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Résume de la these en Francais

1. Contexte de la thése :

Le but de cette these était d’élaborer et d’étudigs films minces hybrides orientés et
nanostructurés composés d'un polymere semicondycteur poly(3-hexylthiophene)
regiorégulier (P3HT) et de nanocristaux colloidaemiconducteurs de CdSe. Pour cela,
principalement deux méthodes ont été mises en odavtechnique de croissance épitaxiale
directionnelle initialement développée par M. Brirdam et coll. {), et I'orientation par

brossage mécanique.
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Figure 1-1: Gauche et milieu image TEM en champ clair et cliché de diffraction
électronique correspondant d'un film de P3HT fahéq par croissance épitaxiale
directionnelle. L'image en champ clair indique umgructure lamellaire formée par
I'alternance de domaines cristallins (zones sompetsde zones interlamellaires amorphes
(claires). Le cliché de diffraction électronique mspond a celui d’'un matériau fibrillaire
semicristallin.Droite: Représentation schématique de la structure laarelldu P3HT semi-
cristallin ainsi que des directions cristallograjpjuies du P3HBans la phase cristallisgg).

L'intérét de l'orientation et de la nanostructimat de composés de P3HT et de
nanoparticules (NPs) de CdSe se trouve surtout Hiamsortance de la morphologie des
films pour des applications dans le domaine du @Haltaique ou de I'électronique plastique
ou de tels hybrides P3HT/CdSe peuvent étre utits@ésme couche activ@{4). Dans le cas
de cellules solaires, le P3HT (NPs de CdSe) jouslke de matériau donneur (accepteur)
d’électrons et de transporteur de trous (électrob'gpsorption d’'un photon par I'hybride
géneéere un exciton qui peut se dissocier aux irtesfaentre P3HT et NPs en une paire
d’électron et trou libres, ceci du fait de la difféce des affinités électroniques entre les
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matériaux. La percolation des charges libres jumgu’électrodes induit ainsi un courant
photovoltaique. Un point majeur dans de tels matériest que la morphologie et les
propriétés électroniques sont intimement corrélé&sseffet, la longueur de diffusion d’'un
exciton dans le P3HT étant d’environ 10 nm, uneas#on de phases entre P3HT et NPs a
I'échelle de la dizaine de nm est essentielle pmiimiser la dissociation des excitois ).

Par ailleurs, le transport des charges dans degmpods m-conjugués est généralement
anisotrope, avec dans le cas du P3HT une mobiltieure le long de I'axe des chaines de
polymeres (axepsyt) et dans la direction du-stacking (axe bpzyr) comparé a I'axe des
chaines alkyles latérales du P3HT (axgyt) (7—10. C’est dans ce sens qu'il est intéressant
de pouvoir contréler I'orientation du polymére ‘échelle de nanostructuration de matériaux
hybrides dérivés suivant I'application envisagée&lkestronique plastique.

M. Brinkmann et coll. ont obtenu des films de P3idiientés et nanostructurés
présentant une structure lamellaire avec alternaleceones cristallines et amorphes par
croissance épitaxiale. lls ont observé qu’'avec Emm procédé, en rajoutant des NPs
sphériques de CdSe, ces derniéres se localisestlgazones amorphes du P3HIL (12).
Des films hybrides orientés et nanostructurés amsi &&té obtenus avec une échelle de
nanostructuration d’environ 10-20 nm, ce qui cqgoesl environ a la longueur de diffusion
d’'un exciton dans le P3HT. Cependant, la méthodséaé pour ces travaux repose sur un
procédé contrélée manuellement et ne permettantupasonne reproductibilité en termes
d’épaisseur et de superficie des films orientés. digfaces de zones homogénes étaient ainsi
trop faibles pour certaines caractérisations foretaaies des films telles la diffraction des
rayons X ou la mesure de propriétés optiques ginsipour I'utilisation de ces films dans des
dispositifs type cellules solaires et transistors.

Sur la base de ces études, ce travail de thesensistgo notamment en un
développement du procédé de la croissance épiaaial de 'améliorer pour obtenir des
films de meilleure qualité en termes d’homogéndeésurface et d’épaisseur des films. Un
deuxieme aspect a consisté a appliquer le procédélappé pour le polymére seul a des
mélanges polymeéres-nanoparticules de CdSe et dadtleb propriétés morphologiques et
structurales ainsi que la dispersion des nanop#&tcdans le volume des films par
tomographie électronique. Enfin, le travail a paté I'élaboration de films hybrides orientés
de P3HT seul puis de films hybrides par un autozduié basé sur un brossage mécanique.
Dans tous les cas, la structure et les propriéédilins obtenus ont été étudiés et caractérisés
par diverses techniques (microscopie électroniguea@smission, diffraction électronique,
diffraction de RX en incidence rasante, spectrogafabsorption UV-vis). Ceci a permis
d’établir un modéle de la structure des films etcdenaitre I'importance des paramétres du
procédé (vitesse de croissance, nature des su@hspaids moléculaire du polymeére,
proportion de NC dans le mélange, etc.) sur lagitra des films.

2. Amélioration de la méthode de croissance épitaxiale

Un aspect important de ce travail de these a d@ngiaméliorer la méthode de croissance
épitaxiale directionnelle de films de P3HT et deéniaux hybrides P3HT/nanocristaux de
CdSe. Ce travail a permis d’augmenter la surface ztmes orientées a des valeurs de

Vi
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I'ordre du cmz et ce de maniére reproductible. &€athélioration a été rendue possible grace
(i) a une croissance a vitesse contrélée (entreu96 et 4um/s) du front de cristallisation

du TCB et du P3HT a l'aide d’'un systeme de tramstamotorisé, (ii) I'utilisation d’'un
dispositif de fusion de zone pour éviter I'évapimatdu TCB lors de la croissance, (iii)
I'utilisation d’un substrat guidant le PTFE et desétements de surface adéquats des lames
de verres pour améliorer I’'homogénéité des films.Figure 2-1 montre un schéma tres
simplifié de la méthode. Sur la base de ces dévehoppts, l'influence des différents
parametres expérimentaux sur la qualité des filbterms (épaisseur, homogénéité, degré
d’orientation, superficie des zones orientés, nsittxture) a été étudiée. lFREgure 2-1
illustre I'effet de la vitesse de croissance sutdgré d’orientation des films.

.__ J-:H .

Ghm
s
N RE T SRR T

Figure 2-1: Schéma simplifié du & .

— FtiTe il ey

procédé de croissance épitaxiale ¢ - ol B
vitesse controlée M—m#\

La microscopie optique a polariseurs croisés moqgtrain film orienté de P3HT
préparé a 20Qm/s présente encore des zones claires contraireaudiitn préparé a 4m/s
pour lequel I'extinction est presque totale a lepiion d’'une zone en bas de I'image (voir
Figure 2-2. Une faible vitesse de croissanceuf/s) permet ainsi d’obtenir des films plus
homogéenes sur des zones plus grandes. La strudhmanique d’absorption des films de
P3HT fabriqué par cette nouvelle méthode est pdidiement bien définie et des rapports
dichroiques atteignant 10 ont pu étre obtenus ta qotre connaissance est la valeur la plus
élevée mesurée pour un film de P3HT. Une analyge pbussée de la structure vibronique
d’absorption de ces films en fonction du poids rooléire du P3HT a relevé que l'intensité
relative de la contribution 0-O augmente avec poitdsléculaire. Les études de
nanomorphologie par MET en haute résolution monienetla taille des segments conjugués
dans les zones cristallines tend a augmenter ayecAMsi nous montrons une corrélation
treés nette entre la longueur de conjugaison desszoristallines et le poids relatif de la raie O-
0 en absorption.
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Figure 2-2 : Images de microscope optique a potaris croisés et spectre d’absorption UV-
vis d’'un film de P3HT (Haut): préparé a une vieske translation du front de croissance du
TCB de 20Qum/s (bas) : préparé adm/s (20um/s pour le spectre d’absorption UV-vis).

3. Structure et morphologie des films épitaxiés

Des mesures de diffraction de rayons X au synabmd&SRF ont permis de mettre en
évidence d'importantes différences structurales fdms en fonction de M Alors que les
échantillons de P3HT de masse élevée et moyenge-gdl kDa et M| ~ 20 kDa) présentent
clairement une symétrie de fibre avec comme axdilite I'axe des chainespsyr, les
échantillons de P3HT de faible massg #110 kDa se comportent differemment. En effet, au
lieu d’'une symétrie de fibre, ces échantillons enésnt des domaines cristallins avec
principalement trois plans de contacts préférenmtidlinsi, nous avons pu identifier des
domaines avec l'axe des chaines perpendiculairsubstrat, des domaines avec l'axe des
chaines tiltées de 45° par rapport au substratetidmaines ayant une orientatioffaton ».
Ces différences structurales se reflétent direabérdans la morphologie des films observés
par MET.

Figure 3-1 : Image de microscopie en transmissiomm®de champ clair pour des films avec
des masses molaires des P3HT différents.

La masse moléculaire Mdu P3HT influence aussi fortement la structureeiaire
semi-cristalline 13). Pour les films préparés par la méthode a crotssdente, de grandes

viii
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périodicités lamellaires ont pu étre observéesréueigure 3-1) En effet pour un P3HT de
masse molaire M= 50 kDa, les périodicités L mesurées sont d’emvé#0 a 45 nm. Dans la
littérature, les périodicités lamellaires obsesvgénéralement sont plutét I'ordre de ~30 nm
(13, 14). Nous attribuons cette augmentation de la péritidilamellaire pour des basses
vitesses de croissance a une croissance préefdiersidon 'axe des chaines d’autant plus
favorisée que la cinétique de croissance du TCBadde.

4. QOrientation de Films de P3HT par brossage mécanique

En parallele de la croissance par épitaxie, dessfile P3HT et hybrides ont été
orientés par la technique de brossage. Contraireancroissance épitaxiale, cette technique
n'est pas basée sur l'utilisation d’'un substragmi@ant mais sur celle de forces de cisaillement
permettant d’orienter les chaines polymeres. Teglament, le principe est assez simple : un
film de P3HT (ou d’'un mélange hybride P3HT : Cd®e} préalablement déposé sur un
substrat (par dépbt a la tournette par exemplejs Pa film est brossé par un tissu a
microfibres a I'aide d’un cylindre en rotation ajgpié sur le film avec une pression contrélée.
Nous avons étudié le degré d’orientation et d’owistallin du P3HT dans ces films brossés
par spectroscopie UV-vis, TEM en haute résolutiobnpar diffraction électronique. Des
mesures de diffraction de rayons X nous ont pem@smieux comprendre le processus
d’orientation des films en fonction du nombre deleg de brossage. Le brossage mécanique
de films de P3HT induitles effets suivants: (i) uagentation des chaines de P3HT
parallelement a la direction du brossage ; (iiyi€ntation des domaines cristallins change
d’'une orientation préférentielle edge-on» avant le brossage a une orientatioifaikon »
apres le brossage (voir surHagure 4-J).

Avant brossage

N Apresbrossage % .
(020) == é

\ 0 by .
t I “, | I ” “ ”
Adou i @ ‘edge-on flat-on
300

200

0=0¢ qL
qJ- qout . B qout Q\
| “ I q n.

Figure 4-1 : Clichés de diffraction de rayons X m’échantillon avant et aprés brossage. Le
schéma a gauche illustre la configuration des mesuCes mesures ont été réalisées a
L'ESRF.

A l'aide de mesures de diffraction en fonctionl'dagle d’incidence, nous avons pu
montrer que l'orientation des films se propage’ielface film-air a travers I'épaisseur des
films avec un nombre croissant des cycles de bgessdJn impact important de la masse
moléculaire du polymeéere a été mis en évidence.iéntation dans le plan des films est
facilement induite par brossage mécanique pourédbantillons de faible masse alors que
I'orientation d’échantillons de masse élevée sasirée plus difficile. Ceci est attribué aux
repliements et aux enchevétrements des chainesmpéchent une réorientation des plans de
chaines de P3HT liés aux plans voisins du faitrdtacking.
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5. Comparaison de films brossés et epitaxiés

La comparaison de la morphologie et de la strudeefiims épitaxiés et brossés du
P3HT a révélé des différences notablesFlgure 5-1montre les images de haute résolution
de TEM ainsi que les clichés de diffraction éledijars. Pour les films épitaxiés, il est
possible de distinguer clairement des zones ditstal séparées par des zones amorphes.
Cette distinction entre amorphe et cristallin esdidroup plus ambigué pour des films brossés
ou on ne peut pas réellement mettre en évidendiende entre les zones amorphes et zones
cristallines. Les clichés de diffraction montrenissi des différences significatives. En
particulier 'absence de la réflexion (002) corrmsgant a la répétition des monomeres le long
des chaines de P3HT est significative. Ceci peatétpliqué par différents niveaux d’ordre
dans les films brossés et épitaxiés. En effetskobation de cette réflexion suggére un ordre
transrationnel dans la direction de I'axe des a@mimpliquant un ordre cristallin 3D dans les
films épitaxiés.

Epitaxied Film

(002) (202)

Figure 5-1 : Images de haute résolution TEM etlddig de diffraction électroniques pour un
film de P3HT (M=17,6kDa) épitaxié et brossé.

Pour les films brossés, il y a ainsi un désordaagrationnel statistique selon I'axe des
chaines gsnt.Ceci empéche un ordre cristallin 3D et expliquédence de la réflexion (002)
dans les films brossés. Les importantes différentesdre et de structure entre les films
épitaxiés et brossés se refletent directement ldanspectres d’absorption UV-vis. Comme le
montre la Figure 5-2 les films epitaxiés montrent une structure netteinplus claire que les
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films brossés. En particulier, la contribution whbigue 0-0 est particulierement intense et
bien définie dans les films épitaxiés. Ceci conéritordre cristallin élevé dans ces films
épitaxiés.

0,4 0,25
Slow rate DEC 6.6 4 times rubbed film
' 4.2
\/9.3 0,20
0,34 //
0,15+
g g
£ 0,2
g E
S S 0,104
2 &
© ©
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Figure 5-2: Comparaison des spectres d’'absorptidfrvis de films de P3HT (17.2kD) épitaxiés
(gauche) et brossés (droite). La Ilumiere incidengést polarisée parallelement (/) ou
perpendiculairement/{) a I'axe des chaineessyr. Les valeurs numériques indiquent les rapports
dichroiques.

6. Morphologie et structure de Films hybrides épitaxiés

Le procédé de croissance épitaxiale amélioré ppurdissance de films de P3HT a
éte également appliqué a des mélanges polymeres jR2 NPs colloidales (CdSe) au cours
de ce travail de thése. Les NPs de CdSe sont c@®spben cceur inorganique recouvert
d’'une couche de molécules organiques, les liga@ks derniers assurant la stabilité
colloidale des NPs en solutiob5-19. Cependant, la couche de ligands issue de |lh&yat
forme une barriere isolante défavorable au transiercharge polymére. NPs. Il est donc
nécessaire d’échanger les ligands de synthése patreb plus adaptés pour faciliter ce
transfert de charge pour des applications dans slifgoélectronique ou optoélectroniques
(par exemple transistors ou cellules solaires). aBuda these, trois points ont plus
spécialement été étudiés: (i) l'influence de ldlda@t de la morphologie des NPs ainsi que
I'effet de la proportion P3HT:NPs sur la nanostauation ; (ii) I'étude de la distribution des
NPs dans le volume des films par tomographie dpitjue ; (iii) I'étude de l'influence des
ligands de surface sur la morphologie des fiim&wbs. Pour cela des protocoles d’échanges
de ligands ont été spécialement développés. Taaesnalyses ont impliqué de synthétiser
des lots importants de NPs sphériques et de nawoo+ixs fanorod$ de rapport d’aspect
variables.

6.1 Distribution des NP dans le volume des films

L'étude de films hybrides par des méthodes de TEddard ne permet pas de
conclure quant a la distribution des nanoparticdeess le volume. En effet, le TEM standard
donne uniquement une projection 2D du volume salediéechantillon. Ainsi, pour avoir une
information sur la distribution des NPs dans leuno¢ des films, des techniques plus
avancees comme la tomographie électronique soessaices. En collaboration avec Ovidiu

Xi



Résumé de la thése en Francais

Ersen et Lucian Roiban de I'Institut de PhysiqueletChimie des Matériaux de Strasbourg
(IPCMS), de telles mesures de tomographie ont pel &alisées sur des films hybrides
fabriqgués par croissance épitaxiale. Des films ayhifférentes charges en NPs (P3HT:NP
1:1, 1:2 et 1:3) ont été ainsi analysés.Higure 6-1montre les résultats de cette analyse.
Contrairement a toute attente, les NPs ne sontdssbués dans I'ensemble du volume
comme cela a souvent été observé pour des filmsdegsimilaires préparés par dépbt a la
tournette 2, 19-21).

\§ ,
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\
%
§
§
.

Density of CdSe NCs (a.u) |5
"
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Figure 6-1: Etude par tomographie de films hybsdeomposes de P3HT:CdSe avec des
proportions (w/w) a) 1:1, b) 1:2 and c) 1:®aut: Coupeslongitudinales extraites des
volumes reconstituéMilieu: Coupes observés a partir des reconstructions toapggues
Bas: Histogrammes normalisés montrant la variation dediensité de NPs a travers la
section des films. Les fleches rouges et bleugiedile coté TCB ou P3HT respectivement.

En effet, dans les films hybrides prépares paragi@f on observe clairement une
structure en bicouche. Une couche de polymere savde une décoration de quelques
nanoparticules puis une couche hybride nanostréetcomposée d’un mélange de polymere
et de nanoparticules. Plus la proportion des NRs da film est élevée, plus la couche
hybride devient épaisse. Des analyses statistiqueespermis de conclure que pour la
proportion 1 :1 la couche hybride occupe envirof4fe I'épaisseur totale du film alors que
pour la proportion 1 :3, cette couche hybride oecplpis de 70% de I'épaisseur totale du film.
Afin d’expliquer cette structure originale en bicbe¢c nous proposons un mécanisme de
croissance faisant intervenir une concentrationl separtir de laquelle les nanoparticules
s’agregent dans les zones amorphes du polymeére.
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6.2. Effet des ligands de surface sur la morphologie

Dans ce travail, nous avons choisi d’étudier lacfmnnalisation des NPs de CdSe
par des ligands polypyridines comme la-Bexylpyridine (HexPy), la 1-10 phénanthroline
(Phen), et la 4,4',4" -tri-tert-butyl-2,2":6',2ggridine (TerPy). Dans un premier temps, des
protocoles d’échanges adaptés a ces ligands omhiégs au point. La caractérisation des
réactions d’échanges de ligands a été réaliséegmtechniques photophysiques (PL, UV-
vis) et par RMN. Les NPs fonctionnalisées ont dmséié insérées dans les films de P3HT
afin d’étudier l'influence des ligands sur la mlologie des films. Un exemple des résultats
obtenus est présenté dngure 6-2.Une bonne nanostructuration est obtenue dans ldesas
ligands de TerPy et de Hex Py (ayant tous les 2gdaspements solubilisants) alors que le
ligand entierement conjugué Phen conduit & unegagoh des NCs.

Flgure 6-2: Influence de la nature des ligands deface des NPs de CdSe sur la
morphologie des films hybrides préparés par crangg épitaxiale

7. Orientation par brossage mécanique de films hybisde

La méthode d’orientation par brossage mécaniqugatesent été appliquée a des
films hybrides.La Figure 7-1montre une image de TEM en haute résolution eti¢hé de
diffraction électronique correspondant d’'un filmbinge brossé. La distribution angulaire
azimuthale des réflexions (1@@)r et (002}4se mesurées a partir du cliché de diffraction est
également représentée. Sur I'image de haute résmolainsi que sur le cliché de diffraction,
on voit clairement que les nanobatonnets et leBiebale P3HT s’orientent parallelement a la
direction de brossage. Nous avons ainsi pu momaerdes analyses supplémentaires que
c’est I'orientation de la matrice polymére qui @iie I'orientation des nanobatonnets.
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Figure 7-1: Gauche image de TEM haute résolution, l'orientation deanorods suit
I'orientation des chaines polymereBroite: cliché de diffraction électronique d'un film
hybride orienté par brossage. La distribution arajté des chainede polymére est identique a
celle des nanorods

La comparaison de films hybrides composés de P3HIe emanobatonnets de CdSe
préparés par brossage mécanique et par croisspitariae s’avere intéressante. Egure
7-2 montre des clichés de diffraction et des imageshemp clair correspondantes d’un film
hybride préparé par brossage mécanique et d'un deméparé par épitaxie. La comparaison
de ces films montre des différences notables. Tatord, I'orientation dans le plan des
nanobatonnets est clairement définie dans les firassés alors que dans les films épitaxiés
cette orientation est peu marquée. De plus, dandilles brossés, les nanobatonnets sont
clairement orientés avec leur aggise (Qrand axe) parallele a la surface du film alaue g
I'image en champ clair du film épitaxié ainsi qaefdible intensité de la réflexion (0@23e
suggérent la présence de nanobatonnets inclinésilRars, la nanostructuration clairement
visible dans les films épitaxiés est absente dassfilms brossés. Ceci est lié a I'absence
d’une structure lamellaire semi-cristalline biefigié dans le cas des films brossés.
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Figure 7-2 : Clichés de diffraction électroniquesimages TEM en champs clair d’'un film
hybride orienté par brossage mécanique et d’'un fimparé par croissance epitaxiale
directionnelle. La masse moléculaire du P3HT est de,#M7,6 kDa et les dimensions
nanobatonnets sont 20 b nm.

8. Conclusion

Ce travail de these avait pour but d’élaborer diessforientés et nanostructurés de
matériaux hybrides polyméres conjugués :NPs calle& présentant un intérét pour
I'électronique plastique. Deux méthodes ont pria@ment été mises en ceuvre pour
I'élaboration de ces films: la croissance épitaxidirectionnelle et le brossage mécanique.
Pour la méthode de croissance épitaxiale directimn#ges développements instrumentaux
en vue d’améliorer la qualité des films orientéstemmes d’homogénéité sur de grandes
surfaces ont été réalisés. L'influence des diffsseparametres (vitesse de croissance,
substrats, etc.) sur la qualité des films obtenéteatudiée. En paralléle, I'influence du poids
moléculaire sur la morphologie et la structure fiess épitaxiés et brossés a été mis en
évidence. D’importantes différences d’orientatiale structure et de morphologie sont
observées aussi bien en fonction du poids moléeutki P3HT qu’en fonction de la méthode
de préparation des films. Concernant les films o épitaxiés, des mesures de tomographie
électronique ont mis en évidence une structurei-enurhe jamais observée jusqu’alors pour
de tels films. Ces observations ont permis de @epon scénario de croissance des films. Ce
travail présente une caractérisation en termes aphuologie, structure et orientation assez
compléte des systemes de P3HT seul ainsi queldesHibrides epitaxiés et brossés. Dans le
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futur, des caractérisations électriques (transp@itharge) et des applications de ces systemes
dans des dispositifs sont envisagés. Les procédésthodes développés au cours de ce
travail peuvent étre appliqués a d’autres syste(aaes polymeres et NCs). Des études
préliminaires effectuées au laboratoire ont égatgmpermis de montrer que des polymeres a
faible gap d’énergie peuvent étre orientés a I'aldda croissance épitaxiale directionnelle a
vitesse contrélée. Ceci ouvre de nouvelles pers@scpar exemple dans de domaine de la
détermination de la structure cristalline de celymeres afin de mieux comprendre les
corrélations entre la structure et les propriétésegepolymeres.
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Introduction

Inorganic materials based electronic devices hawerbe ubiquitous in our society
and in our everyday life. During the last fifty yea many efforts were put into the
miniaturization of inorganic based electronic degi@and the reduction of their cost to make
them accessible to a broader public. The field rgfanic electronics.e. devices based on
carbon materials seeks for an additional reduatibthe production costs using processing
techniques of the electro-active materials from ingsge.g.roll-to-roll printing techniques.
In addition, organic electronic devices are lighaad flexible as compared to their inorganic
counterparts. Indeed, organic solar cells produlegdroll-to-roll printing techniques on
flexible substrates or flexible displays are amtmg goals in the field of organic electronics
and some products have already appeared on themark

The recent tremendous developments in the field ainly be ascribed to the
discovery in the 1979 of T=conjugated polymers that are conducting in thejeti statei,e.
that behave as synthetic metal3. (This breakthrough was awarded in 2000 by thedNob
Prize of Chemistry with Alan J. Heeger, Alan Madi& and Hideki Shirakawa as the
recipients. Few years after their discovery, it whewn thatreconjugated polymers exhibit
semiconducting properties in their undoped stateis Twas probably one of the most
meaningful progresses made in the field of orgaelectronics. Indeed the solution
processability in combination with their semi contlug properties made of conjugated
polymers the main actors in organic electronics. Altays these materials are already widely
used for example in organic solar ce§, rganic light emitting diode$,(4) or organic field
effect transistorss).

Other solution processable semiconductors are ambcgsemiconductor colloidal
nanocrystals. Although the synthesis of such nariofes was known for years, novel and
highly successful methods of synthesis in termshefsize control and size polydispersity
appeared in the 198draised a lot of attention of the scientific commyron these nano-
objects in view of their numerous potential apglmas. Inorganic semiconductor

1
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nanocrystals are of main interest due to their-dgggendent energy bandgap and thus their
tunable photoluminescence and absorption properiies cite only one example, such
nanocrystals have already been successfully usdidjtio emitting diodesE, 7).

Both colloidal NCs as well as semiconducting coajed polymers possess the main
advantage of cost-efficient solution processabiliihe association of inorganic NCs and
conjugated polymers to form hybrid electro-activatenials gave rise to the field of hybrid
electronics although this terminology is not fregile used. These hybrid materials aim at
combining the advantages of both the organic andyanic components in order to achieve
better devices performances as compared to alharganes. Hybrid materials were first
successfully used for the fabrication of light émd diodes 8) and later in solar cells at the
beginning of the 200?5(9, 10). Since then, hybrid materials have raised inenggisiterest in
relation with the development of the so-called @igand Large Area Electronics.

For a successful application of conjugated polymeasocrystals and hybrid materials
in electronic devices, a deep understanding of fpteysical properties is essential. A key role
is played by the macromolecular organization, thmgstallinity, the structure and the
orientation of the polymers. In the case of hyhritie orientation but also the morphology
and the dispersion of the NCs within the polymetrimare of major importance. This opens
the door to a large field of fundamental researchtlme controlled orientation and the
controlled structuration of conjugated polymersvadl as of hybrid materials.

In the scope of this work, we were mainly interdstethe controlled orientation and
the structural and morphological characterizationttwfi films of regioregular poly(3-
hexylthiophene) (rr-P3HT). Therefore, we used matmlo preocssing methoddirectional
epitaxial crystallization andmechanical rubbing Of main interest in this work was also the
elaboration and the full characterization of hylthih films composed of P3HT and CdSe
nanocrystals prepared by these two methods. Angibiet of focus was to understand the
processes allowing for the orientation and the sanoturation of such hybrid materials.

The first part of this thesiglgapter 1) introduces the current state of the art and the
main fundamental properties of the materials usedhie scope of this work. It also
emphasizes the main principles in view of the sssitg applications of such hybrid materials
in organic electronic devices such as solar c8lé&sni-crystalline polymers as well as main
approaches for the controlled orientation of polgneill be introduced. The concept of
excitonic bulk heterojunction and the required mate architectures will be described.
Finally main approaches described in the literaforethe controlled fabrication of hybrid
materials will be presented.

In Chapter 2, we focus on the synthesis and the surface chemaft CdSe
nanocrystals. Main attention will be paid to theface functionalization of CdSe nanocrystals
using various polypyridine ligands. The numbermdéteoring groups of the ligands to the NCs
was varied and the influence of the latter on ttiogption-desorption kinetics of the ligands
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on the nanocrystals as studied by advarfeeduclear magnetic resonance methods will be
studied.

Chapter 3 is devoted to the preparation of highly oriente8BHP thin films by
directional epitaxial crystallization (DEC1Y). The method will be presented and the main
improvements of the method realized in the framéhaf PhD work will be described. The
improved method will be called slow-DEC.

In Chapter 4, thin P3HT films prepared by the improved slow-DE@thod will be
fully characterized in terms of orientation, morgig, structure and UV-vis absorption
spectra. The impact of the slow growth kineticsvadl as of the molecular weight Vof the
P3HT on the structure and shape of the crystatloraains will be studied.

Chapter 5 is devoted to an alternative orientation methad”@®HT thin films, namely
mechanical rubbing. The thin P3HT films will be lfulcharacterized in terms of the
morphology, the degree of orientation, the strctand the influence of the UV-vis
absorption spectra. A comparative study of P3Hmdilgrown using directional epitaxial
crystallization or mechanical rubbing will also jp@sented in this Chapter.

Chapters 6 and7 are devoted to the elaboration of highly orientted hybrid films
composed of P3HT and CdSe nanocrys@lspter 6 treats about hybrid thin films grown
by slow-DEC. A main focus of this Chapter is to awel the 3D distribution of the
nanocrystals within the hybrid thin films using tleéectron tomography technique. The
impact of the chemical nature of the capping ligantithe NCs on their integration into the
P3TH matrix is also explored. I€@hapter 7, the elaboration and the characterization of
hybrid thin films by mechanical rubbing is discu$sA comparative study of oriented hybrid
thin films prepared by slow-DEC and by mechaniedibing in terms of morphology and
orientation will also be presented
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Chapter 1. Fundamental concepts and

state of the art

This chapter is dedicated to the introduction afht@iques and concepts relevant to
this PhD work. In a first partyzconjugated and semi-crystalline polymers will bréefly
introduced. Several techniques for the controllegbrdation of polymers will thereafter be
presented. Basic physical and chemical propertfesemiconducting nanocrystals will be in
the focus of an ensuing part. Finally, the lasttparthis chapter focuses on hybrid materials.
We will mainly introduce hybrid materials of intstdor organic and large area electronics.
Some basic concepts about the application of sudidsy will be presented. The main
strategies for the fabrication of hybrids materiadgill be introduced and discussed.






1. Conjugated polymers

T-conjugated polymers (hereafter referred to as ugaipd polymers) are
macromolecules presenting delocalizedrbitals and electrons in their backbode4). On a
chemical point of view, conjugated polymers are posed of sphybridized carbon atoms in
their backboneRigure 1-1). This means that two neighbouring s|arbon atoms are bound
via double bonds composed of oaebond and oneatbond, each carbon providing one
electron of each typel{4). The 2s orbital of each carbon atom hybridizethwhe 2p and
2p, to form the sporbital. On the other hand, tmeorbitals form via the hybridization of the
2p, orbitals. This is illustrated irfrigure 1-1in the case of the f£l, ethylene molecule
(represented as ;8=CH,), the simplest and model molecule for, dpybridization. A
conjugated polymer will be composed of alternatiogible and single bounds which allows
to have delocalizedt-orbitals along the backbone of the polymk&rd). The length scale of
this delocalization is the so-called conjugatiomgér. The conjugation length is generally not
equivalent to the total length of the polymer chasnsmall chemical defects, twisting or chain
folding of the polymer chain can interrupt the aaggtion.

e T—

dz = orbirlal pa = wrbikal

plane of the
fPz - Brhikals

Figure 1-1: Schematic illustration of the formatiari double bound in ethylene A4@%).
Reproduced fron¥).

The existence of freamelectrons in conjugated polymers gives them speoiftical
and electronical properties as compared to satliratganic macromolecules. In particular,
the delocalization oft electrons makes the propagation of electric ettoitaalong the entire
macromolecule possible. The deformation of tik@bitals induced by external electric fields
renders polarization effects importagj.(The delocalization and conjugation of tieerbitals
in one plane also induces a stiffness of the potybaekbone which tends to planarize the
macromolecule. A lack of planarity of the conjughbackbone therefore goes along with the
loss of conjugation?). This stiffness of conjugated polymers has alstrang influence on
its organisation in the solid phase.

To a certain extent, energy bands in conjugateynpeis are formed in a similar way
as in inorganic crystal$-{gure 1-2. For a single atom, discrete energy values aaéadble. If
several atoms associate to form a molecule, theggrevels of each atom are degenerated
and slightly shifted as compared to the levels airgle atom. In the case of the ethylene
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molecule, a bondingtg and antibondingr¢) orbitals are formed due to the,dpybridization.
The 1t orbital is frequently called highest occupied necalar orbital (HOMO) and thet*
orbital lowest unoccupied molecular orbital (LUMQj the case of a macromolecule such as
polyacetylene containing an infinite amount of sarbon atoms, these energy levels form the
valence {i) and the conductiormf) energy bands which are separated by the bandggpré
1-2). The bandgap of the conjugated polymer dependshenchemical structure of the
polymer and on its conjugation length: the londes tonjugation length, the smaller the
bandgap. In their undoped form, conjugated polynagesintrinsically semiconductors. It is
possible to transform them into conductors via dgpDue to the position of their HOMO-
LUMO levels, most conjugated polymers are p-typadtmtors. In order to have n-type
semiconducting conjugated polymers, the LUMO |esfeduld be lower to approx. -4 eV with
respect to the vacuum leved)( By analogy, p-type semiconducting conjugatedymers
should have a high HOMO lev8)(

Energis Vide
- m*LUMO) — i 1]
—a* (LUMO) e ‘
= g P
—— =* [LUMD) _l_
— a* (LUMO)
= (HOMD)
” 7 {HOMO)
_H_ x(HOMa) ||_
_H_ x(HOMO) H_ _”ﬂ:
Ethylene Butadiene Octatetraene Polyacetylene
= I
1‘:;.\/‘%::: e ,-\x%v\li“'\.\_‘b‘ ““'*-x:-""’““im
\ } 4 /
2 A

Figure 1-2 : lllustration of the formation of thewrduction band (BC) and the valence band
(BV) in polyacetylene C#IC,H,),.CHs. Reproduced frorR).

One of the most successful and most used conjugptdégimer is nowadays
regioregular poly(3-hexylthiophene) (rr-P3HBigure 1-3shows the chemical structure of
rr-P3HT. P3HT is composed of a conjugated backlmdn@iophene rings and lateral hexyl
side chains that provide solubility and allow tcepare semiconducting inks in common
solvents ). Regioregularity refers to the control of the figaration of the lateral side
chains. Regioregular P3HT is mostly defined ashbad-tail head-tailie. the monomers
bind between the position 2 of the first one and hosition 5 of the second one)
configuration. Although widely used, P3HT is notidaal system. The HOMO level of P3HT
lies quite high and this impedes a long term opagastability because of oxygen doping.

10
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Also, the bandgap of P3HT (2.0-2.1 eV, dependinghenmolecular weight) is such that the
absorption spectrum of P3HT only covers the visgadion of the solar spectrur)(

In the solid state, P3HT chains can stack via tiretacking interactions to form
molecular crystalsFigure 1-3illustrates the formation ofti-stacked planes of P3HT. The
convention used for the different crystallograpags in P3HT crystallites is also illustrated
in Figure 1-3

Ap3ut
“: b
P3HT

Cp3ut

Figure 1-3: Chemical structure of rr-P3HT and duafiion of the crystallographic
directiongzstacked P3HT layers (scales not respected inrépgesentation).

Conjugated polymer crystals differ in an importaoint from inorganic crystals. In
fact, the forces in the three crystallographic aions in a crystal or a solid of conjugated
polymer crystals are strongly anisotropic. For oeggular poly(3-hexylthiophene) or P3HT
for example, these interactions are strong alongreséacking direction whereas in the
direction of the alkyl-side chains the interactica@® dominated by weak van der Waals
forces. This anisotropy of interaction within th@ig strongly influences the mechanical and
electrical properties of the polymer. In the fallng, we will introduce in more detail the
properties of P3HT in its solid and crystallized gha

2. Semi-crystalline polymers: the case of reqgiorequfarly(3-
hexyltiophene)

The crystallization of polymers is known since fhst half of the 28 century 5-9).
To be able to crystallize, a polymer must have ragletely regular chain conformation such
as linear polymers (polyethylene, polyamie&;) or a stereoregular polymers (having lateral
side chains) as for example polystyrene or poly(atkiophenes)§). B. Lotz showed that in
order to understand the crystallization of polymdigee scales of organization can be
distinguished §):

» The crystal structure of the polymer which trediew the conformation of the
chains within the unit cell (on a scale of a fewgta ~20 A).

11



Chapter 1. Fundamental concepts and state of the ar

* The lamellar structure, which results from the ophdolding which is
characteristic of the polymer chemical structureg@tale of ~50-500 A).

* The organization of these lamellae into more comp@&uctures such as
spherulites, fibres, etc. These structures defiree final morphology of the
polymer in the solid phase, for example in a tlilm {from the pm? to the cm?
scale).

In the following we will treat these different aspe on the basis of published works for the
case of rr-P3HT.

2.1 Crystal structure of P3HT

P3HT is known to crystallize easily and it is alihmspossible to generate thin films
of purely amorphous P3HT. Therefore the crystalcstire of P3HT got a lot of attentioh, (
6). However, to date the exact structural model P is still not determined. The lack of
knowledge about the exact structure is mainly du¢he difficulty to grow large areas of
P3HT single crystals 56). One of the first proposed crystal structures for
poly(alkylthiophene)s is based on well organizesiddar packing of planar backbones that
are uniformly spaced by the alkyl side chains. #swroposed by Prosa and coworkers in
1992(9). Since then, several crystal structures for polyl#tkophene)s have been published.
Among those, some were proposed by Tastiral (10). These authors combined molecular
modelling and X-ray diffraction measurements oretstr aligned P3HT. Their proposed
structures vary mainly in number of polymer chamshe unit cell £0). More recentlyDag
et al. proposed a structure based on molecular dynarmugations (1). One of the most
recent refinements of the P3HT crystal structueseld on electron diffraction measurements,
is that published by Kayunki@t al(12). The authors performed selected area electron
diffraction on highly oriented P3HT films obtaindxy directional epitaxial crystallization
(12). Figure 2-1shows thecrystal structure of P3HT as determined by Kayureka@l. The
authors propose a monoclinic unit cell containiwg thains shifted relatively to each other
(@psyT=1.60 NM, bpsr=0.78 NM, Cp3pr=0.78 nm andy=86.5°). The definition of the
crystallographic directions in the structure of H3I4 the following: thecesyr-axis refers
always to the P3HT backbone direction. Thegyr-axis refers to theert stacking direction
and theapzyr-axis corresponds to the-hexyl side-chain directionlhe observed shift of the
two neighbouring polymer chains is enforced byhbgyl-side chains that crystallize into an
orthogonal sub-celllQ). To date, the main difficulty for the determirmatiof the exact crystal
structure of P3HT lies in the determination of thect configuration and orientation of the
hexyl-side chains. In the scope of this thesisused the P3HT crystal structure proposed by
Kayunkidet al.(12).
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Figure 2-1:(a) Crystal structures of P3HT as determined by Kaydirédi al. viewed along
two different crystallographic directions (hydrogatoms have been omitted for the sake of
clarity). Reproduced fronfs). (b) Evolution of the lattice parametepsyr in black and the
lattice parametebpsyt in red with increasing molecular weight. Reproduced frdrd).

Several authors reported polymorphisms in poly(étkyphene)s 14-1§. Two
crystal phases of P3HT, phase | and Il, have beepoged with a transition from phase | to
phase Il at a temperature of about 601@).(The main difference between phase | and phase
Il is the order within the hexyl side chains. Whual, evidence recently side-chain disorder by
using®*C MAS NMR and X-ray diffraction4). Phase | is described as a well organized 3D
crystalline phase whereas phase 1l is a 2D crys¢éafihase in which the side chains are less
ordered.e. a smectic-like structure.

Another kind of polymorphism evidenced for P3HTthe change of thepsyr and
bpsyt lattice parameters with increasing molecular weigideed, Zeret al. evidenced an
increase of the lattice parametizyr and a decrease syt with increasing molecular
weight (13). Figure 2-1 (b)shows this evolution of the lattice parametassir and bpsyr
with My,

2.2 Chain folding and lamellar structure

One of the most important concepts for the undedstg of semi-crystalline polymers
Is chain folding T, 8). Figure 2-2 epresents schematically a lamellar crystal of gblyene.
The concept is the similar for other semi-crystali polymers in particular
poly(alkylthiophene)sg, 17).

The polymer chains are well crystallized within grgstalline lamellae of size L. The
polymer chains are however generally longer tharcipstalline phase and thus, these chains
tend to fold. Chain folds and chain ends cannointreduced into the crystalline lattice and
form thus a much less ordered phase which is giyeederred to as the amorphous phase
within the semi-crystalline polyme¥(8).
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Figure 2-2 : Schematic representation of a lameltalyethylene crystal. Reproduced from

referencg8).

In the case of P3HT, chain folding could be dinealidenced and imaged using
scanning tunnelling microscopy (STM). The first W®rin this sense were performed by
Mena-Osteritzt al. and Gréviret al. (18—-22. Such works are of great interest as they allow
the direct visualization of the chain folding of ndecrystalline P3HT and other
poly(alkylthiophene)sFigure 2-3represents the visualization of chain folding gs8TM and
the corresponding model of the chain conformatiorterd@ined by semi-empirical

calculations.
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Figure 2-3: (a and b) STM image
showing the short-range ordering of
regioregular P3AT. (¢ and d) 2D
crystalline packing as modeled by semi-
empirical calculations. The “hairpin”
intramolecular folds are composed of
several 3-alkylthiophene monomers in
all-cis con- formation, whereas folds of
larger radius may include both cis and
trans conformations. Reproduced from
(18).
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The ratio of crystalline/amorphouse. the extension of the crystalline lamellae L
depends on many factors. In the case of P3HT, lemt#p strongly on the chain lengile(
the molecular weight) and the processing conditidgre very short P3HT chains, chain
folding does almost not occur, and the system majority composed of the crystalline phase
(23). The threshold molecular weight for which chaihdifng sets in is reported to be around
Mw=10 kDa for rr-P3HT Z4, 25). In fact, the evolution of the lamellar pericglafunction of
the molecular weight was found to show two phases. molecular weights up to J#10
kDa, the lamellar periodicity increases and theathes a plateau value of L ~30n24-{26.
Another, indirect indication for chain folding ike evolution of the lattice paramet@yr
with increasing molecular weighsgeFigure 2-1) In fact, the higher amount of re-entrant
chains into the lattice (after folding) exert aess on the close packing of the molecules and
induces an increase of the lattice parameter witheasing amount of folds and re-entrant
chains €.g.with increasing molecular weight},(13).

A part from the molecular weight, the processingditbons are of great importance
regarding the lamellar period. The crystallizatlonetics plays a specific role. In this sense
Crosslandet al. evidenced an increase of the lamellar period byngly slowing down the
crystallization kinetics47). A similar observation was made in the scopehef work and
will be treated in Chapter 4.

The molecular weight, the solvents, the temperatureé the processing conditions
strongly influence the morphology and thus the lkemeeriodicity of P3HT thin films Z8—
31). In the following, some of the most charactecistiorphologies obtained for P3HT thin
films will be presented.

2.3Various morphologies and orientation of P3HT thinlins

Properties of conjugated polymers such as chargdalitgodepend on the chemical
structure of the polymer backbone. But they depdsd very strongly on the morphology and
the crystallinity of the polymer in the solid pha2d, 32). In particular, as polymer chains are
intrinsically 1D objects, orientation of the chaipkys an important role. The macroscopic
properties can therefore be highly anisotropic fiaghly oriented samples38, 34). As
mentioned above, the morphology as well as theesdegf crystallinity in a polymer depend
strongly on the processing conditions. Indeed iluteam-processed thin films of polymers,
the solvent evaporation rate rules the crystalbrekinetics. Therefore, films deposited from
high boiling point solvents exhibit in general gtmer degree of crystallinity as compared to
the films deposited from low boiling point solver{®&5, 36). The latter is also influenced by
the deposition technique which can be more or fiegsts For example, spin coating is fast as
compared to drop castingg). Most P3HT thin films deposited by these methgde rise to
a fibrillar morphology 24, 28, 36, 37). In the following we will present some examples o
how the molecular weight and the processing cdnante the thin film morphology of such
spin coated or drop cased thin films. In a secdaeg@ sther processing methods used for
P3HT and their influence on the obtained nanomdaggjyowill be presented.
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2.3.1. Effect of the molecular weight

The effect of the molecular weight of P3HT has begtensively studied2b, 28, 36-39.
Herein, we will present one example out of numemmudished works36). Figure 2-4shows
the AFM phase images of thin layers obtained frorP3HT fractions of different M
deposited by (i) dip coating from a chloroform swmof (i) drop casting from a
chloroform:tetrahydrofuran mixed solvent (14:3,)vand (iii) spin coating from chloroform.
All these films show the typically observed fiball morphology frequently observed for
P3HT. The two slowest deposition techniques (diptiog and drop casting) show well
defined nanorod-type morphology independently of Mhereas the fast deposition (spin
coating) shows such a morphology only for the loweolecular weight samples. The
formation of anisotropic fiber structures is favibigy low molecular weights, except for very
slow deposition for which high molecular weightadeo fibril formation as well.

Rl = ZdkDng

ikl

Nr

ki Skl

M= 1,2k03

Figure 2-4 : Atomic force microscopy phase image$in layers obtained from RR-P3HT
fractions of different Mand using different processing techniques. Repreddrom(36).

2.3.2. Specific processing methods and specific morphodsgi

As seen previously, P3HT films deposited by spiatic or drop casting present a
fibrillar morphology @4, 36, 37, 39). The solvent plays an important role on the afisity
of these nanofibers. However, under special crysasibn and processing conditions, the
P3HT morphology can be tuned. For example, Crodsh al generated P3HT spherulites
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under controlled crystallization conditior®7f. These spherulites were generated by swelling
and deswelling the films in G apours under controlled vapour pressure. The spteer
morphology of the films by Crosslaret al.is shown inFigure 2-5 Besides the spherulitic
morphology of the P3HT, the work of Crosslagtdal is particularly interesting in the sense
that they can control the nucleation density witthie films. They have developed a simple
methodology to control homogeneous nucleation im thims by using a controlled
swelling/deswelling of the films. For P3HT, sphdéialdomains of 10-100 mm diameter
were obtained reproducibly by controlling the sated vapor pressure of €Svhich
determines the nucleation density of P3HT sphesilih a thin film.Figure 2-5shows the
nucleation density as a function of the vapor press

Figure 2-5: POM images (200m x 200 xm) of a 40 nm thick P3HT film grown from £S
solvent after an initial swelling at 91.0 %49 for 600 s. The sequence of polarized optical
microscope images shows the dependence of theatiooledensity of spherulites versus
PSSt (b) Graph showing the variation of homogeneouslaation density of spherulites

vap
cryst

versusp,,, . Reproduced fror(27).

Another example of original morphology of P3HT wagported by Brinkmanet al.
(40). In this work, the authors prepared so-calleds®#iebab fibers of P3HT4(). Such
Shish-Kebab fibers are composed of an oriented (tloeeshish) onto which lateral crystalline
fibrils made of folded polymer chains (the“kebapsire connected with a periodicity in the
18-30 nm range (sddgure 2-9. The P3HT chain axis is oriented parallel to fiber axis,
whereas thetstacking direction is perpendicular to it. SuchisB-Kebab fibers can be
generated by epitaxial crystallization of 1,3,5chtorobenzene in the presence of a bad
solvent of P3HT such as for example pyridine orlayexanone. Such fibers present highly
anisotropic optical properties.
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Figure 2-6 :a) Optical micrograph of a Shish-Kebab fiber takeith crossed polarizers,
showing highly birefringent TCB needles decorateth wighly oriented P3HT fibers (the
orientation of the polarizer and analyzer are dégdt by two arrows. b) Highly oriented
P3HT fibers decorating the TCB needles as obseweldr the polarized light microscope.
The polarization of the incident light is given the arrow. c) Enlarged TEM-bright-field
image of a shish-kebab fiber of P3HT showing thettpacking of nanofibrils (kebabs) along
the backbone of the fiber (shish). d) Schematioctire of a shish-kebab fiber. The axis
directions for the unit cell are depicted by arroleproduced frort40).

3. Controlled orientation of polymers

Besides the control of the nucleation and cryaiiion of the polymer, the control of
the orientation of the latter in the solid phasefishigh interest as it can induce a strong
anisotropy of the macroscopic properties. The @steof orientation of conjugated molecules
is twofold. In particular, two properties relevdatthe field of organic electronics that can be
tuned by the orientation are: (i) the charge trarispooperties 3, 34) (ii) the optical
properties 41).

Presently there exist several approaches for tiemtation. Some methods make use
of an orienting substrate onto which the polymemwg by molecular self-assembl§1( 42,
43). Other methods make use of the application ofraeical shearing forces: these methods
are mainly based on the anisotropy of the streafjthe forces in the polymer along the chain
direction and between two neighbouring polymer cbd#4—-46 . These methods are quite
general for all kind of polymers. Herein we willggent a selection of those which are of
particular interest for this work and those whickre successfully applied t@conjugated
polymers and in particular to P3HT.
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3.1 Orientation by using mechanical shearing forces

. Mechanical rubbing consists in applying a cylinder covered with aveélcloth and
rotating it at a controlled velocity onto a thirndi of polymer undergoing a translational
motion.Figure 3-1shows a schematical representation of the process.

Pressure Pi

elvetcloth

Z

Figure 3-1: Schematical representation of
the mechanical rubbing of a thin P3HT film

Translationatspeed v

Mechanical rubbing is extensively used for themaéon of polymers such as of polyimides
and polycarbonategl4, 47-50 as well as for the orientation of small organiclecules such
as a-sexithiophenes5(, 52). Orientation of P3HT by mechanical rubbing witke Cpzur
direction parallel to the rubbing direction is afsequently reported in the literature although
a deep understanding of the orientation processclsng @1, 53-56. In the scope of this
thesis, an explanation of the orientation procdsB3HT upon mechanical rubbing will be
presented and discussed (see Chapter 5). The adeawf mechanical rubbing is the
possibility to generate large surfaces of orierfti@ds on any type of substrate in a relatively
easy and cost-efficient way. The main drawbackheftechnique is the difficulty to control
accurately the final film thickness and the appeegaof scratches in the films.

. Friction transfer is of importance for this work as it was usedtfo preparation for
the substrates of PTFE. Friction transfer for PW/&S originally developed by Smith and
Wittmann @5). The rather simple principle is illustrated Figure 3-2 b A block of the
polymer to be oriented is applied with controlleégsure onto a translating substrate at a
given temperature. By this way, polymer chains @eposited onto the substrate with an
average orientation corresponding to the directibtranslation of the substrate. Nagamatsu
et al. successfully applied the friction transfer mettiodthe fabrication of oriented films of
poly(2,5-doctyloxy-1,4-Phenylenevinylene) and riy$®-alkylthiophene)sFigure 3-2shows

a SEM image of a P3HT thin film prepared by thismod. The distribution of the in-plane
orientation of the P3HT chain axisp§qr) Is of around 10° as measured from GIXD rocking
curves. This corresponds to a high degree of aiiemt. The authors reported preferential
“flat-on” orientation of the crystalline domains in P3HTntHilms prepared by friction
transfer.
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Figure 3-2 :a) SEM image of the friction-transferred P3HT filmheTdrawing direction of
friction transfer is indicated by the arrowinset GIXD rocking curvearound the 100
reflection. Reproduced front57). b) Schematic representation of the friction-transfer

technique. Reproduced frai®g).

. Strain alignment was introduced in the late 19%by Petermann and Gohil for the
fabrication of highly oriented polyethylenB9). The method consists in stretching a molten
polymer film followed by a crystallization step thiakes place at a temperature below the
melting temperature of the polymer. This avoids milexation of the molecules and allows
the “freezing” of the oriented state. A schemaldscription of the method can be found in
Figure 3-3 O’Connor and coworkers prepared highly orient8#P films using a modified
version of the Petermann’s proces®)( They deposited a film of P3HT onto PDMS.
Afterwards the PDMS was strained up to a desiredgogage. This method yielded highly
oriented P3HT films with thepsnr direction parallel to the stretching direction.Gdhnoret

al. reported an in-plane orientation of the straingredid P3HT characterized by a
FWHM~20°.

LF'{f
) R
" ’
l,rc.{/f';;% -i ﬁ;h-
:T',“ I[lil_.m = “_.-’;:'r’&, {.:,-;l."_lﬂ{r.
'I \ ¥ O, faalbery Hire ‘ﬂgﬁ

b
\la\ N d Figure 3-3: Schematic diagram for the
1‘.’1\\ it "'XF'”:;:?““ method of preparing polyethylene oriented
I-\‘l ' ' films by strain alignment as proposed by
3 Hiegled gidss slide Peterman et al. Reproduced fr¢&9).
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3.2 Orientation by using an orienting substrate

. Epitaxy consists in the oriented growth of a crystal (guagstal) on top of the
surface of another crystal (host crystal) in onenore crystallographic axed4d). Generally
one can distinguish between homo-epitaxy wherehtte and the guest crystals have the
same chemical nature and hetero-epitaxy where thestgand the host crystals have a
different chemical nature. For a successful epalagrowth, both crystals must have some
symmetry relations. In particular, the lattice graeters of both crystals have to match in at
least one crystallographic direction. A mismatchhaf lattice parameters of guest and host of
10-15% is considered as an upper limit for a sigfaéspitaxial orientatiord2). Epitaxy was
first described for inorganic crystals and epitakyolymers on organic or polymeric crystals
made many progresses since the seminal works id9B€6° (42, 60). Wittmann and Lotz
mentioned that: “As a general rule, the guest pelyahains lie with their chain axis parallel
to the substrate surfacetd).

Several authors describe epitaxial orientation 3P on organic substrate? 23,
25, 40, 43, 61). Since the work of Brinkmanet al. on the epitaxial crystallization of P3HT on
a aromatic substrate of 1,3,5 trichlorobenzene (T @& guest/host couple P3HT/TCB was
for some years the only reported work on epitagrgktallization of P3HT. In the case the
oriented growth of P3HT on TCB, the method is sasfid due to the good agreement of the
parameterscpayt and Crcg With Cpaur = 2¢rcg (54). In 2009, Brinkmanret al. reported
epitaxial orientation of P3HT on an aromatic saltBiKz (61). And recently, epitaxial
orientation of P3HT on an oriented polyethyleneigaied by the Peterman and Gohil
method) substrate was reporte®)( In this work the P3HT backbone aligns paraltekhe
polyethylene chains.

Epitaxial growth of P3HT plays a major role in tlwsrk as this method was improved
and extensively used for the growth of highly oreehthin films of P3HT or hybrid materials
(P3HT and nanopatrticles) on an aromatic substrfaleC8. The method will be described in
detail in Chapter 3

. Grapho-epitaxy is also called “artificial epitaxy” because it istnbased on the
matching of the crystalline lattice of host and gjubut rather relies on the matching of
“artificial lattices” such as for example a symnetnicro-relief of the substrate onto which
the guest fitsg2). In contrast to epitaxy, in the case of graphiagy, the substrate is not
necessarily crystalline. In some cases it is diffi¢co distinguish between a pure grapho-
epitaxial and a pure epitaxial effect. Liegtral reported orientation by grapho-epitaxy of a
polyfluorene derivative on an oriented substratpalyimide ©3). Tanakaet al.reported the
alignment of linear dye molecules into the groowésa friction transferred PTFE film and a
grapho-epitaxial effect was suggested to explaindkalts 64). Oriented films of P3HT were
obtained by drop casting a P3HT solution on fricticansferred PTFEGP). Although the
authors did not conclude about the orientation ggeca grapho-epitaxial effect due to the
topography of the PTFE is possible. In the scopthisf work a grapho-epitaxial effect was
observed for the oriented growth of TCB crystalssabstrate of PTFE prepared by friction
transfer.
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3.3 Directional crystallization and zone casting

. Directional crystallization using a thermal gradiert is well developed in the field of
inorganic semiconductors6§, 67). It consists in crystallizing from the melt the
molecules/polymers by moving the sample at very dpeeds (from a fewm/s to a few
pm/min) in a temperature gradient. Directional difitation (crystallization) is a relatively
old technique that was used for example in the £8%0Lovingeret al. for the crystallization

of poly(ethylene oxide) spherulites and polyamidé8—70Q. It seems that directional
crystallization fell into oblivion for several yesarand is being rediscovered nowadays.
Schweicheret al. showed recently that it can be used for the groeftisingle crystals of
sexithiophenes6(/). Recently Todeet al. used directional crystallization in a temperature
gradient for the crystallization of poly(butane-pyly(vinylidene fluoride) and polyethylene
(72). Directional crystallization in a temperature graudies one method used in the present
work for the growth of oriented TCB crystals thaillvgerve as substrate for the epitaxial
orientation of P3HT (see Chapter 3).

Zone casting(72—79 consists in depositing a molecule/polymer from sofu (kept
at a temperature,J onto a moving substrate (temperatugg WWhere the solvent evaporates
therefore leaving a thin film of the solute onlye solution is continuously supplied to the
substrate by a flat nozzle. The supply rate, thestsate velocity and the temperature a5
well as the solutions concentrations are the manarpeters to control for the crystallization
and orientation process and they should be cayefthbsen.Figure 3-4 illustrates the
principle of the technique. This method is widebed for the oriented deposition of small
molecules such as pentaceii8)( Recently Leeet al obtained well oriented nanoribbons of
the conjugated polymer poly(2,5-bis(3-alkylthioptasgtthieno[3,2-b]thiophene) (PBTTT)
(74).
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Figure 3-4 : Schematic representation of the zamsting technique. Reproduced frgn2).
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3.4 Interest of the orientation of conjugated polymem®xamples

3.4.1. Anisotropy of charge transport

Dimitrakopouloset al. showed that for small molecules such as pentat¢kaesharge
carrier mobility is correlated to the degree of erdn the thin films. They showed that
disordered pentacene molecules behave as insulgitbra mobility of 10° cn.V*.s* while
well ordered andestacked pentacene act as conductors having niediiit the range of 10
(76, 77).

Figure 3-5: Mobility versus angle fc
strain aligned P3HT films. The filn 30—
where strained by 100 %. The data S
from six strained films applied 1 / 7
orthogonal transistors. The mobili 60,/ i
data is reported from 0° to 90° ar /™,
reflected to show the expected beha / \H‘a o
of the mobility anisotropy over a 18! |
range. The semicrystalline nature ."
the film along with the crystallin
distribution around the strain directio
allows for this expectation. Reproduceu
from (34).
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For conjugated polymers such as P3HT, many stueleédenced that the charge
transport properties are closely related to thensic properties of the polymer such as the
molecular weight Z8, 36). But it was also widely reported that orientat@amd morphology
play a key role 7). The charge mobility in the direction perpendauio the chain strongly
depends on the orientation of the crystalline dosiaof P3HT. Along therm-stacking
direction this mobility is higher than along the;nr direction. Jimisoret al. showed that in
the case of P3HT oriented by directional epitagigistallization, the charge mobility is one
order of magnitude larger along the polymer chaneddion €psn7) than in the direction of
the alkyl side-chainsaésyt) (33). Recently O’'Connoet al. measured the charge transport in
strain aligned P3HT as a function of the anglatiet to thecpsyt direction 84). The results
are displayed ifrigure 3-5 They reported a maximum anisotropy of 9 for tharge carrier
mobility. High anisotropy of the charge transpariot only desired to maximize the charge
carrier mobility within devices by appropriatelyaping the electrode in the directions of the
fast transport direction. It also allows for exampb have less cross talks between adjacent
transistors in arrays of OFETE]).
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3.4.2. Anisotropy of optical properties

The anisotropy of optical properties of conjugagalymers is a very interesting
feature for their use as polarizing films. An exaenjor the use of an oriented P3HT-PCBM
photovoltaic device as an electricity generatingapper in Liquid Crystal Displays (LCD)
was recently presentedl). The idea is to use P3HT oriented by mechanichbing as
polarizer. On the oriented P3HT, PCBM was depoditedvaporation for the fabrication of a
polarizing organic photovoltaic device. Such a dewould thus play the role of electricity
generating polarizer allowing to use the back scadt light to generate powdfigure 3-6
shows a schematic illustration of such a setup @na rubbed P3HT film with anisotropic
optical properties.

(a) Bah poliriees with weitical (b) Uuid crystal moketules hd_tmh' device with
rrlpcuine diepction wertical mplecolar
Ligusd erynial molecubes K, - b pration
Backight wnin
acklight
« illuminatien
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“w)
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illyrminatipn Front 2OV device with Tranaparent

h-mw
Trord pabarinet with hosimontad heritanal moleodar conduttive glass

blacular divuction conductive ghans

Figure 3-6 :(a) Schematic constructions of LCD afig the potential LCD system integrated
with an oriented organic photovoltaic devi¢e) oriented-P3HT film with the rubbing
direction parallel or (d) perpendicular to the molecular orientation in trenalyzer.
Reproduced fror41).

! PCBM is a fullerene derivative frequently ussedeectron acceptor in organic solar cells.
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4. Colloidal semiconducting nanocrystals

4.1 Basic physical properties

Nanocrystals (NCs) are colloids formed of an inargacore which is stabilized by a
layer of organic molecules, the ligandsgure 4-1) For nanocrystals having a diameter of 1-
10 nm, the inorganic core is composed of a few ters few thousands of atoma9j. The
small size of the NCs makes them objects where goamiechanical phenomena influence
their physical properties. For this reason, theyadso referred to as “quantum dots”.

Organic ligands
(1-2 nm)

Innanic
core
(3.5-7T nm)

Figure 4-1 : Schematic illustration of the architee of colloidal NCs and high resolution
image of CdSe NCs.

In bulk crystalline semiconductors, the energy lsaaice formed by the delocalization
of the charge carriers over a large amount of geils. The electronic structure of bulk
semiconductors is thus described by two bandscdeheuction and the valence band that are
separated by a forbidden band of energies whosthvgcalled the bandgap. If this bandgap
Is too large, the conduction band is empty at raemperature. With an external excitation
(e.g. illumination), it is possible to excite charge roars from the valence band to the
conduction band. If the photon energy is closeh® Ibandgap, rather than having a free
electron and hole pair one can have the formati@namulombically bound electron-hole pair
called exciton. By analogy with a hydrogen atomeaaiton can be described by its effective
Bohr radius awhich is usually a few nm. In the case of bulk CdSe&s about 5 nm80). As
NCs have sizes in the same order of magnitudeeaBadhr radius, the excitons are confined
in such nanoparticles. The quantum confinementhen quantum dot tends to change the
energy levels of the exciton in the way that thrergjer the confinement (i.e. the smaller the
quantum dot), the larger the bandgap is. Therefthre, bandgap energy in the case of
semiconducting NCs is strongly size dependent.éiudution of the bandgap energy of NCs
can be expressed by the following w&y,(82):
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where E;’”"‘ is the bulk value of the energy gap; andm, are respectively the electron and

hole effective masses relative to the electronteoid masses, r is the radius of the NC and
is the dielectric constant of the bulk semiconductative to the dielectric constant of
vacuum. Roughly speaking, the second term in thenda corresponds to the quantum
confinement effect whereas the last term is reladdtle coulombic interaction of the electron
and hole. To summarize, when the radiug the quantum dots very large, the energy gap
tends towards the bulk valug"*. This is schematically illustrated Figure 4-2.
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Figure 4-2 : Schematic illustration of the energyntdagap of the NCs as a function of their
size. Reproduced fro(i9).

This size dependence of the band gap of the N@sl&t@s directly into size depended
optical properties. The photoluminescence as vgetha UV-vis absorbance are strongly size
dependentFigure 4-3shows the size dependent emission under UV exaitaif spherical
CdSe NCs with diameters ranging from 2 to 7 nm.

FFAZ(CEA Snczkls

i

Figure 4-3 :Emission of colloidal dispersions of CdSe spheniocrystals with diameters
varying between 2 nm (left) to 7 nm (right). Duethe quantum confinement effect, the
increase in the size of nanocrystals leads to ast@ft of the photoluminescence from approx.
480 nm to 650 nm.

26



Chapter 1: Fundamental concepts and state of the ar

4.2 Crystal structure of the nanocrystals

Depending on the reaction temperature and theiksef the growth, two competing
crystal strucutres can occur for CdSe nanocrysthészinc blende (cubic) and the wurtzite
(hexagonal) crystal structur@3). Figure 4-4illustrates these two crystal structures on the
model system of ZnS.
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Figure 4-4: Zinc-blende (cubic) and wurtzite (hg®aal) crystal structures of ZnS
nanocrystals. Reproduced from refere(84).

The lattice parameters of CdSe in the zinc-blendes@hareacqse= bcase= Ccase
6.077 A, and in the wurtzite phaseiyse bease 4.299 A, andtcgse=7.010 A (from JCPD3.
It was reported that the zinc-blende form is mdeblge at lower temperatures whereas the
wurtzite from is more stable at high temperatu@®.(Therefore, the zinc-blende form is
preferentially formed at lower synthesis tempemt200-240°C), as compared to the
wurtzite structure which forms preferentially aiglher temperatures (about 300°@RB)(
Although the wurtzite form is the most widely refsat, there is a strong competition between
the formation of both phases and a coexistencetf jpolymorphs occurs frequentindeed,
the transition of one phase to another is possilalea simple stacking fault as illustrated in
Figure 4-5 Indeed, the wurtzite form has an ABAB stackinglevtthe zinc blende structure
shows a ABCABC stacking. The (111) face of zinmdie and the (11f) face of wurtzite have
both planes alternately composed of Cd and Se af@®ns

Figure 4-5: Two dimensional {-.f-_.r'f--.iJ--.‘_'mt :g:
representation showing the relationship between ',:'[_';.' r‘rrl wurkzite
the wurtzite and the zinc blende structures. Zj_::: J:'*:_--"
Wurtzite has ABAB stacking while zinc blende has [ 2.1 = 71 = {11l
an ABCABC stacking. The (111) face of zinc blende i‘f‘ i *"'IL“- zinc blanda

5
and the (11) face of wurtzite both have planes .1:_,1._.

alternatively composed of Cd and Se atoms. One ?;:’:;’_‘ffr P
nanoparticle can switch between the two structures o S 7 wrkzit
with a stacking fault. Reproduced from (85). T_;LI:ITLS - (0

Joint Committee on Powder Diffraction Standards
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4.3.Synthesis

For the wet chemical synthesis of semiconductingongeystals, there exist several
approaches. Among these, two of them can be digshgd: (i) the synthesis in organic
solvents at high temperature and (ii) the synthasrsom temperature in agueous solutions or
in oil water mixtures and3( 84). In the monophase synthesis in aqueous solutithes,
nanocrystals are formed in agueous solutions aantpistabilizers which can be either
ligands or polymers. These stabilizers bind toNi@&s surface and avoid aggregation of the
latter via steric hindrance or by electrostaticutefpn ). In the bi-phase (oil water mixture)
method, the particles are formed in the water dtsptispersed in the oil phase thanks to
surfactants. This allows for the stabilization ¢fetNCs B8). The advantages of these
techniques are their simplicity and the fact thattlsesis is realized at room temperature.
However, these methods give rise to strongly pslyeise populations of NCs having a low
crystalline quality.

Nowadays, NCs are thus generally synthesized at bé&nperature in organic
solvents. The main advantages of the high temperanethods are the high crystalline
quality of the NCs, their low polydispersity and thessibility to control their shape. In the
scope of this work, NCs were synthesized by thiedahethods which will be described in
detail in Chapter 2. The first efficient synthesfsCdSe spherical nanocrystals following this
mehod was published in 1993 by Murray and coworl&ss Furthermore, since the seminal
works of Alivisatoset al. on the control of the shape of CdSe NCs, manyrpssgs were
made in this sens8T, 88). Nowadays the synthesis of soluble and well asgek CdSe NCs
of various shapes is well masterdédgure 4-6 shows some examples of CdSe NCs with
different shapes.

In the present work, we synthesized sphericallypetiaand nanorods-shaped CdSe
nanocrystals with the high temperature synthesmrganic solvents. This will be detailed in
Chapter 2.

d)

100nm

n
- IOO nm

shapesa) spherical CdSe NO89) b) rod-shaped CdSe (nanorods or NRs in sh@); c)
tetrapods with a CdS core and CdSe a(8®; d) hyperbranched CdSe nanostructu(@s).
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4.4.Ligand exchange and surface treatment

4.4.1. Necessity for ligand exchange

The synthesis in organic solvents at high tempegatields nanocrystals composed of
an inorganic core and an organic capping layeigahds (se&igure 4-1).
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Figure 4-7 :left: AFM images and J/V characteristics of solar cellsdzhon CdSe/P3HT
films as active layers using NCs capped with dffiédigands: butylamine (a), stearic acid
(b), oleic acid (c), pyridine (d), and tributylaneife). Each AFM image is ¥81’. Right: J/V
characteristics of the corresponding devices. Tharacteristics under illumination (hollow
symbols) were recorded under a simulated AM1.5Rtsp@ at 100 mW=cfa Full symbols
correspond to measurements in the dark. Reprodiroen(93).

These ligands are necessary for the stabilizatioth® nanocrystals as a colloidal
solution as well as for a good dispersion of thesNIC the polymer matrix in the case of
hybrid materials. Nevertheless, the synthesis ligard generally formed of long alkyl chains
which behaves as an insulating layer regardinggehansfer. It has thus been shown that the
charge transport properties as well as the morpladddpybrid thin films composed of CdSe
NCs and P3HT are strongly dependent on the capigiagds of the NCs9, 93). Figure 4-7
illustrates the effect of the capping ligands onthbohe morphology of spin coated
P3HT/CdSe nanocrystals used as active layers ar sells. The most efficient devices and
the smallest morphology features were observedhershortest ligand examined, namely
butylamine.

4.4.2. Different approaches for ligand exchange/surfaceatment

Surface treatment of the nanocrystals via ligancharge is an important step for all
device applications comprising CdSe nanocrystaifef@nt approaches were developed for
the ligand exchange process. Two main approachelecdistinguished: (i) the post synthesis
ligand exchange/surface treatment in solution afdhe post deposition ligand exchange/
surface treatment of the NCs after the film depmsit
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4.42.1. Post synthesis ligand exchange/surface treatment

The ligand exchange with short molecules such awdipg in solution after the
synthesis and before the introduction of the N@s the polymer matrix is probably the most
common approach for the fabrication of hybrid desicsuch as solar cell9 94-96.
However in most reports, the efficiency of the exg®ereaction is poorly characterized. In
the scope of this thesis, we used this approagetimrm ligand exchange reactions of CdSe
nanocrystals using various polypyridine ligands. sThpproach with its advantages and
drawbacks will be extensively described in Chagter

An alternative and interesting ligand exchange webtivas recently proposed via the
acid surface treatment of the N@¥,(99). In this case, the NCs are subjected after sgighe
to a washing procedure with hexanoic acid. The aw@ment of the solar cell efficiency was
attributed to an efficient removal of the synthdgjands. Surprisingly the authors report that
the NCs stay soluble after the surface treatmemthwimakes their integration into solar cell
devices possible.

4.4.2.2. Post deposition ligand exchange/surface treatment

Ligand exchange after the deposition of the tHim tonstitutes another approach for
the surface treatment of the NC89{103. This post film processing ligand exchange
involves mainly two steps: (i) the as prepared fiim is immersed during a given time in a
solution containing the new ligand; (ii) the ligaedichanged film is afterwards rinsed in a
suitable solvent to remove the initial ligands. #Arey similar post-deposition surface
treatment of the NCs is to subject the film to waglprocedures with hydrazine. This allows
to remove the initial ligands and to efficientlysgavate at the same time the created trap
states 103. The main advantage of the post-deposition ligexchange is that the solution
processability of the NCs is not influenced by #ggregation of the NCs as is often observed
for ligand exchange reactions in solution. It malgessible to use for example small
molecules having two anchoring sites (diaminesyials, etc.) which allow to crosslink two
adjacent nanocrystals. Post deposition surfacéntesd and ligand exchange is an approach
that seems well suited for thin films of NCs alomeleed, if it is performed in the presence of
a polymer, it has to be ensured that immersiomefentire film into a solution of new ligand
as well as the washing procedures and eventuatigaimg will not dissolve or affect the
polymer fraction of the film.

The most adequate method strongly depends on #tensyFor the present work, we

applied the ligand exchange method in solution eefotegrating the NCs in the films of
interest. Further details on this aspect of thekwal be given in Chapter 2.
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5. Hybrid materials

The terminology of hybrid materials is widely usaald concerns almost all materials
in which organic and inorganic components are astet Hybrid materials are reputed for
their particular properties which result not ontythe combination the properties of both the
organic and the inorganic phases but often prowioeel properties. In particular, hybrid
materials can present interesting mechanical ptegefor example, some hydrogels are of
main interest for biomedical applications but aghhiwater uptakes, their mechanical
properties are strongly impeded. Adding silica mmamtcles to such hydrogels allows to
provide also better mechanical stability and torggty limit the swelling of the hydrogel at
high water contentsl04, 105. An improvement of the stiffness and the tenstlength of
one order of magnitude was also reported for hytmaderials associating clay nanosheets and
polymer (poly(vinyl alcohol)) processed by a lapgrlayer deposition method @6).

Due to the very wide field of hybrid materials, wél restrict in the following mainly

to hybrids associating conjugated polymers and samdiucting nanocrystals of interest for
organic electronics applications and in particialar cells. First we will present the main
advantages and the drawbacks of hybrid materialghi® fabrication of organic electronic
devices in comparison with all organic materiafsalsecond part, we will discuss the charge
transport properties of the hybrids and the conadpbulk heterojunctions relevant for
organic and flexible solar cells. Finally, we willview some approaches for the fabrication of
such hybrid materials.

5.1 Hybrid versus all organic materials

Herein we will introduce the main differences betwean “all-organic” solar cell and
a hybrid solar cell. One of the keys for organibig solar cells is the creation of a p-n
heterojunction. A p-n heterojunction is based on dkeociation of one electron donating
material with one electron accepting material. Tiisans that the two materials have their
HOMO-LUMO levels positioned in a way as to allow fan efficient charge transfer (see
Figure 5-1), the electron being transferred to the acceptdrthe hole to the donor. Usually,
conjugated polymer plays the role of the electronadoIn an all-organic solar cells the
electron acceptor is in most cases a soluble &rkerderivative PCBM107). In hybrid
polymer-nanoparticle materials, the frequently usethll molecule PCBM is replaced by
inorganic semiconducting nanocrystals such as QSe @6, 98). Some advantage of NCs
as alternative solutions to PCBM are (i) the cdmttion of the nanocrystals to the absorbance
of the materials regarding the solar spectrum;tifi§) tunability of the NCs bandgap with its
size and morphology which allows to adjust the lgapdaccording to that of the polymer and
to tune to some extent the absorption spectrun);tfie shape control of the NCs which
makes it possible to use long nanorods or tetrafmdsn improved charge transpd®6(98).
Despite these advantages, to date the efficiemdiéybrid polymer-nanoparticle solar cells
remain below those of all organic cells. Some reador this the issue of ligand exchange
and the lack of fundamental understanding of the oblthe ligands in the device, a limited
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control of the morphology of the nanocomposite, riitaer inefficient charge transport in the
nanocrystal phase via hopping, €2¢96, 98).

5.2 Charge generation and transport in hybrid materials

Electronic processes in hybrid materials are rattemplex 8, 96, 98). A charge
generation can occur either by doping or by extezreitation €.g.illumination with solar or
UV light) of the hybrid. Herein we will focus on tleharge generation by the absorption of a
photon and illustrate the electronic processebe@gdccur in hybrid solar cell8,(96, 998).

Formation of excitons: After the absorption of a photon by the hybrid enia, an
exciton can be formed either in the NCs phase trarpolymer phase.

Diffusion of the exciton or recombination:the photogenerated exciton can undergo
one of the different phenomena: (i) the diffusidose to a donor- acceptor interface where
under given conditions it can be separated in @ éfectron-hole pair, the electron remaining
in the nanoparticle acceptor phase and the hdleeimdonor polymer phase; (ii) a radiative or
non radiative recombination if the exciton does resch the interface during its lifetime.
Indeed, as excitons are neutral, their motion isimituenced by any internal electrical field
and they are thus subject to random diffusion. diffesion length of the excitons in P3HT is
generally reported to ~10nri(@8).

Dissociation of the exciton into free chargesn the case where within its lifetime the
exciton could reach donor-acceptor interface, it can dissociate infoea charge carriers.
This process is fundamental for efficient photo&igitconversion and many conditions have
to be fulfilled for a successful charge generatian.this point, the question of the ligand
becomes fundamental. Indeed, the chemical struanaehe size of the ligands determine the
electron transfer between the donor and the accepise. The ligand shell can either favor
or impede the charge transfer. In addition, therg@ylevels of the NCs and the polymer must
be adequately adjusted in order to allow this chinayesfer (se&igure 4-7). However, little
is known on the effect of the binding of ligands ttve energy levels of the NCS8, (109).
Depending on the energy levels of the NCs and thignmer, the exciton can be either
confined in the phase where it was formed or it d@sociate at the p-n junction formed by
the donor and acceptor.

Charge carrier transport: After the charge separation, the free electron laoid
have to travel through the material in order tocb#ected at the electrodes in a solar cell
device. As the eand H are bound via weak coulomb forces, a spatial s¢iparis thus
necessary to avoid recombination. The charge carmell therefore travel through the
respective phases towards the electrodes, provltEdthere are percolation pathways that
lead towards the respective electrodes. The chaagsport is partly assisted by an internal
electrical field originating from the work functiodifference between the anode (generally
ITO) and the cathode (a low work function metalrsas Al).
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Figure 5-1: Energy levels alignment in a conjughi@lymer/semiconductor nanocrystals
hybrid allowing the dissociation of the exciton®ia free electron and hole palreft panel
case where the excitons are photogenerated in #moarystal phaseright panel case
where the excitons are formed in the polymer ph@iBe.electron (¢ and hole (h) transfer
processes are indicated with arrow. The electrodes made from ITO and Aluminum.
Reproduced fronB)

5.3.The concept of bulk heterojunction and importancé the morphology
control

A bulk heterojunction is an interpenetrated netwofkhe electron donor (polymer)
and the electron acceptor (nanocrystals) phasegure 5-2 shows a schematical
representation of a bulk heterojunction. An efintiebulk heterojunction must fulfill
essentially two points: (i) donor and acceptor pkasterpenetrated on a length scale in the
same range as the length of diffusion of the ersitmn order to allow most excitons to reach
the interface so as to be separated into free ehaagiers; (ii) the donor and acceptor phases
must provide percolation pathways for the chargaera towards the respective electrodes.

Figure 5-2: Schematical representation of a
bulk  heterojunction like solar cell.
Reproduced from (108).

As mentioned above, the diffusion length of excite®3HT is reported to be around
10 nm (08). Therefore, the control of the nanomorphologyhaf hybrids composed of P3HT
and NCs must be controlled on this length scale.cbimeept of bulk heterojunction was first
introduced in the middle of the 198y Yu et al.for polymer solar cells composed of MEH-
PPV and fullerenesl(0, 111). This was a breakthrough in the field of orggpimtovoltaics
as it allowed to obtain much more efficient devicesw years afterwards, the first hybrid
bulk heterojunction composed of nanocrystals antynper for the fabrication of light
emitting diodes was presentetilp). The first example of a hybrid bulk heterojunatifor
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photovoltaic applications was presented in 1996Hgy group of Alivisatos (University of
Berkeley) first with a mixture of MEH-PPV and Cd8&anocrystals but the solar cells had
quite low power conversion efficiencies (PCHJ1J3. It was a few years later in 2002 that the
same group published a seminal work where theyepted solar cell devices with PCEs up
to 1,7 % based on blends of P3HT and CdSe nandvaygkesl nanocrystald 14). Since then,
research has steadily progressed in the field tatd-ef-the-art devices provide PCEs of 4,1%
based on P3HT nanofibrils and CdS spherical nastalsy@, 115

5.4 Fabrication of hybrid materials

The elaboration of hybrid materials composed of ogcaystals and conjugated
polymers requires specific methods due to the éichitompatibility of the component8)(
Many approaches were developed for the fabricatiosuch materials. In some cases the
polymer and the NCs are simply blended. In otheraaghes, chemical bonds are formed
between the organic and the inorganic materialseiHesome selected and representative
examples will be presented and discus$gd (

54.1. Simple blends of the components

In most cases, the organic and inorganic comporuérikee hybrid are first synthesized
separately and in a second step are blended irmanoa solvent (or mixture of solvents)
before solution processing the hybrid as a thim.fiAlthough this approach seems rather
simple, it bears limitations. In fact, the dispersof the nanocrystals in the polymer matrix is
not guaranteed and there is limited control ofdispersion/aggregation of the nanocrystals in
the polymer matrix. Whereas for NCs with theiriadicapping ligands (long alkyl chains) the
process is rather simple, after ligand exchange sihgation is more complicated often
implying to use solvent mixtures. Indeed, aftemhd exchange it is often difficult to find
common solvents for both the NCs and the polymkusTsolvent mixtures must be used and
the choice of the solvent as well as the volumie @it each solvents are essential factors that
will influence the nanomorphology of the hybrid rthiilm. Other parameters such as the
concentration, the relative amount of the organolymer) to the inorganic phase
(nanocrystals), the deposition technique used ecqss the film (spin coating, dip coating,
drop casting, etc) also strongly influence the maoigphology of the hybrid.

Huynh et al. processed the active layer of the hybrid solalsday spin coating a
mixture a P3HT and pyridine exchanged NRs fromlhaestd mixture chloroforme/pyridine by
using 5-15% of Py in the mixtur@ 16, 117). Jui et al. showed recently that the choice of
solvent mixture influences the efficiency of thebhy solar cells 118). They used various
solvent  mixtures: Chlorofomre/Pyridine, orthodialdlbenzen/ Pyridine  and
chlorobenzene/pyridine in a ratio (95/5 vol%). Theported PCEs of respectively 0,2%,
1,44% and 1,54%. The improvement of the efficiafmyhigh boiling point solvents was
attributed to slower crystallization kinetics of tRBHT forming films with higher crystalline
order.

34



Chapter 1. Fundamental concepts and state of the ar

As mentioned previously, simple blending of the twammponents to fabricate hybrid
materials brings some limitations and problems. oMercome the latter, other strategies
allowing a better control and if possible allowittggavoid the ligand exchange reaction have
been developed.

5.4.2. Hybrids via capping the NCs with the conjugated pokm

Another approach for the fabrication of hybridstasfunctionalize the conjugated
polymers with anchoring groups allowing the chemasorption of the organic compound
onto the surface of the nanocrystals.

Following this strategy, Liu and co-workers prepgateybrids from functionalized
CdSe nanorods and a P3HT end-functionalized withn@angroups 1{19. The amino-
terminated P3HT were attached to the NCs just #fterigand exchange reaction with the
labile pyridine ligand. This approach allowed tovd@ good control of the morphology with a
nice dispersion of the nanocrystals into the polymatrix. These hybrids were incorporated
as active layers in solar cells and allowed to maprthe photovoltaic efficiencies compared
to simple blends of pyridine exchanged nanorodsssawadards rr-P3HFigure 5-3(a)shows
the TEM images of the hybrid thin films preparedhastandard P3HT wherekgyure 5-3 (b)
shows the corresponding image prepared from thetitural P3HT {19.

100 nm 1 - 100 nim

Figure 5-3: TEM images corresponding to two hyHrichs containing 40 wt% of nanorods.

(A) Use of normal P3HT. In this case, the P3HT &nel NRs do not have any specific
interactions. (b) Use ofnd-functionalizedP3HT that can attach to the NCs surface
Reproduced fron(il19).

A similar approach was used by Zhagigal to prepare hybrids from CdSe NRs and
vinyl terminated P3HT 120. The developed process involves several stepst ffie as-
synthesized nanocrystals are ligand exchanged pyitidine. In a second step, pyridine is
replaced by an arylbromide which thus yields ayfhide capped nanocrystals. In a second
step, vinyl-terminated P3HT is coupled to the amythide capped NCs giving rise to a hybrid
of P3HT grafted on the surface of CdSe N@sother example of capping the NCs directly
with a functional group was proposed by Aldalei\al. who prepared oligothiophene having
a aniline anchoring group capped 4-formyldithiolmate functionalized nanocrystalk2().
More recently, the same group developed polythioplmpolymers side-functionalized with
carboxylic groups in order to graft them onto the&ace of CdSe nanorods. A nice dispersion
of the nanoparticles could be obtained again intgwi-processed hybridd2?2).
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5.4.3. Hybrids via molecular recognition

Besides the capping of the NCs, another approadheismolecular recognition strategy.
Molecular recognition does not involve a direct miag of the polymer on the NCs, but it
allows to control the dispersion of the NCs in grmymer matrix by introducing chemical
groups onto the nanocrystals that recognize congiéamny ones on the polymer. Following
this idea, De Girolamet al. prepared a solution processable P3HT derivativeéaaung
diaminopyrimidine side groups, namely poly(3-helkigphene-co-3-(6-oxy-2,4-dia-
minopyrimidine)hexylthiophene) (P3HT-co-P3(ODAP)HTN the other hand the authors
functionalized CdSe nanocrystals with 1-(6-merchexyl)thymine (MHT). Both, the
functionalized polymer and NCs could recognize eattler via the three hydrogen bonds as
shown inFigure 5-4(123). This molecular recognition process forces aarmf distribution

of individual nanocrystals within the polymer mat(l23 124). The advantage of the use of
hydrogen bounds lies in the possibility to moduldte strength of the interaction by the
polarity of the used solvent or the temperatureimail case the hydrogen bounds allow for a
better cohesion of the hybrid thin films in theiddtate {23 124).

Cdde

_ : Figure 5-4: Interactions between Poly(3-
I L G | G hexylthiophene-co-3-(6-oxy-2,4-

- P J diaminopyrimidine) hexyl-hiophene)(P2) and
: g y { 1-(6-mercaptohexyl)thymine Capped CdSe
(CdSe-4) via Hydrogen Bonding.

54.4. In situ growth

A rather different method from the ones previouséscribed for the fabrication of
hybrid materials is the in-situ growth of the NCsedily into the polymer matrix. The
principle of this approach is based on the dissmutof chemical precursors of the
nanocrystals in a solution of the polymer, anddhawth of the nanocrystals directly in the
polymer template125 126). Beeket al. prepared in this way a hybrid bulk heterojunction
composed of ZnO and MDMO-PP\XLZ5). They started from diethylzinc as precursor fo t
ZnO formation. The conversion of diethyl zinc inEmO involves two steps which are
hydrolysis and condestaion, both of them occur dtldilzinc is exposed to airl25).
Therefore, the authors obtained a crystalline Zn@vowk by spin coating a mixture of
MDOM-PPV and diethyl zincl25. For a better control of the reaction, the terahee and
solvent mixtures were carefully chosen.

More recently a similar approach was used by Yetaa. who showed the possibility
to grow ZnO nanorods by hydrolysis directly in aodd copolymer of poly(3-
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hexylthiophene)-b-poly(zinc methacrylate acetatajrin (126). The block-copolymer plays a
twofold role in this work. It is at the same timepeecursor for the ZnO particles and a
template for the organization of the nanorods. esgoly(zinc methacrylate acetate) block of
the blockcopolymer serves as precursor for the Aaforod formation, the authors obtained
a P3HT/ ZnO hybrid. They reported a strong fluoeese quenching which they attributed to
a heterojunction composed of P3HT and ZnO nanorods.

Liao et al reported reported in situ synthesis of anothed ko NCs, namely CdS
nanorods of various aspect ratios directly in a P3hatrix (127). They incorporated the
obtained hybrid materials in solar cells and regbpower conversion efficiencies up to 2.9
% under AM1.5 simulated solar illumination (100 nonf).

‘l \'\‘-x.., _ ! “":::*x .
\Q ILTF\\D ,....-:( k
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Figure 5-5 : Schematic representation of proposettmanism for the growth of rodlike ZnO
nanocrystals. Reproduced frqi26).

5.50riented and nanostructured hybrids

Other interesting strategies and approaches regpriie controlled processing of
hybrid materials have been described in the libeeatParticular interest was paid to the
controlled nanostructuration of hybrid materialsngsfor example templates or block co-
polymers 128 129). Another point that was addressed much is thentation of rod-shaped
nanocrystals in a polymer matrixx30, 131). The nanostructuration and the controlled
fabrication of oriented hybrid materials composed”8HT and CdSe NCs was one of the
aims of this thesis. More particularly we were iasted in the fabrication of materials where
both, the P3HT as well as the rod shaped nanotsysiave a well defined in-plane
orientation. The state of the arts regarding tarostructuration and orientation of hybrid
materials will be presented in more details theesponding chapters (see Chapter 6 and
Chapter 7).

6. Scope of this work

In this chapter, we have presented a literaturgesuabout the main properties and
applications of materials that we were interestedthie scope of this work. The main
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properties of P3HT as a conjugated semi-crystallimel semiconducting polymer were

introduced. Furthermore, main strategies for therotiad orientation of polymers in general

and P3HT in particular were discussed. We alsmdhiced the basic properties of colloidal
semiconducting nanocrystals and their applicationdevices such as solar cells. Some
strategies for the controlled fabrication of hykbmdterials were presented.

The scope of this work was to develop and studyliigriented and nanostructured
hybrid polymer-nanoparticle materials. Followingstigeneral aim, three main points were
addressed: (i) the controlled elaboration of higblyented thin films of pure P3HT by
applying some of the orientation methods descrhmre above; (ii) the controlled fabrication
of oriented and nanostructured hybrid materials mosed of P3HT and CdSe nanocrystals;
(i) in addition, we were interested in the sudafunctionalization of CdSe with various
polypyridine ligands and the influence of thesatids on the thins films morphology of the
resulting hybrids. We will now present in the follmg the methods and techniques
developed and the results obtained in the framkisfvork.
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Chapter 2.CdSe Nanocrystals: synthesis

and surface functionalization

This part is dedicated to CdSe colloidal nanocrigstenore precisely to their synthesis
using the so-called “hot-injection” method, to theproperties and to their surface
functionalization. CdSe is one of the best knowstesys in the field of semiconducting
colloidal nanoparticles and thus constitutes a maoslesstem(1-4). The synthesis of such
nanocrystals is well known and developed. Presewdgy reproducible protocols leading to
narrow size distributions do exist for differentnoarystal shapes (nanodots, nanorods,
nanotetrapods, etc...). For the present work, thethggis of CdSe nanocrystals was
performed by following a protocol previously deywsd in the laboratory5, 6). Mainly two
types of CdSe nanocrystals were used and studpbrisal and rod-shaped nanocrystals,
the latter having various aspect ratios. For the eqital particles, the used protocol is
particular in the sense that it allows to obtaimga quantities (~2 g) per synthesis with a low
polydispersity. In the following, the synthesiCafSe nanocrystals will be described and the
characteristics of the obtained nanocrystals wél firesented and discussed. A second part
will deal with the surface functionalization of spibal CdSe nanocrystals with various
polypyridine molecules. The functionalization prabas well as the characterization of the
functionalized nanocrystals with various physicoralwl techniques will be discussed.
Depending on the chemical nature of the ligands, adsorption-desorption kinetics on the
NMR timescale of the ligand on the NCs surfacetddoel evidenced and will be discussed.
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1. Gerneralities on tle synthesis of CdSe nanocrysi

The colloidal nanocistals (NCs) used in this work were syrsized using the -
called hot-injection methodViore details about the synthesis of CdSlloidal NCs can b
found inreferences1-5). Briefly, in the hotinjection method, the forntion of ninocrystals
such as CdSevolves thre¢ main stepsFigure 1-1) (1-5 7, 8). The irst step is the fas
nucleation of nuclei after incting the reagents into the reaction vessnis is followed by ¢
much slower growth of thiNCs from these seeds. Fin, Ostwald 1pening takes plac
which leads to a “dissolutio of the smaller nanocrystals at the benefi:he larger ones
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Figure 1-1: Schematic re[esentation of the different stages invd during a typica
synthesis ofCdSe nanocryals. It takes place in three steps whiche: the homogenot
nucleation of seeds inducey the fast injection of a precursor, the m slower nanocryst
growth where the “free preirsors” in the solution are consumed to m the nanocrystal:
Once all precursors reactethe Ostwald ripening regime sets in. Dy Ostwald ripening
small nanocrystals with aigh free energy disappear at the benef the larger ones.
Reproduced from refl) .

As it was pointed oun the seminal work of LaMer and Dinega the early 195 it
Is essential to temporally oarate the nucleation step from icrystal growtr in order to
obtain population of NCs w1 a low polydispersity. he former should ke place on a muc
shorter timescale than the er(1-5 7, 8). If all the nuclei are generat at exactly the san
time, the nanocrystals wistart growing simultaneusly and a pogplation with a low
polydispersity will finally be obtainec(1-5 7, 8). The polydispersity>f a sample can k
guantified by calculating t2 relative standard deviatico (in %) which is the standar
deviation of the size distribon of the ranocrystals normalized by the rage size. Such si
distributions are usually obned from transmission electron microscownalysis vide infra).
A sample is generally conered monodisperse if the relative standazviationo is below
5% (). If 0 <10%,the samle is considere having a low polydispersitfd, 9).
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Chapter 2: CdSe nanocrystals: synthesis and suffiacetionalization

In Figure 1-1 the nucleation step can be described as a consemjuef a
supersaturation of precursors in the solution ieduby the rapid injection of precursor
reagents to the solutiorl45 7, 8). A nucleation burst of stable crystal seeds mbfa
decreases the concentration and the nucleation s®@E®on as the solution is out of the
supersaturated regimé&igure 1-1) (1-5 7, 8). The homogenous growth of the NCs then
takes place as long as there are available presursthe solution. Once all the precursors in
the solution are consumed, the so-called “Ostwiglening” regime sets in. In this regime,
small NCs having a higher surface energy will b&sdived at the benefit of the larger ones
until an equilibrium state occurs which involvesmaich longer time scale than the two
previous steps. In the Ostwald regime, the numbenasfoparticles is thus continuously
decreasing to the benefit of fewer and larger N&@some specific cases, Ostwald ripening is
used to get a very monodisperse population of N€$douhe present work, the reaction was
stopped before the Ostwald ripening regime couldnsas it would lead to the degradation of
the polydispersity of the NCs’' populatio®, (6). In fact, if the system does not reach
equilibrium, Ostwald ripening tends to increase width of the size distribution as some
particles are shrinking in size whilst others arewgng. As the aim is usually to obtain NCs
of a few nanometers in diameter, the system cabeoteft until an equilibrium state is
reached because the obtained nanoparticles woutdabkarge and it would involve far too
long times to reach the final equilibrium state. Asntioned above, for the present work, in
order to obtain NCs with a low polydispersity, wepped the reaction before the Ostwald
ripening regime was reached by cooling the reacteassel.

Experimentally, the decoupling of the nucleation #&mel nanocrystal growth steps is
obtained by a very fast injection of a precurs@gent into the reaction vessel. This injection
has to be very fast in order to limit the nucleatstep in time and to avoid any further
nucleation whilst the nanocrystal growth step hetsirs Therefore the initial concentrations
of reagents have to be carefully chosen.

2. Synthesis of spherical nanocrystals

Within the differently shaped CdSe nanocrystal® #asiest to handle are the
nanospheres because (i) they can be synthesizidgm quantities and (ii) they present a
higher stability in solution whereas nanorods agtdapods present sometimes problems of
solubility (10, 11). The longer the nanorods, the lower their soitypih common solvents
due to higher interparticle interactions that carbeshielded by the surface ligands.

For the present work, two batches of spherical M@se synthesized using a large
scale synthesis protocol developed by Myriam Pret@uring her PhD thesi%,(6). The
advantage of this large scale protocol is the pddgi to obtain gram scale batches of
spherical NCs presenting a low polydispersity. EhBCs are all from the same batch and
thus their properties and surface chemistry arentid®. As comparison, a standard
laboratory-scale synthesis of CdSe NCs yields agprately 100-200 mg of nanocrystals.
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The following sections will be devoted to descripithe gram-scale synthesis based on the
work of Myriam Protiere§, 6). For our work two large-scale batches were sysitieel. Each

of those allowed to obtain approximately 1.5 g ierical CdSe NCs. Before discussing the
gram-scale synthesis protocol and the charactsisfithe obtained NCs, the laboratory-scale
synthesis of CdSe spherical NCs as used in thededg will be presented.

2.1. Synthesis on the lab scale

In the laboratory-scale synthesis protocol of Cdfigerical NCs, a Cd precurser.d.
Cd stearate Cdgtis dissolved in a high boiling point non coording solvent such as
octadecene®-7, 12, 13). Stearic acid (SA) and oleylamine (OA) are alslledl to the
solution to serve as stabilizing ligands of the opmrticles after the synthesis.
trioctylphosphine (TOP) serves also as ligand but ke injected afterwards with the
selenium precursor. The ligands are composed @hahoring group that can coordinate to
the metal cation at the NC surface and of solubdislkyl chains allowing to keep the NCs
as a colloidal dispersion in hydrophobic solvemsring a synthesis, the ligands ensure a
double role depending on the temperature. At hégipieratures, the ligands can easily desorb
from the NC surface so as not to impede furthewgrmf the NCs. At room temperature, the
stabilizing ligands will be coordinated to the NC®irface to prevent their aggregation.
Without these stabilizing ligands, the solution wbhé metastable and the NCs would tend to
aggregate due to the large attractive Van der Waates between the NCg)( Metastable
and aggregated NCs are useless for solution prage$sgure 2-1shows schematically the
experimental setup, the reagents and solventsfaséie synthesis.

Ar
N o -
3 2 Sesolubilized Geanc acid (SA) OIeyI?/mlne(OA) ?
T=250-300°C rl in TOP . :
T PPN
CdSt, + SA 208
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Figure 2-1: Schematic representation of the synshet spherical CdSe nanocrystals at the
laboratory-scale with the chemical structures af #olvents and ligands used.

In practice, the solution of the Cd precursor isithd up to 250°C under constant
stirring and under an argon atmosphere. The ihitigllow solution then turns colourless
after the complexation of the Cd by oleylamine atearic acid. Besides, a solution of
selenium in TOP (TOPSe) is prepared in a glove kimce the Cd solution is colorless and
the right injection temperature is reached, the $®Rolution is quickly injected into the
reaction flask leading to the formation of seedbweed by nanocrystal growth, as explained
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above. Once the desired NCs size is reached thle ildaken out to of the oil bath to allow a
temperature drop which stops further growth of N@s. After the synthesis, the NCs are
separated from the non reacted reagents by a pnacetiprecipitation of the NCs by adding
a non solvent for the NCs and a solvent for thgyeats to the solution. A centrifugation
procedure allows to precipitate out the NCs whicdn cbe redispersed in common
hydrophobic solvents such as hexane or chlorofammekxample. This washing procedure is
essential because it allows to eliminate all theeses ligands and other products of the
synthesis such as for example the ODE. In somesdhsewashing procedure is repeated 3-4
times.

2.2. Large scale synthesis

2.2.1. Synthesis

The gram-scale synthesis of spherical CdSe NCs eeased out in a 2-L reactor by
multiplying the quantities of all reagents by atéamf 20 compared to the lab-scale synthesis.
Myriam Protiere developed during her PhD an expenital protocol that allows to synthesize
gram-scale batches of spherical CdSe nanocrysi#tisdrameters of approximately 4 nm, 5
nm or 6.7 nm%, 6). For the present work, we applied the protocoblitain two batches of
NCs with a diameter of 5 nm. More details about s$lyathesis protocol can be found in
referencesy, 6). Forthe fast injection of the selenium precursor, ageperilstatic pump is
used. This pump is able to inject up to 0.5 L i5s36). The TOPSe solution for injection is
placed in a 0.5 L bottle and connected to the oeada the injection pump. A photography of
the experimental setup is displayiedFigure 2-2.The stirring of the solution in the reactor is
ensured by a mechanical stirrer moved electricdfficient stirringand a fast injection are
crucial points for a successful synthesis of mosjelise NCs of CdSe.

Mechanical stirring Injection pump

Figure 2-2: Photography of the 2L reactor
for the large scale synthesis of nanocrys
with the injection pump. The selenium
precursor (Se dissolved in TOP) is locali:

in the small bottle at the right. The injection
pump is activated by a foot pedal. 1

e equipment is the same than the one used in
Molten salt bath TOPSe for injection referencegb, 6).
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Figure 2-3shows the reaction medium at different steps ofsgrghesis. In the left
picture, on can see the reactor with the @d8ecursor in octadecene, stearic acid and
oleylamine before the system has been heated tipetinjection temperature. The middle
picture corresponds to the hot solution after thjection of the TOPSe solution and at the
final stage of nanocrystal growth. At the right Eijure 2-3is a picture of the reaction
medium at the end of the reactiith the solution of non purified nanocrystals.

Before injection Hot solution after Final solution before

of TOPSe (formation of Cd- injection purification
ligand complex) of TOPSe (crystal growth)

W il

Figure 2-3: Photography of the different steps dgrthe large scale synthesis of the CdSe
nanocrystalsLeft: Initial solution of Cd complexed in a solution aeylamine and stearic
acid with octadecendJiddle: After the injection of the TOPSe solution, aftecleation and
during the growth of the nanocrystaRight: final solution of CdSe nanocrystals with a
diameter of around 5 nm at the end of the reacbefore purification. Reproduced from
referencg5).

2.2.2. Purification of the nanocrystals

2.2.2.1. Purification of the nanocrystals of batch 1

Following the synthesis, the purification of thennerystals is an essential step. This
allows removing most of the ligands (stearic adbkylamine, TOPO) in excessge. not
attached on the surface of NCs. This purificatitap @llows also to transfer the nanoparticles
from the octadecene to more common hydrophobicestdv such as hexane. The main
difficulty for the purification in the present cagethe presence of stearic acid which has a
melting temperature of 70°C and is thus solid atnraemperature. The total volume of
solution after the synthesis is about 1.5 L. Thasslkal purification procedure by
precipitation followed by centrifugation as usedtts laboratory scale would be very time
consuming as in the laboratory, it is possible @atifugate a maximum of four flasks each
containing 60 mL.
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-'-:- [,'f Ar/Vacuum Figure 2-4: Apparatus for the
| connection purification of the nanocrystals by
using a column with a glass filter.
The purification allows to eliminate
the excess of ligand molecules and
other waste products from the
synthesis and to transfer the
nanocrystals in common solvents

Non-purified
nano-crystals

Purified nano-

Stearic acid and crystals such as hexane. Reproduced from
other wast€ referencg5).
products

An alternative purification method developed by Mym Protiere during her PhD and
described in references, 6) was therefore used. In this approach, the NCpanéed using
a funnel with a glass filter column connected toamuum line in order to facilitate the
passage of the excess stearic acid and other midaqgts through the glass filter. The solution
of the non purified nanocrystals has to be ket mperature T >70°C in order to avoid the
solidification of the stearic acid. This is realizéy the use of a heat gun. The purified
precipitated nanocrystals can be recovered frongldes filter and are redissolved in hexane.
At the end of the purification procedure, approxiehal.5 g of nanocrystals were recovered.

2.2.2.2. Simplification of the purification: batch 2

For the second large scale synthesis (batch 2)ptinécation procedure has been
simplified compared to the one described abovebédch 1. After the addition of methanol
and acetone for the precipitation of the NCs, th&ctor was placed overnight in an oven
heated at around 70°C. This allows to keep theristeerid in its liquid phase and the
nanocrystals precipitate at the bottom of the wmracthe supernatant can then be easily
removed and the nanocrystals remaining at the imotid the reactor are recovered. The
volume is now significantly reduced and most of sitearic acid has been eliminated. Thus
the purification can be performed by precipitatargd centrifuging the nanocrystals as done
for the laboratory—scale synthesis. This precijitand centrifugation was performed twice
before the purified nanocrystals were redispergseldexane. For this batch 2, approximately
1.5 g of nanocrystals were obtained after the jwartibn.

2.3. Characterization of the obtained CdSe nanocrystals

As mentioned above, two gram-scale synthesis ofrg@heCdSe nanocrystals were
performed giving two batches: batch 1 and batdh ghe following, the characteristics of the
obtained nanoparticles in terms of size, polydisipgrcrystal structure and surface chemistry
are presented.
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2.3.1. Particle size determination

The average nanocrystal diameter D can be dirélelgrmined by two methods: one
direct and the other indirect. The first direct huet relies on measuring the NC size for a
selection of NCs using Transmission Electron Micops/ (TEM) operated in bright field
mode. This yields a histogram of sizes for a samplNCs (typically 100 nanoparticles are
considered for such an analysis) from which an ayerdiameter is determined. The
polydispersityc of each batch is the ratio of the standard desnatf the population
normalized by the average value of the particlengizr and it is expressed as a percentage.
An alternative indirect method to obtain the paetisize is obtained via the position of the
first absorption maximum in the UV-Vis absorptigrestrum of a colloidal dispersion of NCs
which is directly correlated to the average sizethed NCs. In fact, by correlating the
absorption spectra with size measurements by TEBlediaket al. established that spherical
CdSe NCs with a diameter D is in the range of 2¥8abey to the following empirical law
(14):

D (nm) = 59.60816 - 0.54736+1.8873-10°:4? -2.8574310°%2%+1.62974:10°2*  (Eq.1)

where) is the wavelength corresponding to the first gison maximum (excitonic peak) in
the absorption the NCs.

The polydispersity of the size distribution can also be determinetiréctly from the
shape of the PL emission peak for spherical CdSse. &1 and Peng determined a relation
between the FWHMs of the PL emission and the digiibution assuming that each single
NCs size has afunction emissionX5). The relative FWHM of the size distribution caa b
calculated using the empirical formula:

%:eBAMZ_e—BMIZ Eq. 2)

whereAD is the FWHM of the size distribution, D is theesage diameter of the NCs, A and
B are two parameters respectively equal to 0.05&65@0071 for spherical CdSe NCs and
AM is the FWHM of the PL peak of the sample. As expacthe larger the FWHM of the PL

spectrum, the larger the polydispersity of the damp

The average diameter D as well the polydispersit{®o) of batch 1 and batch 2 were
determined using the three above cited methodsré@sdts are summarized Trable 2-1.

Both methodgive very similar results in what concerns the ipktaverage size D.
The polydispersitiess extracted from TEM and from the shape of the Phlkpshow
somewhat larger differences. This can be explamethe relatively poor statistics provided
by TEM measurements. In fact, 100 nanoparticlesadua batch of 1.5 g is a very little
minority out of the total population. Therefore thedirect method via PL and UV-vis
measurements might be more accurate due to ther Is¢dtistics provided by these methods.
However TEM analysis of the NCs after the synthesisssential to control the shape of the
obtained NCs as the latter cannot be accessedyiather type of characterizatioRigure
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2-5shows TEM-BF imagesf the two batches and the corresponding histograithsthe size
distributions. These images confirm that the sysithgorovided spherical particles as
expected. Batch 1 is composed of slightly biggatiples compared to batch 2 but remain
nevertheless close to the expected value 55)8) (

Excitonic o from PL
A\{erage o from K Average PL peak | FWHM
size D TEM pga size from maximum PL FWHM
from TEM o maximum UV-vis (nm) (nm) (%)
(nm) (%) (nm) (nm)
Batch 1 5.3 16.5 620 55 635 31 11
Batch 2 4.8 13.3 602 4.8 620 36 12.5

Table 2-1 : Average CdSe nanocrystal sizes andesponding size distributions for batches
1 and 2 as determined from TEM and from the pasitibthe excitonic peak in the UV-Vis
absorption spectrum.
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Figure 2-5: TEM-BF images and derived size disttidms for the nanocrystals of batchl (top
pictures and histogram) and batch 2 (down). Theaye nanoparticle diameter measured on
approximately 100 particles is approximately 5.3 fombatch 1 and of 4.8 nm for batch 2.
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Figure 2-6: Evolution of the PL and UV-Vis absoqptispectra with reaction time during the

synthesis of batch 1. The inset shows the evolatighe FWHM of the PL spectrum. The

FWHM is about 31 nm indicating a low polydispersifythe NCs, in agreement with what

was previously reported by M. Protiére using the saynthesis methd#, 6).

During the synthesis of batch 1, the growth of N@s was followed by extracting
some aliquots from the reactor at different reactiomes during the NCs growth phase.
Theses samples were characterized by photoluminescand absorbance spectroscopy.
Figure 2-6shows the evolution of the PL and absorbance spegath the reaction time. As
expected, the PL peak and the excitonic peak inUleVis absorption spectrum are red-
shifted with increasing reaction time indicating dgrowth of the NCs. The FWHM of the PL
peak which as mentioned above is connected to d¢ihaigpersity of the NCs, increases
strongly during the first 4 minutes after the injec and finally stabilizes at a value of ~31nm
(see inset ofFigure 2-6).M. Protiereet al reported similar FWHM values. The obtained
FWHM and polydispersity are slightly larger thanawitan be achieved using a classical
laboratory-scale synthesis, 6). However, the size distributions are still veayisfying and a
large amount of NCs is more important than a vewy polydispersity in our case as we want
to make comparative studies with the same bat®Gs.

For batch 2 the PL and the UV-Vis absorption sgecfrthe nanocrystals at the end of
the reaction are displayed and are compared t®lthand UV-vis absorption of the NCs of
batch 1 (se€&igure 2-7). With a final FWHM of 36 nm, the PL peak is slighkarger than in
the case of batch 1, indicating a slightly largee distribution and polydispersity for this
batch, as already mentioned. This is can be exalby some slight differences in the
synthesis of batch 2 compared to batch 1. In thating the synthesis of batch 2, some small
problems during the injection occurred and possthly time window of the injection was
slightly larger than expected. Accordingly, the pamal separation of the nucleation and the
NCs growth were not optimal therefore leading talight degradation of the polydispersity.
However, the NCs of batch 2 are still of good gyadind can be used for our studies. As
already observed by TEM, the particles of batchaehan average size of 4.8 nm, slightly
smaller than the ones of batch 1 (5.3 nm from TEM).
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Figure 2-7: Normalized photoluminescence and U\bl8sabsorption spectrum of batch 1
and batch 2 of CdSe NCs. The FWHM of the PL isdnighan for batch 1 indicating a

slightly higher polydispersity of the nanocrystaldhe position of the excitonic peak of
absorbance indicates smaller particles than thesoofebatch 1 as already observed by TEM.

2.3.2. Crystallinity

X-ray powder diffraction measurements are a stahtirhnique to analyze the crystal
structure and crystallinity of NCs after the syrsise Such measurements were performed on
both batches. Below only the results for batchel @esented as the two diffractograms are
identical. The obtained powder X-ray diffractogrédRigure 2-8 is very similar to the one
reported by M. Protieret al for CdSe nanoparticles synthesized using the saethod 5,

6). As in her case, we find a predominant wurtzite-(hexagonal) crystal structure for the
NCs by comparing the obtained diffractograms to réference spectrum for bulk wurtzite
CdSe from the Joint Committee on Powder Diffract®tandards (JPCDS). This is in
agreement with what is generally reported in therditure for CdSe spherical NCk 4, 13.
However, a closer look at the diffractograms shabesarly that the intensities of some
reflections, in particular those correspondinghe ¢102) and (103) reflections, are very low
compared to the expected JCPDS values sgare 2-§. An excessive attenuation of the
(102) and the (103) reflections has previously baténibuted by Murraet al. to the presence
of stacking defects along the [002] axi3. (Such stacking defects were frequently obsemed i
the high resolution TEM (HR-TEM) images and an egbais displayed irigure 2-8.These
defects originate from a strong competition betwt#enhexagonal (wurtzite) and the cubic
(zinc blende) phase during the synthesis of CdSe.Nids indeed known that both phases
can occur in such systems depending on the exaditams of the synthesis and the size of
the NCs. The small nanoparticle size (~5 nm) ag thiel polycrystallinity of some of them
accounts for the broadening of the X-ray diffracteaks which makes the resolution of the
triplet of reflections (100), (002) and (101) asliwas the triplet (200), (112) and (201)
reflections impossible (1,4).
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Figure 2-8: (left) Powder X-ray diffractogram of 8d nanocrystals from batchl and peak
position for wurtzite CdSe from the Joint Committae Powder Diffraction Standards
(JCPDS). The diffractogram is very similar to theeocobtained by Protiere who concluded
that the crystal structure of the NCs was wurtlike-(2). (right) high resolution TEM image
showing a NC with a stacking fault correspondingthe transition between a wurtzite
(hexagonal) and a zinc blende (cubic) crystal e

3. Synthesis of rod shaped CdSe nanocrystals

Rod shaped nanocrystals were also used in the ffmbe present work. These
nanorods (NR) were synthesized by Dr. Angela Fipost doctoral fellow at the “Laboratoire
d’Electronique Moléculaire Organique et Hybride' HMOH) in Grenoble.

As for nanorods, no large scale synthesis protizcalailable several batches of 50-
100 mg were synthesized using laboratory scaleopotg. The synthesis of these nanorods
follows the so-called seeded-growth approach wiiek originally developed to obtain rod-
shaped nano-heterostructurdg, (18). In brief, pre-formed seeds of CdSe are firsppred
and purified, then they are co-injected with Se-T&ution to the reaction mixture that
contains solvent, surfactants and the cadmium psecuThe aspect ratio.€. rod length/rod
diameter) of the nanorods is controlled by varythg seed size or their concentration.
Lowering the concentration of the injected seedsuilte in longer nanorods. Using this
method, nanorods with low polydispersity and aspatib (.e. length over diameter ratio)
between approximately 1 and 10 can be obtaiféggure 3-1displays the PL and UV-Vis
absorption spectra for CdSe nanorods with a simsen% 17 nm synthesized in the frame of
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the present work as well as a typical scanningstrassion electron microscopy (STEM)
image of these nanoparticles.
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Figure 3-1: (left) PL and UV-Vis absorption spectiar CdSe nanorods 5 nm 17 nm
synthesized according to the seeded growth approgigit) STEM image of the nanorods
(the scalebar corresponds to 100 nm).

The latter shows the low polydispersity of the sam@ne can also note that the
photoluminescence peak is significantly red-shiftminpared to nanospheres of similar
diameter: the PL peak maximum is located at 67@orthe 5 nnmx 17 nm to be compared to
620 nm for the nanospheres of batch 2 with 4.8mdiameter (see Figure 2-7). This is due to
the fact that for nanorods, quantum confinementhefelectrons and the holes takes place
along two directions: along the NR long axis antbss the diameter, the latter providing a
stronger confinement as compared to the formeovarall, this will lead to the fact that the
UV-Vis and PL spectra of the nanorods will be intediate between those of nanospheres 5
nm in diameter and 17 nm in diameter.

4. Study of the ligand capping of as prepared CdSenoerystals

As mentioned above, NCs are capped by a layer ghnic molecules called
surfactants or ligands which stabilize the collbidespersion 19). This is the case for
spherical as well as for rod shaped NEigure 4-1lillustrates the architecture of a spherical
CdSe NC after synthesis. The ligands form the sarfayer of the NCs which, in the case of
assemblies of nanoparticles, will constitute theriiaice between two adjacent NCs. In hybrid
materials associating nanocrystals with polymdrs ligand shell forms the interface between
the nanocrystals and the polymer. Therefore théralaf the ligand capping is essential for
all applications involving semiconducting nanocayst
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Organic lgands

Figure 4-1: Schematic representation of
a CdSe nanocrystal. The inorganic CdSe gy
core is covered by a shell of ligands, ﬁ
which allow the stabilization of the T ]
colloidal dispersion of NCs.

Inerganic
core
(3.5-7 nm)

More precisely, there are two main reasons to phppailor the capping layer of the
NCs. The first one is that it has a huge influeanethe solubility of nanocrystals in a given
solvent and plays thus a key role for the solugpwacessing of nanoparticles-containing
nanomaterials 1{ 5). The solubility of the NCs in a given solvent determined by the
chemical nature of the ligands (hydrophobic or bythilic) and therefore, independently of
the inorganic core, NCs can be either dissolvelyairophilic or hydrophobic solvent2@).
The second reason is that in solution-processedichyimaterials associating colloidal
nanocrystals andae-conjugated polymers, the resulting morphology aegestrongly on the
ligand layer: this can lead to either a good disjper of the nanoparticles in the polymer
matrix or to an aggregation and a macrophase deparbetween the polymer and the
nanocrystals 10, 13, 21-23. Intrinsic properties of the hybrid materialscaldepend very
strongly on the chemical structure of the liganéist example charge transfer between the
NCs and the polymer as well as charge transpottiéWNCs phase are strongly influenced by
the ligand layer. In fact, charge transfer/transman be either hindered or favored by the
ligands depending if the latter allow a transitteé charges or if they behave as an insulating
layer @1). The optical properties of a colloidal dispersaiNCse.g.the photoluminescence
and UV-vis absorption are also strongly influendsdthe surface chemistry of the NCs.
Enhanced PL quantum yields are obtained by pagsivtie surface trap states present at the
NCs surface by some organic ligands or polym&4 5). Alternatively, strong PL
quenching is observed by treating the NCs withndg such as ethylenedioxythiophene
(EDOT) or pyridine, for example2p). The enhancement or quenching of PL quantum yield
depends on many factors, the chemical structutkeo€apping ligands being an essential one
(22, 24). For all these reasons, the quantitative chanaateon as well as the controlled
modification of the ligand shell of nanocrystals assential aspects in view of the perspective
of their applications in nanomaterials for photedédrs, LEDs, solar cells or biological
imaging (L9, 26).

Although the importance of the ligand shell of oahl NCs was recognized very
early in the field {, 3), the details of the interactions involved in thiading of the ligands
onto the surface of the NCs is not yet fully unterd and is still under investigatioh9; 27).
Schematically, one can say that a ligand is carstit of two parts: (i) an anchoring group
(e.g.a phosphine oxide, an amine or a carboxylic acidig for quantum dots) which binds
onto the surface of the NC and (i) a chain whichl wonstitute the interface of the
nanoparticle and its surrounding®. the solvent molecules for a colloidal solutionodher
nanoparticles or polymer chains in a hybrid matelias generally assumed that ligands bind
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to the surface of a NC by forming dative bonds tisatik the lone electron pairs on the
anchoring group of the ligand.4, 28). The ligands of as synthesized NCs can be removed
and replaced by other ligands as a function of dbsired application. This process is
generally referred to asurface functionalization, ligand exchange or soeféreatment.

The strength of the bond between the ligands andguhface of the NCs depends on
many factors including the crystallographic facetdo which the ligand bindsl9, 27). In
fact, some facets present a higher binding endrgy tthers for a given anchoring groag, (
27). The affinity of the latter one regarding thefaae of a NC therefore influences strongly
the strength of the bond. The most frequently usedhoring groups for semiconductor
nanocrystals are phosphines oxides, phosphinesganthiols as well as carboxylic acids (
13, 29-3). In most of the above cited anchoring groups littends generally bind to the Cd
surface atoms of the NCs. It is therefore importarknow the number of surface Cd sites to
be able to evaluate the maximum number of ligaresNLC @8, 32). Following this, Taylor
et al. showed that different CdSe nanocrystals have réifte ratios of Cd:Se at the
nanocrystal surface38). In most cases an excess of Cd atoms at theceudaeported in the
literature 83—35. However,ab initio calculations showed that in the case of amines, the
ligands could bind both to Cd and Se surface at(®@Ws28). In the literature regarding the
capping ligands and surface functionalizations ialiso frequently mentioned that the ligands
bind to the surface of the nanopatrticles in a r&@bér equilibrium state3d—41). The position
of this equilibrium depends on different factorglsas the binding energy of the ligand, the
concentration of “free” ligands in the solutionettemperature, et89). This equilibrium can
therefore be displaced by varying one of thesemeters and this is the basic principle of the
ligand exchange process.

In the following sections of this chapter, we valow that this adsorption-desorption
equilibrium can follow different dynamics dependimig the chemical nature of the ligands. In
the frame of this work we essentially focussed olypwidine ligands as these molecules
should be more suitable for charge transport tha&nnative ligands covering the NC&(
43). But before proceeding to the ligand exchangehef NCs, it is essential to know the
detailed composition of the ligand shell of thesgathesised NCs.

Composition of the NCs surface:In the frame of this work, we more precisely
focussed on the spherical CdSe NCs and tidetliclear magnetic resonance (NMR) to study
the composition of the capping layer of the asisgsized NCs. In the gram scale synthesis
protocol used for this batch, the nanoparticles stabilized by a mixture of three ligands,
which are trioctylphosphine (TOP), oleylamine (O#)d stearic acid (SA), sdéegure 2-1.
The Figure 4-2 shows the’H NMR spectra of the as-synthesised NCs for batcim 1
deuterated chloroform (CDg}l To ease the peak identification, th¢ NMR spectra of the
free ligand molecules (OA, SA, TOPO) recorded i@ $hme solvent are also displayed. The
attribution of the NMR signals of the as-synthedi$¢Cs to the three different ligands is
however difficult. In fact, the NMR signal of a negule complexed to a metal is not identical
to the NMR signal of the free molecule. Therefoigngicant changes are expected in the
NMR signals corresponding to ligands that are grhtinto a “nanoscopic” object such a NC.
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The peaks are expected to be shifted and broadkretb different effect2d, 35-39 44).
These include: the reduced mobility of the ligaattached to the surface of NCs compared to
free ligands, the diversity of chemical shifts dadactors such as different orientations of the
molecules attached to different NCs facets and dtv@esponding difference of binding
strength depending on the facet, etc. Therefoig ossible to attribute with certitude only
the isolated NMR signals at chemical shifts of &r®l 2 ppm corresponding respectively to
the protons of OA indexed (G) and (C) ($8gure 4-2.
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Figure 4-2: Aliphatic region of th#H NMR of the as-synthesized CdSe NCs (batch 1pfand
the free ligand molecule in deuterated chlorofofirhe proton attribution for the free ligand
molecules was made with help of the Spectral Daaldar Organic Compounds (SDBS
database)(45). The letters above the peaks indicate the cormedipg protons. Traces of
chloroform and ethanol can be observed in the Nidé&sum of the as-synthesized NCs, the
latter coming from the purification procedure.
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The broad signal at 2.75 ppm can correspond eitheignals of protons SA(D) or
OA(E) or both of them attached to the NCs. The @raad intense signal &t1.5 ppm and
0~1 ppm can be attributed respectively to the ptafithe protons of the methylene (-£H
and methyl (-CH) groups of the three ligands TOP, OA and SA. Thesgnce of peaks
related to ethanol in the NMR spectrum of the asttsgsized NCs can be explained by the
use of this solvent in the washing procedure ofNi&s. Traces of chloroform can also be
observed and were used as reference

Our system is quite complex as after synthesistinace of the NCs is passivated by
a mixture of three molecules having long alkyl csailnitially this study was meant to
guantify the proportions of the initial ligands cdmated to the surface of the NCs. We were
furthermore interested in determining an excharag® rof the ligands after exchange with
polypyridines and therefore a quantification of ihiéially coordinated ligands is necessary. It
would also be interesting to know which of the éhligands is replaced preferentially during
functionalization with polypyridines. However, penining an accurate quantification of the
ligands with standartH-NMR in CDCk as presented iRigure 4-2remains difficult as only
OA presents a distinct NMR signal in the spectrigoAthere are always some remaining free
ligands in the solution. Therefore for some liggntisan be difficult to distinguish the signal
related to free ligands and those grafted ontatintace of the NCs. The contribution of those
free ligands would therefore add uncertainties wheiorming the quantification.

In order to perform an accurate quantification ok tsurface composition, a
collaboration with Marina Gramova, Michel Bardetdaco-workers from the Laboratoire
Résonances Magnétiques (LRM) at the Institute fandéciences and Cryogeny (INAC) of
the CEA Grenoble was initiated. The measurement qurahtification procedure will be
detailed in an article in preparation and onlyen ideas and results will be discussed here.
In a first step, we use the so-called diffustthNMR based on pulsed field gradients (PFG-
NMR in short) @0, 44, 46, 47). The main idea of this technique is to differatdgithe NMR
signals of free and grafted ligands using the fhett grafted ligands have a diffusion
coefficient D approx. one order of magnitude lothe&mn the free ligands, according to Stokes-
Einstein law 44):

kgT

d, = (Eq. 3)

- 3nnD

where ¢ is the hydrodynamic diameter of the species (ligamahd to a NC or free ligand) in
solution, kg is the Boltzmann constant, the dynamic viscosity of the liquid and T the
temperature of the solution. In the case of a Isattere particle (dis equal to the true

diameter of the particletd).

Therefore, these species will give different cilmitions to the spectra when pulsed
field gradients are applied and the contributionfree ligands can eventually be totally
eliminated. This technique allows thus an unambigudantification of ligands bound to the
surface of NCs. The absolute quantification is therformed on standartH NMR relaxed
spectra using a recycling time of 45 s. A contienount of the compound GBY» is added
to a solution of NCs of known concentration (detewd from the absorbance at the excitonic
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peak (@4) ) to serve as a quantitative reference for thgamic compounds. These
measurements were mostly performed on CdSe NCsawhhbl in deuterated toluene as
convection effects in CDglperturb the measurements in diffusion NMR. Theaultssare
expected to be similar for NCs of batch 2. From idadated OA peak, the number of OA
molecules can be determined and their contribut@m be subtracted from the methyl and
methylene NMR related peaks. As the proportion ethyl and methylene protons in SA and
TOP are different, the integration of the peakatssl to those protons provides two equations
from which the number of SA and TOP can subsequdml derived. Such calculations
yielded the results summarizedTiable 4-1

Trioctylphosphine Oleylamine Stearic acid
(TOP) (OA) (SA)
Average number of 13 160 74

ligands per NC

Average number of
ligands per NC 0.18 2.22 1.03
surface area (nnf)

Table 4-1: Quantification of the ligands presenthie as-synthesised CdSe NCs of batch 2 by
'H-NMR in deuterated toluene (collaboration with @romova, M. Bardet and coll., CEA
Grenoble/INAC/SCIB/LRM).

The results indicate that the predominant liganas adeylamines (160 ligands on
average per NC) followed by stearic acid (74 ligdN@y and finally trioctylphosphine (TOP
with 13 ligands/NC). Taking into account that Cd$es of batch 2 are nanospheres with an
inorganic core 4.8 nm in diameter, the surface a®&lC is approx. 72 nfn One can
therefore calculate the average number of eachdiger unit area of surface of the NCs. The
corresponding numbers are given in the secondfif@ble 4-1 It turns out that in total there
are approx. 3.4 ligands per Aiwf surface. This is close to the results obtaifeedcdSe NCs
by the group of Z. Hens and collaborators althotighligand shells have slightly different
compositions 40, 46). From the results iffable 4-1 one can also extract the average weight
proportion of ligands iganas cOmpared to CdSe inorganic coreqgy the total average mass
of a NC being mic = Migands + Mcdase The average mass of the inorganic core can be
approximated from the density of bulk Cd$e, 5.81 g/cm. The spherical CdSe NCs of
batch 2 with a diameter 4.8 nm have a volume ofi and thereforemcgse = 33710% g.

As for the mass of the ligand shell per NC, it t&@ncalculated from the values Bable 4-1
and the molar mass of each ligand, Mtop = 370.64 g/mol, Ma = 267.49 g/mol and W\ =
284.48 g/mol: this giveRjganas = 11410% g. The total average mass of CdSe NCs of batch
2 (0 = 4.8 nm) is thereforenyc = 452:10% g out of which approx. 25% correspond to the
ligand shell and the rest to the CdSe inorganie.ddne could also calculate the molar mass
of CdSe NCs by simply multiplying the above numimge by the constant of AvogadroaN
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6.02214x 10°® mol* which gives Mic = myc % Na = 2.72x 10° g. From this result, one
straightforward conclusion is that the mass oflig@nd shell represents a significant fraction
of the total mass of such colloidal CdSe NCs amshotibe neglected.

Although we did not measure the ratio Cd/Se astlréace of our NCs, the number of
surface Cd sites on the NCs was estimated basgdevious works 13, 33). The number of
surface atoms is calculated by estimating first tihtal number of CdSe units in a NC of
radius R and by subtracting afterwards the numbene CdSe units in the core of the NC,
I.e.in a sphere of radius R-0.263 nm (0.263 nm béiegctosest neighbour distance in CdSe).
The number of Cd surface atoms can then be estinigtdaking into account that there is
usually an excess of Cd atoms on the surface dN@€13). Usually this excess corresponds
to approx. 1.2 times more Cd atoms than $&.(For NCs with a diameter of 4.8 nm
(R=2.4 nm), we therefore estimate a total numbesuoface Cd atoms of approximately 340.
As the Cd atoms are generally the binding siteshefligands, the number of surface Cd
atoms corresponds to the maximum number of ligahds can be bound to the surface of
NCs without considering the steric hindrance betweeighbouring ligand molecules. The
total number of ligands per NC (247 ligands /NC) cegermined by NMR Table 4-}
therefore corresponds to a surface coverage obappately 73 % of the available binding
sites which shows that the ligand shell is quitesge This surface coverage is similar to the
values measured by Rutherford Backscattering speipy by Tayloet al although in that
case, the CdSe NCs studied were covered only vitRQ molecules33). One could expect
that with more bulkier ligands.¢. only branched ligands), the surface coverage wbeld
lower.

The ratio of organic to inorganic material can ald® determined by
thermogravimetry.Figure 4-3 shows the results of the thermogravimetric measeants
performed on the NCs of batch 1. For means of coisgathe same measurements were
performed on stearic acid. Unfortunately the oharthesis ligands could not be measured as
they are liquid at room temperature. For the asth®gized NCs, three phases can be
distinguished in the thermogram of the CdSe NGOst lai loss of mass can be observed up to
a temperature of ~500°C and for temperature 5007C<800°C no significant loss in mass
can be observed. For T > 800°C a significant Idssass can be observed. We believe that
the first decrease of mass for T < 500°C corresptomdie loss of organic materidle. the
ligand shell and that for T > 800°C, the inorga@Se cores of the NCs start to be damaged.
Considering this, we get approx. 27% of organicemalk in the sample. This is in very good
agreement with the results obtained from the NMRsueements mentioned above.
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100 —— Stearic acid
904 K— NCs Batch 1
80+
Figure 4-3 : Thermogram of the NCs of % 701
batch 1 after synthesis. For means of éiﬁ \
comparision the thermograom of stearic % 40-
acid is displayed. Oleylamine and TOP K 28
could not be measured as they are liquid 101
at room temperature OO l(l)O 2CI)0 SCI)O 4CI)O 5CI)0 6(I)0 7(I)0 SCI)O 9(I)O 1000

Temperature (C)

5. Surface chemistry of the nanocrystals: ligand exaigge with
polypyridines

As mentioned above, the synthesis ligands canpdaaed by other ligands which are
more suited for the desired application. Sincevtbeks of Huynhet al, pyridine is one of the
most frequently used ligands in hybrid photovokaat least for CdSe-P3HT mixturd®(21,

23, 26, 48-52. The improvement of the efficiency of hybrid soleells with pyridine-
exchanged nanocrystals compared to as-synthesiZsdads attributed to a strong reduction
of the inter-particle space due to the very smak ©f the pyridine molecule49). Still,
pyridine exchanged nanocrystals are far from bamgdeal system for hybrid photovoltaics,
one important reason being that pyridine exchanggabcrystals are not soluble in usual
solvents such as chloroform. Thus, for processid§eCNCs-P3HT based hybrid solar cells, a
solvent mixture containing a small amount pyridisgenerally usedlQ, 53). As pyridine is

a bad solvent for P3HT, this can induces some awmimgthe morphology making the control
of the latter difficult 54).

Similarly to the details of the interactions betwdeyands and NCs surface, ligand
exchange of CdSe NCs is not sufficiently understaltidough it remains a key point for the
fabrication of working hybrid materials for eleatio applications. Many experimental
methods do exist to get a qualitative indicaticat tihe surface chemistry of the NCs has been
changed upon ligand exchange (quenching of thecRanges in the solubility, NMR, etc.)
but a quantitative evaluation of the exchange oatdhe number of ligands per NC remains a
difficult task @2, 24). Thus the comparison and the establishment efnational standards
concerning hybrid materials devices remain difficul
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Cd-L,

Figure 5-1: Schematical illustration of ligand exctge with pyridine.

For example, the efficiency of hybrid solar celsposed of P3HT and CdSe capped
with butylamine led to device performances of 1.88%), but as far as the exchange ratio of
the pyridine and butylamine coated nanocrystalsnas comparable, the origin of this
improvement cannot be attributed with certitudghe chemical nature of the ligand. In a
following chapter (see Chapter 6), an example @nginthroline exchanged NCs, shows that
the morphology of hybrid thin films (CdSe NCs+P3HsEems to depend more on the rate of
exchange than on the chemical nature of the ligand.

Various authors studied the surface chemistry myahtl exchange of nanoparticles in
more detail using various ligands. Some of theseksvavere fundamental studies of the
surface chemistry and the influence of the ligaodghe properties of NCSQ, 36—38 44,

56, 57), whereas other ones were focused on the infai@hdhe capping ligands on the
transport properties of the resulting materials amdhe performances of derived devic23 (
58, 59). In this work, we studied the surface chemistryhe CdSe nanocrystals after ligand
exchange with several polypyridine molecules: Rgad(Py), 3-n-hexylpyridine (HexPy),
1,10-Phenanthroline (Phen) and '#d4Tri-tert-Butyl-2,2:6',2"-terpyridine (TerPy) gee
Figure 5-2). The influence of the chemical nature of thatid on the resulting morphology
of hybrid materials grown by slow-DE®@vas also studied and will be discussed in Chapter 6

HaC [
“~—CHs
- \\
(J\/\N CQ} HSC I HSC\ CH3
//:;\ \,/\ e
N
Pyrldlne 3-n-Hexylpyridine 1-10, Phenanthroline  4,4',4" -tri- tert-butyl -2,2':6' 2terpyr|d|ne

(Py) (HexPy) (Phen) (TerPy)

Figure 5-2 : Chemical structure of the polypyridiingands studied in this work.

Directional epitaxial crystallization at slow gvth rate.
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For the fabrication of efficient hybrid devices, thew ligands have to play two key
roles which are: (i) the stabilization of the N@ssuch a way as to allow the homogeneous
dispersion of the NCs in theconjugated polymer matrix and therefore avoid @nmg@hase
separation and (i) to improve the mobility of thbarge carriers (electrons) in the NCs
network. In this sense, the ideal ligand shouldehds HOMO-LUMO electronic levels
positioned relatively to those of the NCs and tl31P so as to ease the electron transfer
between the NCs and the polymer. In other words HOMO-LUMO energy levels for the
three components should present a type |l staggerin

Figure 5-3shows the HOMO-LUMO levels of the used ligands amparison of the
HOMO-LUMO level of P3HT and CdSe NCs. The valuesevaken from literature for the
CdSe NCs and P3HT60Q, 61) and calculated by Christophe Morell and Andrér@réCEA
Grenoble/INAC/SCIB/LAN) for Phen and TerPy.

From this diagram, it follows that the polypyriditigands do not present the level
scheme expected for an ideal ligand. The main refgdhat is that the polypyridine ligands
are too compact and that larger ligands with a nextendedrt electron system would be
needed in order to decrease the HOMO-LUMO gap. $hoelld however note that the levels
indicated inFigure 5-3 correspond to those of the free molecules anddcbelmodified by
the complexation to the surface of the NCs. Thesaeawvhy pyridine-treated NCs based
hybrids give significant power conversion efficieagis that although pyridine behaves as an
energy barrier towards charge transfer, it is $icgmtly smaller compared to the original
ligands such as TOP, OA, etc. so as to allow tuimgedf electrons between NCs and P3HT.
In addition, pyridine is very weakly bound to th€#&land can therefore be easily removed by
post-deposition treatment (such as thermal anngalidy

-0,5
Figure 5-3 : HOMO-LUMO levels of -1,0-
the used ligands compared to the ;g

HOMO-LUMO levels of CdSe NCs  's]
and P3HT. The values for the HOMO- 3 -3.01

35]CdSe (4.3 nm)  Idealligand
LUMO levels were taken from -4,01CdSe (6,5 nm)

energy level (eV)

literature for Py (22), CdSe NCs (60), 4,5
and P3HT (61) and calculated by £ ¢ —

Christophe Morell and André Grand 6,0
(CEA Grenoble/INAC/SCIB/LAN) for 55 py—— )
Phen and TerRy '

In this sense, the work presented here was pertbmitt a twofold goal. One was to
understand the influence of the capping ligandthermorphology of the resulting hybrid thin
films grown by slow-DEC (see Chapter 6) and to gdtll control of the ligand exchange
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process in order to develop a reproducible protosoabther longer term aim of this work was
related to the fact that this PhD work enteredhim $cope of an ANR-funded project which
had as one objective to develop crosslinking ligaaale to interconnect adjacent NCs. The
aim of such an crosslinking ligand is to facilitsde efficient charge transport between
neighbouring NCs. A schematic design of such anstional ligand designed by Paul Baxter,
Matthias Welker (Charles Sadron Institute, CNR$asktourg) is presented figure 5-4 An
adequate anchoring groi®pallows the binding of the ligand onto the surfat€dSe NCs.

Figure 5-4: Schematic design of a
crosslinking ligand for the nanoparticles. R
%] W | represents an anchoring group that allows
Pl 3, - == the binding onto the surface of CdSe NCs.

Our choice of ligands is thus motivated by two aspeFirst, to know what are the
conditions that ligands have to respect in ordagdnerate nanocrystals staying soluble after
ligand exchange and what is the influence of thmpiray ligand on the resulting morphology
of the thin hybrid films. Here the choice was tongare fullyr-conjugated molecules, with
molecules having a solubilizing group. The secoodl gvas to study the influence of an
increasing number of anchoring sites of the ligamishe strength of binding of the latter to
the surface of the nanocrystals with the aim tooskothe most tightly bound ligand as the
anchoring group R for the crosslinking ligand. Tfere different ligands where studied: two
monodentate ligands which are pyridine (Py) and He&xylpyridine (HexPy), one fully
conjugated bidentate ligand which is 1,10-penafititeo(Phen) and a tri-dentate ligand
having solubilising groups which is 44F-Tri-tert-Butyl-2,2:6',2"-terpyridine (TerPy). The
chemical nature of these ligands is presentdtigare 5-2

5.1. Principle and characterization of ligand exchange

The protocols to perform ligand exchange r