est appelé nombre quantique magnétique de spinet vaut pour un életron 1/2 ou -1/2.� Règle de HundQuand un niveau d'énergie est dégénéré et que le nombre d'életrons n'estpas su�sant pour saturer e niveau, l'état de plus basse énergie est obtenu enutilisant le maximum d'orbitales, les spins des életrons non appariés étant lesmêmes.Dans le as des éléments de transition, onformément à la règle de Klehkowski,le niveau 4s est oupé avant le niveau 3d. Ainsi l'oupation du niveau 3d neommene qu'après saturation du niveau 4s. En revanhe, la formation des ationsorrespondants orrespond toujours au départ des életrons de l'orbitale atomique

ns.Intéressons-nous maintenant à la détermination de la struture életronique desions d'éléments de transition dans l'état fondamental.1.1.3.2 Règle des 18 életrons - Indie de oordinationLa règle de l'otet est généralement véri�ée pour les deux premières périodesde la lassi�ation périodique mais au delà, elle ne s'applique plus diretement. Ene�et, les életrons d ou les orbitales atomiques d peuvent intervenir dans les liaisons



8 Chapitre 1 : Généralitéshimiques et doivent alors être pris en ompte au même titre que leurs homologues
s et p.Comme la réativité de tout élément repose fondamentalement sur la reherhede la struture életronique du gaz noble le plus prohe, struture életronique laplus stable, les éléments de la quatrième ou inquième période ayant un numéroatomique Z > 18 (après l'argon) tendent à aquérir la on�guration életronique dutype ns2(n− 1)d10np6, soit 18 életrons de valene.A partir de la quatrième période (Z>18), un élément tend à onstituer des liaisonsen nombre telles qu'elles onfèrent dix-huit életrons à sa ouhe de valene.Ainsi les ations métalliques, par liaison ave les ligands, reçoivent des életrons ettendent vers la struture életronique du gaz noble qui les suit. Par exemple, le fer audegré d'oxydation +II ontient 6 életrons d. Pour véri�er la règle des 18 életrons,les omplexes seront hexaoordinés. C'est e�etivement le as de [Fe(H2O)6℄2+ et[Fe(NH3)6℄2+.Cependant ette règle, du fait de sa simpliité, sou�re de nombreuses exeptions.Par exemple, pour l'ion Cu+ (10 életrons d), l'indie de oordination est de 4,alors que les omplexes observés renferment seulement deux ligands : [CuCl2℄− et[Cu(NH3)2℄2+.1.2 Struture et propriétés des omplexes en théoriedu hamp des ligandsEn 1929, Bethe [3℄ a proposé un modèle életrostatique pour dérire la distributionéletronique dans les sous-ouhes d ou f de l'atome dans des entourages de diversessymétries. Cette théorie, dite du �hamp ristallin�, est fondée sur les hypothèsesénonées suivantes :� les interations entre l'atome oordinateur et les ligands sont purement éle-trostatiques. Elles sont la ause des liaisons de oordination et déterminent lastabilité d'un omplexe.� Les ligands sont onsidérés omme des harges pontuelles (ou dans ertain asomme des dip�les) dont la disposition autour de l'atome entral onditionnela symétrie du hamp életrostatique extérieur agissant sur et ion.� La on�guration életronique de l'ion entral est prise en ompte expliitement.Avant de poursuivre, il est important d'aborder la notion de levée de dégéné-resene des niveaux d de l'ion entral liée à l'interation életrostatique ave lesligands.
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Fig. 1.1: In�uene du hamp ristallin otaédrique sur les niveaux d'énergies 3d.1.2.1 Levée partielle de dégénéresene du niveau d de va-lene de l'élément entralA l'état d'ion libre, les inq orbitales atomiques d (fontions de la forme dz2,
dx2−y2 , dxy, dyz, dxz) des ions des métaux de transition possèdent toutes la mêmeénergie : elles sont dégénérées (f. �gures 1.1).Mais ette dégénéresene est partiellement levée par interation ave le hampéletrostatique extérieur réé par la disposition spatiale des ligands. L'e�et produitsur les énergies de es orbitales atomiques dépend de la on�guration géométriquedu omplexe.
1.2.1.1 Symétrie sphériqueSi le hamp ristallin est à symétrie sphérique, la valeur de l'énergie du niveau ds'avère modi�ée par rapport à l'ion libre à ause de l'interation ave le hamp desligands, mais la dégénéresene subsiste. Le niveau d'énergie des orbitales d est élevé,mais auune dégénéresene n'est levée. En e�et, l'introdution de l'ion métalliquelibre dans le omposé de oordination, 'est-à-dire dans le hamp életrostatiquegénéré par les ligands, provoque une augmentation de l'énergie des orbitales d (dé-stabilisation) en raison de la répulsion entre les harges des életrons d et elles desligands.Cependant, le hamp, lié à la disposition et au nombre de ligands, est de symétrieplus faible. Les omplexes sont souvent otaédriques (oordinene 6), tétraédriques(oordinene 4) ou adoptent enore d'autres dispositions.



10 Chapitre 1 : Généralités1.2.1.2 Symétrie otaédriqueSupposons maintenant qu'un ion Mn+ soit introduit au entre d'un otaèdre régu-lier dont les sommets sont oupés par des ligands Lq− pour former un omplexe o-taédrique [ML6℄(n−6q)+. Un otaèdre régulier est beauoup moins symétrique qu'unesphère. La dégénéresene des orbitales atomiques d est don en partie levée. Maisomment ?Sous l'e�et d'interations életrostatiques, les inq orbitales d de l'ion entralne sont alors plus équivalentes vis-à-vis des 6 ligands. Les orbitales dz2 et dx2−y2possèdent des lobes dirigés le long des axes de oordonnées, alors que les orbitales dxy,
dyz et dxz ont des lobes dirigés suivant les bissetries des axes de oordonnées. Lespremières sont don déstabilisées par la présene des harges négatives des ligandset leur niveau énergétique relevé. Par ontre les seondes sont stabilisées et, pourdes raisons liées à la onservation de l'énergie du système, leur niveau énergétiqueest abaissé.Ainsi dans une symétrie otaédrique, les orbitales atomiques d se séparent endeux niveaux d'énergie : d'une part le niveau d'énergie, triplement dégénéré, noté
t2g (dxy, dyz et dxz), stabilisé, d'autre part le niveau d'énergie, doublement dégénéré,noté eg (dz2 et dx2−y2), déstabilisé.L'élatement du hamp ristallin ∆0 ou 10Dq exprime, par dé�nition, la sépara-tion énergétique entre les niveaux eg et t2g :

∆0 = 10Dq = E(eg) −E(t2g). (1.1)Les termes D et q sont des quantités qui appartiennent à la desription mathéma-tique formelle du modèle életronique. Ils dépendent de la harge de l'ion métallique,de la distribution radiale des életrons d et de la distane métal-ligand a. Le fa-teur 10 de 10Dq orrespond spéi�quement à un életron isolé dans un potentieléletrostatique de géométrie otaédrique. En e�et, le potentiel total életrostatique(extérieur) réé par des ligands de harge Ze en ±a (origine : entre de l'otaèdre)selon les trois diretion x, y et z, moyennant des approximations, peut s'érire selonette forme :
Uocta =

6Ze

4πǫ0a
+

35

4

Ze

4πǫ0a5
(x4 + y4 + z4 − 3

5
r4) + . . . . (1.2)Le premier terme est de symétrie sphérique et ne fait qu'élever le niveau d'énergiedes orbitales de l'ion libre (d'environ 20 à 40 eV) sans lever auune dégénéresene.Le deuxième terme de Uocta est de symétrie otaédrique. On pose D = 35

4
Ze

4πǫ0a5 .
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D dépend de la harge des ligands et de la distane a. Le paramètre q n'apparaitqu'après des aluls de perturbation et ne dépend que de l'atome ou de l'ion entral.La onservation de l'énergie, faisant appel à la règle du baryentre, se traduit parla ompensation entre l'énergie gagnée par les orbitales du niveau t2g et elle perduepar les orbitales du niveau eg. Ainsi, si le niveau énergétique des orbitales d dans lehamp à symétrie sphérique est pris pour référene, les orbitales t2g ont leur niveauabaissé de 4 Dq ou (2/5) ∆0 et les orbitales eg ont leur niveau élevé de 6 Dq ou(3/5) ∆0, d'où le diagramme énergétique 1.1.Prenons le as le plus simple, 'est-à-dire un ion tel que Ti3+ ou V4+ ne ompor-tant qu'un seul életron d, soit de on�guration d1.Dans un hamp de symétrie sphérique, l'életron d oupe indi�éremment n'im-porte laquelle des 5 orbitales d. Dans un hamp de symétrie otaédrique, l'életron dne peut ouper que l'une des trois orbitales orrespondant au niveau t2g. Il gagneune énergie appelée Énergie de Stabilisation du Champ Cristallin (ELFSE pour l'an-glais Ligand Field Stabilisation Energy) telle que

ELFSE = Et2g
− Esphérique = −(2/5)∆0 = −4Dq . (1.3)L'énergie ELFSE, pour une on�guration dn donnée, se alule en faisant la sommede toutes les ELFSE individuelles de haun des n életrons :
ELFSE =

n∑

i=1

ELFSE
i . (1.4)Le as des on�gurations dn sera expliité plus en détail dans la partie 1.2.3.1.2.1.3 Autres symétriesDans le as d'un ion tétraoordiné dans une symétrie tétraédrique, la levée dedégénéresene est di�érente. Les orbitales sont réparties en deux niveaux : dxy, dyz et

dxz (appelées t2), et dz2 et dx2−y2 (appelées e). Par rapport au niveau orrespondantà la symétrie sphérique, les orbitales e ont leur niveau abaissé et les orbitales t2leur niveau élevé. En omparaison ave la symétrie otaédrique, les deux niveauxsont don inversés. L'intervalle énergétique entre les deux niveaux est plus réduit :
∆tétra = (4/9)∆0.Les levées de dégénéresene varient suivant la symétrie du hamp életrostatiquedes ligands.Nous allons par la suite nous foaliser essentiellement sur les omplexes ota-édriques.



12 Chapitre 1 : Généralités1.2.2 Fateurs in�uençant ∆0, série spetrohimiqueLes valeurs de ∆0 dans les omplexes otaédriques varient de 1 à 4 eV pourdi�érents ions entraux et ligands, voire plus pour des atomes oordinateurs desinquième et sixième périodes. Ces énergies peuvent être mesurées par l'observationde bandes d'absorption spetrales de 8000 à 35000 m−1 pour la transition t2g → eg.Ces bandes d'absorption sont peu intenses. En e�et, les transitions életroniques
d→ d sont normalement interdites. Mais les vibrations des liaisons de oordinationligands-ion entral induisent une modi�ation de la symétrie à haque instant. Parle biais de es déformations, de faibles bandes d'absorption sont observées.L'observation de es nombreux spetres d'absorption pour des omplexes ota-édriques a permis de formuler la règle de la série spetrohimique. Quel que soitl'atome ou l'ion entral, la valeur de ∆0 augmente lorsque l'on passe du ligand I−au ligand CN−, dans la série spetrohimique suivante :I− < Br− < S2− < SCN− < Cl− < NO−

3 < F− < OH− (1.5)
< C2O2−

4 < H2O < NCS− < NH3 ∼ py < en < phen < NO−
2

< PR3 << CO ∼ CN− ,où py = pyridine (hétéroyle C5H5N), en = éthylènediamine (H2N-CH2-CH2-NH2)et phen=1,10-phénanthroline. Cette séquene n'a pas de valeur absolue et est àemployer ave prudene ar des inversions plus ou moins importantes peuvent seproduire selon le ation métallique.La nature et la harge de l'ion entral in�uenent aussi la valeur de ∆0. Celle-iest plus forte pour les ions des métaux de transition des périodes élevées. De fait, ausien d'une même olonne, ∆0 augmente quand Z roît. Par exemple, [Cr(H2O)6℄2+a un ∆0 d'environ 14000 m−1 et [W(H2O)6℄2+ a un ∆0 d'environ 30000 m−1.De même, on onstate que dans une ligne donnée, ∆0 diminue quand Z augmente.Pour un ligand donné, ∆0 augmente ave le nombre d'oxydation du métal ousa harge, ar l'interation életrostatique augmente aussi. Par exemple, ∆0 est de9700 m−1 pour [Co(H2O)6℄2+ et d'environ 18200 m−1 pour [Co(H2O)6℄3+.D'une manière générale, nous avons : ∆0 = 7800 à 11000 m−1 pour [M(H2O)6℄2+et ∆0 = 13700 à 25000 m−1 pour [M(H2O)6℄3+.1.2.3 Complexes à hamp fort et à hamp faibleConsidérons à présent des omplexes où l'ion entral a plusieurs életrons d. Lesinterations entre életrons rendent l'étude plus ardue. Qualitativement, omme pour



Struture et propriétés des omplexes en théorie du hamp des ligands 13les atomes à plusieurs életrons, deux e�ets prinipaux se produisent :� les életrons tendent à former une sous-ouhe omplète,� ils forment préférentiellement une on�guration életronique à nombre maximalde spins non appariés (règle de Hund).La règle de multipliité maximale de Hund traduit le fait que, dans un atomeisolé, le ouplage parallèle des spins életroniques apporte un gain d'énergie au sys-tème. Inverser le spin d'un életron néessite don un apport d'énergie su�sant pourvainre le terme d'éhange.Par dé�nition, l'énergie d'appariement P (P > 0) représente l'énergie minimaleà fournir à un atome pour réer un doublet à spins antiparallèles à partir d'unepaire d'életrons à spins parallèles. L'énergie totale Etot d'une on�guration dn seradon la somme de deux termes ; l'un de signe négatif, fontion de l'élatement ∆0du hamp ristallin, l'autre, positif ou nul selon les as, fontion du nombre n depaires de spins formées :
Etot =

n∑

i=1

ELFSE
i + nP . (1.6)1.2.3.1 Cas d'un omplexe otaédrique de on�guration d6Pour une on�guration d6, la répartition des életrons dans les orbitales d peutse faire suivant deux manières :� Soit dans le niveau déstabilisé eg, en respetant la règle de Hund (as a). Lemoment de spin total orrespondant vaut S = 5(1/2) + 1(−1/2) = 2 et estidentique à elui de l'ion libre.

E
(a)
tot = ELFSE + 1P = 4(−2/5∆0) + 2(3/5∆0) + P = −0.4∆0 + P (1.7)� Soit dans le niveau stabilisé t2g, e qui oblige à inverser son spin (as b). Lemoment de spin total est réduit à la valeur S = 3(1/2) + 3(−1/2) = 0.

E
(b)
tot = ELFSE + 3P = 6(−2/5∆0) + 3P = −2.4∆0 + 3P . (1.8)Selon les valeurs relatives ∆0 et de P , deux types de représentation sont ainsienvisageables en hamp otaédrique :� Le 1er as (a) s'observe si E(a)

tot <E
(b)
tot , soit∆0 < P . La on�guration életroniqueglobale, de spin S=2, est appelée état à spin fort (ou état High Spin) HS ; elles'érit t42ge2

g.� Le 2ème as (b) s'observe si E(a)
tot > E(b)

tot, soit ∆0 > P . La on�guration életro-nique globale, de spin S=0, est appelée état à spin faible (ou état Low Spin)



14 Chapitre 1 : GénéralitésLS ; elle s'érit t62ge0
g.Si seulement un, deux ou trois életrons d sont présents, alors les seules on�gu-rations életroniques possibles sont t12g, ou t22g, ou t32g respetivement. De même pourles on�gurations d10, d9 et d8, une seule on�guration életronique est possible. Parexemple, d8 a pour on�guration en hamp otaédrique : t62ge2

g.Mais pour les on�gurations életroniques d4, d5, d6 et d7, deux on�gurationséletroniques en hamp otaédrique sont possibles. Dans la première, le niveau t2gest peuplé aussi omplètement que possible. La deuxième on�guration obéit à larègle de Hund. L'état à spin faible ne peut exister que si l'énergie de sa on�gurationéletronique ELS
tot est inférieure à l'énergie EHS

tot de l'état spin fort imposé par la règlede Hund, soit
∆E = EHS

tot − ELS
tot (1.9)

= −0.4∆0 + P − (−2.4∆0 + 3P )

= 2∆0 − 2P > 0 .Ainsi le omplexe est dans un état de spin faible (LS) si la valeur de séparation
∆0 est supérieure à l'énergie d'appariement P des életrons. En revanhe, si ∆0 estinférieure à P , le omplexe est dans un état de spin fort. A un hamp ristallin faible,orrespond un état à spin fort et réiproquement.Dans le as des omplexes tétraédriques, le hamp tétraédrique est nettementplus faible que le hamp otaédrique [∆tétra = (4/9)∆0℄. Les omplexes sont donessentiellement à haut spin.1.2.4 Propriétés magnétiquesLa distintion expérimentale entre les omplexes à spin fort et les omplexes àspin faible est fondée sur la détermination des propriétés magnétiques. Les omplexespossédant un ou plusieurs életrons non appariés sont dits paramagnétiques ; ilssont attirés par un hamp magnétique. Les omplexes ayant tous leurs életronsappariés sont dits diamagnétique ; ils sont repoussés par un hamp magnétique.Pour déterminer si un omplexe possède l'une ou l'autre de es propriétés, unemesure de suseptibilité peut-être e�etuée ave la balane de Gouy. Le momentmagnétique s'exprime par le nombre e�etif neff de magnétons de Bohr µB donnépar neff = (n(n + 2))1/2. neff onstitue la grandeur physique aratéristique dunombre n d'életrons élibataires d'une sous ouhe 3d. Le moment magnétique de



Struture et propriétés des omplexes en théorie du hamp des ligands 15spin seul µ, d'un omplexe ayant n életrons élibataires, est don donné par :
µ = (n(n+ 2))1/2µB (1.10)ave µB = eh/(2πme) = 9, 274 × 10−24 J.T−1 (T : Tesla)Par exemple, le moment magnétique du omplexe [FeF6℄−, mesuré en solution,vaut∼ 6µB. Cette valeur est en aord ave le moment magnétique attendu (√5 × 7µB ∼ 6µB)pour un omplexe à haut spin à 5 életrons non appariés. De plus, le ligand �uor sesitue dans la partie gauhe de la série spetrohimique on�rmant un omplexe HSave une petite valeur ∆0 de 13900 m−1. Un autre omplexe de fer, [Fe(CN)6℄3−, està spin faible. Son moment magnétique vaut 1,8 µB et ∆0 vaut environ 30000 m−1.Ces valeurs sont également en aord ave la série spetrohimique dans laquelleCN− se situe à droite.1.2.5 E�et Jahn-TellerUn aroissement de la stabilisation d'énergie lié à une déformation spontanéede la moléule porte le nom d'e�et Jahn-Teller. L'hypothèse utilisée jusqu'ii, selonlaquelle les atomes et les ions libres présentent une symétrie sphérique, n'est pasonforme à la réalité. En fait, ette hypothèse est valable seulement lorsque tous leséletrons du ortège életronique parviennent soit à ouper identiquement un sous-niveau donné, soit à le saturer omplètement. En hamp otaédrique, ei impliqueune oupation de 50% ou 100% des niveaux t2g et eg. Par ontre toute on�gura-tion, omme d1, d2, d4, d8, d9 et d10, se aratérise par une déformation struturaletelle qu'un aplatissement ou une élongation de l'otaèdre. Les perturbations les plusimportantes apparaissent ave les états d4, omme l'ion Cr2+ et d9, omme l'ionCu2+.1.2.6 Limites de ette théorieLa théorie du hamp ristallin (CFT) est purement életrostatique. Il est donimpossible de l'adapter à des ligands non hargés, omme le monoxyde d'azote oul'éthylènediamine.Pour pallier ette laune, le modèle AOM (dérivé de la théorie des orbitales molé-ulaires) interprète la levée de dégénéresene des orbitales d en terme d'interationsde liaisons ovalentes faibles σ et π ave les orbitales des ligands. Cei a l'avantaged'être plus prohe du langage et de la oneption de l'interation atomique des hi-mistes.
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Fig. 1.2: Diagramme de Tanabe-Sugano pour une on�guration d6 ave
B = 1080 m−1 et C/B = 4.42. (Tiré de [4℄ page 139.)Cependant, dans es deux modèles (CFT et AOM), la répulsion interéletroniquen'est pas prise en ompte.1.2.6.1 Paramètres de Raah et diagramme de Tanabe-SuganoIl est possible de développer une théorie de la répulsion életronique dans uneon�guration dn donnée a�n d'obtenir l'énergie d'un état par rapport à l'état fon-damental. Cette énergie est fontion de deux paramètres : les paramètres de Raah
B et C. Les résultats sont présentés sous forme de diagramme de Tanabe-Suganodans lesquels les niveaux d'énergie d'un système dn sont représentés sur l'axe desordonnées et la fore du hamp de ligand ∆0 sur l'axe des absisses (f. �gure 1.2).Souvent, les valeurs E et ∆0 sont ramenées sur le paramètre de Raah permettantune généralisation des diagrammes. Ainsi, un même diagramme peut-être utilisé



Le phénomène de transition de spin 17indépendamment de la valeur B d'un omplexe. Les 2 paramètres B et C sont né-essaires pour dérire la répulsion interéletronique d'un système dn. Le rapport
C/B doit don être donné pour haque diagramme.1.2.6.2 Estimations des paramètres prinipauxLa di�érene d'énergie entre les deux états HS et LS, ∆Evert

HL , peut don détermi-née à l'aide du diagramme de Tanabe-Sugano pour une on�guration d6. L'estima-tion de ∆0 peut se faire à l'aide de valeurs tabulées f et g dépendant respetivementdes ligands et de l'atome entral ([4℄ p.218-219). Nous avons
∆0 = fg × 103 m−1 . (1.11)Dans le as des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+, les valeurs tabulées f et gsont reportées dans le tableau 1.1 et nous obtenons alors les estimations pour ∆0 et

∆Evert
HL reportées dans le tableau 1.2.Métal g Ligand fFe2+ 10.0 m−1 6H2O 1.00 m−16NH3 1.25 m−1Tab. 1.1: Paramètres empiriques pour estimer ∆0 (tiré de [4℄ p.218-219).Complexes ∆0 ∆Evert

HL[Fe(H2O)6℄2+ 10 000 m−1 15 500 m−1

[Fe(NH3)6]2+ 12 500 m−1 9 200 m−1Tab. 1.2: Estimations de ∆0 et ∆Evert
HL pour les omplexes [Fe(H2O)6℄2+ et[Fe(NH3)6℄2+1.3 Le phénomène de transition de spin1.3.1 Un brin d'histoireLa notion de transition de spin a été introduite après un ertain nombre d'ex-périenes qui sont apparues, dans un premier temps, omme surprenantes. C'est en1931 que Cambi [5℄ met en évidene pour la première fois un omportement ma-gnétique "anormal" lors de son étude d'une série de omposés du Fe(III) à base de



18 Chapitre 1 : Généralitésligand dithioarbamate. Par la suite, en 1956, la notion d'équilibre de spin est évo-quée dans un omposé de ferrihémoglobine hydroxyde [6℄. Mais e n'est qu'en 1959que l'équilibre de spin de ertains omplexes tétraoordinés du Ni(II) est justi�é parla faiblesse de l'éart énergétique entre les niveaux singulet et triplet [7℄. Balhausenet Liehr prédisent même que ette onversion de spin est suseptible d'être induitethermiquement par peuplement de Boltzmann de l'état triplet. Cette onversionthermique est véri�ée en 1961 sur un omposé à base de obalt, le [Co(PdAdH)2℄I2,par un suivi du moment magnétique en fontion de la température [8℄. En 1964,Baker et Bobonih mettent en évidene la première transition de spin de l'ion Fe(II)à l'état solide sur le omposé [Fe(phen)2(NCS)2℄ [9℄. Cette même année, la notion detransition de spin (spin-rossover) est introduite par Ewald et al. [10℄. Les auteursproposent un hangement d'état de spin lorsque l'énergie du hamp de ligand est degrandeur omparable à l'énergie moyenne d'appariement des életrons dans les or-bitales d. Depuis, ette vision n'a pratiquement pas évolué. De nombreux artiles etrevues ont été onsarés au phénomène de transition de spin. Celui-i est onnu pourles ions Fe(III) [11℄, Cr(II) [12℄, Mn(II) [13℄, Co(II) [14℄, Mn(III) [15℄ et Co(III) [16℄,sans oublier l'ion Fe(II), le plus largement étudié, et sur lequel nous allons foalisernotre étude.L'observation d'une transition de spin n'est possible que si le hamp de ligand estintermédiaire entre un hamp fort et un hamp faible. Une telle zone intermédiaireest, en réalité, très étroite [17℄. Cei explique le petit nombre de omposés à transi-tion de spin en omparaison ave l'ensemble des omplexes de oordination existants.Par ailleurs, e domaine énergétique étroit permet de omprendre qu'une faible mo-di�ation de la nature du omposé peut entraîner une modi�ation importante duomportement magnétique.1.3.2 Comment induire une transition de spin ?Di�érentes perturbations extérieures sont onnues pour in�uener l'état de spind'un ion métallique, telles qu'une modi�ation de la température (T), de la pression(P), du hamp magnétique (H) ou de la lumière (hν).1.3.2.1 Transition de spin induite par la températureLa température est historiquement le premier et le plus utilisé des moyens d'in-dution d'une transition de spin. Elle sert le plus souvent de référene pour les autresmoyens d'indution de la transition de spin. A l'éhelle moléulaire, e sont Ewaldet al. [10℄ qui ont introduit la notion de population thermique de type Boltzmann



Le phénomène de transition de spin 19des états de spin. Ces auteurs ont alulé les ourbes d'évolution énergétique desdi�érents niveaux életroniques en fontion de la distane métal-ligand. A l'éhellemarosopique, la transition de spin est dérite selon les lois de la thermodynamique.Le hangement d'état de spin orrespond à un équilibre physique entre deux espèesLS et HS régi par la variation d'enthalpie libre
∆G = GHS −GLS = ∆H − T∆S (1.12)où ∆H et ∆S sont respetivement les variations d'enthalpie et d'entropie.La variation d'enthalpie, ∆H , est déomposée en plusieurs ontributions életro-niques

∆H = HHS −HLS = ∆Hel + ∆Hvib(intra) + ∆Hvib(inter). (1.13)La ontribution életronique ∆Hel a été estimée à ∼ 1000 m−1, la ontribution vi-brationnelle intramoléulaire ∆Hvib(intra) à ∼ 100 m−1 et la ontribution vibration-nelle intermoléulaire∆Hvib(inter) à∼ 10 m−1 [18℄. Ainsi en première approximation,la variation d'enthalpie peut être diretement reliée à la ontribution életronique
∆Hel. Elle est positive lors du passage LS → HS.La variation d'entropie est déomposée en deux ontributions, d'une part életro-nique ∆Sel et d'autre part vibrationnelle ∆Svib.La variation d'entropie d'origine életronique est la somme des ontributions te-nant ompte, respetivement, des hangements de spin ∆Sspin

el et de moment orbital
∆Sorb

el . Ces deux ontributions s'expriment simplement par le rapport des dégéné-resenes des états respetifs :
∆Sspin

el = R

[

ln

(
(2S + 1)HS

(2S + 1)LS

)] (1.14)
∆Sorb

el = R

[

ln

(
(2L+ 1)HS

(2L+ 1)LS

)] (1.15)où 2L+ 1 peut prendre les valeurs 1, 2, 3 respetivement pour les termes A et B, Eou T . La transition LS → HS (état singulet 1A1g → état quintuplet 5T2g) impliquedon :
∆Sspin

el = Rln5 = 13.38 J.K−1.mol−1 et ∆Sorb
el = Rln3 = 9.13 J.K−1.mol−1 (1.16)En symétrie otaédrique parfaite, les deux ontributions doivent être prises enompte. En revanhe, dans la plupart des as, la symétrie autour du Fe(II) est beau-oup plus basse, la dégénéresene orbitalaire est alors levée et ∆Sorb

el est négligée.La variation d'entropie d'origine vibrationnelle est la somme de deux ontribu-



20 Chapitre 1 : Généralitéstions tenant ompte respetivement des hangements de vibrations intramoléu-laires et intermoléulaires. De nombreuses études alorimétriques ont été réaliséessur des omplexes du Fe(II) et ont révélé des variations d'entropie variant de 48 à86 J.mol−1.K−1 [19℄. Ces valeurs sont nettement supérieures à elles attendues pourun hangement d'état de spin seul (∆Sel = 13,38 J.mol−1.K−1). En 1974, Sorai et Sekiont montré le r�le prépondérant de l'entropie de vibration par des études alorimé-triques et de spetrosopie infrarouge des omposés [Fe(phen)2(NCX)2℄ (ave X = S, Se) [20℄.Environ 50 % de l'entropie vibrationnelle a été attribuée aux vibrations d'élongationFe-ligand et aux vibrations de déformation N-Fe-N. En revanhe, la ontribution desvibrations intermoléulaires a été onsidérée omme négligeable [20℄.Comme ∆H et ∆S sont du même signe, il existe une température d'équilibre T1/2où les enthalpies libres des phases LS et HS sont égales, 'est-à-dire ∆G = 0, dé�nis-sant T1/2 = ∆H/∆S. A ette température T1/2, autant de moléules se trouvent dansl'état LS et dans l'état HS. En-dessous de T1/2, ∆H est supérieure à T∆S (∆G > 0),le fateur enthalpique domine et l'état LS est le plus stable. Au ontraire, au-dessusde T1/2, ∆H est inférieure à T∆S (∆G < 0), le fateur entropique domine et l'étatHS est le plus stable. L'aroissement de la température favorise l'état HS en raisond'un gain d'entropie lors du passage de l'état LS à l'état HS. La transition de spinthermo-induite est don un proessus moléulaire gouverné par l'entropie [20, 21℄.Jusqu'en 1964, les transitions de spin de l'ion Fe(II) observées en phases liquideet solide étaient graduelles. On parlait alors de onversion de spin. Dans ertainsas, la onversion était inomplète : il restait un résidu HS à basse températureou LS à haute température. Cei était bien ompris par la théorie d'Ewald tenantompte d'une population thermique des états de spin [10℄. C'est en 1964 que la pre-mière transition de spin abrupte est dérite en phase solide. Les auteurs observentpour le omposé [Fe(phen)2(NCS)2℄ une variation extrêmement rapide et abruptedu moment magnétique en fontion de la température [9℄. En 1967, König et Ma-deja [17℄ on�rme la présene d'une transition de spin thermique dans e omposé.À ette époque, ette transition de spin était problématique ar non-modélisablepar un peuplement de type Boltzmann. Au �l des années, divers modèles ont étédéveloppés a�n de rendre ompte d'un tel omportement. En 1976, König et Rit-ter rapportent le premier e�et d'hystérésis pour un omposé à transition de spin,[Fe(4,7-(CH3)2-phen)2(NCS)2℄ [22℄. Aujourd'hui, de nombreux omposés sont onnuspour présenter des hystérésis allant de 2-3 K à 90 K de largeur [23℄. La premièretransition de spin en deux étapes a été observée en 1982 [24℄.



Le phénomène de transition de spin 211.3.2.2 Transition de spin induite par la pressionSi une transition de spin est induite par la pression alors l'état de moindre vo-lume est favorisé. Le volume de l'état HS étant plus grand que elui de l'état LS,l'appliation d'une pression permet au moins de stabiliser l'état LS et peut induirela transition HS → LS. Les premiers travaux rapportés sur e sujet sont eux deDrikamer en 1971 [25, 26℄. D'autres artiles font état de reherhes sur la transitionde spin induite par la pression [25, 26, 27, 28, 29, 30, 31, 32℄. Les études sont gé-néralement réalisées sur des omposés présentant une transition de spin thermique.Suivant le pression appliquée, l'évolution de la transition de spin thermique varie ;plus la pression est importante, plus l'état LS est favorisé et la transition de spinthermique déplaée vers les hautes températures.1.3.2.3 Transition de spin induite par un hamp magnétiqueSi une transition de spin est induite par un hamp magnétique alors l'état le plusmagnétique est favorisé. Dans le as du Fer(II), l'état HS est paramagnétique et l'étatLS est diamagnétique. L'appliation d'un hamp magnétique va don favoriser l'étatHS et don la transition LS → HS. En 1982, Sasaki et Kambara [33℄ ont réalisé uneétude théorique sur la perturbation engendrée par un hamp magnétique statiquefort (100 Tesla). Cette théorie, basée sur un e�et Jahn-Teller oopératif, n'a pasété on�rmée par des expérienes, mais reste la première à faire référene à l'ationd'un hamp magnétique. En 1983, Spiering et al. [34℄ réalisent des expérienes enhamp statique (5,5 Tesla) sur un omposé de référene, le [Fe(phen)2(NCS)2℄ etmontrent un déplaement de la transition LS → HS vers les basses températuresde 0,11 K. Ils modélisent e omportement et estiment alors e déplaement entempérature à 0,1 K. Celui-i est bien sûr fontion de l'intensité du hamp appliqué.En 1991, Lejay et al. appliquent un hamp de 22 T sur un omposé du Co(III) etobservent un déplaement de 0,6 K [35℄. Plus réemment, 32 T ont été appliqués surle [Fe(phen)2(NCS)2℄, à l'aide d'un hamp magnétique pulsé [36℄. En se plaçant aupied de la transition de spin du omposé, l'appliation d'un pulse a permis d'aroîtrela proportion d'état HS. Ce phénomène a été observé tout au long de la branheasendante LS → HS. Un modèle basé sur le hamp moyen a été proposé.1.3.2.4 Transition de spin induite par la lumièreInduire une transition de spin par l'ation de la lumière est plus omplexe.Pour y parvenir, les deux prinipaux moyens sont d'agir soit sur le ligand (LD-LISC) (pour l'anglais Ligand-Driven Light-Indued Spin Change), soit diretement



22 Chapitre 1 : Généralitéssur le métal (LIESST), à l'aide de rayonnements UV-Visible. Notons égalementl'e�et SOXIESST [37℄ (pour l'anglais Soft X-ray Indued Exited Spin-State Trap-ping) permetant d'agir sur le métal pour passer de l'état LS à l'état HS par unrayonnement X "doux". En�n, l'e�et NIESST (pour l'anglaisNulear Deay-InduedExited Spin-State Trapping) est analogue à l'e�et LIESST, mais la soure lumineuseexitatrie est ii "interne". Cette soure provient de la désintégration radioatived'atomes de 57Co, présents dans le matériau, en 57Fe [38, 39℄.L'e�et LD-LISC La déouverte du proessus LD-LISC est attribuée à Zarem-bowith [40℄. Le prinipe est basé sur une perturbation photohimique du ligandmodi�ant le hamp de ligand [41℄.Les premières expérienes rapportées sur l'e�et LD-LISC ont été réalisées à partirdu omposé [Fe(stpy)4(NCS)2℄ (ave stpy = 4-styrylpyridine). La modi�ation pho-tohimique utilisée est l'isomérisation is-trans du ligand [42℄. Le omposé [Fe(trans-stpy)4(NCS)2℄présente une transition de spin entrée autour de 108 K alors que le omposé[Fe(is-stpy)4(NCS)2℄ reste HS sur toute la gamme de température 10-300 K. Cettedi�érene de propriété magnétique a été attribuée à un hamp de ligand plus fortdans le as du ligand trans que dans le as du ligand is. Depuis ette expériene,divers travaux ont été réalisés a�n d'aroître la température de photoommutation.Finalement, en 1999 Boillot et al. rapportent le premier e�et LD-LISC à températureambiante [43℄.L'e�et LIESST Le prinipe de e proessus photohimique onsiste à agir sur lesbandes d'absorption du entre métallique par irradiation lumineuse. Nous détaille-rons et e�et dans la setion 1.4.1.3.3 R�le des interations intermoléulairesEn phase solide, le réseau ristallin et les interations entre les moléules du réseaujouent un r�le important sur les propriétés marosopiques du système. De nombreuxmodèles ont ainsi vu le jour dans le but de déterminer l'origine de es interationset de les quanti�er. Les deux prinipaux sont l'approhe moléulaire et l'approhemarosopique. Dans le as des modèles dits "moléulaires", les interations entremoléules perturbent le système moléulaire de base et la thermodynamique sta-tistique permet de orréler les paramètres mirosopiques ave les expérienes. Lesmodèles dits "marosopiques" utilisent les lois de la thermodynamique lassique etne tiennent pas ompte de la struture intrinsèque de la moléule.



Le phénomène de transition de spin 231.3.3.1 Approhe moléulaireLe premier modèle historiquement publié introduisant la notion d'interation in-termoléulaire est elui de Wajn�asz en 1970 [44℄. L'approhe moléulaire de emodèle représente haque entre métallique par un système à quatre niveaux (deuxétats de spin et deux rayons ioniques). L'interation est introduite à l'aide d'unhamiltonien d'Ising et la résolution du problème est faite dans l'approximation duhamp moyen. Ce modèle est le premier à prédire des transitions de spin disontinuespour un paramètre d'interation J supérieur à kBT1/2 (où T1/2 est la températurede transition de spin thermique). L'objetif prinipal d'une telle approhe est ladétermination de la fontion de partition Z permettant de remonter aux donnéesmarosopiques.1.3.3.2 Approhe marosopiqueLe prinipal modèle marosopique rendant ompte des interations intermolé-ulaires est elui de Slihter et Drikamer développé en 1972 [26℄. Il est basé surla théorie des solutions régulières en supposant une répartition aléatoire des molé-ules dans le matériau. L'état de spin de haune des moléules est indépendant deelui des moléules voisines. Les auteurs prévoient, suivant la valeur d'un terme d'in-teration Γ, des transitions de spin disontinues mais également la présene d'unehystérésis. Cette prévision sera on�rmée expérimentalement en 1976 [22℄. Une ex-pliation de l'origine de la oopérativité est elle proposée par Onishi et Sugano en1981 [45℄ et Spiering et al. [46℄. Les auteurs onsidèrent que les ions sont suseptiblesde transiter omme des sphères dures (isotropes) insérées dans un milieu élastique.En e�et, la transition de spin s'aompagne d'un hangement de volume. Un hampde ontrainte est alors induit et se propage à l'ensemble du réseau via son élasti-ité. Le terme d'interation s'érit alors omme un développement en puissane dela fration de moléule dans l'état HS γHS : ∆γHS − Γγ2
HS. Par la suite, le modèlede Spiering a traité les systèmes dilués (ave x le taux de moléules suseptibles detransiter). Dans ette approhe, il utilise un réseau de référene (onstitué le plussouvent de zin) ne subissant pas de transition de spin. Les termes d'interations Γet ∆ s'érivent alors :

Γ = x
1

2
B
γ0 − 1

γ0

(VHS − VLS)2

VC
(1.17)

∆ = 2Γ
VM − VLS

VHS − VLS

. (1.18)
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B représente le module de ompressibilité isotherme du matériau et rend omptede ses apaités à se déformer. γ0 (onstante d'Eshelby) est fontion des oe�ientsde Poisson permettant de quanti�er les déformations du réseau. VC est le volumepar moléule (volume de la maille divisé par le nombre de moléules dans la maille).VM est le volume de l'ion métallique de dilution.Lorsque l'élément de dilution est le Zin(II), le rayon ionique est très prohe deelui du Fer(II) dans l'état HS et le rapport ∆/Γ est égal à 2. Si l'élément de dilutionest le Nikel(II), le rayon ionique est intermédiaire entre elui du Fer(II) HS et duFer(II) LS et le rapport ∆/Γ est égal à 1.Ce modèle repose sur le prinipe d'élastiité et réagit don à une ontrainte ex-térieure telle que la pression. Dans le as des omposés à transition de spin, etteontrainte est interne au système puisque la variation de pression est induite parle hangement de volume pendant la transition. Or, omme ela a été vu préé-demment, la pression favorise l'état LS. Cette pression interne dépend du réseau deréférene. Plus l'ion métallique formant le réseau d'aueil aura un petit volume,plus la pression interne sera importante et favorisera l'état LS. La dilution permetdon d'induire une ertaine �pression himique� à l'intérieur même du omposé.D'autre part, d'après l'équation 1.18 plus la di�érene de volume entre l'état HSet l'état LS est grande, plus la oopérativité sera importante. A l'inverse, plus lemilieu est ompressible (B grand), plus la oopérativité sera faible.1.4 Le phénomène LIESSTHistoriquement, l'e�et LIESST (Light-Indued Exited Spin-State Trapping) a étédérit en phase solide. Cependant, un ertain nombre d'études antérieures dériventdes e�ets photo-induits en phase liquide.1.4.1 En phase liquideLes premières études remontent à elles de Beattie en 1973. En réalité, il nes'agissait pas réellement d'une exitation par irradiation lumineuse dans le domainespetral du omplexe à transition de spin, mais de tehniques de hau�age rapide(25 ns) par irradiation laser ou par des variations rapides de pression (quelques ns)réées par onde aoustique (ultrasons). L'équilibre HS↔ LS était modi�é et le retourà l'état initial en fontion du temps après photo-perturbation était enregistré pourdi�érentes températures initiales. De telles études ont ainsi permis de déterminer ladynamique de l'équilibre HS ↔ LS.



Le phénomène LIESST 25MGarvey [47℄ fût le premier en 1982 à rapporter une expériene attribuable au-jourd'hui à l'e�et LIESST. Cet auteur a montré qu'une irradiation laser pulsée dansla bande de transfert de harge métal-ligand MLCT (pour l'anglais Metal LigandCharge Transfer) de ertains omplexes du Fe(II) à transition de spin, induisait lapopulation d'un état HS. Ce phénomène a été expliqué par un passage intersystèmeentre la transition életronique MLCT de l'état LS et l'état HS.
1.4.2 En phase solideLa première étude en phase solide remonte aux travaux de Deurtins et al. en 1984.Ces auteurs ont rapporté que l'irradiation à 530 nm de ristaux de [Fe(ptz)6℄(BF4)2,(ptz=1-propyltetrazole), dans l'état LS à basse température (20 K) permettait lapopulation d'un état exité à durée de vie supérieure à 106 s (∼ 116 jours). Par lasuite, et état métastable a été attribué à l'état HS 5T2 [48, 49℄. En 1986, Hauser adémontré que e proessus était réversible (reverse-LIESST ou LIESST inverse) [50℄.Ainsi l'état HS piégé par e�et LIESST pouvait être onverti en état LS par une irra-diation dans le prohe infra-rouge. Le méanisme proposé, illustré sur la �gure 1.3,fait intervenir deux passages intersystèmes suessifs, omme l'avait suggéré MGar-vey [47℄. L'irradiation dans la bande d'absorption de l'état LS peuple les niveauxexités 1T1 (ou 1T2). Le système se relaxe alors de manière non radiative vers unétat intermédiaire triplet, 3T1 (ou 3T2), puis de et état intermédiaire vers l'étatmétastable HS, 5T2. Le retour de l'état HS vers l'état LS peut s'e�etuer, soit parrelaxation non-radiative 5T2 →1A1, soit par irradiation dans la bande d'absorptionde l'état HS (5T2 →5E). Dans e dernier as, le reouvrement spetral entre la tran-sition 5T2 →5E et les transitions 1A1 →3T1 et 1A1 →3T2 de faibles intensités à 980et 670 nm, onduit à un taux de onversion de 0,9. L'existene de l'état triplet in-termédiaire a été démontré par la onversion direte LS → HS à 980 nm [51℄. Dansle as du [Fe(ptz)6℄(BF4)2, les rendements quantiques des passages intersystèmesont été déterminés [51℄. Les rendements quantiques de la première étape de l'e�etLIESST 1A1 →3T1 et de l'e�et LIESST inverse 5T2 →3T1 sont prohes de l'unitéet les onstantes de vitesse sont estimées supérieures à 1010 s−1. Cette étude montreaussi une dépendane linéaire du rendement quantique de photoexitation en fon-tion de la fration HS. La durée de vie de l'état 3T1 est très ourte puisque mêmeà l'éhelle de la nanoseonde auune absorption transitoire n'a été détetée [53℄.Hauser a estimé qu'à 20 K, le rapport d'embranhement de l'état 3T1 vers l'étatfondamental, 1A1, et vers l'état métastable, 5T2, était de 1 pour 4 [51℄.
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Fig. 1.3: Diagramme shématique proposé pour les e�ets LIESST et reverse-LIESST. Les �èhes retilignes représentent les exitations életroniques et les �èhesondulées symbolisent les proessus de relaxation non-émissifs (tiré de la Ref [52℄).



Le phénomène LIESST 271.4.2.1 Le retour à l'état fondamental : la relaxation HS → LSHauser [50, 54, 55, 56, 57, 58, 59℄ et Hendrikson [53℄ ont étudié le proessus dereombinaison HS → LS. Ils ont déterminés les onstantes de vitesse de relaxation,kHL, en fontion de la température, pour divers omposés mixtes [FexM1−x℄ (x < 0.1)purs ou dilués en matrie polymère. Les auteurs ont observé à basse température uneforte déviation de la loi lassique d'Arrhenius attribuée à la présene de l'e�et tunnel.En réalité, 'est en 1980 que Buhks et al. [60℄ ont introduit la notion de proessusmultiphonon non-adiabatique entre états de spin di�érents. Cette approhe théoriqueprévoyait une relaxation HS → LS indépendante de la température pour T < 50 Ket un proessus ativé thermiquement pour les hautes températures [61, 62℄.La théorie multiphonon non-adiabatique est basée sur un ouplage vibrationnelfort entre les deux états de spin. L'énergie életronique de l'état initial est trans-formée en énergie vibrationnelle, lors du passage non-adiabatique et non-radiatif àl'état �nal. Dans l'approhe SCC (pour l'anglais Single Con�gurational Coordinate)où la distane Fe-ligand est prise omme oordonnée de réation, haque état despin est représenté par un puits de potentiel harmonique. Ces puits sont séparés enénergie par ∆E0
LH (�gure 1.3) et représentent les limites lassiques de la vibration dela liaison Fe-ligand. Les vibrations de es liaisons, FeLS-ligand et FeHS-ligand, sontquanti�ées en niveaux vibrationnels, dont la population dépend de la température.La probabilité de présene du système dans un état vibrationnel est dérite par unefontion d'onde. ∆E0

LH représente la di�érene d'énergie entre le premier niveau vi-brationnel de l'état LS et elui de l'état HS. Le proessus de relaxation est fortementdépendant du reouvrement des fontions d'onde des états HS et LS. Aux bassestempératures, es reouvrements se situent en marge des puits de potentiel et laprobabilité de ouplage est très faible. On parle alors de région à �e�et tunnel� et lesdurées de vie sont souvent très longues. Aux hautes températures, les niveaux vibra-tionnels d'énergies supérieurs sont peuplés. Le reouvrement des fontions d'ondeentre les deux états est favorisé. Cette région peut alors être perçue omme unesomme d'e�ets tunnel. La onstante de relaxation dépend de la thermalisation desniveaux de vibration et des ouplages életroniques entre les deux états de spin.La relaxation HS → LS dépend du fateur de Huang-Rhys, S, qui est une mesuredu déplaement horizontal entre les puits de potentiel des états HS et LS (relié à lavariation moyenne ∆rHL), et du fateur d'énergie réduite p (p = ∆E0
LH/~ω). Si lafréquene de vibration de la liaison Fe-ligand, ~ω, est supposée onstante dans lesdeux états, p est alors une mesure du déplaement vertial entre les puits de potentieldes états HS et LS. Hauser a proposé pour les omposés FeN6 d'utiliser les donnéessuivantes [50℄ : ∆Q =

√
6∆rHL ∼ 0, 5 Å, onstante de fore f = 2.105 dyn.m−1



28 Chapitre 1 : Généralitéset ~ω ∼ 250 m−1. Soit un fateur S ompris entre 40 et 50. Hauser a montrél'in�uene direte des termes p et S sur la vitesse de relaxation kHL(T) [54℄. Unaroissement de p et/ou une diminution de S aélèrent la relaxation HS → LS àbasse température.La modi�ation du fateur S a�ete diretement l'élongation de la liaison Fe-ligand,'est-à-dire le déplaement vertial entre les deux puits de potentiel LS et HS. Ainsi,plus S est grand, plus la distane entre les deux puits est grande et plus les pro-essus de reombinaison HS → LS sont lents. En�n, en 1991, Hauser a proposé derelier diretement p à T1/2[61℄. Il a montré expérimentalement que les omposésave T1/2 < 100 K avaient une valeur de p inférieure à 1 tandis que les omposés LSpossédaient un fateur p supérieur à 10. Cette dépendane a donné naissane à laloi dite en "énergie inverse". Plus T1/2 est élevée, plus la relaxation HS → LS estrapide.1.4.2.2 Cas des systèmes peu oopératifsDans les systèmes dilués, 'est-à-dire peu oopératifs, les inétiques de relaxationen fontion du temps et à température onstante, sont généralement reproduites pardes délins monoexponentiels
γHS = exp(−kHL(T )t) ave kHL(T ) = kHL(T → ∞)e(−Ea/kbT ) . (1.19)Cependant, dans ertains as, les inétiques de relaxation ne suivent pas totalementune évolution exponentielle. Hauser [63℄ a proposé d'analyser ette évolution ommeune distribution des vitesses de relaxation kHL(T), liée à une répartition des éner-gies d'ativation. A une température T , kHL(T) peut être obtenue en utilisant unedistribution Gaussienne des énergies d'ativation entrée à E0 ave un éart type σ.1.4.2.3 Cas des systèmes oopératifsL'in�uene des interations intermoléulaires au sein du réseau ristallin sur latransition de spin thermique a été dérite dans la partie 1.3.3. L'e�et de la oopé-rativité est également très important sur le proessus de relaxation HS → LS. Lorsde l'étude de omposés dilués, [FexZn1−x(ptz)6℄(BF4)2, Hauser a montré que etterelaxation dépendait de la valeur de la onentration x [50, 54℄. Lorsque les ionsFe(II) sont très dilués (x < 0.2), les e�ets oopératifs sont faibles. Les proessus derelaxation résultent d'un équilibre de spin et le traitement de type exponentiel estalors satisfaisant.Pour les omposés onentrés (0.2 ≤ x ≤ 1), le r�le des e�ets oopératifs est,



Conlusion 29par ontre, primordial. Les inétiques de relaxation s'éloignent très fortement d'uneloi exponentielle. Aux temps ourts, la relaxation est très lente puis s'aélère auxtemps longs. Il se produit un phénomène "d'autoaélération" de la inétique. Dansle as des omposés à transition de spin, Hauser a mis en évidene et e�et d'au-toaélération était diretement relié à une modi�ation de l'énergie d'ativation enfontion de la fration LS et du taux de dilution. Une telle variation a été expliquéesur la base du modèle d'élastiité de Spiering [46℄. Les ions Zn(II), de volume trèsprohe de elui de l'ion Fe(II) HS, exerent une pression interne favorisant l'état HS.Ainsi, les relaxations sont d'autant plus rapides que le taux de Fe(II) est important.L'aélération atteint son maximum pour le système pur.A�n de on�rmer ette variation d'énergie d'ativation en fontion de la frationLS, les spetres d'absorption UV-Visible ont été enregistrés pendant le proessus derelaxation. Hauser a pu ainsi observer un déplaement de la bande 1A1 → 1T1 à me-sure que la fration LS augmentait [50, 55℄. Cette évolution a été interprétée ommeun déplaement vertial et horizontal des puits de potentiel orrespondant aux étatsHS et LS. Une analyse détaillée a montré que le déplaement vertial des puits depotentiel est responsable de la déviation à la inétique du premier ordre. Au oursde la relaxation, la di�érene d'énergie au point zéro ∆E0
HL = E0

HS − E0
LS augmentelinéairement ave γHS, ∆E0

HL étant diretement relié à l'énergie d'ativation. Cephénomène explique l'e�et d'autoaélération lorsque γHS déroît.Cet e�et de pression interne assoié à la dilution d'un ion Fe(II) dans une ma-trie h�te a été, par la suite, on�rmé par des études de pression externe. Jefti� etHauser [57℄ ont ainsi rapporté que le système [FexZn1−x(ptz)6℄(BF4)2 (ave x=0.1)soumis à une pression extérieure de 1 kbar, présentait par rapport au système initial,un proessus de relaxation HS → LS aéléré d'un ordre de grandeur ainsi qu'undéplaement de la bande d'absorption.1.5 ConlusionDe et ensemble de rappels, nous voudrions dégager quelques points utiles pourla ompréhension de la suite de e manusrit. Ainsi, même si le omportement d'uneassemblée de moléules en phase solide est fortement dépendant de la nature desinterations intermoléulaires, le phénomène de transition de spin est de natureessentiellement intramoléulaires.L'origine de la oopérativité est le plus souvent attribuée à des interations detype élastique. Di�érents stimuli externes peuvent être utilisés pour induire le phé-nomène de transition de spin. Parmi eux, l'utilisation d'une perturbation optique est



30 Chapitre 1 : Généralitéspartiulièrement intéressante. Dans e hapitre, nous avons rapporté les deux e�etsphotomagnétiques onnus, les e�ets LD-LISC et LIESST. Les méanismes mis en jeuau ours de l'exitation et de la relaxation ont été partiulièrement dérits dans leas de l'e�et LIESST. Hauser a montré que le seul proessus relativement lent étaitla relaxation 5T2 → 1A1. D'un point de vue életronique, e proessus orrespondà un double passage intersystème et ette transition est fortement interdite. D'unpoint de vue strutural, le passage HS → LS est aompagné d'une forte modi�-ation de la liaison Fe-Ligand. Le proessus de reombinaison est don fortementdépendant de la di�érene de longueur de liaison assoiée à la onversion de spinet à la failité de propagation de l'information au sein du réseau ristallin. Dansle as du [Fe(ptz)6℄(BF4)2, la durée de vie de l'état HS photo-induit est quasimentin�nie (>106 s) à 20 K. Ainsi, Hauser a montré que kHL(T → ∞) est de l'ordrede 106-108 s−1 quels que soient les omposés. La onstante de relaxation à bassetempérature, kHL(T → 0), varie de douze ordres de grandeur : de 10−6 s−1 pour desomposés présentant une transition de spin à 106 s−1 pour eux restant LS sur toutela gamme de température étudiée.Bibliographie[1℄ F.A. Cotton, G. Wilkinson, C.A. Murillo et M. Bohmann, Advaned InorganiChemistry, 6th Edition, (Wiley-Intersiene, 1999).[2℄ S.F.A. Kettle, Physio-himie inorganique, (De Boek université, 1999).[3℄ H. Bethe, Ann. Phys. 3, 133 (1929).[4℄ B.N. Figgis and M.A. Hithman, Ligand Field Theory and Its Appliations,(Wiley-VCH, New York, 2000).[5℄ L. Cambi et A. Cagnasso, Atti. Aad. Naz. Linei 13, 809 (1931).[6℄ J.S. Gri�th, Pro. Roy. So. 23, 23 (1956).[7℄ C.J. Ballhausen et A.D. Liehr, J. Am. Chem. So. 81, 538 (1959).[8℄ R.C. Stoufer, D.H. Bush et W.B. Hardley, J. Am. Chem. So. 83, 3732 (1961).[9℄ (a) W.A. Baker et H.M. Bobonih, Inorg. Chem. 3, 1184 (1964) ;(b) H.A. Goodwin, Coord. Chem. Rev. 18, 293 (1976).[10℄ A.H. Ewald, R.L. Martin, I.G. Ross et A.H. White, Pro. Roy. So. A. 280, 235(1964).[11℄ S. Shenker, A. Hauser et R.M. Dyson, Inorg. Chem. 35, 4676 (1996).
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Chapitre 2Aspets ThéoriquesLa di�érene d'énergie et la di�érene de distane Métal-Ligand, ∆EHL et ∆rHLrespetivement, sont deux quantités importantes pour dérire le phénomène LIESST.Dans ette partie, nous allons voir di�érentes méthodes nous permettant de aluleres deux quantités. Les géométries d'équilibres, et don ∆rHL, sont trouvées enminimisant l'énergie moléulaire.2.1 Les méthodes ab initioAu XVIIème sièle, Isaa Newton formule la méanique lassique dont les loisrégissent le déplaement des objets marosopiques. Au début du XXème sièle,les physiiens déouvrent que les lois de la méanique lassique ne dérivent pasorretement le omportement de très petites partiules omme les életrons, lesnoyaux d'atomes et les moléules. En fait, leur omportement est régit par les loisde la méanique quantique.Les propriétés de systèmes atomiques et moléulaires sont prédits par des alulsde dynamique moléulaire, des aluls de méanique statistique et par des aluls destrutures életroniques. Ces derniers utilisent des approximations et des transfor-mations mathématiques pour résoudre les équations fondamentales de la méaniquequantique dérites dans la partie suivante.2.1.1 L'équation de ShrödingerL'équation de Shrödinger dérit la fontion d'onde d'une partiule :
(−~

2

2m
∇2 + V (r, t)

)

Ψ(r, t) = i~
∂Ψ(r, t)

∂t
(2.1)35



36 Chapitre 2 : Aspets Théoriquesave Ψ la fontion d'onde de la partiule, m sa masse, h la onstante de Plank(~ = h/2π) et V le potentiel dans laquelle la partiule se déplae. Dans le as deplusieurs partiules, omme dans une moléule, Ψ sera fontion des oordonnées dees partiules ainsi que du temps t.La résolution de l'équation de Shrödinger permet d'obtenir l'énergie d'un systèmemais aussi beauoup d'autres propriétés. Plusieurs fontions d'ondes sont solutionsde ette équation et orrespondent à di�érents états du système.Si V ne dépend pas du temps, l'équation de Shrödinger peut-être simpli�éeen utilisant une tehnique mathématique nommée séparation de variables. Dans leas d'une seule partiule, la fontion d'onde peut s'érire omme un produit d'unefontion d'espae et d'une fontion de temps :
Ψ(r, t) = Ψ(r)τ(t) . (2.2)En remplaçant ette ériture dans l'équation 2.1, deux équations sont obtenues.L'une dépend uniquement du temps et l'autre, uniquement de la position des par-tiules. Dans le as de notre étude, ette séparation de variables est valide. Nousallons don nous foaliser sur la résolution de la très familière équation de Shrödin-ger indépendante du temps (donnée pour une seule partiule) :
ĤΨ(r) = EΨ(r) , (2.3)où E est l'énergie de la partiule et Ĥ l'opérateur Hamiltonien. Les di�érentes solu-tions de l'équation 2.3 orrespondent à di�érents états stationnaires de la partiule.Celui pour lequel l'énergie est la plus petite est appelé l'état fondamental. L'équa-tion 2.3 orrespond à la desription non relativiste d'un système. Elle ne donne donpas une desription préise pour les partiules se déplaçant à des vitesses prohesde elle de la lumière omme les életrons de ÷ur des gros atomes (plus gros quele Brome).2.1.1.1 Hamiltonien moléulaireDans le as d'un système moléulaire, Ψ dépend des positions des életrons et desnoyaux dans la moléule, désignées respetivement par r et R. Pour parler d'unepartiule en partiulier, nous utiliserons les indies i et j pour les életrons et A et

B pour les noyaux. La fontion d'onde
ψ(τ 1, τ 2, . . . , τ i, . . . , τ n,R1,R2, . . . ,RA, . . . ,RN) (2.4)



Les méthodes ab initio 37est elle d'un système à n életrons et N noyaux. Elle dépend des 4n oordonnéesspatiales ri et de spin σi (τ i = (ri, σi)) des életrons ainsi que des 3N oordonnéesspatiales des noyaux.L'opérateur Hamiltonien est omposé d'un terme d'énergie inétique et d'un termed'énergie potentielle,
Ĥ = T̂ + V̂ . (2.5)Le terme d'énergie inétique est la sommation de l'opérateur ∇2 sur toutes lespartiules de la moléule,
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ave T̂e, le terme d'énergie inétique assoié aux életrons et T̂N , le terme d'énergieinétique assoié aux noyaux.Le terme d'énergie potentielle est omposé de la répulsion Coulombienne entrehaque paire de partiules hargées,
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A

(
ZAe

2

riA

)

︸ ︷︷ ︸

V̂eN

+
1

4πǫ0

n∑

i

n∑

j<i

(
e2

rij

)

︸ ︷︷ ︸

V̂ee

+
1

4πǫ0

N∑

A

N∑

B<A

(
ZAZBe

2

rAB

)

︸ ︷︷ ︸

V̂NN

,(2.7)ave V̂eN , V̂ee et V̂NN les termes d'attration életrons-noyaux, répulsion életrons-életrons et répulsion noyaux-noyaux respetivement. Ii, riA = |ri −RA| est la dis-tane entre le ième életron et le Aème noyau, rij = |ri − rj| la distane entre le
ième et le jème életron, et rAB = |RA −RB| la distane entre le Aème et le Bèmeéletron.2.1.1.2 Unités atomiquesA�n de simpli�er l'ériture des équations, il est possible d'utiliser les unités ato-miques qui permettent d'exprimer les quantités physiques omme des multiples oudes ombinaisons de onstantes fondamentales. Leur dé�nition et leur relation aveles unités du Système International (SI) sont résumées dans le tableau 2.1. Dans lasuite de e manusrit, toutes les équations seront érites ave es unités.



38 Chapitre 2 : Aspets ThéoriquesQuantité Unités atomiques Valeur en unité SI Symbolemasse masse de l'életron au repos 9.1094×10−31 kg meharge harge élémentaire 1.6022×10−19 C eation onstante de Plank/2π 1.0546×10−34 J.s ~longueur 4πǫ0/mee
2 5.2918×10−11 m a0énergie ~

2/mea
2
0 4.3597×10−18 J EhTab. 2.1: Unités atomiques.L'Hamiltonien de notre système s'érit en unités atomiques,

Ĥ = −
n∑

i

N∑

A

ZA

riA

+
n∑

i

n∑

j<i

1

rij

+
N∑

A

N∑

B<A

ZAZB

rAB

−
n∑

i

1

2
∇2

i −
N∑

A

1

2mA

∇2
A . (2.8)2.1.1.3 L'approximation Born-OppenheimerIl est possible de simpli�er l'équation de Shrödinger en onsidérant la grandedi�érene de masse entre les életrons et les noyaux. Dans le as de l'atome d'hy-drogène, son noyau, le plus léger, est environ 1800 fois plus lourd que l'életron.Il est alors onsidéré que les noyaux se déplaent très lentement par rapport auxéletrons. En première approximation, les életrons s'adaptent ainsi instantanémentaux déplaements des noyaux. En d'autres termes, les noyaux apparaissent immo-biles aux életrons. Il s'agit de l'approximation Born-Oppenheimer [1℄. Si les noyauxsont immobiles, leurs énergies inétiques sont nulles. L'interation noyaux-noyauxdevient une onstante et la fontion d'onde ne dépend plus que paramètriquementdes oordonnées des noyaux. Nous devons alors simplement résoudre

ĤelΨel = EelΨel (2.9)ave
Ĥel = −

n∑

i

1

2
∇2

i −
n∑

i

N∑

A

ZA

riA
+

n∑

i

n∑

j<i

1

rij
= T̂e + V̂eN + V̂ee (2.10)

=
n∑

i

h(i) −
n∑

i

N∑

A

ZA

riA

(2.11)et l'énergie totale du système est alors donnée par
Etot = Eel + Enoy , (2.12)



Les méthodes ab initio 39où Enoy est l'énergie orrespondant à l'opérateur V̂NN .Dans l'approximation Born-Oppenheimer, l'énergie totale Etot, fontion des o-ordonnées des noyaux, dé�nit une surfae d'énergie potentielle. Le mouvement desnoyaux sur ette surfae dé�nit les di�érents hemins de réations. Sur ette surfae,les points stationnaires sont les plus intéressants. Les points de selles d'ordre 1 dé�-nissent les états de transition et les minimas dé�nissent les géométries d'équilibres.À partir de maintenant, nous nous attaherons don à ne résoudre que la partieéletronique de l'équation de Shrödinger (Eq. 2.9).2.1.1.4 Quelques propriétés de la fontion d'ondeLa fontion d'onde n'est pas une observable et n'a don pas d'interprétationphysique. En revanhe, son module au arré, nommé densité de probabilité,
|Ψ(τ 1, τ 2, . . . , τ n)|2dτ 1dτ 2 . . . dτ n (2.13)est une observable et représente la probabilité de trouver les életrons 1, 2, . . . , ndans l'élément de volume dτ 1dτ 2 . . . dτ n.D'autre part, la probabilité de trouver es n életrons dans tout l'espae doit êtrede l'unité puisque les életrons sont forément �quelque part�. Nous avons don,

∫∫

. . .

∫

|Ψ(τ 1, τ 2, . . . , τ n)|2dτ 1dτ 2 . . . dτ n = 1 . (2.14)Une fontion d'onde satisfaisant à l'équation 2.14 est dîte normalisée. Seul e typede fontion d'onde sera utilisée par la suite.La densité életronique, grandeur très importante, est la probabilité de trouvern'importe lequel des n életrons à l'intérieur de l'élément de volume dr1 ave unspin quelonque, alors que les n − 1 autres életrons ont des spins et des positionsquelonques dans l'état Ψ

ρ(r1) = n

∫∫

. . .

∫

|Ψ(τ 1, τ 2, . . . , τ n)|2dσ1dτ 2 . . . dτ n . (2.15)Les életrons étant des fermions (partiules de spin demi-entier), Ψ doit êtreantisymmétrique 'est-à-dire que la fontion d'onde doit hanger de signe lors del'éhange des oordonnées de 2 életrons,
Ψ(τ 1, τ 2, . . . , τ i, . . . , τ j , . . . , τ n) = −Ψ(τ 1, τ 2, . . . , τ j , . . . , τ i, . . . , τ n) . (2.16)Une onséquene de l'équation 2.16 est le prinipe d'exlusion de Pauli pour lequel



40 Chapitre 2 : Aspets Théoriquesdeux életrons ne peuvent pas se trouver dans la même spin orbitale.2.1.2 L'approximation Hartree-FokCette approximation est très importante ar elle est à la base de presque toutes lesméthodes ab initio (basées sur la fontion d'onde). Il n'existe de solutions exatesà l'équation 2.9 que pour des systèmes triviaux omme l'atome d'hydrogène oules atomes hydrogénoïdes. Cei est lié à la omplexité intrinsèque du problème à
N-orps. Cependant, quelques hypothèses simpli�atries et quelques astues ma-thématiques permettent de trouver une solution approhée.2.1.2.1 Les Orbitales MoléulairesLa première approximation déoule de l'interprétation de |Ψ|2 omme une densitéde probabilité de trouver les életrons dans le système. La theorie des orbitalesmoléulaires (OM) déompose Ψ omme une ombinaison d'orbitales moléulaires
ψ1, ψ2, . . . Pour remplir les onditions sur Ψ établies préédemment, nous hoisissonsles orbitales moléulaires orthogonales et normalisées telles ques

∫∫∫∫

ψ∗
i (τ )ψj(τ ) dx dy dz dσ =

∫

ψ∗
iψjdτ = δij . (2.17)La manière la plus simple pour onstruire Ψ à partir de es orbitales moléulaire estd'en faire le produit de Hartree,

Ψ(τ ) = ψ1(τ 1)ψ2(τ 2) . . . ψn(τ n) . (2.18)Cependant, une telle fontion n'est pas antisymétrique puisque l'éhange de 2oordonnées (qui est équivalent à éhanger les orbitales de 2 életrons) ne hangepas le signe de la fontion d'onde.La plus simple fontion antisymétrique, ombinaison d'orbitales moléulaires, estun déterminant de Slater
Ψ(τ ) =

1√
n!

ψ1(τ 1) ψ2(τ 1) . . . ψn(τ 1)

ψ1(τ 2) ψ2(τ 2) . . . ψn(τ 2)... ... . . . ...
ψ1(τ n) ψ2(τ n) . . . ψn(τ n)

. (2.19)Chaque ligne du déterminant est formée par toutes les assignations possibles del'életrons i dans toutes les ombinaisons de spin orbitales. Ehanger deux életrons



Les méthodes ab initio 41orrespond à permuter deux lignes et don à hanger le signe du déterminant. Lepréfateur est néessaire pour respeter les onditions de normalisations (f. eq. 2.14).Cette ériture de la fontion d'onde n'est pas seulement une astue mathématiquepour former une fontion antisymétrique. La méanique quantique onsidère que laposition de l'életron n'est pas déterministe mais onsiste plut�t en une densité deprobabilité. L'életron peut don se situer à n'importe quel endroit. Le déterminantde Slater rée don toutes les possibilités de mettre tous les életrons dans toutesles orbitales pour former la fontion d'onde.
2.1.2.2 Les orbitalesJusqu'à présent, nous avons travaillé dans la représentation des spin-orbitales. Ilest possible de fatoriser les spin-orbitales dans une partie spatiale, ψσ

i , et une partiede spin, σ. L'ensemble,
{ψ1(τ ), ψ2(τ ), . . . , ψn(τ )} , (2.20)est remplaé par,

{ φα
1 (r)α, φα

2 (r)α, . . . , φα
nα

(r)α,

φβ
1 (r)β, φβ

2 (r)β, . . . , φβ
nβ

(r)β } , (2.21)ave
nα + nβ = n . (2.22)En général,
φα

1 (r) 6= φβ
1 (r) . (2.23)Dans e as, la méthode Hartree-Fok est dîte non-restreinte (UHF [2, 3℄ pour l'an-glais Unrestrited Hartree-Fok). En revanhe, nous trouvons très souvent pour lessystèmes à ouhe fermée,

φα
i (r) = φβ

i (r) = φi(r) (2.24)(nα = nβ = n/2). Lorsque ette ondition est imposée, la méthode Hartree-Fok estdîte restreinte (RHF [4℄ pour l'anglais Restrited Hartree-Fok).Par soui de généralité, les équations seront érites de préférenes dans le for-malisme spin non-restreint même si le formalisme spin restreint est elui trouvéhabituellement dans les textes d'introdution à la himie quantique.



42 Chapitre 2 : Aspets Théoriques2.1.2.3 Les fontions de bases
L'approximation suivante exprime les orbitales moléulaires omme une ombi-naison linéaire de fontions à un életron onnues sous le nom de fontions de bases.En prinipe, tous types de fontions (exponentielles, gaussiennes, ondes planes,. . .)peuvent être utilisées. Ces fontions sont généralement entrées sur le noyau et ontune ertaine ressemblane ave les orbitales atomiques. Elles sont onventionnelle-ment appelées orbitales atomiques, bien qu'elles ne soient pas solution du problèmeatomique. Cette déomposition porte le nom de LCAO pour l'anglais Linear Com-bination of Atomi Orbitals. Chaque orbitale moléulaire est dé�nie par

φσ
i (r) =

N∑

µ=1

χµ(r)cσµi (2.25)où cσµi sont les oe�ients d'expansion des OM, χµ sont les fontions de bases nor-mées. Les indies romains sont utilisés pour les fontions d'orbitales moléulaire etles indies gres pour les fontions de bases. Les fontions gaussiennes (primitives)ont la forme
g(α, r) = cxnymzle−αr2 (2.26)où α est une onstante déterminant la taille (extension radiale) de la fontion. Dansune fontion gaussienne, e−αr2 est multiplié par des puissanes de x, y et z, ainsique par une onstante de normalisation c. Nous avons don
∫

g2(r)dr = 1 . (2.27)Voii quelques fontions gaussiennes représentatives(s, py et dxy) :
gs(α, r) =

(
2α

π

) 3

4

e−αr2 (2.28)
gy(α, r) =

(
128α5

π3

) 1

4

y e−αr2 (2.29)
gxy(α, r) =

(
2048α7

π3

) 1

4

xy e−αr2 (2.30)Des ombinaisons linéaires de primitives gaussiennes omme les fontions préé-dentes sont utilisées pour former les fontions de bases. Les fontions gaussiennes



Les méthodes ab initio 43ontratées ont la forme suivante
χµ(r) =

∑

p

gp(r)dpµ (2.31)où les oe�ients dpµ sont onstants dans une base donnée.Nous pouvons don érire les orbitales moléulaires omme suit
φσ

i (r) =
∑

µ

χµ(r)c
σ
µi =

∑

µ

(
∑

p

gp(r)dpµ

)

cσµi . (2.32)2.1.2.4 Le prinipe variationelLe problème est maintenant de résoudre l'équation de Shrödinger életroniquepour l'ensemble des oe�ients d'orbitales moléulaire cσµi. La méthode Hartree-Fokutilise le prinipe variationnel permettant d'a�rmer que pour l'état fondamental, lavaleur de l'énergie assoiée à n'importe quelle fontion antisymétrique normalisée
Ψessai, sera toujours supérieure à l'énergie assoiée à la fontion d'onde exate Ψ0

E(Ψessai) ≥ E(Ψ0) . (2.33)Pour un système non dégénéré, l'égalité n'est obtenue que lorsque Ψessai est identiqueà Ψ0. L'énergie de la fontion d'onde exate peut servir de borne limite inférieureà l'énergie alulée pour n'importe quelle autre fontion d'onde antisymétrique nor-malisée. Le problème est don de trouver l'ensemble des oe�ients cσµi minimisantl'énergie de la fontion d'onde d'essai.2.1.2.5 Les équations de Roothaan-HallLe prinipe variationnel mène aux équations suivantes dérivant les oe�ientsd'orbitales moléulaires cσµi dérivés par Roothaan et Hall [4℄ :
N∑

ν=1

(F σ
µν − ǫiSµν)c

σ
νi = 0 ave µ = 1, 2, . . . , N (2.34)où F σ

µν est dé�ni par
F σ

µν =

∫

χ∗
µ(r1)f̂σχν(r1)dr1 (2.35)ave f̂σ dé�ni par

f̂σ = ĥ+ V̂ σ
eff = ĥ+ Ĵ − K̂σ . (2.36)



44 Chapitre 2 : Aspets ThéoriquesLe terme V̂eff dans l'équation 2.36 représente le potentiel moyen dans lequel sedéplae haque életron. Il est onstitué d'une somme d'opérateurs de Coulomb,
Ĵφσ

i (r1) =
∑

jτ

njτ

∫ |φτ
j (r2)|2
r12

dr2φ
σ
i (r1) (2.37)

=

∫
ρ(r2)

r12
dr2φ

σ
i (r1) , (2.38)et d'éhange,

K̂τφσ
i (r1) =

∑

j

njτφ
τ
j (r1)

∫ [
φτ

j (r2)
]∗
φσ

i (r2)

r12
dr2 (2.39)

= δσ,τ

∫
γτ (r1, r2)φ

σ
i (r2)

r12
dr2 . (2.40)Dans l'équation 2.37, la densité de harge est présente,

ρτ (r) =
∑

j

hjτφ
τ
j (r) , (2.41)

ρ(r) = ρα(r) + ρβ(r) , (2.42)et les nombres d'oupation njτ sont égaux à 0 ou 1 si l'orbitale est respetivementoupée ou vaante. Dans l'équation 2.38, Ĵ représente le potentiel lié à la distribu-tion de harge moyenne des életrons. L'opérateur d'éhange n'a pas d'interpréta-tion physique mais peut-être érit dans une forme semblable à elle de l'opérateurde Coulomb en utilisant la matrie de la densité,
γσ(r, r

′) =
∑

i

niσψ
σ
i (r) [ψσ

i (r′)]
∗
, (2.43)

γ(r, r′) = γα(r, r′) + γβ(r, r′) . (2.44)La densité est donnée par la diagonale de la matrie de la densité,
ρσ(r) = γσ(r, r) , (2.45)
ρ(r) = γ(r, r) . (2.46)L'opérateur d'éhange est présent ar les partiules élémentaires, omme les éle-trons, ne sont pas disernables. Cependant, une partie importante de l'opérateurd'éhange est une orretion de l'erreur d'auto-interation présent dans le terme deCoulomb.



Les méthodes ab initio 45L'équation 2.34 peut s'érire sous forme matriielle,
F σ Cσ = S Cσ ǫσ (2.47)où haque élément est une matrie. ǫσ est la matrie diagonale des énergies orbita-laires de spin σ, haun de ses éléments ǫσi est l'énergie orbitalaire d'un életron del'orbitale moléulaire φσ

i . F σ est la matrie de Fok représentant l'e�et moyen duhamp réé par tous les életrons sur haque orbitale. Pour un système à ouhefermée, nous avons
F σ

µν = H÷ur
µν +

∑

µ′ν′

Pµ′ν′(µν|µ′ν ′) −
∑

µ′ν′

P σ
µ′ν′(µν ′|µ′ν) , (2.48)où H÷ur

µν = 〈µ|ĥ|ν〉 est une autre matrie représentant l'énergie d'un életron dansle hamp des noyaux et P est une autre représentation de la matrie de la densitédé�nie par
P σ

µν =
∑

i

cσµiniσ(cσµi)
∗ , (2.49)

Pµν = P α
µν + P β

µν , (2.50)d'où
γσ(r, r′) =

∑

µν

χµ(r)P σ
µνχ

∗
ν(r

′) . (2.51)La matrie S est la matrie de reouvrement représentant le reouvrement entrehaque orbitale.La matrie de Fok, la matrie de la densité et les orbitales dépendent des oe�-ients des orbitales moléulaires. L'équation 2.47 n'est don pas linéaire et doit êtrerésolue de manière itérative à l'aide de la proédure nommée hamp auto-ohérent(SCF pour l'anglais Self-Consistent Field). Lorsque ette proédure onverge, l'éner-gie est à son minimum et les orbitales génèrent un hamp qui produit les mêmesorbitales d'où le nom de la méthode. Les solutions produisent un ensemble d'orbi-tales soit oupées, notées ψi, ψj , . . ., soit virtuelles, notées ψa, ψb, . . .. Le nombretotal d'orbitales est égal au nombre de fontions de bases utilisées.La statégie utilisée par la méthode SCF onventionnelle est la suivante :1. Evaluation des intégrales2. Constrution de la fontion d'essai pour les oe�ients d'orbitales moléulaire3. Constrution de la matrie de la densité4. Constrution de la matrie de Fok



46 Chapitre 2 : Aspets Théoriques5. Résolution des équations de Roothan-Hall pour déterminer les nouveaux oef-�ients d'orbitales moléulaires6. Constrution de la nouvelle matrie de la densité. Si elle est su�sammentprohe de la matrie de la densité préédente, le alul est onvergé. Sinon,l'étape 4 et les suivantes doivent être reommenées.Dans l'équation 2.48, le terme (µν|λσ) représente les intégrales bi-életroniquesde répulsion életronique ERI (pour l'anglais Eletroni Repulsion Integral) dé�niespar
(µν|λσ) =

∫∫

χ∗
µ(r1)χν(r1)

1

r12
χ∗

λ(r2)χσ(r2) dr1dr2 . (2.52)En raison de leur grand nombre, l'évaluation et la manipulation de es intégralessont les prinipaux problèmes des aluls HF. Il existe des tehniques omme larésolution de l'identité a�n d'éviter leur évaluation.Dans la méthode Hartree-Fok (HF), les életrons sont onsidérés omme indé-pendants les uns des autres et se déplaçant haun dans un potentiel moyen réé parl'ensemble des noyaux et des autres életrons. Il n'y a don pas d'interation ins-tantanée életron-életron. D'autres méthodes, appelées méthode post-Hartree-Fok,tentent de remédier à e problème de manque de orrélation.2.1.2.6 La orrélation életroniqueUne fontion d'onde représentée par un seul déterminant de Slater ne sera jamaiségale à la fontion d'onde exate. Cei signi�e que EHF doit néessairement êtreplus grande que l'énergie exate de l'état fondamental. La di�érene entre es deuxénergies est appellée l'énergie de orrélation dé�nie par
Ecorr = E0 −EHF < 0 . (2.53)

Ecorr est une mesure de l'erreur introduite par l'approximation HF et elle est prini-palement liée à la répulsion pratiquement instantannée des életrons non inlue dansle potentiel e�etif HF, V̂eff . Dans e shéma et de manière imagée, les életrons seretrouvent trop souvent prohes les uns des autres ar l'interation életrostatiquen'est traitée que par des termes moyennés. Le terme de répulsion inter-életroniqueest don trop grand et l'énergie EHF est plus grande que l'énergie exate E0. Cettepartie de l'énergie de orrélation est reliée au terme 1/r12 ontr�lant la répulsioninter-életronique dans l'Hamiltonien. Cette quantité est d'autant plus grande quela distane r12 entre les életrons 1 et 2 est petite. Le terme de orrélation dyna-mique est alors employé ar il est lié aux mouvements des életrons. Par opposition,



Les méthodes ab initio 47le terme de orrélation statique (ou non-dynamique) est relié à l'existene de déter-minants de Slater, dégénérés (ou presque) en énergie. Dans e as, l'approximationmono-déterminantale n'est pas appropriée pour la desription de la fontion d'onde.Cela se produit lors de la séparation dans l'espae d'une paire d'életrons interve-nant au ours d'un proessus dissoiatif entre deux atomes. Un exemple typique estla dissoiation de l'hydrogène moléulaire, H2.2.1.3 Les méthodes Post-Hartree-FokIl existe un grand nombre de solutions nommées solutions post-Hartree-Fok per-mettant de remédier au problème de non-prise en ompte de l'énergie de orrélationdans le adre de l'approximation HF. Elles se partagent essentiellement en deux a-tégories : les méthodes perturbatives et les méthodes multi-on�gurationnelles. Lasolution la plus éonomique est la théorie perturbative de Møller-Plesset au seondordre (MP2). Celles d'ordres supérieurs (MP3, MP4,. . .) sont aussi utilisées maiselles requièrent beauoup plus de ressoures informatiques. Le oût informatique dela méthode MP2 augmente formellement ave la inquième puissane de la taille dusystème alors que elui de la méthode MP4 augmente ave la septième. Cei est àomparer ave la quatriéme puissane pour la méthode HF. De plus, il n'est paspossible d'a�rmer que les résultats sont améliorés ave l'augmentation de l'ordrede la perturbation. Parmi les méthodes multi-on�gurationnelles, nous ne iteronsque les méthodes d'interation de on�gurations (CI pour l'anglais Con�gurationInteration) et MCSCF (pour l'anglais Multi-Con�guration Self-Consistent Field).2.1.3.1 La théorie des perturbations à plusieurs orpsLes méthodes des perturbations sont utilisées lorsque le problème à résoudreest (exatement ou approximativement) le même qu'un problème déjà résolu. Lasolution du nouveau problème doit don être assez prohe de la solution du problèmedéjà résolu. Ce proessus est dérit mathématiquement par un Hamiltonien en deuxpartie : un Hamiltonien de référene Ĥ0 et une perturbation λ̂V . Pour appliquer etteméthode, la perturbation λ̂V doit être petite devant Ĥ0. En méanique quantique,les méthodes perturbatives peuvent être utilisées pour ajouter des orretions à dessolutions utilisant l'approximation des partiules indépendantes. Le adre théoriqueest alors appelé théorie des perturbations à plusieurs orps (MBPT pour l'anglaisMany-Body Perturbation Theory).Nous avons don
Ĥ = Ĥ0 + λV̂ (2.54)
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H0Ψ

0
I = E0

I Ψ
0
I ave I = 0, 1, 2, . . . ,∞ (2.55)sont les solutions, hoisies orthonormales ou non, de l'opérateur Hamiltonien nonperturbé pour une base omplète. λ est un paramètre déterminant la taille de laperturbation. L'équation de Shrödinger perturbée est
ĤΨi = EiΨi . (2.56)Si λ = 0, nous avons Ĥ = Ĥ0, Ψi = Ψ0

i et Ei = E0
i . Quand la perturbation augmentede zéro jusqu'à une valeur �nie, la nouvelle énergie et la nouvelle fontion d'ondedoivent hanger ontinûment. Celles-i peuvent être érites omme des développe-ments en série de Taylor en puissane du paramètre de perturbation λ,

Ei = λ0E
(0)
i + λ1E

(1)
i + λ2E

(2)
i + λ3E

(3)
i + . . . (2.57)

Ψi = λ0Ψ
(0)
i + λ1Ψ

(1)
i + λ2Ψ

(2)
i + λ3Ψ

(3)
i + . . . (2.58)Pour simpli�er les dérivations de es équations, la ondition de normalisationintermédiaire est introduite

〈Ψ(0)
i |Ψi〉 = 1 . (2.59)En reportant les expressions 2.58 dans l'équation 2.56 et en les développant, nousobtenons une série de relations représentant suessivement des ordres de perturba-tions plus élevés :

λ0 : (Ĥ0 − E
(0)
i )Ψ

(0)
i = 0 (2.60)

λ1 : (Ĥ0 − E
(0)
i )Ψ

(1)
i = (E

(1)
i − V̂ )Ψ

(0)
i

λ2 : (Ĥ0 − E
(0)
i )Ψ

(2)
i = (E

(1)
i − V̂ )Ψ

(1)
i + E2Ψ

(0)
i .

La théorie des perturbations Møller-Plesset. Jusqu'ii, seule la théorie géné-rale des perturbations a été présentée. Dans le as partiulier de la méthode Møller-Plesset, Ĥ0 est dé�ni omme la somme des opérateurs de Fok mono-életroniques :
Ĥ0 =

n∑

i

f̂(i) . (2.61)



Les méthodes ab initio 49Les di�érentes orretions de l'énergie sont obtenues à partir du système d'équa-tions 2.60. A partir de la première équation, la orretion à l'ordre zéro est obtenue :
E

(0)
i =

〈Ψ(0)
i |Ĥ0|Ψ(0)

i 〉
〈Ψ(0)

i |Ψ(0)
i 〉

. (2.62)Etant donnée la dé�nition de H0, l'énergie orrigée à l'ordre zéro orrespond à lasomme des énergies orbitalaires :
E

(0)
i =

∑

iσ

niσǫ
σ
i . (2.63)A partir de la deuxième équation du système 2.60, la orretion à l'ordre un estobtenue :

E
(1)
i =

〈Ψ(0)
i |V̂ |Ψ(0)

i 〉
〈Ψ(0)

i |Ψ(0)
i 〉

. (2.64)L'énergie totale obtenue au premier ordre est la somme E(0)
i +E

(1)
i orrespondant àl'énergie Hartree-Fok EHF .La orretion au deuxième ordre est obtenue à partir de la troisième équation dusystème 2.60 :

E
(2)
i =

∑

j 6=i

|〈Ψ(0)
i |V̂ |Ψ(0)

j 〉|2

E
(0)
i − E

(0)
j

(2.65)L'énergie totale orrigée à l'ordre deux est don la somme E(2)
i + EHF . Elle estdonnée par

E(2) =
∑

iσ

nσ
i hii +

1

2

∑

iσjτ

nσ
i (ii|jj)nτ

j −
1

2

∑

ijσ

nσ
i (ij|ji)nσ

j (2.66)
+

∑

nσ
i n

τ
j (1 − nµ

a)(1 − nν
b )

(ia|jb)(ai|bj)δµσδτν − (ia|jb)(aj|bi)δµσδτν

ǫσi + ǫτj − ǫµa − ǫνbLes indies i et j onernent les orbitales oupées et les indies a et b orrespondentaux orbitales virtuelles dans ΨHF . Suivant la dé�nition de E(2)
i , l'énergie totale ainsialulée sera toujours inférieure à l'énergie HF.La méthode s'arrêtant au deuxième ordre est notée MP2 mais il est possible deprendre en ompte des orretions perturbatives d'ordre supérieur aboutissant auformalisme Møller-Plesset d'ordre 3, 4, 5, . . .(MP3, MP4, MP5, . . .). Ces méthodesMPn prennent uniquement en ompte la orrélation dynamique. Une desriptionmulti-on�gurationnelle est néessaire a�n d'inlure la orrélation statique.



50 Chapitre 2 : Aspets Théoriques2.1.3.2 Les méthodes multi-on�gurationnellesLa méthode HF détermine la meilleure fontion d'onde mono-déterminantale(pour une base donnée). A�n d'améliorer le résultat HF, une fontion d'onde onte-nant plusieurs déterminants de Slater est utilisée. Comme la solution HF donne sou-vent ∼99% de la bonne réponse pour les moléules à ouhe fermée dans leur géomé-trie d'équilibre, les méthodes multi-on�gurationelles utilisent la fontion d'onde HFomme point de départ. La forme générale de la fontion d'onde multi-déterminantalepeut-être érite omme suit
Ψ = a0ΨHF +

∑

I 6=0

aIΨI (2.67)ave a0 généralement prohe de 1. Les méthodes multion�gurationelles di�èrentdans la manière de aluler les oe�ents en fae des autres déterminants, a0 étantdéterminé par les onditions de normalisation.2.1.3.3 Interation de Con�gurationLa méthode d'Interation de Con�guration (CI pour l'anglais Con�guration In-teration) est ertainement la plus faile à omprendre. Elle est basée sur le prinipevariationnel. La fontion d'onde d'essai est érite omme une ombinaison linéairede déterminants dont les oe�ients sont obtenus en minimisant l'énergie.
ΨCI = a0ΨHF +

∑

ia

aa
i Ψ

a
i +

∑

ijab

aab
ij Ψab

ij + . . . (2.68)
= a0ΨHF +

∑

S

aSΨS +
∑

D

aDΨD + . . . (2.69)où ΨHF est le déterminant HF, Ψa
i et Ψab

ij sont respetivement les déterminantsexités simples et doubles. Les életrons des orbitales oupées i et j sont exités dansles orbitales non oupées a et b. Ce type de alul est appelé full CI et, dans la limited'une base omplète, omplete CI. Les OM utilisées pour onstruire les déterminantsde Slater exités proviennent d'un alul HF et sont gardées �xes. Le prinipalproblème de es aluls est l'augmentation fatorielle du nombre de déterminantsave la taille de la base. Dans le as de la moléule d'eau, nous obtenons ∼ 30× 106déterminants ave une base 6-31G(d) et ∼ 106×109 ave la base 6-311G(2d,2p). Cetype de alul est don limité à de petites moléules et à des aluls de référenes.Un moyen de réduire la taille de e alul est de tronquer les exitations en neprenant en ompte que les Doubles, ou les exitations Simples et Doubles ondui-



Les méthodes ab initio 51sant respetivement à des aluls CID (Con�guration Interation Doubles) et CISD(Con�guration Interation Singles and Doubles). La desription du système peut-êtreaméliorée en inluant les exitations triples, quadruples, . . .menant ainsi aux alulsCISDT, CISDTQ, . . .. L'inlusion de es dernières exitations augmente onsidéra-blement le oût du alul. Le alul CISD augmente formèlement en N6 alors queCISDT en N8 et CISDTQ en N10. Ces 2 derniers aluls ne seront don appliquerqu'à de petites moléules. Si la tronation est utilisée, la méthode n'est plus sizeonsistent (f. annexe 3).
2.1.3.4 Complete Ative Spae Self-Consistent FieldLa méthode Multi-Con�guration Self-Consistent Field (MCSCF) peut-être onsi-dérée omme une interation de on�guration dans laquelle les oe�ients en faedes déterminants, mais aussi les OM, sont optimisés par le prinipe variationnel.L'appliation de es méthodes est possible seulement si le nombre de déterminantsutilisés est restreint. Le hoix des déterminants à prendre en ompte doit être ré�éhiet repose sur une bonne onnaissane de la struture életronique du systéme étudié.La méthode MCSCF la plus utilisée est la méthode Complete Ative Spae Self-Consistent Field (CASSCF) notée plus généralement CASSCF[n,m℄ où n életronssont distribués de toutes les manières possibles parmi m orbitales. La séletion deson�gurations est e�etuée en partitionnant les OM, issues d'un alul HF, en orbi-tales atives et inatives. Les orbitales atives seront généralement les plus hautesoupées (HOMO pour l'anglais Highest Oupied Moleular Orbital) et les plusbasses vaantes (LUMO pour l'anglais Lowest Unoupied Moleular Orbital). Lesorbitales inatives ont soit 2 életrons, soit 0, elles sont don toujours doublementoupées ou vides. Un full CI est réalisé dans toutes les orbitales atives. En fon-tion du problème et du oût informatique, le hoix des OM devant être inluses dansl'espae atif doit être fait à la main.L'expansion fatorielle full CI, dans l'espae atif, restreint le nombre d'orbi-tales et d'életrons qui peuvent être traités par la méthode CASSCF à 12-14 éle-trons/orbitales. Bien séletionner les orbitales �importantes� à orréler devient alorsprimordial.La méthode CASSCF va au-delà de la méthode de hamp moyen HF en tenantompte des interations exates entre un nombre restreint d'életrons (les életronsatifs) soumis au hamp moyen réé par tous les autres életrons.



52 Chapitre 2 : Aspets Théoriques2.1.3.5 Calul perturbationel des e�ets dynamiques : CASPT2La méthode 2ndorder CAS (CASPT2) [5, 6℄ est une méthode perturbative dedeuxième ordre multion�gurationnelle. Elle permet de réupérer la partie de laorrélation dynamique liée aux mono et di-exitations sur le CAS.Cette méthode est ontratée, le rapport entre les oe�ients des déterminantsomposant la fontion d'onde d'ordre zéro de type CAS n'est pas modi�é par laperturbation. Pour inlure les e�ets dynamiques, des on�gurations dont le oe�-ient est déterminé perturbativement à l'ordre deux sont additionnées à la fontiond'onde d'ordre zéro,
|ΨCASPT2〉 =

1

N

(

|ΨCAS〉 +
∑

I∈SD

cI |ΦI〉
)

, (2.70)où |ΨCASPT2〉 est la fontion d'onde issue du alul CASPT2, |ΨCAS〉 la fontiond'onde d'ordre zéro issue d'un alul CASSCF, ΦI est un déterminant mono oudiexité par rapport aux déterminants du CAS, cI son oe�ient évalué perturbati-vement, I parourt toutes les mono et di-exitations. N assure la normalisation de
|ΨCASPT2〉.L'importane fondamentale du hoix de l'espae atif est ainsi mis en évidene.Il doit ontenir les prinipaux e�ets physiques présents dans le système étudié. Maisles e�ets dynamiques ne doivent pas modi�er profondément les rapports entre lesoe�ients des di�érentes on�gurations omposant les états alulés.2.2 La théorie de la fontionnelle de la densitéEn théorie, tel que ela a été vu préédemment, il est possible de déterminer toutesles propriétés életroniques d'un système en résolvant l'equation de Shrödinger. Enpratique, les moyens informatiques (mémoire, temps de alul, . . .) imposent unelimite et seuls des systèmes ontenant un petit nombre d'életrons peuvent êtretraités par le biais des méthodes ab initio basées sur la fontion d'onde. Ne serait-ilpas possible de remplaer la fontion d'onde, gros objet mathématique, par quelquehose de beauoup plus simple : la densité életronique ?2.2.1 Les théorèmes de Hohenberg-KohnLes théorèmes d'Hohenberg-Kohn1 [7℄ impliquent l'existene d'une fontionnelle2de la densité életronique FHK permettant de aluler l'énergie de l'état fondamentald'un système à N életrons. Cette fontionnelle, pourtant onnue (dans sa forme



La théorie de la fontionnelle de la densité 53Levy-Lieb), n'est pas utilisable sous ette forme. Di�érentes approhes sont utiliséesa�n de l'approximer. La méthode la plus usitée est sans doute elle de Kohn-Sham [8℄dans laquelle seule la ontribution dominante de ertaines omposantes de FHK sontalulées exatement.2.2.1.1 Le premier théorème de Hohenberg-KohnCe théorème montre que la densité életronique ρ(r) est la seule fontion né-essaire pour obtenir toutes les propriétés életroniques d'un système quelonque.Dans les méthodes ab initio, la fontion d'onde Ψ tenait le même r�le. Citons ethéorème [7℄ :�The external potential Vext(r) is (to within a onstant) a unique fon-tional of ρ(r) ; sine in turn Vext(r) �xes the Hamiltonian H we see thatthe full many partile ground state is a unique funtional of ρ(r).�Sa démonstration est très simple et repose sur une démonstration par l'absurde. Sup-posons que deux potentiels Vext(r) et V ′
ext(r), qui di�èrent par plus d'une onstante,orrespondent à la même densité életronique ρ0(r). A es deux potentiels sont as-soiés deux Hamiltoniens Ĥ et Ĥ ′ tels que

Ĥ = T̂ + V̂ee + V̂ext 6= T̂ + V̂ee + V̂ ′
ext = Ĥ ′ (2.71)où T̂ est l'énergie inétique et V̂ee est le terme de répulsion életron-életron. Ĥ et

Ĥ ′ sont assoiés à deux états fondamentaux, Ψ0 et Ψ′
0 ave des énergies E0 et E ′

0.Cependant, es deux états possèdent la même densité életronique ρ0(r) (par hypo-thèse). Le prinipe variationnel peut-être appliqué en utilisant Ψ′
0 omme fontiond'onde d'essai pour Ĥ ,

E0 = 〈Ψ0|Ĥ|Ψ0〉 < 〈Ψ′
0|Ĥ|Ψ′

0〉 . (2.72)Puisque Ĥ et Ĥ ′ di�èrent seulement par leur potentiel externe, il est possible d'érire
E0 < 〈Ψ′

0|Ĥ ′|Ψ′
0〉 + 〈Ψ′

0|Ĥ − Ĥ ′|Ψ′
0〉 (2.73)orrespondant à

E0 < E′
0 +

∫

ρ0(r)(Vext(r) − V ′
ext(r)) dr . (2.74)1Une version valable pour un système non dégénéré est présenté ii. Pour un système dégénéré,se référer au livre de Dreizler et Gross [9℄2La dé�nition d'une fontionnelle est donnée en annexe 4.



54 Chapitre 2 : Aspets ThéoriquesMaintenant, si Ψ0 est utilisée omme fontion d'onde d'essai pour Ĥ ′ nous obtenons
E ′

0 < E0 +

∫

ρ0(r)(V
′
ext(r) − Vext(r)) dr . (2.75)En additionnant 2.74 et 2.75, nous obtenons la ontradition suivante

E0 + E ′
0 < E′

0 + E0 (2.76)prouvant la validité du premier théorème d'Hohenberg-Kohn. Le potentiel externe
Vext est déterminé par la densité életronique ρ0(r) (à une onstante additive près).De plus, puisque Vext dé�nit l'Hamiltonien, les propriétés de l'état fondamental sontomplètement déterminées par sa densité.En d'autres mots, l'énergie de l'état fondamental E0 est une fontionnelle de ladensité életronique de l'état fondamental ρ0(r). Elle s'exprime par

E0[ρ0] = T [ρ0] + Eee[ρ0] + Eext[ρ0] (2.77)où T [ρ0] est la fontionnelle d'énergie inétique, Eee[ρ0] est la fontionnelle d'éner-gie d'interation életron-életron. Eext[ρ0] est la fontionnelle d'énergie potentielleexterne qui, en as d'absene de perturbation externe, est réduite à l'énergie d'at-tration Coulombienne noyau-életron
ENe[ρ0] =

∫

VNe(r)ρ0(r) dr (2.78)où VNe(r) est dé�nie par l'équation 2.7. T [ρ0] et Eee[ρ0] dé�nissent une fontionnelleonnue sous le nom de la �fontionnelle d'Hohenberg et Kohn� FHK [ρ0] dé�nie par
FHK [ρ0] = T [ρ0] + Eee[ρ0] (2.79)valable pour n'importe quel nombre d'életrons et dans n'importe quel potentielexterne. Une forme expliite de T [ρ0] et Eee[ρ0] n'est pas onnue dans une formeappliable. Cependant, en isolant la omposante lassique de la répulsion Coulom-bienne életron-életron du terme Eee[ρ0], il est possible de réérire l'équation 2.79omme

FHK [ρ0] = T [ρ0] +

∫∫
ρ0(r1)ρ0(r2)

r12
dr1dr2 + Enon−cl[ρ0]. (2.80)

Enon−cl[ρ0] ontient toutes les ontributions non-lassiques de l'interation életron-életron omme la orretion de self-interation, l'éhange et la orrélation.



La théorie de la fontionnelle de la densité 55La fontionnelle d'Hohenberg et Kohn joue un r�le très important en DFT. Ene�et, si une forme expliite de T [ρ0] et Enon−cl[ρ0] était onnue, l'énergie de l'étatfondamental de n'importe quel système serait déterminée en insérant la densité éle-tronique fondamentale ρ0(r) dans la fontionnelle d'énergie
E[ρ0] =

∫

VNe(r)ρ0(r) dr + FHK [ρ0]. (2.81)Nous savons que la densité életronique de l'état fondamental est su�sante pourobtenir toutes les propriétés de et état mais omment savoir si une densité quel-onque est elle de l'état fondamental ? Cei est l'objet du deuxième théorème deHohenberg et Kohn.2.2.1.2 Le deuxième théorème de Hohenberg-KohnCe theorème montre que la fontionnelle d'énergie E[ρ] est minimum quand unedensité életronique quelonque ρ(r) orrespond à la densité életronique de l'étatfondamental ρ0(r). La démonstration repose sur le prinipe variationnel. Dans lepremier théorème, à une densité életronique ρ′(r) orrespond un potentiel externe
V ′

ext(r) et don
ρ′(r) ⇒ V ′

ext(r) ⇒ Ĥ ′ ⇒ Ψ′. (2.82)
Ψ′ peut être utilisé omme fontion d'onde d'essai pour l'Hamiltonien Ĥ généré parle vrai potientiel externe Vext(r),

〈Ψ′|Ĥ|Ψ′〉 = T [ρ′] + Vee[ρ
′] +

∫

ρ′(r)Vext(r) dr = E[ρ′]. (2.83)
E[ρ′] représente une borne supérieure de l'énergie exate de l'état fondamental,

E[ρ′] ≥ E0[ρ0] = 〈Ψ0|Ĥ|Ψ0〉 (2.84)e qui démontre le théorème.Le premier théorème de Hohenberg et Kohn prouve l'existene d'une orrespon-dane bi-univoque entre la densité életronique de l'état fondamental ρ0(r) et lepotentiel externe Vext(r) et don entre ρ0(r) et la fontion d'onde de l'état fonda-mental Ψ0. Le seond théorème démontre que l'énergie de l'état fondamental E0 estune fontionnelle de la densité életronique ρ(r) et qu'elle atteint une valeur mini-male quand ρ(r) = ρ0(r). ρ0(r) peut don être obtenue par un shéma variationnel.La densité de l'état fondamental peut être failement déterminée à partir de lafontion d'onde de l'état fondamental (f. 2.15) mais la réiproque n'est pas vraie.



56 Chapitre 2 : Aspets ThéoriquesEn fait, pour la même densité életronique, une in�nité de fontions d'ondes di�é-rentes peuvent être obtenues. La méthode pour herher la fontion d'onde de l'étatfondamental parmi toutes elles possibles est la reherhe ave ontrainte de Lévy.2.2.1.3 La reherhe ave ontrainte de LevyL'adaptation du prinipe variationnel,
E0 = min

Ψ→N
〈Ψ|T̂ + V̂ee + V̂Ne|Ψ〉 (2.85)à la DFT, a été faite par Levy, Lieb et Perdew [10, 11, 12, 13℄. Cette reherhes'e�etue en deux étapes. Dans un premier temps, la densité életronique ρ̌(r) esthoisie et une reherhe du minimum d'énergie est réalisée sur toutes les fontionsd'ondes Ψ̌ donnant ρ̌(r) par minimisation

Ěmin[ρ̌] = min
Ψ̌→ρ̌

〈Ψ̌|T̂ + V̂ee + V̂Ne|Ψ̌〉. (2.86)Dans un deuxième temps, la reherhe est étendue à toutes les densités életro-niques ρ0(r) s'intègrant au nombre d'életrons du système, i.e. à toutes les densitéséletronique N-représentables1
E0 = min

ρ→N

[

min
Ψ→ρ

〈Ψ|T̂ + V̂ee + V̂Ne|Ψ〉
]

. (2.87)Puisque le potentiel externe est dé�ni par la densité életronique, il peut être exlude la première étape de la reherhe,
E0 = min

ρ→N

[

min
Ψ→ρ

〈Ψ|T̂ + V̂ee|Ψ〉 +

∫

ρ(r)VNe(r) dr

]

. (2.88)Par analogie ave l'équation 2.79, nous pouvons dé�nir une fontionnelle universelledu type
F [ρ] = min

Ψ→ρ
〈Ψ|T̂ + V̂ee|Ψ〉 (2.89)orrespondant à la fontionnelle de Hohenberg et Kohn seulement lorsque la densitééletronique ρ orrespond à la densité életronique ρ0. En terme de fontionnelleuniverselle F [ρ], l'équation 2.88 devient

E0 = min
ρ→N

[

F [ρ] +

∫

ρ(r)VNe(r) dr

] (2.90)1Harriman [14℄ a montré que toute densité non-négative et s'intégrant à N est N-représentable.



La théorie de la fontionnelle de la densité 57qui est l'équivalent du prinipe variationnel.
2.2.1.4 L'approhe Kohn-ShamKohn et Sham [8℄ ont proposé une approhe indirete permettant de aluler exa-tement une grande partie de la fontionnelle d'énergie inétique T [ρ]. Leur stratégieest basée sur l'idée qu'un système à N életrons peut-être dérit par une équa-tion exate pour un système de N életrons non-interagissants. Cette équation àun-életron est onnue sous le nom d'équation de �Kohn-Sham� (KS),

[

−1

2
∇2 + Veff(σ)

]

ψi(r, σ) = ǫiψi(r, σ) (2.91)où les ψi sont les plus bas états propres, ave les valeurs propres ǫi orrespondantes.Ils forment la fontion d'onde de l'état fondamental |Ψ〉 = (N !)−1/2|ψ1ψ2 . . . ψN 〉et sont appelés les orbitales KS. Ces orbitales sont déterminées à la ondition quela fontion d'onde orrespondante Ψ donne, par minimisation, la densité exate del'état fondamental d'un système à N partiules en interation
ρ0(r) =

N∑

i

∑

σ

|ψi(r, σ)|2. (2.92)Pour parvenir à et objetif, le potentiel à un-életron Veff est onstruit par
Veff(σ) = Vext(r) +

∫
ρ(r2)

r12
dr + Vxc(σ) (2.93)où le potentiel externe Vext ontient l'attration noyau-életron et les interationsave les autres hamps externes. La grande innovation de l'approhe KS est l'intro-dution du terme Vxc appelé le potentiel d'éhange-orrélation dé�ni par

Vxc(σ) =
∂(T [ρ] − TS[ρ])

∂ρ(σ)
+
∂(Eee[ρ] − J [ρ])

∂ρ(σ)
=
∂TC [ρ]

∂ρ(σ)
+
∂Enon−cl[ρ]

∂ρ(σ)
. (2.94)

Vxc ontient la ontribution à la orrélation de l'énergie inétique TC [ρ] qui provientdu traitement du système interagissant dans le système non-interagissant. De plus,
Vxc ontient aussi la partie non-lassique de l'énergie d'interation életron-életrondans le terme Enon−cl[ρ].L'avantage de l'approhe KS réside dans la séparation de l'énergie inétique en



58 Chapitre 2 : Aspets Théoriquesdeux parties. La ontribution la plus importante est
TS[ρ] =

N∑

i

〈ψi| −
1

2
∇2

i |ψi〉 (2.95)qui est exate pour un système à N életrons non-interagissant. L'expression exatede la ontribution de l'énergie inétique à Exc, TC [ρ], est inonnue. Cependant, TC [ρ]ne représente qu'une petite fration de l'énergie inétique totale [15, 16℄.Les equations 2.91, 2.93 et 2.94 indiquent que la méthode KS est formellementexate puisque auune approximation n'a été faite. Don, si une expresssion exatede Vxc[ρ] était onnue, l'approhe KS donnerait la densité exate et l'énergie exate.2.2.2 Les di�érentes lasses de fontionnellesLe problème de la méthode KS est qu'une forme exate et utilisable de la fon-tionnelle d'éhange-orrélation Exc[ρ] n'est toujours pas onnue à e jour. De plus,auune méthode permettant une amélioration systématique des approximations pro-posées pour Exc[ρ] n'est onnue.Généralement, la reherhe de la meilleure fontionnelle est sujette à deux ontraintesprinipales. D'une part, elle doit donner des résultats en aord ave l'expériene.Pour e faire, Pople et al. ont développé une proédure de validation nommée test�Gaussian-n� (n=1, 2 ou 3) [17, 18, 19, 20℄. D'autre part, elle doit être en aordave les aratéristiques physiques et mathématiques du trou d'éhange-orrélation
hxc(r1, r2).2.2.2.1 Le trou d'éhange-orrélationLa densité de paire ρ2(r1, r2) représente la probabilité de trouver deux életronsave des spins σ1 et σ2 quelonque dans les deux éléments de volume dr1 et dr2,
ρ2(r1, r2) =

N(N − 1)

2

∫

. . .

∫

|Ψ(τ 1, τ 2, . . . , τN)|2 dσ1dσ2dτ 3dτ 4 . . . dτN . (2.96)Pour des fermions hargés, omme les életrons, la probabilité de trouver un des deuxéletrons est grandement dépendante de la position de l'autre. Leurs mouvementssont don orrélés. La nature des fermions empêhe deux életrons de même spinde s'approher. Les életrons étant des partiules hargées, ils se repoussent à ausede la répulsion Coulombienne. Le premier type d'interation est onnu sous le nomde orrélation d'éhange ou de Fermi et le deuxième, sous le nom de orrélationde Coulomb. L'e�et de es deux types de orrélation peut s'exprimer à l'aide de la
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ρ2(r1, r2) =

1

2
ρ(r1)ρ(r2) [1 + f(r1, r2)] (2.97)où f(r1, r2) est la fontion de orrélation de paire tenant ompte de la orrélationde Fermi et de Coulomb dans l'interation entre deux életrons. Quand f(r1, r2) estégal à 0, l'équation 2.97 représente le mouvement non-orrélé de deux életrons.La fontion de orrélation de paire f(r1, r2) satisfait à la relation fondamentale

∫

ρ(r2)f(r1, r2) dr2 = −1 (2.98)nommée règle de somme. L'interprétation de ette règle devient plus laire ave
hxc(r1, r2) = ρ(r2)f(r1, r2) (2.99)représentant le trou d'éhange-orrélation. Le terme trou représente la diminution dela densité életronique en r2 liée aux interations életron-életron non-lassiques.Lorsque nous exprimons l'équation 2.98 en terme de trou d'éhange-orrélation,
∫

hxc(r1, r2) dr2 = −1 (2.100)nous omprenons que le trou d'éhange-orrélation s'intègre exatement à moinsun életron. La règle de somme n'est qu'une aratéristique physique de la fon-tion de trou qui devrait être satisfaite par les fontionnelles d'éhange-orrélationapprohées.Le prinipe de Pauli ne permet pas à deux életrons de même spin d'être au mêmeendroit don le trou d'éhange (ou trou de Fermi) doit s'intégrer à −1 életron
∫

hx(r1, r2) dr2 = −1. (2.101)Par onséquent, le trou de orrélation (ou trou de Coulomb) s'intègre à 0

∫

hc(r1, r2) dr2 = 0 (2.102)et sa forme est déterminée par l'interation Coulombienne 1/r12. Il présente don unpoint de rebroussement (pour l'anglais usp) en r1 et il est négatif à proximité de r1mais, en aord ave l'équation 2.102, il est positif partout ailleurs.



60 Chapitre 2 : Aspets Théoriques2.2.2.2 La onnetion adiabatiqueD'après l'équation 2.94, le potentiel d'éhange-orrélation n'est pas seulementomposé du potentiel d'interation életron-életron non-lassique Vnon−cl, mais aussid'une ontribution provenant de la di�érene entre l'énergie inétique du systèmeinteragissant T [ρ] et l'énergie inétique KS du système non-interagissant TS[ρ]. A�nde déterminer la meilleure approximation possible de la fontionnelle d'éhange-orrélation exate, la ontribution de l'énergie inétique doit être inluse. Le troud'éhange-orrélation, hxc, ne ontient auune information sur l'énergie inétique,elle-i n'étant pas une quantité reliée à la densité de paire.Un moyen simple de prendre en ompte la ontribution de l'énergie inétique etles omposantes non-lassique de l'interation életron-életron est elui donné parla onnetion adiabatique [21, 22, 23, 24℄. La fontionnelle d'éhange-orrélation peutêtre érite omme
Exc[ρ] = (T [ρ] − TS[ρ]) + (Eee[ρ] − J [ρ]) . (2.103)Par analogie ave le onept thermodynamique d'un proessus adiabatique, il estpossible de onevoir un passage ontinu du système �tif non-interagissant au sys-tème réel interagissant en gardant la densité �xe grâe à un potentiel externe Vλ età l'aide d'un paramètre λ de fore de ouplage variant de 0 à 1,

Fλ[ρ] = min
Ψ→ρ

〈Ψ|T̂ + λV̂ee|Ψ〉 . (2.104)Quand λ = 1, l'équation 2.104 représente le système reél interagissant,
F1[ρ] = T [ρ] + Eee[ρ] , (2.105)lorsque λ = 0, elle représente le système �tif non-interagissant,

F0[ρ] = TS[ρ] . (2.106)D'après les équations 2.103, 2.104 et 2.105, nous pouvons dé�nir,
Exc[ρ] =

∫ 1

0

∂Fλ[ρ]

∂λ
+
∂Vλ

∂λ
dλ− J [ρ] . (2.107)De l'équation 2.104, nous avons,

∂Fλ[ρ]

∂λ
= min

Ψ→ρ
〈Ψ|V̂ee|Ψ〉 . (2.108)



La théorie de la fontionnelle de la densité 61Nous pouvons alors érire l'équation 2.107 en terme de densité de paire,
Exc[ρ] =

∫∫
ρ̄2(r1, r2)

r12
dr1dr2 − J [ρ] (2.109)où ρ̄2(r1, r2) est la densité de paire moyennée de la fore de ouplage.

ρ̄(r1, r2) =

∫ 1

0

ρ2(r1, r2) dλ . (2.110)A l'aide des équations 2.97 et 2.99, Exc[ρ] peut s'érire
Exc[ρ] =

1

2

∫∫
ρ(r1)h̄xc(r1, r2)

r12
dr1dr2 (2.111)où h̄xc(r1, r2) est la moyenne sphérique du trou d'éhange-orrélation

h̄xc(r1, r2) =

∫ 1

0

hxc(r1, r2) dλ . (2.112)2.2.2.3 L'approximation loale de la densitéA�n d'obtenir une bonne approximation pour la fontionnelle d'éhange-orrélation,
Exc, elle-i doit reproduire au mieux les aratéristiques physiques de la moyennesphérique du trou d'éhange-orrélation h̄xc plut�t que du trou lui-même hxc. Ceiest l'expliation des �bons� résultats de l'approximation loale de la densité (LDApour l'anglais Loal Density Approximation) ou l'approximation loale de la densitéde spin (LSDA pour l'anglais Loal Spin-Density Approximation), pour le as ouheouverte. Elle est à la base de toutes les fontionnelles d'éhange-orrélation moderne.Elle est dé�nie par

ELDA
xc [ρ] =

∫

ρ(r)ǫxc(ρ(r)) dr (2.113)
ELSDA

xc [ρα, ρβ] =

∫

ρ(r)ǫxc(ρα(r), ρβ(r)) dr .C'est la fontionnelle pour laquelle une forme exate est presque onnue. L'approxi-mation de Exc[ρ] est basée sur le modèle du gaz d'életron uniforme, où le terme
ǫxc(ρ(r)) est l'énergie d'éhange-orrélation par partiule du gaz d'életron uniformede densité ρ(r). ǫxc(ρ(r)) peut-être onsidéré omme la somme d'une ontributiond'éhange et de orrélation

ǫxc(ρ(r)) = ǫx(ρ(r)) + ǫc(ρ(r)) . (2.114)



62 Chapitre 2 : Aspets ThéoriquesLe terme d'éhange, ommunément appelé �éhange de Dira� (symbolisé par S arette expression fut reprise par Slater) est onnu exatement
ǫSx(ρ(r)) = −3

4

(
3ρ(r)

π

) 1

3

. (2.115)La partie orrélation ǫc(ρ(r)) ne peut être exprimée de manière exate. L'approxi-mation de e terme établie par Vosko, Wilk et Nussair (VWN) [25℄ a obtenu leplus de suès. Elle est basée sur une interpolation de résultats de aluls Monte-Carlo quantique très préis sur le gaz uniforme d'életrons réalisé par Ceperley etAlder [26℄1.L'idée de base de la LDA est qu'il est possible d'estimer l'énergie d'éhange-orrélation d'un système inhomogène en utilisant, sur des portions in�nitésimales,les résultats d'un gaz homogène d'életrons de densité égale à la densité loale dusystème inhomogène. Cette approximation est raisonnable pour un système où ladensité varie lentement mais son appliation aux atomes et moléules n'est justi�éque par le suès de ses appliations numériques. En e�et, le résultat du test G2 (al-ul d'énergies d'atomisation de 50 petites moléules omportant exlusivement deséléments de la série prinipale) donne une déviation moyenne de +36 kal.mol−1 [28℄par rapport au données expérimentales. Cei représente une grande amélioration parrapport aux résultats HF qui produisent une erreur de -78 kal.mol−1. Cependant,es résultats sont enore loin de la préision himique : 1 kal.mol−1.2.2.2.4 L'approximation du gradient géneraliséLa plus grande soure d'erreur dans la LDA vient de l'énergie d'éhange souventsous-estimée de 10 à 15 %. L'énergie de orrélation est souvent sur-estimée d'environ200% [9℄ mais, en valeur absolue, sa ontribution à l'énergie totale est plus petite. Cesdeux erreurs ont tendane à s'annuler. Pour améliorer la préision des aluls DFT,nous avons besoin de meilleures approximations pour la fontionnelle d'éhange-orrélation. Certains ont pensé à dé�nir une fontionnelle de la densité et ses dérivéesdans le but de prendre en ompte l'inhomogénéité du système. Dans un premiertemps, la LDA fut traitée omme le premier terme d'un développement en série deTaylor,
EGEA

xc [ρ] =

∫

ǫGEA
xc (ρ(r))ρ(r) dr +

∫

Cxc(ρ(r))
|∇ρ(r)|
ρ4/3(r)

dr + . . . . (2.116)1En réalité, il existe une autre approximation, donnée dans le même artile de Vosko, Wilk etNussair, reposant sur la RPA (pour l'anglais Random Phase Approximation) qui n'est utilisée quedans la fontionnelle hybride B3LYP [27℄ (f. paragraphe 2.2.2.6)



La théorie de la fontionnelle de la densité 63Cette forme de fontionnelle est l'approximation du développement du gradient(GEA pour l'anglais Gradient Expansion Approximation). Malheureusement, eidonne de plus mauvais résultats que la LDA. En e�et, le trou d'éhange-orrelationne satisfait plus les onditions qui assuraient à la LDA un ertain sens physique. Parexemple, les règles de sommes ne donnent plus 1 et 0 pour l'éhange et la orrélation.A�n de orriger es problèmes, la fontionnelle 4.42 a été modi�ée pour la forer àrespeter les prinipales onditions aux limites. Nous obtenons alors l'approximationdu gradient généralisé (GGA pour l'anglais Generalized Gradient Approximation), àl'origine du suès de la DFT,
EGGA

xc [ρ;∇ρ] =

∫

ǫGGA
xc (ρ(r),∇ρ(r)) dr . (2.117)Souvent, les ontributions pour l'éhange et la orrélation sont développées séparé-ment,

EGGA
xc (ρ,∇ρ) = EGGA

x (ρ,∇ρ) + EGGA
c (ρ,∇ρ) . (2.118)Le majeur problème de la LDA provenant de l'éhange, une attention partiulièrefut portée sur le développement de la partie d'éhange,

EGGA
x (ρ,∇ρ) = ELDA

x −
∫

F (s(r))ρ4/3(r) dr (2.119)où F est une fontion du gradient de densité réduit (sans dimension),
s(r) =

|~∇ρ(r)|
ρ4/3(r)

. (2.120)Nous iterons les fontions de Beke(B88) [29℄, elle de Perdew (PW86) [30℄ etelle de Handy et Cohen (OPTX) [31℄.B88 La fontionnelle d'éhange B88 est basée sur une analyse dimensionnelle etsur un omportement asymptotique orret de la densité d'énergie d'éhange,
FB88(s) =

βs2

1 + 6βs sinh−1(s)
ave β = 0.0042 u.a. . (2.121)

β est un paramètre empirique déterminé par une analyse des moindre-arrés desénergies d'éhange des six atomes de gaz rares (de He à Rn).La fontionnelle de Perdew et Wang (PW91) [32℄ provient d'une modi�ation deette fontionnelle pour qu'elle satisfasse à ertaines onditions de mise à l'éhelle.



64 Chapitre 2 : Aspets ThéoriquesPW86 Cette fontionnelle est basée sur une analyse de l'expansion du gradientdu trou d'éhange-orrélation autour de sa forme LSDA,
F PW86(s) =

[

1 + 1.296

(
s

p

)2

+ 14

(
s

p

)4

+ 0.2

(
s

p

)6
]1/15 ave p = (24π2)1/3 .(2.122)La fontionnelle de Perdew, Burke et Ernzerhof (PBE) [33℄ est une modi�ationde ette fontionnelle. Il est interéssant de remarquer que ni PW86, ni PBE neontiennent de paramètres empiriques.OPTX Cette fontionnelle est une amélioration de la fontionnelle d'éhange deBeke [34℄ dans laquelle les auteurs ont non seulement optimisé le fateur d'amélio-ration F (pour l'anglais enhanement fator) mais aussi le oe�ient d'éhange deDira dans la partie LDA obtenant ainsi

EGGA
x (ρ,∇ρ) = 1.05151 ×ELDA

x −
∫

FOPTX(s(r))ρ4/3(r) dr (2.123)ave
FOPTX(s) = 1.43169

(
γs2

1 + γs2

)2 ave γ = 0.006 u.a. . (2.124)Les trois oe�ients ont été obtenus en reproduisant l'énergie Hartree-Fok de l'étatfondamental des 18 premiers atomes (H-Ar).Les fontionnelles de orrélation Les fontionnelles de orrélation ont desformes analytiques beauoup plus ompliquées qui ne peuvent être omprises à l'aidede raisonnements physiques simples. Il s'agit surtout d'expressions satisfaisant à despropriétés mathématiques onnues. Nous pouvons iter les fontionnelles de Lee,Yang et Parr (LYP) [35℄, de Perdew (P86) [36℄ (ontrepartie de la fontionnelled'éhange PW86) et elle de Perdew et Wang (PW91) [32℄.Les fontionnelles d'éhange-orrélation GGA représentent une amélioration trèsimportante des LDA. La prinipale raison est la modi�ation de la partie éhange.Dans la détermination des énergies d'atomisation du test G2, l'utilisation de la fon-tionnelle d'éhange B88 ombinée à la fontionnelle de orrélation VWN diminue ladéviation moyenne de 36 kal.mol−1 pour SVWN à 5 kal.mol−1 pour B88VWN [28℄.2.2.2.5 Les fontionnelles meta-GGADans le but d'améliorer les performanes des GGA, les fontionnelles d'éhange-orrélation meta-GGA (mGGA) prennent en ompte la densité d'énergie inétique
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τ =

1

2

occ∑

i

|∇ψi|2 (2.125)en plus de la dépendane sur le gradient de la densité déjà inlu dans les GGA.Le terme d'éhange EmGGA
x peut s'érire

EmGGA
x = −3

4

(
3

4

)1/3 ∫

f(ρ,∇ρ, τ)ρ4/3(r) dr. (2.126)La dépendane sur le Laplaien de la densité améliore beauoup la préision dees fontionnelles. La fontionnelle VSXC [37℄ donne de très bons résultats pour ladesription de liaisons hydrogènes mais ne dérit pas orretement l'angle de torsiondes moléules ontenant des systèmes π-onjugués [38℄.Cependant, la dépendane sur la densité d'énergie inétique pose des problèmesd'implémentation de es fontionnelles dans un shéma auto-ohérent pour le poten-tiel d'éhange-orrélation qui rend la proédure SCF plus onsomatrie de temps.D'autre part, la préision himique n'a pas enore été atteinte et la prinipale par-tie à améliorer est l'éhange. Pourquoi utiliser une fontionnelle d'éhange approhéealors que nous savons aluler l'éhange exatement ?2.2.2.6 Les fontionnelles hybridesIl nous su�rait de remplaer l'éhange LDA ou GGA par
EHF

x = −1

2

∑

i,j

∫∫

ψ∗
i (r1)ψ

∗
j (r1)

1

r12
ψ∗

i (r2)ψ
∗
j (r2) dr1dr2 (2.127)en remplaçant les spin-orbitales HF ψi par les spin orbitales KS. L'éhange exat,

EKS
x est alors obtenu. Les fontionnnelles approhées sont utilisées uniquementpour la orrélation. Les résultats sont très déevants ar le aratère non-loalde l'éhange exat, permettant de reproduire les aratéristiques loales du troud'éhange-orrélation, a été oublié.Un ompromis serait d'inlure seulement une fration d'éhange exat [39, 40℄.Cette idée trouve sa justi�ation théorique ave la onnetion adiabatique (f. pa-ragraphe 2.2.2.2). Nous pouvons exprimer Exc[ρ] par,

Exc[ρ] =

∫ 1

0

Eλ
non−cl[ρ] dλ (2.128)où λ est le paramètre de ouplage. Pour λ = 1, le système életronique est inter-



66 Chapitre 2 : Aspets Théoriquesagissant à ause du terme Coulombien Vee. Pour λ = 0, l'interation est inexistantedon les életrons sont traités omme des fermions non-hargés, le terme d'éhangeexat est alors inlu.En première approximation, Eλ
non−cl peut s'érire omme une fontion linéaire duparamètre λ. Une solution simple est donnée par,

EHH
xc [ρ] =

1

2
EKS

x [ρ] +
1

2
ELDA

xc [ρ] . (2.129)Cette approhe est onnue sous le nom de half-and-half (HH) [39℄. Ses performanesdans le test G2 sont omparables à elles d'une fontionnelle GGA. De meilleursrésultats peuvent être obtenus en donnant plus de �exibilité par l'introdution de 3paramètres d'ajustement,
EB3PW91

xc = (1 − a0)E
LSDA
xc + a0E

KS
x + axE

B88
x + acE

PW91
c ,ave a0 = 0.20 ax = 0.72 ac = 0.81 . (2.130)

a0, ax et ac sont des oe�ients semi-empiriques ajustés aux données expérimentalespar une analyse des moindres arrés sur 56 énergies d'atomisation, 42 potentielsd'ionisation, 8 a�nités protoniques et les énergies atomiques des 10 atomes desdeux premières rangées du tableau périodique (test G1).Cette fontionnelle, nommée B3PW91 [40℄, reduit enore la déviation moyennesur le test G2 jusqu'à une erreur prohe de la préision himique.Une erreur plus petite est obtenue par la fontionnelle B3LYP [27℄. Elle est iden-tique à B3PW91 mis à part qu'elle utilise la fontionnelle de orrélation LYP au lieude PW91.L'utilisation de paramètres ajustables a permis le développement de variantes deette dernière fontionnelle en modi�ant la proportion d'éhange exat. 5% pourdes aluls de déplaement himique en RMN [41℄, 15% pour le alul de di�érened'énergie dans des omplexes de Fer(II) [42℄, et jusqu'à 30% pour le alul d'énergied'exitation [43℄.L'utilisation de 25% d'éhange exat a été proposé par Perdew, Burke et Ernzerhofsur la base d'une estimation ab initio qui onduit à la fontionnelle sans paramètresemi-empirique PBE0 [44℄,
EPBE0

xc = EPBE
xc + 0.25(EKS

x −EPBE
x ) . (2.131)Cette fontionnelle donne de très bons résultats pour diverses propriétés [44, 45, 46℄.



Conlusion 672.2.2.7 Les fontionnelles très paramétréesPour améliorer les fontionnelles d'éhange-orrélation, il est possible d'utiliserles densités et les énergies totales provenant de aluls ab initio, de aluler lespotentiels d'éhange-orrélation orrespondants et ensuite de onstruire des fontio-nelles paramétrées basées sur une analyse des moindres arrés des résultats. Handyet al. [47℄ proposent de faire l'analyse des moindres arrés sur l'énergie totale, sur lepotentiel et sur le terme représentant l'in�uene de la disontinuité dans la dérivéede la fontionelle d'éhange-orrélation aux nombres entiers d'életrons. Contraire-ment à une régression faite sur une seule propriété, beauoup plus de physique estainsi inorporée dans la fontionnelle.2.2.2.8 Autres fontionnellesIl existe d'autres fontionnelles omme le potentiel e�etif optimisé (OEP pourl'anglais Optimized E�etive Potential). Nous n'avons pas utilisé e type de fon-tionnelle dans notre étude don nous n'allons pas les dérire ii.2.3 ConlusionA travers es rappels théoriques, nous avons montré les avantages et les inonvé-nients des méthodes ab initio et DFT. La première étant très préises mais réservéà des petites moléules. Au ontraire, la DFT peut-être appliquée à des moléulesbeauoup plus grosses en gardant une ertaine préision au prix d'une alibrationomme les tests Gn ou d'une étude, omme elle présentée dans e manusrit, her-hant les limites d'appliation de la DFT.Bibliographie[1℄ M. Born et J.R. Oppenheimer, Ann. Phys. 84, 457 (1927).[2℄ (a) G. Berthier, Séane C. R. Aad. S. Paris 238, 91 (1954) ;(b) G. Berthier, J. Chem. Phys. 51, 363 (1954).[3℄ J.A. Pople et R.K. Nesbet, J. Chem. Phys. 22, 571 (1954).[4℄ C.C.J. Roothaan, Rev. Mod. Phys. 23, 69 (1951).[5℄ K. Andersson, P.-Å. Malmqvist, B.O. Roos, A.J. Sadlej and K. Wolinski, J.Phys. Chem. 94, 5483 (1990).[6℄ K. Andersson, P.-Å. Malmqvist and B.O. Roos, J. Phys. Chem. 96, 1218 (1992).
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Chapitre 3Étude des omplexes [Fe(H2O)6℄2+ et[Fe(NH3)6℄2+

Deux artiles sont présentés dans e hapitre,1. Antony Fouqueau, Sébastien Mer, Mark E. Casida, Latévi Max Lawson Daku,Andreas Hauser, Tsonka Mineva et Frank Neese,J. Chem. Phys. 120, 9473 (2004).Comparison of Density Funtionals for Energy and Strutural Di�erenes Bet-ween the High [5T2g : (t2g)4(eg)2℄ and Low [1A1g : (t2g)6(eg)0℄ Spin States of theHexaquoferrous Cation, [Fe(H2O)6℄2+.2. Antony Fouqueau, Mark E. Casida, Latévi Max Lawson Daku, Andreas Hauseret Frank Neese,J. Chem. Phys. aepté.Comparison of Density Funtionals for Energy and Strutural Di�erenes Bet-ween the High [5T2g : (t2g)4(eg)2℄ and Low [1A1g : (t2g)6(eg)0℄ Spin States ofIron(II) Coordination Compounds : II. More Funtionals and the Hexamino-ferrous Cation, [Fe(NH3)6℄2+.La plupart des études sur les omplexes de Fer(II), présentant le phénomène detransition de spin, ont porté sur des omplexes de grandes tailles [1, 2, 3, 4, 5, 6℄.Le hoix des fontionnelles était basé sur des omparaisons ave des données expé-rimentales. A�n de s'a�ranhir des e�ets d'environnement de la phase ondensée,des e�ets de température (et don d'entropie), et autres ompliations (énergie vi-brationnelle de point zéro, e�ets relativistes), nous avons déidé de omparer nosrésultats ave eux de aluls ab initio. Pour e faire, nous avons hoisi d'étudier despetits omplexes modèles de Fer(II) : les omplexes hexaaqua fer(II), [Fe(H2O)6℄2+et hexaamine fer(II), [Fe(NH3)6℄2+. Nous devions alors nous intéresser à la qualité de71



72 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+nos aluls ab initio. Ces derniers sont à la limite de e qui est atuellement réalisableave ette approhe. Dans les paragraphes suivants, je vais dérire ma ontributionà e travail olletif et je vais présenter les prinipaux résultats.Ce domaine d'études étant nouveau pour l'équipe, j'ai dû l'étudier à l'aide de al-uls DFT et CASPT2 sur le omplexe [Fe(H2O)6℄2+. Les premiers aluls furent trèsdi�iles à onverger. Au départ, les aluls DFT ave le logiiel Gaussian étaientloin d'être triviaux pour e type de moléules. En e�et, rien ne pouvait garantirque le résultat obtenu orrespondait à la solution de plus basse énergie. Parfois, unmême alul (même �hier d'entrée, même revision de Gaussian) réalisé sur deuxmahines di�érentes donnait deux résultats di�érents. Ces problèmes étaient liés àla grande densité d'états pour ette moléule. Pour les éviter, j'ai développé uneméthodologie permettant d'être relativement sûr de mes résultats. Elle onsistait àfaire des aluls HF puis DFT ave di�érentes fontionnelles en utilisant le �hierde redémarrage du premier alul et ainsi de suite, jusqu'à autoohérene. Par lasuite, mes résultats ont pu être véri�és en utilisant l'algorithme ODA [7, 8, 9℄ (pourl'anglais Optimal Damping Algorithm). Cet algorithme relâhe la ontrainte d'ou-pation entière des spin-orbitales pendant le yle SCF. Cependant, lorsque le yleSCF est onvergé, l'oupation est de nouveau entière. Cet algorithme permet alorsune onvergene plus sûre et plus rapide en omparaison ave l'algorithme DIISstandard. L'algorithme ODA est maintenant utilisé par défaut dans Gaussian 03.D'autre part, ette étude a permis de mettre en évidene le problème d'énergied'appariement de spin en DFT. Ce problème est d'autant plus important lorsquedes états de spin di�érents omme les états quintuplet 5T2g et singulet 1A1g de nosomplexes modèles sont étudiés.Au niveau géométrique, mis à part la fontionnelle LDA, toutes les fontionnellesdonnent des résultats en bon aord ave les résultats ab initio et les données ex-périmentales. La LDA a tendane à surlier et donne don des liaisons trop ourtes.Les GGA améliorent e omportement et donnent toutes des résultats très similairesave une préférene pour la fontionnelle RPBE qui donne des liaisons plus longueset en meilleur aord ave les aluls ab initio.Au niveau énergétique, mon travail a montré que même les méthodes ab initiotelle que la méthode CASPT2 néessitent une orretion empirique a�n de dérireorretement la di�érene d'énergie HS-LS nous interessant. Cette orretion empi-rique est basée sur le fait que l'erreur sur l'énergie d'exitation 5D→1I au niveauatomique (Fe2+) serait la même qu'au niveau moléulaire. Nous avons estimé etteerreur à environ 3000 m−1. J'ai alors obtenu des résultats ohérents ave les al-uls ab initio SORCI ne néessitant pas ette orretion. En utilisant la méthode de



Bibliographie 73sommation MSM [10℄(pour l'anglais Multiplet Sum Method), les aluls DFT au ni-veau atomique donnent des résultats en bon aord ave la valeur attendue. Auuneorretion empirique ne sera alors appliquée à nos résultats DFT.Au niveau moléulaire, l'approximation LDA sous-estime largement ette dif-férene d'énergie. Les approximations GGA améliorent e résultat mais la sous-estimation reste néanmoins trop importante et peut même mener à une mauvaiseprédition de l'état fondamental. Une exeption est la fontionnelle RPBE qui donnedes résultats en bon aord ave les fontionnelles hybrides B3LYP et PBE0, ainsiqu'ave les fontionnelles très paramétrées VSXC et HCTH.Les fontionnelles permettant la meilleure desription de nos petits omplexessont don les fontionnelles PBE0 (hybride), VSXC (meta-GGA) et RPBE (GGA).Bibliographie[1℄ H. Paulsen, L. Duelund, H. Winkler, H. Toftlund, and A.X. Trautwein, Inorg.Chem. 40, 2201 (2001).[2℄ M. Reiher, O. Salomon, and B.A. Hess, Theor. Chem. A. 107, 48 (2001).[3℄ H. Paulsen, H. Grünsteudel, W. Meyer-Klauke, M. Gerdan, H.F. Grünsteudel,A.I. Chumakov, R. Rü�er, H. Winkler, H. Toftlund, and A.X. Trautwein, Eur.Phys. J. B 23, 463 (2001).[4℄ O. Salomon, M. Reiher, and B.A. Hess, J. Chem. Phys. 117, 4729 (2002).[5℄ M. Reiher, Inorg. Chem. 41, 6928 (2002).[6℄ G. Baranovi¢, Chem. Phys. Lett. 269, 668 (2003).[7℄ E. Canès, J. Chem. Phys. 114, 10616 (2001).[8℄ K.N. Kudin, G.E. Suseria, and E. Canès, J. Chem. Phys. 116, 8255 (2002).[9℄ E. Canès, K.N. Kudin, G.E. Suseria et G. Turinii, J. Chem. Phys 118, 5364(2003).[10℄ T. Mineva, A. Goursot, and C. Daul, Chem. Phys. Lett. 350, 147 (2001).3.1 Comparison of Density Funtionals for Energyand Strutural Di�erenes Between the High[5T2g : (t2g)4(eg)2℄ and Low [1A1g : (t2g)6(eg)0℄ SpinStates of the Hexaquoferrous Cation, [Fe(H2O)6℄2+
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Introdution 75AbstratA omparison of density-funtionals is made for the alulation of energy and ge-ometry di�erenes for the high [5T2g: (t2g)4(eg)2℄ and low [1A1g: (t2g)6(eg)0℄ spinstates of the hexaquoferrous ation, [Fe(H2O)6℄2+. Sine very little experimental re-sults are available (exept for rystal strutures involving the ation in its high spinstate), the primary omparison is with our own omplete ative spae self-onsistent�eld (CASSCF), seond-order perturbation theory-orreted omplete ative spaeself-onsistent �eld (CASPT2) and spetrosopy oriented on�guration interation(SORCI) alulations. We �nd that generalized gradient approximations (GGAs)and the B3LYP hybrid funtional provide geometries in good agreement with ex-periment and with our CASSCF alulations provided su�iently extended basissets are used (i.e. polarization funtions on the iron and polarization and di�usefuntions on the water moleules). In ontrast, CASPT2 alulations of the lowspin - high spin energy di�erene, ∆ELH = ELS − EHS, appear to be signi�antlyoverestimated due to basis set limitations in the sense that the energy di�erene ofthe atomi asymptotes (5D → 1I exitation of Fe2+) are overestimated by about3 000 m−1. An empirial shift of the moleular ∆ELH based upon atomi alula-tions provides a best estimate of 12 000 - 13 000 m−1. Our unshifted SORCI resultis 13 300 m−1, onsistant with previous omparisons between SORCI and experi-mental exitation energies whih suggest that no suh empirial shift is needed inonjuntion with this method. In ontrast, after estimation of inomplete basis sete�ets, GGAs with one exeption underestimate this value by 3 000 - 4 000 m−1while the B3LYP funtional underestimates it by only about 1 000 m−1. The ex-eption is the GGA funtional RPBE whih appears to perform as well as or betterthan the B3LYP funtional for the properties studied here. In order to obtain a bestestimate of the moleular ∆ELH within the ontext of DFT alulations we have alsoperformed atomi exitation energy alulations using the multiplet sum method.These atomi DFT alulations suggest that no empirial orretion is needed forthe DFT alulations.I IntrodutionA well-known feature of d6 Tanabe-Sugano ligand �eld theory (LFT) diagrams forotahedral omplexes is the reversal of the ordering of the low-spin 1A and high-spin
5T in the spin-rossover region of ligand �eld strength [31℄. For ompounds in thisregion, spin-rossover may be either thermally- or optially-indued [3℄, leading to



76 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+possible appliations in storage and display devies [3, 4, 5℄. We are partiularlyinterested in the phenomenon of light-indued exited spin-state trapping (LIESST)in otahedral iron II ompounds, whih involves the optial interonversion of thehigh-spin (HS) 5T2g and low-spin (LS) 1Ag eletroni states. While this an beunderstood at a qualitative level using LFT [31, 3℄, it is also known that the egorbitals, populated in going from the LS to the HS state, are antibonding, so thatbonds are longer in the HS than in the LS state. This hange in geometry results ina hange of ligand �eld whih is di�ult to take into aount quantitatively in simpleLFT. Hene theoretial treatments whih go beyond LFT are needed for a detailedtreatment of spin-rossover and LIESST in partiular. In this artile we examine theperformane of various density-funtionals for desribing the HS and LS geometriesand energetis of the hexaquoferrous ation, [Fe(H2O)6℄2+. Sine water is a weak-�eld ligand, hexaquoferrous ation is quite far from the interesting spin-rossoverregion. However, it is interesting as a �textbook example� of an otahedral ferrousompound and provides a useful preliminary for future studies of otahedral ferrousompounds whih do exhibit LIESST.To our knowledge, there has been only a few previous appliations of DFT tospin-rossover in otahedral ferrous ompounds [4, 5, 8, 6, 7, 11℄. Those aspets ofthese studies whih are pertinant to an investigation of funtionals will be reviewedin the next setion. Su�e it to say that they all involve alulations on moleuleswhih are too large to allow omparison against detailed ab initio alulations. Assuh we do not yet have a general alibration on a variety of simple otahedralferrous ompounds on whih to draw �rm onlusions as to what quality of HSand LS geometries and energies should be expeted in general from a given level ofdensity-funtional approximation. By examining a far simpler ompound, namely[Fe(H2O)6℄2+, where detailed ab initio alulations an be performed, we hope to beable to begin to provide the neessary bakground data for a general assessment offuntionals.It should probably be pointed out that the issue of whether density funtionalsshould be assessed by omparison against experimental data or against the results ofab initio alulations is not entirely lear. Although it might seem that the most di-ret omparison of results from gas-phase zero-temperature DFT alulations shouldbe with the results of gas-phase zero-temperature ab initio alulations, rather thanwith the ondensed-phase �nite-temperature experimental data whih is typiallyavailable for the ompounds of interest here, alulations of 3d transition metalomplexes are far from trivial, primarily beause of the large amount of eletron or-relation reated by the pseudo degeneray of the 4s and 3d orbitals. Often the best



Introdution 77ab initio treatments seem to require empirial orretions to give �best estimates� inorder to approah an auray better than 5 kal/mol (1 750 m−1) [49, 50℄. Thisis an immense error when ompared with the HS-LS energy di�erene of 100 m−1typial in ompounds exhibiting the LIESST phenomenon, and plaes a distintlimitation on how well we an expet to be able to assess density-funtionals fordesribing this phenomenon. Nevertheless ab initio and DFT alulations remainour most reliable theoretial models for the overall behavior of these ompoundsand, when used with suitable are and onsiousness of the limitations inherent inthese models, should provide an important omplement to LFT. It is our objetiveto establish just what type of are is needed and where lie the numerial limitationsof the theory. The ab initio methods used here are well-established and an nowbe said to be fairly well understood. We �nd that the priniple limitation ab initiomethods is to underestimate dynami orrelation, leading to an overestimate of thedi�erenes between the LS and HS states, leading to similar results from the di�erentab initio methods we have onsidered. Note however that the di�erene dediatedon�guration interation method is an exeption to this rule sine it is deliberatelydesigned to give a balaned anellation of errors between the ground and exitedstate. [40, 15℄ The di�erene dediated on�guration interation philosophy wasalso used in the design of the reently developed spetrosopy oriented on�gura-tion interation (SORCI) proedure [38℄. This method is an e�ient multireferenevariation/perturbation approah whih fouses on the alulation of energy di�er-enes between several states of possibly di�erent multipliity within an individuallyseleting on�guration interation strategy. As far as DFT is onerned, it seemsfair to say that the behavior of di�erent density funtionals seems to be less wellunderstood, partiularly when it omes to spei� types of appliations suh as thespin transitions whih interest us. For this reason, and beause most LIESST om-pounds are simply too large to treat adequately with traditional ab initio methods,our emphasis will be on determining the limitations of present day density funtion-als. In this way, we hope to foresee and avoid arrying out expensive alulationswhose �theoretial error bars� are too big to address the questions being asked.In this ontext, we also note a study somewhat similar to our own but for[Fe(H2O)6℄3+ [17℄. Harris, Loew, and Kormorniki found that DFT, with a suit-ably hosen funtional, ould ompete with ab initio theory and that semiempirialZINDO exitation energies obtained at DFT optimized geometries were in exellentagreement with experiment.Our paper is divided into the following setions. Some of the issues whih dis-tinguish di�erent funtionals of interest for appliations to spin-rossover ferrous



78 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+ompounds are reviewed in the next setion. The tehnial details of our alula-tions are given in Se. IV. In Se. V, we give our results. We onsider �rst optimizedgeometries, followed by a omparison of HS and LS omplex energies. This om-parison of energies also involves the atomi limit, i.e. at the Fe2+ atom 5D groundand 1I exited states, not only beause of the spetrosopi importane of knowingthe separated omplex limit of our potential energy surfaes but also beause verydetailed experimental data is available for the atom whih might be used as an ad-ditional riterium for assessing density funtionals. The multiplet sum method usedto estimate DFT exitation energies is brie�y disussed in the Appendix. Se. VIsummarizes.II Density FuntionalsSine our objetive is the evaluation of density funtionals for spin-rossover om-pounds, it is neessary to say a few words about the funtionals whih were onsid-ered in this paper. More general bakground information about density-funtionaltheory (DFT) may be found in Refs. [18, 14, 20℄.Most modern DFT alulations are arried out in a modi�ed Kohn-Sham for-malism [11℄ where the total eletroni energy is written (in hartree atomi units)as,
E =

∑

iσ

niσ〈ψiσ|ĥore|ψiσ〉 +
1

2

∫∫
ρ(r)ρ(r′)

|r− r′| dr′ + Exc[ρ↑, ρ↓] , (3.1)where niσ is the oupation number of the Kohn-Sham orbital ψiσ, ĥore is the usualore hamiltonian, and the spin up, spin down, and total harge densities are givenby,
ρσ(r) =

∑

i

niσ|ψiσ(r)|2

ρ(r) = ρ↑(r) + ρ↓(r) . (3.2)The exhange-orrelation energy is often written in terms of the exhange-orrelationenergy density per partile,
Exc[ρ↑, ρ↓] =

∫

ρ(r)ǫxc[ρ↑, ρ↓](r) dr . (3.3)The loal density approximation (LDA) [11℄ onsists of the assumption that
ǫLDAxc [ρ↑, ρ↓](r) = ǫHEGxc (ρ↑(r), ρ↑(r)) , (3.4)



Density Funtionals 79where the universality of the exhange-orrelation funtional is used to justify theuse of ǫxc for the homogeneous eletron gas (HEG). Calulations reported in thispaper use the Vosko-Wilk-Nusair parameterisation for the LDA orrelation energy[13℄ (the VWN5, not the VWN, option in Gaussian), exept where we have usedthe exhange-only variant of the LDA known Xα. The full (exhange + orrelation)LDA works remarkably well for the alulation of moleular ionization potentials,equilibrium geometries, and vibrational frequenies. It does this by underestimatingexhange by about 14% and overestimating orrelation by a fator of about 2.5 insuh a way that the two errors tend to anel (Ref. [14℄ pg. 231.) One might thinkthat an approximation whih underestimates exhange by more than 10% would leadto serious errors in desribing parallel spin (i.e. Fermi) orrelation. In partiular itis often reasoned that the lower energy state of two states di�ering only in theirnumber of unpaired eletrons is always that with more parallel spin eletrons sineFermi orrelation keeps the parallel-spin eletron pairs spaially separated, therebyreduing the eletron repulsion energy. Thus an error in the DFT desription ofexhange may be expeted to lead to an underestimation of the splitting betweenthese states of di�erent spin multipliity (in ases where the HS state is lower inenergy than the LS state.)An important drawbak of the LDA is that it tends to overbind moleules. Thisdrawbak was orreted by the disovery of generalized gradient approximations(GGAs), whih inorporate the gradient of the harge density in order to improvethe desription of the exhange-orrelation energy in the �boundary region� at theouter edges of atoms and where moleular binding ours [23℄. The general formulais partiularly simple for the exhange part,
ǫGGAx [ρ↑, ρ↓](r) =

∑

σ

ǫHEGx (ρσ(r))(1 + F (ρσ(r), xσ(r))) , (3.5)where the enhanement fator F depends upon the redued gradient,
xσ(r) =

|~∇ρσ(r)|
ρ4/3(r)

. (3.6)An example in the present work is Beke's 1988 exhange-only GGA (B) [17℄. Ex-pressions for orrelation GGAs are ompliated, among other things, by a di�erentspin dependene. We have used both Perdew's 1986 orrelation GGA (P86) [77℄ andthe GGA orrelation funtional of Lee, Yang, and Parr (LYP) [18℄. The ombinationB + P86 is referred to as BP86 while the ombination B + LYP is referred to asBLYP. More modern GGAs have been developped without separating exhange and



80 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+orrelation. We have used the 1991 exhange-orrelation GGA of Perdew and Wang(PW91) [27℄, the 1997 exhange-orrelation GGA of Perdew, Burke, and Ernzerhof(PBE) [28℄, as well as the revised PBE (RPBE) of Hammer, Hansen, and Nørskov[79℄. These latter GGAs have been arefully designed to satisfy as many as possibleof the known onditions whih should be satis�ed by the exat exhange-orrelationfuntional. It is natural to expet that GGA exhange is also underestimated withrespet to the true exhange sine GGA exhange is dominated by its LDA ompo-nent. Thus GGAs might also be expeted to give arti�ially small splitting energiesbetween states of di�erent spin multipliities.By 1993, GGAs seemed to have reahed the limit of what they ould do forthermohemistry. In order to go beyond this limit, Beke [19℄ introdued the idea ofa hybrid funtional by using the adiabati onnetion formalism of Harris and Jones[20℄ in whih the eletron repulsion, λv̂ee for λ = 1, is gradually turned on in thepresene of a ompensating potential, ŵλ[ρ↑, ρ↓], whih keeps the density �xed. Forany given value of λ,
(

ĥKS + λv̂ee + ŵλ[ρ↑, ρ↓]
)

Ψλ = EλΨλ . (3.7)At λ = 0, there is no eletron repulsion, so we have Kohn-Sham's �titious systemof noninterating eletrons whose wave funtion, Ψλ=0, is a single determinant. At
λ = 1, we have the fully interating real system. This way of adiabatially onnetingthe Kohn-Sham and real system allows us to write that

Exc =

∫ 1

0

Eλ
xc dλ . (3.8)The single determinant nature of Ψλ=0 tells us that

Eλ=0
xc = Ex . (3.9)Perdew, Ernzerhof, and Burke [23℄ have suggested the ansatz that

Eλ
xc = Eλ=1

xc + (1 − λ)n−1 (Eλ=0
x − Eλ=1

x

)
, (3.10)where n = 4 is hosen on the basis of fourth order Møller-Plesset perturbation theory.This then leads to

Exc = Eλ=1
xc +

1

4

(
Eλ=0

x − Eλ=1
x

)
. (3.11)If we then reason (as did Beke [19℄) that Eλ=0

x should be well approximated byHartree-Fok exhange, EHF
x , while GGAs should best desribe Eλ=1

x and Eλ=1
xc , we



Density Funtionals 81arrive at hybrid funtionals with the formula,
Ehybrid

xc = EGGA
xc +

1

4

(
EHF

x − EGGA
x

)
. (3.12)In pratie, the best known hybrid funtional, and the one we use here is the B3LYPfuntional [33℄ de�ned by,

Exc = (1 − a0)E
Xα
x + a0E

HF
x + axE

B
x + acE

LY P
c + (1 − ac)E

V WN
c , (3.13)where a0 = 0.20, ax = 0.72, and ac = 0.81. In agreement with the ideas of Perdew,Ernzerhof, and Burke [23℄, a0 ≈ 1/4 and ax ≈ 3/4.One might expet the estimate of Fermi orrelation to be improved in goingfrom GGAs to hybrid funtionals beause of the inlusion of some Hartree-Fokexhange, thus inreasing and so improving the splitting between states of di�erentspin multipliities. In fat Paulsen et al [4℄ have examined the ability of the BLYPand PW91 generalized gradient funtionals and the B3LYP hybrid funtional topredit the spin-rossover transition temperature of substituted and unsubstituteddi[tris-(1-pyrazolyl)methane℄ ferrous ation, [Fe(tpm)2℄2+. They notied that theB3LYP signi�antly stabilized the HS state, making it lower in energy than the LSstate, ontrary to what is observed experimentally. Interestingly the same preferenefor a low multipliity ground state seen in nature for this ompound was also foundwith the GGAs. At about the same time Hess, Reiher, and Salomon [5℄ on�rmedthat the B3LYP funtional stabilizes the HS state with respet to the LS statemore than do GGA funtionals in an examination of the ability of various densityfuntionals to predit the experimentally observed HS-LS splitting in the Fe(II)spin-rossover omplexes with sulfur-ontaining ligands of around 30 atoms. Theyfound that the GGA BP86 (but also the GGA PBE and the hybrid PBE0) verymuh underestimated the HS-LS energy di�erene but that the hybrid funtionalB3LYP gave muh more reasonable values. This then lead them to propose [5, 6, 7℄the B3LYP* funtional whih di�ers from the B3LYP funtional only in that theamount of HF exhange is redued (a0 = 0.15) to give a better �t of alulatedand experimental HS-LS energy di�erenes. The B3LYP* funtional was furthertested in Ref. [6℄, in partiular for the HS-LS splittings in metalloenes and inbis(benzene) metal omplexes of the �rst transition metal period, and found to be adramati improvement over the B3LYP funtional alone for the alulation of HS-LS energy di�erenes, without important hanges in the predition of other properproperties. This behavior has been further on�rmed by Reiher in a study of thespin-rossover ompound Fe(phen)2(NCS)2 using the GGAs BP86 and BLYP and



82 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+the hybrid funtionals B3LYP and B3LYP* [7℄.While reparameterizing the B3LYP funtional is ertainly an appealing simpleapproah to the problem it does have a few drawbaks. First of all, it would benie to have a universal funtional good for all properties. It is muh easier toreparameterize a funtional for one property and a limited lass of ompounds thanto obtain a funtional whih will work for all properties and all ompounds. Rei-her [7℄ points out that the B3LYP* funtional is not neessarily optimal for thealulation of other properties than the HS-LS energy di�erene and in partiu-lar is not reommended for the alulation of vibrational energies. Furthermore hereommends the BP86 funtional for the alulation of the transition temperaturein spin-rossover omplexes beause of a subtle anelation of errors between thevibrational and eletroni ontributions to the overall energy di�erene. (In parti-ular, BP86 harmoni frequenies agree better with experimental frequenies whihinlude anharmoni e�ets than do B3LYP harmoni frequenies. [34℄ Thus thereis a useful error in the BP86 frequenies whih does not seem to be shared withthose generated with the B3LYP funtional.) This preferene for a GGA over ahybrid funtional for the alulation of HS-LS energy di�erenes whih inlude vi-brational e�ets is also seen in the work of Paulsen et al [4℄ who obtained best agree-ment with experiment by using the PW91 funtional. Most reently Baranovi¢ [11℄has examined the theoretial predition of the equilibria of the HS and LS Fe(II)spin-rossover omplexes Fe(1,10-phenanthroline)2(NCS)2, [Fe(2-piolylamine)3℄2+,[Fe(bis(1,4,7-triazaylononane)2℄2+ with the BP86 funtional and has found exel-lent agreement with experiment after the introdution of appropriate saling param-eters.In fat, even the very arguments upon whih is based the B3LYP* funtionalould be alled into question. For example, Levine in his popular textbook pointsout that the traditional explanation of Hund's rule (given above) turns out to bewrong in most ases (though the onlusion is orret) and that the atual reasonhas more to do with the indiret redution of eletron-nuleus sreening by Paulirepulsion ([16℄ pp. 328-329). Furthermore the quality of DFT alulations of i → asinglet (i ↑ i ↓) - triplet (i ↑ a ↑) exitation energies for organi moleules is well-established and GGAs give quite reasonable values. Could the situation atuallybe more ompliated than it �rst appears? Koh and Holthausen ([20℄ pp. 173 -176) have reviewed di�erent funtionals for the alulation of the energy di�erenebetween the lowest lying singlet and triplet states of arbenes and related speies.This is a ase where HF alulations fail rather badly beause the singlet state



Computational Details 83is strongly dominated by two nearly degenerate determinants. Hybrid funtionals(B3LYP, B3P86, and B3PW91 in the partiular ase of methylene) do better but arestill rather far from experiment as are some GGAs (BP86 and BPW91 for methy-lene). On the other hand, it is only the GGA funtionals BVWN and BLYP whihome within 1 kal/mol of the experimental value of the 1A1 −3 B1 energy gap inmethylene. The authors' onlusion is that in this ase, �pure density funtionals areusually to be preferred over hybrid ones.� Of ourse, this is a ase where it ould beargued that the BVWN and BLYP funtionals give too high an energy for the singletstate beause they do not take stati orrelation properly into aount and give toohigh an energy for the triplet state for the reasons already mentionned. Thus theerrors ompensate. Nevertheless it may be taken as a warning that the argumentsin favor of hybrid funtionals over GGAs for alulating the relative energies of dif-ferent spin states, while ompelling from a heuristi point of view, are ertainly notalways easy to generalize. In fat, it has not yet been estabished that a GGA willnever do as well as a hybrid funtional for this property. In the remainder of thispaper we ompare the BP86, PW91, PBE, RPBE, BLYP, and B3LYP funtionalsagainst high-quality ab initio alulations and experiment for the haraterisationof the LS and HS states of the hexaquo ferrous ation.III Computational DetailsA Ab Initio CalulationsOur hoie of ab initio methods has been at least partially the result of attemptingto seek the best ompromise been the ompeting needs to use extensive basis setsand to inlude an aurate desription of eletron orrelation. After some experi-mentation, we hose to fous on arrying out the best possible omplete ative spaeself-onsistant �eld (CASSCF) with seond-order perturbative orretion (CASPT2)within the means at our disposal. The CASPT2 method has been ompared withtime-dependent density-funtional theory and other ab initio methods by ChantalDaniel in a reent review [36℄ onerning what type of auray is now ahievable forexitations in transition metal oordination ompounds. The CASPT2 method isertainly one of the methods of hoie. Estimates of its auray vary but typial er-rors are on the order of a few tenths of an eV (i.e. a few thousand m−1) [37℄. This isalso typial of what an be ahieved with other ab initiomethods [36℄ and is typial ofwhat ab initio theory an provide for assessing density-funtionals. After ompletingour CASPT2 study, we deided to also inlude results from the reently developped



84 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+spetrosopy oriented on�guration interation (SORCI) method[38℄. This methodhas some features in ommon with the CASPT2 method, suh as the ombinationof perturbation theory and multireferene methods, but di�ers markedly in otherways, suh as its aent on the alulation of energy di�erenes and its ability to gobeyond the limit of about 14 ative orbitals frequently found in CASSCF/CASPT2to as many as 40 or 50 ative orbitals. Thus the SOCI method o�ers an interesting�seond opinion� for omparison with our CASPT2 work.1 Programs and Basis SetsOur ab initio alulations were arried out with three di�erent programs. The pro-gram Gaussian was used to arry out spin-restrited Roothaan-Hartree-Fok (i.e.SCF) alulations (as well as some seond-order Møller-Plesset alulations whih wedid not �nd interesting enough to report here). Our CASSCF and CASPT2 alu-lations were arried out with the program Molas [42℄. Spin-restrited Roothaan-Hartree-Fok (SCF) alulations were also arried out with Molas. Our SOCIalulations were arried out with the ORCA program [39℄. All of these programsuse basis sets onsisting of Gaussian-type orbitals, so that the same basis ould (andfrequently was) used in alulations using di�erent programs. At the same time, theneed for a more or less sophistiated basis set di�ers from method to method as doesthe amount of omputer resoures needed to perform a alulation with a given basisset. The basis sets used in our alulations are summarized in Table 3.12. They willbe desribed in more detail below, in the ontext of the various methods used.2 CASSCF and CASPT2 CalulationsThe orbital basis sets used in ourMolas alulations were of 6-31G* and 6-31G**quality [43, 44℄. For the atom, we also used the larger ANO-S basis set [42℄. In theCASSCF and CASPT2 alulations, we have employed two di�erent ative spaesnamely CAS1 and CAS2. In the CAS1, the 6 d eletrons were distributed among the5 d orbitals (i.e. CASSCF[6,5℄ and CASPT2[6,5℄). As illustrated in Fig. 3.1, some ofthe 3d orbital density mixes with p-type orbitals on the ligand oxygens. It has beenfound important to inlude all of this 3d density in the CASSCF by expanding theative spae to inlude not only the HOMO and LUMO orbitals but also the lowestthree and highest two orbitals in the [6,5℄ alulations to make a [12,10℄ alulation(i.e. CASSCF[12,10℄ and CASPT2[12,10℄). The strategy of adding this seond d shellhas been named the �3d double shell e�et�[45, 46, 47℄. It allows a better desriptionof the large radial orrelation e�ets due to the interation between the 3d eletrons.Automati struture optimization and frequeny alulations (to on�rm minima)
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Figure 3.1: Correlation diagram for the highest-lying oupied and lowest-lyingunoupied moleular orbitals found in our DFT singlet alulations (not to sale).Also shown are pitures of the highest oupied moleular orbitals (HOMOs) andlowest unoupied moleular orbitals (LUMOs) showing the d-π bonding nature ofthe former and the antibonding nature of the latter. Note that eg Fe(II) orbitalsorrelate with eg 6H2O orbitals, t2g Fe(II) orbitals orrelate with t2g 6H2O orbitals,but that there is an absene of t1g Fe(II) orbitals to orrelate with the 6H2O orbitalsof the same symetry representation.were arried out at the CASSCF level. This was not possible at the CASPT2 levelwhere only single point alulations were performed. In addition the lowest thirtyorbitals were frozen in the moleular CASPT2 alulation.3 SORCI CalulationsIn addition to the CASPT2 alulations we have used the reently developped spe-trosopy oriented on�guration interation (SORCI) proedure [38℄ as implementedin the ORCA pakage [39℄. The orbital basis set used in our SORCI alulations(basis set F in Table 3.12) onsists of Wahters basis set for Fe [53℄ supplementedwith appropriate f funtions [54℄, Ahlrihs TZVP basis set for O [52℄, and AhrihsTZV basis set for H [52℄. As explained in detail in Ref. [38℄, the SORCI methodis an individually seleting variation/perturbation approah whih ombines multi-on�gurational seond-order Møller-Plesset perturbation theory with the di�erenedediated on�guration onept of Malrieu, Caballol and o-workers[40, 15℄. Themethod introdues three uto�s to ahieve appliability to moleules with up to
∼50 atoms or ∼700 basis funtions. The uto�s ontrol the redution of the refer-ene spae (Tpre hosen to be 10−5), the size of the variational spae (Tsel hosento be 10−6 Eh), and the size of the approximate average natural orbital (AANO)



86 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+basis (Tnat hosen to be 10−4). The alulations were arried out at the B3LYP op-timized geometries. The orbitals ame from a spin-averaged Hartree-Fok (SAHF)alulation aording to Zerner[49, 57℄. In the SAHF method, one obtains orbitalsthat are optimized for the average of all states of a given multipliity that an beformed within a on�guration of n eletrons in m orbitals. In the present ase, theSAHF was done for six eletrons in the �ve iron 3d-based moleular orbitals. Thisproedures avoids any pitfalls of onverging to low lying exited states and is thoughtto be an ideal starting point for the following orrelated alulations. The initialreferene spae for the SORCI alulations was CAS(6,5). Sine the SORCI methodis designed to provide energy di�erenes at �xed geometry, an estimate of the hangein total energy in going from the high-spin (S = 2) to the low-spin (S = 0) geometrymust be provided in order to obtain the adiabati exitation energy. This numberwas estimated from DDCI3 (di�erene dediated on�guration interation alula-tions with hoie 3 of sreening proedure [15, 38℄) alulations at the optimizedsinglet and quintet geometries respetively and employed the estimate proposed byCaballol and oworkers for the e�et of the inative double exitations [51℄. Theorretion amounts to 807 m−1 whih was added to the vertial quintet-singletexitation energy alulated at the singlet optimized geometry.4 SCF ConvergeneAt the SCF level, in both our Hartree-Fok and DFT alulations, onvergene tothe wrong eletroni state was frequently enountered. This problem was overomeby a series of alulations using restart �les for di�erent size basis sets. Corretonvergene for the LS eletroni state was further on�rmed by Eri Canès who wasable to reprodue our result with his more robust frational oupation onvergenealgorithm [72℄.B DFT CalulationsThe DFT alulations reported here were arried out with Gaussian [71℄ and withADF [70℄. These programs di�er in several respets, making omparisons betweenthem ideal for distinguishing numerial artifats and algorithmi features from dif-ferenes due to the hoie of funtional. Among the algorithmi di�erenes, themost important is ertainly that Gaussian uses basis sets of Gaussian-type orbitals(GTOs) while ADF uses Slater-type orbital (STO) basis sets. These two types ofbasis sets behave rather di�erently and it is di�ult to say a priori whih GTO andSTO basis sets should be of omparable quality. The basis sets used in this study



Computational Details 87are summarized in Table 3.12. In order to be thorough and to verify onvergenewith respet to the quality of the di�erent basis sets, alulations were arried outwith basis sets A, A', B, B', C, D, and E. However we have opted to present onlyresults for basis sets A', C, and E as these are adequate for illustrating the mainpoints of our disussion. We were unable to onverge our ADF alulations for theHS state with the LDA and the C" basis set.Table 3.1: Summary of basis sets used in this work.Basis SetsName Fe O H SizeContrated Gaussian-Type OrbitalsA DZVP DZVP DZVP 132A' 6-31G* 6-31G* 6-31G* 142D 6-31G* 6-31G* 6-31G** 178F (8s6p4d2f) Wahters TZVP Ahlrihs TZV Ahlrihs 182B DZVP CS 6-31G**++ 6-31G** 192C TZVP Ahlrihs TZVP Ahlrihs TZVP Ahlrihs 219E 6-31G* 6-311G**++ 6-311G**++ 250B' 6-31G* 6-311G++(3df,3pd) 6-311G** 340Slater-Type OrbitalsC" TZ2P TZ2P TZ2P 379
1 Atomi DFT CalulationsOur ab initio alulations use wave funtions whih belong to orret spae and spinrepresentations, whih sometimes requires a linear ombination of several Slaterdeterminants. In ontrast, DFT is based on alulations with single Slater determi-nants, making the DFT treatment of atomi multiplet states oneptually di�erentin nature than in the ab initio alulations. The DFT alulations for the atomilimit [5D-1I splitting of Fe2+(d6)℄ reported here have been arried out using the�multiplet sum method� (MSM) [55, 56, 57, 58℄. In partiular, we have followed theMSM proedure for dn (s2dn) atomi multiplets given in Ref. [58℄. The basi idea ofthe MSM is desribed in the Appendix. The MSM alulations reported here werearried out using the ADF program.
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Figure 3.2: The two pseudosymmetries found for [Fe(H2O)6℄2+ in our alulations.Arrows have been added to the D4h struture to indiates a Jahn-Teller distortion.Dotted lines have been added to the D3d struture to indiate the presene of weakH-bonding interations. The distortion of the D3d struture has been exagerated forlarity.IV ResultsThis setion presents a ritial analysis of our ab initio and DFT results for thehigh-spin (HS) and low-spin (LS) states of the hexaquoferrous ation, [Fe(H2O)6℄2+.A qualitative understanding of these two states an be obtained from simple ligand-�eld theory (LFT) onsiderations, assuming a omplex with Oh symmetry. Sinewater is a low �eld ligand, the pair repulsion energy is expeted to be more importantthan is the ligand splitting energy. The ground state is thus expeted to be the HSstate, FeL2+
6 [5T2g: (t2g)4(eg)2℄ → Fe2+ (5D) + 6L , (3.14)while the LS state, FeL2+
6 [1A1g: (t2g)6(eg)0℄ → Fe2+ (1I) + 6L , (3.15)is expeted to lie at onsiderably higher energy. (L stands for water.) In fat, whilethe HS state is reasonably well haraterized experimentally, almost nothing appearsto be known about the LS state.A Optimized GeometriesWe now onsider the geometrial struture of the free gas phase ation. Two maintypes of geometries have been found and these are shown shematially in Fig. 3.2.Our results for the HS state are summarized in Tables 3.2 and 3.3.



Results 89Table 3.2: 5T2g [Fe(H2O)6℄2+ bond lengths. Our notation is based upon the ideaof a pseudo D4h struture sine, negleting the hydrogens, sine this is what we�nd in our best alulations. Footnotes indiate geometries whih, negleting thehydrogens, are better desribed as D3d and give the OFeO C3v angle.
5T2g [Fe(H2O)6℄2+Method Equatorial R(Fe-O) (Å) Axial R(Fe-O) (Å)MolasCASSCF(12,10) 2.194 2.171GaussianXα/A' a 2.070 2.070SVWN/A' a 2.056(2) 2.051BP86/A' 2.134(8) 2.101BP86/C 2.165(0) 2.130BP86/E 2.154(6) 2.126BLYP/C 2.190(4) 2.152BLYP/E 2.180(2) 2.138PW91/C 2.160(5) 2.124PW91/E 2.150(6) 2.112B3LYP/C 2.174(6) 2.143B3LYP/E 2.166(1) 2.131ADFBP86/C" 2.158(4) 2.120PW91/C" 2.155(5) 2.118PBE/C" 2.160(0) 2.122RPBE/C" 2.201(0) 2.160

a D3d with a OFeO C3v angle of 101(1)◦.1 Ab Initio: HS resultsAs expeted, the CASSCF results are dominated by a single determinant (oe�-ient=0.990) indiating a lak of strong stati orrelation ontributions and that theindependent partile model is a reasonable zero-order starting point for qualitativedisussions (note however that dynami orrelation is important at a quantitativelevel and might eventually also lead to hanges in the qualitative piture.) Aord-ing to the simple LFT model [Eq. (3.14)℄, this eletroni state is degenerate in Ohsymmetry. We should therefore expet a Jahn-Teller distortion. This distortionappears in the ab initio results as a shortening of the two axial Fe-O bonds relativeto the four equatorial Fe-O bonds. At the same time, the D4h symmetry omplex(negleting hydrogens) is broken by a slight inlination (1.7◦) of the O-Fe-O axiswith respet to perpendiularity with the equatorial plane of the moleule. Thisinlination allows a slight redution of the O-H distane between a hydrogen of eah



90 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+Table 3.3: 5T2g [Fe(H2O)6℄2+ bond angles. Our notation is based upon the idea of apseudoD4h struture sine, negleting the hydrogens, sine this is what we �nd in ourbest alulations. Footnotes indiate geometries whih, negleting the hydrogens, arebetter desribed as D3d and give the OFeO C3v angle. The abbreviation NA appearsin the table for these entries to indiate that the D4h angles are �not appliable.�
5T2g [Fe(H2O)6℄2+Method ∠ OFeO' Dihedral OFeO'HMolasCASSCF(12,10) 91.9 11.4GaussianXα/A' a NA NASVWN/A' a NA NABP86/A' 90.8 15.5BP86/C 90.7 15.2BP86/E 90.9 18.3BLYP/C 91.0 14.7BLYP/E 90.9 17.4PW91/C 90.7 15.1PW91/E 91.0 17.7B3LYP/C 91.0 14.1B3LYP/E 91.3 15.7ADFBP86/C" 90.6 16.1PW91/C" 90.6 15.8PBE/C" 90.7 15.9RPBE/C" 90.6 15.0

a D3d with a OFeO C3v angle of 101(1)◦.axial water and an oxygen of eah of two opposing equatorial waters. The hydrogenatoms of the other two equatorial waters ompensate by rotating about 11.4◦ out ofthe equatorial plane.2 DFT: HS ResultsGeometries optimized using the LDA funtional have six almost equal Fe-O bondlengths in a D3d-type distortion. In both the exhange-only (Xα) and exhange-orrelation (SVWN) ases, these bond lengths are signi�antly shorter than the abinitio values. A omparison between the Xα and SVWN geometries shows thatinluding orrelation shortens bond lengths. However the LDA bond lengths aretoo short ompared with the ab initio results. Inluding gradient orretions via theBP86 funtional inreases the bond lengths as ompared to the LDA. Augmenting



Results 91the quality of the basis sets, leads to further bond length inreases and tidies upthe geometry so that it is no longer a D3d type struture, but is now the same
D4h pseudosymmetry as the CASSCF results but with a smaller inlination of theequatorial waters and a larger angle of rotation out of the plane.As might be expeted, we were unable to �nd any experimental strutural data forthe free gas phase ation, but a large amount of solution and rystallographi dataexists for this ation in onjuntion with various anions. This data has been olletedin Table 3.4. The observed bond lengths are in the range 2.07-2.19 Å in agreementwith both the ab initio and DFT alulations with GGA and hybrid funtionals.Apparently, depending upon the salt onsidered, either the axial waters have movedout and the equatorial waters have moved in (FeSO4·7H2O) or the the axial watershave moved in and the equatorial waters have moved out [Fe(NH4)2(SO4)2·6H2O℄ inagreement with the results of both the ab initio and the DFT alulations. Giventhe very small di�erene (∼ 0.04 Å between the alulated equatorial and axial Fe-Obond lengths, we onlude from the results of the ab initio and DFT alulations thatthe Jahn-Teller e�et is rather weak. Consequently the more pronouned di�erenesin the Fe-O bond lengths seen in the experimental geometries in Table 3.4 should beinterpretted as indiating that rystal paking e�ets are strong and dominate themuh weaker Jahn-Teller e�et.3 LS: Ab Initio and DFT resultsOur results for the LS state are summarized in Table 3.5. Aording to the simpleLFT model [Eq. (3.15)℄, this eletroni state is nondegenerate in the Oh symmetryand no Jahn-Teller distortion is expeted. This is what is found in our ab initioalulations. The bonds are distintly shorter in the LS state than in the HS state,onsistant with the idea that the eg orbital oupied in the HS state is antibonding innature. The DFT alulations also show a single Fe-O bond length, but show a slightdistortion to the pseudo D3d struture, apparently beause this allows energetiallyfavorable H-bonding interations (see Fig. 3.2). It should be emphasized, however,that this apparent H-bonding interation is highly unlikely to be real and graduallydisappears as the alulations beome more realisti. Adding eletron orrelationat the loal level (Xα → SVWN) redues this distortion. Both gradient orretionsand extending the basis set initially enhanes the distortion and then, with thelargest basis set (E), brings the struture bak to Oh symmetry. However it is worthemphasizing that the distortion of the D3d from the Oh struture is almost alwaysrelatively small as emphasized by the superposition of the BP86/B' HS and LSstrutures shown in Fig. 3.3. The omparison between the geometries of HS and LS
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Figure 3.3: Superposition of the HS (single olor) and LS (multiolor) [Fe(H2O)6℄2+minima found at the BP86/B' level of alulation.states shows that, on average, the Fe-O bond lengths are ∼ 0.15 Å longer in theHS state. This di�erene, ∆RHL = RHS −RLS , takes here a value whih is slightlyless than the value of ∼ 0.2 Å expeted for spin-rossover ompounds with a [FeN6℄oordination sphere [59℄. This di�erene may be attributed to the π-bakbondinge�ets whih takes plae in spin-rossover [FeN6℄ ompounds (for whih a ommonfeature is the use of π-ligands) and are responsable for their t2g orbitals being morebonding than in the ase of the hexaquoferous ation.B EnergetisThe HS-LS energy di�erene is a far more sensitive test of the quality of a density-funtional than is the struture.1 Atomi LimitWe �rst onsider the atomi limit. Results are olleted in Table 3.7.A few remarks are in order regarding the �experimental� 5D →1 I Fe2+ exita-tion energy. The number given in Table 3.7 is derived from the observation that theexperimental transition energies given in the National Institute of Siene and Teh-nology (NIST) Atomi Spetra Database are well desribed by the Russell-Saunders



Results 93oupling sheme and the formula
ESO(2S+1LJ) =

1

2
A [J(J + 1) − L(L+ 1) − S(S + 1)] (3.16)for the spin-orbit energy, where A depends on L and S, but not on J (see for example,p. 336 of Ref. [16℄). Sine

∑L+S
J=|L−S|(2J + 1)ESO(2S+1LJ)

∑L+S
J=|L−S|(2J + 1)

= 0 , (3.17)we remove spin-orbit oupling from the experimental multiplet energies by a simpledegeneray-weighted average,
Ē(2S+1L) =

∑L+S
J=|L−S|(2J + 1)E(2S+1LJ)
∑L+S

J=|L−S|(2J + 1)
. (3.18)This analysis shows the magnitude of spin-orbit oupling (A ≈ 100 m−1) andprovides the experimentally-derived [Ē(1I)−Ē(5D)] spin-orbit-free exitation energyin Table 3.7. Had we instead used the observation that,

ESO(5D3) = 0 , (3.19)the resultant spin-orbit-free 5D energy would only di�er from the degeneray-weightedmultiplet energy average by about 23 m−1.The best available ab initio alulation over estimates the exitation energy byabout 1 800 m−1. To keep this in perspetive, 350 m−1 (1 kal/mole or �hemialauray�) is an often ited, but di�ult to ahieve, objetive for quantum hemialmethods, while 1 749 m−1 (5 kal/mole) is more typial of what an be obtainedfrom the best ab initio and DFT methods. In this ase, the error is on the high end ofwhat is expeted, but reasonable. However this is only with the relatively large ANO-S basis set, whih is too large to apply in ab initio alulations on the full omplex.This is why atomi information is used to empirially orret the moleular HS-LSenergy di�erene [48℄, partiularly when basis set saturation beomes impossible.The DFT results reported in the Table 3.7 were alulating using the multiplet-sum method already desribed in Se. IV. This method has not been used in any ofour moleular alulations, but is needed in the atomi ase beause of the essentialmultideterminantal nature of the atomi multiplets. The multiplet-sum method isnot a formally exat method but is known to provide useful �rst-order estimates ofexitation energies. As we have seen, the 5D → 1I transition in Fe2+ poses problems



94 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+for high quality ab initio methods. Our expetations regarding the quality of �rst-order DFT estimates of this quantity should be moderate at best. Neverthelessthe results in Table 3.7 show that the multiplet sum method implemented in theADF program gives exellent results. With the best basis (TZ2P) the LDA (VWN)gives an exitation energy whih is only 368 m−1 too low ompared to experiment.Similar or smaller errors are found with GGA funtionals and the same basis set:173 m−1 for the BP86, 511 m−1 for the PW91, 352 m−1 for the PBE, and 118 m−1for the RPBE funtionals. Thus there appears to be no justi�ation in DFT for anatom-based empirial orretion for the moleular HS-LS energy di�erene.2 Moleular Energy Di�erenesCalulated HS-LS energy di�erenes for the hexaquo omplex are shown in Ta-ble 3.6 for the moleular ase. The importane of eletron orrelation is immediatelyseen in the ase of the ab initio alulations. Inlusion of higher levels of orrela-tion dereases the HS-LS energy di�erene, indiating that eletron orrelation ismore important for the higher-lying(LS) than for the lower-lying(HS) state. OurCASSCF[6,5℄ results are in good agreement with those previously reported by Åke-son, Pettersson, Sandström and Wahlgren [48℄. However, inreasing the ative spaeto inlude the 3d double shell e�et further dereases the HS-LS energy di�erene.Our CASPT2[12,10℄ alulation (whih inludes the 3d double shell e�et) are ingood agreement with the CI energy di�erene reported by Åkeson et al., who notedthat a better estimate of the true HS-LS energy di�erene might be obtained byusing the di�erene between alulated and atomi exitation energies to orret themoleular HS-LS energy di�erene,
∆Eshifted

LH = ∆Edirect
LH + (∆Eexpt

atom − ∆Ecalc
atom) . (3.20)This shift makes sense if part of the moleular error is inherited from the error in theasymptoti energies of the dissoiated omplex (Fe2+ 5D or 1I + 6 H2O ground stateenergies). This shift further lowers the best ab initio values for the HS-LS energydi�erene by about 3 000 m−1 to give a best estimate of the true HS-LS energydi�erene in the range12 000 m−1 < ∆Ebest

LH < 13 000 m−1 . (3.21)At the singlet optimized geometry, the SORCI alulations provide a 1A1g vertialexitation energy of 12 553 m−1. Aounting for the geometri relaxation whihstabilizes the quintet state by another 807 m−1, we arrive at an adiabati exitation
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∆Edirect

LH = 13 300 m−1 (3.22)without any empirial shift. This number is in pleasing agreement with the bestestimate from the CASPT2 alulations. It is rationalized by the generally goodsuess of the SORCI method for d − d spetra [61℄ whih aounts for the high-order e�ets of the most strongly perturbing on�guraton state funtions in theouter spae. We therefore believe the unorreted SORCI HS-LS energy di�erene.Adding orrelation(SVWN) to exhange only (Xα) LDA alulations also resultsin a derease in the value of the HS-LS energy di�erene. The amount of the dereaseis omparable to that seen at the ab initio level (about 10 000 m−1), but the �nalLDA value of about 3 000 m−1 is far too small. This is ertainly in line with theidea that the LDA underestimates Fermi orrelation and so gives too low a quintetenergy relative to the singlet energy.Going to Generalized Gradient Approximations (GGAs) inreases the value ofthe HS-LS energy di�erene by about 3 000 m−1 and improving the basis set leadsto another inrease of about 3 000 m−1. The �nal result varies between about 7 500and 9 500 m−1 whih, while in signi�antly better agreement with our best estimateof the true HS-LS energy di�erene than is the LDA value, is still too low by a fewthousand wave numbers. An exeption is the RPBE funtional whih gives a HS-LSenergy di�erene of about 12 000 m−1, in remarkable agreement with the ab initiobest estimate.The hybrid funtional, B3LYP, gives a HS-LS energy di�erene of about 11 500 m−1,similar to the RPBE value but not as lose to the ab initio best estimate. It er-tainly would be interesting to see how the multiplet-sum method would work forenergies exitation with the B3LYP funtional, however we were not able to per-form multiplet-sum atomi alulations with this funtional due to the softwarelimitations.Sine we have the HS-LS energy di�erene for both the B3LYP and BLYP fun-tionals and the HS-LS energy di�erene is to a good approximation linear in the
a0 exhange-mixing parameter, we an also estimate the value of the HS-LS energydi�erene with the B3LYP* funtional: 8 500 m−1 with basis A, 9 700 m−1 withbasis B, 10 689 m−1 with basis C, 10 800 m−1 with basis D, and 11 100 m−1 withbasis E. In this ase the B3LYP* funtional appears to orret the B3LYP HS-LSenergy di�erene in the wrong diretion ompared to the ab initio best estimate.However it should be kept in mind that the RPBE, B3LYP, and B3LYP* results areall very lose to our ab initio best estimates for the HS-LS energy di�erene.
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Figure 3.4: Comparison of ab initio and DFT best estimates for bond length andenergy di�erenes between the high and low spin states of [Fe(H2O)6℄2+. Resultsof atomi alulations have been used to empirially orret our CASPT2(12,10)energy di�erene for an insu�iently large basis set. DFT results are for Gaussianalulations with the E basis set and ADF alulations with the �tious �E� basisset. (PW91 results shown only for the Gaussian alulations.) In partiular, ADFresults with the C" basis set have been empirially saled in order to estimate whatthey would be with the better E basis set. See text for further details.
C Comparison of STO and GTO-Based DFT Calulations
As mentioned in Se. IV, it is di�ult to say a priori whih GTO and STO basissets should be of omparable quality. This is espeially true beause GTO and STObasis sets have qualitative di�erenes that an lead to systemati errors whih anelwhen taking di�erenes. However, as shown in Table 3.8 we an say a posteriori thatADF alulations with the C" basis set (TZ2P) give energies and geometries similarto those obtained in Gaussian alulations with the C basis set (Ahlrihs TZVP)for DFT alulations with the BP86 and PW91 funtionals. In retrospet this seemsreasonable sine the two basis sets have roughly the same degree of �exiblity. Notehowever that the we have more on�dene in results obtained with the E basis setsine the E basis set is more �exible than is the C basis set. In order to be able toompare results obtained with funtionals available only in ADF with the resultsof funtionals only available in Gaussian, the ADF C" results have been saled tomake the �E� basis set results in Table 3.8. Results with the E and �E� basis setshave been used to prepare Figure 3.4 whih provides a nie summary of the prinipleresults of this paper.



Conlusion 97V ConlusionIt is now possible to arry out rigorous ab initio and density-funtional theory (DFT)alulations on transition metal omplexes and, while the former tend to be limitedto simpler omplexes, the latter an be applied to moleules of pratial interest.Neither method is expeted to replae ligand �eld theory (LFT) anytime in the nearfuture. Indeed LFT provides an exellent starting point for beginning to understandthe eletroni properties of transition metal omplexes and an even provide betternumerial values than either ab initio or DFT when properly parameterized for spe-i� properties of interest. However LFT has important limitations, espeially whenonsidering hanges in geometry and the onsequent hanges in ligand �eld strengths,and this is where the more rigorous models are expeted to make important on-tributions. These aspets play a ruial role in understanding the light-induedexited-state spin trapping (LIESST) phenomenon in Fe(II) ompounds, and so wemay expet ab initio and espeially (beause of the size of the moleules involved)DFT to make an important ontribution to modeling LIESST. Unfortunately rela-tively little is known about the intrinsi appliability of these more rigorous modelsto Fe(II) oordination omplexes. This paper presents a �rst study onerning theauray and hoie of density-funtionals in the ontext of the simple �textbook�omplex, [Fe(H2O)6℄2+. Little experimental data is available for these omplexes,though X-ray rystal strutures are available for ompounds ontaining the high-spination. However we have ompensated for this by performing ab initio alulationsat the CASPT2 and SOCI levels with reasonably extensive basis sets.It should be noted that the CASPT2 alulations are far from being a �blak box�beause of the question of how to hoose the ative spae in the multion�gurationalalulations. In priniple this is one of the reasons that DFT is often preferred overab initio methods for treating transition metal omplexes. However we have foundthat this is somewhat ountered by the tendeny of DFT to onverge to the inor-ret eletroni state unless great are is taken to analyse results for possible exitedstates and treat them aordingly. This is ertainly one reason why some workersprefer multion�gurational alulations to DFT alulations for these ompounds.However multion�gurational alulations soon beome unmanageable as the om-pounds beome large (at least if the ative spae is also inreased) and so we haveonentrated on developping triks to help guarantee onvergene of DFT to theright eletroni state. Our most useful tool has turned out to be the lever use ofsequenes of restart �les to guide our alulations, ombined with areful examina-tion of the moleular orbitals. Ultimately, however, we think that the algorithm ofEri Canès will be helpful in mitigating this problem [72℄.



98 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+Both our ab initio and DFT optimized geometries are onsistant with the avail-able experimental data. More importantly (given the relative lak of detailed ex-perimental data), our DFT geometries are found to be onsistent with our ab initiogeometries provided funtionals are used whih go beyond the loal level and largebasis sets are used. Of ourse, our objetive here has been to test funtionals byfousing on details, but it should be kept in mind that smaller basis sets may beadequate for many pratial appliations.The low spin - high spin energy di�erene, ∆ELH , is a far greater hallenge fortheory. Here there is no available experimental data for [Fe(H2O)6℄2+ but thereis for the atom. Our CASPT2 alulations are onsistant with previous ab initiowork [62℄ indiating that there is a systemati over estimation of the di�erene ofthe atomi asymptotes of about 3 000 m−1. When this orretion is added to ourmoleular alulations, we obtain a best estimate of the ∆ELH in the range of about12 000 - 13 000 m−1. The SOCI method gives the same best estimate of ∆ELHwithout the need for a semiempirial orretion. In striking ontrast, the values of
∆ELH obtained from DFT show wide variations depending upon the lass of fun-tional, with about 3 000 m−1 with the loal funtional, about 8 000 - 10 000 m−1for better basis sets and generalized gradient approximations (GGAs) other thanthe RPBE funtional, and about 12 000 m−1 for the B3LYP hybrid and RPBEGGA funtionals. An estimate of what ∆ELH would be for the B3LYP* funtionalsuggests that this is one ase where reduing the exat exhange ontribution to theB3LYP funtional may not be a good idea, although one should be hesitant aboutover interpretting this onlusion sine it is based on an ab initio best estimate whihitself is not entirely ertain.It is important to realize that, while the B3LYP and RPBE values of ∆ELH looksvery good ompared with the best estimate available from ab initio alulations, allDFT results very muh underestimate the unorreted ∆ELH ab initio value of about16 000 - 17 000 m−1. That is, it is not enough to examine DFT for the moleule,we must also look at the atomi asymptotes. We were able to do this for loaland GGA funtionals using the multiplet-sum method (though not for the B3LYPfuntional for tehnial reasons.) The results of the multiplet-sum method suggestthat no empirial orretion is neessary for DFT as was the ase for the ab initioalulations.These results are onsistant with the idea that the B3LYP and RPBE funtionalsare the most reliable for our intended appliation of the various funtionals tried. Ofourse, the present work is a study of only a few aspets of a single moleule, thoughit is a detailed study. We intend to extend this study in the near future to other
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Appendix : Multiplet Sum Method 105VI Appendix : Multiplet Sum MethodThe basi idea of the multiplet sum method (MSM) is that DFT should providea good desription of states whih are well-desribed by single-determinantal wavefuntions. Then, sine it is well-known that atomi multiplet energies an often beexpressed to �rst-order as weighted linear ombinations of the energies orrespond-ing to single-determinant states, it su�es to �nd appropriate linear ombinations,taking are to eliminate integrals whih should be equivalent by symmetry. In thepresent ase, the energy of the atomi multiplet states is expressed as a linear om-bination of only three nonredundant single determinant energies, namely as
E[5D] = −2.1000E[Φ1] + 0.4333E[Φ2] + 2.6667E[Φ3] (3.23)
E[1I] = −0.3000E[Φ1] + 0.6333E[Φ2] + 0.6667E[Φ3] , (3.24)where

Φ1 = |d̄x2−y2dx2−y2dz2d̄z2d̄xzdxz| (3.25)
Φ2 = |dyzd̄yzd̄x2−y2dx2−y2 d̄xzdxz| (3.26)
Φ3 = |d̄xyd̄yzd̄x2−y2dx2−y2 d̄xzdxz| , (3.27)and overbars indiate spin β orbitals.



106 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+Table 3.4: Experimental [Fe(H2O)6℄2+ geometries. Bond distanes in Å, bondangles in degrees. [Fe(H2O)6℄2+R(FeO) R(OH) ∠ HOH ∠ OFeO'Fe(II) salts in solutiona2.114 Fe(II) salts in solutionb2.095 Fe(II) salts in solutionc2.12 Fe(II) salts in rystald2.13 FeSiF6·6H2Oe2.146 0.924 111.9 91.40.920 88.6FeSO4·7H2Of2.068 90.52.144 92.92.136 94.0FeSO4·7H2Og2.096 90.52.109 91.02.188 92.4Fe(NH4)2(SO4)2·6H2Oh2.156 89.32.136 90.92.086 91.2[TMA℄2[Fe(H2O)6℄Mo8O26
i2.112.10

a Average values from di�erent X-ray and EXAFS studies [63℄.
b From EXAFS data [64℄.
c From X-ray data [64℄.
d Average value originating from di�erent X-ray studies [64℄.
e Neutron sattering rystal data [65℄. The two angles orrespond to the two di�er-ent angles of a D3d struture.
f Melanterite, parameters from site 1 in the rystal whih was found to have twodi�erent D2h sites [66℄. An OH bond distane of 0.97 Åand an HOH angle of 109.5◦was assumed by the author.
g Melanterite, parameters from site 2 in the rystal whih was found to have twodi�erent D2h sites [66℄. An OH bond distane of 0.97 Åand an HOH angle of 109.5◦was assumed by the author.
h Ammonium Tuton salt. [67℄.
i X-ray rystal data [68℄. The [Fe(OH2)6℄2+ otahedron is strethed along the three-fold axis. Two slightly di�erent OH distanes are reported for the water moleules.Authors indiate that all reported values, exept bond angles, have been orretedfor thermal motion.
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Table 3.5: 1A1g [Fe(H2O)6℄2+ geometry. A D3d geometry has been assumed, ne-gleting hydrogens. The OFeO angle given is between oxygens related by the C3vsymmetry operation. The omplex geometry beomes Oh when this angle is 90◦.
1A1g [Fe(H2O)6℄2+Method R(Fe-O) (Å) ∠ O-Fe-O (◦)MolasCASSCF(12,10) 2.077 90.0GaussianXα/A' 1.917 96.9(1)SVWN/A' 1.912 98.7(1)BP86/A' 1.985 96.2(2)BP86/C 2.018 94.5BP86/E 1.996 90.0BLYP/C 2.045 93.7BLYP/E 2.025 90.0PW91/A' 1.980 95.5(1)PW91/C 2.014 94.5PW91/E 1.992 90.0B3LYP/A' 2.010 96.2(2)B3LYP/C 2.032 90.0B3LYP/E 2.018 90.0ADFBP86/C" 2.010 94.3PW91/C" 2.007 94.3PBE/C" 2.011 94.4RPBE/C" 2.048 94.2



108 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+
Table 3.6: [Fe(H2O)6℄2+ LS-HS energy di�erenes as alulated diretly and aftershifting the asymptotes of the dissoiation urves to math the known experimentalatomi Fe2+ 5D →1 I energy di�erene.LS-HS Energy Di�erenes (m−1)Method Diret ShiftedaSCFb 27 500.CASSCFb 23 200.CIb 17 100. 13 700.CASSCF(6,5)/D 23 125.CASSCF(12,10)/D 21 180. 17 892.CASPT2(6,5)/D 21 610.CASPT2(12,10)/D 16 185. 12 347.SOCI 13 360.GaussianXα/A' 11 273.SVWN/A' 2 745.BP86/A' 9 069.BP86/C 8 505.BP86/E 9 374.BLYP/C 8 388.BLYP/E 9 084.PW91/C 8 959.PW91/E 9 761.B3LYP/C 11 456.B3LYP/E 11 783.ADFBP86/C" 8 696.PW91/C" 8 225.PBE/C" 9 056.RPBE/C" 11 844.
a CI atomi orretion from Ref. [48℄. Other atomi orretions alulated from datain Table 3.7.
b Ref. [48℄.
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Table 3.7: Comparison of atomi exitation energies.Fe2+ Exitation Energy: 5D →1 IMethod Energy (m−1) Energy (eV)Expt.a 29 897.3 3.70ab initioCIb 33 800. 4.19CASSCF(6,10)/6-31G* 33 185. 4.11CASSCF(6,10)/ANO-S 32 850. 4.07CASPT2(6,10)/6-31G* 33 735. 4.18CASPT2(6,10)/ANO-S 32 130. 3.98SORCI 33 200. 4.12DFT ADFSVWN/TZ2P 29 988. 3.59BP86/TZ2P 30 529. 3.79PW91/TZ2P 29 845. 3.70PBE/TZ2P 30 321. 3.76RPBE/TZ2P 30 238. 3.75
a 5D → 1I transition from National Institute of Siene and Tehnology (NIST)Atomi Spetra Database (http://physis.nist.gov/gi-bin/AtData/main_asd). Seetext.
b Ref. [48℄.
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Table 3.8: Calulated bond length and energy di�erenes between high and lowstate strutures for seleted basis sets and funtionals. The results for basis set �E�were obtained by multiplying the ∆RHL results for basis set C" by 1.08 and the
∆ELH results for basis set C" by 1.07.[Fe(H2O)6℄2+Method ∆RHL (Å)a ∆ELH (m−1)bADFBP86/C" 0.130 9255PW91/C" 0.130 9250PBE/C" 0.136 9256RPBE/C" 0.139 11844BP86/�E� 0.140 9903PW91/�E� 0.140 9898PBE/�E� 0.147 9904RPBE/�E� 0.150 12673GaussianBP86/C 0.135 8505PW91/C 0.130 8959BLYP/C 0.132 8632B3LYP/C 0.132 11456BP86/E 0.149 9374PW91/E 0.145 9761BLYP/E 0.141 9084B3LYP/E 0.136 11783
a ∆RHL = RLS − RHS where R refers to the weighted average of the Fe-O bonddistanes (i.e. 4 times the equitorial Fe-O distane plus 2 times the axial Fe-Odistane, and the whole quantity divided by 6.)
b ∆ELH = ELS − EHS.
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Introdution 113AbstratThe ability of di�erent density funtionals to desribe the strutural and energydi�erenes between the high [5T2g: (t2g)4(eg)2℄ and low [1A1g: (t2g)6(eg)0℄ spin statesof small otahedral ferrous ompounds is studied. This work is an extension of ourprevious study of the hexaquoferrous ation, [Fe(H2O)6℄2+, [J. Chem. Phys. 120,9473 (2004)℄ to inlude a seond ompound - namely the hexaminoferrous ation,[Fe(NH3)6℄2+ - and several additional funtionals. In partiular, the present study in-ludes the highly-parameterized generalized gradient approximations (GGAs) knownas HCTH and the meta-GGA VSXC [whih together we refer to as highly parame-terized density funtionals (HPDFs)℄, now readily available in the GAUSSIAN 03program, as well as the hybrid funtional PBE0. Sine there are very few experimen-tal results for these moleules with whih to ompare, omparison is made with bestestimates obtained from seond-order perturbation theory-orreted omplete ativespae self-onsistent �eld (CASPT2) alulations, with Spetrosopy ORiented Con-�guration Interation (SORCI) alulations, and with Ligand Field Theory (LFT)estimations. While CASPT2 and SORCI are among the most reliable ab initiomethods available for this type of problem, LFT embodies many deades of empiri-al experiene. These three methods are found to give oherent results and providebest estimates of the adiabati low-spin - high-spin energy di�erene, ∆Eadia
LH , of12 000 - 13 000 m−1 for [Fe(H2O)6℄2+ and 9 000 - 11 000 m−1 for [Fe(NH3)6℄2+.All funtionals beyond the purely loal approximation, produe reasonably goodgeometries, so long as adequate basis sets are used. In ontrast, the energy split-ting, ∆Eadia

LH , is muh more sensitive to the hoie of funtional. The loal densityapproximation (LDA) severely over stabilizes the low-spin state with respet to thehigh-spin state. This �DFT Spin Pairing Energy Problem" persists, but is redued,for traditional GGAs. In ontrast the hybrid funtional B3LYP underestimates
∆Eadia

LH by a few thousand wave numbers. The RPBE GGA of Hammer, Hansen,and Nørskov gives good results for ∆Eadia
LH as do the HPDFs, espeially the VSXCfuntional. Surprisingly the HCTH funtionals atually over orret the DFT SpinPairing Energy Problem, destabilizing the low-spin state relative to the high-spinstate. Best agreement is found for the hybrid funtional PBE0.I IntrodutionThe identi�ation of the spin symmetry of the ground and low-lying exited states isimportant for the omprehension of hemial reativity. However, many interesting



114 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+ases our, espeially among transition metal oordination ompounds, where theompetition between the splitting of nearly degenerate orbitals with the eletronpairing energy makes the predition of relative spin-state energetis di�ult at best.Our own interest is in the spin rossover phenomenon in transition metal oordina-tion omplexes and its use in making moleular swithes. A reent review of thisarea may be found in Ref. [1℄ while Refs. [2, 3℄ provide older reviews. The di�ultyof arrying out high quality ab initio alulations for transition metal oordinationompounds, ombined with the desire to go beyond simple ligand �eld theory, haspushed several workers to make a detailed examination of density funtional theoryfor the predition of relative spin-state energetis [4, 5, 6, 7, 8, 9, 10℄. Muh ofthis work is desribed in a reent review of Harvey [9℄. The fous has frequentlybeen on the omparison of DFT alulations with experimental results for mediumand large-sized ompounds. So far, our own ontribution to this area has been adetailed omparison of DFT alulations with ligand �eld and ab initio results forthe relatively small �textbook example" of [Fe(H2O)6℄2+ [8℄. Although experimen-tal data is often only available indiretly for suh small ompounds through ligand�eld parameters, we believe that the ability to ompare with the results of ab initioalulations, even if far from trivial, without having to worry about additional fa-tors suh as vibrational and environmental e�ets typially present in experimentaldata, provides a valuable omplement to previous assessments of density funtion-als for larger ompounds. In this paper, we extend our previous work to severalnew funtionals whih have only reently beome widely available as well as to aseond simple ompound, [Fe(NH3)6℄2+, with a larger ligand �eld splitting than in[Fe(H2O)6℄2+.Our paper is divided into the following setions. A review of the di�erent fun-tionals used in this study is given in the next setion. Ligand �eld estimations aregiven in Se. III. The tehnial details and the results of our ab initio referenealulations are given in Se. IV. In Se. V, we give our DFT results. We give �rstthe omputational details, then, we onsider optimized geometries, and then, wegive a omparison of HS and LS omplex energies. Se. VI summarizes.II Density Funtionals and the pairing energy prob-lemAn important goal of this paper is the omparison of the relative ability of densityfuntionals to treat di�erent spin states. This may be termed the �DFT pairingenergy problem". Although this name is partiulary appropriate when onsidering



Density Funtionals and the pairing energy problem 115appliations to transition metal oordination omplexes, the problem is of oursea more general one. This setion introdues the DFT pairing energy problem andprovides a brief review of the di�erent exhange-orrelation (x) funtionals used inthe present study.Almost all appliations of DFT are based on the Kohn-Sham formalism [11℄ andour work is no exeption. It is now ommon pratie to use the spin-density variant[12℄. The di�erent approximations onsidered here di�er by the form of the exhangeorrelation energy, Exc.The traditional workhorse of DFT is the loal density approximation (LDA),where the x energy density at eah point, r, is approximated by the x energydensity of a homogeneous eletron gas (HEG) whose densities, ρσ, are idential tothe loal densities, ρσ(r). We have used the Vosko-Wilk-Nussair (VWN) parame-terisation of the Ceperley-Alder quantum Monte-Carlo alulations [13℄ (This is theVWN5 option in GAUSSIAN 03, not the VWN option). The LDA works muhbetter than might be expeted given that moleular densities are not at all homo-geneous. Part of the explanation is that the LDA works by error ompensation: asmall (∼ 14 %) underestimation of the exhange energy is ompensated by a large(∼ 250 %) overestimation of the orrelation energy [14℄. This is often good enoughfor suh properties as moleular geometries and vibrational frequenies [15℄.In ontrast, an aurate treatment of exhange e�ets would seem of ritialimportane when omparing energies of di�erent spin states. Aording to a ommontextbook explanation of Hund's rule [16℄, exhange e�ets favor high-spin states bykeeping parallel spin eletrons separated, thereby minimizing eletron repulsion. Wehave pointed out that this reasoning is heuristi, not rigorous [8℄. Nevertheless itsuggests that the underestimation of exhange in the LDA should lead to an arti�ialdestabilization (stabilization) of high (low) spin states relative to low (high) spinstates. This is the DFT pairing energy problem and it is by no means limited tojust the LDA [8, 9℄.A well-known problem of the LDA is that it seriously overestimates moleu-lar bond energies. Early attempts at orreting the LDA by introduing gradient-orretion terms were largely unsuessful until the development of generalized gra-dient approximations (GGAs) in the 1980s. One of the most suessful GGAs hasbeen Beke's 1988 exhange-only GGA (B) whih has the proper asymptoti limitfor ǫxc [17℄. It ontains a single parameter whose value was obtained by �ttingto the Hartree-Fok exhange energies of the noble gases. An example of a GGAorrelation funtional is that of Lee, Yang, and Parr (LYP) [18℄. Aronyms for xfuntionals obtained by ombining exhange-only funtionals and orrelation-only



116 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+funtionals are generated by simply onatenating the aronyms of the separatefuntionals (e.g. B + LYP → BLYP).Further improvement was obtained in the 1990s by the use of hybrid funtion-als whih onsist of linear ombinations of exat (i.e. Hartree-Fok) exhange andGGAs. The justi�ation for suh an approah was presented by Beke [19℄ usingthe adiabati onnetion formalism of Harris and Jones [20℄. Beke proposed theB3PW91 hybrid funtional,
Exc = ELDA

xc + a0(E
HF
x − ELDA

x ) + axE
B88
x + acE

PW91
c , (3.28)where a0, ax, and ac are semiempirial oe�ients obtained by �tting to experimen-tal data [21℄(the �3� in B3PW91 refers to the presene of 3 semiempirial param-eters). Beke's parameters have been used without reoptimization, in the popularB3LYP funtional [22℄. More reently, and in keeping with their ab initio philosophy,Perdew, Burke, and Erznerhof provided an ab initio estimate of the hybrid mixingparameter[23℄. This had been inorporated into the zero-parameter PBE funtional(PBE0) [24℄.Previous work applying DFT to spin-rossover and related problems made useof pre-1995 funtionals. (An exeption is Reihers's work [5℄ whih also mentionsalulations with the PBE and PBE0 funtional). All GGAs were found to su�erfrom the DFT spin pairing problem, although less so than does the LDA [4, 5, 6, 7℄.In ontrast the B3LYP funtional appeared to over stabilize the HS state beauseof the presene of too muh HF exhange. Depending on the funtional, DFT fre-quently gave the wrong ground state spin symmetry in omparison with experiment.This suggested that a pragmati solution to the problem would be to retune the a0mixing parameter in the B3LYP funtional so as to minimize the DFT pairing en-ergy problem. The result is the B3LYP∗ funtional with 15 % HF exhange [5, 6, 7℄.The same approah has been used before to reoptimize the B3LYP funtional forother sensitive properties. The result is unfortunately property dependent, being30 % HF exhange for exitation energies [25℄ and 5 % HF exhange for NMR hem-ial shifts [26℄. So this is ertainly not a universal solution. Another ritiism ofprevious DFT work applied to spin-rossover systems is that the omparison hasalways been between alulated properties of gas phase moleules with experimen-tal values obtained from ondensed phase measurements. Environmental e�ets onspin-rossover an be huge sine the high-spin/low-spin di�erene in the metal bondlength is on the order of 0.2 Å. Dramati hanges in spin-rossover behavior in rys-tals have even been observed just by varying the interalated solvent [27℄. This iswhy we prefer in this and our previous work [8℄ to ompare results from DFT with



Density Funtionals and the pairing energy problem 117the results of good ab initio alulations for gas phase moleules.Muh improved GGAs have beome readily available sine the previous work onspin-rossover. Furthermore there are drawbaks to Hartree-Fok exhange. It anbe expensive to alulate ompared to a pure GGA (depending upon the size of thesystem and skill of the programmer) and is known to give qualitatively inorretresults for systems, suh as transition metal omplexes, where there are a number oflow-lying virtual orbitals. Highly-Parameterized Density Funtionals (HPDFs) pro-vide an alternative to hybrid funtionals at the ost of a large number of parametersto optimize. In one approah to making a HPDF, Voorhis and Suseria [28℄ de-veloped a Taylor series-like density matrix expansion to obtain the so-alled VSXCexhange-orrelation funtional [29℄ whih has 21 parameters. It is in fat a meta-GGA, sine it depends not only on the density and its gradients but also on theorbital-dependent loal kineti energy density, τ . In another approah, Hampreht,Cohen, Tozer and Handy [30℄ developed a series of HPDFs whose 15 parameterswere �t simultaneously to experimental data and to ab initio x potentials. Theresultant HCTH93, HCTH147, and HCTH407 are distinguished by the number ofmoleules (93, 147, or 407) in the parameter training set. The HPDFs often do aswell as, if not better than, previous hybrid funtionals. They are inluded in thepresent assessment of density funtionals for appliation to spin-rossover systems.All the funtionals used in this work are reported in Table 3.9.Table 3.9: Summary of funtionals used in the present study.Funtional Year Citation TypeXα 1951 [64℄ Loal, exhange-onlyLDA 1980a [11℄ Loal, exhange-orrelationP86 1986 [77℄ GGA, orrelation-onlyB 1988 [17℄ GGA, exhange-onlyLYP 1988 [18℄ GGA, orrelation-onlyPW91 1991 [78℄ GGA, exhange-orrelationB3LYP 1994 [22℄ hybrid, exhange-orrelationPBE 1996 [23℄ GGA, exhange-orrelationRPBE 1998 [79℄ GGA, exhange-orrelationHCTH93 1998 [30℄ GGA, exhange-orrelationHCTH107 1998 [30℄ GGA, exhange-orrelationHCTH407 1998 [30℄ GGA, exhange-orrelationVSXC 1998 [29℄ meta-GGA, exhange-orrelationPBE0 1999 [24℄ hybrid, exhange-orrelationB3LYP∗ 2002 [5℄ hybrid, exhange-orrelation
a VWN parameterization [13℄



118 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+III Ligand Field TheoryHigh spin-low spin bond length di�erenes,
∆rHL = rHS − rLS , (3.29)may be estimated using a simple model desribed by Figgis and Hithmann (ref. [31℄p. 146). Although not used for this purpose by Figgis and Hithmann, the modelan also be used to estimate the adiabati energy di�erene,

∆Eadia
LH = ELS(rLS) −EHS(rHS) . (3.30)This model is brie�y reviewed here for appliation in the present onmbox.We assume stritly otahedral [FeL6℄2+ with Fe-L distane rLS in their LS [1A1g:(t2g)6(eg)0℄ state and rHS in their HS [5T2g: (t2g)4(eg)2℄ state. Of ourse, the HSstate is eletronially degenerate in Oh symmetry and so will Jahn-Teller distort, butwe presume that the distortion is small enough to be negleted. Sine H2O and NH3are relatively weak ligands, the spin pairing energy exeeds the ligand �eld splitting,

∆ = ǫ(eg) − ǫ(t2g) , (3.31)so that the ground state on�guration is HS. The HS→LS exitation energy at �xed
r is,

∆ELH(r) = ELS(r) −EHS(r) = −m∆(r) + S , (3.32)where
m = 2 (3.33)is the number of eletrons de-exited from the eg to the t2g orbitals and the spinpairing energy, S, is assumed independent of r. Thus the vertial exitation energyis (Fig. 3.5)

∆Evert
LH = ∆ELH(rHS) . (3.34)Two approximations allow us to express ∆Eadia

LH in terms of ∆Evert
LH . The �rst is theharmoni approximation for the breathing mode of the HS state,

EHS(r) = EHS(rHS) +
N

2
kHS(rHS − r)2 , (3.35)where kHS is the breathing mode fore onstant and N=6 is just the number ofligands. The seond approximation is for the geometry dependene of the ligand



Ligand Field Theory 119�eld splitting. From various onsiderations (see ref. [31℄ pp. 39 and 69),
∆(r) = ∆HS

(
r

rHS

)−n

, (3.36)where typially 5<n<6, with n ∼=5 being a reasonable hoie. Expanding
(

1 +
r − rHS

rHS

)−n

= 1 − n
r − rHS

rHS

+
n(n + 1)

2

(
r − rHS

rHS

)2

+ · · · , (3.37)and trunating to linear order gives the expression atually used in the model, namely
∆(r) ≈ ∆HS

(

1 + n
rHS − r

rHS

)

. (3.38)The two aforementioned approximations lead to
ELS(r) −EHS(rHS) = ∆ELH(r) +

N

2
kHS(rHS − r)2

= −m∆(r) + S +
N

2
kHS(rHS − r)2

= −m
(

1 + n
rHS − r

rHS

)

∆HS

+ S +
N

2
kHS(rHS − r)2 (3.39)Minimizing with respet to r leads to

∆rHL =
nm

N

∆HS

kHSrHS

. (3.40)This formula is known to work well in a number of ases (ref [31℄, Table 7.1, p. 147).For r = rLS in Eq. (3.39), we obtain the formula for the adiabati exitation energy
∆Eadia

LH = ∆Evert
LH − N

2
kHS(∆rHL)2 . (3.41)Note that there is something learly disturbing about this latter formula sine itimplies the same fore onstant for the LS state as for the HS state [see Eq. (3.39)℄.This is a onsequene of keeping no more than linear terms in the expansion of ∆(r).Keeping quadrati terms leads to unphysial result that kLS < kHS and results in aneven more serious degradation of alulated ∆rHL when ompared with experiment.These equations are pratial and reasonably reliable. They are pratial beausegeometri quantities suh as kHS and rHS are measurable or (as we shall see) rela-tively easy to alulate. The ligand �eld splitting may be estimated as ∆(rHS) = fg



120 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+using tabulated data for f and g. The vertial exitation energy ∆Evert
LH may bedetermined from the appropriate Tanabe-Sugano diagram and appropriate valuesof the Raah parameters B and C 1. The reliability of the equations omes fromdeades of LFT experiene [31℄. The results are quantitatively quite useful but thepresene of rough approximations at some steps emphasizes the desirability of amore rigorous model.Input parameters and alulated ∆rHL and ∆Eadia

HL are given in Table 3.10 forthe two moleules treated in this paper.Table 3.10: Parameters entering into and results of the simple model desribed inthe text. Experimental data and orresponding results are given in parentheses.LFT parameters[Fe(NH3)6℄2+ [Fe(H2O)6℄2+From LFT
∆HS

a 12 500 m−1 10 000 m−1

∆Evert
LH

b 9 200 m−1 15 500 m−1From DFT c

νHS 304 m−1 344 (379) m−1 drHS 2.260 Å 2.126 (2.12) ÅeResults
kHS 0.93×105 dyn.m−1 1.26×105 (1.5×105) dyn.m−1

∆rHL 0.198 Å 0.126 (0.11) Å
∆Eadia

LH 5 000 m−1 12 000 (12 500) m−1

a∆HS = fg (f and g are tabulated, see e.g. [31℄p.219).
b From the d6 Tanabe-Sugano diagram and appropriate values of the Raah param-eters B and C (see text).
c These are averages quantities over several DFT results.
d From referene [80℄.
e Averaged over known strutures.

1Raah parameters: LFT estimations very muh depend upon whih Tanabe-Sugano diagramone takes. The one most often reprodued in the literatures sets C/B = 4.8 whih aordingto Tanabe and Sugano is the orret ratio for Co(III). We use the ratio 4.41 whih aording toTanabe and Sugano is more appropriate for Fe(II). This diagram is the one we an �nd in thebook by Figgis and Hithman [31℄. Then, we have to hoose the value to take for B : Figgis give
B = 1080 m−1 with C/B = 4.42, Tanabe-Sugano [32℄ give B = 917 m−1 with C/B = 4.41,Gri�th [33℄ gives B = 1058 m−1 with C/B = 3.69, and Shäfer [34℄ gives B = 897 m−1 with
C/B = 4.3. Then, we have to redue the value of B by an orbital redution fator β. In order tostay onsistent, we hoose to take all values and Tanabe-Sugano diagram as given by Figgis andHithman.
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Figure 3.5: Representation of the potential wells for the quintet and singlet stateswith the di�erent quantities ited in the textIV ab initio referene alulationsOur objetive is to assess the relative performane of di�erent density funtion-als for alulation of the properties of small Fe(II) otahedral oordination om-plexes by diret omparison with zero-temperature gas phase non relativisti abinitio quantum hemistry alulations of the highest possible quality, in the sensethat they are at the limit of what is urrently omputationally feasable. We havearried out suh alulations using two di�erent omputational methods, namely (i)the well-established method of omplete ative spae (CAS) [35℄ multion�gurationself-onsistent �eld (SCF) alulations with and without seond-order perturbationtheory (PT2) orretions [36, 37℄, and (ii) spetrosopy oriented on�guration in-teration (SORCI) [38℄ alulations based on the di�erene dediated on�gurationinteration (DDCI) method of Malrieu and o-workers [39, 40℄. There is an exten-sive experiene with CASPT2 alulations and its strengths and limitations are nowwell-known [41℄. In partiular, as will be made lear below, the size of the CAS growsrapidly as new orbitals are inluded, so that only a limited number of orbitals maybe inluded in the CAS. Furthermore the inlusion of dynamial orrelation at thePT2 level is often insu�ient for 3d transition metal omplexes, partly beause ofpratial di�ulties using very large basis sets and partly beause of the restritionto seond order in the perturbation theory. The de�ienies are ountered by theuse of empirial �atomi orretions�. In priniple, the DDCI approah used in theSORCI method allows the aurate alulation of di�erential dynamial orrelationwith a smaller number of on�gurations. The SORCI method is relatively new andso neessarily less well haraterized, though all indiations are that it works well.



122 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+A CASSCF and CASPT2 alulations1 Computational detailsOur CASSCF and CASPT2 alulations were arried out with the program Mol-as [42℄. The orbital basis sets used were of 6-31G** quality [43, 44℄. This or-responds to basis D in paper I, whih was the largest basis set (178 funtions) forwhih we ould perform CASPT2 alulations on the omputers available to us.The hoie of the ative spae was governed by the desire to inlude a maximum oforbitals in the CAS while keeping the alulations down to a pratial size. In par-tiular, we have aounted for the so-alled �3d double shell e�et� [45, 46, 47℄ whihsays that the inlusion in the CAS of all moleular orbitals ontaining signi�antmetal 3d ontributions is ritial for desribing the large radial orrelation e�etspresent in the type of omplex being studied here. This means that the CASSCFperforms a full CI alulation on 12 eletrons distributed over 10 orbitals, denotedCASSCF(12,10) and CASPT2(12,10). See paper I for additional details regardingthe hoie of ative spae. Automati struture optimization and frequeny alu-lations (to on�rm minima) were arried out at the CASSCF level. This was notpossible at the CASPT2 level where only single point alulations were performed.As already, mentionned, although we have arried out CASSCF and CASPT2 al-ulations lose to the limit of what we an do on the omputers available to us,suh alulations are known to require an empirial atomi orretion for missingdynamial orrelation [48, 8℄. This orretion whih is desribed in greater detailin paper I, assumes that the missing orrelation is primarily loalized on the ironatom and so may be estimated by omparing CASPT2 alulations spae and orbitalbasis set with known experimental exitation energies. The HS-LS energy di�ereneis alulated as (paper I)
∆Eshifted

LH = ∆Ediret
LH + (∆Eexptatom − ∆Ealatom) . (3.42)2 ResultsThe neessary ab initio alulations are far from trivial. An often ited objetive for�hemial auray" is 1 kal/mol (350 m−1), but errors of 5 kal/mol (1 750 m−1)are more typial in good ab initio alulations [49, 50℄. Eletron orrelation is es-peially di�ult to treat in ompounds ontaining 3d transition metals suh as Fe.In our earlier work [8℄, our best estimate of the true (i.e. Complete CI) value of

∆Eadia
LH for [Fe(H2O)6℄2+ were 12 350 m−1, based upon a CASPT2 alulation witha 3 000 m−1 atom-based empirial shift [8℄ (labeled CASPT2orr) needed to in-



ab initio referene alulations 123lude important dynami orrelation e�ets not present in the CASPT2 alulation,and 13 360 m−1, obtained by the SORCI method with its di�erene-dediated CIphilosophy [39, 40℄. The same strategy applied to [Fe(NH3)6℄2+ in the ontext of thepresent work gives 9 120 m−1 from CASPT2 with the atom-based empirial shift.B SORCI alulations1 Computational detailsSpetrosopy oriented on�guration interation (SORCI) alulations were arriedout with the ORCA pakage [51℄ at the B3LYP/TZVP optimized geometries. TheSORCI method is a ombination of several di�erent many-body tehniques. It isdesribed in detail in Ref. [38℄. We on�ne ourselves here to realling some of thebasi steps taken during the alulation and to de�ning the basis sets and thresholdsthat we used.Two relatively extensive basis sets were used in the alulations. Basis C (312funtions) onsists of the triple-ζ (TZV) basis of Shäfer et al. [52℄ augmented withone set of p-funtions for H (5s1p ontrated to 3s1p; 311/1) and two sets of d-funtions for N (11s6p2d ontrated to 5s3p2d; 62111/411/11) with polarization ex-ponents taken from the TurboMole library. [Basis sets were obtained from the ftpserver of the quantum hemistry group at the University of Karlsruhe (Germany) un-der ftp://ftp.hemie.uni-karlsruhe.de/pub/basen℄. The metal in Basis C is desribedby the Wahters basis [53℄ with two sets of p-type polarization funtions and three
f -sets ontrated in a 2,1 fashion by Baushliher and o-workers [54℄ (14s11p6d3fontrated to 8s6p4d2f; 62111111/331211/3111/21). The seond basis set (Basis D,423 funtions) is more extensive and features a seond set of p-polarization funtionson H and an additional f -set for N (TZVPP) basis. The metal is desribed by thereently developed quadruple-ζ [55℄ quality basis of the Ahlrihs group whih alreadyontains di�use p- and d-sets and is augmented with three sets of f -polarization fun-tions (QZVP, the g-funtion in the original QZVP basis was deleted; 24s18p10d3fontrated to 11s6p5d3f; 11,4111111111/951111/61111/111). The �tting basis forthe resolution of the identity (RI) approximation used in the ORCA orrelationpakage where those developed for RI-MP2 by Weigend et al. [56℄ and in the ase ofthe QZVP iron basis was taken from unpublished work in the TurboMole library.For tehnial reasons h- and i-funtions ontained in this �t basis had to be deleted.A simpli�ed �ow diagram of the SORCI algorithm is given in Fig. 3.6. The �rststep is to onstrut a set of oupied and virtual orbitals whose on�gurations de�nean initial referene spae S0. This was done starting from spin-averaged Hartree-Fok
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Figure 3.6: Diagram of the SORCI algorithm (based on Fig. 1 of Ref. [38℄), showingthe priniple steps and the three thresholds, Tpre, Tnat and Tsel.(SAHF) orbitals [57℄ with six eletrons in the �ve iron d-based moleular orbitals.The virtual orbitals were improved by diagonalizing aN−1 eletron Fok operator inthe virtual spae where the additional hole is smeared out over all oupied orbitalspartiipating in the orrelation alulation [58℄. Sine the ore orbitals with energiesless than -5 Eh (Eh=1 hartree) were frozen this amounts to the full valene spae.No virtual orbitals were negleted in the orrelation alulations.In the next step the orbital spae is partitioned into internal, ative and external(virtual) MOs and a CAS-CI alulation is performed in the ative spae (in thepresent ase, this is a CAS(6,5)). From this small CI the on�gurations with aweight exeeding the threshold value Tpre (10−4 in this study) are seleted and theHamiltonian is diagonalized again in the redued referene spae to give the zerothorder multion�gurational many eletron wavefuntions |0〉 and energies E0 for eahstate of interest.This is followed by seond-order Møller-Plesset perturbation theory (MRPT2)within a restrited set of exited on�gurations, namely within a di�erene-dediatedon�guration interation (DDCI) set. The density orresponds to the zeroth orderstates used to de�ne a spin-averaged Fok-type operator the diagonal elements ofwhih are used to de�ne orbital energies whih are used in the diagonal de�nition of
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Ĥ0,diag =

∑

p

ǫpâ
+
p âp (3.43)(details are found in Refs. [59, 60℄). The program proeeds by onstruting theproperly spin-oupled single- and double-exitations |I〉 relative to eah individualreferene on�guration in |0〉. Con�gurations are sorted into the weakly and stronglyinterating subspaes aording to the diagonal seond order energy estimate, i.e.on�guration state funtions (CSFs) with

|〈0|Ĥ|I〉|2
(

〈I|Ĥ0,diag|I〉 − 〈0|Ĥ0,diag|0〉)−1

≥ Tsel (3.44)are part of the strongly interating subspae R' and the remaining CSFs are part ofthe weakly interating subspae R� (Ĥ is the full Born-Oppenheimer Hamiltonian).The threshold Tsel was set as 10−6 Eh in this study. After the seletion step, whihis initially arried out in the di�erene-dediated CI `2' (DDCI2) subspae of the�rst-order interating spae (FOIS), the R′

+ S1 spae is diagonalized. This makesthe method immune to intruder states and inludes the eletroni relaxation of thereferene wavefuntion in the dominant part of the �orrelation �eld�.The resulting CI �rst-order densities are averaged over all states of interest andthe approximate average natural orbitals (AANOs) with signi�ant oupations (a-ording to a third threshold Tnat set to 10−5 in this study) are produed for theseond step of the proedure. This seond step is a seleted DDCI3 alulation inthe AANO basis.The CI energies after this seond step are orreted for higher than double ex-itations using the approximate multireferene Davidson orretion [61, 62℄, Ecorr
I ,and the energeti e�et of the R� spae, Eunsel

I , is alulated with diagonal MR-MP2 theory as desribed above using the relaxed referene part of the �nal DDCI3wavefuntion.2 ResultsSORCI alulations were arried out for the B3LYP/TZVP HS and LS optimizedstrutures with the two relatively extensive basis sets C and D. The larger basis setD leads to a further inrease in transition energies by ∼1000 m−1 ompared to thealready rather �exible basis C (Table 3.11).Sine SORCI does not lend itself well to the alulation of adiabati transitionenergies due to the neglet of inative double exitations, some estimate of the relax-



126 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+Table 3.11: Vertial and Adiabati transition energies alulated with the SORCImethod for the [Fe(NH3)6℄2+ omplex at the B3LYP/TZVP optimized HS and LSgeometries Vertial transition energiesBasis ∆Evert
LH (HS) ∆Evert

LH (LS)C 16 635 m−1 5 455 m−1D 17 780 m−1 6 315 m−1Adiabati transition energiesBasis ∆Eadia
LH (1) ∆Eadia

LH (2) ∆Eadia
LH (SORCI)C 10 247 m−1 10 538 m−1 11 278 m−1D 11 293 m−1 11 398 m−1 13 277 m−1

ation energy for eah eletroni state needs to be provided. At the B3LYP/TZVPlevel the relaxation energy for the HS state was found to be 6488 m−1 while that ofthe low spin state was alulated to be 5083 m−1. If these numbers are ombinedwith the SORCI results for the vertial transition energy in order to arrive at an es-timate of the adiabati transition energy, two equivalent yles (leading to estimates
∆Eadia

LH (1) and ∆Eadia
LH (2)) an be oneived whih would lead to idential results ifall energies would be alulated with the same method and basis set:
∆Eadia

LH (1) = ∆Evert
LH (HS) − ∆Erelax

LH (LS)

∆Eadia
LH (2) = ∆Evert

LH (LS) + ∆Erelax
LH (HS) (3.45)Here ∆Evert

LH (HS) and ∆Evert
LH (LS) are the vertial transition energies at the opti-mized HS and LS geometries respetively and ∆Erelax

LH (LS) and ∆Erelax
LH (HS) are therelaxation energies for the low-spin and and high-spin states respetively. They arede�ned as the energy of the low-spin state at the high-spin geometry minus the en-ergy of the low-spin state at the low-spin geometry and equivalently for the high-spinstate. The results are summarized in Table 3.11. The entry ∆Eadia

LH (SORCI) is thestraightforward adiabati energy from SORCI alulations whih do not take anyinative double exitation into aount and should therefore be viewed with aution.In general, the results are pleasingly onsistent in the sense that ∆Eadia
LH (1) and

∆Eadia
LH (2) di�er only by ∼200 m−1 whih is within the unertainty of the method.The results for Basis C and Basis D di�er by ∼1000 m−1 and we onlude that thebest estimate of the adiabati transition energy from SORCI is ∼11 000 m−1 whihis in reasonable agreement with the empirially orreted CASPT2 alulations.



Validation of Density Funtionals 127V Validation of Density FuntionalsThe quality of approximate density funtionals for exhange-orrelation (x) energyhas gradually improved sine the introdution of the loal density approximation byKohn and Sham [11℄ (some would say, sine the exhange funtional of Dira [63℄and subsequent Xα approximation [64℄). This improvement seemed to have ael-erated sine the introdution of GGAs in the 1980s and of hybrid funtionals inthe 1990s. It is now de rigueur for the funtionals to be tested against the popularGn (n=1,2,3) sets of omparison data [65, 66, 67, 68℄. However this is a neessary,but not a su�ient, test of the general validity of an x funtional. The Gn setsare notoriously weak in test data for ompounds ontaining transition metals. TheGn test sets also tend to be heavily weighted towards �normal� ovalent-type bond-ing. Our interest is in the relative geometries and energetis of transition metalsomplexes in di�erent spin states. In this setion we present results extending ourprevious work [8℄ on [Fe(H2O)6℄2+ to several new funtionals and present results for[Fe(NH3)6℄2+, a ompound not previously onsidered but whih brings us (arguably)loser to the FeN6 on�guration often seen in Fe(II) spin-rossover ompounds [3℄.
A Computational detailsThe DFT alulations reported here were arried out with Gaussian [69℄, Ora[51℄, and ADF [70℄. These programs di�er in several respets, among the algorithmidi�erenes, the most important is ertainly that Gaussian and Ora use basissets of Gaussian-type orbitals (GTOs) while ADF uses Slater-type orbital (STO)basis sets. These two types of basis sets behave rather di�erently and it is di�ultto say a priori whih GTO and STO basis sets should be of omparable quality,though alulations arried out with idential funtionals and the two types of basissets permit a rough orrespondene to be made. This was done in setion IV.C ofpaper I where it was pointed out that the TZ2P STO basis gave results omparableto those obtained with a TZVP GTO basis set. The basis sets used in this studyare summarized in Table 3.12.At the SCF level, onvergene to the wrong eletroni state was less frequentlyenountered than in the previous study with the previous version of Gaussian [71℄.This problem has apparently been overome by new onvergene algorithms and inpartiular, the more robust frational oupation onvergene algorithm [72, 73℄.



128 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+Table 3.12: Summary of basis sets used in this work.Basis SetsName Fe N H SizeContrated Gaussian-Type OrbitalsA 6-31G*a 6-31G*b 6-31G**b 208B TZVP Ahlrihsc TZVP Ahlrihsc TZVP Ahlrihsc 255C (8s6p4d2f) Wahtersd TZVP Ahlrihse,c TZVP Ahlrihse,c 312D (11s6p5d3f) QZVP Ahlrihsf TZVPP Ahlrihse,c TZVPP Ahlrihse,c 423Slater-Type OrbitalsA" DZg DZg DZg 137C" TZ2P+g TZ2Pg TZ2Pg 457
a Referene [44℄
b Referene [43℄
c Referene [81, 52℄
d Referene [53, 54℄
e Polarization exponents taken from TurboMole library
f Referene [55℄
g Taken from ADF libraryB Optimized GeometriesWe �rst onsider the geometrial strutures of the free gas phase ations. As re-marked in our earlier work [8℄, available omparison data does not allow us to make�ne distintion between [Fe(H2O)6℄2+ geometries optimized using di�erent densityfuntionals. This is partly beause all funtionals beyond the LDA level (exeptperhaps the RPBE funtional) give relatively good geometries and partly beauseavailable experimental data is for rystals where ation struture is heavily in�uenedby (among other things) the nature of the ounter ions. The same observation maybe made for [Fe(NH3)6℄2+. We thus fous on identifying trends among geometriesobtained using various funtionals.Both [Fe(H2O)6℄2+ and [Fe(NH3)6℄2+ are otahedral omplexes. Aording to thesimple LFT model, the HS eletroni state is degenerate in Oh symmetry. We shouldtherefore expet a Jahn-Teller distortion. As evidened by our earlier work [8℄, thise�et is small in [Fe(H2O)6℄2+. In [Fe(NH3)6℄2+, the axial Fe-N bonds are found tobe only about 0.020 Å longer than the equitorial Fe-N bonds in alulations withour more omplete basis sets (B or C�). A superposition of HS and LS geometries isshown in Fig. 3.7. Fig. 3 of Ref. [8℄ shows a superposition of HS and LS geometriesfor [Fe(H2O)6℄2+.
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Figure 3.7: Superposition of the LS (light) and HS (dark) [Fe(NH3)6℄2+ geometriesoptimized at the PBE0/B level of alulation.

Figure 3.8: Comparison of metal-ligand bond length for the high- and low-spinstates of [Fe(NH3)6℄2+ with the 2 basis sets A and B (with the 2 basis sets A� andC�for the ADF alulations)Sine the Jahn-Teller distortion is small, we will fous on average iron-ligand bondlengths. These bond lengths depend somewhat on the hoie of basis set used for thealulation. Our [Fe(NH3)6℄2+ alulations were arried out with the 6-31G** basisset (A) and the more �exible TZVP basis set of Ahlrihs (B). Figure 3.8 shows thatthe bond length di�erenes also depend upon the funtional, with bond lengths beinglonger for basis set B than for basis set A. The inverse trend for basis A� and C�is observed for alulations with ADF but it must be kept in mind that these STObases are not the same as the GTO bases. Basis set onvergene for [Fe(H2O)6℄2+geometries has been disussed in our earlier work [8℄. Most importantly, the valueof ∆rHL (∼0.20 Å) is relatively large ompared to variations in rHS (0.030 Å) and
rLS (0.050 Å) due to di�erenes between the two basis sets.
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Figure 3.9: Comparison of metal-ligand bond length for the high- and low-spinstates of [Fe(H2O)6℄2+ with the basis set B (with the basis set C� for the ADFalulations)

Figure 3.10: Comparison of metal-ligand bond length for the high- and low-spinstates of [Fe(NH3)6℄2+ with the basis set B (with the basis set C� for the ADFalulations)



Validation of Density Funtionals 131Figures 3.9 and 3.10 summarize the various bond distanes obtained for the HSand LS states of [Fe(H2O)6℄2+ and [Fe(NH3)6℄2+ using various methods and basis sets.In the ideal ase that ∆rHL is independent of the method used for the alulation,
rHS = rLS + ∆rHL . (3.46)This relationship is indeed found for [Fe(H2O)6℄2+ to a remarkably good approxima-tion (Fig. 3.9). A least squares �t gives

rHS = 0.905 rLS + 0.325Å . (3.47)Figure 3.10 shows a less strong linear orrelation between rHS and rLS for [Fe(NH3)6℄2+,with a least square �t result,
rHS = 0.669 rLS + 0.896Å . (3.48)What is most important is that the overall ordering of points, orrespondingto results with di�erent funtionals, is roughly the same for [Fe(H2O)6℄2+ and for[Fe(NH3)6℄2+. The two loal approximations (Xα and LDA) give the shortest bondlengths (both HS and LS). The LDA is known to overbind : bonds tend to be tooshort. The GGAs orret this and lead generally to a lengthening of the bonds, asobserved in the present results. One GGA stands out as giving markedly longerbonds and this is the RPBE funtional. Within the luster of points representingGGAs and hybrids other than the RPBE GGA, the ordering of bond length isvery roughly : PW91, PBE, BP86, PBE0 < B3LYP*, B3LYP, BLYP < HCTH407,VSXC. The longest bond lengths are observed with the two ab initio methods (HFand CASSCF). These latter methods inlude little eletron orrelation (none in thease of HF and only a small amount of stati orrelation in the CASSCF ase).C EnergetisThe HS-LS energy di�erene is a far more sensitive test of the quality of a density-funtional than is the struture. As previously mentionned, although experimentaldata is available indiretly for small ompounds suh as [Fe(H2O)6℄2+ and [Fe(NH3)6℄2+through ligand �eld parameters, we believe that the ability to ompare with the re-sults of ab initio alulations provides a valuable omplement to previous assessmentsof density funtionals for larger ompounds.We thus expet the true value of ∆Eadia

LH for [Fe(NH3)6℄2+ to be in the range9 000 - 11 000 m−1. These results are onsistent with the results of the simple LFT
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Figure 3.11: ∆Eadia
LH for [Fe(H2O)6℄2+(dark bar) and [Fe(NH3)6℄2+(light bar).model of Figgis and Hithmann whih gives respetively 12 000 m−1 and 5 000 m−1for ∆Eadia

LH for [Fe(H2O)6℄2+ and [Fe(NH3)6℄2+. Thus, in this ase, both sophistiatedab initio alulations and simple empirially-based LFT alulations basially agreewith eah other.Figure 3.11 and tables 3.13 and 3.14 summarizes the results of our DFT alu-lations of ∆Eadia
LH for [Fe(H2O)6℄2+ and [Fe(NH3)6℄2+. In this bar graph, ab initioresults are grouped on the left hand side (LHS) followed by the LFT result, thenome the results for loal funtionals, followed by GGAs, then HPDFs, and �nallyon the right-hand side (RHS) are hybrid funtionals. For eah funtional the left(light) bar is for [Fe(NH3)6℄2+ and the right (dark) bar is for [Fe(H2O)6℄2+.Let us fous �rst on trends among density funtionals. It is remarkable thatthe [Fe(NH3)6℄2+ DFT bars in Fig. 3.11 very muh resemble a rigid lowering of the[Fe(H2O)6℄2+ DFT bars in Fig. 3.11. That is, there appear to be de�nite moleule-independent trends in the values of ∆Eadia

LH alulated with di�erent funtionals.The trends for ∆Eadia
LH are roughly: LDA < Xα, BP86, BLYP, PW91, PBE <RPBE, VSXC, PBE0, B3LYP, B3LYP* < HCTH407. These are not the sametrends observed for ∆rHL (LDA, Xα < PW91, PBE, BP86, PBE0 < B3LYP*,B3LYP, BLYP < HCTH407, VSXC).Paulsen and Trautwein [10℄ have found in their alulations on larger spin-rossoverompounds that good agreement with experimental (ondensed phase) values of

∆Eadia
LH for several ligands ould be obtained by a method-dependent, but ligandindependent, shift whih brings ∆Eadia

LH into agreement with the experimental values
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Figure 3.12: Di�erene of ∆Eadia
LH between [Fe(H2O)6℄2+ and [Fe(NH3)6℄2+ with thebasis set Bfor a single hoie of ligand. That is,

∆∆Eadia
LH (M) = ∆Eadia

LH (L,M) − ∆Eadia
LH (L,X) (3.49)where L represents the hoie of ligand, M the omputational method, and X theexperimental result. It follows that

∆∆Eadia
LH (L,L′) = ∆Eadia

LH (L,M) − ∆Eadia
LH (L′,M)

= ∆Eadia
LH (L,X) − ∆Eadia

LH (L′, X) (3.50)should be roughly independent of the hoie of omputational method. Figure 3.12shows that this is indeed roughly the ase for di�erent density funtionals as longas we exlude the two loal approximations. However, as opposed to the experieneof Paulsen and Trautwein [10℄, we �nd that the onstant is markedly di�erent thanthat obtained from our ab initio and LFT alulations.Unlike the ase of ∆rLH where all of the DFT values were too lose to eah otherand to best estimates of the true value, the di�erent DFT values of ∆Eadia
LH di�ersigni�antly from our best estimates. We an thus try to assess whih is the bestfuntional for estimating this property.The adiabati HS-LS energy di�erene is overestimated at the HF level. In-luding eletron orrelation redues the values, giving our best estimates (labeled



134 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+CASPT2orr and SORCI). These latter results are reprodued reasonably well bythe LFT model. After that ome our DFT results for the two moleules. The LDAseriously underestimates ∆Eadia
LH , onsistent with the DFT pairing-energy problemwhih overstabilizes low-spin states with respet to high-spin states. While thisunderestimation is less severe for traditional GGAs, it is still severe. The RPBEGGA is speial in that it gives a larger value of ∆Eadia

LH than the GGAs on its LHSand gives a value of ∆Eadia
LH in reasonable agreement with our best estimate of thetrue value. The HPDFs on the RHS of the RPBE funtional give even larger valuesof ∆Eadia

LH , even exeeding in some ases our best estimate of the true value. Thevarious hybrid funtionals give values of whih are more or less omparable to thoseof the HPDFs.A loser examination (Fig. 3.11) suggests that the best funtionals for ∆Eadia
LHare RPBE, HCTH407, VSXC, B3LYP, PBE0, and B3LYP*, with the best agree-ment with our best ab initio estimates obtained for the VSXC and PBE0 fun-tionals. This is ertainly what one might have hoped, namely that the quality ofdensity-funtionals is inreasing with the time and e�ort spent on generating betterfuntionals (albeit not neessarily monotonially nor without aveats [74℄).VI ConlusionThis paper is a ontinuation of our work [8℄ assessing density-funtionals for theirability to properly predit hanges in moleular geometries and energies assoiatedwith a hange in spin. This work has been motivated in partiular by our interestin iron(II) ompounds beause of their ability to exhibit spin-rossover phenomenamaking them interesting ase studies for solid state moleular optial swithes [3℄.Moleular swithes [75℄ are, of ourse, highly interesting beause of the presentinternational interest in developing nanotehnology. In partiular spin-rossoverphenomena in transition metal ompounds is the subjet of three reent volumesof the series Topis in Current Chemistry [1℄. Nevertheless the ability of density-funtionals to properly treat di�erent spin states is by no means limited to materialsiene as has been niely emphasized in a reent review on hemial reativity byHarvey [9℄.Previous work aimed at assessing density-funtionals for the treatment of spin-rossover phenomena foused on larger ompounds and test data obtained fromondensed matter experiments [4, 5, 6, 7, 10℄. Although highly valuable, we feelthat this work an be louded by the di�ulties of omparing gas phase omputedvalues with ondensed phase experimental values for ompounds suh as these where



Conlusion 135Table 3.13: [Fe(NH3)6℄2+ and [Fe(H2O)6℄2+ HS-LS energy di�erenesHS-LS Energy Di�erenes (m−1)Method [Fe(NH3)6℄2+ [Fe(H2O)6℄2+Molas aCASSCF(12,10) 20630/16792 21180/17892bCASPT2(12,10) 12963/ 9125 16185/12347bOraSORCI/C 10390c 13360bSORCI/D 11250cLFTLFT 5000 12000GaussianXα/A -1238 11280bXα/B -695 11040bVWN/A -8817 3316bVWN/B -8187 3896bBP86/A -241 8985bBP86/B -790 8798bBLYP/A 488 8564bBLYP/B 161 8548bPW91/A -299 9271bPW91/B -617 9232bPBE/A 581 10181bPBE/B 147 10081b

environmental e�ets are known to be highly signi�ant [3, 27℄. That is why we havehosen to fous, in the �rst instane, upon small ompounds suh as [Fe(H2O)6℄2+and [Fe(NH3)6℄2+. The drawbak of this approah is that very little experimentaldata is available for these ompounds and so our primary omparison has been withthe results of our own CASPT2 and SORCI alulations whih we believe to beamong the best in the literature for these ompounds. In addition, it is interestingto note that they agree reasonably well with the results of a simple empirially-basedLFT alulation.In paper I [8℄, we reported our ab initio alulations for [Fe(H2O)6℄2+ as well asalulations using the density funtionals Xα, LDA, BP86, BLYP, PW91, B3LYP,PBE, and RPBE. Previous work had pointed out the existene of what might bealled the �density-funtional theory pairing energy problem" where the LDA over-



136 Chapitre 3 : Étude des omplexes [Fe(H2O)6℄2+ et [Fe(NH3)6℄2+stabilizes low-spin states relative to high-spin states (see Ref [8℄ for a thoroughdisussion). This problem is redued but not eliminated by the GGAs BP86, BLYP,PW91, and PBE. We did however show that it is largely orreted for [Fe(H2O)6℄2+by the RPBE and B3LYP funtionals [8℄. Sine then other highly-parameterizeddensity funtionals (HPDFs) have beome more widely available, making it interest-ing to extend the assessment of paper I to the HCTH family of funtionals (HCTH93,HCTH147, and HCTH407), the VSXC funtional, as well as the hybrid funtionalPBE0. In all, 13 funtionals have now been evaluated for spin-state dependenthanges in the geometry and total energy of [Fe(H2O)6℄2+. We also wanted to ex-tend our study to at least one other moleule, whih we have done here in the aseof [Fe(NH3)6℄2+.We �nd de�nite and distint trends in the ability of di�erent funtionals to treatthese omplexes. All GGAs and hybrid funtionals appear to do an aeptable jobof treating hanges in the geometries of these oordination omplexes. Trends in
∆rHL are :

∆rHL : HCTH407, Xα > LDA, PW91, PBE, BP86, RPBE > BLYP,PBE0, B3LYP∗, B3LYP > VSXCThis is not the same trends observed in ∆Eadia
HL :

∆Eadia
HL : LDA < Xα, BP86, BLYP, PW91, PBE < B3LYP∗, RPBE,VSXC, B3LYP, PBE0 < HCTH407.Sine our ab initio alulations provide best estimates of ∆Eadia

HL , we are able tosay with some on�dene that the VSXC and PBE0 funtionals (among funtionalstested here) are the best funtionals for alulating the adiabati HS-LS energydi�erene in [Fe(H2O)6℄2+ and [Fe(NH3)6℄2+, though B3LYP, B3LYP∗, RPBE, andHCTH407 are also quite good.Although these results are enouraging, it may be useful to end on a note ofaution. Sine [Fe(H2O)6℄2+ and [Fe(NH3)6℄2+ are quite simple model ompoundsone should question their usefulness when trying to understand more ompliatedspin-rossover systems. Davidson and Antolovi [76℄ have suggested that dispersionfores are needed in the quantitative desription of oordination bonding and DFT isommonly believed to severely underestimate dispersion fores. If dispersion foresare really needed for a quantitative desription of oordination bonding, we maybe getting �the right answer for the wrong reason,�in whih ase extrapolation tothe ase of true spin rossover omplexes may or may not be possible. We arethus looking forward with some exitement to see what happens as we extend our
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Table 3.14: [Fe(NH3)6℄2+ and [Fe(H2O)6℄2+ HS-LS energy di�erenesHS-LS Energy Di�erenes (m−1)Method [Fe(NH3)6℄2+ [Fe(H2O)6℄2+HCTH93/A 10299 19062HCTH93/B 9430 18779HCTH147/A 9344 18435HCTH147/B 8576 18211HCTH407/A 10682 19789HCTH407/B 9962 19631VSXC/A 6991 14860VSXC/B 5928 13975B3LYP*/A 3651 10519B3LYP*/B 3226 10456B3LYP/A 5260 11514bB3LYP/B 4978 11465bPBE0/A 7799 14676PBE0/B 7195 14504HF/A 25667 27627HF/B 26381 28796ADFPBE/A" -498PBE/C" -640 9056bRPBE/A" 2911RPBE/C" 2744 11844b

a The notation X/Y indiates with (Y) and without (X) the atomi orretionsfrom [8℄.
b Ref. [8℄.
c Geometries relaxation energy obtained from B3LYP/TZVP alulations.
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Chapitre 4Étude des omplexes [Fe(bpy)3℄2+ et[Fe(L)(`NHS4')℄Deux artiles sont présentés dans e hapitre,1. Latévi Max Lawson Daku, Alfredo Vargas, Andreas Hauser, Antony Fouqueauet Mark Casida,Chem. Phys. Chem. soumis.Comparison of Density Funtionals for Energy and Strutural Di�erenes Bet-ween the High [5T2g : (t2g)4(eg)2℄ and Low [1A1g : (t2g)6(eg)0℄ Spin States ofIron(II) Coordination Compounds : III. Density-Funtional Study of the Low-Spin Iron(II) Tris(2,2'-bipyridine) Complex in Relation to the High-Spin →Low-Spin Relaxation Dynamis2. Georg Gutzenmüller, Nabil Berkaïne, Antony Fouqueau, Mark E. Casida etMarkus Reiher,J. Chem. Phys. soumis.Comparison of Density Funtionals for Energy and Strutural Di�erenes Bet-ween the High [5T2g : (t2g)4(eg)2℄ and Low [1A1g : (t2g)6(eg)0℄ Spin States ofIron(II) Coordination Compounds : IV. Comparison of Density-Funtional andExperimental Results for the Ferrous Complexes [Fe(L)(`NHS4')℄, where `NHS4'= 2.2'- Bis(2-meraptophenylthio)diethylamine Dianion, and L = NH3, N2H4,PMe3, CO, and NO+.Dans es deux artiles, nous avons omparé les résultats de aluls DFT avel'expériene. Dans le as du omplexe tris(2,2'-bipyridine) fer(II), [Fe(bpy)3℄2+, nousnous sommes servi de nos résultats DFT pour on�rmer une hypothèse expérimen-tale. Dans le as des omplexes [Fe(L)(`NHS4')℄, nous avons diretement omparénous résultats DFT ave l'expériene en prenant en ompte di�érentes ontributions145



146 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄thermodynamiques.Pour le omplexe [Fe(bpy)3℄2+, mon travail a essentiellement onsisté a réaliserles aluls ave les fontionnelles hybrides B3LYP, B3LYP* et PBE0. Une estima-tion de la di�érene d'énergie de point zéro entre les états 5T2g et 1A1g, ∆E◦
HL,est de 2500 - 5000 m−1. Cette estimation est basée sur le modèle du proessusmultiphonon non-adiabatique proposé par Buhks [1℄(f. annexe 1) dans lequel ladi�érene de longueur de liaison métal-ligand, ∆rHL, est supposée égale à 0.2 Å.Dans un premier temps, nous avons véri�é ette hypothèse grae à des aluls DFT.Ceux-i donnent de bonnes estimations géométriques tel que ela a été vu dansle hapitre préédent. Dans un deuxième temps, nous avons estimé ∆Eel

HL, dé�-nit par ∆Eel
HL = ∆E◦

HL − ∆Evib
HL. Nous obtenons alors une nouvelle estimation de3500 - 6000 m−1. Nous pouvons alors nous en servir pour tester les di�érentesfontionnelles.Le meilleur aord est obtenu ave la fontionnelle GGA RPBE et la fontionnellehybride B3LYP*. Les autres fontionnelles GGA sur-estiment très largement ettevaleur à ause d'une sous-estimation de l'éhange alors que les autres fontionnelleshybrides, B3LYP et PBE0, sous-estiment trop ∆Eel

HL. Il semble alors important dediminuer la proportion d'éhange HF pour être en mesure de dérire orretemente omplexe.Dans le as des omplexes [Fe(L)(`NHS4')℄, j'ai o-enadré, ave Mark Casida,Nabil Berkaïne et Georg Gutzenmüller. Les e�ets de températures ont été pris enompte a�n de omparer nos résultats ave les résultats expérimentaux. Nous n'avonspas omparé stritement des valeurs numériques ar il n'y a pas de valeurs expéri-mentales de ∆Gel
HL pour es omplexes. Cependant, l'état fondamental de haqueomplexes sera soit HS, soit LS, dépendant du ligands. Nous pourrons alors étudierla apaité de haque fontionnelle pour prédire le bon état fondamental. Indire-tement, nous évaluons don la apaité de haque fontionnelle à donner la bonnedi�érene d'énergie.Les meilleurs résultats sont obtenus ave la fontionnelle GGA OLYP. Cette fon-tionnelle, non testée auparavant, est la seule à prédire orretement l'état fondamen-tal de tous les omplexes étudiés en prenant en ompte les orretions thermody-namiques. Les fontionnelles hybrides ne dérivent pas orretement tous es om-plexes. Pour pouvoir être apable de prédire le bon état fondamental, il apparait denouveau l'importane de diminuer la proportion d'éhange à moins de 10 %.
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Introdution 149AbstratIn the iron(ii) low-spin omplex [Fe(bpy)3℄2+, the zero-point energy di�erene be-tween the 5T2g(t
4
2g e

2
g) high-spin and the 1A1g(t

6
2g) low-spin state, ∆E◦

HL, is estimatedto lie in the range of 2500-5000 m−1. This estimate is based on the low-temperaturedynamis of the high-spin→low-spin relaxation following the light-indued popula-tion of the high-spin state and on the assumption that the bond length di�erenebetween the two states ∆rHL is equal to the average value of ∼0.2 Å as found ex-perimentally for spin-rossover system. Calulations based on density funtionaltheory (DFT) validate the strutural assumption in so far as the low-spin stateoptimised geometries are found to be in very good agreement with the experimen-tal X-ray struture of the omplex and the predited high-spin geometries are allvery lose to one another for a whole series of ommon GGA (PB86, PW91, PBE,RPBE) and hybrid (B3LYP, B3LYP⋆, PBE1PBE) funtionals. This on�rmationof the strutural assumption underlying the estimation of ∆E◦
HL from experimentalrelaxation rate onstants permits us to use this value to assess the ability of thedensity funtionals for �rst priniples alulation of the energy di�erene betweenthe HS and the LS state. Sine the di�erent funtionals give values from −1000 to12000 m−1, the omparison of the alulated values with the experimental estimatethus provides a stringent riterion for the performane of a given funtional. Basedon this omparison the RPBE and B3LYP⋆ funtionals give the best agreement withexperiment.KeywordsDensity funtional alulations, iron(ii)tris(2,2'-bipyridine) omplex, time-resolvedspetrosopy, high-spin→low-spin relaxation.I IntrodutionThe eletroni ground state of otahedral d6 iron(ii) omplexes is either the high-spin(HS) 5T2g(t

4
2ge

2
g) state at low ligand-�eld strength or the low-spin (LS) 1A1g(t

6
2ge

0
g)state at high ligand-�eld strength. Complexes with a LS ground state for whih theHS state is su�iently lose in energy an exhibit the phenomenon of spin-rossover,that is, the entropy driven thermal transition from the LS state, populated at lowtemperatures, to the HS state, populated at higher temperatures [1, 2, 3℄. Forspin-rossover ompounds, the zero-point energy di�erene between the two states



150 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄
∆E◦

HL = E◦
HS −E◦

LS is typially of the order of 100-1000 m−1. For iron(ii) systemsthe assoiated entropy di�erene, being made up of an eletroni and a vibrationalontribution, is typially between 4 and 7 m−1K−1 [4℄. X-ray strutures of iron(ii)spin-rossover ompounds in the LS and in the HS state, respetively, show thatthe spin transition is aompanied by a onsiderable elongation of the iron-ligandbond lengths. This is onsistent with the promotion of two eletrons from theessentially non-bonding t2g orbitals to the anti-bonding eg orbitals. Thus, for iron(ii)spin-rossover omplexes with a N6 �rst oordination sphere, representing the vastmajority of iron(ii) spin-rossover omplexes known to date, the hange in Fe-Ndistane, ∆rHL = rHS−rLS, is found to be in the range of 0.16-0.22 Å [5, 6, 7, 8, 9, 10,11℄. The important lengthening of the iron-ligand bond and onomitant geometryhanges give rise to a large inrease of the moleular volume, ∆VHL = VHS − VLS.Experimentally this has been evidened by a hange of the rystal volume assoiatedwith the spin transition of 15-30 Å3 per moleular unit [8, 12, 13, 14℄. Suh a largedi�erene of the moleular volume makes the spin-rossover phenomenon sensitiveto external pressure as well as to variations in the seond oordination sphere [15℄,and it is responsible for the ooperative e�ets often observed in neat spin-rossoverompounds.The spin transition an also be optially triggered by using laser exitation intometal-ligand harge transfer (MLCT) or d-d absorption bands to e�iently onvertmoleules from the LS state to the HS state. This disovery, made by MGarvey andLawthers [16, 17℄ and used to study the HS→LS relaxation in solution, was followedby the observation of Deurtins et al. [18, 19℄ that at ryogeni temperatures,the HS→LS relaxation beomes so slow that iron(ii) spin-rossover systems anbe trapped quantitatively in the HS state, a phenomenon now known under thearonym of LIESST (light-indued exited spin state trapping). The mehanismfor the light-indued LS→HS onversion is shematially shown in Figure 4.1. In alarger ontext LIESST is not restrited to spin-rossover ompounds. It is likewisepossible to ahieve a light-indued population of the HS state in LS omplexes suhas the title omplex [Fe(bpy)3℄2+. Albeit, for these omplexes the HS→LS relaxationis generally onsiderably faster than for spin-rossover omplexes.As desribed in more detail below, the HS→LS relaxation is a non-adiabati pro-ess [21℄ with pure tunnelling below ∼50 K and a thermally ativated behaviourat elevated temperatures [22, 23℄, the most relevant parameters being ∆rHL and
∆E◦

HL. Whereas for spin-rossover omplexes these are diretly aessible experi-mentally (the former from X-ray rystallography, the latter in the form of ∆H◦
HLfrom the thermal transition urve extrapolated to T → 0 [24, 25℄), this is not the
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Figure 4.1: Con�gurational oordinate diagram along the totally symmetribreathing mode for an iron(ii) omplex with a LS 1A1g(t
6
2g) ground state. Onlythe potential wells of the ground state and the �rst exited state, namely the

5T2g(t
4
2ge

2
g) HS state are expliitly shown, higher exited ligand-�eld and MLCTstates are indiated shematially. The potential wells of the LS and HS states areplotted assuming equal vibrational frequenies, ~ω, for the two states. Quantume�ienies for the light-indued population of the HS state are generally lose tounity [20℄.



152 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄ase for LS omplexes.Although a desription of the eletroni struture of the omplexes based onligand-�eld theory (LFT) serves to rationalise qualitatively most of the observationson spin-rossover systems to date [26, 20℄, LFT does not provide numerial valuesof the geometri and energeti fators at the required level of auray. We aimto improve our understanding of the photophysial properties not only of iron(ii)spin-rossover systems but for iron(ii) omplexes in general using quantum hemialmethods. Suh methods are expeted to give a desription of the omplexes whihomplements and quantitatively goes beyond their haraterisation based on LFTalone. They are indeed essential for LS omplexes for whih the diret experimentaldetermination of the relevant parameters is not possible.Generally the large number of atoms in the omplexes of interest, inluding[Fe(bpy)3℄2+, preludes the use of omputationally demanding high-level ab initio(i.e., wavefuntion based) methods, in ontrast to methods based on density fun-tional theory (DFT) whih an e�iently be applied to systems of suh size. In twoprevious papers [27, 28℄, we ompared the results of density-funtional alulationswith the results of high-level ab initio alulations for the desription of the simple[Fe(H2O)6℄2+ and [Fe(NH3)6℄2+ omplexes in the LS and HS states. In this paper, weextend our investigation of iron(ii) omplexes to the analysis of the low-temperaturetunnelling proess in the HS→LS relaxation dynamis for a LS omplex. Spei�ally,we examine the extension of the relaxation model used for spin-rossover systemswith the well established orrelation between the low-temperature tunnelling rateonstant and the thermal transition temperature as a measure for ∆E◦
HL [20℄ to theLS omplex [Fe(bpy)3℄2+, and we relate the results to the relevant parameters asderived by density-funtional alulations. The present study is addressed to boththeoretiians as well as experimentalists. In order to make it tratable for both om-munities, we thus present the basi notions of DFT and the analysis of the HS→LSrelaxation in some detail.II The HS→LS relaxation and the zero-point energydi�ereneAs mentioned above, HS→LS intersystem rossing may be observed for any iron(ii)omplex with a LS eletroni ground state, that is, for iron(ii) spin-rossover om-pounds but also for iron(ii) LS ompounds. However, beause of the larger zero-pointenergy di�erene, the relaxation rates reported for the latter are onsiderably faster



The HS→LS relaxation and the zero-point energy di�erene 153than for spin-rossover ompounds. Thus, whereas for spin-rossover ompoundsat ryogeni temperatures, relaxation rate onstants, kHL(T → 0), are typiallybetween 10−6 s−1 to 10−1 s−1, those for LS omplexes are on the miroseond tosub-miroseond timesale. For the title omplex [Fe(bpy)3℄2+ (Figure 4.2), for in-stane, they vary between ∼104 s−1 and ∼108 s−1, depending on the matrix in whihthe omplex is embedded [29, 30, 31℄.

Figure 4.2: View of the X-ray struture [32℄ of [Fe(bpy)3℄2+ in the LS state: theomplex possesses a D3 site symmetry. The atom labelling used in the manusriptis indiated.As proposed by Buhks et al. [21℄, the HS→LS relaxation in spin-rossover om-pounds of �rst-row transition metal ions is basially a radiationless non-adiabatimultiphonon proess ourring between two distint zero-order spin states hara-terised by di�erent nulear on�gurations. Given that the metal-ligand bond isshown to undergo the largest strutural hanges, the reation oordinate Q is nat-urally taken as the totally symmetri breathing mode. Figure 4.1 shows a rosssetion of the LS and HS potential energy surfaes along the Q oordinate. Har-moni potentials with equal fore onstants, f , and equal vibrational frequenies,
~ω, are assumed for mathematial simpliity. Also, in this single on�gurationaloordinate model, ∆QHL, the horizontal displaement of the two potential wellsrelative to eah other is given by ∆QHL =

√
6∆rHL. The theory of non-adiabatimultiphonon relaxation, whih is based on Fermi's Golden rule for non-radiative



154 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄proesses, leads to the following expression for the low-temperature tunnelling rateonstant (see Ref. [33℄ for details):
kHL(T → 0) =

2π

~2ω
β2

HL |〈χn|χ0〉|2 (4.1)For iron(ii) systems with ∆S = 2 (S being the total eletroni spin), the eletronioupling matrix element βHL = 〈ΦLS|HSO |ΦHS〉 omes from seond order spin orbitoupling and takes on a value of ∼150 m−1 [21℄. The redued energy gap
n =

∆E◦
HL

~ω
(4.2)is a dimensionless measure for the vertial displaement of the potential wells of theinitial HS and �nal LS states relative to eah other. |〈χn|χ0〉|2 is the Frank-Condonfator, that is, the squared overlap of the wavefuntion of the lowest vibrationallevel of the HS state, from whih the low-temperature relaxation exlusively ours,with the wavefuntion of the nth vibrational level of the LS state, as required by thepriniple of energy onservation. Inspetion of Figure 4.1 shows the Frank-Condonfator to be a funtion of both ∆E◦

HL as well as ∆QHL. In ase of the harmoniapproximation with equal fore onstants it an be expressed as
|〈χn|χ0〉|2 =

Sne−S

n!
(4.3)where

S =
(1/2)f∆Q2

HL

~ω
. (4.4)The quantity S, the so-alled Huang-Rhys fator, is a dimensionless measure of thehorizontal displaement of the potential wells relative to eah other. Using the modelvalues of ~ω = 250 m−1 for the average vibrational frequeny of the ative modes,

f = 2 × 105 dyn/m for the orresponding fore onstant, and ∆QHL =
√

6∆rHL =

0.5 Å for the bond length di�erene expressed in terms of the totally symmetristreth vibration, a value of S of 40-50 an be estimated [33℄.Figure 4.3 shows the low-temperature tunnelling rate onstant on a logarithmisale versus ∆E◦
HL alulated aording to equations (4.1)-(4.4), and using the abovemodel values for the relevant parameters. Figure 4.3 inludes the experimental pointsfor a range of spin-rossover omplexes from Ref. [20℄ (N.B: whereas in Ref. [20℄ the

x-axis orresponds to the transition temperature T1/2 for the thermal spin transition,the x-axis in Figure 4.3 orresponds to ∆E◦
HL. The two are intimately related:
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Figure 4.3: The low-temperature tunnelling rate onstant, kHL(T → 0), ona logarithmi sale as a funtion of ∆E◦
HL. Theoretial urves were alulatedusing the model values as desribed in the text with an average value of S =

45 (solid line) and the limiting values 40 and 50 (dashed line). The lozenges,irles and squares represent experimental values for a series of spin-rossoverompounds with a [FeN6℄ �rst oordination sphere aording to Ref. [20℄. Therange of experimental values for the LS omplex [Fe(bpy)3℄2+ doped into di�erentrystalline host latties [15℄ is also indiated (shaded area).
∆E◦

HL ≈ ∆H◦
HL ≈ T1/2∆S

◦
HL, with an average value of ∆S◦

HL ≈ 5 m−1K−1. Fora more detailed disussion on this point see Ref. [23℄. In partiular for ompoundswith quite high transition temperatures, this approximation is reasonable). Theexperimental points all lie within the range predited for S = 40-50. Figure 4.3 alsoindiates the above mentioned range of low-temperature relaxation rate onstantsobserved for the LS omplex [Fe(bpy)3℄2+ doped into a series of inert rystalline hostlatties. Assuming that for this omplex, having the same [FeN6℄ oordination sphereas the spin-rossover ompounds, the di�erene in bond length between the HS andthe LS state is also ∼0.2 Å, a value for ∆E◦
HL of between 2500 and 5000 m−1 maythus be estimated. Aording to Ref. [26℄ suh a value for ∆E◦

HL orresponds to avalue of the ligand-�eld strength, 10Dq, in the range of 22000-25000 m−1. To date,no reliable values for the ligand-�eld strength of [Fe(bpy)3℄2+ have been publishedas it is rather di�ult to diretly observe the ligand-�eld transitions in this omplex



156 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄due to the low-lying MLCT band obsuring the ligand-�eld transitions. However, iton�rms the tentative assignment of a shoulder on the low-energy side of the MLCTband to the 1A1 →1T1 transition based on its CD spetrum [34℄.The HS→LS relaxation an be aelerated by external pressure. This is due tothe work-term like expression p∆VHL giving an additional ontribution to ∆E◦
HL.External pressure is most e�etive in the low-temperature tunnelling region. Forspin-rossover ompounds the tunnelling rate onstant is typially enhaned by oneorder of magnitude per kbar, for low-spin systems the enhanement is somewhatsmaller. For the title omplex [Fe(bpy)3℄2+, an aeleration of a fator of two at10 K has been reported [31℄. At omparatively low pressure, the low-temperaturetunnelling rate onstant as a funtion of pressure an be expressed as

kHL(T → 0, p) = kHL(T → 0, p = 0) eβ(T→0)p, (4.5)where kHL(T → 0, p = 0) is given by Eq. (4.1) while the aeleration fator at lowtemperature β(T → 0) is given by [35℄
β(T → 0) ≈ ∆VHL

~ω
ln

(S
n

)

. (4.6)For spin-rossover ompounds with n ≈ 1 and a model value for the di�erene inmoleular volume ∆VHL ≈ 25 Å3, β(T → 0) takes on a value of 2 kbar−1 in linewith the observation of a one order of magnitude aeleration per kbar externalpressure. Aording to the above estimate of ∆E◦
HL, the redued energy gap for[Fe(bpy)3℄2+ is on the average around 15. With the experimental aeleration fatorof β = 0.69 kbar−1, and assuming the same model values for S and ~ω as above,

∆VHL for [Fe(bpy)3℄2+ is estimated to be of the same order as for the spin-rossoversystems.
III Theoretial frameworkThe fat that the struture of [Fe(bpy)3℄2+ annot be experimentally haraterised inthe HS state makes the theoretial validation of the working hypothesis, ∆rHL ≈ 0.2Å, of uttermost importane. The present study aims at validating this assumptionby using a variety of density-funtional methods to ahieve an aurate desriptionof the geometry of the omplex in the LS and HS states, and also at probing theability of these methods to provide reliable estimates of the energy di�erene. In



Theoretial framework 157this setion, we present an overview of the known performane of DFT methodswith regard to the desription of iron(ii) omplexes in the LS and HS states, whihwe preede by an outline of the density-funtional formalism so as to introdue theneessary notions and notations. More general reviews of DFT may be found inRefs. [36, 37, 38℄.A Outline of the density-funtional formalismModern density-funtional alulations are based on the Kohn-Sham (KS) formu-lation of spin-density funtional theory [39, 40, 41, 42℄ wherein the ground-stateenergy of a N-eletron system in an external potential v(r) reads
Ev[ρ↑, ρ↓] = Ts[ρ↑, ρ↓] +

1

2

∫ ∫

dr dr′
ρ(r)ρ(r′)

|r− r′|
︸ ︷︷ ︸

J [ρ]

+

∫

dr ρ(r) v(r) + Exc[ρ↑, ρ↓]. (4.7)
ρ↑(r) and ρ↓(r) are the spin-up and spin-down densities, respetively. They sum tothe harge density: ρ(r) = ρ↑(r) + ρ↓(r), and integrate to the numbers of spin-up(N↑) and spin-down (N↓) eletrons, with N↑+N↓ = N . They determine the externalpotential and thus the system's Hamiltonian. Hene they determine the eigenstates,the energy spetrum and any other property O of the system; all of them beingtherefore funtionals of the spin densities, denoted O[ρ↑, ρ↓]. Ts[ρ↑, ρ↓] is the kinetienergy of the KS auxiliary noninterating N-eletron system whih has the samespin-densities as the interating system: it provides a very good estimate of thetrue kineti energy T [ρ↑, ρ↓] whih is di�ult to approximate by funtionals whihexpliitly depend on the spin densities, and it is simple to evaluate. J [ρ] is theHartree self-interation potential energy and the quantity Exc[ρ↑, ρ↓] thus de�nedby Eq. (4.7) is the exhange-orrelation (XC) energy. It ontains the residual partof the true kineti energy: T [ρ↑, ρ↓] − Ts[ρ↑, ρ↓], and the nonlassial part of theeletroni interation energy Vee[ρ↑, ρ↓] whih is given by Uxc[ρ↑, ρ↓] = Vee[ρ↑, ρ↓] −
J [ρ]. For the noninterating system, denoting the energy, the spinorbital and theoupation number of its ith σ-type (σ =↑, ↓) single-partile level by εiσ, ψiσ(r) and
fiσ, respetively, the ground state energy is obtained by �lling the lowest lying N↑spin-up and lowest lying N↓ spin-down levels as follows:

fiσ = 1, εiσ < µσ;

0 ≤ fiσ ≤ 1, εiσ = µσ;

fiσ = 0, εiσ > µσ;

(4.8)
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µσ is the energy of the highest oupied σ-type level whose oupation an be fra-tional if it is degenerate and partially oupied and, in this ase, the noninteratingground state an be degenerate. From the ground state of the noninterating sys-tem one dedues that the ground-state spin-up and spin-down densities for both theinterating and noninterating systems, are given by

ρσ(r) =
∞∑

i=1

fiσ|ψiσ(r)|2; (4.9)and that the noninterating kineti energy reads
Ts[ρ↑, ρ↓] =

∑

σ=↑,↓

∑

i

fiσ

∫

drψ∗
iσ(r)

(

−1

2
∇2

)

ψiσ(r). (4.10)The single-partile levels are obtained as solutions of the elebrated KS equations
(

−1

2
∇2 + v(r) +

∫

dr′
ρ(r′)

|r − r′| + vxcσ[ρ↑, ρ↓](r)

)

ψiσ(r) = εiσ ψiσ(r) (4.11)where the spin-dependant XC potential vxcσ(r) is the funtional derivative
vxcσ[ρ↑, ρ↓](r) =

δExc[̺↑, ̺↓]

δ̺σ(r)

∣
∣
∣
∣
(̺↑,̺↓)=(ρ↑,ρ↓)

. (4.12)Beause of the dependene of the potential felt by the single partiles on the spin-densities, hene on the KS spinorbitals through Eq. (4.9), Eqs. (4.11) must be solvedusing a self-onsistent �eld (SCF) approah. For spin-polarised systems, the XCpotential will be di�erent for spin-up and spin-down partiles, and spin-up andspin-down orbitals will have di�erent spatial extensions. Given that the analytialform of the XC energy funtional is unknown, approximations are devised requiringthat either the largest number of the mathematial properties of the true XC energyfuntional, or, at least, a few onditions known to be limiting for the evaluation ofseleted properties are satis�ed.For dealing with the XC energy funtional, one distinguishes between the ex-hange and orrelation ontributions, noted Ex[ρ↑, ρ↓] and Ec[ρ↑, ρ↓], respetively,whih both may be further expressed in terms of the exhange (ǫx[ρ↑, ρ↓](r)) andorrelation (ǫc[ρ↑, ρ↓](r)) energies per partile
Eκ[ρ↑, ρ↓] =

∫

drρ(r)ǫκ[ρ↑, ρ↓](r), (κ = x, c). (4.13)



Theoretial framework 159The exhange energy is de�ned as the nonlassial part of the expetation value ofthe eletroni repulsion operator for the ground-state of the noninterating system.This formulation is given by
EKS

x [ρ↑, ρ↓] = −1

2

∑

σ=↑,↓

∫∫

dr dr′
|
∑

iσ fiσψiσ(r)ψ∗
iσ(r′)|2

|r − r′| (4.14)
EKS

x [ρ↑, ρ↓] takes on the same form as the Hartree-Fok (HF) exhange energy, thusre�eting the fat that the de�nition of the exhange energy follows naturally fromthe one of the HF exhange and similarly aounts for the Pauli exlusion priniplewhih tends to keep eletrons of alike spin apart. Nevertheless the two quantitiesare not equal beause the KS and HF orbitals di�er [43℄. EKS
x [ρ↑, ρ↓] is an impliitfuntional of the spin densities beause the KS spinorbitals also are funtionals ofthe spin densities but their expliit dependene on ρ↑(r) and ρ↓(r) is unknown.Several shemes allow to obtain approximate exhange and orrelation energyfuntionals expliitly stated in terms of the spin densities. The oldest is the loaldensity approximation (LDA) [40℄, wherein it is assumed on the basis of the univer-sality of the XC energy funtional that the exhange and orrelation energies perpartile of a system at a given point r are those of a homogeneous eletron gas,(HEG), whose onstant spin densities are the ones of the investigated system at r:

ǫLDA
κ [ρ↑, ρ↓](r) = ǫHEG

κ (ρ↑(r), ρ↓(r)), (κ = x, c). (4.15)The HEG, (that is, an ideal eletroni system made of a uniform eletron loudof given spin densities, (ρ◦↑, ρ◦↓), whih evolves in a uniform positive bakgroundwhih ompensates for the eletroni harge), o�ers the advantage that the density-funtional study of its ground state leads to an analytial expression for ǫHEG
x (ρ◦↑, ρ

◦
↓)for whih the LDA exhange energy an be written as

ELDA
x [ρ↑, ρ↓] = 21/3Cx

∑

σ=↑,↓

∫

dr ρ4/3
σ (r) with Cx = −3

4

(
3

π

)1/3

; (4.16)and it leads to the parameterisations of ǫHEG
c (ρ◦↑, ρ

◦
↓) based on the aurate resultsof the Quantum Monte Carlo alulations of Ceperley and Alder [44℄, the Vosko-Wilk-Nusair (VWN) parameterisation being the one most widely used [45℄. TheLDA is valid for slowly varying densities. For atomi, moleular and solid systemsharaterised by rapidly varying densities, the LDA underestimates the exhangeenergy by about 14% and overestimates the orrelation energy by a fator of 2.5



160 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄approximatively; and quite often the two errors anel [37, p. 231℄. The LDA howevertends to overestimate bond energies.The generalised gradient approximation (GGA) remedies this de�ieny by addingorretion terms ∆Eκ[ρ↑, ρ↓], (κ = x, c), whih depend on the gradients of the spindensities and whih allow a better desription of exhange and orrelation, espeiallyin the boundary region at the outer edges of atoms and where moleular bindingours. The GGA XC funtionals thus read:
EGGA

xc [ρ↑, ρ↓] = ELDA
x [ρ↑, ρ↓] + ∆Ex[ρ↑, ρ↓]
︸ ︷︷ ︸

EGGA
x [ρ↑,ρ↓]

+ELDA
c [ρ↑, ρ↓] + ∆Ec[ρ↑, ρ↓]
︸ ︷︷ ︸

EGGA
c [ρ↑,ρ↓]

= ELDA
xc [ρ↑, ρ↓] + ∆Ex[ρ↑, ρ↓] + ∆Ec[ρ↑, ρ↓]. (4.17)The GGA enhanes exhange while turning o� orrelation. This reprodues theexpeted trend that exhange turns on and orrelation turns o� with respet to ex-hange with inreasing spin density gradients [46, 47, 48, 49℄, but also with inreasingharge density, or inreasing spin polarisation measured loally by
ζ(r) = [ρ↑(r) − ρ↓(r)] /ρ(r). (4.18)In ontrast to the LDA, the GGA is not related to a physially well-de�ned system.The GGA funtionals are therefore not �uniquely� de�ned in the sense that theyan be derived in di�erent ways. Nevertheless, the exhange part of the GGA XCenergy admits the general form

EGGA
x [ρ↑, ρ↓] = 21/3Cx

∑

σ=↑,↓

∫

drρ4/3
σ (r)Fx(2

1/3sσ(r)), (4.19)where the enhanement fator Fx depends on the redued gradients
sσ(r) = |∇ρσ(r)| /

(
2(3π2)1/3ρ4/3

σ (r)
)
, (4.20)and must give Fx(0) = 1 in order to reprodue the HEG results. The expressionsof the GGA orrelation energy funtionals turn out to be far more ompliated[36, 37, 38℄. The GGA improves the LDA desription of the equilibrium geometriesin that it usually strethes bond lengths, and of the energetis. These improvementsare one reason for the inreased aeptane of DFT methods in Quantum Chemistry.Further improvements were ahieved with hybrid XC energy funtionals whihare haraterised by the fat that they inlude a ontribution of the exat-exhange



Theoretial framework 161energy (Eq. (4.14)) as advoated for by Beke [50, 51℄ on the basis of the adiabationnetion formalism of Harris and Jones [52℄. The adiabati onnetion formalismrelates a physial system with fully interating eletrons to its noninterating KSounterpart through the equation
Exc[ρ↑, ρ↓] =

∫ 1

0

dλ Uλ
xc[ρ↑, ρ↓], (4.21)where Uλ

xc[ρ↑, ρ↓] is λ−1 times the XC potential energy of a system for whih (i) theeletroni repulsion interation has been saled by λ ∈ [0, 1], and (ii) the externalpotential has been hosen to maintain the ground-state spin densities �xed at theirvalues ρ↑(r) and ρ↓(r) for the physial λ = 1 system. In pratie, Eq. (4.21) issolved by using an interpolation sheme for the integrand, knowing that Uλ=0
xc [ρ↑, ρ↓]rigorously redues to EKS

x [ρ↑, ρ↓], while approximate XC funtionals Eapprox.
xc [ρ↑, ρ↓]an be used for Uλ=1

xc [ρ↑, ρ↓]. For instane, the simplest sheme [50℄ onsists in usinga linear interpolation that results in the so-alled half-and-half hybrids of the form
1

2

(
EKS

x + Eapprox.
xc

). Still the exat λ-dependene of the interpolation funtion is asubjet of on-going study [53, 54, 55℄.GGA and hybrid funtionals are routinely used in nowadays DFT appliations.Beause there is no systemati approah for improving their quality, their perfor-mane must be assessed by omparing the results to whih they lead for some spei�properties with aurate data that originate from experiments or ab initio alula-tions.B DFT haraterisation of LS and HS states of iron(ii) om-plexesWhereas LFT serves to explain qualitatively most of the physial properties of spin-rossover ompounds, it annot provide strutural and energeti parameters at therequired level of auray. Unfortunately, the large size of spin-rossover omplexesprohibits the use of detailed ab initio alulations. In priniple, DFT o�ers a fea-sible alternative, but to date none of the numerous DFT based methods has beenaknowledged to onstitute a fool proof approah to the problem of the desriptionof spin-rossover ompounds in their LS and HS states. Following Gunnarsson andLundqvist [41℄, who extended the density-funtional formalism for the ground stateto the lowest lying state of eah spatial and spin symmetry, advantage is taken ofthe fat that the LS and the HS states represent the lowest lying state for their



162 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄respetive spin multipliity. Using this so-alled ∆SCF approah, distint KS SCFalulations thus provide a strutural and energeti haraterisation of the omplexesin both states. Whereas optimised LS and HS geometries satisfatorily ompare withavailable experimental geometries, the DFT methods often fail to orretly desribethe eletroni ontribution ∆Eel.
HL to the zero-point energy di�erene. Thus, Paulsenet al. [56℄ notied that, ommonly used GGAs - namely, the BLYP funtional whihombines Beke's 1988 (B or B88) exhange GGA [57℄ and the Lee-Yang-Parr (LYP)orrelation GGA [58℄, as well as the PW91 exhange-orrelation GGA of Perdew andWang [59, 60, 61, 62℄ - give the expeted LS ground state for the investigated iron(ii)spin-rossover omplexes, but they tend to give too high ∆Eel.

HL values. Baranovi¢[63℄, using the BP86 GGA made of the B exhange and Perdew's 1986 (P86) or-relation [64℄ parts, obtained similar results and proposed an empirial parameter toappropriately sale alulated ∆Eel.
HL values.In ontrast Paulsen et al. [56℄ also showed that the HS state is stabilised withrespet to the LS state and is falsely predited to be the ground state if the B3LYPfuntional is used. This funtional is the workhorse of the hybrid XC energy fun-tionals. Omitting the expliit referene to the spin densities in the notation of thefuntionals, it reads [65℄

EB3LYP
xc = (1 − a0)E

LDA
x + a0E

KS
x + ax∆E

B
x + (1 − ac)E

VWN
c + acE

LYP
c , (4.22)where EVWN

c is the VWN parameterisation orresponding to the random phase ap-proximation (RPA) orrelation energy [45℄. ∆EB
x stands for the nonloal omponent(i.e., gradient orretions) of the Beke's 1988 exhange GGA; and the oe�ients

(a0, ax, ac) = (0.20, 0.72, 0.81) are the ones determined by Beke [51℄, originally forthe B3PW91 hybrid, by �tting to a data set of atomisation energies. Given theinorporation of an exat-exhange ontribution in hybrid funtionals, the B3LYPbehaviour reported by Paulsen et al. [56℄ an be asribed to the fat that suhfuntionals inherit from the HF sheme the tendeny towards over stabilising statesof high spin multipliity with respet to states of lower multipliity.The preferene of the B3LYP for a high multipliity ground state in iron(ii)omplexes was also observed by Reiher, Salomon and Hess [66℄ who evideneda linear dependene of ∆Eel.
HL on the amount a0 of exat-exhange admixture inEq. (4.22). They reommended a redued a0 value of 0.15 for whih the result-ing B3LYP⋆ funtional orretly predits the ground state of a number of iron(ii)omplexes [66, 67℄. Nevertheless, in the partiular ase of the spin-rossover Fe(1,10-phenantroline)2(NCS)2 omplex, even the B3LYP⋆ funtional inorretly gives the



Theoretial framework 163HS state as the ground state [68℄. As pointed out by Reiher, this suggests that theamount of exat exhange may be further redued in the ase of this omplex. Aspreviously mentioned, the question of the amount of exat exhange to inlude inhybrid funtionals is a subjet of on-going study [53, 54, 55℄, and although an im-provement is often observed when exat exhange is admixed in density funtionalapproximations, so far no sound reasons have been established as to why hybridfuntionals should perform better than modern GGAs, espeially with regard toestimating energy gaps between states of di�erent spin multipliities.This ambiguous situation regarding the reliability of DFT methods for the studyof spin-rossover and related systems, ombined with the lak of a alibration of den-sity funtionals against aurate ab initio results for simpler iron(ii) omplexes, ledus to perform a omparison of density funtionals for energy and strutural di�er-enes between the HS and LS states of the HS [Fe(H2O)6℄2+ omplex [27℄ (paper I ofthe series). We used the BP86, BLYP, PW91 GGAs, the reent exhange-orrelationGGA of Perdew-Burke-Ernzerhof (PBE) [69, 70℄ and the revised PBE (RPBE) fun-tional of Hammer, Hansen and Nørskov [71℄ as well as the B3LYP hybrid, andompared the DFT results with results obtained at the omplete ative spae SCF(CASSCF), seond-order perturbation theory-orreted CASSCF (CASPT2), andspetrosopy oriented on�guration interation (SORCI, [72℄) levels. Whatever thetheoretial method, the HS state was orretly reprodued as the ground state forthis HS system, (∆Eel.
HL < 0). A good agreement was ahieved between the ex-perimental geometries of the omplex in its HS state and the ones obtained at theCASSCF and DFT levels. All theoretial methods onsistently predited quite simi-lar geometries for the exited LS state. The situation was quite di�erent with regardto the energetis. Comparison of the DFT moleular energy gaps with the best abinitio estimate revealed that the funtionals, with the notieable exeption of theB3LYP and RPBE, systematially underestimate the stability of the HS state withrespet to the LS state by giving too small |∆Eel.

HL| values. The B3LYP and RPBEfuntionals on the other hand were shown to be the most reliable of the funtion-als. Subsequently, the omparison was extended to the HS [Fe(NH3)6℄2+ omplexand additional funtionals [28℄ (paper II of the series), and the overall best agree-ment for the energetis of the two omplexes was obtained for the PBE1PBE hybridfuntional (also known as PBE0). This funtional is of the parameter-free form
Ehybrid

xc = EGGA
xc + a0 (EKS

x −EGGA
x ) (4.23)with a0 = 1/4, proposed by Perdew, Ernzerhof and Burke [53, 54℄ and for whih the



164 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄GGA ontribution is given by the PBE funtional [73, 74℄.The present theoretial study of the LS [Fe(bpy)3℄2+ omplex, for whih highquality ab initio alulations learly are not manageable but for whih experimentaldata are available, provides a further assessment of the performane of the densityfuntionals. The following setions deal with the haraterisation of the trigonalomplex in the LS and HS states using the BP86, PW91, PBE, RPBE, B3LYP, andB3LYP⋆ and PBE1PBE funtionals.IV Computational detailsThe Amsterdam Density Funtional (ADF) [75℄ program pakage was used to arryout alulations with the BP86, PW91, PBE and RPBE GGAs. In order to probethe in�uene of the hoie of the basis, two qualities of Slater-type orbital (STO)basis sets from the ADF basis set database were employed for the Fe, N, C and Hatoms, namely, the double-ζ �DZ� and triple-ζ polarised �TZP� STO basis. Compu-tations involving the B3LYP, B3LYP⋆ and PBE1PBE hybrids were performed withthe Gaussian [76℄ program pakage, using for all atoms either the triple-ζ polarisedGaussian-type orbital (GTO) basis �TZVP� of Shäfer, Huber and Ahlrihs [77℄ orthe 6-311+G⋆⋆ basis set [78, 79, 80, 81℄, whih is a triple-ζ polarised GTO basis setwith sets of di�use funtions on the Fe, N, and C atoms. For omparison purposes(see below), the Gaussian pakage was also used to perform alulations with thePBE GGA. Frational oupation numbers were used in the ADF alulations butare not allowed in the present implementation of Gaussian (exept as an interme-diate step in the SCF onvergene strategy [82℄). For the LS state spin-restritedand for the HS state spin-unrestrited alulations where performed onstraining
MS, the projetion of the total eletroni spin along a referene axis, to MS = 0and MS = +2, respetively. In all ases, the symmetry for the [Fe(bpy)3℄2+ omplexwas onstrained to D3. Results were visualised using the Molekel [83℄ and theMolden [84℄ softwares.V Results and DisussionA LS and HS statesIn arrying out the DFT alulations, we typially seek the lowest-lying state ofeah spatial and spin symmetry. Aording to LFT, the LS and HS states should



Results and Disussion 165be the 1A1g(t
6
2g) and 5T2g(t

4
2ge

2
g) states, respetively. These states do not appeardiretly as suh in the DFT alulations beause the [Fe(bpy)3℄2+ omplex is not of

Oh symmetry but of D3 symmetry. In partiular, this means that the 5T2g(t
4
2ge

2
g)state atually splits into two states, one of 5E symmetry and one of 5A1 symmetry.In addition, there exists for omplexes suh as [Fe(bpy)3℄2+ a high density of statessometimes making the identi�ation of the lowest-lying state of eah spatial andspin symmetry di�ult. For these reasons and to seek additional hemial insight,we performed a areful analysis of the resulting KS moleular orbitals (MOs) andorbital energy levels, thus verifying that the haraterised eletroni states indeedorrespond to the ligand-�eld 1A1g(t

6
2g) and 5T2g(t

4
2ge

2
g) states of interest.The di�erent DFT alulations performed for a given MS value result in similarKS orbital energy levels, with an oupation of the orbital levels assoiated witheah of the spin-up and spin-down eletroni subsystems whih follows Eq. (4.8).Thus, for MS = 0, there is a full oupation of the lowest-lying orbital energy levelsfrom whih one readily dedues that the onverged KS determinants haraterise thelowest-lying eletroni state of 1A1 symmetry. That this state relates to the ligand-�eld 1A1g(t

6
2g) state is on�rmed from alulated iron net harges and populationanalysis. The Gaussian and ADF pakages provide di�erent shemes for analysingthe SCF densities and evaluating the net atomi harges. In the ase of the resultsobtained with ADF for the LS state, the values obtained for the iron atom fromMulliken population analysis are large whatever the theoretial level used, indiatingthat the moleular harge is as expeted mainly on the iron atom. They are reportedin Table 4.1 for the alulations performed at the PBE/TZP and RPBE/TZP levels.Results for the other funtionals and basis sets are given in Table S1.Table 4.1That the moleular harge is mainly on the iron atom is also on�rmed by the valuesreported in Table 4.1 (and Table S1) for the Voronoi net harge of the iron atom,that is the total nulear and eletroni harge in the Voronoi ell of the iron atom;the Voronoi ell of an atom being the region in spae loser to its nuleus than toany other nuleus [85℄. The Mulliken and Voronoi net harges indiate that aboutone half of the moleular harge is on the iron atom, the remaining half being sharedby the three equivalent ligands. Natural population analysis [86, 87, 88℄ has beenused in the ase of the results obtained with the Gaussian pakage. The resultsfound for the LS state are summarised in Table 4.1 for the alulations done at thePBE/TZVP and B3LYP⋆/TZVP levels, and in Table S1 for the other alulations.In this ase, the alulated natural net harge of the iron atom also indiates that theiron atom bears the main part of the moleular harge. Both the natural (Gaussian)



166 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄and Mulliken (ADF) populations of the �e�etive� atomi orbitals (AOs) of the Featom, presented in Table 4.1 (and Table S1) per l-values, agree well with the [Ar℄3d6on�guration of the free Fe2+ ion. The deviations of the populations of the iron atomfrom their free ion values re�et the ovalene of the metal-ligand bonds. From aMO viewpoint, the existene of hemial bonding between the metal and the ligandsis seen in the omposition of the �metalli� KS MOs whih are no longer pure metalorbitals. These MOs with a Fe(3d) main parentage whih belong to the frontierMOs are represented in the energy level diagram of Figure 4.4, for the PBE/TZPalulation. Thus, the �metalli� frontier levels are the highest-oupied 25a1 and
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Figure 4.4: Frontier KS MOs of [Fe(bpy)3℄2+ in the 1A1 state (PBE/TZPresults; eigenvalues in eV ).
44e levels and the virtual 47e level. Other virtual levels of e or a1 symmetry anexhibit small but notieable �metalli� ontributions as a result of the omplex orbital



Results and Disussion 167interations of σ and π types ourring in [Fe(bpy)3℄2+. The unoupied �metalli�level results from σ-type orbital interations and is anti-bonding. It ontains asigni�ant admixture of ligand ontribution in ontrast to the 25a1 and 44e levelswhih are mainly non-bonding and remain �metalli� in nature. It an thus beonluded that the highest-oupied levels originate from the trigonal splitting ofthe otahedral Fe(t2g) level whereas the virtual �metalli� level omes from the anti-bonding otahedral Fe(eg) level. Hene their oupation also on�rms that theharaterised singlet state orresponds to the ligand-�eld 1A1g(t
6
2g) state.Some properties of [Fe(bpy)3℄2+ in the haraterised 1A1 state an be dedueddiretly from the diagram of the frontier MOs of Figure 4.4. Thus, given that theKS eigenvalue di�erenes orrespond to the zero-order energy exitation energies[89, 90, 91, 92℄, the absorption spetrum an theoretially be depited as follows:the Frank-Condon transitions of lowest energies are metal-to-ligand harge transfer(MLCT) transitions originating from the 25a1 and 44e levels; they are followed,higher in energy, by other MLCT transitions whih may mask the d-d transitions(25a1, 44e→ 47e) of weaker intensity, and by ligand-entred π → π⋆ transitions (e.g.,

24a1, 43e → 23a2). This sketh exatly orresponds to the shemati desription ofthe experimental UV/VIS absorption spetrum of the [Fe(bpy)3℄2+ omplex in itsgrounds state. Moreover, the �rst ionisation energy of a moleule being given byits highest-oupied KS orbital energy level [93, 94, 95℄, here the �metalli� 25a1level, the ionisation of the omplex a�ets mainly the metal atom, as observed for[Fe(bpy)3℄2+ in its ground state upon a one-eletron oxidation.The haraterisation of the omplex in the HS state proved to be trikier than theone of the LS state as the two possible HS states, namely the 5A1 and 5E states whihresult from the trigonal splitting of the otahedral 5T2g state, had to be aountedfor. Within D3 symmetry the two states were found to be nearly degenerate. Thenear-degeneray of the 5A1 and 5E is due to the fat that passing from one state tothe other orresponds mainly to a harge redistribution within the non-bonding KSorbital levels of Fe(t2g) parentage whih hardly a�ets the metal-ligand bond (seebelow for a more detailed disussion). In the following the two trigonal omponentsof the HS state are disussed in more detail. Due to the di�erene in the waythey handle degenerate states, Gaussian was restrited to the 5A1 omponent,whereas ADF allowed the haraterisation of both the 5A1 as well as the 5E trigonalomponents of the HS 5T2g state.For the HS 5E state, ADF gave similar eletroni strutures for all funtionalsand irrespetive of the quality of the basis set. This is illustrated by the diagramof the frontier KS orbital levels of Figure 4.5, whih has been onstruted from



168 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄the PBE/TZP results. For larity, only the frontier MOs with signi�ant metalli
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Figure 4.5: Frontier KS MOs of [Fe(bpy)3℄2+ in the 5E state: for larity,MOs with notieable metalli harater only are represented (PBE/TZP results;eigenvalues in eV ).harater are drawn and the spin-up and spin-down orbital levels are representedseparately. The orbital piture is obfusated by the use of unrestrited alulationssine di�erent energies and orbitals are obtained for related spin-up and spin-downsingle-partile levels. The spin-down orbital levels of Figure 4.5 remain similar intheir energy ordering and in the shapes of their orbitals to the ones reported forthe LS ase. In partiular, the 44e and 25a1 spin-down-orbital levels are also non-



Results and Disussion 169bonding and of otahedral Fe(t2g) parentage, while the 47e spin-down-orbital levelresults from anti-bonding σ-type metal-ligand interations and is of otahedral Fe(eg)parentage. The 24a1, 43e and 45e spin-up-orbital levels are the only spin-up fron-tier levels with a signi�ant metalli harater, the 24a1, 43e levels being of Fe(t2g)parentage and the 45e level of Fe(eg) parentage. They possess more ligand on-tributions than their spin-down ounterparts do, and their energies and orderingalso di�er from the ones of their spin-down ounterparts, aentuating thus the dif-ferene between the spin-up and spin-down orbital levels. When onsidering theoupation of the KS levels, it appears that the haraterised eletroni state isobtained from the LS state by a two-eletron exitation with spin-�ip within thesubset of the metalli frontier orbital levels of the LS state: using the notation ofFigure 4.4, this d-d exitation orresponds to the promotion of two eletrons fromthe 25a1 and 44e spin-down KS levels of otahedral Fe(t2g) parentage into the 47espin-up level of Fe(eg) parentage. Finally, from the orbital degeneray due to theoupation of the highest spin-down orbital level of e symmetry by a single ele-tron (Figure 4.5), it an be onluded that the haraterised eletroni state is the
MS = +2 sublevel of the 5E manifold that results from the trigonal splitting of theLFT 5T2g(t

4
2ge

2
g) state. This is on�rmed by the Mulliken population analysis andalulated net harges summarised in Table 4.1 for the alulations performed atthe PBE/TZP and RPBE/TZP levels, and in Table S2 for the other alulations.As for the LS state, the Voronoi and Mulliken net harges show that the moleularharge is basially found on the iron atom. The Mulliken populations of the AOsof the iron atom also still agree with the [Ar℄3d6 on�guration of the free Fe2+ ion,the di�erene of the total (spin-up and spin-down) atomi populations with theirfree ion values being due to the ovalene of the metal-ligand bond. Lastly, the spindensity is loated almost entirely on the Fe atom and omes nearly exlusively fromthe di�erene between the spin-up and spin-down populations of the Fe(3d) AOs, asexpeted for the HS 5E state.The haraterisation of the HS 5A1 omponent ould be performed with bothsoftware pakages. The eletroni struture of the omplex in this state is depitedin Figure 4.6 by the diagram of the frontier KS MOs onstruted from the PBE/TZPresults. The representation of the MOs is again limited to the ones with notieablemetalli harater. A omparison between this diagram and the diagram obtainedfor the HS 5E state (Figure 4.5) illustrates that, in essene, the two HS statesdi�er by the nature of the highest oupied spin-down KS level of otahedral Fe(t2g)parentage: namely, the 44e level for the 5E state and the 25a1 level for the 5A1 state.One notes that, when passing from the HS 5E state to the HS 5A1 state, the 25a1



170 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄
−6.0

−7.0

−8.0

−9.0

−12.0

−10.0

−11.0

42e 42e

43e

43e

44e

44e

45e

47e

46e

46e
47e

48e

48e

24a1

25a1

22a2

22a2

23a2
23a2

24a2 24a2

26a1

26a1

27a1
27a1

24a1

25a1

45e

Figure 4.6: Frontier KS MOs of [Fe(bpy)3℄2+ in the 5A1 state: for larity,MOs with notieable metalli harater only are represented (PBE/TZP results;eigenvalues in eV ).



Results and Disussion 171spin-down level is slightly stabilised in energy whereas the 44e spin-down level isomparatively more destabilised. The opposite trend is observed for their spin-upounterparts whih are labelled 43e and 24a1 for the 5E state, and 43e and 25a1 forthe 5A1 state: the e level shows a moderate stabilisation and the a1 level undergoesa very strong destabilisation. As for the anti-bonding e levels of Fe(eg) parentage,namely the oupied 47e spin-up level and the virtual 47e spin-down level for the
5E state, and the 48e spin-down level for the 5A1 state, they beome moderatelydestabilised. An explanation for the way these orbital levels evolve on going fromthe HS 5E state to the HS 5A1 state is far from being straightforward. Neverthelessthe omparison of the two diagrams makes it obvious that the frontier KS levelswith a metalli harater are the ones whih su�er the largest hanges, and moreespeially that the non-bonding spin-down and spin-up levels of Fe(t2g) parentageare the most a�eted metalli frontier levels. This is also emphasised by the resultsfor the iron atom of the population analysis performed for the omplex in the 5A1state (Tables 4.1 and S3). Indeed the populations of the spin-up and spin-down AOsgiven per l-values, as well as the values of the spin density and of the net hargefound for the iron atom are idential to the ones reported in Table 4.1 (and Table S2)for the omplex in the 5E state. This similarity, ombined with the lak of majorvariations in the AO populations, spin densities and net harges of the N, C and Hatoms of the ligands (data not shown), is onsistent with the fat that the di�erenein the eletroni struture of [Fe(bpy)3℄2+ in the two HS states is mainly loated inthe metal-entred non-bonding levels of otahedral Fe(t2g) parentage.B Optimised geometries1 Geometries in the LS stateThe X-ray rystal struture of the [Fe(bpy)3℄2+ ation has been reported twie sofar [96, 32℄. In the following we exlusively refer to the experimental data publishedby Dik, who solved the rystal struture of [Fe(bpy)3℄(PF6)2 at 293 K [32℄. Theompound rystallises in the spae group P 3̄c1 and the experimental metal-ligandbond lengths of 1.967 Å are typial for the omplex in the LS ground state. Itpossesses a D3 site symmetry. For this experimental struture, seleted distanesand values of the angles β, γ, τ and θ whih haraterise the arrangement of theligands around the Fe entre (see Figure 4.7), are summarised in Table 4.2.Table 4.2
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Figure 4.7: Angles haraterising the spatial arrangement of the ligands aroundthe metal entre in [Fe(bpy)3℄2+. β is the bite angle (β = N-Fe-N'), γ the dihedralangle between the ligand moieties (γ = N-C2-C′
2-N), τ the twist angle, and θ theangle between the z-axis and the generator of the one on whih the nitrogenatoms are loated.The values obtained for the same strutural parameters of the optimised ground-state geometries from DFT are also reported in Table 4.2. The alulated geometriesare all similar to one another irrespetive of the funtional and the quality of thebasis set, and ompare well with the experimental struture. For instane, all al-ulations led to a N-C2 bond whih is longer than the N-C6 bond in agreement withexperiment. However, the optimised geometries prove to be more expanded thanthe experimental geometry sine, with the exeption of the C2-C′

2 and Fe-N bonds,the bond lengths found for the alulated strutures tend to be systematially largerthan the ones found experimentally. Given that our study is performed in the gasphase and therefore does not aount for the paking and ounter-ion e�ets presentin the solid state, there is no reason as to why the experimental and alulatedgeometries should stritly math.A more detailed analysis shows that the tendeny of the optimised bond lengths ofthe pyridinyl rings to be larger than experimentally observed is most pronouned forthe double-ζ STO DZ basis set and less pronouned for the GTO 6-311+G⋆⋆ basisset. It is least pronouned for the triple-ζ polarised GTO TZVP and STO TZPbasis sets whih give idential results when used with the PBE funtional. Thistrend orresponds to a shrinking of the aromati rings with the quality of the basisset. With the exeption of the dihedral angle γ, the alulated values of the angular



Results and Disussion 173parameters are lose to those found for the X-ray struture to within ∼1 degree,re�eting analogous arrangements of the ligands in the experimental and alulatedstrutures. The γ values are larger for the GTO basis sets than for the STO basissets. This basis set dependene and the important di�erenes of about 3 to 6 degreesbetween the experimental and alulated γ values an be explained by the fat thatthe deformations along this angular oordinate are assoiated with �oppy modes.The in�uene of the basis sets on γ and on the bond lengths of the aromati rings isalso observed for the optimised geometries of the free ligand [97℄. On the whole, thebest agreement between the alulated and experimental geometries of the ligands isobserved for the hybrid funtionals, in line with the aknowledged good performaneof the hybrids for the desription of the moleular strutures of ovalently boundmain group elements [38, Se. 8.1℄.The optimised metal-ligand bond lengths inrease with the quality of the basissets used. Thus the shortest Fe-N distanes are obtained for the DZ basis set as thisallows the lak of �exibility of this basis set for desribing the Fe atom (espeiallywith regard to the important eletron orrelation in d-spae) to be ompensated forby the use of basis funtions entred on the neighbouring N atoms. Longer Fe-Ndistanes result from the use of the larger basis sets, but the Fe-N distanes obtainedfor the 6-311+G⋆⋆ basis set are still slightly shorter than those obtained for the TZPand TZP basis sets, presumably for the same reason as for the DZ basis set. Theomparable quality of the TZP and TZVP basis sets is also illustrated by the fatthat they lead to equal Fe-N distanes when used with the PBE funtional. Withregard to the di�erent funtionals used in this study, the values of the optimised Fe-N bond length are lower for the BP86, PW91 and PBE GGAs than for the RPBEGGA and the hybrids. One also notes that the inrease of the exat-exhangeontribution from 15% in the B3LYP⋆ funtional to 20% in the B3LYP funtionalis aompanied by a lengthening of the Fe-N distane of 0.014 Å. Similarly, theadmixture of 25% exat-exhange to the PBE funtional as in the PBE1PBE hybridgives rise to an inrease of the Fe-N distane by 0.022 Å. We thus onlude thathybrid funtionals tend to give longer metal-ligand bond lengths than do GGAs,and that the more important the exat-exhange ontribution the longer the metal-ligand bond. Figure 4.8 illustrates this by showing the evolution of the Fe-N bondlength in the LS state as a funtion of the amount a0 of exat exhange in theB3LYP (Eq. (4.22)) and the PBE1PBE (Eq. (4.23)) funtionals using the TZVPbasis set. The e�et is somewhat less pronouned for the PBE1PBE funtional.This behaviour is reminisent of the tendeny of the HF method to systematiallypredit metal-ligand bonds whih are too long [38, page 127℄.
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Figure 4.8: Evolution of the Fe-N bond length in the LS and HS 5A1 state withthe value of the a0 oe�ient of the exat-exhange ontribution in the PBE1PBE(irles) and B3LYP (squares) hybrids; the inset gives the a0 dependene of ∆rHL;(results of geometry optimisations done using the TZVP basis set).2 Geometries in the HS statesTables 4.3 and 4.4 show seleted distanes and the values of the angles β, γ, τ and θwhih haraterise the geometry of the omplex in the 5E and 5A1 state, respetively.Table 4.3Table 4.4For either HS state, the values of the seleted strutural parameters for the seriesof alulations predit a similar arrangement of the ligands around the Fe entre.Despite the lak of experimental data, the onsisteny of the omputational resultsinspires on�dene in the quality of the predited HS geometries. Closer inspetionof the Tables shows that, as observed for the LS geometries, there is a lengthening ofthe Fe-N bond along with a shrinking of the aromati rings with inreasing qualityof the basis set. As also observed for the LS geometries, for the 5A1 geometries theuse of the hybrids leads to the least expanded pyridinyl rings and the longest Fe-Nbonds are obtained for the RPBE and hybrid funtionals. Again for the hybrids theFe-N bond lengthens with the amount a0 of the exat-exhange ontribution (seeFigure 4.8). One notes (i) that the dependene is more pronouned for the B3LYPfuntional than for the PBE1PBE funtional; and (ii) that, for both funtionals,the Fe-N bond length varies with a0 slightly less rapidly for the omplex in the HSstate than for the omplex in the LS state, as shown by the plots of ∆rHL against
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a0 in the inset of Figure 4.8. As a whole, the in�uene of the basis sets and ofthe funtionals on the alulated geometries is the same whenever one onsiderseither the LS geometries or the HS geometries. It follows that any bias due to themethods used will have a limited impat on the results of the omparison betweenthe predited geometries of the omplex in the di�erent states.Thus, irrespetive of the theoretial level onsidered, the main strutural di�er-ene when going from the 5E state to the 5A1 state turns out to be the lengtheningof ∼0.02 Å of the Fe-N bond whih little a�ets the bond lengths within the ligands(Tables 4.3 and 4.4). The 5E→5A1 hange of state foremost onsists in the depopu-lation of the 44e spin-down level in favour of the 25a1 spin-down level (Figures 4.5and 4.6). These levels of Fe(t2g) parentage being non-bonding is the reason as towhy the geometries of the ligands hardly vary. The lengthening of the Fe-N bondmay be explained by the fat (i) that there is a transfer of eletron density from the
xy plane to along the z axis and (ii) that the inrease of the density along z tendto repel the ligands.C Strutural hanges with regard to the analysis of the low-temperature relaxation dynamisComparison of Tables 4.2-4.4 shows that the most important strutural hange uponthe LS→HS transition is found for the Fe-N bond whih lengthens by about 0.2 Å.Table 4.5 gives for all the onsidered theoretial levels the estimated ∆rHL values.Table 4.5This inrease of the Fe-N distane is due to the promotion of two eletrons from thenon-bonding metalli levels of otahedral Fe(t2g) parentage into the anti-bondinglevel of otahedral Fe(eg) parentage. It entails an important spatial rearrangement ofthe ligands illustrated by the relatively large variations of the angles β, γ, τ , and the
θ. Within the ligands, the C2-C′

2 distane between the pyridinyl moieties gets longerby about 0.02 Å, probably beause it allows - along with the modi�ation of the anglevalues - to keep the metal-ligand interations optimal despite the lengthening of theFe-N bond. The other C-C bonds and the C-H bonds are hardly a�eted. The N-Cdistanes beome shorter by ∼0.01 Å; however the N-C2 bond remains longer thanthe N-C6 bond as in the experimental LS geometry and in the optimised geometry ofthe free ligand [97℄. The shortening of both N-C bonds with inreasing metal-liganddistane an be assigned to a derease of π-bakbonding involving ligand-entredorbitals with anti-bonding harater at the level of the N-C bonds. Nevertheless,



176 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄the hanges in bond lengths observed for the ligands are globally quite limited andthis atually is in agreement with the known rigidity of the 2-2'bipyridine ligand.The di�erene of ∼0.2 Å for the metal-ligand bond between the LS and the HS statesagrees remarkably well with the experimental values found for iron(ii) spin-rossoverompounds with the same [FeN6℄ �rst oordination sphere as [Fe(bpy)3℄2+ and, inpartiular, it validates the assumption ∆rHL ≈ 0.2 Å entral to the analysis of therelaxation dynamis.The moleular volume variation, ∆VHL, also plays an important role beause itgoverns the in�uene of an exerted pressure on the relaxation dynamis. In orderto probe this value, the moleular volume of the omplex in the LS and HS stateswas alulated as the volume de�ned by the isodensity surfae 0.0004 e/bohr3. Thisharge density value was used as it is known to yield for organi ompounds volumesthat ompare well with the observed molar volumes in the liquid phase [98, 99℄.Calulations were done for the omplex in the 1A1, 5E and 5A1 states using the STODZ and TZP basis sets and the BP86, PW91, PBE and RPBE funtionals. Theresults are reported in Table 4.6. Table 4.6One notes that the LS and HS moleular volumes obtained using the DZ basis setare systematially larger than the orresponding ones obtained with the TZP basissets by ∼50 and ∼40 Å3, respetively. This an be explained by the previouslynotied fat that the geometries found for the ligands using the DZ basis set aremore expanded than those found using the TZP basis set. Nevertheless, the ∆VHLvalues alulated using either basis set are omparable. Depending on the funtionalused it is between 26 and 30 Å3 for the DZ basis set and between 21 and 24 Å3 for theTZP basis sets. These values are in the 15-30 Å3 range observed experimentally forspin-rossover systems and they agree remarkably well with the model value of 25 Å3estimated from the pressure dependene of the HS→LS relaxation in [Fe(bpy)3℄2+under the assumption that ∆rHL ≈ 0.2 Å.D The HS-LS energy gapThe zero-point energy di�erene ∆E◦
HL of [Fe(bpy)3℄2+ doped into di�erent rys-talline hosts has been estimated in Se. II from the low-temperature HS→LS relax-ation dynamis to lie in the range of 2500-5000 m−1 based on the now validatedassumption that ∆rHL ≈ 0.2 Å. The purely eletroni energy di�erene between thepotential wells of the lowest omponent of the HS state and the LS state is givenby ∆Eel.

HL = ∆E◦
HL − ∆Evib.

HL . The vibrational ontribution, ∆Evib.
HL , was estimated



Results and Disussion 177to be -875 m−1 from a vibrational analysis performed at the TZVP/PBE level forthe LS 1A1 and the HS 5A1 states [100℄. The sign re�ets the weakening of themetal-ligand bond when passing from the LS to the HS state [101℄. Thus the bestexperimental estimate of ∆Eel.
HL for [Fe(bpy)3℄2+ is in the range of 3500-6000 m−1.The omparison of the alulated values of ∆Eel.

HL with this estimate will provide astringent test of the performane of the funtionals used in this study.Table 4.7 summarises the alulated values of the eletroni energy di�erenebetween the HS and the LS state, ∆Eel.
HL, of [Fe(bpy)3℄2+ for the STO DZ and TZPbasis sets (ADF) and for the GTO 6-311+G⋆⋆ and TZVP basis sets (Gaussian),and Figure 4.9 shows a graphi representation of the alulated values of ∆Eel.

HLversus the respetive alulated Fe-N bond lengths.Table 4.7
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Figure 4.9: Comparison of best DFT estimates of the relative positions ofthe LS 1A1 and HS 5E and 5A1 states of [Fe(bpy)3℄2+ along the Fe-N distaneoordinate: results are for ADF and Gaussian alulations with the STO TZPand GTO TZVP basis sets. The eletroni energy is given relative to the energyof the LS state. Inset: HS-LS eletroni energy di�erene ∆Eel.
HL as a funtionof the Fe-N bond length hange; the shaded region indiates the 3500-6000 m−1experimental range.Results obtained using Gaussian are restrited to the 5A1 omponent of the HSstate. ADF permits alulations on both omponents of the HS state, whih show



178 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄that the energy di�erene between the 5A1 and the 5E omponents is omparativelysmall, irrespetive of the quality of the basis set and the funtional used. Thealulated values for ∆E◦
HL range from −1000 to 16000 m−1. Even though theexperimental estimate lies within this range, this large spread is learly not satisfa-tory and needs further disussion. In priniple, the performane of di�erent densityfuntionals an only be judged in the limit of a omplete basis set. In pratie, oneis often obliged to test funtionals using inomplete basis sets. Before disussing thefuntionals, let us fous on the in�uene of the basis set on the evaluation of ∆Eel.

HL.For a given funtional the DZ basis set results in values of ∆Eel.
HL for the 5E and the

5A1 omponents whih are systematially higher by ∼3400 and ∼4000 m−1, respe-tively, ompared to the values obtained with the TZP basis set. The improvementof the quality of the basis set atually lowers the energy of [Fe(bpy)3℄2+ in eitherspin-state, however, the e�et is more pronouned for the omplex in the HS statethan in the LS state. This is due to the limitations tied to the use of the smallerDZ basis set beoming more important as the metal-ligand bond lengthens. Thusthe derease in ∆Eel.
HL of ∼3400 m−1 for the 5E omponent is assoiated with thelengthening of the metal-ligand bond by 0.19-0.22 Å. Similarly, the Fe-N bond in the

5A1 state being ∼0.02 Å longer than in the 5E state, the hange of basis set lowersthe HS-LS energy gap by another ∼600 m−1. These variations illustrate the e�etof anellation of errors tied to the use of �nite basis sets. That is, the anellationof errors is more e�etive (i) the smaller the di�erene in metal-ligand bond lengthsin given geometries, and (ii) the more �exible the basis set is for the desription ofthe valene eletrons hene of hemial bonding. In addition, the 5A1-1A1 eletronienergy di�erene evaluated with the PBE funtional and using the STO TZP andthe GTO TZVP basis sets in ADF and Gaussian, respetively, di�er by only 36m−1. This �rmly establishes the previously noted equivalene of the STO TZP andthe GTO TZVP basis sets and the order of inreasing quality as
DZ ≪ TZP ≡ TZVP. (4.24)For the two GTO basis sets, ∆Eel.

HL is typially ∼440 m−1 larger for the 6-311+G⋆⋆basis set than for the TZVP basis set, irrespetive of the funtional. As the 6-311+G⋆⋆ basis set o�ers a larger �exibility for the desription of the valene eletronsthan the TZVP basis set, this suggests that the use of basis sets larger than those wehave used would mainly result in a slightly stabilisation of the LS state with respetto the HS state, i.e. in a slight inrease of ∆Eel.
HL as observed when passing from theTZVP to the 6-311+G⋆⋆ basis set. Finally, the omparison of the sizes of the basis



Results and Disussion 179sets and of the results they lead to indiates that, among the basis sets used, theTZVP and the TZP basis set o�er the best tradeo� between size and �exibility.The above disussion shows that the quality of the basis set in�uenes the al-ulations quite onsiderably and therefore in the following the disussion of theperformane of the funtionals is restrited to results obtained using the two high-quality TZVP and TZP basis sets and to the omparison of ∆Eel.
HL for the 5A1omponent as only this one is aessible with Gaussian. We note that the GGAfuntionals BP86, PW91 and PBE give values for ∆Eel.

HL of 11000-12000 m−1, thussystematially overestimating it by more than 5000 m−1 ompared to the exper-imental value. On the other hand the hybrid funtionals B3LYP and PBE1PBEunderestimate ∆Eel.
HL by at least 3000 m−1, in fat falsely prediting [Fe(bpy)3℄2+to be a spin-rossover or even a high-spin omplex. Two of the funtionals, namelythe RPBE GGA and the B3LYP⋆ hybrid with alulated values of ∆Eel.

HL of 6640and 3430 m−1, respetively, approah the range of the experimental estimate. Inontrast to the optimised geometries, the nature of the funtional used has an evengreater in�uene on the alulated values of ∆Eel.
HL than the basis set, and there-fore the energetis provide a muh more stringent test of the performane of a givenfuntional than the geometry optimisation. Based on this riterion, the RPBE GGAand the B3LYP⋆ hybrid funtionals show the best performane.The disparity in performane of the XC funtionals for prediting ∆Eel.

HL of the[Fe(bpy)3℄2+ omplex points to the inherent di�ulty of XC funtionals to orretlypredit the relative energies of states of di�erent spin multipliities, partiularlyfor spin-rossover systems [56, 66, 67, 68, 27℄ but also for spin-forbidden hemi-al reations [102℄. This is emphasised by the fat that for the TZP basis set the
5E and the 5A1 omponents of the quintet state are onsistently predited to benearly degenerate, that is within the hemial auray of 350 m−1, by funtionalswhih behave quite di�erently when it omes to evaluating the HS-LS energy gap.Given that the PBE, RPBE and PBE1PBE funtionals have the same orrelationontribution but di�er in the exhange ontribution, the remarkable divergene be-tween their estimates of ∆Eel.

HL must be due to the di�ulty in orretly treatingthe exhange ontribution in the approximate funtionals. The key point is thatthe approximate exhange funtionals have to orretly aount for the variationof the exhange interation (Fermi orrelation), hene of |Ex|, with inreasing ordereasing spin polarisation as in the ase of a hange of spin-state. For the GGAfuntionals, this implies that the exhange enhanement fator Fx intervening inthe de�nition of EGGA
x (Eq. (4.19)) has to inrease orretly with the redued spin-density gradients sσ(r) (Eq. (4.20)) so as to rapidly depart from its LDA value



180 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄of Fx(0) = 1 and thus to overome the underestimation of the exhange energyinherited from their LDA omponent for both spin-unpolarised and spin-polarisedsystems. For spin-unpolarised systems with ρ↑(r) = ρ↓(r) = ρ(r)/2, Figure 4.10 al-lows the omparison of the enhanement fators of the B88, PW91, PBE and RPBEexhange funtionals. Therein Fx is plotted against the redued harge-density gra-
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Figure 4.10: Plot of the exhange enhanement fators Fx for the B88 (ir-les), PW91 (squares), PBE (triangles) and RPBE (lozenges) exhange funtionalsagainst the redued harge-density gradient s(r) = |∇ρ(r)| /
(
2(3π2)1/3ρ4/3(r)

)(results for the spin-unpolarised ase).dient, s(r) = |∇ρ(r)| /
(
2(3π2)1/3ρ4/3(r)

), for s ∈ [0, 3], that is, for s in the rangewhih is energetially important for atomi and moleular systems [49℄. For thepurpose of our disussion, it su�es to note that (i) the four Fx funtions inreasewith s and are almost superimposable for 0 . s . 0.7, (ii) in the most signi�antinterval 0.7 . s . 2, the FPW91
x , FPBE

x and even the FB88
x enhanement fators stillbehave quite similarly, but FRPBE

x is found to be larger than the three other fun-tions everywhere in this range. Of the four GGA exhange funtionals, the RPBEthus provides the largest nonloal orretions to the LDA exhange energy for thespin-unpolarised ase.For spin-polarised systems, the gradient orretion is even more important sinethe exhange interations inrease with the spin polarisation ζ(r) (Eq. (4.18)). Thedependene of EGGA
x on ζ(r) is made more obvious by reasting Eq. (4.19) in theform
EGGA

x [ρ↑, ρ↓] = Cx

∫

drρ4/3(r)Fx(ζ(r), s(r)). (4.25)



Results and Disussion 181The exhange enhanement fator Fx(ζ, s), derived by setting ρ↑ = ρ(1 + ζ)/2 and
ρ↓ = ρ(1 − ζ)/2 in Eq. (4.19) and by negleting ontributions in ∇ζ [49℄, reads

Fx(ζ, s) =
1

2
(1 + ζ)4/3Fx

(
s/(1 + ζ)1/3

)
+

1

2
(1 − ζ)4/3Fx

(
s/(1 − ζ)1/3

)
. (4.26)

Fx(ζ, s) is represented in Figure 4.11, along with the gradient orretion Fx(ζ, s) −
Fx(ζ, s = 0), for the B88, PW91, PBE and RPBE exhange funtionals as funtionof ζ for s = 0.0, 0.5, 1.0, 1.5, 2. In all ases, the enhanement fator inreases with
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Figure 4.11: (Top) Exhange enhanement fator Fx(ζ, s) (Eq. (4.26)) for theB88 (irles), PW91 (squares), PBE (triangles) and RPBE (lozenges) exhangefuntionals as funtion of ζ for �xed s values. (Bottom) Plots of the gradientorretions Fx(ζ, s) − Fx(ζ, s = 0).the spin polarisation. For s = 0, that is in LDA, it redues to Fx(ζ, s = 0) =
1
2

[
(1 + ζ)4/3 + (1 − ζ)4/3

]. The gradient orretions inrease with inreasing valuesof s. For small values of s they are quite similar for the four funtionals onsidered.



182 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄At higher values of s, that is for s ≈ 1.5, the FRPBE
x is again found to give the largestgradient orretion. Therefore the suess of the RPBE XC funtional orretly pre-diting the HS-LS energy di�erene in [Fe(bpy)3℄2+ an be asribed to an improvedgradient orretion to the LDA exhange energy for both spin-unpolarised and spin-polarised systems as ompared to PBE, PW91 and BP86 GGAs, thus allowing amore reliable desription of the hange in exhange energy whih aompanies thespin-state hange. The requirement of orretly rendering the variation of the ex-hange energy upon the hange of spin-state is also important beause of the largemetal-ligand bond length di�erene between the two states as the redued gradient sinreases when bonds streth and exhange turns on with inreasing s values [47, 49℄.As a autious note, we believe at this point that it is worth insisting upon thefat that the suess met with the RPBE funtional for the evaluation of the HS-LS energy di�erene in [Fe(bpy)3℄2+, or even in [Fe(H2O)6℄2+ as in Ref. [27℄, doesnot imply that this GGA is the funtional of hoie for the desription of iron(ii)omplexes. For instane, for the [Fe(NH3)6℄2+ omplex investigated in Ref. [28℄,although the RPBE funtional outperforms the BP86, BLYP, PW91 and PBE GGAsand performs as well as more reent funtionals, it still underestimates the best abinitio estimate of the HS-LS energy di�erene, the best overall agreement for theenergetis of the studied simple [Fe(H2O)6℄2+ and [Fe(NH3)6℄2+ omplexes beingfound for the PBE1PBE funtional.For the hybrid funtionals B3LYP (Eq. (4.22)) and PBE1PBE (Eq. (4.23)), theontribution a0 of the exat-exhange energy EKS

x , Eq. (4.14), has a substantial in-�uene on the evaluation of the HS-LS energy gap. Figure 4.12 gives ∆Eel.
HL plottedagainst a0 for 0 ≤ a0 ≤ 0.3. In this interval ∆Eel.

HL for the two funtionals are de-reasing funtions of a0. They ross the 3500-6000 m−1 range of the experimental
∆Eel.

HL values for a0 values of between 0.10 and 0.15, the value a0 = 0.15 being atu-ally used in the B3LYP⋆ funtional by Reiher et al. [66, 67℄. For an exat-exhangeontribution smaller than 10%, the HS-LS energy gap is overestimated as a onse-quene of the underestimation of the exhange energy. This is best illustrated byonsidering the a0 = 0 limit. Using the PBE1PBE formula, the exhange ontribu-tion redues to the PBE exhange funtional whih was shown above to not providesu�ient gradient orretions to the LDA exhange energy. With the B3LYP ex-pression, the exhange ontribution beomes ELDA
x + ax∆E

B
x with ax = 0.72. It alsounderestimates exhange sine its GGA part onsists in a drasti redution to 72%of the Beke's 1988 nonloal orretion ∆EB

x whih was already found to be toosmall. With regard to the issue of the amount of the exat exhange to be inludedin hybrids, the above results support the idea that, for the energetis of transition
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Figure 4.12: Dependene of the eletroni energy di�erene ∆Eel.
HL between theHS 5A1 and LS 1A1 states on the a0 oe�ient of the exat-exhange ontributionin the B3LYP (squares, Eq. (4.22)) and PBE1PBE (irles, Eq. (4.23)) hybrids;(results of geometry optimisations done with the TZVP basis set). The shadedregion indiates the range of the experimental values (see text).metal omplexes, it must be further redued relative to its generally admitted valueof about 1/4. A ontribution of ∼10% seems to be the more appropriate.We end our disussion by reonsidering the remarks made in Setion B that theuse of the RPBE GGA and of the hybrids yields the longest metal-ligand bonds forthe omplex in a given spin-state, and that the Fe-N bond obtained with a hybridis longer the larger the ontribution of the exat exhange. From the analysis ofthe results obtained for the energetis and the trend of the HF method to givetoo long metal-ligand bonds due to the lak of orrelation, it atually appears thatboth phenomena an be explained by the fat that orrelation turns o� relative toexhange with an inrease of the latter [49℄, sine (i) as ompared to the other GGAsthere is with the RPBE a relative enhanement of exhange provided by signi�antgradient orretions to the LDA exhange energy and, similarly, (ii) the admixtureof exat-exhange energy in hybrids is at the origin of an inrease of exhange.VI Conluding remarksWe have examined the extension of the HS→LS relaxation model used for spin-rossover systems to the LS omplex [Fe(bpy)3℄2+. For this purpose, [Fe(bpy)3℄2+has been haraterised in the LS and HS states using density-funtional approahes.The BP86, PW91, PBE and RPBE GGAs and the B3LYP, B3LYP⋆ and PBE1PBEhybrids have been employed in ombination with the STO DZ and TZP and the



184 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄GTO TZVP and 6-311+G⋆⋆ basis sets. The main results and onlusions obtainedare summarised below.
〈1〉 By applying the relaxation model to [Fe(bpy)3℄2+, a zero-point energy di�er-ene ∆E◦

HL of between 2500 and 5000 m−1 was estimated for the omplex embeddedin di�erent rystalline hosts and a moleular volume hange of ∆VHL ≈ 25 Å3 wasdedued from the pressure study of its relaxation dynamis. The assumption entralto this approah of a Fe-N bond length hange of ∆rHL ≈ 0.2 Å was validated at allthe onsidered theoretial levels, and the alulations furthermore gave ∆VHL valuesin good agreement with the experimental estimate. These results therefore estab-lish the validity of the extension of the relaxation model used for the spin-rossoveromplexes to the LS omplex [Fe(bpy)3℄2+.
〈2〉 The density-funtional alulations led to the haraterisation of the D3 om-plex in the 1A1, 5E and 5A1 states whih were shown to orrespond to the otahedralligand-�eld LS 1A1g(t

6
2g) and HS 5T2g(t

4
2ge

2
g) states, the quintet states resulting fromthe trigonal splitting of the otahedral HS state. The spin-state hange from theLS state to any of the HS omponent shematially orresponds the promotion oftwo eletrons from the frontier non-bonding a1 and e KS levels of otahedral Fe(t2g)parentage into the frontier anti-bonding KS e level of otahedral Fe(eg) parentage.This explains the large inrease of the Fe-N bond distane of about 0.2 Å upon thehange of spin-states whih onstitutes the main strutural evolution in the om-plex. With regard to the HS geometries, they are quite similar as the di�erene intheir eletroni struture essentially involves an eletroni rearrangement within thefrontier non-bonding KS levels of otahedral Fe(t2g) parentage.

〈3〉 The STO TZP and GTO TZVP bases proved to be of similar quality for thedesription of the geometry and the energetis of [Fe(bpy)3℄2+. They outperform thesmall STO DZ basis set and onstitute thus the best basis sets used.
〈4〉 Whereas the XC funtionals onsistently desribe the LS and HS geometries,they perform very di�erently with respet to the energetis. For the alulations withthe most �exible and equivalent TZP and TZVP basis sets, the HS-LS eletronienergy di�erene that omes losest to the best experimental estimate of 3500-6000m−1 is obtained with the RPBE GGA (∆Eel.

HL = 6640 m−1). This energy gap isoverestimated when the BP86, PW91 and PBE GGAs are used (11000-12000 m−1)and it is underestimated with the hybrids. With the B3LYP (∆Eel.
HL = 766 m−1)and PBE1PBE (−951 m−1) hybrids, [Fe(bpy)3℄2+ is wrongly predited as a spin-rossover or HS omplex. The result improves with the B3LYP⋆ hybrid (∆Eel.

HL =

3432 m−1) whih inorporates less exat-exhange ontribution than the B3LYP.We asribe the di�ulties met with the DFT methods for the evaluation of the HS-LS



Conluding remarks 185energy gap in [Fe(bpy)3℄2+ to the fat that the exhange funtionals do not properlytake into aount the variation of exhange when the spin polarisation and the metal-ligand bond length signi�antly vary as is the ase upon the hange of spin-state inour system. This de�ieny is emphasised by the fat that the HS 5E and 5A1 statesof a same spin multipliity are onsistently given by all the GGAs as being nearlydegenerate to within 350 m−1 (4 kJ/mol). The overestimation of ∆Eel.
HL with theGGAs is due to the fat that, despite the nonloal orretions, the B88, PW91 andPBE exhange GGAs still present the underestimation of exhange inherited fromtheir LDA omponent. The larger gradient orretion of the RPBE exhange GGAallows a better desription of exhange whih is at the origin of the very good resultahieved for the determination of ∆Eel.

HL with this funtional. With the hybridsexhange is overestimated and this explains the severe underestimation of ∆Eel.
HLwith the B3LYP and PBE1PBE funtionals. For the hybrids, the determination ofthe dependene of the HS-LS energy di�erene on the exat-exhange ontributionshows that the ontribution in both the B3LYP and PBE1PBE funtionals should beredued to an amount of about 10% to ahieve a good desription of the energetisof [Fe(bpy)3℄2+.

Our results show that a reliable haraterisation of the [Fe(bpy)3℄2+ omplex inthe LS and HS states an be ahieved using density-funtional approahes but alsothat there is still room for improving the XC funtionals. With regard to the or-relation funtionals, although their formal properties di�er [103, 61, 62℄, we annotdistinguish between them. Given that exhange dominates the high-density limit[69, 70℄, the evaluation of the energy di�erene between states of di�erent multi-pliities for eletron-rih system suh as iron(ii) omplexes su�ers mainly from thelimitation of the exhange funtionals. The di�ulties enountered for the energet-is suggest that the relative spin-state energies of a number of systems should beinorporated into the data sets whih serve as benhmarks for XC funtionals or astraining sets for their empirial design. To further improve our understanding ofthe photophysial properties of [Fe(bpy)3℄2+ and, in partiular with regard to thedynamis of the photo-indued HS→LS relaxation, the role of the environment mustnow be thoroughly investigated. In that respet, we have extended our study so asto aount for the in�uene of solvation e�ets on the HS-LS energy gap and on theoptial and hirooptial properties of the omplex [104℄.
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1A1

5E 5A1PBE RPBE PBE RPBE PBE RPBEMulliken populations
s-pop. 5.9 5. 9 3.1/3.0 3.1/3.0 3.1/3.0 3.1/3.0
p-pop. 12.4 12.4 6.3/6.2 6.3/6.2 6.3/6.2 6.3/6.2
d-pop. 6.7 6.7 5.0/1.3 5.0/1.3 5.0/1.4 5.0/1.4Spin densityMulliken 0.0 0.0 +3.9 +3.9 +3.8 +3.8Net hargeMulliken +1.0 +1.0 +1.1 +1.1 +1.0 +1.0Voronoi +1.1 +1.1 +1.2 +1.2 +1.2 +1.2

1A1
5A1PBE B3LYP⋆ PBE B3LYP⋆Natural populations

s-pop. 6.2 6.2 3.1/3.1 3.1/3.1
p-pop. 12.0 12.0 6.0/6.0 6.0/6.0
d-pop. 7.2 7.0 4.9/1.4 5.0/1.3Spin densityNatural 0.0 0.0 +3.5 +3.7Net hargeNatural +0.6 +0.8 +1.5 +1.5Table 4.1: AO populations, spin density and net harge found for the iron atom inthe LS 1A1 and HS 5E and 5A1 states of the [Fe(bpy)3℄2+ omplex (populations aregiven per l-values). For the HS states, the spin-up/spin-down AO populations areindiated. Top: ADF results obtained using the TZP basis set, bottom: Gaussianresults obtained using the TZVP basis set. (Results for the other funtionals andbasis sets are given in Tables S1-S3).



Bibliography 195Exp. [32℄ BP86 PW91 PBE RPBEDZ TZP DZ TZP DZ TZP DZ TZPBond lengths (Å)Fe-N 1.967 1.956 1.978 1.954 1.971 1.955 1.975 1.979 2.003N-C2 1.359 1.384 1.369 1.380 1.365 1.382 1.367 1.388 1.373N-C6 1.338 1.367 1.354 1.364 1.351 1.366 1.353 1.372 1.359C2-C′
2

1.471 1.462 1.463 1.459 1.461 1.460 1.462 1.469 1.471C2-C3 1.377 1.402 1.400 1.400 1.397 1.401 1.399 1.408 1.406C3-C4 1.374 1.399 1.392 1.397 1.390 1.398 1.391 1.404 1.397C4-C5 1.380 1.403 1.397 1.401 1.395 1.402 1.396 1.407 1.401C5-C6 1.358 1.396 1.392 1.394 1.389 1.396 1.391 1.401 1.396Angles (deg)
β 81.8 82.2 81.2 82.1 81.5 82.1 81.3 81.7 80.8
γ 6.4 0.1 1.3 0.2 1.6 0.2 1.5 0.8 1.5
τ 53.6 54.1 53.1 54.1 53.3 54.1 53.1 54.0 53.1
θ 57.8 57.8 58.0 57.8 58.0 57.8 58.0 58.1 58.4PBE B3LYP B3LYP⋆ PBE1PBETZVP 6-311+G⋆⋆ TZVP 6-311+G⋆⋆ TZVP 6-311+G⋆⋆ TZVP 6-311+G⋆⋆Bond lengths (Å)Fe-N 1.975 1.971 2.027 2.022 2.013 2.008 1.998 1.993N-C2 1.369 1.371 1.356 1.358 1.359 1.361 1.350 1.352N-C6 1.353 1.356 1.342 1.344 1.344 1.347 1.337 1.339C2-C′
2

1.464 1.466 1.473 1.475 1.471 1.473 1.468 1.470C2-C3 1.400 1.402 1.394 1.396 1.395 1.397 1.389 1.391C3-C4 1.392 1.394 1.387 1.389 1.388 1.390 1.384 1.386C4-C5 1.397 1.399 1.389 1.391 1.390 1.393 1.386 1.388C5-C6 1.391 1.394 1.386 1.389 1.387 1.390 1.383 1.386Angles (deg)
β 81.5 81.6 80.3 80.5 80.6 80.8 80.9 81.0
γ 3.3 3.0 3.4 3.1 3.4 3.0 3.3 2.8
τ 54.2 54.4 53.1 53.3 53.4 53.6 53.7 53.9
θ 58.3 58.3 58.7 58.7 58.6 58.6 58.6 58.5Table 4.2: Comparison between experimental and theoretial 1A1 [Fe(bpy)3℄2+geometries. Top: ADF, bottom: Gaussian.

BP86 PW91 PBE RPBEDZ TZP DZ TZP DZ TZP DZ TZPBond lengths (Å)Fe-N 2.158 2.182 2.148 2.174 2.158 2.178 2.192 2.220N-C2 1.375 1.361 1.373 1.359 1.374 1.360 1.380 1.366N-C6 1.363 1.349 1.360 1.347 1.362 1.348 1.368 1.354C2-C′
2

1.477 1.479 1.476 1.478 1.476 1.479 1.486 1.489C2-C3 1.405 1.401 1.403 1.399 1.404 1.401 1.411 1.408C3-C4 1.400 1.393 1.398 1.391 1.399 1.393 1.404 1.398C4-C5 1.403 1.397 1.401 1.394 1.402 1.396 1.407 1.401C5-C6 1.397 1.392 1.395 1.389 1.396 1.391 1.401 1.397Angles (deg)
β 76.5 75.4 76.7 75.6 76.4 75.5 75.7 74.6
γ 4.5 4.6 4.0 5.1 4.4 5.0 4.3 5.8
τ 46.6 46.0 47.4 46.5 46.6 46.1 46.2 46.1
θ 58.8 59.3 58.9 59.3 58.9 59.2 59.1 59.9Table 4.3: Optimised [Fe(bpy)3℄2+ geometries in the HS 5E state. ADF results.



196 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄BP86 PW91 PBE RPBEDZ TZP DZ TZP DZ TZP DZ TZPBond lengths (Å)Fe-N 2.180 2.204 2.169 2.198 2.171 2.201 2.207 2.244N-C2 1.373 1.359 1.370 1.357 1.371 1.358 1.378 1.364N-C6 1.360 1.347 1.358 1.345 1.359 1.346 1.365 1.352C2-C′
2

1.483 1.483 1.482 1.481 1.483 1.483 1.492 1.492C2-C3 1.404 1.400 1.402 1.398 1.403 1.400 1.409 1.407C3-C4 1.402 1.394 1.400 1.392 1.402 1.394 1.407 1.399C4-C5 1.402 1.395 1.400 1.393 1.401 1.395 1.406 1.400C5-C6 1.399 1.393 1.396 1.391 1.398 1.392 1.403 1.398Angles (deg)
β 75.5 74.4 75.8 74.6 75.7 74.5 74.9 73.6
γ 5.8 5.9 5.9 6.2 6.2 6.2 6.2 6.8
τ 45.6 44.6 46.3 46.5 46.3 44.7 46.1 44.9
θ 59.1 59.4 59.1 59.5 59.2 59.4 59.7 60.1PBE B3LYP B3LYP⋆ PBE1PBETZVP 6-311+G⋆⋆ TZVP 6-311+G⋆⋆ TZVP 6-311+G⋆⋆ TZVP 6-311+G⋆⋆Bond lengths (Å)Fe-N 2.206 2.203 2.234 2.232 2.228 2.225 2.211 2.207N-C2 1.359 1.361 1.350 1.352 1.352 1.354 1.344 1.346N-C6 1.347 1.349 1.339 1.341 1.341 1.343 1.334 1.336C2-C′

2
1.484 1.487 1.486 1.488 1.486 1.488 1.481 1.483C2-C3 1.401 1.403 1.394 1.397 1.396 1.398 1.390 1.392C3-C4 1.395 1.397 1.388 1.391 1.389 1.392 1.385 1.388C4-C5 1.395 1.398 1.388 1.391 1.390 1.392 1.385 1.388C5-C6 1.394 1.396 1.387 1.389 1.388 1.391 1.384 1.386Angles (deg)

β 74.5 74.6 73.7 73.7 73.9 74.0 74.0 74.1
γ 8.9 7.5 7.1 6.1 7.2 6.2 7.2 5.8
τ 46.1 46.1 45.3 45.2 45.4 45.4 45.6 45.6
θ 59.9 59.9 60.1 60.1 60.1 60.0 60.0 60.0Table 4.4: Optimised [Fe(bpy)3℄2+ geometries in the HS 5A1 state. Top: ADF,bottom: Gaussian.

∆rHL ∆rHL
5E 5A1

5A1BP86/DZ 0.202 0.224 PBE/TZVP 0.231BP86/TZP 0.204 0.224 PBE/6-311+G⋆⋆ 0.232PW91/DZ 0.194 0.215 B3LYP/TZVP 0.207PW91/TZP 0.203 0.227 B3LYP/6-311+G⋆⋆ 0.210PBE/DZ 0.203 0.216 B3LYP⋆/TZVP 0.215PBE/TZP 0.203 0.226 B3LYP⋆/6-311+G⋆⋆ 0.217RPBE/DZ 0.213 0.228 PBE1PBE/TZVP 0.213RPBE/TZP 0.217 0.241 PBE1PBE/6-311+G⋆⋆ 0.214Exp.: ∆rHL
∼= 0.16-0.22Table 4.5: Comparison between alulated Fe-N bond length di�erenes ∆rHL =

rHS − rLS (Å), (where rHS and rLS are the Fe-N bond lengths in the HS (5E or 5A1)and LS (1A1) states, respetively), and experimental ∆rHL values for spin-rossoversystems with [FeN6℄ oordination [5, 6, 7, 8, 9, 10, 11℄.
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VLS VHS ∆VHL

5E 5A1
5E 5A1BP86/DZ 720 748 749 28 29BP86/TZP 670 691 693 21 23PW91/DZ 717 743 744 26 27PW91/TZP 666 688 689 22 23PBE/DZ 718 747 745 29 27PBE/TZP 668 689 690 21 22RPBE/DZ 725 755 753 30 28RPBE/TZP 671 693 695 22 24Exp: ∆VHL ≈ 15-30Table 4.6: Comparison between alulated di�erenes in moleular volume,

∆VHL = VHS − VLS (in Å3), (where VHS and VLS are the moleular volumes in theHS (5E or 5A1) and LS (1A1) states, respetively), and measured hanges of rystalvolume per moleular unit, ∆V exp
HL [8, 12, 13, 14℄.

∆Eel.
HL

∆Eel.
HL

5E 5A1
5A1BP86/DZ 14397 15169 PBE/TZVP 11373BP86/TZP 11034 11135 PBE/6-311+G⋆⋆ 11849PW91/DZ 15055 15879 B3LYP/TZVP 766PW91/TZP 11699 11887 B3LYP/6-311+G⋆⋆ 1211PBE/DZ 14431 15313 B3LYP⋆/TZVP 3432PBE/TZP 11022 11337 B3LYP⋆/6-311+G⋆⋆ 3907RPBE/DZ 10463 10853 PBE1PBE/TZVP −951RPBE/TZP 6909 6640 PBE1PBE/6-311+G⋆⋆ −466Exp.: ∆Eel.

HL
≈ 3500-6000Table 4.7: Calulated and experimental (see text) eletroni energy di�erenes

∆Eel.
HL, (in m−1).
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Comparison of Density Funtionals for Energy and Strutural Di�erenes Betweenthe High [5T2g : (t2g)4(eg)2℄ and Low [1A1g : (t2g)6(eg)0℄ Spin States of Iron(II)Coordination Compounds : IV. Comparison of Density-Funtional andExperimental Results for the Ferrous Complexes [Fe(L)(`NHS4')℄, where`NHS4' = 2.2'-Bis(2-meraptophenylthio)diethylamine Dianion, and L = NH3,N2H4, PMe3, CO, and NO+ 201Abstrat
Previous work testing density-funtionals for use in alulating high spin-low spinenergy di�erenes, ∆EHL, for iron(II) spin-rossover transitions has tended to on-lude that only properly reparameterized hybrid funtionals an predit ∆EHL sineit seems to depend ritially on a orret desription of the eletron pairing energygoverned by the exhange term. Exeptions to this rule are the previous threepapers (I, II, and III in the present series of papers.) Papers I and II ompared dif-ferent funtionals for their ability to alulate high- and low-spin properties for thesimple ompounds [Fe(H2O)℄2+ and [Fe(NH3)℄2+ against the results of high-qualityab initio alulations. It was found that modern generalized gradient approxima-tions (GGAs) and meta-GGAs ould do as well as hybrid funtionals, if not better,for this type of problem. However, the results of Papers I and II were neessar-ily limited to small omplexes beause of the desire to ompare against ab initiogas phase alulations. Paper III extended these previous studies to the tris(2,2'-bipyridine) omplex, [Fe(bpy)3℄2+ whih is in a size range typial of spin-transitionomplexes of pratial interest. For a omplex of this size, high quality ab initio al-ulations are impratial and so omparison was against an experimental estimateof ∆EHL obtained by analysis of the low-temperature dynamis of the high-spin
→ low-spin relaxation rate following the photo-indued population of the high-spinstate. In the present paper, we extend these previous studies to �ve more moleuleswhih are too large to treat with high quality ab initio alulations, namely theseries,[Fe(L)(`NHS4')℄, where `NHS4' = 2.2'-bis((2-meraptophenylthio)diethylaminedianion, and L = NH3, N2H4, PMe3, CO, and NO+. Sine we know of no reliableexperimental estimate of ∆EHL, we ontent ourselves with a omparison againstthe experimentally-determined groundstate spin-symmetry inluding, in so far aspossible, �nite temperature e�ets. Together with the results of Papers I, II, andIII, this paper provides a test of a large number of funtionals against the high-spin/low-spin properties of a diverse set of Fe(II) ompounds, making it possibleto draw some partiulary interesting onlusions. Trends among di�erent lasses offuntionals are disussed and it is pointed out there is at least one funtional, namelythe OLYP generalized gradient approximation, whih is able to give a reasonablygood desription of the deliate spin energetis of Fe(II) oordination ompoundswithout resorting to hybrid funtionals whih require the relatively more expensivealulation of a Hartree-Fok-like exhange term.
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I IntrodutionTransition metal ompounds often exhibit a variety of spin states and a knowledgeof their relative energetis an be ritial for desribing the hemial and physialproperties of these ompounds [1℄. Nowadays density-funtional theory (DFT) isoften the method of hoie for the theoretial modeling of transition metal om-pounds involving more than just a few atoms [1, 2℄. However theoretial modelingof the relative spin-state energetis in this type of system is far from straightforward,sine the energy di�erenes an be rather small and eletron orrelation an be bothritial and di�ult to desribe with even the best available methods. It is thus im-portant to study the ability of DFT to desribe relative spin energetis with di�erenthoies of density funtionals. We are partiularly interested in �nding funtionalswhih yield an aeptable desription of the low-spin 1A1g � high-spin 5T2g ener-getis in otahedral iron(II) ompounds [3, 4, 5℄. This is ertainly in keeping witha reent interest in spin-rossover ompounds [6℄, but interest in �nding density-funtionals apable of giving a orret desription of spin energetis is by no meanslimited to spin-rossover ompounds, as Harvey makes lear in his reent reviewartile [1℄. The present paper is the fourth in a series of papers testing funtionalsfor the desription of the relative spin energetis in otahedral iron(II) ompounds.It should be pointed out in this ontext that the issue of whether density funtionalsshould be assessed by omparison against experimental data or against the resultsof ab initio alulations is not entirely lear. The advantage of omparison withab initio alulations is that diret omparisons an be made with features of theBorn-Oppenheimer surfaes of isolated moleules, without having to worry about thevibrational, environmental, and �nite temperature e�ets whih are unavoidably in-volved in omparing with experimental data. Paper I [3℄ onsisted of a omparisonof DFT results with ab initio results for the hexaquoferrous ation, [Fe(H2O)6℄2+.Paper II [4℄ extended this omparison to additional funtionals and the hexaminofer-rous ation, [Fe(NH3)6℄2+. These studies indiated that, of the funtionals studied,the PBE0 hybrid funtional and the VSXC meta-GGA gave the best desription ofspin energetis. A limitation of omparing with ab initio alulations is that good abinitio alulations are only possible for the smallest iron(II) omplexes. Paper III [5℄extended these previous studies to the tris(2,2'-bipyridine) omplex, [Fe(bpy)3℄2+whih is in a size range typial of spin-transition omplexes of pratial interest.For a omplex of this size, high quality ab initio alulations are impratial and soomparison was against an experimental estimate of ∆EHL obtained by analysis ofthe low-temperature dynamis of the high-spin → low-spin relaxation rate followingthe photo-indued population of the high-spin state. The present paper goes even
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Figure 4.13: Examples of [Fe(L)(`NHS4')℄ omplexes. Above: the trans-NO+-omplex. Below: the is-N2H4- omplex. NH3, CO, and PMe3 are also treated inthis artile.further by omparing DFT results for an interesting set of large otahedral iron(II)omplexes (Fig. 4.13) for whih experimental data is available regarding the groundspin state. These omplexes have the generi formula [Fe(L)(`NHS4')℄, where `NHS4'is short-hand notation for the 2.2'-bis(2-meraptophenylthio)diethylamine dianionand L is one of NH3, N2H4, PMe3 [i.e. P(CH3)3℄, NO+ or CO. They show an energydi�erene between the low-spin and high-spin eletroni states as small as only afew 1000 m−1 (roughly 3 kal/mol), in partiular for the PMe3 ompound. Thislevel of auray an now be ahieved in many instanes with high-quality ab initioalulations for small moleules but not for moleules of the size onsidered here.It is a hallenging test set for a DFT approah whih aims at extending ab initioauray to moleules in a size range of pratial interest. The is isomers of the[Fe(L)(`NHS4')℄ omplexes with L = NH3 and N2H4 have been experimentally de-termined to have a quintet high-spin ground state (S = 2) [7℄, whereas the transisomers with L = PMe3, NO+, and CO are known to have an eletroni groundstate with S = 0 [8, 9℄. Speial are is taken in the present study to inlude, inso far as possible, vibrational, environmental, and �nite temperature e�ets in ouromparison with the available experimental data. This point is further disussedbelow.



204 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄Apart from Papers I and II, almost all previous work on density-funtionals forspin-rossover ompounds onsisted of omparisons with experimental data [10℄.(We have only reently beome aware of the very interesting pioneering artile ofBolvin [11℄ where DFT results were ompared with the results of ab initio alu-lations remarkably similar to those reported in Papers I and II, albeit for di�erentompounds. Rather than seeking the best funtional, it was simply onluded inRef. [11℄ that DFT alulations gave results whih were too errati to be useful.Of ourse, we feel that our results show that systemati results may be obtainedprovided one the funtionals have been arefully sreened for their treatment ofthe DFT spin-pairing energy problem.) It was found that the loal density ap-proximation (LDA) seriously underestimated eletron pairing energies, arti�iallystabilizing low-spin states with respet to high-spin states. That means that theeletroni high-spin (HS) � low-spin (LS) energy di�erene,
∆Eel

HL = Eel
HS −Eel

LS , (4.27)is arti�ially high when Eel
HS > Eel

LS and arti�ially low when Eel
LS > Eel

HS. (Throughout this paper, the notation,
∆XHL = XHS −XLS , (4.28)refers to the di�erene between the HS and LS values of X.) The ground spin statemay even be inorretly predited to be LS when it is really HS. The usual expla-nation given is that the LDA underestimates exhange by more than 10%, leadingto serious errors in desribing parallel spin (i.e. Fermi) orrelation [12℄. In partiu-lar it is often reasoned that exhange between parallel-spin eletron pairs keeps theeletrons apart, thereby reduing their eletron repulsion, so that underestimatingexhange will overestimate eletron repulsion leading to an energeti destabilizationof HS states. (This point is disussed in more detail in Paper I.) Traditional gener-alized gradient approximations (GGAs), suh as BP, PW91, PBE, and BLYP, werefound to redue the pairing energy error, but not to eliminate it. (The nomenlatureof the di�erent funtionals used in this artile is the same as that in the Gaussian03 manual. This notation is reviewed in Appendix VII.) Hybrid funtionals ei-ther overorret (most works) or underorret (papers I and II), but the pairingenergy error appeared to be diretly proportional to the amount of Hartree-Fokexhange [13℄ and good results ould be obtained in many ases by simply tuningthe amount of exat exhange. In partiular, the B3LYP* funtional with 15% exat



Introdution 205exhange was found to work well for alulating ∆Eel
HL [14℄. Interestingly enoughPapers I and II seem to indiate that this good behavior of the B3LYP* funtionaldoes not extrapolate to the small moleules [Fe(H2O)6℄2+ and [Fe(NH3)6℄2+. It wasalso found that newer highly parameterized GGAs, suh as the HTCH funtionals,ould do roughly as well as onventional hybrid funtionals for these small moleules,but without exat exhange. The VSXC meta-GGA was found to be one of the bet-ter funtionals for this partiular property, while retaining the advantage that ithas been well tested in a number of moleules [15, 16℄ and found to give reasonableresults for a variety of properties. Note however the dramati failure of the VSXCfuntional for desribing torsion potentials in π-onjugated systems [17℄. Given thatthe experiene obtained from testing funtionals on larger moleules did not seem toextrapolate well to the small moleules [Fe(H2O)6℄2+ and [Fe(NH3)6℄2+, we wantedto see if our small moleule experiene would extrapolate to the treatment of largermoleules of more pratial interest.The only way to do this seems to be to aept the idea of omparing with experi-ment. One way to do this was desribed in Paper III. A good experimental estimateof ∆Eel

HL is available for the tris(2,2'-bipyridine) ferrous ation, [Fe(bpy)3℄2+, onthe basis of the low-temperature dynamis of the HS → LS relaxation rate [5℄. Inthis paper we make use of a seond soure of experimental data in our assessment ofdensity-funtionals, namely the series of 2.2'-bis(2-meraptophenylthio)diethylaminedianion ferrous ompounds, [Fe(L)(`NHS4')℄ with L = NH3, N2H4, PMe3, CO, andNO+. In this ase it is the ground spin state whih is known experimentally andwhih must be orretly predited all along the series in order for a funtional tobe regarded as aeptable. This was the basis of the earlier work by Reiher whihresulted in the B3LYP* funtional [14℄. The energy di�erene, ∆Eel
HL, dereases forthese ompounds along the spetrohemial series,CO ≈ NO+ > P(CH3)3 > N2H4 ≈ NH3 . (4.29)On the left hand end of this series, ∆Eel

HL, is positive. It is negative on the righthand end. In fat, a more areful omparison with experiment must take into aount�nite temperature e�ets and involve the alulation of the free energy di�erene,
∆GHL.Our paper is divided into the following setions. The next setion disusses theproblem of alulating ∆GHL for these ompounds. Some of the issues distinguish-ing andidate funtionals for appliations to spin-rossover ferrous ompounds arereviewed in Se. III. (An appendix summarizes abbreviations for the di�erent fun-



206 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄tionals used in this study.) The tehnial details of our alulations are given inSe. IV. In Se. V we give our results. Setion VI summarizes.II Thermodynami CalulationsMost of the results in this paper will be given in terms of the quantity ∆Eel
HL whih isthe di�erene between the HS and LS eletroni energies [Eq. (4.27)℄. This quantityis onvenient in that it is relatively straightforward to alulate and failitates om-parison with results of previous studies. But omparing ∆Eel

HL against experimentinvolves ertain assumptions, not all of whih are ompletely justi�ed. This is whyour �nal omparisons for the [Fe(L)(`NHS4')℄ omplexes will be based upon the freeenergy di�erene, ∆GHL, though this involves additional, rather omputer resoureintensive, alulations. The relation between ∆GHL and ∆Eel
HL is disussed in detailhere.If γHS denotes the fration of omplexes in the HS state, then the HS-LS equi-librium onstant,

KHL =
γHS

1 − γHS
=

[HS]
[LS] , (4.30)is determined by the free energy di�erene aording to the well-known relation,

∆GHL = −RT lnKHL . (4.31)The omplex is LS when ∆GHL is positive and HS when ∆GHL.The free energy di�erene is a marosopi property whih we would like to be ableto alulate from moleular level information whih we an alulate. In priniple,this moleular level information ontains not just information internal to the ironomplexes but also information about interations between these omplexes and theother moleules around them. Our �rst approximation is to neglet the e�ets ofthese interations. This approximation an be justi�ed by looking at the individualterms in
∆GHL = ∆HHL − T∆SHL . (4.32)Lindoy and Livingstone [18℄ have estimated that the eletroni ontribution, ∆Hel

HLis∼1000 m−1, the intramoleular vibrational ontribution, ∆Hvib(intra)
HL is∼100 m−1,and the intermoleular vibrational ontribution, ∆H

vib(inter)
HL is ∼10 m−1 [18℄. Thusnegleting the intermoleular ontribution to the enthalpy di�erene is justi�ed andthat ∆HHL is dominated by the eletroni ontribution. As regards the entropy



Thermodynami Calulations 207di�erene, ∆SHL, su�e it to say that our alulated intramoleular vibrationalontribution to the entropy di�erene are in the range T∆SHL = 1500 - 2000 m−1at 298 K (Table 4.10) whih may be ompared with a measured vibrational ontri-bution to the entropy di�erene of 4.3-7.2 m−1.K−1 (T∆SHL = 1280 - 2140 m−1 at298 K) measured by Sorai and Seki [19℄ using infrared spetrosopy and alorimetrimethods for [Fe(phen)2(NCX)2℄ (with X = S, Se). It is thus relatively safe to negletintermoleular e�ets unless a major hange of rystal struture is expeted to beassoiated with the hange of spin state.Many quantum hemistry programs, suh as Gaussian 03[20℄, alulate freeenergies using well-established formulae based upon an ideal gas (partile in the box)treatment of translations, a rigid rotor treatment of rotations, a harmoni osillatortreatment of vibrations, and the assumption that only a single eletroni state isthermally aessible (see, for example, Ref. [21℄, pp. 136-138.) It turns out that thesealso provide a reasonable approah to alulating ∆GHL in the ondensed phase.This is beause translational e�ets ompletely anel when taking the di�ereneand the only rotational e�ets left after taking the di�erene are in the entropiterm and are small enough to neglet. Let us examine the relative magnitudes ofthe di�erent terms ontributing to ∆GHL.Both vibrational and eletroni e�ets make signi�ant ontributions to the en-tropy di�erene, ∆SHL. Remember that we are assuming that only a single eletronistate is thermally aessible at any given time (an assumption whih may be ques-tionned but whih is very di�ult to avoid in pratial alulations, sine taking itinto aount means alulating information about the potential energy surfaes ofeletroni exited states.) This means that the eletroni ontribution to the entropydi�erene is ompletely determined by spin degeneray,
∆Sel.

HL = R ln
2SHS + 1

2SLS + 1
= R ln 5 . (4.33)This leads to a stabilization of 1.12 m−1K−1 for the high-spin state. This is a sig-ni�ant ontribution to ∆SHL, but not as signi�ant as the vibrational ontributionto ∆SHL. For the [Fe(L)(`NHS4')℄ omplexes studied here, we have expliitly alu-lated both SHS and SLS using all degrees of freedom and found SHS to be alwayslarger than SLS, resulting in an entropi di�erene between high-spin and low spinstates of ∆SHL ≈ 5 − 7 m−1K−1. This results in an entropi stabilization of thehigh-spin state of approximately T∆SHL = 1500 - 2000 m−1 at 298 K. This is quitereasonable in omparison with the estimate of typial ∆SHL given in [22℄, inludingboth vibrational and eletroni ontributions, of 4-7 m−1K−1.



208 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄Table 4.8: Typial thermodynami data for the [Fe(L)(`NHS4')℄ omplexes at298.15 K and 1 bar. All values are in m−1 (See also Table 4.10.)Term Typial Value (m−1)
∆EZPVE

HL -700
∫ 298K

T=0K
∆CV

HL(T ′)dT ′ 400
−T∆SHL -1800
p∆VHL < 0.1Total a -2100

a ∆GHL − ∆Eel
HL = ∆EZPVE

HL +
∫ 298K

T=0K
∆CV

HL(T ′)dT ′ − T∆SHLThe enthalpy di�erene, ∆HHL, may be deomposed into the sum of the eletronienergy di�erene, ∆Eel
HL, the zero-point vibrational energy di�erene, ∆EZVPE

HL ,
∆HHL(T, p) = ∆Eel

HL + ∆EZVPE
HL +

∫ T

0

∆CV
HL(T ′)dT ′ + p∆VHL . (4.34)Note that the method used to alulate free energies is derived for the ideal gasmodel of translational motions. In this model, the onstant pressure and onstantvolume heat apaities are related by the produt of the number of moles of gas, n,and the ideal gas onstant, R,

Cp = CV + nR . (4.35)In a liquid or solid, it is a good approximation to take,
Cp = CV . (4.36)(See for example Ref. [23℄.) In either ase,

∆Cp
HL = ∆CV

HL . (4.37)As previously mentionned, neither translations nor rotations ontribute to the en-thalpy energy di�erene. Table 4.8 provides a summary of typial values for theseterms. The eletroni energy di�erene, ∆Eel
HL, is usually the dominating quantityin Eq. (4.34). However other terms in Eq. (4.34) beome important for ∆Eel

HL onthe order of 2000 m−1. The next most important term is the zero-point vibrationalenergy di�erene, ∆EZPVE
HL . We have always found it to be a negative quantity, thus



Density Funtionals 209stabilizing the HS state. This makes sense beause antibonding eg orbitals are ou-pied in the HS state whih are not oupied in the LS state. This results in weakerlonger bonds with smaller fore onstants in the HS than in the LS state and henesmaller zero-point vibrational energies. For �nite temperatures, exited vibrationalstates are populated. This is taken into aount via an integration over the onstantvolume heat apaity di�erene, ∫ T

0
∆CV

HL(T ′)dT ′, whih is entirely vibrational inthe approximations mentionned above. In our alulations, we have always foundthis quantity to be positive, hene stabilizing the LS state. Finally the term, p∆VHL,is the work exerted on the atmosphere due to a marosopi volume hange, ∆VHL.If no dramati hange in rystal struture ours, this an be estimated from thehange in moleular volume. The spin transition in otahedral ferrous ompoundsleads to a very large hange in the iron-ligand bond length (typially around 0.2Å). Experimental values for ∆VHL [24, 25, 26, 27℄ are in the range of 15-30 Å3 permoleule. However, this results in a work exerted against atmospheri pressure ofless than 0.1 m−1, whih an be negleted.In summary, ∆Eel
HL is only a �rst approximation to the free energy di�erene

∆GHL, whih is the quantity whih should really be obtained from experiment.Given ∆Eel
HL one an obtain an improved estimate of ∆GHL by subtrating thetypial value of 2000 m−1 given in Table 4.8,

∆GHL ≈ ∆Eel
HL − 2000 m−1 . (4.38)In this paper we atually do muh better than this by expliitly alulating the freeenergy orretion term to the eletroni energy di�erene for the OLYP and BP86funtionals so as to have spei� moleule-dependent estimates, thereby allowing arigorous omparison of DFT results with experiment.

III Density FuntionalsThis setion reviews the general types of funtionals used in this study. We em-ploy the notion of `Jaob's Ladder' introdued by Perdew and Shmidt [28℄ as ahelpful lassi�ation sheme. More general bakground information about density-funtional theory (DFT) may be found in Refs. [29, 12, 30℄. We also point out theimportane of the exhange ontribution to the DFT spin-pairing energy problemin metal omplexes.



210 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄Table 4.9: Jaob's Ladder for DFT. Spin has been suppressed for simpliity ofnotation. Heaven (Chemial Auray)orbital-dependent ρ, ~∇ρ B3LYP, B3LYP*funtionals τ , ψi
d PBE0meta-GGAs ρ, ~∇ρ, τ c VSXCGGAs ρ, ~∇ρ b BP86, OLYPHCTH93, HCTH147, HCTH407LDA ρ a LDAHartree World

a The density, ρσ(r) =
∑

i ni|ψi(r)|2.
b The redued density,x(r) = |~∇ρ(r)/ρ4/3(r)| and other derivatives of the density.
c The kineti energy density, τ(r) = (1/2)

∑

i ni|~∇ψi(r)|.
d Indiates a more general dependene on the orbitals, ψi(r).A Jaob's LadderJaob's Ladder (Table 4.9) groups funtionals into families, depending upon whihingredients are used in making the funtionals. For the lowest three rungs on thisladder, a general formula for the exhange-orrelation funtional is given by,

Exc[ρ] =

∫

ǫxc(ρ(r), ~∇ρ(r), τ(r))ρ dr . (4.39)The quantity ρ is the eletron density, ~∇ρ is the gradient of the eletron density and
τ is the loal kineti energy density whih for the interating system is given by

τ(r) =
1

2

oup
∑

i

|∇ψi(r)|2. (4.40)In general, the exhange-orrelation energy density, ǫxc, depends expliitly on thetwo spin omponents of eah of the variables (ρ↑, ρ↓, ~∇ρ↑, ~∇ρ↓, τ↑, τ↓). This spindependene has been suppressed for simpliity of notation.The loal density approximation (LDA) onstitutes the �rst rung of the ladder.It orresponds to negleting τ and ~∇ρ in Eq. (4.39). This approximation, whihis based on the homogeneous eletron gas, works remarkably well for preditingequilibrium geometries, although moleular harge densities are far from being ho-mogeneous. In fat, the exhange-orrelation energy only depends on the spherially-averaged exhange-hole whih shares several ommon features in moleules and the



Density Funtionals 211homogeneous eletron gas. These inlude satisfying ertain sum rules, the behaviorfor vanishing inter-eletroni distanes of the exhange part,
hx(r2 → r1) = −ρ(r1) , (4.41)and the orrelation part, and the onstraint that the exhange hole be everywherenegative [30℄.The seond rung is reahed by inluding the gradient of the harge density ~∇ρ.This is a promising way to inlude the e�et of the rapidly varying eletron densityommon in moleules by only inluding information about the loal rate of variationof the harge density. A natural way to inlude the gradient of the harge density isthe gradient expansion approximation (GEA) obtained via a trunated Taylor seriesexpansion,

EGEA
xc [ρ] =

∫

ǫxc(ρ(r))ρ(r) dr +

∫

Cxc(ρ(r))x(r) dr . (4.42)Unfortunately, the GEA gives worse rather than better results than the LDA. Thereason for this poor performane is that the GEA fails to satisfy many of the exatonstraints satis�ed by the LDA. The most important violations of these onstraintsare the sum rules and that the exhange hole is no longer restrited to be negativefor any pair of harges r1, r2. A further approximation an be made, whih enforesall these onstraints by setting to zero those ontributions from the GEA exhange-orrelation funtional that result in a positive exhange hole and by approximatingthe exhange and the orrelation holes suh that hx(r1, r2) and hc(r1, r2) ontainexatly one and zero eletron harges, respetively [30℄. The resulting generalizedgradient funtionals (GGA) outperform the LDA. Among the most reent GGAsare the highly parametrized funtionals by Handy and oworkers [31℄, HCTH93,HCTH147 and HCTH407. These employ 15 parameters and yield very satisfatoryresults for many properties. Another reent GGA funtional is the OPTX exhangefuntional [32℄ also by Handy and Cohen. This exhange funtional di�ers from otherGGA exhange integrals as it has been parametrized to reprodue Hartree-Fok ex-hange only for atoms. Handy and Cohen argue that this allows the funtional totake better aount of stati orrelation e�ets than would be the ase had param-eterization inluded moleular data. In partiular, it is argued that exat exhangeand density-funtional exhange will always di�er in moleules beause some left-right orrelation will always be present in the density funtional whih is absent inHartree-Fok exhange. For atoms, however, there is no left-right orrelation and sothe two types of exhange energies are omparable.



212 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄The third rung of Jaob's ladder is omposed of meta GGAs. While the GGAapproah has been found to work quite well, it also has some inherent shortomings.In partiular, it annot usually aount for the fat that the exat exhange hole,
hx(r1, r2), in moleules is spread out over several enters, meaning that its strutureat any given point r1 should have an expliit dependene on the oordinates of otherpoints, r2. Suh behavior annot be orretly desribed by funtionals employingonly ρ(r1) and ∇ρ(r1) [33℄. An illustrative example is the strethed H+

2 moleule.In this one-eletron system, the only duty of the exhange hole is to take are of theself-interation. The exhange hole is given by
hx(r1, r2) = −|

∑occ.
i ψi(r1)ψ

∗
i (r2)|2

ρ(r1)
(4.43)and beause there is only one eletron in this system, the exhange hole is statiand equal to the negative of half the σg density, −|ψ(r2)|2. This exhange hole isindependent of the position of r1 and is equally split between the two nulei, evenat large distanes when H+

2 is strongly strethed. Thus the exat exhange holeremoves only half of the harge at eah nuleus and the other half of the harge atthe other nuleus. Unfortunately a loal funtional always assumes a loalized holeand thus removes one harge at eah nuleus, overestimating the exhange energyontribution and overlooking that the fat that the exhange hole has been fraturedinto separate parts, eah ontaining only a fration of an eletron. This problem anbe overome by making use of the kineti energy density τ as a probe of frationalexhange-orrelation hole oupany. In partiular, Beke has shown [33℄ that thequotient,
t =

τLDA

τ
, (4.44)is a good measure of the deloalization of the exhange hole if t has a value signi�-antly less than one. Here τLDA is the expression of the kineti energy density in theloal spin approximation and an be onveniently expressed as τLDA = 3

5
(6π2)

2

3ρ
5

3 .Thus, by probing the quantity t, even a non hybrid funtional should be able toeliminate the overestimation of the exhange energy present in the LDA and GGAs.A di�erent approah to employing the kineti energy density τ is a high-order den-sity matrix expansion (DME). Van Voorhis and Suseria proposed one of the �rstmeta-GGAs using this tehnique [15℄. They approximated Hartree-Fok exhangeby means of a seond order DME using Bessel funtions and Legendre polynomials.Although this DME approximation does not expliitly evaluate the quantity t given



Density Funtionals 213in Eq. (4.44), one an still expet the resulting exhange funtional to orretlydesribe deloalized exhange holes in so far as it mimis exat exhange.These methods outlined above make up the �rst three rungs on Jaob's Ladder.The fourth rung is not loal anymore beause it depends on the evaluation of ex-pressions that are alulated using orbitals rather than the harge density, wherethe dependene on eletron oordinates has already been removed by integrationover all spae. The fourth rung is onstituted from the hybrid funtionals whihinlude a portion of exat (Hartree-Fok) exhange. Some of these funtionals (suhas B3LYP and PBE0) are among the most popular and most suessful densityfuntionals nowadays available.Users of DFT have been desribed as the angels asending and desending Jaob'sladder [28℄, free to hoose the level of approximation whih most suits them. Thisis a nontrivial point. Even if one might hope that asending the ladder will improvepreision, the inlusion of more and more ingredients in the density funtionalsmeans more ompliated funtionals and added omputational expense. This is whyit is also important to be able to desend Jaob's ladder.
B Exhange and the DFT Spin-Pairing Energy ProblemAs pointed out in the introdution, the amount of admixed exat exhange willseverely a�et ∆EHL in so far as a higher multipliity state will be stabilized relativeto a lower multipliity state. This beomes obvious when the Hartree-Fok exhangeenergy is written down,

K =
∑

i

∑

j

ninj ×
∫∫

ψi(x1)ψ
∗
j (x1)

1

r12

ψi(x2)ψ
∗
j (x2) dx1dx2 (4.45)Here, x = (r, σ) is shorthand for spae and spin oordinates. Beause of the spinintegration, only terms with like spin ontribute to K. As high spin states ontainmore spin orbitals of one spin type than the orresponding low spin state with thesame number of eletrons, K will tend to be greater for the HS state beause moreontributing terms enter into the summation. It follows, that an inrease of thesaling parameter in hybrid funtionals will stabilize the HS state relative to the LSstate.The situation for pure DFT exhange is ompletely di�erent. In the Slater Xα



214 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄exhange approximation, we have,
Ex[ρ] = −αCx

∫

(
∑

i

ni|ψi(r)|2)
4

3 dr (4.46)
ni is the oupation number of the ith orbital. Now, if we look at a d6 atom in anotahedral ligand �eld and freeze the ore eletrons, the Slater exhange ontributionwill give for the singlet state,

ES=0
x [ρ] = −αCx

∫

(6|t2g(r)|2)
4

3 dr (4.47)For the quintet state, the same expression yields,
ES=2

x [ρ] = −αCx

∫

(4|t2g(r)|2 + 2|eg(r)|2)
4

3 dr (4.48)The answer to the question of whether this stabilizes the HS or the LS state dependsupon the relative size of the magnitudes of ES=0
x and ES=2

x . Sine the eg orbitalsare typially more di�use than the t2g orbitals, the magnitude of ES=2
x [ρ] is typiallysmaller than that of ES=0

x [ρ]. Consequently the LS state will be stabilized relative tothe HS state when α is inreased. This is exatly the opposite behavior from exatexhange and ertainly seems ounter-intuitive when it is realled that Slater wantedto approximate the ompliated Hartree-Fok expression. If we extend our argumentto allow for orbital relaxation e�ets, the situation is of ourse more ompliated,sine the eletron-eletron repulsion term J , the kineti energy of the eletrons, andthe ore-eletron eletrostati energy are all impliit funtions of Ex[ρ].Nevertheless the answer remains the same for otahedral Fe(II) omplexes. To seethis, we alulated ∆EHL with a variable fator α whih sales the total ontributionof the exhange funtional to the total energy,
E =

1

2

N∑

i=1

∫

|∇ψi|2 d3r +

∫

ρVext. d
3r

+
1

2

∫ ∫
ρ(r1)ρ(r2)

r12
d3r1d

3r2 + αEx[ρ↑, ρ↓] (4.49)Note that we deided not to inlude a orrelation funtional so as not to ompliateour analysis of exhange e�ets.Figure 4.14 shows results for the totally symmetri otahedral moleule, FeH6,
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Figure 4.14: In�uene of the admixture of HF, Slater and GGA exhange on
∆EHL. In order to keep everything on a single graph, the quantity ∆EHL has beenarbitrarily displaed so that it is zero for a saling parameter of 92.5%.using HF, Slater, OPTX and B88 exhange funtionals. As expeted, the HF resultsshow a negative slope (-564 m−1/% exhange) with respet to the saling parameter.Rather unexpetedly, Slater exhange behaves oppositely to HF exhange, showinga positive slope (1161 m−1/% exhange). This means that inreased amounts ofSlater exhange atually stabilizes the LS state relative to the HS state even thoughHF exhange destabilizes the LS state relative to the HS state. We also testedBeke's B88 exhange funtional and the OPTX exhange funtional in order to seeif this ounterintuitive behavior of Slater exhange would still be present for GGAs.Indeed the orresponding slopes are positive (125 m−1/% exhange and 82 m−1/%exhange) but are muh smaller. The fat that the GGA slopes lie between the HFand LDA slopes might be interpretted as being onsistent with the GGAs givinga better than LDA desription of HF exhange. Nevertheless the sign of the LDAand GGA slopes are surprising given the simple idea that DFT exhange should bedesribing Pauli exlusion e�ets whih one would, naïvely, think would favor theHS state over the LS state by keeping like spin eletrons physially separated inspae and thus reduing their mutual eletroni repulsion.We also veri�ed that these results are not an artifat of the simple model systemFeH6. For the trans-[Fe(CO)(`NHS4')℄ variation of Slater exhange from 92% to105% yielded a slope of 141 m−1/% exhange.



216 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄In fat, not only ∆EHL, but also EHS and ELS, were observed to show a lineardependane on the amount of LDA or GGA exhange inluded in the funtional.This is very similar to the linear dependane of ∆EHL observed by Reiher on therelative amount of HF to GGA exhange inluded in hybrid funtionals [14℄. Weonlude that inreasing the relative amount of HF to GGA exhange stabilizes theHS state relative to the LS state, not only beause the amount of HF exhange isinreased but also beause the amount of GGA exhange is dereased, sine bothe�ets atually individually favor the HS over the LS state.We have also studied ideal tetrahedral Fe(II) omplexes, and although the aboveargument, that high multipliity states will pro�t less from Slater exhange, an beextended to tetrahedral and square planar omplexes, we have found a stabilizationof the HS state relative to the LS state in tetrahedral Fe(II) omplexes with aninrease in α, just as would be expeted for exat exhange.Previous studies have tended to emphasize the importane of the fourth rung ofJaob's Ladder for a orret desription of the relative energetis and the HS and LSstates in otahedral Fe(II) omplexes. Our goal is to make a more thorough studyand to see if we annot �nd funtionals whih allow us to desend Jaob's Ladderwill still giving an adequate treatment of the high-spin/low-spin energy splittings inotahedral Fe(II) omplexes.
IV Computational DetailsThe DFT alulations reported here were arried out with Gaussian 03 [20℄ usingthe TZVP basis set of Ahlrihs [34℄. We note that omputational demand for the[Fe(`NHS4')(L)℄ and the [Fe(bpy)3℄2+ omplexes is quite high. Some single-pointalulations needed more than 24 hours to onverge on a 2.3 GHz BiXeon mahine.SCF onvergene was set to 10−6 hartrees. The resolution of the identity tehnique(RI) with the default density �tting basis set was always used for the LDA andGGA density funtionals but not for hybrid funtionals as there was no signi�antimprovement over the standard oulomb term evaluation method. The aurayof the RI method ompared to the standard tehnique was assesed in some singlepoint alulations and found to be su�ient, with deviations between both methodssmaller than 0.1 m−1. The default integration grid was always used. Frequenyand thermodynami data alulations were also performed with Gaussian 03 usingthe TZVP basis set and the RI tehnique.



Results 217Table 4.10: Thermodynami data for the [Fe(`NHS4')(L)℄ omplexes at T = 298K.All values are in m−1Complex ∆EZPVE
HL −T∆SHL

∫ T

0
Cv

HL(T ′) dT ′ ∆GHL − ∆EHLOLYP at OLYP optimized geometries:is-N2H4 -525 -1778 402 -1901is-NH3 -643 -1974 452 -2165trans-PMe3 -707 -2126 477 -2356trans-NO+ -856 -1452 391 -1917trans-CO -900 -1954 498 -2356aver. value -726 -1857 444 -2139BP86 at BP86 optimized geometries:is-N2H4 -572 -2355 594 -2333is-NH3 -650 -1982 460 -2172trans-PMe3 -665 -1208 261 -1612trans-NO+ -807 -1418 370 -1855trans-CO -865 -1993 487 -2371aver. value -712 -1791 433 -2069
V ResultsThis setion is organized as follows: We start by giving thermodynami data for the[Fe(`NHS4')(L)℄ medium-sized ompounds in order to estimate a value for ∆GHLfrom ∆EHL. We then ompare ∆EHL results of di�erent density funtionals againstexperimental data. First, we give results for the [Fe(`NHS4')(L)℄ medium-sized om-pounds alulated with di�erent density funtionals but always at the B3LYP* op-timized geometries. This allows us to fous on trends among di�erent funtionals,while keeping the number of degrees of freedom in the problem to a minimum. TheB3LYP* optimized geometries used are in good agreement with rystal struturesfor these omplexes [14℄. Please note that we will heneforth drop the supersript in
∆Eel

HL and just denote it by ∆EHL. Full geometry optimizations and estimates of
∆GHL are then given for the density funtionals whih are found to work best atthe B3LYP* geometries. Finally we ompare these funtionals against quantitative
∆EHL values for [Fe(H2O)℄2+ [3℄, [Fe(NH3)℄2+[4℄, and [Fe(bpy)3℄2+[5℄ from ab ini-tio alulations or experiments measuring tunneling relaxation rates whih permitdiret aess to ∆EHL instead of ∆GHL.



218 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄A Thermodynami DataAs disussed in the introdution, it is neessary to know ∆GHL when one omparesagainst experimental data. In order to alulate ∆GHL as given by equations 4.32and 4.34, one needs to know ∆EZVPE
HL , −T∆S and ∫ T

0
∆CV

HL(T ′) dT ′ in additionto ∆EHL. We have expliitly alulated zero-point vibrational energy di�erenes(∆EZVPE
HL ) as well as �nite temperature e�ets at the OLYP level and at the BP86level. Results are given in Table 4.10. Interestingly, although the results for bothfuntionals are similar to some extent, a large deviation of 744 m−1 between thetwo funtionals ours for ∆GHL − ∆EHL with the trans-PMe3 omplex. As theBP86 funtional has been proven to be one of the better funtionals for alulatingvibrational frequenies [30℄ and there is less experiene with the newer OLYP fun-tional, we will fous on the results given by BP86 and propose that ombining theBP86 value of ∆GHL − ∆EHL with the ∆EHL alulated by any density funtionalan be used to obtain a reasonable estimate of ∆GHL. Table 4.10 makes it learthat ∆GHL has only to be onsidered when ∆EHL is smaller than about 2100 m−1.This is typially the ase only for the [Fe(`NHS4')(L)℄ omplex with L=PMe3.B Hartree-Fok and Half-And-Half FuntionalsWe begin by looking at how Hartree-Fok performs for these omplexes. One wouldintuitively expet that the high-spin state is strongly favoured beause Fermi orre-lation is inluded in the HF piture while all other orrelation is totally negleted. InFig 4.15 shows that this expetation is justi�ed. ∆EHL is negative for all omplexesalthough the omplexes with the ligands PMe3, NO+ and CO are experimentallyknown to have a positive ∆EHL (LS ground state). We also inluded the half-and-half density funtionals BHandH and BHandHLYP here beause they ontain 50%HF exhange and show the same behaviour as HF in so far as that the HS state isfavoured in all ases. Note that this overstabilization will only be aentuated byinluding thermodynami orretions [Eq. (4.38)℄. This strong overstabilization ofthe HS state demonstrates one again that a good density funtional will need tomake less use of exat exhange in order to orretly desribe ∆EHL [35℄.C Hybrid FuntionalsWe have tested a variety of popular hybrid funtionals ontaining between 25% and15% exat exhange. For the [Fe(`NHS4')(L)℄ medium-sized ompounds, we havenotied that these hybrid funtionals show a distintive trend in ∆EHL that an be
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Figure 4.15: ∆EHL for Hartree-Fok and half-and-half funtionals for the[Fe(L)(`NHS4')℄ omplexes.related to the amount of exat Hartree-Fok exhange ontained in eah funtional.This is onsistent with the previous observation that the dependene of ∆EHL onthe exat exhange is linear for the B3LYP funtional [14℄ within a ertain range,but is more general in that our observation applies to other hybrid funtionals aswell. In Fig. 4.16 we show results for �ve di�erent hybrid funtionals. The linesthat onnet ∆EHL values an be thought of as the funtionals' predition for thespetrohemial series when ligand �eld strength is inreased from left to right. Themost striking di�erene among the funtionals is that these spetrohemial series areshifted vertially on this graph aording to the amount of exat exhange, indiatingthat all funtionals orretly alulate the relative strengths of the ligands. Howevera urve ontaining more exat exhange is always below all other urves with lessexat exhange, regardless of the orrelation funtional part, on�rming that Fermiorrelation is muh more important than Coulomb orrelation for alulating ∆EHL.Only the B3LYP* funtional sueeds in assigning a positive ∆EHL to the trans-PMe3 omplex. This latter point is not really surprising beause the B3LYP*funtional was developed by varying the oe�ient of HF-exhange so as to pro-due values for ∆EHL that produe the known experimental groundstates of the[Fe(L)(`NHS4')℄ omplexes, based upon the impliit assumption that ∆EHL was anadequate approximation to ∆GHL. Aording to Eq. (4.38) shifting all of the urvesdown by about 2000 m−1 will provide a better estimate of ∆GHL. When this is
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Figure 4.16: ∆EHL for hybrid funtionals for the [Fe(L)(`NHS4')℄ omplexes. Theperentage of exat exhange for eah funtional is given in parentheses in the �g-ure legend. Note that the B1LYP data point for the trans-NO+ omplex is onlya best estimate of the onverged result beause of di�ulty obtaining ompletelysatisfatory onvergene for the HS state.done, it is seen that none of the hybrid funtionals is able to predit the knownexperimental groundstates simultaneously for the entire series of these ompounds.Of these funtionals the B3LYP* omes the losest to a orret desription of ∆GHLover the entire series, although the estimated ∆GHL for the trans-PMe3 omplexis slightly negative when it should be positive. Alternatively, this may be viewedas evidene on�rming the argument given in Ref. [35℄, that the amount of exatexhange in the B3LYP funtional should be still further redued below the 15%present in the B3LYP* funtional.D LDA, GGA and meta-GGA FuntionalsThe Hartree-Fok and half-and-half results presented in Se. B represent one ex-treme, strongly favoring the HS state. The other extreme is marked by the LDAwhih strongly favors the LS states. The popular GGA funtionals PBEPBE andBP86 show a similar behaviour to that of the LDA (Fig. 4.17). Even after inlusionof the thermodynami orretion [Eq. (4.38)℄, the LDA, PBEPBE, and BP86 fun-tionals all inorretly predit LS groundstates for the entire series of [Fe(L)(`NHS4')℄omplexes. We onlude that the poor performane of these funtionals is due to
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Figure 4.17: LDA and GGA ∆EHL's for the [Fe(L)(`NHS4')℄ omplexes.the poor ability of the respetive pure density-dependent exhange-orrelation partto desribe the spin-pairing problem.This, however, is not a good reason to give up hope that GGA or meta-GGAfuntionals will be able to give a orret desription of the pairing energy in theseomplexes. Reent developments on the seond rung of Jaob's Ladder inlude thehighly-parametrized funtionals HCTH407, HCTH147 and HCTH93. As shown inFig. 4.18, these funtionals all give very similar results. They sueed in preditingnegative values for ∆EHL for the [Fe(L)(`NHS4')℄ omplexes with L=NH3,N2H4 andpositive values for ∆EHL when L is one of CO, PMe3, NO+. Nevertheless, ∆EHLfor the PMe3-omplex is too small to predit a low-spin ground state one thermo-dynami orretions are applied. That is ∆GHL will be negative for this omplex,indiating a HS ground state as opposed to the observed LS ground state.Another example of reent advanement on the seond rung is the OPTX ex-hange funtional by Handy and oworkers [32℄. This funtional, ombined withLee, Yang and Parr's orrelation funtional LYP gave very satisfatory results forthe [Fe(`NHS4')(L)℄ omplexes. Together with the meta-GGA VSXC whih belongsto the third rung on Jaob's Ladder, these do indeed seem to be density funtionalsthat an treat the di�ult spin-pairing energy problem in otahedral Fe(II) om-plexes without resorting to the use of exat exhange. In Fig. 4.19 we show the resultsfor these two funtionals. VSXC and OLYP orretly assign a negative ∆EHL to theis isomers and a positive ∆EHL to the trans isomers with ∆EHL being su�iently
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Figure 4.18: ∆EHL for highly parametrized funtionals and the [Fe(L)(`NHS4')℄omplexes.

Figure 4.19: ∆EHL for OPTX in ombination with LYP (OLYP) and the meta-GGA VSXC.large that a LS groundstate will still be obtained for the trans-PMe3 omplex afterappliation of the thermodynami orretion is applied to obtain ∆GHL.



Results 223E Geometry optimizationUp to this point, all the results for ∆EHL were alulated at a given geometry, i.e. nogeometry optimizations but single point alulations were done. This has allowed usto ompare funtionals without the additional ompliation of di�erent geometriesand to determine that the B3LYP*, VSXC, and OLYP funtionals are best forthe alulation of ∆EHL. In the end, however, what matters for �rst priniplespreditions is how these funtionals perform at the HS and LS geometries optimizedwith the same funtional used to alulate ∆EHL.Figure 4.20 shows ∆GHL for the B3LYP*, VSXC, and OLYP funtionals obtainedafter geometry optimization. We point out again, that ∆GHL is the quantity that hasto be ompared to �nite-temperature experimental data, while ∆EHL an only serveas an approximation. ∆GHL has been alulated using the BP86 results given inTable 4.10. As expeted, based upon our previous disussion, the B3LYP* funtionalpredits the groundstates of the di�erent omplexes orretly, exept for that of the[Fe(PMe3)(`NHS4')℄ omplex where ∆GHL is ever so slightly negative thus inorretlyprediting a HS groundstate for this omplex. Although the VSXC funtional hadpredited a LS groundstate for the [Fe(PMe3)(`NHS4')℄ omplex at the B3LYP*geometry, it now fails dramatially and inorretly predits a HS groundstate forthis omplex. Only the OLYP funtional is able to give values of ∆GHL onsistentwith all experimental �ndings.This behaviour of the VSXC funtional is quite striking. One might normallyexpet the results from geometry optimizations to improve when ompared againstthe arti�ial situation of results obtained from single point alulations at a �xedgeometry. As this is not the ase, we took a loser look at the strutures preditedby the VSXC funtional and found them to be unphysially twisted. This twist-ing might be beause VSXC overestimates long range bonding e�ets like hydrogenbonding or π-π interations [17℄. In Fig. 4.21 we ompare predited strutures forthe [Fe(PMe3)(`NHS4')℄ omplex. While OPTX and B3LYP* strutures are verysimilar, it is learly seen that the struture predited by the VSXC funtional isstrongly twisted, falsely indiating a possible interation between the phosphane hy-drogens and the phenyl rings. The shortest measured distanes between phosphanehydrogens and phenyl arbon atoms are around 2.5 Å. Also, for the VSXC opti-mized [Fe(NO+)(`NHS4')℄ omplex we notied a strong bending of the NO+ ligandtowards one of the phenyl rings. In this arrangement π-π interations between theNO+-π-orbitals and the phenyl π-system seems possible.In Table 4.11 we give bond lengths between the entral atom Fe and the �rstligand sphere atoms. Refer to Fig. 4.21 for the labelling of the atoms. We note that
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Figure 4.20: ∆GHL alulated at optimized geometries with the funtionalsB3LYP*, VSXC and OLYP. The thermodynami orretion is that of Table 4.10for the BP86 funtional.the performane of the hybrid funtional B3LYP* and the GGA funtional OLYP ismore or less equal. B3LYP* deviates less for the is omplexes, OLYP deviates lessfor the trans omplexes. OLYP overestimates the axial Fe-L bond lengths in the isomplexes more than B3LYP*.F Quantitative Assessment of Funtionals: Comparison of
∆EDFT

HL vs. ∆Eabinitio
HL and ∆Eexp.

HLWe would also like to give a more quantitative desription of the high-spin / low-spinsplitting phenomenon and the performane of DFT in this �eld. One might thinkthat ab initio zero temperature gas phase results would be the best omparison an-didates for DFT alulations sine the additional ompliations of �nite temperatureondensed matter e�ets are avoided. However, beause of the omputationally de-manding nature of sophistiated ab intio alulations, results are only available formuh smaller moleules than the [Fe(`NHS4')(L)℄ omplexes disussed above. Forthe [Fe(bpy)3℄2+ omplex, aurate quantitative omparison data is available fromquantum tunneling experiments [5℄. Although we might rather prefer gas-phaseomparison data for onsisteny reasons, we still inlude the [Fe(bpy)3℄2+ omplexbut point again out the aveat that we are using an energy estimate obtained from
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Figure 4.21: Optimized geometries for the [Fe(PMe3)(`NHS4')℄ omplex: TopVSXC, middle B3LYP*, bottom OLYP.
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Table 4.11: Bond lengths (Å) between Fe and �rst-sphere ligands.L=NH3 (S=2) OLYP dev. B3LYP* dev. [14℄ Exp. [7℄Fe-S1 -0.048 -0.013 2.397Fe-S2 +0.127 +0.116 2.588Fe-S3 +0.169 +0.149 2.586Fe-S4 -0.027 +0.009 2.394Fe-N +0.143 +0.069 2.244Fe-NH3 +0.103 +0.048 2.189MAE 0.102 0.067L=N2H4 (S=2) OLYP dev. B3LYP* dev. [14℄ Exp. [7℄Fe-S1 -0.056 -0.018 2.402Fe-S2 +0.081 +0.092 2.602Fe-S3 +0.169 +0.141 2.602Fe-S4 -0.001 +0.034 2.381Fe-N +0.121 +0.054 2.255Fe-N2H4 +0.136 +0.058 2.192MAE 0.094 0.066L=CO (S=0) OLYP dev. B3LYP* dev. [14℄ Exp. [8℄Fe-S1 +0.031 +0.073 2.225Fe-S2 +0.024 +0.051 2.298Fe-S3 +0.002 +0.046 2.251Fe-S4 +0.029 +0.050 2.305Fe-N +0.053 +0.039 2.072Fe-CO -0.017 +0.024 1.753MAE 0.026 0.047L=PMe3 (S=0) OLYP dev. B3LYP* dev. [14℄ Exp. [9℄Fe-S1 +0.019 +0.065 2.229Fe-S2 +0.031 +0.048 2.307Fe-S3 +0.009 +0.064 2.231Fe-S4 +0.010 +0.057 2.309Fe-N +0.060 +0.045 2.067Fe-PMe3 +0.052 +0.086 2.215MAE 0.030 0.061



Conlusion 227ondensed phase experimental results. However, this does not pose a great problemin this ase, beause a ∆EZPVE
HL -orreted ∆EHL is diretly available from the tun-neling experiment so this is a good andidate for omparison against ∆EDFT

HL . For[Fe(H2O)℄2+ and [Fe(NH3)℄2+ sophistiated ab initio alulations are available [3, 4℄.based on these alulations, best estimates for ∆EHL are in the range from -12347m−1 to -13660 m−1 (with a mean value of -13004 m−1) for the hexaqua iron(II)omplex and ∆EHL is in the range from -9125 m−1 to -11230 m−1 (with a meanvalue of -10178 m−1) for the hexamino iron(II) omplex. For [Fe(bpy)3℄2+, experi-mental estimate of ∆EHL to be within 3500 m−1 to 6000 m−1 (mean value is 4750m−1). The mean experimental and ab initio high-spin/low spin splittings form thereferene values for the following omparison.Table 4.12 gives results for ∆EDFT
HL alulated with the funtionals B3LYP*,VSXC and OLYP at geometries optimized with the same funtionals. While B3LYP*predits in all ases the orret sign for ∆EHL, it deviates by almost 7000 m−1 forthe hexamino ferrous ation. VSXC predits a negative ∆EHL for the [Fe(bpy)3℄2+omplex whih is experimentally known to have a positive ∆EHL. Interestingly,there are again π-π interations in the omplex that VSXC does not work verywell for. OLYP performs slightly better than B3LYP*, with a largest deviation of-3485 m−1 or -10 kal/mol ([Fe(NH3)℄2+). Although reasonable expetations forgood ab initio alulations on this type of ompound is an auray of only about5 kal/mol ≈ 1800 m−1, it is also oneivable that the error in our best estimatesould be as large as 10 kal/mol. Nevertheless, regardless of our ability to makepreise estimates of the intrinsi errors in our best estimates of ∆EHL, the resultsreported here provide a strong indiation that the OLYP funtional gives not onlyqualitatively orret results but also works quite well for giving quantitative results.VI ConlusionWe have assesed 16 di�erent density funtionals on their performane for preditinghigh-spin/low-spin splitting energies in otahedral Fe(II) omplexes. We have shownthat it is neessary to expliitly take into aount entropi and zero-point vibrationalontributions when omparing against �nite temperature experimentally-determinedequilibria. In these ases, the quality of a density funtional has to be assed by om-paring ∆GHL rather than ∆EHL. We found that it is not neessarily a funtionalfrom one of the higher rungs of Jaob's Ladder that gives overall best results. Rather,we found the GGA-funtional OLYP to work remarkably well for the ompoundsstudied here, outperforming most lassi hybrid funtionals. While the meta-GGA
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232 Chapitre 4 : Étude des omplexes [Fe(bpy)3℄2+ et [Fe(L)(`NHS4')℄VII Appendix : Density FuntionalsThe abbreviations of the density-funtionals used in this study are the same as thosegiven in the Gaussian 03 [20℄ manual:
• BHandH: The hybrid funtional 0.5 × EHF

x + 0.5 ×ELSDA
x + ELY P

c [20℄.
• BHandHLYP: The hybrid funtional 0.5×EHF

x +0.5×ELSDA
x +0.5×EBecke88

x +

ELY P
c [20℄.

• PBE0: A hybrid funtional ontaining exatly 25% HF exhange. This valuehas been derived by a perturbation theory argument rather than empiri-ally [36℄.
• B1LYP: B1 is the one-parameter Beke exhange funtional ontaining exatexhange [37℄. LYP is the orrelation funtional of Lee, Yang, and Parr [38℄.
• B3LYP: A three-parameter hybrid funtional omposed of Beke's 1988 ex-hange funtional ombined with the LYP orrelation funtional [39℄. It on-tains 20% exat exhange.
• B3LYP*: A reparametrized version of the B3LYP funtional. The amount ofexat exhange has been redued to 15% [14℄.
• B3PW91: Beke's original 3-parameter hybrid funtional invovling Beke's1988 exhange funtional [40℄ ombined with Perdew andWang's 1991 gradient-orreted orrelation funtional [41℄
• VSXC: Van Voorhis and Suseria's 1998 meta-GGA with a expliit dependeneon the kineti energy density [15℄.
• BP86: B is Beke's 1988 gradient orreted exhange funtional [40℄ and P86is Perdews 1986 orrelation funtional [42℄.
• OLYP: This is the OPTX funtional of Handy and oworkers [32℄ ombinedwith the LYP orrelation funtional.
• PBEPBE: The nonempirial GGA of J.P. Perdew, K. Burke, and M. Ernzer-hof [43℄
• HCTH147, HCTH93, HCTH407: These are the highly-parametrized GGAfuntionals of Handy and oworkers [31℄.
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Table 4.12: Quantitative omparison of density funtionals at optimized geome-tries. All values are in m−1

∆EHL Deviation from thealulated by DFT interval mean[Fe(bpy)3℄2+: ∆Eexp.
HL = 3500 � 6000OLYP 2684 2066VSXC -1822 6572B3LYP* 3332 1418[Fe(NH3)℄2+: ∆Eab initio

HL = -11230 � -9125OLYP -6693 3485VSXC -5928 4250B3LYP* -3226 6952[Fe(H2O)℄2+: ∆Eab initio
HL = -13360 � -12347OLYP -16284 3431VSXC -13975 1122B3LYP* -10456 2398
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ConlusionNous avons don étudié les limites d'appliation de la méthode de la Théorie dela Fontionnelle de la Densité (DFT) aux omplexes de métaux de transition dans lebut de dérire le phénomène de piégeage d'états exités de spin induit par la lumière(LIESST). Pour e faire, nous avons proédé essentiellement en deux étapes.Dans un premier temps, nous avons étudié des �petits� omplexes a�n d'être enmesure de omparer nos résultats DFT ave des estimations provenant de la théoriedu hamps de ligands (LFT) et des aluls ab initio très poussés étant à la limite dee qui est possible de faire atuellement sur les mahines mises à notre disposition.Même si es omplexes ne peuvent pas subir une Transition de Spin, ils furent detrès bons andidats pour tester es di�érentes méthodes. En e�et, les omplexespouvant subir une transition de spin sont beauoup plus grands et rendent don lesaluls beauoup plus longs. Il s'est avéré que même e type de alul néessitait uneorretion empirique. Cette orretion est attribuable au manque de �exibilité de labase utilisée. La omparaison ab initio/DFT a mis en évidene le problème d'énergied'appariement de spin en DFT. Il est essentiellement lié à une mauvaise desriptionde l'éhange. Nous avons alors herhé les meilleures fontionnelles pour pallier eproblème. Il est apparu que des fontionnelles assez réentes omme VSXC, HCTHxen sou�raient beauoup moins et avaient même tendane à le sur-orriger.Dans un deuxième temps, nous avons étudié des omplexes d'intérêts pratiques.Le premier omplexe étudié a été le 2.2'trisbi-pyridine fer (II). L'hypothèse expéri-mentale selon laquelle la di�érene de distane Métal-Ligand entre les états HS etLS, ∆rHL, était de 0.2 Å a pu être véri�ée. Ainsi la di�érene d'énergie entre les deuxétats High-Spin (HS) et Low-Spin (LS), ∆Eel
HL, a pu être déterminée. En onsidé-rant que la relaxation HS → LS est gouvernée par un proessus multiphonon adia-batique, il est possible d'estimer ∆Eel

HL ompris dans l'intervalle 3500-6000 m−1.Cette estimation nous a permis une nouvelle fois de tester les di�érentes fontion-nelles. Le meilleur aord fût trouvé ave la fontionnelle GGA RPBE et la fontion-nelle hybride B3LYP*. Contrairement aux petits omplexes modèles, la proportiond'éhange Hartree-Fok doit être diminuée a�n de bien dérire ette di�érene éner-235



236 CONCLUSIONgétique. Les fontionnelles B3LYP et PBE0 la sous-estiment d'autant plus que laproportion d'éhange exate est importante. En e�et, dans e as, l'éhange estsur-estimé et l'état HS est ainsi favorisé e qui diminue ∆Eel
HL.D'autre part, nous avons étudié une famille de omplexes, [Fe(L)(`NHS4')℄, dontl'état fondamental est onnu expérimentalement. Nous avons don pris en ompteles orretions thermodynamiques a�n de omparer ∆GHL ave l'expériene plut�tque ∆EHL. En e�et, une orretion de 2000 m−1 (∼7 kal.mol−1) est à appliquerpour omparer les résultats de nos aluls ave l'expériene. Nous avons obtenu lemeilleur aord ave la fontionnelle B3LYP* et la fontionnelle GGA OLYP. Denouveau, une fontionnelle GGA permet de dérire orretement nos omplexes auniveau énergétique. Ce résultat est très intéressant ar e type de fontionnelle esttrès bien adapté pour utiliser la tehnique de la résolution de l'identité. Ainsi le oûtdes aluls peut-être fortement réduit.Nous avons montré que le prinipal problème des fontionnelles d'éhange-orrélationprovient de la partie d'éhange, la partie orrélation ayant peu d'in�uene. Les amé-liorations permanentes apportées aux fontionnelles d'éhange sont néessaires pourprédire de manière sûre l'état fondamental d'un omplexe de fer(II).Maintenant qu'une méthodologie est à notre disposition pour étudier les étatsfondamentaux de e type de omplexes, nous pouvons envisager d'en étudier lesétats exités à l'aide de la théorie de la fontionnelle de la densité dépendante dutemps (TDDFT, pour l'anglais Time-dependent Density Funtional Theory).



Annexes
1 Proessus multiphonon non-adiabatiqueLa onstante de relaxation HS → BS s'érit dans la théorie multiphonon non-adiabatique :

kHL(T ) =
2π

~2ω
β2

HLFp(T ) . (4.50)
βHL est l'élément de la matrie életronique de 〈ΦLS | H | ΦHS〉 estimé à 150 m−1en onsidérant le ouplage spin-orbite par l'intermédiaire de l'état triplet 3T1, ~ω estla fréquene de respiration des entités FeN6. Dans le as de puits de potentiels déritsdans l'approximation harmonique ave des onstantes de fore et des fréquenes devibration égales dans les deux états HS et BS, le fateur Frank-Condon prend laforme :

Fp(T ) =

∑

m | 〈χm+p | χm〉 |2 e−m~ω/kBT

∑

m e
−m~ω/kBT

. (4.51)La relaxation se produit entre les niveaux vibrationnels n de l'état initial (HS)et le niveau vibrationnel m de l'état �nal (LS), ave n = m + p. L'énergie réduite
p = ∆E0

LH/~ω est une mesure du déplaement vertial relatif des deux puits depotentiel de l'état initial et �nal. A haute température, le fateur Frank-Condon
Fp(T ) est proportionnel à exp(−∆E0

LH/kBT ), 'est-à-dire de type Arrhénius. Cerégime est atteint lorsque la température devient supérieure à 100-150 K. Le régimebasse température orrespond au as simpli�é où T → 0. A T → 0, le fateur Fp(T )peut se simpli�er par les expressions 4.52 et 4.53. La relaxation est dérite ommeun proessus d'ordre zéro entre deux états de spin di�érents.
k0

HL =
2π

~2ω
β2

HL

Spe−S

p!
(4.52)où

S =
1

2
f

∆Q2

~ω
ave ∆Q =

√
6∆rHL (4.53)237



238 ANNEXES2 Conversion d'énergieshartree eV m−1 kal.mol−1 kJ.mol−1hartree 1 27.2107 219474.63 627.503 2625.5eV 0.0367502 1 8065.73 23.0609 96.4869m−1 4.55633 × 10−6 1.23981 × 10−4 1 0.00285911 0.0119627kal.mol−1 0.00159362 0.0433634 349.757 1 4.18400kJ.mol−1 0.00038088 0.01036410 83.593 0.239001 1Tab. 4.13: Conversion d'énergies



Size onsisteny et size extensivity 2393 Size onsisteny et size extensivityConsidérons une supermoléule omposé de deux unités monomères séparées parune grande distane. Ces deux monomères peuvent don être onsidéré sans intera-tion. L'énergie de es deux monomères sera exatement le double de l'énergie d'uneunité monomère. Une méthode permettant ei sera dîte size onsistent.La méthode Hartree-Fok et la méthode full-CI sont size onsistent. Mais les mé-thodes d'interation de on�guration tronquées ne le sont pas. Prenons l'exemplede la méthode CISD. Par dé�nition, la fontion d'onde, de ette méthode, appli-quée sur un monomère ontient des doubles exitations. En la multipliant par 2,la fontion d'onde des 2 monomères ontiendra des quadruples exitations qui nesont pas inluses dans le alul CISD du dimère. Cette méthode n'est don pas sizeonsistent.La notion de size onsisteny est dé�ni pour 2 fragments non-interagissant alorsque la notion de size extensivity s'applique pour des fragments interagissant ou nonet signi�e que le oût de la méthode augmente ave le nombre de partiules. Laméthode full-CI est size onsistent et size extensive mais les formes tronquées ne lesont pas. Le manque de size extensivity implique une réupération de l'énergie deorrélation de plus en plus petite quand le système devient de plus en plus grand.



240 ANNEXES4 Fontion et fontionnelleUne fontion transforme un nombre en un autre nombre
x

f(x)−−→ y. (4.54)Par exemple, prenons la fontion f(x) = 2x2 + 1. Pour x = 1, ette fontion donne
y = 3.Une fontionnelle transforme une fontion en un nombre

f(x)
F [f ]−−→ y. (4.55)Par exemple, prenons la fontionnelle dé�nie par l'intégrale

F [f ] =

∫ 1

0

f(x) dx (4.56)Nous avons alors, pour f(x) = 2x2 + 1,
F [f ] =

∫ 1

0

(2x2 + 1) dx =
5

3
(4.57)A�n de pouvoir di�érenier es deux onepts, des parenthèses sont utilisées pourles fontions alors que des rohets sont utilisés pour les fontionnelles.
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