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No man is an island, 
Entire of itself, 
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A part of the main. 
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Europe is the less. 
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Abstract 
 

Photovoltaic technology (PV) makes it possible to directly convert sunlight into electricity 

and it is seen as a very promising solution to the current energy crisis. Although the PV market is 

dominated by inorganic-based devices, those systems present high production costs and 

deployment issues that limit their application.  Polymer-based organic solar cells (OPVs) are 

promising sources of renewable energy due to their facile, low cost production, and formable 

nature. Due to its electronic properties and high electron mobility, small molecule fullerene (C60) 

derivatives are widely used in large scale OPVs. However the morphological properties of C60 

derivatives decrease device stability as C60 easily undergoes self-aggregation during OPV use. The 

processibility of C60 can be improved by incorporating it into a polymer. These systems are 

already described in literature but have in general a multistage synthesis that could affect the 

electronic properties of C60 as well as give insoluble products due to reticulative reactions. 

 The objective of the work here presented was to prepare innovative polymers based on 

C60 for photovoltaic and electronic devices using reliable, well-known C60 chemistry.  

 At the University of Pau (EPCP Lab), after the syntheses of small molecules to be used as 

co-monomers, two synthetic routes were used in order to obtain main- chain oligo- and 

polyfullerenes. The first route is based on the atom transfer radical addition polymerization 

(ATRAP), which has already been used for the preparation of main-chain polyfullerenes. With 

this method, soluble compounds with various molecular weights were prepared. The second 

route was discovered in this work and exploits a well-known fullerene chemistry to prepare 

soluble polyfullerenes with reasonably high molecular weights. Preliminary studies to 

understand the effect of the reaction parameters (reagents, reagents concentration, temperature, 

time and solvent) and the kinetics of the polymerisation were performed. Material 

characterisations were carried out via GPC chromatography, NMR spectroscopy, and UV-visible 

and IR spectroscopies. Thermal analyses (TGA and DSC) were also run to complete the 

characterisations. Both C60 and its derivative, [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), 

have been exploited as monomers in the reactions. 

A nine-month (cotutelle) stay at Tübingen University, Germany, permitted a study of the 

synthesized materials by means of XPS and UPS spectroscopies. The aim of these studies was to 

obtain a better understanding of the energy levels pictures of the oligo- and polyfullerenes. Thin 

films of the compounds were deposited on different substrates via solution processes (doctor 



 
  

 

blade or spin coating) to obtain ex-situ samples for characterisation.  

Samples of polyfullerene-containing active layers were prepared during a short stay (1 

week) at BELECTRIC OPV GmbH, Nuremberg (Germany), and analysed by optical microscopy and 

AFM microscopy during thermal-degradation studies at Tübingen University. These studies were 

completed thanks to collaborations with researchers at BELECTRIC OPV GmbH, who have 

incorporated the compounds into devices and performed complementary and comparable 

experiments. As general trends, the compounds are found to improve the stability of the devices 

upon thermal stresses.   



 
  

 

Résumé 
 

La technologie photovoltaïque (PV) permet de convertir directement la lumière du soleil 

en électricité et elle est considérée une solution très prometteuse à la crise de l'énergie. Bien que 

le marché du PV soit actuellement dominé par des dispositifs à base de minéraux, ces systèmes 

présentent des coûts de production élevés et de nombreux problèmes environnementaux. Ces 

aspects limitent leur application. Les cellules solaires organiques à base de polymères (OPV) sont 

de prometteuses sources d'énergie renouvelable en raison de leur faible coût de production et 

grâce à leur nature déformable. En raison de ses propriétés électroniques et de la haute mobilité 

d'électrons, de petites molécules dérivées du fullerène C60 sont largement utilisées dans la 

production OPV à grande échelle. Toutefois, les propriétés morphologiques des dérivés du C60 

diminuent la stabilité des dispositifs. En effet, le C60 ÓÕÂÉÔ ÆÁÃÉÌÅÍÅÎÔ ÌÅ ÐÈïÎÏÍîÎÅ ÄȭÁÕÔÏ-

agrégation lors de l'utilisation de la cellule. L'aptitude au traitement du C60 peut être améliorée 

ÅÎ ÌȭÉÎÃÏÒÐÏÒÁÎÔ ÄÁÎÓ ÕÎ ÐÏÌÙÍîÒÅȢ #ÅÓ ÓÙÓÔîÍÅÓ ÓÏÎÔ ÄïÊÛ ÄïÃÒÉÔÓ ÄÁÎÓ ÌÁ ÌÉÔÔïÒÁÔÕÒÅȟ ÍÁÉÓ 

reposent en général sur une synthèse en plusieurs étapes qui pourraient affecter les propriétés 

électroniques du C60 ainsi que donner des produits insolubles en raison de la réaction de 

réticulation. 

L'objectif de ce travail est de préparer des polymères innovants basés sur le fullerène 

(C60) ÐÏÕÒ ÌÅÓ ÄÉÓÐÏÓÉÔÉÆÓ ÐÈÏÔÏÖÏÌÔÁāÑÕÅÓ ÅÔ ïÌÅÃÔÒÏÎÉÑÕÅÓȟ Û ÌͻÁÉÄÅ ÄȭÕÎÅ ÃÈÉÍÉÅ ÄÕ #60 bien 

connue et en se basant sur des procédés fiables.  

; Ìͻ5ÎÉÖÅÒÓÉÔï ÄÅ 0ÁÕ ɉÁÕ ÓÅÉÎ ÄÅ ÌȭïÑÕÉÐÅ %0#0Ɋȟ ÁÐÒîÓ ÌÅÓ ÓÙÎÔÈîÓÅÓ ÄÅ ÐÅÔÉÔÅÓ ÍÏÌïÃÕÌÅÓ 

qui ont étés utilisées en tant que co-monomères, deux différentes voies de synthèse ont été 

exploitées afin d'obtenir oligo- et polyfullerènes contenant le C60 dans leur chaîne principale. La 

première voie exploitée, est basée sur la réaction « Atom Transfer Radical Addition 

Polymerisation » (ATRAP), qui a déjà été utilisée pour la préparation de main-chain 

polyfullerenes. Avec cette méthode, des composés très solubles ayant des poids moléculaires 

variables ont été préparés. La deuxième voie a été découverte dans ce travail de thèse et exploite 

une chimie du C60 bien connue pour obtenir des « main-chain » polyfuller ènes qui présentent un 

haut poids moléculaire et qui sont bien solubles dans les solvants courants. Des études 

préliminaires ont été effectuées dans le but de comprendre les effets des paramètres de réaction 

(réactifs, leur concentration, température, temps de réaction et solvants) et la cinétique de la 

ÐÏÌÙÍïÒÉÓÁÔÉÏÎȢ ,ÅÓ ÍÁÔïÒÉÁÕØ ÏÎÔ ïÔï ÃÁÒÁÃÔïÒÉÓïÓ ÐÁÒ ÃÈÒÏÍÁÔÏÇÒÁÐÈÉÅ ÄȭÅØÃÌÕÓÉÏÎ ÓÔïrique, 



 
  

 

SEC, spectroscopie RMN, et à travers spectroscopie UV-vis et IR.  Des analyses thermiques (TGA 

et DSC) complètent les caractérisations. Le fullerène C60, ainsi que son dérivé, [6,6] -phényl-C61-

butyrique ester méthylique d'acide (PCBM), ont été exploités en tant que monomères dans les 

réactions de polymérisation. 

Un séjour de neuf mois (cotutelle) à l'université de Tübingen, en Allemagne, a permis 

d'étudier les matériaux synthétisés par spectroscopies XPS et UPS. Le but de ces études était 

d'obtenir une meilleure compréhension des niveaux énergétiques des oligo- et polyfullerènes. 

Des couches minces de composés ont été déposées sur différents substrats par des procédés en 

solution (doctor blade ou spin coating) pour obtenir des échantillons ex-situ pour les analyses.  

Des échantillons de couches actives contenant des polyfullerène ont également été 

préparés lors d'un court séjour (une semaine) à BELECTRIC OPV GmbH, Nuremberg (Allemagne). 

,ÅÓ ïÃÈÁÎÔÉÌÌÏÎÓ ÏÎÔ ïÔï ÁÎÁÌÙÓïÓ ÐÁÒ ÍÉÃÒÏÓÃÏÐÉÅ ÏÐÔÉÑÕÅ ÅÔ ÍÉÃÒÏÓÃÏÐÉÅ !&- ÄÁÎÓ ÌÅ ÃÁÄÒÅ ÄȭÕÎÅ 

étude sur la stabilité thermique de la couche active à l'Université de Tübingen. Ces études ont été 

réalisées aussi grâce à la collaboration avec des chercheurs de BELECTRIC OPV GmbH, qui ont 

intégré les composés dans des dispositifs et réalisé des expériences complémentaires et 

comparables. Comme tendances générales, les composés améliorent la stabilité des dispositifs 

quand les derniers sont soumis à un stress thermique.  



 
  

 

Abstract- German  

 
Da durch Photovoltaik  (PV) Sonnenlicht direkt in Elektrizität umgewandelt werden kann, 

ist diese Technologie sehr vielversprechend für die Lösung der gegenwärtigen Energiekrise. Der 

PV Markt ist durch anorganische Solarzellen dominiert, obwohl hohe Produktionskosten und ein 

Aufwand für Entwicklungen die Anwendung dieser Systeme limitiert. Eine auf Polymeren 

basierte, organische Photovoltaik (OPV) zeichnet sich im Gegensatz dazu durch eine einfache und 

preiswerte Produktion,  sowie durch hohe Flexibilität aus und stellt deshalb eine 

vielversprechende erneuerbare Energiequelle dar. Fulleren(C60)- Derivate sind aufgrund der 

elektronischen Eigenschaften und der hohen Mobilität für Elektronen in großflächigen OPV 

Anwendungen weit verbreitet. Die morphologischen Eigenschaften der Fulleren(C60)- Derivate 

führen jedoch zu einer Aggregation dieser Moleküle und somit zu einer geringen Stabilität der 

Bauelemente.  Die Verarbeitbarkeit von C60 kann jedoch durch Einbindung in polymere 

Strukturen verbessert werden. Solche Verbindungen wurden bereits in der Literatur 

beschrieben, sie werden generell in einer mehrstufigen Synthese hergestellt, die die 

elektronischen Eigenschaften von C60 verändert und auch zu unlöslichen Produkten durch 

Vernetzungsreaktionen führen kann. 

Das Ziel der vorliegenden Arbeit ist die Präparation von innovativen, C60 basierten Polymeren 

für photovoltaische und andere elektronische Bauelemente unter Anwendung einer 

zuverlässigen, bereits bekannten Fullerenchemie.  

An der Universität Pau (EPCP Lab) wurden zunächst die kleineren Moleküle synthetisiert, die als 

Comonomere verwendet wurden. Um Hauptketten Oligo- und Polyfullerene herzustellen, 

wurden zwei Synthesewege verfolgt. Der erste Weg basiert auf der Atom Transfer Radical 

Additionspolymerisation (ATRAP) ɀ eine Route die für die Synthese von Hauptketten-

Polyfullerene bekannt ist. Mit dieser Methode wurden lösliche Verbindungen mit 

unterschiedlichem Molekulargewicht hergestellt. Der zweite Syntheseweg wird in dieser Arbeit 

erstmalig vorgestellt, unter Nutzung der bekannten Fullerenchemie werden Polyfullerene mit 

vergleichsweise hohem Molekulargewicht synthetisiert. Vorbereitende Studien wurden 

durchgeführt, um Reaktionsparameter (Reagenzien und deren Konzentration, Temperatur, 

Lösungsmittel und Reaktionsdauer) und die Kinetik der Polymerisation zu verstehen. Die 

Reaktionsprodukte wurden mit  Gel-Permeations-Chromatographie (GPC), NMR Spektroskopie 

sowie UV/vis und IR Spektroskopie charakterisiert. Zusätzlich wurden thermogravimetrische 



 
  

 

Analyse (TGA) und dynamische Differenzkalorimetrie (differential scanning calorimetry, DSC) 

angewandt. Sowohl C60, als auch das C60 Derivat [6,6]-phenyl-C61-butyric acid methyl ester 

(PCBM) wurden als Monomere in den Polymerisationsreaktionen verwandt.  

In einem neunmonatigen Co-tutelle Aufenthalt an der Eberhard-Karls-Universität Tübingen 

(Deutschland) wurden die synthetisierten Materialien mittels Photoemission (XPS und UPS ) 

untersucht.  Das Ziel dieser Untersuchungen war insbesondere, die Lage der Energieniveaus in 

Oligo- und Polyfullerenen besser zu verstehen. Dafür wurden ex-situ dünne Filme dieser 

VerbÉÎÄÕÎÇÅÎ ÁÕÆ ÕÎÔÅÒÓÃÈÉÅÄÌÉÃÈÅÎ 3ÕÂÓÔÒÁÔÅÎ ÁÕÓ ,ĘÓÕÎÇÅÎ ÈÅÒÇÅÓÔÅÌÌÔ ɉȵÄÏÃÔÏÒ ÂÌÁÄÅ ÃÁÓÔÉÎÇȰ 

ÏÄÅÒ ȵ3ÐÉÎ-ÃÏÁÔÉÎÇȰɊȢ   

Proben der Polyfulleren-haltigen aktiven Schichten in Bauelementen wurden während eines 

Kurzaufenthaltes von einer Woche bei der BELECTRIC OPV GmbH (Nürnberg, Deutschland) 

hergestellt. Nachfolgend wurde deren thermische Degradation an  der Eberhard-Karls-

Universität Tübingen  mit optischer Mikroskopie sowie AFM untersucht. Diese Studien wurden 

durch vergleichbare und komplementäre Untersuchungen in Kooperation mit Mitarbeitern der 

BELECTRIC OPV GmbH ergänzt, wobei diese Verbindungen in Bauelemente inkorporiert wurden. 

Generell wurde festgestellt, dass diese Verbindungen die thermische Stabilität der Bauelemente 

erhöhen.   
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MALDI-TOF: matrix-assisted laser desorption/ionization time-of-flight  

MP: maximum power 

MW: microwave 

NMR: nuclear magnetic resonance 

OFET: organic field-effect transistor 

OLED: organic light-emitting diode 

OPV: organic photovoltaic 

OSC: organic solar cell 

PCBM: phenyl-C61-butyric acid methyl ester 

PCE: power conversion efficiency 

PES: photoemission spectroscopy 

PHJ: planar heterojunction 

PL: photoluminescence 

PV: photovoltaic 

ROS: reactive oxygen species 

RP: shunt resistance 

RS: series resistance 

SACAP: sterically controlled azomethine ylide cycloaddition polymerization 

SEC: size exclusion chromatography 

STC: science & training committee 

TGA: thermogravimetric analysis 

UHV: ultra-high vacuum 

500!ȡ 5ÎÉÖÅÒÓÉÔï ÄÅ 0ÁÕ ÅÔ ÄÅÓ 0ÁÙÓ ÄÅ Ìȭ!ÄÏÕÒ 

UPS: ultraviolet photoemission spectroscopy 

UV: ultraviolet 

VBM: valence band maximum 



 
 

 

XPS: X-ray photoemission spectroscopy
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Preamble 
 

$ÕÒÉÎÇ Á ÃÏÎÆÅÒÅÎÃÅ ÉÎ 3ÅÁÔÔÌÅȟ ) ÆÏÕÎÄ ÍÙÓÅÌÆ ÌÏÏËÉÎÇ ÁÔ ÔÈÅ ÁÕÄÉÅÎÃÅ ÁÎÄ ÁÓË ÔÈÅÍ Ȱ×ÈÙ 

ÄÉÄ ) ÍÁÄÅ ÍÙ ÌÉÆÅ ÃÈÁÌÌÅÎÇÉÎÇȩȱȢ 4ÈÅ ÁÉÍ ×ÁÓ ÏÆ ÃÏÕÒÓÅ ÔÏ ÉÎÔÒÏÄÕÃÅ the very attracting properties 

of organic solar cells and the challenges encountered in this field. In particular the challenges 

encountered when working on fullerene-based n-type materials. However that question was 

much more for me. It was a real question. It was a question I have asked myself so many times. 

But I was almost at the end of my PhD life and I now had the answer for that question. I did made 

the last years challenging, the years ÏÆ Ȱ) ×ÉÌÌ ÓÔÁÙ ÌÏÎÇÅÒ ÉÎ ÔÈÅ ÌÁÂȱȟ ȰÓÏÒÒÙ ) ÈÁÖÅ Á ÄÅÁÄÌÉÎÅȟ ÁÎÄ 

ÉÔ ×ÁÓ ÙÅÓÔÅÒÄÁÙȱȟ ȰÔÈÉÓ ×ÅÅËÅÎÄ ) ÈÁÖÅ Á ÄÁÔÅ ×ÉÔÈ ÔÈÅ ÓÐÅÃÔÒÏÍÅÔÅÒ ÉÎ ÔÈÅ ÌÁÂȟ ÄÏ ÙÏÕ ×ÁÎÔ ÔÏ 

ÊÏÉÎȩȱ ÏÒ ÅÖÅÎ ÂÅÔÔÅÒ ȰÔÈÅÓÅ ÄÁÔÁ ÍÁËÅ ÎÏ ÓÅÎÓÅȟ ) ÈÁÖÅ ÌÏÓÔ ÔÈÅ ÌÁÓÔ ς ÍÏÎÔÈÓȱ. Even though, I did 

it because it was worth it.  

First of all, now I can prepare my luggage for a week-stay to the other corner of the world 

in less than 10 min. More important, I have had the opportunity to work in different places and 

laboratories, e.g. at IPREM/EPCP in Pau (France), at Aston university (UK), and at the Institute of 

Physical and Theoretical Chemistry - Division of Condensed Matter in Tübingen (Germany), and 

I had the opportunity to meet and to collaborate with good friends and great scientists. 

Beside the scientific aspect, this thesis have also been a great opportunity for self-

development. I had the opportunity to improve my language skills, to gain skills in outreach, 

communication and project management, and networking . It also gives me the opportunity to 

improve my teaching skills as I had the chance to participate to the university teaching activity 

as laboratory teaching assistant and as master student co-supervisor. This has been a great 

opportunity that has brought incredible enrichment in my professional and personal life. 

 

About this thesis 

This thesis is a part of the Region Aquitaine project FULLINC and the European Project 

ESTABLIS. The main objective of the project was to prepare innovative materials based on 

fullerene for photovoltaic and electronic devices using well-known and reliable routes.  

The materiÁÌÓ ÈÁÖÅ ÂÅÅÎ ÕÓÅÄ ÉÎ %ÓÔÁÂÌÉÓȭ OPVs. The ESTABLIS 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.  
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4ÈÉÓ ÔÈÅÓÉÓ ÉÓ Á ÃÏÔÕÔÅÌÌÅ ÂÅÔ×ÅÅÎ ÔÈÅ 5ÎÉÖÅÒÓÉÔï ÄÅ 0ÁÕ ÅÔ ÄÅÓ 0ÁÙÓ ÄÅ Ìȭ!ÄÏÕÒ (UPPA), in 

France, and Eberhard Karls Universität Tübingen (EKTU), in Germany. A one-month secondment 

at Aston University, UK, to develop organic synthetic techniques has also been spent.  

Some parts of this thesis have already been presented during national and international 

conferences. Part of the work will be published in a joint patent between Merck, CNRS, UPPA and 

Belectric OPV GmbH. More publications and the details for the oral and poster presentations will 

be found at the beginning of the appropriate section.  

 

Structure of the work 

The thesis comprises five parts: (1) A general introduction to the scientific topics 

addressed in the dissertation. (2) A report on the synthesis of novel fullerene-based materials 

with discussions on the obtained results. (3) A chapter reporting the applications of the 

synthesized materials into organic solar cells. (4) A chapter where thermal degradation study on 

active layer blends containing the novel materials is addressed. (5) An experimental section 

where experimental protocols and conditions as well as experimental results are collected.  

A concluding section summarizing the principal outcomes of this study, is found at the end of the 

manuscript. 

Finally, appendices to the individual chapters are proposed.  

 

 

 

 

 

 

 

 

The work in this thesis has received funding from European Union Seventh Framework 

Program (FP7/2011) under grant agreement no. 290022. 
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Introduction  

1 Fullerene and its application to organic photovoltaics 

Fullerenes are a family of large all-carbon cage molecules. The lowest molecular weight 

structure of this family with some stability in ambient condition is C36.[1]  The most abundant and 

stable form of fullerene is buckminster fullerene (C60) first discovered in 1985 by Kroto, Heath, 

/ȭ"ÒÉÅÎȟ #ÕÒÌ ÁÎÄ 3ÍÁÌÌÅÙ[2] during experiments on the mechanism of formation of long-chain 

carbon molecules in interstellar space and circumstellar shells. Thanks to their discovery Kroto, 

Curl and Smalley were awarded the Nobel Prize in Chemistry in 1996. The production of C60 on 

milligram scale, by resistive heating of graphite, was first reported by Krätschmer, Lamb, 

Fostiropoulos and Huffman in 1990.[3] This was the breakthrough that permitted the rapid 

development in the characterization and functionalization of this material, which due to its 

properties is widely studied in numerous scientific disciplines, ranging from solar cells[4] to 

medicine.[5]   

 

1.1 Buckminsterfullerene 

Fullerene (C60), also called buckminster fullerene after the architect Buckminster Fuller 

who designed geodesic domes in the 1960s, is an aromatic, highly symmetric (Ih) molecule with 

120 possible symmetrical operations. It has the shape of a truncated icosahedron, similar to a 

football (Figure 1), in which the carbon nuclei reside on a sphere of about 0.7 nm. This molecule 

presents a 4 Å diameter cavity inside. The physical properties of C60 are shown in Table 1.[6] 

 

Figure 1 : (a) Buckminster fullerene, (b) Montreal Biosphere by Buckminster Fuller, 1967 and (c) a foot-
ball. 
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Property   

Aspect Black solid 

Odor  Odorless 

Chemical formula  C60 

Molecular weight  720.65 g mol-1 

Density  1.7 to 1.9 g cm-1 

Standard heat of formation  9.08 kcal mol-1 

Index of refraction  2.2 (600nm) 

Boiling point  Sublimes at 800K 

Resistivity  1014 Ohms m-1 

Crystal form  Hexagonal cubic 

Optical band gap  1.68 Ev 

Vapour  pressure  5×10-6 torr (r.t.)  - 8×10-4 torr (800K)  

Table 1: Physical properties of C60. 

 

C60 obeys %ÕÌÅÒȭÓ ÔÈÅÏÒÅÍ ÁÓ ÉÔ presents 12 pentagonal faces and 20 hexagonal faces. As hexagons 

are added to attain the higher fullerenes, or removed in case of the lower fullerenes, the molecule 

loses its roundness and stability. C60 is the smallest fullerene to obey also the isolated pentagon 

rule (IPR) which predicts that the fullerene structure in which all the pentagons are isolated are 

more stable than those with adjacent pentagons.[7] The presence of pentagonal faces results in 

an anisotropic electron distribution on the cage and this is reflected in the presence of two types 

of bond sets, namely hexagonɀpentagon (6:5) bonds and hexagonɀhexagon (6:6) bonds.[8] The 

6:6 bonds are short (1.391 Å) with a significant p-electron density while the 6:5 bonds are longer 

(1.455 Å) and constitute electron-poor regions. In C60 hexagon structures the electronic 

delocalization is not as in a benzene ring; C60 is not an aromatic structure according to the 

common rules for aromaticity. All the carbons in the structure are equivalent as confirmed by the 

13C NMR spectrum of C60 in benzene-d6 where a single peak is present at 143.29 (Figure 2).[9] 
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Figure 2: 125 MHz NMR spectrum after 1024 scans (28 min) of a C60-C70 mixture saturated in C6D6 as the 
only solvent. Signal to noise ratio 16: 1. C60 exhibits one 13C NMR resonance at d 143.29 (image reproduced 
from ref.9). 
 

As mentioned above, the pentagonal faces permit the spherical structure of the molecule, 

imposing a substantial curvature of the surface and a strong pyramidalization of the individual 

tri -conjugate carbon atoms.[10]  

 

1.1.1 C60 chemistry 

The pyramidalization of fullerene carbon atoms is a source of strain in the fullerene 

ÇÅÏÍÅÔÒÙ ÁÎÄ ÁÆÆÅÃÔÓ ÔÈÅ ÍÏÌÅÃÕÌÅȭÓ ÒÅÁÃÔÉÖÉÔÙ; the relief of strain is primarily responsible for 

fullerene reactivity. In general, fullerenes are insoluble or sparingly soluble in most common 

organic solvents.[11ɀ14]The solubilities of C60 in some of the most commonly used solvents are 

listed in Table 2. 

Solvent Solubility (25 °C) mg/mL  

n-hexane 0.043 

cyclohexane  0.036 

dichloromethane  0.26 

chloroform  0.16 

dibromoethane  0.50 

methanol  0.000 

acetone 0.001 

benzene 1.7 

toluene  2.8 

xylene  5.2 

1,2,4-trimethylbenzene [8]  17.9 

chlorobenzene  7.2 

1,2-dichlorobe nzene 27 

1-methylnaphthalene  33 

carbon disulfide  7.9 

tetrahydrofuran  0.000 

Table 2: Solubility of C60 in some of the most commonly used solvents.[12]  
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The low solubility makes C60 difficult to handle. It is well-known that this problem can be in part 

solved by the chemical functionalization of this carbon allotrope. Considering the great interest 

for fullerene in a wide range of applications, which go from bio-medical to organo-electronic 

applications, the chemistry of this small molecule has been well investigated since its discovery.  

Despite its relative stability, fullerene C60 undergoes many reactions. Its chemical reactivity is 

typical of an electron deficient olefin and can be reduced by up to 6 electrons. The reaction type 

can be of different nature but since fullerene does not contain hydrogen atoms that can be 

substituted, it does not undergo the common reactions for aromatic systems. For example, 

aromatic substitution reactions are not applicable to C60. Some general reactions that occurs with 

fullerene C60 are schematically reported in Figure 3. 

 

Figure 3: Some general reaction of C60. Image reproduced from ref.15. 
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Chemical modifications on C60 can result in single or multiple attacks on the cage and usually take 

place at the 6:6 bonds. In the case of single-additions, the reactions can be classified into 

categories based on the nature of the obtained structure. With relations to the shape built on a 

6:6 ring junction of the C60 there can be:  (a) open structure, (b) three-membered ring, (c) four-

membered ring, (d) five-membered ring and (e) six-membered ring as reported in literature 

(Figure 4).[16]  

 

Figure 4:  Geometrical shapes built onto a 6,6 ring junction of C60: (a) open; (b) three-membered ring; (c) 
four-membered ring; (d) five-membered ring and (e) six-membered ring. Image reproduced from ref.16. 
 

Due to its hollow structure, fullerene can also host small molecules, ions or metal clusters of many 

types. These materials are known as endohedral fullerenes (X@Cn, where X is the trapped atom 

or molecule and n is the size of the fullerene) and a huge amount of research has been focused on 

them in the last decades.[17,18] This is considered in more detail is section 1.1.1.4. 

In the next paragraphs some of the reactions of C60 are presented.  

 

1.1.1.1 Cycloadditions on C60 

C60 can undergo different types of cycloadditions. [1+2] cycloadditions, [2+2], [3+2] and 

[4+2] ÃÙÃÌÏÁÄÄÉÔÉÏÎÓ ÁÒÅ ÁÌÌ ÐÏÓÓÉÂÌÅ ÏÎ ÔÈÅ φȡφ ÂÏÎÄÓ ÏÆ ÆÕÌÌÅÒÅÎÅȭÓ ÈÅØÁÇÏÎÓȢ 4ÈÉÓ ÂÏÎÄ ÃÁÎ ÁÃÔ 

as diene or as a dienophile depending on the reaction conditions. Most important amongst the 

various cycloadditions with fullerenes, are cyclopropanation, Diels-Alder and hetero Diels-Alder 

[4+2] cycloadditions, and the 1,3-dipole [3+2] cycloadditions. 

Cyclopropanation 

Cyclopropanation of fullerene C60 can be achieved by different methods: (i) thermal 

addition of diazo compounds, followed by thermolysis or photolysis; (ii) addition of free carbenes 

and (iii) the Bingel reaction.[19] While the first method leads to both [6,5]-open and [6,6]-closed 
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methanofullerene structures (Figure 5), the addition of free carbenes is selective to the [6,6]-ring 

junction (Figure 6).  

 

Figure 5: Scheme of the mechanism of the diazo addition on C60 to give methanofullerenes via either 
thermolysis or photolysis. 

 

 

Figure 6: General scheme of the synthesis of methanofullerenes by free carbene addition. 

 

Finally, the Bingel reaction is the procedure which enables the synthesis of C60-

methanofullerenes in the highest yields.[20] This reaction provides selectively the [6,6]-closed 

methanofullerenes products. The reaction conditions are relatively mild. The classic Bingel 

reaction is carried out on a-halomalonates in the presence of a base.[21] The general scheme of 

the reaction, which occurs with an addition-elimination mechanism, is reported in Figure 7. 
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Figure 7:  General scheme of the addition-elimination of the Bingel reaction. 

 

The Bingel reaction permits the synthesis of a wide variety of C60 derivatives which present 

different properties and have been exploited in different fields ranging from photovoltaics,[22] 

to material sciences[23], to biomedical sciences.[24,25] 

In 1998, Diederich, Echegoyen and co-workers reported the discovery of the retro-Bingel 

reaction.[26] They discovered that via electrolytic reduction at constant potential, it is possible 

to electrochemically remove the bis(alkoxycarbonyl)methanoaddend formed by the Bingel 

reaction (Figure 8).  

 

Figure 8: Bingel and retro -Bingel reactions.  

 

The retro-Bingel reaction is an efficient way to remove methano-addends from fullerenes. It is 

also possible to carry out a retrocyclopropanation by chemical treatments. Both methods allow 

the selective removal of the Bingel substituent from the fullerene when other addends are 

present.[27,28] 

 

Diels-Alder cycloaddition 

Due to the excellent dienophile character of its (6:6) double bonds, C60 can undergo the 

classical Diels-Alder cycloaddition reaction with dienes.[29] There are many different examples 
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of a Diels-Alder reaction on C60 and the first was performed using cyclopentadiene as 1,4-diene 

system (Figure 9).[30] 

 

Figure 9: Scheme of Diels-Alder reaction between C60 and cyclopentadiene. 

Also the retro-Diels-Alder reaction can take place on C60. This particular process has been 

exploited to improve the morphology of active layers in organic solar cells. Soluble cycloadducts 

were first introduced into devices in order to obtain the release of C60 by means of retro-Diels-

Alder reaction above 100 °C. This method permitted the formation of thin-fi lms with improved 

morphology.[31] Depending on the reactivity of the diene, different reaction conditions (room 

temperature to reflux in high boiling solvent) are required. An efficient protocol, which leads to 

higher yields of the cycloaddition product, is to conduct the reaction under microwave (MW) 

irradiation. The use of MW, in fact, shorten the reaction times and, as a result, retro-Diels-Alder 

reaction as well as bis-adducts formation are avoided.[32] Although the Diels-Alder reaction is 

favoured by the presence of electron-rich substituent on the diene, the reaction is also possible 

with electron-deficient dienes. In this case, for example, fullerenopyridazines have been prepared 

by an inverse electron demand Diels-Alder reaction (Figure 10), that is a reaction in which the 

electronic effect on the classic Diels-Alder reactions are inverted. In fact, in an inverse electron 

demand Diels-Alder, the presence of an electron-withdrawing substituents in the dienophile has 

the effect to retard the reaction and the presence of an electron-donating groups, to accelerate it. 

On the contrary, when the electron withdrawing group is on the diene, the reaction will be 

accelerated whereas an electron-donating group on it will have the effect to retard the reaction. 

[33] 

 

Figure 10: Scheme of Diels-Alder reaction between C60 and tetrazine derivative to obtain 
fullerenopyridazine. 
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Addition of azomethine ylides (Prato chemistry) 

Among the various cycloadditions on C60, the 1,3-dipolar cycloaddition of azomethine 

ylides is of greater interest for this work. This reaction was developed by Prato and Maggini[34] 

and it is considered one of the most convenient route to functionalized fullerene. An example of 

this reaction is presented in Figure 11. It involves the generation of azomethine ylide via 

decarboxylation of the immonium salts resulting from the condensation of an a-amino acid with 

an aldehyde. The azomethine ylide then reacts selectively with a 6:6 bond of the fullerene to give 

the fulleropyrrolidine.  

 

Figure 11: Example of Prato reaction using an aldehyde and N-methyl glycine (sarcosine). 

 

The advantages of this method of functionalization are the high selectivity (it specifically attacks 

6:6 bonds), the access to a wide range of possible functional groups and the possibility to insert 

simultaneously up to three substituents into the pyrrolidine ring with a facile reaction.[35] In 

contrast to the labile derivatives such as Diels-Alder cycloadducts and Bingel methanofullerene, 

which undergo their corresponding retro-cycloaddition reaction, fulleropyrrolidine had long 

been considered, to be very stable cycloadducts. However, a highly efficient thermal retro -

cycloaddition of fulleropyrrolidine was first reported in 2006.[36] Different substituted 

fulleropyrrolidines were le ft in o-DCB at reflux for 4 to 24 hours in the presence of an excess of a 

dipolarophile. The role of the dipolarophile is to trap the ylide that is formed from the thermal 

retro -cycloaddition reaction in the mixture. With their experiments, Martín, Echegoyen and co-

workers demonstrated that the retro-cycloaddition reaction was strongly dependent on the 

substituents on the pyrrolidine influencing the stability of the corresponding ylide. They have 

shown, in fact, that passing from unsubstituted N-methyl-fulleropyrrolidine to an ester-

substituted N-methyl fulleropyrrolidine,  C60 was recovered in 4% yield after 24 h reaction and 

96.5% yield after 4 h (100% after 10 h) respectively, as summarized in Figure 12. C60 itself has 

been studied as dipolarophile in retro-cycloaddition reaction. When an excess of C60 is added to 
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pyrrolidinofullerene bisadducts in retro -cycloaddition reaction conditions, the mono-

functionalized fulleropyrrolidine is obtained (100% yield) after 18 h reflux. 

 

Figure 12: Thermal retro -cycloaddition of unsubstituted N-methyl-fulleropyrrolidine (a)  and ester-
substituted N-methyl fulleropyrrolidine (b) , to give the parent unsubstituted fullerene C60 (c) , and the 
respective yields showing the influence of the substituents on the efficiency of the reaction; maleic 
anhydride is used as dipolarophile. 

 

In some cases the presence of dipolarophile, even if it increases the efficiency, is not necessary 

for the retro-cycloaddition to take place. Compound a in Figure 13, for instance, can undergo 

thermal retro -cycloaddition in the absence of dipolarophile (90% yield of C60 after 24 h).[37] 

 

 

 

 

 

Figure 13: Thermal retro-cycloaddition of fulleropyrrolidine in the absence of dipolarophile. 

The retro-cycloaddition efficiency has been shown to be improved by the use of Lewis metal, such 

ÁÓ ÃÏÐÐÅÒɉ))Ɋ ÔÒÉÆÌÁÔÅȟ ÏÒ 7ÉÌËÉÎÓÏÎȭÓ ÃÁÔÁÌÙÓÔȢ The retro-cycloaddition of pyrrolidinofullerenes 

can also be obtained via electrochemical oxidation, as reported in 2006.[38] 

 

1.1.1.2  Nucleophilic additions 

Nucleophilic additions are possible with  C60. The first examples can be found in the 

addition of organolithium or Grignard compounds, but also the addition of cyanide groups and of 
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hetero-groups containing phosphorous or silicon follow the same route. Nucleophilic additions 

result in monofunctionalized fullerene and usually occur in a 1,2-addition fashion. As reported 

by Hirsch, the reaction with nucleophiles starts with the formation of an intermediate NunC60n- 

that can be later stabilized by the addition of an electrophile (E+) or neutral E-X to give C60(ENu)n, 

an SNi or internal addition reaction to give methanofulleres and cyclohexenofullerenes, or by 

oxidation to give C60Nu2.[39] It is to be noticed that, technically, the Bingel-reaction described 

above, belongs to this class of reactions. A general scheme of the nucleophilic addition on 

fullerene is shown in Figure 14a with typical examples of nucleophilic addition reactions Figure 

14b. 

 

Figure 14: (a) general scheme of the nucleophilic addition on fullerene; (b)  typical examples of nucleophilic 
additions. 
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1.1.1.3 Radical functionalization 

Fullerene C60 is usually ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ ȰÒÁÄÉÃÁÌ ÓÐÏÎÇÅȱȢ 4ÈÅ ÅÌÅÃÔÒÏÐÈÉÌÉÃ φȡφ bonds readily react 

with radicals and often occur as 1,4-additions. The facile addition of up to 11 phenyl groups, 15 

benzyl groups, and 34 methyl groups to fullerene are remarkable examples of this aptitude of C60 

to react with radicals.[40] Over the years, many different radical additions on fullerene have been 

studied.[41,42] The general scheme of radical addition on C60 is represented in Figure 15.  

 

Figure 15: general scheme for the radical addition reaction on C60. 

 

Radical additions on C60 have been used to synthesize new materials of technological interest and 

fullerene-containing polymers. Moreover, the high affinity of C60 and its derivatives for radical 

species makes them potential radical scavengers.[43] In materials science, this high affinity for 

radical species has been exploited for the thermal and thermo-oxidative stabilization of various 

polymeric materials against free-radical-mediated degradative processes.[44] For example, C60 

has been proved to prevent any low-temperature thermal degradation of poly(methyl 

methacrylate) (PMMA).[45] The efficient scavenging properties of fullerene are investigated also 

in medical and biological fields where the unique capacity of C60 and its derivatives for scavenging 

reactive oxygen species (ROS) make them of primary  interest in many applications.[5,46] 

 

1.1.1.4 Endohedral fullerenes 

Endohedral fullerenes (X@Cn, where X is the trapped atom or molecule and n is the size 

of the fullerene) are an important class of fullerene derivatives. They have been first isolated in a 

pure state in 1994.[47] The empty structure of fullerene cage is apt to host atoms, small 

molecules and metal clusters of different nature. It is to be taken into account though, that the 

transition metals and noble metals that exhibit strong catalytic behaviour cannot be host in 

fullerene cages.  

The combination between host molecules and fullerene gives as results the combination 

of the properties of the components, plus new properties deriving from the interaction between 
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them. In particular , electron transfer from the encapsulated metallic species to the fullerene cage 

takes place. These properties are very attractive for material scientists and this explain the huge 

development that this class of molecules has seen in the last decades. These materials can be 

classified into three main classes, taking into account the metals contained in the fullerene 

(mono-, di-, and cluster- endohedral metallo fullerene). Example of mono and di- endohedral 

metallo fullerenen are shown in Figure 16. 

 

 

Figure 16: Molecular structures of selected mono- and dimetallofullerenes: (a) C6H3Cl2 adduct of 
La@C72-C2(10612); (b) C6H3Cl2 adduct of La@C74-D3h(1); (c) Yb@C80-C2v(3); (d) La@C82-C2v(9); (e) 
Yb@C82-C2(5); (f) Yb@C82-Cs(6); (g) Sm@C82-C3v(7); (h) Tm@C94-C3v(134); (i) La2@C72-D2(10611); 
(j) Lu2@C76-Td(1); (k) La2@C78-D3h(5); (l) La2@C80-Ih(7); (m) Sc2@C82-C3v(8); (n) La2@C100-
D5(450); (o) Sm2@C104-D3d(822). Carbon atoms are grey except for the atoms in the adjacent pentagon 
pairs, which are shown in red; metal atoms are dark orange (La), blue (Yb), violet (Sm), lime (Tm), light 
green (Lu), and magenta (Sc). The lines connecting metal atoms in Lu2@C76 and Sc2@C82 denote covalent 
bonds between them. Image reproduced from ref.48. 
 

The smallest mono-endohedral metallo fullerene that has been characterized is La@C72.[49] In 

the case of di-endohedral metallo fullerene, two different metal atoms are incorporated into the 

fullerene. It has been found that in the case of medium fullerenes (C80 and C82), the two metal 

atoms tend to rotate in the cage.[50] This is not the case for larger cages (C100, C104) or small 

fullerenes (C72, C78), where the atoms stay in fixed positions.[51,52] Various synthetic method are 
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possible, depending on the nature of molecule to incorporate. When a metal is to be inserted into 

fullerene, harsh conditions are needed and arch discharge methods are used.[53] The mechanism 

of formation of endohedral metallo fullerene is not completely elucidated yet and the synthesis 

of these materials leads to regioisomeric mixtures. Purification is an important step in order to 

obtain the desired material. In general, the separation of regioisomers to obtain a pure hybrid 

compound is done via HPLC chromatography, but other methods have been proposed.[54,55] 

Once formed, the endohedral fullerene can undergo other reactions. DielsɀAlder, Prato and 

Bingel-Hirsh chemistry as well as radical additions on these material have been published.[48] 

The endohedral fullerenes find potential application in many technological fields: nanomedicine, 

pharmaceutic, biology, imaging, catalysis and photovoltaic are some examples. In photovoltaic 

technology, endohedral fullerenes have been proposed with success as acceptor materials in 

devices.[56,57]    

 

1.2 Organic photovoltaics 

The development of new technologies for renewable energy is of crucial importance nowadays. 

The increasing global demand for energy, in fact, is in big contrast with the decrease of the 

availability of fossil fuels, which are currently the main energy source, and with  the long-term 

effect of the CO2 and other greenhouse emissions caused by their combustion. Different 

sustainable energies technologies are under studies and are now exploited to alleviate the use of 

fossil fuels. Among the renewable energies, solar energy is one of the most promising as it is 

worldwide available. The direct conversion of solar energy into electricity is due to the 

photovoltaic effect which was first discovered by the French physicist Alexander-Edmond 

Becquerel in 1839 on inorganic materials.[58]  Becquerel, in fact, observed the presence of 

photocurrent when platinum electrodes, covered with silver bromide or silver chloride, were 

illuminated in aqueous solution. It is only in the 1900s that photoconductivity was observed also 

for organic compounds thanks to studies conducted on anthracene.[59] In the early 1960s it was 

discovered that many common dyes had semi-conducting properties and lately those dyes were 

proved to exhibit also the photovoltaic effect.[60] The first device which exploited this effect to 

obtain an electric flux towards an external circuit was developed at Bell laboratories in 1954.[61] 

This was a Si-ÂÁÓÅÄ ÄÅÖÉÃÅ ×ÉÔÈ Á φϷ ÅÆÆÉÃÉÅÎÃÙȢ &ÕÒÔÈÅÒ ÉÎÖÅÓÔÉÇÁÔÉÏÎÓ ÉÎ "ÅÌÌȭÓ ÌÁÂÏÒÁÔÏÒÙ ÌÅÄ ÔÏ 

the development of single crystals Si-based devices with efficiencies that could reach 24%. 

Despite the huge amount of research on organic materials for photovoltaic devices, today Si-
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based solar cell still lead the PV-world market. This dominance of inorganic-based devices on the 

market is due to their stability and efficiency which exceed 44% in the case of multijunction cells, 

and 25% and 20%, for single crystalline-based devices and multicrystalline silicon-based devices 

respectively.[62] These efficiencies are very high when compared to those obtained with  

organic-based devices, as shown in Figure 17. Nonetheless, there is great interest in the 

development of the alternative types of solar cells as the inorganic-based ones have drawbacks 

mostly due to their high production and installation costs. 

 

Figure 17: NREL- chart on record cell efficiencies.[62]  

 

The photovoltaic devices are in general divided by generations. To the first generation are 

devices that exploit silicon to obtain a photovoltaic effect. Second generation devices are those 

based on thin film technologies which hold the promises of lowering the cost of production by 

lowering the amount of material needed and by using more convenient manufacturing processes. 

The use of thin films, in fact, makes it possible to have devices with less Si, which is energy-

intensive to prepare, and to obtain devices with lower thickness that can also be flexible. To the 

third generation solar cells belong the new technologies such as the so called dye sensitized solar 

cells devices (DSSCs),[63,64] first developed by Grätzel and co-workers, which are 



18 
 

 

electrochemical cells, the multijunction cells fabricated from group IV and IIIɀV 

semiconductors,[65] and the organic photovoltaic devices (OPVs), which will be the focus of this 

section. Examples of a DSSC solar cell and of a multijunction cell are shown in Figure 18. 

 

Figure 18: Selected examples of third generation solar cells: (a) Scheme of operation of the dye-sensitized 
electrochemical photovoltaic cell. The photoanode, made of a mesoporous dye-sensitized semiconductor, 
receiveselectrons from the photo-excited dye which is thereby oxidized, and which in turn oxidizes the 
mediator, a redox species dissolved in the electrolyte. The mediator is regenerated by reduction at the 
cathode by the electrons circulated through the external circuit. Figure courtesy of P. Bonhôte/EPFL-LPI -
Image reproduced from ref.64; (b) wavelength distribution of solar photo-energy and the structure and 
wavelength sensitivity of a triple-junction compound solar cell ɀImage reproduced from ref.66. 

 

Organic photovoltaic technology, characterized by the exploitation of organic semiconductors as 

active layer materials in the devices, has attracted a tremendous amount of interest over the last 

two decades. This class of solar cells holds promises of low cost and large volume production due 

to the relatively low energy input in fabrication.[67] Organic semiconductors are solution-

processable materials that allow low temperature and high throughput production methods such 

as roll-to-ÒÏÌÌ ÐÒÉÎÔÉÎÇȢ Ȱ-ÁÒËÅÔ-ËÉÌÌÉÎÇȱ ÁÄÖÁÎÔÁÇÅÓ ÉÎÃÌÕÄÅ ÔÈÅ ÐÏÓÓÉÂÉÌÉÔÉÅÓ ÏÆ ÆÁÂÒÉÃÁÔÉÎÇ 

lightweight and flexible devices which can be easily integrated into buildings, vehicles and many 

different manufacturing processes that can range from textiles to small gadgets. Last but not 

least, the possibility of colored and semitransparent devices make OPV very promising for the 

market. 

The strengths and limitations of OPV are the use of organic semiconductors itself. The physics is 

different from that of inorganic materials. This has a great impact on the design of the devices.[68] 

A first difference between inorganic and organic semiconductors is found in the charge carrier 

formation upon photo-excitation. In contrast to what happens in inorganic semiconductors, 
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where optical absorption results in the immediate creation of free charge carriers, in an organic 

semiconductor this process results in the formation of a spatially localized electron-hole pair, i.e., 

a Frenkel-type exciton, which is electrically neutral and which needs to undergo dissociation 

process in order to provide the desired free-charges. Dissociation is possible if the binding energy 

of the exciton is overcome. This is possible if a strong electric field is present. The device's 

architecture has then to take into account that, in order to dissociate, excitons need to experiment 

a suitable electric field within their diffusion length, which ranges, depending on the technique 

used to characterise and materials from around 1 to around 30 nm. To a large extent, this 

determines the ideal nano morphology of a successful OPV device. If this does not happen, 

recombination takes place and the exciton decays to its ground state. A second difference is found 

in the charge carrier mobilities in the materials. While wide valence and conduction bands and 

large charge carrier mobilities are present in crystalline inorganic semiconductors, due to the 

three-dimensional character and rigidity of the lattice, in organic semiconductors the weakness 

of the electronic couplings, the large electronɀvibration, and the disorder effects lead only to 

modest carrier mobilities. In the latter semiconductors charge transport relies on hopping 

processes trough the material rather than proceeding within a band.[69] However, the 

disadvantages of lower mobility are partially balanced by the relatively strong absorption 

ÃÏÅÆÆÉÃÉÅÎÔÓ ɉÕÓÕÁÌÌÙ І ρπ5 cm-1) of these materials, which allows high absorption in even <100 

nm thin devices.[70] 

 

1.2.1 Operating principles and device architecture 

The photovoltaic process in OPVs requires four steps: (i) light absorption by the photoactive 

material with the formation of an excited state, a Frenkel-type exciton (bonded electron-hole 

pair); (ii) exciton diffusion to the interface between n-type and p-type material; (iii) charge 

separation and generation of free charges carriers at the interface; and (iv) charge transport and 

collection at the electrodes.  

Each step of the photovoltaic process is influenced by the choice of the donor-acceptor pair in the 

active layer. Light absorption is of course dependent on the nature of the photoactive component. 

Moreover, the good electronic match between the two materials, as well as a good morphology 

of the layer are crucial in order have exciton diffusion and charge separations. The driving force 

for the charge separation is determined by the difference in energy between the lowest 

unoccupied molecular orbital (LUMO) of the donor material and the LUMO of the acceptor 
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material. This energy gap has to overcome the binding energy of the exciton. The scheme of this 

process is shown in Figure 19. 

 

Figure 19:  (a) Scheme of the photovoltaic process in an organic-based device and (b) a sketch of the energy 
level; 1-absorption of light and formation of an exciton; 2- exciton diffusion to the interface; 3- charge 
separation; 4- charge transport and collection at the electrodes. 

 

The obtained electric current corresponds to the number of the created charges that successfully 

arrive and are collected at the electrodes. This number depends on three different factors that 

determine the overall photocurrent efficiency, hJ (Equation 1).  

– –   –   –  Ȣ 

(Equation 1) 

The first factor is the fraction of photon absorbed by the photoactive material (habs). This factor 

is a function of the absorption spectrum and absorption coefficient and though of the nature of 

the material and the thickness of the absorbing layer. The second factor takes into account the 

fraction of hole-electron pairs that are dissociated (hdiss). Not all the created excitons diffuse to 

an interface region where a charge separation can occur, and only a fraction of those which reach 

the interfaces between the two types of materials actually undergoes charges dissociation. As 

mentioned above, excitons created in domains larger than their diffusion length cannot reach the 

interfaces and recombine to decay to the ground state. The last factor, hout, is the fraction of 

charges that actually reach and are collected at the electrodes (recombination process are 

possible during the charge transport to the electrodes and, in order to have an efficient collection 

of the charges, it is necessary to overcome the potential barrier of organic/metal interface). 
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A crucial role in the efficiency of the solar cells is then played by the device architecture. Although 

the general structure of a solar cell is constituted by active materials sandwiched between two 

electrodes, one of which has to be transparent to allow light penetration. Over the years, different 

OPV device architectures have been used with the aim of improving the performance of the cell. 

In the first possible structure, a single active layer is sandwiched between two electrodes (Figure 

20).  In this kind of architecture the driving force for the charge separation is the presence of an 

electric field due to the work function asymmetry of the electrodes. In general the electrode with 

higher work function consists in a transparent layer of indium tin oxide, ITO. Low work function 

metal, such as Ag, Al, Mg or Ca can be used as second electrode. The efficiency of these devices is 

very low because of the low efficiency of their exciton dissociation processes. In order to 

overcome the exciton binding energy, two processes are possible: the first relies on the thermal 

energy, and the second on the dissociation at the contacts. Under the operating conditions of solar 

cells, the temperature is not high enough and the sample thickness is much thicker than the 

exciton diffusion length.[60]  

 

Figure 20: Schematic representation of single-layer OPV device and a sketch of the energetic levels.  

 

A second possible device architecture is obtained using two layers of two different materials, one 

acting as an electron donor material and the second one as an acceptor. The first example of this 

device architecture has been published in 1986 by Tang.[71] The device, its schematic 

representation is reported in Figure 21, was prepared with a phtalocyanine derivative (CuPc) as 

p-type semiconductor and a perylene derivative (PV1) as n-type semiconductor sandwiched 

between a transparent conducting oxide and a semitransparent metal electrode. This bilayerɀ

based device is more efficient than the single-layer because charge separation is now driven by 

                                                           
1 Note that PV, used here to identify the perylene derivative reported by Tang, to be in agreement with reference 71 , 
ÉÓ ÕÓÅÄ ÁÓ ÁÂÂÒÅÖÉÁÔÉÏÎ ÆÏÒ ȰÐÈÏÔÏÖÏÌÔÁÉÃȱ through the rest of this work.  
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the difference in potential between the two materials. In his work, Tang published a maximum 

power conversion efficiency of almost 1%. 

 

Figure 21: Schematic representation of the bi-layer heterojunction device used by Tang for his work. 

 

The difference in electron affinities results in a driving force at the interface between the two 

materials which permits the dissociation of the excitons. Once free charges are formed, the 

electron travels within the acceptor and the hole through the donor material. Thus the opposite 

charges are physically separated from each other and unlikely to recombine. However, the 

bilayer type architecture is limited by the exciton diffusion length, and only the excitons formed 

near the donor/acceptor interface can reach and dissociate at this interface. 

To overcome this limitation and improve the efficiency of charge separation by keeping an 

acceptable active layer thickness in order to absorb most of the light, the bulk heterojunction 

(BHJ) concept was developed and has been used over the last two decades. The BHJ is obtained 

by blending donor and acceptor material in a solution process or by co-evaporating the two 

materials onto the electrode. These techniques allow to obtain dispersed nanostructured domain 

in the active layer in which more excitons are likely to reach the interface donor-acceptor (Figure 

22). One disadvantage is that the separation of the charge carriers can result more difficult due 

to the increased disorder and that the percolation pathways to the respective electrodes are not 

always given in the disordered material mixtures. Moreover, recombination between trapped 

charges with mobile ones are more likely to happen. The first dispersed polymer heterojunction 

was prepared in 1994 via solution process and it was a ITO/MEV-PPV:C60/Ca.[72] Since then, the 

BHJ morphology is the most widely used in OPV.  
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Figure 22: Schematic representation of OPV devices with a bulk heterojunction active layer morphology. 

 

Nowadays there are three most common OPV device architectures which use this concept: (a) 

normal geometry BHJ, (b) inverted geometry BHJ and (c) tandem devices. The different 

architectures are represented in Figure 23. 

 

Figure 23: common OPV devices architecture; (a) regular geometry OPV; (b) inverted geometry OPV; (c) 
tandem OPV solar cell. 

 

The normal and the inverted BHJ geometries differ by way of the direction in which the charges 

flow.  

The normal geometry BHJ is a type of device in which the active layer is sandwiched between two 

electrodes of different work functions. In this type of solar cells the holes are transported to the 

anode and the electrons are collected at the cathode. In general the anode consists of indium-tin 

oxide (ITO) coated glass substrates on the top of which an electron blocking layer, typically 

PEDOT:PSS, is deposited from solution. The cathode consists in a low work function metal which 

is separated from the organic active layer by an electron selective interlayer. Most commonly the 

low work function metal used for this role is aluminium. The main issue encountered with this 

architecture is the use of the low work function cathodes. These materials have high reductive 

properties and can easily react with oxygen, water and with polymers. These reactions represent 
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a degradation pathway for the devices that is added to the already complex degradation 

pathways of an organic solar cell.   

A strategy to diminish this additional degradation pathway has been developed in the last decade 

and consists in the use of the inverted geometry solar cells.[73] In this configuration, ITO is 

typically coated with a low work function metal oxide (generally ZnO) and used as cathode. The 

anode is now constituted by a metal, such as Ag or Au, which has the advantage of a better 

stability to oxidation.  

Finally the third common device architecture for OPV is represented by the tandem geometry. In 

a tandem device two or more active layers are stacked, one on top of each other, separated by an 

interconnecting layer which permits the recombination of the opposite charges coming from the 

two different layers. The tandem architecture has the advantage of an enhanced light harvesting 

while maintaining each single layer in the range of optimum thickness for charge transport to 

electrodes (or to the interconnecting layer). The tandem solar cell technology has recently 

reached the record of 12% efficiency with a device developed by Heliatek.[74]  

 

1.2.2 Influence of the nanoscale morphology 

In the BHJ configuration the intimate intermixing of the donor and the acceptor material is of 

crucial importance. The morphology has a strong impact on the overall solar cell performances 

as it directly affects the excitons diffusion and dissociation (hdiss) as well as the charge transport 

to the electrodes (hout). A good balance between exciton dissociation and charge transport 

requirements has to be ensured by an optimum domain size of the phase separation between the 

two materials. This has also been suggested by Walker et al. who used a dynamic Monte Carlo 

model to study the relationship between the BHJ nanostructure of an organic solar cell and its 

efficiency.[75] The optimization of the nanomorphology has to be taken into account for the 

design of advanced organic solar cells, together with the optimization of the molecular structure 

and the device properties. Considering the requirements for those processes, the ideal 

nanostructure of the active layer has been found to be an interdigitated structure where donor 

and acceptor present large interfacial area, small domain in the order of the exciton wavelength, 

and well ordered to permit an efficient charge transport towards the electrodes. This type of 

nanostructure, in Figure 24, is difficult to obtain with organic materials. The disordered nature 

of the classic polymer mixtures makes difficult to obtain well-organized nanostructure. However, 
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this nano-organization can be introduced employing  organic materials with self-organization 

capability or inorganic templates that are then filled with the organic photoactive materials.[76] 

 

To ensure a good morphology of the active layer, different approaches have been proposed.[77] 

For instance, plasticizer additives and compatibilizers[78] have been applied in the preparation 

of active layers in order to increase the miscibility of the donor and the acceptor materials and 

therefore lead to a fine phase segregation. The choice of the good solvent for the active layer 

deposition is a second way to control the nanostructure morphology. It has been proved that for 

solvent processed systems, there is a strong dependence of the final morphology on the chosen 

solvent, solvent evaporation time, and postproduction annealing.[79ɀ81] For example, studies 

on the solvent-dependent cluster formation in phenyl-C61-butyric acid methyl ester 

(PCBM):P3HT active layer systems have been conducted.[82] While only a few PCBM clusters are 

found in films produced using chloroform (CF) and chlorobenzene (CB) as solvents, a higher 

density of clusters is present in those made using toluene and xylene (Figure 25). Thus the 

cluster-formati on process is solubility driven. 

Figure 24:  Ide al morphology for BHJ 

solar cell with inter digitated donor 

and acceptor material to ensure good 

exciton separation and charge 

transport.  
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Figure 25: aɀd) Optical micrographs and eɀÈɊ !&- ÉÍÁÇÅÓ ɉς ϼ ς ʈ Í ς Ɋ ÓÈÏ×ÉÎÇ ÔÈÅ ÔÏÐÏÇÒÁÐÈÙ ÏÆ 
annealed P3HT:PCBM films made using a), e) CF, b), f) toluene, c), g) CB, and d), h) xylene solutions. The 
scale bars demonstrate the scale for all micrographs and AFM images. e)ɀh) The grayscale code is adapted 
for each image separately. The grey range covers 3.5, 6.0, 8.0, and 1.0 nm in e), f), g) and h), respectively. 
Image reproduced from ref.82. 

 

The use of cross-linkers has also been proved successful.[83,84] A very different approach 

includes the application of inorganic nanostructures. Inorganic nanostructures are first prepared 

and then used as template for the organic semiconductors to obtain the desired morphology.[85ɀ

87]  

Together with approaches that take advantages from external factors, strategies based on 

molecular-design have been proposed to improve the morphology of the devices. One strategy is 

to covalently link donor and acceptor to have the intermixing profile. The use of self-assembling 

diblock copolymers to obtain controlled and stable separation between the active materials has 

been adopted in organic electronic devices.[88ɀ90] Also the use of the so called double-cable 

polymers, where the acceptor material is covalently grafted onto the backbone of the donor 

polymer, has been proposed to improve the control on the bicontinuous phase separation 

between the two materials. The first double-cable polymers used in photovoltaic cells has been 

reported by Ramos et al. in 2001.[91] The layered structure of the self-assembled diblock 

copolymers and of the double-cable polymers were expected to facilitate the efficiency of charge 

transport in the active layer.[92] However, double-cable systems result in a too fine 

nanostructure between the donor and the acceptor material. This morphology results more in 

facilitating the recombination processes and actually reduce the device performances.  
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1.2.3 Device characterizations 

To characterize the performance of OPV devices, different parameters are used. In this paragraph 

we briefly  discuss some of these parameters.  

As for conventional pɀn solar cells (inorganic solar cells), an organic photovoltaic device can be 

approximated by an equivalent circuit, shown in Figure 26. To obtain a realistic description of 

the physics of the devices, different parameters have to be included in the equivalent circuit. A 

first  element to be included is a diode with reverse saturation current density J0 (current density 

in the dark at reverse bias) and ideality factor n. A second element is a current source (Jph), which 

corresponds to the photocurrent upon illumination. In addition to these elements, two 

resistances have to be added: a series resistance (RS), and a shunt (RP) resistance.  RS is a 

parameter that takes account of the finite conductivity of the semiconducting material, the 

contact resistance between the semiconductors and the adjacent electrodes, as well as the 

resistance associated with electrodes and interconnections and has to be minimized. In contrast, 

the shunt resistance, needs to be maximized as it takes into account the loss of charge carriers 

via possible leakage paths.[70,93] 

 

Figure 26: Scheme of the equivalent circuit for an organic solar cell. Jph is current source,  J0 is the diode 
reverse saturation current, n represent the ideality factor, J is the current trough the circuit, V is the voltage, 
and Rs and Rp  are two resistance that takes into account the resistance sources in the device (finite 
conductivity of the semiconductors, resistance of electrodes and connections) and the possible leakage 
paths respectively. 

 

Solving for this circuit provides the Shockley equation for the currentɀvoltage (Equation  2) 
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                       (Equation 2) 

 

The current density-voltage (J-V) curve of an OPV solar cell in dark conditions is shown in Figure 

27a. For a device in the dark, the J-V curves pass through the origin of the axes. Almost no current 
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flows until large forward bias. When the cell is under illumination, the J-V curve shifts down as 

shown in Figure 27b.  

 

 The different metrics to describe the device performances can be obtained from (Equation 2, or 

experimentally from the J-V curve. The short-circuit current , Jsc, is the maximum current that can 

flow in the device under illumination when no bias is applied. It  depends on the illumination 

strength and on the efficiency of each single steps of the photovoltaic process. This parameter 

gives information on the efficiency of processes such as charge separation and charge transport 

in the cell. When a bias is applied and no current runs through the cell, the device is in open circuit 

condition and the applied voltage is the open circuit voltage (VOC). The VOC is the maximum voltage 

obtainable from the device. This parameter depends drastically on the nature of the active layer 

materials. In first approximation, the VOC is proportional to the difference between the HOMO of 

the donor material and the LUMO of the acceptor material. In the case of a conjugated polymer- 

PCBM system, the VOC can be estimated using (Equation 3.[94] 

 

ὠ  ρȾὩ ȿὉ ȿ ȿὉ ȿ πȢσὠ 

(Equation 3) 

 

The value 0.3V is an empirical corrective factor related to the coulombic attraction of an electron-

hole pair.  

At any point on the electrical characteristic in the fourth quadrant of the J-V curve, JSC negative 

and VOC positive, the device produces an electrical power density which is given by the product 

Figure 27: J-V curves of an OPV solar cell under (a) dark and (b) illuminated conditions. 

(a) (b) 
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of voltage and current density. The square JMVM gives the maximum power (MP) that can be 

obtained from the cell. Using the parameters described above, it is possible to calculate the Filling 

Factor (FF) of the cell ((Equation 4). This metric is used to determine the power conversion 

efficiency (PCE) of the device. This factor, indeed, gives an indication on how easy is the charge 

extraction process in the cell and allows to take into account only the part of the product of VOC 

and JSC that can be used. The PCE of a solar cell is the ratio between the maximum electrical power, 

POUT obtained from the device and the total incident optical power, PIN. The complete formula for 

PCE is presented in ὖὅὉ=   ὊὊ ὐ ὠ ὖ  

(Equation 5. 
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Another important factor to evaluate is the external quantum efficiency (EQE) of the solar cell 

which is the device efficiency as a function of the energy of the incident radiation. EQE is obtained 

from the ratio between the collected photogenerated charges and the number of incident photons 

and describes the overall efficiency of the four steps of photovoltaic process in the solar cell.  

To characterize quantitatively the performance of solar cells for terrestrial applications, and in 

order to have comparable values between the research laboratories, standardized illumination 

conditions are used. Generally in these conditions, the spectrum of the light source simulates the 

solar spectrum and has an intensity on the order of 1000 mW m-2 (Figure 28), which corresponds 

to the average intensity of sun light with an angle of incidence q=48° relative to the normal to the 

ÅÁÒÔÈȭÓ ÓÕÒÆÁÃÅȢ This standard condition is denoted AM 1.5 G where AM is for air mass, equal to 

1/cosq, and G stands for global and refers to small contribution of diffusive light to the direct 

incident light.[95,96] 
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Figure 28: Spectral photon flux density in the standardized AM 1.5 G illumination conditions and 
corresponding integrated current that would be produced if each photon contributes to current with unity 
efficiency. Image reproduced from ref.93. 

 

1.2.4 Device stability 

Organic solar cells degrade during illumination. Photo-induced degradations are not the only 

degradation processes that interest OPVs. Chemical and physical degradation phenomena, take 

place in an organic solar cell under illuminati on and in the dark. Understanding the 

stability/degradation in organic solar cell is one of the greatest challenges in the field. Moreover, 

alleviating the degradation phenomena is necessary to successful application of this technology. 

Long operational lifetime, in fact, together with low cost production and good efficiency is a basic 

requirement for real-life application of organic solar cell devices.  

Depending on the significance of air exposure, intrinsic degradation (caused by the thermal 

interdiffusi on of species inside the device) and extrinsic degradation (caused by the intrusion of 

air) can be found.[97] The former includes phase separation at the organic cathode interface, 

phase segregation of the organic materials and inter-diffusion at buffer interlayers. Also 

macroscopic changes such as delamination, formation of particles, bubbles, and cracks influence 

ÔÈÅ ÄÅÖÉÃÅȭÓ ÌÉÆÅÔÉÍÅȢ A schematic illustration of some degradation processes in OPV devices is 

reported in Figure 29. 
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Figure 29:  Schematic illustration of some degradation processes in OPV devices. Image reproduced from 
ref.98. 

 

Chemical degradation are mainly due to oxygen, water and electrode materials reactions with the 

polymer active layer. When a device is exposed to air, the oxygen and the water can diffuse into 

it and react with the active layer materials. Oxygen is considered the main cause of chemical 

degradation because the electron-transport properties of fullerene suffer from the exposure to 

oxygen in air[99] and, moreover, oxygen increases the work functions of metals by forming 

surface dipoles.[100] This generally deteriorates the performance of conventional devices, but 

may temporarily enhance the performance of inverted OPV.[101] The diffusion of this molecule 

through the outer electrode was shown to proceed via microscopic pinholes in the electrode. 

Although the oxidation of the organic materials occurs also in the dark, illumination accelerates 

this process. The mechanism of the photo-oxidation of a polymer is well-known. Singlet oxygen 

is formed by energy transfer from the photo-excited polymer to adsorbed ground state oxygen 

molecules. The singlet oxygen reacts then with the polymer itself to give the oxidation products. 

Chambon et al. have reported that the presence of a large amount of PCBM, in a MDMO-PPV 

polymer, efficiently quenched the excited state whereby sensitization of singlet oxygen is 

suppressed.[102] They concluded that the radical scavenger properties of PCBM protects the 

polymer MDMO-PPV from oxidation. #ÈÅÍÉÃÁÌ ÄÅÇÒÁÄÁÔÉÏÎ ÃÁÎ ÏÃÃÕÒ ÁÌÓÏ ÁÔ ÔÈÅ ÄÅÖÉÃÅȭÓ 

electrodes. Electrodes can react with water and oxygen, but interaction between fullerene 

derivatives in the active layer and Al electrode is also possible. The use of solar cell geometries 

with a low work function metallic cathode is likely to have significant degradation mechanisms 

and instability linked to the interface with the active layer. On the other side of the solar cell, also 

the ITO/PEDOT:PSS interface is interested by degradation. This interface is sensitive to air and, 
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in addition, the hygroscopic nature of PSS allows water absorption that facilitate the etching of 

ITO. Not only PEDOT:PSS is in part responsible for the presence of water in the device, but 

Norrman et al. observed that particles due do PSS oxidation are formed from this layer in 

Al/C60/C12-PPV/PEDOT:PSS/ITO.[103] It is clear that from the chemical point of view, obtain an 

air stable solar cell is more than challenging. The loss in the device efficiency with time is to be 

attributed  also to physical degradation, in the first place, the physical instability of the active layer 

morphology. Once formed, the bulk heterojunction nanostructure is not static. It has been shown 

that small molecules such as PCBM and even polymers e.g. P3HT can have some freedom to 

diffuse within the layer or recrystallize over time. These phenomena are facilitated at elevated 

temperature. An example of this phenomenon has already been shown in this work (Figure 25).  

The role of light in degradation can be described in three points: it can accelerate the intrinsic 

degradation processes by increasing the temperature in the device; it causes the photo-

degradation of the organic semiconductors and accelerates the diffusion of oxygen and water in 

the BHJ.[104ɀ107]  

Light-induced degradation in organic solar cell can usually be recovered in dark[108] and this 

recovery is temperature independent.[109] In a recent study has been showed that there is no 

clear correlation between the intensity of the incident light and the degradation itself.[110] 

Different approaches have been proposed to improve the stability of the devices. A general 

approach is to use metal oxides as buffer layers, and silver as the top anode. To reduce the 

amounts of oxygen and water in the devices, generally, encapsulation glasses or membranes are 

used.  

 

1.2.5 Materials for the active layer 

As described above, the photoactive layer in an organic solar cell is composed by an electron 

donating material (donor material, D) and an electron accepting material (acceptor material, A). 

The presence of these two materials ensure the exciton formation upon light absorption, the 

charge dissociation (at the D/A interface), and the electron/hole transport to the respective 

electrodes. Tremendous efforts have gone into the design, synthesis and characterization of the 

active layer materials in order to improve device performances. Different studies have been 

conducted and general guidelines on the choice and on the design of donor and acceptor 
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materials have been published in the past years. Scharber and co-workers, for example, have 

described the design rules for donor materials in BHJ solar cells.[94] The Scharber diagram 

(Figure 30), which permits to estimate the PCE of a devices by using the electronic properties of 

the donor, is nowadays a valid instrument to base donor material design development. 

 

Figure 30: Contour plot showing the calculated energy-conversion efficiency (contour lines and colors) 
versus the bandgap and the LUMO level of the donor polymer. Straight lines starting at 2.7 eV and 1.8 eV 
indicate HOMO levels of ɀ5.7 eV and ɀ4.8 eV, respectively. A schematic energy diagram of a donor PCBM 
system with the bandgap energy (Eg) and the energy difference (DE) are also shown. 

 

In particular, this model suggests that the energy-conversion efficiency of a bulk-heterojunction 

solar cell should be much more sensitive to changes of the donor LUMO level compared to 

ÖÁÒÉÁÔÉÏÎÓ ÏÆ ÔÈÅ ÄÏÎÏÒ ÂÁÎÄÇÁÐȢ !ÃÃÏÒÄÉÎÇ ÔÏ 3ÃÈÁÒÂÅÒȭÓ ÍÏÄÅÌȟ ÆÏÒ ÅÎÅÒÇÙ ÃÏÎÖÅÒÓÉÏÎ 

efficiencies exceeding 10 %, the donor polymer must have a bandgap < 1.74 eV and a LUMO level 

< ɀ3.92 eV. In the case of acceptor materials, they have a variety of design requirements that are 

application specific. For application in OPV, it is necessary that the acceptor material is 

compatible with the donor and with the manufacturing process. With this in mind, general 

guidelines for n-type materials have been found in: (i) good solubility and film-forming 

properties; (ii) strong and broad bandwidth absorption; (iii) high electron mobility; (iv) suitable 
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HOMO/LUMO energy levels relative to the p-type electron donor to guarantee photo-induced 

electron transfer.[111] 

In the next paragraphs a short overview on the main classes of the developed materials is given. 

 

1.2.5.1 Donor material 

As mentioned above, the active layer materials have to fulfil  strict requirements in order to obtain 

a good charge separation and extraction. Regarding the donor polymers for instance, when 

blended with PCBM, they need to fulfil  the requirements of a HOMO energy level lower than -5.20 

eV and a bandgap between 1.30 and 1.90 eV.[112] Over the last decades, a great number of donor 

materials has been designed, synthesized and studied. Both small molecules and polymers have 

been proposed and used as donor materials in OPV.  

The main advantages held by small molecules are their well -defined molecular structures, which 

permit high reproducibility, and the possibility of a vapour-deposition process. This type of 

process gives highly controlled and well-defined layers of high purity. Among the different classes 

of conjugated small molecules proposed for OPV applications, there are (Figure 31) 

oligothiophenes(a),[113] triphenylamines(b),[114] EDOT-based systems (c),[115] 

diketopyrrolopyrroles (d), [116] dicyanopyrane derivatives (e),[117] merocyanines (f),[118] 

oligoacenes (g),[119] squaraines (h), as well as indigos (i).[120] 
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Figure 31: Examples of small molecules used as donors in OPVs - (a) oligothiophenes, (b) triphenylamines, 
(c) EDOT-based systems, (d) diketopyrrolopyrroles , (e) dicyanopyrane derivatives, (f) merocyanines, (g) 
oligoacenes, (h) squaraines, and (i) indigos.  

 

Conjugated polymers have gained great importance in many organic-based electronic devices 

such as OLEDs, solar cells, sensors, transistors, or electrochromic devices. The reason of the 

increasing interest for these type of material is found in their mechanical characteristics, in their 

low cost of production, in the possibility of tuning the electronic levels via structural 

modifications to obtain desired properties and in the processibility of the material.  

When designing a polymer for OPV applications, it has to be taken into account that the choice of 

the monomers determines the HOMO and the LUMO levels of the polymer, and thus its bandgap 

and optical properties. It also has to be taken into account that appropriate structural changes on 

a defined monomer can lead to the control of the opto-electronic characteristics of the polymer. 

It is not surprising, though, the wide variety of polymers proposed for organic electronic devices 

applications. A first breakthrough in the field of conjugated polymer has been the synthesis of 

high conductive polyacetylene, first reported by Alan J. Heeger, Alan MacDiarmid and Hideki 

Shirakawa in 1977.[121] This research, for which the authors have been awarded the Nobel Prize 

in Chemistry encouraged the rapid growth of the field. Other important families of conducting 

polymers are (Figure 32) the poly(p-phenylenvinylene)s (PPV)s and polythiophenes (PT)s and 



36 
 

 

their alkyl - and alkoxy-derivatives. Poly (p-phenylenevinylene) (PPV) has been the first polymer 

used in polymer based LEDs[122] and the PPV derivatives are still amongst the most studied 

conjugated polymers for OLED and OPV applications. PPVs have good conductive character and 

good photoluminescence properties. Moreover, small modifications of the structure have proved 

to tune electronic properties of the polymers. The HOMO and LUMO levels of the unsubstituted 

PPV, for instance, were reported at -5.1 and -2.7 eV, respectively, with a band gap of 2.4 eV. When 

two alkoxy groups on the phenylene ring are introduced, the bandgap is reduced by 0.2 eV.[123] 

Also, the incorporation of substituents on the vinylene-bridge allows to tune the energy levels of 

PPV derivatives. For instance, PPV derivatives containing a cyano group attached to the double 

bond have been designed and synthesized (CN-PPV) following this strategy. For years, PPV-based 

derivatives (MEH-PPV or MDMO-PPV) have been used in polymer solar cells blends with C60 or 

PCBM.[124,125] Unfortunately the low conductivities of these derivatives limits their application 

in devices.[126,127] 

 

Figure 32: First and Second Generation semiconducting polymers. 
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Polythiophenes (PT) are one of the major families of conjugated polymers for applications in 

chemical sensors, light emitting diodes, field effect transistors and organic solar cells. Compared 

to PPVs, it presents improved electronic and electrical properties, as well as thermal and 

chemical stabilities. Among the different polythiophene, poly(3-hexylthiophene) (P3HT) is the 

most used in OPV cells. While for systems such as MDMO-PPV:PCBM, the efficiency is limited to 

around 3%, the efficiency of a P3HT:PCBM solar cell is typically 4-5%.  

The efficiency of the P3HT-based devices are limited by the relatively large bandgap (1.9 eV) of 

this polymer. The absorption spectrum of P3HT allows a good light harvesting only is a small 

range of the solar emission spectrum as shown in Figure 33 where the absorption spectrum of 

P3HT (purple) is compared with the emission spectrum of the sun (black). The green line in the 

Figure 33 is representative of the absorption spectra of a different class of donor material which 

will be now discussed.  

 

Figure 33: Absorption Spectra of P3HT (purple), a (green) LBG and (black)the Solar Emission Spectra at 
AM 1.5 G.  

 

With the aim to better match the absorption spectra of the polymers with the solar emission 

spectrum, and thus increase the light harvesting by the active layer; low band-gap (LBG) 

polymers have been developed in the past few years.[127ɀ131] Among the low band-gap 

polymers investigated in OPV devices, there are polythiophenes, polybenzodiathiazoles (BT), 

poly-(pyrrolo[3,4 -c]pyrrole -1,4-dione)s, which is also named poly(diketopyrrolopyrrole)s 

(DPP), and poly(benzo[1,2-b:4,5-b0]dithiophene)s (BDT). To obtain LBG materials from the 
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already known conducting polymers, different strategies have been employed. P3HT has been 

modified by Li et al. by introducing a conjugated lateral chain at the 3-position of the thiophene. 

This modification induced a broader absorption spectrum for the polymer. Other polythiophene 

derivatives have been tested. A different strategy is the use of push-pull copolymers. In these type 

of polymers an electron-rich comonomer (fluorene, carbazole, dibenzosilole, benzodithiophene, 

etc.) is coupled with a second electron-deficient comonomer (benzodiathiazole, 

diketopyrrolopyrrole, etc.). The application of this new class of conjugated polymers into devices 

has leaded to remarkable increase in the devices efficiency. Efficiency of 10.3% and 11.5% have 

been reported for single junction and tandem devices respectively.[132] Some example of LBG 

polymers are reported in Figure 34. 

 

Figure 34: Low band-gap semiconducting polymers. R=alkyl chain.[133,134] 

 

1.2.5.2 Acceptor materials 

Compared to the enormous research focused on the donor-type material for OPV, the studies on 

the design of acceptor materials are few. n-Type materials have design requirements that are 

application specific (OLEDs, OPVs or OFET devices do not necessary lead to the same 

requirements on the electron-transport material). Nonetheless, some of the desirable 

characteristics such as high mobility, material stability, ease of synthesis and processibility, can 



39 
 

 

apply across the spectrum of electron-transport materials. A brief discussion on some concepts 

that helps to design electron-transport materials for organic electronic devices is found in the 

work by Anthony et al. In their work, the authors present three concept that are crucial for n-type 

material design: i) electron-transport material should be electron deficientȠ ÉÉɊ ʌ -Stacking leads 

to higher mobility ; iii)  tailoring the molecules in the right way can  make them electron deficient 

to facilitate injection, stability, and in some cases hole blocking.[135] 

Fullerene derivatives have a particular relevance among the different n-type materials. The most 

used acceptor materials for organic solar cells, indeed, are the fullerene derivatives and in 

particular phenyl-C61-butyric acid methyl ester (PCBM), which is soluble in most organic solvents. 

Fullerene derivatives as acceptor in OPV devices will be discussed in more detail in section 1.3.1. 

While most of the applications are historically covered by fullerene derivatives, other small 

molecules have been developed to fulfill the role of acceptor in organic electronic devices. Some 

examples are showed in Figure 35 and includes siloles derivatives, acenes, perylenediimide, 

naphthalene derivatives, and diketopyrrolopyrrole  derivatives.[136ɀ142] Also 

metallophthalocyanines, which are known as p-type materials, have been studied as acceptor 

material in OPV.[142]   
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Figure 35: Examples of n-type molecules used as acceptors in OPV and OFET applications; (a) acenes, (b-
e) rylenediimides, and (f, g) diketopyrrolopyrroles. 

 

Polymers have also been studied as acceptors. The interest in polymers is in the possibility of 

having low cost materials which are potentially more stable than fullerene derivatives and in 

general can have a broader absorption spectra in the visible-near infrared region. Moreover, as 

for the case of the donor materials, one of the main advantages of the polymers is their easy 

tunability.  Polymer donor ɀ polymer acceptor solar cells holds the promises of great modulability 

of the components as well as an improved morphological stability with respect to the 

polymer/fullerene systems.[143]  In the past decade, however, they had demonstrated a lower 

efficiency with only few reports on systems with PCE over 2%.[144ɀ147] In the last years, a 

renewed attention has been given to the all-polymer solar cells technology[148ɀ150]  following 

the announcement by Polyera of a polymer-polymer solar cell achieving a PCE of 6.47%.[151]   

More recently Hwang, Courtright, Ferreira, Tolbert and Jenekhe have reported a high-

performance all-polymer solar cells with record 7.7% PCE.[152] The device uses a polymer-

polymer active layer composed of a high-mobility crystalline naphthalene diimide (NDI)-
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selenophene copolymer acceptor and a small band gap benzodithiophene-thieno[3,4-

b]thiophene copolymer donor (PNDIS-HD:PBDTT-FTTE). The molecular structures of acceptor 

polymer and donor polymer as well as their energy level diagrams and their optical absorption 

spectra are shown in Figure 36. 

 

Figure 36: a) Molecular structures of acceptor polymer (PNDIS-HD) and donor polymer (PBDTT-FTTE).  
b) HOMO/LUMO energy levels of the acceptor and donor polymers. c) Optical absorption spectra of the 
acceptor and donor polymers 

 

The chemical structures of selected acceptor polymers used in all-polymer blends for BHJ solar 

cells are reported in Figure 37. 
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Figure 37: Chemical structure of selected acceptor polymers used in all-polymer blends for BHJ solar cells. 
Image reproduced from ref.153. 
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1.2.6 Material Characterizations 

Together with their chemical characterization, obtained for instance by NMR spectroscopy, IR 

spectroscopy, SEC, UV-vis spectroscopy, it is important to investigate and understand the 

electronic properties of the materials used in organic photovoltaics as the good match between 

the energy levels of the single components are crucial to the efficiency of the whole device. In this 

section, the photoemission spectroscopy techniques UPS and XPS are introduced. The two 

techniques are used to evaluate the energy levels structure of the materials. The section ended 

with the description of the Integer Charge Transfer (ICT) model, which has been used to discuss 

the spectroscopic data in this work. 

 

1.2.6.1 Photoemission spectroscopy, XPS and UPS 

Understanding the energy level-alignment at the interfaces involving semiconducting and/or 

conducting molecules and polymers is crucial for all organic electronic technologies. The 

performance of the devices depends, not only on the properties of the organic material, but also 

on the properties of their interfaces.   

A valuable tool to investigate these properties is photoemission (PES). Both X-ray photoelectron 

spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) are extremely surface 

sensitive techniques which are widely used for studying the bulk and the surface chemical and 

electronic structure of condensed matter. XPS is used to study in a qualitative and semi-

quantitative way the chemical composition of the near surface region of a solid sample. Moreover, 

the chemical state of the considered element can be investigated. UPS is typically used to study 

the electronic structure of the valence band and the energy level alignment at interfaces.  

 

1.2.6.2 Working principle  

When a sample is irradiated with high energy photons, it is possible to remove an electron from 

a bound state of the material. In a first approximation, this photoemission process can be 

regarded as an elastic scattering process where the energy of the exciting photon is transferred 

completely to the excited electron. If the energy of the incident photon, Ὤὺ, is sufficient to 

overcome the binding energy of the electron EB and the work function (f) of the sample, the 
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electron can leave the sample with a certain kinetic energy Ek. The schematic representation of 

the photoemission process is shown in Figure 38. 

 

Figure 38: Schematic representation of photoemission process. The incident photon excites an electron 
from the 1s core shell to an unbound state above the vacuum level (Evac). 

 

The photoelectron spectrum is obtained by detecting the emitted electrons according to their 

kinetic energy and counting their intensity. The basic components of a photoelectron 

spectrometer are the photon source, the sample holder, the electron energy analyzer and the 

detector.  The entire system works in ultrahigh vacuum (UHV) conditions. These conditions are 

required first because the emitted photoelectrons could easily interact with molecules of the 

atmosphere. Thus, if the ambient pressure increases the mean free path of the electron is 

drastically reduced. UHV regime ensures that a sufficient number of electrons reaches the 

analyser and can be detected. Moreover, as the PES techniques are high surface sensitive, possible 

contamination needs to be avoided in order to analyse the properties of the clean surface. 

The binding energy of the electrons in photoemission can be calculated according (Equation 6). 

Ὁ Ὤὺ  Ὁ  f 

(Equation 6) 
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1.2.6.3 Information from data 

XPS data are usually shown on a binding energy scale. Due to the higher hn (> 100 eV) compared 

to UPS, electrons from core levels determine the spectrum. The information obtained from the 

core level peaks can help to elucidate electronic and chemical properties of the sample. For 

instance, the binding energies are in general characteristic for the different atoms. From the 

binding energy and the relative intensities it is possible to identify the atomic composition at the 

surface of the sample and the relative concentration of the respective element. Due to the spin-

orbit coupling, the line shape of core level spectra is characteristic for the type of orbital involved 

in the photoemission process. As example, a photoemission process involving p and d orbitals 

results in doublet with characteristic intensity ratio of 2:1 for p3/2  and p1/2  and 3:2 for d5/2  and 

d3/2 , respectively. For s-orbitals no splitting is observed. XPS is also an important tool to 

determine the chemical state and oxidation state of the species, in particular at the surface or 

interface. Although so-called final state have to be considered in photoemission,[154,155] initial 

state effects such as the Madelung potential and the ground state valence atomic charge 

determine the detailed binding energy. As a consequence, distinct shifts of the peak position 

(chemical shifts) can be observed as a function of the electron density at the considered site. This 

enables the analysis of the chemical state; typical binding energies of elements in chemical groups 

are even tabulated.  

The interpretation of the XPS spectra is not always an easy task. In some spectra also signals of 

so-called shake-up and shake-off satellites can be observed on the high binding energy site. These 

features can sometimes coincide with components with high chemical shifts, but their origin is 

completely different. The shake-up contribution originates from the excitation of valence 

electrons into excited bound states in the time scale of the photoemission process. In the shake-

off process a valence electron is excited into an unbound state above the vacuum level.  

UPS analysis can provide more information about the valence electronic structure of a material. 

)Î Á ÆÉÒÓÔ ÁÐÐÒÏØÉÍÁÔÉÏÎȟ ÉÎ 503 ÔÈÅ ÄÅÎÓÉÔÙ ÏÆ ÓÔÁÔÅÓ ɉÍÏÒÅ ÅØÁÃÔÌÙ ÔÈÅ Ȱ*ÏÉÎÔ $ÅÎÓÉÔÙ ÏÆ 3ÔÁÔÅÓȱɊ 

is mapped. In general the electrons with highest kinetics energy are those originated from the 

highest occupied states of the analyzed material (Fermi level for the metals, valence band 

maximum, VBM, for semiconductor materials and highest occupied molecular orbital, HOMO, for 

organic semiconductors).  At a kinetic energy of 0 eV the intensity of the spectra drops down as 

ÔÈÅ ɉÓÅÃÏÎÄÁÒÙɊ ÅÌÅÃÔÒÏÎÓ ÈÁÖÅ ÎÏ ÅÎÅÒÇÙ ÌÅÆÔ ÔÏ ÏÖÅÒÃÏÍÅ ÔÈÅ ×ÏÒË ÆÕÎÃÔÉÏÎ ɉʒɊ ÏÆ ÔÈÅ ÓÁÍÐÌÅ 

(the work function of a material is the minimum amount of energy necessary to remove an 
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electron from the material and excite it above the vacuum level). This point corresponds to the 

maximum binding energy measured and depends on the incident photon energy. From the UPS 

spectra, the change in the work functioÎȟ ɝȟ ÔÈÁÔ ÃÁÎ ÅȢÇȢ ÏÃÃÕÒ ÕÐÏÎ ÐÁÒÔÉÁÌ ÃÏÖÅÒÁÇÅ ÏÆ ÔÈÅ 

substrate surface can be measured. To obtain these values from the photoemission spectra, the 

energy of the incident photon (Èʉ) must be known. The work function of the material is then 

obtained by measuring the energy of the secondary-electron cutoff of the photoemission 

spectrum and subtracting this value from the exciting photon energy (Equation 7). 

f Ѐ Ὤὺ Ὁ  

(Equation 7) 

In general, for UPS experiments the photon sources used in this work are HeI (Ὤὺ ςρȢς Ὡὠ) or 

HeII radiation (Ὤὺ τπȢψὩὠ6). The physical interpretation of an UPS spectrum is showed in 

Figure 39. 

 

 

Figure 39: Energy relationship scheme for UPS spectra (left) for Au and (right) for an organic layer 

deposited on the metal substrate.[100] 
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1.2.6.4 Integer charge-transfer model 

When two materials are brought into contact, the interface is formed depending on the nature of 

the materials. In order to describe the different interface phenomena, various models have been 

developed. One approach is the classification if interfaces by the strength of the interactions. It 

has to be noticed that the strength of the interactions depends both on the materials and on the 

preparation of the interface. A classification of the different type of interfaces have been given by 

Fahlman and co-workers.[156] 

Although several models may describe the situation at interfaces,[157ɀ161] we will briefly 

discuss here the integer charge-transfer model (ICT), first introduced by the group of W. R. 

Salaneck. The ICT model is in particular well suited for interfaces with weak interaction and 

applied in this work. It was shown that interfaces prepared in ambient conditions, 

semiconducting organic/organic interfaces, as well as interfaces formed with substrates that are 

passivated by oxides or residual hydrocarbons can be well described with this model. These 

interfaces are characterized by a negligible hybridization of p-electronic molecular orbitals and 

substrate wave functions. The electron transfer across the interface can occur via tunneling. This 

process implies a transfer of an integer amount of charge into a well-defined charged state of the 

organic material which becomes energetically allowed. An integer charge transfer can be 

expected, if the work function of a substrate is higher than the HOMO (electron from HOMO to 

substrate) or lower than LUMO (electron from substrate to LUMO). The new allowed states can 

be defined as follow: 

ü EICT+ (energy of a positive integer charge-transfer state): is the energy required to take 

away one electron from the organic material to obtain a fully relaxed state. 

ü EICT- (energy of a negative integer charge-transfer state): is the energy gained when one 

electron is added to the organic material producing a fully relaxed state.[156]  

Note that both electronic and geometrical relaxation are included in the EICT+ and E)#4Ϻȟ as well as 

effects from inter- and intra-molecular order at the interface.[162] Thus, the ICT+ and ICT+ are 

states are separated from the HOMO and LUMO of the neutral molecule/polymer, typical values 

are between 0.5 and 0.8 eV.[163] 

These two energy levels can be determined by the measurement of the work function of a 

material on substrates with different work functioÎȢ 7ÈÅÎ ÔÈÅ ÒÁÎÇÅ ÏÆ ÔÈÅ ÓÕÂÓÔÒÁÔÅȭÓ ×ÏÒË 
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functions is wide enough for a specific material to be found in its ICT- status from one side and in 

ÉÔÓ )#4Ϲ ÓÔÁÔÕÓ ÏÎ ÔÈÅ ÏÔÈÅÒȟ Á Ȱ-ÁÒË ÏÆ :ÏÒÒÏȱ-type plot is observed (Figure 40) 

 

Figure 40: General fORG/SUB versus fSUB dependence predicted by the ICT model. Reproduced from ref. [156] 

 

A scheme of the energetic level alignments which explains this shape is reported in Figure 41. 

The processes shown in the figure are explained here below. 

 

Figure 41: Schematic illustration of the evolution of the energy-level alignment when a p-conjugated 
organic molecule or polymer is physisorbed on a substrate surface when a) fSUB>EICT+: Fermi-level pinning 
to a positive integer charge-transfer state, b) EICT-<fSUB<EICT+: vacuum level alignment, and c) fSUB<EICT-: 
Fermi-level pinning to a negative integer charge-transfer state. The charge-transfer-induced shift in 
vacuum level, D, is shown where applicable. 
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According to this model, when a substrate is put in contact with the organic material, three 

different regimes for the energy level alignment are observed for: (i) FSUB>EICT
+; (ii) EICT

-

<FSUB<EICT+; (iii) FSUB<EICT-. 

In the first case (i), and in the third (iii) case, a pinning of the Fermi level to the ICT levels (ICT+ 

for (i) and, ICT- for (iii)) is established while the vacuum level alignment regime is found for (ii). 

In fact, when organic material and substrate are put in contact, depending on the relative values 

of FSUB and ICT levels, charge transfer from one material to the other can take place at the 

interface. If FSUB>EICT+, the contact between the two materials induces a flow of electrons from 

the organic one to the substrate. On the contrary, when FSUB<EICT
-, the opposite situation is 

established and a spontaneous flow of electrons from the substrate to the organic material takes 

place until equilibrium is reached. The continuous charge transfer from one site to the other at 

the interface induces the formation of a dipole that results in a down-shift (in the first case) or an 

up-shift (in the second case) of the vacuum level. In both cases, when the equilibrium is reached, 

no charges flow is present anymore. If the initial condition was FSUB>EICT+ (FSUB<EICT-), then at 

equilibrium it is D= FSUB - EICT+ (D=  EICT--FSUB ).  It is then clear that the resulting work function 

for the organic material on the substrate (FORG/SUB) is equal to EICT+ and EICT- respectively. 

Moreover, if the initial conditions FSUB>EICT+ or FSUB<EICT are fulfilled, a variation of FSUB will not 

affect the measured value for FORG/SUB. In other words, a measure of this work function in these 

two cases allows the mapping of the corresponding ICT level of the organic compound. In the case 

(ii), when EICT-<FSUB<EICT+, no electron flow occurs neither from the substrate to the organic 

material, nor in the opposite direction and thus, no vacuum level offset is observed. Therefore, 

the resulting FORG/SUB is not indicative of the position of the ICT levels of the organic compound. 

This model has been applied to organic-metal interfaces and organic donor-acceptor systems. It 

is proposed that the position of ICT levels determines the energy level alignment at organic-

organic and organic-electrode interfaces. In particular, between the two organic materials 

(blend) an additional dipole can be formed. The size of the dipole depends on the difference 

between ICT+(donor) and ICT-(acceptor).[164,165] With this in mind, it is important to 

determine the energy of these level for the single component. 

Together with their chemical characterization, obtained for instance by NMR spectroscopy, IR 

spectroscopy, SEC, UV-visible spectroscopy and other common techniques, it is important to 

investigate and understand the electronic properties of the materials used in organic 

photovoltaics as the good match between the energy level of the single components are crucial 
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to the efficiency of the whole device. In this section, the photoemission spectroscopy techniques 

UPS and XPS are introduced. The two techniques are used to evaluate the energy levels structure 

of the materials. The section ended with the description of the Integer Charge Transfer (ICT) 

model, which has been used to discuss the spectroscopic data in this work. 

 

1.3 The role of fullerenes in organic photovoltaics 

Fullerene and fullerene derivatives play a very important roles in the field of organic 

photovoltaic. In the following sections, the different uses of fullerene derivatives in devices are 

briefly presented.  

 

1.3.1 Fullerene acceptors 

Fullerene derivatives are good acceptor materials for OPV due to their high electron affinity and 

good electron mobility. They also can provide favourable nanoscale morphology necessary for 

charge separation and charge diffusion in the bulk. A great part of OPV technology is based on 

devices which use fullerene derivatives as acceptor. This is somehow surprising as most of the 

non-fullerene small molecules used as acceptor have stronger light absorption in the visible 

region respect to fullerene derivatives and also, one would expect that the use of planar or semi 

planar molecules is preferable to achieve good electron transport. In the bulk heterojunction 

solar cells, the most commonly used C60 soluble derivative is the Phenyl-C61-butyric acid methyl 

ester PCBM followed by the C70 analogous PC70BM. The structure and the synthetic route for 

PCBM is showed in Figure 42. 
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Figure 42: (a) Structure and (b) synthesis of 6,6-phenyl-C61-butyric acid methyl ester (PCBM).  

 

PCBM was first introduced by Wudl et al. in 1995 for photo-diode and photo-detector 

applications[166] and shortly after used as acceptor material in blends with conjugated 

polymers.[167,168] PCBM has good acceptor properties and good miscibility with conductive 

polymers. Although it preserves the high electron affinity and good electron mobility (2×10-3 and 

4,5×10-3 cm2V-1s-1)[169] of its parent C60, , it has also a very low light-harvesting ability in the 

visible region of the light spectrum and therefore it limits the PCE of the devices. The most 

representative polymer donor/fullerene acceptor system used in PSCs reached a PCE of about 

4%. One strategy to avoid this problem consisted in replacing it with PC70BM. This molecule is 

less symmetric then PCBM and therefore shows a stronger absorption in the visible region as it 

has more allowed optical transitions. Different fullerene derivatives have been synthesized in 

order to obtain an up-shifted LUMO energy level respect to PCBM. As a consequence of the direct 

proportional relationship between the difference LUMO(acceptor) and HOMO(donor)  and the VOC of the 

cell, to up-shift the LUMO level of the fullerene derivative results in a higher VOC of the devices 

when the material is used to replace PCBM in the blend with a determined polymer.[170] For 

instance, Kooistra et al. reported ten new fullerene derivatives for photovoltaic applications[171] 

showing how the VOC of cells in which the derivatives were blended with MDMO-PPV was 

modified with  a variation in the LUMO level of the acceptor. The structures of the derivatives as 

well as the obtained results are shown in Figure 43. 
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Figure 43: top - Structures of [60]PCBM (1), 4-N,N-dialkylamino[60] -PCBM (2), 
diphenylmethano[60]fullerene (3), bis-4-N,N-dialkyl -amino-diphenylmethano[60]fullerene (4) and 
substituted PCBM compounds (5): R ) 4-OMe (a), 3,4-OMe (b), 2,3,4-OMe (c), 2-OMe (d), 2,5-OMe (e), 2,4,6-
OMe (f), 3,4-methylenedioxy (g), 2-SMe (h), 4-SMe (i), and pentafluoro (j). Bottom - Voc of devices from 
MDMO-PPV blends vs the first reduction potential, E1/2,1,red (V vs ferrocence/ferrocence+) of the PCBM 
derivatives: squares, from ODCB; circles, from chlorobenzene. The dotted line is to guide the eye for a 1:1 
relationship between Voc and E1/ 2, 1, red.[19] 

 

The use of functionalized substituents on the C60 is not the only direct way to increase the LUMO 

energy level of the fullerene derivatives respect to PCBM. A second strategy is to have bis- or 

multi - adducts on the C60 cage. The LUMO energy is raised as a consequence of the saturation of 

the double bonds on the C60 hexagons.[172] A remarkable C60 derivative designed with this 

strategy is the indene-C60-bisadducts (IC60BA), first reported by He et al., which has a LUMO level 

up-shifted by 0.17 eV respect to the LUMO of PCBM and is more soluble.[173] There are also some 

examples of endohedral fullerenes used as acceptor in photovoltaic devices. More exhaustive list 

of fullerene derivatives used as acceptor material in organic solar cells can be found in recent 

reviews[174ɀ176] and in particular, Mi et al. divide the derivatives according to the principle 

used for their design. The authors divided the synthesized molecules in two groups: the 

derivatives which have been designed in order to tune the LUMO energy of the acceptor and then 

to increase the VOC of the cells, and those designed to enhance the devices performances by 

obtaining a higher Jsc or FF. Many efforts have been done to further improve the solubility and to 

optimize the phase segregation of fullerene derivatives in the bulk. Some examples are given by 

PCBB[177] where the alkyl-chain length of the ester-group is modified, ThCBM[178] in which 
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the phenyl group of PCBM is substituted by a thiophene ring, and the dihydronaphtil bridge ester 

C60 in which is the methylene bridge to be substituted.  Another fullerene used in organic 

photovoltaic is the C70 and its derivative phenyl-C71-butyric acid methyl ester (PC71BM)[179]. 

The C70 has an asymmetric structure, with a stronger absorption in the visible region than C60, 

and it has been used in combination with many conjugated polymers and in particular with low 

band gap polymers.[180,181]  

 

1.3.2 Fullerene interlayers 

To improve the efficiency of a solar cell, an additional n-type interlayer can be used in the device 

architecture. Many different fullerene-based derivatives have been developed in order to fulfil 

this role of interlayer between the active layer and the inorganic component of the cell.[182] 

Those derivatives help improve the efficiency by either enhancing the interfacial charge-

transport efficiency or by modifying the work function of cathodes. For instance, C60-SAMs (self 

assembled monolayers) can be deposited over ZnO or TiOx layer to act as electron selective and 

hole blocking layers and this improves the charge transfer from the organic active layer to the 

oxide. Other C60-derivatives have been used to tune ITO work function or Ag work function and 

have better energy levels alignment and enhance device performances. Though the C60-based 

interlayers can be used both for the regular and for the inverted geometry solar cell devices, it 

has to be taken into account that orthogonal solvent-processed strategies have to be used when 

incorporating them in normal devices. The use of organic solvents that dissolve also the active 

layer would lead to a mixing of the two layers with a loss of the desired morphology. Hydrophilic 

fullerene derivatives which can be dissolved in polar solvent systems can then be used for 

conventional devices and deposited from solution without destroying the morphology of the 

active layer. 

 

1.3.3 Fullerene additives 

The morphology of the active layer strongly influences the performance of the BHJ type solar cell 

device and the maintenance in time of the optÉÍÁÌ ÍÏÒÐÈÏÌÏÇÙ ÉÓ ÃÒÕÃÉÁÌ ÆÏÒ ÔÈÅ ÄÅÖÉÃÅȭÓ ÌÉÆÅÔÉÍÅȢ 

One of the major problems wi th fullerene derivatives, and in particular with PCBM, is their  

tendency to diffuse to the polymer matrix and self-aggregate into larger crystals or clusters under 
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continuous heating. This behaviour causes, together with other factors, the loss in performance 

of the cell. In general the desired morphology of the active layer can be achieved by using different 

methods during the different stages of device fabrication. For instance, employing solvent 

mixtures to deposit the active layer, adding high boiling solvent additives or post-deposition 

treatments like solvent vapour or thermal annealing can help to have the right morphology that 

enables a good balance between charge separation and charge diffusion in the bulk. To stabilize 

the morphology and improve thermal stability, various strategies have been applied in the years. 

Many studies are focused on the direct modification of the donor or the acceptor material in order 

to obtain photocrosslinkable structures[183] or bulky substituents on PCBM. The use of diblock 

copolymers incorporating both the donor and the acceptor material has also been attempted to 

freeze the optimum morphology in the bulk. In the last few years, the use of fullerene-based 

additive in the BHJ has been introduced. Tai et al. reported the synthesis of a fullerene end-capped 

poly(ethylene glycol) which has been used as an additive in a P3HT/PCBM device resulting in the 

increase of the long-term stability of the cell.[184] Following the same concept, polystyrene-

tethered fullerene has been successfully developed to reduce the initial domain size of PCBM as 

well as their growth over time.[185] A new successful approach to morphology stabilization was 

introduced by Schroeder et al. In their work covalently linked PCBM dimers were added in 

solution prior the deposition of the active layer.[186] The structure of the dumbbell-shaped 

dimeric fullerenes developed by the authors is shown in Figure 44. 

 

Figure 44: Structure of PCBM dumbbell (PCB)2C2.[186]  

 

The loading of 20% of this fullerene dimer in a carbazole-based PCDTBT polymer blended with 

PCBM system, not only does not influence negatively the PCE of the device, but also can lead to 
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an enhanced morphological stability that is explained by an effect of frustration of molecular 

packing of PCBM by the additive. 

 

1.3.4 Fullerene as donor materials 

The bipolar nature of fullerene permits them to transport both electrons and holes. Studying a 

MDMO-PPV: PCBM blend, Melzer et al. discovered a hole mobility of only one order of magnitude 

lower than the electron mobility in PCBM.[187,188] Due to this characteristic, fullerene 

derivatives could also be used as donor materials in devices when combined with an acceptor 

with  a LUMO energy in a proper offset. Some work have been published in which fullerene 

derivatives are used with this new uncommon role. PCBM and ICBA have been recently employed 

for the first time as donors materials in planar heterojunction all fullerene solar cells[189] 

showing the possibility of new applications for fullerene derivatives. In the cells C70 has been used 

as n-type component and the resulting PCE for the optimized ICBA/C70 system reaches 0.8% 

under AM1.5 G (100 mW cm-2) conditions. A FF of 0.27 and a PCE of 0.21%  for PCBM/BCN-HH-

BCN with conventional BHJ and a FF of 0.29 with a PCE of 0.34% for a PCBM/BCN-HH-BCN BHJ 

solar cell  have been published.[190] The acceptor material (Figure 45) has been developed by 

Ie et al. and is a hexyl-substituted bithiophene difunctionalized with dicyanomethylene-

substituted cyclopenta[b]thiophene units.[191] Also C70 has been investigated as p-type donor in 

PHJ OPV devices in combination with 1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile (HAT-

CN). High FFs of more than 0.70 as well as PCE of up to 2.83% have been achieved with this 

system.[192] Further examples of C60 or metal doped C60 with an electron donor role can be found 

in literature. [193ɀ195] 
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Figure 45:  (a) Structure of BCN-HHɂBCN molecule; (b) Energy level diagram for BCN-HH-

BCN/PCBM.[191] 

 

1.4 Polyfullerenes  

Since fullerene and fullerene derivatives are interesting materials for photovoltaic applications 

due to their good electronic properties, the possibility to merge them with the mechanical 

properties and facile processibility of polymers has attracted many researchers. In the last years, 

polymers containing fullerene have been studied for different applications in organic 

photovoltaic. In this section, general characteristics of polyfullerenes are presented before their 

application in OPV are reviewed. 

 

1.4.1 Polyfullerenes: introduction  

The first example of a polyfullerene was published in 1991 by Olah et al. [196]  The authors 

prepared polyarenefullerenes, C60(H-Ar)n, via acid-catalyzed Friedel-Crafts reaction with 

polystyrene. Since then many polyfullerenes have been prepared and several of them have been 

used as active materials in electroluminescent,[197ɀ200]  non-volatile flash,[201] and 

photovoltaic devices.  

According to their chemical structure, polyfullerenes can be classified into 9 families. To these 

types of materials, C60-supramolecular polymers can be added. 
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1.4.1.1 All-carbon polyfullerenes 

The all-C60 ÐÏÌÙÍÅÒÓȟ ÁÌÓÏ ÎÁÍÅÄ ȰÉÎÔÒÉÎÓÉÃ ÐÏÌÙÍÅÒÓȱȟ ÁÒÅ ÃÏÎÓÔÉÔÕÔÅÄ of just C60 molecules. In 

these materials, the C60 cages are covalently linked and do not present any substituents. These 

all-carbon polyfullerenes can be prepared via different strategies. The first example of this class 

of material was prepared via photopolymerization,[202] but pressure-induced polymerization, 

electron beam-induced polymerization and plasma-induced polymerization have also been 

exploited. The polymerization proceeds via [2+2] cycloadditions which involves two 6-6 double 

bonds of neighbouring C60 molecules.[203] The formation of the all carbon C60-polymers is shown 

in Figure 46. 

 

 

Figure 46:  Scheme of the synthesis of all-C60-polymers.[204] 

 

1.4.1.2  Organometallic polyfullerenes 

These are compounds contain metals or heteroatoms in their structure. They are considered as 

a subclass of all-carbon polyfullerenes. The first evidence of the possibility of such a class of 

polymers was published by Forrò in 1994. He discovered that the fulleride phase AC60, where A 

is K, Rb or Cs, could undergo [2+2] cycloadditions and give polymers with the alkali metal in the 

crystal voids. The very first example of an organometallic polymer of C60, however, was published 

in 1992 by Nagashima and co-workers and it was a Pd-containing polymer.[205] Other polymers 

were prepared using Pt(II), Rh(II) and Ir(I).  

 

1.4.1.3 Crosslinked polyfullerenes 

A large class of polyfullerenes is represented by cross-linked polymers. These polymers have 

attracted great interest in the last two decades. Polymers such as polystyrene, polyurethane, 

poly(vinyl ketone) and others have been used to produce cross-linked polymers with C60. The 
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main interest is the possibility of having a network in which the fullerene is morphologically 

stable.[206,207] The drawback is the low solubility and poor processibility that these materials 

generally present. Different strategies to synthesize cross-linked C60-containing polymers 

include: i) C60 and C60 derivatives are mixed together with a monomer and left to react randomly; 

ii) fullerene is first modified to obtain multisubstituted derivative that is then homopolymerized 

in three-dimensions; iii) C60 or its derivatives are allowed to react with a preformed polymer 

which has been functionalized at the chain ends; iv) the fullerene is left to react with polymers 

which present pendant reactive moieties. Strategies (i), (iii) and (iv)  are summarized in Figure 

47. 

 

Figure 47: Synthetic pathway leading to cross-linked polyfullerene: (i) C60 and C60 derivatives are mixed 
together with a monomer and left to react randomly; iii) C60 or its derivatives are allowed to react with a 
preformed polymer which has been functionalized at the end termini; iv) fullerene is left to react with 
polymers which present pendant reactive moieties. Image reproduced from ref.208. 

 

1.4.1.4 End-capped polymers 

Chain end-capped polyfullerenes are polymers which present one or two C60 units at their 

terminal positions. Two different synthetic strategies are possible. The first is to synthesize the 

polymer and then incorporate the fullerene. The second, less widely employed, is to grow the 

polymer on a C60 derivative.  

(i) 

(iii) 

(iv) 
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Mono and di-C60-end-capped poly(ethylene glycol)s (PEG) were synthesized by Goh and 

coworkers and showed an extremely interesting capacity to form interpolymer complexes via 

hydrogen-bonding interactions, when mixed with H-donating polymers.[209] Moreover, films of 

double C60-end-capped  PEG showed good mechanical properties and a very large resistance to 

elongation.[210] Also four-arm C60-end-capped poly(ethylene oxide)s (PEO) has been 

prepared,[211] as well as C60-end-capped polystyrene (PS).[212] Fullerene end-capped 

polystyrenes have been largely investigated. The first example of this class of C60-containing 

polymers has been synthesized amino-terminated PS; other examples have been prepared by 

using TEMPO-terminated PS213 or TEMPOL-terminated PS.[214] !ÌÔÈÏÕÇÈ ȰÌÉÖÉÎÇȱ ÁÎÉÏÎÉÃ 

polymerization is the most traditionally used route used to prepare these macromolecules due 

to the possibility of good control over the molecular weights and their distributions, atom 

transfer radical polymerization (ATRP) has found large use due to its ease. Along with well-

defined C60-end-capped PS, this polymerization has been successfully exploited with other 

polymers to obtain the correspondent C60-end-capped derivatives. 

 

1.4.1.5 Star-shaped polymers  

Star-shaped polymers take their name from their structure, recalling sea stars as shown in Figure 

48. In this class of polymers, from two to twelve polymer chains are covalently linked to the 

fullerene cage. PS-C60 star polymers have been largely investigated. It has been found that both 

the number of PS chains linked to C60, and the dimensions of the final macromolecule can be 

controlled in the C60ɉ03ɊØ ÓÐÅÃÉÅÓ ×ÈÅÎ ȰÌÉÖÉÎÇȱ ÁÎÉÏÎÉÃ ÐÏÌÙÍÅÒÉÚÁÔÉÏÎ ÉÓ ÐÅÒÆÏÒÍÅÄ ÕÎÄÅÒ ÈÉÇÈ-

purity conditions.[215,216] Different strategies were employed to obtain star-shaped C60-

containing polymers, for example that by Mignard et al. in 2002.[217] In their work, the authors 

have reported the synthesis of 6-star-C60[styrene-poly(1,4-phenylene)-block-polystyrene] and 6-

star-C60[polystyrene-block-poly(1,4-phenylene)] ÂÙ ÇÒÁÆÔÉÎÇ ȰÌÉÖÉÎÇȱ ÐÏÌÙÓÔÙÒÅÎÅ-block-poly(1,3-

cyclohexadiene)-block-styryllithium and poly(1,3 -cylclohexadiene)-block-polystyryllithium 

onto C60. In this case the fullerene was observed to limit the number of linked polymeric chains 

to six. The star-shaped polyfullerenes have been obtained also using C70 and multisubstituted 

fullerene as the central core. Examples are given by the work of Chen et al., where C70 has been 

used with living polystyrene anions to obtain polystyrene-substituted [70]fullerene,[218] and 

the work of Goswami and co-workers who prepared ether-connected star-shaped  C60-polymer 

(Figure 48) starting from fullerenol, C60-(OH)n.[219]  
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Figure 48: Example of a star-shaped fullerene-containing polymers. Image adapted from ref. 204  

 

1.4.1.6 C60-dendrimers 

Dendrimers can reach high molecular weights. For this reason, and considering that fullerenes 

are good candidate as core for hosting dendrons, C60-dendrimers are classified as polyfullerenes. 

The first example of this family is given by Fréchet and Wudl in 1993.[220] In this first work, the 

authors coupled compact dendritic macromolecules with pre-functionalized fullerenes to obtain 

well-defined polymer-fullerene hybrids. As shown in Figure 49, they used phenol-functionalized 

fullerene as a core and attached polyether dendrimers to it. 

 

Figure 49: Scheme of the formation of fullerene-dendrimer; 1: fourth-generation dendrimer [G-4]-Br; 2: 
diphenolic fullerene; 3: obtained polymer-fullerene hybrid structure. Reproduced from ref. 220 
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This class of polyfullerene has attracted growing interest in the last decades for their 

nanostructure and organization and the good solubility in many solvents. In the field of 

nanotechnology, for instance, and in particular in the field of liquid-crystals, fullerodendrimers 

represent a promising family of materials. Functionalize dendrimers with mesogenic elements 

leads to the formation of liquid-crystalline materials. The incorporation of fullerene into these 

liquid -crystals structures opens to the possibility of new molecular devices that can link the 

extraordinary electrochemical and photophysical characteristics of fullerene with the self-

assembly capacity of liquid-crystals. The materials obtained by the association of C60 with redox-

active units and second-generation liquid crystal dendrons have been studied in supramolecular 

switches and in solar cell technologies.[221ɀ225] Also dendritic structures that have fullerene 

units on their surface or in the dendritic branches are found in literature.[226ɀ228] In order to 

prepare these macromolecules, two different synthetic strategies are possible: divergent 

synthesis and convergent synthesis.[229] The divergent synthesis is the easiest one. In this 

strategy fullerodendrimers are obtained by grafting C60 units on the peripheral reactive groups 

on commercially available dendrimers. The C60-containing polypropylene dendrimers shown in 

Figure 50(a)  have been prepared with this strategy.[230] The convergent strategy has been 

introduced by Hawker and Fréchet and it results more efficient in order to obtain monodisperse 

dendrimers.[231] In this second strategy the peripheral dendrimers are synthesized first and 

then there are attached to the central unit. An example of molecule prepared with this approach 

is shown in Figure 50 (b) .[232] 

 

Figure 50: Structure of a (a) C60-containing polypropylene dendrimers prepared by grafting C60 units onto 
commercially available dendrimers, and (b) C60-containing dendrimers prepared by attaching synthesized 
peripheral dendrimers to the central unit. 

(a) (b) 
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1.4.1.7 Main-chain polymers 

Main-chain polyfullerenes, also called in-chain or pearl necklace polymers, have interesting 

structures, but are probably the least represented among the C60-containing polymers. The 

fullerene resides in the polymer backbone. If these materials are less common than the other 

types it is because the double addition on the fullerene cage, necessary to obtain the in-chain 

structure, is difficult to control and often yields complex regioisomeric mixtures. Also the 

formation of cross-linked products by multiple additions on C60 makes the synthesis of these 

materials more difficult. Two strategies are possible for the synthesis of main-chain 

polyfullerenes: i) reaction between C60 and a symmetrically difunctionalized monomer and ii) 

polycondensation between a fullerene bisadduct a difunctionalized fullerene. One of the first 

examples of this family of materials was published by Rotello and Nie, in 1997, who reported a 

thermoreversible material based on a C60 main-chain polymer. The material was obtained by 

Diels-Alder cycloaddition at room temperature and underwent a cycloreversion process when 

heated between 60 and 75 °C.[233] This result was a promising hint towards the development of 

recyclable and thermally processable polymers based on thermorevesible polymerisation-

depolymerization. A new route of main-chain polyfullerenes was proposed by Hiorns et al. in 

2009.[234] The obtained poly{(1,4-fullerene)-alt-[1,4-dimethylene-2,5-bis(cyclohexylmethyl 

ether)phenylene]}s (PFDP)s, whose the preparation scheme is reported in Figure 51, were 

tested in OPV, blended with P3HT. The non-optimized device reached a promising efficiency of 

1.6%. 

 

Figure 51: a (a) K2CO3, acetonitrile, 90 °C, 40 h; (b) paraformaldehyde, HBr, 65 °C, 80 min; (c) 
paraformaldehyde, HBr, 45 °C, 24 h; and (d and e) fullerene, CuBr, bipyridine, 22 h, 115 °C. Reproduced 
from ref. 234 
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The obtained materials were of facile synthesis and presented a modular structure, electronic 

activity, and novel solid-state behaviour that make them promising materials for photovoltaic 

applications. This work is the starting point of part of the work presented in this manuscript. The 

synthetic route reported by Hiorns et al., the atom transfer radical addition polymerization 

(ATRAP) has been extended to produce PCBM-based polymers (vide infra) . The chemistry is 

facile and breaks only the 6-6 double bonds on the fullerene. It is based on the atom transfer 

radical addition (ATRA) mechanism shown in Figure 52. 

 

Figure 52: Addition mechanism of PSBr chains onto C60 through an ATRA. 

Once one substituent is attached onto the C60 cage via an ATRA reaction, a second addition is 

highly favoured. Mathis and co-workers showed in their work on the addition on PSBr onto C60, 

that no mono-adducts were formed. Moreover, they showed that only products with an even 

number of grafted chains were obtained. This property of the products is directly connected with 

the reaction mechanism. Any C60ɀA bond between the fullerene cage and an atom A, is weaker 

ÔÈÁÎ Á ȬÎÏÒÍÁÌȭ #ɀA bond. That means that the C60-Br bond which is formed after the first addition 

of PSBr on the fullerene, is easier to break than the PS-Br bond. The concentration of the radical 

PS-C60· is always large and the possibility to have recombination between it and the radical PS· 

is very likely.  The UV-vis characterisation conducted by the authors demonstrate that the attack 

position of two substituent is more probable on the 1,4 position of the same hexagon. Together 

with demonstrate that mono-adducts were not obtained even when C60 was used in 10-fold 

excess, they showed that the number of branches on fullerene was controlled by the ratio 

PSBr/C60. Pure bis-adducts were obtained only when this ratio was kept lower than 2. They also 

demonstrate that pure tetra-adducts were obtained only if the reaction were performed with a 

large excess of PSBr (PSBr/C60 > 4).[235-236]  
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Another very interesting main-chain polyfullerene was first introduced by Geckeler and co-

workers.[237] They reacted C60 directly with b-cyclodextrine-bis-amino complexes as shown in 

Figure 53; the reaction proceeds via a nucleophilic polyaddition reaction. The product of this 

reaction was the first water-soluble polyfullerene reported in literature. In addition to water 

solubility , the cyclodextrine avoids the multi-addition on the C60 sphere thanks to its steric 

hindrance. This polymer has been successfully employed as DNA-cleaving agent.  

 

Figure 53: Reaction scheme for the synthesis of the polyfullerene reported by Geckeler and co-workers. 
(a) b-cyclodextrine, (b) p-phenylenediamine, (c) cyclodextrine-amine complex and (d) resulting polymer. 
Image adapted from ref.237 

 

Despite the difficulty to obtain bis-substituted C60, the second strategy has been the most 

employed. For example, Taki et al. after reporting an elegant route to obtain well-defined 

fullerene bis-adducts,[238] used the obtained compounds as monomers to synthesize pearl-

neckless polyesters containing C60 moieties in the main-chain.[239] Their method consists in the 

reaction of C60  with two a,aȭ-dibromo-o-xylene moieties connected by an oligomethylene chain. 

Depending on the length (n) of the oligomethylene (-(CH2)n-) chain, only cis-2- and cis-3-

bisadducts  (n = 2 and 3) or e-bisadduct (n = 5) were selectively obtained. Finally the cleavage of 

the oligomethylene chain produced the corresponding C60 derivatives possessing two phenol 

moieties that can be then employed in further functionalization of the system. The scheme for the 

synthesis of the C60 bisadducts is reported in Figure 54. 
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Figure 54: Scheme of the synthesis of a,aȭ-dibromo-o-xylene moieties connected by an oligomethylene 
chain. Image reproduced from ref. 238 

 

After conversion of the phenol groups in correspondent salts to improve their water solubility, 

the authors let them react with C60 in a condensation polymerization to yield the main-chain 

polyfullerenes. The scheme of the just presented strategy is reported in Figure 55. 
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Figure 55: (Scheme a) Synthesis of well-defined C60 bis-adducts, with reference to Figure 54 for 
compounds 1a-d (image reproduced from ref. 238); (Scheme b) Synthesis of C60-main-chain polyesters 
(image reproduced from ref. 239). 

 

Using the ideas that the construction of main-chain polymers is possible by repetitive 

cycloaddition of C60, Gügel et al.[240] obtained polyfullerenes by repetitive Diels-Alder 

cycloaddition of bis-hexyloxy-substituted bis-sulfone on the fullerene as reported in Figure 56.  

With this method, using appropriate solubilizing functional groups and avoiding cross-linking by 

means of addition of mono-o-quinodimethane in the reaction mixture, they obtained high 

molecular weight polymers with good solubility. 
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Figure 56: Scheme of the synthesis of main-chain polyfullerene by repetitive Diels-Alder cycloaddition. 
Image reproduced from ref. 240 

 

Alternative main-chain polyfullerenes were prepared reacting a mixture of C60-bis adducts with 

amino-propyl -end-capped-PDMS in 1999 (Figure 57)[241], but other examples are present in 

literature. [242ɀ244] Also pure fullerene regioisomers have been used to prepare main-chain 

polyfullerenes.[245] In general, the polymers obtained have the advantage of a very good 

processibility. 

 

Figure 57: main-chain polyfullerenes have been prepared reacting a mixture of C60-bis adducts with 

amino-propyl -end-capped-PDMS. Image reproduced from ref.241. 
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1.4.1.8 Side-chain polymers 

Side-chain polyfullerenes are the most studied fullerene-containing polymers and count a large 

number of macromolecules. Also for this family of polymers there are two different synthetic 

strategies (Figure 58): the first strategy (i) is the direct introduction of fullerene or fullerene 

derivatives into a preformed polymer; in the second strategy (ii) fullerene derivatives are first 

synthesized and then homopolymerized or copolymerized to obtain the desired polyfullerene.  

 

 

Figure 58:  Synthetic strategies for the synthesis of side-chain C60-polymers. 

 

Many common polymers, such as PS,[246ɀ248] polyacrylate,[209,249ɀ251] 

polycarbonate,[252,253] polyvinylcarbazole,[254] polyphosphazenes,[255] polysiloxane,[256] 

polysaccharides,[257] as well as polyethers and polythiophenes have been exploited to produce 

side-chain polyfullerenes. In order to link the C60 to the polymer chain, different routes have been 

used. Due to the well-known addition of amines to fullerene double bonds, amino- or imino-

linked fullerene-polymers have been one of the first studied ways to prepare this class of 

macromolecules.[258] Other approaches involve the grafting of C60 via Friedel-Crafts reaction, 

ÔÈÅ ȰÁÚÉÄÏȱ ÒÏÕÔÅȟ [4+2] ÃÙÃÌÏÁÄÄÉÔÉÏÎ ÒÅÁÃÔÉÏÎ ÁÎÄ ȰÌÉÖÉÎÇȱ ÒÁÄÉÃÁÌ ÒÅÁction, but also MW 

irradiations have been exploited. 
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1.4.1.9 Double-cable polymers 

Double-cable (D-C) polymers have found applications in electro-optical devices due to their 

electronic properties. These polymer are constituted, of a p-conjugated polymer, as main chain 

polymer, to which a number of n-type materials, C60 for instance, are covalently linked. The 

concept of double-cable polymers for organic optoelectronic devices was first introduced by 

Cravino and Sariciftci in 2002.[259] They bring the advantages of the possibility of large donor-

acceptor interfacial area, good tunability of the components as well as good stability upon phase 

separation and clustering. Together with the strategies used to synthesised side-chain polymers, 

along with electropolymerization of aromatic monomers has been one of the most employed 

strategies to obtain C60-containing D-C. As example, electropolymerization giving a double cable 

polymer in which C60 was used as n-type material with terthiophene as the main-chain monomer 

is shown in Figure 59.[260] 

 

Figure 59:  Synthesis and polymerization of the monomer c containing (b) bisfulleroid ,  as electron-
acceptor and (a) terthiophene  as donor material; the two components are linked by a [3,4-b-]-pyrazine 
bridge. Electropolymerization gives D-C polymer (d). 

 

1.4.1.10  C60-supramolecular polymers 

This class of macromolecules has been its developed only very recently. This push has come by 

the possibility of avoiding the formation of large C60 clusters dispersed in a polymeric matrix that 

are commonly found with  polyfullerenes.[261] A supramolecular polymer, is kept together by 

non-covalent bonds and results from any type of self-assembly process that creates polymer-like 

aggregates. The reversible nature of the interaction can avoid phase segregation of the 

components, but a more important advantage of this type of macromolecules is the possibility to 
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obtain additional order in the solid state.[262] Based on the synthetic strategy used for their 

preparation, supramolecular polyfullerenes can be divided into four classes: (i) supramolecular 

polyfullerenes based on interaction between suitably functionalized polymers and C60 

derivatives; (ii) supramolecular polyfullerenes based on self-assembly of fullerene derivatives; 

(iii) supramolecular polyfullerenes based on functionalized C60 and complementary backbones; 

(iv) complementary interactions between C60 and concave guests. 

The interactions that keep the structures together are weak interactions of varying natures and 

are displayed in Figure 60.  

 

 

Figure 60: Type of interaction that forms fullerene-based supramolecular ensembles. 

  

1.4.2 Polyfullerenes in organic photovoltaics 

The association between the electronic properties of fullerene and the mechanical properties, the 

stability, as well as the processibility of polymers gives a promising mixture that is interesting in 

photovoltaic applications. Over the years, polyfullerenes have been proposed in the role of n-type 

material in all-polymer blends and as electron-selective-layer (ESL) in devices. The most 

exploited type of polyfullerenes in OPVs are the D-Cs, presented in section 1.4.1.9.[263] The first 
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observation of a photo-induced charge transfer in these type of materials was reported for the 

first time by Cravino et al. and this opened the possibility of using them as active layers in organic 

solar cells.[264,265] The author studied a D-C polymer composed of a polythiophene backbone 

with tethered fullerene units (Figure 61). Spectroscopic studies showed that the two 

components did not interact in the ground state while electron transfer occurred in the polymer 

in its excited state. The photo-induced absorption spectrum, shows the two typical bands (1.4 

and 0.6 eV) of positive polarons on a thiophene-based backbone. The two bands showed an 

excitation intensity dependence which is an indication of the charge carrier  behaviour of the 

material. The photo-induced charge transfer between the donor and the acceptor components 

were confirmed by ESR.  

 

Figure 61: Structure of double-cable C60-containing polymer investigated for charge-transfer processes 
(left) and its published absorption spectrum (right) showing the bands typical for positive polarons on a 
thiophene-based backbone. Image adapted from ref.265 

 

Some years later, Tan et al. investigated the photovoltaic properties of a D-C polyfullerene based 

solar cell obtaining a PCE of 0.52% under AM 1.5 illumination conditions.[266] They used the 

solar cell structure ITO/PEDOT:PSS/PT-F/Ca/Al where PT-F was a D-C polythiophene with a 

high-content of pendent C60 units (Figure 62). 
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Figure 62: structure of double-cable polythiophene with high-content of C60 pendent units. 

 

Even if the double-cable approach seems to be the most rational one to obtain well controlled 

and defined morphology of the solar cell active layer, the efficiency of the devices fabricated with 

these materials is very low. This is the result of poor charge separation and a high recombination 

rate caused by the too intimate mixing of D and A units. The main limitations for the application 

of D-C systems are their challenging synthesis and processibility. [92,259,267]  

Also main-chain polyfullerenes have been proposed for the active layer. They were thought to be 

a good alternative because they allow an easier access to the correct geometry and can lead to 

optimum domain sizes. The main-chain polyfullerenes proposed by Hiorns and co-workers and 

already discussed in paragraph 1.4.1.7 give one example. 

The use of a cross-linked network is a common method in organic electronic to obtain robust 

materials. Cross-linkable fullerene derivatives, in particular modified PCBM molecules bearing 

either styryl groups (PCBS and PCBSD) or oxetane groups (PCBO and PCBOD) have been 

successfully proposed as ESLs. The structure of these molecules are shown in Figure 63 and their 

cross-linking obtained by thermal treatment.[268] The authors reported enhancement up to 26% 

with respect to the reference devices when the cross-linked fullerene are used.[269] This 

enhancement was  attributed to the capability of the materials to self-assemble onto the TiOx 

surface and simultaneously cross-link and generate a dense, robust, and pinhole-free 

multimolecular interlayer that improve the interface characteristics. 
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Figure 63: Structure of crosslinkable PCBM derivatives.[268]  

 

An alternate use of polyfullerenes in OPV is as a compatibilizer between n- and p-type 

materials in the active layer. For example, BHJ based on P3HT:PCBM blends have been stabilized 

by the C60-containing polythiophenes showed in Figure 64. The hybrid material is, suitable to go 

at the interfacial surface between the donor and the acceptor material, reducing the interfacial 

energy and leading to a better compatibility between the components. 
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Figure 64: used as Structure of C60-containing polymers compatibilizer in OPV devices.[270,271] 

 

In this last section we have introduced and given a non-exhaustive review of the various classes 

of polyfullerenes. Moreover, their applications in organic photovoltaics have been briefly discussed. 

Polyfullerenes are very versatile materials that remain relatively unexplored. As discussed in the last 

part of this section, polyfullerenes can be potentially used in the OPV active layer as well as an 

interlayer to optimize the device interfaces and enhance the performances. Thanks to their 

polymeric natures, polyfullerenes are also good candidates for organic photovoltaics when the issue 

of stability is addressed. It is expected that all-polymers active layer can reach a better miscibility of 

the materials avoiding the formation of macroscopic fullerene clusters with time. This effect is also 

expected in a ternary blend where, for example, a polyfullerene is mixed with donor:acceptor 

materials. However, in order to be used in industrial application, polyfullerenes must fulfil  different 

requirements such as facile production, good solubility and easy processibility.   
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2 Synthesis and characterization of novel polyfullerenes 

Abstract  

 

Here we present the synthesis of new classes of soluble main-chain polyfullerenes. The first type of 

materials presented in this section are PCBM-based oligo- and polyfullerenes synthesized using the 

ATRAP route. In the second part of this Chapter, a novel polymerization route, based on 

fulleropyrrolidine-chemistry and developed during this PhD is presented. This new route employs 

C60 as monomer to yield highly soluble main-chain polyfullerenes. 

 

Part of the results on the first type of materials have been presented in national and international 

conferences: 

1. Fullerene -based polymers for photovoltaic  applications  

Hasina H. Ramanitra, Simon A. Dowland, Graham E. Morse, Hugo Santos Silva, Didier 

Bégué,Thomas Chassé, Andreas Distler and Roger C. Hiorns 

ESOS European training school and conference on organic photovoltaic stability, June 

2015, Cargèse, Corsica, France 

2. Fullerene -based polymers for photovoltaic applications  (Polymères à base de 

fullerene pour applications photovoltaiques)  

Hasina H. Ramanitra, Simon A. Dowland, Graham E. Morse, Hugo Santos Silva, Didier 

Bégué,Thomas Chassé, Andreas Distler and Roger C. Hiorns  

Congrès 2015 de la Société Chimique de France, July 2015, Lille, France 

3. Fullerene -based polymers for photovoltaic applications  

Hasina H. Ramanitra, Simon A. Dowland, Graham E. Morse, Hugo Santos Silva, Didier Bégué, 

Thomas Chassé, Andreas Distler and Roger C. Hiorns 

ρςÔÈ )ÎÔÅÒÎÁÔÉÏÎÁÌ 3ÙÍÐÏÓÉÕÍ ÏÎ &ÕÎÃÔÉÏÎÁÌ ʌ-%ÌÅÃÔÒÏÎ 3ÙÓÔÅÍÓ ɉ&ʌ-12), July 2015, 

Seattle, Washington, USA. 

 

Part of the results will be published in: 

0ÁÔÅÎÔ ÐÅÎÄÅÎÔ ͻ3ÅÍÉÃÏÎÄÕÃÔÉÎÇ ÍÉØÔÕÒÅÓȭ 

R. C. Hiorns (CNRS), H. H. Ramanitra (UPPA), D. Bégué (UPPA), H. Santos Silva (UPPA) A. 

Distler (Belectric OPV GmbH), S. Dowland (Belectric OPV GmbH), G. Morse (MERCK). 

Merck/CNRS/UPPA/Belectric OPV GmbH.  
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Hasina H. Ramanitra, Simon Dowland, Hugo Santos Silva, Didier Bégué, Sambatra Rajoelson, 

Michael Salvador, Andres Osvet, Christoph J. Brabec, Hans-Joachim Egelhaaf, Graham Morse, 

Andreas Distler, Roger C. Hiorns 

A Facile Metal-free Route to Main -chain Fullerene Polymers  

Hasina H. Ramanitra, Hugo Santos Silva, Abdel Khoukh, Craig. M. S. Combe, S. A. Dowland, Didier 

Bégué, Christine Dagron-Lartigau, Andreas Distler, Graham Morse, Roger C. Hiorns 
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To merge the excellent electronic properties of fullerenes and the mechanical properties of 

polymers is a very attractive proposition to find novel materials for photovoltaic applications. 

Many different fullerene-containing polymers have already been synthesized and some of them 

have been proposed in different roles in solar cells showing promising, even if not yet market 

competitive, results. The production of polyfullerenes still has to face many difficulties due, in the 

most part, to the nature and reactivity of fullerene itself. In particular, when main-chain 

polyfullerenes are desired, the synthesis is made challenging by the difficulty of arresting the 

functionalization of fullerene to bis-adducts, which are necessary to obtain this type of 

macromolecules. Moreover, the synthesis of bis-adducts generally results in a mixture of 

regioisomers. In fact, 8 regioisomers are possible for the bis-functionalisation of a C60 fullerene 

cage.  

Different methods have been developed to obtain controlled bis-functionalised C60 and it has 

been shown that great importance in controlling the synthesis is the steric hindrance of 

substituents. As stated in paragraph 1.4.1.7, two strategies are possible for the synthesis of main-

chain poly[60]fullerenes: i) reaction between C60 and symmetrically difunctionalized monomer; 

ii) polycondensation between a fullerene bisadduct and a difunctionalized fullerene. There are 

few examples in literature of main-chain polyfullerene, but they generally require multi-steps 

synthesis. 

In this work, we therefore explore two different routes to obtain main-chain polyfullerenes which 

have the advantage of being facile one-pot synthesis and which results in two novel type of C60-

containing polymers with promising performances in organic solar cells. In the first type of 

synthesis, PCBM is exploited as monomer. The synthesis is based on ATRAP polymerisation route 

following a previous work by Hiorns and co-workers. As suggested by the authors, with the aim 

of avoiding multiple additions to the fullerene, and hence cross-linking reactions, a co-monomer 

with quite large steric groups, namely 1,4-bis(bromomethyl) -2,5-bis(octyloxy)benzene (2)  was 

chosen.  

The second polymerization route is based on Prato chemistry which is, to our knowledge, 

exploited for the first time for the synthesis of main-chain polyfullerenes. To explore this novel 

polymerisation route, three different comonomers have been employed. For this work we have 

chosen 3 symmetrical benzene-core based comonomers with symmetrical substituents with 

increasing chain-lengths (terephthaldehyde, 2,5-bis(octyloxy)terephthaldehyde, 2,5-
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bis(hexadecyloxy)terephtalaldehyde). This choice of comonomers has permitted to study the 

effect of the substituent chain length in the polymerisation.  

In the following sections, the syntheses of the comonomers are reported and the syntheses of the 

novel PolyPCBM and PPC60 are discussed in detail. 

 

2.1 Syntheses of the comonomers 

Four different monomers were used during this study. Terephthaldehyde (6), is commercially 

available and was used as received. 1,4-Bis(bromomethyl) -2,5-bis(octyloxy)benzene (3a), bis-

2,5-(octyloxy)terephthaldehyde (5a) and bis-2,5-(dodecyl)terephthaldehyde (5b) were 

synthesized following modified protocols from literature.  

The scheme for the synthesis of the different monomers is reported in Figure 65. 

 

Figure 65:  Scheme for the synthesis of the monomers used in this work: a- 2a) 1-bromooctane, K2CO3, 1, 
acetonitrile; a-2b) 1-bromododecane, K2CO3, 1, acetonitrile; b-3a) (CH2O), acetic acid, 2a, HBr; b-3b) 
(CH2O), acetic acid, 2b, HBr;. c-5a) NaHCO3, 3a, dimethyl sulfoxide; c-5b) NaHCO3, 3b, dimethyl sulfoxide.  

 

The choice to use aromatic-oxy-alkyl side-groups was made from their expected 

photostability,[272] high solubility, and ease of preparation via a Williamson condensation with  

hydroquinone (1). The etherification of hydroquinone to obtain 2a and 2b was realized in 

reasonable yields (60-70%) using the respective alkyl bromides.[273] It was expected that the 

subsequent bisbromomethylation might be sensitive to the presence of large alkyl chains; indeed, 

prior work by Made et al. showed with small substituents yields of around 95% could be 

obtained,[274] but in our case we had to be content with yields around 75%. Attempting to make 

2,5-bis(bromomethyl) -1,4-bis(hexadecyl)benzene we found yields were variable.  

From the bromomethylated molecules, to the bis-aldehyde ones, different synthetic routes are 

possible. In a first attempt, the route proposed by Wang et al. was chosen.[273] This route, shown 

in Figure 66, requires five steps in all from the hydroquinone to the desired formylated aromatic 

ether 5a or 5b . 
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Figure 66: (a) Bromodecane, K2CO3, acetonitrile, reflux, 36 h, 85%; (b) paraformaldehyde, HBr, 60 °C, 2 h, 
86%; (c) KOAc, Bu4NBr, acetonitrile, reflux, overnight, 100%; (d) LiAlH4, THF, room temperature, 2 h, 99%; 
(e) PCC, CH2Cl2, room temperature, 2 h, 87%; 
 

4ÈÅÒÅÆÏÒÅȟ Á ȰÓÈÏÒÔ ÃÕÔȱ ×ÁÓ ÆÏÕÎÄ ÂÙ ÇÏÉÎÇ ÆÒÏÍ ÔÈÅ ÂÒÏÍÏÍÅÔÈÙÌÁÔÅÄ ÐÒÏÄÕÃÔs to the aldehydes 

by oxidation with dimethyl sulfoxide (DMSO) with excessive sodium bicarbonate (NaHCO3) as 

auxiliary agent.[275,276] This reaction is known as Kornblum oxidation and its mechanism is 

shown in Figure 67. 

 

Figure 67: Mechanism of Kornblum oxidation using NaHCO3 as base. 

 

The reaction was conducted at 115 °C for 30 minutes to limit the formation of by-products. The 

changes in the colour of the reaction mixture was used to monitor the process itself. The initial 

transparent mixture turns into pale yellow when the desired product is formed and, as the 

reaction continues and more by-products are present in the mixture, this turns into orange.  This 

method can be applied under N2 atmosphere or air. The choice to carry out the synthesis in 

ambient atmosphere is for convenience. Moreover with this choice only low to reasonable yields 

(21-47%) were found. Although the obtained yields are lower than the ones expected with the 

Wang route (60-75%) for 1,4-alkoxy-2,5-bis(bromomethyl)benzenes with alkoxy-chains with 1 
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to 12 carbon units, this method was retained as three synthetic steps were replaced by just one. 

At each step of the synthesis, the structures were confirmed via NMR spectroscopy. The spectra 

are reported in this manuscript in the experimental section (section 5). Once the co-monomer 

was obtained, the synthesis of two different types of C60-containing polymers is proposed. 

 

2.2 Synthesis and Characterisation of PolyPCBMs 

PCBM is the most widely used fullerene C60 derivative in organic photovoltaics. The success of 

PCBM lies in its good solubility and electronic properties. As mentioned in section 1.3.1, PCBM 

has also some limits such as the relative low absorbance. Moreover, PCBM has a tendency to self-

aggregate under device operational conditions. The segregation of PCBM, and though the 

formation of larger PCBM-rich domains, is one of the reason for the loss in efficiency of the device. 

Different strategies have been proposed to overcome these limits by keeping the desired 

properties of PCBM. For instance, substitution of the alkyl-chain, the substitution of the aromatic 

group, or the substitution of the ester group have been investigated. Also PCBM bis-adducts have 

been proposed and actually results in an increase of 18% of PCE over that of PCBM.[277,278] In 

this section we propose a different approach: the insertion of PCBM into a main-chain polymer. 

The reaction scheme for the synthesis of the oligo- and polyPCBM is shown in Figure 68. 

 

Figure 68: Scheme for the synthesis of oligo- and polyPCBM. 

 

The synthesis of the comonomer 3a has already been discussed (see section 2.1). The polyPCBM 

(4) are prepared following the general protocol for the atomic transfer radical addition 

polymerization (ATRAP), introduced in section 1.4.1.7. PCBM was used as monomer, dissolved at 
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room temperature in distilled toluene and mixed with an equimolar amount of 1,4-

bis(bromomethyl) -2,5-bis(octyloxy)benzene (2a). 2 equivalents of CuBr and 4 equivalents of 

bipyridine were added and the temperature of the vigorously stirred mixture slowly raised to 

100 °C to start the reaction. After 16 h, the mixture was precipitated in methanol to stop the 

reaction. The resulting brown precipitates were filtered under N2 and dried under reduced 

pressure for 3 d at 30 °C. To purify the product, the recovered solid is washed in a Soxhlet 

apparatus with acetone overnight to eliminate the unreacted monomers. The scheme of the 

proposed mechanism for the polymerization is shown in Figure 69. 

 

Figure 69: Proposed mechanism of reaction for the preparation of polyPCBMs. 

 

In order to characterize the obtained materials, we have performed size-exclusion 

chromatography in tetrahydrofuran (SEC-THF), 1H and 13C nuclear magnetic resonance (NMR) 

measurements, thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and, 

UV-VIS optical absorption in solution (UV-VIS). The results are presented and discussed below. 

 

2.2.1 Size-exclusion chromatography (SEC) 

The synthesized products are very soluble in common organic solvents such as chloroform, 

benzene, toluene, and have remarkable solubility in THF. Size-exclusion chromatography (SEC), 

of the materials have been performed using this last solvent as mobile phase and toluene as flow 
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marker. This technique is one of the most widely used for polymer characterization as it gives 

information on the molecular weights and molecular weight distributions of the macromolecules 

in a sample.  

SEC is based on the separation of a mixture based on the size of the components. The dissolved 

materials are pushed through ÔÈÅ ÉÎÓÔÒÕÍÅÎÔȭÓ ÃÏÌÕÍÎÓ ×ÈÉÃÈ ÁÒÅ ÆÉÌÌÅÄ ×ÉÔÈ ÍÁÔÅÒÉÁÌs 

containing many pores (stationary phase). While 

passing through the column, smaller dissolved 

molecules flow more slowly because they can 

penetrate deep into many pores, whereas large 

dissolved molecules flow quickly because they 

interact in a minor extent with the pores. 

Consequently, larger molecules elute from the 

column sooner and smaller molecules later, which 

effectively sorts the molecules by size. As the 

components exit the column they are detected in 

various ways, and the elution behaviour of the 

sample is displayed in a chromatogram. For more 

clarity, the separating mechanism in a SEC is 

shown in Figure 70. Information on the 

molecular weight of the samples are not obtained in a direct way.  The conversion from the 

elution time, obtained considering a constant flow rate of the mobile phase, to the molecular 

weight of the sample is done by a calibration with standard polymers of known weight. In general 

polystyrene standards are used. Although SEC chromatography is a valid instrument to 

understand the nature of the synthesized materials, one has to take into account that it does not 

give reliable molecular weight values in the case of fullerene derivatives.[279,280]   

It is known that the weight extracted from SEC experiments should be considerably lower than 

they really are. In their work, Gügel, Müllen and co-workers proposed that a correction factor of 

2 ɀ 4 has to be applied in order to obtain reliable molecular weight values from SEC data.[240] 

An empirical method to evaluate the number of repeating units in the macromolecule by using 

the SEC traces consists in counting the number of peaks identifiable in the chromatogram and 

considering that each additional peak at lower elution volume, correspond to the presence of an 

additional unit, as illustrated in Figure 71. 

Figure 70: Schematic illustration of the 
separation mechanism in size-exclusion 
chromatography.   
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Figure 71: SEC chromatogram of oligo-fullerenes showing the empirical method to evaluate the number 
of repeating units in the macromolecules. Image reproduced from ref.240 

 

The obtained chromatograms of the synthesized compounds showed that the syntheses led to 

products with variable molecular weights ( 

Figure  72), and range from oligomers to polymers. With exception for polyPCBM_F, which was 

obtained from a reaction in which the starting amount of PCBM was 3 g, all the compounds were 

obtained using 0.4 g of initial PCBM. The ratio between the reagents was the same for all the 

reactions (PCBM: bis-bromo-comonomer: CuBr: bipyridine, 1:1:2:4). It is also interesting to note 

that some batches of the materials show the presence of products that are eluted after 35.05 mL 

(PCBM retention volume).  

 

Figure 72: SEC chromatogram of polyPCBM_A-G in THF (30 °C, l=300nm, with toluene as flow marker). 
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One can notice that in the elution diagrams of the materials, specific peaks are present and can 

be attributed to an integral increasing of the chain. Surprisingly, not all the samples present the 

same peaks even in the lower molecular weight region. The big differences that can be seen in 

the chromatogram denounce the high sensibility of the polymerization reaction towards CuBr 

purity and external agents such as impurities, water, oxygen that, despite the great attention used 

during the experiments, were probably present in some of the reaction mixtures. The obtained 

values for the molecular weight, as obtained from the instrument, and the dispersity are reported 

in Table 3. From this can be stated that particular care with handling of C60 and PCBM with 

respect to oxygen and light, and great care with respect to the pre-cleaning of the CuBr are 

necessary to obtain a controlled reaction. 

Product label  Mn 

(g/mol)  

Mw (g/mol)  Mp (g/mol)  Mz (g/mol)  Ð 

polyPCBM_A 2 410 4 130 3 040 6 720 1.71 

polyPCBM_B 1 510 2 130 2 200 2 870 2.41 

polyPCBM_C 80 1 070 720 2 260 14.18 

polyPCBM_D 1 010 1 720 770 2 600 1.70 

polyPCBM_E 810 1690 1860 2850 2.09 

polyPCBM_F 710 980 980 1270 1.37 

polyPCBM_G 330 880 500 1 670 2.71 

Table 3: SEC-THF parameters against polystyrene standards. All the reaction have been conducted in the 
same condition with exception for polyPCBM which has been conducted using a larger amount of material 
(x 7.5). 

 

As expected for the type of polymerization used to produce these materials, the recorded 

dispersities (Ð = Mw/M n) are quite low. An exception is the case of polyPCBM_C for which the 

dispersity, 14.18, is impressively high. This result, together with the very low molecular weight 

of the sample, indicates a probable failure of the reaction.  

Performing the aforementioned exercise of counting off oligomers and considering that the peak 

at around 35 mL represents PCBM and though, the  peak that elutes straight before represents 

one bis-adduct, the one before a three-adduct and so on,[240] one could be able to determine the 

PCBM units incorporated in the chain. When we do this exercise, we find that the obtained 

macromolecules presents 4 - >8 PCBM units in the chain.  
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In order to better understand the reaction, the polycondensation was followed over time. 

Naphthalene was added as internal standard. Following the polymerization process by SEC for 

the first 6 h 30 min of reaction, allowed us to corroborate the assumption taken for the 

determination of PCBM units in the chain. As a matter of fact, in the elution graphs, reported in 

Figure 73, it can be seen how new species with higher molecular weights, are formed with time. 

The number of repeating units displayed in the image is indicative, but the shift of the curves 

towards lower retention volume values, shows the increasing in the molecular weight of the 

samples. In addition, the consumption of PCBM is indicated by the diminishment with time of the 

peak at around 35 mL of retention volume. However, from the obtained results, this reduction 

does not seem to be constant with time.  

 

Figure 73: SEC chromatograms showing the evolution of molecular weight and composition of the reaction 
mixture with time for the synthesis of polyPCBMs via ATRAP polymerization. 

 

In this work, only the analyses of two selected macromolecules are presented and discussed.  This 

allows to investigate the property of oligo- and polyPCBM. Indeed, the two selected products 

differs in their molecular weight. The first one, polyPCBM_A, presents the highest molecular 

weight obtained while the second, polyPCBM_F, has a modest molecular weight. 
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Figure 74: SEC chromatogram (THF, 30 °C, 
l=300nm, toluene flow marker) of 
polyPCBM_A and polyPCBM_B 

 

The SEC chromatograms of the two 

selected materials are shown in Figure 

74. In the chromatograms, the signal for 

ÔÏÌÕÅÎÅ ɉÒÅÔÅÎÔÉÏÎ ÖÏÌÕÍÅ Ḑτσ Í,Ɋȟ 

used as a flow marker, is shown. The 

two curves are broad and have quite 

different shapes. PolyPCBM_A present a 

shape which is typical for polymers, while polyPCBM_F curve is more multimodal . The 

deconvolution of the two curves in different contributions is shown in Figure 75. The curves 

have been fitted with Gaussian distributions only with the purpose to show the complexity of the 

systems. However, if one calculates the contribution of the PCBM peak by comparing the area 

under the curves, and if one accepts the hypothesis that the absorbance are proportional to the 

PCBM content in the samples, some indicative values can be obtained. Importantly, it can be 

concluded that PCBM contributes to polyPCBM_A to the extent of 3% while the percentage 

drastically increases to 35% in polyPCBM_F. 

 

Figure 75: Deconvolution of SEC chromatograms of polyPCBM_A and polyPCBM_F with Gaussian functions. 
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2.2.2 Nuclear magnetic resonance (NMR) 

Thanks to good solubility  of the compounds, both chloroform-d (CD3Cl) and benzene-d6 (C6D6) 

were used as solvents to prepare the NMR samples. Nonetheless, the materials were dissolved in 

the solvent with the help of a low-power sonication bath to ensure a better dissolution and to 

reach the higher possible concentration (in general around 30 mg/mL). In order to obtain good 

spectra from the analyses, long acquisition times that could extend over 24 h in the case of 2D 

experiments, and extended number of cycles were required for both proton and carbon signals. 

The 1H-NMR of polyPCBM_A and polyPCBM_F were recorded in benzene-d6 and are displayed in 

Figure 76a together with the proton NMR of PCBM, recorded in the same conditions, for 

comparison. A magnification of the spectra in the range between 3.4 and 4.9 ppm is also reported 

(Figure 76b) to underline the differences in the structure of the two synthesized products with 

respect to commercial PCBM. In particular, three peaks, although they are very broad and low in 

intensity, are found at around 3.75, 4.07 and 4.45 ppm in the spectra of the first two products and 

are not found in the PCBM spectrum. The signals in this range of chemical shift also show that the 

structure of polyPCBM_A and polyPCBM_F are similar. The main difference is in the width of the 

signals. While the signals in polyPCBM_F are quite sharp, passing to polyPCBM_A the peak in the 

1H-NMR are broader. 

 

Figure 76: (a)  1H-NMR of (red) PCBM, (noir) polyPCBM_F and, (blue) polyPCBM_A; (b)  magnification of 
1H-NMR spectra in the range 3.4-4.9 ppm. 




























































































































































































































































































































