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I. Introduction

Pendant cette thèse, j’ai étudié les propriétés photo-physiques de nouveaux matériaux 
moléculaires, utilisés dans des dispositifs photovoltaïques, par spectroscopies résolues en temps. 
Les dispositifs photovoltaïques convertissent l’énergie solaire en électricité. C’est une source 
d’énergie renouvelable qui permet notamment de s’affranchir de la limitation en énergie fossile 
et ainsi de réduire le réchauffement problème climatique lié à l’effet de serre.

Actuellement, les dispositifs photovoltaïques présents sur le marché sont à base de silicium. A 
cause des processus de purification et de dopage, le silicium est cher et polluant. Le 
développement de nouveaux matériaux est donc intéressant pour réduire le coût de fabrication, 
ainsi que pour simplifier leur fabrication et les rendre moins polluants.

Une idée est de remplacer le silicium par un colorant synthétique. Cependant, le rendement de 
conversion de puissance des dispositifs à base de colorant (10,6% pour la cellule organique en 
tandem, et 11,9% pour la cellule à colorant dite cellule de Grätzel) est bien inférieur à celui des
dispositifs à base de silicium (46% pour la cellule à multi-jonctions).26

La motivation de mon doctorat était de distinguer les processus physiques photo-induits, et de 
les relier à la structure chimique des systèmes étudiés, afin de désigner de nouveaux 
matériaux moléculaires en partenariat avec des chimistes.

Afin de suivre les processus photo-physiques ultrarapides (femtoseconde) des dispositifs 
photovoltaïques, les spectroscopies ultra-rapides résolues en temps sont appliquées. Ces-
dernières sont combinées avec d'autres techniques, telles que l'absorption stationnaire, la 
fluorescence stationnaire et la spectroélectrochimie (les états et les espèces électroniques 
concernés sont identifiés par leur spectre). Ces techniques permettent de suivre les cinétiques 
et de déterminer les processus photophysiques, comme les transferts d’énergie ou de charge 

entre les différents états ou espèces du système. 

Pendant la thèse, deux principaux projets ont été abordés. Le premier est sur une famille de 
molécules organiques avec comme spécificité de pouvoir s’auto-assembler en blocs donneur 
et accepteur.56,57 Les molécules sont étudiées en changeant le bloc donneur (avec/sans le 
séparateurséparateur et nombre du groupe donneur), et en modifiant les solvants. Le deuxième
est sur les complexes de fer167,176 pour la cellule de Grätzel. L’idée est de remplacer le ruthénium, 
qui est plus commun, mais rare et toxique pour la cellule de Grätzel, par le fer en conservant le 
même rendement de conversion de puissance.
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II. Méthodes 

Les méthodes principales sont la spectroscopie d’absorption transitoire et de fluorescence 
résolue en temps. Les autres techniques (l’absorption et la fluorescence stationnaires UV-Vis et 
la spectro-électro-chimie) permettent de comprendre le scénario induit par le photon. 

Figure F1. Schéma d'une caméra à balayage de fente.86 Les photons sont transformés en électrons et 
sont déviés par un champ électrique vertical généré par un balayage rapide. Selon leur temps d'arrivée, 

différentes tensions sont appliquées. Ainsi, la fluorescence générée se répand spectralement et 
temporellement sur les axes horizontaux et verticaux de la caméra CCD, respectivement.

Les mesures de fluorescence résolues en temps ont été enregistrées avec une caméra à balayage 
de fente avec une plage de temps de 1 ns à 500 μs. La résolution de temps est de 0,5% de la 
plage de temps choisie, sauf pour la plage de temps la plus courte (1 ns) où la résolution 
temporelle est de 10 ps. Après excitation d'un échantillon, sa fluorescence est imagée à l'entrée 
d'un spectromètre. Le spectromètre répand la fluorescence horizontalement en fonction des 
longueurs d'onde.
Les photons sont axés sur la photocathode. La photocathode très sensible pourrait convertir la 
majorité des photons en électrons. Les électrons accélérés passent un champ électrique vertical 
généré par un balayage de tension rapide. Le balayage de tension est déclenché par une source 
laser pour définir le temps zéro. Comme la force électrostatique dépend du moment où les 
électrons sont arrivés, ils sont déplacés le long de l'axe vertical. La plage de temps est réglable 
en modifiant la rampe de tension du champ électrique vertical. Les électrons résolus dans le 
temps sont amplifiés par la plaque de micro-canal (MCP) et transférés à des photons par un 
écran à phosphore. Par conséquent, la fluorescence générée est répartie spectralement et 
temporellement sur l'axe horizontal et vertical de la caméra CCD, respectivement.
La spectroscopie de fluorescence résolue dans le temps est une méthode efficace pour étudier 
les processus radiatifs, tels que la recombinaison d'excitons, le processus de transfert d'énergie 
et la recombinaison de porteurs libres. 
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Figure F2. Schéma de principe d’un dispositif expérimental d'absorption transitoire.

La spectroscopie d’absorption transitoire consiste à suivre le changement d’absorption d’un 

échantillon après excitation. Il y a deux impulsions : l'une est intense, dite la pompe, centrée 
dans le maximum de la bande d'absorption de la molécule et déclenche la photophysique ; et 
l'autre est plus faible, dite la sonde, qui enregistre le spectre différentiel de l'échantillon. Une
ligne à retard mécanique modifie le chemin optique de la sonde, et ainsi le retard de la sonde 
est modifié par rapport au moment où la pompe est arrivée. Ce retard permet de mesurer la 
cinétique de l’échantillon. Dans notre expérience, la précision aux temps courts est limitée par 
la résolution temporelle et le plus long retard mesurable est de 5 ns (limité par la longueur de 
la ligne à retard). Les modifications de l'échantillon correspondant à l'intensité optique sont 
acquises à différents retards après l'arrivée de la pompe par le spectromètre. 

Les données se présentent sous la forme d’une matrice bidimensionnelle, en fonction du temps 
et des longueurs d’onde. Le changement de l’absorption est donné par la loi de Beer-Lambert: 

ΔA(!, t) = " #$%(!)&'$%(*)+-
Où #$% correspond au coefficient de l’extinction moléculaire de l’état Si, Δ '$% est le
changement de concentration de l’état Si et L est la longueur de l’échantillon. Cette équation 

n’est valable que lorsque le coefficient d’extinction molaire de l’espèce ne dépend pas du temps.

Avant excitation par la pompe (t <0), les molécules sont dans leur état fondamental. Quand une 
partie des molécules absorbent des photons, elles sont excitées et vont dans un état excité. Cela 
conduit au blanchiment (Ground State Bleaching GSB), qui signifie que l’électron dans l'état 

fondamental est excité et se situe dans l’état excité . Après quelques temps, la molécule peut 
revenir à l'état fondamental et émettre un photon (Stimulated Emission SE) ou absorber un 
photon vers un état supérieur (Excited State Absorption ESA), ou subir une réaction, par 
exemple la formation de charge ou d’un état à transfert de charge. Le produit peut absorber un 
photon à un état d'énergie supérieur (Photoproduct Absorption PA) ou repeupler l'état 
fondamental (GSB). Le spectre différentiel est utilisé pour identifier les différents états dans le 
mécanisme moléculaire.
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Les spectres d’absorption différentielle sont analysés par comparaison avec les données 
stationnaires, afin d’indiquer quel bloc et quel état sont impliqués. Les données cinétiques sont 
traitées de façon globale pour déterminer les constantes de temps associées aux spectres
d’absorption différentielle. Le but de l'analyse des données est de distinguer ces spectres 
différentiels avec leurs constantes de temps comme le mécanisme moléculaire, et ainsi 
déterminer le schéma réactionnel.
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III. Résultats 

III. 1. Série de molécules pour des cellules photovoltaïques 

organiques

Dans la cellule photovoltaïque organique, la couche active absorbe la lumière solaire pour
générer un courant électrique. En général, la couche active est composée de deux parties : un
donneur électrique et un accepteur électrique. L’absorption de la lumière génère des excitons

qui diffusent, se dissocient en paire de charges, et ces charges sont ensuite collectées aux 
électrodes. L’énergie de liaison de l’exciton est plus grande dans des matériaux organiques que 
l’énergie thermique. La dissociation se passe justement à l’interface entre le donneur et 

l’accepteur et l’électron diffuse dans l’accepteur. A cause de la mobilité des charges 

relativement faible dans les matériaux organiques, la durée de vie des charges doit être assez 
longue pour permettre aux charges d’aller jusqu’aux électrodes avant leur recombinaison. C’est 

la raison pour laquelle il est intéressant de prolonger leur durée de vie. Une deuxième possibilité 
est de maximiser le ratio interface/volume. Il peut diminuer la distance de diffusion à l’interface. 

Avec la durée de vie de transfert de charge plus longue, il est possible de générer plus de charges.
[6]

L’état de transfert de charge joue un rôle important pour augmenter le rendement de la cellule 
photovoltaïque. Sa formation est limitée par la diffusion de l’exciton et sa durée de vie doit être 

assez longue pour former des charges séparées. La spectroscopie résolue en temps peut apporter 
une meilleure compréhension des propriétés photo-physiques et aider à désigner un nouveau 
matériel.

Figure F3. Les structures chimiques des molécules donneur-accepteur   
Dans notre étude, la partie de l’accepteur (A) étudiée est le pérylène diimide (PDI), présentant 
la propriété d’auto-assemblage pour de structurer en film. La partie du donneur (D) est basée
sur le bis-thiophène fluorène. Le bloc du donneur varie en fonction de la longueur du D (noté 
Dn, n: 0~3), du bloc séparateurle séparateur entre D et A (noté δ ou δ+) et de l’amine terminale
(notée δ-).[2]
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Le PDI n'est pas seulement largement utilisé comme pigment industriel, mais a également 
d'autres applications scientifiques, telles que la spectroscopie de fluorescence, les transistors 
organiques transparents, la structure fonctionnelle empilée π dans l'ADN et le photovoltaïque 
organique (OPV). Le PDI a deux caractéristiques importantes : 1) son image miroir de 
l'absorption et de la fluorescence, 2) un rendement quantique de fluorescence> 0,9. La stabilité 
remarquable de la PDI est également attribuée à l'absence d'électrons dans l’empilement π

conjugué, ce qui le rend très résistant à la dégradation par oxydation et à d'autres voies de 
décomposition.
Ce groupement donneur est relié au groupement accepteur via une liaison constituée d'une 
chaîne flexible courte (éthylène) et d'un bloc moléculaire qui se présente sous deux 
électronégativités :basse et haute, respectivement, notées δ ou δ+. Cette unité moléculaire de 
liaison est composée de thiophène-phényl-thiophène (pour δ) ou de thiophène-
benzothiadiazole-thiophène (pour δ+). En outre, une amine terminale peut être ajoutée à l'autre 
extrémité de la fraction donneuse en tant que «donneur d’électrons» et notée δ-.

Au cours de cette thèse, j’ai effectué des mesures sur neuf molécules en solution (chloroforme). 

Quatre d'entre elles ont une longueur commune de donneurs (n = 1) pour étudier l’effet des 

différents donneurs, et deux séries de fragments de donneurs avec une augmentation de la 
longueur de donneurs (n = 0 ~ 2) pour étudier l'importance de la séparation des charges entre 
donneur et accepteur. À la fin, trois d'entre elles sont étudiées dans deux autres solvants (toluène 
et trichloréthylène) pour tester différentes polarités de solvant. Cette section se concentre sur 
les propriétés photo-physiques intramoléculaires, en particulier la durée de la vie de l'état de 
transfert de charge.

Une sélection de spectres d'absorption différentielle correspondante (ΔA) (20 fs, 2,5 ps 28 ps) 
est affichée dans la Figure F4 (A) ~ (C). Chaque spectre peut être décomposé en une somme de 
contributions d'espèces / états individuels, dont les signatures spectroscopiques sont identifiées 
par des expériences à l'état stationnaire (Section IV.2.1 dans la thèse).

Figure F4 Identification des états photo-induits (A) Spectre d'absorption différentielle à 20 fs (rond
vert) avec son ajustement (courbe solide verte) en tant que combinaison linéaire des spectres 

d'absorption de D1δ (blanchiment, motif violet) et la fluorescence à l'état stationnaire de D1δ (SE, motif 



Résumé en français 

ix

jaune). Le bon accord avec son ajustement est une preuve de (D1δ)*. (B) Le spectre d'absorption 
différentielle à 2,5ps (rond vert) avec son ajustement (ligne continue verte) comme combinaison

linéaire des spectres d'absorption à l'état stationnaire de A (agent de blanchiment, motif bleu), 
fluorescence à l'état stationnaire de A (SE, Motif jaune foncé) et les spectres d'absorption à l'état 

stationnaire de D (blanchiment, motif bleu). Le bon accord avec son ajustement est une preuve pour 
A*. (C) Le spectre d'absorption différentielle à 28ps (rond vert) avec son ajustement (courbe solide 

verte) en tant que combinaison linéaire des spectres d'absorption à l'état stationnaire de D1δ (agent de 
blanchiment, motif rouge) A (agent de blanchiment, motif bleu) A- (rouge Motif) et (D1δ)+ (motif noir). 
Le bon accord avec son ajustement est une preuve de l'état CT. (D) Des traces cinétiques sélectionnées 

(symboles) et leur ajustement global (courbes solides) observés pour D1δA dans le chloroforme et 
correspondant au GSB donneur à 430 nm (noir), l'accepteur GSB à 490 nm (rouge) et la signature de 

l’anion à 800 nm (bleu)

Aux temps courts (figure F4 (A)), le spectre différentiel à 20 fs présente une large bande 
négative inférieure à 585 nm, contenant le blanchiment de D1δ (GSB, motif violet) et son 
émission stimulée (SE, Motif jaune), et est donc attribué à l'état excité du donneur ((D1δ)*). Le 
signal positif à une longueur d'onde plus longue (figure F4 (A)) est attribué à l'absorption de 
l'état excité plus élevé (ESA) de D1δ*, conformément à l'identification précédente de la même 
signature sur des composés similaires93. Une inadéquation mineure est due à des artefacts 
expérimentaux, tels que le pic Raman et la modulation de phase croisée.

Après 2,5 ps (figure F4 (B)), les caractéristiques de (D1δ)* (large bande négative sans structure, 
motif violet) ont considérablement diminué et sont remplacées par quatre nouveaux pics 
négatifs à 460, 490, 530 et 575 nm, qui se distinguent facilement par l'absorption (motif bleu) 
et les bandes de fluorescence (motif jaune foncé) de A et le pic ESA positif à 700 nm111, ainsi 
sous forme de GSB de A et SE de l'état excité A*. Ceci indique que la population de (D1δ)* 
s'est transformée en quelques picosecondes en raison d'un transfert d'énergie de (D1δ) vers A et 
la forme A* est créée. Le transfert rapide d'énergie est attendu car le chevauchement spectral 
entre la bande de fluorescence de (D1δ) et la bande d'absorption d’A (figure IV.2 (A) dans la 
thèse) est important.

Dans le spectre différentiel de 28 ps (figure F4 (C)), les pics négatifs à 490 et 530 nm (motif 
bleu) persistent alors que la bande à 410 nm (motif violet) associée au blanchiment du donneur 
indiquant que l’état fondamental de D1δ et A sont dépeuplés. Simultanément, les 
caractéristiques spectrales de l'absorption induite (à une longueur d'onde> 550 nm) sont bien 
reproduites par la somme des spectres d'absorption des anions et de cations photo-induits (pics) 
à 710 et 800 nm pour A- (motif rouge)et de 500 à 800 nm (motif noir) pour (D1δ)+). Cela prouve 
qu'en quelques dizaines de picosecondes, un transfert de charge s'est produit, formant l'état CT 
composé des radicaux δ (D1δ)+ et A- ion. Sur les échelles de temps plus longues, les spectres 
différentiels ne changent pas en forme, mais seulement leurs amplitudes diminuent, montrant 
que l'état de transfert de charge (CT) se recombine, en réformant l'état fondamental.

En résumé, la dynamique de ces systèmes peut être décrite en trois étapes :

1. Dans les premières centaines de femtosecondes, le GSB de A est formé tandis que le 
GSB de D1δ diminue, ce qui indique que le transfert d'énergie de D1δ à A se produit.

2. Plus tard (dix premières picosecondes), le GSB du D1δ augmente alors que le GSB de 
A reste, accompagné de la formation de la caractéristique spectrale des espèces 
chargées. Ce comportement cinétique et spectral indique la formation de l'état CT.

3. Ensuite, trois traces cinétiques remontent à zéro simultanément, en moins d'une 
nanoseconde. Ceci indique un retour vers l’état fondamental par recombinaison de 

charge. 

Des constantes de fréquence plus précises avec leur spectre différentiel associé (Decay-

Associated differential spectrum, DAS en anglais) sont réalisées dans le cadre de l'analyse 
globale (§ III.3.2 dans la thèse).
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Cinq constantes de temps sont nécessaires pour atteindre un ajustement avec des résidus 
satisfaisants : 60 fs, 1,2 ps, 14 ps, 500 ps et 2,2 ns. Les spectres différentiels associés à ces 
constantes de temps (DAS) sont représentés sur la figure IV.7 dans la thèse et correspondent au 
schéma réactionnel suivant :

III. 3.1.1 Effet du donneur

Différents groupes donneurs sont étudiés pour surveiller l'influence des propriétés photo-
induites sur la dynamique de l'état CT. L'addition de l'unité de benzothiadiazole (δ+) montre un 
spectre de fluorescence largement décalé (de 500 nm pour D1δ à 647 nm pour D1δ+), ce qui 
diminue le recouvrement avec le spectre d'absorption de l'accepteur (figure IV.2 dans la thèse). 
Le transfert d'énergie, plus précisément Förster Resonance Energy Transfer (FRET, § I.3.2 dans 
la thèse), de (D1δ+) à A n'est donc plus permis dans ce cas.

Sans FRET, la principale différence par rapport au D1δA est la formation directe des états CT à 
partir de l'état donneur excité (D1δ+)*. La figure F5 (A) illustre les spectres d'absorption 
différentielle à 80 fs (courbes noires) et 3,5 ps (courbes rouges) de D1δA (panneau supérieur) 
et D1δ+A (panneau inférieur). Dans le cas de D1δ+A, les contributions de GSB et de SE de D 
sont observées, mais il n'y a pas de signature de l'état A* excité tel que SE à 575 nm ou l'ESA 
à 705 nm. L'absence de transfert d'énergie de Dδ+ à A est ainsi confirmée. La seule différence 
observée est un changement d'ESA avec un pic plus intense à 950 nm, attribué à la relaxation 
vibrationnelle de la molécule.

Cependant, malgré le manque d'excitation de l’accepteur, on observe un signal apparenté au
blanchiment de A vers 500 nm. Conformément à d'autres études112,113,114, nous attribuons ce
blanchiment à un changement Stark de l'absorption de A. Ceci est probablement dû au moment 
du dipôle intramoléculaire sur (D1δ+)*, avec l'électron localisé sur le séparateurle séparateur δ+

ayant une affinité électronique élevée.

Figure F5(A) Spectres d’absorption différentielle sur D1δA. La molécule est passée séquentiellement de
l’état D excité, à l’état A excité et enfin à l’état de transfert de charge après excitation. (B) Les traces 
cinétiques à la longueur d’onde représentant l’état de transfert de charge pour quatre blocs donneur

différents.
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La figure F5 (B) souligne l'influence de la nature de la chaîne (soit δ ou δ+) entre D1 et A, et 
celle du groupe terminal δ- sur D1, à travers les traces cinétiques à 800 nm, i.e. en suivant la 
signature d’A-. Le tableau IV.5 résume les constantes de temps associées à la formation de l’état

CT et à la recombinaison de charges dans le chloroforme. L'addition de δ+ ralentit le temps de 
formation de l’état CT. Deux molécules avec δ+ ont des temps de formation d'état CT au moins 
cinq fois plus lents que les composés avec le séparateur le séparateur initial δ, car le temps de 
montée de la bande d'absorption d'anion est de 90 ps et 120 ps pour D1δ+A (rouge) et δ-D1δ+A
(violet) par rapport à 14 ps pour D1δA (noir) et δ-D1δA (bleu). Cela peut être dû au manque de 
FRET en présence de δ+ et au fait que l'état CT est formé de (D1δ+)*. En effet la délocalisation 
initiale joue un rôle majeur dans le taux de formation de l’état CT.115 Inversement, δ+ n'a pas 
d'impact significatif sur la cinétique de recombinaison de charge : cinétiques très similaires
pour D1δA (noir) et D1δ+A (rouge) ou pour δ-D1δA (bleu) et δ-D1δ+A (pourpre).

La présence de l'amine terminale δ- allonge le temps de recombinaison de charge, puisque les 
durées de vie des états CT sont augmentées d'un facteur 2,5 pour les molécules avec le 
séparateur δ+ (1,2 ns pour δ-D1δ+A contre 0,48 ns pour D1δ+A) et de 4,5 avec le séparateur δ

(2,3 ns pour δ-D1δA contre 0,51 ns pour D1δA). Cet effet devrait être dû à la plus grande distance 
de séparation entre les charges de l'état CT dans les molécules où δ- stabiliserait la charge 
positive sur l'extrémité de la fraction donneuse, i.e. plus loin de l'accepteur. Ces effets sont 
expliqués par une analyse quantitative de la théorie de Marcus-Jornter au § IV.2.3 dans la thèse.

III. 3.1.2 Effet de la longueur du donneur

D’après la théorie de Marcus, l'allongement de la distance de séparation de charge devrait 
conduire à une durée de vie plus longue de l’état CT, puisque le couplage électronique A et D 
est réduit. L’effet de la longueur du donneur est étudié dans le chloroforme et sur différentes
molécules Dnδ+A et δ-DnδA avec n = 0 ~ 3 et n = 0 ~ 2, respectivement. La même procédure 
d'identification des espèces que dans D1δA est effectuée et indique que les états CT sont formés 
dans tous les cas. L'analyse globale est appliquée pour déterminer les constantes de temps 
associées à la recombinaison de l'état CT dans chaque cas, et les résultats sont affichés dans le 
tableau IV.4.

Dans le cas de Dnδ+A (Figure F6 (A) montrant des traces cinétiques à 800 nm, les symboles 
représentent des données expérimentales, et les courbes solides sont les ajustements 
paramétriques obtenus par analyse globale), la longueur du donneur n'a pas d'impact sur la 
formation de l'état CT, ni sur le temps de recombinaison, ce qui donne un temps de formation 
de 100 ps et un temps de recombinaison de 450 ps. Ce manque de changements pourrait être 
dû à l'effet de δ+. Les états CT sont plus situés près de l'A, plutôt que du côté opposé du D.

En revanche, comme l'illustre la figure F6 (B), les molécules δ-DnδA se comportent 
complètement différemment : le groupe terminal δ- stabilise l'état CT avec une longueur 
optimale du donneur n = 1 (courbes bleues), avec une augmentation de la durée de vie de l'état 
CT jusqu'à 2,3 ns. (0,4 ns et 1,1 ns pour n = 0 et n = 2, respectivement, en noir et en rouge). 
Cela pourrait être attribué également à un éloignement plus important des charges le long de la 
molécule, ce qui est cependant d'une efficacité optimale pour un fragment de donneur pas trop 
long.
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Figure F6. Traces cinétiques à 800nm : Effet de la longueur du donneur pour les molécules (A) Dnδ +
A, avec n = 0 (noir), 1 (rouge), 2 (bleu) ou 3 (violet). La longueur du donneur n'a presque aucun effet 
sur la formation de l’état CT et sur les temps de recombinaison pour les molécules sans molécules δ-
(B) δ-Dnδ + A, avec n = 0 (noir), 1 (rouge), 2 (bleu). (B) La durée de vie de l'état de CT est optimale 

pour n = 1.

III. 3.1.3 Effet du solvant

L’effet du solvant est testé en diminuant la polarité du solvant (chloroforme : 4.81,
trichloréthylène : 3.42 et toluène : 2.38) afin d’étudier l’interaction avec l’environnement. En 

résumé, la durée de vie de l’état CT augmente lorsque la polarité diminue (tableau VI.5 dans 
la thèse). Une analyse numérique basée sur la théorie Marcus-Jortner explique que 
l’augmentation de la durée de vie de l’état CT est due à un couplage électronique plus faible.108

Pour chaque molécule, les états CT sont stabilisésdans des solvants moins polaires. Cependant, 
l'effet stabilisant de δ- précédemment observé dans le chloroforme n'est pas aussi important que 
l'effet de ces solvants. En raison des limitations expérimentales, une détermination précise de 
la durée de vie de l’état CT > 5 ns n'est pas possible. Cela nécessiterait de mesurer la cinétique 
sur une période plus longue que celle qui est accessible dans notre expérience d’absorption 

transitoire femtoseconde (6 ns).
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III.3.1.4 Films à cristaux liquides

La figure F7 montre une sélection de spectres d'absorption différentielle (A) de D1δ+A excitée
à 400 nm et les traces cinétiques sur la bande de l’ESA et du GSB pour quatre molécules (D1δA, 
D1δ+A, δ-D1δA et δ-D1δ+A ), après normalisation à 10 ps.

Pour les données d'absorption transitoire :
• Dans les premières picosecondes, une large bande d'ESA supérieure à 700 nm diminue et, 
pendant ce temps, une bande négative diminue de 450 à 600 nm. La bande spectrale négative 
du spectre d'absorption différentielle à 500 fs (courbe rouge de la figure F7 (A)) se caractérise 
par un pic à 470 nm (GSB, courbe pointillée) et un pic secondaire à 540 nm, que nous attribuons 
à SE. ESA et SE indiquent un état excité, qui est probablement (D1δ+)*, puisque le film est 
excité à 400 nm.
• De 1 ps jusqu'à 20 ps, le GSB inférieur à 450 nm reste alors que l'ESA au-dessus de 800 nm 
diminue considérablement et une nouvelle contribution positive compense le GSB entre 470 
nm et 550 nm.
• Après 20 ps, un nouvel état, que nous appelons «photo-produit», est entièrement formé, en 
tant que large bande d'absorption de photo-produit (PA) centrée à 880 nm. La bande GSB autour 
de 460 nm est toujours présente et le spectre d'absorption différentielle diminue sans 
modifications spectrales majeures jusqu'à 5 ns.

Figure F7. (A) Spectres d'absorption différentielle de D1δ + A excités à 400nm (B) Les traces 
cinétiques sont représentées aux longueurs d'ondes de PA et GSB, et normalisées à 10ps. Dans les 

films, les cinétiques des dyades D-A avec quatre groupes donneurs différents sont similaires après 10
ps, ce qui indique un état PA similaire de longue durée de vie et l'effet du donneur sur la recombinaison 

de charges n'est pas valide.

Parmi ces quatre molécules (D1δA, D1δ+A, δ- D1δA et δ- D1δ+A), les traces cinétiques prises au 
maximum de la bande de PA (780, 880, 790 et 790 nm pour D1δA, D1δ+A, δ- D1δA et δ- D1δ+A) 
et à celui de la bande de GSB (460, 560, 460 et 540 nm pour D1δA, D1δ+A, δ- D1δA et δ- D1δ+A), 
sont représentés sur la Figure F7(b) après normalisation à 10 ps. Après 10 ps, les deux 
cinétiques sont similaires et montrent ainsi que les molécules retournent à l'état fondamental à 
partir de l'état PA, sans contribution d'aucun intermédiaire. Notez que, contrairement aux états 
CT en solution, le groupe donneur n'a presque aucun effet sur la durée de vie des photo produits 
dans le film avec une durée de vie de 2 ns. Notez aussi que le groupe de Geng a signalé un 
résultat similaire, de durée de vie constante des états CT.127

Les données sont ajustées paramétriquement par la somme de quatre fonctions exponentielleset 
de façon globale. Les caractéristiques spectrales et les durées de vie sont similaires pour les 
quatre molécules, indiquant le même mécanisme photo-induit : le premier état excité situé 
dans (D1δ) ou (D1δ+) se relaxe en 0,2 à 0,5 ps dans un état intermédiaire, comme l'indique la 
bande d'ESA qui diminue rapidement à 800 nm et la bande SE de récupération autour de 450-
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650 nm. Deux espèces de longue durée (> 100 ps et 4.4 ns) sont formées montrant une large 
bande d'absorption centrée à 780 nm (molécules avec D1δ) ou centrée à 880 nm (molécules 
avec D1δ+). Les différentes durées de vie sont dues à une recombinaison de charge rapide et 
lente, très probablement liée à deux types de conformères moléculaires ou d'espèces de photo-
produits. L’origine de l’espèce évoluant selon le temps intermédiaire, T2, n'est pas encore claire, 
mais peut être liée à la relaxation vibrationnelle du photo-produit, ou à une population d'état 
excité de faible amplitude.
Par conséquent, pour les molécules avec δ+ (D1δ+A et δ-D1δ+A), le schéma réactionnel est le 
suivant :
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III.2 Complexes de fer pour des cellules de Grätzel

En 1991, Prof. Grätzel a réussi à atteindre un rendement de conversion de puissance jusqu’à 

7,9% pour les cellules à colorant (Dye-sensitized solar cells en anglais) en utilisant le semi-
conducteur (TiO2) cristallin.[8] Le complexe à base de ruthénium est largement utilisé dans les
cellules de Grätzel avec un haut rendement de conversion de puissance. 138 Cependant, le 
ruthénium est un métal qui est rare sur Terre et cher. L’objectif est donc de remplacer le 
ruthénium par le fer.

Par rapport à la cellule photovoltaïque organique, les processus photo-induits sont différents 
après excitation. L’exciton implique le centre métallique (orbital d) et le ligand autour (orbital 
π*) et est localisé sur la liaison entre les deux, dites état MLCT (Metal-to-Ligand Charge 

Transfer en anglais). Puis, l’électron est injecté dans la bande de conduction du semi-
conducteur et génère ainsi le photo-courant. Dans le cas du ruthénium, le processus d’injection 

se passe entre 100 fs et 50ps.79

C1 (Figure F8), le composé parent développé par le groupe Wärnmark, étend la durée de vie de 
l’état 3MLCT jusqu'à 9 ps et est choisi comme composé de référence pour illustrer l'évolution 
spectrale caractéristique de la famille des composés de Fe (II).

Figure F8 Structures chimiques des complexes de fer

Afin d'augmenter la durée de vie de l’état 3MLCT de C1, plusieurs stratégies ont été étudiées 
(Figure F8) :

Ø Ajout d’ un groupe d’ancrage : rend possible la fixation des complexes de Fe (II) sur une 
surface de TiO2 pour obtenir une injection d'électrons efficace. Cela réduit lécart de bande 
optique, bloquant le retrait d'électrons.
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Ø Modification du cycle NHC : augmente le caractère donneur d'électrons de NHC pour 
augmenter le niveau d'énergie de l'état MC.

Ø Modification de la substitution N : introduit de la rigidité stérique et / ou les distorsions 
de la géométrie octaédrique.

Ø
Ø Figure F9 Stratégies possibles pour prolonger la durée de vie de l'état 3MLCT en ajoutant un

groupe d'ancrage et les modifications sur le cycle NHC et la substitution N

À la suite de ces idées, neuf complexes de fer ont été synthétisés par nos collaborateurs 
chimistes et étudiés en solution (acétonitrile, MeCN) pour examiner :
l L’effet des groupes carboxyle (complexes C1, C2 et C5)
l L’effet des substitutions de ligands (complexes C1, C2, C3 et C4)

l L’effet de la rigidité (complexes C1, C3, C8 et C9).

Pour mieux comprendre les interactions entre les complexes et leur environnement, deux types 
d'effets du solvant ont été étudiés :
l L’effet du pH (complexe C2 dans MeCN, MeCN + acide chlorhydrique / HCl et MeCN + 

hydroxyde de sodium / NaOH)
l L’effet de la polarité (complexe C4 dans MeCN, MeCN + HCl, éthanol, diméthylsulfoxyde 

/ DMSO, 2-butanol et diméthylformamide / DMF).
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III.3.2.1 Effet d'un groupe carboxyle

Comme décrit précédemment, les complexes doivent être greffés sur la surface de TiO2 afin
d'obtenir une injection efficace d'électrons. Ainsi, C1 a besoin d'au-moins un groupe acide pour 
atteindre cet objectif. Le groupe carboxyle est un groupe classique d'ancrage, offrant une liaison 
carboxylique avec les oxygènes du TiO2. En raison de son caractère attractif pour les électrons, 
le groupe carboxyle a un effet important sur le niveau d'énergie relatif de l'état 1MLCT : la 
transition t2g → π* (pyridine) a un niveau d'énergie inférieur suggérant un décalage de l'état 
1MLCT et probablement de l'état 3MLCT également. Tout d'abord, le complexe homoléptique 
C2 a été synthétisé et étudié (figure V.11).154 Les études ATR-FTIR (rayonnement infrarouge 
de la réflectance totale atténuée) sur le N719- TiO2 ont montré que le groupe carboxyle se lie 
au TiO2 par un pont bidenté. Étant donné que la transition t2g → π * a la plus faible énergie pour 
la pyridine-COOH que pour la pyridine seulement, il était également intéressant d'étudier le 
complexe hétéoléptique C5 en solution et en film.

Figure F10 (A) Spectres d'absorption stationnaire normalisés de C1 (courbe noire), C5 (courbe rouge) 
et C2 (courbe bleue) dans MeCN. L’addition de groupe carboxyle décale les spectres d'absorption 

versle rouge. (B) Les traces cinétiques dans les bandes d’ESA (rouges) et de GSB (bleus) normalisées à 
1 ps de C1 (carrés), C5 (ronds) et C2 (triangles) dans MeCN avec leurs ajustements paramétriques

(courbes noires solides).

La figure F10 (A) illustre l'effet de l'addition de groupe carboxyle sur le complexe C1 (C1: zéro 
groupe carboxyle, courbe noire, C5: un groupe carboxyle, appelé complexe hétéroléptique, 
courbe rouge et C2: deux groupes carboxyle , appelé complexe homoléptique, courbe bleue). 
Après l'addition de deux groupes carboxyles des deux côtés de la partie centrale de pyridine 
(C2), un décalage batochromique de 60 nm de 460 nm à 520 nm (ΔE = 310 mV) se produit sur 
la transition t2g → π * (pyridine). Les groupes carboxyles diminuent le niveau d'énergie LUMO 
en attirant des électrons plus éloignés du centre métallique. Dans le cas hétéroléptique C5, la 
transition t2g → π * (pyridine) se divise en deux avec un décalage batochromique de 40 nm (de 
460 nm à 500 nm) et un changement hypochromique de 25 nm (de 460 nm à 435 nm). Fait 
intéressant, le décalage hypochromique se traduit également par une diminution de la moitié du 
pic d'absorption principal (partage de la résonance, partage des forces de l'oscillateur).

La figure F10 (B) montre les traces cinétiques normalisées à 1 ps de C1 (courbes de symboles 
carrés), C5 (courbes de symboles circulaires) et C2 (courbes de symboles triangulaires 
supérieurs) prises dans l'ESA (courbes de symbole rouge) et le GSB (Courbes de symboles 
bleus) des bandes après excitation dans le visible (480 nm pour C1 et 515 nm pour C5 et C2) 
avec leurs ajustements paramétriques (courbes noires solides). Pour les deux complexes avec 
un groupe carboxyle, les signaux ESA et GSB affichent la même cinétique, ce qui indique une 
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récupération directe de l'état fondamental à partir de l'état excité, comme dans C1. En outre, les 
caractéristiques spectrales (deux grandes bandes ESA dans la région visible et UV) sont très 
semblables à celles observées en C1, ce qui indique que pour ces deux composés, l'ESA 
provient également de l’état 3MLCT et retourne directement à l’état fondamental.

Les données ont été ajustées paramétriques par la somme d'une fonction gaussienne et bi-
exponentielle par analyse globale (tableau V.1 dans la thèse). Comme le montre la figure F10, 
les durées de vie de l’état 3MLCT augmentent à mesure que le nombre de groupes carboxyles
augmente (10 ps pour C1, 14 ps pour C5 et 16,5 ps pour C2).
Comme C5 est asymétrique, un scénario possible est que deux voies de désactivation coexistent 
avec des durées de vie légèrement différentes. L'état 3MLCT pourrait être une combinaison de 
l'état 3MLCT de C1 et de celui de C2. D'autre part, il est également possible que tout le 
complexe ait un seul état 3MLCT. Malheureusement, ces deux états 3MLCT sont spectralement
similaires et, trop proches temporellement pour pouvoir les distinguer. Un ajustement avec une
composante mono-exponentielle pour l'état 3MLCT a été effectué et également avec deux 
composantes. Les ajustements sont de la même qualité, et dans l’erreur expérimentale.



Résumé en français 

xix 

III.3.2.2 Effet du ligand

Afin d'améliorer le transfert d'électrons vers les ligands et l'effet NHC, les groupes 
benzimidazolylidène ont été introduits, en remplaçant les groupes imidazolylidène sur le cycle 
pyridine (C3). Pour permettre la coordination sur TiO2, deux groupes carboxyles ont été ajoutés 
à C3 pour générer le complexe homoléptique C4.

Figure F11 Les traces cinétiques dans l'ESA (rouges) et les bandes GSB (bleues) avec leurs ajustements 
paramétriques (lignes noires solides), normalisées à 1 ps pour l'effet ligand (A) sans C1 et C3 (B) et 

avec les groupes carboxyles C2 et C4.

La comparaison des traces cinétiques C1 et C3 montre une augmentation de la durée de vie de 
l'état 3MLCT, comme le prévoyait une plus grande délocalisation des électrons (Figure F11 (A) 
et (B)). Les traces cinétiques de l'ESA (courbes de symboles rouges, symboles carrés pour C1 
et C2 et courbes de symboles triangulaires pour C3 et C4) et les bandes GSB (courbes de 
symbole bleu) avec leurs ajustements paramétriques (lignes noires solides) sont normalisées à 
1 ps. 

En effet, après 1 ps, la relaxation vibrationnelle est terminée et il est donc plus facile de 
comparer les durées de vie de l'état 3MLCT. Les durées de vie de chaque complexe déterminées
par analyse globale sont données dans le tableau V.1. Apparemment, la modification des ligands, 
avec et sans groupe carboxyle, prolonge significativement la durée de vie de l'état 3MLCT. La 
durée de vie de l'état 3MLCT de C3 est considérablement augmentée (16,4 ps) par rapport à 
celle de C1 (10 ps). Le ligand benzimidazolylidène a un effet positif. C4, bénéficiant des 
groupes acides carboxylique, a la plus longue durée de vie d'état 3MLCT (26 ps).

III.3.2.3 Effet de la substitution sur le ligand

Wärnmark et ses collègues ont suggéré que l'état 3MLCT des complexes avec des ligands plus 
rigides pourrait durer plus longtemps en comparant C1 Fe(Carben-Met)2 et Fe(Carben-tBu)2.167

La gêne stérique augmente d'un groupe méthyle à un groupe tertbutyle, et diminue ainsi l'effet 
donneur d'électrons des ligands. La liaison ligand-métal est donc agrandie. 
Selon ces résultats, nous avons décidé de substituer le groupe méthyle par un groupe hexyle, ce 
qui est une substitution commune dans les colorants organiques pour augmenter la rigidité des 
ligands.173 Cette modification a été effectuée sur deux ligands : C1 et C3 pour devenir C8 et C9, 
respectivement. Le groupe hexyle présente deux autres avantages : i) protection du centre 
métallique, ii) et augmentation de la solubilité dans les solvants apolaires.

Puisque deux ligands tridentés sont orthogonaux, les chaînes sur les deux côtés pourraient avoir 
une influence sur la gêne stérique. Pour identifier cet effet, deux groupes méthyle sur le côté de 
l'imidazolylidène (C1, courbe noire) et du benzimidazolylidène (C3, courbe rouge) sont 
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remplacés par deux groupes hexyles en C8 (courbe noire pointillée) et C9 (courbe pointillée 
rouge). Les spectres d'absorption stationnaires et normalisés sont présentés sur la figure V.17
dans la thèse. Les chaînes allongées n'ont aucune influence sur la transition t2g → π * (pyridine),
car aucun changement spectral n'est observé. L’origine de l'élargissement du spectre de C9
nécessite des éclaircissements supplémentaires.

Les figures F12 (A) et (B) montrent que l'augmentation de la rigidité de C1 et C3 prolonge la 
durée de vie de l'état 3MLCT : de 10 à 14 ps et de 16,4 à 19,5 ps dans le cas de l'imidazolylidène 
(C1 À C8) et les ligands benzimidazolylidène (C3 à C9), respectivement. Selon les PES calculés 
et les PEC (Figure V.9 dans la thèse), l'étirement de la longueur de liaison Fe-C est nécessaire 
pour désactiver l'état 3MLCT. En effet, la rigidité du ligand empêche la relaxation et prolonge 
la durée de vie de l'état 3MLCT. Cette hypothèse reste à être confirmée par des calculs 
quantiques, qui sont en préparation.

Figure F12 Traces cinétiques dans les bandes ESA (bleu) et GSB (rouge) avec leurs ajustements
paramétriques, normalisés à 1 ps pour l'effet de la rigidité basé sur (A) ligand d'imidazolylidène (C1 :

Met et C8: Hex) et (B) ligand de benzimidazolylidène (C3 : Met et C9: Hex).

III.3.2.4 Effet de l’environnement

Comme décrit précédemment, l'addition de groupe carboxyle prolonge la durée de vie d'état  
3MLCT de C2. Cet effet pourrait être corrélé à une amélioration du caractère de transfert de 
charge dans les complexes. Pour répondre à cette hypothèse plus clairement, C2 a été étudié à 
différents pH : neutre (MeCN), acide (MeCN-HCl) et basique (MeCN-NaOH).

Afin de faire varier le pH, le pH de l’acétonitrile pur est ajusté avec une goutte de HCl à 37% 
ou une goutte de NaOH 2 mol*L-1 dans H2O dans 50 ml de MeCN, appelé MeCN-HCl et 
MeCN-NaOH, respectivement. C2 est dissous à différents pH : MeCN-HCl (courbe noire), 
MeCN (courbe rouge) et MeCN-NaOH (courbe bleue). Les spectres d'absorption stationnaires
sont représentés sur la figure F13 (A). A pH faible (MeCN-HCl et MeCN), C2 est protoné, l'état 
MLCT le plus bas étant centré à 520 nm. En solution basique (MeCN-NaOH), C2 est déprotoné 
et le groupe carboxyle est chargé négativement. La forme déprotonée entraîne un déplacement 
hypsochromique de 40 nm du spectre d'absorption. Cela indique que les groupes carboxyles
négativement chargés augmentent l'énergie des états 1MLCT les plus bas.
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Figure F13 (A) Spectres d'absorption stationnaires normalisés à l'état d'équilibre de C2 dans des 
solutions de différents pH (complexe C2 dans MeCN pur (courbe noire), MeCN + HCl (courbe rouge) 
et MeCN + NaOH (courbe bleue)) et (B) Traces cinétiques de C2 dans les bandes ESA (rouge) et GSB 
(bleu) dans MeCN (carré), MeCN-HCl (cercle) et MeCN-NaOH (triangle) normalisées à 1ps avec leurs 

ajustements paramétriques (courbes noires).

Les expériences d'absorption transitoire ont été effectuées dans les mêmes conditions, sauf que 
C2 dans MeCN-NaOH a été excité à 480 nm au lieu de 515 nm pour C2 dans MeCN et MeCN-
HCl.
La dynamique de C2 dans des conditions neutres et acides est identique (la durée de vie de l'état 
3MLCT est de 16,5 ps) tandis que celle dans des conditions basiques est légèrement plus rapide 
(14,5 ps). La charge négative des ligands empêche le transfert de charge vers les ligands et donc 
les états MLCT deviennent plus faibles en énergie. Les études théoriques ont montré que le 
groupe carboxyle neutre diminue de 10% le couplage électronique, le moment dipolaire 
représenté sur la figure V.22 qui réduit la durée de vie de l'état 3MLCT.

III.3.2.5 Films sur une couche de semi-conducteur

Les durées de vie de l’état 3MLCT des nouveaux complexes de Fe(II) sont comparables à celles
des DSSC de complexes de Ru(II) (plus de 10 ps), mais leurs performances PCE sont encore 
faibles et ne sont pas significativement améliorées par rapport à celles précédemment rapportés 
par Gregg et al.155 Par conséquent, il est essentiel d'aborder la question de l'efficacité d'injection 
d'électrons à partir de l'état 3MLCT à partir des nouveaux complexes de Fe (II).
Récemment, Wärnmark et ses collègues ont affirmé que C2 a une injection d'électrons proche 
de l'unité à travers l'état 3MLCT, après avoir étudié C2 par résonance paramagnétique 
électronique, spectroscopie d'absorption transitoire, spectroscopie terahertz et calcul 
quantique.176

Une telle efficacité d'injection d'électrons semble suspecte, car une fois que C2 est greffé sur 
une surface nanoporeuse de TiO2/Al2O3, un groupe carboxyle est attaché à la surface et le 
complexe devient hétéroleptique comme C5. Dans un complexe hétéroleptique, deux états 
3MLCT sont attendus avec des niveaux d'énergie similaires : i) la partie inférieure greffée sur 
TiO2/Al2O3, ii) et la partie supérieure avec un groupe carboxyle libre. Ainsi, lors de l'excitation, 
la population de l'état 1MLCT est divisée en deux états 3MLCT avec un rapport de près de 
50/50%. Ensuite, il semble difficile d'atteindre une efficacité d'injection d'électrons proche de 
l'unité grâce à l'état 3MLCT.

Pour soutenir notre hypothèse d'une faible efficacité d'injection d'électrons grâce à l'état 3MLCT, 
des expériences d'absorption transitoire et de fluorescence résolues dans le temps ont été 
effectuées sur C2, C4, C5 et C7 en film.
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Les temps de vie des films Fe (II) -TiO2 étudiés par spectroscopie d'absorption transitoire et 
analysés globalement sont résumés dans le tableau V.3 dans la thèse. Tous ces composés 
présentent des signatures spectrales et des dynamiques similaires. Ces résultats confirment 
notre hypothèse initiale où les électrons de l'état 3MLCT peuvent prendre deux voies différentes : 
i) injection sur TiO2 (τ2) ii) et relaxation à l'état fondamental (τ3).

Les complexes hétéroleptiques (C5 et C7) montrent une injection d'électrons plus rapide et la 
substitution accélère l'injection d'électrons en 1 ps. Dans la structure sandwich, l'environnement 
a également un effet sur l'injection d'électrons. Ainsi, le pH peut jouer un rôle sur le PCE, et il 
est nécessaire d’optimiser tous les paramètres de fabrication des DSSC à base de Fe (II) afin 
d’améliorer leur efficacité. 
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IV. Conclusions 

La compréhension de la formation de porteur libre photo-induite et de la dynamique de 
recombinaison de charge est essentielle pour améliorer les performances photovoltaïques des 
cellules solaires. Étant donné que ces processus se produisent à des échelles de temps de la
picoseconde à la nanoseconde, les spectroscopies résolues en temps sont des méthodes
expérimentales polyvalentes pour accéder à une telle dynamique spectro-temporelle ultra-
rapide. Comme le montrent de nombreux groupes et dans de nombreuses publications, 
l'information spectro-temporelle permet, en principe : 1) d'identifier les espèces photo-induites 
(états excités, excitons, états CT, polarons, etc.) et comment elles sont liées les unes aux autres 
par un schéma réactionnel, et 2) déchiffrer les taux de transition ou les durées de vie de ces 
espèces, ainsi que les rendements quantiques des transitions correspondantes.

Dans ce travail, la spectroscopie d'absorption transitoire femtoseconde a été utilisée avec une 
région spectrale de 300 à 950 nm, une gamme temporelle allant jusqu'à 6 ns et avec une 
résolution de temps de moins de 60 fs. Cependant, la superposition temporelle et spectrale des 
différentes contributions rend difficile l'interprétation des réactions photo-induites. Ainsi, des 
mesures de fluorescence résolues en temps ont été effectuées pour étudier la dynamique de l'état 
excité. L'identification des espèces nouvellement formées, telles que l'espèce chargée, nécessite 
la combinaison de spectroscopies transitoires avec d'autres techniques, telles que la spectro-
électrochimie et la spectroscopie THz (non utilisées dans ce travail) pour déterminer leur 
signature spectrale et caractériser leur dynamique, respectivement.
Cependant, les spectroscopies classiques ont leurs limites : 1) détection spectrale étroite et 2) 
manque d'informations spatiales. Pour observer et déterminer les espèces impliquées dans les 
processus photo-induits, la détection spectrale doit être dans la gamme spectrale des espèces 
produites, par exemple il sera utile d'identifier l'injection d'électrons dans la gamme IR moyen. 
En outre, la morphologie contribue de manière significative aux études en couche active. La 
taille typique du faisceau de sonde (100 μm de diamètre) permet seulement une résolution 
globale moyenne sur plusieurs domaines cristallins. Cependant, la morphologie des films a été 
sondée par d'autres techniques, telles que TEM et la diffraction d'électrons, l'hétérogénéité des 
conformations moléculaires, comme discuté pour le système d'oligomères D-A, complique la 
compréhension de l'ensemble du scénario photo-induit.

L'étude de l'oligomère D-A en solution montre un impact sur les interactions intramoléculaires. 
Les différents séparateurs (δ ou δ+) modifient le mécanisme de formation de l'état à transfert de 
charge (par FRET ou non, respectivement) et sa constante de temps. En outre, la conception 
chimique sur l'amine terminale (δ-) prolonge la durée de vie de la recombinaison de l'état à
transfert de charge (2 à 3 fois). En réduisant la polarité du solvant, la recombinaison de l'état à
transfert de charge diminue jusqu'à un ordre de grandeur, ce qui indique que l'environnement a 
une influence plus forte.
Dans les films, on observe également que l’environnement a un effet important sur la 

dynamique des états à transfert de charge. Malgré la modification de la fraction D, les états 
photo-produits ont une durée de vie de l’ordre de la nanoseconde. Des expériences sont 
nécessaires pour identifier quel état est formé. L’hypothèse la plus probable est la formation 

d’une paire de polaron qui est un état non radiatif.

En perspective, le point clé est de déterminer l'état du photoproduit dans les films. Étant donné 
que le champ électrique externe ne peut affecter que la paire de polaron sans excimère, la 
spectroscopie de modulation de charge est une autre alternative possible. Elle permettrait 
d’étudier l'effet d'un biais appliqué sur les OSC et observer les spectres des espèces chargées. 
Des recherches supplémentaires sur l'information spatiale sont particulièrement intéressantes, 
en combinant la spectroscopie résolue en temps avec la microscopie, comme la référence 177.
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Il est essentiel de mentionner que la meilleure PCE basée sur les OSC (11,5% dans la Figure 
II.1) est encore beaucoup plus faible que celle basée sur des cellules solaires inorganiques (46%, 
non montrées). En outre, la durée de vie relative plus faible des OSC limite également ses 
applications dans des projets à long terme et difficiles à remplacer, comme les panneaux solaires 
pour les satellites ou les chambres à flotteur en mer. Cependant, en raison de sa fabrication 
facile sur de grandes surfaces flexibles, faible poids et faible prix, les OSC peuvent encore 
trouver leur propre part de marché.
Le travail sur les complexes de Fe (II) a permis d’obtenir un complexe ayant la durée de vie de
l’état 3MLCT la plus longue à température ambiante en solution, à ce jour. La compréhension 
de leurs propriétés photophysiques est renforcée par des calculs de chimique quantique. Grâce 
à l'effet de la structure électronique, l'état 3MC a un niveau d'énergie supérieur à celui de l’état
3MLCT. La substitution N pourrait contribuer davantage à prolonger la durée de vie de l'état 
3MLCT de ces complexes.

Bien que la durée de vie de l'état de fonctionnement de 26 ps de l’état 3MLCT soit atteinte en 
solution, la PCE du dispositif photovoltaïque correspondant154,175 n'a pas été amélioré 
significativement par rapport à d'autres complexes classiques de Fe (II).155 Ainsi, deux 
possibilités pourraient conduire à cet effet : 1) une mauvaise efficacité d'injection d'électrons à 
partir des états 1,3MLCT ou / et 2) une recombinaison rapide d'électrons-trous à l'interface. 
Wärnmark et al. ont proposé que l'efficacité de l'injection d'électrons soit proche de l'unité.176

Dans notre option, deux ligands (la partie inférieure est greffée sur TiO2 et la partie supérieure 
est libre) ont des niveaux électroniques similaires. Une fois que l'état 3MLCT est situé en haut, 
l'injection d'électrons est interdite en raison de la géométrie, et la relaxation vers l'état 
fondamental se produit. Par conséquent, l'injection d'électrons est en compétition avec la 
relaxation vers l'état fondamental. Ainsi, l'estimation de l'efficacité d'injection d'électrons en 
fonction de la durée de vie est douteuse.

En perspective, des preuves directes sont nécessaires pour prouver notre hypothèse. Outre la
spectroscopie de fluorescence résolue en temps et la spectroscopie terahertz, la spectroscopie 
de rayons X résolue en temps pourrait fournir plus de preuves de l'injection d'électrons et de la 
recombinaison de charge à l’interface. En tant que photosensibilisateur bon marché, les 
complexes de Fe (II) avec d'autres modifications, telles que l'ajout de séparateur ou d'unité 
complexe secondaire, peuvent également être utilisés non seulement pour les DSSC, mais aussi 
pour d'autres applications, comme la dissociation de l’eau.
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Light is color. Light is energy. It fuels life, and it feeds the spirits. It inspires art, religion, and 
science. Light holds the secrets of the universe. For thousands of years, human beings have 
tried to resolve the nature of light and manipulate it. 

The most common way to produce energy in nature is photosynthesis by plants. Even though 
the photosynthesis process depends on the species, the basic principle is still same. The sunlight 
is absorbed and creates electrons. Through multiple processes, the light energy is converted into 
chemical energy such as sugars.
Based on this old and efficient idea to produce energy by absorbing the sunlight, chemists could 
synthetize different types of molecules with versatile properties to enhance the efficiency of the 
light-to-energy conversion.
In this PhD thesis, finalized at Institut de Physique et Chimie de Matériaux de Strasbourg, we 
study different types of solar cells (donor-acceptor molecules for organic solar cells in §II.3 and 
§ IV, Iron(II) complexes for dye-sensitized solar cells in §II.4 and §V) and focus on 
photophysical mechanisms, especially the energy/electron transfer processes by using ultrafast 
spectroscopies. Our purpose is to understand how the molecular structure of artificial 
compound and its interaction with environment effect photo induced processes, then the 
conversion efficiency and to provide our advice to synthetize efficient photo conversion 
systems throught the photophyscial point of view.

I.1 Solar Light

The light can be considered as black-body radiation which emits a characteristic spectrum at a 
certain temperature from a body. And the most common thermal light source is the Sun. The 
Sun emits light in a broad range from ultraviolet (UV) to infrared (IR). The solar spectrum, 
when measured above the Earth atmosphere can be well approximated by an ideal emission 
spectrum of a black body at 5900 K.

Due to the Earth atmosphere and its position from the Sun, the standard solar spectrum receives 
on Earth is called AM 1.5G (global) with an integrated power density 1000 W*m-2. The name 
stands for sunlight traveled through 1.5 times the path length of the equator air mass (AM). 
Those spectra are shown in Figure I.1.

Figure I.1 5900 K ideal black body spectrum (yellow), solar spectrum in space (orange) and AM 1.5G 
solar spectrum (colored) on Earth.1 The AM 1.5G solar spectrum is the standard spectrum on the Earth 

surface, especially taking account of the air sphere absorption.
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I.2 Light-Matter Interactions

Light is an electromagnetic wave composed of an electric field and a magnetic field. The
interaction between light and matter involves mainly the conversion of the energy at 
characteristic frequencies. According to quantum mechanics, light can also be considered as an
ensemble of particles: Photons, which have a quantified energy according to the Planck-
Einstein relation:

E = hν = /01 (Eq.I.1)

where h, v and λ are Planck constant, frequency and wavelength in the vacuum, respectively.

I.2.1 Absorption

According to the quantum mechanics point of view, any microscopic object, elementary 
particles, atoms, molecules have an energy spectrum characterized by discrete energy levels. In 
molecules, the energy gap between the electronic states is much larger than that between the 
vibrational states. The former corresponds to the energy of a UV or visible(Vis) photon, and the 
latter is typical in the energy range of an IR photon. 

The presence of discrete energy levels signifies that the absorption only takes places if the 
photon energy is equal to the energy gap between the initial state (i) and the final state (j):

hν = 23 − 2- (Eq.I.2)

Absorption occurs only when the electric field of the light is resonant with the transition dipole 
moment between the initial and final states:

56788888⃑ = :;3<5̂<;-? = :@3<@-?:B3<5̂<B-? (Eq.I.3)
where Ψi and Ψj are the wavefunctions of the initial and final states and 5̂ is the transition 
dipole moment operator. According to the Born-Oppenheimer approximation, the vibrational 
part of the wavefunction, θ, can be separated from the electronic one, ϕ. |56788888⃑ |2 is proportional to 

the transition probability and |:@3<@-?|2 represents the overlap of vibrational wavefunctions of 
the initial and final states, known as the Franck-Condon factor. The Franck-Condon principle 
implies that electronic transition takes place vertically in energy diagram without any geometry 
modification (nuclei are fixed). 

The transition dipole moment is related to molar absorption or extinction coefficient ε through 
the oscillator strength:

f = CDFGHIJK/LF |56788888⃑ |M = NGH0IJOPLF QR10 ∗ ∫ #(W)XW = 4.319 ∗ 10]^ ∫ #(W)XW (Eq.I.4)

where me, ε0, e and NA are the mass of an electron, the vacuum permittivity, its charge, and the 
Avogadro constant.

Experimentally, the absorbance A(λ) of a sample is defined as following:

A(!) = − log _ `J(1)`abcde(1)i =  − log(k(!)) (Eq.I.5)

where I0(λ) and Itrans(λ) are the incident and transmitted spectral intensities and T(λ)=I0/Itrans is 
the internal transmittance at a given wavelength λ.
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For molecules in solution, the Beer-Lambert law is the relation between molar extinction 
coefficient and absorbance (assuming isolated, fully solvated molecules):

A(!) = εcl = l ∑ #-(!)q-- (Eq.I.6)
where c is the concentration and l is the optical path through the sample. If the sample is a 
mixture of multiple species, the absorption is the sum of each contribution.

Under low concentration conditions, molecules in solution are considered as isolated, i.e.

monomeric species, and characterized by the above discussion. Under high concentrations
condition or in the solid state, the monomers can interact with each other and form dimers,
trimers, or aggregates of N molecules. The electronic resonance coupling in dimers is described 
by two extreme cases, the so-called H- and J-aggregates.2,3 Figure I.2 shows these aggregates 
and their corresponding electronic state levels. In a dimer aggregate with simplified conditions,
the energy gap of the ground state and the excited state is reduced due to the higher dielectric 
constant in the solid state than that in the solution.

As a consequence of excitonic coupling, the S1 state splits into two excitonic states. The 
magnitude of this splitting depends on the extent of the transition dipole moment delocalization,
thus on the distance between the monomers, and their mutual arrangement.

For the dimer, two identical monomers with their dipole moments (5r8888⃑ and 5M8888⃑ ) aggregate and 
separate by a distance vector (s8⃑ ) as shown in Figure I.2, the excited state resonance interaction 
V is approximated by the electrostatic interaction between dipole moments:

u = _ rNDIJvwi [5r8888⃑ ∗ 5M8888⃑ − Kyz{88888⃑ ∗v8⃑  }yzF88888⃑ ∗v8⃑  }vF  ] (Eq.I.7)

When the transition dipole moments are parallel and “side-by-side” (5r8888⃑ ∗ s8⃑ = 0), the dimer 
forms a H-aggregate, resulting in a positive coupling:

u = _ rNDIJvwi 5r8888⃑ ∗ 5M8888⃑ > 0 (Eq.I.8)

Therefore, H-aggregate predicts the transition strength: the high-lying state is allowed, and the 
low-lying state is forbidden. Thus, the steady-state absorption spectrum shows a blue-shift. 
According to the Kasha rule, the high-lying state is not emissive due to the fast relaxation to 
the low-lying state and the low-lying state is forbidden. So, the fluorescence is quenched.4,5

When the transition dipole moments are in-line and “head-to-tail” (5r8888⃑ ∗ s8⃑ = 5r ∙ s), the dimer 
forms a J-aggregate, resulting a negative coupling:

u = − _ rNDIJvwi ∗ 25r8888⃑ ∗ 5M8888⃑ < 0 (Eq.I.9)

Here the situation is reversed: the low-lying state is an active and high-lying state is dark. Thus, 
the J-aggregate predicts a red spectral shift on the steady-state absorption and fluorescence 
spectra.

In a more general case, the transition dipole moments are coplanar with a distortion angle θ, the 

coupling is: u = _ rNDIJvwi 5r8888⃑ ∗ 5M8888⃑ ∗ (1 − q��M@) (Eq.I.10)
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In Figure I.2, two cases are highlighted: i) the transition dipole moments are in-line (slip angle 
θ = 0°, J-aggregate) ii) or side-by-side (θ = 90°, H-aggregate). While for the general case of 
coplanar monomers, both excitonic states are populated. This trend is represented by sigmoidal 
curves in Figure I.2. 
At the magic angle (θ = 54.7°), both sigmoidal curves have an intersection point, and the two 
states are equal in energy. Thus, their absorption spectra are not anymore distinguished from 
those of their monomers.
The transitions from S0 to S1 states on the solid sigmoidal curve are strongly allowed (high 
oscillator strengths), whereas the ones to the energy levels on the dashed line are forbidden 
(zero oscillator strength). Consequently, the aggregates absorption maxima are shifted to lower 
energies or to higher energies, respectively.

Figure I.2 Schematic Jablonski diagram for the excitonic coupling in a dimer with the collinear
orientation of their transition dipole moments. The interconnecting axis is tilted by the slip angle θ,

with respect to the dipole axis. Adapted from Ref.6

For H-aggregate, no emission is expected. In practice, some weak emission can be observers
low-lying state due to the vibronic excitation from high vibrational levels (0-1, 0-2, etc.) in 
several H-aggregate case, such as poly(3-hexylthiophene) (P3HT)7,8 and perylene bisimides.9,10
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I.2.2 Radiative and Nonradiative Processes

Upon photon absorption, the molecule is in its excited state. Then several photophysical 
processes lead the molecule back to its lowest electronic state (the ground state S0). The 
different relaxation pathways are illustrated in the Jablonski diagram (Figure I.3). These 
processes are classified in: i) radiative process with the emission of a photon (dotted arrows),
ii) or non-radiative process without any photon emission (solid arrows). The states with a spin
multiplicity of one and three are noted Sn (singlet) and Tn (triplet), respectively. The number n 
increases as the energy of electronic states.

Figure I.3 Jablonski diagram for processes that excited molecules can undergo after excitation to their
second singlet excited state S2. The bold and thin black lines represent the electronic and vibrational 
levels, respectively. IC: internal conversion, IVR: intramolecular vibrational energy relaxation, ISC: 

intersystem crossing. Absorption (blue), fluorescence (green) and phosphorescence (yellow) 
corresponds to the photon absorption from the ground state to some excited state, the photon emission 

from same spin states and the photon emission from different spin states, respectively.  

I.2.2.1 Nonradiative Processes 

Internal conversion and intersystem crossing. Internal conversion (IC) and Intersystem 
crossing (ISC) indicate two different processes of energy relaxation. IC takes place between 
two states of identical spin whereas the spin changes in ISC. As shown by the horizontal arrows 
in Figure I.3, the energy is transferred from the fundamental vibrational states of the upper 
excited electronic state to a high vibrational state of the lower excited state.
In principle, the ISC is a spin-forbidden process in organic molecules due to the weak spin-
orbital coupling. Thus, its rate is much smaller than the IC rate. However, if a heavy atom or 
paramagnetic species exists in the system, an angular orbital momentum is introduced and 
couples with the change of spin. Thus, the ISC rate can be significantly increased and compete 
with other processes, known as the El-Sayed’s rule.11, 12

Intramolecular vibrational energy relaxation. A molecule in a higher vibrational state will 
relax to the lowest vibrational state. During this process, the energy is redistributed among 
normal modes of the molecule (Intramolecular vibrational energy redistribution, IVR). This 
process is also called vibrational cooling (VC) when the energy is dissipated into the 
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environment. The relaxation rate of those two processes depends on excess energy and they 
take place from sub-picosecond to several picoseconds.

I.2.2.2 Radiative Processes 

Luminescence implies the emission of a photon. It is categorized as fluorescence or 
phosphorescence depending if the emission occurs between two states with the same spin: 
S1→S0, or between two different spin multiplicities: T1 → S0, respectively. Due to weak spin-
orbital coupling in organic molecules, the transient from T1 to S0 is spin forbidden, 
phosphorescence is much slower than fluorescence. For molecules containing heavy atoms, 
phosphorescence is more frequently observed as strong spin-orbital coupling enhances
phosphorescence quantum yield. As phosphorescence has a much lower radiative rate, the 
photoluminescence intensity is smaller than that of fluorescence at the same time and generally, 
the phosphorescence doesn’t contribute to the stimulated emission in transient absorption 
spectroscopy dataset (more details in § III).

Two basic rules describe the luminescence: Kasha and Vavilov rules. Kasha rule implies that 
the radiative process takes place only from the lowest excited electronic state of a given spin 
state, S1 or T1.13 The Vavilov rule is a direct consequence of Kasha rule, as it states that the 
luminescence quantum yield is independent of the excitation wavelength.14

The emission to high vibrational ground state results in an interesting observation; the emission
spectrum is typically a mirror image of the absorption spectrum. It happens when the excitation 
does not change the nuclear geometry (Frank-Condon factors are the same). Then, the 
vibrational state spacing is similar in S1 and S0; a similar vibronic structure can be observed in 
the absorption and emission spectra of rigid molecules, leading to a mirror-like image.
The energy difference between the band maximum of steady-state absorption in the lowest 
energy and the maximum of fluorescence in the highest energy is known as the Stokes shift due 
to solvent effect or vibrational relaxation.15

The relaxation of the molecule in the excited electronic state involves a competition between 
the radiative and non-radiative processes. The overall emission efficiency is defined as the ratio 
of the radiative rate constant and the sum of all the rate constants, expressed as quantum yield:

ϕ = �b�b��db (Eq.I.11)

where kr and knr = kIC + kISC are the radiative and non-radiative rate constants. The excited-state 
lifetime is equal to the inverse of the sum of the rates of all relaxation pathways:

�L�0-�L�]$���L = r�b��db (Eq.I.12)
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I.3 Photoinduced Processes

Besides the basic processes described above, several additional notions and mechanisms are 
necessary to understand the light-to-energy conversion in condensed matter or materials made 
for such applications.

I.3.1 Excitons and Polarons

Exciton. In the typical semiconductor such as TiO2, the photoexcitation has an energy 
exceeding its band gap (the energy difference between the conduction band and the valence 
band). The excitation results in an electron transfer from the valence band to the conduction 
band. Thus, an electron forms in the conduction band and a positive charge/hole is in the valence 
band. This electron is highly attracted by the localized hole through Coulombic interaction. 
This bound electron-hole pair is a neutral particle also called exciton and formed within 
femtosecond.16, 17

The Coulombic interaction V introduces a stabilizing energy balance. Thus, the exciton has less
energy than unbound electron-hole pair. The difference is called the binding energy and is 
related to the Coulombic interaction by the relation:

V = LF
NDIJIb� (Eq.I.13)

where e is the elementary charge, ε0 the vacuum permittivity, εr the dielectric constant and r the 
distance between electron and hole.

On the one hand, in inorganic semiconductors, the radius of the exciton is 40-100 Å which is 
one order of magnitude larger than the lattice distance (Wannier-Mott exciton). And the binding 
energy is lower than 40 meV because the dielectric constant is large. Thus, the Wannier-Mott 
exciton can separate into free carriers at room temperature. The Figure I.4 illustrates these two 
different types of exciton.
On the other hand, for organic semiconductors, due to the low dielectric constant (εr < 3), the 
binding energy is more than 300 meV. The radius of the exciton is smaller and typically less 
than 5 Å (Frenkel exciton). It indicates that the exciton is located on the same lattice and diffuses 
as the same particle. Thus, Frenkel excitons are stable at room temperature. Besides along the 
polymer chain or in the crystal, the exciton can be transferred by energy transfer, such as Förster 
resonance energy transfer.

Figure I.4 Different types of the exciton. (a) Frenkel exciton with small radius < 5 Å, typically in
organic materials and (b) Wannier-Mott exciton with large radius 40-100 Å, typically in inorganic 

materials. From ref. 18
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Polarons and charge-transfer states. In an inorganic semiconductor, at room temperature, 
free carriers are generated from thermally activated or dissociated Wannier-Mott excitons. In 
organic materials, the separated charges are more localized due to the poor screening of the 
electric field, and the electron-hole pair is still weakly bound by Coulombic interaction. When 
a transition dipole to the molecular ground state is still observed, the state is a charge-transfer 
state. If the charged species can diffuse in the lattice, they are named polarons. Once the 
electron-hole escape the Coulombic capture radius, they form free carriers or called as charge 
separated state.

I.3.2 Förster Resonance Energy Transfer (FRET)

A molecule can transfer its excitation energy to another molecule via coupling of the respective 
transition dipoles. The energy transfer takes place from the excited state of the donor (D) to the 
ground state of the acceptor (A).

D* + A → D +A*

The energy transfer process is non-radiative and can take place between two separate moieties, 
linked donor and acceptor or along stacking chromophores.

For the Förster theory, the energy transfer happens at a shorter distance (much shorter than the 
visible light wavelength) by Coulomb interaction without the prerequisite of the donor and 
acceptor molecular orbitals overlapping (Dexter type energy transfer).
Due to dipole-dipole interaction, the coupling strength between donor and acceptor is expressed 
by the energy:

V = ��F
NDIJ�F |z�88888⃑ ||zP88888⃑ |��Pw κ (Eq.I.14)

where fL=(n2+2)/3 is the Lorentz correction factor, accounting for the refractive index n of the 
dipole's environment, 5�8888⃑ and 5�8888⃑ are the transition dipole moments for D* → D and A → A*, 

rDA is the distance between donor and acceptor and, κ depends on two dipoles orientation. If the 

relative orientation of the dipoles is random the average of κ is �2 3� .

The energy transfer rate constant depends on the overlap of the donor fluorescence spectrum 
and the acceptor absorption spectrum:

���~ NDF
/ |u|M~ r�� ( vJ��P)� (Eq.I.15)

where τD is the fluorescence lifetime of the donor without the acceptor and R0 is the Förster 
radius. The Förster radius can be determined by:

s�� = ^���∗`�(r�) F¡¢,�rMCD£OP�¤ ¥(!) (Eq.I.16)

J(!) = ∫ §�(1)IP(1)1¤�1J̈ ∫ §�(1)�1J̈  (Eq.I.17)

where ϕf,D is the quantum yield of the donor, NA is the Avogadro constant, J(λ) is the overlapped 

integral, FD(λ) is the donor fluorescence spectrum, and εA(λ) is the molar absorption coefficient. 

The typical R0 is from 30 to 60 Å, which is similar to the biological macromolecules sizes.

As the rate constant of FRET highly depends on the distance between donor and acceptor, FRET 
also has been widely used to measure the distance and detect molecular interaction in biology. 
Thus, FRET has been used as a spectroscopic ruler for distance measurement between two 
molecules/moieties of the molecule.15
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I.3.3 Marcus Theory

Besides the intrinsic relaxation pathways IVR, IC and ISC and energy transfer, electron transfer 
is also a common photochemical reaction. The electron can be transferred from the excited state 
of a donor to the ground state of an acceptor molecule or the hole from the ground state of an 
excited acceptor to the ground state of a donor in order to form the following charged species:

D* +A → D+ + A-

D +A* → D+ +A-

The electron transfer can occur when the energy of the product state is lower than the one of 
the reactant states. Then the free energy of this reaction is given by the Rehm-Weller equation:
15,19 &2� = e[2ª� («) − 2�L�(¬)] − 2�� (Eq.I.18)
where Eox(D) and Ered(A) are the oxidation and reduction potential energies of the donor and 
acceptor, respectively, and E00 is the energy gap of the reactant.

The electron transfer process has been successfully explained by Marcus theory, based on the 
transition state theory.20 In the classical Marcus theory, the reactant and the product are 
described as free energy surfaces with two identical parabolas. The barrier that the reactant has 
to overcome is represented by the activation energy:

&­� = (®¯J�1)F
1 (Eq.I.19)

where ΔG0 is the free Gibbs energy, and λ is the reorganization energy, accounting for the 

intramolecular reorganization energy (λi, structural changes in the reactant) and solvent 
reorganization energy (λsol, rearrangement of the solvent). By the Born-Hush approach, the 
latter is expressed as:

!$ª° = LF
NDIJ _ rM�± + rM�³ − rv´´i _ r�F − rIi    (Eq.I.20)

where n and ε are the refractive indexes and dielectric constant of the solvent. r+ and r- are as 
the radii of hole and electron densities, and Rcc is the electron-hole centroid distance.

The rate constant of electron transfer is derived as:

k = NDF
/ |u|M r¶ND1�·� exp [− (®¯J�1)F

N1�·� ] (Eq.I.21)

where V refers to the electronic coupling between the reactant and product states and depends 
on the overlap of their electronic wavefunctions, kB is the Boltzmann constant and T is the 
temperature. 
Strong coupling denotes the adiabatic limit when the two potential energy surfaces effectively 
split into two and the electron transfer proceeds along the lower potential energy surface as 
shown in Figure I.5. However once the coupling is small relative to kBT, the electron transfer 
occurs non-adiabatically. 21
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The equation indicates that the electron transfer rate constant at first increases as ΔG0, until 
reaching a maximum, then decreases. The plot of In(kET) as the function of ΔG0 exhibits the
famous bell shape in Figure I.5. Three regions are discerned:

1. Normal region: -ΔG0 < λ

2. Optimal region: -ΔG0 ≈ λ

3. Inverted region: -ΔG0 > λ

In the normal region, the rate constant increases with ΔG0 and the opposite behavior is predicted 
in the inverted region. The solid curve in the bottom panel in Figure I.5 shows the expected 
behavior.

A semi-quantum mechanical model introduced by Jortner22 takes into account the vibrational 
modes. The coupling between the vibrational modes of the reactants and the products shows 
new pathways that increase the ET rate constant in the inverted region as shown by the dotted 
curve in the bottom panel in Figure I.5. 23, 24, 25

Figure I.5 Position of two free energy surfaces according to the three regions of the Marcus theory (top 
panel) and the corresponding electron transfer rate constant as the function of free Gibbs energy (solid 
curve in the bottom panel) with the semi-quantum Jortner modified model (dotted curve in the bottom

panel)
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II.1 The Photovoltaic effect

Due to the global economic development and increasing living standards, the needs for energy 
have experienced rapid growth during the past few decades. It can be foreseen that the world's 
electricity consumption will rise by 50% until 2050. Our daily lives are supported by fossil 
fuels such as oil, natural gas, and coal. However, they bring two main problems, the limited 
availability of fossil energy sources, especially oil and climate problems, such as global 
warming. Therefore, scientists have a great interest in the development of renewable energies 
such as green biological energy resources, geothermal power, and solar energy.

As a member of the solar system, the earth gets about 6.3*1016 W solar energy each year, which 
is a thousand times more than the total energy required for the whole world (1.5*1013 W in 
2009). Besides the natural photosynthesis, the solar energy can generate thermal energy by 
heating high thermal materials, such as a cooker or a water heater or split water into hydrogen 
and oxygen and store them away or be directly converted into electrical energy. Compared with 
other renewable resources, the solar cells can be used anywhere without geographic limitation. 

The light-to-electricity conversion, due to the so-called photovoltaic effect, was firstly observed 
by Alexandre-Edmond Becquerel in 1839 and was explained by Albert Einstein in 1905, which 
brought the latter a Nobel Prize. Even though the photovoltaic effect was observed in 
semiconductors (Se and Pt) since 1877, photovoltaics were not well investigated until silicon 
has been taken into account in the 1940s by Gerald Pearson. Later the power conversion 
efficiency of the silicon solar cells has been improved to 6% by Darryl Chapin and Calvin 
Fuller.3

Since then, multiple technologies have been developed in order to improve the power
conversion efficiency, including the modification of device structure (bilayer, bulk 
heterojunction, multi-junction), the development of new semiconductor material families 
(GaAs, III-V groups, CIGS: Copper Indium Gallium Selenide) and new concepts (organic solar 
cells, dye-sensitized solar cells and perovskite solar cells). Figure II.1 displays different types 
of solar cells invention and their record power conversion efficiency in last 20 years.
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Figure II.1 Record power conversion efficiencies achieved with different types of solar cells in the lab 
scale. 26 Blue square: multi-crystalline Si solar cells and blue triangle: thin film crystal Si solar cells.

For organic solar cells (solid circle curve) and dye-sensitized solar cells (circle curve), the PCE is still 
below 12 % which is much smaller than Si solar cells (around 21 %).

In order to fully understand the solar cells and interactions between different components, it’s 

essential to study complete solar cells and separate components. Therefore, several techniques 
are developed to analyze the solar cells. The principal goals are to: 1) measure the internal 
device working properties on complete solar cells under solar light conditions to characterize 
the PCE, 2) study different energy and/or charge transfer process and 3) optimize new materials. 

The key characterization of complete solar cells is the power conversion efficiency η, 

determined by the current-voltage (I-V) measurement. For the efficiency measurement, the 
white light from a solar simulator is used as the light source. And the AM 1.5G spectrum is 
taken as the standard irradiative spectrum, as shown in Figure I.1.
An ideal I-V curve is illustrated in Figure II.2.27 The short circuit current Jsc is determined at 
V = 0 V and the open-circuit voltage Voc is found at I = 0 A. As shown in the top panel of Figure 
II.2, the maximum output Pmax is obtained when working at a bias Vmax such that product |Imax

* Vmax| is maximum.

The power conversion efficiency is given by:

η = »¼c½∗¾¼c½¿%d = ÀÀ ∗ »e´∗¾Á´¿%d (Eq. II.1)

where Pin is the incident power density, Jsc is the short-circuit current density, Voc is the open-
circuit voltage, and FF denotes the fill factor. 
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Figure. II.2 Bottom panel: Illustration of the current-voltage characteristic of a solar cell. Top panel: 
cell output power (blue line) as a function of voltage. Jsc: Short-circuit current. Voc: Open-circuit 

voltage. Pmax: Maximum power. Jmax: Maximum current. Vmax: Maximum voltage.27

Short-circuit Current. The short-circuit current is the photocurrent through the solar cell when 
the voltage applied on the device is zero. The photocurrent results from the generation and 
collection of free carriers upon light absorption. Alternatively, Jsc can be evaluated by 
measuring the monochromatic incident photon-to-current conversion efficiency (IPCE), in 
which a careful spectral mismatch correction between the molar absorption and solar spectrum
can be taken account as the ideal AM 1.5G spectrum is not regular in this measurement. ¥$0 is 
given by

¥$0 = ∫ QÂ'2(!) ∗ Ã ∗ B�Ä r.Å¯(!)X! (Eq.II.2)

where e is the elementary charge, and ϕAM 1.5G is the flux of AM 1.5G.

Jsc is shown to be determined by a series of parameters, including absorption coefficient, optical 
band gap, exciton binding energy, exciton dissociation rate, free carriers mobilities, and 
recombination rate. As compared to inorganic semiconductors and hybrid perovskites, the 
photovoltaic performance of organic semiconductors are significantly limited by the large 
exciton binding energy, small carrier mobility (in silicon μe ≈ 1000 cm2/(Vs) and in organic 
solar cells, μe ≤ 1 cm2/(Vs) ) and fast recombination rate. Most importantly, the charge-transfer 
state, as a unique feature for OSCs, monitoring charge transfer state formation and 
recombination both in kinetics and quantum yield is important, as this state is involved in the 
most of energy loss mechanisms (exciton dissociation, charge transfer dissociation into free 
carriers).

Open-circuit Voltage. The open-circuit voltage corresponds to the forward bias on the solar 
cell at zero current flow. Theoretically, Voc is given by

uÆÇ = ��·�È QR(`ÉÊ`J + 1) (Eq. II.3)

where n is the ideality factor, �Ë is the Boltzmann constant, T is the temperature, q is the 
elementary charge, IPh is the photocurrent or the short-circuit current and I0 is the dark saturation 
current.
Typically, the Iph/I0 term has a small variation while the saturation current could change by 
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orders of magnitude. According to Eq. II.3, the most critical parameter is the saturation current 
I0, reflecting the density of defects or trap states in the materials systems.
The maximal Voc is determined by many parameters. For OSCs, the maximal Voc is the energy 
difference between the Highest Occupied Molecular Orbital (HOMO) of the acceptor to Lowest 
Unoccupied Molecular Orbital (LUMO) of the donor. More details are given in § II.4

Fill-Factor. The fill-factor represents the ratio of the maximum output power from the product 
of Jsc and Voc. In the figure, the fill-factor is the largest rectangle on the I-V curve. In general, 
a significant serial resistance and a small parallel resistance tend to reduce the fill-factor.

Besides the I-V characterization, the steady-state and time-resolved spectroscopies are useful 
tools to analyze the solar cells and their components, especially to achieve the last two goals:
to study different energy and/or charge transfer process and to optimize new materials.
In this work, we combined the means of spectroscopy measurements to investigate 
energy/charge transfer processes and to aim at designing new molecular materials in two types 
of solar cells.

II.2 Photovoltaic semiconductors

In the commercial photovoltaic market, doped silicon is still the most used material. The solar 
cells based on silicon works as a p-n junction. The principle of the p-n junction can be found 
easily in many handbooks of solid state physics. As mentioned in the §. I.3.1, Wannier-Mott 
excitons are generated with large radii typically in inorganic semiconductors or in the newly 
emerging organic-inorganic hybrid perovskites. Thus, the binding energy due to the Coulomb 
potential energy is easy to overcome and exciton dissociates at room temperature.28

Besides home-based applications, the aircraft Solar Impulse 2 finished a few months ago its 
first world round trip without any fuels. The silicon solar cells were mounted on the wings, 
fuselage and horizontal tail plane. Energy gained from the solar cells is stored in lithium 
polymer batteries to allow the aircraft to fly during nights.
However, the cost of generating power by using silicon solar cell is much more expensive than 
that of commercial power generation. Since pure silicon is manufactured by high temperature 
and vacuum processes and has a large number of associated parts, the pay-back time is still very 
long (typically 1-2 years). Furthermore, since the silicon modules are massive, dissemination 
to homes has a limitation because of the high installation costs and legal requirements for 
installation.

Since the 1990s, new technologies have been developed to obtain low-cost and high efficient 
solar cells, such as dye-sensitized solar cells (DSSCs in § II.4 and § V), organic solar cells 
(OSCs in § II.3 and § IV) and more recently perovskite solar cells. The first two types of solar 
cells will be discussed in details in the following sections.
Organic-inorganic hybrid perovskites have demonstrated incredibly promising photovoltaic 
performance (PCE ~ 20%) after less than five years development29 due to the broad light 
harvesting property (visible to near infrared), ultrafast charge dissociation (~1 ps), long charge 
carrier lifetimes (~1 µs), and excellent charge mobilities (10-100. cm2/(Vs)). With the flexibility 
of materials design by modifications of organic cation or halide anion, hybrid methyl halogen 
perovskites can exhibit high photoluminescence quantum efficiency and tunable optical 
bandgap. However, the understanding of the fundamental photophysics is still in progress, and 
photo-degradation severely limits today the operation lifetime of the corresponding solar cells.
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II.3 The photovoltaic effect in organic solar cell materials

II.3.1 Principle of OSCs

The working principle of OSCs is composed of four steps: 1.light absorption and exciton 
generation within the active layer, 2.exciton diffusion towards D/A interfaces, 3.exciton 
dissociation at D/A interfaces and 4.charge collection at electrode interfaces. A simplified 
scheme of the photo-induced processes and their relative energy level diagram30 is shown in 
Figure II.3 neglecting recombination processes.

Figure II.3 (A) Simplified photo-induced process in OSCs with its four essential steps: 1) Light 
absorption and exciton generation 2) exciton diffusion 3) exciton dissociation and 4) charge collection

and (B) Energy level diagram of the donor-acceptor interface showing the principle steps. The maximal 
Voc is determined by the energy gap between LUMO(A) and HOMO(D).30

Light absorption and exciton generation. Photovoltaic conversion first requires the 
absorption of photons emitted by the sun. The absorption of incident waves causes excitation 
in the transition of an electron from HOMO to LUMO. In close-packed molecules, HOMO and 
LUMO may extend over several molecules (H-/J- aggregate). 
After the absorption, the electron-hole pair localizes and binds, forming a Frenkel exciton. The 
characteristic absorption strength is dependent on its molecular extinction coefficient in the 
range of incident wavelengths. Once in the excited state, the molecule would decay radiatively
(fluorescence or phosphorescence) or non-radiatively (vibration on rotation of molecules). 
In OSCs, the origin of the photovoltaic effect requires the dissociation of the exciton, rather 
than free charges. Exciton (Frenkel type) is the localized electronic excited state because of
strong electron-hole coupling (electrostatic interaction) induced by structural deformation 
(electron-lattice interactions) and low dielectric constants (εr=3 ~ 4) with a typical high binding 
energy about 300 meV, which is much larger than thermal energy (26 meV in room temperature). 
So the electron-hole pair can’t break up spontaneously. The Frenkel exciton needs a potential
energy sink that separates the electron from the hole, which occurs at the interface between the 
two components, the donor and acceptor, as shown in Figure II.3.B. 

Exciton diffusion. The photogenerated excitons can diffuse through the material, carrying the 
excitation energy towards the break sites which provide sufficient energy offset for exciton 
dissociation. Particularly, exciton diffusion can happen through either intra-chain diffusion or 
inter-chain diffusion. Essentially, exciton diffusion can be described as an incoherent energy 
transfer process, such as the FRET in § I.3.2. The energy transfer process will lower the energy 
and could be intramolecular or intermolecular. Meanwhile, once the initially generated exciton 
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in the Franck-Condon state as the ‘hot’ exciton, the exciton diffusion could also occur as well 
as the “cold” action after the intramolecular vibrational relaxation.

Exciton dissociation and charge separation. Exciton dissociation is one of the key issues for 
improving the photovoltaic performance, particularly for OSCs. At the D/A interface, an energy 
offset (ΔELUMO in Figure II.3 (B)) is created due to the difference in the potential energies 
between donor and acceptor. Once an exciton reaches the D/A interface, it can be dissociated 
into an electron into the acceptor’s LUMO and a hole in the donor’s HOMO, forming charge 

transfer (CT) states. Essentially, exciton dissociation requires that exciton’s energy is greater 
than the energy of A’s LUMO level minus the charge transfer state binding energy.
CT states can be viewed as weakly bound electron-hole pairs at the D/A interface. Marcus 
theory31 has successfully explained this electron transfer process in amounts of chemical 
reaction as mentioned in § I.3.3. The CT state population is a precursor to a formation of free 
carriers, because charge transfer state dissociation leads to unbound charge separation state. 
Their dynamic evolution is of importance to escape Coulombic attraction. The longer lifetime 
of CT states brings more possibilities to generate free carriers.

Onsager proposed a quantitative model to explain the charge separation process.32 For a located 
and weakly bound electron-hole pair/CT state by Coulomb interaction, the mobile electron 
needs a far enough distance to escape the potential energy generated by the located hole and to 
create free carriers through Brownian random motion. Onsager defines a Coulomb capture 
radius rc where the Coulomb interaction is equal to the thermal energy kBT:Î0 = LF

NDIbIJ�·� (Eq. II.4)

where e is the electron charge, εr is the local dielectric constant, ε0 is the permittivity of vacuum, 
kB is Boltzmann constant and T is temperature. Later, Braun proposed a more accurate model 
by including the CT state lifetime.33

Figure II.4 Energy level diagram showing a model of charge generation and recombination at organic 
D/A heterojunctions. The exciton containing higher energy (SA) results in electron transfer to the 

acceptor with enough excess energy to directly form the charge separated state (CS state). The lower 
energy exciton (SB) does not have sufficient excess energy to escape the coulomb interaction and form 

the CT state.21
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Figure II.4 shows a model with different competition mechanisms originally from CT state, 
proposed by Ohkita et al.34 and included recent ultrafast spectroscopy and theoretical 
results.35,36,37,38,39,40 For the Onsager theory, the formation of free carriers needs that the electron 
escapes the Coulomb capture radius. In recent cases, there is a second pathway to form charge 
separation state through “hot” excitons.

Charge collection. Charge transport is another key process right after exciton dissociation. 
Ideally, the separated electrons and holes should move towards respective electrodes to form 
an electrical current. This step is primarily determined by the interface between active layer and 
electrode. If the electrode interface is not carefully optimized, it can cause a dissipative sink of 
the transported charges. Organic materials have a low value of mobility, which increases the 
rate of charge carrier recombination on their pathways to the electrodes. This low value may be 
compensated either by improving the crystallinity of the active layer or by the use of 
intermediate layers. In a simplified point view without electron and hole transport layers, these
layers are sandwiched between the active layer and the electrodes. In addition, electrical charge 
transport is highly dependent upon the purity of the materials as impurities act as traps that 
significantly reduce the mobility.

Charge recombination. Simultaneously with those four steps, energy loss is potentially 
present in many instances and through detrimental processes, such as exciton relaxation or 
radiative recombination, geminate and non-geminate carrier recombination. Exciton relaxation 

usually occurs when the distance between the local sites (where the exciton is generated) and 
the D/A interface is longer than the diffusion length. Once excitons diffuse to the D/A interface,
forming CT states, these CT states must overcome the Coulomb interaction to generate the free 
carriers. However, this charge separation process is difficult due to low charge mobilities and 
poor charge screening effect in OSCs. Thus, when the separation doesn’t happen, geminate (or 

monomolecular) recombination will take place. After the dissociation of CT states, the free 
carriers need to escape from Coulombic capture. During the diffusion of free carriers, the 
electron could recombine with the hole generated from another exciton, namely non-geminate 

(or bimolecular) recombination.
These two recombination processes can be distinguished kinetically as the geminate 
recombination usually happens within 100 ns in OSCs and the non-geminate recombination 
takes place after the diffusion process.21 Most importantly, geminate recombination is 
independent of excitation density as an exponential decay, while the non-geminate 
recombination has a second order kinetic showing a power dependence kinetics.41

In the above discussion, we only consider that excitons are generated in the donor domain. In 
general, excitons generated in the acceptor domain have similar behaviors as the previous 
discussion except the hole transfer replaces the electron transfer.

II.3.2 Solar cells designs

Organic solar cells are photovoltaic devices using the organic semiconductors as the active (or 
light absorber) layer. OSCs started to attract people’s attentions since 1986. Tang first improved 
the PCE over 1 % by vapor-depositing donor/acceptor (D/A) bilayer to create an energy offset42,
since Frenkel excitons need the donor-acceptor interface to split into free carriers, and form an 
interfacial charge transfer (CT) state. Therefore the thickness of the active layer must be shorter 
than the diffusion length, which is the main limitation of OSCs. 
The exciton can migrate for a certain distance, namely the exciton diffusion length LD, before 
relaxing back to the ground state. As the exciton is electrically neutral, the motion of exciton is
not affected by an electrical field, it rather diffuses randomly, with an average value of LD of 
not more than 10 nm in the case of polymers.43 If the thickness of the active layer is larger than 
LD, most of the excitons recombine before reaching the interface. To remedy this problem, the 
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interface area within an exciton diffusion distance of LD from the exciton location needs to 
optimize. For this aim, several solutions have been proposed such as the optimization of the 
diffusion length by improving the structure of the polymer or increasing the contact area 
between the donor and the acceptor.

Later on, the bulk heterojunction was designed in 1995, in order to increase the interface 
areas.44,45,46 Furthermore, the donor and acceptor domains must be connected to the cathode and 
anode, respectively, and short circuits avoided, in order to collect a maximum of free carriers 
and generate the highest photon current possible. 
For the BHJ solar cells, the P3HT-PCBM is a “traditional” blend with less than 5% PCE.47. In 
the past few years, the amount of new donors were designed, synthesized and reported with the 
fullerene acceptors.48,49,50 In 2013, Chen et al. used a polymer showing a strong interchain 
aggregation as a donor and achieved a PCE of 7.6%.51 Later, by modifying the polymer chain 
length and optimizing the device conditions, a record PCE of 11.5% is reached.52 However, the 
fullerene acceptors (PCBM/PC70BM) still have some shortcomings, such as weak molar 
absorption, limited tunability on the absorption spectrum and high synthetic costs, especially 
C70.53 In the Ref 53 Nielson et al. reviewed three typical non-fullerene acceptors: perylene 
diimide, rotationally symmetric molecules and calamitic molecules. Recently, the PCE reached
9.5% for the non-fullerene OSCs.54

But, without any morphology control, due to the random organization of the D and A domains,
the bulk heterojunction suffers from two main drawbacks: 1) uncontrollable diffusion length 
and 2) discontinuous areas.

Therefore, the ideal structure is the interdigitated heterojunction as shown in Figure II. 5 to 
optimize morphology. To reach this ambition, the molecules with the self-assembling properties 
are of interest. The preferable phase separation can be controlled by the chemical methods 
(specific solvent mixture55 or annealing56,57). However, up to now, the self-assembling 
molecules forming the interdigitated heterojunction have not reached a better PCE than the 
conventional bulk heterojunction. § IV shows our investigations on a family of self-assemblage 
molecules. 

Figure II.5 Evolution of the active layer structure to maximize the PCE of OSCs. The first OSC 
obtained above 1 % PCE is based on the bi-layer structure. Nowadays, the BHJ is most common and

successful OSC structure. The interdigitated heterojunction is an attractive candidate for the next 
structural generation.
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II.3.3 Guidelines to design new molecules

The above discussion allows us to propose some directions for designing new molecules to 
improve the overall efficiency. From Eq.II.1, the power conversion efficiency is determined by 
three parameters: Jsc, Voc and FF. 

Generally, FF is determined by the free carrier mobilities and the contact between the active 
layer and electrodes. Jsc can be increased by enlarging the absorption spectrum with regard to 
absorbing IR photons. The absorption spectrum extending to 800 nm is optimal for a single 
junction cell. This is a balance between the photons harvesting and the maximum electronic 
energy drawn out.

In addition, the open-circuit voltage can be considered as the energy difference between the 
Fermi level of donor and Fermi level of acceptor (in a simple approximate LUMO(A) and 
HOMO(D)). Lowering the donor HOMO to achieve a higher Voc should be treated with caution 
as it could raise the energy of the charge separated state. Therefore, the thermodynamic 
dissociation pathway is in competition with ISC into low energy triplet state of acceptor may 
be activated instead of the charge separated state.58

Nowadays, the diffusion efficiency is typically taken as unity as the domain size of donor and 
acceptor is less than the diffusion length. Charge collection depends on the free carrier 
mobilities and the contact with two electrodes. It then appears that the CT state plays a more 
critical role, since dissociation and recombination of the CT decide on the generation of the free 
carriers to be collected. CT state is the weakly bound electron-hole pair as the origin of free 
carriers. Thus its population and lifetime lie at the core of charge generation to the yield of free 
carrier generation.21,40

In conclusion, transient absorption spectroscopy has been widely proven to be an indicator to 
observe the formation and recombination of CT states in both isolated solution and thin film. It 
is a straightforward way to follow the photo-induced processes and give the direct evidence of
the population loss in each process.
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II.4 Photovoltaic effect in DSSCs

II.4.1 Principle of DSSCs

A simplified schematic representation of an operational DSSCs device is illustrated in 
Figure.II.6(A).59 The typical DSSC contains five components: a substrate coated with
transparent conductive oxides, the semiconductor layer (usually TiO2), sensitizers adsorbed 
onto the surface of the semiconductor, an electrolyte containing a redox mediator, and a counter 
electrode. 

Figure II.6 (A) Simplified operation devices with its components of DSSCs 59(B) Simplified energy
diagram of an operational DSSCs device to display the electron transfer processes. The basic electron 
transfer processes are indicated by numbers. The energy levels refer to a DSSC based on the dye N3,
TiO2 and I-/I3

- redox couple. The voltage output of the device is approximately given by the splitting 
between the TiO2 Fermi level (dashed line) and the chemical potential of the redox electrolyte.60

The basic energy transfer processes in an operational DSSC device with the potential energy 
levels of N3 dye on TiO2 and redox electrolyte I-/I3

- couple is illustrated in Figure II. 6(B).60

The first step is the absorption of a photon by the sensitizer (S), resulting in an electron to be
promoted in the excited state. (1.Absorption.) As the sensitizers are grafted on the surface of 
the semiconductor, then, the electron in the excited state can be injected into the conduction 
band of semiconductor (2. Electron injection). The electrons are transported through the Oxide 
Film until the electrode to generate the photocurrent. (3. Electron transport). The oxidized 
dyes are regenerated in their neutral state by electron transfer from the redox electrolyte I-.
(4.Regeneration of oxidized dyes). Besides these desired processes, the detrimental processes 
are the excited state relaxation of the sensitizer (5) and recombination of an electron in the TiO2

film with oxidized dyes (6) or electrolyte (I3
-,7).

All these processes are or were extensively studied by time-resolved spectroscopies. § II.4.2.2 
gives an account of results from femtosecond spectroscopy that monitors the details of excited 
state relaxation of the sensitizers and ultrafast CT to the semiconductor.
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Due to the low free carriers mobilities, the thickness of device must be shorter than the diffusion 
length of free carriers. However, in order to absorb as much photon as possible, the thickness 
of device should be larger than the typical absorption length (~ 100 nm). Thus, designing the 
OSCs with both good light harvesting properties and good carrier transporting properties is a 
difficult task to achieve.
On the other hand, Dye-Sensitized Solar Cells (DSSCs) separate these two concerns into two 
individual parameters: the light harvesting property is optimized by matching the dye’s 

extinction coefficient to the solar emissive spectrum; while the charge separation occurs at the 
interface of dye/semiconductor and charge collection takes place in the semiconductor and 
electrolyte. Since dyes are grafted into the semiconductor by chemical bonding, the exciton 
diffusion process is neglected. The high dielectric constant of the semiconductor (TiO2, εr = 80) 
gives rise to much lower Coulomb attraction and binding energies of the CT states than those 
in OSCs. The high free carriers mobilities only depend on TiO2 and electrolyte.61

Several attempts to inject electrons from photo-excited dyes into the conduction band of 
semiconductors were made in the 1960s.62,63 However, only semiconductors with smooth 
interfaces, were used. The real breakthrough happened in 1991, when O’Regan and Grätzel 

first proposed to use the mesoporous nanocrystalline TiO2 as the electrode, thereby significantly 
increasing the dye-covered surface area, leading to a power conversion efficiency of 7.2%.64

With the advent of the famous ruthenium N3 complex, the efficiency was improved to up to 
10%.65 However, the record efficiencies reached a plateau at 10~11%, and the most efficient 
devices have remained essentially unchanged from its original design. Nowadays, the record 
power conversion efficiency of a DSSC based on a porphyrin sensitizer is 13%.66

Even though the power conversion efficiency of DSSCs is still less than that of standard silicon 
solar cells, the high long-term stability67 and short pay-back time (less than one year) make that 
DSSCs are widely applied over all the world in the last two decades.60
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II.4.2 Key parameters in DSSCs

In the conventional DSSCs, several hundreds of alternatives have been investigated. Until 
recently, for the sensitizer, transition metal complexes have provided the best results, including 
Ru(II) complexes68, Os(II) complexes69, Co(II) complexes70,71, Zn(II) complexes66,72,. Organic 
dyes also are of interest due to their tunable absorption spectrum73. The favorable oxide films 
are made of TiO2, ZnO, SnO2 and Nb2O3.74 But the different morphologies such as a
nanoparticle, nanofiber, and core-shell structure have been developed.

Several parameters affect the efficiency. From the photophysical concern, the following two 
points require attention while optimizing the device or designing new sensitizers.

II.4.2.1 Energy level 

The energy level of the semiconductor conduction band. As shown in Figure II.5, the 
maximal open-circuit voltage Voc is the energy difference between the Fermi level of TiO2 and 
potential redox level of I-/I3

-. For a typical DSSC based on Ru(II)-TiO2, Voc is around 700 meV.
The position of conduction band edge depends on two parameters: surface charges and the 
dipole moment induced by the absorbed dye.75 Due to protonation/deprotonation on the TiO2

surface, the band edge has a 59 meV/pH shift for the TiO2 film in aqueous solutions.76 And the 
additives of electrolyte (Li+ and/or tBP+, 4-tert-butylpyridine) have a powerful influence on Voc.
Hagfeldt et al.77 reported a total Voc increase of 260 meV. The addition of tBP+ contributes 
160meV by promoting the conduction band edge towards higher energy level. Similar energy 
shifts due to tBP+ were also observed by Durrant et al.78

The energy level of the sensitizer excited state. The conduction band edge should be as high 
as possible to obtain high Voc. In contrast, in order to achieve high electron injection from 
excited sensitizer, the conduction band edge should be lower than the excited state of the 
sensitizer. Furthermore, we also want to decrease the band gap of the sensitizer in order to 
match the solar spectrum, especially in the near-IR regime to obtain high short-circuit current 
Jsc.

In conclusion, a compromise of conduction band edge and excited state of the sensitizer should 
be taken to reach high Voc with an efficient electron injection. 

II.4.2.2 Injection efficiency: Electron injection vs. excited state relaxation 

In DSSCs, the charge separation of electron-hole pair occurs through the ultrafast electron 
injection from the excited state of the sensitizer to the semiconductor. Generally, the electron 
injection kinetics into TiO2 are found multi-exponential by components in the femto- and 
picosecond timescale. Several experimental reports on Ru(II) complexes show the electron 
injection could take place from both nonthermalized and thermalized excited state.79,80,81

For an efficient DSSC, the electron injection efficiency is more important. In general, the 
injection efficiency is defined as:B-�3 = �%dÏ�%dÏ��bHÐ = �%dÏ�%dÏ��bHÐ (Eq .II.5)

where ninj and nrel are the populations of electrons injected or subject to excited state relaxation 
and kinj and krel are the rate constants of those two processes. For an efficient DSSC (Φinj ≈ 99%),
it suffices to have kinj two orders of magnitude larger than krel.



II. Photovoltaic Processes in Solar Cells 

27

We can consider the excited-state relaxation as an intrinsic property of the dye molecules (ISC, 
IC and radiative recombination). The transient absorption spectroscopy reveals the electron 
injection process by measuring the absorption changes associated with oxidized dyes’ cation 

formation and recombination. Therefore, the electron injection can be determined by Eq. II.5.
The intrinsic radiative recombination rate constant can be estimated by the replacement TiO2

by a larger band gap Al2O3.82

Besides the overlapping of the excited state of the sensitizer and the conduction band edge of 
TiO2 as mentioned before, the electron injection lifetime, as well as the efficiency, also depends 
on dye aggregation83 and solvent pH.84

The time-resolved experiments should give a direct indication of the electron injection 
efficiency by measuring the krel and kinj+krel.
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III.1 Introduction

Time-resolved spectroscopies allow probing spectral features as a function of time. They are 
mainly used to study the photochemical or photophysical properties of various compounds. 
Depending on the type of phenomena and their timescales, different spectroscopies are suitable. 
Figure III.1 shows a typical timescale for different processes.17

Figure III.1 Timescale of different processes.17 The photon is absorbed within sub-fs. The molecular 
vibration periods and IVR normally happen within sub-ps. The radiative processes take place in the ns 

to μs timescale.

Since the photophysical phenomena that we are investigating - electron transfer processes and 
charge transfer state formation in OSCs, electron injection and excited state relaxation in 
DSSCs - occur on the femtosecond to the nanosecond timescale, the experimental setups need
to have femtosecond time resolution and reach the nanosecond time delay. 
The femtosecond time resolution requires femtosecond laser pulses as the source and 
femtosecond sampling over the full-time delay. The fastest photodiodes have a time resolution 
of ~10 ps. Therefore, over past 30 years, a variety of techniques were developed relying on 
nonlinear optics in order to resolve molecular processes with femtosecond or sub-femtosecond 
resolution.

In this thesis, UV-NIR femtosecond transient absorption spectroscopy setups were used with a 
combination of picosecond time-resolved fluorescence measurement (streak camera) to 
determine the photophysical properties of two types of solar cell materials.
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III.2 Experimental setups

Femtosecond transient absorption and time-resolved fluorescence spectroscopy involve several
nonlinear optical phenomena.

III.2.1 Nonlinear Optics

The light is an electromagnetic wave composed of an electric field and a magnetic field. In a 
femtosecond laser pulse, the electric field is intense enough to generate polarization terms as 
follows:

Â8⃑ = #�(Ñ(r)28⃑ + Ñ(M)28⃑ M + Ñ(K)28⃑ K + ⋯ ) (Eq.III.1)
where the χ(n) term is nth-order electric susceptibility due to the material properties.

Second-order Polarization. The second order polarization is proportional to χ(2) and the square
of the electric field. A frequent use of the second order polarization is the sum- and difference 
frequency generation. The second order polarization for an electric field with two frequencies 
is given by:

Â(M)8888888⃑ (*) = 2#�Ñ(M)(¬r¬r∗ + ¬M¬M∗) + #�Ñ(M)Ó¬rM exp(−Ô2Õr*) + ¬MM exp(−Ô2ÕM*)Ö +2¬r¬Mexp [−Ô(Õr + ÕM)*] + 2¬r¬M∗exp [−Ô(Õr − ÕM)*] (Eq.III.2)
It contains the zero frequency, double frequency (2ω1 and 2ω2),sum (ω1+ω2) and difference 
(ω1−ω2) terms. The last two terms represent the sum-frequency generation (SFG) and 
difference-frequency generation (DFG). And the double frequencies terms are responsible for 
the second harmonic generation (SHG).

These different radiations exist at the same time, but in general one particular will be selected 
and enhanced by specific conditions (e.g. phase matching condition).
One common application of second order polarization is optical parametric amplification

(OPA). It is the same idea as DFG where an intense beam (pump) and a weak beam (idler) 
interact in a nonlinear crystal to generate an output beam (signal) under the phase matching 
condition. The energy of the pump is transferred to the idler to get the signal. Normally, the 
idler is a broadband beam. By selecting a specific phase matching condition, the wavelength of 
the signal is tunable.

Third order polarization. Under high electric field, the refractive index of the medium 
becomes a function of the electric field intensity, known as optical Kerr effect. The refractive 
index modification is given approximatively by:

Δn ≈ KÙ(w)
N0IJ�F Q (Eq.III.3)

It results in a nonlinear phase delay of the wave itself (self-phase modulation SPM) or of 
another wave (cross-phase modulation, XPM). The broadening of femtosecond laser pulses, i.e.

white light generation, is due to SPM.
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III.2.2 Time-resolved fluorescence

Time-resolved fluorescence measurements reported here were recorded with a streak camera
system (Hamamatsu C10627) with different time ranges from 1 ns to 500 μs. The time 

resolution is 0.5 % of the chosen time range except for the shortest time range (1 ns) where the 
time resolution is 10 ps. 

The tunable excitation is the output of a home-built noncollinear optical parametric amplifier 
(NOPA) 85, seeded by the second harmonic of a Yb-doped fiber laser (TANGERINE, Amplitude 
System). The excitation wavelength is adjusted to the absorption maximum of the sample.
The principle of a streak camera is illustrated in Figure III.2. After excitation of a sample, its 
fluorescence is imaged on the entrance of a spectrometer in front of the streak scope. The 
spectrometer spreads the fluorescence horizontally depending on the wavelengths.

The spectrally spread photons are focused on the photocathode. The highly sensitive 
photocathode converts a portion (10-20 %) of photons to electrons. The accelerated electrons 
pass a vertical electric field generated by a fast tension sweep. The tension sweep is triggered 
by the laser source to define the time zero. As the electrostatic force depends on the time the 
electrons arrive, they are displaced along the vertical axis. The time range is tunable with the 
different slope of the vertical electric field. The time-resolved electrons are amplified by the 
Micro-Channel Plate (MCP) and transferred back to photons by a phosphor screen. Therefore, 
the generated fluorescence is spread spectrally and temporally on the horizontal and vertical 
axes of the CCD camera, respectively.

Figure III.2 Schematic of a streak camera.86 The spectrally spread photons are converted into electrons 
and pass a vertical electric field generated by a fast tension sweep. Depending on the arrival time, 

different tensions are applied. Thus, the generated fluorescence is spread spectrally and temporally on 
the horizontal and vertical axes of the CCD camera.

Time-resolved fluorescence spectroscopy is an efficient method to study the excited state 
lifetimes of molecules and solid state materials. These can be limited by radiative processes, 
such as exciton or free carriers recombination, or non-radiative processes: energy and charge 
transfer processes, or intersystem crossing. 
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III.2.3 Transient absorption spectroscopy

Transient absorption spectroscopy is a useful technique to investigate photo-induced processes. 
Depending on the excitation wavelength, probe range and delay time, a wide variety of 
experimental setups could be used.

In this work, we want to unravel the photophysical properties of two types of solar cell materials 
absorbing UV and Vis photons. We probe photophysical mechanisms such as energy transfer, 
charge transfer, and electron injection. Thus, the probing spectral range spans from UV to NIR
with femtosecond time resolution. Figure III.3 displays the experimental setup scheme.

A Chirp Pulse Amplifier (Pulsar, Amplitude Technology) delivers 0.5 mJ femtosecond pulses 
centered at 800 nm with 40 fs time resolution, at 5 kHz repetition rate. The laser beam is split
into two parts: one intense to generate the pump, and one weak to generate the probe. 
Depending on the desired excitation wavelength, the pump beam passes either: i) a nonlinear
crystal (BBO) to produce a 400 nm pump (60 fs) by SHG, ii) or an OPA (TOPAS, Light 
conversion) to generate a visible pump (480 or 515 nm, 40 fs). 

The pump-probe delay until 6 ns is controlled by a mechanical delay line on the probe beam. 
The latter is then focused on a 2 mm calcium fluoride crystal to produce the white light 
continuum from 290 to 950 nm. Afterward, the probe beam is split into two: probe and reference. 
The reference is used to measure and thus to correct for the white light fluctuations. And since 
pump and probe beams overlap spatially in the sample, the probe monitors the sample’s 

absorption and how it is changed by the pump-induced photochemistry.

Figure III.3 Scheme of the experimental setup of transient absorption spectroscopy.
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The pump beam is chopped by a mechanical chopper. A series of the probe and reference spectra 
with and without pump are recorded by the CCD camera after passing the spectrometer. The 
corresponding spectra differential absorbance ΔA are acquired at different delay times t and are 
given by: ΔA(!, t) = log Ú`ÛÁ.  ÜÝ¼Ü(1,�)`Û,ÜÝ¼Ü (1,�) Þ = ∑ #$%(!)&'$%(*)+- (Eq III.4)

where Iw,pump and Iwo,pump are the transmitted light intensities with and without the pump, εSi the 
extinction coefficient in the state Si, ΔCSi the concentration change in state Si after excitation
and L is the sample’s path length.

Figure III.4 illustrates a promoted electron in the excited state triggered by the pump (Figure 
III.4 (A)) at time T=0 and monitored by the pump at time T= t1 or t2 (Figure III.4 (B)). The 
respective differential absorption spectra are depicted in Figures III.4 (C) and (D). There are 
four phenomena induced by the pump and contained in the differential absorption spectrum: 
ground state bleaching (GSB), stimulated emission (SE), excited state absorption (ESA) and 
photoproduct absorption (PA).

In the absence of pump (t < 0), molecules are in their fundamental state (ground state). Upon 
photon absorption, some molecules are excited and populate an excited state. This leads to 
Ground State Bleaching (GSB), which means that the electron population is reduced to the 
ground state by the pump pulse (delta CS0 <0)). After some delays (T=t1), the molecule may:
return to the ground state and emit a photon (Stimulated Emission, SE) or absorb a photon to a 
higher energy state (Excited State Absorption ESA), as shown in Figure III.4 (C), or undergo a 
reaction, e.g. charge formation and charge transfer state. The product may absorb a photon to a 
higher energy state (Photoproduct Absorption PA) or relax to the ground state (GSB), as shown 
in Figure III.4 (D).

At a specific delay time, the differential absorption spectrum allows distinguishing which state 
and species, and in the case of the D-A dyads (§IV), which moieties are involved in the 
photoinduced processes. The GSB has the signature of ground state absorption spectrum with
a negative sign, because it indicates a number of molecules lacking in the ground state 
population. Since stimulated emission is due to excited state electrons relaxing back to the 
ground state via photon emission (Fig. III.4 (B)), the SE spectrum is similar to the steady-state 
fluorescence spectrum. While the photoproduct is formed, such as a charge-transfer state, the 
PA will show the spectral features of charged species, which can be directly measured by 
spectro-electro-chemistry as illustrated in Figure III.4 (D).
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Figure III.4 Schematic diagram of a simplified system. (A) Promoted electron in the excited state or 
photoproduct state only with the pump (B) different phenomena observed by the probe at various time 
delay T=t1 or t2 and (C) the differential absorption spectrum at T=t1 and (D) the differential absorption 

spectrum at T=t2

III.3 Data correction and analysis

The transient absorption data are a collection of measurements in two dimensions: along the 
spectral and temporal axes. For pump-probe pulse coincidence (zero delay time), the recorded
data have some artifacts such as cross-phase modulation, and Raman scattering. Furthermore, 
the probe is a broadband white light continuum, and the refraction index depends on the 
wavelength. Thus, the absolute zero delay between the pump and the probe relays on the 
wavelength and needs to be accurately defined before analyzing the data (chirp correction).
After data correction, the data are analyzed by global analysis and/or target analysis. The 
spectral information could determinate which moieties or which states are involved in the 
photo-induced processes and the temporal information provides the corresponding reaction
dynamics.
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III.3.1 Data correction

III.3.1.1 The solvent response 

Even though solvents and substrates are usually transparent in the visible region, pump pulse 
can induce Raman scattering (RS) and two-photon absorption if the intensity is high enough.
In transient absorption spectroscopy, the interaction of the pump and the probe in the medium 
can generate some non-linear signals as the cross-phase modulation (XPM, Eq. II.3) and 
stimulated Raman scattering (SRS) and pump-probe two-photon absorption. For the solvents 
used here, two-photon absorption can be neglected.
XPM induces spectral modifications with probe’s temporal chirp, and the interaction of pump 
and probe leads to SRS through solvent vibrational energy level.87

When pump and probe are coincident, it gives rise to an apparent optical density change at a 
solvent specific wavelength. This time signal is called RS signal. Even so, for the pump-probe
experiment, it’s an unwanted signal. 

Those contributions are measured in similar conditions as the ones of the samples by 
performing the measurements on the solvent/substrate immediately after the ones performed in
the sample solution. The solvent/substrate data are subtracted from the sample data to isolate 
the transient absorption contribution of the investigated molecules.

III.3.1.2 Group Velocity Dispersion 

Group velocity dispersion is a phenomenon related to the group velocity (Eq. III.5) dependency 
on the frequency. In a pump-probe experiment, the probe is used to register the transient 
absorption changes and has a broadband spectrum. So, it will make all wavelengths arrive at 
different time zero.88

ßà = (���á)]r = _0�i / _1 − 1J� ���1Ji (Eq III.5)

D = ääå Ú ræçÞ (Eq III.6)

Although we use parabolic mirrors to reduce GVD, the probe has to pass through white light 
continuum generation crystal, quartz capillary, and solvent where the pulse is dispersed. In the
experiment, we consider a broadband pulse (300-950 nm for OSCs and 300-700 nm for DSSCs) 
and observe that the UV part arrives about 500 fs later than the near-IR part. To make sure all 
wavelengths arrived at the same time zero, GVD is corrected by a polynomial fitting procedure.
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Figure III.5 (A) Transient absorption data of chloroform excited at 400 nm with the polynomial fit 
(black solid curve) defining the GVD curve (B).kinetic traces at 340, 400 nm and 450 nm, showing 
prominent XPM processes and temporal shifts. (C) and (D) same as (A) and (B), respectively after 

GVD correction.

A typical example is introduced in Figure III.5 to illustrate GVD compensation in chloroform 
excited at 400 nm. A home-implemented Scilab routine time-shifts the data for the different 
wavelengths according to the determined GVD polynomial fit correction. Figure III.5 (C) and 
(D) show the signal after GVD correction.

In general, the global time zero is determined manually by the center of the SRS signal. Due to 
the GVD correction by a polynomial fitting, the time zero has a typical accuracy of 20 fs.
Since the spectral range of the spectrometer is only of 350 nm, and we are interested in a much 
wider spectral range (300-950 nm for OSCs and 300-700 nm for DSSCs), we measured the data
in two or three spectral regions. After the data correction described above, the two or three data 
sets are assembled together. The wavelength ranges measured are significantly overlapping to 
do this data treatment. Finally, the broadband transient absorption data are obtained.

III.3.2 Data Analysis

In this work, the photo-induced processes investigated are within nanosecond timescale and 
without any bimolecular processes. Thus, the kinetics obey to the 1st order rate equation as:�OÏ(�)�� = �-,3è3(*) (Eq. III.7)

where Nj(t), and ki,j are the concentration in the state j and rate constant from the state i to j, 
respectively.

Therefore, the transient absorption data correspond to exponential decay or rise of each species 
(different moieties or different states) involved in the photoinduced processes. 
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The temporal accuracy of transient absorption data is limited by the instrumental response 
function (IRF). During the global analysis, the IRF is taken into account as a Gaussian function 
with a full width half maximum σ. The experimental kinetics are the convolution of the IRF 
and the sum of exponential functions:

ΔA(λ, t) = (∑ ¬-exp (−�-(* − *�))- ) ⊗ IRF (σ, *�) (Eq.III.8)IRF(σ, *�) = ­ïð��ÔïR (ñ, *�) = rò√MD exp ((�]�Jò )M) (Eq.III.9)

If the rate constant is close to or faster than the time resolution σ, the convolution yields to the 

shape of a Gaussian. Thus, instead of the exponential function, a Gaussian adjustment function 
is added to represent the unresolved component.

It is worth to notice that this approximation considers that the transient data are bilinear and 
independent temporally and spectrally. This approximation is true when only electronic state 
populations are involved. In some particular cases such as the vibrational relaxation in the 
excited state, the kinetic is a non-exponential delay and correlates with the spectral evolution.

III.3.2.1 Singular Value Decomposition (SVD) 

The singular value decomposition is a mathematical process to diagonalize a m*n matrix as:

&¬G,�(!, *) = ôG,G(!)õG,�u�,�� (*) (Eq.III.10)
where Um,m and Vn,n are orthonormal matrices and Sm,n is a diagonal matrix, named as singular 
values. These matrices are placed in the descending order according to Sm,n.

The singular value Sm,n is the indication of the weight of the vector pair of Um,m mth row, and 
Vn,n nth column in the whole ΔA matrix. The ΔA matrix can be reconstructed by the dominant 

singular values (typically, the first four or five) with their vector pairs, and the rests are 
considered as noise. This discrimination is often difficult to make, but the standard noise floor 
of data at negative delay times is a good reference. By plotting the singular values and their 
respective spectra and dynamics, the most significant contributions of ΔA can be determined to 
form a noise-filtered data set.

III.3.2.2 Global analysis 

After SVD analysis (N pairs of vectors are chosen), the temporal K(t)=SVT(t) matrix is used to 
characterize the dynamics in the data since it contains all the temporal evolution of the whole 
data. In a so-called "global analysis" approach, each vector in the K matrix is fitted by the 
function described in Eq. III.8 simultaneously with shared exponential rate constants.

ö(*) = õ ∗ u� = ÷õr ∗ ur�⋮õO ∗ uO�
ù = ÷¬r,r ⋯ ¬r,3⋮ ⋱ ⋮¬O,r ⋯ ¬O,3ù ∗ [exp (−�r*)⋮exp (−�3*)] ⊗ QsÀ (Eq.III.11)

with ΔA(λ,t)=U(λ)*K(t)

The fit gives the different rate constants with the associated amplitudes for the vectors in K 
matrix. The product of the fitted amplitudes Ai,j with the spectral matrix U gives the differential 
spectra associated to the fitted decays, called DAS for decay-associated differential spectra.

«¬õ(!) = û«¬õr⋮«¬õ3 ü = ûôr⋮ôOü ∗ ÷¬r,r ⋯ ¬r,3⋮ ⋱ ⋮¬O,r ⋯ ¬O,3ù (Eq. III.12)
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with &¬(!, *) = ∑ «¬õ3(!) ∗ exp (−�3*)3
These DAS contain the spectral information occurring at the particular rate constant ki. In many 
cases, a close inspection of the DAS allows us to identify which moiety or which state evolves 
with the rate ki.

A typical example of this analysis procedure is applied on a Donor-Acceptor molecule 
presented in § IV. The 2D plot of TA data obtained after excitation at 400 nm is displayed in 
Figure III.4 (A). 
In the present case, the first five vectors of the K matrix are fitted globally, meaning that the 
same function is used to fit the five vectors simultaneously. The global fitting, using the 
function introduced in Eq. III.5 is illustrated in Figure III.4 (B). Most of the fitting parameters 
(t0, σ, the five finite time constants ki) are shared and only the amplitudes Ai are optimized 
independently.
The associated decay spectra are reconstructed from the set of Ai obtained as a result of the 
fitting routine. These DAS are displayed in Figure III.6 (C). They represent the wavelength 
dependent weight of each decaying component ki throughout the data set. Further explanation
can be found in § IV.
Figure III.6 (D) displays the five residuals obtained by this global fitting with a minimum 
number of fit components and shows that they all have amplitudes smaller than the first 
neglected singular transient (TR6). The satisfied fitting results have two criteria: 1) the residuals 
are statistically distributed around zero, meaning all relevant time scales are captured by the fit 
and 2) the standard deviation of the residuals is smaller than the experimental noise level, 
represented by the first neglected singular transient.

Figure III.6 Global analysis of the entire 2D plot. (A) Transient absorption data (in color code) as a 
function of wavelength (nm) and time delay (ps). (B) The five dominant singular transients (K matrix) 

and their corresponding fits by the fitting function introduced above. (C) Decay-Associated Spectra 
obtained by global analysis. (D) The residuals are corresponding to the simultaneous fitting of the five 

singular kinetics of panel B, compared to the first neglected singular transient (TR6).
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IV.1 Donor-Acceptor Molecules

The principle of organic solar cells (OSCs) is described in § II.3. In order to harvest photons 
and generate free carriers, one of the key parameters is the active layer. The active layer usually 
consists of a Donor and an Acceptor. 
As mentioned previously,53 perylene diimide (PDI) is a good alternative acceptor material to 
replace fullerene acceptor for OPV. Furthermore, with its self-assembly propriety, PDI could 
form the interdigitated heterojunction. However, the PDI still have some drawbacks, such as 
the lower solubility making it harder to use in the ‘‘roll-to-roll’’ technique with the soluble 

polymer.89 Recently, Geng and co-workers showed that PDI-based D-A dyads form well 
defined lamellar mesophases with a perfect phase separation at a sub-10 nm length scale and 
power conversion efficiency reached up to 2.7% based on single PDI acceptors.90 Later, the 
power conversion efficiency achieved 6% based on a helical PDI acceptor.91 Nowadays, the 
highest PCE reached 8.4% based on a helical PDI acceptor containing selenophene.92

A Donor-Acceptor dyad (D-A) oligomer based on a phenyl-bisthiophene-phenyl moiety as
donor and a PDI moiety as acceptor was designed and studied by transient absorption 
spectroscopy in solution and film93,94 by our group. It shows an excellent self-assembling 
structure alternating donor and acceptor.95 Nevertheless, the CT state lifetime is rather short 
(50 ps) in solution and the majority of CT states recombines in less than 100 ps in a film. In 
order to improve the photophysical properties, then the PCE, the second generation of D-A

molecules with variable parameters has been designed and synthesized by our collaborators (Dr. 
Pierre-Olivier Schwartz and Dr. Stéphane Méry at IPCMS). The chemical structure of these D-

A's is shown in Figure IV.1.56,57

Figure IV.1 Chemical structures of Donor-Acceptor molecules. The donor (D) consists of one 9,9-
dioctylfluorene-thiophene unit and repeated units (Dn, n=0 to 3) of 9,9-dioctylfluorene and bithiophene
and The acceptor (A) is perylene diimide. A short flexible spacer (ethylene) with a linking molecular

unit is composed of thiophene–phenyl–thiophene (for δ) or thiophene–benzothiadiazole–thiophene (for 
δ+) is used to connect the donor and the acceptor. Furthermore, a terminal amine can be added at the 

other end of the donor moiety as ‘‘electron-donating’’ unit and is denoted δ-.
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The donor (D) consists of one 9,9-dioctylfluorene-thiophene unit and repeated units
(Dn, n=0 to 3) of 9,9-dioctylfluorene and bithiophene (F8T2) to vary the donor length. F8T2 is 
applied in p-type Field Effect Transistors (FETs)96 and as Organic Light Emitting Diodes 
(OLEDs)97. The high hole mobility, up to μh=5*10-3 cm2V-1S-1 98 makes F8T2 a good potential 
donor for organic photovoltaic solar cells. A power conversion efficiency of 2.7% was achieved 
based on F8T2-PCBM blends.99 Thus, the F8T2 is a good candidate as a donor. The repeated 
units are expected to extend the distance between electron and hole. According to the Marcus 
theory,20 the elongation of electron-hole distance could lead to a longer CT state lifetime.

The acceptor (A), perylene diimide (PDI, as perylene-3,4:9,10-teracarboxylic acid diimide) is 
also abbreviated as PBI (perylene-3,4:9,10-bis(dicarboximide)). PDI is not only widely used 
as an industrially suitable color pigment100, but also has other scientific applications, such as in 
single molecule fluorescence spectroscopy101, organic transparent transistors 102,
metal-to-supramolecular structures103, π-stacked functional structures in DNA104 and organic 
photovoltaics (OPV)56,105. Figure IV.2(A) illustrated an important feature: the mirror image 
relation of absorption and fluorescence, and a fluorescence quantum yield >0.9106. These 
properties are attributed to the rigid and planar scaffold and a small non-radiative rate as S1 to 
T1 intersystem crossing (ISC) is much slower than the radiative lifetime.107 The outstanding 
stability of PDI is also attributed to the electron-lacked of the π-conjugated scaffold, which 
makes it very resistive to oxidative degradation and other decomposition pathways.6

In the D-A dyads, the donor moiety is connected to the acceptor group via a linking moiety 
made of a short flexible spacer (ethylene) and a molecular unit that comes in two varieties of 
low and high electronegativity, respectively, denoted δ or δ+. This linking molecular unit is
composed of thiophene–phenyl–thiophene (for δ) or thiophene–benzothiadiazole–thiophene 
(for δ+). Furthermore, a terminal amine can be added at the other end of the donor moiety as 
‘‘electron-donating’’ unit and is denoted δ-.
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IV.2 Isolated molecules in solution

Nine molecules (in Table IV.1) have been investigated in solution (chloroform). 1) Four of them 
have a common donor length (n=1) to study the different donor moieties and 2) two series of 
donor moieties with increasing donor length (n=0~2 for D1δ+A and n=0~3 forδ-D1δA) to 
investigate the importance of charge separation between donor and acceptor. In the end, three 
of them are studied in two more solvents (toluene and trichloroethylene) as a function of solvent 
polarities. This section focuses on intramolecular photophysical properties, especially how
charge transfer state dynamics is tuned. The results are published in ref 108, and built on the
PhD thesis of T. Roland94.

Table IV.1 Studied molecules as different donor moiety (column) and different donor length (raw).
Donor length

0 1 2 3
Donor moiety Dnδ D1δA

Dnδ+ D0δ+A D1δ+A D2δ+A D3δ+A

δ-Dnδ δ-D0δA δ-D1δA δ-D2δA

δ-Dnδ+ δ-D1δ+A

IV.2.1 Steady-state spectroscopies

The steady-state absorption and fluorescence measurements were performed on Dn-A in 
chloroform in order to provide useful spectral characterizations of the species expected to 
contribute to the transient absorption signals.
In addition, spectro-electro-chemistry was used to obtain the spectra of the radical ions. These 
spectral features will allow an identification of the molecular species involved in the 
photochemical cascade, as well as the role of energy and charge transfer.

IV.2.1.1 Steady-state absorption and fluorescence 

Figure IV.2(A) illustrates the steady-state absorption spectra (solid curves) and emission spectra 
(dotted curves) of individual compositions moieties (D1δ (black curves), δ (red curves), D1δ+

(green curves) and A (blue curves)) of the D-A in chloroform. 

D1δ shows only one absorption band centered at 425 nm without any vibrational structure. 
Surprisingly, the D1δ fluorescence spectrum shows vibrational structure as two peaks at 468 
and 499 nm and a shoulder at 550 nm. δ+ consists of two absorption bands. The main band, 
centered at 323 nm (not shown), represents the transition to high-lying excited state (S0→S2)
and a second band, centered at 478 nm, corresponds to the transition to the first excited state 
(S0→S1). 

δ+ fluorescence appears around 598 nm. Two bands and a small shoulder are observed in the 
absorption spectrum of D1δ+. The highest absorption band, centered at 323 nm (not shown), 
indicates the π-π* transition in D1

109 and second absorption band at 420 nm and the shoulder 
around 510 nm correspond the internal charge transfer between D1 and δ+.110

While the spectral features of D1δ and δ+ can be recognized in the absorption spectrum of D1δ+,
their spectral shifts (from 425 to 421 nm for D1 and from 480 to 504 nm for δ+) reveal the 
electronic coupling between the D1 and δ+ moieties. The lowest excited state of D1δ+ is located 
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on δ+ and displays a fluorescence spectrum similar to that of δ+ but with a 49 nm red shift from 
598 to 647 nm. And the existence of δ- (D1δA vs. δ-D1δA and D1δ+A vs. δ-D1δ+A) does not 
change the absorption spectral feature as shown in Figure IV.2(B)

The absorption spectrum of A indicates that the lowest energy transition exhibits a strong 
vibrational structure as three individual peaks at 460, 490 and 527 nm. The peak separation of 
vibronic progression is 1400 cm-1, whose vibrational mode frequency is associated with an
out-of-phase C-C stretch of PDI core. The fluorescence of A obeys Kasha’s rule and stands as 
a Stokes-shifted mirror image of the S0→S1 transition band with identical vibrational structure 
(at 536, 575 and 625 nm), indicating fast relaxation from the Franck-Condon (FC) region to the 
vibrationally relaxed excited state.

It is critical to confirm if the electronic coupling exists between donor moieties and acceptor 
moiety in the ground state. Figure IV.2(B) displays normalized absorption spectra at 527 nm of 
D1δA (black curve), δ-D1δA (blue curve) D1δ+A (red curve) and δ-D1δ+A (purple curve) with 
comparison of individual moiety (D1δ (black dot line) D1δ+ (yellow dot line) and A (blue dot 
line)) in chloroform. The absorption spectra of four dyads could be decomposed as a linear
spectral combination of their donor moieties and acceptor moiety, indicating that coupling 
between donor and acceptor is negligible. Thus, molecules will be considered as two individual 
parts.

Increasing the repeated unit number n for Dnδ+A in chloroform, the donor length has a
significant influence on the absorption spectrum, as shown in Figure IV.2(C) since the HOMO 
(Highest Occupied Molecular Orbital) of Dnδ+ is localized on the Dn unit. Thus the absorption 
spectrum has a red shift with increasing donor length (62 nm, 10 nm, and 8 nm respectively)
and its amplitude is roughly proportional to the donor length. The red shift is due to increase
the length of Dn.

In order to investigate the interaction between molecules and environment, D1δA, D1δ+A and 
δ-D1δA are dissolved in three solvents of increasing polarity: toluene (ε=2.38), 

trichloroethylene (TCE, ε=3.42) and chloroform (ε=4.89). Figure IV.2(D) shows D1δ+A

absorption spectra in these three solvents normalized at 529 nm. No significant spectral feature 
change is observed, besides a 3 nm blue shift for TCE. 
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Figure IV.2 Steady-state absorption and fluorescence measurements (A) Normalized absorption (solid 
lines) and fluorescence spectra (dotted lines) of D1δ (black curves), δ+ (red curves), D1δ+ (green 
curves) and A (blue curves) in chloroform (B) Absorption spectra normalized at 527 nm of D1δA

(black curve), δ-D1δA (blue curve) D1δ+A (red curve) and δ-D1δ+A (purple curve) with comparison of
individual moieties (D1δ (black dotted line), D1δ+ (yellow dotted line) and A (blue dotted line)) in 

chloroform (C) Absorption spectra normalized at 527 nm of Dnδ+A (n=0: black curve, 1: red curve, 
2:blue curve and 3: purple curve) in chloroform (D) Absorption spectra normalized at 527 nm of D1δ+A

in toluene (black curve), trichloroethylene (TCE, red curve) and chloroform (blue curve)

IV.2.1.2 Spectro-electro-chemistry 

As said in § III.2.3, it is important to have as much spectral information as possible about the
expected species involved in a given system studied by transient absorption spectroscopy. Since 
in OSCs, one expects to create charges, characterizing the spectra of charged species is of prime 
interest. Spectro-electro-chemistry was used to obtain those spectra. The experiments were 
performed by Kirsten Bruchlos at the Institut fűr Polymerchemie in Stuttgart in S. Ludwigs’

team. The experimental setup is described in ref.108.

The molecules are dissolved in 1mg/ml in DCM. The energy potentials are shown in Table IV.2 
and energy levels of HOMO (Highest Occupied Molecular Orbital), and LUMO (Lowest 
Unoccupied Molecular Orbital) are presented in Figure IV.3(A). The Figure IV.3(B) shows
normalized absorption spectra of charged species: cation (D1δ)+ (black curve), cation (δ+)+ (red
curve), cation (D1δ+)+ (green curve) and anion A- (blue curve). 

The main spectral feature of (D1δ)+ is the absorption band around 707 nm. (δ+)+ has the similar 
spectral feature with a 51 nm red shift at 758 nm. And (D1δ+)+ has a broader band centered at 
700nm. The 7 nm blue shift compared with (D1δ)+ indicates that the cation is located on D1

rather than on δ+. A- is easily recognized by three characteristic distinct peaks at 719, 803 and 
970 nm.
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Figure IV.3 (A) Diagram energy levels of D1δA, D1δ+A, δ-D1δA, δ-D1δ+A and A in DCM by spectro-
electro-chemistry (B) Absorption spectra normalized of D1δ (black curve), δ+ (red curve), D1δ+ (green 

curve) and A (blue curve) in DCM

Table IV.2 Oxidation and reduction energy of four molecules in DCM and respective HOMO/LMUO 
energy, showing in Figure IV.3(A).

Eox (eV) Ered (eV) EHOMO(D) (eV)* ELUMO(A) (eV)*

D1δA -0.06 -1.32 -5.04 -3.78

D1δ+A -0.09 -1.27 -5.01 -3.83

δ-D1δA -0.10 -1.27 -5.00 -3.83

δ-D1δ+A -0.10 -1.24 -5.00 -3.86

*EHOMO(D) = -(Eox+5.1) and ELUMO(A) = -(Ered+5.1), noted in Figure IV.3(A)

Table IV.3 summarizes the steady-state spectral properties useful for the analysis of time-
resolved results.

Table IV.3 Characteristic wavelengths of the ground state, charged state and excited state, as well as the 
fluorescence of individual moieties of the D1δA and D1δ+A dyads in solution.

Absorption Fluorescence Radical ions ESA*
D1δ 425 nm 468 and 499 nm 707 nm 697 nm
δ+ 323 and 478 nm 598 nm 758 nm -

D1δ+ 343, 421 and 504
nm

647 nm 700 nm -

A 460, 490 and 527
nm

536, 575 and 625 nm 719, 803 and 970 nm 709 nm

* Individuals transient absorption experiments data111
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IV.2.2 Time-resolved spectroscopy

In order to study intramolecular properties, D-As are dissolved in chloroform, except when 
studying the solvent effect (in which case toluene or trichloroethylene was used.). The 
concentration of D-As is around 0.25m mol/L to achieve an optical density of 0.4 in a 1-mm 
cuvette at 400 nm. For the time-resolved experiments, the sample is circulated in a 0.5 mm flow 
cell with a peristaltic pump and appropriate tubing (resistant in the used solvent) to avoid 
photodegradation. The excitation wavelength is 400 nm in the S0→S1 absorption band of D
with an intensity of 20 nJ/pulse in the linear response regime with 40 fs pulse duration. The
previous study by Dr. Roland shows no dynamic difference of excitation of D or A.112 The 
relative polarization of pump and probe is setted as 54.7°, the magic angle. More information 
on the experimental setup and data processing are given in § III. The photophysical properties 
of D1δA in chloroform are treated here as a case study illustration. A typical 2D plot of a 
transient absorption data set after data processing is illustrated as Figure IV.4 with the horizontal
axis representing wavelength, the vertical axis representing delay time between the pump and 
the probe and the color representing the absorption changes. 

Figure IV.4 2D plot of transient absorption data set of D1δA in chloroform excited at 400nm, the
horizontal axis representing wavelength, the vertical axis representing delay time between the pump 

and the probe and the color representing the absorption changes.

The spectral evolution of the transient absorption (TA) signals, namely differential absorption 
spectra (ΔA), is presented in Figure IV.5. The first hundred femtoseconds exhibit changes in 
the absorption spectra with a broad negative band below 585 nm and three positive peaks at 
700, 850 and 960nm, as the ΔA at t=100 fs (black curve). Within the first picosecond, a second 
characteristic differential absorption spectrum (t=1.2 ps, purple curve) with four individual 
negative peaks at 460, 490, 525 and 575 nm and a pronounced positive band centered at 710nm 
is formed.

After the first tens of picoseconds (Figure IV.5(B)), the differential spectral feature (t= 30 ps, 
blue curve) changes as the negative band around 410 nm reforms, the negative peak at 575 
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disappears, and the positive band at 710 nm broadens with an additional positive peak at
800 nm. This signal decays without any spectral change until several nanoseconds.

Figure IV.5 Selection of differential absorption spectra of D1δA in chloroform (A) within the first 5ps, 
showing the formation of D excited state and energy transfer from D excited state to A excited state (B) 

until 1ns, illustrating the formation of CT state from A excited state and CT state recombination. The 
differential absorption spectrum at 1ns is magnified by 3 to show the spectral feature.
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A selection of the corresponding differential absorption (ΔA) spectra (20 fs, 2.5 ps 28 ps) is 
displayed in Figure IV. 6(A) to (C). Each spectrum can be decomposed into a sum of 
contributions of individual species/states, the spectroscopic signatures of which are identified
by steady-state experiments (§ IV.2.1).

At early times (Figure. IV.6(A)) the differential spectrum at 20 fs (green symbols curve) features 
a broad negative band below 585 nm, containing D1δ Ground State Bleach (GSB, purple pattern) 
and Stimulated Emission (SE, yellow pattern), and is thus attributed to the excited state of the 
donor ((D1δ)*). The positive signal at a longer wavelength (Figure IV.5(A)) is assigned to the 
Excited State Absorption (ESA) of D1δ*, in line with previous identification of the same 
signature on similar compounds.93 The minor mismatch is due to experimental artifacts, such 
as Raman peak and cross-phase modulation, but also, most probably, due to an ESA at < 400nm 
reducing the GSB. 

After 2.5 ps (Figure IV.6(B)), the features of (D1δ)* (broad structureless negative band, purple 
pattern) have reduced significantly and are replaced by four new negative peaks at 460, 490, 
530 and 575 nm, which are easily distinguished as the absorption (blue pattern) and 
fluorescence bands (dark yellow pattern) of A, and the positive ESA peak at 700 nm (not shown 
here, see Figure. IV.5111. Hence, these signals are GSB of A and SE from the excited state A*.
This and the reduced bleach of (D1δ) indicate that the population of (D1δ)* has decayed within 
a few picoseconds due to an energy transfer from (D1δ) to A and forms A*. The fast energy
transfer is expected as the spectral overlap between the fluorescence band of (D1δ) and the
absorption band of A (Figure IV.2(A)) is substantial.

In the 28 ps differential spectrum (Figure IV.6(C)), the negative peaks at 490 and 530 nm (blue 
pattern) persist while the band at 410 nm (purple pattern) associated with the donor’s bleach 

reforms, indicating that the ground states of both D1δ and A are depopulated. Simultaneously, 
the spectral features of the induced absorption (at wavelength > 550 nm) are reproduced well 
by the sum of the anion and cation photo-product absorption (PA) spectra (peaks at 710 and 
800 nm for A- (red pattern), and a broad induced absorption from 500 to 800 nm (black pattern) 
for (D1δ)+). It proves that within a few tens of picoseconds, a charge transfer has occurred, 
forming the CT state composed of the (D1δ)+ and A- ion radicals. On longer time scales, the 
differential spectra do not change in shape, but only their amplitudes decrease, showing that the
charge-transfer (CT) state recombines, reforming the ground state.
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Figure IV.6 Identification of photo-induced states (A) Differential absorption spectrum at 20 fs (green 
symbol curve) with its fit (green solid curve) as a linear construction of steady-state absorption spectra

of D1δ(bleach, purple pattern) and steady-state fluorescence of D1δ(SE, yellow pattern). The good 
agreement with its fit is evidence for (D1δ)*. (B) Differential absorption spectrum at 2.5ps (green 

symbol curve) with its fit (green solid line) as a linear combination of steady-state absorption spectra of 
A (bleach, blue pattern), steady-state fluorescence of A (SE, dark yellow pattern) and steady-state 

absorption spectra of D (bleach, blue pattern). The good agreement with the fit is evidence for A*. (C) 
Differential absorption spectrum at 28ps (green symbols curve) with its fit (green solid curve) as a
linear construction of steady-state absorption spectra of D1δ(bleach, red pattern) A (bleach, blue 

pattern) A- (red pattern) and (D1δ)+ (black pattern). The good agreement with its fit is evidence for CT 
state. (D) Selected kinetic traces (symbol curves) and global fit (solid curves) observed for D1δA in 

chloroform and corresponding to the donor GSB at 430 nm (black), the acceptor GSB at 490 nm (red) 
and the anion signature at 800 nm (blue).

The TA kinetics measured at different characteristic wavelengths allow characterizing the time 
evolution of the various absorption bands. These kinetics (symbol curves) and their respective
fits are presented in Figure IV.6(D) (solid curves with same colors, temporal parameters are the 
same as obtained by global analysis on the whole spectral range). The 430 (black symbol curve) 
and 530 nm (red symbol curve) monitor the GSB of D1δ and A respectively. The 800 nm kinetic 
trace (blue symbol curve) is the signature of ESA(A) at the early time and of anion species at a 
long time.

In summary,

· Within the first few hundred femtoseconds, A’s GSB is formed while and D1δ’s GSB 

decreases, indicating that energy transfer from D1δ to A occurs.
· At a later time (first ten picoseconds), the D1δ’s GSB rises while A’s GSB remains, 

accompanied by the formation of the charged species spectral feature. This kinetic and 
spectral behavior points out the formation of CT state. 

· Then, three kinetic traces go back to zero simultaneously in less than one nanosecond. 
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More precise rate constants with their associated differential spectrum (Decay Associated
differential Spectrum, DAS) are carried out through the global analysis (§ III.3.2).
Five time constants are needed to achieve a fit with satisfying residuals: 60 fs, 1.2 ps, 14 ps, 
500 ps and 2.2 ns, as their Decay Associated differential Spectra (DAS) shown in Figure IV.7 
and corresponding to the following reaction scheme.

· The first very short time constant (60 fs, black curve) is close to the experimental time
resolution, the spectral features are a mixture of artifacts, due to pump and probe    cross-
phase modulation, thermalization of the GSB spectrum of D1δ, and the rise of the ESA of 
(D1δ)* (>700 nm). Consequently, the 60 fs spectral evolution is due to (D1δ)* excited state 
equilibration. 

· DADS2 (1.2 ps, red curve) shows the energy transfer from D1δ to A, as the GSB of D1δ

decays in the 400 to 500 nm range and the GSB, SE, and ESA of the A are formed (peaks 
at 490, 535, 575 and 705 nm).

· The formation of the CT state is then associated with the 14 ps time constant through hole 
transfer. In DADS3 (14 ps, blue curve), the positive band from 400 to 500 nm along with 
negative peaks at 719 and 806 nm mean the reformation of D1δ’s GSB and the formation 
of the CT state. The negative peaks at 535 and 575 nm due to the decay of the SE also 
confirm this process. 

· DADS4 (500 ps purple curve) matches with spectro-electro-chemistry measurement as 
shown in Figure IV.6(C) and represent the CT state recombination in 0.50 ns. 

· The long-lived DADS5 (2.2 ns green curve) has the similar spectral form as DADS4 with 
ten times less amplitude and is probably due to a minority of longer-lived molecular 
conformation of the same CT state or a triplet state.

Figure IV.7 Decay-Associated Differential Spectra of D1δA excited at 400nm obtained by global 
analysis. 
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IV.2.2.1 Effect of donor moiety 

Different donor moieties are studied to monitor the influence of the chemical design on 
photoinduced properties, especially CT state dynamics. Adding the benzothiadiazole unit (δ+)
shows a strongly red-shifted (from 500 nm for D1δ to 647 nm for D1δ+) fluorescence spectrum, 
resulting in a mismatch with the acceptor absorption (Figure IV.2). The energy transfer, more 
specifically Förster Resonance Energy Transfer (FRET, § I.3.2), from (D1δ+) to A is thus not 
expected in this case.

With the absence of FRET, the main difference compared to the above D1δA is the direct 
formation of the CT states from the excited donor state (D1δ+)*. The Figure IV.8(A) illustrates 
the differential absorption spectra at 80 fs (black curves) and 3.5 ps (red curves) of D1δA (Top 
panel) and D1δ+A (Bottom panel). In the case of D1δ+A, contributions of D1δ+ bleach and SE 
are observed, but there is no signature of the excited A* state such as SE at 575 nm or the ESA 
at 705 nm. The absence of energy transfer from Dδ+ to A is confirmed. The only difference 
observed is an ESA change with an increased peak at 950 nm, attributed to the vibrational 
relaxation of the molecule.

However, despite the lack of excitation of A, a signal akin to the bleach of A is observed in the 
500 nm region. In line with other reports,113,114,115 we attribute it to a Stark shift of A’s absorption.
This is most likely due to the intramolecular dipole moment on (D1δ+)*, with the electron 
localized on the δ+ spacer with high electron affinity.

Figure IV.8 (A) Influence of δ+ in chloroform. Top: In D1δA, the 80 fs spectrum contains the 
contributions of the D1δ’s GSB and SE, while the 3.5 ps one displays the excited state of A, through its 
bleach, SE (blue curves), and ESA (peak at around 700 nm), indicating the energy transfer from D1δ to
A on the few ps time scale. The negative peak at 400nm is due to pump light scatter. Bottom: in D1δ+A,
both differential spectra show similar features, involving D1δ+ ’s GSB and SE, but also a shape akin to

that of A’s GSB. Yet, no SE nor ESA from A* nor induced absorption from A- can be seen: this is 
explained by the localization of the excitation on the δ+ group, that Stark-shifts the absorption band of 

A. (B) Kinetics at 800 nm, where the anion A- absorbs preferentially, normalized at their second 
maximum, corresponding to the maximum CT state population.

Figure IV.8(B) highlights the influence of the nature of the spacer (either δ or δ+) between D1

and A, and that of the terminal δ- on D1, through the kinetic traces at 800 nm, the signature of 
A-. Table IV.5 summarizes the time constants associated with the CT formation and 
recombination in chloroform. The addition of δ+ slows down the CT formation time as the rise 
time of the CT state. Two molecules with δ+ have CT state formation times at least 5 times 
slower than the compounds with the regular δ spacer, since the rise time of the anion absorption 
band is 90 ps and 120 ps for D1δ+A (red) and δ-D1δ+A (purple) vs. 14 ps for D1δA (black) and 
δ-D1δA (blue). It may be due to the lack of FRET in the presence of δ+ and to the fact that CT 
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state is formed from (D1δ+)* as the initial delocalization plays a major role in charge transfer 
formation rate.116 Conversely, δ+ does not have a significant impact on charge recombination 
kinetics, as very similar decay kinetics for D1δA (black) and D1δ+A (red) or for δ-D1δA (blue) 
and δ-D1δ+A (purple).

The presence of the terminal amine δ- lengthens the CT state recombination time, since the 
lifetimes of the CT states are increased by a factor of about 2.5 for molecules with the δ+ spacer 
(1.2 ns for δ-D1δ+A vs. 0.48 ns for D1δ+A) and of 4.5 with the δ spacer (2.3 ns for δ-D1δA vs.

0.51 ns for D1δA). This effect is expected to be due to the larger separation distance between 
the charges of the CT state in molecules where δ- would stabilize the positive charge on the 
extremity of the donor moiety, further away from the acceptor. A quantitative analysis by 
Marcus-Jornter theory is presented in § IV.2.3.

V.2.2.2 Effect of donor length 

Based on the classical Marcus theory, the elongation of charge separation distance should lead 
to a longer CT state recombination lifetime, since the electronic coupling A and D is reduced. 
The different donor length of Dnδ+A and δ-DnδA molecules with n=0 ~ 3 and n=0 ~ 2 are 
synthesized and studied in chloroform. The same species identification procedure as in D1δA

is carried out and indicates that CT states are formed in all cases. The global analysis is applied 
to determine the time constants associated with the CT state recombination in each case, and 
the results are displayed in Table IV.4.

In the case of Dnδ+A (Figure IV.9(A) showing traces at 800 nm, symbols represent experimental
data, and solid curves are fitted with same temporal parameters as global analysis), the donor 
length has no impact on CT state formation and recombination time, resulting in the range of a
100 ps formation time and a 450 ps recombination time. This lack of changes could be due to 
the effect of δ+. The CT states are more located near to the A, rather than on the opposite side 
of D.

As illustrated in Figure IV.9(B), an entirely different observation is made with the δ-DnδA

molecules: the terminal δ- stabilizes the CT state as the optimal donor length n=1 (blue curves) , 
with an increase of the CT state lifetime up to 2.3 ns. (0.4 ns and 1.1 ns for n=0 and n=2, 
respectively, in black and red) This could be understood as previously as an effect of spreading 
further apart the charges along the molecule, which is however optimally efficient for a 
not-too-long donor moiety.

Figure IV.9 Kinetic traces at 800nm: Effect of donor length for the (A) Dnδ+A molecules, with n = 0 
(black), 1 (red), 2 (blue) or 3 (purple). The donor length almost has no effect on the CT formation and 

recombination times for molecules without δ- (B) δ-Dnδ+A molecules, with n = 0 (black), 1 (red), 2 
(blue). The CT state lifetime is optimal for n=1.



IV. Donor-Acceptor Molecules for Organic Photovoltaics 

56

Table IV.4 Charge transfer state formation and recombination time constants for Dnδ+A and δ-DnδA

with increasing donor length.
n Dnδ+A δ-DnδA

Formation Recombination Formation Recombination
0 90ps 410ps 20ps 0.4ns
1 90ps 480ps 14ps 2.3ns
2 150ps 440ps 14ps 1.1ns
3 140ps 430ps

IV.2.2.3 Effect of solvent 

To investigate the influence of the interaction with the environment, and in particular of the 
solvent polarity, we compare the results obtained in chloroform to toluene and TCE for the
D1δA, D1δ+A, and δ-D1δA molecules. The kinetic traces at 800 nm are depicted in Figure IV.10. 
Table IV.5 displays the CT state formation and recombination time constants obtained by global 
analysis.

Figure IV.10 Kinetic traces at 800 nm of D1δA in different solvents (symbol curves) with their fits 
(solid curves): chcl3 (black curves), TCE (red curves) and toluene (blue curves).By decreasing solvent 

polarity, the CT state lifetime is significantly extended.

For each molecule, the CT states are stabilized, as their lifetimes increase, in less polar solvents.
However, the stabilizing effect of δ- previously observed in chloroform is not as large as the 
effect of these solvents. Due to experimental limitations, a precise determination of the > 5 ns 
CT lifetimes is not possible. This would require measuring the kinetics over a time span longer 
than accessible in our femtosecond pump-probe experiment (6 ns).
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Table IV.5: Effect of the solvent polarity: CT state formation and recombination time constants (in ns)
of D1δA, D1δ+A and δ-D1δA in toluene, trichloroethylene (TCE) and chloroform. The bulk dielectric 
constants are from117.

Solvents
Dielectric constants ε

Toluene
ε=2.38 (3.5*)

TCE
ε=3.42

Chloroform
ε=4.81

D1δA Formation (ns) 0.026 0.014 0.014
Recombination (ns) 5.7 4 0.50

δ-D1δA Formation (ns) 0.030 0.019 0.014
Recombination (ns) 6.7 6 2.3

D1δ+A Formation (ns) 0.26 0.15 0.090
Recombination (ns) 6.2 2.8 0.48

δ-D1δ+A Formation (ns) 0.12
Recombination (ns) 1.2

*An effective dielectric constant of 3.5 is found in literature for toluene, to account for the effect 
of its strong electric quadrupole moment.118
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IV.2.3 Marcus-Jortner Analysis

In order to clarify the observed influence of the molecular structure and solvent polarity on the 
CT state formation and recombination, Marcus theory (in § I.3.3) is not sufficient and the data 
were analyzed according to Marcus-Jornter theory20, which doesn't assume the high-
temperature limit T>150K119 and includes the vibrational states.

Within that theory, the rate constant k for the electron transfer occurring upon CT state 
formation or recombination can be written as:114,115

k = _ NDw
/F1eÁÐ�·�ir M⁄ uM exp _− 1¼ÁÐ�þ%ÿ i ∑ Ú�¼ÁÐ�þ%ÿ Þ 

!!#!$�  exp _− (®¯Á�1eÁÐ���þ%ÿ)F
N1eÁÐ�·� i    Eq.IV.1

where V is the electronic coupling between initial and final states, kB the Boltzmann constant 
and T the temperature (room temperature in our case: 298K). λmol is the intramolecular 
reorganization energy, which is computed by geometry optimization in the relevant states (coll. 
I. Burghardt) and displayed in Table IV.6. Evib is the energy of an effective, high-frequency 
vibrational mode and is set here to 1500 cm-1 (0.186 eV), the characteristic frequency of C=C 
bond stretching, λsol is the solvent reorganization energy, which is estimated in different solvents 
by the Born-Hush approach:117

!$ª° = LF
NDIJ _ rM�± + rM�³ − rv´´i _ r�F − rIi    Eq.IV.2

In this equation, n and ε are the refractive indexes and dielectric constant of the solvent. r+ and 
r- are as the radii of hole and electron densities, and Rcc is the computed electron-hole centroid 
distance.
The Gibbs free energies for charge recombination (ΔGCR

0) and charge separation (ΔGCS
0) in 

different solvents are calculated from continuum dielectric theory:120

&­Çv� = −[2ª�(«) − 2�L�(¬)] + LF
NDIJIv%% + LF

CDIJ _ r�± + r�³i Ú rIbH¢ − rIÞ  Eq.IV.3

&­Ç&� = [2ª�(«) − 2�L�(¬)] − LF
NDIJIv%% − LF

CDIJ _ r�± + r�³i Ú rIbH¢ − rIÞ − 2�� Eq.IV.4

Eox and Ered are oxidation and reduction potential energies, respectively. εref is the dielectric 
constant of dichloromethane (εref=8.93)113, in which oxidation and reduction potentials were 
measured. E00 is the energy of the excited state from which the CT state is formed, namely 
(Dnδ+)* for molecules containing δ+ or A* for molecules containing δ when resonant energy 
transfer precedes electron transfer. A Jablonski diagram is shown in Figure V.10(A) illustrating 
the calculation of Eq. IV. 2 ~ 4. The solvation effect is taken account on the Ered(A). The purple 
ΔGCS

0 implies the CT state formation from (Dnδ+)* and the yellow ΔGCS
0 stands for the charge 

separation from A* through the hole transfer after the FRET from D1δ or δ-D1δ to A .
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Figure IV.11 (A) Jablonski diagram for the calculation of charge separation and charge recombination,
including different pathways to form CT state due to the spacer (δ or δ+) and (B) Free energy surface of 
the reactant (D1δ-A*) and product ((D1δ)+-A-) as a function of the generalized reaction coordination for 

electron transfer.

We now apply the Marcus-Jortner formalism to both CT formation and recombination. Tables 
IV.6 and IV.7 summarize the values of all parameters appearing in Eq. IV.1 to 4 for various 
solvents and molecules, as well as the computed solvent reorganization energies and Gibbs free 
energies.

Table IV.6. Parameters and molecular reorganization energies used in the Marcus-Jortner model. r+ , r-

and RCC are taken as the hole, electron density radii and the distance between electron and hole density 
centers as calculated from electronic structure modeling (I. Burghardt's team). Ered and Eox are the 
oxidation and reduction potential energies determined experimentally (N. Leclerc, ICPEES). E00 is the
energy gap between the lowest excited state and the ground state, from which the CT states are formed.
λmol, are the computed molecular reorganization energy for charge recombination and charge formation.

D1δA D1δ+A δ-D1δ+A

r+ (nm) 0.8 0.7 0.9

r- (nm) 0.4 0.4 0.4

Rcc (nm) 2.3 2.2 2.5

Ered (eV) -0.40 -0.40 -0.40

Eox (eV) 0.89 0.89 0.81

E00  (eV) 2.32 1.92 1.92

λmol (eV) Formation 0.33 0.30 0.28

λmol (eV) Recombination 0.57 0.68 0.69

First, we note that CT state recombination takes place in the Marcus inverted regime as -ΔG0 >
λ= λsol+λmol. CT state formation from (D1δ+)* and (δ-D1δ+)* occurs in the normal Marcus regime 
while CT state formation from A* happens in the (nearly) optimal Marcus regime, as the 
difference between -ΔGCS

0 and λ is less than 0.06meV. 

Hence, we conclude that changing the solvent polarity would have a stronger influence on the 
charge recombination than on charge formation. This is confirmed when using the right-hand 
side of Eq. IV.1 to predict the expected solvent influence on the various ET steps of interest. 
Since all solvents have a similar refractive index, one can verify that the main solvent influence 
comes from the change in dielectric constant, by plotting k/V2 as a function of ε (eq. IV.1 to 4) 
for different types of ET reactions for D1δ+A and D1δA characterized by various Gibbs energies 
(ET from (D1δ+)*, A* or CT states) and different λmol, r+, r-, Rcc. An effective dielectric constant 
of 3.5 for toluene is expected to account for the effect of its strong electric quadrupole 
moment.121
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Table IV.7. Estimated solvent reorganization energies λsol (Eq. IV.2) and Gibbs free energies for charge 
recombination ΔG0

CR (Eq. IV.3) and charge separation ΔG0
CS (Eq.IV.4)

Toluene TCE Chloroform

ε 3.5 3.42 4.89

n 1.496 1.477 1.446

D1δA λsol (eV) 0.333 0.344 0.568

-ΔG0
CS (eV) 0.739 0.725 0.907

λCS=λmol+λsol (eV) 0.663 0.674 0.898

-ΔG0
CR (eV) 1.580 1.594 1.412

λCR=λmol+λsol (eV) 0.903 0.914 1.138

D1δ+A λsol (eV) 0.349 0.360 0.595

-ΔG0
CS (eV) 0.323 0.309 0.500

λCS=λmol+λsol (eV) 0.649 0.660 0.895

-ΔG0
CR (eV) 1.594 1.609 1.418

λCR=λmol+λsol (eV) 1.029 1.040 1.275

δ-D1δ+A λsol (eV) 0.554

-ΔG0
CS (eV) 0.585

λCS=λmol+λsol (eV) 0.834

-ΔG0
CR (eV) 1.333

λCR=λmol+λsol (eV) 1.244

Figure IV.12 Influence of the solvent on k/V2 as predicted from Eq.IV.1 to 5 for (A) CT state formation 
from (D1δ+)* (red) or A* (black), and (B) CT state recombination in D1δ+A (red) and D1δA (black). 

Dashed lines illustrate the dependence on ε assuming a fixed value of n (here n = 1.446 corresponding 
to chloroform), squares and dots give the values computed with the correct values of n and ε (Table 

IV.5) for each solvent.

Figure IV.12 shows that the change of solvent is expected to affect the CT formation kinetics 
comparatively weakly (by less than 50%), but the recombination by a factor of ~3, mostly due 
to the change in ε. These opposite trends can be traced back to the different Marcus regimes 

(inverted vs. quasi-optimal) of CT formation and recombination for the present molecules. 
Given the very crude level of description of the solvent influence by Eq. IV.2 (which assumes 
a dielectric sphere kind of model,119 while the hole and electron density distributions are very 
much elongated in the present systems), these trends remarkably reproduce the observations, 
since the solvent influence is indeed significantly stronger for CT recombination than for CT 
formation (Table IV.5). In addition, by using the observed ET rates for k, we can further exploit 
Eq.IV.1 and infer the magnitude of the electronic coupling terms V given in Table IV.8. Since 
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the observed solvent influence on the CT formation and recombination is larger than that 
predicted by Figure IV. 12, Eq.IV.1 leads to a residual solvent dependence of the electronic 
coupling term k/V2. Although a solvent-dependent coupling may be expected due to e.g.

solvent-induced electrostatic interaction shielding.22,121 the accuracy of this prediction is 
uncertain given the very crude approximation made for the solvent reorganization energy 
(Eq. IV.2). A more accurate modeling of the solvent influence would require a molecular-based 
(rather than continuous) modeling of the solvent,19 which goes beyond the scope of the present 
work.

Table IV.8 shows that the electronic coupling terms V are small, in the range of 0.3 to 2 meV. 
This is in line with the electronic couplings already computed for very similar dyad
compounds122 or deduced by a similar approach for other large organic donor and acceptor 
compounds121 connected by saturated bonds. Interestingly, the faster CT state formation in the 
compounds containing δ rather than δ+ as a donor-acceptor spacer clearly appears, resulting 
from a 2- to 3- fold stronger "hole" coupling between A* and CT state than between (D1δ+)*
and CT state.122

Importantly, regarding the molecular design strategy, it is most relevant to compare the results 
obtained for D1δA / δ-D1δA and D1δ+A / δ-D1δ+A in chloroform. We note that upon adding the 
terminal amine δ- on D1δ+A a nearly 3-fold increase in CT state lifetime is observed in 
chloroform, which, by Eq.IV.1 relates back to a reduction by a factor of 1.7 in the estimated 
electronic coupling V (Table IV.8). The latter is commonly assumed to be proportional to the 
overlap between both wavefunctions and to decay exponentially with the electron-hole 
separation distance in the CT state, according to V2=V0

2exp(-βRCC).57 Typical values for the 
decay length scale have been reported to be in the range of β ~ 0.3-0.7Å-1 for ET through 
covalent bonds or involving carrier tunneling (superexchange) in organic molecules57,123-125.
The quantum calculation finds actually two CT states with RCC = 23 Å (CT1) and RCC = 42 Å
(CT2), respectively. In the present case, electronic structure modeling predicts that adding the 
terminal δ- moiety on D1δ+A should increase the electron-hole distance RCC by 3 Å in the CT1 
state and as much as 18 Å if the relevant CT state would rather be of CT2 character. With a 
1.75-fold decrease of V, these changes in RCC would correspond to a rather small β value of 

0.34 Å-1 (considering only CT1) or an unrealistically small value of 0.06 Å-1 when considering 
the CT2 state. We conclude that the observed CT state is essential to the CT1 character, possibly 
slightly mixed with CT2, due to the near-degeneracy with that second state.108

Table IV.8. Electronic couplings for charge formation and charge recombination, calculated by Eq. IV.1 
taking into account the experimental reaction rates (in Table IV.5)

V(meV) Toluene 
(ε=3.5)

TCE Chloroform

D1δA Formation 1.783 2.385 2.392

Recombination 0.313 0.376 0.535

D1δ+A Formation 0.682 0.975 1.381

Recombination 0.236 0.343 0.495

δ-D1δ+A Formation 0.886

Recombination 0.306
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IV.3 DAD's in liquid crystal films

Four molecules with different donor moieties (D1δA, D1δ+A, δ-D1δA and δ-D1δ+A) were
studied in the film phase in order to observe the photo-physical properties in similar condition 
as in the organic solar cells. It allows investigating the influence of intermolecular interactions 
on photo-induced processes.
The films are prepared by Laure Biniek at the Institut de Charles Sadron, Strasbourg. They are 
prepared through the doctor-blading technique from solution at 45ºC on a quartz substrate and 
then post-annealed at 200ºC to form a long range π-π* stacking on PDI.
Through electron diffraction and X-ray scattering methods, a zipper-like arrangement of DA 
has been revealed due to strong π stacking of PDIs.56,57

IV.3.1 Steady-state properties

IV.3.1.1 Steady-state absorption and Spectro-electro-chemistry 

Figure IV.13 Absorption spectra of (A) D1δA (B) D1δ+A (C) δ-D1δA and (D) δ-D1δ+A in the film
(black curves in all panels), respective Donor moiety (blue curves) and Acceptor (red curves) in 

chloroform. You should make a spectral shape analysis decomposing the peaks. This allows for a better 
determination of the peak wavelengths.

The steady-state absorption spectra (black curves) of four molecules are displayed in the Figure 
IV.13 with respective donor moiety (blue curves) and acceptor (red curves) in chloroform. The 
molecules with normal δ spacer ((A): D1δA and (C): δ-D1δA) have two intense peaks around 
410 and 460 nm and a weak shoulder at 550 nm. Compared with the characteristic absorption 
spectrum in solution, the highest energy absorption band around 410 nm belongs primarily to 
D1δ. For the molecules with high electron affinity δ+ ((B): D1δ+A and (D): δ-D1δ+A), the 
shoulder between 480 nm and 600 nm is due to the contribution of δ+ as in the solution. The >
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55 nm blue shift (from 527 to 470 and 457 nm) of the absorption peak of PDI indicates H-
aggregation of PDI, as commonly observed9,10,126 and revealed by different structure analysis 
methods (see next section). 

Spectro-electro-chemistry was also performed in the film to identify the charged species spectra, 
and the results are depicted in Figure IV.14. The films are prepared following the same protocol 
as the film for transient absorption experiments, except for the fact that the substrates used have 
an ITO electrode in order to adapt to the experimental setup. The replacement of substrate from
quartz to ITO electrode does not significantly affect the molecules’ organization. The steady-
state absorption spectra of the same molecule on different substrates are similar. 

In Figure IV.14, the differential absorption spectra (ΔA(λ) = Ared/ox(λ) –A0(λ), Ared/ox(λ): 

steady-state absorption measured at reduction or oxidation voltages and A0(λ): steady-state 
absorption measured at zero voltage) of cations and anions normalized at a maximum of GSB 
are illustrated in order to highlight the individual GSB contributions of donor and acceptor 
moieties in films. Oxidation (D1δ)+ (D1δA: black curve and δ-D1δA: blue curve) mainly
produces a negative peak at 412 nm with a broad positive band between 500 nm and 800nm.
(D1δ+)+ (D1δ+A: red curve and δ-D1δ+A: purple curve) have an extra negative contribution at 
550 nm due to δ+ and positive band shifted to the near-IR regime (700 nm for D1δ+A and >1000 
nm for δ-D1δ+A). For A-, the differential absorption spectral feature is similar to all four 
molecules as a negative peak at 460nm and three characteristic positive peaks at 714, 800 and 
965 nm.

Figure IV.14 Normalized differential spectra of D1δA (black curves), D1δ+A (red curves), δ-D1δA (blue 
curves) and δ-D1δ+A (purple curves) (A) cation and (B) anion at maximal bleach in the film obtained 

by spectro-electro-chemistry.
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IV.3.1.2 Morphology 

Laure Biniek et al. have established D-A thin film structures by a combination of electron 
diffraction, grazing incidence X-ray diffraction and high-resolution transmission electron 
microscope (HR-TEM) as shown in Figure IV.15(A).57 The major feature is a zipper-like 
arrangement. 

Figure. IV.15 (A) HR-TEM images of D1δA showing the characteristic zipper-like molecular packing. 
The white arrows point at the zipper-like arrangement of co-oligomers in the HR-TEM images. In these 

zones, the electron beam is parallel to the stacking direction of the PDI blocks ( axis). The insets 
show the fast Fourier transforms. (B) a schematic illustration of the zipper packing of the D1δA is

shown. It is a top-view of the zip along the normal to the substrate plane and corresponds to the zones 
indicated by white arrows in the TEM images and (C) schematic representations of the standing and 

flat-on orientations of the crystalline lamellae. The acceptor PDI group is shown in red, the donor 
moiety in blue. 57

In Figure IV.15 (A), the HR-TEM image of the rubbed and annealed films of D1δA shows some 
areas with a zipper-like self-organization. The films consist essentially of standing D-A

lamellae. However, the electron-diffraction patterns indicate that within the edge-on lamellae
(left panel in Figure IV.15(C)), the stacking of the molecules can occur with the π-stacking 
either in-plane or out-of-plane (right panel in Figure IV.15(C)).
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IV.3.2 Time-resolved spectroscopies

Figure IV.16 displays a selection of differential absorption spectra ((A) and (B)) and
time-resolved fluorescence results ((C) and(D)) of D1δ+A excited at 400 nm. 

For the transient absorption data:
· Within the first 1 ps, a broad ESA band above 700 nm decreases and meanwhile a negative 

spectral band decreases from 450-600 nm. The negative spectral band of the differential
absorption spectrum at 400 fs (red curve in Figure IV.16(A)) is characterized by a peak 
around 470 nm (GSB, dotted curve) and a secondary peak at 540 nm, which we attribute 
to SE as a negative contribution. ESA and SE indicate an excited state, which is probably
(D1δ+)*, since the film is excited at 400 nm. 

· From 1 ps until 20 ps, the GSB below 450 nm remains while the ESA above 800 nm 
decreases greatly and a new formed positive contribution compensates the GSB between 
470 nm and 550 nm. 

· After 20 ps, a long-lived state, that we refer to as "photo-product" is fully formed, as a 
broad photoproduct absorption (PA) band centered at 880 nm. The GSB band around   
460 nm is still present and the differential absorption spectrum decreases without major 
spectral changes until 5 ns. 

For time-resolved fluorescence results in Figure IV.16(C):
· The photoluminescence (PL) spectrum at 10 ps contains an intense peak at 640 nm and a 

secondary peak at 530 nm. Its spectral feature is similar to the steady-state fluorescence
spectrum of D1δ+ (dotted green curve in Figure IV.2(A)). 

· From 10 to 20 ps, the PL spectrum broadens and has a 10 nm red shift and the secondary
peak at 530 nm totally recovers.

· The PL spectrum significantly decays until 300 ps without any spectral changes.

The normalized PL kinetic traces illustrated in Figure IV.16(D) are consistent with the PL 
spectral evolution, showing three components decays: unresolved Gaussian decay at 520 nm 
and a fast and major exponential decay within 30 ps and a slow and weak decay within 100 ps 
at 640 and 700 nm.
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Figure IV.16 Selected differential absorption spectra of D1δ+A excited at 400nm (A) within the first 20 
ps (B) until 5 ns, (C) time-resolved PL spectra within 300 ps and (D) normalized PL kinetic traces at 

520 nm, 640 nm and 700 nm.

Among those four molecules (D1δA, D1δ+A, δ-D1δA and δ-D1δ+A), the kinetic traces taken at 
the peak of the PA (780, 880, 790 and 790 nm for D1δA, D1δ+A, δ-D1δA and δ-D1δ+A) and the 
GSB peak (460, 560, 460 and 540 nm for D1δA, D1δ+A, δ-D1δA and δ-D1δ+A), normalized at 
10 ps, are shown in the Figure IV.17. After 10 ps, the mirror-like recovery property indicates 
that the molecules relax to the ground state from the PA state, without the contribution from 
any intermediate. Note that, unlike the CT states in solution, the chemical design of donor 
moiety nearly has no effect on the photoproduct state lifetimes in the film with ~2 ns lifetime.
Note that Geng’s group reported a similar result, of constant photo-product lifetimes.127
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Figure IV.17 Kinetic traces are taken at the PA and GSB peak wavelengths, normalized at 10ps. In 
films, D-A dyads with four different donor moieties have the similar kinetic behavior after 10 ps, 

indicating the similar long-lived PA state formed and the effect of donor on CT state recombination is 
invalid.

Figure IV.18 illustrates the differential absorption spectrum at 100 ps in the film of D1δ+A

(black curve) with a comparison of the differential absorption spectra of charged species, as 
presented in Figure IV.13 (Cation spectrum: red curve and anion spectrum: blue curve).  In 
solution, we have identified that the differential absorption spectrum at 28 ps of D1δA is the CT 
state spectrum, since it corresponds to the linear combination of the amplitude of D1δ’s GSB 

spectrum A GSB spectrum and charged species spectra as shown in Figure IV.6 (C). Now, we 
want to analyze the TA spectrum in the same way for the films. In the GSB parts, the intense
negative peaks at 460 nm and 560 nm indicate the photoproduct state involves A, and maybe 
D1δ+, but due to excessive pump beam scattering, the region around 400 nm is not observable.
The photoproduct absorption (a broad band centered at 880 nm) has an entirely different 
spectral feature than the differential spectra of charged species. ((D1δ+)+: centered at 700 nm 
and A- two peaks at 710 nm and 820 nm). It is obviously impossible to reconstruct the ΔA
spectrum by a linear combination of the radical ion spectra. Thus, it’s difficult to directly 
conclude that the photoproduct state is the CT state by compared the differential spectra 
obtained by the transient absorption spectroscopy and spectro-electro-chemistry. The same 
situation occurs in the other three films, as displayed in Appendix.I.
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Figure IV. 18 Comparison of TA spectrum at 100 ps of D1δA excited at 400 nm with differential spectra 
of cation species (red curve) and anion species (blue curve) measured by spectro-electro-chemistry. No 

direct spectral evidence shows the existence of CT state.

Global analysis of four exponential functions is applied to reveal different states or species 
along the course of the reaction with their lifetimes. The similar spectral features and lifetimes 
among four molecules indicate the same photoinduced scenario: The first excited state located 
in (D1δ) or (D1δ+) relaxes within 0.2-0.5 ps lifetime to an intermediate state, as indicated by the 
rapidly decreasing ESA band above 800 nm and recovering SE band around 450-650 nm. Two 
spectrally similar long-lived species (>100 ps and 4.4 ns) are formed showing a broad 
absorption band centered at 780 nm (molecules with D1δ) or centered at 880 nm (molecules 
with D1δ+). The different lifetimes are both due to fast and slow recombination, most probably 
related to two classes of molecular conformations or photoproduct species. The nature of the 
intermediate T2 time scale is not clear yet, but may be related to vibrational relaxation of the 
photoproduct, or small amplitude excited state population.
Therefore, for the molecules with δ+ (D1δ+A and δ-D1δ+A), the reaction scheme is:

The similar reaction scheme is excepted for the molecules with δ (D1δA and δ-D1δA) besides 
the photoproduct state may form from the A after FRET as in the solution. The same time-
resolved fluorescence experiments were performed. However, PL spectrum and kinetic traces 
depend on the pump location. The origin of the problem is unclear, and it may be due to the 
inhomogeneity in films. It seems to indicate that the excitation spot size (100 μm) is not enough 

to average over the statistical distribution of local D-A intermolecular conformations (Figure 
IV.15). In those cases, the time-resolved fluorescence experiments can not be direct evidence.
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Table IV.9. Rate constants of four D-A molecules in the film analyzed globally.
T1 (fs) T2 (ps) T3 (ps) T4 (ns)

D1δA 450 8.8 200 4.4
D1δ+A 330 2.8 88 4.4
δ-D1δA 370 4.2 100 4.4
δ-D1δ+A 200 3 78 4.4

IV.3.3 Discussion

As a prerequisite to obtaining free carriers, then photocurrent, it is crucial to identify whether 
the CT state is formed or not in the D-A films. A several ns long-lived photo-product state is 
formed in all studied D-A films. The direct evidence by spectro-electro-chemistry is not 
validated. Importantly, the PA spectra show clearly that the A moiety is involved since the GSB 
observed is dominated by A. However since optical excitation created pairs of charges and 
combined with the self-assembly properties of A to form ~100 nm chain, we propose two 
possibilities for the nature of the photoproduct state: the A excimer128 or delocalized 
charges/polaron pairs129, which will be spectroscopically different from the single charged 
anion or cation spectra. Both interpretations are consistent with the observation of the same 
decay times for all four donor compositions.

Since excimers decay radiatively, time-resolved fluorescence experiment should be a useful
approach to identify the existence of excimers in the ns range. Unfortunately, due to the 
inhomogeneity of films, results of time-resolved fluorescence have high variability, especially 
for the molecules containing δ. Thus, different fluorescence spectra and different decay 
dynamics were observed. Therefore, at the present stage, time-resolved fluorescence results 
cannot be directly compared to the TAS data, even though indications for weakly emissive 
species with longer lifetimes were found. Repeating these experiments is in progress.

Indeed, the missing agreement with the spectro-electro-chemistry data may be due to the strong 
intermolecular interaction. According to the steady-state absorption spectra (Figure V.12), the 
absorbance of D-A films cannot be treated as the sum of D’s absorption and A’s absorption, 

indicating significant electronic interaction in the ground state, as expected from the tight 
molecular packing (§IV.3.1.2). Clearly, intermolecular interactions between the dipole 
moments of neighboring A's are stronger than intra-molecular ones. Hence, it is possible that 
the CT state absorption may be different from a linear combination of the           
spectro-electro-chemistry spectra, wherein only one type of charge is accumulated.
To clarify our hypothesis, transient THz spectroscopy could be an alternative to study possible 
conductivity changes due to the CT state or delocalized charges.
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IV.4 Conclusions

By using transient absorption spectroscopy and time-revolved fluorescence measurements, we 
investigated a novel family of D-A molecules in solution and in thin films.

The study of D-A molecules in solution allowed to evidencing the influence of intra-molecular 
interactions and the role of the donor subunits δ- or δ+. With the benzene-containing δ spacer, 
an ultrafast (~1 ps) energy transfer to the acceptor precedes CT formation such that electron 
transfer (ET) occurs from the A* state on a ~10 ps time scale. Introducing such a spacer 
increases the CT lifetime more than 10-fold with respect to the first generation of DAD's lacking 
such a spacer 93.
Instead, the benzothiadiazole δ+ spacer precludes the initial energy transfer, and a significantly 
slower (~100 ps) ET occurs from the originally photoexcited donor (Dnδ+)* state. Irrespective 
of the nature of the spacer (δ or δ+), the CT state lifetime increases upon adding the terminal 
amine δ- on the donor block, up to 5 fold with the optimum donor length n=1 in chloroform, 
and possibly also in other solvents, but lifetimes >3 ns are not accurately measured here. 
Reducing the solvent polarity (from chloroform to toluene) slows down the CT state 
recombination by up to 1 order of magnitude and to a lesser extent the CT state formation (by 
a factor 2 or 3 at most). We note that in the slightly more polar chlorobenzene (ε=5.62) the CT 

lifetime of similar 

In films, despite the modification of the D moiety, photo-product states are observed in all four 
studied D-A films, with different differential spectra but similar lifetimes. More experimental 
proofs are needed to identify which state it is. Excimers or delocalized charges are the most 
plausible candidates, because of the A π-stacking chains.
However, and as an unexpected result and response to the initial motivation of synthesizing 
DA's with varying donor groups, the chemical design of molecular structure does not have a 
significant impact on the lifetime of this state.

As much as intermolecular interactions clearly dominate the photochemistry in the films, we 
showed that the solvent polarity had a larger impact on enhancing the CT lifetimes than the 
chemical design of the Donor moiety. This is in agreement with a previous study of the first 
generation DAD in films where the inter-molecular interactions and couplings were shown to
play a more important role in the charge generation processes.93,130 This indicates that the 
molecular arrangement in films must be part of the oligomer design, and that it is more 
important to address these aspects and their effect on CT lifetimes than to stabilize the CT on a 
single oligomer. Thus, as for organic materials used for bulk heterojunctions, the molecular 
design challenge involves multi-scale considerations, here in particular for the simulation of 
the molecular packing of the oligomers.

In the term of outlook, other non-fullerene acceptors have reached impressive high PCE by 
building 2D conjugated polymers.54 The perspective of the 2D-conductive channel could be 
bright. The interdigital structure shows transverse dimensions leading to the fast and efficient 
formation of interfacial CT state within the exciton lifetime and high carrier mobility allowing 
for high intermolecular hopping rates. The TEM image of PDI (Figure IV.16) illustrates the 
evidence of the zipper-like conductive structure of PDI. Therefore, we expect the OSCs based 
on the PDI could be improved moreover. Furthermore, the morphology plays an important role 
in photo-induced processes (exciton diffusion, charge collection etc.) and optimizing the device 
PV performance. The combination of typical ultrafast time-resolved spectroscopies with 
electron microscopy will be a powerful tool to investigate the solar cells.
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The work on isolated Donor-Acceptor molecules in solution (§ IV.2) led to 
an article: 

L. Liu, P. Eisenbrandt, T. Roland, M. Polkehn, P.-O. Schwartz, K. Bruchlos, B. 
Omiecienski, S. Ludwigs, N. Leclerc, E. Zaborova, J. Léonard, S. Méry, I. Burghardt, 
S. Haacke ‘‘Controlling Charge Separation and Recombination by Chemical Design in 

Donor-Acceptor Dyads’’Phys. Chem. Chem. Phys., 2016, 18, 18536
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V.1 Introduction

A coordination complex consists of a coordination center (i.e. transition metal) surrounded by 
ligands (i.e. ions or molecules). For instance, vitamin B12 and Chlorophyll are natural 
coordination complexes that have been noticed by modern chemistry since the 1800s. For the 
d shell metal, the octahedral organization of six ligands around the coordination center was first 
proposed and proven by an Alsatian chemist Alfred Werner in 1893, which brought him a Noble 
Prize in 1913.131

According to the ligand field theory, the electric field created by the ligands surrounding the 
coordination center lifts the degeneracy of the five d orbitals of the metal. In a perfect octahedral 
geometry, six ligands are symmetrically arranged along x, y and z-axes. Thus its corresponding 
electric field splits the d orbitals into a subset of three orbitals, namely dxy, dyz and dzx, and a 
subset of two orbitals, namely dz

2 and dx2-y2, which are called t2g and eg., orbitals, respectively, 
in the irreducible representation. The anti-bonding t2g orbitals are lower in energy than the 
antibonding eg., orbitals. 

The splitting between t2g and eg orbitals is characterized by the ligand field strength, noted Do.
The amplitude of Do depends on the metal center and the ligands. As a general rule, the ligand 
field strength, Do:

1. increases while increasing the oxidation number of the metal. Indeed, a more oxidized 
metal is smaller, and thus the distances between the ligands and the metal are reduced 
giving a larger Do.

2. increases as the number of row transition metal increases, because the expanded shells 
from 3d to 4d orbitals have a larger bonding strength. 

Coordination complexes have numerous applications due to their high molar extinction 
coefficient in the visible and long-lived excited state(s): pigments in Nature, photosensitizers, 
photocatalysts in organic synthesis132, organic light-emitting diodes (OLED133), light-driven 
hydrogen production134,135 and Dye-Sensitized Solar Cells (DSSCs) 64.
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V.1.1 Ruthenium complexes

Figure V.1 shows the molecular energy diagram of ruthenium (II) surrounded by six ligands in 
an octahedral geometry, noted, Ru(II)L6. Four kinds of electronic transitions can occur:

1. Metal-Centered (MC) transitions: transitions involving only the orbitals of the metal, 
i.e. from t2g to eg;

2. Ligand-Centered (LC) transitions: π-π* transitions from the orbitals of the ligands; 
3. Ligand-to-Metal Charge Transfer (LMCT) transitions: new transitions from the ligands 

π orbital to the metal eg orbitals;
4. Metal-to-Ligand Charge Transfer (MLCT) transitions: new transitions from the metal 

t2g orbitals to the ligands π* orbital.

Figure V.1 Molecular energy diagram of a Ru(II)L6 complex including the relation between orbitals in 
the complex and the individual Ru part and ligand part. Four transitions are formed: MC transitions, 

LC transitions, LMCT transitions and MLCT transitions.

The ultrafast spectroscopy studies on coordination complexes started recently. In 1997, the first 
reported femtosecond transient absorption experiment shows the ultrafast evolution of the
excited state of the ubiquitous coordination complex: tris(2,2’-bipyridine)ruthenium(II) 
([Ru(bpy)3]2+, (bpy=2,2’-bipyridine))136.After optical excitation in the visible of [Ru(bpy)3]2+,
its first excited state is a singlet MLCT (1MLCT). The spin is converted from singlet to triplet 
(3MLCT ) within 100fs through an ultrafast intersystem crossing (ISC)136. The relaxation from 
3MLCT state to the ground state takes 1100 ns at room temperature.137

This long-lived 3MLCT state makes the Ru(II) complex a good sensitizer to collect photons for 
many applications, such as catalysis and solar cells. Especially since 1991, Grätzel invented the 
Dye-Sensitized Solar Cells (DSSCs, described more precisely in § II), called Grätzel cells, by 
grafting Ru complexes on wide-band-gap nanocrystalline titanium dioxide (TiO2)
semiconductors.64 Until now, the best power conversion efficiency (PCE) based on Ru(II)
complex could reach 11.5%.138
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To achieve optimum PCE of DSSCs, a long-lived excited state is a key parameter and an 
additional crucial parameter is the injection efficiency into TiO2. Figure V.2 illustrates the 
energy levels and characteristic lifetimes of a well-studied Ru(II) complex (N719) grafted on a
standard electrolyte.78 81 From the steady-state absorption and emission spectra, the 1MLCT and 
3MLCT state energies were estimated to be ~1.95 and ~1.6 eV, respectively. The electron 
injection into TiO2 potentially involves both 1MLCT and 3MLCT states since their energy levels 
are higher than the bottom of the TiO2 conduction band. The total injection efficiency depends 
on the ratio between injection process and relaxation decay (ISC for 1MLCT state and 
phosphorescence for the 3MLCT state). According to the ref. 79, multiple electron injection 
processes are observed in N3-TiO2 film and the dominant electron injection is from 1MLCT
state but recent works on N719 show that the situation could be different and that electron 
injection from 3MLCT state dominates. Therefore, the key parameter to achieve an efficient 
electron injection is to get a long-lived 3MLCT state.

Figure V.2 Energy levels and characteristics lifetimes of N719 in DSSCs, adapted from ref. 78. The 
electron injection takes place from nonthermalized and thermalized MLCT states within 100 ps.
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V.1.2 Iron complex

Even though the ruthenium DSSCs can achieve more than 10% PCE and are commercialized, 
the price and the rarity of this metal prevent further industrial developments. Figure V.3 gives 
an overview of the abundance of chemical elements on Earth.139 It clearly appears how 
important it is to design new DSSCs with more abundant and cheaper transition metal like 
copper or iron.

Figure V.3 Abundance (atom fraction) of chemical elements in the Earth’s upper continental crust as a 

function of atomic number. The amount of Fe is 108 times more than that of Ru.139

From Ru(II)L6 to Fe(II)L6, the eg orbitals become lower in energy than the π* orbital, as shown 
in Figure V.4. Indeed, the ligand field strength from the 3d shell is weaker than the one from 
the 4d shell (Ru). Thus, the first excited state of Fe(II)L6 is a MC state and not anymore a MLCT
state. Instead of having a long-lived 3MLCT state, the excited state of Fe(II)L6 relaxes into a 
high-spin quintet state (5T2/5MC) in the ultrafast sub-100fs time scale, named as spin crossover 
modulation (SCO).140, 141, 142, 143

The energetic downhill from 1,3MLCT states to 5T2 state takes at least 1 eV. Thus, the electrons
located in the MC states can not inject into the TiO2. Therefore, SCO is a competitive and 
detrimental process for the DSSCs application.
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Figure V.4 Electronic diagrams of Ru(II)L6 and Fe(II)L6 complexes. Due to the smaller ligand field 
strength from the 3d shell of Fe(II), the energy level of eg is lower. Therefore, in the typical FeL6

complex, the energy of MC transient is low-lying compared with MLCT transition.

V.1.2.1 Spin crossover modulation (SCO) 

SCO was firstly reported, in 1931, by Cambi when he observed unusual magnetic properties 
under different conditions. Pauling and co-workers followed it by studying the magnetic 
properties of various derivatives of Fe(II) and Fe(III). Besides magnetic field, temperature and 
pressure, this phenomenon is also triggered by irradiation in the visible. McGravery et al.

discovered that for Fe(II)144 and Fe(III)145 polypyridine complexes in solution, the high spin 
state (HS, 5T2 state) could be populated more efficiently than the low spin (LS, 1A1 state) state 
by pulsed laser excitation.

Figure V.5 shows a simplified energy diagram of tris(2,2’-bipyridine)iron(II), [Fe(bpy)3]2+

which is a well-known SCO complex. In the literature, there is a discrepancy about the 
population of the 5T2 state from the 3MLCT state within 100 fs:

Ø direct mechanism where the 3MLCT state decays directly to the HS quintet excited 
state (5T2)146,147;

Ø indirect mechanism where the 5T2 state is formed through a triplet excited-state 
(3T)148,142.

Chergui et al. have shown by UV-Vis transient absorption spectroscopies that there is a direct 
formation of 5T2 state from 3MLCT.143 Whereas the X-ray Kβ fluorescence studies of Gaffney 

et al. support the second mechanism with the following spin relaxation pathway: 
3MLCT→3T→5T2.142 However, the 3T lifetime is extremely short (< 100 fs), making its 
observation challenging. The calculations of Graaf and Sousa indicate that both pathways are
energetically feasible with minimal activation barriers.149,150,151 Due to the complexity of 
observing SCO experimentally, both mechanisms remain an open question in the community. 
But, the studies of SCO in complexes, such as Fe(bpy)3 and Fe(tpy)2 give a fundamental 
understanding about Fe(II) complexes.
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Figure V.5 Spin states of involved electronic states and simplified energy diagram of [Fe(bpy)3]2+

showing electronic states involved. Adapted from ref.152

Fe(tpyCOOH)2 is taken as a reference for the following studies in order to spectroscopically
assign the 3MLCT and the 5T2 states. Fe(tpyCOOH)2 is diluted in acetonitrile (MeCN) to 
achieve an absorbance of 0.45 in 1 mm pathway at the maximum of absorption (~600 μmol*L-

1). The solution contained in a 1-mm quartz cuvette was continuously moved at 10 Hz on a 
louder speaker to avoid photo-degradation. The excitation wavelength is centered at 515 nm,
and the sample was pumped with 40nJ/pulse. The relative polarization of the pump and the 
probe was set at the magic angle (54.7º). Unless mentioned otherwise, all the samples studied 
in solution were investigated under the same conditions except the excitation wavelength. The 
2D plot of transient absorption data set of Fe(tpyCOOH)2 is illustrated in the Figure V.6(A).

Figure V.6 Transient absorption (A) 2D dataset and (B) spectral evolution within the first 500 fs of
Fe(tpyCOOH)2 excited at 515 nm. The 3MLCT state relaxes within first 200 fs and forms the long-lived 

5T2 state.
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The Figure V.6.(B) highlights the spectral evolution of Fe(tpyCOOH)2 within the first 500 fs.
In the first 100 fs, two broad ESA bands are formed: i) 350-500 nm, ii) above 610 nm. After 
200 fs, the transient absorption spectra have a sharp PA peak around 355 nm and a quasi-pure
GSB band (reversed steady-state absorption spectrum shown as the dotted curve in      
Figure V.6(B)) and decays without any spectral changes until several nanoseconds. The 
differential spectrum associated with the 2.2 ns lifetime is similar to the characteristic narrow 
ESA spectrum of the 5T2 Fe(bpy)3 in H2O.153 As pointed out by other authors, UV/Vis transient 
absorption spectroscopy does not give any indications of short-lived MC states.141 The transient 
absorption spectra at early time delay, with two broad ESA bands, indicates the presence of the 
3MLCT state.154

In conclusion, the photo-induced reaction scenario of Fe(tpyCOOH)2 is:

'+'kr, → '+'kK → kMÅ
V.1.2.2 Dye-sensitized Solar Cells 

Since the late 1990s, Iron(II) polypyridine complexes are considered as putative candidates for 
DSSCs155,156,157,158. Unfortunately, the PCEs of such devices remain very low (<0.1%), due to 
the presence of low-lying MC states. Thus, it is crucial to increase the energy level of the eg

orbitals in Fe(II)L6. One solution to achieve this goal is to add strong σ-donating ligands, such 
as N-heterocyclic carbenes (NHCs). The electron involved in the carbene-iron bond is more 
energetic than the common N-donors, such as pyridine, the electronegativity of carbon is lower 
than the one of nitrogen. 

NHCs can easily be modified by functionalization of the imidazolium ring, principally at the 
nitrogen position to play on the electronic and steric properties of such ligands. Thus, they are 
widely used in applications, in complexes with metals other than Fe: OLEDs159, biological 
labeling agents160, charge transfer reactions in DNA161, antitumoral agents 162 phosphorescent 
sensors163, photocatalyst for CO2 reduction164 and photochemical water splitting165. It is worth 
noting that the ruthenium DSCCs with NHCs have successfully achieved higher efficiency than 
N719.166 More recently, Wärnmark et al. have proposed to use NHC ligands for Fe(II) 
complexes. The first Fe(II)-HNC complex designed by them displayed an extended 3MLCT 
state lifetime of 9 ps.167

Following the same strategy, i.e. the increase of the eg orbitals energy, our collaborators (Dr. 
Thibaut Duchanois and Dr. Philippe C. Gros in SRSMC, Université de Lorraine) have 
synthesized a series of Fe(II) complexes with several modified ligands for the DSSCs 
application (Figure V.7). We will present and discuss in the following how these substitutions 
affect the 3MLCT lifetime.
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V.2 Isolated complexes in the solution

Even though the electron injection only occurs in the film, it is still worth to study the 
photophysical properties in the solution, especially the energy pathway, and use these results as 
a reference. In the photoinduced processes, the 3MLCT state is crucial. Its lifetime should be 
long enough to inject electrons into the semiconductor and its energy should be higher than the 
conduction band of the semiconductor. Therefore, the 3MLCT state is treated as the indicator.
We adopt a "screening" approach based on the solution data: We search for the chemical 
modifications, which enhance the 3MLCT lifetime. Then, complemented with ab initio quantum 
chemical calculations from our Nancy partners (A. Monari & X. Assfeld), we aim at 
rationalizing how the substitutions act on the excited state energies, so as to ultimately outline 
general rules of the photophysics of these complexes in view of optimum (longest) 3MLCT
lifetimes.

V.2.1 Results

C1, the parent compound developed by the Wärnmark group, is chosen as the reference 
compound to illustrate the characteristic spectral evolution of the Fe(II) family. 

Figure V.7 Normalized steady-state absorption spectrum of C1 and its chemical structure.

Figure V.7 illustrates the normalized steady-state absorption spectrum of C1 and its chemical 
structure. The C1 contains two bis(imidazolylidene)pyridine tridentate ligands. Thus, two 
MLCT transitions exist in the visible regime: t2g → π*(pyridine, Fe-N) and t2g → π*

(imidazolylidene, Fe-C). Due to the higher energy level of the LUMO of imidazolylidene, the 
absorption peaks at 390 and 460 nm correspond to the MLCT state of Fe-C and the one of Fe-
N, respectively.168
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The spectral evolution of C1 after excitation at 480 nm (Figure V.8) is summarized as follow:

· within the first 200 fs, a broad ESA band from 500 to >675 nm is formed with two well 
separated GSB bands at 380 and 460 nm. An additional weak ESA band is observed 
below 350 nm.

· after 500 fs, two GSB bands remain, while the ESA band narrows and displays a blue 
shift of the positive contribution in the range of 500-600 nm. 

· On a 20-30 ps timescale, the entire TA spectrum fully decays back to zero without any 
spectral change. 

The early evolution of the induced absorption evidences a sub-100fs relaxation of the initially 
excited state, as shown by the ESA kinetics plotted in Figure V.8(C). Then, both ESA and GSB 
traces decay back to zero with the same rate constants.
A global analysis of the data was performed with three components. Since fast components are 
very close to the instrument response function (IRF=60 fs), the first fitting component is chosen 
as a Gaussian function and followed by a bi-exponential function. The Decay-Associated 
differential Spectra (DASs) with their lifetimes are presented in Figure V.8.(D):

· The first DAS shows a decay of the ESA band from 500-600nm, interpreted as an
ultrafast intersystem crossing into the vibrational excited 3MLCT state. 

· The second 550 fs DAS has a small amplitude in the full spectral range with a broad 
ESA band centered at 580 nm and two characteristics GSB peaks at 390 and 460 nm. 
Compared with the 10 ps DAS, the redder ESA band indicates that the 550 fs DAS is
associated with a thermalization process. 

· Finally, the 10 ps DAS with a narrower ESA band centered at 540 nm means that the 
vibrationally relaxed 3MLCT state recombines non-radiatively within 10 ps.

According to the above discussion, the reaction scheme could be defined as:

'+'k�r )`v§*⎯⎯, - '+'kr
'+'k�K �´ÁÁÐ *⎯⎯, ''+kK � .�%/w  *⎯⎯⎯⎯, õ�

In the present case, τcool is 550 fs and τ3MLCT is 10 ps.
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Figure V.8 (A) 2D plot of transient absorption data, (B) spectral evolution (C) kinetic traces and (D) 
decay-associated differential spectra of C1 in MeCN after excitation at 480 nm.

The deactivation pathway of C1 was also investigated theoretically by Fredin et al., through 
calculated potential energy curves (PECs) and potential energy surfaces (PESs) as illustrated in 
Figure V.9.169 5MC state is ruled out as its geometry needs to extend the Fe-C distance on both 
ligands. Other states (ground state (GS), MLCT manifold and 3T state) are more likely to be
involved in the relaxation process, which for the particular "facile" pathway (green arrows in 
fig. V.9) would require a bond length change on one ligand only.
The role of the 3MC state as the mediator state for the relaxation of the 3MLCT state. It appears 
from these calculations that two parameters are critical:

1. the energy difference between the 3MLCT state and 3MC state: if it was possible to 
have the 3MC state at higher energy level than that of 3MLCT state, the lifetime of the 
3MLCT state should significantly increase.

2. the ability of extension along the Fe-C bond: the barriers along this path will prevent 
the relaxation and extend the 3MLCT state lifetime.

In the following, we will discuss the effect of chemical substitutions of the parent compound 
C1 mainly along these lines.
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Figure V.9 Schematic excitation and deactivation pathway based on calculated PECs and PESs. q1 and 
q2 are the averages of Fe-C bonds on two ligand side. The relaxation of 3MLCT and 3MC state only
involve one ligand, q1 and the relaxation of 5MC involves both ligand sides. (Figure 4 in the ref.169)
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In order to enhance the extended 3MLCT state lifetime of C1, several possible strategies with 
their potential consequences are displayed in Figure V.10.

Figure V.10 Possible strategies for extending 3MLCT state lifetime by adding the anchoring group and 
modifications on the NHC cycle and N-substitution.

Ø Adding the anchoring group: makes the Fe(II) complexes graftable on a TiO2

surface to achieve efficient electron injection and works as an electron withdrawing 
substitution reducing optical band gap

Ø Modification of the NHC cycle: increases the electron donating character of NHC to 
increase the MC state energy level.

Ø Modification of N-substitution: introduces the steric rigidity and/or deviations from 
the octahedral geometry.

Following these ideas, nine Fe(II) complexes have been synthesized and studied in solution 
(MeCN) to examine:

Ø the effect of carboxyl groups (complex C1, C2 and C5),
Ø the effect of ligand substitutions (complex C1, C2, C3 and C4),
Ø the effect of push-pull (complex C5, C6 and C7),
Ø the effect of rigidity (complex C1, C3, C8 and C9)

The precise chemical structures are given in the following discussion and in the chart.

To get insight into the interactions between complexes and environment, two types of solvent 
effects are studied 

Ø the effect of pH (complex C2 in MeCN, MeCN+hydrochloric acid/HCl and 
MeCN+sodium hydroxide/NaOH)

Ø the effect of polarity (complex C4 in MeCN, MeCN+HCl, ethanol, Dimethyl 
sulfoxide/DMSO, 2-butanol and Dimethylformamide/DMF).

Under the same experimental conditions as described for Fe(tpyCOOH)2 (§ V.1.2.1), the sample 
was translated by a loudspeaker to avoid any photo-degradation. For the samples without any 
carboxyl group (C1, C3, C8 and C9), C2 in MeCN-NaOH and C4 in 2-butanol and DMF, the 
excitation wavelength was set at 480 nm. For the samples with carboxyl groups (C2, C4, C5,
C6 and C7) in MeCN, C2 in MeCN-HCl and C4 in MeCN-HCl, ethanol and DMSO, the 
excitation wavelength was centered at 515 nm.
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The 2D map and spectral evolutions of other complexes with similar spectral behaviors are 
shown in the Appendix. II. Therefore, the following sections only highlight the effects of
different electronic structures through dynamic traces with their fittings. The fitting parameters 
are identical to the ones obtained by global analysis on the whole spectral regime (global
analysis is described in details in § III.3.2.)

V.2.1.1 Effect of a carboxyl group on the pyridines 

As described previously, the complexes are needed to be grafted onto the TiO2 surface in order 
to obtain an efficient electron injection. Thus, C1 needs at least one acidic group to achieve this 
goal. The carboxyl group is chosen as a classic anchoring group, offering a carboxylic bond 
with the oxygens of TiO2. Due to its electron-attractive character, the carboxyl group has an
important effect on the relative energy level of the 1MLCT state: the transition t2g → π* 

(pyridine) has a lower energy level suggesting a down-shift of 1MLCT state, and most probably
of 3MLCT state also. Firstly, the homoleptic complex C2 was synthesized and investigated
(Figure V.11). 154 As shown by the ATR-FTIR (attenuated total reflectance Fourier transform 
infrared) studies on N719-TiO2, the carboxyl group binds to TiO2 through a bidentate bridge,170

resulting in a heteroleptic configuration. Since the transition t2g → π* has the lower energy for 
pyridine-COOH than for pyridine only, it was also interesting to study the heteroleptic complex 
C5 in solution and films.

Figure V.11 Bottom: (A) Normalize steady-state absorption spectra of C1 (black curve), C5 (red curve) 
and C2 (blue curve) in MeCN, showing with more carboxylic group, the absorption spectra have a red-

shift. (B) Kinetic traces in the ESA (red symbol curves) and GSB (blue symbol curves) bands 
normalized at 1 ps of C1 (square symbol curves), C5 (circular symbol curves) and C2 (up-triangle 

symbol curves) in MeCN with their corresponding fits (solid black curves).Top: Chemical structures of 
C1, C5 and C2
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Figure V.11.(A) illustrates the effect of the addition of carboxyl groups on the C1 complex (C1:
zero carboxyl group, black curve, C5: one carboxyl group, called heteroleptic complex, red 
curve, and C2: two carboxyl groups, called homoleptic complex, blue curve). After addition of 
two carboxyl groups on both side of the central pyridine part (C2), a 60 nm bathochromic shift 
from 460 nm to 520 nm (ΔE= 310 meV) occurs on the t2g → π* (pyridine) transition. The 
carboxyl groups lower the LUMO energy level by attracting electrons further away from the 
metal center. In the heteroleptic case C5, the t2g → π* (pyridine) transition splits into two with 
a 40 nm bathochromic shift (from 460 nm to 500 nm) and a 25 nm hypochromic shift (from 
460 nm to 435 nm). Interestingly, the hypochromic shift results also in a decrease of half of the 
main absorption peak (resonance splitting, oscillator strength sharing).

Figure V.11(B) shows the kinetic traces normalized at 1 ps of C1 (square symbol curves), C5

(circular symbol curves) and C2 (up-triangle symbol curves) taken in the ESA (red symbol 
curves) and GSB (blue symbol curves) bands after excitation in the visible (480 nm for C1 and 
515 nm for C5 and C2) with their corresponding fits (solid black curves). For the two 
complexes with a carboxyl group, the ESA and GSB signals display the same decay kinetics, 
indicating direct ground state recovery from the excited state, as in C1. Furthermore, the 
spectral features (two broad ESA bands in the visible and UV region, in Appendix II) are very
similar to the ones observed in C1, indicating that for these two compounds the ESA also comes
from 3MLCT, and its decay goes directly (or without a notable signal of any intermediate state) 
into S0.

The data were fitted to the sum of a Gaussian and a bi-exponential function by global analysis, 
resulting in the above-discussed reaction scheme with similar rate constants (Table V.1). As 
shown in Figure V.11, 3MLCT lifetimes increase as the number of carboxyl group increases. 
(10 ps for C1, 14 ps for C5 and 16.5 ps for C2)
As C5 is asymmetric, a possible scenario is that two deactivation pathways coexist with slightly 
different constant rates. The 3MLCT state could be a combination of the 3MLCT state of C1

and the one of C2. On the other hand, it is also possible that the whole complex has just one 
3MLCT state. Unfortunately, these two 3MLCT states are spectrally similar and more 
importantly, too close temporally to be distinguished. A fit with a mono-exponential component 
for the 3MLCT state was carried out and as well with two components. The fits are of the same 
quality, within the present experimental accuracy.

A theoretical analysis was carried out for C2 by density functional theory (DFT) and
time-dependent DFT (TD-DFT) calculations to characterize the ground to excited state 
electronic density redistribution.171 In the formalism, “Occupied” natural transitions orbitals 

(oNTO) can be seen as the “hole” orbital, i.e. the orbital from which the electron is removed 
during the transition, while “virtual” NTO (vNTO) is the orbital in which the electron is 

promoted in the excited state, as shown in Figure V.12. A significant charge transfer of the 
excited electron into the carboxyl group is observed. The enhanced electron charge transfer 
character (termed "delocalization" in the following, i.e. displacement of electron density away 
from the Fe center), is held responsible for the enhanced 3MLCT state lifetime. Indeed, 
according to the Marcus description, we expect the electronic coupling between 3MLCT state
and 3MC state to decrease, when the distance between the center of the electron density and the 
central Fe increases.
The calculations also indicate that the electron delocalization could be helpful for the electron 
injection since the complexes are grafted onto TiO2 through the carboxyl group.
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Figure V.12 Calculated NTOs of C2. 154 “Occupied” natural transitions orbitals (oNTO) can be seen as 

the “hole” orbital and “virtual” natural transitions orbitals (vNTO) can be seen as the “electron” orbital.
The electron delocalization could be helpful for the electron injection since the complexes are grafted 

onto TiO2 through the carboxyl group.

V.2.1.2 Ligand Effect 

In order to enhance the electron charge transfer towards the ligands and the NHC effect, the 
benzimidazolylidene groups were introduced, replacing the imidazolylidene groups on the 
pyridine ring (C3). To graft coordination complexes onto TiO2, two carboxyl groups were added 
to C3 to generate the homoleptic complex C4.

As shown in the Figure V.13, a strong absorption peak appears around 310 nm due to the
π → π* transition of benzimidazolylidene. A shoulder at 365 nm attributed to the MLCT state 
of t2g → π* (benzimidazolylidene) replaces the previous absorption peak at 390 nm. The 
transition of t2g → π* (pyridine) has only a 14 nm hypsochromic shift from 460 nm to 446 nm. 
Two carboxyl groups are added on the central pyridine parts in order to graft on the TiO2,
leading to C4 (red solid curve). In line with the red shift of t2g → π* (pyridine) transition, 
carboxyl groups lower the MLCT state energy by 270 meV, a 50 nm bathochromic shift from 
445 nm to 495 nm.
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Figure V.13 Bottom: Normalized steady-state absorption spectra of Fe(II) complexes to study the effect 
of ligand. (C1 (black dotted curve), C2 (black solid curve), C3 (red dotted curve) and C4 (red solid 

curve)) and Top: their chemical structures. The replacement of imidazolylidene by benzimidazolylidene
induces a slight blue shift and the red shift due to carboxyl group is still available.

The comparison of C1 and C3 kinetic traces shows an increase of the 3MLCT state lifetime, as 
expected by a larger delocalization of electrons (Figure. 14 (A) and (B)). The kinetic traces in 
the ESA (red symbol curves, square symbols for C1 and C2 and up-triangle symbol curves for 
C3 and C4) and GSB bands (blue symbol curves) with their fits (solid black lines) are 
normalized at 1 ps. Indeed, after 1 ps, the initial thermalization is finished and thus it is easier 
to compare the lifetimes of the 3MLCT state. The lifetimes for every complex determined by 
Global Analysis are given in Table V.1. Apparently, the modification of ligands, with and 
without carboxyl group, prolongs the 3MLCT state lifetime significantly. The lifetime of the
3MLCT state of C3 is considerably increased (16.4 ps) compared to one of C1 (10 ps). The 
benzimidazolylidene ligand has a clear positive effect. C4, benefiting from the carboxylic acid 
groups, has the longest 3MLCT state lifetime (26 ps). 
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Figure V.14 Kinetic traces in the ESA (red symbol curves) and GSB bands (blue symbol curves) with 
their fits (solid black lines), normalized at 1 ps for the ligand effect (A) without C1 and C3 (B) and 

with carboxyl groups C2 and C4.

The same theoretical studies, done on C2, were carried out on C4172. As shown in Figure V.14, 
a significant accumulation of electron density is also observed on the carbonyl unit. In order to 
rationalize the photophysics, the geometry of the lowest 3MLCT and 3MC states were relaxed 
at the potential energy minimum for C2 and C4.

In the case of C2, the two states are almost degenerate as ΔE = E3MLCT-E3MC = -80 meV. And in 
C4, the 3MLCT state is found at higher energy than the 3MC state, since ΔE = 120 meV. Even 
though the energy difference is still quite small, both 3MLCT and 3MC states can be thermally 
populated, this observation may rationalize the longer 3MLCT state lifetime of C4. Indeed,
according to the picture outlined by Fredin et al. (Figure. V.9), the photophysical channel 
leading to the 3MC state population and the subsequent deactivation now appears energetically 
less favorable.

Figure V.15 Calculated NTOs of C4.172“Occupied” natural transitions orbitals (oNTO) could be seen as 
the “hole” orbital and “virtual” natural transitions orbitals (vNTO) can be seen as the “electron” orbital.

V.2.1.3 N-substitution

Once grafted in TiO2, in order to avoid charge recombination, the distance between hole and 
electron should be large. The electron injection is expected to happen through the carboxylic 
bond, leaving the hole located on the side chains. In addition, the modification of the ligands in 
the N-substitution may allow us to modify the electronic structure of the carbene ring by 
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increasing the σ-character of the NHC. Therefore, the methyl groups in C5 are replaced by 
strong electron-donating conjugated units, such as methoxyphenyl (C6) or triphenylamine (C7). 
Furthermore, due to the strong σ-donating character of these groups, a hole created after 
electron injection is likely to be located on them. As a consequence, the hole is pushed further 
away from the semiconductor surface than in C5.
In a first step, we investigated the effect of these substitutions on the 3MLCT lifetime in solution.

Figure V.16 Bottom: (A) Normalized steady-state absorption spectra of C5 (black curve), C6 (red 
curve) and C7 (red curve) in MeCN to study different N-substitutions on Fe(II) complexes (B) Kinetic 

traces in the ESA (red) and GSB (blue) bands after normalization at 1 ps for the N-substituted 
complexes: a methyl group for C5 (square), methoxyphenyl group for C6 (circle) and triphenylamine 

for C7 (triangle) Top: their chemical structures

The N-substitution on the imidazolylidene is carried out, with C5 as the reference compound.
The two methyl groups are replaced by two methoxyphenyl groups (C6) or two triphenylamine 
groups (C7) on the side of central pyridine carrying the carboxyl group. As shown in the 
Figure V.16.(A), the normalized absorption spectra of C6 (red curve) and C7 (blue curve) 
increase in 300~360 nm range and have a 4 nm bathochromic shift from 500 nm (C5) to 504 
nm (C6 and C7), compared to the one of C5 (black curve). Clearly, the modification of N-
substitution has a significant influence on LC/π → π* transition below 350 nm, slightly lowers 
the t2g → π* (pyridine) transition and no impact on the t2g → π* (carben) transition as the same 
amplitude at 390 nm.
The N-substitutions have a small effect on the lowest MLCT transition because those 
substitutions do not interact directly with the central pyridine ring. The 3MLCT state lifetimes 
of the N-substituted complexes are similar: 14, 10 and 12 ps for C5, C6 and C7, respectively 
(Figure V.16(B)).  
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As discussed above, the 3MLCT lifetime of C5 is between the ones of C1 and C2. The 
stabilization of the 3MLCT state by attracting the electron away from the metal center like for 
C4, is not observed for C6 and C7. Clearly, these N-substitutions do not extend the 3MLCT 
state lifetime; they even shorten it slightly for reasons that need to be explored by calculation
of the excited state energy structures. Besides, it will be interesting to study its impact on the 
charge recombination in the Fe(II)-TiO2 films.

V.2.1.4 Rigidity 

Wärnmark and co-workers have suggested that the 3MLCT state of complexes with more rigid 
ligands could last longer by comparing C1 (Fe(Carben-Met)2) and Fe(Carben-tBu)2.167 The 
steric hindrance increases from a methyl to a tertbutyl group, decreases the electron donating 
effect of the coordination center (Fe) and the ligands and enlarges the binding length. 
According to those results, we decided to substitute the methyl group to hexyl group, which is 
a common substitution in organic dyes to increase the rigidity of the ligands.173 This 
modification was carried out on two ligands: C1 and C3 to become C8 and C9, respectively.
The hexyl group has two more benefits: i) protection of the metal center, ii) and solubility 
increase in apolar solvents.

Since two tridentate ligands are orthogonal, the chains on two sides could have an influence on 
the steric rigidity. To identify this effect, two methyl groups on the side of imidazolylidene (C1,
black curve) and benzimidazolylidene (C3, red curve) are replaced by two hexylic groups in
C8 (black dotted curve) and C9 (red dotted curve). The normalized steady-state absorption 
spectra are illustrated in the Figure V.17. The extra –(CH2)5-chains have no influence on the 
t2g → π* (pyridine) transition because neither a spectral shift nor an additional shoulder between 
two MLCT transitions is observed. The mechanism for broadening in C9 needs further 
clarification.

Figure V.18 (A) and (B) shows that of the increase of the rigidity of C1 and C3 extends the 
lifetime of the 3MLCT state: from 10 to 14 ps and from 16.4 to 19.5 ps in the case of the 
imidazolylidene (C1 to C8) and the benzimidazolylidene (C3 to C9) ligands, respectively. 
According to the calculated PESs and PECs (Figure V.9), the stretching of the binding length 
Fe-C is needed to deactivate the 3MLCT state. Indeed, the rigidity of the ligand prevents the 
relaxation and extends the 3MLCT state lifetime. Our assumption requires the ongoing quantum 
calculations to confirm.
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Figure V.17 Bottom: Normalized steady-state absorption spectra of Fe(II) complexes to study the effect 
of rigidity. (C1 (black dotted curve), C8 (black solid curve), C3 (red dotted curve) and C9 (red solid 

curve)) and Top: their chemical structures.

Figure V.18 Kinetic traces in the ESA (blue) and GSB (red) bands with their fits, normalized at 1 ps for 
the rigidity effect based on (A) imidazolylidene ligand (C1:Met and C8: Hex) and (B) 

benzimidazolylidene ligand (C3: Met and C9: Hex).
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V.2.1.5 pH effect 

As described previously, the addition of carboxyl group extends the 3MLCT state lifetime of 
C2. This effect might be correlated to an enhancement of the charge transfer character in the 
complexes. To address this hypothesis more clearly, C2 was studied at different pH: neutral 
(MeCN), acidic (MeCN-HCl), and basic (MeCN-NaOH). 

In order to vary the pH, the pH of the pure MeCN is adjusted with one drop of 37% HCl or one 
drop of 2 mol L-1 NaOH in H2O in 50 mL MeCN, named MeCN-HCl and MeCN-NaOH, 
respectively. C2 is dissolved at different pH: MeCN-HCl (black curve), MeCN (red curve) and 
MeCN-NaOH (blue curve). The steady-state absorption spectra are shown in Figure V.19.(A). 
In the low pH condition (MeCN-HCl and MeCN), C2 is protonated, with the lowest MLCT 
state centered at 520 nm. In the basic condition (MeCN-NaOH), C2 is deprotonated and the 
carboxyl group is negatively charged. The deprotonated form results in a 40 nm hypsochromic 
shift of the absorption spectrum. It indicates that the negatively charged carboxyl groups
increase the energy of the lowest 1MLCT states.

Figure V.19.(A) Normalized steady-state absorption spectra of C2 in solutions of different pH values 
(complex C2 in pure MeCN (black curve) , MeCN+HCl (red curve) and MeCN+NaOH (blue curve) ) 
and (B) Kinetic traces of C2 in the ESA (red) and GSB (blue) bands in MeCN (square), MeCN-HCl

(circle) and MeCN-NaOH (triangle) normalized at 1ps with their fits (black curves).

The transient absorption experiments were performed under the same conditions, except that 
C2 in MeCN-NaOH was excited at 480 nm instead of 515 nm for C2 in MeCN and    
MeCN-HCl. 
The dynamics of C2 in neutral and acidic conditions are identical (the lifetime of the 3MLCT 
state is 16.5 ps) whereas the ones under basic conditions are slightly faster (14.5 ps). Negatively 
charging the ligands prevents the charge transfer to the ligands and thus the MLCT states
become lower in energy. The theoretical studies have shown that the neutral carboxyl group
decreases by 10% the electronic coupling, as the dipole moment 5r8888⃑ shown in Figure V.22 
which reduces the 3MLCT state lifetime. 

V.2.1.6 Solvent Polarity effects 

C4 is the complex with the longest 3MLCT lifetime. As charges should be separated to increase 
the lifetime of the 3MLCT, the effect of the solvent polarity was tested on C4 in dissolved in 
six solutions with different dielectric constant (MeCN/MeCN-HCl: 37.5, ethanol: 24.5, DMSO: 
46.7, 2-butanol: 17.2 and DMF: 36.7)117.
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For the steady-state absorption spectra are shown in Figure V.20, ~0.3 mg of C4 is dissolved in 
1 ml of several solutions (MeCN, MeCN-HCL, ethanol, DMSO, 2-butanol and DMF). The idea 
is to test the effect of the dielectric constants on the relative position of MC ad MLCT states 
(MeCN/MeCN-HCl: 37.5, ethanol: 24.5, DMSO: 46.7, 2-butanol: 17.2 and DMF: 36.7). The 
absorption spectra are classified into two groups: i) the MLCT state peak is centered at 460 nm 
in 2-butanol and DMF; ii) The MLCT state peak is lower in energy between 490 and 500 nm 
in ethanol (490 nm), DMSO (492 nm), MeCN (495 nm) and MeCN-HCl (500 nm). It is worth 
noticing that the solubility of C4 in 2-butanol and ethanol (maximal absorbance of 0.06 and 
0.09, respectively, in the visible region) is significantly lower than the one for the other solvents 
(absorbance of 0.3~0.4 in the visible). This classification is surprising because it does not obey 
the expected trends according to the dielectric constants or the presence of H-bonding.

Figure V.20 Normalized steady-state absorption spectra of C4 to study effect of polarity (complex C4

in pure MeCN (black curve), MeCN+HCl (red curve), ethanol (blue curve), Dimethyl sulfoxide/DMSO 
(purple curve), 2-butanol (dark green curve) and Dimethylformamide/DMF (dark blue curve))

Regarding the solvent effect on the 3MLCT lifetimes, we expect a lengthening of it in polar 
solvents since the charge transfer character would be increased and thus the state lowered in 
energy with respect to the 3MC state. Excited state solvation effects are expected to act fast 
enough, on a sub-10 ps timescale, for the highest polarity solvents. 

The kinetic traces normalized at 1 ps of C4 in different solvents taken in the ESA and GSB 
bands are depicted in Figure V.21. Surprisingly, in all cases, the 3MLCT state lifetime is 
identical (26 ps). A closer inspection suggests the following interpretation: the solvent polarity 
has an influence on the interaction between metal center and the counter-anion [PF6]- (5M8888⃑ in 
Figure V.22), and solvates the ionic complex in the ground state. The cation-anion dipole is 
larger than the photo-induced excited state dipole moment due to charge transfer (Figure V.22). 
Therefore, the solvent configuration is most likely clamped by the former, and solvation and 
thus stabilisation of the excited state dipole moment can be neglected.
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Figure V.21 Kinetic traces of C4 in MeCN (black symbol), MeCN-HCl (red symbol) and ethanol (blue 
symbol), DMSO (purple symbol), 2-butanol (green symbol) and DMF (dark blue symbol) normalized 

at 1ps with their fits taken in the (A) ESA and (B) GSB bands.

Figure V.22 Schematic sketch of the dipole moments depending on the pH (51888⃑ ) and the solvent (52888⃑ )
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V.2.1.7 Energy level of the 3MLCT state 

In order to obtain high PCE of DSSCs, the electron injection has to be most efficient. The two 
key parameters to achieve this are: i) a long lifetime of the 3MLCT state, ii) the energy level of 
the 3MLCT state must be higher than the bottom of the TiO2 conduction band. This second 
parameter is not trivially measured because only the energies of the ground state and the 1MLCT 
state can be measured by cyclic voltammetry but not one of the 3MLCT states. However, the 
energy band gap of the 3MLCT state can be directly determined by time-resolved fluorescence 
measurements. The time resolution can, in principle, discriminate the low-density 3MLCT state 
emission from the intense and short-lived 1MLCT state fluorescence. Thus, knowing the ground 
state energy, the energy level of the 3MLCT state can be estimated.

The time-resolved fluorescence measurements were carried out using a Streak Camera (setup 
described in details in § III.2.2) with a time resolution of ~10 ps. The photoluminescence (PL) 
of C2 excited at 515 nm is shown in Figure V.23. The PL spectrum at 15 ps (maximum PL 
intensity) presents an intense peak at 550 nm and a broad shoulder from 570 to 750 nm. After 
30 ps, the narrow band has almost disappeared. A small blue shift occurs from 575 to 550nm 
within the first hundred picoseconds. On the 370 ps to 1 ns time scale, the PL spectra do not 
evolve.

Figure V.23 A selected photoluminescence evolution of C2 after excitation at 515 nm in MeCN
obtained by time-resolved fluorescence experiment.

Figure V.24(A) illustrates normalized PL spectra at 15 ps (black curve) and 30 ps (red curve) 
after an FFT filter to reduce high-frequency noise to identify which states are involved with a 
reference curve: normalized steady-state absorption spectrum (blue curve). The 15 ps PL 
spectrum stands a mirror image of the steady-state absorption spectrum with a 130 meV Stokes 
shift from 520 to 550 nm. And the 30 ps PL spectrum is much broader in 500-600 nm range 
and its peak shifts from 550 nm to 575 nm (100 meV). The observations indicate that the 15 ps 
PL is discriminated by 1MLCT state emission and after 30 ps, the 3MLCT state emission 
dominates.
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The same interpretation is also suggested by the kinetic traces at 555 nm and 625 nm with two 
Gaussian functions which have a same temporal width as IRF with different amplitudes shown 
in Figure V.24(B). The intense 1MLCT state emission contributes to the high intensity of the 
Gaussian function. Furthermore, due to the small amplitude of 3MLCT state, its lifetime 
(16.5 ps component in transient absorption spectroscopy) is not clearly distinguishable.

Figure V.24 (A) Normalized PL spectra at 15 ps (black curve) and 30 ps (red curve) after an FFT filter 
to reduce high frequency noise and normalized steady-state absorption spectrum (blue curve). (B) 

Kinetic traces (symbol curves) at 555 nm and 625 nm after an average within 1 nm with two Gaussian 
functions which have a same temporal width as IRF with different amplitudes.

The Streak Camera probes only the excited states lifetimes and has a higher dynamic range than 
a transient absorption setup. Thus, we think that the slower components, which have a small 
amplitude are not noticeable in a transient absorption experiment. 

It is difficult to disentangle the long-lived species since both their energy and spectral shape are
very similar to the ones of the short-lived 3MLCT photoluminescence. One interpretation could 
be that they represent the same state but from different populations. Indeed, a structural 
heterogeneity could exist in the ground state.

In conclusion, 3MLCT state energy level is very close to 1MLCT state energy level with a
~130 meV down shift. The energy difference between 1MLCT and 3MLCT states is similar to 
other Fe(II) complex, e.g., Fe(bpy)3.174
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V.2.2 Discussion

The photophysics of a series of Fe(II) complexes in solution was investigated by transient 
absorption and time-resolved fluorescence spectroscopies and, thus, the longest lifetime ever 
reported of the 3MLCT state in those complexes (26 ps for C4).

This systematic study showed that the electronic structure of Fe(II) complex has a strong 
influence on its excited state lifetime. Their excited state lifetimes are shown in Table V.1. Our 
experimental results combined with quantum chemical calculations rationalized the effect of 
the carboxyl group on the MLCT state lifetime, and how the replacement of imidazolylidene 
by benzimidazolylidene enhances the 3MLCT state lifetime.

Table V.1 Excited state lifetimes of all Fe(II) complexes investigated in MeCN by transient absorption 
spectroscopy. Those lifetimes as defined in the photo-induced scenario of C1 were obtained by a global 
fit with the sum of three components. 

Complex 1MLCT (fs) (3MLCT)+ (fs) 3MLCT (ps)
C1 50 550 10
C2 20 130 16.5
C3 25 260 16.4
C4 15 65 26
C5 20 300 14
C6 10 --- 10
C7 20 400 12
C8 60 1800 14
C9 20 150 19.5

In the DSSCs based on the Ru(II) complex, the electrons inject into TiO2 semiconductor 
through two processes: i) an ultrafast efficient injection from the 1MLCT state within 100fs, ii) 
and a slower injection from the 3MLCT state within 50 ps. Since our Fe(II) complexes have a
relative long-lived 3MLCT state, it is worth to study their photovoltaics performances and their 
photophysical properties in the film. If we assume the same time window for electron injection, 
as for Ru(II), and if this mechanism is the dominant one, the longer excited state lifetimes 
should lead to higher PCEs. In the case of C4, a PCE value comparable to the N719 complex 
can be expected.

Table V.2 displays the photovoltaic performances of DSSCs based on our Fe(II) complexes 
without any specific material/device engineering compared to a standard Ru(II) complex 
(N719). Solar cells are prepared according to the standard protocol and the PV performances
are measured by Thibaut Duchanois154,175. Protocol validated by the performances of N719 is 
acceptable.
The PCEs based on Fe(II) complexes are still low. Especially, the Jsc is at least 30 times less,
than for the Ru reference complex. As mentioned in § II.4.2.2, it could be due to the low electron 
injection efficiency or carrier recombination. Most notably, even if C4 has the longest 3MLCT 
state lifetime in solution, its PCE is 10 times lower than the other Fe(II) complexes.

Table V.2 Photovoltaics performances of DSSCs fabricated with Fe complexes compared to reference 
N719.

Complex Jsc (mA*cm-2) Voc (mV) FF PCE (%)
C2 0.41 457 0.68 0.13
C4 0.016 250 0.5 0.01
C5 0.33 400 0.73 0.10
C6 0.36 440 0.73 0.11
C7 0.36 390 0.71 0.10

N719 13.25 687 0.67 6.1
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This suggests that the conditions and molecular mechanisms present in the DSSCs fabricated 
with the Fe(II)-NHC complexes contradict our above assumptions. The PCE is not simply 
governed by the 3MLCT lifetimes determined in solution conditions, or cannot be extrapolated 
from the behavior or injection kinetics of N719 on TiO2. Note that according to the previous 
chapter, electron injection has in principle enough driving force from the 3MLCT states of the 
Fe(II) complexes, as for Ru(II), but structural differences such as the grafting conditions may 
lead to largely different unfavorable reorganization energies20. In addition, other yet unknown 
mechanisms must be accounted for such as charge recombination. As a matter of fact, a recent 
theoretical work points to the importance of the latter175.
Thus, it is worth to investigate the photophysical processes in the Fe(II) complexes attached to 
TiO2 to have a better understanding of the DSCCs. The fundamental questions are: i) how many 
electrons are injected into TiO2, ii) how many electrons recombine to go back to the ground 
state instead of diffusing away from the interface, iii) and how the electronic structure of Fe(II) 
complexes impacts on those photophysical processes.
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V.3 Transient Absorption Experiments on Semiconductor 

Films

The 3MLCT state lifetimes of the new Fe(II) complexes in solution are comparable to the ones 
of efficient DSSCs based on Ru(II) complexes (larger than 10 ps), but their PCEs performances 
are still low, and not significantly improved compared to the ones previously reported by Gregg
et al.155. Therefore, it is critical to address the question of the electron injection efficiency from 
the 3MLCT state in the new Fe(II) complexes. 
Recently, Wärnmark and co-workers claimed that C2 has a close-to-unity electron injection 
through the 3MLCT state after studying C2 by electron paramagnetic resonance, transient 
absorption spectroscopy, transient terahertz spectroscopy and quantum chemical 
calculations.176 The high (92%) electron injection efficiency is calculated based on a quantum 
yield equation:

B-�3 = �%dÏ�%dÏ��w.�%/ Eq. V.1

Such a high electron injection efficiency looks suspicious, because once C2 is grafted onto a 
nanoporous TiO2/Al2O3 surface, one carboxyl group is attached to the surface and the complex 
becomes heteroleptic like C5. In a heteroleptic complex, two 3MLCT states are expected with 
similar energy level: i) the bottom part grafted on TiO2/Al2O3, ii) and the top with a free
carboxyl group. Thus, upon excitation, the population of the 1MLCT state is split into those two 
3MLCT states with a ratio of almost 50/50%. Then, it looks difficult to reach close-to-unity 
electron injection efficiency through the 3MLCT state.

To support our hypothesis of a lower electron injection efficiency through the 3MLCT state,
transient absorption and time-resolved fluorescence experiments were performed on C2, C4,
C5 and C7 in the film.

V.3.1 Results

To approach similar conditions as the ones in DSCCs, the sample was prepared in a
sandwich-like structure as shown in Figure V.21(B). 
The films were prepared on FTO (Fluorine-doped tin oxide) glass (for TiO2) or a microscope 
slide (for Al2O3) for the layer of TiO2 and Al2O3 nanoparticles, respectively. The TiO2 substrate 
was made following the standard procedure described in ref. 154,175. For the Al2O3 substrate, 
colloidal aluminum oxide (Sigma 13 nm) was diluted with distilled water (50:50) and 
hydroxypropyl cellulose (2 wt% Sigma 370000 g.mol-1) was added. The paste was stirred for 
three weeks to allow the polymer to dissolve completely. The Al2O3 was doctor bladed on a 
microscope slide and dried at room temperature and calcined at 400 ºC for 30 mins.

The complexes are grafted on the surfaces by immersion of the films in the solution containing 
0.5 mmol L-1 of Fe(II) complex solutions for at least 12h at room temperature. They are cleaned 
by MeCN more than three times to remove the ungrafted complexes and dried under nitrogen 
just before measurements. The absorption maxima of films in the visible are around 0.1 except 
for C2 (~0.2). 
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A quartz slide is placed in the front of the sample face and two slides are fixed by a paper clip. 
Between the two slides, the solvent is injected by a syringe. Unless mentioned specially, 
otherwise, the solvent is acetonitrile. In the case of environment study, the solution could be 
MeCN-HCl (same recipes as the pH effect study in § V.2.2.5) or the solution is removed and 
called Air. The liquid environment produces a similar condition as the working DSSCs devices.
In general, the solution is refilled every 20 minutes between two transient absorption 
experiment scans. The sample is also placed on the loudspeaker to avoid the photo-degradation. 
The incident laser beam comes from the quartz side. The pump wavelength is set at 515 nm. 

Compared with other complexes (C2, C4 and C7), C5 is less heteroleptic after being grafted 
on TiO2. The fact that C5 is grafted on TiO2 is conspicuous in the absorption spectrum in 
Figure V.25(A). The maximal absorption peak of the C5-TiO2 in the film (black solid curve) is 
485 nm with a 15 nm hypochromic shift compared to the one in solution. This blue shift was 
already observed when one carboxyl group is removed for a complex in solution. (C2 → C5:
20 nm blue shift in Figure V.11(A)) Moreover, the MLCT state band of C5-TiO2 has a 20 nm 
red shift compared to the one of the homoleptic C1-MeCN complex and is broader. It implies 
that in C5-TiO2 the effect of the carboxyl group on the electronic levels is reduced, but an 
asymmetric character prevails.

Figure V.25 (A) Normalized absorption spectra of C5 grafted onto TiO2 film (black solid curve), C5

(black dotted curve) and C1 (red dotted curve) in MeCN solution and (B) a sketch of the sandwich-like
sample. The TiO2 substrate grafted by Fe(II) complexes is covered by a quartz slide. The solvent

between the two slides produces a similar condition as in DSSCs
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Figure V.26 Selection of transient absorption spectra of C5-TiO2 after excitation at 515 nm, and 
reversed steady-state absorption spectra of C5-TiO2 (black dotted curve) and C5-MeCN (red dotted 
curve) (A) within the first ps (B) from 1 to 47 ps and (C) until 3.5 ns. (D) Kinetic traces in the ESA 

(610 nm: black symbol curve and 570 nm: red symbol curve) and the GSB band (465 nm: blue symbol 
curve and 400 nm: violet symbol curves) with their fits (solid curves with respective colors).

Figure V.26(A)~(C) shows the TA spectra of C5-TiO2 at different delay times after excitation 
at 515 nm. Those spectra are dominated by two bands: i) an intense negative band in the
360-560 nm region that can be attributed to the GSB, ii) and one broad ESA band above 570 
nm. The dynamics of C5-TiO2 evolves in three regimes: 

· within the first 1 ps (Figure V.26(A)), the dominant GSB band has a similar spectral 
shape as C5 in MeCN solution with a second negative peak at 395 nm. Additionally, 
the broad ESA band has a slight red shift within the first 200 fs to reach the 600 nm. 
And the 400 fs TA spectrum is comparable to the one of the 3MLCT state differential 
spectrum in solution. 

· from 5 to 50 ps (Figure V.26(B)), the intensity of the GSB peak centered at 485 nm 
decreases greatly. And more importantly, the shape of the GSB band evolves in this 
temporal window. The 5 ps GSB band looks more like the absorption of C5 in MeCN 
with two negative peaks, whereas the 50 ps GSB band is similar to the absorption of 
C5 grafted to TiO2 with the flat contribution from 400 to 450 nm. 

· at longer time delay (Figure V.26(C)), the ESA band significantly reduces for delay 
times greater than 500 ps. Then the TA spectra do not evolve until 5 ns. Remarkably a 
weak ESA signal at >600 nm and a clear GSB remain at long times.



V. Towards Iron(II) complexes as Photosensitizors for Dye-Sensitized Solar Cells 

119

The Figure V.26(D) shows the kinetic evolution of the transient absorption data. To illustrate 
the spectral changes in the ESA band, two wavelengths are represented: i) 610 nm which is near 
the central broad ESA band observed in the 47 ps TA spectrum, and ii) 570 nm where it goes 
back to zero at longer delay time (>500 ps). And the changes of the GSB band are also 
highlighted by two peaks at 400 and 485 nm which are probed at 400 and 465 nm, respectively. 
After the ultrafast process within the IRF, all four kinetics decays are fitted to a bi-exponential
and a fixed l0 ns-lived plateau function with a small amplitude in the first 10 ps and a large one 
in the 100 ps time scale.

The TA data were globally fitted to three exponential decays and a Gaussian function 
(Figure V.27.(A) and Table V.3). To identify which states are involved, Figure V.27 (B) displays 
two references curves: i) the 14 ps DAS of C5 in MeCN and the 10 ps DAS of C1 in MeCN to 
determine the 3MLCT state TA spectrum.

The assignment of those four lifetimes is: 

· the unresolved first SAS (65 and 140 fs, black curve) exhibits a rapid red shift in the 
ESA band above 570 nm. This ultrafast component is the decay of the 1MLCT state 
like in solution. The decay involves ISC and possible electron injection into TiO2.

· the 7 ps SAS can be interpreted in two different ways:
Ø electron injection, since ESA decay at >550 nm. This is in agreement with the 

3 ps electron injection time in C2-TiO2.176

Ø electron-hole recombination since GSB recovers and the ESA band >550 nm 
could indicate the decay of Fe(III) formed from 1MLCT state

In the following, we stay as the optimum situation as this 7 ps component is the 
electron injection.

· the differential spectrum associated to the 45 ps component is very similar to the SAS
of C5 in MeCN with a negative contribution of the GSB band centered at 600 nm and 
a broad ESA band. Thus the 45 ps species, which is three times longer than that in the 
isolated compound, is attributed to the relaxation of the 3MLCT state, probably from 
the top ungrafted part. 

· for the longest > 10 ns component, its ESA band is different from the one for the 45 ps 
SAS and its GSB band is similar to the one from the film with an extremely long-lived 
lifetime. Thus, it might be associated with the electron-hole recombination. 

Figure V.27 (A) Decay-Associated Differential Spectra of C5-TiO2 excited at 515nm obtained by
global analysis and (B) Spectral identification of putatively involved states

These observations allow us to propose a reaction scheme describing the photoreaction of C5
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grafted onto TiO2. After excitation at 515 nm, the initial 1MLCT state is populated. The first 
step is unresolved and the electrons can evolve through three possible pathways: i) direct 
electron injection into TiO2, ii) ISC to 3MLCT state on the bottom anchoring ligand, iii) and 
ISC to the 3MLCT state on the top ligand. Then, the 3MLCT state localized on the bottom ligand 
injects its electrons into TiO2 within 7 ps. And the 3MLCT state localized on the top ligand can 
not inject an electron to TiO2 and directly relaxes back to the ground state in 45 ps. The injected 
electron recombination lifetime is larger than 10 ns. The proposed reaction scheme is
summarizing the observations presented in Figure V.28.

Figure V.28 Reaction scheme of C5-TiO2 excited at 515 nm. After excitation at 515 nm, the initial
1MLCT state is populated. The first step is unresolved and the electrons can evolve through three 
possible pathways: : i) direct electron injection into TiO2, ii) ISC to 3MLCT state on the bottom 

anchoring ligand, iii) and ISC to the 3MLCT state on the top ligand. Then, the 3MLCT state localized 
on the bottom ligand injects its electrons into TiO2 within 7 ps. And the 3MLCT state localized on the 
top ligand can’t inject an electron to TiO2 and directly relaxes back to the ground state in 45 ps. The 

injected electron recombination lifetime is larger than 10 ns.

Similar dynamics are observed for the other Fe(II)-TiO2 samples (C2-TiO2, C4-TiO2 and 
C7-TiO2). However, when the solution conditions were modified (MeCN, MeCN-HCl and air), 
the ESA band presented a red shift (Air MeCN MeCN-HCl) from 600 to 650 nm at 
1 ps time delay and the kinetics were shortened (Table V.3). More details are given in the 
Appendix.II. 

As mentioned by Wärnmark et al.176, in the Ru(II) case, the multi-exponential recombination is 
also very common, and the two last DAS are akin to a dominant GSB band and a broad ESA 
band. However, with our above interpretation, 3 fold of the 3MLCT state relaxation lifetime is 
surprising. We need a solid evidence for proving the relaxation of the 3MLCT state population.

To confirm our assumption, time-resolved fluorescence measurements were performed on Fe(II) 
complexes grafted onto two types of substrates: TiO2 and Al2O3 where the electron injection 
can occur and cannot occur, respectively. Indeed, Al2O3 has a large optical band gap, and thus 
its conduction band is much higher than the 1’3MLCT states of Fe(II) complexes. The protocol 
of the Al2O3 substrate preparation is described above. 

Four samples were studied by TR fluorescence measurements: C2-TiO2, C2-Al2O3, C4-TiO2

and C4-Al2O3. We focus on the C4-TiO2 and C4-Al2O3 as a model compound. The transient 
absorption spectroscopy data for C4-TiO2 are in Appendix II.
No spectral shift is observed in the first ns time range. In order to increase the signal-to-noise 
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ratio, the average dynamic traces are taken from 560 to 700 nm and are normalized at their 
maxima, as displayed in Figure V.29.

The averaged kinetic trace of C4-Al2O3 was fitted to a bi-exponential function, 38 and 319 ps 
and the one of C4-TiO2 needed an extra Gaussian function contribution (6 ps < IRF) before the 
bi-exponential part (31 and 319 ps). For the C4-Al2O3, the major fluorescence decays 
correspond to the 38 ps lifetime component. This fast component is probably the 3MLCT state 
relaxation as measured by transient absorption spectroscopy.176 Once C4 complexes are grafted 
on TiO2, this component is divided into two parts: the sub-10ps unresolved contribution and the 
31 ps contribution.

Figure V.29 Normalized TR fluorescence kinetic traces of C4-Al2O3 (black symbol curve) and C4-TiO2

(red symbol curves) with their fits (solid curves).

The shorter lifetime of the 3MLCT state in TiO2 compared with in Al2O3 indicates the existence 
of electron injection. However, the unresolved sub-10 ps component makes the quantitative 
determination of the electron injection efficiency impossible. Thus, fs time-resolved 
fluorescence experiments will be useful to resolve this issue.

V.3.2 Discussion

The lifetimes of the Fe(II)-TiO2 films studied by transient absorption spectroscopy and analyzed
globally are summarized in Table V.3. All those compounds present similar spectral and 
dynamic behaviors (Appendix II for more details). Those results support our initial hypothesis 
where the electrons from the 3MLCT state can take two different pathways: i) injection onto 
TiO2 (τ2) ii) and relaxation to the ground state (τ3).

The heteroleptic complexes (C5 and C7) show a faster electron injection and the N-substitution 
accelerates the electron injection within 1 ps. In the sandwich structure, the environment also 
has an effect on the electron injection. Thus, the pH may play a role on the PCE, and it is worth 
to improve the DSSCs based on Fe(II) by engineering those.

We assess the electron injection efficiencies by taking the ratio between the amplitude of 
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electron injection and the one of the 3MLCT state relaxation. The differential absorption 
spectrum is proportional to the molar absorption, concentration and path length. Assuming 
these two processes have similar molar absorption and pass same path length, different 
amplitudes in the GSB represent different concentrations involved. Those amplitudes are 
determined from the GSB contribution of each DAS (τ2 and τ3). Instead of close-to-unity 
electron injection, we estimated electron injection efficiencies around 60 ~ 70 %.

Table V.3 Lifetime of Fe(II)-TiO2 films obtained by global analysis of transient absorption 
spectroscopy data

τ12 (fs) τ13 (fs) τ2 (ps) τ3 (ps) τ4 (ns) k12/(k13+k12)
C5 65 140 7 45 > 10 ns 0.68
C2 30 70 12 54 > 10 ns 0.70
C4 42 74 3.3 82 > 10 ns 0.64
C7 40 75 0.4 27 > 10 ns 0.65

C2-Air 25 42 5.8 46 > 10 ns 0.63
C2-MeCN-HCl 35 63 1.3 49 > 10 ns 0.64
* the relevant factor to adjust GSB of DAS(τ3) to the same amplitude as GSB of DAS(τ2). Noting that 

the ratio A12/(A13+ A12) is robustly calculated, it could get a quantitative estimation of the electron 
injection efficiency. More accurate results should take account on the extinction coefficient of the two 

steady-state absorptions.
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V.4 Conclusion

This work on Fe(II) complexes has been performed in collaboration with our Nancy partners 
(Synthesis: T. Duchanois, M. Beley and P. C. Gros; Calculation: T. Etienne, M. Pastore, A. 
Monari and A. Assfeld) providing us the Fe(II) complexes, the PCE performances and the 
quantum chemistry calculations. With their help, we have investigated a series of Fe(II) 
complexes in solution and film.

We characterized the 3MLCT state lifetimes of Fe(II) complexes in solution through transient 
absorption spectroscopy. Those results combined with their corresponding theoretical results 
allow us to understand how the electronic structure of the complexes affects the energy levels, 
and then their photophysical properties. With this strategy, the complex with the longest 3MLCT 
state lifetime was achieved. The N-substitution could further contribute to extending the
3MLCT state lifetime of those complexes.

The most surprising result was that increasing the 3MLCT state lifetime over 10 ps did not 
directly improve the power conversion efficiency of the devices. This result could take its origin 
in two phenomena: 1) poor electron injection efficiency from the 1,3MLCT states or/and 2) fast 
electron-hole recombination at the interface. Wärnmark et al. proposed that the electron 
injection efficiency is close-to-unity.176

In our option, a more accurate way to estimate the electron injection efficiency relies on the
amplitude of the two pathways from the 3MLCT state: electron injection and relaxation to the 
ground state. After ISC from the 1MLCT state, the electron in the 3MLCT state could be 
localized on both top and bottom sides of the complex. When the 3MLCT state is located on the 
top, the electron injection is forbidden due to the geometry. The electron injection can occur 
only from the electron in the 3MLCT state grafted to TiO2. Thus, the estimation of the electron 
injection efficiency based on lifetimes is doubtful.

By transient absorption spectroscopy and time-resolved fluorescence measurements, we 
spectrally distinguished the 3MLCT state and electron injection. We proposed that the electron 
injection efficiency can be determined more precisely by calculating the contribution of each 
pathway. Besides the evidence of the GSB, it is also interesting to directly observe the ESA 
differences between the electron injection (as the ESA band of Fe(III)) and the 3MLCT state 
relaxation in the near-IR regime.

For the outlook, besides the material engineering on the PCEs performance, more chemical 
design can be imagined: 1) more heteroleptic complexes: adding the push-pull effect on the two 
parts of ligands, make the ISC to the top part more difficult, 2) change the anchoring group 
position: make both two ligand parts grafted into TiO2.
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Three articles of the study of Fe(II) complexes in solution are published. 

1. The effect of the carboxyl group (§V.2.1.1, C1 and C2):
T. Duchanois, T. Etienne, C. Cebrián, L. Liu, A. Monari, M. Beley, X. Assfeld, S. 
Haacke and P. C. Gros ‘‘An Iron-based Photosensitizer with Extended Excited 
State Lifetime: Photophysical and Photovoltaic Properties’’Eur. J. Inorg. Chem.

2015, 14, 2469

2. The effect of ligand (§V.2.1.2, C1 ~ C4):
L. Liu, T. Duchanois, T. Etienne, A. Monari, M. Beley, X. Assfeld, S. Haacke and 
P. C. Gros ‘‘A new record excited state 3MLCT lifetime for metalorganic iron(II) 
complexes’’ Phys. Chem. Chem. Phys., 2016, 18, 12550

3. The effect of N-substitution (§V.2.1.3, C2, C4 and C5 ~ C7):
M. Pastore, T. Duchanois, L. Liu, A. Monari, X. Assfeld, S. Haacke, P. C. Gros 
“Interfacial charge separation and photovoltaic efficiency in Fe(II)-carbene 
sensitized solar cells” 2016 Phys. Chem. Chem. Phys., 2016, 18, 28069
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The understanding of the photo-induced free carrier formation and recombination dynamics is 
critical to improve the PV performance of solar cells. Since these processes occur in the ps-ns 
timescale, time-resolved spectroscopies are versatile experimental methods to access to such 
ultrafast spectro-temporal dynamics. As shown by many groups and in numerous publications, 
the spectro-temporal information allows, in principle, to 1) identify the photo-induced species 
(excited states, excitons, CT states, polarons, etc. and how they are related to each other by a 
reaction scheme, and 2) to decipher the transition rates or lifetimes of these species, as well as 
the quantum yields of the corresponding transitions. 

In this work, femtosecond broadband transient absorption spectroscopy has been used with a 
spectral region from 300 to 950 nm, a long delay time range (up to 6 ns) and with sub-60 fs 
time resolution. However, the temporal and spectral superposition of different contributions 
renders challenging the interpretation of photoinduced reactions. Thus, time-resolved
fluorescence measurements were carried out to investigate the dynamics of the excited state 
and its quenching processes. The identification of newly formed species, such as the charged 
species needs the combination of transient spectroscopies with other techniques, such as 
spectro-electro-chemistry and THz spectroscopy (not used in this work) to determine their 
spectral signature and to characterize their dynamics, respectively.

However, the classic time-resolved spectroscopies have their limitations: 1) narrow spectral 
detection and 2) lack of spatial information. To observe and determine the species involved in 
the photo-induced processes, the spectral detection has to be in their characteristic features 
range, e.g. it will be helpful to identify the electron injection in the mid-IR range. Furthermore, 
the morphology contributes significantly to the studies of their active layer. The typical probe 
size (100 µm diameter) allows only a global resolution averaged over several crystalline 
domains. Even though, the morphology of the films was probed by other techniques, such as 
TEM and electron diffraction, the heterogeneity of the molecular conformations, as discussed
for the D-A oligomer system, complicate the understanding of the whole photo-induced 
scenario.

The study of D-A oligomer in the solution shows a clear impact on the intramolecular 
interactions. The different spacers (δ or δ+) changes the mechanism to form the charge transfer 
state (through FRET or not, respectively) and its rate constant. Furthermore, the chemical 
design on the terminal anime (δ-) extends the charge transfer state recombination lifetime
(2~3 times). Supremely, by reducing the solvent polarity, the charge transfer state 
recombination is down up to one order of magnitude, indicating the environment has a stronger 
influence.
In films, the prediction of the dominant interaction of molecule and environment is observed.
Despite the modification of D moiety, the similar ns-lived photo-product states are formed. 
Even through direct experiment evidence are needed to identify which state it is, the most
plausible possibility is the polaron pair which is a long-lived and non-radiative state.

For the perspective, the key point is to determine the photoproduct state in films. Since the 
external electric field can only affect the polaron pair not excimer, the charge modulation 
spectroscopy is another possible alternative to study the effect of an applied bias on the OSCs 
and observe the charged species spectra. Additional investigations of spatial information are in 
particular interesting, by combining the classic time-resolved spectroscopy with microscopy, 
such as ref 177.

It’s essential to mention that the best PCE based on OSCs (11.5% in Figure II.1) is still much 
lower than that based on inorganic solar cells (46%, not shown) and will probably be hard to 
reach the record in the future. Furthermore, the relative shorter device lifetime of OSCs also 
limits its applications in some long term and hard to replace projects, such as the solar panels 
for satellites or float chambers to study the marine. However, due to its facile fabrication on the 
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flexible large area, low weight and low price, the OSCs still can find its own market share.
The work of Fe(II) complexes results in the record 3MLCT state lifetime at room temperature 
in the solution by transient absorption spectroscopy.172 The insight understanding of their 
photophysical properties is pointed out with the combination of quantum chemical calculation. 
Through the effect of electronic structure, the 3MC state has a higher energy level than 3MLCT
state. The N-substitution could further contribute to extend the 3MLCT state lifetime of those 
complexes.

Even though 26 ps 3MLCT state lifetime is achieved in the solution, the PCE of the 
corresponding device154,175 does not have significant improvement compared with other classic 
Fe(II) complexes. 155 Thus, two possibilities could lead to this effect 1) poor electron injection 
efficiency from the 1,3MLCT states or/and 2) fast electron-hole recombination at the interface.
Wärnmark et al. proposed that the electron injection efficiency is close-to-unity. 176 In our 
option, two-part ligands (the bottom part is grafted on TiO2 and the top part is free) have similar 
electronic levels. Once the 3MLCT state is located on the top, the electron injection is forbidden 
due to the geometry, and relaxation to the ground state occurs. Therefore, the electron injection 
competes with relaxation to the ground state. Thus, the estimation of the electron injection 
efficiency based on lifetimes is doubtful.

In the term of the outlook, direct evidence is needed to prove our hypothesis. Besides the
time-resolved fluorescence spectroscopy and THz spectroscopy, the time-resolved X-ray 
spectroscopy could provide more evidence of the electron injection and interfacial
recombination. As a cheap photosensitizer, besides the DSSCs, Fe(II) complexes with further 
modifications, such as adding spacer or secondary complex unit also can be used, not only for 
DSSCs, but also for other applications, such as water splitting. 

This thesis could be achieved thanks to fruitful collaborations with : i) Pierre-Olivier Schwartz 
and Stéphane Méry (D-A synthesis, IPCMS), Nicolas Leclerc (D-A synthesis, ICPEES), Pierre 
Eisenbrandt, Matthias Polkehn, Irene Burghardt (D-A quantum calculation, Goethe University 
Frankfurt) Adrian Ruff, Kirsten Bruchlos, Sabine Ludwigs (Spectro-electro-chemistry, IPOC) 
within the French ANR PICASSO project and joint DFG/ANR MolNanoMat project, ii) and 
Thibaut Duchanois, Marc Beley and Philippe. C. Gros (Fe(II) synthesis, Université de Lorraine),
Thibaud Etienne, Mariachiara Pastore, Antonio Monari and Xavier Assfeld (Fe(II) quantum 
chemistry calculation, Université de Lorraine) within the French ANR PhotIron project.

During the last past four years, I was actively involved in two other projects: 1) Ir-Pt complexes 
for water splitting with Dong Ryeol Whang, Soo Young Park (Ir-Pt synthesis, Seoul National 
University) and Sandra Mosquera Vazquez, Bernhard Lang, Éric Vauthey (ns-TA measurements, 
University of Geneva), 2) and organic-inorganic hybrid perovskites for solar cells with Yu-Che 
Hsiao, Ting Wu, Bin Hu (University of Tennessee). 
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Additional peer-reviewed articles published during the doctoral study. 

1. D.-R. Whang, L. Liu, S. Mosquera Vazquez, A. Ruff, S. Ludwigs, B. Lang, É. 
Vauthey, S. Haacke, and S.-Y. Park ‘‘Highly efficient visible light-driven hydrogen 
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effects’’ Organic Electronics 2016, 35, 216
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Detailed Analysis of Multiple Photoreactions in a Light-Harvesting Molecular 
Triad with Overlapping Spectra by Ultrafast Spectroscopy’’ J. Phys. Chem. C, 2014,
118, 24290
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Appendix I. Donor-Acceptor molecules for 

organic photovoltaics

Figure A.I.1 Comparisons of differential absorption spectrum at 50 ps obtained by pump-probe (black 
curve) and differential absorption spectrum of anion (blue curve) and cation (red curve) obtained by 

spectro-electro-chemistry. No direct spectral evidence shows the existence of CT state.
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Appendix II. Iron complexes

Figure A.II.1 Transient absorption datasets to study the carboxyl group effect of C1 ((A) and (B)), C5

((C) and (D)) and C2 ((E) and (F)) in MeCN
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Figure A.II.2 Transient absorption datasets to study the ligand effect of C2 ((A) and (B)) and C4 ((C) 
and (D)) in MeCN

Figure A.II.3 Transient absorption datasets to study the N-substitution effect of C6 ((A) and (B)) and 
C7 ((C) and (D)) in MeCN
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Figure A.II.4 Transient absorption datasets to study the rigidity of C8 ((A) and (B)) and C9 ((C) and 
(D)) in MeCN

Figure A.II.5 Transient absorption datasets to study the pH effect of C2-HCl ((A) and (B)) and C2-

NaOH ((C) and (D)) in MeCN
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Figure A.II.6 Transient absorption datasets to study the solvent effect of C2 in (A) 2-butanol (B) DMF 
(C) DMSO and (D) ethanol.

Figure A.II.7 (A) Spectral evolution and (B) Decay-Associated differential Spectra of C2-TiO2

Figure A.II.8 (A) Spectral evolution and (B) Decay-Associated differential Spectra of C4-TiO2
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Figure A.II.9 (A) Spectral evolution and (B) Decay-Associated differential Spectra of C7-TiO2

Figure A.II.10 (A) Spectral evolution and (B) Decay-Associated differential Spectra of C2-Air

Figure A.II.11 (A) Spectral evolution and (B) Decay-Associated differential Spectra of C2-MeCN-HCl
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