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Méthodes

La premicre partie n’a pas pour ambition de détailler la totalité de la théorie impliquée
pour les calculs présentés dans la these, mais uniquement d’exposer le principe et I’ intérét
des méthodes utilisées. Ainsi, un premier chapitre expose quelques principes de structure
électroniques, alors qu’un deuxieme traite des approches de dynamique nucléaire.

La chimie quantique repose en partie sur la résolution de I’équation de Schrodinger dé-

pendente du temps :
N .0
Hhp(r,R, 1)) = lha [W(r,R,t))

Ob H est I’opérateur Hamiltonien tel que

A~

H=T+V

Avec T I’opérateur d’énergie cinétique, et % I’opérateur d’énergie potentielle.
Dans le cas ou I’opérateur d’énergie potentielle est constant en fonction du temps, il est

possible de considérer uniquement 1’équation de Schrédinger indépendante du temps

H W (r,R)) = Eo Wa(r,R))

Dans un systeme a plusieurs corps, contenant n electrons ainsi que N noyeaux, I’Hamil-

tonien moléculaire prend la forme :
FH=Te+ Ven + Vee + Van + T

Avec T, et Ty respectivement les opérateur d’énergie cinétique des électrons et des noyaux,
Ven Dattraction Coulombienne électron-noyeau et, V. et VN, les répulsions électron-

€lectron d’une part, et noyeau-noyeau d’autre part.
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Approximation de Born-oppenheimer.

La fonction d’onde exacte d’un systeme W, peut étre écrite comme une combinaison

linéaires d’états dits de Born-Oppenheimer ou adiabatiques :
Yiot(r, R) = ) x{(R)VE(r, R)

Ou ¢ sont les fonctions d’ondes électroniques qui dépendent paramétriquement des co-
ordonnées nucléaires et x{* représentent les fonctions d’ondes nucléaires solutions de
I’équation de Schrodinger pour les noyaux. Les fonctions d’ondes électroniques sont

quant a elles solutions de I’Hamiltonien électronique a géométrie nucléaire fixe :
He Wf(r, R)) = Vi(R) b (r, R))

Ou V;(R) est I’énergie potentielle dite adiabatique a une position donnée des noyaux. La
résolution de 1’équation de Schrodinger pour toutes les positions R des noyeaux, définit
la surface d’énergie potentielle.

En injectant la fonction d’onde totale W, dans 1’équation de Schrodinger, nous obtenons

un jeu d’équations couplées :

Vi(R) +Tx —E| x¢(R) == Y Apx(R)

Ou apparaissent les couplages non-adiabatiques /\ij. Négliger ces couplages constitue
I’approximation de Born-Oppenheimer. On peut alors considérer que les noyaux se meuvent
sur un potentiel donnés par les électrons. Cette approximation est valable lorsque la diffé-
rence d’énergie entre les états électroniques est importante. Quand plusieurs états électro-
niques se rapprochent ces termes de couplages deviennent non-négligeables est présentent
méme une singularité a la dégénérescence entre deux (ou plus) états électroniques.

Cette singularité rend les calculs de dynamique quantique tres ardus, il est donc nécessaire
d’utiliser une autre représentation des SEP qui minimisera cette singularité. Pour ce faire,

plusieurs méthodes existent, dont deux sont présentées dans cette these.
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Diabatisation

Le processus de diabatisation consiste a transformer les états dits adiabatiques dans une

nouvelle représentation dite diabatiques, ou les couplages cinétiques seront faibles et ne

présenteront plus de singularité. En effectuant cette transformation, il est possible de né-
gliger les reliquats de couplages cinétiques. Cette transformation fait apparaitre des cou-
plages inter-€tats de type potentiel qui ne présenteront pas de singularités.

Deux méthodes de diabatisation sont largement utilisées :

— La méthode dite des états régularisés, qui permet de construire un jeu d’états élec-
troniques diabatiques a partir des énergies adiabatiques. Cette méthode peut étre vue
comme une interpolation entre deux limites : (1) un point de d’intersection, autour
duquel les états €lectroniques diabatiques seront modélisés par un développement de
Taylor. Et (2) une zone tres éloignée de I’intersection ou les états diabatiques et adia-
batiques seront confondus.

— La méthode dite par « Ansatz », qui consiste a déterminer les états électroniques diaba-
tiques, ainsi que les couplage par une procédure auto-cohérente d’optimisation de ces
derniers a partir d’une forme analytique initiale en comparaison aux états électroniques

adiabatiques calculés.

Surfaces d’énergie potentielle

Les surfaces d’énergie potentielle traduisent 1’évolution de 1’énergie des états électro-
niques en fonctions des déplacements nucléaire, de ce fait, elles représentent le paysage
chimique du systeme et sont utilisées pour comprendre et modéliser la réactivité chimique
et physique d’un systeme moléculaire.

L’étude de la topologie de ces surfaces est donc primordiale puisqu’elle permet de déter-
miner les points critiques qui dirigeront la réactivité. Parmi ceux-ci se trouvent les minima
et maxima (a la fois locaux et globaux) qui sont caractérisés par un gradient nul selon tous
les déplacements nucléaires.

Néanmoins, le gradient seul ne permet pas de différencier les minima des maxima, il est
donc nécessaire de calculer la dérivée seconde de 1’énergie en fonction des déplacements
nucléaires (le Hessien). Si toutes les valeurs propres de ce dernier sont positives, alors le
point stationnaire est un minimum. Au contraire, si une ou plusieurs valeurs propres du

Hessien sont imaginaires, alors le point stationnaire est un point selle.
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Un croisement peut avoir lieu entre deux ou plusieurs états électroniques. Ces croisements
sont tres importants pour la dynamique dans les états excités des systemes moléculaires.
Ils sont appelés « intersections coniques » et permettent la transition ultra-rapide entre
deux états électroniques.

Ces objets topologiques sont des objets de dimensionnalité 3N-8 (N étant les nombres
d’atomes) et sont caractérisés par les deux vecteurs qui levent la dégénérescence entre les
états €lectroniques au premier ordre. Ces vecteurs sont appelés (1) vecteur de différence
de gradient et (2) vecteur de couplage dérivatif. Ils forment le sous espace communément
appelé espace de branchement.

Les intersections coniques jouant un rdle majeur dans la photochimie et photophysique
des molécules, de grands efforts ont été fourni afin d’explorer et de caractériser leur topo-
logie. En effet, c’est la topologie de ces « sillons » d’intersection qui auront une influence
sur le rendement et la vitesse de certains processus comme par exemple la photoisoméri-

sation.

Méthodes de Chimie Quantique

Diverses approches sont possibles afin de calculer 1’énergie des états électroniques. Nous
aborderons ici principalement les méthodes post Hartree-Fock que nous avons utilisées

ainsi que I’approche de la fonctionnelle de la densité.

L’approximation Hartree-Fock

Résoudre I’équation de Schrodinger électronique n’est pas possible exactement, a cause
du terme de répulsion électron-électron présent dans 1’Hamiltonien moléculaire. L’ap-
proximation de Hartree-Fock consiste a traiter cette répulsion comme une interaction
moyenne entre un électron et un champ-moyen (v'F) constitué par tous les autres élec-

trons. L'Hamiltonien électronique prend alors la forme
n
j‘fe = Z (h(l) + VHF(U> + VNN
i
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ol h(1) est I'Hamiltonien mono-électronique associé a 1’électron i et v1'T (i) le champ
moyen ressenti par I’électron i, et formé par les n-1 électrons restants. D’autre part, la
fonction d’onde électronique du systéme (V) est exprimée comme un déterminant de Sla-
ter d’orbitales moléculaires ¢, tel que

P(x1, X2, ,XN) = \/% l@1(x1)@2(x2) - en (XNl

Ces orbitales moléculaires sont elles-méme construites comme des combinaison linéaires

de fonctions de base (; (i.e, les orbitales atomiques) :

M
Pp(x) =D cpili(x)

L’énergie est ensuite minimisée, et les orbitales molécules optimisées de maniere auto-

cohérente pour obtenir 1’énergie électronique du systeme.

L’Interaction de Configurations

Afin de décrire I’'intéraction électron-électron de maniere plus correcte, il est possible
d’exprimer la fonction d’onde électronique du syst¢tme comme une combinaison linéaire

de fonctions d’état de configuration construites a partir d’un unique déterminant de Slater

o
WO — ¢ + Zc;wg + Z ey o
a,Tr

a<b
r<s

ol Py, et Py correspondent respectivement a des déterminants mono- et bi-excités en
promouvant un €lectron de I’orbital a(b) vers I'orbital (s). ¢, sont les coefficients des
fonctions d’états de configuration.

L’énergie est alors minimisée en developpant la fonction d’onde sur tout les déterminants
excités, en en optimisant les coefficients ¢, Cette méthode €tant variationnelle, si I’on
considere tous les déterminants excités possibles dans une base d’orbitales infinie, elle

donne la valeur exacte de 1’énergie.
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Les méthodes MCSCF

Certains systemes ne peuvent étre décrit par un seul déterminant de référence (benzene,
...). Il faut alors employer des méthodes dites multi-configurationnelles (MCSCF). La des-
cription de la fonction d’onde est alors basée sur une combinaison linéaire de déterminant
de Slater

M
\yMCSCF _ § CI\y%D-
I

L’énergie est ensuite déterminée en optimisant a la fois les coefficients c et les orbitales
moléculaires avec lesquelles sont construits les déterminants de Slater. La relaxation des

orbitales permet de mieux décrire la corrélation électronique.

La méthode CASSCF/CASPT?2

La méthode CASSCF (Complete Active Space Self Consistent) est une des méthodes
MCSCEF les plus répandues. Les déterminants de Slater contribuant a la fonction d’onde
MCSCEF sont choisis comme tous les déterminants M possibles dans un nombre restreint

d’orbitales, appelé « espace actif » :
M
YCEASSCE Z ci¥: VI € espace actif.
I

Une amélioration de cette approche, est la méthode CASPT?2. Elle consiste a appliquer la
théorie de la perturbation a une fonction d’onde de type CASSCF. L’Hamiltonian électro-
nique prend alors la forme

Ho = FHO AV

ot H(®) est I"'Hamiltonian d’ordre zéro, dont la fonction propre est la fonction d’onde
CASSCF (WEASSET) telle que

j:('(O)\yCASSCF — E(O)\PCASSCF
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et ou la perturbation AV est faible devant (%), 11 est alors possible d’écrire 1’énergie

comme un developpement de Taylor :
E=EY +AEW + NE@ ...

limiter ce développement au deuxieme ordre correspond a la méthode CASPT2, qui est
une extension de la théorie Moller-Plesset au second ordre (MP2).
Les méthodes CASSCF et CASPT?2 sont devenues des méthodes standard en calculs de

chimie quantique et sont utilisées dans cette these.

Dynamique Nucléaire.

Dans cette partie, deux méthodes sont exposées afin de traiter de la dynamique des noyaux.

MCTDH.

La premiere de ces méthodes consiste a résoudre 1’équation de schrodinger dépendante
du temps pour les noyaux. Pour ce faire nous utilisons le programme de dynamique quan-
tique MCTDH de Heidelberg.

Cette méthode permet de calculer 1’évolution temporelle d’un paquet d’onde sur des sur-
faces d’énergie potentielle diabatique en tenant compte des couplages inter-€tats.
L’intérét de cette méthode réside en sa capacité a séparer les variables, permettant ainsi

de réduire le temps de calcul tout en tenant compte des effets quantiques.

La dynamique moléculaire semi-classique.

Contrairement a la méthode MCTDH, la dynamique semi-classique ne traite pas la tota-
lité¢ du systeme de maniere quantique. En effet, la trajectoire des noyeaux est propagée
de maniere classique (i.e, selon les équations de Newton) grace aux forces issues d’un
calcul de chimie quantique. Les trajectoires sont propagées par I’algorithme Verlet. Les
couplages non-adiabatiques n’étant pas pris en compte jusque lors, il est nécessaire d’uti-
liser un algorithme de saut qui estimera la probabilité de transition d’un état électronique

vers un autre selon des criteres extraits des calculs de structure électronique.
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06:C5 Cz:NH2+
\ _/
C4_C3
/N
H, H,

FIGURE 1 — Le modele minimal du chromophore du rétinal étudie, le PSB3.

Etude du PSB3 : Un modele minimal du rétinal.

Le processus de photoisomérisation du rétinal au sein de sa protéine, la Rhodopsine, est le
premier évenement du processus de vision. Apres absorption de lumiere, le chromophore
du rétinal isomérise spécifiquement autour d’une liaison C-C de maniere tres rapide (~
200 fs) et avec un rendement quantique élevé (~ 67%). Ces propriétés exceptionnelles font
du chromophore du rétinal un systeme de grand intérét et tres étudié, autant de manieres
expérimentales que théoriques. Afin d’effectuer une étude de dynamique quantique, il est
nécessaire d’étudier un modele minimal du chromophore du rétinal, le PSB3 (« Protonated
Schiff Base 3 double liaisons »), voir F1G. 1. La petite taille de ce modele ainsi que sa
structure électronique qui reproduit les traits caractéristiques du chromophore du rétinal
I’ont amenés a étre un systeme modele pour 1’étude de différents méthodes de calculs de
structure électronique. Dans ce travail, nous souhaitons faire de ce modele, un systeéme
modele pour les méthodes de dynamiques nucléaire. Pour ce faire, il est nécessaire de
construire des surfaces d’énergie potentielle dites diabatiques a partir de calculs ab initio

adiabatiques.

Structure électronique

L état absorbant est le premier état électronique, et est I’état électronique dans lequel aura
lieu la photoisomérisation. Cet état est caractérisé par une transition HOMO — LUMO
et par un transfert de charge d’un bout (NHJ ) de la molécule vers I’autre (CHy) comme
dans le chromophore du rétinal. La nature méme de cette excitation déverrouille la torsion
autour de la double liaison centrale. En effet, un électron est promu d’une orbital avec de
la densité €lectronique 7t sur la double liaison centrale C; — C3 a une orbital n’en ayant
pas. Afin d’effectuer des calculs de dynamique quantique, il est nécessaire de réduire

davantage la dimensionnalité du systeme. Afin d’analyser et d’extraire les coordonnées
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jouant un rdle majeur dans la photoisomérisation du PSB3, nous avons effectué une série

de calculs préliminaires.

Calculs préliminaires

Dans un premier temps, nous avons effectué des calculs de dynamique semi-classique
en partant de la géométrie d’équilibre dans 1’état électronique fondamental. L’ analyse de
I’évolution de 1’énergie deux premiers états électroniques ainsi que 1’évolution des lon-
gueurs de liaison et des angles diedres du squelette carboné nous ont permis de détermi-
ner trois phases lors de la photoisomérisation. Dans un premier temps, la réorganisation
ultra-rapide des longueurs de liaison, qui intervient dans les dix premieres femtoseconde.
Vient ensuite, une zone ou les états électroniques se rapprochent. Dans cette zone, on
observe majoritairement une déformation des angles diedres. Finalement la trajectoire at-
teint un point du sillon d’intersection conique est « saute » du premier état électronique a
I’état électronique fondamental pour ensuite relaxer en forme trans. Dans cette zone, on
observe principalement une déformation des angles diedres C; — C; — C3 — Cs, définis-
sant la torsion autour de la double liaison centrale, et H, — C; — C3 — H;, définissant le
mouvement hors du plan des hydrogeénes. Ce dernier est appelé HOOP et est connu pour
influencer I’issue de la photoisomérisation. Dans un deuxieéme temps, nous avons opti-
misé la géométrie du minimum du sillon d’intersection. Cette optimisation nous permet
d’obtenir I’espace de branchement, composé des deux vecteurs qui levent la dégénéres-
cence. Dans le cas du PSB3, la géométrie du minimum d’intersection est une structure
ou les angles diedres C; — C4; — C3 — Cy et Hy, — C4 — C3 — Hy sont de 90°. L’espace de
branchement associé a cette géométrie comprend d’un c6té un mouvement d’élongation
de la liaison C3 — C, et de contraction de la liaison C-N. Les trois autres liaisons sont
impliquées a moindre mesure. D’ un autre co6té, 1I’espace de branchement comprend des
mouvements hors du plan des atomes Cs, Co, H; et Hy. Ces mouvements représentent
la torsion de la double liaison centrale et les mouvements HOOP. La présence d’une in-
tersection conique a cette géométrie (i.e. la dégénérescence entre les deux premiers états
électroniques) peut étre expliquée par une simple représentation orbitalaires. En effet a
cette géométrie, les deux orbitales impliquées dans le premier état électroniques passent
d’une nature liante et anti-liante respectivement a un caractere non-liant sur la liaison

centrale.
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FIGURE 2 - Le modele minimal du chromophore du rétinal étudie, le PSB3.

Coordonnées actives.

Afin de représenter les déformations mises en évidence par les calculs préliminaires, ¢’ est-
a-dire la réorganisation des longueurs de liaison, la torsion autour de la double liaison
centrale ainsi que le mouvement HOOP, nous avons choisi un jeu de huit coordonnées
actives (FIG. 2) : - L’angle diedre autour de la liaison central ¢ dans le but de décrire
I’isomérisation. - Un angle de déformation hors du plan pour chacun des hydrogenes H;
et Hy, 0; et 85 pour décrire les mouvements HOOP. - Cinq longueurs de liaisons 11, 15,
T3, T4 €t 5 pour décrire respectivement les liaisons Cg — C5, C; — Cy4, Cy — C3, C3 — Cy
et Cy — N. Dans le but de construire les surfaces d’énergie potentielle diabatique, il est
important de convenablement étudier I’influence des différentes coordonnées sur 1’énergie
totale du systeme. En comprenant la physique derriere ces déformations, il sera plus aisé
de trouver des formes analytiques pour la construction des surfaces d’énergie potentielle

ayant un sens physique.

La torsion autour de la double liaison centrale.

En observant I’évolution de 1’énergie des états électroniques selon la seule torsion ¢
(toutes les autres dimensions considérées comme fixes), on peut de but en blanc observer
qu’a 90° nous observons un point du sillon d’intersection. Ceci n’est pas évident, puisque
dans d’autres systemes, a I’instar de I’éthylene, la torsion autour de la double liaison cen-
trale seule n’est pas suffisante pour observer une intersection conique.

Une autre caractéristique peut étre observée. En effet, entre les formes planes cis et trans
(i.e. @ = 0° et @ = 180° respectivement) et I’intersection conique (¢ = 90°) nous pou-
vons observer deux barrieres d’énergie. En étudiant la nature des états électroniques, il

devient évident que cette barriere est due a un couplage entre le premier et le deuxieme
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état électronique excité. A @ = 0° et @ = 180° le premier état électronique excité est
composé d’une faible pourcentage d’une excitation HOMO — LUMO+1. Or I’orbitale
LUMO+1 (a la différence de 1’orbitale LUMO) contient de la densité électronique 7t sur
la double liaison centrale, stabilisant les formes planes. Au fur et a mesure que 1’on effec-
tue une rotation autour de la liaison centrale, cette contribution électronique au premier

état électronique excité diminue, créant la barriere d’énergie.

Les mouvements HOOP

Le mouvement HOOP est défini dans notre systetme de coordonnées par les deux angles
hors du plan 0, et 85 des hydrogenes H1 et H2 respectivement. L’angle diedre entre ces

deux hydrogenes (T) peut donc étre écrit en fonction des angles @, 0, et 0, tel que
T:(p+61—92. (1)

Dans un premier temps, afin principalement de réduire la dimensionnalité du systeme,

nous définissons deux nouvelles coordonnées (0~ et ©) a partir de 0, et 05 :

g _ 010
2
2
g _ 0116 @)
—.

Alors que 0~ rend compte de ’angle diédre entre les deux hydrogenes, 6 permet de
quantifier la déformation des deux hydrogenes par rapport a leur position initiale. De plus,
0~ est inclus dans I’espace de branchement, alors que 8 non. Il nous est donc possible,
dans un premier temps, de considérer uniquement les valeurs de 0~ pour une valeur de
0" minimale, i.e. de moindre déformation.

Une analyse détaillée de la surface d’énergie potentielle selon ¢ et 0~ pour les trois
premiers états électroniques nous a permis de déterminer une condition géométrique a la
présence d’une intersection conique entre les deux premiers états électroniques. En effet,

le sillon d’intersection est observé le long d’une ligne d’équation :

@+ 067 =90°. 3)
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FIGURE 3 — Surfaces d’énergie potentielle en fonction de @ et 6~ (8; = —0, tel que

0% = 0). Haut, gauche : Etat fondamental. Haut, droite : Premier état excité. Bas, Gauche :
Deuxieme état excité. Bas, Droite : Différence d’énergie entre le premier état excité et
I’état fondamental.
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Cette observation est appuyé par son sens physique qu’il est possible de comprendre par
une explication orbitalaire. En effet, une déformation des angles 8, et 8, modifie 1’orien-
tation des orbitales p portées par les carbones C3 et C4. Ces orbitales pourront donc étre
orthogonales entre elles pour des valeurs de ¢ différentes de 90°, moyennant une défor-
mation suffisante des angles 0, et 0.

Les mouvements HOOP joue donc un role clé dans le photoisomérisation, puisqu’en plus
d’influer sur I’issue de la photoisomérisation, ils permettent également de moduler le
sillon d’intersection, et de le rendre accessible a des valeurs de ¢ inférieures a 90°.

C’est en tenant compte de ces considérations que des premieres tentatives de construc-
tion des surfaces d’énergie potentielle diabatique ont été effectuées. Bien que les surfaces
d’énergie potentielle diabatiques obtenues a ce jour ne soient pas satisfaisantes, elles re-
produisent néanmoins certaines caractéristiques comme la position du sillon d’intersec-

tion ou la présence des barrieres d’énergie entre Franck-Condon et le-dit sillon.

Directionalité de la dynamique de photoisomérisation d’une

double liaison induite par un seul centre stéréogene.

Comme mentionné précédemment, le processus de photoisomérisation du rétinal est tres
efficace et tres rapide. Ces propriétés font du rétinal une modele de base pour la construc-
tion de photo-commutateurs. De plus, la nature asymétrique de la poche peptidique de la
Rhodopsine, dans laquelle est localisé le chromophore du rétinal, induit une directionalité
dans I’isomérisation. Cette derniere propriété est tres intéressante pour 1’élaboration de
photo-moteurs moléculaires.

Dans ce travail, nous nous intéressons a un modele de moteur dont le design a été basé sur
le modele minimal de rétinal présenté précédemment. L’ ajout de carbone sp3 a ce modele,
permet une méthylation d’un de ces centres stéréogeénes, induisant la chiralité.

La propagation de 200 trajectoires semi-classiques dont les conditions initiales (positions
et vitesses) représentent une distribution thermique, a mis en évidence I’unidirectionalité
du modele chiral de photo-moteur. L’ origine de cette directionalité a été étudiée en com-
paraison au modele de photo-commutateur achiral, totalement symétrique vis-a-vis de la
torsion de la double liaison.

Deux hypotheses ont été avancées. La premiere est que la directionalité est induite par
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la déformation de la géométrie initiale due a la fonctionnalisation du carbone sp3. La
deuxieme est que cette directionalité est causée par la masse du groupement méthyl en
comparaison a celle de I’hydrogene.

Afin de confirmer ou d’infirmer ces suppositions, davantage de trajectoires ont été pro-
pagées avec pour conditions initiales celles du modele achiral, et vice-versa. Ces investi-
gations ont montré que les déformations de la géométrie initiale ainsi que 1’effet inertiel
du méthyle ne sont pas suffisant pour expliquer I’unidirectionalité du modele de photo-
moteur étudié.

Cependant, le modele chirale a une surface d’énergie potentielle asymétrique en fonction
de la torsion autour de la double liaison. Apres excitation, la courbe d’énergie potentielle
du premier état électronique excité présente une barricre d’énergie de part et d’autre de
Franck-Condon. Contrairement au modele PSB3, ces barrieres ne sont pas égales. Apres
relaxation des longueurs de liaison, ces barrieres disparaissent et laissent place a une
courbe d’énergie potentielle inclinée vers le sens de rotation correspondant a la position

du méthyl.

Propriétés structurelles et spectroscopie d’absorption UV-
Visible d’un complexe de Retinal-pyridyl-CN Re(I) Car-
bonyl Bipirydine : Etude théorique.

La coordination d’un ligand isomérisant a un complexe de rhénium, permet I’isomérisa-
tion par lumiere dans le domaine du visible. Dans cette partie, nous avons effectué une

étude préliminaire d’un ligand de type rétinal 1i€¢ a un atome de Rhenium (FI1G. 4).

Propriétés structurales et electronic de I’état électronique fondamen-
tal.

La conformere tout-trans a ainsi que les conformeres cis autour d’une liaison a la fois. On
définit les conformeres 1c, 2c, 3¢, 4c, et S5¢c comme étant les conformeres cis autour des
liaisons C14C15, C14Cq3, C12C11, C19Cy et CsCr respectivement. Pour chaque conformere

un angle de torsion T est définit. Il est égal a 0° pour le conformere cis, et 180° pour le
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FIGURE 4 — Le complexe [Re(CO)3(bpy)(L)]", L=Ret-pyr-CN

conformere trans.

Chaque conformere présente une alternance de liaisons courtes et de liaisons plus longues
de longueurs caractéristiques intermédiaires entre simple et double liaisons, comme dans
le chromophore du rétinal. Pour des raisons stériques, le conformere le plus stable est le
conformere lc, quasi-dégénéré avec le conformere tout trans a. Les conformeres ou la
liaison isomérisante est substituée par un groupement méthyl (i.e. 2c, 4c) sont moins dé-
stabilisés que les conformeres ou la liaison n’est pas substituée. (i.e. 3c, 5c).

Les orbitales Kohn-Sham sont semblables pour tous les conformeres. Les orbitales HOMO
et HOMO-1 sont des orbitales 7t sur le rétinal alors que les orbitales HOMO-2, HOMO-3
et HOMO-4 sont principalement des orbitales d du métal. Les orbitales virtuelles les plus
basses sont soit des orbitales 7t* sur le rétinal (LUMO, LUMO+2), soit des orbitales 7t*
sur le ligand bipyridine (LUMO+1, LUMO+3, LUMO+4). Ces orbitales donnent lieu aux
états €lectroniques les plus bas en énergies, et qui seront susceptibles d’€tre peuplés par

absorption de lumiere.

Diagrammes de corrélation des états.

Afin de construire les diagrammes de corrélation des états entre le conformere tout-trans a
et chacun des conformere cis, nous avons optimisé chacun des conformeres a en contrai-
gnant I’angle de torsion T autour de la liaison isomérisante a 90° dans 1’état fondamental.

Cette méthode nous permet d’obtenir une limite haute de la barriere d’isomérisation. En
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effet, contrairement au chromophore seul ou dans son environnement peptidique ou la
photoisomérisation est un processus concerté autour de plusieurs liaisons, nous ne consi-

dérons ici qu'un mouvement de rotation autour d’une unique liaison C=C.

Spectre d’absorption en TD-DFT.

Les spectres d’absorption des différents conformeres sont trés semblables et consistent en
une bande tres intense vers 700nm due a une transition intra-ligand sur le rétinal (HOMO
— LUMO). Vient ensuite une bande moins intense, représentant a nouveau une transi-
tion intra-ligand sur le rétinal (HOMO-1 — LUMO). L’orbitale HOMO-1 étant localisée
en partie sur le métal, I’intensité d’absorption est plus faible. Les pics suivants sont des
mélanges entre des transitions MLCT et LLCT. La plupart de ces états bas en énergies
pourront étre peuplés directement ou indirectement apres irradiation a 400nm.

Cette étude préliminaire se veut étre le précurseur d’études expérimentales actuellement

en cours. Pour le moment, il serait imprudent d’aller au-dela de cette analyse qualitative
du systeme.
Néanmoins, les résultats des expériences nous permettront de comparer nos résultats théo-

riques a I’expérience et nous aidera a orienter et approfondir notre étude.

Croisement intersystemes ultra-rapides dans des complexes
de Re(I).

La derniere partie de cette these présente une méthode permettant d’effectuer une simu-
lation de dynamique quantique sur des complexes métalliques a haute dimensionnalité
tout en prenant compte, non seulement des couplages vibroniques, mais également des
couplages spin-orbite intervenant entre états de multiplicité de spin différente. A la dif-
férence des systemes présentés jusque lors, une grande variété de complexes métalliques
sont rigides et n’implique pas de mouvements de grandes amplitudes (torsion, dissocia-

tion,...). Il est alors possible modéliser les états ainsi que les couplages diabatiques par
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des formes analytiques approchées. Pour ce faire, nous avons développé dans un premier
temps un Hamiltonien modele diabatique permettant d’estimer a la fois les états diaba-
tiques et les couplages a partir d’'un nombre limité de calculs de structure électronique.
Dans un deuxieme temps, nous avons confronté notre Hamiltonien a 1’étude de la dy-
namique de désexcitation d’un complexe de [Re(X)(CO)s(bpy)] (X=F, Cl, Br, I; bpy=
bipyridine). Ce complexe, étudié expérimentalement par fluorescence résolue en temps
présente un comportement contre-intuitif vis-a-vis de 1’évolution du temps de désexcita-
tion par rapport a la masse de I’Halogene. En effet, il a été observé que plus la masse
de I’Halogene augmente, et donc plus les couplages spin-orbite sont important, plus la

désexcitation est lente.

Construction de I’Hamiltonien

Notre Hamiltonien modele est basé sur I’approche « Linear Vibronic Coupling ». Ainsi
les états diabatiques ainsi que les couplages vibroniques sont approximés par des deve-
loppements de Taylor. La force de cette approche est qu’il est nécessaire de connaitre
tres peu de parametres pour pouvoir construire les états diabatiques. En effet, seuls la fré-
quence selon chaque mode normal, ainsi que le gradient a Franck-Condon et pour chaque
état électronique, sont nécessaires. L’ estimation du couplage vibronique est moins directe.
Dans ce modele nous nous restreignons a I’étude des couplages vibroniques entre deux
états uniquement. Dans ce cas particulier, le couplage vibronique peut étre estimé a partir
de la dérivée seconde de la différence d’énergie entre les deux états électroniques.

Le systeme traité requiert 1’inclusion des couplages spin-orbit dans 1’Hamiltonien mo-
dele. Ici, nous choisissons, en premiere approximation, de les considérer comme constant
et égaux a leur valeur a Franck-Condon. Pour intégrer ces couplages dans notre Hamilto-
nien, nous considérons explicitement chaque composante de spin des états électroniques.
Afin d’extraire les données nécessaires a la construction de I’Hamiltonien ; un programme
fait-maison a été codé et pourra étre appliqué a tous types de calcul de structure électro-

niques.
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Etude de la structure électronique de complexes de [Re(X)(COs(bpy)].

Afin de tester la robustesse de I’Hamiltonien modele, nous avons souhaité I’utiliser pour
I’étude de dynamique quantique du processus de désexcitation des complexes de [Re(X)(COs(bpy)].
Une étude de structure électronique préalable est nécessaire pour déterminer les degrés de
liberté électroniques a inclure nécessairement dans I’Hamiltonien.

Expérimentalement, 1’absorption des complexes étudiés a lieu aux alentours de 400nm.
Le deuxieme état singulet S2 est I’état absorbant. Il est donc nécessaire de considérer au
minimum cet état ainsi que tout les états inférieurs. Néanmoins, un calcul de type spin-
orbit, a montré que cet état électronique S2 contribue a un état spin-orbite plus en énergie
et nécessite I’inclusion de 1’état triplet T3 (plus haut en énergie que S2).

Une fois la dimensionalité électronique déterminée, il est nécessaire de réduire la dimen-
sionalité nucléaire du probléme en sélectionnant un nombre limité de modes normaux
ayant le plus d’impact dans la dynamique. Nous avons donc choisi un jeu de six modes
normaux. Pour des raisons de symétrie, quatre d’entre eux vont modifier les états diaba-
tiques, et les deux restant vont induire un couplage vibronique entre états.

Cette étape a été effectuée pour le complexe de Brome et les conclusions ont été reportées
sur les trois complexes. Ainsi nous avons selectionné les méme états électroniques ainsi
que les méme modes normaux pour chaque complexe. L’Hamiltonien défini, il est alors

possible d’effectuer les simulations de dynamique quantique.

Dynamique quantique de complexes de [Re(X)(COs(bpy)].

Dans un premier temps, nous avons effectué uniquement la simulation de dynamique
sur le complexe de Brome. Une simulation préliminaire en ne considérant pas les cou-
plages vibroniques (uniquement les couplages de type spin-orbite) a été effectuée, et nous
a permis de montrer que le spin-orbite seul ne permet pas d’expliquer les observations
expérimentales. I1 est donc nécessaire d’inclure les couplages vibroniques.

Une deuxieme simulation (FIG. 5), incluant cette fois tout les couplages a été effectuée,
et I’étude de 1’évolution des populations dans les états spin-orbit est en accord avec les
constantes de temps observées expérimentalement. Cet accord tend a valider notre mo-
dele. La méme méthode a donc été appliquée aux autres complexes (X=F, Cl, I).
L’évolution des populations, et notamment la décroissance de la population dans 1’état

initial, dans ces complexes sont en accord avec I’expérience. En effet, nous avons extrait
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FIGURE 5 — Evolution des populations adiabatiques lors de la simulation de dynamique
quantique pour le complexe de Brome.

des constantes de décroissantes du méme ordre de grandeur que celle observées expéri-
mentalement. De plus, la tendance dans ces constantes de temps et en accord avec les
observations contre-intuitives mentionnées précédemment.

Néanmoins, I’application de cette méthode au complexe d’lode, s’est révélée moins fruc-
tueuse. En effet, la constante de temps obtenue au travers de notre méthode est beaucoup
trop faible, et ne correspond pas a la tendance observée. Ceci est dii au fait que les cou-
plages spin-orbit sont beaucoup plus important dans ce complexe, et que la nature des
états électroniques est différente. Une solution pour améliorer notre méthode, et pouvoir
espérer traiter le complexe d’lode serait de propager la dynamique non pas sur les états
dits spin-diabatiques mais sur les états spin-adiabatiques.

En conclusion, notre méthode s’est revélée étre suffisament robuste pour traiter les com-
plexes de fluor, chlore et brome. Néanmoins, nous atteignons a ce jour, une limite de notre

modele lorsque les couplages spin-orbit sont trop importants.
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Advanced methods of quantum chemistry are able to describe accurately and to predict
chemical reactivity [6, 7, 8], molecular and electronic structures [9], magnetic [10] and
optical properties [11, 12, 13, 14], in organic molecules as well as in inorganic complexes.
Realistic models can treat various types of environment effects, either by means of po-
larized continuum models [15, 16] for standard solvents or based on hybrid quantum me-
chanics/molecular mechanics methods [17, 18, 19] for complex bio-environments such as
DNA. The field of computational chemistry has expanded tremendously in the past twenty
years thanks to the development of density functional theory, more particularly adapted
to the electronic ground state properties. However still a number of challenges remain to
be addressed not only in the field of relativistic chemistry [20].

The interpretation of electronic excited states properties, such as multi-photon absorption
[21, 22, 23], two-dimension electronic spectra [24, 25], transient absorption spectroscopy,
pump-probe experiments and ultra-fast time-resolved spectroscopies [26, 26, 27, 28, 29]
are some of these defies. The bottleneck is not necessary the size of the molecular system
to be investigated but its electronic complexity. Indeed, the determination of electronic ex-
cited states properties needs not only accurate quantum chemical methods able to describe
near-degenerate states and/or multi-configurational wavefunctions, but also developments
in semi-classical and quantum dynamics capable of providing excited states decays as
function of time and branching ratio between concurrent pathways such as luminescence,
non-radiative decays, isomerization, electron/energy transfers processes... All these chan-
nels activated mainly by UV light in organic chromophores and by visible irradiation in
metal complexes open the route to important functions such as vision, photosynthesis,
energy conversion, phototherapy, diagnostic or pollution probes.

For this ambitious purpose it is mandatory to determine accurately the character and
properties of the electronic excited states and to investigate the coupling phenomena be-
tween them and with the ground state. This is the task of electronic structure methods,
such as multi-configuration self consistent field wave functions methodologies and time-

dependent density functional theory based on linear response approach. Whereas organic
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chromophores are characterized by a few low-lying photo-active singlet electronic ex-
cited states, metal complexes present a high density and variety of excited states in a
limited domain of energy (within 1.0 eV). However the electronic complexity in metal
complexes is compensated by a less dramatic nuclear flexibility as compared to organic
molecules. This is due to the presence of coordinated ligands that prevent in general sig-
nificant rearrangements of the system within a short time-scale after irradiation. Finally
relativistic effects, and more importantly for photochemical and photophysical processes,
spin-orbit coupling between states of different multiplicities, cannot be circumvented in
metal complexes. Indeed these effects control the kinetics of intersystem crossing pro-
cesses that could become concurrent to internal conversions and fluorescent decays as
illustrated by recent ultra-fast time-resolved experiments [30, 31, 32]. Ultrafast processes
have been extensively observed with the development of LASER based techniques such
as time-resolved spectroscopies. Femtosecond LASERs allow for the generation of light
pulses short enough to probe the motions of the nuclei. In the future, we may even be able
to observe the electrons motion with attosecond experiments.

The interpretation of these sophisticated experiments needs robust theoretical tools able to
simulate the molecular electronic excited states dynamics during the first picoseconds fol-
lowing the absorption of light. The purpose of the thesis is the study and the interpretation
of ultra-fast processes occurring in organic chromophores, models for active isomerizable
molecules in the vision process, as well as in third-row transition metal complexes, seat
of ultra-fast luminescent decay measured experimentally.

In our quest to understand and predict isomerization mechanisms in rhenium complexes
coordinated to isomerizable ligands [33, 34, 35] and to compare organic and inorganic
photoreactivity, we have undertaken the study of the isomerization of a pyridyl cyano-
retinal ligand coordinated to a rhenium (I) bipyridine carbonyl complex for which only
few experimental data are available.

The work presented in the thesis is based on various methods of quantum chemistry, semi-
classical and quantum dynamics adapted to the molecular systems of interest and explicit
problematics. Specific model Hamiltonians have been developed for treating vibronic and
spin-orbit couplings on the same footing in the simulation of ultra-fast intersystem cross-
ing processes in rhenium compounds.

The sticking point common to the studies performed within the context of this thesis is the
nuclear dimensionality and more specifically the selection of active nuclear coordinates

relevant to the investigated processes (isomerization, ISC). The electronic problem being
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less tricky in organic chromophores than in transition metal complexes it is then possible
to include all degrees of freedom in semi-classical dynamics simulations as illustrated in
the minimal photoswitch model. Moreover, on the basis of electronic properties and pre-
liminary semi-classical trajectories important nuclear coordinates (up to a few tens) can
be selected and injected into quantum dynamics accurate simulation. However, the bottle-
neck is the construction of realistic multidimensional diabatic potential energy surfaces,
as illustrated by the study of photoisomerization in the minimal model of retinal. In con-
trast, the electronic problem is more complicated in transition metal complexes because
of the high density of states. In this case, approximate methods that avoid the computation
of multidimensional potential energy surfaces are necessary to describe the evolution of
the system as function of time. The development and application of such approaches is at
the heart of the work dedicated to the ultrafast system crossings in rhenium complexes.
This work is organized into three sections. The first one, part A, is devoted to the con-
cepts and theory useful for a comprehensive reading of the next sections, part B and C are
dedicated to isomerization processes in organic and inorganic chromophore and ultrafast
intersystem crossing in Re(I) complex, respectively.

The first part is divided into two chapters. In the first chapter, we develop key notions
about electronic structure theory, such as the Born-Oppenheimer approximation and its
limitation, the theory about the diabatic representation as well as methods to build the
so-called diabatic states, and finally we present two kinds of quantum chemistry methods
that we use in the rest of the thesis, namely methods relying on wavefunction and density
functional theories. The second chapter concerns methods to treat nuclear dynamics. On
one side, a fully quantum based methods: the MCTDH methodology, that allows to treat
accurately small systems in reduced dimensionality, and on the other side, a mix of clas-
sical dynamics and quantum chemistry called semi-classical dynamics that allows to treat
large systems including all degrees of freedom.

Part B of the thesis, which focuses on the study of the photoisomerization processes,
is subdivided into three chapters that describe the study of three distinct molecular sys-
tems. The first chapter concerns the investigation of a minimal model for the retinal
chromophore. Its goal is to bring our contribution to a better understanding of the pho-
toisomerization process occurring in the first event of vision. For performing quantum
dynamics we are required to select the most relevant coordinates describing the process
in order to build the diabatic potential energy surfaces. In a first step, we perform static

electronic structure analysis on critical geometries (minima and conical intersection struc-
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tures). In a second step, semi-classical dynamics methods are used for selecting active
coordinates. The last step is dedicated to the exploration of the potential energy surfaces
as function of the selected active coordinates in order to extract the data relevant for the
construction of diabatic electronic states. A tentative fitting procedure is proposed for the
building of the diabatic states.

The second chapter, treats a minimal chiral molecular motor, the design of which is based
on the 2,4-pentadieniminium cation. The unidirectional rotary motion of the system is
investigated by means of semi-classical trajectories.

The third chapter is dedicated to the study of a retinal-like ligand coordinated to a rhe-
nium(I) atom. This static study aims at investigating the effect of the coordination to a
transition metal on the photoisomerization mechanism. For this purpose the structural,
electronic and optical properties of the all-trans and various cis conformers of the com-
plex are investigated by time-dependent density functional theory.

The third part of the thesis is devoted to ultrafast intersystem crossing processes in tran-
sition metal complexes. Since such systems are too large to be treated by means of semi-
classical dynamics, we have developed a diabatic model Hamiltonian that includes both
vibronic and spin-orbit coupling though being simple enough to be used on large systems.
In a first chapter, we will present the development of the diabatic model Hamiltonian and
the approximations on which it relies to describe diabatic electronic states and both spin-
orbit and vibronic couplings. Then, we present the tools developed for extracting the
required electronic structure data and the method used in the model Hamiltonian. In the
second chapter, we study the [Re(X)(CO)s(bpy)] complexes, where X is an halogen (F,
Cl, Br, I). This study is motivated by experimental observations that seem a priori, con-
terintuitive to the relativistic representation we have of heavy atoms. Indeed, the decay
time after absorption increases with the mass of the halogen instead of decreasing due
to the awaited increasing spin-orbit couplings. In the third chapter, we test our diabatic
model Hamiltonian for cases studies applied to the rhenium complexes. On the basis of
time-dependent density functional theory and wavepacket simulations, we propose a de-
tailed mechanism of the ultrafast decay in this class of molecules that allows a detailed

interpretation of the experiments within the first picosecond.
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PART A

Theory and Concepts

The goal of this section is to introduce the concepts and methods mainly
used in the applications presented in the course of the manuscript. Rather
to be exhaustive it pretends to be useful for a comprehensive reading of
the subsequent results dedicated to the molecular properties and processes
described in the thesis. The methods and developments performed within the

context of the present work are explicitly described in the relevant chapters.



THEORY AND CONCEPTS
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CHAPTER 1

ELECTRONIC STRUCTURE THEORY

1.1 The Schrodinger Equation

In quantum chemistry, the state of a system is entirely defined by its wavefunction. How
the system is evolving as a function of time is given by the Time-Dependent Schrodinger
Equation (TDSE):

. 0

where 1 (r, R, t) is the wavefunction of the system, function of time t, r, position of the

A~

electrons, and R position of the nuclei. J{ is the Hamiltonian operator which charac-
terizes the energy of the system. For a non-relativistic system, the Hamiltonian can be
decomposed as a sum of kinetic energy (T) and potential energy V(r,R,t) operators.

H=T+ V(R 1) (1.2)

For a potential energy operator V(r, R, t) constant in time, EQ. (1.1) can be solved by
introducing the set of eigenfunctions

[W(r, R, 1) = ) Calt) b(r,R)) (1.3)

where [P, (r,R)) are the eigenfunctions of the time-independent Scrodinger equation
(TISE)

H o (r,R)) = Eo [Wa(r,R)) (1.4)

and where E, is the total energy of the system.
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1.2 The many body molecular Hamiltonian

In a system containing i electrons of mass m., charge e and of position r; and A nuclei

of mass M 4, charge Z, and of position R 4, the molecular Hamiltonian reads

n n N n n
—Z—h2 V=) Zae +ZZ—62
2m. 4A7teg|Rg — 1) 4rteglr; — 7
i=1 i=1 A=1 i=1 j>i J

A1
N
ZAZge?
AN, !;BRI
AoiBon (Tolfta— B

(1.5)

where Ty and T, are the kinetic energy operators of the nuclei and of the electrons, re-
spectively, and VeN, Vee and VN N are the potential energy operators corresponding to the
Coulomb nucleus-electron attraction, electron-electron and nucleus-nucleus repulsion, re-
spectively. V2 = V - V with V the gradient operator. In order to lighten the writing, one
can express the Hamiltonian in atomic units (au). The Hartree: Ey, = %, is the atomic

unit of energy where ay = is the Bohr radius (atomic unit of length) m, is the

I
472 mee?
mass of electron (atomic unit of mass). In this unit system, 47tep = 1, h =1, m, = 1 and
e = 1 is the unit of charge. (In the rest of the thesis we will use atomic units). In atomic

units the Hamiltonian EQ. (1.5) is expressed as

n 1 n N ZA n o n 1
AT LY Y By 3
i=1 i=1j<i

M T
i—1 A=1 Al

M

Z £ty

B<A

H =
(1.6)

ﬂ’l\’]z TI\’IZ

where

Z Z ZaZs (1.7)

A=1B<A

where Ta3, Ti; and T A are the distances between nucleus A and electron i, between elec-
trons i and j and between nuclei A and B, respectively. The nuclear potential Vi is
constant for a given set of nuclear coordinates. For the hydrogen atom EQ. (1.4) can be

solved analytically [36]. However it is not the case any more for larger systems. In quan-
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tum chemistry, nuclei are often considered as fixed; the nuclear kinetic energy as well as
the nucleus-nucleus repulsion are then invariant and can be treated as parameters. Nev-
ertheless, the positions of the electrons cannot be exactly known making the evaluation
of the repulsive electron-electron interaction impossible. Several methods can be used to
evaluate the electron-electron repulsion among which, those that have been used in this
thesis and discussed in SECTION 1.6.

The molecular Hamiltonian (1.6) is composed of two components, the nuclear one

. 1
Tn==>_ 2MAV§A = V3, (1.8)
A=1
and the electronic one }Afe such as
He =H—Tn (1.9)
with
He =Te + Ven + Vee + Van (1.10)
where
T.=— i Ly (1.11)
e — 2 Ti .

n N
Ven==2 > f’* (1.12)

i—1 A=1 AL
V:ZZ% (1.13)
i=1j<i Y

1.3 Born-Oppenheimer Approximation

The exact eigenstates of the molecular system W, can be expanded in the Born Oppen-

heimer or adiabatic electronic states i:

Yiot(r, R) = ) x{(R)JVE(r, R) (1.14)
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where 1§ (r, R) are the electronic wavefunctions that depends parametrically on the nu-
clear coordinates R and x{(R) represent the nuclear wavefunctions of the system which
are eigenfunctions of the Schrodinger equation. The electronic wavefunctions are the

solutions of the electronic Hamiltonian at fixed nuclear geometry:

He W& (r, R)) = Vi(R) Wb (r, R)) (1.15)

where V;(R) represents the electronic potential energy for a given nuclear geometry.
Solving the electronic Schrodinger equation EQ. (1.15) for all possible nuclear positions
R defines the potential energy surface (PES). By injecting the wavefunction W, in the
Schrodinger equation (EQ. (1.4)) we get [37]

HWior(r, R) =(He +Tn) D XHRIWE(r, R) = Eror )_ xRV (r, R)
=) [(VRW(r, R)X{ (R) +2(Vabi (r, R)(VaXE(R)) (1,16

+pi(r, R)(VAXE(R))] + ) Hedf (r, RIX{(R).

If we project EQ. (1.16) onto a specific adiabatic electronic state j by multiplying from
the left by its wavefunction <1l,)]-a!, EQ. (1.16) becomes:

(W& (r, R)HY o (r, R)) = (W (r, R)|FH Z i (r, R)x{(R))
=Vix{(R) + V;(R +Z (r, RV (r, R)) x{ (R)

+ 2 (W (7, R)IVNIbE (r, R)) (Vnx{ (R))]

—V2x((R) + Vi (R)X(R) + Z [T)l XAR) + 7 (VaxE(R))
(1.17)
where 1(11) = 2(§IVnIb{) and Tﬁ) = (W§IVhb{) are a vector and scalar, re-

spectively called the first- and second-order non-adiabatic coupling terms (NACTs) [38].

Since the nuclear wavefunctions X)-a are solution of EQ. (1.4),

Hx§ = Ex} (R) (1.18)
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hence EQ. (1.17) leads to the set of coupled equations
Vi(R)+Tn— ] x¢(R) = — Y Auxi(R) (119)

where /A\i]. = Tj(il)_VN + Tf ) are the non-adiabatic operators. The T](f )

terms are often neglected as considered small in comparison to the Tj(il)

scalar coupling
terms. The Born-
Oppenheimer approximation [39] consists of neglecting the non-adiabatic coupling op-
erators /A\ij based on the assumption that the kinetic energy operator of the nuclei Tn is
considered as a small perturbation with respect to the electronic motion. This assumption
can be easily understood as the nuclei are several order of magnitude heavier than the

electrons. In the Born-Oppenheimer approximation, EQ. (1.19) can thus be rewritten as:

[Vj(R) +Tn —E] Xj'(R) =0 (1.20)

and the nuclear motions proceeds on the potential energy surface Vj(R) associated to the
electronic state j. This approximation is correct as long as the electronic wavefunction
varies smoothly as function of the nuclear coordinates. In case of close-lying electronic

states which can become degenerate at some critical geometries this approximation is not
(1)

valid. Indeed, in the adiabatic representation Tji is proportional to the inverse of the

energy difference. According to the Hellmann-Feynmann theorem we can write

) ) ) (W& (r, R)VNFWE(r, R))
5 = Wi RV (r, R) = ==

(1.21)

This equation shows that when the energy gap is small, i.e. V; —V; ~ 0, the NACTs Tj(il)
are large and can no longer be neglected. At a point of degeneracy between two adiabatic
electronic states, i.e. Vj — Vi = 0, the NACTs will even diverge. This will make the use
of adiabatic PES cumbersome to study the quantum dynamics. It is thus necessary to use
another representation of the PES, so-called diabatic representation, which minimizes the
singularity. Several methods exist for the construction of diabatic states. We present two

of them in the next section.
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1.4 Diabatization

In order to get rid of the divergence of the NACTs, the total wavefunction can be expressed

as an expansion of diabatic electronic ¢ and nuclear x¢ states

Yiotlr, R) = ) XM R)V{(r, R) (1.22)

In matrix notation, the vectors x¢ and 1 are obtained by rotation of the electronic adia-

batic vectors x* and ¢

x* = x*U! (1.23)
and Y =poUT (1.24)

The adiabatic to diabatic transformation (ADT) U matrix is chosen so that the NACTs
vanish
e = (bf!(r, R)IVNI{ (7, R)) =0 (1.25)

(1)
where Tii

are the NACTs in the diabatic representation. For EQ. (1.25) to be true, the

ADT matrix U is chosen such as:
VU + 70 =0. (1.26)

For diatomic molecules, this matrix can be computed and the NACTs completely vanish.

In this case lbf are called diabatic states and EQ. (1.19) becomes:
(W —E)+ T x4R) =0 (1.27)

where T’ﬁ is the kinetic energy operator in the diabatic representation which is now diag-

onal. W is the potential matrix

Wi o Wi
e (1.28)
Wip -+ Wiy
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Figure 1.1: Left: Adiabatic representation. Right: Associated diabatic representation.

1

A

)| HWd(r, R)) are the off-diagonal ele-

containing the diabatic PES: Wi; = (b &(
d
i j

T, R)Iﬂ-feltl)-d(r, R)) are the diagonal elements
and the potential coupling Wy; = (V{(r, R
ments.

However for systems with more degrees of freedom, the exact ADT matrix does not
exist and thus the kinetic coupling will not entirely vanish [40]. In such a case, a ADT
matrix U can however be determined so that the remaining kinetic coupling is as small
as possible and can be neglected. Importantly, the divergence of the kinetic coupling is

removed. The resulting electronic states are then called quasi-diabatic states.

Several methods to generate "quasi-diabatic" states exist. Here we will focus on only two

of them, the regularized diabatic states approach and the diabatization by "ansatz".

1.4.1 The regularized diabatic state method

The regularized diabatic state method [41],[42],[43] is based on the reverse engineering
process. We will here focus on only two electronic states that are coupled together and
considered well separated in energy from all the other electronic states. We assume a
diabatic potential energy matrix W EQ. (1.28) that can be written as:

W=L(R1+W (1.29)
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where 1 is the identity matrix and

(1.30)

and where

W= < d(R) - c(R) ) (1.31)
¢(R) —d(R)

Vi (R) and V,( R) are the adiabatic electronic potential energies defined in EQ. (1.15), of
the adiabatic states 1 and 2, respectively. EQ. (1.31) can be diagonalized using the ADT

matrix expressed for two states as

U— ( C?S a(R) —sinx(R) ) (132)
sin(R) cosa(R)

which gives the adiabatic potential matrix V':

v ( Vi(R) 0 ) LU — 21+( VR T AR 0
0  Vuo(R) 0 —/c(R)? + d(R)?
(1.33)

For EQ. (1.33) to be true, we have:

Ve(R)?2 +d(R)? = Vi ;V2. (1.34)

The adiabatic-diabatic mixing angle can be estimated from EQ. (1.33) as

x(R) = %arctan z((];))

(1.35)

Due to its form, W EQ. (1.31) is found to vanish at a point of intersection (Q). We
can thus express it as a Taylor expansion around this geometry. We define W (™) as this
Taylor expansion to the n-th order. The order of the expansion is chosen accordingly to

the type of intersection (see SECTION 1.5.2). We can thus write

i Vem(R)? 4+ d (R)? 0

0 —\/e™(R)* + A (R)’
(1.36)
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with:

i) _ ( cosa™(R) —sina!™(R) ) . (137)

sina™(R) cosx!™(R)

Now that the ADT matrix has been determined, we can apply the inverse operation to
the adiabatic potential energy matrix to obtain the regularized diabatic potential energy
matrix WTe9

wres —ymyy ™! (1.38)
which gives the expression of the regularized diabatic potential matrix [43]:

Vi(R) — Vo(R) <

Wred =51 + wm, (1.39)
V(R + dm(R)’

EQ. (1.39) can be seen as an interpolation between two limits. (1) when R — R,, then

the Taylor expansion is valid and

Vi(R) — Vo (R)
Ve (R)? + A (R)’

—1 (1.40)

so the regularized diabatic energy matrix is W™€9 = W. (2) far away from the intersec-

tion, the Born-oppenheimer approximation is valid, thus ¢™ — 0 and

! wm =1, (1.41)
Ve (R +dm(R)?

The regularized diabatic electronic states are then the same as the adiabatic electronic
states. The elements of W (™) can be estimated by a numerical derivation of the adiabatic
energy. The building of the regularized diabatic states requires the knowledge of the
adiabatic electronic potentials only.

1.4.2 Diabatization by "ansatz"

The diabatization by "ansatz" is a fitting procedure.

1. The first step consists in building a physical guess for the diabatic potential energy
matrix W (0,
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2. The guess matrix is numerically diagonalized, and the resulting diagonal matrix
is then compared to the reference adiabatic PESs obtained by means of electronic
structure calculations. The least square deviations between the guess adiabatic and
these PESs is computed. If they are found to be larger than a convergence threshold,
then:

3. The guess parameters are optimized by a non-linear optimization algorithm and a

new diabatic potential energy matrix guess W) is constructed.

The optimization scheme is then repeated from step 2 until convergence.

The difficulty of this procedure lies in the plurality of the solutions of the diabatic potential
energy matrix W. Indeed, different combinations of the W elements can give adiabatic
PESs that fit correctly to the reference PESs, but lack of physical meaning (for example,
flat diabatic states with huge diabatic coupling). This is why, it is needed to correctly
investigate the reference PESs beforehand in order to elaborate a physically meaningful
guess for the diabatic potential energy matrix. This procedure will be used in CHAPTER
3.

1.5 Potential Energy Surfaces

As seen in EQ. (1.15) PESs give the variation of the potential energy of the electronic
states as function of the nuclear coordinates. They thus represent the chemical landscape
of a system and are used to study the chemical reactions that can be undergone by the
system. Indeed, it is needed to considered not only the ground state PES, but also a set of
electronic excited states PESs that can be reached upon absorption. The shape of the PES
associated to the electronic excited states will control the elementary processes (internal
conversions, intersystem crosssings, radiationless decays, ...) responsible for the spectro-

scopic, photophysical and photochemical properties of the molecular system.

1.5.1 Potential Energy Surfaces Topology

The topology of the electronic PES describing a molecular system shows important fea-

tures, such as energy minima or local maxima. Two minima, corresponding to the reagents
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and the products respectively will be linked through a so-called saddle point, i.e. transi-
tion state. These features being either minima or maxima on the global PES, they are

characterized by a zero gradient along all the nuclear coordinates R;:

ov

= =0Vi 1.42

oR. (1.42)
where V is the electronic electronic potential energy.
The gradient alone is not sufficient to fully characterize the stationary points. The second
derivative of the potential along the 3N-6 (N being the number of atoms) nuclear coordi-
nates R; gives informations about the curvature of the PES at the stationary point along

each coordinate. This matrix is the Hessian matrix (F) with elements:

0%V

Fi' —_
) 9R.0R;

(1.43)
If all eigenvalues of the Hessian matrix F are positive, then the stationary point is a min-
imum on the PES. This means that any displacement from the point will induce a rise of
the potential energy. On the opposite, if all eigenvalues are negative, the stationary point
is a maximum and every displacements will lower the energy.

However, if only n eigenvalues of the Hessian matrix are negative, the stationary point is
called a saddle points and is a minimum along all displacements but n. Saddle point of
the first and second order (i.e. the point is respectively a minimum along one or two nu-
clear coordinates) are chemically and kinetically very important as they may occur on the
path between two minima thus affecting the outcome of the reaction. Higher order sad-
dle points exist but are very high in energy and will usually not be relevant for chemical

reactions.

1.5.2 Crossing between two adiabatic PES

Crossing between two (or more) adiabatic PES is of great importance for the excited state
dynamics of a molecular system. Indeed, NACTSs are proportional to the inverse of the
energy gap between two states, and therefore are huge in the vicinity of an intersection
between two adiabatic electronic states. This point is called conical intersection (CI).
These huge couplings allow an ultrafast radiationless transfer of electronic population.

Let us consider two electronic states. In the diabatic representation, the potential energy
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matrix W (R) EQ. (1.28) may be written:

W(R) =

( Wi (R) Wi(R) ) (1.44)

W21 (R) W22 (R)

and the adiabatic PES, i.e. the eigenvalues of the diabatic potential matrix (W (R)) are

obtained from

2
Vi(R) = Wi (R) ‘ZFW22(R) B \/(Wn(R) 5W22(R) +W4(R)
5 (1.45)
Vo(R) = Wi (R) ‘;W22(R) n \/(Wn(R) 5W22(R)> +W4(R)
Thus the difference of energy between Vi (R) and V5 (R) is:
2
AV = V,(R) — V;(R) = 2\/(W”(R) ;W”(R)) +W2,(R) (1.46)

EQ. (1.46) shows that two conditions are necessary for the two states to be degenerate,

i.e. to have the intersection at Rc:

(1) Wii(Rc1) = Wae(Rcr)
(2) W12(RCI) =0

(1.47)

For small nuclear displacements, the diabatic potential matrix elements Wy;(R) (1,j =
1,2) (EQ. (1.44)) can be written as a Taylor expansion of the first-order around the point

of conical intersection R as:
Wii(R — Rer) = Wi5(Rer) + VW4 (R)r R (1.48)

where V is the gradient operator. Taking into account the two conditions on the diabatic
potential energy elements (EQ. (1.47) at the conical intersection), EQ. (1.46) can be
rewritten as function of the first-order Taylor development (EQ. (1.48)) [44]:

VWi (R)g. - R— VW (R)r. - R\
szz\/( (Rl 2R, )  (YWaalRler - R

2
(1.49)
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We can extract from EQ. (1.49) the two vectors g and h defined as follows:

g =V (Wy(R) - Wi (R)) g (1.50)

h = VW3 (R)lgr, (1.51)

and that lift the degeneracy of the conical intersection at the first-order [44]. As the
diabatic states and adiabatic states are the same at the intersection (Rc1), EQ. (1.50) and

(1.51) can be rewritten as a function of the adiabatic electronic states \{ and ) §[45] such

as:
h = (1 (r, R)VHcba(r, R)) I, (1.52)
and
g = V (AE(r, R)) |r, (1.53)
where
AE = ({3 (r, R)|H S (r, R)) — (W} (r, R)|[H T (r, R)) (1.54)

U:Ce is the electronic Hamiltonian (EQ. (1.15)) and g and h are called gradient differ-
ence and derivative coupling vectors, respectively. They define the so-called branching
space which is a two dimensional subspace where the degeneracy is lifted along nuclear
displacements. The subspace of 3N-8 dimensions (N being the number of atoms of the
system) orthogonal to the branching space is called the intersection seam space [46] and
is the space in which the degeneracy is not lifted, at least, at the first-order [47],[48].
Indeed, the linear approximation made in EQ. (1.48) is valid only for small nuclear dis-
placements. For important nuclear distortions the degeneracy is still lifted [45]. In the
case of symmetric molecular systems, the dimension of the intersection seam space can
be lower. This happens when two electronic states belong to different irreducible repre-
sentations (irreps). In such a case only the Wy (R) = Wo ( R) condition remains and the
dimension of the seam space will be 3N-7. The two conditions (EQ. (1.47)) imply that
CIs between electronic states belonging to the same irrep in a diatomic molecules do not
exist because the number of degrees of freedom (namely 1 for diatomic molecules) is not
sufficient to fulfil both conditions. In this case, two electronic states will avoid each other
instead of crossing. This is called an avoided crossing. However, if the two electronic
states belong to two different irreps, then they may intersect at a point. The dimension

of the intersection space is then 6-6=0. Thus the conical intersection is an hypersurface
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Figure 1.2: Left: Two PESs around a CI as a function of the two branching space vectors
(g and h). Right: Seam of intersection along one vector of the branching space o and
one vector of the intersection space 3.

of intersection, exhibiting all the critical PES points described above, rather than a single
point.

Conical intersections act as an ultrafast funnel and allow an ultrafast electronic popula-
tion transfer between two electronic states. They play a key role in the photochemistry
and the photophysics of many electronic systems. These past years, a number of method-
ological developments have been performed to detect and characterize Cls [49]. Most of
the time the optimization of CI (i.e., finding the lowest intersection point in energy) is
supplemented by the search for critical points of the intersection hypersurface.

As we shall see in CHAPTER 3, during excited state dynamics, the seam of intersection
can be reached before getting to the point of miniminal intersection. That is, the seam
topology will generally play a key role in excited state processes. While the double cone
of conical intersection can be obtained by computing PES along both vectors from the
branching space (g and h) (FIG. 1.2, left), the seam of intersection can be determined by
computing PES along one vector of the branching space and one vector of the seam space
(F1G. 1.2, right). Other types of intersection exist and are characterized by g = h = 0
by symmetry, and both V2 (W}, (R) — Way(R)) # 0 and V?W,(R) # 0 (i.e. the same
conditions as EQ. (1.47) but for a Taylor development to the second order), then degen-
eracy is only lifted quadratically and the intersection belongs to another class relevant to
the Renner-Teller effect [50].

The CI is a funnel from one electronic state to another and its shape or topology drives
the chemical reaction undergone by a molecule. The shape of a CI is defined by the gra-

dient of the two states involved in the vicinity of the CI. If the gradient vector of both
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Figure 1.3: Different topologies of a CI between two adiabatic states (V; and V5). The
gradient vector g—vi is shown as a black arrow. Left: A "peaked" CI. Middle: a "flat" CI.
Right: a "sloped" CI.

electronic states are pointing in opposite directions, the CI is called "peaked". On the
opposite, if the gradient vector of both electronic states are pointing in the same direction,
the CI is called "sloped" (F1G. 1.3). The intermediate situation, i.e. the gradient vector
of one of the electronic state is null, then the CI is called "flat". A "peaked" CI allows
for a relaxation in the lower electronic states by multiple channels because the point of
intersection is a maximum on the lower electronic PES. On the contrary, "sloped" CI pro-
motes one channel because the intersection point is no longer an extremum of the lower
PES. This kind of CI (i.e. "sloped") are important for example in the photostability of
molecules[51],[52]. Indeed, photochemical reactions (i.e. photodissociation, polymerisa-
tion, ...) can be quenched due to the presence of conical intersections that allow ultrafast
relaxation of the molecule back to its ground state conformation. Not only the shape of
the CI itself, but also the topology of the PES between the Franck-Condon (FC) region
and the seam of CI, especially the presence of a saddle point, play a key role in the excited

state dynamics. This aspect will be discussed more in CHAPTER 3.

1.5.3 Spin-Orbit Coupling

The electron being a charged particle, its motion induces a magnetic field, proportional to
its orbital momentum L. This magnetic field interacts with the intrinsic magnetic moment
of the electron, the spin S. This interaction is called the spin-orbit coupling (SOC). In
case of transition metals complexes, relativistic effects, including SOC, have to be taken

into account in the electronic structure calculations. A proper treatment of the relativistic
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effects would require the use of the 4-component Dirac equation [53]. However, this the-
ory is very costly and is still limited to small molecular systems. Other methods, based on
a 2-component simplification of the Dirac equation have been developed. Amongst them,
are the Douglas-Kroll-Hess [54] and the zero order regular approximation (ZORA) [55]
Hamiltonians. In PART 6, we will use the ZORA approximation with DFT calculations to
treat SOC. The ZORA Hamiltonian then reads

FHZORA = VKS 4 (5. p) (o - p) (1.55)

92¢2 — YKS
which can be expanded as
2 c?

9c2 —yKksP T (2c2 — VKS)

FEORA = VKS 4 o - (V x p) (1.56)
where o and p are the spin and the momentum of the electron and V¥¥ is the local Kohn-
Sham potential that will be defined in SECTION 1.6.2. In EQ. (1.56),we can note that
two terms appear which are the scalar relativistic Hamiltonian U:Cé?RA and the spin-orbit

Hamiltonian HZR? such as

2

~ZORA __ 1/KS C
J{SR —V +p2c2_vap
(1.57
and  FEZQRA —_© (g xp) )
SO (202 _VKS)2 :

1.6 Quantum Chemical Methods

1.6.1 Wavefunction Theory

In order to solve the electronic Schrodinger equation EQ. (1.15), one has to find both the
eigenfunctions and eigenvalues of the system. In a non-relativistic approach, the electrons
are described by their spatial coordinates () and their spin coordinate (ms). In order to
simplify the notation, we will denote the coordinates of the electron as : x = r, ms. The
mono-electronic solution of the Schrodinger equation for a one-electron one-nucleus sys-
tem, the spin-orbital, can then be written as =(x) = ¢ (r)s(ms), where s(ms) is the spin
function and ¢ (r) is the spatial function (note that in most quantum chemical methods the
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calculation is performed within a manifold of electronic states of a given spin multiplicity,
thus the spin coordinate of the wavefunction may be omitted).

For poly-electronic systems, the exact eigenfunctions and eigenvalues can no longer be
determined. As a first approximation, the electronic wavefunction can be considered as
a product of monoelectronic spin-orbitals. This is the orbital approximation. In order to
ensure the indiscernibility of the electrons and the anti symmetry of the poly-electronic
wavefunction, arising from the Pauli exclusion principle, one can express the wavefunc-

tion of N electrons as a Slater determinant:

Zixa)  Ea(x) = (x1)
w(xl,xz,...’xN):\/% =1(x2) 32(2x2) En(x2)
Zi(xn) Zalxn) = (xn) (1.58)
- Z1(x1)Za(x2) - - En(xn)

VN!

where Z;(x;) is the spin-orbital. In the columns are the N occupied spin-orbitals, and in
the rows are the N electrons. Thus the inversion of two electrons, i.e the inversion of two
rows, results in the determinant changing sign. Moreover, putting two different electrons

in the same spin-orbital results in two rows being equals and thus in a null determinant.

1.6.1.1 The Hartree-Fock Approximation

The main problem occurring while solving the electronic time independent Schrodinger
equation is the treatment of the two electron interaction. Indeed, computing exactly the r—lu
terms is not possible. The Hartree-Fock (HF) approximation is the first and is at the origin
of more accurate methods. The HF approximation states that the electronic wavefunction
of a system can be described by a single Slater determinant. According to the variational

principle, the best wavefunction will lead to the lowest energy.
B = min (IFHb) (1.59)
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The optimization of the spin-orbitals is therefore mandatory.
We can compute the energy of a Slater determinant by introducing P (xq, Xz, - - - , Xn) into

the electronic Schrodinger equation EQ. (1.15):

A~

:H:elb(xhx% e 7XN) - ESDII)(XLX%' o 7XN) (160)

where ESP is the energy of the Slater determinant. It is convenient to express the elec-

tronic Hamiltonian as a sum

JA{e:ZﬁiJrZZ%JrVNN (1.61)
i 2

i j<i

where h; is a monoelectronic Hamiltonian such as:

-1
ho=—iv2 -y 22 (1.62)

TAi

The energy of a single Slater determinant can then be written as

ESD :<1|)(X1>X27"' 7XN)|J:C6|I-I)(X17X27"' JXN)>
n _ . n n _ _ 1 _ _
=Van + ) Eala)lilZa(xi)) + ) > {@(xﬂab(xﬂr@:a(m);bm))
a a b<a
n n . _ 1 _ _
-2 > [<:a(xn:b(><2)|—|:b (xl):am»}
a b<a T12
(1.63)
where Jqp = (Za(x1)Zp (X2)|$ Za(x1)Zp(x2)) is called the bielectronic Coulomb inte-

gral which represents the repulsion between the electronic density induced by electron 1
in the spinorbital a and the one induced by electron 2 in the spinorbital b. Summing this
interaction over all occupied spinorbital b (b # a) gives the average interaction between
electron 1 and the effective Coulomb potential of the (N-1) remaining electrons.

Kav = (Ca(x1)Zp (X2)|$|Eb (x1)Za(x2)) is called the bielectronic exchange integral and
is a correction to the coulomb potential due do the antisymmetric nature of the Slater de-
terminant.

We can therefore write the Coulomb and exchange operators as mono-electronic operators
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defined as:

Tulxr) = | E )P,
12

X 1 (1.64)

and Ky (x1)Zq(x1) = U ET)(Xz)—Ea(Xz)dM] Zp(x1)

T12

We can then define HF equation as a sum of mono-electronic Schrédinger equations:
Hp =3 F(D)Zalxi) = ) €aZalxi) (1.65)

F(i) is a one electron operator called the Fock operator composed of the kinetic energy of

the electron, the electron-nuclei attraction and a screening constant:
F(1) = h(1) +v"T(1) (1.66)

Where vHF (i) is the screening constant (also called the Hartree-Fock potential) and is the
average field of the N — 1 electrons felt by electron i. This average field is expressed as
s vHF({) = Zb#a Tb(xi) — Ky (x1). In this approach, we do not neglect the r—ll) interac-
tion, but we treat it in the average way. As the Coulomb and Exchange operators depend
explicitly on the spin-orbitals, the problem has to be treated self-consistently. This means
that each time the spin-orbitals are minimized, the Coulomb and exchange operators must
be computed, and so on until convergence.

For molecular systems, we can express the Slater determinant in terms of molecular or-
bitals (MO) @ (x). MOs are mono-electronic functions defined as a linear combination of
atomic orbital (LCAO):

M
Pp(x) =) cpili(x) (1.67)
i=1

where (;(x) is a basis set of atomic orbitals and c,; are the variational parameters of the
HF calculation for a molecule. This is the molecular orbital approximation. The Slater

determinant then reads:

P(x1, X2, ,XN) = \/% l@1(x1)@a(x2) - - @n(xn)I- (1.68)
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1.6.1.2 Configuration Interaction

The HF wavefunction based on a single determinant describes each electron in an approx-
imate mean field created by the other electrons. This mono-determinantal representation
of the wavefunction is not sufficient to correctly describe the instantaneous motion of
the electrons, so-called electronic correlation. The exact wavefunction is given by a linear
combination of configuration state functions (CSFs) built from a single Slater determinant

reference wavefunction 1\ (EQ. (1.68)).

Y = oo+ ) chbh + ) cnLwns + e (1.69)
a,r

a<b
r<s

where a and b are occupied orbitals and r and s are unoccupied orbitals. 1, is the mono-
excited determinant where the electron occupying orbital a is promoted to the orbital r.
Likewise, lbL”Sb is the doubly-excited determinant where the electrons occupying orbitals
a and b are promoted to orbitals r and s respectively. ¢ are the respective CSF coeffi-
cients.
The energy is minimized by expanding the wavefunction over all the excited determinants
and by optimizing the CSF coefficient ¢y
In an infinite basis set, and if we consider all excitations, the CI approach gives the exact
energy of the system (due to this method being variational). Nevertheless, an infinite ba-
sis set can’t be used, thus the number of excited determinants will be limited. Moreover
to reduce the computational cost, we often truncate the linear combination. CIS, CISD,

. refers to the CI method where we consider only the single excitations, the single and
the double excitations, etc. If the linear combination is not truncated, then the method is
called full-CI (FCI) and is a CI in which all possible excitations are considered.
As we have seen SECTION 1.6.1.1, the electron-electron interaction is treated as a mean
field in the HF method; and so electronic correlation is not described. The correlation
energy can thus be defined as the difference of energy between the FCI energy EFC! and
the HF energy EMF

Eeor = EFOT — ET. (1.70)
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1.6.1.3 MCSCF

Many different methods based on the HF method exist that allow us to recover a part of the
correlation energy. These are called post Hartree Fock methods. Some systems cannot
be described using only one reference determinant as their electronic wavefunction is
composed of several electronic configurations. This is the case for example, when two
states are coupled (e.g. close to an avoided crossing or a conical intersection) or for
aromatic molecules (e.g. the benzene, where it is needed to represent all the Kekule
configurations in the electronic wavefunction to describe correctly the electronic state).
Multi-configurational self-consistent field (MCSCF) methods are used to overcome these
difficulties and thus will have to be used in CHAPTER 3. The MCSCF wavefunction is

based on a linear combination of slater determinants
M
YMESCE = % ¢y (1.71)
I

where each W3 P is a Slater determinant, see EQ. (1.68). Instead of optimizing only the c;
coefficients (as it is the case in the CI approach where only the ¢i; are optimized), the
orbitals used to build the reference Slater determinants are optimized as well. This is done
by optimizing the ¢, coefficient in EQ. (1.67). The orbital relaxation (i.e. optimization)

allows to describe part of the electronic correlation.

1.6.1.4 CASSCF

One of the most widely used MCSCF method is the complete active space self-consistent
field (CASSCF) method [56]. The Slater determinants contributing to the total MCSCF
wavefunction correspond to all possible M electronic configurations within a limited num-

ber of orbitals, which is called the active space:
M
YEASSCE Z ci¥Y; VI € active space (1.72)
I

In a CASSCEF calculation, the space is divided into three part (F1G. 1.4): (1) the inactive
orbitals, which will remain doubly occupied; (2) the active orbitals, whose occupations

vary between 0 and 2 and (3) the virtual orbitals, which remain empty at all times. A
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Figure 1.4: The CASSCEF subdivision of the total orbital space.

CASSCEF calculation is equivalent to a FCI calculation within a limited set of orbitals.

Various protocols are used nowadays for giving more flexibility to the subdivision of the
orbital space (generalized active space (GAS) [57], occupation restricted multiple active
space (ORMAS) [58],... ). Whereas CASSCF techniques take into account the static
electronic correlation, generally associated to nearly degenerate configurations, they do

not include dynamical correlation effects.

1.6.1.5 CASPT2

In order to include dynamical correlation effect, electronic high-order excitations have to
be included. One way is to use perturbation theory applied to the zeroth order reference

CASSCEF wavefunction. The perturbed electronic Hamiltonian is partitioned as follows:

H, = KO + AV (1.73)

where H (9 is the zeroth order Hamiltonian for which the zeroth order wavefunction Yo is
an eigenfunction. In the case of CASPT2, the zeroth order wavefunction is the CASSCF

\PCASSCF

wavefunction such as:

j_Ac(O)q/CASSCF — E(U)\yCASSCF (174)
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A being a small parameter, AV can thus be considered as a small perturbation to the zeroth
order Hamiltonian. In such a case, the electronic wavefunction as well as the energy can

be expressed as a Taylor expansion:

Y — WYCASSCF | ay(1) 4 \2y(2) 4 ... (1.75)

truncating this expansion at the second-order gives the CASPT2 method which is an ex-
tension of the Moller-Plesset second order theory (MP2) that defines both the unperturbed
Hamiltonian 5(©) and the perturbation \7, to the multideterminental case.

CASPT?2 [59][60] (and its multi-state extension MS-CASPT?2) has become a standard ab
initio method to study photochemistry and will be used in CHAPTER 3.

1.6.2 Density Functional Theory
1.6.2.1 The first Hohenberg-Kohn theorem

The first theorem of Hohenberg and Kohn states that the ground state energy of a sys-
tem in its electronic ground state can be completely determined by its electronic density

p(r) [61]. For a "fully interacting" electrons system, the electronic Hamiltonian can be

written:
F=2Y Vit Y S+ Y vy (1.77)
24— " L1y — b '
i j<i i
with: 7
ext A
, )= _ 1.78
Z vitlni Z Z Rai (179
i i A
where Z 4 is the atomic charge of atom A (A = 1,--- | N, where N is the total number

ext
i

of nuclei) and R 5; is the distance between nucleus A and electron i. v&** is the external

potential of electron i. The energy function of the density can be decomposed as follows:

E[p] — T[p] + Eee[p] + ENe[p] (179)

where T[p] is the kinetic energy of the electrons and with the nucleus-electron attraction:
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N
Enelo] :—ZJZA"("‘)dr

r—r
A=1 A

By including explicitely the electronic correlation in the energy, we obtain:

Eee[p] = ][p] + K[p]

where

Tlo) = 1”Mdrdr' + AJlo]

2 lr — /|

is the Coulomb potential and K[p] is the exchange potential. Hence

Eeelpl = ! Jjwdrdr’ + AJlpl 4+ Klp]
2 lr — 7’|

(1.79) can be rewritten as

Elp] = Tlp] + Enelp] + Jlp] + Klp]

1.6.2.2 The Kohn-Sham DFT

(1.80)

(1.81)

(1.82)

(1.83)

(1.84)

Since the kinetic energy T[p] of the system is not known, Kohn and Sham have introduce

a fictive system of non interacting electrons [62] of kinetic energy Tn:[p] that has the

same density than the real system. Then the total energy can be expressed as:

Elp] = Tnilpl 4+ Enelpl + JIp] + Exclp]

where the exchange correlation energy functional E,.[p] is defined as [63]:

Exclp] = ATIp] + AJlp] + K[p]

(1.85)

(1.86)

By solving the Kohn-Sham equations where the density p(7) is expressed on the basis of

Kohn-Sham orbitals N

p(r) =) Idi(r)]

i
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the exact energy of the system described by one Slater determinant can be obtained fol-
lowing a variational protocol as in HF theory. However the analytical expression of E,[p]
is not known and needs to be approximated. Non-exact functionals, so-called "local",
"non-local", and "hybrids" are developed everyday in order to describe a variety of molec-

ular systems and properties [64].

1.6.2.3 Time-dependent density functional theory

The extension of the electronic ground state DFT to the electronic excited states is the
time-dependent DFT (TDDFT) based on the linear response of the electronic density
p(r,t) to a time-dependent electric field, namely the dynamical polarisability. This
method has been developed especially for optical properties and excited-states calcula-
tions. In this latter case the excitation energies and oscillator strengths are given by the
pole w,, and residues f,, of the sum over eigenstates n on the basis of eigenfunctions

generated by the linear response theory, where:

wn =k, —Ep (1.88)

2
fn = 3 (En = Eo) (1 (ORI} [+ [{0IgIn) [ + [ (0lzn) ). (1.89)

This theory is exact within the limit of an exact functional. The choice of the functional
i1s even more dramatic in the case of excited states calculations, especially because of
long-range charge transfer phenomena, occurrence of Rydberg states and double exci-
tations contributions. At large distances electronic density is especially sensitive to the
exchange correlation potential. In the present work, standard functionals have been tested

and used.
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CHAPTER 2

NUCLEAR DYNAMICS

2.1 Quantum molecular dynamics

Nowadays several methods based on the resolution of the nuclear Schrodinger equation
are able to perform accurate quantum dynamics to simulate the evolution of small molec-
ular systems as function of time and to control its behaviour after light absorption. The
initial nuclear wavefunction in the electronic ground state can be approximated by a
simple Morse function, constructed on the basis of a Fourier grid Hamiltonian [65], or
determined from vibrational spectroscopic states [66],[67]. Both time-independent and
time-dependent approaches are available and should lead in principle to the same solu-
tions of the nuclear Schrodinger equation. However time-dependent methods are more
appropriate to describe and interpret photophysical and photochemical processes espe-
cially those occurring within ultra-short time scales. Indeed, they are able to treat con-
tinuum states and are adapted to time dependent Hamiltonians necessary to introduce the
effect of laser field for instance. After absorption of light and population of the elec-
tronic excited states, the initial nuclear wavefunction, eigenstate for the electronic ground
state, becomes a nuclear wavepacket @ (R, t) defined as a coherent superposition of sta-
tionary states x; (R, E) (or vibrational states solutions of the time-independent nuclear

Schrodinger equation)

(R JdEZc] )x; (R, E)e *" 2.1)

The nuclear wavepacket is not eigenfunction for the electronic excited-state and conse-

quently evolves as a function of time on the associated PES. It is solution of the time-
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dependent nuclear Schrodinger equation
~ .0
HIDO(R, 1)) zlhal(D(R,tD. (2.2)

Several expressions of the temporal evolution operator e " are available [68] (linearized
operator, Chebychev polynomials, split operator technique, Taylor series, ...) for easily
calculating the time dependence of the nuclear wavepacket. Recent applications on small
molecules such as scattering [69], laser control of unimolecular processes, vibrational re-
laxation of atoms or diatomics at metal surfaces [70],[71] illustrate the power of quantum
dynamics. Coherent control of photodissociation processes has been proposed already
in the lates 80s [72],[73], [74], [75] eventually with manipulation of the laser fields with
parameters. More recently, optimal control based on a numerical optimisation of the laser
field [76], [77], [78] has been applied with success to radiationless decay in pyrazine
[79],[80] and to quantum dynamics of small molecules [81]. Whereas these methods are
difficult and very demanding, they may provide a good starting point for more approxi-
mate methods. The MCTDH theory, using time-dependent basis functions and the vari-
ational principle to derive equations of motion, is one example of these methods able to
treat large molecular systems with a reasonable accuracy [82],[83],[84]. The next section
is dedicated to this method.

2.1.1 Equations of motion

The nuclear wavefunction is expressed as a sum of Hartree products of basis functions:

nj nN N
YRy, R ) =) o > Ay O] ] @) (Re. t) (2.3)
ji=1 in=1 k=1
where R, i = 1,---, N denotes the nuclear coordinates. Aj;, ... ;. (t) are the time-

dependent expansion coefficients of the Hartree product HE:1 (pj(f) (Ri,t) where (p).(f)
are the ny basis functions for each degree of freedom Ry. These basis functions are
called single-particle functions (SPFs). By increasing the number of SPFs, the propaga-
tion of the wavefunction will be more accurate. The MCTDH wavefunction converges,

in principle, to the numerically exact one. EQ. (2.3) can be simplified using composite
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indices,
YRy, Rn,t) = ) Aj@ (24)
J
where
N
A] = A)'h...J'N and q)] = H (p)(f) (25)
k=1

The single hole function ‘P{k) is defined as the linear combination of Hartree products of
(N-1) SPFs that do not include the SPF for Ry:

(k) __ o v k=1 (k+1) (N)
Wl - Z o Z Z o Z A)l"']k*111k+1"‘iN (pjl (pjk—l (pjk+1 (ij (26)
j1

Jk—1 Jk+1 iN

From the single hole function, one can define the density matrices
op = (¥ ) 27
and the mean-field acting on the k-th degree of freedom:
(H); = (W ) 2.8)

with a separable form of the Hamiltonian
N
H=> h™ +Hyg (2.9)
k

Hg being the residual terms that include the correlation between all degrees of free-
dom and h'®) the single particle operator. An inefficient multi-dimensional integration
is avoided by writing the residual Hamiltonian as a sum of products of single particle

operators
N

Hg = Z C. Jni¥. (2.10)
k=1

r=1
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Y, W and the variation of V¥ (8¥) may be defined as follows:

K
v=3 A=) oy @.11)
J jrk=1
N Ny
=3 oW+ A (2.12)
k=1 j=1 ]
% 5Y )
—=0®; and ——=VY. (2.13)
(k) )
SA] 5([)]

Applying the Dirac-Frenkel variational principle [85],[86] gives a set of non-linear cou-

pled equations of motion for the A;; time-dependent expansion coefficients
iAj=) KjAr (2.14)
L

and one for the SPFs
! = (1P (p™) " (HY) o (2.15)

where Xy is the matrix element of the Hamiltonian in the basis of the Hartree products,
such as:
Ky = (@y/H|Dy) (2.16)

and P(%) is the projector on the space spanned by the SPF for the degree of freedom k:

L
PO =3 1o) (). 2.17)
j=1

2.1.2 Representation of the single particle functions and operators

The coupled equations of motions EQ. (2.14),(2.15), are solved numerically by means
of a finite representation of the wavefunction and operators. An efficient way to com-

pute these elements is to expand the SPFs (@§k)) in a time-independent discrete variable
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representation [87],[88] (DVR) basis of size Ny:
R = o (DX (Ry) (2.18)

The time-independent functions x,&k) form a set of orthonormal primitive basis functions.
The coefficients are the components of the time-dependent vector which solve the time-
dependent Schrodinger equation. The DVR is a grid representation used to build the
wavefunctions and the operators. Time propagation methods using DVR refer as grid
methods [88] and increase the efficiency by avoiding the computation of multidimensional
integrals.

2.1.3 Multistate calculations

For photochemical and photophysical problems, several electronic states may be involved.
To treat this problem, the multi-set formulation of MCTDH is applied. In this approach, a
different set of SPFs is used for each electronic statesn (n = 1, - - - , o). The wavefunction

as well as the Hamiltonian are expanded in the set {{n})} of electronic states

W)y => ¥"n) (2.19)
n=1
and .
H= Y n)H"™ (m| (2.20)
n,m=1

where each state function W™ is in turn expanded as in EQ. (2.3).

EQ. (2.19) and (2.20) lead to a set of coupled equations of motions:

o

AT nm a (m)
AT =) 3 KMAY (2.21)
m=1 L
i¢(n,k) — (1 - P(n,k))(p(n,k))fl <H(n,m,k)> QO(m’k) (222)
m=1
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where K7™ are the Hamiltonian matrix elements:
K™ = (@Y H™ o ™) (2.23)
and (H (™™} is the mean-field acting on the k-th degree of freedom:

<H(n,m,k)> — <\yj(n7k)|H(Tl7m)|\y{m’k)> (224)

2.2 Semi-classical molecular dynamics

Accurate quantum dynamical simulations are restricted only to a few degrees of freedom.
An alternative to quantum dynamics is the semi-classical (SC) molecular dynamics. In
this approach, the motion of the nuclei is propagated on PES according to the Newton

laws.

Y Fi=m-a (2.25)

were F; are the forces applied to the particle, m is its mass, and a is the acceleration
resulting from the applied forces. The advantage of this method is that all degrees of
freedom can be included in the simulation. Moreover, the PES and non-adiabatic coupling
can be computed "on-the-fly" and do not require preliminary heavy electronic structure
calculations. The gradient of the potential energy V(R) gives the force that acts on the
system:

F=—-VV(R) (2.26)

Knowing the initial position R and velocity v at t = 0 EQ. (2.26) can be integrated to
yield the movement of the nuclei. The position of the nuclei as a function of time is called
a trajectory. In order to mimic an initial wavepacket of a quantum dynamics simulation,
a statistically relevant number of trajectories that sample the initial conditions has to be

used.

2.2.1 Integration of Newton equations of motion

Several algorithms such as the Euler [89] or the Euler-Cromer [90] can be used to prop-
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agate trajectories. The most popular numerical integration scheme is the Velocity-Verlet
algorithm [91],[92],[93].

The second-order Taylor expansion of the position at a time t + At gives:
R(t+ At) = R(t) + v(t)At + a(t)At® + O(At?) (2.27)
and for the position at a time t — At:
R(t — At) = R(t) — v(t)At + a(t)At? + O(At?) (2.28)
Summing EQ. (2.27) and EQ. (2.28) gives:
R(t+ At) = 2R(t) — R(t — At) + 2a(t)At? + O(AtY) (2.29)
where a(t) is the acceleration deduced from the gradient by the relation:
a(t) = —%VV(R(J{)) (2.30)

Whereas the velocity v(t) is not needed to determine the position R(t 4+ At), velocities
are needed to compute the kinetic energy and ensure the conservation of the total energy.
They are obtained by a simple numerical derivation

R(t+ At) — R(t — At)

v(t + At) = AL . 2.31)

Since the errors on the velocities and positions are of the order of At? and At*, respec-

tively, the accuracy is improved when small time steps are used in the propagation.

2.2.2 Surface hopping

Applying SC dynamics to photochemical or photophysical problems proves to be more
complex. Indeed the SC dynamics methodology does not account for the quantum effects,
i.e. interferences, tunnelling effects, non-adiabatic coupling. In the vicinity of a crossing
of the PES, the NACT become important, and a transfer between the two electronic states
can occur. To simulate this effect with SC dynamics, a surface hopping scheme is used

[94]. In regions where two electronic states are close to each other in energy, their nature
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may vary abruptly resulting in a huge amount of hops. To solve this problem, Tully has
proposed a fewest switch algorithm [95].
The probability of transition P,,,_,,, between two electronic states n and m is approximated

as: 2%k (t)en(t) [nHpn + Kmnl}

Pmon = ci (t)en(t)

where ‘R indicates that we consider only the real part of the argument, and the ¢ coeffi-

At (2.32)

cients being defined by the linear combination of the adiabatic states in the total electronic

wavefunction.
We) =) cn W) (2.33)
with
Hp = (W H WD) (2.34)
and d OR(t) d
Kinn = (W2 WE) = = (W= W) (235)

Kn is then the product between the velocities and the non-adiabatic coupling elements,
the latter being evaluated by quantum chemical computations.

Quantum decoherence can be included in the surface hopping scheme by taking into ac-
count an overlap decoherence correction (ODC) as developed recently by Granucci et al.
[96].

For our preliminary studies, we have used a simple hopping algorithm implemented in
the quantum chemistry package MolCAS [97, 98, 99]. In this algorithm the hop control
is based on two properties: (1) the energy gap magnitude (AE < 3.00 - 1073Ey), and
(2) the exchange of adiabatic states. This is estimated by computing the scalar product
between the c,, coefficients of both states from one time step to the other, which gives

two conditions:

cn(t) - cm(t+ At) > 0.25
cm(t) - cn(t+ At) > 0.25

(2.36)

If both conditions are fulfilled, then the transition between the two PES is activated.
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PART B

The Photoisomerization Processes

This part is dedicated to photo-induced isomerization processes in small or-
ganic chromophores, either isolated, as in penta-3,4-dieniminium minimal
model for the active chromophore of the visual pigment rhodopsin, the reti-
nal, and in pentenylidene-pyrrolinium, minimal model for the indanylidene-
pyrrolinium, a synthetic mimic of the retinal, or as the cyano-pyridyl retinal
coordinated to a rhenium bipyridine carbonyl fragment. Whereas the dy-
namical aspects of the photoisomerization are investigated in the first two
applications (CHAPTER 3, 4) devoted to the isolated organic chromophores,
the last section (CHAPTER 5) is restricted to the structural and electronic
properties only. It is worth noting that the study devoted to the directional-
ity of double-bond photoisomerization dynamics in a minimal photoswitch
(CHAPTER 4 presented as a published article) has been performed within
the context of the post-doc period of Gabriel Marchand at the Laboratoire
de Chimie Quantique and should be taken as a contribution of the author of

the present thesis to this work.
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CHAPTER 3

STUDY OF THE PSB3: A MINIMAL
MODEL OF RETINAL

3.1 Introduction

A C=C photoisomerization process is a change of conformation of a double bond after ab-
sorption of a photon. The molecule evolves on its excited state PES and eventually decays
back into the ground state through a CI. In the vicinity of the CI, the electronic states are
close in energy allowing for a radiationless relaxation. This radiationless decay is called
internal conversion (IC) and results from the vibronic (non-adiabatic) coupling between
two electronic states of same spin multiplicity. On the contrary, a transition between two
electronic states of different spin multiplicity is called intersystem crossing (ISC) and re-
sults from spin-orbit coupling between the two states. However, in organic molecules,
SOC are generally weak and the ISC process can be neglected. Thus the photochemistry
and photophysics of the molecule will take place only in the singlet manifold as observed
experimentally.

During the decay to the electronic ground state, it may either relax to its initial conforma-
tion (before absorption of light), in this case, the photoisomerization is said to be aborted;
or in the other conformation, in which case the isomerization is successful. Upon exci-
tation of a solution, the proportion of successful isomerizations defines the isomerization
yield of the reaction. As mentioned in SECTION 1.5.2, the shape of the CI will modulate
this quantum yield.

The paradigm of photoisomerization is the retinal chromophore (F1G. 3.1) which is the
primary event of the vision. The retinal chromophore is embedded in a protein called

Rhodopsin (F1G. 3.1) which is located in the membrane of photoreceptor cells in the
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Figure 3.1: Schematic representation of the Rhodopsin protein.

retina. Vertebrates have two types of photoreceptor cells, namely the rods and the cones.
The first ones are very sensitive and allow to detect as few as a single photon [100]. How-
ever, the rods are not capable of detecting colors but allows for a detection of the light
intensity. It is the cones photoreceptors that allow us to see colors. Indeed, there are three
types of cones that absorb light in three distinct regions. The combination of these three
kinds of photoreceptors translates all colors into nerve signal.

Upon absorption of light in the lowest electronic excited state, the retinal chromophore
undergoes a cis to trans isomerization around the C;; — Cq5 bond (see F1G. 3.2). The
peptidic cavity is shaped to accommodate the cis conformer of the retinal chromophore,
but not its trans conformer. Thus, the isomerization will induce a geometrical change of
the protein. This deformation will in turn trigger the transduction signal.

This photoisomerization is very fast, it occurs within 200fs [101],[102] and is particularly
efficient, with an isomerization yield of 65% [103],[104]. It is also selective around one
double bond, namely the 11-12 bond. These exceptional properties are due to the inter-
action with the peptide cavity. Indeed this nature leads to a pre-twist of the C;; — Cy»
double bond of the retinal chromophore [105]. This is emphasized by the fact that the
retinal chromophore in solution has an isomerization yield of approximately 30% [106]

and is no longer selective.
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Figure 3.2: Left: retinal chromophore in its "active" 11-cis conformation; the blue ar-
row points to the isomerizable double bond. Right: the minimal model of the retinal
chromophore: 3,4-pentadieniminium (PSB3).

In order to try to understand why this system is so efficient, many experimental studies
[107, 108, 109, 110, 111, 112], and theoretical studies [113, 114, 115, 116] have been
performed.

However, this system is large and limits the computational level of the calculations. This
is why, many protonated Schiff bases (PSBs) of different backbone length, that aim at
modelling the retinal chromophore are extensively studied. These models have to re-
produce key features of the retinal chromophore such as the charge transfer nature of the
lowest electronic excited state [ 107], the alternation of double and single bonds,... Among
those model systems, one of the most studied is the PSB3 [117] (see FI1G. 3.2), which is
a protonated Schiff base containing three double bonds C=C. The small size of this sys-
tem as well as its interesting electronic features (charge transfer nature, the presence of
a conical intersection, multiconfigurational nature of the electronic states,...) makes it a
benchmark system for quantum chemistry methods [118, 119, 120, 121].

The PSB3 has also been studied by means of semi-classical dynamics methods in order
to grasp the dynamical behavior of the system around the seam of conical intersection
[122, 123, 124]. However, quantum dynamics methods have not been applied yet to the
PSB3. The goal of the present work is to make of the PSB3 model a benchmark for
quantum dynamical methods too. To achieve this, we will construct an eight dimension
adiabatic PES that includes the most important degrees of freedom that drive the photoi-
somerization process.

In the present chapter, we will first present a preliminary analysis of the nature of the
electronic states at critical nuclear geometries. We will then use a semi-classical method
to extract the important degrees of freedom involved along the trajectories. A comple-

mentary static study of low dimension PES cuts along the chosen active coordinates will
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then be performed to analyze and understand key features of these PES. The information
gathered from these calculations will then be used to build an initial guess for the diabatic
electronic states and potential diabatic coupling, which are needed to perform quantum
dynamics, see SECTION 1.4. The diabatic electronic states and potential coupling are then
fitted to the adiabatic ab initio PES.

3.2 Computational Details

The structures have been optimized with the quantum chemistry software MolCAS 7.8
[97, 98, 99] using both the SA-CASSCF and SA-CASSCF//MS-CASPT2 methods using
the 6-31+G* Pople’s basis set [125, 126, 127] with an active space of 6 electrons in 6 7
orbitals (FIG. 3.3) and averaged over 3 electronic states. In order to avoid the intruder
states problem, an imaginary shift of 0.2 has been added at the MS-CASPT?2 level. Mol-
CAS IPEA shift (ionization potential, electron affinity shift) has been taken at its default
value (IPEA=0.25). Single points of the adiabatic electronic PES have been computed
using the same protocol. Around 70,000 single points have been computed over a wide
range of nuclear distortions thus requiring a robust quantum chemical methodology.
Conical intersections have been optimized and branching spaces have been computed us-
ing the Gaussian 09 package [128] at the SA-CASSCEF level (with the same basis set,
and the same active space) including the highest electronic state involved in the conical
intersection as well as every electronic states lying lower in energy.

Electronic density analysis has been performed through the Dgrid package [129].

The fitting procedure of the adiabatic electronic PES has been performed by means of the

NL-FIT software developed in Montpellier (group of F. Gatti).

3.3 System at Franck-Condon geometry

The cis conformation of the retinal chromophore in Rhodopsin is the most stable in the
ground state [130]. As a consequence, we choose to use the cis isomer of the PSB3 (FIG.
3.4, left) as starting point of our study. Its optimized geometry in the ground state is
found to be planar, i.e. of Cs symmetry. The electronic ground state (S0) is characterized

by an electronic configuration were orbitals I, II and III are doubly occupied (TAB. 3.1,
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I II III

Figure 3.3: CASSCEF active space containing the whole 7t system of the PSB3. Orbitals
are numbered from I to VI for the sake of clarity. Orbital III is the HOMO and orbital IV
is the LUMO.

F1G. 3.3). The resulting 7t electronic density is localized around the Cy — C5,C4 — C5
and C, — N bonds (FIG. 3.4). The first electronic excited state (S1) consists mainly of
a IlII — IV (HOMO—LUMO) transition and is the absorbing state with an oscillator
strength of f = 0.86 (TAB. 3.1). The III — IV excitation leads to two important
changes in the electronic structure: (1) an electron is promoted from a 7t orbital (III) with
electronic density on the central double bond (C3 — C,) to an orbital (IV) exhibiting an
7t* anti-bonding character on this bond. This leads to a decrease of the double bond nature
and unlocks the torsion around the C, — C3 weakened bond. (2) the first excited state (S1)
is a charge transfer state like in the retinal chromophore [107]. The Mulliken charge of
each halves of the PSB3 has been computed and is reported TAB. 3.2. In S0, the positive
151;}51; = (.73), whereas in S1, this charge

is reduced down to Z;}H = (0.48. This charge transfer is highlighted by the difference of

7t electronic density between S1 and SO (FIG. 3.4). A small contribution of the III—V is

charge is mainly localized on the NH; moiety (Z

found in S1 at FC (7%), its role in the description of the photoisomerization process will
be discussed later.

The second excited state (S2) corresponds to a [I—IV and a III—V excitation. It involves
also a III—IV double excitation. In S2, the charge is located on the NH, moiety (TAB.
3.2) as in SO. TAB. 3.1 shows the comparison between the electronic states computed at
the SA-CASSCF and the MS-CASPT?2 level. SO being of the same electronic nature as S2,
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SA-CASSCF
State AE/eV Configuration % f
SO G.S 88
S1 4.82 I — 1v 67 0.82
I — v 11
S2 591 ImI—1Iv 25 0.17
D.E.. Il - IV 27
I — v 9
MS-CASPT2
State AE/eV Configuration % f
SO G.S 89
S1 4.16 I — 1v 75 0.79
I — v 7
S2 5.82 II—1v 32 0.08
DE..III - IV 25
I — v 13

Table 3.1: Electronic nature of the first three electronic states of the cis isomer of PSB3
at Franck-Condon optimized at the MS-CASPT?2 level; G.S: corresponds to the configu-
ration where the orbitals I, II and III are doubly occupied; D.E: stands for "double excita-
tion". f: is the oscillator strength.

it will induce a bias in the set of orbitals used to build the wavefunction. Indeed, they are
averaged over the three electronic states, equally weighted in our calculations, and will be
better suited to describe the covalent electronic states (SO and S2), thus overestimating the
energy of S1. Including the dynamic correlation using the MS-CASPT2 approach allows
to partially compensate that bias. The overestimated energy gap between S1 and SO at the
SA-CASSCEF level (AE=4.82 eV) is reduced using the MS-CASPT?2 approach (AE=4.16
eV) (Se TAB. 3.1). Moreover, the energy gap between the two electronic states S2 and S0
for which the orbitals are suited, does not significantly change using MS-CASPT?2. This

Figure 3.4: 7t electronic density difference between the first and ground states. (In green:
increase of electronic density; in red: decrease.)
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State | NHj  CH,
SO 0.73  0.27
S1 0.48 0.52
S2 0.78 0.22

Table 3.2: Mulliken charges summed all over each half of PSB3. The NH; half contains
the atoms C3,Co, N, and the hydrogen atoms carried by them.

‘ cis (Ref: [4]) trans (Ref: [4])

Cs — Cs 1.358 (1.354)  1.358 (1.354)
Cs —Cy 1.440 (1.439)  1.434 (1.435)
Cy—Cs 1.381 (1.374)  1.380 (1.371)
Cs — Gy 1.413 (1.413) 1.410(1.411)
Cy;—N 1.316 (1.313) 1.317 (1.314)
Cg—C5 —Cy —C3 180 (-) 180 (-)

Cs —Cy—C35—Cy 0(@0) 180 (180.0)
Cy—C3—-Cy—N 180 (-) 180 (-)
Hy—Cy—Cs—Hy 00) 180 (-)

Table 3.3: Geometries of the cis and trans conformers optimized at the MS-CASPT?2 level
in the ground electronic state SO. (distances in Aand dihedral angles in °). Values at the 2-
states(6,6)SA-CASSCF//CASPT?2 level of theory from Ref [4] are given for comparison.

is not surprising since SO and S2 are mainly of the same nature.

3.4 Equilibrium geometries of the cis and trans conform-

€rs.

The ground state geometry of the trans isomer has been optimized and also found to be
of Cs symmetry. It is lower in energy than the cis isomer by 0.22 eV (at the MS-CASPT2
level). The geometries of the two isomers are similar, except for the central double bond
torsion (0° vs 180°), see TAB. 3.3. Trans and cis isomers have the same electronic
structure, see TAB. 3.4. Indeed, the excited states have the same nature and the energy
gaps are basically the same. It is important to note that the III—V contribution is lower in
S1 (3% instead of 7%) for the trans isomer. This will have to be taken into account later,
in the fitting process of the PES. The gradient in S1 at both the cis and trans optimized

geometries is zero except along the in plane motions (i.e. stretching of the backbone).
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MS-CASPT2
State AE/eV Configuration % f
SO G.S 89
S1 4.02 I — 1v 78 1.15
I — v 3
S2 5.53 In—1v 30 0.02
DE.:IIl -1V 32
I — Vv 14

Table 3.4: Electronic configuration of the three lowest electronic states of PSB3 at the
equilibrium geometry of the trans conformer optimized at the MS-CASPT2 level; G.S:
corresponds to a configuration where the orbitals I, II and III are doubly occupied; D.E:
stands for "double excitation". f: is the oscillator strength.

I

%Wm
Pope Wy, 44,

Figure 3.5: CASSCEF active space for the trans PSB3

This corroborates the hypothesis that the first motion after excitation is a rearrangement
of the bond lengths. The optimized geometries at our level of calculation are similar to
those obtained by Gozem et al. [4]. Given that, we can assume that the geometry of the
minimum of conical intersection, at our level of calculation, is the same as found in ref
[4]. This will be assumed as we optimized the CI only at the SA-CASSCEF level.

The minimum of CI seam is found at a central double bond (C3 — C,) torsion of 90°.

As discussed in SECTION 1.5.2, this point of conical intersection is part of a space of
dimensionality 3N-8 (where N is the number of atoms, here N=14). In order to get the
vectors characterizing this point of intersection, we performed an optimization of the

conical intersection geometry with Gaussian, using the same basis set as in MolCAS,
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\

Figure 3.6: Branching space at the minimum of the conical intersection seam between
the ground and the first excited state. Top: derivative coupling vector. Bottom: gradient
difference vector.

but taking only into account the two lowest states at the CASSCF level. This allows
to determine the branching space (see SECTION 1.5.2) in which the degeneracy is lifted
at first order. The gradient difference vector (FIG. 3.6, bottom) is composed, at this
point, mainly of distortions of the C3 — Cy and C; — N bond lengths, but also of the
C¢ — Cs5, C5 —C4 and C4 — C3 bond lengths at lower extend. The derivative coupling
vector (F1G. 3.6, top) is composed of the out of plane motions of the carbon atoms C, and
Cs, inducing a torsion around the central C4, — C3 bond, and also the out of plane motions
of the hydrogen H; and H,. We can note that the torsions around C4 — C5 — C4, — C3 and
C4 — C3 — Cy — N dihedral angles shall play a role at lifting the degeneracy at this point.

The explanation of the occurrence of a CI at this geometry follows; looking at the two
orbitals mainly involved in the electronic transition from SO to S1 (see F1G. 3.7), we
can see that at ¢ = 90° the 7t systems of each half are orthogonal, thus preventing the 7t
communication over the whole molecule. Both bonding and anti-bonding orbitals become

non-bonding leading to the degeneracy between the two states.
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mggibyy. gyl fon

Figure 3.7: Explanation of the CI at @ = 90° from a simple orbital point of view: the
two orbitals involved in the electronic transition to S1 (namely orbitals III and IV) are
represented as a combination of the p orbitals of each atom of the backbone.

3.5 Semi-Classical dynamics

In order to select the most relevant degrees of freedom for the construction of reduced
dimensionality diabatic PES for quantum dynamics, a study of the dynamics using semi-
classical trajectories has been performed. The goal of these simulations is to investi-
gate qualitatively which "path" the molecule follows after light absorption, namely which
deformations are primarily involved in the photoisomerization process, apart from the

Cz — Cy torsion.

3.5.1 Trajectory from the FC point in S1

In a first step, we have propagated a single semi-classical trajectory at the SA-CASSCF
level over two electronic states using an active space including the whole 7t system. The
basis used was the Pople’s 6-31G* basis set. The trajectory was propagated up to 242
fs with a time-step of 6t = 0.24fs at OK. Starting from the Franck-Condon region, af-
ter excitation in S1 the molecule evolves on a rather flat potential for about 150fs (FI1G.
3.9). The first significant geometrical change is the ultrafast rearrangement of the bond
lengths. Bonds Cy — C5, C3 — C, and Cy — N stretch within 10 fs whereas the C5 — Cy
and C3 — C, bond lengths shrink (F1G. 3.8). This motion is called the bond length alter-
nation (BLA) [131, 132] and is the result of the ultrafast reorganisation of the 7t electronic
system leading to the excited state charge redistribution.

At around 150 fs, the central double bond starts twisting resulting in a change of the
Cy — C3—C4 — C5 and H; — C3 — C4 — Hy dihedral angles (F1G. 3.8). This motion
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Figure 3.8: Top: evolution of the C — C bond lengths as function of time. Bottom: evo-
lution of two dihedral angles involved in the central double bond torsion as function of
time.
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Figure 3.9: Evolution of the first two electronic states energies as function of time (the
trajectory is following the red curve potential). Snapshots of the 7t electronic densities are
given for both states at different times.

leads the trajectory toward a region where the two electronic states S1 and S2 are close in

energy.

It is important to note that the H; — C3 — C4 — Hs torsion precedes the C; — C3 — Cy — Cs
one. This motion is called Hydrogen Out Of Plane motion (HOOP) and has been exten-
sively studied by means of semi-classical trajectories performed on several PSB of various
lengths [131, 133, 134, 135]. It has been shown that at the moment of hopping from the
excited state to the ground state surface, the HOOP motion determines the outcome of the
photoisomerization. Works by Weingart et al. [123],[124] have shown that if the HOOP
angle (H; — C3 — C, — Hy) is opening when a trajectory hops to the ground state, then
the isomerization is successful and the molecule reaches the trans conformation in the
ground state. However, if the hop happens as the HOOP angle is closing, then the isomer-
ization is aborted and the molecule goes back in its original conformation, i.e. cis.
HOQP "effect" has been discussed in Rhodopsin too [131]. Moreover, preliminary calcu-
lations on a model of molecular photoswitch (CPP) have shown that carbon atoms may

play the same role as the HOOP motion. This system will be presented in details and will
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be discussed later in CHAPTER 4.

After this step, the trajectory reaches a conical intersection at 172 fs and hops to the
ground state. In this particular trajectory the HOOP angle value is 115° and the C; — C3 — Cy — Cs
angle is 65° (F1G. 3.8), which is lower than the 90° observed at the minimum of conical
intersection geometry (see SECTION 3.4). At the hop, the first derivative of the HOOP an-
gle is positive, meaning that the angle is opening. The final HOOP and C; — C3 — C4 — C;5
angles of the trajectory are about 180°, i.e. in trans conformation, as expected.

After the hop, the dynamics can no longer be exploited as, we have no way of dissipating
the excess of kinetic energy in the "hot" ground state. A solvent would be needed to dis-
sipate this energy.

It is clear that the central double bond torsion is the key coordinate of the photoisomeriza-
tion, but it is also mandatory to include other dimensions in our study in order to be able
to reach the seam of conical intersection at different values of the central double bond
torsion. We saw that the HOOP motion is crucial to determine the outcome of the iso-
merization, and also to reach the intersection seam for a value of the C; — C3 — C; — Cs
dihedral angle lower that 90° (i.e. the minimum of intersection). The BLA motion is the
first one to happen and also plays a key role by stretching the central C3 — C, bond thus

allowing for the subsequent isomerization.

However, this trajectory can only be used to guide us in the determination of the active
coordinates. Indeed, the initial geometry (i.e. the cis conformer) is totally planar and is

not representative of the initial geometrical distribution.

3.5.2 Repartition of the Kinetic energy

The analysis of the evolution of the kinetic energy during the propagation of the trajec-
tory, has been performed by projecting the kinetic energy on the set of normal modes of
the electronic ground state SO. The repartition of kinetic energy among the normal modes
and along the trajectory is shown in FIG. 3.10. We will focus here on the four normal
modes represented in FIG. 3.11. The first three (8, 10 and 21) are normal modes involv-
ing out of plane motions. Normal mode 8 involves all the atoms of the backbone, normal
modes 10 and 21 involve mainly out of plane motions of the carbon atoms Cs, C4 and

the hydrogen atoms H; and Hy. The only selected in-plane motion is normal mode 33,
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Figure 3.10: Left: distribution of the kinetic energy among normal modes all along the
propagation time (only four normal modes are shown). Right: evolution of the hop time
as a function of the initial amount of kinetic energy in each selected normal mode.

which is a stretching motion, mainly of the C3 — C4 bond. We can see that in the first
femtoseconds, normal mode 33 gains kinetic energy. This amount of kinetic energy oscil-
lates with time but remains quite small. This is due to the ultrafast reorganisation of the
7t electronic density along the backbone. On the contrary, out of plane normal modes, i.e.
modes 8, 10 and 21, gain only kinetic energy while the trajectory is in the vicinity of the
conical intersection. These observations are just another representation of the geometrical
deformation shown in F1G. 3.8.

To qualitatively explain the role of the different motions, we have propagated new semi-
classical trajectories with initial kinetic energy in one selected normal mode. The initial
geometry as well as the propagation methodology are the same as before. FIG. 3.10 right,
sums up the hop time of each trajectory as function of its initial kinetic energy. We can
see that, very little initial kinetic energy in out of plane normal modes, i.e. 8, 10, and
21, causes a huge acceleration of the isomerization process, see FIG. 3.10. However,
more kinetic energy will not accelerate the process much more. This is not surprising
since the initial geometry is totally planar. In order to reach the conical intersection, the
molecule has to gain energy in its out-of plane motions so that it will be able to leave this
pathological area of the PES. Once the molecule is out of the planar area, it may reach
the CI and isomerize. The difference of hop time between trajectories with initial kinetic
energies in the out of plane modes and the trajectories with no kinetic energy is due to the
fact that trajectories with initial kinetic energy will not wander on the flat PES observed

in FIG. 3.9 for as long. It is important to note that normal mode 21 will not accelerate
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Figure 3.11: Representation of the four selected normal modes in S0.

the isomerization as much as modes 8 and 10. This is because this normal mode involves
mainly motions of the hydrogen atoms which are much lighter that the carbon atoms.
However, it seems that normal mode 33 which represents partially the reorganisation of
the 7t system will not accelerate the dynamics. This is rather intuitive as this mode will not
lead to out of plane distortions. Importantly, we can see that no matter the initial kinetic
energy there is in normal mode 33, the isomerization will never occur faster. This means
that the stretching motions of the backbone are not coupled with out plane motions. The
stretch motion is thus just needed to unlock the way to the CI by allowing the torsion
around the C3 — C,4 bond.

3.6 Active coordinates

From the preliminary semi-classical dynamics and static results study as well as the
branching space analysis of the minimum of intersection, we can extract three types
of geometrical deformations which play a key role in the photoisomerization process,

namely:
¢ The central bond torsion.
¢ The HOOP motions.

* The BLA.
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Figure 3.12: Definition of the active coordinates used to represent the photoisomerization
process of PSB3.

We choose to describe these three motions by a set of eight active coordinates shown in
F1G. 3.12:

* The central bond dihedral angle: ¢ to describe the isomerization.

* Out of plane angles of the hydrogen atoms H; and Hy 0; and 0, to describe the
HOOP motions

* Five bond lengths C4 — C5, C5 — Cy, C4 — C3, C3 — Cy and Cy — N: 11, 19, T3, Ty
and 15, respectively, to describe the BLA motion.

3.6.1 The central double bond torsion

The central double bond torsion is designed by the coordinate ¢. It is defined as the
Cs — Cy — C3 — G, dihedral angle. As we consider only eight dimensions, both the
C¢ — C5 —Cy — C3and Cy — C3 — Cy — N dihedral angles are considered fixed and equal
to 180°. We can then define two planes formed by Cg, Cs, C4 on one hand, and Cs, Cs,
N on the other hand. We will call these planes I and II respectively. ¢ is then the angle
between planes I and II, see F1G. 3.12.

In its equilibrium geometry, the cis conformer of PSB3 is planar and so, the system is
symmetrical along the torsion alone. This is why, in the following study, as long as we
look at potential energy curves along ¢ only, assuming all other dimensions to be at their
ground state equilibrium values, we will only compute ab initio points from 0° (cis) to
180° (trans), and then use the mirror symmetry. The results of the one dimension cut
of the adiabatic PES along ¢ is shown in F1G. 3.13 at both the SA-CASSCF and MS-
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Figure 3.13: Cut of PES associated to the first three electronic states of the PSB3 model
along the central double bond torsion at the SA-CASSCEF level (dashed lines) and at the

MS-CASPT?2 level (full lines). All other geometrical parameters are frozen to the elec-
tronic ground state geometry.

CASPT?2 level. If we focus on the first excited state S1, we notice at around 40° and
140° slight energy barriers. Those barriers come from a coupling between the first and
the second excited states. This barrier is bigger at the SA-CASSCEF level. This is not sur-
prising as the energy gap between S1 and S2 is smaller at the SA-CASSCF level. Hence
the coupling between S1 and S2 will be larger.

At Franck-Condon, the first excited state is mainly a III — IV excitation, but contains
also a small contribution of the III — V excitation which main component is in the sec-
ond excited state S2, see TAB. 3.1. To qualitatively explain these energy barriers, one has
to look at the evolution of the electronic configurations in each electronic states, which
are shown in FIG. 3.14 and are to be looked together with FIG. 3.13. As soon as we
move, along ¢, away from the planar geometries (cis and trans), this [II — IV contri-
bution decreases and is slowly transferred from S1 to S2. Orbital V having 7t density on
the central double bond, this excitation leads to a stabilization of planar geometries, thus
creating the energy barriers (FIG. 3.13) around ¢ = 40°. This effect can also be seen by
looking at the evolution of the Mulliken charge on each half along the torsion, see FIG.
3.15. The charge on the NH; half in S1 decreases rapidly between 0° and 40° while, in
the same time, the charge on NH in S2 increases. This shows the coupling between the
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Figure 3.14: Evolution of the main electronic contributions (reference: FC; see TAB. 3.1)
for each electronic state as function of @ .
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Figure 3.15: Evolution of the Mulliken charge of each half of PS3 along ¢ for the three
first electronic states.
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two states S1 and S2. Indeed, S2 being of the same nature as S0, the small contribution
of S2 excitation in S1 lowers the charge transfer character of S1. The same phenomenon
is observed near 180°, in the trans region.

Getting closer to 90°, the two first electronic states get closer to each other and at @ = 90°,
the system reaches a conical intersection between the first two electronic states at the MS-
CASPT?2 level. We note that the CI can’t be reached along the torsion ¢ alone at the
SA-CASSCEF level. This means that the PES topology changes dramatically going from
the SA-CASSCEF to the MS-CASPT?2 level [4, 132]. The fact that we can reach the CI
along the torsion alone in PSB3 is an important feature of the family of the protonated
Schiff bases. Indeed, this is not often the case. An illustration is given by the isomeriza-
tion of ethylene where the torsion around the C = C bond is not sufficient for describing
the process. Indeed the carbon atoms must be pyramidalized in order to reach the CI
[136, 137, 138].

We can also note that at this point (¢ = 90°) the 7t communication over the whole
molecule is broken, as the p orbitals of carbon atoms Cs and C, are orthogonal. This
implies that the positive charge is either on one part of the molecule or on the other,
namely the NHJ half in SO and S2, and the CH, half in S1 and that is no longer delocal-
ized over the 7t system.

Moreover, at this point, SO and S1 are degenerate and of strong multi-configurational

character.

3.6.2 The HOOP motion.

The HOOP motion is described by two angles. 0, and 0, are defined as the angles between
the planes described by C; — C4 — C3 (plane II) and Hy — C4 — C3 and those described
by C4 — C3 — C, (plane I) and C4, — C3 — H; respectively (see FIG. 3.12).

The HOOP angles define the H; — C3 — C, — H dihedral angle as following:
T=@+0; — 0, 3.1

The effect of both 0; and 0, angles on the potential energy surfaces are more or less the
same (FIG. 3.16, FIG. 3.17). Their contribution to the total energy is quasi quadratic as

both directions are equivalent for small displacements. Nevertheless, displacements with
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respect to these two angles allow to reach the seam of conical intersection at values of ¢
different than 90°. In fact, the seam of conical intersection is observed all along a line of
equation

@+0;=90° for 6;=0° 1ij=1,2 (3.2)

Out of plane motions of both hydrogens are thus very important to describe the seam
of conical intersection correctly and should be taken into account for the building of the
PESs.

In order to lower the energy of the seam of conical intersection, and to gain access to other
area of the seam around the minimal energy CI, we choose to look at the concerted effects
of 0; and 0,. To do so, we fix ¢ at 90°, the lowest point of conical intersection, and
vary 0; and 0, independently (F1G. 3.18). We find that both angles lift the degeneracy

between SO and S1 except along the line of equation
@+ 0; — 0y =90°. (3.3)

As a consequence, we can reach the seam of conical intersection more easily with a col-
lective motion of both 0 angles: the two hydrogen atoms will preferentially move in a
concerted way.

As a first approximation, and to reduce the dimensionality of the problem for preliminary
observations we can then define two new angles, which are a linear combination of 0; and
05:

o 00,
2

e+:91+92
2

In itself, this decomposition does not reduce the dimensionality of the system. However
only 0~ contributes to the branching space (FIG. 3.19); The 6™ coordinate will not lift
the degeneracy and lie within the intersection seam. Thus we decided to study only the
influence of O~ over the PES, and took only the lowest possible value of 67, i.e, 67 = 0
when 0; = —0, in order to minimize the energy (FIG. 3.20). Unlike the ¢ torsion,
the 0; and 0, coordinates will not have to be periodic, because of steric hindrance. By
computing a small surface as a function of 8; and 05, at a reference point of the conical
intersection, we can see that both dimensions lift the degeneracy. But if we plot the PES
according to 7 and 0, the degeneracy is only lifted along 6, confirming that 6 does

not belong to the branching space.
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Figure 3.16: PES as function of the ¢ and 0, coordinates. Top, left: for the ground state.
Top, right: first excited state. Bottom, left: second excited state. Bottom, right: Energy
difference between the first excited state and the ground state. (The conical intersection
is emphasized by the red line)
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Figure 3.17: PES as function of the ¢ and 0, coordinates. Top, left: for the ground state.
Top, right: first excited state. Bottom, left: second excited state. Bottom, right: Energy
difference between the first excited state and the ground state. (The conical intersection
is emphasized by the red line)
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Figure 3.18: PES as function of the 8; and 0, coordinates (¢ = 90°). Top, left: for the
ground state. Top, right: first excited state. Bottom, left: second excited state. Bottom,
right: Energy difference between the first excited state and the ground state. (The conical
intersection is emphasized by the red line)
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Figure 3.19: PES as function of linear combinations of the 8; and 0, coordinates, 0~ and
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second excited state. Bottom, right: Energy difference between the first excited state and
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3.6.3 The bond lengths

As discussed above, the bond length motion in PSB systems is often taken into account
as a collective motion called BLA [131, 132]. In this study, the choice of taking into
account each bond length separately has been made. Indeed the kinetic energy operator
to be used in the QD of a sum of independent stretching is easier to write down than the
one of a linear combination of five stretching motions. The drawback of such a choice,
is that the potential energy hypersuface goes from one so called "BLA" dimension to five
dimension. We will see in the following that there is another reason to consider the bond
lengths separately.

Bond lengths can usually be modelled by Morse potentials. The potential energy curves of
the first three electronic states have been computed along each bond length: 11,19,73,74,75.
For each bond length, the four other ones are considered at their point of equilibrium.
This has been done for values of @ = 0°, 90°, 180° (cis, a point of the seam of conical
intersection, and frans respectively), see FIG. 3.21, 3.22 and 3.23. FIG. 3.22 especially
shows the contribution of each bond length to the lifting of degeneracy at the minimum of
conical intersection. Indeed, we can see that mainly 5 and 14 will lift the degeneracy. On
the contrary, 11, T2 and 13 will only contribute very lightly to the branching space (FIG.
3.6)

3.6.3.1 Conical intersection between S1 and S2.

An avoided crossing can be observed between S1 and S2 at approximately 1.8Afor v, in
the cis conformation, and 1.7A in the trans. These values of r; are far from the Franck-
Condon area, although a change in the other bond length, may lead to an avoided crossing,
or even a conical intersection closer to the Frank-Condon region.

In fact, two points of conical intersection between S1 and S2 can be found close to the
cis conformation, and to the trans conformation. Optimizing these points gives us the
minimum of the conical intersection as well as the branching space at each point (FIG.
3.24). In both cases, the derivative coupling and the gradient difference vectors are in
plane motions involving all C — C and C — N bonds. Only the Cg carbon is involved in a
small out-of-plane motion in the gradient difference vector. The fact that the combination
of the bond elongation is different in the two vectors (TAB. 3.5) is a good reason for taking

into account all bond lengths separately. Indeed, a unique BLA coordinate would be
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Figure 3.21: Potential energy curves associated to the cis geometry as function of bond
lengths: T1,T9,73,T4,T5.
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Figure 3.22: Potential energy curves at a point of the seam of CI (¢ = 90°) as function

of bond lengths: 11,79,73,74,T5. .
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Figure 3.23: Potential energy curves associated to the trans geometry as function of bond
lengths: T1,T2,73,T4,T5.
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TN L
R

Figure 3.24: Branching space at the minimum of conical intersection between S1 and S2
at the SA-CASSCEF level for both the cis (left) and trans (right) conformers. (Derivative
coupling vectors are shown at the top and gradient difference vectors at the bottom)

Bond lengths motions
Ty T2 T3 T4 75
Derivative coupling © © @& © &
Gradient difference © @& © @& ©

Table 3.5: Collective motions of the bond lengths 11,15,73,14,15 for both vectors of the
branching space (¢ symbolizes the elongation of a bond, © the shortening).

able to describe well enough only one dimension, therefore neglecting the others. These
conical intersections being close in geometries to the cis and trans conformations, one

has to correctly describe them.

3.6.3.2 Effect of the energy barrier along the torsion.

As seen in SECTION 3.5, the reorganization of the bond lengths is the first dynamical
step of the photoisomerization [117, 139, 140, 141, 142]. As the 7t electronic densities
are modified upon absorption, the bond lengths change and unlock the rotation around

the central double bond. The barrier seen at c.a 40° along the torsion (FIG. 3.13) is due
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to a coupling with the second excited state in energy. By looking at the orbital involved
in the III — V excitation (see TAB. 3.1), we can see that the orbital V is composed of
a 7t bonding interaction in the Cs — C, bond, and 7t anti-bonding interaction in all the
others. Thus, this contribution tends to prevent the torsion around C3 — C4 but promotes
the rotations around C, — C3 and C, — Cs.

In order to remove the barrier, i.e. remove the stabilization of the planar geometries, a
stretch of the C3 — C, and a squeeze the Cy — C3 and C4, — C5 bonds may occur. This
way, the bonding interaction on the C3 — C, and the anti-bonding interactions on Cs; — Cy
and C, — C5 induced by orbital V decrease, whereas the bonding interaction in C5 — Cy
and Cy — C3 and the anti-bonding interaction in C3 — C4 from orbital IV increase. The
second excited state is then destabilized in energy and the coupling with the first excited
state decreases, as well as the energy barrier near planar geometries.

As seen earlier, each 11, 19, T3, T4 and 75 dimension is part of the branching space. A
change in the bond lengths modifies not only the barrier near Franck-Condon, but also the
gaps in energy between the electronic ground state and the first two excited states.

The promotion of the rotations around Cy; — C3 and C4 — C5, which we call y; and vy,
could be problematic as we do not take into account those motions in our system of
coordinates. Indeed, we choose to consider both halves of the PSB3 as planar except for
H; and Hs. To build a more complete PES, these two angles should be included as well.
Their impact seem however less important than the other selected degrees of freedom[4].
Minimum energy paths computed by Olivucci et al. at the CASPT?2 level show torsion
around C, — C3 between the Franck-Condon region and the seam of conical intersection.
However, as the branching space (see FIG. 3.6) does not include motions of carbon atoms
C; and N we assume that y; and v, will have no effect on the degeneracy at the conical

intersection.

3.7 Building of the PES

Once all active coordinates have been selected, the 8 dimension (8D) PES can be build for
each of the electronic states. To achieve this, we define a grid to explore the 8D nuclear
geometry space. The coordinates outside of this space, i.e. the inactive coordinates, are
fixed at their value for the equilibrium geometry of the cis conformer. As the number of

points that need to be computed grows very fast, we restricted the grid to eleven points
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Coordinate H Points ‘ Values
© 11 0,20,40,---,160, 180
01, 65 5 —90, —45,0,45, 90
T1, T2, T3, T4 3 1.30,1.45,1.60
Ts 3 1.20,1.29,1.40
Total: 66825

Table 3.6: Points along each dimensions of the 8-dimensions grid.

for the central torsion ¢, five points for each hydrogen angle 0, and 0, and three points
for each bond length. The details are reported in TAB. 3.6.

This grid definition of the electronic PESs may not be the most efficient one, as it will
generate a lot of nuclear geometries that are very high in energy and will describe regions
of the PESs that will not be explored by the dynamics. To ensure the stability of the active
space, as well as the fast convergence of the ab initio calculations we cannot compute
the energy of each geometry independently. Doing so may result in discontinuities in
the PES as one point may have the good active space, i.e. the 7t electronic systems, and
the neighbour may have undergone an orbital rotation in its active space, and contain for
example o orbitals. This is why we chose to use the set of orbitals of the cis conformer
as starting guess for each SA-CASSCF/MS-CASPT?2 calculations. However, if the ge-
ometry between a given point and the cis conformer is too different, such method will not
help as the initial guess orbitals are too far from the converged ones. To work around this
issue, we used these initial guess orbitals only to compute points close in geometry to the
cis isomer. These orbitals are then used to compute neighbour geometries on the grid, and
so on until the grid is totally computed. This scheme is represented FIG. 3.25.

This way of computing the grid ensures that most of the ab initio points are computed
with the good active space while still keeping a massively parallel process.

The submission and the analysis of the grid points were automatized using home-made
bash and FORTRAN scripts.

3.8 Fit of the Adiabatic PES.

In order to perform a quantum dynamics study of PSB3, it is mandatory to transform the

adiabatic PES for which the non-adiabatic coupling diverge at the conical intersection,
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Figure 3.25: Representation of the method of computation of the total grid of geometries
for a 3D-space (D!, D) and D®®)). The point in blue represents the geometry of the cis
conformer. The points in red correspond to the geometries computed in the second step,
those in green computed in the third step and those in orange computed in the fourth step.

see SECTION 1.3, into diabatic PES. This has been done using the NL-FIT software de-
veloped in Montpellier (group of F. Gatti) and based on diabatization by "ansatz" scheme
(described in SECTION 1.4.2). The fitting procedure of the adiabatic electronic PES is one
of the most tedious step. As mentioned in SECTION 1.4.2, it is crucial to have an initial
guess for the diabatic PESs that contains physical meaning.

In this section, we will focus on the fit of the two dimensions PES along ¢ and 0.

3.8.1 Mathematical conditions and analytical guess functions.

We would like to build the diabatic potential matrix

Wi Wi Wig
W = War W W23 (3-4)
W31 Wiy

where Wj; = Wj; as we will consider only real coupling elements.

3.8.1.1 Analysis along ¢

As a first crude approximation for the diagonal elements, i.e. the diabatic states, we can

consider sinusoidal functions. As the periodicity of the ¢ torsion is 27t we can estimate the
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Figure 3.26: The initial guess of diabatic states along ¢ (full lines); adiabatic electronic
states (dash lines) at the MS-CASPT?2 level.

amplitude of the sine function from the energy difference between the points at ¢ = 0°,
@ = 180° and the point of conical intersection at ¢ = 90°. The assumption that W1, and
Wi, coincide with SO at @ = 0° and @ = 180° respectively is supported by the fact that
S0 is (1) very far in energy from the other states, and (2) consists of only one electronic
configuration (see SECTION 3.3). The nonadiabatic coupling at these geometries can thus
be considered as null. These initial guesses are shown FI1G. 3.26. They are supported by
previous studies of the non-adiabatic coupling of the retinal chromophore [143].
Looking at the electronic states, both diabatic and adiabatic, along ¢ only, we can define
two regions. One that includes I and I, in red in FIG. 3.26, around the planar geometries,
1re. @ = 0° and @ = 180°. And the other one around the conical intersection, in blue in
F1G. 3.26.

Near the planar conformations, we have seen that the adiabatic electronic states S1 and
S2 were close-lying to each other. We have also noticed that there was a small coupling
between those two states. In the diabatic picture, the W5, (in red) and W33 (in green) states
cross in the region I. Thus in order to retrieve the adiabatic states, the coupling element
W3 has to be large. Moreover, as stated earlier, the diabatic state Wy, is energetically
well separated from the other ones. Hence we can estimate the coupling elements Wi,

and W3 to be very small. We can rewrite the diabatic potential matrix in the region I as:
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W11 ~0 =0
V‘fI = ~0 W22 W23 (35)
~0 Wi

in the region I’ however, it is the diabatic state W/, that crosses W33. The same observa-

tions as in region I can be made. Thus the diabatic potential matrix in I’ can be written

as:
Wi =0 Wi
W= ~0 Wy ~0 |. (3.6)
W3 =0

A feature we want to reproduce is the difference of energy between the cis and the trans
conformers. Using sine functions this difference in energy is naturally described using
two sine functions of different amplitudes.

Our choice of diabatic states is upheld by two factors: (1) S2 is higher in energy in the cis
conformer than in the frans. And (2) the III—V contribution resulting from the mixing
between S2 and S1 is larger (7%) in the cis conformer than in the trans (3%).

In the region II, i.e. around the conical intersection, the two lowest diabatic electronic
states must be degenerate (W;; = W,3) and the coupling between them has to be null
(W12 = 0) at @ = 90°. However the coupling elements with the electronic diabatic state
W33 can be non-zero as long as both coupling are the same, i.e. W13 = Wog3. If this is not
the case, the conical intersection will be shifted from ¢ = 90°. Thus at the point of CI

(@ = 90°), the diabatic potential matrix reads

Wll 0 W13
W(p =90°) = 0 Wy Wy |- (3.7)
W31 W32

From all conditions on the diabatic states and nonadiabatic coupling in each region, we
can build the initial guess functions. For convenience in the fitting procedure, we intro-
duce a new coordinate ¢’ such as the minimum of conical intersection is at ¢’ = 0, i.e.

@' =@ —90°
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The diabatic states can thus be described with simple sine functions

Wii(@') = asin (@)
Wis(@') = —a’sin (@) (3.8)
Wss(@') =vysin (2¢" +90) + €

where f3 is the energy of the conical intersection at @’ = 0 (¢ = 90°) and € is the vertical
energy of S2 at @’ = 0.
The initial guess for the coupling is a bit more complicated, as the functions must decrease

rapidly in order to be zero at certain points. The initial guess of the coupling elements are

Wis(e') = asin® (¢') + bsin’ (@)
Wis(@') = csin (L2¢' + d)
Wos(@') = c¢’sin’ (12" + d’)

(3.9)

The coupling elements W;3 and W53 must have a frequency two times slower than the
coupling element W1, because the diabatic states W7, and Ws, exchange at the CI, see
FI1G. 3.26.

3.8.1.2 Inclusion of the O~ coordinate

As a first approximation, we consider the potential energy due to the distortion of the
hydrogens H; and H; along 0~ to be an harmonic potential. This assumption can be
justified as the rotation energy barrier of the hydrogen atoms around the central double
bond is very high, thus preventing the rotation. We can then consider a harmonic potential
instead of a periodic function.

The addition of the 0~ coordinate also modulates the position of the seam of intersection.
We have seen in SECTION 3.6.2 that the intersection is present all along the line of equa-
tion @ + 20~ = 90°. It imposes Wj; and Ws, to be degenerate and Wi, to be null all
along this line. Moreover we postulate the maximum of S2 to be aligned at all time with
the seam of conical intersection.

To satisfy these conditions, we modify the initial diabatic guess by including 0~ such as:
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Wir(¢',07) = asin (@' +1/20) + pO
Was(',07) = —asin (¢ +1/207) + /0> (3.10)
Was(@’,07) =ysin (20’ + 120~ +90) + 0+ ¢

and

Wis(@') = asin® (¢’ +1/07) + bsin? (¢ +1/407)
Wis(@') = csin? (Lo’ + 1207 4+ d)

G.11)
Was(@') = c’sin® (L@’ + 1407 +d')

3.8.2 The fitted surface along ¢’ and 0~

The results of the fitting procedure of the initial guess functions (3.10) and 3.11 are shown
in FIG. 3.27 (note that the new coordinate ¢’ is used for the representation) and the opti-
mized parameters are gathered in TAB. 3.7. We will now focus on the analysis of the first
excited-surface S1 which will determine the major part of the dynamics. We can see that
the relative height of the energy barrier between FC and the CI with respect to the planar
geometries are rather well described. Looking at the second excited-state PES, one can
see that the coupling Wi3 at @’ = —90° and Wa3 at @’ = 90° is not strong enough to
induce the formation of a local maximum at this geometry as we would expect.

Another key aspect to analyze is the shape of the path from FC in S1 to the CI. This path
is reproduced pretty well by the fitted functions, indeed, the MEP on this reduced dimen-
sionality PES involves a motion of the hydrogen atoms to reach the intersection seam.
Moreover the accessible region of the CI is found to be around ¢’ = —30° (¢ = 60°) as
expected. These aspects will be better described by refining the coupling functions W3
and Ws3. However, two problems occur: (1) the region around the conical intersection is
very poorly described because the adiabatic PES are not steep enough in its vicinity, and
(2) the amplitude of the sine functions of the diabatic states Wj; and W5, are too low,
thus lacking of physical meaning, i.e. we do not recover the fact that W1; should coincide
with S1 at @’ = —90° and Ws, with S2 at @’ = 90° . These problems are due to the bad
guess functions describing the coupling W4, indeed, this coupling is not equal to zero at

both @’ = —90° and @’ = 90°, and also does not vary fast enough around the point of
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Diabatic states Potential coupling
Parameter Opt. value | Parameter Opt. value

x 1.363 a 4.743
o/ -1.30 b -3.608
3 22.735 c -1.912
B’ 23.476 c’ -1.827
Y 0.721 d -45

€ 2.499 d’ 45

C 14.390

Table 3.7: The optimized parameters of EQ. (3.10) and 3.11.

conical intersection. This fit of the adiabatic PES and the initial diabatic guess functions
are not satisfying. Nevertheless, the fitted adiabatic PES exhibit the required key features,
thus confirming the general form of the initial guess functions. The next step will be to
refine the guess functions, especially the coupling W5 between W1, and Wy,. Moreover,

the coupling terms with the third excited state W33 need to be further investigated.

3.9 Conclusion and outlook

The construction of a diabatic PES is a tedious task. It is thus of the utmost importance
to conduct carefully preliminary quantum chemical investigations. The important nuclear
displacements involved in the photisomerization process have been extracted by means
of semi-classical dynamics. In addition to the obvious coordinate ¢ that defines the tor-
sion around the isomerizing bond, it is needed to consider the out of plane motions of the
hydrogen atoms of the central double bond. Indeed, they have two major effects on the
process: (1) they govern the outcome of the photoisomerization and (2) they modulate the
seam of intersection and allow the seam to be reached before the minimal energy point.
The bond lengths of the backbone of PSB3 also play a key role in the process. Indeed,
they are part of the branching space, with the HOOP and ¢ motions, and by such will lift
the degeneracy at the point of conical intersection. The bond rearrangement is the f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>