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Abstract

The work developed during this thesis include the design, modeling, synthesis and char-
acterization of new polymeric materials based on fullerenes for application in organic
photovoltaics as morphology stabilizers. In view of such use, these materials have to
present particular properties, among which a good solubility in organic solvents, a good
miscibility with the light-absorber polymer as well as a morphological stability superior to
those currently used materials, such as (bis-)PCgBM and the derivatives of indene-Cgy.

Six different synthetic routes were studied and the electronic properties (LUMO or-
bital energy, electroaffinity, electrophilicity, reorganization energy, transfer integral and
electron mobility) were determined by molecular modeling. Among these routes, the one
called ”ATRAP”, not much studied in the literature yet, was finally retained.

The physicochemical properties of the so-synthesized materials, grafted with different
lateral chains, were determined by different characterization techniques and their ap-
plication in thin films for Organic Photovoltaic devices was performed. When used as
additives, these materials display a potential of stabilizing the P3HT /PCgBM layer, and
this does not influence the performance of the device. After a thermal treatment, the
observed behavior was the opposite of the expected, it means that a destabilization of
the active layer was noted instead of a stabilization and the underlying mechanism was
also studied by several experimental techniques.

Finally, a depolymerization mechanism induced by light and/or heat was proposed.
Within this process, the cleavage of the monomer-fullerene bond is responsible for creating
defects, such as the depolymerization, cross-linkings or irreversible rearrangement of the

thin layer. This cleavage can be either thermally activated or induced by the triplet state



of the monomer, which also destabilizes this bond.

Beyond that, this work also interested in: 1) the stabilization of the organic-inorganic
interface within photovoltaic devices by tailoring organic groups able to bind to the
inorganic surface, ii) the stabilization of the lateral chain of conjugated polymers by the
insertion of alkoxy chains, as well as iii) the relation between the curvature of a carbon-
based molecule and its reactivity to molecular oxygen.

These studies, performed in parallel, drove to the proposition of new donor-acceptor
hybrid materials based on hexabenzocoronene, which are capable of stacking over itself to
form supramolecular structures similar to discotic liquid crystals. From the conclusions
of this document, two novel materials were proposed, which electronic properties reveal
that it is possible to design new materials that may be stable and efficient at the same

time for application in organic photovoltaics.



Résumé

Les travaux développés au cours de cette theése comprennent le design, la modélisa-
tion, la synthese et la caractérisation de nouveaux matériaux polymérisés a base de
fullerene. Dans I'optique d’une utilisation au sein de cellules photovoltaiques, ces matéri-
aux doivent présenter des propriétés particulieres, parmi lesquelles une bonne solubilité
dans les solvants organiques, une bonne miscibilité avec le polymeére absorbeur de lumiere
ainsi qu’'une stabilité morphologique supérieure a celles rencontrées pour les matériaux
actuellement utilisés, tels les (bis-)PCgBM et les dérivés d’indene-Cep.

Six voies de synthese ont été étudiées et les propriétés électroniques (énergie de
lorbitale LUMO, électroaffinité, électrophilicité, énergie de réorganisation, intégrale de
transfert et mobilité électronique) qui en résultent ont été déterminées au moyen de la
modélisation numérique. Parmi ces voies de synthese, le chemin dit « ATRAP», peu
étudié dans la littérature, a été finalement retenu.

Les propriétés physico-chimiques de ces composés, greffés de différentes chaines latérales,
ont été déterminées au moyen de diverses techniques de caractérisation et leur application
dans des couches minces au sein de dispositifs photovoltaiques a été mise en ceuvre. Util-
isés en tant qu’additifs, ces matériaux révelent un potentiel de stabilisation de la couche
de P3HT /PCgBM, cette propriété n’affectant pas, pour autant, les performances de la
cellule. Le comportement de ces couches apres soumission a un traitement thermique a
montré, a l'inverse, un phénomene de déstabilisation dont le mécanisme a été, lui aussi,
étudié par diverses techniques expérimentales.

Finalement, un mécanisme de dépolymérisation, induit par la lumiére et/ou par la

chaleur, a été proposé. Dans ce processus, la rupture de la liaison chimique entre



le monomere et le fulleréne est responsable de la création des défauts, comme de la
dépolymérisation, des phénomenes de cross-linking ou du réarrangement irréversible de
la couche mince. Cette rupture peut étre soit thermiquement activée, soit induite par
I’état triplet du monomere, qui déstabilise la liaison.

Outre 'étude de ces composés, le présent travail s’est également intéressé i) a la
stabilisation de l'interface organique-inorganique au sein des dispositifs photovoltaiques,
ii) a la stabilisation de la chaine latérale des polymeres conjugués, ainsi que iii) a la
relation entre la géométrie de la molécule et sa réactivité avec 'oxygene moléculaire.Ces
études, menées en paralléle, nous ont conduit a proposer de nouveaux matériaux hybrides
du type donneur-accepteur, dérivés de I’hexabenzocoronene et capables de s’empiler pour
former des structures similaires a des cristaux liquides discotiques. Partant de I’ensemble
des conclusions tirées de ces travaux de these, deux composés ont été proposés, dont
les propriétés électroniques révelent qu’il est possible de dessiner des matériaux a la fois

stables et efficaces pour une utilisation dans le domaine du photovoltaique organique.



Zusammenfassung

Die vorliegende Arbeit beinhaltet sowohl das Design und die Modellierung von neuarti-
gen Fulleren-basierten Polymeren als auch deren Sythese und Charakterisierung. Fir die
Anwendung in photovoltaischen Zellen miissen diese Materialien spezielle Eigenschaften
aufweisen, unter anderem eine gute Loslichkeit in organischen Losungsmitteln, eine gute
Mischbarkeit mit dem Licht-absorbienden Polymer sowie eineerhohte morphologische Sta-
bilitét im Vergleich zu derzeit verwendeten Materialien, wie beispielsweise (bis-)PCgBM
oder Derivaten von indene-Cgy.

Sechs verschiedene Syntheserouten wurden angewandt. Elektronische Eigenschaften
(LUMO Energie, Elekronenaffinitidt, Elektrophilie, Reorganisationsenergie, Transferin-
tergrale und Elektronbeweglichkeit) wurden durch "molecular modeling” bestimmt. Als
Sytheseweg erwies sich ein bisher aus der Literatur bekannter Weg ("ATRAP”) als erfol-
greich.

Die physikalisch-chemischen Eigenschaften der synthetisierten Materialien, welche
sich durch verschiedene Seitenketten unterscheiden, wurden durch verschiedene Methoden
charakterisiert. Die Anwendung in diinnen Filmen fiir Organische Photovoltaik wurde
getestet. Wenn diese Materialien als sogenannte Additive in P3HT /PCgBM Schichten
verwendet werden, stabilisieren sie die Morphologie wahrend die Performance nahezu
unverandert bleibt. Eine Warmebehandlung fithrte iiberraschenderweise zu einer Desta-
bilisierung der aktiven Schicht. Dieser Mechanismus wurde mit mehreren experimentellen
Techniken studiert.

Es wurde ein Mechanismus fiir eine Depolymerisation Licht bzw. Hitze vorgeschlagen.

In diesem Prozesses ist die Spaltung der Monomer-Fulleren Bindung fiir die Bildung



von Defekten durch Depolymerization, cross-linking oder irreversible Neuordnung der
diinnen Schicht verantwortlich. Diese Spaltung kann thermisch entweder aktiviert werden
oder aber durch Besetzung des Triplett-Zustandes des Monomers hervorgerufen werden,
welcher auch diese Bindung destabilisieren kann.

Dariiber hinaus beschéftigt sich diese Arbeit mit i) der Stabilisierung der organisch-
anorganischen Grenzflichen inphotovolaischen Bauelementen ii) der Stabilisierung der
Seitenketten von konjugierten Polymeren, sowie mit iii) dem Zusammenhang zwischen
der Struktur von Kohlenstoff-basierten Molekiilen und der Reaktivitat gegeniiber moleku-
larem Sauerstoff.

Auf Grundlage dieser parallel durchgefithrten Studienwerden neuartige, Hexabenzo-
coronene basierte Donor-Akzeptor Hybrid-Materialien vorgeschlagen, welche supramoleku-
lare Strukturen (Stapel) bilden, dhnlich wie diskotische Fliissigkristalle. Als Ergebniswer-
den zwei Materialien vorgeschlagen, die sowohl eine erhohte Stabilitat zeigen als auch eine

bessere Effizienz in organischen photovoltaischen Bauelementen.



Table of Contents

Preamble 21
1 Introduction on Stability of Organic Photovoltaic Devices 22
1.1 Organic Photovoltaic Structures and Materials . . . . . .. ... ... .. 24
1.2 Degradation of Photovoltaic Devices . . . . .. .. .. ... .. ..... 27
1.3 An overview on fullerene-containing polymers . . . . ... ... ... .. 30
1.4 Controlled radical copolymerization of fullerenes . . . . . . . .. ... .. 33

1.5 Fullerene polymer derivatives and their proposal

as more stable acceptor materials . . . . ... ..o 37

1.6 Final Remarks . . . . . . . . ... . 39

2 Design and Modeling of Target Structures 40
2.1 Which are the sought-after properties for fullerene derivatives? . . . . . . 40

2.2 How one can design polyfullerenes based on multi-scale molecular modeling? 44

2.3 Model polyfullerene systems and their general properties . . . . .. . .. 46
2.3.1 Atom Transfer Radical Addition Polymerization . . . .. .. ... 47
2.3.2 Amino-fishing . . . . .. ... oo 47
2.3.3 Azide cycloaddition . . . . . ... L Lo 48
2.3.4 Prato cycloaddition . . . . . . ... ... Lo 49
2.3.5 Cyclopropanation . . . . . ... .. ... ... . ... ... ..., 49
2.3.6 Diels-Alder addition . . . . ... ... ... o o 50

2.4 Revealing the position of bis-adduct formation . . . . . . . ... .. ... 52
2.4.1 1,3-dipolar cycloaddition-based products . . . . ... ... .. .. 53



8 Table of Contents

2.4.1.1 Prato-based products. . . . . ... ... ... ... ... 53

2.4.1.2 Azide-based products . . ... ... ... ... 59

2.4.1.3 Cyclopropanation-based products . . . . . . .. ... .. 60

24.2 Diels-Alder . . . . . .. 60
2.4.3 Amino-fishing-based products . . . . .. ... ... ... ... 61

2.5 Electronic acceptor properties and comparison with current benchmarks . 63
2.5.1 LUMO Orbital Analysis . . . ... ... ... ... ........ 63
2.5.2  Electron Affinity (EA) . . . .. .. ... 66
2.5.3 Electrophilicity . . . .. ... oo 68
2.5.4 Reorganization Energy . . . . .. ... o Lo 70
2.5.5  Transfer Integral . . . . . . ... ... oo 72

26 Final Remarks. . . . . .. ... L 7
3 Syntheses of Polyfullerenes 79
3.1 Fullerene-containing polymers and photovoltaics . . . . . . ... ... .. 79
3.2 Synthesis of monomers derived from hydroquinone . . . . . . .. .. ... 82

3.3 Synthesis and characterization of polymers derived from 1,4-dibromomethyl-

2,5-dialkoxyphenylene . . . . . . .. ..o oo 87
3.3.1 UV-VIS Optical Absorption (UV-VIS) . . ... ... ... .... 92
3.3.2  Size-Exclusion Chromatography (SEC) . . . ... ... ... ... 93
3.3.3  Nuclear Magnetic Ressonance (NMR) . . . . ... ... ... ... 97
3.3.4  Thermogravimetric Analysis (TGA) . . . .. ... ... ... ... 102
3.3.5 Differential Scanning Calorimetry (DSC) . . . .. ... ... ... 104
3.3.6  Fourier-Transform Infrared Spectroscopy (FTIR) . ... ... .. 105

34 Final Remarks. . . . . . ... o 108
4 Photovoltaic Performance and Device Degradation 109
4.1 Photovoltaic devices and performance . . . . . . . ... ... ... .... 109
4.1.1 Interlayer Application . . . . .. ... ... ... .. ... .. 113

4.1.2 Blend Application . . . . . . . ... oL 115



Table of Contents

4.1.3

Additive Application . . . . . . .. .. ... o

4.2 Morphological degradation of the blends using polyfullerenes as additives

5.1

4.3 Final Remarks. . . . . . .. ..o
5 Degradation studies

PolyCgg degradation . . . . . . . . ... oo
5.1.1 Thermal degradation . . . . .. .. .. ... ... ... ..
51.1.1 UV-VIS . .. o L

5.1.1.2  Atomic Force Microscopy - AFM . . . .. ... ... ..

5.1.1.3  XPS . . oL

5.1.2 Photochemical degradation . . . . . . . ... ... .. ... ..
5.1.2.1 UV-VIS . . ..o o

5.1.22 XPS . ..

5.1.3 Photo-oxidation . . . . . . ... Lo oo
5.1.3.1 UV-VIS . . oo o

51.32 XPS . ..

5.2

5.1.3.3  Fourier-Transform Infrared Spectroscopy (FTIR)

P3HT:PCgoBM:HSS46 blend degradation . . . . . ... ... ... ....
5.2.1 Thermal degradation . . . . .. .. ... ... ... L.
52.1.1 UV-VIS . . oo o
5.2.1.2  Atomic Force Microscopy - AFM . . . .. ... ... ..
52.1.3 XPS . ..
5.2.2 Photochemical degradation. . . . . .. .. ... ... .. .....
5221 UV-VIS . .. oo o
5.2.2.2  Atomic Force Microscopy - AFM . . . .. .. ... ...
5223 XPS ...
5.2.3 Photo-oxidation . . . . . ... oo
5231 UV-VIS . . ..o o
5.2.4 Partial Remarks . . . . . . ... Lo oo

5.3 Revealing the degradation mechanism of ATRAP-based polyfullerenes . .

119
124

125

160
162



10 Table of Contents

5.3.1 Thermally-induced depolymerization . . .. ... ... ... ... 162

5.3.2 Light-induced depolymerization . . . . ... ... ... ...... 170

54 Final Remarks. . . . . . . . . ... . 172

6 Models for stabilization of OPV materials 173

6.1 Interfacial stabilization . . . . . . .. ... ... ... ... ........ 175

6.2 Side-chain stabilization . . . . . ... ... .. ..o 0o oL 183
6.3 Correlating geometry of multidimensional

carbon allotropes molecules and stability . . . . ... ... ... .. ... 189

6.4 Final Remarks. . . . . . . . . . .. 195

7 Alternative Acceptor Materials 197

7.1 Graphene-like systems and columnar H-bond-linked architecture . . . . . 198

7.2 HBC-P3AOT system . . . . . . .. . . e 201

7.3 HBC-ZP46 system . . . . . . . .. e 206

7.4 Final Remarks. . . . . . . . .. 211

Conclusions 212

Appendices 215

A Synthetic Routes 216

B Experimental Conditions 221

C Molecular Modeling based on DFT calculations and the RIJCOSX ap-

proximation 223
C.1 Description of electronic structure of molecules . . . . . . . ... ... .. 223
C.1.1 Semi-empirical methods . . . . . ... ... .. ... ... ..., 225
C.2 Density Functional Theory (DFT) . . . . . .. ... ... ... ... ... 226
C.2.1 The exchange-correlation functionals . . . . .. ... .. ... .. 228
C.3 The "RIJCOSX” approximation . . . . . . .. ... ... ... ...... 230



D Résumé Général 231

E Zusammenfassung 235



1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13
1.14

1.15

2.1

2.2

2.3

24
2.5

List of Figures

Molecular structure of Cgg molecule. . . . . . . ... ... ... .....
Level diagram of a photovoltaic p — n junction. . . . . ... .. ... ..
Possible ways of assembling p — n junctions in OPV devices. . . . . . ..
Degradation pathways of OPVs. . . . . . .. . ... ... ... ......
PCgBM aggregation over time. . . . . . .. ... ... ... ... .. ..
Family classification of the different polyfullerenes. . . . . . ... .. ..
Synthetic strategies for the synthesis of fullerene main-chain polymers.
Synthetic strategies for the synthesis of fullerene side-chain polymers.
Synthesis of main-chain polymers with DNA-cleaving activity. . . . . . .
Synthetic strategies for the synthesis of fullerene star-shaped polymers.
Synthesis of (PS)2Cgo di-adducts using an NMP route. . . ... ... ..
Synthesis of (PS)2Cgo di-adducts using an NMP route. . . .. ... ...
Formation of fullerene radical-attacked polymer chains. . . . . . ... ..
Derivative of polyfullerene synthesized by the ATRAP route. . . . . . ..

Some examples of double-cable D-A polymers. . . . . . .. ... .. ...

Molecular structures of (a) regio-regular Poly(3-hexylthiophene), (b) Cgo,
(c) PCgoBM, (d) bis-PCgBM, (e) ICgoMA, and (f) [CoBA. . . . . . ..
Possible structures of bis-attacked fullerene derivatives than could be poly-
merized. . ... Lo e e
ATRAP synthetic route. . . . . . .. .. .. ... ...
Amino-fishing synthetic route. . . . . . . .. ... .. oL

[3 + 2] cycloaddition of an azide. . . . . . . ... oL

35
36
38



13 List of Figures
2.6 [3+ 2] cycloaddition of an azomethineylide. . . . . ... ... ... ... 49
2.7 1,3-dipolar cyclopropation reaction. . . . . . .. ... ... ... 20
2.8 [4 + 2] Diels-Alder cycloaddition reaction. . . . .. ... ... ... ... 51
2.9 Different sites for the second attack to take place during the formation of

fullerene bis-adducts. . . . . . . . .. Lo L 52
2.10 General structure for studying the bis-adduct formation in Prato reaction. 54
2.11 Theoretical-experimental UV VIS electronic transitions comparison for syn-

thesized HHR23D material and Prato molecule model as proposed in Fig-

ure 2.10. . .o Lo e )
2.12 Theoretical-experimental UV VIS electronic transitions comparison for syn-

thesized PolylHB material and Prato model molecule as proposed in Fig-

ure 2.10. . L L oL e e 26
2.13 General energy scheme for studying the bis-adduct formation in Prato

reaction. . . . . ..o e e Y
2.14 LUMO orbital of the Prato model molecule. . . . . .. .. ... .. ... a7
2.15 LUMO orbital of the Azide-based model molecule. . . . . . . .. .. ... 59
2.16 LUMO orbital of the cyclopropanation-based model molecule. . . . . . . 60
2.17 LUMO orbital of the Diels-Alder-based model molecule. . . . . . . . . .. 61
2.18 LUMO deviation compared to Cgg for the studied compounds. . . . . . . 65
2.19 Electron Affinity deviation compared to Cgg for the studied compounds. . 67
2.20 Electrophilicity deviation compared to Cgg for the studied compounds. . 70
2.21 Reaction coordinate space representation of the reorganization energy in

function of the ionic and ground states. . . . . . . ... ... ... .. 72
2.22 Reorganization energies of the anionic state and associated polaron energy

for the proposed model compounds. . . . . . . ... ... ..., 73
2.23 cis and trans conformers of ATRAP-based dimers. . . . . . .. ... ... 74
2.24 Intra-chain transfer integrals calculated for the series of dimers constructed

in cis and trans configurations. . . . .. .. ..o L. 75



14

List of Figures

2.25

3.1

3.2

3.3
3.4

3.5
3.6
3.7
3.8
3.9
3.10
3.11

3.12
3.13
3.14

3.15
3.16
3.17
3.18

3.19
3.20

Intra-chain electron mobility calculated for the series of dimers constructed

in cis and trans configurations. . . . .. .. ..o L.

General scheme of the route used to synthesize multiblock copolymers
based on ATRAP fullerene chemistry. . . . . . .. ... ... .. ... ..
Synthetic route used to obtain 1,4-dibromomethyl-2,5-dialkoxyphenylene
103010} 003
Lateral branches R used for monomers synthesis. . . . . ... ... ...
"H NMR signal used to evaluate the conversion during bromomethylation
reaction. . . . . . .. L oL e e
Mechanism for bromomethylation reaction. . . . . . . .. ... ... ...
Proposed mechanism for ATRAP polymerization. . . .. ... ... ...
Fractionation of the crude polymerization reaction. . . . ... ... ...
Measured UV-VIS optical absorption for the synthesized macromolecules.
General structure of the synthesized polymeric materials. . . . . . . . ..
SEC-THF traces. . . . . . . . . . . st e e e e
UV-VIS spectra comparing HSS14 and HSS46 n-hexane soluble and insol-
uble phases. . . . . ... L
'H spectra of the 5 different polymeric materials. . . . . ... ... ...
'H spectra of the n-hexane soluble phases. . . . .. ... ... ......
13C spectra of the n-hexane soluble phases and their corresponding insol-
uble phase materials. . . . . . . ... ... .
2D 'H-13C HMBC spectra for the tetra-adducts. . . . . . . ... .. ...
TGA /DTG studies for the set of materials. . . . . . ... ... ... ...
TGA/DTG curves for the precursors of HSS46. . . . . . ... ... ...
DSC cycles for HSS46 showing no evidence of any thermal-activated tran-

sition in the 40-200 °C temperature range. . . . . . . . . . . .. .. ...

76

81

82
83

84
85
88
90
92
94
95

96
98
98

99
101
103
104

Simplified chemical structures studied as models for vibrations calculations. 106

Experimental and Calculated infrared spectra/transitions for HSS42, HSS45,

HSS46 and Cgy model compounds. . . . . . . ... ... ... ... ...



15 List of Figures
4.1 General structure of the synthesized polymeric materials. . . . . . . . .. 111
4.2 JxV curvse for the OPV cells using different deposition methods. 113
4.3 OPV properties of cells using HSS46 as interlayer. . . . . . . .. ... .. 114
4.4  JxV curves for the OPV cells using different loads of HSS46 in the blend. 115
4.5 OPYV properties of cells using HSS46 as acceptor material. . . . . . . .. 116
4.6 JxV curves for the OPV cells using different loads of HSS46 in the blend. 117
4.7 OPYV properties of cells using HSS46 as an additive to the blend. . . . . . 118
4.8 OPV properties of cells using different polyfullerenes as additives to the

blend. . . . . . . e e 120
4.9 Evolution in time of Jg¢ for the different synthesized polyfullerenes used

as additives under thermal annealing. . . . . . .. .. ... ... ... .. 121
4.10 Evolution in time of V¢ for the different synthesized polyfullerenes used

as additives under thermal annealing. . . . . . ... .. ... .. ... .. 121
4.11 Evolution in time of FF for the different synthesized polyfullerenes used

as additives under thermal annealing. . . . . . ... .. ... ... .. .. 122
4.12 Evolution in time of PCE for the different synthesized polyfullerenes used

as additives under thermal annealing. . . . . . ... ... ... ...... 122
4.13 Normalization of the Evolution in time of Jg¢ for the different synthesized

polyfullerenes used as additives under thermal annealing. . . . . . . . .. 123
4.14 Normalization of the Evolution in time of PCE for the different synthesized

polyfullerenes used as additives under thermal annealing. . . . . . . . .. 123
5.1 UV-VIS spectra of THF and Toluene HSS46 solutions and film deposited

over ITO by Doctor-blade technique. . . . . . ... ... ... ... ... 128
5.2 Temporal evolution of UV-VIS spectra of HSS46 deposited on ITO/glass

annealed at different temperatures. . . . . . ... ... ... L. 129
5.3 Gaussian fit of UV-VIS spectrum of pristine HSS46 in solid state. 131
5.4 Time evolution of RR and ® for films annealed at (a) 85°C, (b) 140°C

and, (c) 200°C. . . . .o 132



16 List of Figures

5.5 AFM (a,c) height and (b,d) amplitude images of HSS46 on ITO/glass at
t=0.. . 133

5.6 AFM (a) height, (b) amplitude and (c) 3D reconstruction images of HSS46
on ITO/glass annealed at 85°C for 240 min. . . . . ... ... ... ... 134

5.7 AFM (a,c) height, (b,d) amplitude and (e,f) 3D reconstruction images of
HSS46 on ITO/glass annealed at 140°C for 60 min. . . . . . ... .. .. 135

5.8 AFM (a) height, (b) amplitude and (c,d) 3D reconstruction images of
HSS46 on ITO/glass annealed at 140°C for 300 min. . . . . .. ... .. 136

5.9 AFM (a) height, (b) amplitude and (c) 3D reconstruction images of HSS46
on ITO/glass annealed at 200°C for 60 min. . . . . ... ... ... ... 137
5.10 Time evolution of RMS for different annealing temperatures. . . . . . . . 137
5.11 Overview XPS spectrum of HSS46 deposited on ITO/glass. . . . . . . . . 138

5.12 Carbon 1s XPS peak for HSS46 polymer submitted under different anneal-
Ing times. . . . . . . . L e 139

5.13 Temporal evolution of UV-VIS spectra of HSS46 deposited on ITO/glass
illuminated under AM1.5 conditions in inert atmosphere. . . . . . . . .. 141

5.14 Carbon 1s XPS peak for HSS46 polymer submitted under different irradi-
ation times. . . . . . . L 142

5.15 Temporal evolution of the gaussian broadening of the core level transition,

the first shake-up position and total contribution to the C'ls peak for
increasing exposition times. . . . . . ... ..o o Lo 142
5.16 Evolution of the UV-VIS spectra under photo-oxidation conditions. 143

5.17 Evolution of the UV-VIS spectra under photo-oxidation conditions com-
pared to the pristine sample. . . . . . .. ..ol 144

5.18 Carbon 1s XPS peak for HSS46 polymer submitted under different irradi-
ation times in SA atmosphere. . . . . ... oo 145

5.19 Oxygen 1s XPS peak for HSS46 polymer submitted under different irradi-
ation times in SA atmosphere. . . . . . .. ..o Lo 145
5.20 Rate of photo-oxidation products formation analyzed by XPS. . . . . .. 146



17

List of Figures

5.21

5.22

5.23

5.24

5.25

5.26
5.27

5.28

5.29
5.30

5.31

5.32

5.33

5.34

5.35

5.36

5.37

5.38

Temporal evolution of relative area and energy of the first carbon shake-up.147
Time evolution of HSS46 FTIR spectra during photo-oxidation. . . . . . 148
Evolution in time of HSS46 FTIR spectra during photo-oxidation. . . . . 149
Decay and increasing rates for vanishing (a) and photo-oxidation products
formation (b). . . . . ... 149
Temporal evolution of the UV-VIS spectra for (a) BE1 and (b) BE2 with
increasing annealing times. . . . . . . . . ... Lo oL 152
3D reconstruction of the BE1 and BE2 nanomorphologies. . . . . . . .. 153
3D reconstruction of the BE1 and BE2 nanomorphologies annealed at
140°C for increasing times. . . . . . . . . . ... 154
Temporal evolution of roughness for BE1 and BE2 samples annealed at
140 °C under nitrogen atmosphere. . . . . . . .. .. o000 155
Overview XPS spectra for BE1 and BE2 samplesat t =0. . . ... ... 155
Evolution in time of (a) BE1 and (b) BE2 UV-VIS spectra during photo-
chemical degradation. . . . . . . . ... ... Lo 156
Evolution in time of BE1 and BE2 UV-VIS spectra during photochemical
degradation. . . . . . ... Lo 157
3D reconstruction of the BE1 and BE2 nanomorphologies illuminated in
AM1.5 conditions under nitrogen atmosphere. . . . . ... ... ... .. 157
Evolution in time of (a) BE1 and (b) BE2 UV-VIS spectra during photo-
oxidation. . . . . . . L L 159
Evolution in time of BE1 and BE2 UV-VIS spectra during photo-oxidation. 160
Proposed depolymerization mechanism of ATRAP polymeric materials. . 162
Bond-dissociation reaction coordinate scan for the ATRAP proposed model
material calculated by different level of theories. . . . . . . .. ... ... 163
Modified ATRAP structures used to study the influence on stability of the
-CHo-link. .. o o o 164

Chain propagation of the depolymerization reaction.. . . . . . ... ... 165



18 List of Figures

5.39 'H-NMR spectra of HSS46 dg-toluene solution heated to 100°C for a 16h
period time. . . . . . . .. 166

5.40 'H-NMR spectra of HSS46 dg-toluene solution heated to 100°C for a 16h
period time - zoom in the 3.5-5.0 ppm regions. . . . . . . . ... ... .. 167

5.41 'H-NMR spectra of HSS46 dg-toluene solution heated to 100°C for a 16h
period time - zoom in the aromatic regions. . . . .. ... ... ... .. 168

5.42 Two possible products of degradation being formed during thermal treat-
ment. . . . . . e e e e e e e e e e e 169

5.43 Molecular orbital diagram for the first photo-excitation of the comonomer
depicted in theinset. . . . . . . . . . . ... ... 170
6.1 General structure of polystyrene-based ligands. . . . . . . ... ... ... 176
6.2 Several proposed ligands based on polystyrene. . . . . . . ... ... ... 176
6.3 Optimized structure of (ZnO)yp cluster. . . . . . . .. ... ... ... 177
6.4 Ligand 1- (ZnO)pp complex. . . . . . ... o o 178
6.5 Ligand 2 - (ZnO)jo complex. . . . . .. ... oo o 179
6.6 Ligand 3 - (ZnO)jp complex. . . . . .. . ... o 179
6.7 Ligand 4 - (ZnO)jp complex. . . . . . ... o 180
6.8 Ligand 5 - (ZnO)jp complex. . . . . . . ... o 180
6.9 Ligand 6 - (ZnO)p complex. . . . . . . . ... oo 180
6.10 Ligand 7 - (ZnO)jo complex. . . . . . . oo oo o 181
6.11 Ligand 8 - (ZnO)p complex. . . . . .. ..o oo 181
6.12 Ligand 9 - (ZnO)ip cOmMPlEX. . . v v v v v i 181
6.13 Ligand 10 - (ZnO)o complex. . . . . . ... o o 182
6.14 Ligand 11 - (ZnO)yp complex. . . . . . o v v v v 182

6.15 Chemical groups used in the discussion: aromatic-alkyl; aromatic-oxy-
alkyl; and aromatic-alkyl-oxy-alkyl. . . . . ... ... 00000 184
6.16 Proposed chain-radical oxidation of the side-chain of MDMO-PPV . . . . 184



List of Figures

6.17 Comparison of the rates of photo-oxidation of polyethylene (PE) and poly(ethylene

oxide) (PEO) as indicated by infra-red measurements of the concentration

of carbonylated oxidation products. . . .. ... ... ... ... ..., 185
6.18 Basic molecular structures used in this study. . . . .. .. .. ... ... 186
6.19 Additional chemical structures used in this study. . . . .. ... .. ... 186
6.20 Definition of the chord caused by the lateral strain. . . . ... ... ... 191
6.21 Relation between Pyramidalization angle and Inverse Radii. . . . . ... 192

6.22 Relation between Pyramidalization angle and binding energy in epoxy for-
mation. . . . . . .o e e e 193

6.23 Relation between Pyramidalization angle and binding energy of a singlet
oxygen molecule. . . . . .. L Lo Lo 194

6.24 Relation between Pyramidalization angle and binding energy of a hydroxyl

radical. . . . . s 195
7.1 General structure of circular hexabenzocoronenes. . . . . . . . . . . ... 198
7.2 Functionalized structure of circular hexabenzocoronenes. . . . . . . . .. 199

7.3 Supramolecular columnar organization of HBC-COOH-based molecules

with a discotic liquid crystal behavior. . . . ... ... ... ... .... 200
7.4 Oligo-3-propyloxy-thiophene with n ranging from 1 to 10 units grafted to

the HBC core. . . . . . . . o o o 201
7.5 Evolution of the HOMO and LUMO energies of P3AOT with the increase

of the chain length. . . . . . .. .. ... o oL 202
7.6 Evolution of the calculated UV-VIS absorption spectra of PSAOT with

increasing chain length of P3AOT. . . . . ... ... ... .. ...... 203
7.7  Evolution of the HOMO and LUMO energies of P3BAOT with the increase

of the chain length. . . . . . . .. ... ..o oL 203
7.8 Evolution of the calculated UV-VIS absorption spectra with increasing

chain length of HBC-COOH-P3AOT . . .. ... ... ... ....... 204
7.9 Molecular orbitals traces of the HBC-COOH-P3AOT (n = 10) molecule. 205

7.10 ZP46’s molecular structure. . . . . . . . . .. L. 206



7.11

7.12

7.13

7.14

7.15

D.1

D.2
D.3
D4

E.1

E.2
E.3

E.4

Evolution of the HOMO and LUMO energies with the increase of the chain
length for ZP46. . . . . . . . . .. 207
Evolution of the calculated UV-VIS absorption spectra with increasing
chain length of ZP46. . . . . . . . . . ... Lo oL 207
Evolution of the HOMO and LUMO energies with the increase of the chain
length for HBC-COOH-ZP46. . . . . . . . ... ... .. ... .. ... 208
Evolution of the calculated UV-VIS absorption spectra with increasing
chain length of HBC-COOH-ZP46. . . . . ... .. ... ... ...... 208
Molecular orbitals traces of the HBC-COOH-ZP46 (n = 5) molecule. . . 209

Structures moléculaires du (a) Poly(3-hexylthiopheéne) régio-régulaire, (b)

Ceo, (c) PCgoBM, (d) bis-PCgBM, (e) ICeoMA et (f) ICgoBA. . . . . .. 232
Structure générale des molécules synthétisées par la voie ATRAP. . ... 233
Réaction de dépolymérisation avec propagation en chaine. . . . . .. .. 233
Proposition de composés dérivés d’hexabenzocoronéne. . . . . . . . . .. 234

Molekilstrukturen von (a) Poly (3-hexylthiophen), (b) Cgq, (¢) PCgBM,
(d) bis-PCgBM, (e) ICeMA und (f) ICsoBA. . . .. .. ... ... ... 236
Allgemeine Struktur der Molekiile, die durch die ATRAP Route synthetisiert237
Depolymerisation Mechanismus durch Licht und / oder Warme induzierter
vorgeschlagen. . . . . . . . ..o 237
Neuer Donor-Akzeptor-Hybridmaterialien auf Basis von Hexabenzocoro-

nen vorgeschlagen. . . . . . ... o Lo 0oL 238



3.1
3.2

5.1

5.2

6.1
6.2

6.3

6.4

List of Tables

Stoichiometry of the synthesized polymers. . . . . . . ... .. ... ...

SEC-CB parameters against polystyrene standards. . . . . ... ... ..

Relative elementary concentration from XPS spectra analyzed for increas-
ing annealing times in BE1 and BE2 films. . . . . . ... ... .. .. ..
Relative elementary concentration analyzed for increasing irradiation times

in BEl and BE2 films. . . . . . . . . ..

Calculated Binding Energy (kcal/mol) of the ligand-(ZnO);2 complex. . .
Calculated values for EBD for models 1-6 within B3LYP/6-31G** level of

Calculated thermodynamic stabilities of the macroradicals 2-6 formed fol-
lowing the hydrogen abstraction within B3LYP /6-31G** level of theory. .
Calculated bond dissociation energies (Epp) within the B3LYP/6-31G**

level of theory. . . . . . . . . . . . e

153

158

177

187

188



List of Abbreviations

Ceo - buckminster fullerene

Cro - Higher fullerene molecule with 70 carbon atoms

PCgoBM - Phenyl-Cg;-butyric acid methyl ester

bis-PCgoBM - Phenyl-Cgi-butyric acid methyl ester attacked twice

ICeMA - [1,4']-dihydro-naphtho[2’, 3" : 1, 2][5, 6]fullerene-Cg

ICBA -1, 1", 4’ 4" —tetrahydro-di[1, 4methanonaphthaleno|1, 2 : 2/, 3, 56, 60 : 2", 3"][5, 6]-
fullerene-Cgg

AFM - Atomic Force Microscopy

ATRAP - Atom Transfer Radical Addition Polymerization

ATRP - Atom Transfer Radical Polymerization

BHJ - Bulk-heterojunction

B3LYP - 3-parameters exchange (Becke) and correlation (Lee, Yang and Parr) functional
def2-TZVPP - Karlshuhe’s triple-( gaussian basis set with polarization functions for all
atoms and hydrogen

DFT - Density Functional Theory

EA - Electronic Affinity

ECP - Equipe de Chimie-Physique

EKUT - Eberhard-Karls Tiibingen Universitét

EPCP - Equipe de Physique et Chimie des Polymeres

ESTABLIS - Ensuring Stability in Organic Solar Cells

FTIR - Fourier-Transform Infrared Spectroscopy

FWHM - Full-width at the half-maximum



23 List of Tables

HF - Hartree-Fock method

HF-3C - Stefan Grimme’s corrected Hartree-Fock method with three parameters (basis
superposition, geometry distortions and van der Waals interactions)
HOMO - Highest Occupied Molecular Orbital

IP - Ionization Potential

IPREM - Institut des Sciences Analytiques et de Physico-Chimie pour I'Environnement
et les Matériaux

LUMO - Lowest Unoccupied Molecular Orbital

MO - Molecular Orbital

MP2 - 2nd order Mgller-Plesset Perturbation Theory

NMP - Nitroxi-mediated Polymerization

NMR - Nuclear Magnetic Ressonance

OM - Optical Microscopy

OPV - Organic Photovoltaics

PL - Photoluminescence

PMY7 - Parametric Method 7

P3HT - poly(3-hexylthiophene)

RI - Resolution of the Identity method

RIJCOSX - method

RR - Resonant Ratio

TiO, - Titanium Oxide

UPPA - Université de Pau et des Pays de I’Adour

UPS - Ultraviolet Photoelectron Spectroscopy

UV-VIS - Ultraviolet-visible optical absorption

XPS - X-ray Photoelectron Spectroscopy

Zn0O - Zinc Oxide

7 - hardness

A - reorganization energy

1 - electrophilicity



24 List of Tables

® - Differential total flux of absorption spectra

¢ - electron mobility

6-31G - Pople’s double-( gaussian basis set

6-311G - Pople’s triple-( gaussian basis set

6-31G* - Pople’s double-( gaussian basis set with polarization functions for all atoms
except hydrogen

6-311G* - Pople’s triple-¢ gaussian basis set with polarization functions for all atoms
except hydrogen

6-31G* - Pople’s double-¢ gaussian basis set with polarization functions for all atoms and
hydrogen

6-311G* - Pople’s triple-( gaussian basis set with polarization functions for all atoms and

hydrogen



Preamble

This thesis is a part of the European Project ESTABLIS. This project has been created
with the aim to provide different approaches to avoid organic solar cells performance loss
caused by degradation over an extended period of time, see 10 to 15 years. This might
only be accessible by a very general approach in which experimental and theoretical power
is used to tune synthesis of new materials, morphological properties, device architecture,
and the comprehension of how these factors contribute to the degradation kinetics of
materials and devices.

This thesis is a cotutelle between the Université de Pau et des Pays de I’Adour, in
France, and Eberhard Karls Universitit Tiibingen, in Germany. The time division of this
thesis followed a division consisted of 33% of Molecular Modeling, 33% of Synthetic work
and 33% of Spectroscopic and Degradation studies.

This thesis has received funding from European Union Seventh Framework Program
(FP7/2011) under grant agreement no. 290022.

Some parts of this thesis have already been published. This is the case of sections 6.2
and 7.2. Other parts are being considered for publication. This is the case of subsection
2.4.1, chapters 3, 4 and 5, and sections 6.3 and 7.3. The reference of what has already

been published is given in the appropriate section.



Chapter 1

Introduction on Stability of Organic

Photovoltaic Devices

This thesis is dedicated to the problematic of stability of the electron acceptor materi-
als in Organic Photovoltaic Devices (OPVs). This is treated by a theoretical approach
comparing some of the most potential polymerization routes for Cgy-based molecules (de-
picted in Figure 1.1), thus creating what is called Polyfullerenes. The relevant properties
that arise from these routes are studied and one of them is chosen to an experimental
study on these materials, namely the atom transfer radical addition polymerization route
(ATRAP). Thus, this document is divided in the following chapters: 1 - Introduction on
the stability of OPVs and how polymeric structures of fullerene might help; 2 - Design and
modeling of functional structures; 3 - Synthetic work, mechanisms and physical-chemical
characterization; 4 - Photovoltaic performance; 5 - Materials’ degradation studies; 6 -
Stabilization models and routes; 7 - Alternative acceptor materials; 8 - Conclusions and

future work.

The hypotheses that motivated this thesis are the following:

A - Polymerization of Cgy molecules might prevent aggregation, phase segregation and

morphological performance loss in organic photovoltaic devices;

B - Polymerized Cgps might be more stable against photo-oxidation than isolated fullerene

molecules based on the steric protection over the sphere;

C - Comonomer engineering might allow one to protect Cgo in bulk and to increase

performance by light-induced electronic sensitization;

26
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Figure 1.1: Molecular structure of Cgy molecule. Although pentagons are not aromatic in
fullerene, we highlight that this is a simple 2D-representation.

N

D - Side-chain engineering might allow one to increase stability based on the theoretical

analysis of the mechanism of degradation;

E - Stability might also be increased by different approaches, such as interlayer engineer-

ing and analysis of conformational properties of the blends in devices.

The critical advantage of either organic small molecules or polymers which display
photovoltaic properties over their inorganic counterparts are their low-temperature pro-
cessing, for the former, and processing from solution for the latter. This allows one either
to deposit these organic materials on substrates over which the inorganic cannot cover,
based on the incompatibility of the required temperature. Moreover, the fact that OPV
can be semi-transparent gives them another advantage over the inorganic counterparts.
Thus, flexible, light and/or portable solar modules could be envisaged and potential ap-
plications can already be found in the market. Not only these modules can be used in
such gadget concept, but also they can be employed in built-in concepts, such as for
buildings and smart windows.|[1]

The Organic Photovoltaics (OPV) industry relies on the "magic triangle”,[1] in which
vertices one can find the efficiency, cost and lifetime of a module. The meaning of

these concepts will be explored in the following pages.
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1.1 Organic Photovoltaic Structures and Materials

The photovoltaic effect is based on a junction of two major types of semiconductors: p
and n types. The former consists of an electron-poor and the latter an electron-rich layer.
They are obtained by extrinsic or intrinsic doping for the case of inorganic materials. For
organic ones, these differences are obtained by means of the electronic structure of the
arrangement of carbon and heteroatoms on the molecular level, which leads to different
acceptor (n-type - A) or donor (p-type - D) characteristics for each molecule. Hence, this
is achieved without any doping and the species are locally and globally neutral, most of
the time.[?]

The desired semiconductor character of these materials is assured by the Peierls distor-
tion mechanism, which creates the energy gaps necessary for UV-VIS light absorption. 3]
Then, under illumination, following a m — 7* transition, neutral excitons can be formed
either in one or both materials. If one has a large enough energy offset between the
lowest unoccupied molecular orbital (LUMO) of the p-type material and the LUMO of
the n-type one, the exciton will dissociate via an wultrafast electron transfer[!, 5]' into
long-lived charged species called polarons (namely, an electron on the n-type molecule
and a hole on the p-type one). The same process can happen when the HOMO (highest
occupied molecular orbital) offsets are large enough as well. These photoactive hetero-
junctions can lead to a diode-like behavior in current-voltage characteristics and to the
photovoltaic effect. Efficiencies of energy conversion up to 10% have been reported for
such structures.[7, 8, 9, 10]** The Figure 1.2 shows schematically how this process can
take place.

The level diagram depicted in this figure stands for a so-called "normal" device ar-
chitecture, for which the p-type material (donor) is in direct contact with the cathode,
generally an Aluminum/Calcium layer, whereas the anode is a transparent conductive
oxide, such as indium-tin oxide (ITO) or fluor-tin oxide (FTO). A photon is absorbed by
HOMO electrons of the donor material. A electron is then promoted to the LUMO level
and then can be transfered to the same level of the acceptor molecule.

The most currently used OPV architectures are based on a layout called "inverse', in
which this oxide becomes the anode and it allows the use of lower work functions (®)
materials, which are more resistant against oxidation, such as silver or gold. A very good
and in-deep review on this approach can be found in ref. [I 1] by Bernard Kippelen and

Jean-Luc Brédas. In this case, eps stands for the energy offset need for the dissociation

!The ultrafast electron transfer was the basis of the development of BHJ field of research.[6] This
was first discovered after the observations that the luminescence of a conjugated polymer is heavily
quenched by the addition of fullerenes, which suggests that the electron transfer must occur on a time
scale significantly faster than the decay time of the photoluminescence (on the order of ps).

2And the references therein.

3The barrier of 10% represents the minimum efficiency with which OPVs can be scaled up in industry.
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Figure 1.2: Level diagram of a photovoltaic p — n junction.

of the exciton, whereas Vo stands for the Open-circuit voltage. Filled spheres depict
electrons and hollow ones depict holes.

In practice, this effect can be achieved by using thin films of blended conjugated
polymers and fullerene derivatives as electron donor and acceptor, respectively.[6, 11]
This is known as D-A bulk heterojunction (BHJ) and it is of paramount importance to
control the surface contact area between the two types of molecules in order to have the
maximum of excitons efficiently dissociated into electrons and holes.[6] Figure 1.3 shows

how one can achieve the heterojunctions needed for the photovoltaic effect.

Bilayer structure BHJ structure Ideal structure

Cathode Acceptor

1\-'- 100 nm

Cathode Acceptor Cathode Acceptor

<
Anode Donor Anode ~20nm  Donor

Anode Donor

Figure 1.3: Possible general ways of making the donor-acceptor junction in a photovoltaic
cell, regardless of its architecture.

The first assembling methodology is a bilayer based on classical inorganic p — n junc-
tions and offers the lowest contact surface between the materials but it has been mostly
used for materials deposited by evaporation of small molecules. Moreover, this assembling
presents the problem of thickness of the layers: for a sufficient light absorption, one needs
a thick layer, but it leads to a small exciton diffusion. This motivated the appearance of

the second type, the BHJ structure itself, in which the junction is created by the physical
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mixture between the two semiconductors. The acceptor should display a contact surface
with the donor molecule as high as possible, keeping a structure called percolation path,
through which the electrons should travel to the electrode.[, 11]

It is known from literature that the exciton diffusion radius is about 10 nm. It means
that the exciton can diffuse within the BHJ and it should find a donor-acceptor interface
in a radius of ~ 10-20 nm, before recombination occurs.[0, 12, 13, 11] The most efficient
way of maximizing both the interface between these materials and obeying this constraint
is tailoring structures such as the third one, termed ideal.[15] This structure is based on
the interdigitation of both semiconductor materials.

The electron acceptor is one of the most important constituents of an OPV responsible
for driving up the obtained yields. It must display properties such as poor electron
density, high mobility and appreciable solubility in the p-type material matrix, besides not
displaying charge-trap behavior as cations would have, for instance. Fullerenes have been
the first choice in this class and this is mostly due to the fact that they can easily accept
up to 6 electrons under mild conditions.[16] These strong electron acceptor properties
can be explained from the three-dimensional generalization of the Hiickel’s rule.[17, 1¥]
It states that a fullerene is completely aromatic when there are 2(N + 1)? m-electrons,
where N is the number of atoms in the conjugated network. This is a result from the fact
that an aromatic fullerene must have an icosahedral (or other appropriate) symmetry in
order to be a closed-shell configuration. So, fullerene would need 72 electrons to have a
closed-shell configuration, from where its acceptor properties can be deducted.[19]

An in-deep and very clear review on the characterization of OPVs and the parameters
used to quantification can be found in ref. [6]. This will be not be treated here since this
is not exactly the scope of this thesis. Whenever we refer to such parameters, we refer

the reader to this paper.
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1.2 Degradation of Photovoltaic Devices: Intrinsic
and Extrinsic Mechanisms (Photochemical and
Morphological)

It is a rational sense that the OPV’s future as a widespread and not only a niche tech-
nology will depend on their economic potential, which depends on the efficiency, manu-
facturing cost, weight, scalability, sustainability and, mainly, lifetime.[], 20]

When speaking about lifetime, one first thinks about photo-oxidation and how the
materials are encapsulated.[21] An encapsulating barrier is needed in order to protect
the active layer materials against photo-oxidative reactions induced by molecular oxygen
and/or moisture.[22] Such molecules, by action of light, can induce extrinsic doping, hy-
drogen abstraction, lose of conjugation, etc., hindering the photovoltaic effect of the bulk.
Of course, with appropriate packaging, the materials can operate for longer, although
enormously increasing manufacturing prices.[21] However, even in a situation without
such oxidizer molecules, light can induce photolysis and reorganization reactions, which
can also hinder performance. Moreover, the temperature to which modules are exposed
during production of operation can also induce conformational changes within the active
layer, which are responsible for photovoltaic performance loss. Before explaining further

this effect, Figure 1.4 schematically illustrates the possible OPV failure mechanisms.

PCBM

Cathode
Anode

R

;E%f%
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@5 056}
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Figure 1.4: OPV cross section view with some of the possible degradation processes. Specially,
we highlight the photo-chemical reactions induced by the presence of oxygen and moisture under
irradiation. The processes taking place are: 1 - triplet formation; 2 - triplet formation from
charge-transfer complex; 3 - singlet oxygen production; 4 - oxidation of polymer; 5 - oxidation
of electrodes; 6 - light assisted doping by Os; 7 - morphological changes; 8 - inter-layer reaction;
9 - diffusion of metal ions; 10 - delamination; 11 - diffusion of HoO and Os; and 12 - poor
conductivity. Adapted from Hans-Joachim Egelhaaf.
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The photo-oxidation or photochemical reactions are not the sole factor able to hinder
OPV performance: morphological failure concerning the interface between the donor
and the acceptor must also be focus of attention. This is normally the case when the
fullerene derivative, for instance, migrates through the p-type matrix, aggregating in
clusters and causing a phase segregation.[23, 1, 24] This is most of the time accompanied
by a crystallization of the p-type material as well. Even if this crystallization phenomenon
may be beneficial for the charge mobility, the extracted current decreases considerably in
the device, due to the reduced contact interface. One has also to keep in mind that some
extent of aggregation is needed to guarantee percolation. Figure 1.5 presents an example
for this type of degradation based on SEM" measurements of P3HT /PCgBM” polymer

blends® for different temperatures.

As cast

10 um

Figure 1.5: SEM images (1000x) of a P3HT:PCgyBM spun-cast over silicon substrates using
ODCSB as solvent, with variation of the time of annealing at T=150°C. It becomes evident that
the PCgyBM domains rapidly grow in size for these films. Reproduced from ref. [25]

In these images, one can clearly see the formation of micrometer-sized fullerene clus-
ters. This is an evidence of the phase segregation undergone by the active matrix. Al-
though the molecules are chemically unchanged, the optimal morphology needed for the
photovoltaic effect is lost.[26] This concerns a stage in the crystallization of both the
components where the charge transfer at interfaces are reduced. To circumvent this, fine
tuning of the morphology has been achieved by using process additives[27, 28] which do
have a preference in solubilizing more (or less) a component than the other. Despite of
encouraging results obtained so far, no one has demonstrated an actual method to control
the nanomorphology over time.[0]

Afterwards, the degradation can also start in several other parts of the cell: at the
electrodes (metal oxidation, diffusion into the bulk, ...),[29] at the hole-extraction layer
(delamination between the PEDOT:PSS” and active layers),[30] at the electron-extraction
layer (delamination between oxide and active layers, loss of conductivity, local electron
traps, ...).[31, 32]

4Scanning Electron Microscopy

5This stands for Poly(3-hexylthiophene) and Phenyl-Cg;-butyric acid methyl ester. More details can
be found in Chapter 2.

6 Although literature treat this mixture of materials as a blend this is not strictly the case. Blends are
mixtures of polymers whereas here one has what is called a composite, since PCgoBM is not a polymer.
We use the terminology blend for the sake of simplicity.

"PEDOT stands for Poly(3,4-ethylenedioxythiophene) and PSS stands for Polystyrene sulfonate.
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Alan J. Heeger, in his last review on the field, [0] identified, concisely, that to be
economically efficient, OPV cells should overcome these limitations and demonstrate
lifetimes of several years and yields around 20%.° Even more, to reach this goal of
economic efficiency, other features should also be present, such as: 1 - band gap of p-type
material accordingly to an optical absorption up to 1000 nm with a broad absorption
spectrum to capture the maximum quantity of solar photons; and 2 - Increased mobility
of the BHJ nanomorphology, ideally based on a column-like structure as presented in
Figure 1.3, to enable collection of charges prior to recombination.

Such scenario describes a complex problem with several variables to be optimized
at the same time. This thesis tries to contribute on this problem taking two general

approaches:

1 - Investigate and design n-type materials that are more stable against photo-oxidative

stress;

2 - Design materials which are stable against thermal stress.

For approach 1, both p- and n-type materials are concerned, since both of them are
victims of the performance loss induced by photochemical reactions. Once it is done,
one can try to generalize the results to apply them to the p-type materials as well. On
the other hand, approach 2 is much more dependent on the n-type materials and on its
solubility in the donor matrix, keeping at the same time a supramolecular structure with
a percolation path for the electrons towards the cathode.

Throughout the chapters, the specific actions needed to accomplish each approach
are further explained and detailed. Particularly, in Chapter 5, some of these degradation
mechanisms are studied with more details. We should first start discussing the fullerene-

containing polymers as an option for both approaches.

8This value is very debatable. Some authors[33, 34] state that a value around 10% would be enough.
What should settle this value down is the life-time and production costs of the cell.
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1.3 An overview on fullerene-containing polymers
Since their discovery in 1985[35] and their multigram availability from 1990s,[36, 37, 38]
fullerenes became a source of new potential materials for innumerous applications and
which chemistry, although tricky, may allow chemists to imagine new functionalities.
These derivatives showed outstanding properties such as structural,[39] magnetic,[10]
superconducting,[11] electrochemical,[12] and photophysical.[13, 11]

Fullerene-containing polymers have also been synthesized promptly after their discov-
ery. Indeed, the first reported polyfullerene compound has been done by Olah et al.[15],
who reacted a Cgy/ C7o mixture with polystyrene (PS) in a Friedels-Crafts reaction using
AlCl3 as catalyst. Several polyfullerenes have been employed since, having their place in
electroluminescent, non-volatile flash memories and photovoltaic devices, which is one of
their most realist applications.

They can be classified according to their chemical structure and how fullerenes are in-
corporated into the polymeric chain. Figure 1.6 presents a schematic family classification

for these materials as it can be found in the book by Martin and Giacalone.[10]

All Carbon Organometallic Crosslinked
End Capped Dendrimaer Star Shaped

Main Chain

=y

@ @ @

Double-Cable Supramolecular

Figure 1.6: Family classification of the different polyfullerenes. Reproduced from ref. [10]

All-carbon, organometallic and cross-linked polyfullerenes are the easiest materials
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to produce. They are issued from straightforward chemical reactions and the degree
of control over the structure is almost non-existing. End-capped, dendrimer and star-
shaped materials request a slightly higher degree of control and this is generally obtained
by steric hindrance instead of chemical selectiveness. Main-chain, side-chain, double-cable
and supramolecular ones are those who needs the highest control on the synthetic steps
in order to obtain materials that can have successfully fullerenes incorporated, not only
sparse molecules distributed on the chain. It is a consensus that the most challenging
routes are those of main and side chain polymers, which the synthetic control needed
slowed their development down over the last years. The synthetic strategies normally

used to achieve these materials are displayed in Figure 1.7 and Figure 1.8.
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Cgo-Main-Chain Polymer

Figure 1.7: Synthetic strategies for the synthesis of fullerene main-chain polymers. In (a),
a direct reaction between fullerene and a symmetrically difunctionalized monomer takes place
whereas in (b) the reaction follows a polycondensation between a bisadduct of fullerene and a
difunctionalized monomer. Reproduced from ref. [10]
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Figure 1.8: Synthetic strategies for the synthesis of fullerene side-chain polymers. In (a), a
direct reaction between a polymer bearing functional groups that attach to fullerenes and in
(b), a monomer-functionalized fullerene is polymerized to yield fullerene side-chain polymers.
Reproduced from ref. [16]

In this thesis, we will concentrate on the development of main-chain polyfullerenes

and a proper description of the other classes can be found in ref [46]. In this family of Cg(”

9Polymers of higher fullerenes can also be synthesized, but two major impediments oppose to this:
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materials, the fullerenes are located in the backbone of the polymer. Their synthesis has
been achieved by direct reaction between Cgy and a symmetrically bisfunctional monomer
or a polycondensation between a Cgy bis-adduct and a bisfunctional monomer. Although
the latter has been the most employed in the literature, we will treat in this thesis, mainly
the materials issued from the former. This is due since it can be a done as an one-pot
reaction and be more easily scalable to industrial scale.

Due to the low control of the double-addition over the sphere, up to 8 stereoisomer
multi-adducts are obtained as mixture,[17] which can be hardly separated. This fact
is not particularly a drawback in material chemistry, but any addition on the fullerene
opens at least one of the thirty 6,6 double bonds, inducing a considerable change in the
electronic properties, mainly on its electron acceptor performance. Cgg-polymers which
electronic properties are well-defined must contain an identical number of attacks for all
the fullerenes, and for the case of multi-adducts, they must be identically distributed
over the sphere. Moreover, the formation of crosslinking products is also possible and
probable and avoiding this has showed to be a considerable chemical effort, as described
in [10].

From the first strategy of polyfullerenes synthesis, very few examples can be found
in literature. The most remarkable are the production of water soluble poly(fullero-
cyclodextrin)s, prepared by Geckeleret al.[18] by reacting -clyclodextrin-bis-amino com-
plexes directly with Cgg, as it is depicted in Figure 1.9. These materials showed good
solubility in water, over 10 mg/mL, and an excellent DNA-cleaving activity. The other
interesting example is the thermoreversible main-chain polyfullerene obtained from the
reaction between Cgy and with a bis-anthracene derivative in a Diels-Alder cycloaddi-
tion strategy. Upon temperatures comprising 60-75°C, the polymer converts back to the
reagents and this process can be repeated several times without any decomposition.

Radical copolymerizations of fullerenes are also issued from this approach of direct
reaction of monomers and Cgy and they are going to be studied in more details in the

next section.

1 - the fact that the carbon atoms do not have the same chemical environmental, i.e. they are not
equivalent, as it is the case of Cgy and; 2 - the non-availability of multigram quantities in affordable
price.
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Figure 1.9: Synthesis of main-chain polymers with DNA-cleaving activity, as reported by
Geckeleret al.[18] Reproduced from ref. [10]

1.4 Controlled radical copolymerization of fullerenes

Not only controlling the number of stereoisomers and the degree of crosslinking of the
so-obtained polymer, in order to have materials with well-defined electronic properties,
it is essential to control the molar mass of the polymer and keep its dispersity as low as
possible. The polymerization routes able to do so are namely the anionic and "controlled"
radical polymerizations, which give the best control over the chain length and produce
polymers with the lowest dispersities. The most representative class of materials using
this type of radical additions is the star-shaped polyfullerenes obtained by grafting of
linear polystyrene chains onto Cgg.[19, 50, 51, 52] The same can be obtained with nucle-
ophilic additions under different conditions though. The general scheme of this strategy
is depicted in Figure 1.10.

This type of chemistry was only possible thanks to the progress in the last decade in
radical polymerizations. In fact, the various "controlled radical polymerizations" such as
nitroxide-mediated polymerization (NMP)[53] and atom transfer radical polymerization
(ATRP)[51] allow one to synthesize high-length chains and with low dispersity. The first
reports in literature on this chemistry using NMP route confirms that an even number of
polymer chains are added to fullerene and these materials displayed interesting micelliza-
tion behavior in THF solutions, where Cg is insoluble.[55, 56] These di-adducts aggregate
even in dilute solution to form micelles containing up to 20 molecules.[57] Figure 1.11
displays a synthetic protocol to achieve di-adduct (PS)2Cgo using NMP route.

Another alternative is using atom transfer radical addition (ATRA) to graft macro-

radicals on Cgy and two polymer materials outstand in literature: ATRP-prepared PMMA !’

10Poly(methylmetacrilate)
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Figure 1.10: Synthetic strategies for the synthesis of fullerene star-shaped polymers. In (a), a
direct reaction between a polymer bearing end-chain functional groups that attach to fullerenes
and in (b), a functionalized fullerene is reacted with difunctional monomers in a polymerization
reaction to yield fullerene star-shaped polymers. Reproduced from ref. [10]
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Figure 1.11: Synthesis of (PS)2Cgo di-adducts using an NMP route. TEMPO stands for
2,2,6,6-tetramethylpiperidine-N-oxyl intermediate. Reproduced from ref. [410]

and PS, which were further reacted with Cgp under the presence of Cu(I)Br and 2,2’-
bipyridine in chlorobenzene at 100°C.[58] Under these conditions, the covalent C-Br
chain-end bond of the polymer is in equilibrium with the free radical form (see Figure
1.13). This macroradical adds to the sphere and a Br is located on the same hexagon
over the fullerene. Size-exclusion chromatography in THF confirms an increase of molar
mass of around 1000 g/mol. However, under these experimental conditions, Cgg normally
displays lower molar mass than toluene, as one can see in Figure 1.12.[59)]

This fact led some authors to reject the fact that this mass increase could be due
to the grafting of a fullerene molecule to the polymeric chain. Nevertheless, we believe
that fullerene can indeed be incorporated and its derivatives should have a detected mass
closer to the real rather than what happens to the pristine molecule itself. This must
be due to the completely different THF-solubility behavior of fullerene when it is in its
pristine phase or incorporated /reacted with anything else.[60, 51]

One year later, using monodisperse PS samples,[50] it has been proved that there is
no bromine atom bonded to fullerene on the final material and only an even number of
polymeric chains are added to Cgy even if it is in a concentration 10-fold related to the

polymeric reagent. This is easily explained since a fullerene-Br bond should be much
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Figure 1.12: Comparison between the elution volumes of Cgp; styrene; (1-phenylethyl),Cg
(x > 6) (1); polystyrene (M,, = 600D) (2); and polystyrene (M,, = 1300D) (3). Reproduced
from ref. [59]

less stable than a C-Br one in the polymeric chain. Then, the former is easily converted
into the radical form (PS-Br).[51] This mechanism is perturbed if the solvent system
is halogenated, indicated by a non-negligible number of mono-adducts in chlorobenzene

compared to toluene. This route is schematically depicted in Figure 1.13.
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Figure 1.13: Formation of fullerene radical-attacked polymer chains. Reproduced from ref.
[46]

It is important to stress that these experiments allowed one to define that, for each
pair, the chains are attached at 1,4 positions on the same hexagon. Moreover, only one
double bond is opened on the Cgy core of a di-adduct (PS)yCgp, for example, thereby
keeping the electronic structure minimally perturbed.

If one takes the size of the macroradical to a simple molecule and assures that it is
bis-functional, main-chain polyfullerenes can be obtained driven by the same mechanism.
This approach can also produce theoretically only one type of structure, without an iso-
meric mixture, favoring the synthesis of materials with well-defined electronic properties.

This is only true since it is consisted of only two attacks on the fullerene sphere and both
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attacks happen on the same hexagon, instead of taking place in different sites on the
molecule. This strategy was adapted and explored by Hiorns et al.[01, 62] and they pro-
posed structures of the type poly(1,4-Cgo-alt-1,4-bismethylene-2 5-dialkoxyphenylene), as
the one depicted in Figure 1.14. This class of molecules will be explored in further details
in Chapter 3 of this thesis.

Figure 1.14: Poly(1,4-Cgp-alt-1,4-bismethylene-2,5-dialkoxyphenylene) derivative synthesized
by Hiorns et al.[61, 62]. Reproduced from ref. [(1]
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1.5 Fullerene polymer derivatives and their proposal

as more stable acceptor materials

As we have seen, the BHJ is a solid mixture and its nanostructure morphology is formed
by spontaneous phase separation: the donor and acceptor components self-assemble to
form bi-continuous inter-penetrating networks (Figure 1.3). This process is correlated to
the fact that high polymers tend to phase separate because of the "like likes like" behavior,
besides the small entropy of mixing. Still, one knows that crystallinity drives strongly
the phase separation.|33]

Annealing at high temperatures is responsible for improving the crystallinity within
the donor and acceptor networks. This makes the charge transport to the electrodes easier
and hence the power conversion efficiency can be increased. Other parameters known to
control the BHJ morphology are: i) the solvent from which the BHJ is cast, ii) the ratio
between the p- and n-type materials, iii) chemical additives, iv) concentration of the
solution, v) solvent annealing and, vi) molecular structure of the materials, which is the
driving force of the solubility in organic solvents and the miscibilities of the components
of the blend.

We also know that the crystallization should be optimal in order to not decrease
the contact interface between the donor and the acceptor. Normally, under operational
conditions, the OPV cells should be exposed to heating and this can drive the phase
segregation of these materials over the optimal point. Controlling this feature of thermal
stability is then a key-parameter to control the OPV efficiencies and lifetimes.

One way of inducing crystallization and avoiding the phase segregation phenomenon
is consisted on grafting fullerenes directly on the donor polymer backbone. This strategy,
where both D and A moieties can be found in the same molecular structure is known under
the name of double-cable polymers and they were the first type of polyfullerenes synthe-
sized for OPV applications, aiming directly the solution of this morphological failure.[(3]
Some examples of such structures can be found in Figure 1.15, based on the work of
Yassar et al.[0] et Ferraris et al.[65].

Although elegant as solution, an overly homogeneous D-A distribution is counterpro-
ductive for the operation of OPVs: in a 3D scenario, they suffer from recombination and
reduced Voe, leading to an electronic failure.[66] This is due to the fact that, in an OPV,
illumination, alongside with D-A phase separation, establishes a gradient of chemical
potential (since electrons and holes are not created in the same phase) that drifts the
carriers in addition to the external electric field due to the asymmetry of the electrodes.
Then, this gradient is beneficial for the BHJ architecture, being extremely dependent on
the phase separation.[07, (8]

A middle-way between using small-molecule fullerene-derivatives and grafting it to
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Figure 1.15: Some examples of double-cable D-A polymers. The left polymer was electro-
chemically obtained by Yassar et al.,[(4] whereas Ferraris et al.[05] obtained both on the right
by reacting head-to-tail copolythiophenes functionalized with azido- or primary amino-groups
and Cgo. Reproduced from ref. [10]

the conjugated polymer, is the polymerization of Cgy so that it can be more soluble
besides promoting a plasticizing effect on the BHJ domains. Two major approaches are
then possible: 1) using new polymeric fullerene derivatives as the sole n-type material
or 2) using it as an additive responsible for avoiding the fullerene-derivative aggregation.
One has to keep in mind that these new polyfullerenes should also be stable against
photo-chemical process in order to be efficiently proposed as stabilizer agents of the BHJ.

Therefore this is the driving force of this thesis: design of new polyfullerenes that
could efficiently be employed as a morphological stabilizer in BHJ OPVs being stable
against photo-chemical degradation as well. This is followed by a molecular modeling
approach and the ATRAP route is explored in this path. Then, the photo-chemical
and morphological degradation of these materials will be studied by an experimental
approach. The modeling technique will be of great help to the understanding of photo-

chemical degradation mechanisms and how to avoid them.



43 1.6. Final Remarks

1.6 Final Remarks

In this chapter, the stability of the active layer morphology was briefly discussed and its
dramatic influence on the operational lifetime of a solar cell device has been discussed.
Others mechanisms of degradation include: electrodes interface, photo-oxidation of active
layer, electrodes, charge transport layers, etc.

Considering most of OPV designs, thermal annealing can improve the performance
of the cell due to the crystallization of both p— and n—type materials domains. This
results in enhanced hole and electron mobilities, respectively, besides the optimal phase
segregation that optimizes charge separation and collection.[69, 70, 71, 72] However, as
the materials further crystallize, the phases can be coarsened and this leads to reduced
p — n interfaces, hindering the efficiency. The equilibrium in-between is subtle and can
be easily dislocated towards the aggregation of fullerenes, particularly.

Several approaches have been taken to circumvent this: solvent annealing, grafting of
fullerene molecules onto p—type polymer, use of (self-)assembled structures, and fullerene
polymerization strategies, for instance. The latter showed to be a challenging approach
and in this thesis the hypothesis that these materials can avoid morphological failure is

pursued.



Chapter 2

Design and Modeling of Target

Structures

In this chapter the design of new polymeric acceptor materials based on Cgy for photo-
voltaic devices is explored using modeling techniques, which are as well explored as far as
it is relevant for this thesis. The new materials as-designed should obey some parameters
thought to be able to accomplish more stable and efficient layers in the face of intrinsic

and extrinsic degradation mechanisms.

2.1  Which are the sought-after properties for fullerene

derivatives?

The major impediment to the wide implementation of OPVs is the lower efficiency and
shorter lifetime of the cells when compared to the inorganic ones. The majority of the
research groups who has worked on the subject focused in BHJ devices efforts to increase
the performance of P3HT/PCgBM matrix (see Figure 2.1). Then, literature turned
towards the design of new p-type materials still using PCgoBM as the acceptor molecule.
And, finally, new combinations of novel p-type and innovative Cgg-derivatives have been
designed accomplishing devices which yields are over 10%.[7, &, 9]

Knowing that the best set of properties of a material and/or device is the one which
maximizes both yield and stability against time, we should as well at least predict how
efficient the new materials could be compared to the already well known small-molecule
fullerene derivatives. The so-far success of fullerenes arises from their properties as elec-

tron acceptors, which include:

44
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1. high electron mobility;

2. delocalized LUMO over the whole molecule surface. This allows the 3D electron

transfer and transport;

3. LUMO energy level compared to the p-type material, allowing an efficient electron

transfer;

4. reversible electrochemical reduction that allows the formation of stable reduced

charged species;

5. formation of domains from solution deposition, allowing charge separation when an

appropriate length-scale is obtained.

Among the most successful materials that have passed over this ensemble of re-
quirements, one can find the small-molecule-based fullerene molecules, mainly those de-
rived of Cgy. The molecules that have been extensively studied in the literature in-
clude PCgoBM,[73, 74] bis-PCgoBM,[29, 75, 76, 77] and indene-Cgy mono-(ICsoMA) and
bisadduct (ICsBA).[78, 77, 79] The molecular structures of these molecules can be found
in Figure 2.1, where one can also found the structure of regio-regular P3HT, the most

used p-type polymer material.[30]

Hex

Figure 2.1: Molecular structures of (a) regio-regular Poly(3-hexylthiophene), (b) Cgp, (c)
PC@'QBM, (d) biS—PCGOBM, (e) ICGOMA, and (f) ICGOBA
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PCgBM, for instance, has been such a successful acceptor molecule since it has
an appropriate LUMO level and electron affinity and it is capable of forming semi-
crystalline domains in the bulk which act as percolation channels for the photo-generated
electrons.[74] Moreover, its solubility is increased compared to its precursor, which makes
it more easily processable.[75] As PCgBM and P3HT have very different surface energies,
the mixture with these two materials, at the initial time ¢ = 0, is homogeneous and, with
the annealing process, PCgBM segregates out and aggregates, forming semi-crystalline
domains within the domains of P3HT, also formed with the annealing temperature. The
efficiency of this system lies on the maximization of both contact surface between both
materials and the size of their crystal domains. In this way, both charge dissociation and
mobility is maximized, reducing charge recombination within P3HT.

Varying the lateral chain in PCgBM structure, several authors have found that the
photovoltaic performance is tightly correlated to the solubility of the resultant material.[77,

] Motivated by this, but not solely, bis-adduct PCyBM derivatives, namely bis-PCgoBM,
could be developed, allowing one to increase the optical absorption in the visible region
(it can contribute to the photo-current in the OPV) and to increase the LUMO level
(leading to an increase of the Vpo¢).[32]" In this way, higher photovoltaic efficiency could
be obtained.

For improving even more the photovoltaic properties of cells based on P3HT, Li et
al.[78, 79] have developed Cgo-indene” derivatives, as presented above. These molecules,
be it the mono- or the bis-adduct, present an up-shifted LUMO compared to PCsBM
and best solubility, which is even better than that of PCgyBM. These properties, without
further device optimization, were able to provide devices with a 40% gain in efficiency
compared to PCgoBM.[77] All that said, PCgBM is still the most used and understood
system in OPVs and remains, since many years, the reference on the topic and that
explains why it is in vogue despite the presence of many other acceptors.

Despite these advantageous properties, fullerene-based acceptors have some limita-
tions, which the bottleneck concerns the development of long-life stable cells. Generally,
thin film blends are morphologically unstable over time, leading to macroscopic crys-
tallite formation (aggregation) and consequent device failure. Moreover, the synthetic
procedures needed for producing them demands expensive purification to separate out
higher-order adducts. Finally, there is a limited scope for synthetic control over elec-
tronic and structural properties.[33, 81] This concept will be further explored in the next
sections.

On the point of view of stability, two major processes can be associated to them:

!The Vo¢ stands for the open circuit voltage. This is the voltage obtained when the contacts are
isolated and the potential difference has its maximum value. In Figure 1.2, the V¢ is associated to the
difference between the LUMO energy level of the electron acceptor and the HOMO energy level of the
donor material.

2Indene are polycyclic hydrocarbons composed of a benzene ring fused with a cyclopentene ring.
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the first one is linked to the morphological evolution on time of the P3HT:PCgBM
domains, i.e., each component aggregates out of the mixture and the contact surface is
drastically reduced, mitigating the electron dissociation and electron transfer (see Section
1.2); and the second one is linked to the chemical degradation of each component with
environmental dopants, such as HoO and O»[35] in the presence of energetic stresses such
as light and heat (or the combination of both).[36, 87, 88, 89, 90]

For the p-type molecules, the latter degradation is illustrated by the absorption cross-
section reduction caused by the destruction of the m-conjugated system; and for the
n-type material this is illustrated by the creation of charge traps caused by the lowering
of the LUMO level of the fullerene derivative when attacked if compared to the pristine
molecule.

In a very general way, we can state the sought-after parameters for an acceptor

molecule in photovoltaics:

1. Concerning the electronic structure:

» Good electron-acceptor properties (increased electron affinity)
o Well-defined LUMO (absence of trap levels inside the gap)

 Increased mobility (assured by morphological properties, mainly)
2. Concerning the morphological structure:

o Good solubility (assured by lateral chain engineering, mainly)
» Reduced phase segregation (good solubility in p-type matrix)

» Reaction selectivity should somehow depend on the available fullerene surface;
controlling this parameter should avoid uncontrolled multi-adducts formation

and consequent LUMO broadening

o Formation of percolation paths needed for electron transport

With all this in mind, treating the issue of stability turns into a multi-parameter
maximization (or minimization, depending on the frame of reference) problem which
variables are somehow interconnected. Moreover, the stability variables are connected
to the efficiency ones and one should take somehow both of them into account when
designing new acceptor molecules. In the same way, a cheap synthesis is also a parameter
to be considered in designing new materials.

In this way, the next sections are intended to explore these possibilities of assuring, at
the same time, both optimal electronic properties and morphological structure through
the insertion of fullerene into polymeric backbones, using six different chemical routes.
This chapter will treat in more details the electronic properties of the resultant molecules

whereas their stability is treated in parts in Chapter 6.
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2.2 How one can design polyfullerenes based on multi-

scale molecular modeling?

Molecular modeling techniques should be chosen considering the type of system being
studied and the properties that are required to be described/calculated /understood. Sev-
eral approaches exist to treat either small or big molecules, ranging from ab initio methods
to molecular mechanics ones.

In the context of this thesis, one is interested in describing structural, electronic and
morphological properties of fullerene derivatives. These calculations are done either to
comfort experimental data, to make previsions on molecules that do not exist yet or to
study trends for a property within a class of materials.

Being a multi-electron system, their electronic properties should clearly be treated
within a many-body approach, in which exchange and correlation are treated. This treat-
ment may be either explicit or not, and for the case of Density Functional Theory (DFT),
for instance, it is rather approximative and taken into account by the choice of the ap-
propriate exchange-correlation functional.’

The theory behind DFT is briefly described in Annex C and the eager reader is redi-
rected to the recent review by A. Becke.[91] DFT, coupled with the Hellmann-Feynman
theorem,[92] is capable of calculating equilibrium geometries of molecules and the agree-
ment between theory and experiment is generally improved with larger basis sets. Thus,
the computational time scales with the number of basis set functions of the molecules,
which also scales with the number of atoms and this is really more cumbersome during
a geometry optimization run. A compromise between accuracy and machine time needs
then to be done.

The possible ways to treat molecules with increased number of atoms having this

constraint are listed below:

1. Explore physical-mathematical approximation within the DFT methodology, such
as the RIJCOSX method described in Annex C;

2. Use smaller basis sets, although it can compromise the electronic analysis;

3. Use semi-empirical methodologies which were minutiously parametrized, such as
PM7 hamiltonian;

4. Use of molecular mechanics hybrid parameters, which are taken from similar molecules

and experimental data.

3Tt is worthy noting that this methodology is the most appropriate to describe the electronic structure
of systems which dimensions are comprised between 100 and 300 atoms.
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These approaches are enumerated following the order of the number of atoms. When
having more and more atoms to treat and to study the electronic/structural properties
arising, one should go down on this list when choosing the molecular modeling method.

The application of each aforementioned approach is described whenever they are used
and it is then justified the reasons for the choice.

These methods are implemented in several suites of molecular modeling software pack-
ages. In this thesis, the use of ORCA package[93] is used for approach 1 and 2, and
MOPAC2012 for approach 3. All these softwares are free of charge and can be used freely

within the academia.
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2.3 Model polyfullerene systems and their general

properties

Initially, Cgo was thought to be unreactive and to have an aromatic-like structure.” But,
the particular delocalization of the m-electrons allows them to take part in a wide variety
of reactions characteristic of alkenes. Besides that, they also have an electron deficient
alkyne characteristic that permits reactions with electron rich species. This opens a range
of possibilities of incorporating them into polymers.[9]

The formation of polymeric Cgp-based materials should, first of all, answer to synthetic
constraints related to the cost and difficulty of the chosen route. Here we present six routes
that are able of forming at least bis-attacks on fullerene and are capable of reacting further
to form polymers. One can find in literature variation of these and others that are not
explored herein since their synthesis may not be that straightforward.[95, 96, 97]

These routes were chosen based, mainly, on their relative easiness of synthesis, since
the most part of the needed functional groups can be achieved starting from a bro-
momethyl or an aldehyde group. If M is our comonomer, the structures depicted in
Figure 2.2 show how bis-adducts could be then obtained. In these images, M is assumed

to be mono- or bis-functional forming, in this way, bis-adducts or polymers, respectively.

v
N

Figure 2.2: Possible structures of bis-attacked fullerene derivatives than could be polymerized.

4The reader is invited to keep this affirmation in mind when reading Chapter 6 of this document.
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2.3.1 Atom Transfer Radical Addition Polymerization

The first route is the one called ATRAP, developed by Hiorns et al.[01, 62] However, the
first reports on radical attacks on fullerenes were reported a decade ago by Mathis and
others,[19, 51, 52] when PMMA and PS were covalently attached to such spheres. This
will be discussed with more details in the next chapter. The route is based on a halogen,
mainly bromine, abstraction by a copper(I) salt from an organohalide. The copper salt
is suspended in solution by using a ligand such as 2,2’-bipyridine. The reaction reaches
its maximum of conversion around 24h and the purification can be easily done as it will

also be discussed in the next chapter.

Ce0, 2,2'-bipyridine, CuBr
M N Br >
Toluene, reflux, 16-24h

Figure 2.3: ATRAP synthetic route.

One of the most interesting properties of the materials obtained by this route is
the fact that the fullerene system has 58m-electrons after bis-adducts are formed. This

represents the minimum of modification on the electronic structure of the sphere.

2.3.2 Amino-fishing

This route, depicted in Figure 2.4, is based on the addition of amines to Cgy and it
was one of the first reactions to be investigated in fullerene chemistry.[98, 99, ] With
respect to the mechanism behind the formation of these compounds, both nucleophilic
and radical addition of amines to the Cgy are possible and closely related and in some
cases it is difficult to determine which mechanism is actually taking place.[101]

For this so-called "amino-fishing” route, both nucleophilic and radical attacks should
be studied as possible mechanisms in the next steps of analysis. The quantity of molecules
attached to the fullerene that can be obtained from this reaction depends on the steric
hindrance, the polarity of the solvent and the presence or not of oxygen, light or temper-
ature, as described in the review by Tzirakis et al.[102]

This synthesis will form 56-m-electron structures and the position over a hexagon
where the H atom will be bonded may be variable over the 2 or 4 position respectively
to where the amine attaches. This should not be the case for the molecules based on the
ATRAP route, since the steric hindrance in this case should avoid this position of the

second attack, whereas for H, since it is a very small radical, it can be attached on both
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positions. The advantage of this synthetic route is the absence of metal catalysts. More

details on this route can be found in the thesis of B. Bregadiolli’ and in the ref. [102].

/€~)\ C609
n

Y

M NH>
Toluene or ODCB, heat

n=0or1

Figure 2.4: Amino-fishing synthetic route.

2.3.3 Azide cycloaddition

Molecule 2.5 is obtained from a [342] cycloaddition based on a 1,3-dipolar addition of
azides. At temperatures below 80°C, this addition occurs preferentially to a 6,6 double
bond affording the corresponding thermally labile triazolines. Another advantage of this
route is the absence of chemical catalyst, issuing a purer product at the final step. Al-
though the use of azides can be considered dangerous, the C/N ratio of the monomer can
be increased in order to work in safe conditions. Moreover, the fact that no radical reac-
tion is involved, chlorinated solvents may be used, leading to smaller reaction pots, based
on the increased solubility of Cgg in solvents as o-dichlorobenzene. More information on

this route can also be found in thesis of Bregadiolli as well as in the references [103, 104].

M ¢
%
N

Py Ceo0,
n * T

M N=N=N
Toluene or ODCB, heat

\J

n=0or1

Figure 2.5: [3 + 2] cycloaddition of an azide.

5Ph.D. student in our group.
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2.3.4 Prato cycloaddition

Structure of Figure 2.6 is obtained from a [3+2] cycloaddition based on a 1,3-dipolar
addition of azomethine ylides what leads to the formation of the well-known fullereno-
pyrrolidines. This synthetic route has been extensively explored on the chemistry of
olefins, and can be found under the name of Prato synthesis. Maybe this is one of
the routes that can provide the most important yield based on literature and another
advantage is the absence of chemical catalyst as well. Only water and carbon dioxide are
released during the synthesis, issuing purer metal-free materials at the end. More details
on this route can be found on the thesis of H. H. Ramanitra’, who extensively explores
this route. The details of this route are not presented because of confidentiality issues

and patents that are not yet deposited.

O Ceo, sarcosine
M—( >~

H Toluene, reflux, 16-24 h

Figure 2.6: [3 + 2] cycloaddition of an azomethineylide.

2.3.5 Cyclopropanation

Another interesting route to explore is based on the formation of a cyclopropane bridge
group onto the fullerene sphere. Originally, to obtain such molecules, as the ones de-
picted in Figure 2.7, one would use the so-called Bingel reaction,[105] which is based
on a nucleophilic attack. This is not the first choice to achieve such compounds based
on the difficulties found during the preparation of the bromomalonates needed for this
nucleophilic attack.[100]

Another way to achieve these compounds is using a route intermediated by a dia-
zoalkane generated by the base-induced decomposition of tosylhidrizines.[73, | The
diazo compound is then generated in situ and trapped by Cgy to undergo a 1,3-dipolar
addition in an one-pot reaction. Finally, it is worthy noting that this is the route used

to synthesize PCgBM molecule and its derivatives.

SPh.D. student in our group.
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H
> M—C=N—N—
MA{H Toluene, reflux, 12h H E \ /

Figure 2.7: 1,3-dipolar cyclopropation reaction.

2.3.6 Diels-Alder addition

Finally, a multiple-step bis-adducts preparation can be achieved affording molecules as
depicted in Figure 2.8, consisting of a classical Diels-Alder cycloaddition where an oxy-
genated diene’ adds to fullerene to form cyclohexene rings fused to [6, 6] junctions.[109]
This type of cycloaddition has the advantage of controlling the degree as well as the
site of the addition and a fullerene monomer is formed before being polymerized with
the other comonomer M, in two different steps. This route seems interesting from the
practical point of view since the solubility of the intermediary fullerenes-comonomers is
higher in toluene than Cgq itself, reducing considerably the volume of reaction pot. The
comonomer M used is a di-carboxylic acid and this can be straightforwardly obtained
from the bromomethyl groups, in the same way the previous needed functional groups
can also be so done. This chemistry has been explored by A. Isakova® and more details

can be found in her thesis and as well in references [103, 104].

"Also called Danishefsky’s dienes.[105]
8Ph.D. student at Aston University.
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\ /
Si—
O/ 1) Cgp, Toluene, reflux diisobutylaluminium hydride
_—
THF

OH

Dicyclohexylcarbodiimide,
4-dimethylaminopyridine
B

Toluene, reflux

Figure 2.8: [4 + 2] Diels-Alder cycloaddition reaction.
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2.4 Revealing the position of bis-adduct formation

Once the first attack on the fullerene sphere happens, the second can take place in eight
different positions and this is valid for all the molecules studied up to now, exception
made for the ATRAP-based ones.

Hirsch et al.[110] identified these eight positions and called them cis-1, cis-2, cis-3,
equatorial, trans-1, trans-2, trans-3, and trans-4, taking into account their distribution

around the planes of symmetry of Cgg, as it can be seen in Figure 2.9.

@@

cis-1(C,) cis-2(C,) cis-3 (C;)

N P

e
P

trans-1(Dy,) trans-2 (C,) trans -3 (C,) trans-4 (C,)

Figure 2.9: Different sites for the second attack to take place during the formation of fullerene
bis-adducts with indication of the symmetry group of each molecule. Reproduced from ref.

[110].

Controlling the position of the second attack is not simple and depends on the elec-
tronic structure and mainly on the steric hindrance sensed around the fullerene sphere,
as it was noted by Cheng et al.[107] These same authors have demonstrated the use of
tethering groups as an efficient way to control sterically the formation of bis-adducts.

Moreover, the position of the second attack should be somehow dependent on the
type of reaction used to produce it. For ATRAP reaction, this is not an issue since the
formation of the second attack is definitely in position o or p related to the first attack,

being the latter the most likely to happen because of steric hindrance.
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To study the position of the second attack for the molecules herein presented, we
should separate them by the type of reactions employed: cycloadditions, radical or nucle-
ophilic attacks. Among the cycloadditions, one should count the 1,3-dipolar additions on
the fullerene (Azide, Cyclopropanation and Prato reactions) and the Diels-Alder based on
oxygenated dienes. The Amino-fishing reaction, as already mentioned, can be described

by a nucleophilic or a radical attack and thus, both mechanism are presented.

2.4.1 1,3-dipolar cycloaddition-based products

The Prato, Azide and Cyclopropanation based products are herein studied since they
are all based on 1,3-dipolar cycloaddition reactions. The prevision of the position of
the second attack is done here by a coupled experimental-theoretical approach where
model compounds based on Prato reaction were synthesized by H. H. Ramanitra’ and
the experimental UV-VIS spectra were compared to the TD-DFT/6-31G** calculated
ones. "

Determining the same for the other proposed molecules relies on the analysis of the
molecular orbitals considering that this type of cycloaddition depends on the LUMO of

Ceos (this is explained wvide infra).

2.4.1.1 Prato-based products

The eight known attack positions for bis-adducts formation in Prato synthesis were stud-
ied by Time Dependent Density Functional Theory (TDDFT). The geometries were fully
optimized within the B3LYP/6-31G** level of theory in ground state. 20 UV-VIS elec-
tronic transitions were calculated using the same formalism. For all the calculations the
RIJCOSX'" approximation was used and run in Orca 3.0.2 software. The studied struc-
tures follow the general scheme depicted in Figure 2.10 (herein presented for a generic
geometry).

The calculated electronic transitions were enveloped with Gaussian functions having
0.125 eV at FWHM. The experimental spectra were treated to remove the non-resonant
backgrounds due to Rayleigh scattering.'” Theoretical spectra were shifted in order
to have their highest-intensity maximum coincident with the one of the experimental
spectrum. In this way, we eliminate any energy discrepancy parameter and we avoid

discussions on the method-induced error on the energies.

9Ph.D. fellow in the same laboratory.

10TD stands for Time Dependent.

Hgsee Appendix 1

12The suppression of the elastic scattering was done by subtraction of a ~ A* function. Although
enough as a first approximation, the scattering functions are more complex in the region of absorption.

3 The applied shifts are equal to: cis-1 1.42, cis-2 0.92, cis-3 0.95, equatorial 0.99, trans-1 and trans-2
1.03, trans-3 1.11, and trans-4 0.92 eV.
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Figure 2.10: General structure for studying the bis-adduct formation in Prato reaction
(HHR23D). Here the trans-2 bis-adduct is presented. The product named PolylHB has the
same structure however no lateral chain is grafted on the comonomer.

The proposed model to determine the position of attack is based not only on the spec-
tral recovering, but also on the interband spacing and band ratios. Below one can find
these results considering HHR23D (polymerization of 1,4-bisformyl-2,5-bisoctyloxybenzene)
and PolylHB (polymerization of terephthaldehyde)'".

For both compounds, cis-2, trans-2 and trans-3 show very good qualitative agreement
between theoretical and the experimental spectra. Namely for trans-3, the interband
distance between the first maximum and the second lower energy band is remarkable.
One should keep in mind that the applied shift took into consideration the maximum
intensity among the high energy transitions, explaining the shoulder found for trans-3
simulated spectrum. Moreover, it is judicious to think that experimentally, the highest
energy band is not mono-composed but there is not enough resolution to resolve them, like
one can do theoretically. Also, the subtraction of the non-resonant background cannot
be assured as final and, in this way, the features around 2.0-2.7 eV should not be treated
as absorption bands. Finally, one can also have a mixture of different bis-adducts in the
analyzed sample. Being this the case, the major contribution must be due to product
with the best agreement between the calculated and measure spectra.

Experimentally, the several bis-adducts could be distinguished by high-performance
liquid chromatography (HPLC). However, for the case where this becomes a polymer, this
technique is no longer appropriate to separate the fractions. One may then considerer
that the polymer should be consisted of a dispersion of different bis-adducts for which
the most present type of adduct is the one with the best agreement in this study.

In order to further investigate this, one should take a look on the frontier molecular
orbitals-based mechanism of the Prato reaction to corroborate or not the results indicated
above. The Prato reaction is a 1,3-dipolar cycloaddition and thus, a pericyclic reaction,

which obey the Woodward-Hoffmann rules, where an orbital overlap between the dipole

lwhose details on the synthesis are not on the scope of this thesis and should be consulted in
Hamanitra’s PhD thesis.
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Figure 2.12: Theoretical-experimental UV VIS electronic transitions comparison for synthe-
sized PolylHB material and Prato model molecule as proposed in Figure 2.10.
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and the dipolarophile is needed. The dominant overlap is the one which possesses the
smallest HOMO-LUMO energy gap.[l11]
For fullerenes as dipolarophiles, as it has a deep LUMO, the orbital overlap happens

between the HOMO of the 1,3-dipole and the LUMO of the already firstly-attacked
fullerene. The energy diagram is depicted in Figure 2.13.

[
-

LUMO
1,3'dipole 4* \\\‘ LUMO
HoMo N Dipolarophile
. (attacked Cq,)
HOMO
Ey

Figure 2.13: General energy scheme for studying the bis-adduct formation in Prato reaction.

The HOMO-LUMO gap for the blue configuration is 4.54 eV while it is only 0.43 eV
for the red one. In this way, the reaction is ruled not by the HOMO of Cgp, but by its
LUMO. Then, taking a closer look at this orbital for the first attacked fullerene, one has
what is depicted in Figure 2.14.

Figure 2.14: LUMO orbital of the Prato model molecule from different perspectives.

One can note that the LUMO density is zero for the region where a fully linear polymer
would be expected (based on trans-1 attacks). However, these densities indicate that the

center of the sphere is much more electronically active. Considering this, one should
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expect that the polymers are formed in such a way that the monomer of each side should
be at 90 °C to each other.

Moreover, one can also see, as it is presented in Figure 2.14 that the lobe is very
intense in the region where an equatorial attack would be formed. In fact, the density
of the LUMO orbital is this region is more important than the one for trans-3 (which
has the best agreement in TDDFT calculations). Very probably the attack is not favored
because of steric hindrance caused by the long alkyl chains of the monomer.

Based on this analysis, we could say that:

1. trans-1 is not favorable based on the distribution of the LUMO;
2. cis-1 is not favorable based on steric hindrance;

3. cis-2 may occur, but the density of LUMO in this region is lower than in others,

moreover there is the steric hindrance taking place as well;

4. cis-3 may occur based on the distribution of the LUMO but it is not consistent
with the TDDFT calculations;

5. equatorial is not favorable based on the distribution of the LUMO;
6. trans-4 is the same case as cis-3;

7. trans-2 and trans-3 are favorable based on the distribution of the LUMO and on

the steric hindrance;

8. trans-3 matches the best when one compares the TDDFT spectra with the experi-

mental ones.

Thus, based only on this analysis, we would state that the most probable position of

the second attack follows the order:

trans-3 > trans-2 > cis-2 | trans-4 | cis-8 > equatorial | trans-1 > > cis-1

This is in good agreement with the results obtained by Lu et al.[l12] and Hirsch
et al.[l10]. This analysis is purely based on kinetic arguments. The thermodynamic
considerations of the total energies of different isomers are not treated because we believe
that steric hindrance combined to electronic factors should play a major role than the
thermodynamical stability of the formed compounds.

Ideally, the synthesis of bisadducts should be performed alongside their ¥C' NMR
spectrum. In this way, one could compare it with the simulated one and we should find

a very precise agreement capable of defining the geometry of the second attack.
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It is worth keeping in mind that these calculations were performed in vacuum and the
experiment is done in the presence of factors such as temperature and solvent. Finally,
1,3-cycloadditions experience very weak solvent dependency since the transition state is

apolar.

2.4.1.2 Azide-based products

Using the energy diagram depicted in Figure 2.13, the formation of the bis-adducts by
the Azide attack faces a HOMO-LUMO gap dependent on the stage that the first adduct
is found: before or after the Ny release of the intermediary. In the first scenario, this gap
between the dipole and the dipolarophile is 2.39 eV for Cgy’s LUMO-Monomer’s HOMO
interaction and 4.68 eV for the other way round.

If the second attack happens after the release of the Ny molecule, these orbitals inter-
actions face gaps of 2.48 and 4.61 eV, respectively. This indicates that the LUMO orbital
of Cgp rules the formation of the cycloaddiction products and it is the dominant pathway.

Within the same level of theory, we can then propose the positions of bis-adduct
formation based on the knowledge that the reaction is ruled by the LUMO of Cgy and
the HOMO of the monomer. In this way, one can find the spatial distribution of this

molecular orbital in Figure 2.15.

(b)

Figure 2.15: LUMO orbital of the Azide-based model molecule. In (a) one can find the LUMO
distribution before the release of the Ny molecule and in (b), after it.

In this figure, for the azide reaction, we present two possible mono-adducts: the first
is based on the first step of the cycloaddition, when Ny molecule has not been released
yet and, the second is when it has already been done.

As for the case of Prato reaction, the spatial distribution of the LUMO orbital is
not drastically changed and the selectivity must be towards an attack on the positions

forming trans-3 and trans-2 isomers.
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2.4.1.3 Cyclopropanation-based products

Similarly, the same is here presented for the cyclopropanation-based products. Again,
two scenarios can be found: in Figure 2.16.a, the second attack may take place before the
release of the Ny molecule from the intermediate species and in Figure 2.16.b, this will
happen after the Ny release already took place. The HOMO-LUMO energy gaps found
for the first configuration equals 4.31 eV when Cgo’'s HOMO - monomer’s LUMO interact
and equals 1.68 eV in the other way round. For the second case, these gaps equal 4.20
and 1.80 eV, respectively. This indicates that the mono-adducts’ LUMO orbital rules the

second attack.

Figure 2.16: LUMO orbital of the cyclopropanation-based model molecule. In (a) one can
find the LUMO distribution before the release of the No molecule and in (b), after it.

Clearly, no difference in the LUMO orbitals of these two species is sensed, as it is the
case of the Azide-based compounds.

In this way, one could say that Azide- and Cyclopropanation-based compounds should
form bisadducts in the same positions as the Prato reaction, forming preferably trans-3

and trans-2 isomers.

2.4.2 Diels-Alder

The products formed by a Diels-Alder reaction are not based on a 1,3-dipolar cycloaddi-
tion but as they are still pericyclic reactions, the dominant pathway is still the one with
the smallest HOMO-LUMO gap between the diene and the dienophile.

Considering this, a value of 2.75 is found when the Cgy’'s LUMO - diene’s HOMO
interact. The other way round faces a gap equals to 5.21 eV. In this way, the pathway is
still ruled by Cgp’s LUMO and its spatial distribution can be found in Figure 2.17.
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Figure 2.17: LUMO orbital of the Diels-Alder-based model molecule.

2.4.3 Amino-fishing-based products

This attack route can follow two distinct mechanisms: a single electron transfer from the
amine to the Cgg or a complex sequence of radical recombinations, deprotonations, and
redox reactions.[102]. To determine the position of the formation of the bis-adduct, both
mechanism are herein explored.

To determine the most probable positions for the second attack to take place in both
mechanisms, one can analyze the Fukui Condensed Functions (FCF) of the mono-adduct.
The analysis of these functions provides helpful hints on the propensity of an atomic
site to suffer an electrophilic, nucleophilic or radical attack based on the vertical charge
distribution of the ground, cationic and anionic states.

Considering the electronic density p at a certain point of the space 7, p(7), the FCFs

f(r) are mathematically defined as:

Where N stands for the number of electrons on the ground state and the derivative

is calculated for a given external potential.'”’
The discretization of the electron density function leads to the local site-dependent
analysis at « and gives rise to three different functions based on the addition or removing

of an electron charge defined as follows:[113, , , ]

fa = an. — qn.4an. (2.2)
fo = an.-an. — qn. (2.3)
1= 50+ 1) (2.4

5Practically, this is obtained by imposing vertical transitions.
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Where gy, stands for the partial charge on the site a on the ground state (N,) elec-
trons, and AN, stands for the increase or decrease of an electron on the same site. So,
firand f; describe the ability of the atom « to accommodate an extra electron (nucle-
ophilic attack) or to lose one (electrophilic attack). The function f is then associated to
a radical attack.

Maximizing these functions, one can maximize the probability of the attack in con-
sideration taking place on the specific atomic site. It is worth saying that this definition
is intrinsic from the formalism of density functional theory based on the electron density
and, moreover, these functions are calculated for a constant chemical potential, that is
why the need of vertical cationic and anionic states to be chosen.

One should keep in mind that, the analysis of the FCF must be careful, since one
cannot compare FCFs for different molecules. Moreover, for such systems submitted to
environmental conditions, the FCF might not assure that this selectivity will be respected.

For the Amino-fishing-based mono-adduct, the f; and f° were calculated and their
distribution around the sphere indicate that for a nucleophilic attack, the bis-adducts

should be formed following a propensity like:
cis-2 > equatorial > cis-3 > cis-1
whereas for a radical attack, this order should be more like:
cis-8 > cis-1 > cis-2 > equatorial

The trans positions are not probable to be attacked by both mechanisms. Whatever
the predominant mechanism is, it seems that this type of route to synthesize bis-adducts
should probably produce cis isomers in higher proportions, whereas the routes based on

cycloadditions tend to produce trans ones.
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2.5 Electronic acceptor properties and comparison

with current benchmarks

As already described, the OPV properties of fullerene-based electron acceptor depend on
different factors concerning their electronic structure and solid-state morphology. Here-
after, we will study in more details these properties calculated for the molecules proposed
with different routes as well as the current benchmarks: Cgy, PCgoBM, bis-PCgoBM,
ICgoMA and ICgBA.

Considering the different possibilities for the formation of the bis-adduct around the
fullerene sphere, they were here constructed using a trans-1 position (symmetrically op-
posed to the first attack on the Cgo sphere), regardless this is or not the most probable
structure to be formed during synthesis and across all the routes being studied. This
was done so in order to homogenize the properties being studied here and to reduce the
quantity of species modeled and reducing the scattering of the properties’ values.

These molecules had their molecular geometries in gas phase fully optimized within
the B3LYP/6-31G**! level of theory, using Orca 3.0.3 package, as already discussed be-
fore. The electronic properties that were analyzed comprise LUMO energy level, vertical
and adiabatic electron affinity, electrophilicity, reorganization energy, and transfer inte-
grals'”. Cgo’s values were used in each case as internal reference, in order to avoid using
these values as absolute and eliminating the experimental method dependence on the
determination of these quantities and the discrepancy between experiment and theory.
One should keep in mind that these properties indicate general trends and solid-state ef-
fects are not (or roughly) taken into account, what can inverse the observed experimental
behavior of these compounds. Therefore, the approach used herein should be thought as

a guide in the design of new-molecules, not as absolute rock-solid truth.

2.5.1 LUMO Orbital Analysis

It is known that the yield of an OPV is directly proportional to the short-circuit current
(Jsc) and the open-circuit voltage (Voc) and, for a polymer-fullerene photovoltaic cell,
only a little improvement on the Jg¢ can be achieved since it is very close to the maximum
feasible value. Thus, improving Voo may considerably result in improved OPVs.
Originally, the V¢ parameter is proportional to the difference between the energy of
the HOMO of the p-type material and the LUMO of the n-type one. On the other hand, in

order to have an efficient charge transfer in place, a threshold value of about 0.2-0.5 ¢V in

16The reader is refereed to the List of Abbreviations in the beginning of the thesis. This stands for the
use of the Becke three parameters exchange and Lee, Yang and Parr correlation functional with double-C
Pople’s basis set with polarization functions on d and p orbitals.

ITA different geometry optimization was needed to calculate this property. Details are given in the
appropriate subsection.
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energy gap of the p-type LUMO and n-type LUMO should be respected.|[1 17] So, V¢ can
be tailored by preserving this double LUMO gap and raising the LUMO of the n-type ma-

terial, revealing, among others, that a universal n-type material is not a realistic concept.

Hence, for a given p-type polymer, the lower the LUMO level energy, the higher
the Voo. We analyze then the LUMO levels of the proposed bis-adducts beforehand
presented as well as with other efficient fullerene derivatives, like the ICgoBA family.

Controlling how deep or shallow the LUMO energy level will be is a task which de-
mands taking into account several parameters that are concomitant. High-symmetry,
presence of electron-poor groups, increased electronic resonance and open-shell configu-
rations are some of the factors that induces a deeper LUMO in a system, for instance.[1 15,

, ] In this way, one can estimate that, in zeroth order, any disruption of the elec-
tronic structure and/or molecular geometry of Cgo will lead to molecules with a shallower
LUMO level, as a matter of fact.

Within the Density Functional Theory (DFT) approach, defining LUMO (or whichever
other orbital) is not straightforward. This is due to the fact that DFT is not a wave-
function method and, hence, does not lead to explicit orbitals, but to Kohm-Sham ones,
¢;, with associate eigenvalues ¢;. However, the fundamental variable within this context,
which determines all the observables, is the total electron density at the point 7, p(7),

given by:

p(7) = 3 16 (25)

Calculated over the N-particle system.'®

These Kohm-Sham orbitals have been, for a long time, viewed as an auxiliary concept,
not necessarily meaningful and just a way to build the total density. This is so based on
the fact that, in the process of construction of these orbitals, an approximative exchange-
correlation potential has to be used, and it may keep reality away of their definition. A
complete and extensive discussion on the evolution of this concept is done by Stowasser
and Hoffmann,[121] but we can jump to the general conclusion achieved by Baerends and
co-workers,[122] who argue that these orbitals are very suitable for qualitative, chemical
applications. That is why care must be taken if one wants absolute LUMO energy values
when designing new molecules. Furthermore, identifying the Vo via the LUMO energies
relies on a one-electron picture (orbital relaxation is not taken into account) and on the
validity of the Koopman’s theorem.

On the other hand, the determination of the LUMO energies is done experimentally
by Cyclic Voltammetry (CV) and the values so-obtained are mistaken as good approx-
imations to the energies of this orbital. The usual procedure consists of measuring the

reduction potential of the molecule which LUMO energy one wants to determine and

18More details can be found in Annex C
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correlate it with the electron affinity of a standard molecule (usually Ferrocene). Then,
assuming the validity of Koopman’s theorem, the obtained value is correlated with the
LUMO energy. We believe that this leads to a hollow definition and interpretation of the
physical-chemical phenomena underlying. We believe that using molecules of different
nature in reference and analyte (as it is the case of using Ferrocene as standard) may not
take into account the solvent stabilization and reorganization energy, to cite two among
these phenomena. In such situations, we believe that the approach taken by Nardes et
al.[123] is a good compromise between theoretical DFT LUMO estimation and exper-
imental CV LUMO energy measurement. Last, but not least, ideally CV experiments
should be compared to Electron Affinities estimations instead of evoking the concept of
LUMO energy. The reasons behind this are better described in the following section and
we can anticipate that doing so, the multi-electron scenario is then taken into account.
In Figure 2.18, these values related to Cgy’s one can be found. The terms 0C' and 1C
for Amine- and Azide-based compounds refer to the number of carbon atoms between
the monomer and the functional group: for the former, the functional group is directly
attached to the monomer and for the latter, there is a —C'Hy;— group in-between, as

depicted in Figure 2.4 and 2.5.

AMINE-1C
CYCLOPROP.
PRATO

ICBA
DIELS-ALDER
BIS-PCBM
ATRAP
AMINE-0C
AZIDE-1C
ICMA
AZIDE-0C
PCBM

C60

0,0 0,1 0,2 0,3 0,4
ALUMO (eV)

Figure 2.18: LUMO deviation compared to Cggp for the studied compounds altogether the
common fullerene-derivatives currently used (PCgoBM, bis-PCgyBM, ICsoMA and ICgBA).

One can then deduct that whichever further modification undergone by Cgq rises the
LUMO energy level, and this may increase the Voo of a resultant OPV device for any

given polymer.
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2.5.2 Electron Affinity (EA)

Brabec et al.[117] showed that the Voo of the plastic OPVs are independent of the device
geometry and thickness of the film, but it is strongly correlated to the reduction potential
of the fullerene derivative. Lenes et al. [121] showed that the Ve of a polymer-fullerene
cell has a negative linear relation with the first reduction potential of the n-type molecule
used only for device with ohmic contacts. Others then confirmed a similar relationship
but with the first oxidation potential of the p-type material.

The electron affinity of these fullerene bis-adducts were also analyzed since there is
a direct relation between the Voo and accepting potential of the fullerenes. The first

1920 " This can

EA values for these compounds are calculated in the same level of theory
be calculated in two scenarios: vertical or adiabatic. For the former, one electron of
the neutral molecule is removed without letting the geometry to relax (vertical electron
affinity) whereas for the latter, the relaxation of the molecular coordinates is allowed.
The difference between the ground state total energy of the neutral molecule and the
total energy of the reduced state gives the EA value.

Within Janak’s definition of electron affinity (EA), one has:

EA = E(Ny) — E(N +1) (2.6)

Where N, states for the number of electrons in the ground state and N + 1 stands for
the number of electrons of the ground state with another electron added to it (negatively
charged specie).

It is interesting to note that this definition is the one that should be used within
DFT method, where Koopmans’ theory cannot hold. In a Hartree-Fock (or whatsoever
other wavefunction-based method - where the correlation energy is not explicitly treated)
scenario, EA would be defined as the negative of the LUMO energy, and this assumes
no orbital relaxation during reduction. Within DFT, Janak’s definition of EA takes into
account this specific orbital relaxation although the molecule may or not be allowed to
relax within the internal coordinate system (see next section on Reorganization Energies).

Figure 2.19 presents these results.

9Based on the structures just beforehand obtained, using an unrestricted Kohn-Sham scheme (UKS)
applied to the self-consistent field.

20Diffuse functions were not used here, although their use is recommend and almost mandatory for
the calculation of anion-like species. There are huge electron density convergence problems for fullerene-
based materials in the anionic state using these functions. Morever, besides the common sense, Treitel
et al. indicate that molecules with extended conjugation do not need these functions for calculating
electron affinity, whereas they are highly needed in the calculation of NMR shifts, for example. In this
way, we believe that the extended conjugation found in the molecules herein proposed makes that the
non-use of diffuse functions has a very little effect on the final electron affinity of the molecule and this
difference is on the order of 1 meV.[125] Also, the absence of of polarizability effects (no solvent) imposes
quite a large error in the calculation of charged species that should be taken into consideration if absolute
values are required, what is not the case here.
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Figure 2.19: Electron Affinity deviation compared to Cgg for the studied compounds altogether

the common fullerene-derivatives used nowadays (PCgoBM, bis-PCgoBM, IC50MA and ICgBA).
In (a), the vertical electron affinity is presented and in (b), the adiabatic one is presented.
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Within the vertical scenario, one can note that whichever attack happens to the
fullerene sphere causes a decrease on the electron affinity, what is, in theory, associated
to a lower electron acceptor character. However, in an adiabatic scenario, Azide-based
molecules present positive deviations, meaning that these molecules seem to be as good
as Cgo as an electron acceptor, or at least it does not prejudice this property. In a general

way, Cyclopropanation-based molecules seem to be the most sensible on this property.

2.5.3 Electrophilicity

All that said, common sense tells us that the efficiency of an acceptor in solar cells depends
not only on its electron affinity so that a surrounding electron can be absorbed, but also on
its resistance against electron back transfer to a donor molecule. So, two parameters come
to mind in order to quantify and predict the efficiency of the OPV made using such n-type
materials for a given p-type polymer by looking on their LUMO energies and on their first
electron affinities (EA) calculated within the Janak’s scheme. Anafcheh et al.[126] showed
that, generally, there is a linear correlation between experimental Vs and theoretically-
calculated LUMOs and EAs. Within Density Functional Theory standard calculations,
one can define as well a global index for the electrophilicity strength of a system as it was
defined by Parr et al.[127] This index correlates the quantitative chemical concepts of the
electronic chemical potential (u) and hardness (7). Such quantity can then be assigned as
a basis for evaluating how electrophilic a system is by using p to measure the propensity
of the system to acquire an additional electron from adjacent electron-rich species, and
by means of 1 to describe the resistance of the system to exchange this electron with the
environment.

Finally, the electrophilicity index, as described before, seems also to be a good indica-
tive on the acceptor properties of fullerene-derivative materials, since it also measures
their resistance to electron back transfer, and it is indeed determinant for OPV efficiency.
The chemical quantities u and 1 have been interpreted by Parr et al.[127] as the first and
second partial derivatives, respectively, of the electronic energy with respect to the num-
ber of electrons at a constant external potential v(r). This means that the geometry is

unchanged between the two states and represents then a vertical regime. Mathematically,

we have:
or
. () (2.7)
ON v(F)
82E>
0= ( 23)
ON? v(F)

Assuming that F(N) can be differentiated (it is a continuous function on the number
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of electrons), it can be expanded as a Taylor function around Ny (the number of electrons

of the neutral system) using the definitions of p and 7 given just before:

E(N) = E(Ny) + (N — No)uu+ (N — No)2b + (N — No)P* L 4 .. (2.9)

Where v has no physical meaning. If a finite difference approximation is employed

considering a quadratic £ = E(N) curve, u and n could be given by:

E(N+1)— E(N —1)

= 2.1
p 5 (2.10)
n=EN—-1)+E(N+1)—2E(Ny) (2.11)
Using Janak’s definition of ionization potential (IP) and electron affinity (EA):
IP = E(N — 1) — E(N,) (2.12)
EA=FE(Ny) — E(N+1) (2.13)
We can then rewrite p and 7:
—(IP+FA
= g (2.14)
2
n=1IP— EA (2.15)
Finally, the electrophilicity (w) can be defined as:
2
I
= — 2.1
vzt (216)

This index is proposed like this in analogy to the power equation of classical electricity
(Power = W = V?2/R, where V stands for the voltage on the terminal of any given
resistor with resistance R). In this way, one can think of w as a sort of "electrophilic
power” as described originally by Parr et al.[127]

Figure 2.20 shows these results.

From this, we can deduct that the disruption of equivalent double bonds on the
fullerene sphere does not interfere in the same way for the studied compounds. For
example, taking bis-PCgBM and cyclopropanation-obtained molecule, which have the
same type of attack on the same position over the sphere, they present very different

electronic behaviors to their acceptor properties. This means that the presence of a
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Figure 2.20: Electrophilicity deviation compared to Cgg for the studied compounds altogether
the common fullerene-derivatives used nowadays (PCgBM, bis-PCgoBM, ICgoMA and ICgoBA).

lateral comonomer is sensed by the conjugation of the fullerene and may hinder the
n-type character of the designed material.

Moreover, it is remarkable the fact that, again, Azide-based compounds seems to
preserve (or at least disrupt as minimum as possible) the electron acceptor properties of

Ceo0, whereas the others significantly hinders it.

2.5.4 Reorganization Energy

The aforementioned properties are calculated from vertical transitions for isolated molecules.
They do not take into account the contribution of the environmental molecules and any
geometrical reorganization induced by the charge acceptance.

In order to account for these effects in the estimation of the electron acceptor character
of new molecules, the semi-classical Marcus theory proposes a well-documented model to
estimate these effects on the charge transfer.

Rudolph A. Marcus [128] originally proposed a model to explain the rates of electron-
transfer reactions induced by a hopping mechanism based on the evaluation of the mobil-
ity £€*', which is defined in function of the charge-transfer rate (hopping probability per

unit time) ko as:
ea?
2kpgT

Where kg, T, a, and e are the Boltzmann constant, temperature, transport dis-

§ = ket (2.17)

2INormally, the mobility is also denoted by the Greek letter u, but here we are already using it to
represent the electrochemical potential. Then, to describe mobility, we use the Greek letter £.
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tance and electronic charge, respectively. The transport distance can be obtained from a

quantum-chemistry geometry optimization. The function ko can be expressed as follows:

27 1 —(AG° + )2
kor = —t* 2.18
= 2"\ aakyT O [ INkepT (2.18)

Where t, h and A strand for the transfer integral, the reduced Planck’s constant and

the inner reorganization energy, respectively. The AG? term stands for the difference in
the Gibbs free energy of the system before and after the charge-hopping process and is
equal to zero if the molecular segments are equal.

Finally, the reorganization energy A comes from the vibrational structure change due

to the electron gain/loss process of the segment.[129, 130] It is defined as:

A=A+ A (2.19)

A1 and Ay are, respectively, the energy difference due to the structural relaxation of
gaining one electron by the molecular structure and the energy difference of losing one
electron. In other words, )\ is the difference between the neutral state energy of the ionic
state geometry and the ground state energy of the native state. Ay is then the difference
of the ionic state energy in the ground state geometry and the ionic state energy in the
ionic state geometry as well. Schematically, for the reaction coordinate system @), it can
be depicted as found in Figure 2.21, where the two quadratic potential energy curves are
depicted, for both ground and ionic state. The vertical transitions are represented by full-
trace arrows and the relaxation on the coordinate system are illustrated by curved-dotted
ArTows.

Based on this model, in order to maximize the mobility of a given material, one must
decrease the reorganization energy, for a given temperature and interatomic distance.
This is direct from the concept of energy payback. Overall, the transport mechanism in
organic semiconductors results from a balance between the energy gained by the electron
delocalization in the electronic state and the energy gained by the geometry optimization
of an individual chain around the charge to form a polaron. This term, in specific, is de-
nominated the polaron binding energy (E,,), which measures efficiently the stabilization
energy of the charged stated by the molecular deformation. In this way, the lower this

energy, the higher the polaron is stable and localized, and the lower is the charge-transfer

rate, lowering as well the mobility of the material.[131] Mathematically:
1
Epot = 5 (2.20)

These quantities were calculated for the proposed model materials using an unre-
stricted open-shell wave function scheme for the Kohn-Sham orbitals (UKS). Although

the spin contamination is not a pathologic effect in DFT calculations, we monitored the
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Figure 2.21: Reaction coordinates space representation of the reorganization energy in func-
tion of the ionic and ground states.

mean value of < S? > in order to have it deviated at maximum 10% of the expected value
of a % spin system. The ground state, however, was calculated in a restricted open-shell
scheme (RKS), not allowing any spin polarization. As we are interested in an electron-
gain process, only the significant anionic species have their reorganization energies herein
presented.

In Figure 2.22, we can find the anionic reorganization energy for the model compounds
compared to the reference n-acceptor materials.

If one takes a closer look on the total anionic reorganization energy, one can note that
Azide-, Prato- and Cyclopropanation-based molecules have a comparable lower energy
payback under reduction if compared to the other molecules. On the other hand, indene-
based molecules disrupt as minimum as possible this property of the fullerene, being very

close to the original value.

2.5.5 Transfer Integral

The transfer integral ¢ of a given system is related to the energetic splitting of electronic
levels, attributed to the interaction between adjacent segments. For an electron-hopping

process, this can be given by:

t= ;\/(EL+1 —E1)? — (6 — €)? (2.21)
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