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Introduction

L’étude des propriétés magnétiques des matériaux a donnée lieu a 1’élaboration de

complexes de métaux de transitions avec des spécificités remarquables [1], telles qu'une
lente relaxation de l'aimantation engendrée par l'existence d’une barriére énergétique
d’inversion du spin total d’'une molécule.
Ainsi, le Complexe polynucléaire [Mﬂ12(CHgCOO)lG(HQO)4012]QCchOOH4HQO (IlOté
ensuite Mnjp-acétate, voir figure 1), de spin total S = 10, & valence mixte formé par un
anneau externe de huit Mn’/! (S = 2) entourant un tétracdre de Mn?V (S = 3/2) [2]
manifeste, d’aprés des mesures d’hystéresis (¢f. figure 2), une aimantation spontanée en
dessous d’une température critique, ce type de matériau est appelé aimant moléculaire ou
"Single Molecular Magnet" (SMM). Les mesures de susceptibilité magnétique en fonction
de la température démontrent un couplage ferrimagnétique entre les manganéses de degré
d’oxydation différents [3|, il en résulte I'apparition d’une forte anisotropie magnétique
avec un axe privilégié pour I'alignement des spins dit axe de facile d’aimantation.

Oxygen @
Carbon @

S=10

FIGURE 1 — Complexe Mnjs-acétate

Ce complexe posséde un état fondamental de multiplicité de spin 25 4+ 1 = 21, les diffé-
rentes composantes du moment magnétique Mg ne sont pas dégénérées, méme en ’absence
de champ magnétique. Cette levée de dégénérescence est qualifiée de " Zero-Field Split-
ting" (ZFS) et est modélisée par un ensemble de paramétres dont les principaux sont les
paramétres axial D et thombique E du ZFS. Il est possible de peupler préférentiellement
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FIGURE 2 — Mesures d’aimantation en fonction du champ magnétique appliqué & différentes tempéra-
tures sur Mnjs-acétate

certaines composantes Mg en appliquant un champ magnétique et, une fois le champ in-
terrompu, de maintenir cette population et donc 'aimantation résultante de la molécule,
cependant, le phénoméne de relaxation thermique tend a faire perdre cette propriété. En
effet, a basse température, le moment magnétique de spin du systéme peut étre analysé
comme le cas d’une particule dans un double puits de potentiel quantique dont les diffé-
rents états possibles sont d’une part les composantes avec Mg positifs, d’autre part avec
Mg négatifs, et sont disposés par énergie décroissante en fonction de |Mgl, selon les va-
leurs propres de ’hamiltonien de spin H = —|D|S? avec S, la composante z du moment
magnétique de spin et D un paramétre négatif pour ce composé (D = -0.46 cm™1). Il est
alors possible de considérer que la barriére énergétique pour renverser le spin, illustrée sur
la figure 3, est U = |D| (Msmaz)” soit 46 cm™! ou exprimée comme une température 66
K [4,5] pour ce complexe. Pour bénéficier de ces propriétés, il sera donc nécessaire de se
placer a basse température ou d’accroitre U. Par exemple, pour Mnjs-acétate, la tempéra-
ture de blocage est approximativement de 4 K [6]. Notons, cependant, qu'un renversement
du spin est aussi possible & de plus faibles énergies par effet tunnel quantique.

La relaxation magnétique a basse température laisse présager une transition magné-
tique & grande échelle, & 'image des aimants macroscopiques. Ainsi, & partir de poudres
poly-cristallines, un phénoméne d’hystéresis magnétique d’origine moléculaire est observé
mais sans la formation des domaines magnétiques de Weiss de tailles variables exhibant
des propriétés non uniformes comme pour les aimants traditionnels. Ainsi, un échantillon
macroscopique de SMM tel qu’une poudre composée d’un ensemble de SMM préalable-
ment alignés a 'aide d’un champ magnétique a permis 'observation d’un phénoméne de
marches quantifiées au sein des boucles d’hystérésis a basse température. Cela s’inter-
préte par un effet tunnel résonnant qui peut étre assisté thermiquement entre différents
états de spin pour des valeurs particuliéres du champ magnétique, la hauteur effective de
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FIGURE 3 — Barriére énergétique d’inversion de spin pour une molécule & haut spin

la barriére énergétique pouvant étre réduite sous l'effet du champ [7,8]. Cette propriété
peut étre mise & profit pour obtenir un effet magnéto-calorique. En effet, lors d’une baisse
du champ appliqué, ’entropie et la température varient fortement, un refroidissement
magnétique dans des domaines comparables a ’hélium liquide semble alors possible [9].

A partir de telles observations, de nombreuses propriétés sont théoriquement possibles
telles que, en profitant du blocage de ’état magnétique a basse température, le stockage
d’information sous la forme d’un bit quantique associé & un SMM, ce dernier jouant
le role d’un systéme bistable. Il serait ainsi possible d’élaborer un systéme de stockage
d’information de haute densité [10] en imposant, lors d’une phase d’écriture, un état
magnétique a chaque molécule si celle-ci est connectée & un conducteur électrique ces
propriétés de transport seraient alors modifiées et observées lors de la phase de lecture.
D’autres méthodes suggérent une lecture et écriture par impulsion a résonance de spin.
Une voie prometteuse pour 1’élaboration d’ordinateur quantique utilise une superposition
d’états quantiques de molécules aimants [11-13] avec des bits quantiques basés sur le spin.

Afin d’augmenter I'énergie de la barriére U = |D| (Mgmqs)’, une premiére piste suivie
fut d’augmenter le spin de I’état fondamental du complexe, cette caractéristique étant
plus facile & prédire que la valeur de D, dés lors, d’autres composés polynucléaires ont été
développer tels qu’un complexe hexa-nucléaire Mnl! avec un état fondamental S = 12, un
autre composé & valence mixte dodéca-nucléaire Mny, avec S = 14 ou un octo-nucléaire
Fel!l |1,6] avec S = 10. Cependant, comme cela sera développé plus tard, le paramétre
D est dépendant du spin du complexe et I'anisotropie (et donc D) tend a diminuer a
proportion que le spin total augmente selon un concept de dilution anisotropique [5, 6].
En fait, |D| varie en (Mg)~2 et donc U est quasiment indépendant du spin total, en
conséquence il semble préférable d’améliorer ’anisotropie locale au sein de chaque ions
métalliques [5,14] ou d’identifier plus précisément les origines de S et de D.

9
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C’est en premier lieu, cette approche qui sera suivie afin d’augmenter ’anisotropie des
SMM les plus simples : les mononucléaires, et ceux par différents moyens de sorte a obtenir
une valeur de D négative et avec une amplitude maximale, donnant lieu & un systéme
bistable comme ’exemple historique Mnjs-acétate et afin d’accroitre la différence éner-
gétique des composantes magnétiques Mg = 0 et Mgnq, 1ié & la hauteur de la barriére
ainsi que d’obtenir une faible valeur d’un autre parameétre du ZFS, E lié a l'effet tunnel.
Ensuite, il s’agira de tester comment les anisotropies locales de deux centres magnétiques
interagissent pour former une anisotropie globale d’un composé bi-nucléaire. Pour ce faire,
une approche théorique sera employée a 1’aide de logiciels de chimie quantique. Il est ainsi
possible d’accéder précisément a la structure électronique des principaux états en prenant
en compte les couplages spin-orbites (SOC) indispensables pour décrire le ZFS. Par des
calculs analytiques des effets spin-orbites, des informations sur la nature ou l'origine de
I’anisotropie sont obtenues et permettent de mieux comprendre les mesures expérimen-
tales. De plus, grace a une mise évidence de la corrélation entre la structure géométrique
du complexe et ses propriétés magnétiques, une amélioration de 1’anisotropie des sys-
témes magnétiques est envisageable. Enfin, un autre apport de la chimie théorique est la
possibilité de développer des hamiltoniens modéles qui mettent en jeu, potentiellement,
des parameétres utilisés pour interpréter des mesures expérimentales et qui peuvent étre
validés rigoureusement sur différents exemples par I'utilisation des hamiltoniens effectifs.

Cette thése s’articule en trois chapitres. En premier lieu, au sein du premier chapitre,
les outils théoriques sont présentés, en particulier, 'hamiltonien utilisé pour décrire les
états énergétiques des systémes étudiés ainsi que l'origine des paramétres magnétiques qui
leur sont associés. Puis, les différentes méthodologies employées sont exposées, il s’agit de
méthodes donnant accées a la fonction d’onde et aux énergies de I’état fondamental et des
premiers états excités incluant les traitements des effets relativistes et de la corrélation
électronique. Ensuite, la théorie permettant I’'obtention d’'un hamiltonien reproduisant le
bas du spectre et servant a I'extraction des paramétres magnétiques est exposée, suivie
d’une méthode de calcul de la densité électronique employée pour définir, si nécessaire,
la structure géométrique du complexe étudié. Lors d’un second chapitre, deux voies de
recherche sont proposées afin d’accroitre ’anisotropie magnétique et, grace a des collabo-
rations avec des équipes expérimentales, appliquées a des complexes réels pour lesquels
une comparaison avec des mesures magnétiques pourra étre réalisée. La premiére voie
consiste a utiliser des complexes & coordination exotique visant a engendrer une forte
anisotropie et la seconde consiste & exploiter la dégénérescence orbitalaire de 1’état fon-
damental pour obtenir une grande valeur de D. Enfin, le troisiéme chapitre est I'occasion
d’étudier comment, en fagonnant I’anisotropie locale de deux ions composant un complexe
bi-nucléaire, il est possible d’accroitre ou de réduire ’anisotropie globale du complexe. En
particulier, le choix d’un hamiltonien permettant de décrire les anisotropies locales et
d’échange est abordé, ainsi que I'importance de la symétrie du systéme et la dépendance
entre les parameétres de ZFS et les déformations structurales envisagées.

10



Chapitre 1

Théorie et Méthodes

Afin de décrire et de comprendre les propriétés magnétiques des complexes de métaux
de transition de la quatriéme période, nous allons définir I’hamiltonien non-relativiste
de ce systéme a partir de I'équation de Schrédinger. Puis aprés I'ajout du couplage spin-
orbite, principal responsable de I’anisotropie magnétique, il sera alors possible d’introduire
le paramétre axial D et thombique F, ainsi que les notions d’aimantation en fonction du
champ magnétique appliqué et de susceptibilité magnétique.

1.1 Hamiltonien magnétique pour les complexes mono-
nucléaires

1.1.1 Origine de ’hamiltonien des complexes mono-nucléaires en
champs magnétique

Nous allons développer ’hamiltonien permettant de décrire les états d’'une molécule
dans un champ magnétique B en spécifiant les différentes contributions est requis [15-17].
Les différents termes vont étre introduits en fonction de leur dépendance en champ et en
fonction du spin. Ce dernier sera introduit de maniére phénoménologique pour reproduire,
au mieux, le traitement effectué dans les différents programmes de calcul de chimie quan-
tique qui seront abordés dans la partie suivante 1.2. De méme les corrections relativistes
scalaires ne seront présentés que dans la partie 1.2.4.3 en fonction du programme employé.

1.1.1.1 Origine des différents termes de I’hamiltonien

Les différents moments impliqués dans les propriétés magnétiques d’une molécule sont
les suivants :

~ le moment angulaire électronique orbital L = > li = G G) X p; avec un
moment orbital fGi pour chaque électron, une origine de jauge é, une quantité
de mouvement p; et les nombres quantiques orbitaux L, M. Pour simplifier les
notations, la jauge ne sera pas indiquée par la suite.

— le moment magnétique de la molécule fi. di au moment magnétique de spin des
électrons.

11



CHAPITRE 1. THEORIE ET METHODES

— le moment magnétique permanent du noyau i di au spin nucléaire négligé par la
suite.
Dans I'approximation ou I’énergie dépend seulement du champ magnétique B et de He
le développement de Taylor du premier ordre autour d’'un champ et moment magnétique
nul de la fonction d’onde ¥ donne :

U(B, i) = U+ 00 B+ GO 7 (1.1)

I'ordre de dérivation par rapport, respectivement, au champ magnétique et au moment
magnétique est indiqué en exposant, entre parenthéses. Au second ordre, le développement
de Taylor pour 'hamiltonien est :

(2,0)

A~

H(B, fi.) = H*” + H".B+ i

B+HOY g+, H Bt gjicH e (1.2)

|

B.

DN —

Explicitons les termes mis en jeu :
- H (0’0) hamiltonien non-relativiste de la molécule en ’absence de champ magnétique
123 terme Zeeman-orbital

aw 3

e ©
1)
— fe.H .B terme Zeeman de spin

1,0)
H B terme de susceptibilité diamagnétique
0,1) erme de couplage spin-orbite

=1

0,2
— 5fle.H .[i. terme de couplage spin-spin (il ne sera pas explicité dans cette partie
car il requiert I’équation de Dirac)

De méme, 1’énergie peut étre développée de maniére perturbative en B et [i, au second
ordre

E(B.ji) = (w(B.ji)

(B, fi.)) (1.3)

d’out en utilisant (1.1) et (1.2), on peut séparer les différentes contributions énergétiques
en fonction de leur dépendance en champ magnétique et en moment de spin, indiqué en
indice :

5(3, ﬁe) = 50 + 510 + 520 + 5()1 +&n + 502 (1.4)

., -~ 1 5 =(2,00 o
= (T {H“%O) +HY B4 SB-H ' B

m

+HOY fi, + fie. + fie H i

—1,1) - 1 =02
Bala ( )q}
2

‘\I/0+\I7(1°§ + O 7 >

Tentons d’identifier ces différents éléments.

12



1.1. HAMILTONIEN MAGNETIQUE

1.1.1.2 Hamiltonien non-relativiste sans spin

L’hamiltonien non-relativiste de la molécule ou de l'ion sans spin (comportant N
noyaux et n électrons) présente un terme cinétique 7' et un terme d’énergie potentielle V/
selon ’équation de Schrédinger

N4n _, N+n N+n
H=T+V = sz +ZV+ZVQB (1.5)
a<f
avec I'impulsion 7, = p, — qaffa, la quantité de mouvement p, = —zhﬁa, la constant de

Planck réduite h, la charge g,, la masse mq, les potentiels électromagnétiques A et &,
défini par Vo, = o P, et le potentiel d’interaction entre particule Vafj

Comme p = —ZhV, en imposant une jauge de Coulomb VA = 0, I'impulsion peut
étre réécrite, en 'appliquant & une fonction d’onde ¥ :

()T = (§—qA)]¥
= (- apA - qAp+ ¢ A)v
= PPV q(FA)Y — 2AY) + ¢ A0 (1.6)

Le second terme disparait a cause de la jauge, 'hamiltonien s’exprime alors comme

_Z[Zma_ “‘”LQ

Z oo+ Y 2B (1)

47T€07“a5

ol € est la permittivité du vide et r,p est la distance entre les particules o et 3. En
champ nul, on a @, = pn, Ay =0 et V,, = 0 donc :

gOO = 5 Lol | N7 Gals (1.8)
g 2m, o; 4dmegras
En spécifiant les parameétres relatifs aux électrons, notés avec 'indice e : la charge g, = —e,

la masse m,, la distance électron-électron r;; d’une part, et les parameétres relatifs aux
noyaux de numéro atomique Z4 : la charge ¢ = Zae, la masse M4, la distance noyau-
électron r,;, de distance noyau-noyau r4p, d’autre part, il vient :

HOO = Ty + T, + Van + Vive + Vi (1.9)

n

B (AVA)?2 = (BV;)? ZaZpe? Zaet o~ €
N _Z 2M 4 _zi: 2me +§ 4meqrap _22471'607',4 247%07””

On a ainsi défini I’hamiltonien de Schrédinger en champ nul, sans spin, abordons désormais
les effets magnétiques d’un couplage entre un champ magnétique et le moment orbital.

13



CHAPITRE 1. THEORIE ET METHODES

1.1.1.3 Hamiltonien Zeeman-orbital et diamagnétique

Reprenons I’équation (1.7). L’induction magnétique est définie par B=V x ff, pour
un champ magnétique homogéne qui peut étre réécrit : /T(F) = %é X 7. (7 est la position
de ’électron pour une jauge donnée).

Donc, pour une géométrie donnée (noyaux fixes) et un champ magnétique uniquement
statique (®, = 0) il reste, pour les électrons (avec ¢ = —e) :

R 2

n . B B e n . B 9
Hmag = H(OO) + — 2me Z (B X 7“1) -Di + 8_77162 <B X 7’1) (1.10)

Le produit mixte s’exprime aussi comme <§ X ﬁ) Pi = B. (r; X py) = él: et pour le

. 2 N2 LoN2
dernier terme (B X ﬁ) = (B) (75)% — (B.ﬁ-) d’ott 'hamiltonien magnétique devient

Hiag = HOO + 5 ZEH—Z{(E)Z(W—@.@)Q] (1.11)

eh

A partir du premier terme, en introduisant le magnéton de Bohr pp = 3
définir I’hamiltonien Zeeman-orbital

-, on peut alors

AW B = %Bi.é (1.12)

On note ensuite la susceptibilité diamagnétique réduite (indépendante de la température)

dia
K comme

. o O2E(B)
dia __  ZHa - _
fab = 9By, 0B.OB| . (1.13)
<\D0’Hmag|qjo>
a 0B,0B, )
B=0
¢ g S PBPE? - (B
= _8 e< 0|Z 0B,0B, _6|\IJO>
2 n
e - - -
= Tom (Wol > (7)*0ab — (7)a(7)s [To) (1.14)

D’oi1, au second ordre, pour le dernier terme de (1.11), on a H20) = 5" of en définitive :

Hpag = HOO + BB B ¢

15 —=dia 3
—-Bx .B 1.1
- ;DR (1.15)

Il reste a introduire les termes de spin pour décrire le magnétisme et retrouver I’aimanta-
tion.
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1.1. HAMILTONIEN MAGNETIQUE

1.1.1.4 Hamiltonien Zeeman de spin

Le spin de I’électron 5= g& (ou & est le vecteur des matrices de spin de Pauli) engendre

un moment magnétique [i, = —35=-5 = —%LE7 avec g. le facteur de Landé de I'électron.
€
En présence d'un champ magnétique, I'énergie engendrée pour un systéme a n électrons

est :

He p= —ji,.B =€ S 5.5 (1.16)

d’otl, on déduit le terme Zeeman de spin (avec S = 57 5) :

i HOD B = gesB S.B (1.17)

1.1.1.5 Interaction spin-orbite

On peut ajouter dans I’hamiltonien magnétique le couplage spin-orbite. Commencons
dans un premier temps par considérer un électron se déplacant a une vitesse v, en périphé-
rie d'un noyau A. Il ressent un champ électrique E 4 di au noyau éventuellement avec un
facteur d’écran di a la présence des autres électrons. L’induction magnétique engendrée
par ’électron en mouvement autour d’un noyau fixe donne :

— 1 5 —
BA = —gve X EA (118)

avec ¢, la vitesse de la lumiére dans le vide.
Si le champ électrique dérive du potentiel scalaire ®4(r), il vient :

- — 0P s(r) 7
Ey=—grad ® = —— - 1.19
4 = —grad ®4(r) = 207 (119
et I'induction magnétique s’écrit :
~ 1 0®
By=_ L 0%l o (1.20)

c2r  Or

Ce terme est associé a la vitesse angulaire de Larmor wy, = eB/m, décrivant le mouvement
de précession d’un moment magnétique (ici d’un électron) dans un champ magnétique. Il
doit cependant étre corrigé par le terme de précession de Thomas wr lié aux transforma-
tions relativistes pour une particule accélérée possédant un moment magnétique. Pour un
électron de vitesse v, et d’accélération d,., ce terme est donné par :

(e X U,
Or = ——— 1.21
wr 92 ( )
Comme m.d, = —eEA, il vient :
e - e = 1
- G By = — -G 1.22
“T QCQmEU A 2m, A 9t (1.22)
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En prenant en compte les deux termes, la précession devient w = wy + wr = wr/2.
L’énergie d’interaction du spin de I’électron et du champ magnétique interne prend alors
un facteur 1/2 et est donnée par I'opérateur :

~ i, B eg 1 1 0P ,(r)
H(O,l)'—»e — _/JLe — _ € — - o —»X —»e
s-L-H 2 2meS 2 cZr Or rev
ege 0P A(T) sl

(1.23)

57X ) = Calr) oy

Am2cir  Or

ou 'on a fait apparaitre la quantité de mouvement puis le moment cinétique de 1’électron.
La constante de couplage spin-orbite (4 est alors définie par :

calr) = 2 (12200 (1.24)

dm?2c¢® \r Or

Evaluons la constante de couplage dans le cas de métaux de transition de type 3d, de
sorte a avoir un ordre de grandeur. Pour un potentiel coulombien engendré par un noyau
de charge Z e (éventuellement réduite par un facteur d’écran) :

ZAG

Du(r) = Tmeor (1.25)
on obtient, avec ppeoc® = 1 otl g est la perméabilité magnétique du vide :
e2g.h? 7y Lo o Za
Ca(r) = Tomeqm2c® 18— dn!B9 5 (1.26)
Dans le cas poly-électronique, 'opérateur spin-orbite sera approché par :
H) i = ZZCA(TAi)S;i_'QZi (1.27)
A

ol 14, est la distance électron-noyau. C’est ce type d’opérateur qui est utilisé lors des
calculs ab initio, chaque terme dépend de I'orbitale électronique considérée et donne alors
un résultat précis du couplage spin-orbite.

Afin d’évaluer I'interaction spin-orbite, on va définir une constante ( effective et on uti-
lise 'approximation suivante pour le rayon des électrons périphériques associé a ’orbitale
des nombres quantiques n et [ :

<r_13> T3+ 1?(% 1) (Ziéf)g (1.28)

ou 'on introduit la charge efficace vu par 1'électron Z.s; autour d’un ion ou atome et le
rayon de Bohr ag tel que :

h2€0

TMee2

ap = (1.29)

16



1.1. HAMILTONIEN MAGNETIQUE

d’on pour les métaux de transition de type 3d, pour un électron de type d (n = 3 et [ = 2),

on a Z4
Zq 2 Zeyy
— Y= — 1.30
< r3 > 405 a} (1.30)

D’oi, avec (1.26) on peut déduire une constante spin-orbite effective :

4
Mo o 2 Zegy

= 0.00289 Z.;; (en cm ™)

(1.31)

En calculant la charge effective et le rayon moyen des électrons appartenant & chaque
couche, il est possible d’estimer la constante de couplage effective. Une évaluation plus
précise de cette constante est donnée dans le tableau 1.1 pour différents ions de métaux
de transition.

3dt 3d*  3d° 3d* 3d° 3d®  3d"  3d®  3d°
Tons (ITT) | Ti** V3t Cr** Mn?*
¢ em™! 154 209 276 360
lons (IT) | Se*t Ti*t  V*  Cr*t  Mn*t Fe?™ Co®t Ni*t Cu?*
Cem™! 79 120 168 236 335 404 528 644 829

TABLE 1.1 — Paramétre spin-orbite pour quelque ions de métaux de transition [18]

Dans les logiciels de calcul utilisés, une autre méthode de calcul du couplage spin-
orbite et éventuellement spin-spin est utilisée et sera développée dans la partie 1.2 dédiée
aux méthodes.

1.1.1.6 Paramétres magnétiques électroniques

Reprenons I’énergie associée & I’hamiltonien magnétique comprenant le spin de 1’élec-
tron de Iéquation (1.4). Son développement donne :

EB, i) = & — <7B>\P - <%§'E'§>W + </Z€.A:g.§>ql - <%1.3/je>w (1.32)

ot le symbole ( ), indique I'obtention de 1’énergie par 'application de 'opérateur sur la
fonction d’onde de I’état fondamental.

Moment magnétique permanent
Par identification, on déduit & = (¥o| HO9 |¥y): ainsi que 7, le moment magnétique
permanent du systéme tel que :
Eo+EL = (Vo| —7.B|¥)
= (ol H 5.B + jic.Hg_p.B|¥y)
- %B (Wo| L + goS |Wo) . B (1.33)
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ou ’énergie £, désigne I'une des contributions linéaire en champ et en moment magnétique
de spin, Pautre contribution &) telle que &, = &£}, + &7} sera abordée par la suite.
On en déduit le facteur v :

7= —’%B <E+ge§> (1.34)

Susceptibilité magnétique
Pour le tenseur de susceptibilité magnétique réduite x, il est donnée par :

1o -
520 = <——B.E.B>
2 \

g — 2,0 — — — —
= (T BE".B W) + (T HIY. B

: >.§> (1.35)

= 3 BBy (Wl HG w0) + (o] HEO [w()))
a,b

L’expression des fonctions d’onde T ot U suivant la théorie des perturbations (sum
over states) pour la composante selon a est donnée, a I'aide de (1.12) et (1.27) par :

= (k| HM B, |Wo)
\Il(l’O)Ba _ < K a a U
: T
1 e~ (| 3 liaBa [ Vo)
= —— ! U 1.36
he &k —& " (1.56)
o0 0,1
pong — N (Yl Vg, WO>\1/K
— Ex — &
1 (k| 3003 4 Calrai)liaia | o)
= —— ! N 1.37
72 Z Sk — & K ( )
K=1
ot U est la fonction d’onde du K%™¢ état excité d’énergie Ex.
On a alors, en utilisant le résultat de 'équation (1.14) :
1 (v \Z (7 [ 0)
__/'ia — CL J—
5 fiab . 4m€ 0 b 0
8 (Wl ) (1 ) (1.38)
h? — Ex — & '

Les deux termes de Iéquation (1.38) représentent respectivement les contributions dia-
magnétique et paramagnétique de la susceptibilité, avec :

1 N (Wo| Lo |Wg) (Wge| Ly [Wo)
para — 1
< 2 Kap > Z gK_go ( 39)

Dr‘l‘&:
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1.1. HAMILTONIEN MAGNETIQUE

Le paramétre r est directement relié a la susceptibilité molaire %,,,, (en unité SI) par :
?mol - ‘]\[AHJUE (140)

avec N, le nombre d’Avogadro.

La susceptibilité magnétique, de méme que 'aimantation sera mesurée expérimentalement
et calculée numériquement par différentiation de 'aimantation en fonction du champ
appliqué sur un complexe réel au cours de la partie 2.2.

Tenseur g
Ag est le tenseur du rapport gyromagnétique (par effet différentiel du spin de 1’électron),

_ — —(1,1)
dénommé par la suite tenseur g, tel que g = g. + Ag. Le terme Zeeman de spin H
ayant été inclus dans -, par identification avec (1.32), on obtient :
{,1 = <ﬁeA:g§>
— (W HOY >B> 4 (U| B0 B \ff<°vl>.ﬁe> (1.41)
En utilisant 'expression du moment magnétique ji., on a, d’une part :
9elB 35— 5 gelB
" <_ - S.Ag.B>\y = <_ - ZSaAgabBb> (1.42)
a,b

4

ainsi que son analogue en échangeant le champ et le moment magnétique, et d’autre part :

—

{/1 = _% |:<\110’ ﬁ(o,l).gli(l,ﬁ).§> + (| HO0 B
= ge,uB Z \I/ ‘ZH 01

on en déduit :

\I’f@’l)ﬁﬂ (1.43)

)

10)Bb> (Wo| HLO

(Agab)y = \110|ZH01 $ia >+S (Wo| HO Z\If“” > (1.44)
a laide de (1.37) et (1.36), il vient :
(Aga)y = Y wie [ S (ol Yoy o4 Calrai)liadia [V r) (V| 32, 1y [ Wo)
K=1

S (Wol 3 lia 132 W) (Wil 323 04 Calraa)lindan Vo) | (1.45)

Les valeurs propres du tenseur g seront abordées et mesurées pour différents complexes
réels aux parties 2.1 et 2.2.
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Tenseur de couplage spin-spin électronique
D est le tenseur de couplage spin-spin électronique et s’écrit :

En= (=SaDi), = (W HOV i [§0 )
_ <_u23g3 3D §> o 1Bg: ( |ﬁ(0,1) g"\l‘}(o,l) §>
— 2h2 . . o — h? 0 . .
_ _ Hhee Z S« D S’ _ /ﬂng U [fI(OJ)A_ \I](O,l)A_ (1 46)
- 282 a,b PaabPb v - B2 ZZ( 0| ia  Sia b S3b '
a,b  1,j
Par comparaison, et avec (1.37), il vient :
1 - N ~ ~ ~
<_§SaDabSb> = Z <\I/0| Hi(g’l)sia |\I’ijb> (147)
v ij
_p2 = . .
= & YD D (ol Calra)liadia Vi) (Wil Calrag)lndin [ Wo)
K=1 ij A

Ce dernier tenseur sera I'étude principale de cette thése, il ne dépend pas du champ
magnétique extérieur et peut entrainer une levée de dégénérescence des différents états
spin-orbites. Cet effet sur la structure fine est qualifié de Zero-Field Splitting (ZFS) et est
modélisé par un hamiltonien de spin.

Au du chapitre 3, consacré aux composés binucléaires, une distinction sera effectuée
entre les termes locaux propres a un centre métallique ou d’échange, ainsi que par rapport
a leur caractére isotrope ou anisotrope, symétrique ou antisymétrique. De plus, d’autres
termes d’ordre plus élevé en spin pourront étre introduits.

1.1.2 Hamiltonien de spin pour les systémes mononucléaires
1.1.2.1 Tenseur D

Dans les systémes mononucléaires, quand 1’état fondamental de spin S a une multi-
plicité de spin supérieure a deux, il est couplé par effet spin-orbite aux états excités [19],
il y a alors, si la symétrie du systéme n’est pas trop grande, une levée de dégénérescence
des composantes Mg. Dans ce cas, [’état fondamental peut étre représenté par ses compo-
santes de spin |S, Mg) et 'hamiltonien décrivant ce phénomeéne est issu de (1.46), (aprés
suppression des constantes) :

N 1 o— -
a2 = +55.D.8 (1.48)

Il fait intervenir un tenseur réel de rang deux symétrique et de dimension trois soit six
parametres :

) Dyo Dy Da. S,

(0,2 A & & A

HéFS)’ = ﬁ <Sx Sy Sz) . lD)xy gyy gyz S:y (149)
Tz Yz 2z P
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—diag e
Par la suite, ce tenseur est diagonalisé selon D = P~L.D.P ot P! est formé des

vecteurs propres. C’est la matrice de passage d’une base quelconque & la base dite ma-
—diag
gnétique et D est la matrice diagonale formée des valeurs propres Dxx, Dyy, Dzz.

Par convention [16], on définit le paramétre axial D de ZFS associé a 'axe magnétique
principal Z et le paramétre thombique E tel que |D| > 3F et £ > 0 avec :

1

D = Dzz— 3 (Dxx +Dyy) (1.50)
1

E = 5(Dxx = Dyy) (1.51)

On a alors Hypg = h2 {D[Sg —5(S+1)/3] + B(S2 — S;)}.

Dans le cas d'un état fondamental triplement dégénéré pour un spin S = 1, tel qu'un
complexe mononucléaire de nickel Ni(IT), cas que nous utiliserons dans les parties 2.1 et
2.2, 'hamiltonien (1.49) devient, dans une base quelconque :

Hyzps | 11, —1) 11,0) 11,1)
(1,=1] | 3(Dyz + Dyy) + Do —Z(Dye+iDy2)  3(Dag — Dy + 2iDsy)

2
(1,0| |  —¥(D,, —iD,.) Do + Dy, V2(D,. +iD,.)

2 2

<1> 1| %(Dm - Dyy - QiDa:y) \/T§<sz - iDyz) %(Dm’ + Dyy) + Dzz

N

(1.52)

Cet hamiltonien s’écrit, aprés rotation dans le systéme d’axes magnétiques tel que D soit
diagonal :

Hyrs | 1, -1) 1,0) L1
(1,-1] | 3(Dxx + Dyy) + Dzz 0 3(Dxx = Dyy) (1.53)
(1,0 0 Dxx + Dyy 0 '
(l, 1| %(DXX - Dyy) 0 %(DXX + DYY) + DZZ
En supprimant la trace et avec les conventions et définitions (1.50) et (1.51), on a :
Hzps | |1,-1) [1,0) [1,1)
(1,-1] | 3D 0 E
(1,0 0 —2D 0 (1.54)
(1,11 | FE 0 sD

De maniére analogue, pour un état fondamental de dégénérescence quadruple avec
S = 3/2, tel qu'un mononucléaire de cobalt Co(IT) que nous aborderons dans la partie
2.1, ’hamiltonien dans une base quelconque s’écrit :

Hzrs | 8.-3 3.-4) 3. 2.8)
%« _% %(DTT + Dyy) + %Dzz —\/g(D:nz + iDyz) %(Da"r - Dyy + QiDmy) 0
(3,-% ~V3(Dgz — iDyz) T (Dow + Dyy) + 1D 0 Y3 (Dyw — Dyy +2iDgy)  (1.55)
2,11 | —2(Dex — Dyy — 2iDay) 0 I(Dex + Dyy) + 1D V3(Dgz + iDyz)
3.3 0 2(Dao — Dyy — 2iDay) V3(Dgz — iDyz) 2 (Dyw + Dyy) + 3Dz
et avec le systéme d’axe magnétique et les paramétres D et E :
H 3 _3 3 _1 |§ 1 |§ 3
ZFS | |57 3 20 9 272 272
(3,-2|| D 0 V3E 0
(3,1 0 -D 0 V3E (1.56)
($,11| VBE 0 -D 0
(3,2 0 V3E 0 D
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1.1.2.2 Opérateurs de Stevens

Un description du ZF'S pour des systémes dont I'état fondamental a un spin de S =1
ou S = 3/2 avec les paramétres D et F est suffisante, seulement, pour un spin supérieur,
il peut étre utile d’introduire des opérateurs équivalents dits de Stevens [16, 18]. Ces
opérateurs O, a origine définis pour décrire la levée de dégénérescence liée au champ
cristallin, ne dépendent que d’opérateurs de moment angulaire J. De maniére générique,
le ZF'S est alors représenté par 'hamiltonien suivant :

k
]A{Stevens = Z Z B]? A]ZL (157)
k=0 n=0

ot B} sont des constantes propres a chaque systéme et les opérateurs O,:} sont des tenseurs
sphériques de rang k de composantes n (avec n < k < 25) telles que :

0y = ﬁf =J(J+1) (1.58)
R 3 .

0y = ﬁJf—J(Jqu) (1.59)
- | 1 .~ -

02 = ﬁ(Ji+JE)_ﬁ(J§—J§) (1.60)

Pour des raisons de symétrie, seuls les termes de rang k£ pair contribuent pour les com-
plexes mono-nucléaires. L’hamiltonien ZFS de 'équation (1.48) peut se réécrire en terme
d’opérateurs de Stevens de rang deux tel que :

Hyps = BSOS + BSOS + B203 (1.61)

avec D = 3BY et E = B2. Il en sera aussi fait mention au chapitre 3.

1.1.3 Aimantation et susceptibilité

Reprenons le développement de Taylor de ’énergie (1.32), a l'ordre un en champ
magnétique. A 'aide des relations précédentes, il vient :

E(B.ji) = &—(7.B) +(ji.-BgB)_ —<;u ﬁ>

— g e . <L+gS> B ’%‘Zﬂ f§> (1.62)

De maniére analogue au ZFS, la matrice Zeeman de I’état fondamental sans dégénéres-
cence orbitalaire est donnée pour le cas d’un spin S = 1, dans la base diagonalisant le

tenseur D par [19] :

HZFS ‘ |17_1> ’170> ‘171>
(1,0 M_E;(gmBm + igyBy) —§D %(ngz + igyBy) (1.63)
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Les valeurs propres de cette matrice (1.63) donnent les énergies des composantes dans le
cas d’un champ de direction x,y ou z, en fonction des paramétres D et E (cf. tableau 1.2
et figures 1.1 et 1.2).

Direction de B Pour £ # 0 Pour E =0
, D+ \/E? + (11pg.B.)? D + ppg.B.
0 0
< D+ FE D
LD — E) £ \/4(D - E) + (459, B.)? | 4D & \/1D? + (g, B.)?
D—FE D
' l(D+E):|:\/l(D+E)2+(uBgB)2 le:\/lD2+(,u B,)?
2 1 y Dy 2 4 BYyDy

TABLE 1.2 — Energies des composantes d’un état fondamental de spin S = 1 avec champ
magnétique

Une fois les énergies des composantes obtenues, on définit la fonction de partition du
systéme comme

Zo(B,T) = Zi:exp (—iT) (1.64)

ol k est la constante de Boltzman, on notera 8 = (kT)~! la température thermodyna-
mique et N4 le nombre d’Avogadro. [’aimantation selon la direction a(= z, you z) se
calcule alors par :

0ln Z,
0B,

N OE.,
~ Sew( e > (‘ 9B, )exp(_ﬁ&d (1.65)

Mu(B,B) = Na

Ce type de calcul de I'aimantation en fonction de I’énergie des composantes de spin de
chaque état est programmé dans les logiciels de calcul [20] et sera appliqué dans le cas d’un
complexe réel dans la partie 2.2, les résultats obtenus seront comparés aux mesures expé-
rimentales. Dés lors, pour S = 1, on a, en notant G, = pupg,Ba, ch et sh, respectivement,
le cosinus et le sinus hyperbolique :

M, = 2N,ugg. ) ffeﬁ;sc};(f B%) (1.66)
G5 (D-Fgp (5\/ YD-Ep2+ Gg)
1+ 2e50-F)ch (5\/ YD-Ep2+ Gg)
G,e3(P+P)sh (ﬁ\/ LD+ EP+G)

1 4+ 25 (D+B) e, (5\/§(D L E)?+ Gg)

M, = 2N,upg. (1.67)

M, = 2N,ugg, (1.68)
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et dans la limite o £ est nul :
G.e PPsh(BG.)
1+ 2e=8Pch(5G,)

GmeﬁTDsh (ﬁ\ / %DQ + G%) 70
14 2% ch <B,/}1D2+G%> 170
M, = 2N,upg, Gyeﬁijh <B o GZ) : (1.71)
142 ch (5. /1D2 4 G§>

Enfin, pour la susceptibilité magnétique selon la direction a, on part de :

0%IlnZ, oM,
oB2 0B,

Mz = 2Na,uBgz

(1.69)

Mx = 2Na,uBgm

Xa = NakT (1.72)

En vue de simplifier 'aimantation (1.65), reprenons le développement de I'énergie (1.4) a
I'ordre deux en fonction du champ, on a :

5(§) = S +Eo0+E0+En+E+En
EQO +eWpB 4 @B, (1.73)

en indiquant en exposant, entre parenthéses ’ordre de dépendance en champ magnétique.
Une approximation de I'exponentielle de £(B) a I'ordre un donne :

exp(—HE) = exp(—FED)(1 — FEVB) (1.74)
et pour Dordre deux de la dérivée de £(B) :

o0&

2 = £V 4 @B (1.75)

d’ou (1.65) devient :

S (6 + £8B,) (1 - el By exp (-5

M (B,B) = Ny D 0 (1.76)
51— BEL) B exp (5
et la susceptibilité se met sous la forme de la formule de Van Vleck :
N4 S, (BER)? — 268 exp (L)

Xa (1.77)

> exp (—6€)

Pour S =1, avec F =0 et g, = gy, a partir des valeurs du tableau 1.2, on a &, = &, et
on déduit le tableau (1.78).

M, &9 &) &l gy gy
1 D 0  ppg.  phgz/D 0 (1.78)
0 0 0 0 —u%g>/D 0
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En appliquant ces énergies dans 1'équation (1.77), on déduit les susceptibilités en fonction
de la direction du champ :

_ exp (—=fD)
X = 2NAﬁ(uBgz)21+QeXp(_5D) (1.79)
“ 2NA(pupgs)* 1 —exp(—BD) (1.80)

D 1+2exp (—fD)

La variation de 'énergie des sous-niveaux |Mg = 0, £+1) de ’état fondamental en fonc-
tion d’un champ appliqué (tableau (1.78) est représentée sur les figures 1.1 et 1.2 dans
le cas ott D est négatif pour un champ magnétique paralléle ou perpendiculaire a I'axe
principal d’aimantation.

Energies

D+dge. pz. By

|Ms=0>

D<0 |Ms=+1>

D-ge. uz.B;

FIGURE 1.1 — Energies des sous-niveaux |Mg = 0,41) de I'état fondamental en fonction
d’un champ appliqué (B,), paralléle a Paxe principal d’aimantation, pour D négatif

Les figures 1.1 et 1.2 permettent aussi de comprendre I'importance des axes magné-
tiques. En effet, dans le systéme d’axes magnétiques, pour un paramétre D négatif, le
principal axe magnétique est choisi de sorte a définir D et E selon (1.50), (1.51) et
|D| > 3FE > 0 selon la direction Z par convention ; Iénergie des composantes Mg = +1
varie linéairement en fonction de champ s’il est appliqué parallélement & 'axe Z alors
qu’elle varie de facon quadratique s’il est appliqué perpendiculaire a 'axe Z. L’axe 7Z est,
dans ce cas, appelé "axe de facile aimantation" tandis que le plan perpendiculaire est
qualifié de "plan de difficile aimantation" et contient éventuellement un "axe de difficile
aimantation" si £ est non nul.

Au contraire, pour D positif (figures 1.3 et 1.4), le plan perpendiculaire & 'axe Z est
appelé "plan de facile aimantation" et contient éventuellement un "axe de facile aiman-
tation" si E est non nul. Dans ce cas, pour de faibles valeurs du champ magnétique et
quelque soit sa direction, I'énergie de la composante Mg = 0 de I’état fondamental est
inférieure a celle des composantes Mg = =41, il faut appliquer un champ intense pour
qu’une des composantes Mg = 41 soit la plus faible en énergie, en conséquence, 'axe Z
est qualifié d’"axe de difficile aimantation".
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Energies

[Ms=-1> D
B
D<0 X
[Ms=+1>
g2. u2. B2
D +
D

FIGURE 1.2 — Energies des sous-niveaux |Mg = 0,41) de I'état fondamental en fonction
d’un champ appliqué (B, ), perpendiculaire a I’axe principal d’aimantation, pour D négatif

D>0

Energies

|Ms=+1>

[Ms=0>

D+Qe. uz. B;

D-9ge. pz. By

B

FIGURE 1.3 — Energies des sous-niveaux |Mg = 0,41) de I'état fondamental en fonction
d’un champ appliqué (B,), paralléle a Paxe principal d’aimantation, pour D positif
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Energies
92. u$. B
D +
D
|Ms=+1>
D>0 B,
[Ms=-1> D

FIGURE 1.4 — Energies des sous-niveaux |Mg = 0,41) de I'état fondamental en fonction
d’un champ appliqué (B, ), perpendiculaire a ’axe principal d’aimantation, pour D positif

On dispose désormais des outils nécessaires pour ’étude du magnétisme moléculaire,
que ce soit en champ nul, avec les paramétres de ZFS li¢ & D, ou en champ non nul avec
I’aimantation M et la susceptibilité magnétique Y.
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1.2 Meéthodologie

1.2.1 Approche générale de la méthodologie employée

Pour une étude théorique du magnétisme dans les complexes mono ou poly-nucléaire,
différentes approches sont possibles. De maniére générale, nous partons d’une structure
géométrique d’'un complexe et obtenons par le calcul numérique soit la densité électro-
nique (méthode issue de la " Density Functionnel Theory" : DFT), soit la fonction d’onde
(méthode " Wave Function Theory" : WFT) [21-23| de ’état fondamental et des premiers
états excités ainsi que leurs énergies. A partir de cela, les paramétres associés au ZFS,
a laimantation, a la susceptibilité ou autres peuvent étre approchés comme cela a été
présenté dans la partie précédente.

Comme les propriétés magnétiques d’un complexe ont une forte sensibilité & la struc-
ture géométrique, il convient, pour obtenir des résultats théoriques en adéquation avec
les mesures expérimentales, de reproduire le plus fidélement possible cette derniére. Pour
ce faire, hormis dans le cas de composés modéles tels qu’employés au chapitre 3, le point
de départ est une structure cristallographique issue d’une détermination par rayon X, a
'exception du cas du complexe avec effet Jahn-Teller (cf. partie 2.2) on il est nécessaire
de réaliser une optimisation de géométrie.

L’objet de cette thése tient essentiellement a I'extraction des paramétres de ZFS ainsi
que des axes magnétiques qui sont déterminés par une méthode de type fonction d’onde.
La DFT n’est utilisée que pour obtenir une structure géométrique quand celle-ci ne peut
pas étre obtenue expérimentalement. La premiére étape de calcul donne, de maniére va-
riationnelle, les fonctions d’onde, indépendantes du couplage spin-orbite, et les énergies
pour chaque état fondamental et excités. Puis, un éventuel traitement de la corrélation
basé sur ces orbitales permet de corriger la valeurs des énergies. Ensuite le couplage spin-
orbite (SOC) et éventuellement le couplage spin-spin (SSC) sont ajoutés et permettent
de reconstruire les différents états.

1.2.2 Hartree-Fock et notion de corrélation
1.2.2.1 Meéthode Hartree-Fock

Afin d’approcher les solutions de 1’équation de Schrodinger HU = £V, différentes
approches sont possibles et dans le cas d’une molécule comportant une cinquantaine
d’atomes et les électrons associés, certaines approximations sont indispensables. A partir
de l’équation (1.9), une premiére approximation consiste a prendre en compte le fait que
le mouvement des électrons posséde un temps caractéristique plus rapide que celui des
noyaux & cause de leurs différences de masse. Il est alors possible de considérer que s’il y
a un mouvement des noyaux, les électrons vont & chaque instant ajuster leurs positions
moyennes, c¢’est 'approximation de Born-Oppenheimer. En conséquence, le terme ciné-
tique nucléaire Ty de I’équation de Schrodinger peut étre isolé, et la fonction d’onde peut
se réécrire comme le produit d’un terme purement nucléaire et un terme dépendant de la
position de toutes les charges. De plus, cette fonction d’onde ¥ peut étre approximée par
un produit de Hartree de fonction d’onde monoélectronique ¢; représentant les orbitales
que 'on supposera orthonormées. Afin d’assurer le caractére anticommutatif de cette fonc-
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tion, on utilisera un déterminant de Slater ¥ = (Ne!)~*/2det(p1, 2, -+ ), on a alors une
description monodéterminentale de la fonction d’onde. L’hamiltonien électronique peut
désormais se décomposer en fonction du nombre d’électrons impliqués par opérateur :

Hy=ho+ Y hi+Y g (1.81)
i i<j

il contient un terme électrostatique purement nucléaire qui est constant dans le cas de

noyaux fixes

N
R ZaZge?
ho=) 4A—B : (1.82)
a-p *T€oTAB
un terme mono-électronique
) ﬁz 2 Nooge?
o -V A (1.83)
2m, - 4TeT A4
et enfin un terme biélectronique
2
e
Gii = . 1.84
Jij 477'607"@']' ( )

Exprimer en terme de déterminant de Slater, I’énergie des termes a un électron fait inter-
venir un opérateur qui ne peut affecter qu'un électron :

<‘P]ZEZ]\IJ) ZZM\?L!%) ) (1.85)

les éléments de ’hamiltonien du terme a deux électrons sont non nuls lorsque 'opérateur
ne modifie pas 'occupation des orbitales ou lorsqu’il échange deux d’entre elles, dans ce
dernier cas, ce terme est alors affecté d’un signe moins pour assurer le caractére anticom-
mutatif et justifie ainsi 'usage d’un déterminant. Il vient alors :

(T 3519 = D (pipsl dleies) — (pipil §leipi))

1<j 1<j

1 . .
= 3 > (pipsl §leies) — (il § lesei))
,J
1 o N
= 52(%\%—&-!%) (1.86)
L, J

ol (wap| G |pepa) représente l'intégrale sur les éléments de volume 7; et 7; relatifs aux
électrons 7 et j

62

{(@as| G lcpa) = / ©a (1)) @c(i)pa(j)dridr; (1.87)

47T€07’ij

On introduit les opérateurs de Coulomb jj et d’échange Kj définis par :
2

Jf(1) = [/ ‘ so;f<2>goj<2>cza] (1) (1.59)

47T€07“ij

k1) = | [ o) 6. (189

471'607“1‘]' J
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La fonction d’onde associée au systéme est obtenue en appliquant le principe variationnel
a I’énergie exprimée en fonction des orbitales selon :

1] = (8] 1 19%) = min 3 (Gl + 5 (0 T~ Klg)) - (190)

Il s’agit de minimiser 1’énergie par un processus auto-cohérent (de type "Self-Consistent
Field" : SCF) a l'aide d’itération sur les orbitales moléculaires définissant I'état fonda-
mental. Considérons une variation infinitésimale en ¢; + d¢;, au premier ordre de déve-
loppement :

SVENN] = 3 (el hlies) + (Gil = K |ei)) + he.
= ) (0@ Flei) + hoc. (1.91)
ou h.c. indique le terme hermitique conjugué, et avec 'opérateur de Fock donné par :

F=h+J-K, (1.92)

pour avoir un minimum, il faut donc avoir (8p;| F ;) = 0 et les équations d’Hartree-Fock
(HF) s’écrivent pour les orbitales occupées :

il s’agit d’un jeu équations aux valeurs propres, comme I’équation de Schrédinger indépen-
dante du temps mais a un seul électron, permettant de définir les orbitales moléculaires
Hartree-Fock et leur énergie. Il est a noté que E¥F £ >~ ¢; mais

1 ,
EMF = e 3 > (il Flgi) (1.94)

1.2.2.2 Notion de corrélation

La position d'un électron est, du fait de la répulsion électrostatique, dépendante de
la position des autres électrons, on parle alors de corrélation électronique (corrélation de
Coulomb) or l'utilisation du déterminant de Slater a pour conséquence 'absence de la
corrélation de part ’écriture de la fonction d’onde comme produit de fonctions mono-
électroniques. L’antisymétrisation de la fonction d’onde permet seulement d’assurer la
corrélation de Fermi en assurant une probabilité nulle dans le cas de deux électrons de
meéme spin de position r; = ;.

Le formalisme Hartree-Fock permet de définir I’énergie de corrélation comme la différence
entre 'énergie exacte et I’énergie définie par (1.90) :

georr — Semact o (c/'HF ] (195)

L’erreur de corrélation ainsi définie se décompose en deux parties, la premiére correspond
a 'approximation d’une fonction basée sur une seule configuration, dénommeée corrélation
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non-dynamique. En effet, une meilleure description de I’état fondamental serait obtenue
en prenant en compte l'influence d’autres configurations de basses énergies qui tendent &
se mélanger avec la configuration HF fondamentale. Dans le cas de molécules a couche
électronique fermée, a la géométrie d’équilibre, cette approximation est justifiée mais elle
engendre une erreur importante et la description du systéme doit étre corrigée dans le cas
de molécules & couche ouverte, proche d’un état de dissociation, dans un état excité et
les complexes de métaux de transition qui sont justement les cas qui nous intéressent. La
DFT que nous allons introduire par la suite (partie 1.2.3) souffre aussi de ces restrictions.
Pour pallier & ce probléme, une méthode multiconfigurationnelle est employée et décrite
dans la partie ci-aprés (partie 1.2.4.1). La corrélation dynamique est liée a la difficulté a
décrire proprement la fonction 7"131 quand 7;; tend vers zéro et a prendre en compte les
effets dus a la relaxation des orbitales, a la polarisation électronique et de spin en fonc-
tion de l'occupation des orbitales environnantes. Pour corriger ces erreurs, une méthode
perturbative a 'ordre deux est employée et développée dans la partie 1.2.4.2.

1.2.3 Théorie de la fonctionnelle densité DFT

La méthode de la fonctionnelle de la densité (DFT) cherche & décrire la structure
électronique d’un systéme en utilisant la densité électronique p. La probabilité de trouver
un électron dans un volume dr’ centré en 7 pour un systéme de n électrons est donnée par
p(7)dr et la densité est définie par :

p(fa)::71J/\q1uq,f3,.--fgn2dsld52df;...dsndf; (1.96)

avec la contrainte associée au fait que 'on a au total n électrons dans tout ’espace telle
que :

/Mﬂﬁ_n (1.97)

La DFT approxime la fonction d’onde par un unique produit anti-symétrisé de spin-
orbitales & un électron appelé déterminant de Slater et noté |¥|.

Reprenons I’hamiltonien donné par I'équation (1.9) dans le cas électronique en séparant
les potentiels d’interaction électron-électron et noyau-électron.

I:—,e - TE+VN6+‘>;E

~ Zae” ¢ 1.98
- _Z 22471'607’,4 Z47TE()7" ( )

i

Certains de ses termes peuvent s’exprimer en fonction de la densité électronique, sous
forme de fonctionnelle, tels que I’énergie cinétique électronique T,[p] ou le potentiel lié
aux interactions noyau-électron Vi.[p]

T.[p] :(%/ﬁﬂﬂﬁ, (1.99)
Vielol = / p(F)o(F)dF (1.100)
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avec N
ZA€2
) = — , 1.101
v == (1.101)

Cependant, I'expression de T,[p] n’est pas toujours satisfaisante. L’énergie électronique
peut alors étre écrite selon I'expression de Hohenberg et Kohn (HK) [24] :

el = Vivlp) + Tl + Valol = [ p0yu(iydr + Fly (1102
ou on introduit la fonctionnelle :
Flpl = T.lp] + Veelp) = (U] T, + Vee | W) (1.103)
Une nouvelle définition de cette fonctionnelle est donnée par Kohn et Sham (KS) [25] :

Flpl =Tilp] + Jlp] + Exclp] (1.104)

elle fait intervenir le potentiel de Hartree J[p| qui donne la répulsion coulombienne clas-
sique entre paire d’électrons :

Jlpl = % / / %dad@ (1.105)

et I'énergie cinétique Ts[p] d'un systéme d’électrons sans interaction de densité p. Cette
énergie peut s’exprimer en terme de fonctions d’onde ¢;(7) construites de sorte a repro-
duire la densité p(7) selon :

pli) =D _ i) (1.106)

par
n

Tlp) = 3 {0u()] — 59 16.(7) (1.107)

(2

Par identification terme & terme entre (1.103) et (1.104), on peut identifier I’énergie
d’échange-corrélation :

Exclp) = Telp] — Tulp) + Veelp] — J1p] - (1.108)

Il s’agit de la quantité clé de la DF'T, dont la définition théorique permet d’obtenir I’énergie
exacte & ce niveau de théorie. Elle est cependant difficile & définir explicitement par
rapport a p ou a ses dérivées et sa recherche a engendré le développement de nombreuses
fonctionnelles.

On a désormais 'expression de 1’énergie de Kohn et Sham :

Exslpl = / p(FYo()dF + Tulp] + Jio] + Exclo (1.109)

= (6 = 5 1) + [ oo+ Tlol + Exclol
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La minimisation de la fonctionnelle de I’énergie avec la contrainte nombre total d’électrons
[ p(F)dF = n peut s’exprimer a I'aide d’un multiplicateur de Lagrange f :

st = ([ prrar—n) b =0 (1.110)

0Ekspl

d’ou :

—pu=0 1.111
o) " (A1
et avec (1.102) ou (1.109) on déduit :
L OF[p] L, 0T.p]
=0(r) + —= = Vepp(7) + . 1.112
=) + 5 = v+ (1112

Il s’agit de I'équation d’Euler-Lagrange qui permet de définir le potentiel chimique pu, et

le potentiel effectif :

Vers (T) = v(F) + gpj([g + 5?;%’) I (1.113)

Cette équation (1.112) peut décrire de maniére analogue un systéme d’électrons sans
interaction entre eux dans un potentiel extérieur v.s¢. L’hamiltonien associé a ce systéme
est le suivant :

. “ 1o .
H= Z (—§v2 + veff(m)> (1.114)

Comme chaque électron peut étre traité indépendamment, la solution exacte de cette
équation est un déterminant unique construit a partir d’orbitales ¢; solution de :

(=594 0] o = €0 (1115)

loe o 0ol OExcll o o o
(-7 0 G+ ) o = £

ou l'on associe les fonctions d’onde ¢ a la densité p par 'équation (1.106). La théorie
de Kohn-Sham consiste, dés lors, & résoudre de maniére itérative I’équation aux valeurs
propres (1.115) afin de construire une densité par la relation (1.106). Ensuite la fonc-
tionnelle de I'énergie donnée par (1.109) est minimisée et permet d’obtenir un nouveau
potentiel effectif qui peut étre réutilisé dans (1.115). La procédure est alors répétée jusqu’a
'obtention d’un champ auto-cohérent (SCF : "Self-Consistent Field").

Notons que 'expression des équations de Kohn-Sham (1.109, 1.115) présente une res-
semblance avec celles d’Hartree-Fock (HF) :

n

Enrlp) = 3 {0:(7)| - 59 10u(7) + / p(i)o(F)dF + Tlp] + €% [p1] (1.116)

(—%62 +v() + OJlp) ) ¢i(71) — E/M@(@)d@ = &Ei¢i(1) (1.117)
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ot E%[p1] est I'énergie d’échange exacte donnée par :

1 - 2 \2
Exlpm] = —Z//—pl(?l’f) dFyd7 (1.118)

avec p1(71,75), la matrice densité pour une particule :
pr(F1 ) =2 i) () (1.119)

La DFT sera utilisée dans la partie 2.2 dans laquelle on optimise la structure géo-
métrique d’un complexe, cette méthode s’avére trés efficace pour les calcul de gradient
numeérique nécessaire a ’optimisation. Avec le logiciel "Gaussian" [26], une fonctionnelle
de type hybride B3LYP [27,28] est utilisée. Cette fonctionnelle définie le terme d’échange-
corrélation & l'aide de coefficients semi-empiriques, elle fait intervenir des quantités dé-
pendant du gradient de la densité (de méme que les fonctionnelle GGA : "Generalised
Gradient Approzimations") et introduit une part d’énergie d’échange exact. La fonction-
nelle d’échange-corrélation peut étre exprimée de maniére générale par :

Exc = /F(p, Vp)di + €% (1.120)

ou £ est la fraction d’échange exact incluse. Les programmes de calcul de structure électro-
nique résolvent une version généralisée des équations de Kohn-Sham qui méle les théories
de Kohn-Sham et d’Hartree-Fock selon :

5.J1p] 55?%4[0760] ey € p1(71,7%) o Ndm o (=
sy T ety ) YTy / rp PR = &6l

(1.121)

1_
<—§V2 + U(’f_’i) +

1.2.4 Meéthode post-Hartree-Fock : CASSCF et post-CASSCF
1.2.4.1 Complete Active Space Self-Consistent Field (CASSCF)

Comme présenté précédemment, la méthode Hartree-Fock, de méme que la DET (voir
partie 1.2.3), décrit la fonction d’onde par un déterminant unique [29]. Un systéme ma-
gnétique présente en général un ou plusieurs électrons non appariés (systéme a couches
ouvertes) et son état fondamental, de méme que ses états excités, sont donnés par un
fonction d’onde comportant plusieurs déterminants. On utilise alors la méthode MC-SCF
(Multi-Configurational Self Consistent Field) la plus plus célebre : CASSCF (Complete
Active Space Self-Consistent Field). Cette derniére consiste, pour toutes les configura-
tions, a diviser I’ensemble des orbitales moléculaires en trois sous-espaces : les orbitales
inactives toujours doublement occupées, les orbitales dites actives formant ’espace actif
(CAS), ces orbitales pouvant étre occupées par zéro, un ou deux électrons et les orbitales
virtuelles toujours inoccupées. Au sein de Pespace actif (le CAS) toutes les occupations
possibles des orbitales moléculaires sont autorisées permettant alors la description de sys-
témes a couches ouvertes ainsi que, aprés I'adjonction des variables de spin, la description
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des différentes multiplicités de spin. L’optimisation utilisée pour cette méthode consiste
a distribuer les différentes orbitales dans les trois sous-espaces afin de minimiser ’énergie
des différents états demandés en respectant a la fois le spin total requis et le nombre
total d’électrons du systéme (ou de maniére équivalente sa charge globale). La difficulté
principale inhérente a cette méthode tient justement au choix de la taille et de la constitu-
tion de I'espace actif. Il doit comprendre au minimum les orbitales simplement occupées
de I'état fondamental (orbitales magnétiques), dans le cas des métaux de transition de la
premiére ligne (la quatriéme période), il s’agit d’orbitales 3d du ou des centres métalliques
impliqués. Cependant pour l'obtention de paramétres magnétiques et la description des
états excités, cet espace requiert aussi d’autres orbitales et, idéalement une partie des or-
bitales des liaisons métal-ligand. Cette méthode présente |’avantage d’étre variationnelle,
de respecter une stricte séparabilité par rapport a la taille du systéme ("size-consistent" :
I’énergie d’un état du systéme A — B tend vers la somme des énergies d'un état de A
et d’un état de B traités indépendamment avec la méme méthode quand les interactions
entre A et B disparaissent) et d’étre d’une grande efficacité d’un point de vue du calcul
numérique. Cependant, elle exige un fort coiit computationnel car I'ensemble des inter-
actions de configurations au sein du CAS est effectué, il est donc nécessaire de limiter la
taille du CAS.

1.2.4.2 Traitements Post-CASSCF

Afin d’introduire la corrélation dynamique pour obtenir une description plus précise
de I'énergie des états étudiés, il a été développé, pour les méthodes basées sur un seul
déterminant de référence, des correction par la théorie des perturbations a ’ordre deux ou
quatre fondés sur un hamiltonien d’ordre zéro mono-électronique de type Mgller-Plesset
(MP2 ou MP4). Cette méthode est certes efficace mais limitée quand I'obtention d’états
excités nécessite une description d’ordre zéro multi-déterminantale. Pour pallier a ce pro-
bléme, d’autres méthodologies ont été adoptées utilisant comme point de départ le jeu
d’orbitales moléculaires donné par un calcul CASSCF, c’est la fonction d’onde d’ordre
zéro. Deux théories perturbatives a I'ordre deux d’entre elles seront utilisées par la suite
par perturbation a l'ordre deux, il s’agit de la : "Complete Active Space Perturbation
Theory" (CASPT?2) [30] et la "N-Electrons Valence Perturbation Theory" [31].

L’objectif de ces méthodes est de corriger de maniére perturbative ’énergie en pre-
nant en compte les excitations dites simples et doubles par rapport a une référence multi-
configurationnelle formée par toutes les combinaisons de déterminants selon les occupa-
tions possibles des orbitales actives (voir tableau 1.3).

Pour la méthode CASPT2, comme les états de valence atomiques ou moléculaires sont
proches en énergies, une théorie des perturbations est employée. L’hamiltonien d’ordre
zéro est construit de sorte que le développement perturbatif converge rapidement et qu’il
soit équivalent & 'hamiltonien Mgller-Plesset dans le cas d’une fonction d’onde de réfé-
rence mono-déterminentale. Cet hamiltonien est basé sur un opérateur de Fock mono-
électronique et implique seulement des fonctions d’ondes d’ordre un pour donner des
énergies d’ordre deux. Les états excités hors du CAS pris en considération différent alors
seulement par une excitation (un trou ou une particule). Un probléme est susceptible
d’apparaitre avec cette méthode, la correction apportée a 1’énergie fait intervenir des
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Degré de liberté  Classe Type d’excitation”

0 actif P4
pq — 1S
1h P
1 mp — qr
1p p—a
pPq — ra
1h-1p e
5 P — qa
2h 1] — pq
2p pq — ab
3 2h-1p 1] — pa
1h-2p p — ab
4 2h-2p 17 — ab

* nomenclature pour les différentes classes

d’excitations

Types d’orbitales noms type de particule
inactive i,] h hole : trou
active p,q,r,8
virtuelle (ou secondaire)  a,b p particule

TABLE 1.3 — Classifications des différentes ex-
citations simples et doubles
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différences d’énergie au dénominateur et celle-ci peut s’annuler ce qui produirait une cor-
rection infinie et donc une divergence du développement perturbatif. L’état impliqué dans
le développement est qualifié d’état intrus. Pour traiter ce probléme, il faudrait, en théo-
rie, identifier I’état et s’il s’agit d’un véritable état, accroitre la taille de 'espace actif afin
de 'inclure dans le CAS. Cependant, la taille de cet espace étant un facteur limitant pour
le calcul CASSCF, de plus, comme il peut s’agir d’'un état non physique, on utilise alors
plutot une technique consistant en un ajout d’un terme correctif a ’énergie du dénomi-
nateur ("level shift"). Il peut étre réel [32] ou de préférence imaginaire [33]; on parvient
ainsi , par cette derniére méthode, a supprimer intégralement la singularité par une petite
distorsion de la fonction d’énergie potentielle avec une faible incidence sur les énergies
finales pour peu que I'on adopte des valeurs raisonnables du level shift imaginaire (0.15
hartree en général dans les calcul CASPT?2).

La méthode NEVPT2 est une technique qui respecte la stricte séparabilité et ne pré-
sente pas de probléme d’états intrus. Pour ce faire, elle se base sur un hamiltonien d’ordre
zéro bi-électonique, développé par Dyall [34], qui utilise des projecteurs avec un hamil-
tonien complet dans ’espace actif et un hamiltonien d’ordre zéro de type Mgller-Plesset
dans les espaces inactif et secondaire. Il incorpore alors naturellement un décalage dans
les dénominateurs au niveau de ’espace actif et des interactions bi-électroniques contrai-
rement a CASPT2, qui sont ensuite corrigées par une méthode synthétisant les théories
de Mgller-Plesset et Epstein-Nesbet.

Les deux méthodes CASPT2 et NEVPT2, employées par la suite, sont de type "internally-
contracted", ¢’est a dire que la fonction d’onde de référence n’est pas révisée apreés le calcul
de la corrélation dynamique. De plus, ces méthodes sont contractées extérieurement mais
une procédure permet de les décontracter intérieurement.

1.2.4.3 Ajout des effets relativistes

Pour prendre en compte les effets relativistes, dans le cadre d’'une description multi-
configurationnelle, une méthode en deux étapes est employée [35]. En premier lieu, un
calcul de type CASSCF ou éventuellement CASPT2 ou NEVPT2 fourni pour un ensemble
d’états (fondamental et excités) les énergies et les fonctions d’ondes incluant la corréla-
tion non-dynamique et éventuellement dynamique. Par la suite, le couplage spin-orbite
(SOC) est intégré au sein d’une interaction de configurations pouvant méler plusieurs jeux
d’orbitales obtenus pour des multiplicités de spin ou des groupes ponctuels de symétrie
différents, et dont le mélange était jusque la interdit par symétrie. Les effets scalaires
sont, dans le cas de 'utilisation de MOLCAS, rajoutés selon une méthode développé par
Douglas et Kroll [36] et corrigée par Jansen et Hess [37] issue de ’hamiltonien de Dirac a
quatre composantes :

Hp =V +m.?B + cpix (1.122)
ou V est le potentiel externe, c la vitesse de la lumiére, B une matrice diagonale de dimen-
sion quatre avec les éléments diagonaux {1,1,—1, —1}, p est le quadri-vecteur opérateur
quantité de mouvement et & est le quadri-vecteur moment de spin contenant les matrices
de Pauli . D’o1, en notant ¢ la grande composante et x la petite composante :

-0
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ona HpU = EV qui s'écrit :

(C;/.p v faz'f;eg) (i) =& (ﬁ) (1.123)

[’équation de Dirac (1.123) est alors modifiée par un ensemble de transformations uni-
taires afin de découpler grandes et petites composantes par un développement a différents
ordres du potentiel externe & un électron. A un ordre infini, on obtient ainsi un développe-
ment exact a deux composantes séparées comportant chacun une partie a énergie positive
et négative. En sélectionnant seulement la partie a énergie positive de la grande compo-
sante pour un développement a l'ordre deux, on déduit une partie scalaire de correction
relativiste et une partie de couplage spin-orbite.

La correction relativiste scalaire est la principale pour les atomes légers et les métaux de
transition de la premiére ligne, elle est ajoutée a la partie mono-électronique de I’hamil-
tonien non relativiste et permet d’améliorer grandement les résultats. En considérant que
Ierreur principale est lice a la description des états sans couplage spin-orbite, une mé-
thode développée par Hess [38] est utilisée pour le SOC. Afin de simplifier drastiquement
le calcul des éléments de matrices impliquées, les termes a deux électrons sont traités
comme un facteur d’écrantage au sein des termes a un électron. On obtient ainsi des inté-
grales de champ moyen atomique ("Atomic Mean Field Integral" AMFT) en considérant
I'interaction spin-orbite comme essentiellement & courte portée on obtient un traitement
exact des termes a deux électrons. La méthode Douglas-Kroll-Hess est employée dans
MOLCAS [39] avec un ensemble de bases dédices ANO-RCC "Atomic Natural Orbital
with Relativistic Core Correlation" [40].

Dans ORCA [41], une autre méthode basée sur un hamiltonien mono-électronique est
employée [42-45|. En partant de I’équation de Dirac a quatre composantes (1.123), on
déduit deux équations reliant grande et petite composantes :

Vo+copx = Eo¢ (1.124)
co.pp+ (V —2m.c*)xy = Ex (1.125)
L’objectif est ensuite d’éliminer la petite composante qui s’exprime comme :

B co.p
S 2mE+E-V

X o=X¢ (1.126)

L’équation de Dirac associée a la grande composante (1.124) donne alors :

H¢=V¢+co.p o.pp=Ep (1.127)

c
2mc? +E -V

L’hamiltonien He ("eliminating the small component") dépend de ’énergie et n’agit que
sur la grande composante ¢ qui n’est pas normalisée, contrairement & W. Pour pallier
a ce probléme, on utilise plutot la transformation unitaire de Foldy-Wouthuysen pour
découpler grande et petite composantes.
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Elle est donnée par H = UHpU ™!, avec :

1 L i
U= | VX Vi (1.128)
Virxxt V1+X X1
L Xt
U*l — UT — RV 1+)1( X \/11+XX (1129)
V1HXtX VI+XXT

De méme, la fonction d’onde est transformée par U :

)+

1 1

On en déduit :

o = + Xt 1.131
\/1+XTX¢ VvV1+XTX X ( )

1 1
0 = — Xo¢+ (1.132)

VIt XX JIrxxit

Il faut donc avoir X tel que y = X ¢. D’aprés (1.126), on a l'expression de X que l'on va
développer en £/(2mc* — V).

co.p c
X = ~ . 1.133
2me2+ € -V ome2 —v 7P ( )
d’ot, on peut déduire :
1 — 0.ps5%—720-P O D3y
U= 22me*-V)? L Emes Ve (1.134)
_QmCQfVo-'p 1 - 29mz—vP ame—v

Cette transformation donne alors le terme d’ordre zéro et d’ordre un de correction relati-
viste :

2

c
HZORA = V—f—a’.pma.p (1135)
9
Hpora = HZORA_U-me°p-HZORA
2
H op———O. 1.136
+1z0RA 0'P2(2mc2 — V)QUP ( )

Cet hamiltonien d’ordre zéro ("Zero Order Relativistic Approzimation") a 'avantage de
ne pas avoir de singularité quand la distance noyau-électron tend vers zéro. Il a été obtenu
en premier lieu par Chang, Pélissier et Durand [46], par une autre méthode, la théorie
des hamiltonien effectif. Un développement supplémentaire fait apparaitre explicitement
le terme prépondérant de couplage spin-orbite, contrairement au développement Douglas-

Kroll-Hess.
2 2

ome? — VP i (2mc? =V)

Hzora =V +p 50 (VV X p) (1137)
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Ce dernier peut étre rapproché de I'expression de la correction spin-orbite des équations
(1.23, 1.24) avec o ~ §'et

VYV ~ E—aq)N(r)f’ (1.138)
r or

La correction relativiste scalaire est ajoutée par une approche analogue a la DFT (dévelop-
pée a la section 1.2.3) selon I’équation de Kohn-Sham en utilisant la densité non relativiste
p(r) [45]. Une fonctionnelle d’échange-corrélation est utilisée, négligeant dés lors les effets
magnétiques et le phénomeéne de retard pour les interactions électroniques. Le potentiel 1%
pris en compte pour (1.137) contient désormais le potentiel d’attraction nucléaire Vy, le
potentiel de Coulomb d’interaction électronique Vi et le potentiel d’échange-corrélation
Vyo. Ce potentiel modéle est développé de sorte qu’il ne dépende pas des orbitales Kohn-
Sham mais seulement de la géométrie moléculaire, que les atomes distants ne contribuent
pas et qu’il puisse étre exprimé par une expression analytique dérivable a tous les ordres.

Le potentiel corrigé par une méthode Kohn-Sham est utilisé dans un calcul CASSCEF et bé-
néficie par cette méthode de certains avantages. Les propriétés de ce potentiel permettent
d’assurer la stationnarité de 1’énergie totale par rapport a la variation des orbitales afin,
par exemple, de ne pas avoir a recalculer les contributions relativistes a chaque itération
pour un processus SCF éliminant ainsi le probléme d’invariance de jauge qu’il y aurait
avec le potentiel DF'T traditionnel. De plus, une stricte séparabilité par rapport a la taille
du systéme est alors conservée lors du calcul CASSCF et le calcul de gradient est facilité.
Pour ce faire, la densité électronique est remplacé par une densité modéle construite par
sommation de densités atomiques exprimées par des gaussiennes sur un ensemble limité
d’électrons en périphérie de chaque atome. Le potentiel de Coulomb utilise cette densité,
de méme que le potentiel d’échange-corrélation avec une approximation d’une densité lo-
cale sans polarisation de spin. Un ensemble de bases atomiques spécialement contractées
pour des calculs avec la méthode ZORA a été établi et est utilisé par la suite avec ORCA.

1.2.5 Extraction et exploitation des hamiltoniens de spin

Les diverses méthodes basées sur la fonction d’onde présentées précédemment utilisent
I’hamiltonien Born-Oppenheimer exact, & un certain niveau de calcul, afin de décrire les
fonctions d’onde des états du bas du spectre et leurs énergies. L’objectif étant, dans
le cadre de I’¢tude de l'anisotropie magnétique, de modéliser cet hamiltonien par un
opérateur de spin, nous allons étre amené a utiliser une théorie visant & engendrer un
hamiltonien reproduisant les énergies des états qui nous intéressent tout en conservant
des propriétés telles que 'orthonormalité des fonctions d’ondes et le caractére hermitien
de ’hamiltonien.

1.2.5.1 Théorie des hamiltoniens effectifs

Une théorie développée par Bloch [47] offre une procédure pour définir un hamiltonien
effectif dans un espace modeéle de faible dimension a partir des énergies et fonctions propre
d’un hamiltonien exact H [46,48,49|. Pour un espace modéle S de faible dimension porté
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par Ng vecteurs |®;), le projecteur associé est :
Py =" |®:) (¥ (1.139)
€S
Supposons que I'on connaisse un ensemble d’états de fonctions d’onde |Uy), d’énergie &
associée a un Hamiltonien exact H selon I’équation de Schrodinger :

H W) = & |Wy) (1.140)

Considérons désormais les Ng vecteurs propres de H ayant la plus grande projection
sur I'espace modéle S. Ces vecteurs définissent un espace cible Sc¢ de méme dimension
que S et associé & un projecteur :

Pge = > |0y) (4] (1.141)

keSc

On note ﬁ, lopérateur d’onde permettant le passage de S a Sc. On cherche désormais
a définir un hamiltonien effectif H.;; agissant sur S tel qu’il reproduise fidélement les

valeurs propres de H au sein de Sc, quitte a perdre une partie de I'information sur la
fonction d’onde. Il faut donc avoir :

Hey; ’Ps‘l’k> =& ‘pS\Ijk> (1.142)
L’expression de 'hamiltonien effectif donné par Bloch est alors :
H.pp = PsHQOPg (1.143)

Comme les opérations de projection sont susceptibles de faire perdre I’orthonormalisation

des fonctions propres |U;) de ’hamiltonien exact, on introduit la matrice de recouvrement
S:

S = (PsW,| Ps)) (1.144)
L’hamiltonien effectif de Bloch, est alors donné par :
HEM =3 " W) & (S71 0| (1.145)
k

D’autres méthodes d’orthonormalisation permettent de corriger ce défaut telles que la
méthode de Gramm-Schmidt mais elle ne traite pas de maniére équivalente les différents
vecteurs, le k™ vecteur étant orthogonalisé par rapport au (k—1) précédents et indépen-
damment des suivants ; on utilise donc préférentiellement la méthode de des Cloizeaux [50],

pour engendrer les vecteurs propres ‘\I/> de f]eff

\Ilk> _ ‘s—%\pk> (1.146)
L’hamiltonien effectif est alors hermitien. Il s’exprime alors comme :
s =3 ’xpk> & <\11k‘ (1.147)
et ces éléments de matrice sont donnés pSr :
(@ G 105) = (@] 3 |00 ) & (i, ) (1.148)
k

Nous allons & présent en illustrer son utilisation sur un exemple.
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1.2.5.2 Exemple d’application de la théorie des hamiltoniens effectifs

Appliquons la théorie des hamiltoniens effectifs & un exemple issu de la partie 2.2. Il
s’agit d’un complexe mononucléaire de Ni/Y) avec un état fondamental triplet S = 1, il
y a donc huit électrons a distribuer parmi les cing orbitales 3d pour former jusqu’a dix
états triplement dégénérés en spin et quinze états singulets (dont cing sont a couches
fermées dans la configuration d®). On cherche & déduire les paramétres de ZFS (D et E)
ainsi que les axes magnétiques du complexe en comparant les valeurs théoriques données
par un hamiltonien de spin présenté dans la partie 1.1.2 et donné, pour le cas S = 1 par
I'équation (1.52), & partir des valeurs issues d’un calcul numérique et de la théorie des
hamiltoniens effectifs.

Comme abordé dans la partie 1.2.4.3, les effets spin-orbites (SO) sont rajoutés a pos-
teriori aprés un calcul non-relativiste par diagonalisation de I’hamiltonien de couplage
spin-orbite. On obtient ainsi, en fonction du remplissage de la sous-couche 3d du nickel,
un ensemble de singulets et de triplets notés |T) pour lesquels il est désormais possible de
préciser la projection des composantes magnétiques de spin Mg = 0, &1, notées ‘T,S’i1>. La
décomposition des états spin-orbites du bas du spectre en fonction des états indépendant
de ce couplage est donnée dans le tableau 1.4.

£ 5 |77) |71) 2 |75)

(P4 0 0.503 - 0.4481  -0.010 -0.0071 0.278-0.614 1 0.137+ 0.1531  -0.005 -0.004 i
(Dy] 2.14 0.672 -0.038 1 -0.050 +0.0141i -0.599 + 0.3081 0.011+ 0.204i -0.001+ 0.0001
(®s] | 118.14 | -0.029 -0.0231 -0.766 -0.623 1  0.028 + 0.0231  0.006 -0.012i  0.000 +0.000i
(®y] | 1878.9 | 0.001 -0.001i 0.0004-0.000 0.005 -0.0071 -0.045 -0.0121  -0.934 -0.301i
(®5] | 2121.9 | 0.185 -0.0631 0.007 -0.0011 -0.196 +0.0061  -0.216 -0.6331  0.006 -0.001i

TABLE 1.4 — Décomposition des états spin-orbites en fonction des états spin-free, les
énergies £ sont données en cm ™!

L’objectif étant de représenter la levée de dégénérescence de 'état fondamental par
les paramétres ZFS, 'espace modéle est de dimension trois et composé de |S = 1, M)
avec Mg = 0,=£1. Les états SO avec la plus importante projection sur ’espace modéle
sont alors sélectionnés ; il s’agit des états &1, P, P3 de projection respective 0.953, 0.953
et 0.989. Ces trois états forment donc ’espace cible. Les fonctions d’ondes associées a ces
états sont alors tronquées pour ne plus dépendre des autres états triplets et seront notées
o), @), @}. Cette transformation entrainant la perte de I'orthonormalisation des fonctions
d’ondes, la matrice de recouvrement est alors calculée et donnée dans le tableau 1.5.

S | |©1) |5) |3)
(D] 0.908002 0.000277 + 1-0.000349 0.001681 + 1 0.000082
(®4] | 0.000277 + 1 0.000349 0.909004 0.002213 + 1 0.003085
(4] | 0.001681 + i -0.000082 0.002213 + i -0.003085 0.978321

TABLE 1.5 — Matrice de recouvrement S

L’orthonormalisation est alors rétablie par la méthode de des Cloizeaux qui donne les
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fonctions d’onde @, grace a I'équation (1.146), le résultat est donné dans le tableau 1.6.

£ |IS=1,M,=-1) |S=1,M,=0) |S=1,M, =1)

<<§1 0 0.528 -0.4711 -0.010 -0.008 1 0.292 -0.644 1

<ci>2 2.14 0.705 -0.040i  -0.051 + 0.014i -0.628 + i 0.323i

<<i>3 118.14 | -0.030 -0.024 1 -0.775-0.6301  0.029 + 1 0.025

TABLE 1.6 — Projections orthonormalisées par la méthode de de Cloizeaux, les énergies £
sont en cm™!

L’hamiltonien effectif peut alors étre construit en suivant 1’équation (1.148) avec les
énergies exactes et est présenté dans le tableau 1.7.

HelT [[S=1,Mg=—1) |S=1,Mg=0) |[S=1Ms=1)
(S=1,Mg = —1] 1.241 4.446 - 0.1081  -1.149 - 0.427 i
(S=1,Mg =0 4.446 + 0.108i 117.802 -4.446 + 0.108 i
(S=1,Mg=1| | -1.149 + 0.427i  -4.446 - 0.108i 1.241

TABLE 1.7 — Hamiltonien effectif

En comparant terme a terme les éléments de I'hamiltonien effectif avec ceux de I'hamil-
tonien modéle de la table (1.52), on déduit les composante du tenseur D.

_ [Dy Dy D, 57.752 —0.427 —6.288
D= (D, D, D,.|=/[-0427 60049 0.152 (1.149)
D,. D,. D.. —6.288 0.152 —57.660

Il ne reste plus qu’a diagonaliser le tenseur avec la matrice de passage P selon

D=P'D P pour obtenir :

ey (601420 0
D = 0o 58002 0 (1.150)
0 0  —58.002

La trace de ce tenseur peut étre choisie comme nulle car cela revient a translater le zéro
en énergie des composantes de spin du triplet fondamental. Le systéme d’axe propre du
tenseur donnent les axes magnétiques selon I’équation (1.151), qui sont représentés sur la
figure 1.5.

Xmag T
Yiag | =P [y (1.151)
Zmag z

On a ainsi les paramétres D et E en respectant |D| > 3E et £ >0
D=-117.072cm™" & E=1.070 cm™
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FIGURE 1.5 — Axes magnétiques du complexe [Ni(Megtren)Br]™

Cette procédure permet donc bien de déduire les paramétres de ZFS, de retrouver
les axes magnétiques et surtout ici de valider un hamiltonien effectif avec seulement un
tenseur d’ordre deux et deux paramétres indépendants.
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Chapitre 2

Stratégies pour accroitre 1’anisotropie
magnétique dans les complexes
mononucléaires

De nombreux complexes mononucléaires ont été étudiés afin de recueillir leurs para-
métres magnétiques [17]. La valeur du paramétre D du Zero-Field Splitting peut varier
fortement en fonction du métal, de son degré d’oxydation et de son environnement (cf.
tableau 2.1). Les différents ligands présentent différents caractéres et en premier lieu le
nombre de coordination ou la forme géométrique qui joue un role prépondérant pour ’ani-
sotropie magnétique. Pour commencer, nous allons nous intéresser a la coordination du
complexe.

2.1 Les complexes & coordinations exotiques

Afin d’accroitre les parameétres d’anisotropie magnétique et en particulier la valeur
de D dans les complexes mono-métalliques de métaux de transition de la quatriéme pé-
riode, une voie de recherche envisagée a été de choisir des ligands de sorte & obtenir une
coordination éloignée des cas octaédrique ou tétraédrique [19,51].

En effet, dans le cas d’une géométrie octaédrique O, pour un complexe de Ni’!| les huit
électrons des orbitales 3d sont répartis comme représenté sur la figures 2.1. En représen-
tant la fonctions d’onde pour les trous pour un systéme d’axes adaptés de ce complexe,
il apparait que I'état fondamental est un triplet non dégénéré (*A,, en notation spectro-
scopique) et que les trois premiers triplets excités sont dégénérés (3Th,, cf. figure 2.2).

Le calcul de Pinteraction spin-orbite (¢f. 1.27) Vso = > Cl;éZ sur les différents états
triplets est effectué et les éléments de matrices correspondant sont résumés dans le tableau
2.2. Ensuite, a I’aide de la formule définissant le tenseur D (1.48), ou plus simplement par
la théorie des perturbations quasi-dégénéré (QDPT) :

T0i| VSO |(I)a> <q>a’ VSO ‘Tg>

2.1
e (2.1)

(T flso [T3) = (T3] Vso | T0) - 34
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Composé nc’ D (em™Y)
e [C(N Hy)3]VHI(SO,)s - 6H,0 6 +3.74
CssVIHClg - 4H,0 6 +8.05
d3 [CT’III(NHg)G](OlO4)QBT’ -CsBr 6 +0.18
[Cri (dedtc)s) 6 +0.6
4! (MM (T PP)Cl(pyridine)] - CsHg” 6 -3.5
[Mn! (acetylacetonato)s) 6 +3.1
[Mn(bzimpy)Cly] - 0.5MeOH 5 -2.73
e [Mn!!(Megtren)Br]Brd 5 +0.24
[Fe!l(Pydtcs))® 6 -2.14
[Fe T L Ly HNO)(Ny)o]f 6 +13.6
[Fel’(2,2" — bipyridyl)Cls)] 5 -2
d® [Fe!l (phtalatocyanine)] 4 +70
K[Co"(3 — propyl — biuret),] 4 +40.9
d7 [OOII{LNNNoo}]g 5) -38.9
[Col! (bzimpy)Cly)4 5 +73.4
e [Nt (imidazole)s(acetato)s) 6 -22.34
[INi'{ Lynss P 4 +53

" nc : nombre de coordination

2 dedtc :diethyldithiocarbamato(17)

b TPP : tetraphenylporphyrinato(2~)

¢ bzimpy : bis(benzimidazole)pyridine

d tren : 2,2’,2”-triaminotriethylamine

¢ Pydtc :pyrrolidine-1-carbodithiolato(17)

F{Lynn} : 1,4,7-trimethyl-1,4,7-triazacyclononane

${Lnnnoo} : N,N-bis(3-tert-butyl-2-hydroxy-5-methyl-
benzyliden)-1,7-diamino-4-methyl-4-azaheptane

b {Lynss} : 5-formylpyrazole-based thiolato Schiff base

TABLE 2.1 — Valeurs du paramétre D de ZFS pour dif-
férents complexes mononucléaires d’aprés des mesures de
susceptibilité [17]
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FIGURE 2.1 — Orbitales du
complexe de Ni’! en géomé-
trie octaédrique

‘Tl, M :1>:‘zz.xy>
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Ay

FIGURE 2.2 — Etat fondamental et premiers états excités dégénérés
pour une symétrie octaédrique, en représentant uniquement les orbitales
3d du nickel simplement occupées.
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2.1. LES COMPLEXES A COORDINATIONS EXOTIQUES

Vso | |Ti) |1T0) | Tr1) |75 | 1T) | |150) [T | 1719) | |757)
(Tg) | i¢ | 0 0 0 | & | 0 0 | -3 O
(T 0 0 0 % 0| -% | 5 0 | -
('] o 0 | —i¢ | 0o | %] 0 0o | 5| o

TABLE 2.2 — Eléments de matrice de I’hamiltonien spin-orbite en géométrie octaédrique

on peut déduire I'éventuelle modification du spectre en fonction de I’état de spin. On
obtient la matrice suivante :

2¢2

) -5 0 0

Hso=| 0 -% 0 (2.2)
A

Toutes les composantes Mg ont méme énergie, il n’y a donc pas de ZFS.

Au contraire, dans le cas de coordination exotique, la perte de symétrie du champ
cristallin permet d’obtenir une levée de dégénérescence entre les différentes orbitales 3d
du métal autorisant, dés lors, I’obtention d’importante valeur de D.

L’objectif sera, par la suite, d’étudier sur des complexes réels, les effets de 'utilisation d’un
ligand permettant de privilégier un axe magnétique pour obtenir des valeurs de D grandes
et de E petites. Par une étude conjointe d’expérimentateurs et de théoriciens, il s’agira
de confirmer, ou éventuellement de prévoir, par un calcul théorique a ’aide des méthodes
introduites au chapitre 1, les valeurs de mesures expérimentales du ZFS déterminées a
I’aide de résonances paramagnétiques électroniques a haute fréquence en champ intense, de
mesures d’aimantation a basse température ou de mesures de susceptibilités magnétiques.

Cette étude portera, en premier lieu sur des complexes heptacoordonés [52] de Nifl :
[NI(HQDAPBH) (HQO)Q](N03)2HQO et de COII . [CO(HQDAPBH)(HQO) (NOg)]NO3 puis
sur des complexes pentacoordonés [53| de Ni/l détaillés la partie suivante 2.2. Les com-
plexes heptacoordonnés, décrit dans Iarticle qui suit [54], sont formés d’un ligand penta-
dente de structure quasi-planaire (2,6-diacetylpyridine bis-(benzoyl hydrazone)) et deux
contre-ions chlorure et/ou nitrate de part et d’autre du ligand plan afin d’obtenir une
structure de bi-pyramide pentagonale. Cette géométrie permet d’observer effectivement
un axe magnétique particulier pour la direction perpendiculaire au ligand plan avec un
axe de facile aimantation et une valeur de D négative et relativement importante pour le
complexe de nickel et, pour le complexe de cobalt, un axe de difficile aimantation selon
la direction des ligands axiaux et donc un plan de facile aimantation correspondant au
plan du ligand et donne une valeur positive de D. La déduction des paramétres de ZFS
s’effectue par des méthodes expérimentales et théoriques, avec un bon accord, a la fois
sur les signes et sur 'amplitude des valeurs. Les calculs numériques sont effectués avec le
programme ORCA [41] a I’aide d’un calcul CASSCF, la corrélation dynamique est prise en
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FIGURE 2.6 — Diagramme des orbitales du pre-
mier état excité et opérateur d’interaction spin-
FIGURE 2.5 — Diagramme des orbitales de ’état  orbite permettant un couplage avec ’état fonda-
fondamental et nombre quantique orbital associé mental

considération grace & NEVPT2, les corrections relativistes grace a ZORA, et aux calculs
des couplages spin-orbite et spin-spin.

De plus, ces calculs donnent acceés, essentiellement par ’évaluation du couplage spin-
orbite entre les différentes composantes Mg de I’état fondamental et des premiers états
excités, a l'origine de ’anisotropie magnétique. Par une méthode de rationalisation, les
différentes contributions des états excités aux valeurs de D et E peuvent alors étre ana-
lysées et interprétées en dérivant analytiquement les interactions spin-orbites entre 1’état
fondamental et les premiers états excités. La structure électronique de ces états s’explique
grace a la géométrie du complexe et une corrélation magnéto-structurale peut étre établie.
En effet, le choix du ligand permet d’obtenir une géométrie proche du Dy, donne lieu a
la structure électronique présentée sur la figure 2.3 pour un complexe de Ni’/. Dans notre
cas, la structure obtenue est donnée par la figure 2.4. Dés lors, pour le complexe de nickel,
a partir d'un calcul de la fonction d’onde sur I'état fondamental (cf. figure 2.5) et les trois
premiers excités (cf. figures 2.6 et 2.7, seuls les états de spin maximal sont représentés), il
apparait que seul les deux derniers sont proches de la dégénérescence, nous les traiterons
donc simultanément.

Ensuite, un calcul d’interaction spin-orbite analogue au cas octaédrique peut étre
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FIGURE 2.7 — Diagramme des orbitales des deuxiémes et troisiémes états excités et opérateurs d’inter-
action spin-orbite permettant un couplage avec I’état fondamental
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FIGURE 2.8 — Diagramme d’interaction entre =~ FIGURE 2.9 — Diagramme d’interaction entre
I’état fondamental et le premier état triplet excité I’état fondamental et le deuxiéme ou troisiéme état
triplet excité

effectué afin de calculer le couplage entre chaque état excité et le fondamental. Il fait
intervenir différents opérateurs orbitaux et de spin indiqués sur les figures précédentes. En
notant que, pour le premier état excité, 'interaction fait passer un électron d’un orbitale
de moment magnétique associé & une combinaison linéaire des valeurs +2 a 'orbitale
présentant ’autre combinaison de +2, ce moment magnétique reste inchangé au cours
de l'interaction et l'opérateur quantique est donc proportionnel & [,.5,. Dés lors, cette
composante z de 'opérateur n’affecte pas le spin et donne un résultat proportionnel au
carré de sa valeur (¢f. équation 2.1), ce qui a pour conséquence de ne pas modifier I’énergie
de la composante Mg = 0 de I’état fondamental alors que les composantes Mg = +1 de
’état fondamental seront stabilisées (cf. figure 2.8) et donneront une contribution négative
au parameétre D avec une amplitude importante du fait de la faible différence d’énergie
entre le triplet fondamental et le premier triplet excités.

Au contraire, pour les deux triplets suivant, les interactions spin-orbite requises sont se-
lon les composantes x et y, elles couplent des valeurs différentes du moment orbital et donc
des moments de spin. De plus, comme 'amplitude des différentes interactions spin-orbite
sont comparables et comme les interactions de la composante Mg = 0 du fondamental
avec les composantes Mg = £1 de chaque état excité sont deux fois plus nombreuses que
celles faisant intervenir chacune des composantes Mg = 41 du fondamental avec une com-
posante Mg = 0 d’un état excité, il s’en suit une plus forte stabilisation de la composante
de moment de spin nul que des deux autres (cf. figure 2.9). On a alors dans ce cas, une
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contribution positive a D. Par cette procédure, on identifie I'origine des contributions aux
paramétres de ZFS qui rend ainsi possible de déduire une marche a suivre pour choisir
un ensemble de ligands permettant de développer les paramétres magnétiques souhaités.
Dans notre cas, les principales contributions pour le complexe de nickel et, de maniére
analogue, pour le complexe de cobalt sont résumées dans le tableau 2.3

Complexe Ni’Z D (¢cm™) E (¢cm™') | Complexe Co’! D (cm™) E (cm™1)
1" triplet -66,2 0 1¢" quartet 11,5 11,6
2¢me triplet 22.5 12,1 2¢me quartet 13,1 -13,1
3¢me triplet 23,2 -13.4 1¢" doublet 12,6 0

Calcul complet -16,8 1,15 Calcul complet 354 2,20
Expérience -13,9 1,5 Expérience 31,0 0

TABLE 2.3 — Principales contributions des états excités aux paramétres D et F.
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Abstract: The nature and magnitude of
the magnetic anisotropy of heptacoor-
dinate mononuclear Ni"' and Co" com-
plexes were investigated by a combina-
tion of experiment and ab initio calcu-

indicates stabilization of the highest Mg
value of the S=1 ground spin state,
while a large and positive D value, and
hence an easy plane of magnetization,
found for Co' indicates stabilization of
the Mg= +1/2 sublevels of the S=3/2

T and Talal Mallah*™"!

complexes. The negative D value for
the Ni! complex is due largely to a first
excited triplet state that is close in
energy to the ground state. This rela-
tively small energy gap between the
ground and the first excited state is the

lations. The zero-field splitting (ZFS)
parameters D of [Ni(H,DAPBH)-
(H,0),](NO5)2H, O (1) and [Co-
(H,DAPBH)(H,0)(NO5)](NO,) [2;
H,DAPBH =2,6-diacetylpyridine  bis-
(benzoyl hydrazone)] were determined
by means of magnetization measure-
ments and high-field high-frequency
EPR spectroscopy. The negative D
value, and hence an easy axis of mag-
netization, found for the Ni" complex

Introduction

One of the challenges in the field of molecular magnetism is
the fundamental understanding of the origin of the magnetic
anisotropy in mononuclear complexes that can be used as
building blocks to prepare single-molecule magnets!!! and
single-chain magnets.”* One fruitful approach may be to
combine synthetic chemistry and ab initio theoretical calcu-

spin state. Ab initio calculations were
performed to rationalize the magnitude
and the sign of D, by elucidating the
chemical parameters that govern the
magnitude of the anisotropy in these

Keywords: ab initio calculations -
cobalt - heptacoordinate complexes -
magnetic anisotropy - nickel

result of a small energy difference be-
tween the d,, and d.._,. orbitals owing
to the pseudo-pentagonal-bipyramidal
symmetry of the complex. For Co", all
of the excited states contribute to a
positive D value, which accounts for
the large magnitude of the anisotropy
for this complex.

lations. Such a strategy is valuable to chemists who appreci-
ate simple rules that may direct their synthesis. Herein, we
investigate the origin of the magnetic anisotropy of hepta-
coordinate Ni" and Co" complexes with pentagonal-bipyra-
midal geometry based on the pentadentate ligand 2,6-diace-
tylpyridine bis(benzoyl hydrazone), H,DAPBH. The planar-
ity of the pentadentate ligand ensures an axial structure and
is expected to lead to large magnetic anisotropy.
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We have already combined experimental data and a semi-
empirical theoretical approach to get insight into the mag-
netic anisotropy of hexacoordinate and pentacoordinate Ni"
complexes.””! Theoretical studies have been already carried
out on Ni"" and Co" complexes® ! but, to the best of our
knowledge, no reports on heptacoordinate Ni" and Co"
complexes exist. This work aims to combine synthetic chem-
istry, physical studies, and ab initio calculations to unravel
the effect of the different electronic parameters that govern
the magnetic anisotropy in heptacoordinate complexes. Such
insight aims to establish a correlation between magnetic ani-
sotropy and parameters accessible to chemical manipulation.
The approach focused here on Ni"" and Co™ heptacoordinate
complexes is, of course, general and can eventually be ap-
plied to other metal ions with the same geometry and to
other geometries, provided the symmetry remains very close
to axial.

For mononuclear complexes having an orbitally nonde-
generate electronic ground state and close-to-axial symme-
try, the main contribution to magnetic anisotropy stems
from the interaction between the ground and the excited
electronic states coupled through the spin—orbit operator.
These interactions lift the degeneracy of the 2S+1 Mg com-
ponents of the ground state, resulting in the so-called zero-
field splitting (ZFS). The magnitude of the magnetic aniso-
tropy (extent of ZFS) is therefore governed by the magni-
tude of the spin-orbit coupling (SOC) and by the energy
difference between the ground and the excited electronic
states. The smaller the energy difference between the
ground and the excited states, the larger the interaction and
thus the larger the magnetic anisotropy.

In this work, we investigated the magnetic anisotropy of
complexes [Ni(H,DAPBH)(H,0),](NO;),2H,O0 (1) and
[Co(H,DAPBH)(H,0)(NO;)]NO; (2) using magnetization
measurements and EPR spectroscopy to estimate the ZFS
parameters. Ab initio calculations were then carried out to
rationalize the origin of the experimentally observed aniso-
tropy and develop simple rules to tune the ZFS by small
modifications of the complexes.

Results and Discussion

Synthesis and characterization: Complexes 1 and 2 were
synthesized according to literature procedures!'>'®! and char-
acterized by mass spectrometry, elemental analysis, infrared
spectroscopy, and a unit cell was collected to ensure that the
structures were identical to those previously reported (see
Supporting Information and Figure 1). Compound 1 con-
tains a network of hydrogen bonds involving coordinated
water and crystallization water molecules, the nitrate anions,

Chem. Eur. J. 2013, 19, 950—956
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Figure 1. View of the molecular structures of 1 (top) and 2 (bottom).

and the oxygen atoms of the pentadentate ligand (Support-
ing Information Figure S1). Thermogravimetric analysis
(TGA) of a freshly prepared microcrystalline powder of 1
showed steady water loss between 40 and 100°C (Support-
ing Information Figure S2).

Magnetic studies: Magnetization studies were carried out
with a SQUID magnetometer (see Supporting Information).
The temperature dependence of the magnetic susceptibility
was measured at a fixed dc field of 0.1 T, and magnetization
versus field was measured at 2, 4, and 6 K. Plotting M =f(H/
T) for 1 and 2 led to nonsuperimposable curves, which is a
signature of the presence of a magnetic anisotropy
(Figure 2). The data were fitted by using a home made soft-
ware that diagonalizes the spin Hamiltonian with a g, value
obtained from the yyT=f(T) curves (Supporting Informa-
tion Figure S3) at high temperature to minimize the number
of fitting parameters. The experimental data were fitted si-
multaneously for all temperatures by exact diagonalization
of the energy matrices corresponding to the spin Hamiltoni-
an H=pupgB-S+ D[S:—S(S+1)/3]+ E[S;—S}], where D and
E are the axial and rhombic anisotropy parameters, respec-
tively) averaged over 120 orientations of the magnetic field.
The best fits gave D=—-13.9cm™!, E/D=0.11, g;,,=2.26 for
1land D=31.0cm™, E/D=0, g, =2.22 for 2.
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Figure 2. Reduced magnetization M versus H/T for 1 (top) and 2
(bottom) collected at 2, 4, and 6 K. Data were fitted by using homemade
software described in text (solid lines); see text for parameters.

HF-HFEPR studies: We performed high-field high-frequen-
cy EPR (HF-HFEPR) studies on the two complexes. The
HF-EPR powder spectra of pellet samples of complex 1
were measured at several frequencies ranging from 190 to
575 GHz. Notwithstanding the use of many different fre-
quencies, a precise description of the magnetic anisotropy of
the complex could not be obtained due to the observation
of a large number of signals with respect to what is expected
for a simple S=1 system. Hence, different samples were
measured at an interval of several months. Even though the
general shape of the spectra is the same, they exhibit differ-
ences in intensities, especially at 190 GHz for high field lines
(Figure 3).

These two facts point towards the presence of several
molecules with slightly different structural parameters
within the powder, not detected by X-ray diffraction. Thus
only estimates of the magnetic anisotropy parameters can
be given. A first estimate comes from the spectra recorded
at 380 GHz (Supporting Information Figure S4): the signal
at a field very close to zero observed at this frequency indi-

r~rrrTr T TT T T
0 2 4 6 8 10 12 14 16
B(M
Figure 3. HF-HFEPR spectrum of 1 at 190 GHz and 5 K (bottom spec-
trum). The measurement was repeated several months later showing the
change upon aging (top spectrum).
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cates that an energy gap of about 12.6 cm ™' is present, which
roughly corresponds to |D+E| or |D—E| for some of the
molecules. The “zero-field” signal is, however, extremely
large, so that slightly smaller | D | values should also be pres-
ent in the sample. In the spectra recorded at 190 and
285 GHz (Figure 3 and Supporting Information Figure S5),
we can also recognize AMg=1 transitions originating from
the ground Mg level and corresponding to x and y orienta-
tions of the molecules. At 190 GHz, there are four such
lines (or rather groups of lines): one close to 5.5 T, another
one close to 10.6 T, another one close to 13.5 T, and the last
one close to 14.4 T. In the hypothesis that the lines at 5.5
and 13.5T correspond to the x and y transitions from the
same molecules, we obtain that | E|~1.6 cm™, whereas the
other two lines lead to | E|~3.3 cm™". These values are in
agreement with the large | D | value obtained from magneti-
zation measurements (—13.9 cm™") but do not allow us to es-
tablish a high-precision set of parameters.

For Co" (complex 2), which has a half-integer spin, the D
value is unfortunately too large for EPR to improve the
magnetic anisotropy description as only effective spin 1/2
spectra are obtained up to the highest frequencies. Powder
spectra were recorded in the frequency range from 190 to
460 GHz. All of them can be nicely reproduced by consider-
ing an S=1/2 spin with a rhombic effective g matrix, with
Lot =4.984, g.n=4.033, and g.;3=1.996 (Supporting Infor-
mation Figure S6 and Figure 4). As the spectra at 460 GHz

calculated

Na

experimental

Tt TTT T
8 10 12 14 16
B(T)

Figure 4. HF-HFEPR spectra of 2 at 345 GHz and 5 K; see text for pa-
rameters.

still only contain signals that originate from an S=1/2 spin,
we can only deduce a lower bound for the axial anisotropy:
|D|>20cm™". Seemingly good fits can be obtained' by
considering very different D values (] D|>20cm™) for the
S=3/2 spin and then adding rhombicity either on the g pa-
rameters or on the ZFS ones: if E is set to 0, then three g
values are needed (g, =2.47, g,=2.03, and g;=1.99); on the
contrary, if there is no rhombicity in the g values (g,=g,),
then good fits are obtained for | E/D|=1/15 with g;=g,=
2.26 and g;=2.01.

Theoretical calculations: To understand the difference in the
sign and magnitude of D for 1 and 2, we theoretically stud-
ied the two compounds using wave function based calcula-
tions and a procedure of extraction that has been successful-
ly applied to other mononuclear and binuclear com-

Chem. Eur. J. 2013, 19, 950—956
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plexes.>1 We first performed complete active space self-
consistent field calculations (CASSCF), which account for
nondynamic electron correlation and then used the n-elec-
tron valence second-order perturbation theory (NEVPT2)
method to describe the dynamic correlation.’”! The
CASSCF wave function contains all electronic configura-
tions that can be constructed by distributing n electrons
over the five 3d orbitals of Ni"" or Co" (2=8 and 7 for 1
and 2, respectively). Both spin—orbit and spin—spin couplings
are calculated in the complete d" manifold.”"?? Two proce-
dures of extraction of the D and E parameters were used
which are associated with two different kinds of ab initio
calculations.” Similar calculations have been performed on
Mn"! complexes.?! Calculations were performed with the
ORCA code,™! and the values were extracted using the ef-
fective Hamiltonian theory. Further computational details
are given in the Supporting Information. The results for 1
and 2 are reported in Table 1.

Table 1. NEVPT?2 values of D and E for 1 and 2 extracted with the effec-
tive Hamiltonian theory.

FULL PAPER
4+t
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o

Figure 5. Orbital energy diagrams for 1 (left) and 2 (right).

the main contribution to the magnetic anisotropy. Concern-
ing 1, the interaction with the first three excited triplet
states causes almost all of the magnetic anisotropy of the
complex. To rationalize the nature and sign of the magnetic
anisotropy, an estimate of the contribution of these excited
states to D and E can be obtained by using perturbation
theory. The perturbative calculated values are reported in
Table 2.

Complex D [em™] E [cm™] Table 2. Main perturbative contributions of the triplet excited states to

1 _16.83 1.15 D and E for 1.

2 3542 220 D [em™] E[em™]
1st triplet —66.2 0
2nd triplet 22.5 12.12
3rd triplet 232 —13.4

The results of the calculations are in relatively good
agreement in both magnitude and sign with the experimen-
tal data for 1 and 2. In the following, we analyze these data
by considering the individual contributions of the excited
states to the overall D values. We aim to gain insight into
the chemical parameters that govern the magnitude and the
sign of the magnetic anisotropy. This is reasonably easy in
the present case since due to the structural axial anisotropy
of the complexes; the axis frame that diagonalizes the calcu-
lated D tensors for 1 and 2 has the z axis along the bonds of
the metal ion and the apical oxygen atoms. In addition, de-
spite the almost pentagonal molecular plane that contains
the x and y axes, the 3d orbitals are close to the pure d,,
dy_y, dpz, d,,, and d,, linear combinations of spherical har-
monics obtained for an octahedral symmetry. For more
strongly distorted complexes the expressions of the d orbi-
tals become more complicated, which seriously hinders the
derivation of simple rules to rationalize the magnetic aniso-
tropy. Lifting of the degeneracy of the 3d orbitals for the
two complexes is shown qualitatively in Figure 5. Because of
the larger distortion in the pentagonal plane for Ni" than
for Co", the energy difference between the d,, and the d,. .
orbitals is larger for the former.

Inspection of the contributions of all excited states shows
that only a few play a role in the magnitude and sign of the
D parameters. Since the spin—spin coupling makes a smaller
contribution to the anisotropy than the spin—orbit coupling,
we rationalize the values and signs of D using only the spin—
orbit operator 1.8, This operator couples the ground state
My components with those of the excited states and makes

Chem. Eur. J. 2013, 19, 950—956
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The wave function of the Mg=1 component of the triplet
ground state is dominated by the |d,,d..| determinant while
the first triplet excited states is dominated by ‘dxz,yz d.|, cor-
responding to promotion of an electron from the d. . to
the d,, orbital (see Figure 5). Since these two orbitals are
both expressed as linear combinations of the d,, and d,_
complex spherical harmonics, electron promotion does not
imply changes in the m, values. Hence, only the z compo-
nent of the spin-orbit operator ZZZ,- -8, can couple the
ground and the first excited triplet’state. Because the cou-
pling is restricted to the s, component of the spin angular
momentum, the spin-orbit operator only couples the M
components of the ground and the excited state with the
same value. The coupling between the M¢=0 components is
zero by spin symmetry, while calculations show that the cou-
plings between the Mg= +1 components are nonzero. This
leads to stabilization of the Mg=+1 components of the
ground triplet state, while the M¢=0 state remains unaffect-
ed. Therefore, the interaction between the ground state and
the first excited triplet results in a negative contribution to
D, as schematized in Figure 6 (top).

The second and third excited triplet state wave functions
are linear combinations of determinants |dxzdxy d,d,,|,
|d,.d|, and ]dyzd,z , corresponding to promotion of an elec-
tron from d,, or d,, to d,, and d,.. These two excited triplet
states couple to the ground state by the x and y components
of spin—orbit operator Y11 -§; +1 -5/ and not by the z
component, at variance With the first excited state. As a con-

s
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Figure 6. Interaction scheme between the ground and first triplet excited
states through the z components of spin-orbit operator that couples Mg
levels of the same values and stabilizes the Ms= +1 components (top),
and interaction between the ground and the second excited triplet states
through the x and y components of the spin—orbit operator that couples
states with different M values and stabilizes the Ms=0 component
(bottom).

sequence, the Mg components differing by £1 couple to-
gether, that is, Mg=0 with M¢= 41 and vice versa. The
Ms=0 component of the triplet ground state therefore ben-
efits from two interactions (with the Mg=1 and with the
Mg=—-1 components) of the excited states, while the two
M= +1 components of the ground state only benefit from
the interaction with one component (Ms=0) of the excited
states. As a consequence, the Mg=0 component of the
ground triplet state is more stabilized than the Mg=+1
components and the contribution of these two excited states
to D is positive (Figure 6, bottom). However, the relative
energy of the second and third excited triplets is higher than
that of the first excited state, and hence this positive contri-
bution is weaker and does not compensate the large nega-
tive contribution of the first excited triplet state. The result-
ing D value remains negative and is relatively large. Among
the excited singlet states, six have a small but non-negligible
contribution to D. Nevertheless, they all are of opposite
value and almost completely compensate one another. The
magnetic axes frame, which diagonalizes the computed D
tensor, has its easy axis of magnetization close to the
Ni(H,0), bonds (Figure 7, top).

The very large positive D value of 2 results from three
positive contributions (Table 3). The largest contributions
arise from the interaction with two quartet and one doublet
excited states. The ground-state wave function is dominated
by the ]dxydxz,yzdzz determinant (see Figure 5), while the ex-
cited quartet states have a multideterminantal nature.

The determinants with the largest weights in these quar-
tets have |dxzdxydxz,yz‘ and }dyzdxydxz,yz’ character. Hence,
their contribution to the axial D parameter is essentially due
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Figure 7. View of the magnetic axes obtained from ab initio calculations.
For 1 (top), the magnetization is along z (negative D), and for 2
(bottom), the magnetization is in the xy plane (positive D).

Table 3. Main perturbative contributions of the excited states to the D
and E values for 2.

D [em™] E[cm™]
1st quartet 11.49 11.61
2nd quartet 13.07 —13.09
1st doublet 12.58 0

to the 321/ -5 + 1 -§' operators coupling the electron that
is prombted from the d,. or d,, orbitals to the d.. orbital.
The active spin—orbit operator in the present case couples
Mg components differing by a value of 1. Thus, since the
Mg=1/2 (respectively Mg=—1/2) component of the ground
quartet state interacts with both the M¢=3/2 and Mg=—1/2
components (respectively Mg=—3/2 and Ms=1/2) of the ex-
cited states, it benefits from two interactions, while the My=
3/2 and Ms=-3/2 ground state components only interact
with the Mg=1/2 or Mg=—1/2 components of the excited
states, respectively. As a consequence the Mg= +1/2 compo-
nents of the quartet ground state are more stabilized than
the Mg= +3/2 state, and thus these excited states give a pos-
itive contribution to D (note that a positive D value means
that the lowest absolute values of My are stabilized). The ex-
cited doublet state wave function is dominated by the
|dxyaxydzz| and ]dxz,yz_xz,yz dzz} determinants, in which an

Chem. Eur. J. 2013, 19, 950—956



Magnetic Anisotropy in Heptacoordinate Ni* and Co" Complexes

electron is promoted from the d,, to the d._, orbitals or
from the d._,. to the d,, orbital. The interactions therefore
come from the ZL, -§,; operator and only the M¢=+1/2
components of the ground state can be stabilized, while the
Mg= +3/2 state remains unaffected. This leads to an addi-
tional positive contribution to D. For Co", all the important
contributions lead to stabilization of the Mg= +1/2 compo-
nents over the Mg= +3/2 component, which is at the origin
of the large positive D value for the Co™ complex. Because
of the positive D value, the magnetization has an easy plane
perpendicular to the Co(H,O)(NO;) apical bonds (Figure 7,
bottom).

Conclusion

The larger anisotropy found for Co" in comparison to Ni" is
due to the fact that for the former all the excited states con-
tribute to D in the same way (all positive), while for the
latter the excited states have opposite contributions that
reduce the overall D value. The difference in the sign of D
stems mainly from the presence of a dominant negative con-
tribution to D for Ni', while the contributions of all the ex-
cited states are positive for Co™. It is interesting to see how
the theoretical results can be used to tune and control the
magnetic anisotropy in heptacoordinate Ni"" and Co" com-
plexes. Let us focus on Ni", which has negative and positive
contributions to D. To increase the overall negative D value,
one must 1) increase the effect of the coupling between the
ground state and the first excited triplet by decreasing their
energy difference and 2) decrease the effect of the coupling
between the ground state and the higher excited triplets by
increasing their energy difference. The first requirement can
be achieved by reducing the energy difference between the
d._,. and the d,, orbitals by using a more symmetrical pen-
tacoordinate ligand. The energy difference between the
ground and the second and third excited triplet states can be
increased by increasing the energy difference between the
three sets of orbitals (d,..d,,), (d,,d._,2), and d,., which will
reduce the positive contribution to D and thus leads to a
larger stabilization of the M= +1 components. This can be
achieved by substituting the axial ligands by a better o
donor to shift the d,» orbital upwards, and/or by a less effec-
tive w donor to shift the (d,..d,.;) orbitals downwards. The
same arguments hold for Co™ To increase the positive D
value, one must increase mainly the coupling with the first
excited state by reducing its energy difference with the
ground state. Replacing the apical ligands by weaker o
donors will reduce the energy difference between the (d,,
d,._,») and d,. orbitals and thus enhance the coupling and in-
crease the positive D value.

This analysis allows a very simple qualitative evaluation
tool to assess at least the sign of D for any electronic config-
uration of a 3d transition metal ion in a pentagonal-bipyra-
mid surrounding to be proposed. For the high-spin d® config-
uration, the (d,.,d,,) orbitals will have three electrons (see
Figure 5). These two orbitals are both expressed as linear
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combinations of the d,, and d,_ complex spherical harmon-
ics. Electron promotion from d,, to d,,, which corresponds
to the first excited triplet state, does not change the my
values. Only the z component of the spin—orbit operator

(Z 22,» -:vzi) is therefore to be considered, as in the case of

Ni", and a negative D value is expected. One of us has al-
ready reported a negative D value for a heptacoordinate
pentagonal-bipyramidal high-spin Fe" complex,®® which
confirms our prediction. The same kinds of arguments
should allow prediction of a negative D value for the d* con-
figuration (Cr™ and V™), while a positive one is expected
for the d* (V™) and d* (Mn™) configurations. Investigation
of the magnetic anisotropy of such compounds is underway.
However, when the states are strongly multiconfigurational
and/or the excited states are quasidegenerate, the resulting
sign of D is hard to predict from simple arguments.

Herein we have demonstrated that a combination of syn-
thetic and theoretical approaches leads to a good under-
standing of the origin of the magnetic anisotropy in hepta-
coordinate Ni" and Co™ complexes with a geometry close to
pentagonal-bipyramidal. More importantly, it fills the gap
between theory and experiment and opens the perspective
of establishing a magnetostructural correlation for magnetic
anisotropy that would allow chemists to tune and eventually
control this important parameter in mononuclear com-
plexes.

Experimental Section

Synthesis: Chemicals were purchased from Aldrich and used without fur-
ther purification. 2,6-diacetylpyridinebis(benzoic acid hydrazone)
(H,DAPBH), [Ni(H,DAPBH)(H,0),](NO;),-2H,0 @ and
[Co(H,DAPBH)(H,0)(NO;)](NO;) (2) were synthesized according to lit-
erature procedures.'” All solvents were from BDH and were used as re-
ceived. All manipulations were conducted under standard benchtop con-
ditions.

TGA of [Ni(H,DAPBH)(H,0),](NO;),2H,0: TGA was performed on a
fresh crystalline sample of 1, assumed to be
[Ni(H,DAPBH)(H,0),](NO;),2H,0. The experiment was performed
under a steady flow of air and the temperature increased at a rate of
5°Cmin~". The sample lost mass continuously, and at constant rate, from
40 to 110°C. At this point it had lost approximately 8% of its original
mass (54 gmol~!, or three molecules of water per mole). This species,
postulated to be {Ni(H,DAPBH)(H,0)(NO,),}, was stable up to 160°C,
at which point a dramatic loss of mass suggested thermolysis of the com-
plex. The final uncharacterized material was a dark noncrystalline
powder.

Magnetic measurements: Variable-temperature (300-2 K) magnetic data
were measured on microcrystalline powdered samples of 1 and 2 in an ei-
cosane matrix in 1.0 and 0.1 T fields with a Quantum Design MPMS5
SQUID magnetometer. The presence of eicosane precludes the loss of
water molecules of crystallization when the sample is put under vacuum
in the SQUID. The data were corrected for the diamagnetic contribution
of the sample holder and eicosane and the diamagnetism of the sample
estimated according to Pascal’s constants. Low temperature (2, 4, and
6 K) variable-field (0-5 T) measurements were carried out in the same
manner. The data were fitted by full diagonalization of the energy matri-
ces for 120 orientations of each value of the magnetic field by means of a
homemade program based on the following spin Hamiltonian: H=
ﬂBS-g-B+D[S§—S(S+1)/3]+E[S§—S§].
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HF-HFEPR: EPR experiments were performed at the High Magnetic
Field Laboratory, Grenoble, France. Ground crystals (approximately
50 mg) were pressed to form a pellet to reduce torquing under high mag-
netic fields. The simulation program is available from Dr. H. Weihe; for
more information see http://sophus.kiku.dk/software/epr/epr.htm].¥

Computations: Experimental geometries were used for the present theo-
retical study. Calculations were performed using the two-step approach
implemented in the ORCA code, in which the SOC and SSC relativistic
effects are included a posteriori. First, several solutions of the nonrelativ-
istic Born Oppenheimer Hamiltonian are calculated by complete active
space self-consistent field (CASSCF) and post-CASSCF methods. Then,
the state interaction matrix of the SOC and SSC between these different
solutions is calculated and diagonalized. The Breit—Pauli SSC Hamiltoni-
an and a mean-field SOC Hamiltonian are used. Dynamic correlation is
introduced by using the n-electron valence second-order perturbation
theory (NEVPT2) correlated energies in the diagonal elements of the
SOC/SSC matrix while keeping the CASSCF wave functions. Def2-tzvpp
basis set was used for the Ni and Co, Def2-tzvpp(-f) basis set for the O
and N of the first coordination sphere, Def2-svp basis sets for C, and
Def2-sv for H.

The D tensor was extracted by using the effective Hamiltonian theory,
which enables one to calculate numerically all the matrix elements of the
anisotropic spin Hamiltonian from the ab initio energies and wave func-
tions.

For the rationalization of the magnitude and sign of the ZFS parameters
the D tensor components were calculated using the perturbative method
implemented in the ORCA code. These values are slightly overestimated
in comparison to those obtained by using the effective Hamiltonian
theory.
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CHAPITRE 2. STRATEGIES POUR ACCROITRE L’ANISOTROPIE

Sructural description

[Ni(H2DABPH)(H.0),](NO3).:2H.0O (1) crystallizes in the orthorhombjabca space group and the
structure has been fully described previod€lythe neutral DABPH ligand pentacoordinates the
Ni(ll) ion around the equatorial plane, via theigyt nitrogen, both hydrazone nitrogen and both
carbonyl oygen atoms. The Ni-N(pyridyl) bond is gtertest in the plane (2.019 A), followed by
the Ni-N(hydrazone) bonds (2.091 and 2.177 A), i longest bonds between the Ni(ll) and the
O(carbonyl) atoms, one of which is significantlyn¢ger than the other (2.282 and 2.477 A). A
further distortion fromCs symmetry is observed in the equatorial plane, veitigles between
adjacent intra-ligand chelating atoms ranging froén93 — 75.92°. These features are consistent
with the Jahn-Teller distortion expected for a pgonal bi-pyramidal Ni(ll) complex. Water
molecules are coordinated at the axial positiorisQN, bond lengths are 2.013 and 2.019 A and
the O—Ni-O angle is 171.76°). Charge balance isigeaby the two nitrate counter ions. There is
an extensive inter-molecular hydrogen-bonding netwaith Ni(ll) ions connected via numerous
potential pathways incorporating the axial andidattwater molecules, nitrate molecules and

carbonyl oxygen atoms.

Figure S1. Extended structure af showing the H-bonds network involving coordinataad

crystallization water molecules, nitrate and thggen atoms of the pentadentate ligand.

[Co(H2DABPH)(H20)(NGs)](NO3) (2) crystallizes in the monoclinid®21/c space group and
consists of a similar pentagonal bi-pyramidal mgatenic Co(ll) complex. The neutral DABPH
ligand coordinates the Co(ll) ion around the equatglane via the same atoms. In this case the
bond lengths are more uniform (Co-N(pyridyl) is@51A, Co-N(hydrazone) are 2.190 and 2.203 A,
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and Co-O(carbonyl) are 2.150 and 2.229 A), owinthvabsence of Jahn-Teller effects. Similarly
the range of angles between adjacent intra-ligdradating atoms is smaller (69.54 — 72.02°). The
O(carbonyl)-Co-O(carbonyl) angle is larger (78.688} this is merely a consequence of the non-
macro-cyclic nature of the ligand. The coordinatipere is completed by one water molecule and
one nitrate ligand at the axial positions (Ni-O&hd Ni-@N bond lengths are 2.135 and 2.142 A
respectively, and the O—Ni-O angle is 173.59°).rGadalance provided by the remaining nitrate

counter ion.
Sample: LB Ni(DABPH)(H20)2 File: C:\\TA\Data\Chercheurs\Luke\LB1.001
Size: 10.1420 mg DSC-TGA Operator: Luke
Method: SDT standard Run Date: 03-Apr-2012 10:31
Instrument: SDT Q600 V8.3 Build 101
120 80
108.27°C
91.46%
100 6 60
41.00°C
99.87%
IS
= 80 3 4140 =
2 i o
9] = £
T
60 220
175.95°C
53.42%
40 r—T/— 71 T 1 T T 1 T T 1 _ r T T 1 _+t T T 1 _ T T T T T T 0
0 50 100 150 200 250 300 350 400
Exo Up Temperature (OC) Universal V4.3A TA Instruments

Figure S2. TGA studies fdr.
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Figure S4. 380 GHz HF-HFEPR spectrumlait 5 K, showing the transition at zero field.

60



2.1. LES COMPLEXES A COORDINATIONS EXOTIQUES

-0,00004 ]
-0,00006 -
-0,00008 - :
-0,00010 M —
-0,00012 - s K
-0,00014
-0,00016
-0,00018
-0,00020 -]
-0,00022
-0,00024 — 71 T T ' T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16

B (T)

Figure S5. 285 GHz HF-HFEPR spectralatt 5 and 10 K.

EPR results: —— 190 GHz
g,=4.984 —— 285 GHz

9,=4.036 —— 345 GHz
s —— 380 GHz
9 —— 460 GHz

0 2 4 6 8 10 12 14 16
B(T)
——190 GHz
—— 285 GHz (/2)
S [Co(DABPH)(H,0)(NO,)J(NO,) 345 GHz
T=5.5K —— 380 GHz (*2)

—— 460 GHz (4

EPR results:
g,=4.984

9,=4.033
g.=1.998

T T T T T 1
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Figure S6. HF-HFEPR spectra it different frequencies and T = 5.5 K, top cated (top) and

experimental (bottom).
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Only the largest contributions appear in the foilogvtables.

Table S1: Main contributions in ¢hof the excited states to the D and E valued for

D E
1% triplet -66.2 0
2" triplet 22.5 12.12
3% triplet 23.2 -13.4

Table S2: Main contributions in ¢hof the excited states to the D and E valuegfor

D E
1 quartet 11.49 11.61
2" quartet 13.07 -13.09
1% doublet 12.58 0

[1] T. J. Giordano, G. J. Palenik, R. C. Palenik ADSullivan,Inorg. Chem. 1979, 18, 2445.

[2] C. Pelizzi, G. Pelizzi, S. Porretta, F. Vitacta Cryst. Sec. C 1986, 42, 1131
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The magnetic anisotropy of two pentacoordinate trigonal bipyramid Co(II) complexes
[Co(Megtren)CI]ClO4 1 and [Co(Megtren)Br]Br 2 was investigated and analysed by magnetic studies,
high field multifrequency Electron Paramagnetic Resonance (EPR) and ab initio calculations. Negative D
parameters expressing an Ising type anisotropy (easy axis of magnetization) were found experimentally
for both complexes. The calculation lead to a values very close to the experimental ones, which allows a
robust analysis of the origin of the anisotropy in these complexes. of the The wave functions of the
ground and the first four excited states reveals that they are strongly muldeterminantal i.e. linear
combinations of several determinants. It is shown that the most important contribution of the spin orbit
coupling between the ground and lowest excited states stabilizes the largest Mg = £3/2 components of the
S=3/2 ground state and therefore brings a large negative contribution to D. The analysis of the difference
between the magnitudes of the anisotropy of the two complexes leads to the conclusion that the large
Ising-type anisotropy is obtained by using weak o-donating ligands in the equatorial plane and strong -
donating ones for the axial positions, thus, giving to chemists a simple tool to predict the magnetic
anisotropy in this type of complexes. The investigation of the magnetic behaviour of a single crystal of 1

S

by micro-squid shows, as expected, the presence of an easy axis of magnetization. Quantum tunnelling of
the magnetization is observed as the result of weak intermolecular three-dimensional antiferromagnetic
exchange interaction but does not disrupt the quantum nature of the individual spins. The hysteresis loops
present temperature and sweep rate dependence typical of a single molecule magnet for 1.

complexes based on transition metal ions where the slow
Introduction relaxation of the magnetization occurs in the absence of a static
magnetic field. This is a requirement if such molecules are to be
used as single quantum bits for the design of assemblies for
quantum information.”> While preparing this manuscript, a report
on tailoring the magnetic anisotropy of first row transition metal
ions appeared and predicted a large axial anisotropy with an easy
plane of magnetization (positive D  parameter) for
pentacoordinate trigonal bipyramid Co(II) complexes,”* while we
find a weak anisotropy with an easy axis of magnetization
(negative D parameter) for the complexes reported here.

The prediction of the magnetic anisotropy nature of transition
metal ions can be complex as i) several excited states may
contribute to magnetic anisotropy and ii) the wave-functions of
the ground and excited states may be formed by linear
combinations of several determinants (multideterminantal). In the
most interesting cases, for symmetry reasons an excited state that
brings a negative contribution to D may be very close in energy
to the ground state and thus dominates leading to an overall
negative D value. In order to illustrate these ideas, we focus on
pentacoordinate trigonal bipyramidal Co(II) complexes (Cs,
symmetry). We study the magnetism, the Electron Paramagnetic
Resonance Spectra (EPR) and perform theoretical calculations to

The design of molecules presenting a blocking of the
magnetization, called Single Molecule Magnets (SMMs), has

5

S

been the subject of intense research effort since their discovery
more than twenty years ago.'” This is motivated, among other
things, by their potential use as quantum bits.'®'" Historically, the

=3

first SMMs based on transition metal ions were polynuclear

complexes, but recently much effort has been invested in order to .

by

design mononuclear SMMs. However, very few mononuclear
complexes based on transition metal ions showed a blocking of
the magnetization,'*'®

to do so in the absence of a static applied magnetic field."” The

b

and only one Co(II) complex was reported

added value of mononuclear complexes is their chemical stability .

3

in different environments such as in solution or on surfaces
allowing the manipulation and the study of the magnetic
behaviour of individual molecules.'®*

A fundamental understanding of the origin of the magnetic
anisotropy using quantum chemistry and the translation of the
physics governing the anisotropy into a language useful to

chemists may highly contribute to the development of new

6:

By
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determine the anisotropy parameters of two complexes:
[Co(Megtren)CI]CIO, 1 [Co(Megtren)Br]Br 2. It worth noting
here that the accurate determination of the spin Hamiltonian
parameters using EPR and the good agreement between
s calculated and experimental data is crucial for a robust
rationalization and prediction of the magnetic anisotropy.

Results and discussion
Syntheses and structures

The syntheses were performed as previously reported, however a
10 structure had been obtained only for [Co(Megtren)Br]Br 2.5
Single crystals suitable to structural determination with Cl as an
axial ligand instead of Br were obtained upon the addition of
NaClOy, thus affording crystalline [Co(Megtren)Cl](C1Oy,) 1, the
first reported structure of a Megtren ligated penta-coordinate
15 metal with a chloride ion in the axial position. The selection of a
counter ion with potential C; symmetry (C10,) also allowed us to
maintain the overall C; symmetry of the Co(Il) complex. 1
crystallizes in the trigonal space group R3c. The structure of the
cation consists of a Co(Il) ion penta-coordinated by four amino
20 nitrogens from the neutral Megtren ligand and one chloride ion.
The ligands are distributed at the apices of a trigonal bipyramid
with crystallographic C; symmetry, the three equatorial sites
occupied by the terminal amines and the axial sites occupied by
the central amine and the chloride ion (Figure 1). Charge balance
25 is provided by a C; symmetrical perchlorate anion. The Co(II) ion
lies 0.33 A below the equatorial plane of the three nitrogen atoms
with an equatorial N2-Co(Il)-Cl angle of 98.75°. The Co-N1
bond length (2.176 A) is slightly longer than the equatorial ones
(2.152 A). The Co-Cl distance is equal to 2.282 A. The N2CoN2
s and the NICoN2 angles are equal to 117.7° and 82.5°
respectively (Table S1 and S2, see ESI). Within the crystal each
molecule is surrounded by other 12 molecules (Figure S1): 6
neighbours placed at the vertices of an octahedron and belonging
to two adjacent (ab) planes along the c axis with Co—Co distances
35 of 7.95 A and 6 next neighbours forming a regular hexagon and
belonging to the same plane (ab) with Co—Co distances equal to
9.89 A. The intermolecular shortest contacts (2.747 A) are along
the c axis between the Cl and the H atoms of the Megtren ligand
belonging to neighbour molecules.
4 For the structure of 2, we carried out new measurements at 7' =
100 K and found the same cubic structure previously published.”
The molecular local symmetry for 2 is C;, as for 1. (see ESI).g

Cll

Figure 1. View of the molecular structure of the [Co(Mestren)CI]" cation.

4s Magnetic and EPR studies
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The thermal variation of the molar magnetic susceptibility, (y)
and (y7) and the magnetization vs. the applied magnetic field for
1 and 2 are plotted in Figure 2 and Figure S2. T has the same
behaviour for the two compounds. It is constant between room
temperature and around 40 K with values close to 2.35 emu K
mol™, which is expected for a S = 3/2 spin moment with a g-value
equal to 2.24. Below 40 K, xT collapses to 1.17 and 1.51 for 1
and 2 respectively indicating the presence of magnetic anisotropy
(zero-field splitting of the Mg = +1/2 and £3/2 sub-levels) that is
larger for 1 than for 2. The M = f(H) curves confirm the presence
of a magnetic anisotropy that has a larger magnitude for 1 than
for 2 since the magnetization values at uyH = 5.5 Tesla is weaker
for the former than the latter compound. In order to quantify the
magnitude of the magnetic anisotropy, we fit the magnetic data
using the spin Hamiltonian H= gS*B + D[S,> — S(S+1)3] for S
= 3/2 and extract the g-values and the zero-field splitting
parameters D that express the axial magnetic anisotropy. We
assume that the rhombic parameter £ is zero because of the
presence of a C; principal symmetry axis for the complexes. The
simultaneous fit of the susceptibility and the magnetization data
leads to the following parameters for 1 and 2 respectively: g¢; =
224, Dey=— 62 cm™ and gz, 2.22 = Dg, = — 2.5 cm™. It is not
possible to obtain a better fit if the D parameters were constrained
to be positive, which suggests that the magnetic anisotropy is of
the Ising type i.e. the Mg = £3/2 sub-levels lie lower in energy
than the +1/2 ones and there is an easy axis of magnetization.

2 3 4 6
HOH (T)

2 3 4
HOH (T)

Figure 2. Experimental ((J) and calculated (—) M vs. poH collected at 2,
4 and 6 K for 1 (left) and 2 (right). See text for the fit parameters.

In order to confirm the magnetization results and particularly the
sign of D, we performed Electron Paramagnetic Resonance
(EPR) studies up to an applied magnetic field of 16 Tesla and at
different frequencies. For 1, we found that at 475 GHz a
transition near zero field is present, which indicates an energy
difference between the Mg = +3/2 and +1/2 sublevels around 15.8
(Figure S3, see ESI). Since this energy difference
corresponds to 2D for a spin S = 3/2, we can conclude that |D] is
very close to 8 cm’™. Three other spectra were then recorded at T
=15 K and at hv = 220.8, 331.2 and 662.4 GHz (Figure 3). A
good fit was obtained for the three spectra with the same set
parameters g, = g, = 2.16, g. = 2.2 and D = - 8.12 em’', which
gives to a more accurate value for D and confirms its negative
sign.

The EPR studies for 2 confirm the sign and the value extracted
from the magnetization data. The fit of the spectra at the different
frequencies gives gy =gy =2.1,g,=2.02and D=-24 em™ (see
ESI, Figure S4).
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cm

2 | Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]

64



220.8 GHz

331.2 GHz

/ ~ ' N 662.4 GHz

T T T T T T T

0 2 4 6 8 10 12 14 16
B (T)
220.8 GHz
331.2 GHz
—\
662.4 GHz
T T T T T T T
0 2 4 6 8 0 12 14 16
B (T)

Figure 3. EPR spectra of 1 at T = 15 K at three different frequencies
experimental (top) and calculated (bottom), see text for parameters.

s Theoretical calculations

Experimental geometries were used for the theoretical study. The
ab initio calculations have been performed using the two-step
approach implemented in the ORCA code in which the spin-orbit
coupling (SOC) and spin-spin coupling (SSC) relativistic effects
are included a posteriori.***%;

Since the SOC contribution to the ZFS parameters is more
important than the SSC one, the rationalization of the magnitude
and the sign of D only uses the spin-orbit operator (see equation
1) that couples the ground state Mg components with those of the
excited states.

fiy, = DEis = Eii(iz, 3, +%(iﬂ 5 o+ls, )) 1

S

7y

The values of D are reported in Table 1, £ was systematically
found to be lower than 102 cm™. Comparing the values obtained
at several levels of correlations, one may first notice that the
inclusion of dynamic correlation, using the energies of the
NEVPT2 method, reduces substantially the D values. At this
level, the calculated values are in excellent agreement with the
experimental data. This allows us to perform a rationalization of
the origin of negative D value in these trigonal complexes.

)
S

Table 1. Values of D in cm™ experimentally determined and calculated at
various levels for the two complexes.

)
O

contribution to D, we thus limit the rationalization to these states.
As shown in Table 2 the negative D value is due to ®;, while @3
and @, contribute positively and @, has zero contribution.

Table 2. Main contributions to D and E in cm™ of the first excited quartet

w
b

states computed at the CAS(7,5)NEVPT?2 level for the two complexes.

Method [Co(Megtren)C1](C10,) [Co(Mestren)Br]Br
CAS(7,5)SCF (10Q- -16.47 -4.75
40D)
CAS(7,5)NEVPT, -10.90 -3.37
(5Q)
CAS(7,5)NEVPT, -9.73 -2.12
(10Q-40D)
EPR experimental -8.12 2.4
values

The calculations show that the only first four quartet excited
states noted @, ®,, ®; and P, are close enough in energy to the
3 ground state (see ESI, Table S3) to have a non-negligible

State Multiplicity [Co(Megtren)C1]ClO4 [Co(Mestren)Br]Br
D E D E
D, N -27.764 0 -20.691 0
[ N 0 0 0 0
[ ‘E 8.301 6.951 7.920 0.605
D, ‘E 8.301 -6.951 7.920 -0.605

As we have previously explained,” the only way to get a negative
D value in Co(Il) mononuclear complexes is to have a low in
energy excited state that is obtained from an excitation between
s orbitals that possess the same my values, for instance from d,, to
dy2-y2 (m; = £2) or from dy, to dy, (m; = 1), so that the E[[’j[’

operator couples the two states and thus stabilizes Mg = +3/2
components.§ This situation is, at first glance, not possible in the
present case of a trigonal bipyramidal C;, symmetry because, as

ss one can see from figure 4, any excitation leading to a quartet
excited state occurs between orbitals possessing different m
values, which always stabilizes the +1/2 components of the
ground state and adds a positive contribution to D.§

+ a5
+ +dxy'vdx2-y2
% ﬂ_ dgd,

so  Figure 4. Lift of the degeneracy of the d orbitals in a trigonal bipyramid
(Csy) crystal field.

The above analysis does not take into account the symmetry of
the d orbitals that turns out to be the same for d,2.,2, dy, dy, and
dy, since they all belong to the same irreducible representation E
ss of the point group Cs,. Thus, except the d,, orbital that is pure,
o do
y2> dy, and dy,. Thus, the ground state is composed of several

the four other metallic orbitals are linear combinations of d

determinants when expressed in the basis of the pure dy, d2.,2,
dy, and dy, orbitals (Figure 5, top), and the picture given by
o Figure 4 only gives the determinant having the largest
contribution (49 %, see the composition of *®, in Figure 5) to the
ground state wave function. The first excited state is also
multideterminental as shown in the bottom of Figure 5.

ST T
4
4 Y YR ™
I I ! I I |
0.7 (a) -04 (b) 04 (c)
Co T T T
o ) T, W g
" 06 (d)l ' o6 (e)H " 03s (b)H Y 035

65
Figure 5. Composition of the wavefunctions corresponding to the ground
state ‘@, (top) and the first excited state *®, (bottom)

The origin of the negative contribution to D arising from the
coupling between the ground and the first excited states is thus

This journal is © The Royal Society of Chemistry [year]
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due to the interaction through the S, operator between the (d)

and (e) determinants of @, with the (b) and (c) ones belonging to
®, since they involve excitations between orbitals possessing the
same m; values, which stabilize the Mg = +3/2 ground state
components more than the +1/2 ones.*’§ Using the same
arguments, it is possible to show that all the contributions
involving the determinants of ®, cancel. While those belonging
to ®; and P, bring positive contributions to D (Table 2, Figure
S5, see ESI for the detail of the determinant decomposition of
each state and a detailed explanation). Since ®; is much lower in
energy than ®; and &, (Table S1), its large negative contribution
is not compensated by the positive contributions of ®; and P,
and the overall D value is negative.

Concerning the thombic term E, the matrix elements affecting
this parameter involve states with different Mg values and hence

I0s 4l
only the 24 operator. For the same reasons as for D,
the excited degenerate states ®; and ®, produce the principal
contributions with a similar intensity but a different sign (due to
imaginary part) and hence result in a zero value for the £
parameter (Table 2).

While the physics that governs the ZFS values (physical
content of the excited states and their spin orbit couplings) is
essentially the same for 1 and 2, the values of D are different. For
2 where Br is at the axial position, the first excited quartet state
was found much higher in energy than in the case of 1 (see ESI,
Table S3). As a consequence the negative contribution of this
state is in absolute value larger for 1 than for 2 since, everything
being equal, |D] is inversely proportional to the energy difference
between the ground and the excited state at hand (at the second
order of perturbations).

Since the coefficients of the various determinants are similar in
both compounds, electron repulsion is expected to be essentially
identical. It is therefore possible to rationalize the difference in
the magnitude of D between the two compounds from ligand field
theory considerations i.e. considering only the energy differences
between the d orbitals. The Co—Cl distance (2.282 A) is shorter
than the Co—Br one (2.451 A) while the Co-N2 bond lengths in
the equatorial plane are larger for 1 (2.152 A) than for 2 (2.134
A) (see ESI, Table S2). As a consequence, the o-donor effect of
the equatorial amine nitrogen atoms is larger for 2 than for 1 and
the (dyo.y2, dyy) pair of orbitals has a higher energy in the former
than in the latter. The energy difference between the (dy,, dy,) and
(dy2-y2, dyy) orbital pairs is hence larger in 2, and consequently D
is expected to be weaker in this compound as found from the
theoretical calculations. While less important the m-donor effect
of the apical halogen atoms contributes in the same direction.
Indeed, Br was experimentally found to have a weaker donating
effect from its p orbitals than Cl, which destabilizes less the
dy,dy, pair of orbitals and thus leads to a larger ((dy,, dy,),(dx2.y2,
dy)) energy difference and thus to a weaker D value. In
summary, since for Co(II) metal ions in a trigonal bipyramidal
geometry the magnitude of |D| is mainly governed by the energy
difference between the (dy,, dy,) and (dy,.y», dyy) sets of orbitals:
the smaller this difference, the larger the magnitude of |D).
Therefore, D is large and negative in the case of a weak
equatorial o-donating and strong apical wt-donating effects.

Micro-squid studies
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The magnetization of compound 1 was studied by micro-SQUID
measurements on a single crystal,’® in order to assess the
relaxation of its magnetization. The field was aligned with the
mean easy axes of magnetization of the crystal using the
transverse field method.> This method allowed us to confirm that
indeed the crystal possess an easy axis of magnetization as the
result of the negative D value determined from EPR.
Magnetization vs. the applied magnetic field measurements were
performed between 1 K and 30 mK at sweep rates ranging from
0.002 to 0.28 T/s (Figure 6 and Figure S6, see ESI). Hysteresis
loops were observed below 0.2 K. As expected for SMMs, the
hysteresis increases strongly with decreasing temperature and
increasing scan rate. A series of steps are observed, which are
typical for exchange-biased resonant quantum tunnelling.*** For
a S = 3/2, the steps in the M = f(uyH) loop due to quantum
tunnelling are expected to occur at uyH = n|D|/gh (n =0, 1) i.e.;
at ugH =0, 8.4 T, since |D| = 8.12 cm™ and g, = 2.21. Thus the
absence of a step at zero field and the presence of different steps
at well below 8.4 T and at small field values can indeed be
attributed to the presence of very weak antiferromagnetic
exchange coupling between the molecules. The examination of he
structure shows that two kinds of short contacts between the
molecules are present along the z axis and within the xy plane
preventing a quantitative correlation between the field values at
which the steps occur and the values of the exchange coupling
parameters as it was done for the Mny dimer.** Nevertheless,
complex 1 behaves as a genuine single molecule magnet, where
the individual S = 3/2 spins keep their quantum nature and
undergo  tunnelling the
antiferromagnetic exchange coupling is not strong enough to
transform the compound to an antiferromagnet.

because three  dimensional

1 . . . . .

0.5
1 01 ——0.280T/s
——0.004 T/s
T=30mK

0.51 L
Va
g |
——0.03K
——0.2K
0.5 0.002 T/s

-1 T T T T

15 1 05 ;0 _05 1 15
WD

Figure 6. Magnetization vs. field on a single crystal of 1 with its easy axis
aligned with the field at 7= 30 mK and two different sweep rates (top)
and at a sweep rate of 0.002 T/s and two different temperatures (bottom).
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Conclusions

The high and axial symmetry of the trigonal bipyramidal
geometry of Co(ll) complexes leads to a situation where the
ground and the excited states wave functions cannot be expressed
as single determinants. Calculations show that the wave functions
are multideterminantal, and that the first excited state allows the
stabilization of the largest Mg values by the action of the 3,4,

operator. The analysis of the difference between the magnitudes
of the anisotropy of the two complexes leads to the conclusion
that, for pentacoordinate trigonal bipyramid symmetry (Cs,), a
large Ising-type anisotropy is obtained by using weak o-donating
ligands in the equatorial plane and strong mt-donating ones for the
axial positions, thus, giving chemists a simple tool to predict the
magnetic anisotropy in this type of complexes. As expected in the
case of an easy axis of magnetization, single molecule magnet
behaviour was demonstrated. The intermolecular 3D
antiferromagnetic exchange coupling is responsible for the
quantum tunnelling and can be exploited as a tool to manipulate
the quantum spins providing the design of discrete assemblies
with controlled interactions.
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§ The E i3, operator couples the ground state and an excited state that

possess the same Mg values andwhich differ by an electron excitation
between two real d orbitals which are linear combinations of the spherical
harmonics having the same my value.. This is the case for dy, and dy,.,»
orbtials on the one hand and d,, and d,, on the other hand because the
former two obitals are linear combinations of d,: and d,. and the latter of
di+ and d;.. In such a case, all M; components of the ground state are
stabilized, but since in the lowest |[Ms| values, the wave-function is
decomposed on more determinants (for spin reasons), their coefficients
are smaller and the effect of the SOC is reduced. As a consequence, the
lowest [Ms| values are less stabilized than the largest ones and the
resulting D value is negative. An excitation between orbitals that have

ISis +is
different m;, values leads to a coupling through the 24 " *
operator. The Mg = +1/2 components of the quartet excited states may be
coupled with both the Mg = £3/2 and Mg=+1/2 components of the ground
state while the Mg = +3/2 components of the excited states may only be
coupled with the Mg = £1/2 components of the ground state. As a
consequence the Mg = £1/2 components interact with more excited
components and are more stabilized, resulting in a positive contribution to
D.
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2.1. LES COMPLEXES A COORDINATIONS EXOTIQUES
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Ising-type magnetic anisotropy and single molecule magnet behaviour
in mononuclear trigonal bipyramid Co(II) complexes
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Synthesis

Chemicals were purchased from Aldrich and used without further purification. Megtren and all
cobalt complexes were synthesized according to literature procedures or minor alterations thereof.
All solvents were from BDH and were used as received. All manipulations were conducted under
standard benchtop conditions.

Synthesis of [Co(Mestren)CI](CIOy) (1)

CoCl,6H,0 (0.200 g, 0.84 mmol) was dissolved in EtOH (20 ml) at 55 °C. Megtren (0.214 g, 0.92
mmol) dissolved in EtOH (10 ml) was added dropwise with stirring, forming a blue solution that
was stirred overnight at room temperature. NaClO4-H,O (0.118 g, 0.84 mmol) was added with
stirring inducing precipitation of pale blue [Co(Megtren)C1](ClO4) (1) (0.336 g, 95%), which was
isolated by filtration and dried in air. Crystals suitable for X-ray analysis were formed upon cooling
a hot MeOH solution of 1. Elemental analysis (%), observed (calculated for CoC,,H30N4Cl,04) C,
33.81 (34.03) H, 7.08 (7.15) N, 13.05 (13.24). MS ESI" (MeOH): m/z 324.20 [Co(Megtren)C1]". IR
(KBr) viem™: 3431 (w), 2983 (m), 2903 (m), 2852 (m), 2795 (w), 2017 (w), 1486 (s), 1475 (s),
1461 (s), 1435 (m), 1359 (w), 1300 (s), 1248 (w), 1174 (m), 1091 (s), 1053 (s), 1023 (m), 1006 (m),
938 (m), 913 (m), 807 (m), 778 (m), 742 (w), 622 (s), 602 (m), 573 (w), 486 (m), 411 (w), 382 (w).

Synthesis of [Co(Megstren)Br]Br (2)

CoBry'6H,0 (0.100 g, 0.30 mmol) was dissolved in EtOH (20 ml) at 55 °C. Megtren (0.077 g, 0.33
mmol) dissolved in EtOH (5 ml) was added dropwise with stirring, forming a blue solution that was
stirred overnight at room temperature. This was reduced in volume to 10 ml, yielding royal blue
[Co(Mestren)Br]Br (2) (0.107 g, 80%) upon addition of petroleum ether, which was isolated by
filtration and dried in air. An X-ray structure has previously been reported. Elemental analysis (%),
observed (calculated for CoC,H30N4Bry) C, 32.18 (32.21) H, 6.78 (6.76) N, 12.38 (12.53). MS
ESI” (MeOH): m/z 368.10 [Co(Mestren)Br]". IR (KBr) viem™: 3436 (w), 2987 (m), 2927 (m), 2873
(s), 2778 (w), 1485 (s), 1474 (s), 1456 (s), 1395 (m), 1354 (w), 1293 (s), 1275 (s), 1238 (m), 1170
(m), 1098 (s), 1061 (m), 1050 (m), 1032 (m), 1016 (s), 999 (s), 933 (s), 911 (m), 802 (m), 771 (s),
742 (w), 598 (w), 585 (w), 482 (m), 402 (w), 379 (W).

Physical measurements

IR data were measured on KBr pellets using a PerkinElmer FTIR spectrometer. Variable
temperature (300 — 2 K) magnetic data were measured on powdered samples of 1 and 2 in an
eicosane matrix in 1.0 and 0.1 T fields using a Quantum Design MPMS5 SQUID magnetometer.
The data were corrected for the diamagnetic contribution of the sample holder and eicosane, and the
diamagnetism of the sample estimated according to Pascal’s constants. Low temperature (2 — 6 K)
variable field (0 — 5.5 T) measurements were carried out in the same manner. Modeling of magnetic
susceptibility and magnetization data was performed by matrix diagonalization methods using home
made software

Structural information
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X-ray diffraction data was collected by using a Kappa X8 APPEX II Bruker diffractometer with
graphite-monochromated Moy, radiation (% = 0.71073 A). Crystals were mounted on a CryoLoop
(Hampton Research) with Paratone-N (Hampton Research) as cryoprotectant and then flashfrozen
in a nitrogen-gas stream at 100 K. The temperature of the crystal was maintained at the selected
value (100K) by means of a 700 series Cryostream cooling device to within an accuracy of =1 K.
The data were corrected for Lorentz polarization, and absorption effects. The structures were solved
by direct methods using SHELXS-97' and refined against F* by full-matrix least-squares techniques
using SHELXL-97* with anisotropic displacement parameters for all non-hydrogen atoms.
Hydrogen atoms were located on a difference Fourier map and introduced into the calculations as a
riding model with isotropic thermal parameters. All calculations were performed by using the

Crystal Structure crystallographic software package WINGX.

The absolute configuration was determined by refining the Flack’s* parameter using a large number

of Friedel’s pairs.

The crystal data collection and refinement parameters are given in Table S1.

Figure S1. View of the shortest intermolecular distances. C and H atoms and ClO4 molecules were
removed for clarity. The shortest distance between molecules belonging to two different ab planes
is 2.747 A, it involves a Cl atom of one molecule and a H atom belonging to a methylene group of

the Mestren ligand of another molecule.

1) Sheldrick, G. M. SHELXS-97, Program for Crystal Structure Solution, University of Gottingen, Gottingen,
Germany, 1997.

2)  Sheldrick, G. M. SHELXL-97, Program for the refinement of crystal structures from diffraction data, University
of Gottingen, Gottingen, Germany, 1997.

3)  Farrugia, L. J. J. Appl. Cryst., 1999, 32, 837.

4)  Flack H. D. Acta Cryst. 1983, 439, 876.
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Table S1. Crystallographic data and structure refinement details for compounds

Compound [Co(Mestren)C1](ClO4) 1 [Co(Megtren)Br]Br 2
Empirical formula Ci2 H3p Cl, Co N4 Oy Ci2 H3p Br, Co Ny
M, 424.23 449.15
Crystal size, mm” 0.21x0.20x 0.19 0.32x0.18x0.18
Crystal system trigonal cubic
Space group R 3¢ P2,3
a, A 9.891(5) 12.0262(4)
b, A 9.891(5) 12.0262(4)
c, A 33.183(5) 12.0262(4))
a, ° 90 90
B, ° 90 90
v, ° 120 90
Cell volume, A® 2811(2) 1739.34(17)
YAV 6;1/3 4;1/3
T,K 100(1) 100(1)
Fooo 1338 908
u, mm ' 1.223 5.576
6 range, ° 2.68 —37.32 2.40 - 36.28
Reflection collected 13 201 21073
Reflections unique 2790 2791
Rint 0.0226 0.0501
GOF 1.048 0.989
Refl. obs. (I>20(1)) 2537 2508
Parameters 72 549
Flack’s parameter 0.031(12) 0.010(5)
wR,; (all data) 0.0801 0.0295
R value (I>20(1)) 0.0287 0.0212
Largisotlgigf/’f?;‘ and -0.423 ; 1.024 -0.531; 0.563

Table S2. Selected bond lengths [A] and angles [°] for compounds (cf. Figure 1. for the labels). All
esds are estimated using the value of the full covariance matrix of least square.

[Co(Mestren)Cl](Cl04) 1 [Co(Mestren)Br]Br 2
Co-N(1) 2.176(3) 2.2089(15)
Co -N(2) 2.1519(12) 2.1342(9)
Co-X(1) 2.2821(7) 2.4512(3)
N(2) - Co-N(2) 117.733(19) 117.772(12)
N(1) - Co-N(2) 81.26(4) 81.34(2)
N(1) - Co-X(1) 180 180
N(2) - Co-X(1) 98.74(4) 98.66(2)
d[Co-(N(2)N(2)YN(2)] 0.327 0.321
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Figure S2. Experimental (ll) and calculated (—) T vs.T and y vs. T ( inset) for 1 (top) and 2 (bottom) in an applied
field of 1.0 T. See fit parameters in the text
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Figure S3. EPR spectra at T = 15 K for 1 at hv =475 and 575 GHz, experimental (top) and calculated (bottom) for g, =

g =2.16,g,;=22and D=—8.12 cm.
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Figure S4. EPR spectra at T = 15 K for 2 at hv = GHz. experimental (top) and calculated (bottom) for g, =g, =.2.1. g
=2.02and D=—24cm’

Table S3. Energies (cm'l) of the first excited quartet states computed at the CAS(7,5)SCF and
CAS(7.5)NEVPT2 level for the two complexes, notice that *®; and ‘@, are degenerate

[Co(Megtren)CI}(ClOy) | [Co(Megtren)CI](CI1O4) | [Co(Megtren)Br]Br 2 [Co(Megtren)Br]Br 2
1 1
CASSCF NEVPT2 CASSCF NEVPT2
4
@b, 0 0 0 0

4‘1’1 2521 3861 3077 4612

4(I>2 4118 6162 4627 6829
s, "y 4549 6524 4947 7184
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Figure S5. Main determinants and their coefficients (for 1) in the wave functions of the ground state (*®@,) and in the
three excited quartet states (energetically classified from lowest to highest from top to bottom) that contribute
significantly to the D value. The composition of the orbitals is indicated in the first determinant, the coefficients of the
orbitals decrease from left to right. ®; and ®, are degenerate so we have chosen a specific combination of the two

corresponding wave functions.

The contributions of the excited states to the D value result from the following interactions:

1) Two determinants (d) and (e) of the first excited state (®;) interacts through EiZi S z

with the determinants (b) and (c¢) of (o) and contribute negatively to the D value. The
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(i)

(iii)

(iv)

two contributions through Eizi S, of the third excited state (®4) which is spanned by

the same determinants (d) and (e) but with opposite sign coefficients cancel.

An opposite phenomenon occurs considering the interactions through the
;EL S_+ L S, operator. Indeed, the determinants (d) and (e) are coupled through
;EL S+ i_ S, with (a) which is the main determinant of the ground quartet state.

Due to the opposite signs of these determinants in the excited (®;) and (®.) states, the
contributions of (®4) now add while that of (®;) cancel.

The (®s) state interacts through ;EL S_+ L S, with (a) and contributes positively

to the D value.

From the above cited reasons, all contributions from (®-) cancel.

Since (®,) is much lower in energy than (®;) and (®4), its large negative contribution is not

compensated by the two positive contributions of (®3) and (P4) and the overall D value is negative.
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Figure S6. Magnetization vs. field on a single crystal of 1 with its easy axis aligned with the field at
T =30 mK and different sweep rates (top) and at a sweep rate of 0.002 T/s and temperatures from

1.3 to 0.03 K (bottom).
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2.2. QUASI-DEGENERESCENCE DE L’ETAT FONDAMENTAL

2.2 Quasi-dégénérescence de I’état fondamental : effets
antagonistes du couplage spin-orbite et de la dis-
torsion Jahn-Teller sur anisotropie magnétique

L’étude d’un autre complexe de coordination exotique a porté sur un complexe penta-
coordiné de Nill. 1l est formé par un ligand tétradente (hexaméthyl-2,2’,2”-triamino-
triethylamine) de structure trigonale rigide autorisant trois liaisons dans un plan contenant
le métal et, une quatriéme sur un axe perpendiculaire a ce plan. A ceci s’ajoute un ion
halogéne chlorure ou bromure sur le méme axe, de 'autre coté du plan (c¢f. figures 2.10
pour le complexe [Ni(Megtren)Cl]" et 1.5 pour complexe [Ni(Megtren)Br|"). Une forte
anisotropie axiale est ainsi obtenue, comme exposée dans 'article ci-aprés [55].

FIGURE 2.10 — Représentation schématique du complexe [Ni(Megtren)CI]*, le nickel est représenté
en blanc, le chlore en vert, l’azote en bleu, le carbone en noir et les hydrogénes sont omis.

dzz+ 4
doyy—H— t+—d, <= I+ Y
f—d, s 4=

<~

(dyz.y2,dyxy) = combinaisons lin€aires de (d,.,d,.)

FIGURE 2.11 — Diagramme des orbitales 3d du complexe de nickel dans 1’état fondamental doublement
dégénéreé

Ce cas présente un intérét majeur en raison de la structure trigonale du ligand qui
donne un groupe ponctuel de symétrie C3 au complexe. Le champ de ligand engendre,
en conséquence, une dégénérescence orbitalaire entre les orbitales 3d,. et 3d,. ainsi que
3dyy et 3d,2_,2. L’état fondamental *E est alors doublement dégénéré (cf. figure 2.11). 1
est alors possible de bénéficier d’'un couplage spin-orbite du premier ordre entre les deux
composantes orbitalaires de cet état, on peut dés lors attendre directement une levée de
dégénérescence des composantes Mg et donc une valeur de D d’importance comparable &
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la valeur de la constante spin-orbite du nickel (644 cm™! voir le tableau 1.1 p. 17). Cepen-
dant, un effet antagoniste apparait alors, il s’agit de la distorsion Jahn-Teller qui tend a
déformer le ligand réduisant sévérement la valeur de D. Dans le cas d’une forte distorsion,
la perte de dégénérescence structurelle n’autorise plus qu’un couplage du deuxiéme ordre
comme dans les complexes précédemment abordés.

De maniére analogue a la précédente étude, une approche mélant théorie et expé-
riences, vise & caractériser et rationaliser les paramétres magnétiques. Les mesures par
rayons X, a une température 100 K, de la structure de ces complexes suggérent une sy-
métrie C3 et ne permettent donc pas d’apprécier 'amplitude de la déformation induite
par l'effet Jahn-Teller; cet effet est pourtant attesté par la spectroscopie de résonance
paramagnétique électronique et les mesures magnétiques.

Une investigation théorique, par une optimisation de géométrie & 'aide d’un calcul
DFT (c¢f. partie 1.2.3), permet de prévoir la structure des trois minima C; équivalant par
symeétrie. De plus, une étude vibrationnelle permet d’en caractériser la nature (minimum)
ainsi que celles des points selles, lors de transition d’un minimum vers un autre. La
surface de potentiel associée aux déformations est schématisé sur la figure 2.12 et les
configurations électroniques du minimum et du point selle sont illustrés par la figure 2.13.
Puis les énergies des états associés a ces différentes structures, corrigées par les énergies
de vibration conduisent a une estimation de la barriére énergétique entre deux minima.
Quelque soit I’halogéne employé, cette différence d’énergie s’avére étre du méme ordre de
grandeur que I'énergie thermique. L’hypothése d'une moyenne thermodynamique des trois
minima par une déformation structurelle liée & un effet Jahn-Teller dynamique pourrait
alors expliquer l'observation de la structure cristallographique Cj, elle n’est cependant
pas attestée expérimentalement, méme & basse température (10 K).

3
o0
2

FIGURE 2.12 — Représentation schématique de la surface de potentiel autour de la structure Cs faisant
apparaitre les trois minima équivalents et les états de transition.
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FIGURE 2.13 — Configuration électronique et orbitales simplement occupé du minimum C; (& gauche)
et de l’état de transition (a droite).
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FIGURE 2.14 — Energies des six composantes des deux triplets fondamentaux en fonction de la distorsion
Jahn-Teller. L’abscisse correspond a une distorsion linéaire entre la structure Cs et le minimum DFT C}.
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Pour étayer cette hypothése, une analyse par une théorie de la fonction d’onde a été
réalisée au moyen du logiciel MOLCAS (c¢f. partie ?77) aux géométries du minimum et
du point selle. Un calcul ab initio de 'aimantation et de la susceptibilité magnétique, en
comparaison avec les mesures analogues expérimentales, permet d’apprécier les effets de
la déformation sur ces paramétres. En outre, un calcul analytique permet de modéliser
le couplage spin-orbite en fonction de la déformation et de comprendre comment et avec
quelle amplitude la levée de dégénérescence orbitalaire entre les deux états les plus bas en
énergie affecte les valeurs de D par une atténuation des effets spin-orbite. Pour ce faire, une
interpolation linéaire entre les coordonnées internes de la structure cristallographique C et
du minimum C obtenu par DFT a permis de définir différentes géométries intermédiaires
et de calculer, pour chacune d’elle, le spectre en prenant en compte le couplage spin-orbite
(cf. figure 2.14). Cette déformation est cependant limitée par la rigidité du ligand, ces deux
états restent alors proches en énergie. La valeur de D peut étre évaluée au premier ordre
par la différence d’énergie entre les composantes Mg = +1 et la composante Mg = 0
des états de plus basses énergies, ainsi une forte diminution du paramétre D, d’environ
600 cm~'pour la géométrie Cs & environ 200 cm™'pour le minimum DFT, peut donc étre
prédite. Cette grandeur dépend, dans le cadre d’un couplage au second ordre, de I'inverse
de la différence des énergies de chaque état, une importante anisotropie axiale est, tout de
méme, obtenue. De plus, a ce niveau de calcul, une légere levée de dégénérescence entre les
composantes Mg = +1 est prédite, ainsi que 'attribution des différents axes magnétiques.

Les mesures par résonances paramagnétiques de I’électron en champ intense, a haute
fréquence (HF-HFEPR) donne une valeur de D comprise entre -120 em™'et -180 em ™.
Un bon accord entre les résultats expérimentaux et théoriques est donc atteint et permet
une compréhension et une validation des causes d’une importante anisotropie avec des
valeurs des paramétres du ZFS souhaitables (D négatif, de grande amplitude et E faible)
pour des applications. En principales conclusions, il apparait que les ligands rigides non-
planaire autorisant une coordination exotique semblent offrir une possibilité prometteuse

de bénéficier d’un couplage au premier ordre a condition de contréler la distorsion.
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ABSTRACT: This paper reports the experimental and theoretical inves-
tigations of two trigonal bipyramidal Ni(II) complexes, [Ni(Megtren)Cl]-
(ClO,) (1) and [Ni(Megtren)Br](Br) (2). High-field, high-frequency electron
paramagnetic resonance spectroscopy performed on a single crystal of 1 shows
a giant uniaxial magnetic anisotropy with an experimental D, value (energy
difference between the M = & 1 and M, = 0 components of the ground spin
state S = 1) estimated to be between —120 and —180 cm™". The theoretical i
study shows that, for an ideally trigonal Ni(I) complex, the orbital degeneracy 3 : o
leads to a first-order spin—orbit coupling that results in a splitting of the M =
+ 1 and M, = 0 components of approximately —600 cm™. Despite the Jahn—
Teller distortion that removes the ground term degeneracy and reduces the effects of the first-order spin—orbit interaction, the D
value remains very large. A good agreement between theoretical and experimental results (theoretical Dy, between —100 and
—200 cm™") is obtained.

-190 =D (em™) = -120

*

1. INTRODUCTION magnetic anisotropy, characterized by a strongly negative axial
anisotropy parameter D and an as small as possible rhombic
parameter E. The lifting of degeneracy of the different M
components of the high-spin ground term S originates from the

Single molecule magnets (SMMs) exhibit a slow relaxation of
their magnetization leading to a magnetic hysteresis at low
temperature.' Since this bistable behavior may ultimately lead
to technological applications in the domain of data storage® and
quantum computing,”® the study of these objects has
generated a considerable interest. This remarkable property
arises from the existence of two ground states of different

spin—orbit coupling (and to a lesser extent the spin—spin
coupling) combined with a low symmetry. In most of the 3d
metallic complexes, magnetic anisotropy arises from the
coupling between a spatially nondegenerate electronic ground

magnetization +M, and —M, separated by an energy barrier state with excited states. Since these couplings are usually small
s ‘ . . . .

Magnetic anisotropy is responsible for both the existence of the in comparison with the energy difference between the
energy barrier and the tunneling between the different M, electronic ground state and the excited states, the resulting
components. Nevertheless, the presently measured blocking anisotropy is usually weak.

temperatures of SMMs (below which the system keeps its Several strategies have been developed in order to enlarge
magnetization) are still too low for daily technological the magnetic anisotropy of molecular complexes. One of them
applications. The magnitude of the anisotropy and its nature consists in replacing the d transition metals by rare earths (4f)
(either axial or rhombic) control the barrier height and the

tunneling. The design of suitable SMMs therefore rests on the Received: August 16, 2012

ability to synthesize new objects with larger and uniaxial Published: January 24, 2013

< ACS Publications  © 2013 American Chemical Society 3017 dx.doi.org/10.1021/ja308146e | J. Am. Chem. Soc. 2013, 135, 3017-3026
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or actinides (5f) in order to benefit from the large spin—orbit
coupling of heavy elements.'®™'* The present work uses an
alternative strategy'” in which the complexes exhibit a nearly
orbitally degenerate ground term. In such complexes, the first-
order spin—orbit coupling between the spatial configurations
resulting from the different orbital fillings may induce a large
splitting of the M; components of the high-spin degenerate
ground term. In the recent past, several Ni(Il) mononuclear
complexes presenting a large Ising-type magnetic anisotropy
have been proposed.'® However, most of the Ni(II) complexes
have a geometry close to octahedral in which the angular
momentum is quenched. For Ni(II) complexes, one possible
way to take advantage of first-order spin—orbit coupling is to
design complexes with a low symmetry for which the ground
term is orbitally degenerate. The main goal of this paper is to
propose and study theoretically and experimentally such
complexes. It is worth noting that, for the degenerate ground
state, a Jahn—Teller distortion occurs. Unfortunately, this
distortion that removes the orbital degeneracy tends to
minimize the effect of the first-order spin—orbit coupling,
thus reducing the magnetic anisotropy.'”>*

In this paper, we report the synthesis, the characterization,
and the single-crystal high-field high-frequency electron para-
magnetic resonance (HF-HFEPR) study of [Ni(Me4tren)Cl]-
(Clo,) (1) and [Ni(Megtren)Br]Br (2) trigonal bipyramidal
complexes. In order to analyze the competition between the
antagonist effects of the spin—orbit coupling and the Jahn—
Teller distortion”~® in these two complexes, we also perform
a theoretical study. Since the first attempt to calculate the
anisotropic parameters in 1998,* in the H,Ti(u-H),TiH,
complex, several theoretical methods have been developed to
calculate the zero-field splitting (ZFS) parameters. The
NRLMOL code,***! which constitutes one of the first density
functional theory (DFT) implementations, has successfully
been applied to various SMMs.*> > In 2003, the spin—orbit
state interaction (SOSI) method,***® which treats the spin—
orbit coupling (SOC) in the wave function theory (WFT)-
based framework, was implemented in the MOLCAS code.*'
This method has shown to provide reliable ZES parameters of
transition-metal complexes for which the ZFS is dominated by
the SOC contribution,**™*! and the present work uses this
SOSI method. One should also mention that the treatment of
the spin—spin coupling (SSC) in the WFT approach has been
developed by Gilka et al.*> as well as Ganyushin and Neese>®
and implemented in the ORCA program.>* This code allows
one to use either DFT or WFT methods (MRCI, CASSCF, and
multireference perturbation theory NEVPT2%°) to calculate the
ZFS*®7% and has also been successfully applied to several
mononuclear inorganic complexes and organic molecules.

Section 2 is devoted to experimental results. Magnetic
measurements, single-crystal X-ray diffraction, and HF-HFEPR
spectroscopy were performed to experimentally characterize the
studied complexes.

Section 3 is devoted to the theoretical description of two of
the studied compounds. In the first place, a DFT study leads to
the characterization of the main features of the potential energy
surfaces. Then, the competition between spin—orbit coupling
and Jahn—Teller distortion is studied using first-order spin—
orbit calculations. Finally, the ZFS parameters are extracted
using more sophisticated calculations accounting for both the
first-order and second-order spin—orbit coupling effects.

3018

82

2. MATERIALS AND METHODS

2.1. Synthesis. Chemicals were purchased from Aldrich and used
without further purification. Megtren and [Ni(Megtren)Br]Br
complexes were synthesized according to literature procedures or
minor alterations thereof.%” The synthesis of the [Ni(Megtren)(Cl)]-
(ClO,) complex is given in the Supporting Information. All solvents
were from BDH and were used as received. All manipulations were
conducted under standard laboratory conditions.

2.2. Magnetic Measurement. Variable temperature (300—2 K)
magnetic data were measured on powdered samples of 1 and 2 in an
eicosane matrix in 1.0 and 0.1 T fields using a Quantum Design
MPMSS superconducting quantum interference device (SQUID)
magnetometer. The data were corrected for the diamagnetic
contribution of the sample holder and eicosane, and the diamagnetism
of the sample was estimated according to Pascal’s constants. Low
temperature (2—6 K) variable field (0—S5.5 T) measurements were
carried out in the same manner.

2.3. HF-HFEPR Spectroscopy. Single-crystal HF-HFEPR meas-
urements were carried out in a 31 T resistive magnet using a cavity
perturbation technique; in situ sample rotation was possible about a
fixed axis.® A Millimeter vector network analyzer and several different
multipliers were used as a microwave source and detector. Powder
spectra were recorded at S K on powders pressed into pellets made of
either pure ground polycrystalline sample or ground polycrystalline
powder dispersed in eicosane. Spectra were recorded with an EPR
spectrometer relying on a quasi-optical light transmission. A step-
tunable frequency source was used; the final frequency was obtained
by multiplying (12 times) a variable synthesizer frequency (10 and
9.58 GHz) or a PDRO source (9.2 GHz). The 220.8 GHz frequency
was obtained with the help of a doubler. A Mn(II) reference (MnO
diluted in MgO) added to the sample was responsible for the signal at

=2.
¢ 2.4. X-ray Diffraction. Single-crystal X-ray diffraction data were
measured on a Bruker APEX II CCD diffractometer with graphite—
monochromated MoK radiation (4 = 0.71073 A). Crystals were
mounted on a CryoLoop (Hampton Research) with Paratone-N
(Hampton Research) as cryoprotectant and then flashfrozen in a
nitrogen-gas stream at 100 K. The temperature of the crystal was
maintained at the selected value (100 K) by means of a 700 series
Cryostream cooling device to within an accuracy of +1 K. The data
were corrected for Lorentz polarization and absorption effects.
Diffraction data were also collected at 10 K on a Supernova
diffractometer equipped with an ATLAS CCD detector, MoKa
radiation and a Helijet open flow cryosystem. The structures at 100
and 10 K were solved by direct methods using SHELXS-97 and refined
against F* by full-matrix least-squares techniques using SHELXL-97
with anisotropic displacement parameters for all non-hydrogen atoms.
Hydrogen atoms were located on a difference Fourier map and
introduced into the calculations as a riding model with isotropic
thermal parameters. All calculations were performed using the crystal
structure crystallographic software package WINGX. See the
Supporting Information for further details on the structural analysis.

CCDC 893397 and 912662 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

2.5. Calculations. DFT calculations were performed using the
Gaussian 03 package.”” The B3LYP functional was used throughout
with two different basis sets. The first one is composed of the Hay—
Wadt LanL2TZ(f) basis set’®”" for the nickel metal center, including
an f polarization function with an exponent of 3.13, and its
corresponding relativistic effective core potential,”"’* a Pople triple-{
basis set (6-311G) for N, Cl, and Br atoms,” a Pople double-{ plus
polarization basis set (6-31G*) for C atoms,”* and a Pople double-{
basis set (4-31G) for H atoms.”® This basis set (noted basis 1) was
used to compute both complexes. The second basis set (basis 2) is
much larger and was used to compute compound 1. It uses a Stuttgart
relativistic small-core effective potential for nickel with its associated
polarized basis set’® including two f and one g polarization functions,””
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a correlation-consistent polarized triple-¢ basis set (cc-pVTZ) for N,
and Cl atoms,”® and a correlation-consistent polarized double-{ basis
set (cc-pVDZ) for C and H atoms.

Although the optimized geometries obtained using both basis sets
compare well with the experimental ones, the distances and angles
around the Ni(II) ion obtained with basis 1 are closer to the
experimental ones. Since the ZFS parameters are very sensitive to the
geometrical structure, the geometries of both the minimum and the
transition state obtained using basis 1 were selected for the WFT of
both compounds.”

Unrestricted DFT calculations were used to optimize minima and
saddle points of the potential energy surface of the triplet ground state.
Spin contamination was negligible, with (S*) values never exceeding
2.005. Analytical harmonic vibrational frequencies were computed to
characterize the nature of the stationary points (all frequencies are
positive for the minima and a single imaginary frequency appears for
the saddle points) and to evaluate the zero-point vibrational kinetic
energy (ZPE).

WET- based calculations were performed using the MOLCAS 7.4
package.** Nondynamic correlation is accounted for by complete
active space self consistent field (CASSCF) calculations. The active
space is constituted of the Sd orbitals, Sd’ orbitals dedicated to
correlation, and the eight d electrons. In order to take into account
dynamic correlation effects, CASPT2®" calculations were performed:
(i) CAS(8,10)PT2 calculations for the lowest two triplet states; (ii)
CAS(8, 10)PT2 calculations for the 10 lowest triplet and 14 lowest
singlet states.*> Spin—orbit couphngs are computed within the spin—
orbit state interaction frame.*® This method diagonalizes the spin—
orbit matrix between well-chosen CASSCF states. For dynamically
correlated calculations, the diagonal elements of the SI matrix are the
CASPT2 energles of the computed states. The following ANO-RCC
basis sets®* were used: 6s5p3d1f for Br, 5s4p2d1f for Cl, 6s5p4d2f for
Ni, 3s2pld for N, 3s2p for C, and 2s for H.

3. RESULTS AND DISCUSSION

3.1. Structural Description. The cationic complex [Ni-
(Megtren)Cl]*, previously unreported crystallographically, may
be crystallized from a methanolic solution with a perchlorate
counterion, giving [Ni(Megtren)CI](ClO,), (1) (Figure 1).
The tetrahedral anion, with four potential C; axes, readily forms
a trigonal crystal system, R3c in the case of 1. In accordance

ay

S IR o
L:‘\._t‘
v fr«:'viri
. t. 6. "‘.‘&V
. ) ~.t~~c-.‘—~‘x

%‘.* 1

Figure 1. Structure of the cation in [Ni(Megtren)Cl](ClO,) (1) (top
left) and the same complex viewed along the C; axis (bottom left).
Packing diagram showing the parallel arrangement of molecular C;
axes in the solid state (right). Hydrogen atoms are omitted for clarity.
Color code: Ni (green), C (black), N (blue), Cl (bright green), O
(red).
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with the previously reported structure of [Ni(Megtren)Br]Br,
2,% compound 1 consists of a Ni(II) ion penta-coordinated by
four amino nitrogen atoms from the neutral Megtren ligand and
one halide ion. The ligands are distributed at the apexes of a
trigonal bipyramid with crystallographic C; symmetry, the three
equatorial sites are occupied by the “terminal” amines, and the
axial sites are occupied by the central amine and the chloride
ion. The Ni(II) ion lies 0.23 A below the equatorial plane of the
three nitrogen atoms, compared to 0.22 A in the reported
structure of 2.

As highlighted by the selected bond lengths and angles in
Table S1 of the Supporting Information, complexes 1 and 2 are
structurally similar, and minor differences may be accounted for
by greater ionic radius (Ni—X) and the trans effect (Ni—N1) of
bromide. There is however a significant difference in the
packing of the molecules in the solid state. Complex 2 consists
of [Ni(Megtren)Br]* and Br~ ions, crystallized in the cubic
P2,3 space group. This has a distorted NaCl-type arrangement
of ions. As such, when viewing the unit cell along the C; axis of
any one [Ni(Megtren)Br]* complex, the axes of the three
remaining molecules lie pseudoperpendicular, related to one
another via threefold rotational symmetry (see the Supporting
Information, Figure S1). Replacement of the bromide counter-
ion by the larger and nonspherical perchlorate ion results in the
trigonal packing observed for 1 (Figure 1). In this case, the C;
axes of the molecules all lay parallel and unidirectionally
through the unit cell. It may thus be possible to relate molecular
magnetic axes to faces and edges of the crystal, facilitating
relatively simple interpretation of single-crystal spectroscopic
data.

For 1, upon temperature decrease to 10 K, no space group
change associated to a symmetry breaking transition is
detected; the molecular crystallographic C; symmetry is
preserved. The absence of crystal symmetry lowering at 10 K
does not rule out the presence of a molecular distortion.
Indeed, a local (ie, molecular) distortion resulting from a
Jahn—Teller effect with an equal population of the three
distortion modes (see the Supporting Information, Figure S2)
and statistically distributed within the single-crystal sample
would preserve the R3¢ symmetry. The structural dynamics of
the [Ni(Megtren)Cl]* complex at 10 K has been examined by
performing a TLS (rigid-body thermal motion model) analysis
and indicates a possible local (i.e., molecular) structural
distortion, whose spatial average maintains the crystal R3c
symmetry (see the Supporting Information, Figure S3).

3.2. Magnetic Measurements. The measured molar
magnetic susceptibility (yT) plot for a powdered sample of 1
has a room temperature yT value of 1.42 emu K mol ™!, much
higher than that expected from the spin-only formula for a
high-spin mononuclear Ni(IT) complex (1.21 emu K mol™" for
g = 2.20), probably due to a large orbital contribution, and is
relatively constant down to approximately 120 K. Below this
temperature, it collapses, indicating significant ZFS in the S = 1
ground state. Similarly, at 2 K and 5.5 T, the observed
magnetization value (1.25 ug) is well below the theoretical
saturation for an S = 1 system (2.2 yig; for g = 2.20) and has not
reached a plateau. This, along with the fact that the reduced
magnetization plots are non-superimposable, is also indicative
of large magnetic anisotropy (see the Supporting Information,
Figure S4). Very similar results were obtained for 2 (see the
Supporting Information, Figure S5). AC susceptibility studies
were performed at different frequencies of the oscillating
magnetic field, but no out of phase signal was observed down to
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2 K. Hysteresis studies using a microsquid array down to 50
mK did not show any hysteresis at zero field.

3.3. HF-HFEPR Spectroscopy. Given the proposed
massive magnetic anisotropy of the complex, and the
unreliability of inferring ZFS parameters from magnetic
measurements alone, HF-HFEPR measurements were per-
formed on a single crystal of 1. Careful angle-dependence
studies involving rotations of the crystal about a fixed axis were
performed to ensure that the applied field was within 2° of the
molecular hard plane (see the Supporting Information, Figure
S6). Extensive frequency- and temperature-dependence studies
(115-250 GHz, 1.4—10 K) were carried out at the field
orientation where the EPR transition appears at the highest
field, which necessarily corresponds to the field lying in the
molecular hard plane (see the Supporting Information, Figure
S7). It is notable that the intensities of the observed EPR
transitions quickly decrease when the applied field is moved
away from the molecular hard plane, which indicates that the
transition matrix element vanishes when the applied field is out
of the molecular hard plane. Two EPR transitions (A and B)
were observed (see the Supporting Information, Figure S8) at
frequencies between 115 and 240 GHz (see the Supporting
Information, Figures S9 and S10). EPR experiments were
repeated on several different crystals, and similar spectra were
observed. For an S = 1 system, only one ground-state transition
is expected; however, both of these signals were confirmed to
be ground-state transitions through temperature-dependence
studies (see the Supporting Information, Figure S8). We
propose that the crystallographically observed molecular C;
symmetry is broken by a Jahn—Teller-type distortion that is
within the molecular triangular planes. By assuming that the
easy axes of all molecules remain parallel and that the space
group of the crystal remains unchanged, this yields three
different molecular orientations (A, B, and C) that are related
by a threefold rotational symmetry (see the Supporting
Information, Figure S11). The molecules have equal probability
(/) of falling in any one of these orientations. Thus, the hard
axes (x axes) of the molecules are not parallel to one another
giving rise to the multiple transitions that were observed
experimentally. This distortion also permits the observation of a
rhombic E term that is strictly forbidden if rigorous molecular
C; symmetry is maintained. We note that the hard planes
corresponding to the A and B molecules vary slightly by a few
degrees (see the Supporting Information, Figure S6 inset),
implying that the easy axes of the A and B molecules are not
exactly parallel. Such an observation further supports our
assumption that the local molecular symmetry is lowered by
Jahn—Teller-type distortions at low temperatures; that is, with
the presence of distortions, the anisotropy tensors of the
molecules are tilted; thus, the easy axes of molecules do not
coincide with the crystallographic threefold screw axes.
However, the space group of 1 remains unchanged; hence,
these three molecular species are related by a threefold rotation.
Variable-frequency studies were performed with the field
applied in the hard planes of the A and B molecules,
respectively, to study the frequency dependence of these
transitions (see the Supporting Information, Figures S9 and
$10).

The EPR data were simulated employing the following
Hamiltonian, where ¢ represents the angle between the field
and the molecular hard axes (Figure 2):

H= Dézz + E(éx2 - §y2) + ,uB-g~B(cos(qo)§x + sin((p)éy)

(1)
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Field ¢, Hard-axis (A)

=0yt 120°
0= +240°

" Hard-axis (B)

Hard-axis (C)
Figure 2. Origin of ¢ in the Hamiltonian used to fit the EPR data. The

“donuts” represent the zero-field anisotropy surface of the molecules
assuming the previously described Jahn—Teller distortion.

The value of g was fixed at 2.4 (extracted from the room
temperature T value) and the values of D, E, and ¢ were
varied across a large parameter space. Due to the fact that we
were only able to perform single-axis rotation, the field
orientation in the molecular hard plane (@) remains an
arbitrary experimental parameter. Simulations gave the
following best fit parameters: D = —179 cm™', E = 163
em™, @, = 105.5°, and @y = 225.5°, as shown in Figure 3.

240

200 +

160 +

120 +

80 +

Frequency (GHz)

40t

= = == Prediction of C

0 s L L L !

0 4 8 12 16 20 24 28 32

Magnetic field (T)

Figure 3. EPR peak positions observed for the A and B molecular
transitions of a single crystal of 1, with the field aligned in the magnetic
hard plane of the A (black squares) and B (red circles) molecules,
respectively. The solid lines correspond to the best fit employing the
Hamiltonian (eq 1) and parameters given in the text. The dashed blue
line represents the predicted positions of the EPR transitions
associated with the C molecules.

The solid lines represent the simulations of the EPR peak
positions associated with the A and B molecules. It should be
noted that, for this parameter set, the predicted transitions for
the C molecules will appear at lower frequency (Figure 3,
dashed blue line) and thus were not observed experimentally.
To test uncertainties associated with these parameters, each
two parameters were fixed in turn, and the error associated with
the simulation was calculated while the others were varied (see
the Supporting Information, Figures $12—S17). These tests
show a near linear dependence on D and g (see the Supporting
Information, Figure S15). This is of little surprise given that it is
impossible to directly measure the large ZFS of 1 (~200 cm™")
by EPR. The value of D was obtained indirectly by fitting the
observed hard plane transitions (see the Supporting Informa-
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tion, Figure SS), and g has the effect of scaling the Zeeman
energy used to calculate the zero-field parameters. Since the
field is always applied in the hard plane, the g value in the
analysis corresponds to the perpendicular g value, g, . It is likely
that g, is not equal to g, which should be taken into account in
subsequent analysis.

The experiment does however show unambiguous evidence
of the presence of a sizable E term, whose magnitude (1.6
cm™) is clearly independent of g, D, and ¢ (see the Supporting
Information, Figures S12, S13, S16, and S17). The presence of
rhombic anisotropy provides spectroscopic proof that the
molecular C; symmetry is broken by Jahn—Teller-type
distortions. In summary, the EPR measurements of 1 provide
a clear determination of the magnitude of the transverse
anisotropy and demonstrate the dependence of D on the g
value. Even for a g value of 2.0, which would be very low given
the near first-order spin—orbit coupling predicted for 1, D is
expected to be as large as —120 cm ™, with a value approaching
—180 cm™’, more likely.

In order to check the analysis of the high-field EPR
measurements performed on a single crystal, powder spectra
were also recorded (on powders pressed into pellets). Indeed,
with a IDI value higher than 100 cm™, one cannot expect to
observe the corresponding transitions even using high
frequencies. Conversely, transitions associated with the E
term can be observed on powder spectra at low field, that is, for
frequencies only slightly larger than the energy gap. In Figure
S18 (see the Supporting Information), spectra recorded at 5 K
and at four different frequencies, ranging from 110 to 221 GHz,
are displayed. The shift of the main line with frequency leads to
the following parameters: E = 1.56 + 0.05 cm™ and g, = 2.34 +
0.07. Even if these figures are not very precise due to the
limited frequency (and field) interval where they are observed,
as this transition becomes weaker and weaker with the increase
of the Zeeman interaction, the E and g, values are close to the
ones obtained from single-crystal measurements, thus support-
ing the analysis previously developed on the single crystal. It
may be noticed that, for the powder measurements, more than
one signal is observed except at the lowest frequency. This
seems to point towards the existence of molecules with
different anisotropies, which could contribute to the extra
signals observed on the single-crystal spectra (especially the one
appearing only slightly lower in field than the A signal).

Similar measurements were performed on 2; however,
multiple peaks were observed, and even the most prominent
feature could be modeled with a range of parameters. The poor
quality of the data reflects the difficulties associated with single-
crystal measurements for 2, where the nonparallel alignment of
the molecular easy axes within the unit cell prevents the
simultaneous application of the field in all of the molecular hard
planes. This greatly complicates the spectra, preventing any
meaningful analysis of the ZFS parameters. Future investigation
may require the replacement of the bromide counterion with
perchlorate, in an attempt to change the crystal system and to
obtain results comparable to those for 1. Despite the
experimental difficulties associated with 2, the ZFS parameters
obtained for 1 represent a near 10-fold increase in axial
anisotropy for a reported Ni(II) complex.

3.4. Theoretical Investigation. 3.4.1. Potential Energy
Surface Features: a DFT Study. Experimentally, the observed
symmetry of the complexes under study is C;. The spin
multiplicity of the electronic ground state is triplet. Because of
the spatial degeneracy, the ground state corresponds to a

3021

85

doubly degenerate °E state at this peculiar geometry. Due to
Jahn—Teller effects, one expects the degeneracy of this state to
be lifted following appropriate symmetry-breaking distortions.
This gives rise to a moat surrounding a Jahn—Teller C; conical
intersection, with three symmetry-equivalent minima and
saddle points (transition states TS),* as shown in Figure 4.

T CY PN
0

Figure 4. Schematic representation of a moat around a Jahn—Teller C,
crossing showing the three symmetry-equivalent minima and TSs:
three-dimensional representation (the tricorn, top) and equipotential
contour plot (bottom). The main displacement vectors pointing to the
minima (purple boxes) and to one transition state (red box) are
shown.

Unrestricted DFT calculations were used to optimize these
minima and saddle points allowing one to evaluate the
pseudorotation barrier around the moat. Gatteschi and co-
workers have already invoked a dynamic Jahn—Teller effect for
these types of complexes.*®

The degenerate ground state °E in the C; symmetry point
group (SPG) is split in the C; SPG upon the Jahn—Teller effect
in two states that differ by their electronic configuration, either
d.*d.’de_*d,d2 or d.’d.*d, dz_pd;: (see Figure §), for

C, minimum G JTCI C, TS
o -+ -+ 9
dz a(d=) d-» 0
distortion distortion

” . »

- A 4
—— dyy2 ol = dy 4+— : o -

—HH— LY )

e(dx-y,dxy) g
Figure 5. Electronic configuration and singly occupied molecular
orbitals of the C; minimum state (left, Id,2_21) and TS (right, Id,|).
The main displacement vectors of both distortions are given in Figure
4.

which the associated determinants will be noted Id,,| and Id,>_I
hereafter. One of them corresponds to a true minimum of the
potential energy surface while the other one corresponds to the
TS (saddle point) connecting two minima.

The main geometrical parameters of the optimized C,
minimum, the TS, and the experimental C; structures are
given in Table S2 of the Supporting Information for
comparison. Figure S19 of the Supporting Information gives
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the numbering of the atoms used in the table. In order to
appreciate the magnitude of the distortion, we use the
parameters or and da that quantify independently the distance
distortion and the angular distortion (see the Supporting
Information, eq S1).

The values of 5r and Sa are also reported in Table S2 (see
the Supporting Information) showing that (i) for both
compounds the angular deformation is more pronounced
than the distance deformation and (i) the Jahn—Teller
distortion is almost identical for both compounds.

From the vibrational contributions, the ZPEs have been
computed for the geometry of both the minima and the TSs.
For compound 1, the electronic energy barrier is 83.6 cm™". By
adding the ZPE contributions to both the C; minimum ground
state and the TS energies, the energy barrier is reduced to 75.1
cm™" (108 K). For compound 2, the energy barrier including
the ZPE is 35 cm™ (50 K). These very weak values rationalize
the fact that the X-ray structures of both compounds
determined at 100 K were found symmetric, that is, of the C,
SPG.

3.4.2. Competition between the Antagonist Effects of the
First-Order Spin—Orbit Coupling and the Jahn—Teller
Distortion: a Two-State Spin—Orbit CAS(8,10)PT2 Study. In
order to quantify the antagonist effects of the first-order spin—
orbit coupling and the Jahn—Teller distortion, the energy of the
spin—orbit states arising from the degenerate ground term (in
C; SPG) have been calculated using the SOSI method for
different geometries interpolated between the experimental
geometry and the DFT minimum. Since at this stage we just
want to describe the first-order effects of the SOC, only the two
spin—orbit free states arising from the two spatial config-
urations were introduced in the SOSI matrix. Their wave
functions have been optimized using minimal active space
CAS(8,10)SCF calculations while their energies, used in the
SOSI calculations, are the dynamically correlated CAS(8,10)-
PT2 ones. The spectrum computed for 1 as a function of the
distortion between the C; and the DFT minimum geometry is
given in Figure 6.

< 500 — States 1 & 2 Ms\ﬂ
g — State 3 s=0
R Sate 4 Ms =0
0
2 — States 5 & 6 |Ms|= 1
;{:‘j’ -500
f=1
Q
~-1000
F.
[~
21500
35-2000
<
2500 . .

20 40 60 80 100
Jahn-Teller distortion
Figure 6. Low-energy spectrum of 1 computed at the two-state SOSI-

CAS(8,10)PT2 level of correlation. The x axis represents a linear
distortion between the C; (0) and the DFT C; minimum (100).

The geometries along the distortion are obtained by a linear
interpolation between the two extreme structures. The spatial
configuration in which d,, is singly occupied is stabilized while
the d2_ one is destabilized. While the M, = + 1 components
are degenerate whatever the distortion is, the M 0
components are split by the distortion. One may notice that
the SOSI-CAS(8,10)PT2 constrained minimum (along this
distortion) is located at 50% between the C; and the C; DFT
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geometries. The geometry at this minimal energy is less
distorted than the DFT one, and the energy difference between
the M; = + 1 components and the M; = 0 one is therefore
larger at the SOSI-CASPT2 constrained minimum than at the
DFT minimum. One should mention that the SOSI-CASSCF
constrained minimum is located at 75% of the C; structure. The
spectrum of compound 2 is represented in Figure S20 of the
Supporting Information. It exhibits the same features except
that the SOSI-CASSCF and SOSI-CASPT2 constrained
minima are both located at 80% between the C; and DFT C,;
geometries.

In the C; SPG (zero of the abscissa), the degeneracy between
the d,_ and d,, orbitals is responsible for the very important
effect of the spin—orbit interaction: the spin—orbit operator
directly couples the M, components of the two spatial
configurations, that is, spin—orbit interaction acts at first
order. Indeed, the d,>_? and d,, orbitals are linear combinations
of the complex d,_ and d,, orbitals. The operator Y (1.8,
therefore couples the degenerate spatial components of the *E
ground term, which differ by the occupation of the d2_ and
d,, orbitals. Actually only the M, = —1 and M, = +1 of the two
spatial configurations are coupled resulting in a removal of
degeneracy of the three M, components. The usual ZFS
Hamiltonian cannot model the spectrum, at this C; symmetry,
since the ground term presents a first-order angular
momentum. The values of the angular momentum components
are very close to M; = & 2. For this peculiar geometry, the
spin—orbit momentum components M; can be defined from
the values of M; and M. Their values are M; = 3, 2, 1, —1, =2,
and —3. The energy splitting between the M, = + 1 and the M
= 0 states of the ground term is around 635 cm™' for both
compounds, which is a value very close to the spin—orbit
coupling constant of the Ni(II) ion, 644 cm™.*’

The Jahn—Teller distortion induces a lifting of degeneracy of
the dxz_y2 and d,, orbitals, which results in a lifting of
degeneracy of the spatial configurations by the quantity + &,
and therefore a reduction of the splitting due to the spin—orbit
coupling. As soon as the symmetry is lowered by the distortion,
the two configurations Id,| and Id,>_3 are coupled by the
ligand field, by the quantity §,. The here-proposed model is
similar to that used in similar contexts.***® The representative
matrix of the model Hamiltonian involving the spin—orbit
coupling between the two configurations Id,,| and Id,2_I and
the Jahn—Teller distortion ligand field parameters (5, and &,) is
given below (eq 2):

ld, —1) ld2_2, —1) ld,, 0) ld2_2,0) Id

Xy Xy

1) lda2_2, 1)

{dy, —1l —A+6 5,4+ 0 0 0 0

o=l s i _A—45 0 0 0 0

(dy, Ol 0 0 —A+35, 5, 0 0

da_p0 |0 0 5, —A=50 0

(dy 1 0 0 0 0 —A+ 8 5, —il

(ot 0 0 0 0 S, +il —A -5
()

where { is the spin—orbit constant of Ni(I) reduced by the
ligand field and A is the mean value of the eigenenergies. The
values of ,, 6,, and A depend on the geometrical structure. For
the C; SPG, the three parameters are zero while they are
maximal for the most distorted geometry of the DFT C,;
minimum. The diagonalization of this matrix gives access to
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the energy of the six spin—orbit states. The general expressions
of the energies are

E (M, =+1) = -A - /5’ + ¢
Ey(M;=0)=-A+5
Ego(M, = +1) = —A + /6> + ¢* 3)

where (1,2), (3/4) and (5,6) are ordered by increasing energy
and &% = 6, + 8, In the C, geometry (6 = 0, A = 0), these

energies are:

EI,Z(M] =143)=—(

E3’4(Mj +2)=0

Ego(M; = £1) =¢ 4)

When the distortion is dominant (5* > (?), the eigenstates
are very similar to the spin—orbit free states and their energies
are

EA),=-A-34

E(A), =-A+6

(5)

While only values of 6 and A are accessible from the
computed energies, it is possible to determine the values of A,
0, 6), and 6, using both the energies and wave functions from
the effective Hamiltonian theory in the formalism of des
Cloizeaux.”” This theory enables one to build a numerical
effective Hamiltonian working in the model space constituted
of the components of the two spatial configurations and
fulfilling the following conditions:

HYIE) = EIT) (6)
where E; are the ab initio energies of the lowest spin—orbit
states and |¥) are the orthonormalized projections onto the
model space of the corresponding spin—orbit states. According
to this theory, the numerical elements of the effective
Hamiltonian matrix can be calculated from the spin—orbit
energies and wave functions, using the spectral decomposition
of the effective Hamiltonian:

CIANC

A eff

(nayy =
(7)

where I and ] are the M, components of the two spatial
configurations, that is, the functions on which is spanned the
analytical matrix (eq 2). Identifying the analytical elements and
the numerical ones enables one to extract the values of all the
interactions of the model. Table S3 of the Supporting
Information reports the values of §, &;, 8, A, and ¢ (in
cm™") determined for the experimental geometry, the DFT
minimum, and the SOSI-CASSCF and the SOSI-CASPT2
constrained minima.

The changes of metal—ligand covalency between the
different studied geometries have a negligible impact on the {
value, since calculations show that this parameter is essentially
constant. It is worth noticing that this value is far from being
negligible in comparison to the value of §, showing that (i) eq 3
should be used to reproduce the computed energies and (ii)
the impact on the spectrum of the spin—orbit coupling is still
very important even at the most distorted geometry (DFT
minimum) justifying the terminology “first order”. Of course,

3023

87

all the values of the introduced ligand field parameters are zero
at the C; geometry. As expected the values of §, 6,
(stabilization/destabilization of the configurations), and &,
(mixing of the two configurations) increase with the
deformation. One may also notice that the signs of 6, and 5,
change between the minima and the TS, reflecting the
interchange of the dominant configuration in the ground-state
wave function. Finally, one may notice that A is positive at the
SOSI-CASPT?2 minimum (and for more distorted geometries)
reflecting the fact that, for compound 1, the stabilization of the
ground state due to the Jahn—Teller distortion is very weak:
since the excited states are destabilized by the distortion, the
mean energy value is consequently positive.

3.4.3. Determination of the ZFS Parameters: a 24 State
SOSI-CAS(8,10)PT2 Study. When the geometry is distorted, the
impact on the spectrum of the spin—orbit coupling between the
two first states decreases, and the spin—orbit effects resulting
from the coupling with the other excited states may become of
comparable importance. In order to better describe the lowest
energy spectrum and in particular the lifting of degeneracy of
the M, components of the ground term, SOSI-CAS(8,10)PT2
calculations involving the 10 excited triplets and 14 excited
singlets have been performed. The low energy spectrum
reported in Figure S21 of the Supporting Information exhibits
the same qualitative features as the one obtained from the two-
state SOSI matrix. The main qualitative differences are (i) a
slight reduction of the { spin—orbit coupling constant (595
versus 630 cm™!) and (ii) the lifting of degeneracy of the M, =
+ 1 components that results from the spin—orbit coupling with
the other excited terms. For distorted structures, the energies of
the three spin—orbit states arising from the ground term
configuration can be described using the ZFS Hamiltonian A7Fs

= SD.S given by eq 1 in zero field B = 0. Using the effective
Hamiltonian theory, it is possible to extract all the components

of the 2™ rank ZFS tensor D. Then, its diagonalization gives
access to the axial and rhombic D and E parameters and to the
magnetic axes frame. The so-obtained axes of compounds 1 and
2 are represented in Figure S22 of the Supporting Information,
showing that the Z axis determined theoretically is very close to
the Ni—X direction.

Table 1 reports the extracted values of the D and E
parameters for the four different computed geometrical
structures: the C;, DFT minimum, the constrained SOSI-
CASSCEF and SOSI-CASPT2 minima, and the TS geometry. It
is worth noticing that, while the reduction of the values of D
when introducing the spin—orbit coupling between the ground
electronic term and the excited ones is non-negligible, the
values are still extremely large, ranging between —100 and
—200 cm™.

As shown previously,"® the methods used here usually
provide reliable values of the ZFS parameters for the
experimental geometries. Since, the property is governed by
both the spin—orbit coupling and the symmetry lowering (from
isotropic symmetry) of the geometry, the results strongly
depend on the geometrical structure. Unfortunately, the
distorted experimental geometries of these compounds are
not available.

In order to appreciate which of these geometries is the most
reliable, we have computed both magnetization versus magnetic
field M = f(B/T) and susceptibility versus temperature yT =
A(T). Figures 7 and S23 (Supporting Information) show the
results obtained for the SOSI-CASSCF minimum for which the
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Table 1. ZFS Parameters (cm ™) Computed at Several Levels
of Calculations for the Geometries of the TS, the DFT
Minimum, and the SOSI-CASSCF and SOSI-CAS(8,10)PT2
Constrained Minima (along the Jahn—Teller Distortion
between the Experimental C; and the DFT Minimum)®

1 2
level of calculation geometry D E D E
CAS(8,10)PT2 2 triplets DFT minimum -187 0 -202 0
SOSI-CASSCF —241 0 -234 0
constrained
minimum
SOSI-CASPT2 =299 0 =234 0
constrained
minimum
TS minimum -224 0 —240 0
CAS(8,10)PT2 14 DFT minimum -104 07 -117 11
singlets and 10 triplets  g051.CASSCE -152 06 -147 11
constrained
minimum
SOSI-CASPT2 —-205S 0.8 —147 12
constrained
minimum
TS minimum —-127 30 -146 3.1

“The number of states, which have been introduced in the state
interaction matrix, is indicated in the left column.

3__
PR — M calc
S — Mecale B/ C,
Byl ~MecaleB L C,
" * M exp
=

FHEN
¥
*

e L L | L

1 1.5 2
B/T (T/K)

s~

— x.T calc
— x,-TcaleB LC,

— x,-Teale B//Cy
* x.Texp

% 100 200
Temperature (K)

554

%.T (emu.K/mol)

*

300

Figure 7. M = f(B/T) at 2 K and yT = f(T) curves computed from the
24 state SOSI-CASPT2 solutions at the constrained SOSI-CASSCF
minimum for 1. The experimental results are reported for comparison.

best agreement with the experiment is obtained for both M =
f(B/T) and ¥T = f(T) (see the Supporting Information, Figures
S24 and S25, for comparison with the other geometries). At the
SOSI-CASSCF minimum, the value of D is —152 cm™, which
is in agreement with the best estimate —180 cm™" from HF-
HFEPR measurements.

Looking more carefully at the SOSI matrix, one may notice
that the main contributions to the ZFS are brought by the three
first excited triplet states. The first excited triplet (dominated by
the Id,2_ | configuration) brings the large negative contribution.
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The coupling with the other excited states and in particular
with the third and fourth triplet states resulting from excitations
from the d,, and d,, orbitals to the d, d,,, and d2_ orbitals
bring positive contributions that again reduce the D value.
Comparing all the obtained values, one may conclude that the
Jahn—Teller distortion is mainly responsible for the reduction
of the D values. Indeed the lifting of degeneracy between the
two spatial components of the ground term induces a reduction
of the energy difference between the M; = + 1 and M, = 0
lowest components from —595 cm™ (in the C, structure) to
—241 cm™ for instance at the constrained SOSI-CASSCF
minimum while the total positive contribution brought by the
other excited states is 85 cm™.

In summary, while the reduction of D due to the Jahn—Teller
distortion is quite important, the values of D in all considered
distorted structures are still extremely large in comparison to
what is usually observed in mononuclear complexes. This result
shows that, in the studied complexes, the Jahn—Teller
distortion is not large enough to completely eliminate the
large impact of the spin—orbit coupling between the two lowest
states. The rigidity of the ligand preventing strong deformations
is probably responsible for this result.

It was unfortunately not possible to characterize compound 2
using HE-HFEPR spectroscopy. Nevertheless, both magnetic
measurements and theoretical investigations show that this
compound also exhibits a giant uniaxial magnetic anisotropy
with a D = —147 cm ™ value close to that of compound 1. This
result is in line with the fact that the geometrical distortion
mainly due to angular contributions is similar in both
compounds.

4. CONCLUDING REMARKS

Ni(II) complexes with a trigonal bipyramid symmetry, as is the
case for 1 and 2, must have a doubly degenerate ground state
and thus a first-order spin—orbit coupling leading to a magnetic
anisotropy of the order of the spin—orbit parameter (around
600 cm™"). It is expected that, in order to gain energy, vibronic
coupling lifts the degeneracy of the ground state thus drastically
reducing the effect of first-order spin—orbit coupling and
consequently magnetic anisotropy. In such cases, the energy
difference between the M, components of the S = 1 state is
drastically reduced. In order to estimate the magnitude of the
magnetic anisotropy in compound 1 that has a C; crystallo-
graphic axis, EPR studies were performed on a single crystal
and on powder samples. These studies allowed showing that
the M sublevels +1 are the lowest in energy. The rhombic ZFS
parameter E was determined (1.6 cm™'), and the axial
parameter D was estimated to be larger than 120 cm™,
showing that the orbital momentum is not fully quenched. In
order to rationalize the magnetic behavior and to get insight
into the origin of the large Ising-type magnetic anisotropy
experimentally observed, a full theoretical study was carried out.
DFT calculations show that, due to Jahn—Teller effects, the
potential energy surfaces of the studied complexes exhibit a
moat around a conical intersection. The potential energy
barrier including vibrational contributions is relatively flat.
The theoretical studies, the EPR results, and the structural
analysis at 10 K of complex 1 lead to the important conclusion
that the Jahn—Teller effect only weakly distorts the structure.
As a consequence, a giant axial anisotropic parameter is found,
resulting from a non-totally quenched orbital angular
momentum. The origin of such a weak Jahn—Teller effect
can be attributed to the rigidity of the Megtren pentadentate
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ligand imposing a robust trigonal bipyramidal geometry that
counterbalances the Jahn—Teller distortion. This highlights the
crucial role played by the organic ligands in designing
mononuclear complexes with large magnetic anisotropy. Such
complexes can be used as building-block units for the
elaboration of polynuclear complexes with high blocking
temperatures.

B ASSOCIATED CONTENT
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Crystallographic data as CIF files; structural data and their
analysis at 100 K for 1 and 2 and at 10 K for 1; SQUID
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1 at frequencies between 110 and 221 GHz; theoretical
variation of the energy levels for 1 and 2 upon the magnitude of
the Jahn—Teller distortion; and calculated magnetic data. This
material is available free of charge via the Internet at http://
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2.2. QUASI-DEGENERESCENCE DE L’ETAT FONDAMENTAL

Supporting Information

Synthesis of [Ni(Megtren)Cl](ClO4) (1) NiCls - 6H20 (0.330 g, 1.40 mmol) was dissolved in EtOH (20
ml) at 55 °C. Megtren (0.322 g, 1.40 mmol) dissolved in EtOH (10 ml) was added dropwise with stirring,
forming a green solution that was stirred overnight at room temperature. NaClO,4 - HoO (0.196 g, 1.40
mmol) was added with stirring inducing precipitation of pale green [Ni(Megtren)Cl](ClO4) (2) (0.543
g, 92%), which was isolated by filtration, washed with EtOH (5 ml) and Et>O (10 ml) and dried in air.
Slow cooling a hot saturated methanolic solution of 1 yielded crystals suitable for X-ray analysis after
1 night. Elemental analysis (%), observed (calculated for NiC12H30N4Cl204) C, 34.01 (34.11) H, 7.16
(7.16) N, 13.14 (13.27). MS ESI* (MeOH) : m/z 323.24 [Ni(Megtren)CI]T. IR (KBr) v/cm™1 : 3437
(m), 2985 (m), 2901 (m), 2850 (m), 2793 (w), 2014 (w), 1486 (s), 1475 (s), 1462 (m), 1434 (m), 1358 (w),
1299 (m), 1248 (w), 1172 (w), 1090 (s), 1050 (s), 1023 (m), 1007 (m), 938 (s), 912 (m), 808 (m), 777 (m),
742 (W), 623 (s), 602 (W), 576 (w), 481 (w), 419 (w), 382 (w).

Physical measurements
Table S1 Details of the crystallographic analysis of 1, and selected bond lengths and angles for 1 and 2.

1
chemical formula C12H30N4Ni0l204 012H30N4Ni01204
molecular weight 423.99 423.99
crystal dimens./mm  0.27, 0.18, 0.06 0.11, 0.23, 0.28
crystal system Rhombohedral Rhombohedral
space group R3c R3c
a/A 9.874(5) 9.8155(4)
b/A 9.874(5) 9.8155(4)
c/A 32.962(5) 32.752(2)
af° 90 90
B/° 90 90
~v/° 120 120
V/A3 2783(2) 2732.7(2)
Z 6 6
Pealcd 1.518 1.546
T/K 100 10
Ormaz/deg 36.93 32.98
data collected 8389 16442
(unique) 2212 2199
no of params 72 110
Final R1, wR2 0.0249, 0.0609 0.0271, 0.0502
1 at 100 K 1at 10 K 2
Ni - N1/A 2.072(3) 2.064(2) 2.104(0)
Ni- N2/A 2.143(2) 2.1303(12) 2.135(0)
Ni - X/A 2.282(1) 2.2745(6) 2.467(0)
N1 -Ni- N2/° 83.81(5) 83.98(3) 84.22(0)
N1-Ni-X/° 180.00 180.00 180.00
N2 — Ni — N27/° 118.85(2) 118.913(12) 119.00(1)
N2 - Ni-X/° 96.19(5) 96.02(3) 95.78(0)
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Analysis of the 10 K crystal structure.

The structural refinement of the 10K diffraction data has been conducted in the R3c space
group, in agreement with the observed extinction conditions on the measured Bragg intensities.
No symmetry breaking transition occurs with respect to the 100 K crystal structure, which
could have resulted from a specific structural distortion. Attempts have been made to refine
the structure in the non-isomorphic subgroup Cec, thus releasing the 3-fold symmetry passing
through the [Ni(Megtren)Cl] complex. The resulting Ni-N2 bond distances indicate a very subtle
distortion (Ni-N2 = 2.1435(16)A, Ni-N2’ = 2.1390(16)A, Ni-N2” = 2.1394(15)A), which is within
the standard deviation (Ady;_n2 ~ 30), and therefore barely significant. The corresponding
calculated distance distortion (defined by eq. 2 in the manuscript) is only 0.0063A. Accordingly,
the high symmetry R3¢ description of the structure has been considered for the discussion in the
manuscript. The absence of crystal symmetry lowering at 10 K does not rule out the presence of a
molecular distortion. Indeed, a local (i.e. molecular) distortion resulting from a Jahn-Teller effect
with an equal population of the three distortion modes (depicted in Figure S2), and statistically
distributed within the single crystal sample would preserve the R3¢ symmetry.

The atomic displacement tensors U;; determined from the structural analysis of the x-ray dif-
fraction data contain essential information on the structural dynamics of the [Ni(Megtren)Cl]
complex, and may provide further information on the presence of a static or dynamic Jahn-
Teller behavior. The U;; tensors accounts at the same time for the external and internal vi-
bration contributions, in addition to static disorder in the crystal. The structural dynamics of
the [Ni(Megtren)Cl] complex at 10 K has been examined by performing a TLS thermal motion
analysis using the THMA software. ! The experimentally determined tensors U;; have been fitted
considering the complex as a rigid body, by refining the components of the translation (T), li-
bration (L) and correlation (S, skew) tensors. This thermal motion model accounts solely for the
external vibration modes. The figure S3 displays the resulting difference surfaces U ps-Ucare(TLS).
The difference surfaces of the C1, C2 and N2 atoms evidence a specific internal displacement
(depicted by the black arrow), which relates to an internal libration of one fragment of the fren
ligand. This libration is the structural signature of a Jahn-Teller effect, with a shortening of one
Ni-N2 bond distance, and lengthening of the two other symmetry related Ni-N2 bonds (depicted
by the red arrows in figure S3); this distortion mode corresponds to one of the three symmetry
equivalent minima given in figure 4. Owing to the C3 symmetry, still preserved at 10 K, this
internal libration occurs also for the other two similar fragments of the ligand. This libration
may have here a dynamic origin (dynamic Jahn-Teller), or a static origin (static Jahn-Teller)
with an equal population of the three distortion modes, and a statistical distribution within the
single crystal. In this later case, the R3¢ crystal symmetry is preserved, although a local (i.e.
molecular) symmetry lowering occurs with a lift of degeneracy. In conclusion, the TLS analysis
of the 10 K crystal structure supports the presence of a Jahn-Teller effect, whether it is of static
or dynamic origin, and agrees with the EPR findings.

o= (3 6 —oey)
oo =T (Zi (aft — ags)Q) 1/2

Equation S1

1. V. Schomaker ; K.N.Trueblood, Acta Cryst. 1998, B5/, 507.
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along the C3 axis of one of the
[Ni(Megtren)Br]t complexes in the unit
cell of 2. Carbon and hydrogen atoms have
been removed for clarity.

o ®
X /L Figure S1 : Packing diagram viewed
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Figure S2 : Local molecular distortion resulting Figure S3 : Difference root mean square displace-
from a Jahn-Teller effect with an equal population ments Uyps — Ucaic(TLS), positive in blue, negative
of the three distortion modes in red.
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Figure S4 : xT vs. T for 1 in an applied field of 0.1 and 1.0 T (left), and reduced magnetization, M vs.
HT~! (right), collected at 2, 4, 6, 10 and 12 K.
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Figure S9 : Representative hard plane EPR spec-
tra of 1 collected at 1.4 K. These experiments
were performed with the field applied in the hard
plane of the A molecules. The EPR transitions
associated with the A molecules are labelled by
the solid black squares below each spectrum.
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Figure S8 Temperature dependence
HFHF-EPR spectra of 1 at 210 GHz. The
experiments were performed with the field
applied in the hard plane of the A molecules.
The two observed signals are labelled. The
intensity of the signals decreases with in-
creasing temperature confirming that they
are ground state transitions. The fine struc-
ture peaks close to the A transitions are li-
kely due to disorders and/or imperfect crys-
tal.
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Figure S10 : Representative spectra of the fre-
quency dependence studies of the B molecules
at 1.4 K. The experiments were performed with
the field applied in the hard plane of the B mo-
lecules. The EPR transitions associated with the
B molecules are labelled by the solid red circles
below each spectrum.

Figure S11 : Three adjacent molecules of 1 in
which all molecules possess ideal C'5 symmetry
(left). The proposed situation, where all mole-
cules possess a Jahn-Teller type distortion in
the trigonal plane and remain related to one
another by Cs rotations (right).
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Figure S12 : 3D (left)
and contour (right)
plots showing the
error (x?) associated
with fitting the EPR
results. In this case D
and E are varied while
g and ¢ are fixed at 2.4
and 106° respectively.
N.B. The unit used for
F is GHz, 30 GHz = 1

cm™1L.

Figure S13 : 3D (left)
and contour (right)
plots showing the
error (x?) associated
with fitting the EPR
results. In this case
D and ¢ are varied
while g and FE are
fixed at 2.4 and 50
GHz respectively.

Figure S14 : 3D (left)
and contour (right)
plots showing the
error (x?) associated
with fitting the EPR
results. In this case F
and ¢ are varied while
g and D are fixed
at 2.4 and 180 cm™!
respectively.

Figure S15 : 3D (left)
and contour (right)
plots  showing the
error (x?) associated
with fitting the EPR
results. In this case D
and ¢ are varied while
E and ¢ are fixed
at 50 GHz and 106°
respectively
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Figure S16 : 3D (left)
and contour (right)
plots  showing the
error (x?) associated
with fitting the EPR
results. In this case F
and g are varied while
D and ¢ are fixed at
30 100 182 c¢cm~! and 106°
respectively

80 : .
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E (GHz)

Figure S17 : 3D (left)
and contour (right)
plots  showing the
error (x?) associated
with fitting the EPR
results. In this case E
and g are varied while
D and ¢ are fixed at
182 c¢cm~' and 106°
respectively

[Ni(Me6tren)CI].ClIO4 pellet + MgO:Mn(I)O

220.8 GHz

120.0 GHz

.../\/I 110.4 GHz

: Figure S18 : Powder EPR spectra of
B (T 1 at T = 5K and four different fre-
quencies

Figure S19 : Scheme de-
picting the first coordina-
tion sphere atoms numbe-
ring and some of the dis-

tances and angles given in
Table S2.
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Ni(Megtren)Cl Ni(Megtren)Br
Cs5 (exp.) | C; (min.DFT) | ¢y (TS.DFT) | C5 (exp.) | C; (min.DFT) | Cy (TS.DFT)
71 2.07 2.14 2.14 2.10 2.16 2.16
T 2.14 2.22 2.16 2.14 2.23 2.18
r3 2.14 2.14 2.17 2.14 2.24 2.17
T4 2.14 2.22 2.27 2.14 2.15 2.28
X 2.28 2.32 2.32 247 2.44 2.44
23 118.9 114.0 112.9 119.0 126.5 113.2
4 118.9 127.4 121.9 119.0 114.1 122.0
34 118.9 115.2 122.8 119.0 115.2 120.7
12 83.8 83.2 84.3 84.2 83.3 83.7
13 83.8 84.8 84.0 84.2 824 84.1
014 83.8 83.9 83.3 84.2 84.2 82.2
Qox 96.2 96.6 97.6 95.8 97.5 96.8
a3x 96.2 97.2 93.8 95.8 95.2 97.8
aux 96.2 94.6 97.0 95.8 97.7 95.7
or 0 0.14 0.16 0 0.15 0.16
da 0 0.40 0.29 0 0.39 0.28

Table S2 : Main distances (in A) and angles (in degrees) optimized at the B3LYP DFT levels for the
equilibrium and transition states geometries and of the C3 experimental geometry.

CT A T3] o | 0

Experimental geometry 631 0 0 0 0
SOSI CASPT2 constrained minimum 633 | 87 | 519 | 186 | 485
1 SOSI CASSCEF constrained minimum 633 | -86 | 711 | 299 | 645
DFT minimum 635 | -605 | 981 | 453 | 878
Transition state geometry 635 | -663 | 787 | -634 | -465
Experimental geometry 633 0 0 0 0
SOSI CASSCF/PT2 constrained minimum | 635 | 1450 | 742 | 484 | 562
2 DFT minimum 635 | 1243 | 893 | 539 | 712
Transition state geometry 634 | 1513 | 716 | -621 | -356

Table S3 : Values (in cm™!) of the spin-orbit constant and of the ligand field parameters resulting from
the Jahn-Teller distortion and the first-order spin-orbit coupling for different geometries. Since the SOSI-
CASSCF and SOSI-CASPT?2 constrained minima are both located at 80% of the distortion between the
C3 geometry and the C; DFT minimum, only one set of values is reported.
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Figure S20. Low energy spectrum of 2 com-
puted at the two states SOSI-CAS(8,10)PT2
level of correlation. The x axis represents a li-
near distortion between the Cs (0) and DFT
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Figure S21 : Low energy spectrum of 1 com-
puted at the two states SOSI-CAS(8,10)PT2
level of correlation. The x axis represents a li-
near distortion between the Cs (0) and DFT
Cy minimum (100).

Cy minimum (100).

Figure S22 : Schematic representation of 1 and 2 showing the magnetic axes frame in which the 24 states
SOSI-CASPT2 computed ZF'S tensors are diagonal.
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Figure S23 : M = f(B/T) at 2 K (left) and xT = f(T) (right) curves computed from the 24 state
SOSI-CASPT?2 solutions at the constrained SOSI-CASSCF minimum for 2. The experimental results are
reported for comparison
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Figure S24 : xT versus T curves computed from the 24-state SOSI-CASPT2 solutions at the constrained

SOSI-CASPT2 minimum (left) and DFT minimum (right) for compound 1. The experimentally measured
curve is reported for comparison.
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Chapitre 3

Interférences et effets synergiques entre
anisotropies locales dans les complexes
bi-nucléaires

Aprés avoir étudié, dans certains complexes mononucléaires, comment améliorer I’aniso-
tropie magnétique locale, une étude de 'interaction de deux anisotropies locales sur deux
centres métalliques a été réalisée. 11 s’agit d’un projet d’article concernant I’élaboration
d’un hamiltonien de spin associé au bas du spectre énergétique d’un complexe modéle bi-
nucléaire comportant deux Ni!! pour différentes structures géométriques. Ce choix permet
de définir aisément un ensemble de paramétres de ZF'S associé a chaque centre métallique
en modifiant les paramétres géométriques et éventuellement la nature des ligands en fonc-
tion du type d’anisotropie et de la direction des axes magnétiques souhaitée.

Afin de modéliser le spectre de ces complexes, une étude théorique est menée a l'aide
d’un calcul CASSCF avec MOLCAS comportant I’ensemble des 16 électrons de la sous-
couche d des deux centres métalliques dans l'espace actif. Puis, différents hamiltoniens
modéles sont établis afin de modéliser I’anisotropie magnétique du quintuplet et du tri-
plet fondamental & ’aide d’une description de type "Giant-Spin" [56] mais aussi une
modélisation de type "multi-spin" [17,19| décrivant 'ensemble des neuf états spin-orbites
du spectre les plus bas en énergie issus des états singulet, triplet et quintuplet les plus bas.
C’est cette derniére description qui permet de décrire ’hamiltonien en terme d’anisotropie
locale et d’échange; de plus, comme établi précédemment [57,58|, il apparait nécessaire
de faire intervenir, en plus des tenseurs de rang deux, introduits lors du chapitre 1.1, un
tenseur de rang quatre (¢f. équation 3.1).

Il
/N
g)
X
0-0)
N—

ﬁMS = Jga . Sb + gaﬁaga + gbﬁbgb -+ gaﬁabgb + C_labga X gb -+ (Sa & ga) D aavp

avec

J le paramétre d’échange isotrope

— Ea et D, les tenseurs d’anisotropie locaux
D

« le tenseur d’anisotropie d’échange symétrique

101



CHAPITRE 3. INTERFERENCES ET EFFETS SYNERGIQUES
ENTRE ANISOTROPIES LOCALES DANS LES BI-NUCLEAIRES

— dgp le pseudo-vecteur d’anisotropie d’échange antisymétrique (pseudo-vecteur de
Dzyaloshinskii-Moriya)

— D le tenseur d’anisotropie d’échange symétrique d’ordre 4
Une extraction des tenseurs d’anisotropies liés aux états triplets de chaque centre métal-
lique D, et D, obtenus en excluant de 'espace actif les électrons associés a lautre Ni'! est
aussi effectuée afin de valider la méthode de type multi-spin et de tester la transférabilité
des paramétres d’anisotropie locale au complexe bi-nucléaire.

Au cours de cette étude, il apparait que le role de la symétrie du complexe est important
et que le caractére nul de certains paramétres peut étre prédit pour certaines géométries,
a la fois pour les tenseurs de rang deux [59] mais aussi de rang quatre. De plus, le rdle
des tenseurs locaux dans une description multi-spin est prépondérant et permet de mieux
comprendre leurs influences sur les tenseurs d’échange ainsi que la nature et 'amplitude
des paramétres obtenus par une approche giant-spin.

L’étude porte sur deux complexes modéles O[NiCN(NCH )]s (noté M) et O[NiCI(NCH)4]o
(noté My) soumis a différentes déformations structurales allant de géométries Dyy, & Cf,
cela permet de créer différentes anisotropies locales et de calculer les anisotropies d’in-
teraction impliquées. Afin de représenter les ellipsoides associées aux anisotropies, un
ensemble de conventions ont été établies en fonction de la nature et des directions du
systémes d’axes propres magnétiques qui est représenté sur la figure 3.1.

D>0E=0 D>0E#0 D>0E#0 D>0E#0
Z axe difficile Z axe difficile Z axe difficile Y axe difficile
XY plan facile X axe facile Y axe facile Z axe facile

D<0E=0 D<0E#0 D<0E#0

7 axe facile Z axe facile Z axe facile D<0 E#0

XY plan difficile X axe difficile Y axe difficile Y axe facile

Z axe difficile

FIGURE 3.1 — Conventions pour la représentation des axes magnétiques pour le tenseur D.
Les plans de facile (resp. difficile) aimantation sont représentés en rouge (resp. noir) et les axes de facile
(resp. difficile) aimantation sont symbolisés par une double fleche rouge (resp. noire).

En I’absence de déformation pour M; ou pour des compressions avec d’éventuelles
rotations pour My, on obtient deux anisotropies locales axiales (cf. figure 3.2). Dés lors,
en fonction des rotations imposées, il est possible d’orienter les axes de faciles aimantation.
On constate aussi que le tenseur associé a I’état quintuplet 5@ dans la description giant-
spin est de méme nature que les tenseurs locaux et sa direction de facile aimantation
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est la moyenne de celles des tenseurs locaux a l’exception du cas 3 ou ces directions sont
orthogonales auquel cas, sa nature est modifié. On a alors une anisotropie planaire mais la
direction de difficile aimantation reste alignée avec celles des tenseurs locaux. De plus, il
apparait que le tenseur associé a ’état triplet Dy dans la description giant-spin présente
une nature (axiale ou planaire) et un role des axes de facile ou difficile aimantation inversé

par rapport au tenseur EQ.

Modele
Numéro SPG | Déformation

=
Q
=
Q.
=1
S|
o
3
S|

)

" HA >~ 9
1 x
Dy, /|)_/| D,=-2,2 E,=0
P Day=0,3 Do=-2,4 Eq=0 D;=7,6 E;=0
M,
’ 71%14 <=
Dy, )
V a=-21E,=0,4 | D,,=0,3 Dy=-6,7 Eg=0,7 | Dr=19,2 Er=2,3
5 = =
3 | @
Doy
D,,=0,3
D,=-22 E,=0,3 D= 2,5 Eg=0 D=-6,9 Er=0
M,
: 7@6 &
¢,
=22 £.=0.3 | D,4=0,3 D;=18,6 E;=2,4
D,=-22 E,=0,3 | Das Dm-6,6 Eqe0,6 T T

FIGURE 3.2 — Ellipsoides représentant I’anisotropie et les axes propres magnétiques pour les tenseurs
d’anisotropie locale et globale dans le cas de deux anisotropies locales axiales. Le choix du modéle et le
groupe ponctuel de symétrie (SPG) est spécifié dans la premiére colonne.

En l'absence de déformation pour My ou pour des élongations avec d’éventuelles ro-
tations pour M; ou My, on obtient deux anisotropies locales planaires (cf. figure 3.3). La
encore, le choix des déformations permet de définir, au sein du plan de facile aimantation,
la direction de I'axe de facile aimantation. De plus, le tenseur EQ présente la méme na-
ture que les tenseurs locaux avec des axes d’aimantations bissecteurs des axes locaux, sauf
dans le cas 7 d’axes locaux orthogonaux et le cas 10 pour lequel les plans d’aimantations
sont orthogonaux. Il en résulte, dans ce dernier cas, une nature axiale du tenseur EQ avec
un axe de facile orientation aligné avec ceux des tenseurs locaux malgré les valeurs des
parameétres DD opposées.

Enfin, a partir de déformations distinctes entre les deux centres métalliques, il est
possible d’obtenir deux anisotropies locales distinctes (cf. figure 3.4) pouvant donner lieu

a un tenseur ﬁQ de nature axiale ou planaire. Ce dernier présente cependant toujours
des directions d’aimantation en accord avec celles de I'anisotropie locale de plus grande
amplitude. Tl est méme possible d’accroitre 'anisotropie globale Dg du composé a Paide
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Model = — = — — ——
NSIHZTZ SPG | Déformation D, and D, Dab d D, Dy
M,
5 x
Dy, )— : D,=11 E,20 D,,=0,4 Dg=2,5 Eq=0 Dy—-6,6 E;=0
M,
6
Do D,=12 E,=1,4 | Da=5,2 Dg=2,5 Eg=0,5 Dr=-6,7 Ey=1,7
M, M
7 7
D, D,=12 E,=1,4 | Dy=0,4 Dq=2,5 Eq=0 Dy=-6,6 Er=0
M, —
8
D, D=0,4 904 D 1,6 Eo=0,5 | Dr=3,7 Er=0,5
MZ
9
o D,=9,9 E,=1,4 | D,,=5,1
a~ a~ ab™Y» DQ=2,5 EQ=0,2 DT=_6’7 ET=0’7
Ml
D,y
D,=17 E,=3,1 | Da=4,7 Dg=-2,2 Eq=0 D:=9,7 E=0

FIGURE 3.3 — Ellipsoides représentant I’anisotropie et les axes propres magnétiques pour les tenseurs
d’anisotropie locale et globale dans le cas de deux anisotropies locales planaires.

104



d’une anisotropie locale planaire de méme axe de facile orientation que ’anisotropie locale
axiale que ’on cherche & favoriser.

Modél ; ; — — _ _ _ —
meeé; SPG Déformation D, and D, D, d D, D,
v e @ || e | @
1 =
D,=-3,6 D,=1,1
C4v E:=O Ebb:() Dab:0’3 DQ:'1 ,5 EQ:O DT=512 ET=0
o < ) <=
12
D,5=0,3
Cov D,=4,6 D,=-20,3|
E.=0 E,=0,9 Do=-3,6 Eg=0,2 | Dr=8,6 Er=1,4
R = SRS =
B |1 4
C
» D,=-2,1 Dy=4,2 | Da=-4,7 Do=-2,5 E;=0,3 | Dr=8,0 Er=0,9
E,=0 E,=0,5 | Ea=0,6

FIGURE 3.4 — Ellipsoides représentant I’anisotropie et les axes propres magnétiques pour les tenseurs
d’anisotropie locale et globale dans le cas de deux anisotropies locales axiale et planaire.

Finalement, nous avons réussir a obtenir une anisotropie globale axiale du quintuplet
par 'association de deux anisotropies locales axiales ou, de maniére plus surprenante,
grace a deux anisotropies locales planaires avec des plans orthogonaux ou par combinaison
d’anisotropies locales axiale et planaire avec une direction commune de facile aimantation.
Les géométries permettant d’obtenir un effet synergique entre les spins locaux pour obtenir
un effet comparable au niveau du spin du quintuplet sont mises en évidence, de méme
que la faible dépendance des parameétres du ZFS aux distorsions angulaires des ligands.
De plus, il est envisageable d’obtenir une anisotropie globale de nature différente des
anisotropies locales. Il est alors possible de prédire quels types de déformations, a partir
d’une structure idéale, risquent d’affecter fortement I’anisotropie globale d’'un complexe
poly-nucléaire.
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Abstract

The overall magnetic anisotropy of two bi-nuclear model complexes, the local anisotropies of
their two constitutive Ni(II) ions and the anisotropy of their exchange interactions are determined
from correlated ab initio calculations. Various geometrical deformations are imposed in order to
tune the local anisotropies of the Ni(II) ions and study their different combinations such as planar-
planar (with same and different planes), axial-axial (with same and different axes) and axial-planar
(with various orientations). The extraction of the parameters of both the giant spin and multispin
Hamiltonians combined with the determination of the local and overall magnetic axes enables one
to analyze the constructive and destructive interferences between local anisotropies in the resulting
overall anisotropy of the complex. This study follows a previous work in which it has been shown
that a four-rank tensor should be introduced in the multi-spin Hamiltonian in order to reproduce
accurately the ab initio results. All the interactions of the revisited multi-spin Hamiltonian are

extracted using the effective Hamiltonian theory.

PACS numbers: PACS
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I. INTRODUCTION

Magnetic anisotropy is the origin of the single molecule magnet (SMM) behavior! ® which
consists in a slow relaxation of the magnetization, and to a blocking of the magnetization
for low enough temperatures. Since this bistable behavior may lead to possible technological
applications in the domain of data storage® and quantum computing” ®, the understanding
of the microscopic origin of magnetic anisotropy has received a considerable interest during
the last two decades. For most of the complexes based on transition metal ions, the property
comes from the lift of degeneracy of the Ms components of the ground spin state S due to
relativistic effects, in particular to the spin orbit coupling, and to geometrical distortions
from the isotropic highly symmetric octahedron or tetrahedron. This phenomenon is called
the Zero-Field Splitting (ZFS) and is characterized by two parameters, namely the axial D
and the rhombic E parameters. The bistable behavior occurs when the two maximal Ms
components of the ground spin state are the lowest degenerate states and is characterized
by a uniaxial magnetic anisotropy, i.e. D is large and negative and F = 0. As soon as the
rhombic parameter E is different from zero, the Ms components are coupled and the ground
state is a linear combination of the Ms components while when D is positive the lowest
|Ms| component(s) become(s) the ground state. The synthesis of new objects presenting
the required (and improved) anisotropy characteristics rests on the ability to control the
nature (uniaxial or in plane) and magnitude of the magnetic anisotropy. Several theoretical
works have been devoted to the understanding of the chemical and geometrical factors which
govern the magnetic anisotropy in mono-nuclear species. While due to the numerous driving
factors (configurations d", geometries, strength of the ligand field, etc.) the conclusions of
these studies are contingencies, theory allows one to understand and predict the magnetic
anisotropy characteristics of mononuclear species. In poly-nuclear complexes, the situation

is even more complicated since additional factors are expected to come into play:

e several and potentially of different nature local anisotropies of the constitutive ions are
likely to appear. Indeed, the relativistic effects which are local effects are responsible
for the lift of degeneracy of the ground spin state s; of each ion ¢ and these effects are

very sensitive to the local environment of the ion.

e anisotropic interactions (anisotropies of exchange) between local anisotropies may oc-
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cur, affecting the characteristics of the resulting overall magnetic anisotropy of the

poly-nuclear complex.

The main aim of the present work is to make a first step in the understanding of synergistic
effects between local anisotropies. It considers model bi-nuclear complexes constituted of
two Ni(II) ions adopting various geometries for which both the nature and the magnitude of
the local anisotropies may or not be different. In all cases, the parameters characterizing the
local anisotropies are determined and confronted to those of the overall magnetic anisotropy
of the complex. Two different anisotropic spin Hamiltonians can be used to characterize the

ZFS of poly-nuclear complexes:

e The giant spin Hamiltonian only reproduces the energy levels of the ground term.
When the system contains more than two unpaired electrons, and in particular in the
weak exchange limit, ¢.e. when the spin mixing between the spin ground state and the
excited spin state is non-negligible, the Hamiltonian contains higher than two order

Stevens operators.

e The multi-spin Hamiltonian reproduces the energy levels of all spin states arising from

the coupling between the local spin states of the paramagnetic ions.

In recent studies, the interactions of these two Hamiltonians have been confronted to those
extracted from ab initio calculations performed using the all-electron exact electronic Hamil-
tonian. It was shown that both models are not suitable to reproduce the interactions result-
ing from the ab initio calculations of a binuclear complex constituted of two Ni(II) ions in
the weak exchange limit. In the case of the Giant Spin Hamiltonian, simple additional op-
erators were sufficient to reproduce the energy spacings between the Ms components of the
ground spin state and all non-negligible interactions could be extracted.'®!* Concerning the
multi-spin Hamiltonian, it was shown that it should be extended with a bi-quadratic operator
introducing a 4-rank tensor in order to reproduce accurately all non-negligible interactions.!?
Unfortunately, the number of these interactions was too large and a full extraction could not
be performed. A more systematic study of all these interactions is performed here with the
purpose of exploring possible relations between the various interactions in order to simplify
the multi-spin Hamiltonian and determine all its non-negligible interactions.

It should be stressed that relations between the parameters of the local and overall ten-

t713716

sors of anisotropy already exis it is actually possible to determine the overall tensor
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of magnetic anisotropy by combining the local ones. Nevertheless these expressions are de-
termined while neglecting the fourth-rank tensor which happens to be responsible for the
largest contribution to the anisotropic interactions between the centers. The present paper
quantifies and discussed the various anisotropic interactions including those of the four-rank
tensor from ab initio calculations.

The next section briefly presents the procedure of extraction of the model interactions
from the effective Hamiltonian theory and provides the computational information. Section
IIT recalls the physics of the two considered spin Hamiltonians and presents a method for
the determination of both the overall and local magnetic axis frames. Section IV discusses
the magnitude and nature of the extracted anisotropic interactions of both models. It then
focuses on interference effects between local anisotropies in the overall anisotropy of the

bi-nuclear complex.

II. METHOD OF EXTRACTION OF THE INTERACTIONS AND COMPUTA-
TIONAL INFORMATION

As shown in previous studies,'™

it is possible to establish the relevance of any model
Hamiltonian and to extract its constitutive interactions using the effective Hamiltonian
theory. In combination with correlated ab initio calculations performed using the all-electron
exact electronic Hamiltonian, the effective Hamiltonian theory enables one to numerically
evaluate all the matrix elements of a model Hamiltonian. This method has successfully been
applied to mono- and bi-nuclear complexes in order to determine the anisotropic interactions

of the Giant Spin Hamiltonian!®12:20-24,

2526 anables one to extract from accurate ab initio cal-

The effective Hamiltonian theory
culations the most rigorous effective Hamiltonian working in the same model space as the
model Hamiltonian. This effective Hamiltonian is then compared to the model one. In the
des Cloizeaux formalism,?® the general expression of the effective Hamiltonian is:

HT = " [0 B (0 (1)

where U), are the orthonormalized projections onto the model space of the all-electron
Hamiltonian eigenvectors ¥, and FEj are the corresponding eigenenergies. This formula-

tion ensures that the eigenvalues of the effective Hamiltonian are the eigenenergies of the

4
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all-electron Hamiltonian while its eigenvectors are the projections onto the model space of

the all-electron Hamiltonian eigenvectors, such that:
HT0y) = By|Uy) (2)
Since it is possible to calculate all the matrix elements of the effective Hamiltonian as:
GLHD1) = (] Y [Vi) B (rl) (3)
k

the method provides more information than the low energy spectrum. Values of the inter-
actions of the model Hamiltonian can be assigned by confronting these numerical matrix
elements to their analytical expression in the model Hamiltonian.

The ab initio calculations were performed using the Spin-Orbit State-Interaction (SO-
SI) method?” implemented in the MOLCAS package.?® The method performs a variational
treatment of the spin-orbit couplings between the lowest selected states. The preliminary
spin-orbit free calculations account for non-dynamic correlation effects. The complete active
space self consistent field (CASSCF) method is used to calculate non-dynamically correlated
wave functions. The active space contains the 16 d electrons in the 10 d orbitals for the
calculation of the magnetic anisotropy of the bi-nuclear species, i.e. CAS(16,10)SCF. To
compute the local anisotropy tensors, the orbitals of each center were considered active
alternatively while the orbitals of the other center were kept inactive, i.e. CAS(8,5)SCF
calculations were carried out. Extended basis sets of ANO type* have been used namely

6sbp4d2f for Ni, 6s5p2d for Cl, 4s3pld for O and N, 3s2p for C and 2s for H.

III. MODEL HAMILTONIANS AND PROPER MAGNETIC AXIS FRAME
A. Giant-spin Hamiltonian

The simplest description of magnetic anisotropy in polynuclear systems is provided by the
giant-spin approximation.?®33 The use of this Hamiltonian is physically based when the spin
ground state of the molecule is sufficiently separated in energy from the other spin multiplets
such that the magnetic properties can be described using a single spin ground state. In the
considered case, since the coupling between the two Ni(II) ions is antiferromagnetic, it will
be used to determine both the triplet and quintuplet excited states anisotropic parameters,

in particular the D and F parameters and the corresponding magnetic axis frames.

5
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I11. Model Hamiltonians and proper magnetic axis frame

The Hamiltonian can be expressed in terms of the standard Stevens equivalent operators
O,T(SZ, S’i),34 i.e. as linear combinations of spin operators of symmetry m (m = 0 is axial,
m = 2 is rthombic, m = 4 is tetragonal), orders k and additional operators which were shown

to be necessary in the case of a bi-nuclear complex in the weak exchange limit.

HZsy = BYOY + B303 + B{O; + B0 + B{*"™"O4*"™ + By O3 (4)
where
R 1 A A A A A A A A
OZI = %(MS + 2)(MS + 1)(MS - 1)(MS - 2)<S+ +S_S_ + S_S_ +S+)
R 1 A A A A A A A A
owrh — _~ (5§ 8.5.8 +8.,5.5.5
4 4\/6( + +)
oy = ﬂ[5;5;5%5; + 5. 588 + (Mg —1)(Ms+1)(5.5,5.5_ +5.5_5.5,)]
R . N ~ 1 4 N
O =s(5+1)  0§=382-5(S+1)  OF=3(51+852) (5)

09 = 3554 4+ [25 — 30S(S + 1)] 52 — 65(S + 1) + 3S%(S + 1)?
N 1 N N N N N N
0F = 7 [(782 = S(S +1) = 5)(S% + 52) + (87 + §)(782 = S(S +1) - 5)]
Ot = J(51+8Y),

The second-order terms are related to the axial and rhombic parameters of the ZFS D
tensor such that D = 3By and E = B3. Higher than 2 order terms essentially arise from
couplings between the different spin states (i.e. spin-mixing) and are particularly small
in the considered cases since the magnetic coupling is relatively large (around 40 cm™1).
The values of these interactions are not reported here since the largest obtained value is
B} = 0.09cm™. The determination of the proper magnetic axis frame could therefore
safely be performed using only the second-order tensors S - ﬁ S for the quintuplet state
and S - Dy - S for the triplet state (i.e. only the BY and B3 interactions for both states).
For this purpose, we have artificially removed the couplings between the singlet, triplet and

quintuplet Mg components to extract the tensors and consequently diagonalize them.
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B. Multispin Hamiltonian

For a binuclear complex constituted of sites a and b, this model works on the basis of
the |Mg,, Ms,) functions. It is designed to reproduce the energy of all the states resulting
from the coupling between the ground spin states of each magnetic site. In the present
study, the Hamiltonian describes the energy of all Mg components of the singlet, triplet and
quintuplet states. As recently shown in a binuclear complex of Ni(II) in the weak exchange
limit, it involves a biquadratic operators and a 4-rank tensor %aabb. In the considered case,

its expression is:

F[MS = Jga . gb+§aﬁaga+gb5b§b+gaﬁabgb +Eabga X gb"‘ (Sa ® ga) 5(1&1)1) (Sb d gb) (6)
where J is the isotropic magnetic exchange, fa and 5;, are local Zero Field Splitting (ZFS)
tensors, 5@ is the symmetric anisotropic tensor and d,p is the antisymmetric anisotropic

term, '3 16 known as the Dzyaloshinskii Moriya vector. The components of these two tensors

read :

Da + dab
D pry e 0 dw _ge* -
= | pw pw pve| + | —dq=v o qv*
D Dy D#= 4= —dv: 0

The analytical Hamiltonian matrix is given in reference!” and an example of model matrix of
the multispin Hamiltonian, in which the tensors are assumed to share the same axes frame

is given in table I.

In order to compare the nature of the local and overall anisotropies, the proper magnetic axis
frame of each Ni(II) ions of the bi-nuclear system in its triplet and quintuplet states have
been determined. For this purpose, the parameters of the various tensors of both Hamil-
tonians (giant- and multi-spin) were extracted from the effective Hamiltonian theory, such
that the model Hamiltonian matrix calculated using the extracted values of the parameters
reproduces at best the numerical effective Hamiltonian matrix calculated using equation 3.
Since the proper magnetic axes of each tensor may in principle be different, all tensors are
computed in a single axes frame and rotations (P = R,(¢).R.(0).R.(¢) where R, and R,

stand for rotation around z and z respectively and ¢, 6,1 are the Euler angles) between
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TABLE I: Example of a multi-spin Hamiltonian matrix for a geometry in which the local tensors of the two magnetic centers share the same

magnetic axes frame

[Msa,Msb> [|-1,-1> [-1,0> 01> [-1,1> 0,0> [1-1> [1,0> 01> 11>
<-1-1| D 2Beb 4 B oy | — 9 — 19 oy Dows _ Dyym  pp,  |Dxpe _ Dymve | Dwos Dy g gy 0 0
3Dxyxy — Dyyzz + J Eab
<-1,0| - De — 20 4 Docgy — —Dgb g Doy Do g Gy o 0 0 Ea —Dipar | Dyave 4 gapy |0
2Dxyxy + Dyyzz idz+J
<0,1| i —Dgb | Daper  Dyaye 22 4 Db 4 Dxxas — 0 0 &y —Dxpo | Dvave 4 pab ED 0
idz+ J 2Dxyxy + Dyyzz
5 oco<-L1| %— DVZ"ZZ+Eb —%+% 0 %—%+%—Dxxzz+ —% - % —|2Dxyxy 0 —%—% M—Q%-%—Ea
3Dxyxy — Dyyzz — J % +idz + J
<0,0| Dupxz _ Dyvive | gab |0 0 —Dob _ Dxpor Dyave |_2Da _ 2Db | _Dab_ Dxpo _ Dvavz 4 0 Dxpr _ Dvave | g
idz +J ADxyxy idz+J
<1-1 Door _ Dz L ga o i 2Dxyxy —Dgb _ Dxpo _ha_20ab Db Dzt B 4 i 0 Dagan _ Dy 4 pp
Q—LDVZZ 2 —idz+J |3Dxyxy — Dyyzz — J
2. _Dswa , Dymyr | g, dy idx Da _ 2Db _ _Dab, Duwe , Dyayr _|dy | ids
<1,0| 0 Ea XL YN L Bab 0 0 \b i/’zi 3 3> + Dxxzz 20 o DXL DV \}i + L\/’z—‘
2Dxyxy + Dyyzz idz +J
<0,1| 0 —Dxpa . Dvave | gal, - Eb i 0 0 —Dgb - Dypr g Dogve 4 2Be 4 Bb 4 Daoczz — |- — 9%
idz+J 2Dxyxy + Dyyzz
Dxxzz _ Dyy: o Dz D; Dxxzz _ Dyy: - dy _ idx dy | id Da | 2Dab | Db
<11 0 0 0 o Dyver | g e Dyvr Do Dy ygp gy it —dy Da 2Dab 1 Db _ Dyxeyy +
Eab 3Dxyxy — Dyyzz + J
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the proper axes frame of each tensor and the axes frame of the calculation are introduced,
enabling one to determine the axial and rhombic parameters of all magnetic anisotropy ten-
sors. Tables IT3® and III gives the number and nature of the non-zero parameters depending
on the symmetry point group for the two-rank tensor D,;, the Dzyaloshinski Moriya vector
and the four-rank tensor. x = £1 indicates the absence/presence of a symmetry element
that interchanges the two magnetic centers. In order to simplify the extraction, we have

imposed the following relation:

which only ensures that the anisotropic part of the Hamiltonian is traceless. In the numerical
effective Hamiltonian matrix, zero (or negligible) elements appear while they correspond to
the sum of various parameters in the analytical model matrix. These sums have therefore

been set to zero which introduces the following additional relations:

D = Dy = 9)
e _ %( peees _ pyeen) (10)
D% = D = =Dy + Dy (11)
D= — DW= = 2D — 2DY (12)

that are used to decrease the number of independent parameters. For all studied cases
there exists an appropriate axis frame for which the 4-rank tensor reduces at most to nine
independent components only (among the 81 possible a priori), when these relations are

imposed.
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TABLE II: Non-zero symmetric and anti-symmetric compo-

nents of the 2 rank exchange tensors

Symmetric  Antisymmetric Number of
Point group® k¥

components components parameters

Ch +1 xXX,yYy,22,Xy,X%,y7 XY,XZ,YZ 9
C; -1 xXX,yY,22,XY,XZ,YZ 6

-1 XZ,yZ 6
(A XX, YY,22,Xy

+1 Xy 5

-1 XZ,yZ 6
Co XX, YY,22,Xy

+1 xy 5
Dy -1 XX,YY,2% Xy 4

-1 X7 4
Cou® XX,YY,27

+1 Xy 4
Doy, -1 XX,YY,2Z 3
Doy -1 XX=YY,27 2
Cr +1 XX=YV,2%Z Xy 3
Cny +1 XX=YY,2%Z 2
Dna Snv Cnha

-1 XX=YY,2% 2
Dnhv Dnd
& The higher order symmetry axis lies along z, n > 3. QO k = —1 if the

magnetic centers are exchanged by a symmetry operation and x = +1 other-

wise. { The o}, plane is the xzy plane. & The o, plane is the yz plane.

IV. RESULTS AND DISCUSSION

Geometrical deformations have been applied to the model complexes O[Ni(NCH),CN],
noted M1 (cases 1, 10, 11, 13 see figure 1)and O[Ni(NCH ),Cl], noted M2 (cases 2-9, 12,
see figure 2) in order to tune the characteristics of the local and overall anisotropies (see
figures 4, 5, 6). Compressions, stretchings and angular distorsions generate local anisotropies
with peculiar and different features.

The Dy, geometry (5) of O[Ni(NCH ),Cl]y is such that Z is a hard axis of magnetization

10
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TABLE III: Non-zero symmetric components of the 4" rank exchange Baabb

tensor

Symmetric Number of
Point group®
components parzaumeters<>

XXXX,VYVY, 22722 ,XXYY,XXZZ,YYZZ
027 087 CQh 14
& XYXY,XZXZ,YVZ27,XXXY,YYXY,ZZXy

XXXX,VYYY, 2222, XXy Y, XX2Z,Y Y27
DQ; CQ’LM D2h 9
& XyXy,XzX7,yy7z

XXXX=YYYY, 222%, XXYY, XXZZ=yYZZ
CTU Cnva Cnha Dna Dnda Dnh
& xyxy, XZX2=y7yz

& The higher order symmetry axis lies along z, n > 3. > Reduced by potential other relation.

N.xCH NpxCH
NayCH beCH
NC Ni, 0 Nij, CN
NayCH/ beCH/
N.xCH NpxCH
FIG. 1: Scheme of the molecular model 1 (M1)
Geometrical parameters : distances laz = Nia — Naz, lay = Nia — Nay, lbg = Niy — Npz, lpy = Nip — Npy, an-

gles 0o = (Naz,Niq,0), 0y = (Nps, Nip,O) dihedral angles ®; = (Naz,Nia, Niy, Noi), Py = (Nay, Nia, Nip, Npy),
q’zy:(NamyNiavNibyNhy)

for both centers and they do not exhibit any local rhombicity. In the Dy, structures (6 and
2) the bonds have been stretched or compressed in a single direction in order to generate
respectively either two parallel easy planes (figure 5) or two collinear easy axes (figure 4) of
magnetization. In the Doy structures (7 and 3), the deformations are applied to different axes
(X and Y) such that the easy planes or the easy axes are orthogonal. Angular distorsions
(of 10 degrees on each sites) have been applied to both the Dy, geometries in order to
generate the Dy structure in which the local easy planes (8) are no more parallel. The Cy,

(9) geometry illustrates the cases of two local planar anisotropies and only one of them is

11
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N.xCH NpxCH
N,y CH N,y CH
Cl Ni, 0 Ni, cl
N,y CH N,y CH
N.xCH N CH

FIG. 2: Scheme of the molecular model 2 (M2)

Geometrical parameters :

P, = (Na:uaNiav Nibbez)v ‘by = (Nay7 NicuNib» be)1 <I>wy = (Naam Nia7Nib» be)

distances laz = Niq — Naaz, lay = Nia — Nay, lpyz = Niy — Npg, lpy = Niy, — Ny, dihedral angles

FIG. 3: Convention used to schematize the nature of the magnetic anisotropy and to show the
magnetic axis frame of the D-tensors. A prolate ellipsoid indicates an axial anisotropy while an
oblate ellipsoid refers to a planar anisotropy. Hard axes and hard planes are represented in black

while easy axes and easy planes are in red. Plain color planes indicate the absence of rhombicity.

D>0 E=0 D>0E#0 D>0 E#0 D>0 E#0
Z hard axis Z hard axis Z hard axis Y hard axis
XY easy plane X easy axis Y easy axis Z. easy axis

D<0 E=0 D<0 E#0 D<0 E#0
Z easy axis Z easy axis Z. easy axis D<0 E#0
XY hard plane X hard axis Y hard axis Y easy axis
Z hard axis

rhombic. In the Cy, (12) geometry, one center has a planar anisotropy while the other has
an axial anisotropy and the easy axis is parallel to the easy plane. Finally the C structure
(4), the two local anisotropies are axial and one of the easy axis is in the (XY) plane and
the other in the (XZ) plane.

The ligand CN~ produces a stronger ligand field which permits to study other combina-
tions of local anisotropies. In the Dy, structure (1) of O[Ni(NCH),CN],, the local axial

anisotropies share the same easy axis Z. The Cy, structure (11) has one axial local anisotropy
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FIG. 4: Ellipsoids representing the anisotropy nature (axial or planar) and the proper magnetic
axes frames of the various local and overall anisotropy tensors for different geometries in which local
axial anisotropies have been imposed. The compound number and the model compound (either

M1 or M2) are indicated in the left column.

Model
Number Deformation . and
SPG

41/} ke
¥
lisEak i

s
o 4

with the easy axis Z and a local planar anisotropy with the easy plane (XY). In the Cy,

=]
=1l
=
o
ol

R

® & o o

o e | .
¥

structure (13), one center has an axial anisotropy with the easy axis Z while the other has
a planar anisotropy with the easy plane (YZ).

For each structure, the parameters of the three different models were extracted. The local
ZFS parameters Dfl"c, Efl"c, Dé"c, E,l)"c, the Giant-Spin Hamiltonian parameters D, Fy for the
quintet and D1, E; for the triplet and all the parameters of the multi-spin Hamiltonian can
be found in table IV. The proper magnetic axis frames of all the tensors have been extracted
and are represented in the figures 4 (for both axial local anisotropies), 5 (for both planar
local anisotropies) and 6 (for axial and local local anisotropies) report pictures of the applied
deformations and of the resulting anisotropy ellipsoids which provide a visualization of the
nature of the magnetic anisotropies (both local and overall for the quintuplet and triplet

states); the direction of the Dzyaloshinskii Moriya vector is also indicated when it is not
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1V. Results and Discussion

FIG. 5: Ellipsoids representing the anisotropy nature (axial or planar) and the proper magnetic
axes frames of the various local and overall anisotropy tensors for different geometries in which
local planar anisotropies have been imposed. The compound number and the model compound

(either M1 or M2) are indicated in the left column.

Model
Number Deformation a and
SPG

ol
ol
ol

o
ol

]

ab

M,

.
&
*
*

(N
W

zero. Note that conventions used in figures 4, 5 and 6 are given in figure 3.
Comparing the values of the various parameters and the ellipsoids of the local and overall

anisotropies deserves some general comments:

e The magnetic axes frames and local anisotropy parameters extracted from the cal-
culations performed with one or two magnetic centers are very similar, showing the
transferability of these parameters from the monomer to the dimer. The small dis-
crepancies are due to the bias introduced in the local calculations by the closed shell

character of the inactive Ni(II) center. The values of the local anisotropy parameters

14
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TABLE IV: Values of extracted parameters in cm™!

Cases| 1 2 3 4 5 6 7| 8 9 (10|11 12 | 13

SPG | Dyp, | Doy | Dag | C1 | Dap|Dap|Daq| D2 | Coy | Dag| Cay | Cop | Coy

Déf’c -3.1(-21.9|-19.4|-22.5|10.0| 9.9 {10.0| 8.5 | 9.9 |15.0|-4.3| 2.2 |-3.8

Dé"c -3.1(-21.9|-19.4|-24.4/10.0| 9.9 [10.0] 8.5 | 9.6 |15.0| 2.1 |-21.7| 5.4

Ele| 03728060 |1.6/1.5/1.8[15[13| 0 |0.1]1.1

Elc| 0[37(28[01|0|16|15[1.8[00[13]| 0 |26 [0.0
b

Dy |-24]-6.7]25 |-6.6|25|25|25|1.6|2.5(-2.2|-1.5|-3.6 |-2.5
Ey 0 |07] 0 |06]0|05|01(02(02|] 0| 0102|03

Dy |76]19.2]-6.9|18.6|-6.6|-6.7|-6.6|-3.7|-6.7| 9.7 | 5.2 | 8.6 | 8.0
Ey 0 23| 0 |24 0|14 0 (05]07] 0| 0 |14/09

J 138.9150.3|49.7]49.8 (40.9/41.1|41.1|41.0|41.8|30.6|40.3| 38.6 |37.2

D, [-2.2]-21.1]-21.9/-20.7|10.9/12.0{12.1| 9.3 |12.0|16.6|-3.6| 4.6 |-2.1
Dy |-2.2|-21.1|-21.9]-21.3]10.9{12.0|12.1| 9.3 |12.0|16.6| 1.1 |-20.3| 4.2

£ | 0]04](03(01|0(14]|14|14(00(31| 0|09 ]0.5

Dg (03103 (03]03]04|52(04({04]|5.1(-4.7/03] 0.3 |-4.7

Ild|l | O 0 0 [0.00] O | O | O |0.04/ O |0.0| O [0.00.0

d dir Z

D....|-49|-40|-54|-3.6 |-3.8/-4.8|-4.9|-4.9|-4.9| 5.5 |-3.6|-3.0 |-5.4

>

wazz| O 0 0 0 0 [-1.3] 0 | 0 |-22{33| O 0 |22

)

yyzz| O 0 0 0 0 [-50] 0 | 0 |-41{33]| O 0 |47

=

cryy| 2.5 2.0 | 2.7 | 1.8 11.9|8.7(24|24|87]-94|1.8| 1.5 |-4.2

>

eyay|-1.2|-1.0 | -1.4 | -0.9 |-0.9|-4.4|-1.2|-1.2| 4.4 | 4.7|-0.9|-0.7 | 2.1

)

wrws|-1.3]-1.1]-1.4|-1.3| 0 [-0.6|-1.2|-1.3|-0.1|-0.3|-0.9| -0.8 |-2.4

!

yayz|-1.3]-1.0-1.4|-1.3 ] 0 | 1.3 |-1.2|-1.3| 0.8 |-0.3|-0.9| -0.8 |-3.6
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1V. Results and Discussion

FIG. 6: Ellipsoids representing the anisotropy nature (axial or planar) and the proper magnetic
axes frames of the various local and overall anisotropy tensors for different geometries in which
both an axial and a planar local anisotropies have been imposed. The compound number and the

model compound (either M1 or M2) are indicated in the left column.
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that should be considered as the most precise are those extracted for the two magnetic

centers.

e The values of Dy, and E,, are very small and the anisotropy of the exchange is es-
sentially brought by the four-rank tensor components. One should also note that
the planar nature of the anisotropy brought by Dy, seems to be unaffected by the

distorsions in the considered systems, except cases 10 and 13.

e The giant-spin 2-rank tensors 51 and D:2 exhibit opposite anisotropic features, the
axes or planes of easy or difficult magnetization are systematically opposite. For a
sake of simplicity, only the values and features of D, will be commented hereafter.
One may also note that the anisotropy parameters are larger in the triplet (l:)l) than
in the quintuplet (]_:)2), as already explained by Boca!®. Due to the presence of the
four rank tensor, the relations between the various tensors are slightly different than

those already proposed!®.

e As expected, strectching and compression induce opposite local anisotropy features,
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respectively planar or axial anisotropies i.e. positive or negative sign of the Dy values.

When the local anisotropies are axial (see figure 4) and the axes are collinear (cases 1
and 2), the overall magnetic anisotropy of the highest spin state is axial and the axis is
collinear to the local ones as expected. Nevertheless, the value of the axial parameter

is considerably reduced unless the axes are confounded (case 1).

When the two axes of the local axial anisotropies are orthogonal (case 3), the overall

anisotropy of the highest spin state is planar and does not exhibit any rhombicity.

When the local centers exhibit axial local anisotropies with non collinear and non
orthogonal axes (case 4), the resulting anisotropy of the complex is axial but again
smaller and the corresponding axis bisects the two local ones. When the axes of the
local axial anisotropies exhibit a weak angle, the D value of the overall anisotropy

remains of the same order of magnitude whatever the direction of the deformation is.

When the local anisotropies are planar (see figure 5) and the planes are parallel (cases
5-9), the overall magnetic anisotropy of the highest spin state is planar and the easy
plane is parallel or confounded to the local ones. When local rhombicity is present
(cases 6-9) on one or both center(s), the easy axis of anisotropy of the highest spin
state is either along the same direction than the common local easy axis (case 6) or
along the easy axis of the most rhombic center. If only one center exhibit a local
rhombicity, this highest spin state rhombicity is reduced (case 9). For non parallel
local rhombicity, the overall rhombicity is along the average direction (case 8) and still
reduced except if these local easy axis are orthogonal (case 7) where no rhombicity

appear for the highest spin state.

When the nature of both local anisotropies are different (one axial and one planar, cases
11-13 see figure 6), the amplitudes of the anisotropies (D parameters) determine the
nature of the resulting overall anisotropy of the highest spin state. For example, when
one of the anisotropic center exhibits a weak planar anisotropy and the other one an
important axial anisotropy with the axis into the plane (case 12), the overall anisotropy
of the highest spin state is axial and the axis is collinear to the axis of the local axial
anisotropy with smaller parameters than both collinear local axial anisotropies. The

case 13 presents one local anisotropy with an easy axis along Z perpendicular to the
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1V. Results and Discussion

hard axis of the planar anisotropy of the other center, it appears an axial exchange Dg;,
along Z that imposes it nature and magnetic axes to the overall tensor of the highest

spin state.

e With two planar anisotropy with perpendicular hard axis along X and Y in Dy sym-
metry (case 10), an axial exchange D, along Z is obtained. The resulting overall

anisotropy is axial along the common easy axes Z of the local anisotropies.

e The values of the anisotropic parameters are systematically smaller for the overall mag-
netic anisotropy than for the local ones except for common axial anisotropy (case 1).
Large values of the local anisotropies do not systematically induce a large anisotropy
of the overall complex in its highest spin state and interferences between the local
anisotropies are very important. One should also note that while in most of the cases

the D, value has the same sign than the local ones, it is not systematic (case 3).

e The anisotropy of exchange is more important in case of local planar anisotropies than
for local axial anisotropies. The rhombic parameter of the two rank tensor Eab is
always very weak or negligible in the studied cases. Finally, one should note that the
most important contributions to the anisotropy of exchange are brought by the four

rank tensor.

e the only synergistic cases are obtained from local planar anisotropies, either by com-
bining one axial and one planar anisotropies with the easy axis parallel to the easy
plane or two planar anisotropies exhibiting confounded easy axes (in the easy plane).
In this last case (10 since the two difficult axes are orthogonal, the resulting overall

anisotropy does not exhibit any rhombicity.

V. SUMMARY AND PERSPECTIVES

Rules to predict vanishing values of symmetric and antisymmetric 2"¢ order exchange
tensors and symmetric 4 order symmetric exchanged were presented, illustrated (see figures
4,5 and 6) and tested on a model. It seems that the exchange ZFS parameters are essentially
governed by the relative local anisotropy and are emphasised by symmetrical monomer or

reduced by anti-symmetrical one.
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The study leads to the conclusion that it seems possible to impose the direction of the
axes of magnetization of local ﬁa and 51, tensors. A big deformation leads to an easy
axis of magnetization different that the metal-metal direction despite the evident difference
of environment and offer an interesting negative D-value. For weak field ligand, slight
deformations let the D-value positive and the hard axis along the metal-metal direction but
allow to choose the direction of the in plane easy axis of magnetization. The exchange tensor
5(1;, present often a positive D-value and an hard axis along Z direction, except for the cases
10 and 12 where it anisotropy is axial and lead the overall anisotropy of EQ tensor. The
Dzyaloshinskii Moriya vector is governed by the symmetry of the system, it vanishes like
E,p in case of a rotation Cy or improper S, axis of symmetry and requires a non-orthogonal
disposition of the ligand to offer a non negligible value.

The giant-spin tensors appear quasi-systematically opposite in sign, with exchanged roles
of easy and hard axes of magnetization. Magnetization axes of the quintet tensors 52 are, in
general, the average of the local 5,1 and 53, ones, even in both Dy, cases with orthogonal easy
axes ; it average results in an easy plane of magnetization for ﬁg tensor. It is consequently
possible to produce overall 52 planar anisotropy with two local axial anisotropies (case 3)
or overall axial anisotropy with two local planes (case 10). In both Cs, cases with only a
deformation on one site (cases 9 and 12), the rombicity on one site (case 9) produce the
half value of the overall rhombicity Es produced with both site deformation (case 6) and
the strong axial anisotropy on one site (case 12) is associated to half values the overall
anisotropy Do of the highest spin state with symmetrical deformation (case 2). Concerning
the numerical giant-spin ZF'S parameters, they are related to the multi-spin description (see
figure IV), for example, for both local axial anisotropies (cases 2-4), the 3|Dsy| and |D;|
parameters or, for both planar local anisotropies (cases 6-9) 3F; and E; parameters are
around the average of the equivalent ZFS parameters of each local tensors.

The role of the relative symmetry of each monomer should be a guideline to obtain impor-
tant D-value of higher multiplicity giant-spin. Consequently, chain of metallic compounds
connected by inorganic bridge with inorganic ligands compress along a nearly parallel direc-

tion is expected to give interesting ZFS magnetic properties.
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Appendix A: Analytical matrix elements of the multi-spin Hamiltonian expressed

in the |5, M;) basis of the quintet and singlet components, in the proper magnetic axes

frame.
(2, —2|H|2,-2) = (1) + 3[Da + Dap] + J
(2,-2|H|2,-1) = 0
(2,-2|H[2,0) = 31(2) + (3) + Eu + Eu
(2,—2|H|2,1) = 0
(2,-2|H|2,2) = (4)
(2,-2|H|0,0) = Z[2(2) = (3) + 2E, — Eu
(2,-1|H|2,-1) = —Da D 4 (5) + (6) + J
(2, ~1|H[2,0) = 0
(2,-1|H[2,1) = —(3) + Eo+ Eap + (7)
(2,-1|H[2,2) = 0
(2,—1]H|0,0) = 0

(2,01H12,0) = §[(1) = 2D, — 2D, — 4(6) + (8) + 2(9)]
+J
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Supporting Informations

(2,0|1H|2,1) = 0
02,2 = \/2[2)+(3) + Ea+ Ea)

(2,0H10,0) = L2[(1) + 2D, — Do — (6) + (8) — (9)]

(2,1|1H|2,1) = —Da Do 4 (5)+ (6) + J
(2,11H|2,2) = 0

(2,1|H]0,0) = 0

(2,21H|2,2) = (1) + 2[Dy + Dap) + J
(2,2[H|0,0) = Z[2(2) = (3) + 2E, — Ey)

(0,0]H]0,0) = 3[2(1) +4(6) +2(8) + (9)] — 2J
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(1) = $(Dazae + Dyyyy) + 3 Daayy + Daazz + Dyyoz + D
(2) = Y(Dysww — Dyyyy) + 3 (Dagzz — Dyy.)

(3) = §(Duzaz — Dyzy2)

(4) = $(Dsaze + Dyyyy) — 5 Dawyy — Dayay

(5) = 3(Dawae + Dyyyy) + Daayy + Dagzz + Dy

(6) = 2(Dyzaz + Dyy2)

(7) = $(Draze — Dyyyy)

(8) = 1(Dazwz + Dyyyy) + Dayay — 5 Dy

(9) = Dyyoe + Dyyyy + 2Dzwyy

23

128



Supporting Informations

Appendix B: Analytical matrix of the S D-S Hamiltonian, expressed in an arbitrary

axes frame.

S, Ms) 12, —2) 2,-1) 2,0)
(2,=2| Dy + Doy + 4D —3D13 —3iDy;  YB(Dyy — Doy + 2iDy)
(2,-1] —3Dy3 + 3iDy3 3(Dyi + Do) + Dsg —Y8(Dy3 + iDy3)
(2,0] %(Dn — Dy — 2iD13) —é(Dw — iDa3) 3(D11 + Das)
(2,1] 0 3(Dyy — Doy —2iD1s)  Y8(Dyy — iDy3)
(2,2 0 0 Y5(Dyy — Doy — 2iD1y)

S, Ms) 12,1) 12,2)

(2,2 0 0

(2, 1| 2(D11 — Doy + 2iD1y) 0

(2,0| (Dyg +iDy3)  LO(Dyy — Doy + 2iD1s)

(2,1]  3(Dyi + Dap) + Dsg 3Dy3 + 3iDos

(2,2] 3Dy3 — 3iDys Dy + Dy + 4D

Appendix C: Analytical matrix of the S, ~§a - Sa+ Sy 5;, - S, Hamiltonian expressed

in an arbitrary axes frame; D, = 51, are the local ZFS tensors of the multi-spin
Hamiltonian.
|S7 MS> |27 _2> |27_1> ‘270>
(2,2 D11 + Daga + 2Dg33 —Dga13 — 1Dgas3 %(Dan — Dyoo + 2iD1s)
(2, -1 —Da13 +1Dg23 2(3Da11 + 3Dz + 2Dqs33) _%(Dali‘) +iDg23)
(2,0] %(Dau — Dyz2 — 2iDqy2) —%(Dam —iDqa3) %<5Da11 + 5Dz + 2D,33)
(2,14 0 +(Da11 — Dyaga — 2iDy12) %(Dalii —iDq23)
(2,2 0 0 5(Dant = Daza — 2iDaaa)
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15, M) 21) 2,2)

(2, -2| 0 0

(2,=1]  2(Da11 — Da22 + 2iDq12) 0

(2,0] %(Daw +iDg23) %(Dau — Dyoa +2iDg19)

(2,1]  3(3Da11 4 3Daz2 + 2Da33) D13 + iDa23

(2,2] D13 — iDgos D11 + Daga + 2D 33
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Appendix D: Analytical matrix elements of the giant-spin Hamiltonian derived

from the multi-spin Hamiltonian at the second-order of perturbation.

(2,—2|H|2, —2) = (1) + 2[Dy + D) + J + 2R 280 Eab)
(2,-2|H[2, 1) = 0
(2, _2|f[‘2’0> _ %[(2)+(3)+Ea+Eab} + \/5[2(2)—(3)+2Ea—Eab][(217);r2Da—Dab—(6)+(8)—(9)]
(2,—2|H|2,1) = 0
a _ [2(2)—(3)+2Ea—Eab)?
<27 _2|H‘27 2> - (4) + 9J
(2,-1]H|2,-2) = 0
(2, -1|H|2,-1) = —Da Do 4 (5) + (6) + J
(2,—1|H[2,0) = 0
(2, -1lH(2,1) = ~(3) + Ea + Eu + (7)
(2,-1|H|2,2) = 0
(2,0|H|2,-2) = 2((2) + (3) + Eo + B + \/5[2(2)—(3)+2Ea,—Eab][(217)j2Da—Dab—(6)+(8)—(9)1
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(2,0[H|2,1) = 0
(2,00H(2,0) = [(1) = 2D, — 2Da — 4(6) + (8) + 2(9)] + J + A042De=Dor_(O)+(E)~(O)"
(2,0/H|2,1) = 0
(2,0[H12,2) = (/2[(2) + (3) + Ea + Eop) + L2125 —Burl(1)2De ~ Doy (0118 ~(9)
(2,1|H|2,-2) = 0
(2,1|HJ2,-1) = —(3)+ Ey+ Eup + (7)
(2,11H[2,0) = 0
(2,1|1H|2,1) = —Da — Dab 4 (5) + (6) + J
(2,11H[2,2) = 0
(2,2|H|2, —2) = (4) + [2(2)—(3)—23Ea—Eab]2
(2,2|H|2,-1) = 0
(2,21H12,0) = (/2[(2) + (3) + Ea + Eop) + LLO=E2EBarll()2De Dot (O1HE) ~(9)
(2,2|H|2,1) = 0
(2,21H2,2) = (1) + 2[Dy + D) + J + 2R 2EaEabp
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TABLE V: Matrix elements of the Giant Spin Hamiltonian for the quintuplet state in the proper

magnetic axes frame

|57MS> |2772> |2371> ‘270> |271> |272>

(2,-2|| 9BY+B» 0 VE6B}+B{"™ 0 12B}{+B}"
(2, —1| 0 0 0 3B32 0
(2,0] |V6BZ+B{™™ 0 -3BY+ B 0 +6BZ+B{""
(2,1] 0 3B3 0 0 0
(2,2| | 12Bf + B}* 0 V6B2 0  9BY+ B}
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Conclusion et perspectives

Au cours de cette thése, une étude de ’anisotropie magnétique de différents complexes
mono- et bi-nucléaires a été menée afin de déterminer les paramétres permettant de carac-
tériser la structure électronique et les états spin-orbites en ’absence de champ magnétique.

Pour ce faire, un ensemble de calculs théoriques ab initio, réalisés si possible sur
les structures cristallographiques issues de mesure par rayons X, est mené. Ces calculs
prennent en compte, dans une certaine mesure, les phénoménes relativistes ou de corréla-
tion afin de décrire, le plus précisément possible, la fonction d’onde et I’énergie des états
spectraux nécessaire & ’évaluation du ZFS. Par la suite, une procédure d’extraction d’un
hamiltonien effectif est utilisée et permet, par comparaison avec un hamiltonien modéle,
d’obtenir les axes magnétiques et les valeurs des parameétres de ZFS afin de les comparer
aux valeurs spectroscopiques et magnétiques obtenues expérimentalement.

Dans le cas des complexes mono-nucléaires étudiés, des rationalisations permettant
de comprendre comment accroitre ces parameétres ont été réalisées, il est alors possible
d’identifier les principaux états excités responsables de I'anisotropie magnétique par effet
spin-orbite ou spin-spin, en utilisant, par exemple, des complexes & coordination exotique
afin d’obtenir une forte anisotropie. De plus, il a été observé qu’en utilisant un ligand a
haute symeétrie structurelle, dans le cas d’un complexe de Ni/D) il est possible d’obtenir
un état fondamental & haut spin quasi-dégénéré. Le couplage spin-orbite, principal res-
ponsable du ZFS, est alors important, de 'ordre de la constante de couplage spin-orbite.

Cependant, une distorsion de la géométrie du ligand par effet Jahn-Teller tend a lever
cette dégénérescence et, en conséquence, a réduire le ZFS. Ce phénoméne est corroboré
par les mesures expérimentales motivant ainsi les collaborations entre expérimentateurs et
théoriciens. De méme, les mesures et calculs théoriques d’aimantation et de susceptibilité
magnétique en fonction de la température et du champ magnétique appliqué permettent
de vérifier la validité des structures.

Il semble donc intéressant, d’utiliser des ligands polydentes rigides qui imposent une
structure géométrique proche d’une haute symétrie mais légérement déformée afin d’ob-
tenir des orbitales moléculaires majoritairement métalliques proche de la dégénérescence.
Le bénéfice du couplage spin-orbite est alors partiellement maintenu car la distorsion est
limitée, ainsi, les premiers états excités pouvant potentiellement contribuer & un D négatif
sont proches en énergie et donnent une valeur importante de D et faible de F.
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CONCLUSION

Dans le cas des complexes poly-nucléaires, 1’étude s’est restreinte a des composés bi-
nucléaires de Ni!) afin de pouvoir définir des paramétres et axes magnétiques locaux sur
chaque centre métallique, de maniére analogue aux composés mono-nucléaires présentant
plus de deux électrons célibataires, ainsi que des paramétres d’anisotropie d’échange. No-
tons que ce type de composés requiert un important cotit de calcul.

Différents hamiltoniens effectifs et modéles ont été déterminés, dans le cadre d’une
description "giant-spin", pour le quintuplet et le triplet fondamental afin de déduire un
lot de paramétres d’anisotropie globale ; puis dans le cadre d’une description "multi-spin",
pour I'ensemble des états les plus bas du spectre. Dans cette derniére, 'ajout d’un terme
d’échange nécessitant un tenseur d’ordre quatre a été confirmé. Enfin, une modélisation
de ’anisotropie de chaque centre métallique indépendamment de 'autre a été effectuée.

Ces composés bi-nucléaires ont été analysés avec différentes déformations structurales
afin de présenter différents cas d’anisotropies planaires ou axiales, il apparait alors que cer-
tains groupes ponctuels de symétrie impliquent une annulation de parameétres d’échanges.
Le seul moyen d’obtenir un effet synergique entre les anisotropies locales est d’aligner
des anisotropies axiales locales, I’anisotropie globales du quintuplet fondamental est alors
accrue. Dans le cas d’anisotropies locales paralléles, 'effet global est réduit, mais de méme
nature et direction ; dans le cas de faibles variations angulaires entre les axes magnétiques
locaux, l'effet global est encore réduit et la direction obtenue est une moyenne de celle
des axes locaux. Dans le cas d’anisotropies axiales de directions orthogonales, par contre,
I’anisotropie globale est planaire.

Des résultats analogues sont obtenus dans le cas d’anisotropies planaires locales et
Panisotropie globale apparait, en général, comme une moyenne des anisotropies locales.
Il est cependant possible d’obtenir dans certaines configurations une anisotropie globale
planaire avec deux anisotropies locales axiales, ou, au contraire, une anisotropie globale
axiale avec deux anisotropies locales planaires.

Il semble donc possible, dans le cas de composés poly-nucléaires, de controler le spin
global du complexe en modifiant ’environnement de chaque centre métallique tout en
respectant quelques régles de symétrie afin d’accroitre ou de réduire les paramétres de
ZFS selon l'objectif recherché. Cependant, une parfaite compréhension des phénomeénes
mis en jeu n’est pas a l'ordre du jour et nécessiterait une analyse plus détaillée avec,
en particulier, les mécanismes électroniques impliqués dans ’anisotropie et comment les
modéliser par les différents tenseurs. Il serait ainsi possible d’assurer une maitrise de
I’anisotropie locale et de la transposabilité vers une anisotropie globale du complexe.

138



Bibliographie

[1]
2]
3]

[4]

[5]
6]

7]

8]

9]

[10]

[11]

[12]

D. Gatteschi, R. Sessoli, and J. Villain, Molecular Nanomagnets (Oxford University
Press) (2006).

T. Lis, Preparation, structure, and magnetic properties of a dodecanuclear mixed-
valence manganese carbozylate, Acta Cryst. Sect. B 36, 2042-2046 (1980).

A. Caneschi, D. Gatteschi, R. Sessoli, A. L. Barra, L. C. Brunel,
and M. Guillot, Alternating current susceptibility, high field magnetiza-
tion, and millimeter band EPR evidence for a ground S = 10 state in
[Mn15015(C H3COO)16(H20)4).2C HsCOOH 4H,0, J. Am. Chem. Soc. 113,
5873-5874 (1991).

A. L. Barra, D. Gatteschi, , and R. Sessoli, High-frequency EPR spectra of a molecular
nanomagnet : understanding quantum tunneling of the magnetization, Phys. Rev. B
56, 8192-8198 (1997).

E. Ruiz, J. Cirera, J. Cano, S. Alvarez, C. Loose, and J. Kortus, Can large magnetic
anisotropy and high spin really coexist ¢, Chem. Commun. pp. 52-54 (2008).

S. Hill, S. Datta, J. Liu, R. Inglis, C. Milios, P. L. Feng, J. J. Henderson, E. del
Barco, E. K. Brechin, and D. N. Hendrickson, Magnetic quantum tunneling : Insights
from simple molecule-based magnets, Dalton Trans. 39, 4693-4707 (2010).

J. Friedman, M. P. Sarachik, J. Tejada, and R. Ziolo, Macroscopic measurement of
resonant magnetization tunneling in high-spin molecules, Phys. Rev. Lett. 76, 3830
3833 (1996).

L. Thomas, F. Lionti, R. Ballou, D. Gatteschi, R. Sessoli, and B. Barbara, Macro-
scopic quantum tunneling of magnetization in single crystal of nanomagnets, Nature
383, 145-147 (1996).

F. Torres, J. M. Hernandez, X. Bohigas, and J. Tejada, Giant and time-dependent
magnetocaloric effect in high-spin molecular magnets, Appl. Phys. Let. 77, 3248-3250
(2000).

M. Mannini, F. Pineider, P. Sainctavit, C. Danieli, E. Otero, C. Sciancalepore, A. Ta-
larico, M.-A. Arrio, A. Cornia, D. Gatteschi, and R. Sessoli, Magnetic memory of a
single-molecule quantum magnet wired to a gold surface, Nat Mater. (2009).

M. N. Leuenberger, and D. Loss, Quantum computing in molecular magnets, Nature
410, 789-793 (2001).

A. Ardavan, O. Rival, J. J. L. Morton, S. J. Blundell, A. M. Tyryshkin, G. A. Timco,
and R. E. P. Winpenny, Will Spin-Relaxation Times in Molecular Magnets Permit
Quantum Information Processing 7, Phys. Rev. Lett. 98, 057201 (2007).

139



BIBLIOGRAPHIE

[13] P. C. E. Stamp, and A. Gaita-Arino, Spin-based quantum computers made by chemis-
try : hows and whys, J. Mater. Chem. 19, 1718-1730 (2009), doi :10.1039/B811778K.

[14] O. Waldmann, A criterion for the anisotropy barrier in Single-Molecule Magnets,
Inorg. Chem. 46, 10035-10037 (2007).

[15] F. Neese, and E. 1. Solomon, Calculation of the zero-field splitting, g-values, and the
relativistic nephelauzetic effect in transition metal complexes. Application to high-
spin ferric complezes, Inorg. Chem. 37, 65686582 (1998).

[16] R. Boca, Theoretical foundations of molecular magnetism (Elsevier, Amsterdam)

(1999).

[17] R. Boca, Zero-field splitting in metal complexes, Coord. Chem. Rev. 248, 757-815
(2004).

[18] A. Abragam, and B. Bleaney, Electron paramagnetic resonance of transition ions
(Dover Publications, Dover, New York) (1986).

[19] O. Kahn, Molecular Magnetism (VCH Publishers) (1993).

[20] L. F. Chibotaru, and L. Ungur, Ab initio calculation of anisotropic magnetic proper-
ties of complexes. I. Unique definition of pseudospin Hamiltonians and their deriva-
tion, The Journal of Chemical Physics 137, 064112 (2012).

[21] D. Ganyushin, and F. Neese, First-principles calculations of zero-field splitting para-
meters, J. Chem. Phys. 125, 024 103 (2006).

[22] F. Neese, Importance of direct spin-spin coupling and spin-flip excitations for the
zero-field splittings of transition metal complexes : A case study, J. Am. Chem. Soc.
128, 10213-10222 (2006).

|23] F. Neese, Calculation of the zero-field splitting tensor on the basis of hybrid density
functional and Hartree-Fock theory, J. Chem. Phys. 127, 164 112 (2007).

[24] P. Hohenberg, and W. Kohn, Inhomogeneous FElectron Gas, Phys. Rev. 136, B864—
BS71 (1964).

[25] W. Kohn, and L. J. Sham, Self-Consistent Equations Including Exchange and Cor-
relation Effects, Phys. Rev. A 140, A1133-A1138 (1965).

[26] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheese-
man, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Cari-
cato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg,
M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima,
Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta,
F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov,
R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyen-
gar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross,
V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J.
Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G.
Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian 09
Reuvision A.1, gaussian Inc. Wallingford CT 2009.

140



BIBLIOGRAPHIE

[27]

28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]
[36]
[37]
[38]

[39]

[40]

[41]

[42]

A. D. Becke, Density-functional thermochemistry. II1. The role of exact exchange, J.
Chem. Phys. 98, 5648-5652 (1993).

C. Lee, W. Yang, and R. G. Parr, Development of the Colle-Salvetti correlation-
enerqy formula into a functional of the electron density, Phys. Rev. B 37, 785789
(1988).

G. Karlstrém, R. Lindh, P.-A. Malmgqvist, B. O. Roos, U. Ryde, V. Veryazov, P.-
O. Widmark, M. Cossi, B. Schimmelpfennig, P. Neogrady, and L. Seijo, MOLCAS :
a program package for computational chemistry, Comput. Mater. Sci. 28, 222-239
(2003).

K. Andersson, P.-A. Malmqvist, and B. O. Roos, Second-order perturbation theory
with a complete active space self-consistent field reference function, J. Chem. Phys.
96, 1218-1226 (1992).

C. Angeli, R. Cimiraglia, S. Evangelisti, T. Leinenger, and J.-P. Malrieu, Introduction
of n-electron valence states for multireference perturbation theory, J. Chem. Phys.
114, 10252-10264 (2001).

B. O. Roos, and K. Andersson, Multiconfigurational perturbation theory with level
shift — the Cr2 potential revisited, Chemical Physics Letters 245, 215 — 223 (1995).

N. Forsberg, and P.-A. Malmqvist, Multiconfigurational perturbation theory with ima-
ginary level shift, Chem. Phys. Lett. 274, 196-204 (1997).

K. G. Dyall, The choice of a zeroth-order Hamiltonian for second-order perturbation
theory with a complete active space self-consistent-field reference function, J. Chem.
Phys. 102, 4909-4918 (1995).

B. O. Roos, and P.-A. Malmqvist, Relativistic quantum chemistry : the multiconfigu-
rational approach, Phys. Chem. Chem. Phys. 6, 2919-2927 (2004).

N. Douglas, and N. M. Kroll, Quantum electrodynamical corrections to fine-structure
of helium, Ann. Phys. (Leipzig) 82, 89-155 (1974).

G. Jansen, and B. A. Hess, Revision of the Douglas-Kroll transformation, Phys. Rev.
A 39, 6016-6017 (1989).

B. A. Hess, C. M. Marian, U. Wahlgren, and O. Gropen, A mean-field spin-orbit me-
thod applicable to correlated wavefunctions, Chem. Phys. Lett. 251, 365-371 (1996).

F. Aquilante, L. De Vico, N. Ferré, G. Ghigo, P.-A. Malmqvist, P. Neogrady, T. B.
Pedersen, M. Pitonak, M. Reiher, B. O. Roos, L. Serrano-Andrés, M. Urban, V. Ve-
ryazov, and R. Lindh, MOLCAS 7 : The Next Generation, J. Comp. Chem. 31,
224-247 (2010).

B. O. Roos, R. Lindh, P.-A. Malmqvist, V. Veryazov, and P.-O. Widmark, New
relativistic ANO basis sets for transition metal atoms, J. Phys. Chem. A 109, 6575—
6579 (2005).

Neese, F.; ORCA — An ab initio, density functional and semiempirical program pa-
ckage, Version 2.7. University of Bonn, 2010.

E. van Lenthe, E. J. Baerends, and J. G. Snijders, Relativistic reqular two-component
Hamiltonians, J. Chem. Phys. 99, 4597-4610 (1993).

141



[43]
[44]

[45]

[46]
[47]

48]

[49]

[50]

[51]

[52]

53]

[54]

[55]

[56]

BIBLIOGRAPHIE

E. van Lenthe, E. J. Baerends, and J. G. Snijders, Relativistic total energy using
reqular approzimations, J. Chem. Phys. 101, 9783-9792 (1994).

E. van Lenthe, R. van Leeuwen, E. J. Baerends, and J. G. Snijders, Relativistic reqular
two-component Hamiltonians, Int. J. Quant. Chem. 57, 281-293 (1996).

C. van Wiillen, Molecular density functional calculations in the reqular relativistic ap-
proximation : Method, application to coinage metal diatomics, hydrides, fluorides and

chlorides, and comparison with first-order relativistic calculations, J. Chem. Phys.
109, 392-399 (1998).

C. Chang, M. Pelissier, and P. Durand, Regular two-component Pauli-like effective
Hamiltonians in Dirac theory, Physica Scripta 34, 394-404 (1986).

C. Bloch, Sur la théorie des perturbations des états liés, Nucl. Phys. 6, 329-347
(1958).

C. J. Calzado, J. Cabrero, J. P. Malrieu, and R. Caballol, Analysis of the magnetic
coupling in binuclear complexes. I1. Derivation of valence effective Hamiltonians from
ab initio CI and DFT calculations, J. Chem. Phys. 116, 3985 (2002).

R. Maurice, R. Bastardis, C. de Graaf, N. Suaud, T. Mallah, and N. Guihéry, Univer-
sal theoretical approach to extract anisotropic spin Hamiltonians, J. Chem. Theory
Comput. 5, 2977-2984 (2009).

J. des Cloizeaux, Fxtension d’une formule de Lagrange a des problémes de valeurs
propres, Nucl. Phys. 20, 321-346 (1960).

R. Maurice, C. de Graaf, and N. Guihéry, Magnetostructural relations from a com-
bined ab initio and ligand field analysis for the nonintuitive zero-field splitting in
Mn(III) complezes, J. Chem. Phys. 133, 084 307 (2010).

R. Ruamps, L. J. Batchelor, R. Maurice, N. Gogoi, P. Jiménez-Lozano, N. Guihéry,
C. de Graaf, A.-L. Barra, J.-P. Sutter, and T. Mallah, Origin of the Magnetic Ani-
sotropy in Heptacoordinate Ni'' and Co'! Complexes, Chem. Eur. J. 19, 950-956
(2013).

R. Ruamps, R. Maurice, L. Batchelor, M. Boggio-Pasqua, R. Guillot, A. L. Barra,
J. Liu, E.-E. Bendeif, S. Pillet, S. Hill, T. Mallah, and N. Guihéry, Giant Ising- Type
Magnetic Anisotropy in Trigonal Bipyramidal Ni(II) Complezes : Experiment and
Theory, J. Am. Chem. Soc. 135, 3017-3026 (2013).

R. Ruamps, L. J. Batchelor, R. Maurice, N. Gogoi, P. Jiménez-Lozano, N. Guihéry,
C. deGraaf, A.-L. Barra, J.-P. Sutter, and T. Mallah, Origin of the Magnetic Ani-
sotropy in Heptacoordinate Ni'l and Co'! Complezes, Chem. A Eur. J. 19, 950-956
(2013).

R. Ruamps, R. Maurice, L. J. Batchelor, M. Boggio-Pasqua, R. Guillot, A.-L. Barra,
J. Liu, E.-E. Bendeif, S. Pillet, S. Hill, T. Mallah, and N. Guihéry, Giant Ising-

type magnetic anisotropy in trigonal bipyramidal Ni(Il) complezes : Experiment and
theory, J. Am. Chem. Soc. 135, 3017-3026 (2013).

D. Gatteschi, and R. Sessoli, Quantum tunneling of the magnetization and related
phenomena in molecular materials, Angew. Chem. Int. Ed. 42, 268-297 (2003).

142



BIBLIOGRAPHIE

[57] R. Maurice, N. Guihéry, R. Bastardis, and C. de Graaf, Rigorous extraction of the
anisotropic multispin Hamiltonian in bimetallic complexes from the exact electronic
Hamiltonian, J. Chem. Theory Comput. 6, 55-65 (2010).

[58] R. Maurice, C. de Graaf, and N. Guihéry, Magnetic anisotropy in binuclear complezxes

in the weak-exchange limit : From the multispin to the giant-spin Hamiltonian, Phys.
Rev. B 81, 214427 (2010).

[59] A. D. Buckingham, P. Pyykko, J. B. Robert, and L. Wiesenfeld, Symmetry rules
for the indirect nuclear spin-spin coupling tensor revisited, Mol. Phys. 46, 177-182
(1982).

143



