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SUMMARY 

This thesis focuses on innovative concepts for hybrid photovoltaic devices. In particular, it aims 

at the improvement of light harvesting and the control of morphology. Hybrid devices combine 

the advantage of excellent electronic properties of inorganic semiconductors and the convenient 

processability of organic materials. However, the creation of suitable morphologies which 

guarantee a high interface area between donor and acceptor as well as continuous charge 

percolation pathways still remains a challenge. Established systems such as dye sensitized solar 

cells offer a good control, whereas composite blends of semiconductor polymers and inorganic 

nanoparticles provide only a limited control on these morphological aspects. In the wake of new 

developments in modern organic and polymer synthesis, we raise some interesting questions: 

First of all, can organic sensitizers improve light harvesting and broaden the spectral absorption 

range of hybrid devices? Is it possible to control the structure of the inorganic semiconductor 

using advanced polymer templates? And, in addition, can the polymer template fulfill all 

requirements for charge transport? This thesis addresses the aforementioned issues utilizing 

state-of-the-art synthesis and characterization methods for the development of highly functional 

dyes as well as well-controlled polymers and blockcopolymers. 

In the first part, BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) dyes were investigated 

which feature a broad absorption range up to the IR region accompanied by high extinction 

coefficients. These dyes were tested in solid state dye sensitized solar cells. Varying the anchor 

position, a distinct correlation between the electronic coupling and the electron injection 

efficiency was identified. In addition, triphenylamine based sensitizers were examined which 

feature beneficial redox potentials and excellent stability but at the expense of the broad 

absorption. Besides the light harvesting, a second issue concerning solid state dye sensitized 

solar cells is the lack of control over the morphology of the titania network such as network wall 

thickness and pore diameter. On basis of polymer brush particles made of a polystyrene core 

and a polystyrene sulfonate corona, a novel template assisted preparation of a mesoporous TiO2 

electrode was established. The sulfonated corona catalyzes the in-situ hydrolysis of TiO2 in 

anatase configuration at room temperature. In contrast to established methods, our template 

permits the individual control of the TiO2 network density and pore size. With variation of the 

TiO2 content during the hydrolysis, a fundamental correlation between the TiO2 density, the 

sensitized interface area and the resulting current generation was discovered. These results 

contribute to an improved knowledge toward dye sensitized hybrid solar cells. 

Building up on the knowledge gained from the polymer brush templates, novel amphiphilic 

semiconducting block copolymers were developed which facilitate the self-assembly of hybrid 

composites. The semiconductor component is based on well-known triphenylamine derivatives, 

while the hydrophilic block comprises the polystyrene sulfonate which features unique 

coordination and catalytic characteristics. A crucial requirement for the preparation of these 

materials is the investigation of suitable synthetic protocols to maintain the control over the 

ǇƻƭȅƳŜǊƛȊŀǘƛƻƴΦ ¢ƘŜ ŎƻƴǘǊƻƭƭŜŘ ǊŜǾŜǊǎƛōƭŜ ŀŘŘƛǘƛƻƴҍŦǊŀƎƳŜƴǘŀǘƛƻƴ ŎƘŀƛƴ-transfer (RAFT) process 

was chosen for polymerization, but the complexity and reactivity of the semiconductor 

monomers necessitates an elaborate optimization of the reaction conditions to maintain the 
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control. In order to improve the versatility, the procedure was extended toward a combination 

ƻŦ w!C¢ ŀƴŘ άŎƭƛŎƪέ ŎƘŜƳƛǎǘǊȅΦ /ǊŜŀǘƛƴƎ ŀ ǿŜƭƭ-defined scaffold polymer, the semiconducting 

moiety is conveniently introduced using a highly efficient polymer analogous reaction such as 

the copper catalyzed azide-alkyne cycloaddition. The resulting amphiphilic semiconductor block 

copolymers form micelles in polar solvents or water. I utilized the highly charged micelles to 

attach oppositely charged CdSe nanorods. The creation of such donor-acceptor composite 

particles circumvents the use of stabilizing but insulating ligands and further affords the 

processing from aqueous solutions. On the other hand, these block copolymer micelles were 

assembled on conductive substrates and annealed in saturated DMF vapor leading to 

microphase separation and a vertical alignment of the microdomains. This was the first time that 

such a favorable orientation of microdomains was achieved for semiconductor block 

copolymers. Altogether, these studies pave the way for a profound basis for the development of 

morphology controlled hybrid devices. This is possible since the presented amphiphilic 

semiconductor block copolymers combine the crucial requirements of capability of processing 

from environmental benign solvents, confinement of inorganic nanoparticles and the alignment 

of the domains. 

In the final part of this thesis the concept of amphiphilic semiconductor polymers or conjugated 

polyelectrolyte was developed in order to completely avoid insulating organic blocks. In this 

regard, a conjugated polythiophene backbone was combined with the sulfonate groups in the 

side chain creating a hydrophilic, coordinative semiconductor polyelectrolyte. Although similar 

materials are known in literature, the presented approach significantly improves the control of 

the polymer synthesis permitting the modulation of the molecular weight, a narrow polymer 

distribution, a regioregular conformation and well-defined end groups. Starting from a 

controlled Kumada catalyst transfer polymerization of a precursor polymer which bears bromine 

side groups, the sulfonate group could be quantitatively introduced via nucleophilic substitution 

under optimized conditions. This route basically enables the formation of block copolymers due 

to the excellent end-group control and the living character of the polymerization. Moreover, the 

highly regioregular conformation induces an unprecedented aggregation phenomenon. Studying 

the optical properties of the conjugated polyelectrolytes, a distinct correlation between 

molecular weight and aggregation was observed in aqueous solutions. While short chains remain 

well-dissolved, the increase of molecular weight first leads to concentration dependent 

aggregation and finally for large polymers, permanently aggregates structures were observed. 

This unexpected behavior raises the question whether charge transport is affected, too. To 

elucidate a potential effect on the transport, the electrical properties were studied in detail. A 

bulk hole transport mobility of 1.3 ± 0.5 x 10-2 cm2/Vs was determined which is among the 

highest values reported so far. In contrast to other conjugated polyelectrolytes impedance 

spectroscopy revealed a pure electronic transport mechanism without ion reorganization. The 

presented results underline the potential of these tailor-made materials and the introduced 

synthesis route offers the design of further functionalized polymer architectures. 

In conclusion, this thesis comprises innovative concepts to improve light harvesting and gain 

control over the morphology of hybrid devices. The established synthesis protocols enable the 

controlled preparation of well-defined functional amphiphilic polymers and block copolymers. 

The achieved results not only allow new approaches for the optimization of hybrid devices, but 

also provide the basis for a more comprehensive investigation of physical processes due to the 

systematic morphology control in such devices. 
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ZUSAMMENFASSUNG 

Die vorliegende Dissertation befasst sich mit der Entwicklung innovativer Konzepte in 

Hybridsolarzellen. Kernziele sind eine Verbesserung der Lichtausbeute und die 

Morphologiekontrolle. Hybridzellen vereinen beides, die hervorragenden elektronischen 

Eigenschaften anorganischer Halbleiter und die einfache Verarbeitung organischer Materialien. 

Allerdings stellt die Erschaffung geeigneter Morphologien mit ausreichenden Donor-Akzeptor 

Grenzflächen und kontinuierlichen Ladungsträgerpfaden immer noch eine Herausforderung dar. 

Bekannte Systeme, wie farbstoffsensibilisierte Solarzellen ermöglichen bereits eine gute 

Kontrolle, während gemischte Komposite aus Halbleiterpolymeren und anorganischen 

Nanopartikeln nur bedingt Kontrolle über die Morphologie bieten. In Folge neuer Entwicklungen 

in der organischen Synthesen und der Polymerisationsmethoden eröffnen sich interessante 

Fragestellungen: Sind organische Farbstoffe in der Lage die Absorption von Hybridsolarzellen 

über einen breiten Spektralbereich zu verbessern? Kann die Struktur der anorganischen 

Halbleiter mit Hilfe fortschrittlicher Polymertemplate eingestellt werden? Können diese 

Template zudem alle Kriterien für den Ladungstransport erfüllen? Diese Fragestellungen werden 

in der Arbeit aufgegriffen und mit Hilfe modernster Synthese- und Charakterisierungsmethoden 

zur Entwicklung spezialisierter Farbstoffe und wohl definierter Polymere bzw. Blockcopolymere 

bearbeitet.  

Im ersten Teil werden neuartige BODIPY-Farbstoffe (4,4-difluoro-4-bora-3a,4a-diaza-s-indacen) 

untersucht, die sich durch ein breites Absorptionsspektrum bis in den IR-Bereich und hohen 

Extinktionskoeffizienten auszeichnen. Eingesetzt in farbstoffsensibilisierten Feststoffsolarzellen, 

konnte durch Variation der Ankergruppenposition ein eindeutiger Zusammenhang zwischen der 

elektronischen Kopplung und der Elektroneninjektionseffizienz ermittelt werden. Alternativ 

wurden Triphenylaminderivate als Farbstoffe untersucht, die geeignete Redoxpotentiale und 

eine ausgezeichnete Stabilität aufweisen. Dies geht aber auf Kosten der breiten Absorption. Ein 

weiteres Problem farbstoffsensibilisierter Feststoffsolarzellen ist die limitierte Morphologie-

kontrolle bezügliche der TiO2-Netzwerkwandstärke und des Porendurchmessers. Ausgehend von 

Polymerbürstenpartikeln aus Polystyrol (Kern) und Polystyrolsulfonat (Korona) wurde eine 

neuartige templatgesteuerte Herstellung von porösen TiO2-Elektroden etabliert. Die 

Sulfonatgruppen der Korona katalysieren eine direkte Hydrolyse von TiO2 in der Anatas-

Konfiguration bei Raumtemperatur. Im Gegensatz zu den etablierten Verfahren ermöglicht das 

vorgestellte Templatverfahren eine individuelle Kontrolle der TiO2-Netzwerkdichte und 

Porengröße. Durch Variation des TiO2-Anteils während der Hydrolyse konnte ein grundsätzlicher 

Zusammenhang zwischen der TiO2-Dichte, der nutzbaren Grenzfläche und der resultierenden 

Stromdichte ermittelt werden. Diese Ergebnisse tragen zu einem generellen Verständnis von 

farbstoffsensibilisierten Hybridsolarzellen bei. 

Aufbauend auf den Erkenntnissen, die mit den Polymerbürsten gewonnen wurden, sind 

neuartige amphiphile Halbleiterblockcopolymere entwickelt worden, die ein Self-Assembly der 

Hybridkomposite ermöglichen. Die Halbleiterkomponente basiert auf bekannten 

Triphenylaminderivaten, während der hydrophile Block aus Polystyrolsulfonat mit seinen 

einzigartigen Koordinations- und Katalyseeigenschaften besteht. Eine entscheidende 
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Voraussetzung für die Herstellung solcher Materialien ist die Erforschung geeigneter 

Syntheseverfahren zur Kontrolle der Polymerisation. Als geeignete Methode wurde die 

kontrollierte RAFT-Polymerisation (AŘŘƛǘƛƻƴҍFragmentation Chain-Transfer) untersucht. Jedoch 

erfordert die Komplexität und Reaktivität der Halbleitermonomere eine sorgfältige Optimierung 

der Reaktionsbedingungen. Um mehr Flexibilität zu gewährleisten, wurde das Verfahren mit 

IƛƭŦŜ ŜƛƴŜǊ YƻƳōƛƴŀǘƛƻƴ ŀǳǎ w!C¢ ǳƴŘ αYƭƛŎƪά-Chemie erweitert. Aufbauend auf einem 

definierten Gerüstpolymer wird hierbei die Halbleiterkomponente mittels hocheffizienter 

polymeranaloger Reaktionen, wie der kupferkatalysierten Alkin-Azid Cycloaddition, eingeführt. 

Die in beiden Verfahren erhaltenen amphiphilen Halbleiterblockcopolymere bilden Mizellen 

sowohl in polaren Lösungsmitteln als auch in Wasser aus. Diese hochgeladenen Mizellen 

ermöglichten ein Anlagern von gegensätzlich geladenen CdSe-Nanostäbchen. Die Erschaffung 

solcher Donor-Akzeptor-Kompositpartikel umgeht den Einsatz von stabilisierenden Liganden, die 

isolierend wirken, und gestattet eine Verarbeitung aus wässrigen Dispersionen. Zum anderen 

wurden diese Mizellen auf leitfähigen Substraten aufgebracht und mit gesättigtem DMF-Dampf 

behandelt, was die Ausbildung einer Mikrophasenseparation und einer vertikalen Ausrichtung 

der Mikrodomänen zur Folge hatte. Solch eine vorteilhafte Orientierung der Mikrodomänen ist 

für Halbleiterpolymere in dieser Arbeit zum ersten Mal gezeigt. Zusammen genommen bieten 

diese Ergebnisse eine gute Grundlage für die Entwicklung Morphologie kontrollierter 

Hybridsolarzellen. Dies ist möglich, da die beschriebenen amphiphilen 

Halbleiterblockcopolymere sowohl die Grundvoraussetzung zur Verarbeitung aus 

umweltfreundlichen Lösungsmitteln mitbringen als auch die Einbindung von anorganischen 

Nanopartikeln und die Anordnung der Domänen ermöglichen. 

Im letzten Teil dieser Arbeit entwickelten wir ein Konzept für der amphiphilen 

Halbleiterpolymere bzw konjugierter Polyelektrolyte, um auf isolierende organische Blöcke 

vollständig verzichten zu können. In diesem Zusammenhang wurde ein konjugiertes 

Polythiophenrückgrat mit den bereits erwähnten Sulfonatgruppen versehen, mit dem Ziel einen 

hydrophilen, koordinativen Halbleiterpolyelektrolyten zu erschaffen. Obwohl bereits ähnliche 

Materialien in der Literatur bekannt sind, bietet der vorgestellte Ansatz eine deutlich erweiterte 

Kontrolle der Polymersynthese, was die Einstellung des Molekulargewichts, eine enge 

Polymerverteilung, eine regioreguläre Konformation und definierte Endgruppen ermöglicht. 

Ausgehend von der Kumada-Polymerisation (KCTP, Kumada Catalyst Transfer Polymerization) 

eines polymeren Übergangsprodukts mit bromierten Seitenketten konnten mittels nucleophiler 

Substitution unter optimierten Bedingungen quantitativ Sulfonatgruppen eingeführt werden. 

Grundsätzlich erlaubt diese Vorgehensweise die Synthese von Blockcopolymeren aufgrund der 

hervorragenden Endgruppenkontrolle und des lebenden Charakters der Polymerisation. Darüber 

hinaus induziert die regioreguläre Konformation ein für ähnliche konjugierte Polyelektrolyte 

unerwartetes Aggregationsverhalten. Auf Basis der optischen Eigenschaften der Materialien 

konnte ein eindeutiger Zusammenhang zwischen Molekulargewicht und Aggregation in 

wässrigen Lösungen ermittelt werden. Während kurze Ketten immer gut gelöst sind, führt die 

Erhöhung des Molekulargewichts zunächst zu einem konzentrationsabhängigen 

Aggregationsverhalten und schließlich für lange Polymere zu einer permanenten Aggregation. 

Dieses unerwartete Verhalten wirft die Frage auf, ob auch der Ladungstransport beeinträchtigt 

wird. Um einen möglichen Effekt aufzuklären, wurden die elektrischen Eigenschaften des 

Polymers im Detail untersucht. Hierbei ergab sich eine Lochtransportmobilität von 1.3 ± 0.5 x 10-

2 cm2/Vs, was als einer der höchsten bisher veröffentlichten Werte für Bulkmessungen gilt. Im 
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Gegensatz zu anderen konjugierten Polyelektrolyten kann aus der Impedanzspektroskopie auf 

einen rein elektrischen Transportmechanismus ohne Ionenbewegung geschlossen werden. Die 

gezeigten Ergebnisse unterstreichen das Potential solch definierter Materialien und der 

vorgestellte Syntheseweg eröffnet die Entwicklung weiterer funktioneller Polymerarchitekturen. 

Zusammenfassend beinhaltet diese Dissertation innovative Ansätze sowohl die Lichtabsorption 

und Umwandlung zu verbessern, als auch eine Morphologiekontrolle in Hybridzellen zu 

erlangen. Die erarbeiteten Syntheseverfahren erlauben zudem die kontrollierte Herstellung 

definierter und funktioneller amphiphiler Polymere und Blockcopolymere. Die erzielten 

Ergebnisse eröffnen nicht nur neue Optimierungsansätze für Hybridsolarzellen, sondern bilden 

aufgrund der Möglichkeit die Morphologie systematisch einstellen zu können die Grundlage für 

umfassendere Analysen der physikalischen Prozesse in solchen Systemen. 
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1. INTRODUCTION 

1.1 SEMICONDUCTING POLYMERS 

BACKGROUND 

The development of conducting polymers in the 1970s had a tremendous impact on research in 

chemistry and physics, resulting in the noble prize in chemistry of 2000 for Alan J. Heeger, Alan 

G. MacDiarmid and Hideki Shirakawa.1 With Introduction of permanent charges into the 

ŎƻƴƧǳƎŀǘŜŘ ˉ-system by doping the material, they were able to convert the semiconductor 

polyacetylene into a conductor, wherein electrons were delocalized among the sp2-hybridized 

carbon of the polymer chain. In the ensuing years countless structural variations of conducting 

and semiconducting polymers were reported based on conjugated backbones or at least 

ŜȄǘŜƴŘŜŘ ˉ-systems.2 In contrast to inorganic semiconductor materials such as silicon, organic 

semiconductors possess the advantage of solution processability and improved mechanical 

flexibility and toughness.3 And in fact, these materials already silently influenced our daily life as 

they are applied in anti-static coatings,4 corrosion protection,5 electrodes for batteries,6 chemical 

sensors7 and, more recently, in organic light emitting diodes (OLED) for displays8 or lighting.9 

Furthermore, actual research promises this material to have a great impact on flexible organic 

field effect transistors (OFET) and displays,10 superconductive materials11 and printable 

photovoltaic devices (Figure 1ς1).12 

Reconsidering the history of conjugated polymers some reports can already be found in the late 

19th and early 20th century comprising the electropolymerization of polyaniline and the reaction 

 

Figure 1ς1. Flexible OLED display based on organic thin-film transistors (left) and tent covered with flexible plastic 
solar cells (right). Both are prototypes highlighting the future potential of organic electronic materials. 
Source: www.sony.net and www.konarka.com (22.11.2012). 
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of thiophene with strong acids.13,14 In that 

time the structure was rather considered to 

be similar to other low molecular weight 

dyes than a macromolecule.15 It took almost 

one century to resolve the real structure.16,17 

However, these findings led to the 

investigation of various new materials or 

conjugated polymers, such as polyaniline, 

polythiophene,17 polypyrrole,18 and 

polyacetylene (Figure 1ς2). At this point the 

exceptional potential of these materials was 

recognized and gained increased attention in the scientific community. 

SOLUBLE SEMICONDUCTING POLYMERS AND THEIR APPLICATIONS 

The development of side-chain functionalized polymers, such as polyvinyl carbazole, introduced 

the first processable semiconductor polymers, which were soluble in common organic solvents.19 

In contrast to polymers with conjugated main chains, the flexibility of the polymer backbone 

reduces the aggregation of the conjugated groups, but the conductivity of the first side-chain 

functionalized macromolecules remained unsatisfying. Nevertheless, the research during the last 

decades let to various new semiconducting groups which could be attached to a polymer 

backbone improving the charge carrier transport and overcome this bottleneck. The most 

important structural units in this context have certainly become triphenyl amine derivatives 

which act as donors and modified perylene bisimides acting as acceptors.20 But further 

semiconducting moieties such as fullerenes were also grafted to various polymer backbones.21 

A milestone in the research on conductive polymers was achieved with the development of 

soluble conjugated polymers. While the first conjugated polymers were hardly soluble due to 

ǘƘŜƛǊ ǊƛƎƛŘ ōŀŎƪōƻƴŜ ŀƴŘ ǎǘǊƻƴƎ ˉ-ˉ ƛƴǘŜǊŀŎǘƛƻƴǎΣ ǘƘƛǎ ƴŜǿ ƎŜƴŜǊŀǘƛƻƴ ŜƴŀōƭŜǎ ǘƘŜ ǇǊƻŎŜǎǎƛƴƎ 

from solution and paved the way for realization of printable electronics.22 Prominent examples 

are poly(para-phenylene vinylene) derivatives,23 substituted polyfluorenes24 and poly(3-

alkylthiophenes), including poly(3-hexylthiophene) (P3HT) (Figure 1ς3).25 The introduction of 

aliphatic side-chains mediated the solubility in common solvents and turned this materials into 

the most studied semiconducting polymers in research. 

 

Figure 1ς3. Selected examples of soluble conjugated polymers, which are most commonly studied 
in literature. The side chains (R) usually comprise linear or branched alkylchains of various lengths. 

Considering the last decade of research in this field, a new generation of semiconducting 

polymers emerged, which feature improved charge carrier mobility and broaden the absorption 

from the visible up to the near infrared region.26-29 These low-band gap polymers are of 

particular interest for photovoltaic application, since they are able to harvest a wide spectral 

 

Figure 1ς2. Structures of polyaniline, polythiophene, 
polypyrrole and polyacetylene, which were among the 
first conjugated polymers. 
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range of the incident sunlight. Currently published reports highlight the potential of these 

materials as 8% power conversion efficiency (PCE) were reached in blends with PCBM (phenyl-

C61-butyric acid methyl ester) as electron acceptor.30 Recently, the Mitsubishi Chemical 

Corporation even announced a polymer based device with more than 10% efficiency.31 

Nevertheless, these results were achieved in laboratory scale with systematically optimized 

preparation procedures and measured under inert conditions, i.e. oxygen and water free 

atmosphere. But the transfer of highly efficient systems to printed large-area modules and 

systems, which are stable under ambient conditions, is still a challenging issue for research.32 

Therefore materials research and novel concepts have to be further developed featuring 

prospective stability, steady morphologies and low-cost processability from solution.  

CONJUGATED POLYELECTROLYTES 

The introduction of aliphatic side-chains to conjugated polymers was clearly a turning point in 

the history of organic electronics as the materials became soluble in organic solvents. Going one 

step further the question arises, how to modify these unique materials to create aqueous based 

systems as they are necessary for biological applications or enable an environmental benign 

processing. As often, nature itself 

evidences the best methods to 

create water soluble polymers, 

introducing highly polar or 

charged groups as they appear in 

DNA, polysaccharides or many 

proteins.33 In consequence 

polyelectrolytes have been an 

important matter of science for 

almost a century and are still an 

attractive and extensively 

discussed field of research.34-37 So 

it is no wonder that conjugated 

polyelectrolytes (CPE) were 

demonstrated soon after the 

introduction of polymers soluble 

in organic solvents.38 In the adjacent years numerous varieties of CPEs have been reported 

(Figure 1ς4).39  

The most important applications for CPEs emerged in biology or medicine, where they turned 

out to be particularly useful as sensor materials, actuators or more recently as soft electronic 

material for bio-communication.43-48 Therefore the photophysical properties of several 

compounds have been studied in detail, including aggregation phenomena and influence of 

counter ions.49-52 Keeping the solubility and processability from cheap polar solvents such as 

water or alcohols in mind, semiconducting polyelectrolytes should furthermore enable a highly 

cost-effective production of photovoltaic devices. Early attempts using CPEs were started 1996 

using LbL coating which is a method unique for polyelectrolytes.53-55 Work on simple bilayer 

devices using the polythiophene derivative sodium poly[2-(3-thienyl)-ethoxy-4-butylsulfonate] 

(PTEBS:Na+) and vapour deposited Fullerene demonstrated the potential of these materials as 

 

Figure 1ς4. Prominent examples of conjugated polyelectrolytes 
including polythiophene, poly(p-phenylene vinylene) and polyfluorene 
derivatives. The utilized ionic groups vary from anionic sulfonate and 
carboxylic groups to cationic quaternary ammonium groups. P3P6T: 
poly[3-(potassium-6-hexanoate)thiophene,

40
 MPS-PPV:  sodium 

poly(5-methoxy-2-(3-sulfopropoxy)-1,4-phenylenvinylen),
41

 PAPFPB: 
poly((9,9-ōƛǎόо-((N,N-dimethyl)-N-ethylammonium)-propyl)-2,7-
fluorene)-alt-1,4-phenylene) dibromide.

42
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PCEs of 0.43% were obtained.56 However, the best devices using CPEs only reached efficiencies 

of 0.8% in hybrid composites, which is not competitive with systems based on organic 

solvents.57,58  

This fact is generally attributed to the low transport mobility of conjugated polyelectrolytes, 

which is assumed to be caused by the impeded stacking of the backbone due to the steric 

hindrance of the bulky ionic groups.57,59 Moreover, the presence of charged groups and their 

counter ions complicates the physical processes involved and makes a clear understanding 

difficult. Thus, the electric fields, occurring in the heterojunctions or applied by an external bias, 

may cause a reorientation of the ionic groups. These assumption bases on experiments and 

model simulations of Friend et al. that reveal an 

efficient screening of the external field by 

reorganization of ions in a blend of PEO with lithium 

triflate and poly(p-phenylene-vinylene) (PPV).60 In 

consequence a strong energy band bending occurs 

at the interfaces to the electrodes. As a result, the 

electric field within the bulk becomes negligible and 

thus the charge transport comes to be solely 

diffusion limited (Figure 1ς5). Comparable 

conclusions were drawn by Bazan et al. for CPEs 

used as electron transport layers in LEDs.61 

However, the confirmation of this effect in the 

active layer of photovoltaic devices is so far still 

missing in the literature. Nevertheless, these 

observations raised new possible applications of 

CPEs in injection layers as these materials reduce 

the barrier impedance of electronic devices.62-65 

While the physical processes are basically 

understood, only few facts are known of structure-

property relationship, e.g. the influence of the 

attached charged group or the counter ion on the 

electron transport properties.59,66 The influence of 

chain conformation, degree of polymerization, 

molecular weight distribution and the related 

aspects of chain aggregation and crystallization is 

not considered yet in literature. This lack of 

knowledge is more or less based on the limited 

control on the synthesis of polyelectrolytes, which 

are usually prepared via polycondensation reactions 

or uncontrolled oxidative coupling reactions. In 

consequence new synthesis routes have to be 

developed to elucidate a comprehensive structure-property relationship. Furthermore 

controlled polymerization techniques may open new avenues for promising polymer 

architectures and applications. 

 

Figure 1ς5. Schematic band diagrams of a 
semiconductor including mobile ions under an 
applied bias V (top). The ion accumulation at 
the electrodes effectively screens the electric 
field and leads to very thin, but steep barrier 
layers at the interface. Thus charges do not feel 
any field within the bulk material. For 
comparison a typical band diagram of a pure 
semiconductor is shown, too (bottom).  
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1.2 SYNTHESIS OF WELL-DEFINED FUNCTIONAL POLYMERS 

REVERSIBLE ADDITION-FRAGMENTATION CHAIN TRANSFER (RAFT) POLYMERIZATION 

Classical methods to prepare well-defined polymers from vinyl-type monomers are living ionic 

polymerizations. The excellent control enables extreme narrow polydispersities of less than 1.05 

and the construction of complex polymer architectures.67 Nevertheless, its use for functional 

macromolecules such as conductive polymers is limited due to the sensitivity of the propagating 

ionic chain end. Therefore, alternative methods were developed which mainly comprise 

controlled radical polymerization techniques such as atom-transfer radical-polymerization, 

nitroxide mediated radical polymerization (NMR) or reversible addition-fragmentation chain 

transfer polymerization (RAFT).68-70 They allow the synthesis of side-chain polymers with electro-

active pendant groups. All these methods are based on the process of the free radical 

polymerization, but introduce a particularly adjusted equilibrium of the active radical with an 

inactive or dormant state.71 While for ATRP the reaction of copper complexes with activated 

halides is utilized, NMRP takes advantage of nitroxides reversibly decomposing into free radicals 

upon heating. The RAFT mechanism is slightly more complicated as not only the equilibrium 

between an active and dormant species is involved. An overview of the RAFT process is shown in 

Figure 1ς6, while a more detailed description of this mechanism is given in reviews of the first 

investigators Moad, Rizzardo and Thang.72,73  

 

Figure 1ς6. General mechanism of the RAFT polymerization. The chain transfer agents (CTA) are dithioesters 
with a stabilizing Z group and a leaving group R. For a controlled polymerization the transfer rate constants 
kadd and k-add as well as k  ̡ and k-  ̡must be fast in comparison to the propagation rate constant kp (for 
reinitiation: ki). M: monomer, Pn: polymer with chain length n.

73
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In the RAFT process a specially designed dithioester reacts with the active radical releasing a 

new active chain end. As this process is reversible, all chain ends capped with this ester or chain 

transfer agent (CTA), respectively, can be reactivated, but the overall concentration of active 

radicals in the reaction remains constantly low. The control arise from the fast kinetics of chain 

transfer limiting the time of activity so that only few more monomer units were added to the 

propagating chain before reacting with another CTA. As all CTAs in solution are involved in this 

process each one starts one polymer chain growing slowly, but uniformly. 

The critical point in the RAFT technique is clearly related to the lability of the CTA. Not only the 

reactivity with primary amines and other strong bases leads to the cleavage, but also high 

temperatures may cause the decomposition.74 As a result, usually a thiol end-group is released 

which easily couples with another thiol under ambient conditions to form disulfides or rather 

coupled chains. Nevertheless, RAFT is still considered to be the most versatile tool for controlled 

radical polymerization. This fact is due to the excellent compatibility with a large variety of 

monomers, the tolerance of most functional groups and the mild reaction conditions. 

Furthermore, the RAFT process is applicable in almost all environments, ranging from non-polar 

media to highly polar solvents or even water. As a consequence of this advantages, many CTAs 

already become commercially available and are well adapted for the most important kinds of 

monomers and solvents.73 

KUMADA CATALYST TRANSFER POLYMERIZATION 

Considering organic semiconductors, synthesis methods for main-chain conjugated polymers 

have to be mentioned, besides radical polymerization techniques which are limited to vinyl-type 

monomers. Early conjugated polymers were prepared by ionic or redox polymerization 

processes which are limited to a few monomers. Nowadays, the vast majority of these polymers 

are synthesized via well-established catalytic cross-coupling reactions including Suzuki-, 

Sonogashira-, Negishi- or Stille-coupling.75-79 However, these methods usually induce a step-

growth polycondensation resulting in broad molecular weight distributions and limited control 

on the polymer conformation and end groups. A fortunate, but very successful exception was 

found in the controlled Kumada catalyst-transfer polymerization (KCTP) of 3-hexylthiophene 

(Figure 1ς7).80,81 The actual active monomer is the Grignard complex 2-bromo-5-

chloromagnesium-3-hexylthiophene, which is commonly generated by Grignard metathesis, 

which gives the prevalent nomenclature GRIM polymerization. Although the main reaction is still 

a catalytic condensation, the whole process becomes a controlled chain growth process, due to 

the coordination of the nickel catalyst at the chain end after reductive elimination. The detailed 

mechanism was evaluated by Yokozawa et al. and McCullough et al..82,83 In the ensuing years, 

the optimization of reaction conditions led to an excellent control of polydispersity, chain 

conformation and end-ƎǊƻǳǇǎ ŦƻǊ ǇƻƭȅόŀƭƪȅƭǘƘƛƻǇƘŜƴŜǎύ ŀƴŘ ǊŜǾŜŀƭŜŘ ŀ άǉǳŀǎƛέ ƭƛǾƛƴƎ ƴŀǘǳǊŜ ƻŦ 

the polymerization.84-88 Subsequently, also other monomers were found to be suitable for the 

KCTP including substituted phenylenes, pyrroles, carbazoles and fluorenes.89-91 These exceptional 

characteristics further enabled the synthesis of various well-defined block copolymers, which 

were either conjugated and prepared fully via KCTP or they were linked at the controlled end 

group.92-96 These results on new polymer architectures comprising conjugated polymers promise 

new pathways towards functional materials suitable for batteries, sensors and 

photovoltaics.97-100 
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FUNCTIONAL POLYMERS BY άCLICKέ CHEMISTRY 

hǘƘŜǊ ǾŜǊǎŀǘƛƭŜ ǘƻƻƭǎ ŦƻǊ ǘƘŜ ŘŜǎƛƎƴ ƻŦ ŦǳƴŎǘƛƻƴŀƭ ǇƻƭȅƳŜǊǎ ŀǊŜ ǎƻ ŎŀƭƭŜŘ άŎƭƛŎƪέ-reactions. This 

term, originally defined by Sharpless et al., comprises reactions of high selectivity and excellent 

yield at mild conditions.102 The most prominent example is the azide-alkyne Huisgen 

cycloaddition, yielding a 1,4-triazole via copper(I) catalyzed 1,3-dipolar cycloaddition (Figure 1ς

8).103 ! ŎǊǳŎƛŀƭ ŀŘǾŀƴǘŀƎŜ ƻŦ άŎƭƛŎƪέ ǊŜŀŎǘƛƻƴǎ ŀƴŘ ŜǎǇŜŎƛŀƭƭȅ ǘƘŜ ŀȊƛŘŜ-alkyne cycloaddition is that 

they commit no side reactions and tolerate many other functional groups. Furthermore, these 

reactions enable quantitative yields turning them into ideal processes for polymer analogous 

reactions. Recently, Lang et al. 

ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ƻŦ άŎƭƛŎƪέ 

chemistry for preparation of 

semiconducting polymers by the synthesis 

of a well-defined macromolecules 

comprising of bulky perylene bisamide 

derivatives attached to a propargyl-oxy-

styrene backbone.104 The versatility of this 

approach makes it applicable for any 

semiconductor moiety with a terminal 

azide group. Future research will certainly 

yield in interesting and exciting new 

polymer architectures and materials. 

 

Figure 1ς7. Mechanism of the Kumada catalyst-transfer polymerization (KCTP) of P3HT according to the route of 
McCullough.

81
 

 

Figure 1ς8. Proposed mechanism of the azide-alkyne 
Huisgen cycloaddition.

101
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1.3 HYBRID PHOTOVOLTAIC DEVICES 

BASIC DEVICE PRINCIPLES 

The first organic devices based on single layers of organic semiconductors, which were made 

analogous to well-known silicon devices. Brought into contact with electrodes exhibiting 

different work functions the Fermi levels of the materials equilibrate resulting in a band bending 

within the semiconductor. In consequence a charge depletion or space charge region is formed, 

which is the effective driving force for separation of electrons and holes. In contrast to inorganic 

semiconductors the excitons in organic materials are localized to few molecules (Frenkel 

excitons) and exhibit strong coulomb binding energies in the order of 0.1 to 1 eV, which is a 

result of the comparably low dielectric constants of organics.105,106 Thus the probability of charge 

separation at the depletion region of an organic single layer device is drastically reduced and the 

efficiencies of these devices remained low (< 1%).107,108  

A remarkable improvement was observed in bilayer devices of donor and acceptor materials 

(Figure 1ς9). Tang et al. soon reported efficiencies of up to 1% using copper phthalocyanine and 

a perylene tetracarboxylic derivative.109 In this device charge separation occurs at the interface 

of the two materials and the driving force was given by the energy offsets of the highest 

occupied molecular orbitals (HOMO) or the lowest unoccupied molecular orbitals (LUMO) of the 

two materials, respectively. Thus this energy offset can overcome the strong coulomb binding 

energy in contrast to the weak built-in potential of single layer devices. Nevertheless, the major 

limiting factor for high power conversion efficiencies in such bilayer devices is an intrinsic 

dilemma: In organic solar cells the exciton diffusion length is limited to approx. 10-15 nm. 

However, the extinction coefficients of the materials necessitate layer thicknesses in the order 

of 100 - 200 nm for sufficient light absorption. In consequence, both short distances to the 

interface and sufficient thick layers need to be prepared simultaneously. 

  

 

Figure 1ς9. Scheme of a bilayer device (left) comprising an electron donor (p-type) and acceptor (n-type) 
and a representative energy diagram (right) visualizing the process of charge generation and separation at 
the donor/acceptor interface; HOMO: highest occupied molecular orbital, LUMO: lowest unoccupied 
molecular orbital. 
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BLEND STRUCTURES 

The manipulation of the morphology is a subtle method to accomplish both, a close interface 

and the required layer thickness. A straightforward route for an increase of the interface area is 

the blending of both donor and acceptor materials in the active layer (Figure 1ς10).110,111  

Despite the facts that phase separation in such blends can induce the accumulation of one 

material at the electrodes and the formation of macroscopic and isolated domains, the fine 

tuning of domain sizes in such devices led to the highest efficiencies so far reported for organic 

photovoltaic devices. P3HT combined with the fullerene derivative ICBA (indene-C60 bisadduct), 

for example, reached power conversion efficiencies of up to 6.5% and, as already mentioned, 

novel low-band gap polymers exceed 10%.31,112 A recent physical study on charge generation and 

separation in such devices provided a deeper insight into the important processes and gave 

reasons for the excellent efficiencies.113 This report substantiate the need for high interface 

areas for charge separation. But it also accounts for the importance of pure domains providing 

the energetical driving force and transport pathways to the individual electrodes. In these blend 

devices, this favourable morphology is mainly accomplished by extensive optimization of 

composition and annealing conditions as well as using processing additives.12,114  

While the majority of organic semiconducting materials are electron donors, only a few organic 

semiconductors exhibit reasonable electron mobilities and stability (e.g. fullerene, naphthalene 

diimides or perylene diimides).115-117 A promising alternative is the use of inorganic 

semiconductors, which are well-known for their n-type character and their excellent 

performance even under ambient conditions.118 Early hybrid blend devices were reported in 

2003 by Alivisatos et al. achieving a PCE of 1.7% by a combination of P3HT and CdSe nanorods.119 

Further improvements were attained using CdSe tetrapods or dendritic inorganic 

nanocrystals.120,121 Replacing P3HT with a novel low-band gap polymer poly[2,6-(4,4-bis-(2-

ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b ϐŘƛǘƘƛƻǇƘŜƴŜύ-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) 

led to PCEs of more than 3%.122 Despite these promising results, polymer hybrid solar cells still 

cannot compete with organic devices involving PCBM. This fact is related to the insufficient 

control on the blend morphology in hybrid devices.123 Photoluminescence quenching studies 

revealed that not all absorbed photons generate charges, which is crucial for efficient devices.124 

Due to dipole-dipole interactions inorganic nanoparticles tend to aggregate causing the 

formation large domain sizes and reduction of the interface surface for charge separation. 

Commonly inorganic nanoparticles are stabilized by organic ligands.125 However, bulky ligands, 

 

Figure 1ς10. Schematic representation of an organic (left) and a hybrid (right) bulk heterojunction device 
consisting of a blend of donor (blue) and acceptor (red) materials. 



 
Introduction 

16 

comprising long alkyl chains, negatively affect the charge separation at the donor-acceptor 

interface as well as the interparticle charge transport.126,127 One way to circumvent these 

isolating properties is the use of functionalized active polymers as ligands. Recent studies 

revealed that, this way, stable and well-dispersed composites can be established with up to 

30 vol% inorganic nanoparticles.128 Using amino end-group modified P3HT for a better dispersion 

of CdSe nanoparticles the beneficial influence of the modification on the device properties was 

demonstrated.129 Recently, the controlled alignment of P3HT and CdS nanoparticles led to an 

efficiency of more than 4% and prove the importance of a well-defined morphology.130 Another 

alternative is the in-situ synthesis of inorganic semiconductors from soluble precursors. This 

way, Janssen et al. created bicontinuous structures of P3HT and ZnO using diethyl zinc as soluble 

precursor.123 Furthermore various metal sulfites are accessible via fragmentation of metal 

xanthates at elevated temperatures 131 Blends of CdS and P3HT obtained via the described 

precursor route resulted in PCEs of more than 2% and using a combination of CuInS and a low-

band gap polymer efficiencies could be improved further.132,133 Nevertheless, the control on the 

resulting morphology and optimized light harvesting remain critical issues in these structures.  

SOLID STATE DYE SENSITIZED SOLAR CELLS 

A well-known approach, to create hybrid devices with large interface areas, is based on the 

preparation of porous inorganic semiconductor scaffolds, which are backfilled with a hole 

conductor. The most common devices in this context are dye sensitized solar cells (DSC), where 

sensitizers are attached to the inorganic semiconductor to harvest the sunlight. Liquid dye 

sensitized solar cells (Grätzel cells) comprise a solution based redox shuttle, e.g. I-/I3
- in 

acetonitrile, as hole transport material and PCEs of more than 12% were achieved.134,135 

In solid state dye sensitized solar cells (SDSC) the liquid electrolyte is replaced by organic hole 

conductors, which circumvents the bottleneck of the intricate sealing of the device. An overview 

of the preparation steps involved for fabrication of a typical SDSC are depicted in Figure 1ς11. 

 

Figure 1ς11. Schematic representation of the preparation steps for the fabrication of solid-state dye sensitized solar 
cells: First the transparent conducting oxide (TCO) is covert with a compact layer of TiO2. On top a porous layer of 
TiO2 is applied, which is subsequently coated with a monolayer of dye. Finally the hole conductor is filled into the 
pores and the gold counter electrode is vacuum deposited. 
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These devices consist of several layers, which are subsequently applied. Common substrates are 

glass with a thin layer of a transparent conductive oxide (TCO) such as fluorine-doped tin oxide 

(FTO). On top a compact blocking layer 

of the inorganic semiconductor, 

usually TiO2, is applied to inhibit the 

recombination of the separated 

charges at the interface of the TCO and 

the finally infiltrated hole conductor. 

To generate a large interface area, a 

porous layer of TiO2 is prepared, which 

mainly is based on printable pastes of 

crystalline nanoparticles and binders. 

This porous layer is subsequently 

sensitized with a dye to absorb the 

incident light. Examples of applied 

dyes are described later in this 

chapter. To transport the positive 

charges from the interface to the 

cathode, an organic semiconductor is 

finally infiltrated into the porous layer. 

Top electrodes are usually fabricated 

by vacuum deposition of noble metals 

such as gold or silver. The main 

physical processes, which occur in the 

SDSC are summarized in Figure 1ς12. 

The concept of solid-state DSCs was initially shown by the group of Haarer, who applied 

amorphous triphenyldiamine (TPD) derivatives as hole transport material.136 A significant 

improvement was achieved by Bach et al. using the TPD based hole conductor 2,2´,7,7´-tetrakis-

(N,N-di-p-methoxyphenylamine)-9,9 -́spirobifluorene (spiro-OMeTAD) (Figure 1ς13) and 

incorporating dopants and additives.137 The introduction and optimization of a compact blocking 

layer between the conductive substrate and the mesoporous TiO2 further reduced the 

recombination considerably and the efficiency was pushed to more than 2%.138  

A critical part of the SDCS is certainly the 

interface between n-type and p-type 

semiconductor and the monomolecular dye 

layer which lacks the problem of exciton 

diffusion. At this boundary, the most 

important physical processes occur, which 

includes the light absorption and the charge 

separation, but also recombination processes. 

In consequence, the key for efficient SDSCs is 

the development of well-designed dyes, which 

are beneficial for charge generation. First 

devices mainly comprised ruthenium metal-

organic sensitizers, among which the most 

 

Figure 1ς12. Scheme of the physical processes occurring in a 
solid-state dye sensitized solar cell: light is absorbed by the dye 
and an electron is excited to the LUMO of the dye (1). This 
electron is injected to the conduction band (CB) of the 
inorganic semiconductor (2) and finally transferred to the 
anode (3). On the other side the positive charge (hole) in the 
HOMO of the dye is regenerated by the hole conductor (4). This 
hole is transported to the cathode (5). Critical processes are the 
recombination of separated charges at the interface of n-type 
material and dye (6) or hole conductor (7). 

 

Figure 1ς13. Scheme of the hole conductor 2,2´,7,7´-
tetrakis-(N,N-di-p-methoxyphenylamine)-9,9 -́
spirobifluorene (spiro-OMeTAD). 
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ǎǘǳŘƛŜŘ ŘȅŜǎ ŀǊŜ ǎǳǊŜƭȅ wǳόнΣнΩ-bipyridyl-пΣпΩ-dicarboxylic acid)2(NCS)2  complexes with variable 

degrees of protonation (Figure 1ς14).139,140 These complexes are still considered as promising 

sensitizers for DSCs due to their reasonable stability and several modified derivatives were 

reported.141 Very recently, a complete new generation of hybrid devices were reported 

exhibiting very high PCEs.142 They involve the use of perovskites such as CsSnIx or 

CH3NH3PbIx.
143,144 In combination with spiro-OMeTAD these devices reached PCEs of more than 

12%.145 However, organic dyes still gain considerable attention in research due to their excellent 

absorption properties and low production costs avoiding rare metals. Recent reports highlight 

the potential of these sensitizers for SDSCs as they reach efficiencies of more than 7% (Figure 1ς

14).146 The current research focuses on the development of organic dyes with increased 

absorption capabilities in the red and near IR spectrum. Examples for this class are BODIPY (4,4-

difluoro-4-bora-3a,4a-diaza-s-indacene) based dyes (Figure 1ς14).147 However, numerous other 

structures were examined in DSCs and SDSCs, which are summarized in comprehensive 

reviews.148,149 

Keeping the good hole transport mobility and broad absorption of conjugated polymers in mind, 

even higher efficiencies are imaginable using these polymers instead of spiro-OMeTAD. 

However, a serious challenge is certainly a sufficient filling of the porous layer using polymers.150 

While small molecules still diffuse into the mesoporous layer even during the drying process, 

large macromolecules remain on the surface.151 Therefore alternative structures have to be 

developed to facilitate a better infiltration with polymeric hole conductors. One approach is 

based on TiO2 nanotubes with inner diameters of 70 nm, which significantly improve the fill 

fraction.152 Similar improvements were obtained for ZnO nanorods grown on a conductive 

substrate and covered with P3HT.153 An innovative method towards densely filled pores is the 

infiltration of the mesoporous structure with liquid monomer precursors and their subsequent 

electropolymerization to generate a conjugated polymer in-situ. Following this approach Liu et 

al. fabricated solid state devices with more than 6% PCE.154 These promising results emphasize 

the development of tailor-made structures to integrate semiconductor polymers into hybrid 

composites for solar cells. 

 

 

Figure 1ς14. Examples for dyes used in SDSCs: a metal-organic ruthenium complex (N3);
137

 an organic, 
triphenylamine based sensitizer (Y123);

140
 a BODIPY dye.

141 
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1.4 STRUCTURE DIRECTING TEMPLATES 

BLOCK COPOLYMER MICROSTRUCTURES 

The long-term control over the donor-acceptor morphology is still a bottleneck both in organic 

and hybrid bulk heterojunction devices. For hybrid systems new concepts are necessary to 

manage a microphase separated system which guarantees a good contact of the inorganic 

nanoparticles, bicontinuous structures for charge transport and a high yield in charge 

separation. 

In literature various ways are presented creating defined microstructures in length scales 

ranging from micrometers down to nanometers, which are commonly considered as top-down 

and bottom-up approaches.155 Besides well-known top-down lithographic methods, the self-

assembly of block copolymers is a subtle bottom-up process, which provides tailor-made 

structures in the range of few nanometers, ideal for charge separation.156 Block copolymers 

inherently form microphase separated domains on lengthscales of nanometers, if the individual 

blocks are not miscible.157 Generally polymers tend to segregate in contrast to small molecules 

due to the reduced impact of entropy on the Gibbs free energy, while the enthalpy in most cases 

remains a factor countering the intermixing.158 Based on the theory of Flory and Huggins thus 

the miscibility of polymers relies on the interaction parameter  ̝and the lengths of the polymers 

given by the polymerization index N.159,160 By covalent attachment of two or more immiscible 

segments, the individual polymers are confined to the interface and their domain size is limited 

by the block length. As a result block copolymers form well defined microstructures which vary 

with the block ratio and the segment length (Figure 1ς15).161,162 With variation of the degree of 

polymerization of both blocks the sizes of the microdomains can be tuned. This feature of block 

copolymers enables domain sizes well-adapted to the exciton diffusion length improving the 

charge separation efficiency in photovoltaic devices. Additionally, the microphase separated 

domains guarantee charge percolation pathways. 

 

Figure 1ς15. Typical phase diagram (left) and schemes of the most important morphologies (right) of a diblock 
copolymer, the grey arrow in the left diagram indicates the morphology transitions through the structures shown 
on the right side; f: volume fraction of one block, ̝ : Flory-Huggins interaction parameter, N: degree of 
polymerization, L: lamellae, H: hexagonally packed cylinders, Q

230
: double-gyroid phase, Q

229
: body-centered 

spheres, CPS: closed-packed spheres, DIS: disordered phase. (adapted from ref. 162) 
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SACRIFICIAL ORGANIC TEMPLATES 

A common application of block copolymers is their use as structure directing agent for 

preparation of inorganic scaffolds.163 In this case, the polymer maintains the control on the 

morphology, but it is removed afterwards either by high temperature calcination processes or 

chemical etching. Typical examples are binder polymers as they are used in commercial pastes 

for the preparation of the mesoporous TiO2 layer for SDCSs.  

Considering hybrid photovoltaic devices various attempts have been undertaken to create well 

defined porous scaffolds of inorganic semiconductors, which can be infiltrated with an organic 

hole conductor.164 The most prominent example of sacrificial templated nanostructures is the 

sol-gel preparation of mesoporous metal oxides using microemulsions of amphiphilic block 

copolymers.165 In most cases block copolymers of poly(propylene oxide) (PPO) and poly(ethylene 

oxide) (PEO) were utilized as structure directing agent. These surfactants are commercially 

available and are synthesized in industrial scales. The metal oxides were obtained by hydrolysis 

of soluble precursors, such as metal alkoxides (e.g. TEOT: tetraethyl orthotitanate). The process 

of the formation of the porous morphology was well-studied by Soler-Illia and co-workers.166,167 

A simplified scheme is shown in Figure 1ς16.  

In general, the block copolymers assemble into well-defined micelles, which form ordered liquid 

crystalline structures during the drying process. Simultaneously, the precursor is hydrolysed in 

the surrounding medium to create the metal oxide framework (e.g. TiO2 sol). The shape is 

defined by the micelle structure (spherical, cylindrical, lamellar, etc.). To obtain well-defined 

porous structures, an exactly adjusted balance between hydrolysis, micelle formation and 

crystallization has to be established. A different approach relies on ordered thin films of block 

copolymers, where one block can be selectively removed to give the template.168 The resulting 

cavities were filled with the inorganic semiconductor. Finally, the template is removed to give an 

exact inorganic replica of the block copolymer microdomain.  

Alternatives to block copolymer templates are assemblies of organic colloids, such as 

polystyrene latex particles or spherical polymer brushes. These colloids are commonly prepared 

via emulsion polymerization leading to narrowly dispersed particles. Controlling the assembly, 

large ordered arrays of the colloidal particles are accessible exhibiting crystal like structures (e.g. 

face-centered cubic).169,170 Filling the voids with metal oxide precursors a well-defined 

framework of the inorganic material is obtained after hydrolysis and removal of the colloidal 

 

Figure 1ς16. Scheme of the templated sol-gel process to form mesoporous TiO2. Commercial emulsifiers, such as 
PEO-b-PPO, form micellar structures in solution, which condense to lyotropic crystals during the drying process. 
Simultaneously, the TiO2 precursors are hydrolysed to form the inorganic framework. Finally the template is 
removed to reveal the mesoporous TiO2.

166
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template.171,172 Starting with silica, up to now several other metal oxide frameworks have been 

templated this way, including IrO2, V2O5 and TiO2.
173-175 Due to the high order in the lattice 

structures and the high refractive index of the metal oxides, photonic crystals can be obtained 

guiding the light.176 Based on these observations DSCs, incorporating inverse opals of titania, 

showed improved light harvesting at the photonic band gap of the crystal.177  

Critical aspects of the above mentioned sacrificial templates are on the one hand the difficulty to 

individually control the pore size and wall thickness of the final porous material and on the other 

hand the removal of the template material. The latter commonly involves high temperature 

calcination processes to remove the organic template and to induce the crystallization of the 

metal oxide, but they impede the use of flexible plastic substrates for the devices. Further issues 

are either the poor degree of pore filling or the small aspect ratio of the length against the 

spatial distance in the patterned structures, which limits the active interface area and thus the 

efficiencies of the systems. Increasing the aspect ratio commonly causes the collapse of the 

structure while removing the template due to strong capillarity forces occurring with 

evaporation of the solvent.178 

NON-SACRIFICIAL BLOCK COPOLYMER TEMPLATES 

To circumvent the bottlenecks of sacrificial templates, functional structure directing agents have 

to be developed, which facilitate a coordinative assembly of both the inorganic and the organic 

semiconductor. Therefore, several requirements have to be fulfilled (Figure 1ς17): First, co-

continuous domains for both hole and electron transport materials are necessary to guarantee 

the charge transport to the respective electrodes. Secondly, one block should have preferential 

binding properties for the inorganic material, to ensure a confinement of the inorganic 

semiconductor within the domain. Further, a sufficient content of inorganic semiconductor must 

be integrated, to guarantee a good charge percolation. Finally, the copolymer should permit the 

charge separation at the interphase of the inorganic and organic semiconductor. 

Suitable structure directing agents are amphiphilic block copolymers, which bear segments to 

coordinate semiconducting nanoparticles or their precursors. Well-known hydrophilic polymers 

for coordination are poly(ethylene oxide) (PEO) and poly(vinyl pyridine) (P2VP or P4VP).166,179 

Alternatively, negatively charged polyelectrolytes, featuring carboxylic acids or sulfonate groups, 

allow the coordination of metal precursors or positively charged particles.180-182 A 

 

Figure 1ς17. Scheme of an idealised hybrid device comprising a block copolymer microstructure and inorganic 
nanoparticles confined within the coordinative domain. Critical processes for charge generation are depicted in the 
magnifications, including the charge separation at the interface (left) and the charge percolation through the 
inorganic material (right). 
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comprehensive overview on amphiphilic polymers without electronic functions is given in 

reviews of Förster, Plantenberg and Antonietti.183-185 The following section is focused on 

structure directing block copolymers used for preparation of donor-acceptor microstructures. 

Frey et al. utilized commercial emulsifiers or block copolymers (e.g. PEO-b-PPO) to gain control 

over the morphology of hybrid blends of TiO2 and a hole conductor polymer (Figure 1ς18).186 

Using time-resolved photoluminescence measurements and NMR analysis they studied the 

influence of composition and interaction on the organic/inorganic interface.187 A crucial point 

comprises the influence of the coordinative block on charge separation at the interface of donor 

polymer and n-type inorganic semiconductor. The studies of Frey et al. clearly emphasize the 

importance of an intimate contact of both materials for efficient charge separation. In 

consequence amphiphilic functional block copolymers have to be rather electronically active 

components than solely coordinative. 

A promising approach to generate hybrid donor-acceptor structures relies on semiconducting 

amphiphilic block copolymers. Hence, the fraction of electronically inactive material can be 

significantly reduced. Synthesizing a functional block copolymer comprising PEO and a 

triphenylamine based hole conductor segment, Gutmann et al. were able to prepare self-

assembled hybrid composites with TiO2 (Figure 1ς19).188 Conductive scanning force microscopy 

studies revealed continuous percolation pathways in thicknesses up to 2 mm.189  

 

Figure 1ς18. Schematic diagrams of mesostructured TiO2 using blends of poly[2-methoxy-5-(20-ethyl-hexyloxy)-1,4-
phenylenevinylene] (MEHPPV: red) and an amphiphilic structure directing agent. If the alkyl-ethyleneoxide C8H17-
PEO10 (alkyl: pink; PEO: green) is used, the conjugated polymer is confined in the hydrophobic part and separated 
from the TiO2 (gray) (left). Thus no charge transfer is observed. In contrast using the triblock copolymer PEO106-b-
PPO70-b-PEO106 (PPO: yellow) an intimidate contanct between MEHPPV and TiO2 is observed and the fluorescence is 
quenched indicating a good charge transfer (right) (adapted from ref. 187).  

 

Figure 1ς19. Formation of a microstructured hybrid device using the functional block copolymer poly(ethylene 
oxide)-b-polytriphenylamine (PEO-b-PTPA). First, the addition of HCl led to the formation of micelles. Adding the 
ethylene glycol modified titanate (EGMT) precursor and heating to 90°C induce the formation of TiO2 (green) and a 
hybrid film can be formed by drop coating the solution.

188
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A crucial aspect in the application of functional block copolymers is the preservation of the 

ordered morphology. Using tailor-made block copolymers prepared from a triphenyl diamine 

monomer and vinyl pyridine well-ordered lamellar structures were obtained. These block 

copolymers were able to confine CdSe:Te nanoparticles within the poly(vinyl pyridine) domain 

(Figure 1ς20).190 

 As already mentioned above, a key issue for charge percolation through the inorganic 

nanoparticles is a sufficient amount of inorganic semiconductor confined in the coordinative 

domain. Electron conductivity measurements on composites of PS-b-P4VP and various amounts 

of CdSe clearly emphasize the positive effect of confinement on the transport properties. But 

they also reveal the importance of high volume ratios of at least 30 vol% inorganic 

semiconductor for sufficient contact.191 However, studies on CdS nanoparticles introduced into 

PS-bP4VP bulk structures 

depict the loss of 

morphology control 

already at weight 

percentages of 28 wt% 

which corresponds to less 

than 10 vol% (Figure 1ς

21).192 Thus the 

combination of both 

sufficient nanoparticle 

accumulation and 

morphology control 

remains a challenging task 

for research on efficient 

hybrid photovoltaic 

devices.  

 

Figure 1ς20. Scheme of the semiconducting amphiphilic block copolymer poly(vinyl-N,N-bis(4-
methoxyphenyl)-N,N-diphenyl-όмΣм-biphenyl)-пΣп-diamine)-block-poly(4-vinylpyridine) (PVDMTPD-b-P4VP) 
which can be used to create a microstructured hybrid composite with CdSe:Te nanocrystals. The TEM image 
(right) shows a lamellar morphology of the polymer (bright areas: PVDMTPD; dark areas: P4VP; staining with 
I2) confining the inorganic particles (0.5 vol%) within the P4VP domain. The sample was annealed at 170°C 
under N2 for 2 days to obtain the equilibrium morphology (adapted from ref. 190).  

 

Figure 1ς21. Schematic diagram showing the transformation of a hexagonal 
cylindrical morphology of the copolymer PS-b-P4VP to a lamellar order with 
introduction of 10 wt% CdS nanoparticles. The further addition of CdS (up to 
28 wt%) leads to the aggregation of the nanoparticles and the disrupture of 
the lamellar morphology (adapted from ref. 192).  
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ALIGNMENT OF MICRODOMAINS 

A critical issue besides the general morphology lies 

within the correct alignment of the individual domains. 

Keeping the device structure in mind, key aspects are 

the transport pathways for electrons and holes towards 

the respective electrodes. Additionally, the 

recombination at the respective counter electrode 

should be blocked. Gyroid structures are ideal 

morphologies for Co-continuous transport pathways. 

However, these structures are only observed in a very 

narrow range of volume fractions of block copolymers. 

More common morphologies are hexagonal cylinders 

or lamellae. In these cases the domains of donor and 

acceptor have to be aligned perpendicular to the 

substrate to ensure charge transport towards 

electrodes (Figure 1ς22).  

Unfortunately block copolymers usually tend to orientate the domains parallel to the underlying 

substrate in thermodynamic equilibrium.193 This effect is generally caused by the preferential 

attraction of one domain to the surface or the air, respectively. To overcome this limitation 

several methods have been applied, which are highlighted in comprehensive reviews of Hawker, 

Russell and Darling.156,193 The most important techniques are briefly summarized in the 

following. 

A basic approach relies on the surface modification to balance the interface interaction of the 

polymers with the surface.194 Due to the loss of preference, the block copolymer is able to self-

assemble into highly ordered and vertically oriented domains.195 A common way to adjust the 

interface attraction is the coverage with a defined random copolymer of the desired 

segments.196,197 Alternatively, the substrates can directly be patterned to facilitate the vertical 

self-assembly of the block copolymers (Figure 1ς23).198,199 However, considering the solar cell 

device structure the interface to the electrodes should be selective transport materials to ensure 

the hole transport and block electrons or vice versa. This requirement necessitates the creation 

of a surface with balanced interaction and adapted functionality, which is by far more 

challenging. 

 

Figure 1ς22. Exemplary scheme of an ideally 
microphase separated block copolymer with 
vertically aligned cylindrical structures 
consisting of donor (blue) and an acceptor 
(red) domains. Similar oriented lamellar 
structures would also apply. 

 

Figure 1ς23. Top: scheme of the procedure to control the assembly of block-copolymer domains via patterned 
surfaces. a: self-assembled monolayer (SAM) of phenylethyltrichlorosilane (PETS), b: spin-coating of Photoresist, c: 
patterning by extreme ultraviolet interferometric lithography, d: conversion to chemical pattern irradiation with 
soft X-rays, e: removal of photoresist, f: coating with PS-b-PMMA copolymer, g: annealing. Chemically modified 
regions of the surface were preferentially wetted by the PMMA block. (adapted from ref. 198) 
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A crucial drawback of the mentioned methods is the limitation in layer thickness of the block 

copolymer.156 The effect of substrate interaction is mainly restricted to the radius of gyration of 

the copolymer, while for thicker films the orientation is lost and a random orientation appears. 

In solar cells, efficient light harvesting necessitates layers of about 100 ς 200 nm to absorb all 

incident light. An alternative approach towards vertical structures in thick layers is the 

application of strong electrical fields.201,202 A basic requirement for this method is a difference in 

the dielectric constant of the individual polymer segments. Another elegant method is based on 

solvent induced microphase 

separation.203 Using this 

method, large areas of 

ordered microstructures 

became accessible (Figure 1ς

24).200 A further interesting 

option for manipulation of the 

alignment relies on the 

addition of phase selective 

additives including 

nanoparticles. PS-b-P2VP 

could be reoriented adding 

CdSe nanoparticles, which are 

confined in the P2VP domain, 

but segregate to the interface 

to the substrate and air. 204 

 

Figure 1ς24. Schematic diagram of the controlled solvent evaporation in 
a thin block copolymer film. At the surface the concentration of the 

solvent (Fs) is low and the polymer undergoes microphase separation, 
while at the bottom the solvent concentration is high enough to mediate 

a homogeneous mixture. A gradient of Fs as a function of the depths r is 
established normal to the film surface and an ordering front propagates 
through the film.

200
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1.5 CHARACTERIZATION METHODS 

MORPHOLOGY 

Of central importance in this thesis are the morphologies of the developed polymers in bulk, in 

thin film or in solution. Common imaging tools comprise transmission or scanning electron 

microscopy (TEM and SEM)205 and atomic force microscopy (AFM).206 These methods give a 

direct image of the sample, but focus only on limited areas of individual spots and sections. A 

more comprehensive overview on the sample structure can be obtained with indirect scattering 

techniques, which include static and dynamic light scattering (SLS and DLS)207,208 and small angle 

X-ray scattering (SAXS).209,210 These methods are well-understood characterization methods, 

which are described in detail in the respective textbooks given above. However, a 

comprehensive characterization of the orientation and anisotropy in thin films requires more 

sophisticated methods such as gracing incident small angle X-ray spectroscopy (GISAXS).211 This 

technique is exceptionally useful to gain details of the morphology and domain orientation in 

the thin film. As it is not as common as the classical x-ray analysis, the basic principle is briefly 

summarized in the following. 

In contrast to the bulk material, the morphology in thin films cannot only just assemble into 

more or less ordered structures, but it can also align in different directions, e.g. parallel or 

perpendicular to the substrate. Taking an ordinary X-ray vertically through the sample, neither 

the sample volume would be sufficient enough for a good resolution nor one is able to gain 

information on the orientation of the morphologies in comparison to the substrate. However, 

blazing the beam almost parallel to the substrate through the whole length of the thin film not 

only increases the test volume, but also distinguishes between scattering occurring at parallel or 

perpendicular oriented structures. A scheme of this principle including all important angles and 

scattering vectors is given in Figure 1ς25. 

In the experiment a monochromatic x-ray beam is directed onto the sample at a very small 

ƛƴŎƛŘŜƴǘ ŀƴƎƭŜ ʰi with respect to the surface. The X-Ǌŀȅǎ ŀǊŜ ǎŎŀǘǘŜǊŜŘ ƛƴ ǘƘŜ ŘƛǊŜŎǘƛƻƴ όнʻfΣ ʰf) by 

 

Figure 1ς25. Schematic representation of the GISAXS geometry. The incident beam hits onto the sample at a very 
ǎƳŀƭƭ ƛƴŎƛŘŜƴǘ ŀƴƎƭŜ ʰi ŀƴŘ ƛǎ ǎŎŀǘǘŜǊŜŘ ƛƴ ǘƘŜ ŘƛǊŜŎǘƛƻƴ όнʻfΣ ʰf) by any electron density fluctuations, such as block 
copolymer domains. 
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electron density fluctuations, e.g. block copolymer microdomains. At low incident angles the 

detector plane can be considered as parallel to the z-axis, which is perpendicular to the sample 

surface. In consequence, the scattered beams hit the detector plane either in the z-direction of 

the detector (scattering vector qz) for structures oriented parallel to the substrate or in the y-

direction (scattering vector qy) for perpendicular alignment. In conclusion, this technique 

ŜƴŀōƭŜǎ ƻƴ ǘƘŜ ƻƴŜ ƘŀƴŘ ǘƘŜ ŀƴŀƭȅǎƛǎ ƻŦ ƳƻǊǇƘƻƭƻƎȅ ŀƴŘ ŘƻƳŀƛƴ ǎƛȊŜǎΣ ŀŎŎƻǊŘƛƴƎ ǘƻ .ǊŀƎƎΩǎ ƭŀǿ 

and on the other hand detailed information on orientation of these structures is accessible. 

More detailed information on this method can be found in the literature.212-214 

CHARGE TRANSPORT IN BULK 

A crucial factor in photovoltaic devices is the charge transport in the individual materials. In 

optimized devices electron and hole transport should be balanced and be reasonably high to 

ensure an optimum charge collection. The most important parameter in this context is the 

charge carrier mobility µ which is defined as the quotient of drift velocity v and the applied 

electrical field E: 

‘
ὺ

Ὁ
 

The mobility itself is related to the electrical conductivity by 

„ ὲὩ‘ 

where n is the number of charge carriers and e the electronic charge. In contrast to inorganic 

semiconductors, the band-model of electronic states does not apply for organic materials, due 

to less order in the materials and no continuous overlap of the electron orbitals. Instead, the 

charge transport can be described as a hopping process from one distinct localized state to 

another. These energy states are commonly related to the orbitals of single molecules. As the 

energy states are not uniform but dispersed (they follow a Gaussian distribution) due to 

molecular disorder in the material, the hopping charge transport is strongly depending on the 

thermal energy of the environment, viz. the temperature. A comprehensive overview on the 

physical aspects of charge transport in organic semiconductors is given by Bässler.215 

The determination of charge carrier mobility can be accomplished by several techniques, 

including organic field effect transistor (OFET)216 measurements, time-of-flight (TOF)217,218 

measurements and charge extraction by linearly increasing voltage (CELIV).219,220 A 

straightforward method for estimation of the bulk mobility in semiconductors is the space 

charge limited current (SCLC) method. Here, the material is sandwiched between two electrodes 

and the current-voltage (J-V) characteristics of the diode are recorded in the dark. To distinguish 

between hole and electron transport, the electrodes have to be carefully chosen to inject only 

holes and electrons. Therefore, the work function of the electrodes should match the respective 

energy levels of the semiconductor (HOMO for hole transport, LUMO for electron transport). To 

ensure an Ohmic contact, the energy level offset between the studied material and the 

electrode should not exceed 0.3 eV. Exemplary schemes of a hole-only and an electron-only 

device are depicted in Figure 1ς26. 
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Maintaining the respective requirements, the current flow is not interfered by the charge 

injection, but it is only limited by the intrinsic charge carrier mobility of the semiconductor. 

Applying a bias, charges are injected at one electrode building the so called space charge. 

Depending on the mobility, a maximum of current flow is generated for a certain voltage. In 

consequence the mobility can be calculated according to Mott-DǳǊƴŜȅΩǎ ŜǉǳŀǘƛƻƴΥ 

ὐ
ω

ψ
‐‐‘
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where J is the current density, ʁ0 is the vacuum permittivity, ʁr is the dielectric constant of the 

semiconductor, V is the applied voltage and L the thickness of the active layer. This equation is 

only valid, if the concentration of traps is low in comparison to the number of free carriers. 

However, in organic semiconductors traps may occur due to disorder or impurities (e.g. end-

groups of the polymer chains) in the material. In consequence, these traps have to be filled and 

the charge transport mobility becomes field dependent, which is taken into account in the 

following equation: 
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where µ0 is the mobility at zero electric field and ɹ is the field activation parameter.  

SOLAR CELL DEVICES 

The photovoltaic device characterization mainly comprises two different measuring methods. 

The first is the recording of the current-voltage (J-V) characteristics and the second is the 

measurement of the spectral response, viz. the incident photon to current conversion efficiency 

(IPCE) for each wavelength, also called external quantum efficiency (EQE). Comparing various 

different photovoltaic devices necessitates general, uniform and equivalent measurement 

conditions. Therefore, standardized procedures and conditions have been established, including 

a generalized spectrum named AM 1.5 G, which is defined as sun light irradiance at a zenith 

angle of 48.19°, and an intensity set to 1000 W/m2.221  

 

Figure 1ς26. Exemplary schemes of a hole-only (left) and an electron-only (right) device. Common electrode 
pairs for hole-only devices are PEDOT/PSS ς gold (Au) and for electron-only devices ITO ς Ca (indium tin 
oxide and Calcium) can be used. 
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The key parameters for comparison of 

photovoltaic devices are the short circuit 

current density Jsc, the open circuit voltage Voc, 

the fill factor (FF) and the power conversion 

efficiency (PCE) ́. These values are estimated 

from the J-V characteristics of the solar cell. A 

representative plot is shown in Figure 1ς27. Jsc 

is determined as the point of no counter 

voltage, the equivalent of a zero resistance. 

On the other hand at the point of zero current 

flow, i.e. an infinite resistance, the Voc can be 

read-out. In an ideal case, the device should 

maintain the maximum current flow up to this 

voltage. However, due to internal series 

resistances and low parallel resistance the 

current decreases with increasing counter-

voltage and the real device output is lower 

than in the ideal case. A measure for this loss 

is given by the fill factor, which is defined as 

quotient of the output at the maximum power 

point (MPP) and the ideal power output (product of Jsc and Voc): 

ὊὊ  
ὐ  ὠ

ὐ ὠ
 

where JMPP and VMPP are the current density and voltage at the maximum power point, 

respectively. According to this, the efficiency h is estimated as: 
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where Plight is the power of the incident light and Pdevice is the maximum obtained power from the 

device. 

A key characteristic of devices is their spectral response at different wavelengths. Therefore, Jsc 

is measured for each wavelength and compared to the number of incident photons, giving the 

EQE or IPCE: 

ὉὗὉ
ὐ
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where e is the elementary charge and N0 the incident photon flux density. The plot of EQE vs. 

wavelength gives a photovoltaic response spectrum of the device, which ideally matches with 

the absorption spectrum. In contrast, differences in these spectra give rise to loss processes and 

ineffective charge generation. 

 

Figure 1ς27. Representative current-voltage (J-V) 
characteristic of a typical photovoltaic device. The 
important parameters open circuit voltage (Voc) and 
short circuit current density (Jsc) can be read out at the 
marked points. An ideal device would hold the Jsc up 
to the Voc, however internal resistances cause energy 
losses and the real output is given as a product of 
current and voltage at the maximum power point 
(MPP). The fill factor is calculated as the ratio of the 
marked rectangular areas, i.e. real (lined) maximum 
power output and the ideal one (grey). 
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1.6 OBJECTIVE OF THE THESIS 

The inherent reliability of inorganic semiconductors even under ambient conditions in 

combination with the convenient solution processability of polymer semiconductor turn hybrid 

composites into promising alternatives for photovoltaic devices with excellent cost-benefit ratio 

and long term stability. Key issues of hybrid devices are certainly the interface of inorganic and 

organic semiconductor and the morphology. Detailed investigations on these aspects are 

important to acquire a comprehensive understanding of the involved physical processes and to 

establish basic structure-property relationships. 

This thesis is aimed at the development of novel organic dyes improving the light harvesting and 

tailor-made polymers, suitable for coordination of inorganic semiconductors and controlled 

alignment of the morphology (Figure 1ς28). 

Broadening the spectral range of absorbed light is a central issue to improve the efficiency of 

hybrid devices. Therefore, the influence of structural modifications on the optical and electrical 

properties of organic dyes will be studied. Furthermore, the investigated sensitizers have to be 

examined in detail concerning their spectral response and efficiencies in photovoltaic devices. 

In order to gain a better control on the morphology of hybrid devices, tailor-made amphiphilic 

polymers should be synthesized and characterized. Central aims are the controlled coordination 

of inorganic nanoparticles, the confinement of suitable amounts in one domain and a beneficial 

alignment of the microstructure for charge separation. Therefore, synthesis protocols for 

controlled polymerization of semiconducting and coordinative ambivalent polymers have to 

established and optimized. Furthermore, preparation routes for the co-assembly of 

nanoparticles and functional polymers must be developed, to enable the integration of 

appropriate amounts of inorganic semiconductor selectively into one domain. Finally, the 

creation of well-defined morphologies necessitates the investigation of suitable tools for 

alignment and orientation in thin films. As the topic of hybrid solar cells is complex, not a 

comprehensive elucidation of all issues is expected. Nevertheless, the basic developments of this 

thesis should lay the foundation for improved control on the morphology of hybrid devices and 

thus contribute to a better understanding of the structure-property relations. 

 

Figure 1ς28. Schematic presentation of the main objectives of the thesis. The parameters of light harvesting, the 
nanoparticle confinement in one domain, the charge separation at the interface and the alignment of the 
morphology will be studied with the aim, to gain a better understanding of hybrid device properties and to reveal 
possible approaches towards optimization.  
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2. OVERVIEW OF THE THESIS 

This thesis focuses on the development and investigation of new materials for hybrid 

photovoltaic devices. In particular, the emphasis is on the synthesis, characterization and 

application of broadly absorbing light harvesting dyes and functional semiconducting 

amphiphilic polymers. It contains 7 publications of which 6 are presented in the chapters 3-8 and 

one is attached as appendix (chapter 9). Five of these manuscripts have already been published. 

A schematic overview of the main topics of this thesis is presented in Figure 2ς1. 

 

Figure 2ς1. Overview of the thesis having an aim to optimize and understand hybrid photovoltaic devices. In the 
first part, alternative sensitizers for light harvesting were investigated and a new concept for the controlled 
preparation of mesoporous TiO2 is presented using polymer brushes as templates (1.). Secondly, amphiphilic 
semiconducting block copolymers were synthesized for the self-assembly and alignment of hybrid composites (2.) 
The final part comprises the controlled synthesis and characterization of a conjugated polyelectrolyte which is an 
amphiphilic hole conductor comprising polar sulfonate groups and a hydrophobic conjugated backbone (3.). 
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The thesis is subdivided into three parts: 1. the investigation of light harvesting and the control 

of structure in SDSCs (solid state dye sensitized solar cells); 2. the synthesis of amphiphilic 

semiconductor block copolymers and their self-assembly; 3. The combination of hole transport 

and coordinative properties in an amphiphilic semiconductor conjugated polyelectrolyte. All the 

individual partitions of the work comprise innovative new approaches to address critical aspects 

including the light harvesting, the confinement of nanoparticles, the processability of hybrid 

composites and the organization of the morphology.  

A crucial requirement to accomplish the aims of this thesis was the establishment of suitable 

synthesis procedures for the preparation of well-defined amphiphilic polymers. In consequence, 

various techniques were examined for their applicability to create these complex functional 

polymers including emulsion polymerization, controlled radical polymerization, catalyst transfer 

ǇƻƭȅƳŜǊƛȊŀǘƛƻƴǎ ŀƴŘ άŎƭƛŎƪέ ŎƘŜƳƛǎǘǊȅ όFigure 2ς2). 

The individual topics represent a step-by-step development of alternative concepts for hybrid 

devices starting from established solid state dye sensitized solar cells and leading to well-defined 

self-assembled composites. These three main topics of the thesis are briefly outlined in the 

following.  

 

Figure 2ς2. Overview of the examined synthesis procedures for the preparation of well-defined amphiphilic 
functional polymers. Sketches of the resulting polymers are shown below the respective method of polymerization. 
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Investigation of light harvesting and the control of structure in SDSCs: 

In the first part of the thesis basic studies on solid state dye sensitized solar cells (SDSC) are 

presented. Therefore we first examined the influence of pore size and structure of TiO2-network 

on the performance of the solar cells. To gain control on the morphology of TiO2 a novel 

templated synthesis of TiO2 was introduced using spherical polyelectrolyte brushes. These 

brushes consist of a polystyrene core and a sodium polystyrene sulfonate corona which were 

synthesized via stepwise controlled emulsion polymerization. The sulfonate groups of the 

corona facilitated the catalytic growth of TiO2 in the favorable anatase structure at room 

temperature, which otherwise usually requires high temperatures of more than 400°C. Variation 

of the TiO2 content resulted in different morphologies of the inorganic network after calcination 

of the polymer template. A clear correlation between TiO2 density as well as surface area and 

the obtained current was found, demonstrating the need for a dense phase of inorganic 

semiconductor which improves charge transport. This publication appears as appendix of the 

thesis (chapter 9), since part of this work was performed during my diploma thesis. Further to 

this work on the morphology of SDSC, we examined a new class of Boron-dipyrromethene 

(BODIPY) dyes and triphenyl diamine (TPD) based sensitizers. The BODIPY dyes are able to 

absorb red or near-IR light, while the TPD derivatives are organic sensitizers with suitable energy 

levels for injection and regeneration. The porous TiO2 was prepared using a commercial paste 

which consists of a polymer template and anatase nanocrystals. The BODIPY dyes show response 

up to 900 nm. This broad absorption favors the harvesting of the whole visible light spectrum up 

to the IR region. However, the obtained current densities are higher for the TPD dye which is 

related to the more favorable energy levels of these dyes. Nevertheless, both publications 

highlight the potential of near-IR organic dyes for improved light harvesting (chapters 3 and 4). 

Synthesis of amphiphilic semiconductor block copolymers and their self-assembly: 

The second topic evolved out of the experience gained on the polyelectrolyte brush templates in 

chapter 9. We took advantage of the excellent coordination properties of polystyrene sulfonate 

and combined it with an electronically active triphenylamine block in order to accomplish a 

functional semiconducting micelle. In contrast to the previous inactive polystyrene based 

systems we established a direct access to a donor-acceptor composite without the need for a 

high temperature calcination. Therefore, well-defined block copolymers were synthesized via 

ŎƻƴǘǊƻƭƭŜŘ ǊŜǾŜǊǎƛōƭŜ ŀŘŘƛǘƛƻƴҍŦǊŀƎƳŜƴǘŀǘƛƻƴ ŎƘŀƛƴ-transfer (RAFT) polymerization. The 

increased activity and steric demand of the semiconductor monomers necessitates crucial 

optimization of the polymerization. Accordingly, we scrutinized the influence of the most critical 

parameters such as temperature, solvent and the order of monomer addition on the resulting 

polymers. Finally, this optimization yielded narrowly distributed block copolymers. Upon self-

assembly in water uniform micelles are created with a semiconducting core and a coordinative 

corona. Due to strong electrostatic attraction positively charged CdSe nanorods could be 

selectively attached to this negative shell forming a colloidal donor acceptor composite with 

suitable domain sizes of 10-20 nm (chapter 5). In order to simplify and extend the synthesis 

procedure established in chapter 5, ǿŜ ŎƻƳōƛƴŜŘ ǘƘŜ w!C¢ ǇǊƻŎŜǎǎ ǿƛǘƘ ǘƘŜ ǾŜǊǎŀǘƛƭƛǘȅ ƻŦ άŎƭƛŎƪέ 

chemistry. The controlled radical polymerization was used to create a well-defined scaffold 

polymer, poly(propargyl oxystyrene) with pendant alkyne groups. This precursor can be 

selectively clicked with any functional azide in a catalyzed azide-alkyne cycloaddition offering a 
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modular and versatile approach towards functional block copolymers. On this basis, we 

synthesized the amphiphilic semiconducting polymer poly(N,NΩ-bis(4-methoxyphenyl)-N-phenyl-

NΩ-4-triazolylphenyl-όмΣмΨ-biphenyl)-пΣпΨ-diamine)-block-poly(triethylammonium styrene 

sulfonate) (PDMTPD-b-PEt3NH+{{ύΦ ¢ƘŜ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ w!C¢ ŀƴŘ άŎƭƛŎƪέ reactions enabled a 

broad range of molecular weights while maintaining a narrow molecular weight distribution of 

the polymers. The morphology of the amphiphilic polymers was studied in the bulk and in thin 

films. For three different polymer compositions, phase separation was obtained in the bulk and 

aggregated micellar structures were formed in the as-cast thin film. After annealing in saturated 

solvent vapor the morphology could be transformed into vertically aligned domains. Depending 

on the block ratio a transition from lamellar to cylindrical structures was observed (chapter 6). 

Combination of hole transport and coordinative properties in an amphiphilic semiconductor 

conjugated polyelectrolyte: 

The third part of the thesis addresses the synthesis and characterization of conjugated polymers 

with ionic side chains. In particular, we aimed at the introduction of sulfonate groups, which 

previously have proven their beneficial coordination properties, and combine them with a 

polythiophene backbone suitable for electronic transport. Polythiophenes are known for their 

high hole mobility and the broad absorption spectrum in the visible region in comparison to 

triphenylamine based systems. Nevertheless, the focus was kept on the control of the 

polymerization including the molecular weight and a low polydispersity. Accordingly, the 

controlled Kumada catalyst transfer polymerization was used to synthesize a well-defined 

poly(3-(6-bromohexyl)thiophene) as precursor polymer. The reactive bromine side-group is 

suitable for several nucleophilic substitution reactions. In order to introduce sulfonate groups, a 

new substitution reaction using tetrabutylammonium sulfite was established gaining a 

quantitative exchange of the bromine group. In contrast to similar commercial polymers with 

broad molecular weight distribution and low regioregularity, the poly(6-(thiophen-3-yl)hexane-

1-sulfonate) (PTHS) showed a specific aggregation behavior in solution as well as in thin films. In 

solution a clear dependence of aggregation on the molecular weight was observed. 

Furthermore, the influence of solvent and salt concentration on the optical properties and the 

aggregation was examined in detail. In solid-state the hole mobility of the bulk material was 

determined in a diode geometry. The observed mobility of 1.3 ± 0.5 x 10-2 cm2/Vs is among the 

highest values reported so far. In order to exclude any other conduction mechanism such as ion 

transport, impedance measurements were performed proving the pure semiconducting 

character of the material. The remarkably good transport properties are attributed to the 

formation of uniform aggregates in aqueous solution, which are maintained in the thin film. 

These results indicate that the well-controlled structures lead toward an enhancement of the 

charge transport properties (chapters 7 and 8).  

 

In the following, the key results of all chapters are summarized with particular focus on the 

respective impact on the overall topic of the thesis. A detailed description of the experiments, all 

results and the respective conclusions are given in the chapters 3-9. 
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CONTROL OF PORE SIZE AND WALL THICKNESS IN TITANIA NETWORKS FOR SOLID 
STATE DYE SENSITIZED SOLAR CELLS (CHAPTER 9) 

This contribution to the thesis is considered as a fundamental study to generate hybrid 

composites and uses amphiphilic polymers as templates for inorganic nanostructures. The 

template consists of spherical polyelectrolyte brushes, which are prepared via stepwise 

emulsion polymerization. The core is made of polystyrene (PS) and the corona consists of 

sodium polystyrene sulfonate (PSS) (Figure 2ς3). 

 

Figure 2ς3. Scheme of the templated preparation of a hybrid solar cell using spherical polyelectrolyte brushes (SPB) 
as templates. a) SPBs consist of a polystyrene (PS) core and a polystyrene sulfonate (PSS) corona; b) composites are 
generated by hydrolysis of TiO2 (anatase); c) the composites are assembled on a conductive substrate; d) the samples 
are calcinated at high temperatures to remove the template and to get the porous TiO2 network; e) to complete the 
solar cell, the TiO2 is sensitized with a dye and the network is backfilled with an organic hole conductor, the top 
contact is prepared by evaporation of gold. On the left, the preparation steps are documented with SEM images. For 
the steps c) and d) surface images with higher magnification are also given. 
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The emulsion polymerization gives a precise control over the core and shell diameter, 

respectively. TiO2 is selectively hydrolyzed within the corona of the SPB particles, whereas the 

sulfonate groups catalyze the formation of pure anatase TiO2 at room temperature. This crystal 

structure formation usually requires high crystallization temperatures of more than 400°C. The 

catalytic formation of anatase is unique for sulfonate groups, which makes them advantageous 

for the in-situ synthesis of TiO2 to create hybrid composites. After the hydrolysis the resulting 

composite particles form stable dispersions in water, ethanol and glycerin. The latter two were 

used for the thin film assembly of the particles on a conductive substrate either by drop-casting 

(5 wt% dispersion in ethanol) or by blade-casting (10 wt% dispersion in glycerin). Much effort 

had to be spent on the assembly of uniform films which are crucial for device preparation. The 

best results were obtained for the glycerin dispersion casted with a 30 µm blade gap. The film 

thickness was set to 2 µm, which is considered to be suitable for solid state dye sensitized solar 

cells (SDSC). Subsequently, the template was removed in a two-step calcination process at 500°C 

first under argon and finally in air. Due to the initial carbonization of the network the TiO2 was 

solidified and a collapse of the structure was circumvented. The final device was prepared by 

sensitizing the TiO2 with a metal-organic Ruthenium dye, backfilling the network with an organic 

hole conductor and evaporation of gold as counter electrode. 

A key aspect of this work is the control of the resulting pore size by the diameter of the initial PS 

core and the TiO2 wall thickness by the shell composition of the SPB composite particles. In 

consequence we examined different conditions for the TiO2 hydrolysis varying the amount of 

water and the content of TiO2-precursor. The resulting composite particles were analyzed by 

cryo-TEM and after calcination the structure of the network was examined with high resolution 

SEM (Figure 2ς4).  

A critical factor in SDSCs is the available surface area for dye coating and its ratio with the overall 

amount of TiO2 in the network, which is a measure for the density of the inorganic 

semiconductor. To evaluate this ratio we estimated the amount of dye absorbed using UV-vis 

spectroscopy and determined the mass of the mesoporous TiO2 for a particular thickness of film. 

 

Figure 2ς4. High resolution SEM images of the calcined TiO2 networks prepared from different SPB composite 
particles. The arrows above the images indicate the variations on the TiO2 hydrolysis conditions. The TiO2 precursor 
was tetraethyl orthotitanate (TEOT). The overall ratios SPB/TEOT/water (wt/wt ratio) are 1/4/4 (a), 1/4/18 (b) and 
1/6/18 (c). For each modification an increase of the current density of the respective SDSC was observed.  
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For the sample with lowest water and precursor content, a finely branched thin TiO2 network 

was obtained (Figure 2ς4 a), which exhibited a large surface area but a low overall amount of 

TiO2. The current density of the resulting device remained low due to the hampered charge 

transport through the very fine structure of the TiO2 network. Increasing the water content 

during the hydrolysis results in a more compact structure of TiO2 (Figure 2ς4 b). Thus, the 

available surface area was reduced, but the resulting current density could still be enhanced as 

the transport properties were improved. Nevertheless, the best results were obtained after 

additionally increasing the precursor content during the hydrolysis of the TiO2. The calcinated 

inorganic structure featured both a high available surface area due to fine branches and a 

compact, stabilizing framework of the inorganic semiconductor. This structure guaranteed an 

optimal balance between charge separation at the sensitized interface and charge transport to 

the electrodes via the dense TiO2 walls. The comparison with optimized commercial pastes to 

form mesoporous TiO2 confirms the importance of a compact framework for charge transport, 

as determined by the dye/TiO2 ratio which is relatively low for the commercial TiO2 sample. 

However, these pastes lack any control of the pore size and distribution, which is crucial for an 

entire filling of the network with the organic hole conductor in SDSCs. The presented approach 

thus offers a pathway to adjust both the pore size and the compactness of the TiO2 framework 

individually. But an optimum quality of electron transport could not be reached here. 

ORGANIC SENSITIZERS FOR SOLID STATE DYE SENSITIZED SOLAR CELLS 
(CHAPTER 3 AND 4) 

One of the important processes in hybrid photovoltaic devices occurs at the interface of the 

organic and inorganic semiconductors. Therefore, much effort has been spent on the 

understanding of these processes including charge separation and recombination and the 

synthesis of dyes for improving the light harvesting. In this contribution, novel organic dyes were 

examined for their efficiency of light harvesting in SDSCs. 4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene (BODIPY) derivatives, which absorb in the red and near-IR spectrum of the sunlight, 

were studied (Figure 2ς5). Furthermore, triphenyl diamine compounds also showing excellent 

stability in reversible redox processes were tested. This is crucial for charge transport and 

separation. 

 

Figure 2ς5. Overview of the investigated organic sensitizers, which were tested in solid state dye sensitized solar 
cells.  
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The BODIPY dyes show a broad absorption up to 900 nm with peak maxima at 699 nm (BODIPY 

1), 746 nm (BODIPY 2) and 695 nm (BODIPY 3), at which the extinction coefficient was well 

above 6 x 105 l/(mol cm). In solar cells, external quantum efficiency measurements revealed that 

charges are generated over the whole absorption range. An important finding is the particular 

influence of the position and structure of the anchoring group on the charge generation. Despite 

ǘƘŜ ƎƻƻŘ ˉ-conjugation of the BODIPY core and the triphenyl amine donor groups for all dyes, 

the electron injection seems favorable through the meso-position (R) at the BODIPY core via 

cyanoacetic acid anchor groups. However, at this position (R) the attached phenyl rings are tilted 

ƻǳǘ ƻŦ ǘƘŜ ˉ-conjugated system due to steric effects. The strong electron withdrawing effect of 

the cyanoacetic acid group (BODIPY 1) is beneficial for charge separation. Nevertheless, the 

overall efficiency of the BODIPY dyes remains low, which is due to the low driving force for 

charge separation caused by the small energy level offsets. Especially for electron injection into 

the TiO2, the lowest unoccupied molecular orbital (LUMO) should be sufficiently higher than the 

conduction band of the inorganic semiconductor to favor charge separation. Additionally, the 

highest occupied molecular orbital (HOMO) of the dye should be lower than that of the hole 

conductor for efficient dye regeneration. In contrast to the BODIPY dyes, the TPD based 

sensitizers offer suitable energy levels for charge separation but at the expense of the broad 

absorption. Nevertheless, these dyes show improved solar cell efficiencies in SDSCs. Particularly, 

the sensitizer TPD 2 was superior to TPD 1, which is due to its advantageous redox properties 

including an excellent stability for multiple reversible oxidation-reduction cycles. This feature 

makes the TPD dye interesting for application as hole conducting material either as small 

molecule or attached to a polymer backbone. This basic investigation of light harvesting organic 

molecules with excellent redox properties may lead to new building blocks for preparation of 

side-chain functionalized, semiconducting polymers. 

SYNTHESIS OF SEMICONDUCTOR AMPHIPHILIC BLOCK COPOLYMERS 
(CHAPTER 5 AND 6) 

This part of the work aimed at the design and synthesis of novel amphiphilic and semiconducting 

block copolymers comprising an amorphous hole conductor segment and a strongly charged 

polyelectrolyte block. Particular attention was paid to the control of the polymerization leading 

towards well-defined block copolymers with narrow molecular weight distribution which is a key 

requirement for microphase separation and morphology control of the polymer in solution and 

bulk. The choice of poly(bis(4-methoxyphenyl)-пΩ-vinylphenylamine) (PDMTPA) and poly(N,NΩ-

bis(4-methoxyphenyl)-N-phenyl-NΩ-4-triazolylphenyl-όмΣмΨ-biphenyl)-пΣпΨ-diamine) (PDMTPD) as 

hole conducting blocks is based upon the excellent stability of triphenylamine derivatives and its 

amorphous character which favors a smooth film formation. Poly(styrene sulfonate) (PSS) blocks 

with variable counter ions were selected due to the high solubility in polar solvents including 

water or alcohols and the high charge density of the sulfonate groups enabling either the 

electrostatic attachment of inorganic particles or the catalytic formation of anatase TiO2. The 

inherent difference in solubility of both segments required the development of a smart synthesis 

strategy. Compatibility of the blocks for the synthesis was gained by suitable protection of the 

sulfonate group which can be easily removed after the block polymer formation. Using this 

strategy the harsh and uncontrolled conditions of a polymer analogous sulfonation can be 

avoided. In order to maintain control over the polymerization even with these complex 
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monomers the reversible addition-fragmentation chain transfer (RAFT) process was chosen due 

to its tolerance toward many functional groups.  

Nevertheless, the direct polymerization of the semiconductor monomer (DMTPA) needed a 

careful optimization of conditions to obtain block copolymers with narrow molecular weight 

distribution. Factors such as polymerization sequence, temperature and solvent were varied. A 

scheme of the sequential RAFT polymerization toward poly(bis(4-methoxyphenyl)-пΩ-

vinylphenylamine)-block-poly(neopentyl styrene sulfonate) (PDMTPA-b-PNeoSS) is shown in 

Figure 2ς6 a.  

The sequence of monomer addition is a crucial factor in the formation of block copolymers using 

controlled radical polymerization techniques and relies on the different reactivity of the 

propagating radical chain end. In the presented system only the primary preparation of a 

PDMTPA macro initiator (chain transfer agent: CTA) and the subsequent polymerisation of 

neopentyl styrene sulfonate (NeoSS) resulted in the diblock formation. Nevertheless, still a 

considerable amount of macro-CTA remained unreactive under the initially chosen conditions 

for the RAFT polymerization (anisole, 80°C) (Figure 2ς6 b). The high reactivity of the DMTPA 

monomer facilitates a self-initiation process known for styrene monomers. This spontaneous 

formation of free radicals at high temperatures results in increased termination reactions, which 

result in the loss of the CTA during polymerization as confirmed by MALDI-Tof-MS analysis. By 

modifying temperature and the polarity of the surrounding medium this side reaction could be 

efficiently suppressed and the resulting block copolymer contained only a small fraction of 

remaining homopolymer (Figure 2ς6 b), which could easily be removed. The low dipole moment 

of benzene in combination with low temperature restrained the side reaction most efficiently. 

With subsequent deprotection of the sulfonate group the final amphiphilic semiconducting block 

copolymer PDMTPA-b-PBu4N
+SS was obtained. 

 

Figure 2ς6. a) Scheme of the synthesis steps toward poly(bis(4-methoxyphenyl)-пΩ-vinylphenylamine)-block-
poly(neopentyl styrene sulfonate) (PDMTPA-b-PNeoSS), b) SEC traces of the macro-CTA prepared under the listed 
conditions (blue dotted line) and the respective block copolymer started from this macro CTA (red solid line). The 
arrow indicates the main changes in the polymerization conditions. 
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These results showed that the direct synthesis of the semiconductor amphiphilic block 

copolymer PDMTPA-b-PBu4N
+SS via RAFT polymerization is possible. However, much effort had 

to be spent on the optimization of the polymerization conditions and the range of molecular 

weight was limited. In consequence, we developed a modular approach combining the 

advantages of R!C¢ ŀƴŘ άŎƭƛŎƪέ ŎƘŜƳƛǎǘǊȅΦ ¢ƘŜǊŜŦƻǊŜΣ ŀ ǎŎŀŦŦƻƭŘ ǇƻƭȅƳŜǊ ǿŀǎ ǇǊŜǇŀǊŜŘ ōŜŀǊƛƴƎ 

an alkyne group on every repeating unit suitable for an alkyne-azide cycloaddition. Trimethylsilyl 

propargyl oxystyrene (TMSPS) is conveniently accessible and its reactivity during the 

polymerization is comparable to other styrene derivatives allowing common polymerization 

conditions. After the growth of the second block the alkyne group can be deprotected and any 

functional building block can be introduced carrying an azide group. Accordingly, we designed 

the semiconducting amphiphilic block copolymer poly(N,NΩ-bis(4-methoxyphenyl)-N-phenyl-NΩ-

4-triazolylphenyl-όмΣмΨ-biphenyl)-пΣпΨ-diamine)-block-poly(triethylammonium styrene sulfonate) 

(PDMTPD-b-PEt3NH+SS). First, an azide-functionalized triphenyl diamine group was attached to 

the scaffold block copolymer poly(propargyl oxystyrene)-block-poly(2,2,2-trifluorethyl styrene 

sulfonate) (PPS-b-PTfeSS). After the final hydrolysis of the PTfeSS block, we obtained the 

amphiphilic semiconductor block copolymer PDMTPD-b-PEt3NH+SS. The key synthesis steps are 

summarized in Figure 2ς7. 

The polymerization of the scaffold polymer and the subsequent block formation proceeded 

smoothly yielding a well-ŘŜŦƛƴŜŘ ǇƻƭȅƳŜǊΦ !ŦǘŜǊ ǘƘŜ άŎƭƛŎƪέ ǊŜŀŎǘƛƻƴΣ ƴƻ ǊŜǎƛŘǳŀƭ ŀƭƪȅƴŜ ƎǊƻǳǇǎ 

were traceable proving a quantitative functionalization with the hole conductor moiety. On this 

basis we prepared two similar block copolymers whereas the molecular weight of the hole 

conductor segment was increased. In all cases a narrow molecular weight distribution and 

efficient functionalization was observed including a PDMTPD block of more than 60.000 g/mol. 

TƘŜǎŜ ǊŜǎǳƭǘǎ ŎŜǊǘŀƛƴƭȅ ǊŜǾŜŀƭ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ƻŦ ǘƘŜ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ w!C¢ ŀƴŘ άŎƭƛŎƪέ ŎƘŜƳƛǎǘǊȅ ŦƻǊ 

designing functional block copolymers. In this case, a well-defined amphiphilic semiconducting 

block copolymer was created with a superior hole conductor group and high molecular weights 

in comparison to PDMTPA-b-PBu4N
+SS. Moreover, the key characteristics of an amorphous 

structure and a narrow molecular weight distribution were maintained.

 

Figure 2ς7. Schematic representation of the key synthesis steps to prepare the block copolymer poly(N,NΩ-bis(4-
methoxyphenyl)-N-phenyl-NΩ-4-triazolylphenyl-όмΣмΨ-biphenyl)-пΣпΨ-diamine)-block-poly(triethylammonium styrene 
sulfonate) (PDMTPD-b-PEt3NH

+
SS). In the first part a sequential RAFT block copolymerization is used to create the 

scaffold block copolymer poly(propargyl oxystyrene)-block-poly(2,2,2-trifluorethyl styrene sulfonate) (PPS-b-PTfeSS), 
which subsequently can be modified with a hole conductor group via άŎƭƛŎƪέ ŎƘŜƳƛǎǘǊȅΦ 5ŜǇǊƻǘŜŎǘƛƻƴ ƻŦ ǎǳƭŦƻƴŀǘŜ 
group gives the final amphiphilic semiconductor block copolymer. DMTPD-N3:  N,NΩ-bis(4-methoxyphenyl)-N-phenyl-
NΩ-4-azidophenyl-όмΣмΨ-biphenyl)-пΣпΨ-diamine, PMDETA: N,N,N ΣN ΣN -pentamethyldiethylenetriamine. 
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MICELLE FORMATION AND PREPARATION OF HYBRID DONOR-ACCEPTOR 
COMPOSITES (CHAPTER 5) 

In water, the block copolymer PDMTPA-b-PBu4N
+SS forms micelles with narrow size distribution 

consisting of a hydrophobic PDMTPA core and polystyrene sulfonate as corona. A hydrodynamic 

radius of 22 nm was determined by dynamic light scattering (DLS) and the core diameter was 

estimated to be approximately 16 nm in dried TEM samples (Figure 2ς8). 

The negatively charged shell of PBu4N
+SS is suitable for the coordination of positively charged 

nanoparticles. Therefore, highly crystalline CdSe nanorods were synthesized at high 

temperatures using trioctylphosphine oxide (TOPO) as ligand. Substituting the ligand with the 

small 2-aminoethanethiol introduces positive charges on the surface of the CdSe. These particles 

could be simply attached to the semiconducting micelles by electrostatic attraction forming a 

hybrid donor-acceptor composite (Figure 2ς8). Stable dispersions were obtained for 

nanorods/polymer weight ratios of up to 1/1. With regard to typical exciton diffusion lengths of 

10 nm, the prepared composite exhibits ideal domain sizes for charge generation and transport. 

Moreover, the assembly in aqueous systems circumvents the needs for hazardous solvents for 

processing. In conclusion, the presented approach opens a promising new pathway for 

environmentally benign processing with further improving critical parameters such as 

confinement of nanoparticles and introduction of sufficient amounts of inorganic semiconductor 

for charge transport. The developed process is very versatile concerning the nature of the 

inorganic semiconductor and can be further combined with other polymerization techniques to 

introduce light absorbing polymers such as polythiophene. 

 

Figure 2ς8. Schematic representation of the self assembly of the block copolymer PDMTPA-b-PBu4N
+
SS into micelles 

upon addition of water and the subsequent attachment of positively charged CdSe nanorods to the negative shell of 
the micelles. For each step the respective TEM images are depicted below with insets of higher magnification. A 
scheme of the polymer is shown at the bottom left. 
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VERTICAL ALIGNMENT OF MICRODOMAINS FOR AMPHIPHILIC SEMICONDUCTOR 
BLOCK COPOLYMERS (CHAPTER 6) 

The three block copolymers PDMTPD-b-PEt3NH+SS 1-3, which feature a different block 

composition (1: 58 wt% PDMTPD, 2: 72 wt% PDMTPD, 3: 78 wt% PMDTPD), were used to 

examine the morphology in bulk and in thin film. Small angle X-ray scattering (SAXS) on the bulk 

sample revealed only one signal, which indicates microphase separated domains, but give no 

clear evidence for an ordered morphology. Nevertheless, the calculated d-spacing of the signal 

shifted consistently with the increase of molecular weight of the PDMTPD block. After thermal 

annealing above the Tg of the polymer no significant change was observed. This transition 

temperature is attributed to the PDMTPD block, however, no further transition was observed for 

the PEt3NH+SS segment below the temperature of degradation. Thus, while the PDMTPD block 

becomes flexible, the strong interactions of the sulfonate groups prevent the mobility of the 

second block. Similar observations were found in the thin film after thermal annealing. In the as-

cast film micellar structures were detected in the atomic force micrographs (AFM). After thermal 

annealing only a flattening of the surface was detectable, but no morphology transition 

occurred. The formation of micelles during the coating process could be proven via cryo-TEM of 

the polymer solution in DMF. Grazing incident small angle X-ray scattering (GISAXS) revealed no 

preferential orientation or order in the as-cast (Figure 2ς9) or the thermally annealed film.  

 

Figure 2ς9. Atomic force micrographs (left: height image, right: phase image) and the respective grazing incident X-
ray scattering patterns of thin films made of the block copolymer PDMTPD-b-PEt3NH

+
SS with 79 wt% PDMTPD. The 

as-cast film is shown on the top, while at the bottom a film is shown, which was annealed in saturated DMF vapor for 
four days. 
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Alternatively, we studied the influence of saturated solvent vapor to induce a morphology 

transition. DMF was chosen since it solubilizes both blocks, but seems to be a preferential 

solvent for the PEt3NH+SS block as observed during the micelle formation. After four days in 

saturated vapor, the samples were again analyzed by AFM and GISAXS. A clear transition of the 

dimple-type structures towards a more ordered cylindrical or lamellar morphology was observed 

(Figure 2ς9). The GISAXS patterns revealed one discrete out-of-plane peak, which is correlated 

to a vertical orientation of the morphology. In combination with the surface topography from 

the AFM images a vertical lamellar or cylindrical morphology can be derived depending on the 

composition of the block copolymer. While for the polymer with 58 wt% of PDMTPD the 

morphology is lamellar, a clear transition to cylinders is observed for the high PDMTPD content 

(79 wt%). The opportunity of vertical alignment of an amphiphilic semiconducting block 

copolymer facilitates the application in various electronic devices ranging from batteries and 

sensors to hybrid photovoltaics. Moreover, an excellent reproducibility and the possible up-

scaling of the synthesis are guaranteed by the convenience and versatility of the combination of 

w!C¢ ŀƴŘ άŎƭƛŎƪέ chemistry. On basis of the presented approach, a large variety of functional 

moieties can be introduced and combined with coordination ability of the hydrophilic sulfonate 

block. 

WELL-DEFINED CONJUGATED POLYELECTROLYTES BASED ON POLYTHIOPHENE: 
AGGREGATION IN SOLUTION AND ELECTRICAL PROPERTIES IN SOLID STATE 
(CHAPTER 7 AND 8) 

/ƻƴǎƛŘŜǊƛƴƎ ǎŜƳƛŎƻƴŘǳŎǘƛƴƎ ƻǊƎŀƴƛŎ ƳŀǘŜǊƛŀƭǎΣ ǘƘŜ Ƴƻǎǘ ŜŦŦƛŎƛŜƴǘ ǎȅǎǘŜƳǎ ŀǊŜ ōŀǎŜŘ ƻƴ ˉ-

conjugated polymers. However, the control over the molecular weight, the molecular weight 

distribution and the end-group of these polymers is still a challenging task. While for 

poly(alkylthiophenes) controlled chain growth mechanisms are established, reports on well-

defined functional or amphiphilic conjugated polymers suitable for hybrid devices are rare. In 

this work, the synthesis of a side-chain functionalized derivative of polythiophene, poly(6-

(thiophen-3-yl)hexane-1-sulfonate) (PTHS) ǿŀǎ ŘŜǾŜƭƻǇŜŘ ŎƻƳōƛƴƛƴƎ ǘƘŜ άƭƛǾƛƴƎέ YǳƳŀŘŀ 

catalyst transfer polymerization and a polymer analogous substitution (Figure 2ς10).  

The resulting polymer tetrabutylammonium poly(6-(thiophen-3-yl)hexane-1-sulfonate) (PTHS) 

features a conjugated backbone and sulfonate groups attached to each side-chain. The 

optimized substitution reaction allowed a quantitative conversion of the bromine side groups 

into anionic sulfate groups which was determined via NMR spectroscopy (Figure 2ς11 a). 

 

Figure 2ς10. Reaction scheme of the synthesis procedure for the controlled preparation of the conjugated 
polyelectrolyte tetrabutylammonium poly(6-(thiophen-3-yl)hexane-1-sulfonate) (PTHS).  
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After the substitution reaction, the polymer exhibits excellent solubility in water and other 

highly polar solvents. The optical properties of the conjugated polyelectrolytes in solution were 

studied in detail. In contrast to similar, but ill-defined polymers, this conjugated polyelectrolyte 

(CPE) shows specific aggregation features in aqueous solution, which are derived from the 

vibronic absorption bands in the UV-vis spectra. Furthermore, a strong dependency of the 

polymer aggregation on the molecular weight was observed in aqueous solution. A 

concentration dependent aggregation was detected for medium chain lengths, while short 

chains remain non-aggregated. Long polymer chains, however, are permanently aggregated. 

Further experiments revealed the dissolution of aggregates in organic solvents in contrast to 

water. This finding suggests that the hydrophobic character of the polymer backbone abets the 

aggregation in aqueous solution. Finally, we studied the influence of the salt concentration on 

aggregation in aqueous solution. A continuous disintegration of the aggregates is observed with 

increasing ionic strengths of the solution. The screening effect of the ions reduces the coulomb 

repulsion between adjacent repeating units and induces an enhanced flexibility to the polymer 

chain. Photoluminescence studies support the aggregation and deaggregation behavior 

observed under various conditions. 

Complementary to the solution properties, we investigated the characteristics of the material in 

the solid state. The similarity in the UV-Vis absorption of an aqueous solution and the thin film 

reveals that the aggregated structure occurring in solution is maintained in the solid-state. In 

addition to the optical properties, the electrical properties were examined in detail. The 

underlying transport mechanisms were analyzed in impedance measurements and the hole 

transport mobility was determined from the current-voltage (J-V) characteristics of a PTHS thin 

film using the space charge limited current (SCLC) method. The J-V characteristics of the material 

(Figure 2ς12 a) showed a quadratic dependence of current against voltage, which corroborates 

the semiconducting characteristics of the polymer. The plots showed no hysteresis and several 

 

Figure 2ς11. a) NMR spectra of the precursor polymer (bottom) and the resulting conjugated polyelectrolyte PTHS 
(top); the important signals are assigned with numbers. c) Absorption spectra of aqueous solutions of PTHS with 
different average degree of polymerization n. d) Absoprtion spectra of PTHS (n = 78) in various solvents. 
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scan cycles confirm the reproducibility of the measurements. In comparison, other CPEs 

commonly featured strong hysteresis for continuous measurements, which is related to the 

reorganization of ions in the material according to the applied electrical field. To unambiguously 

determine the pure electron transport mechanism we analyzed the impedance spectra of the 

materials in thin film. The impedance data gave one semicircle in the Nyquist-plot, which is 

indicative for a semiconductor (Figure 2ς12 b). A conductivity of 1.4 x 10-6 S/cm was estimated 

fit ting the measured values with an equivalent circuit of a semiconductor, viz. a parallel 

connection of a capacitor and a resistor. 

In consequence, we are able to exclude any ion motion in the PTHS thin film as evidenced by the 

impedance data and the fast temporal response of the current for different bias. From the J-V 

characteristics we estimated a hole carrier mobility of (1.3 ± 0.5) x 10-2 cm2/Vs in accordance to 

the Mott-Gurney law for SCLC and consistent for various thicknesses. This result outperforms 

the mobility of common P3HT and it is among the highest values reported in literature measured 

in a diode geometry. In conclusion, we created a narrowly distributed and highly regioregular 

conjugated polyelectrolyte by combining controlled polymerization techniques and polymer 

analogous reactions. These unique features facilitate the formation of aggregates, which are 

known to suppress the ion mobility and account for the excellent hole transport mobilities. 

 

 

Figure 2ς12. a) Current against voltage square (J-V
2
) characteristics of a polymer thin film with different thicknesses 

measured in diode geometry; the hole carrier mobility µH was calculated according to the Mott-Gurney law for space 
charge limited current. b) Impedance data in the Nyquist representation of a thin film of PTHS;  the respective fit was 
calculated on a parallel combination of a resistor and a capacitor (left inset) and the geometrical structure of the 
electrodes is shown in the right inset. 
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INDIVIDUAL CONTRIBUTIONS TO JOINT PUBLICATIONS 

The results of this thesis were obtained in cooperation with other groups and are published or 

prepared as manuscripts for submission as denoted below. In the following the individual 

contributions of all authors are summarized and specified. 

CHAPTER 3:  

This work is published in ORGANIC LETTERS (2010, 12, 3812) under the title: 

 

ά{ƻƭƛŘ-State Dye-Sensitized Solar Cells Using Red and Near-Lw !ōǎƻǊōƛƴƎ .ƻŘƛǇȅ {ŜƴǎƛǘƛȊŜǊǎά 

 

by Safacan Kolemen, Yusuf Cakmak, Sule Erten-Ela, Yigit Altay, Johannes C. Brendel, Mukundan 

Thelakkat and Engin U. Akkaya. 

 

I prepared and characterized all solar cells and was involved in the scientific discussion. 

 

Safacan Kolemen, Yusuf Cakmak, Sule Erten-Ela and Yigit Altay synthesized and characterized all 

dyes and wrote the manuscript. 

 

Mukundan Thelakkat and Engin U. Akkaya supervised the project and corrected the manuscript. 

CHAPTER 4: 

This work is published in CHEMICAL PHYSICS LETTERS (2011, 510, 93) under the title: 

 

ά{ƻƭƛŘ-state dye-sensitized solar cells fabricated with nanoporous TiO2 and TPD dyes: Analysis of 

penetration behavior and Iς± ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎά 

 

by Sule Erten-Ela, Johannes C. Brendel and Mukundan Thelakkat. 

 

I prepared and characterized all solar cells and was involved in the scientific discussion. 

 

Sule Erten-Ela synthesized and characterized all dyes and wrote the manuscript. 

 

Mukundan Thelakkat supervised the project and corrected the manuscript. 
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CHAPTER 5 

This work is published in JOURNAL OF MATERIALS CHEMISTRY (2012, 22, 24386) under the title: 

 

ά{ŜƳƛŎƻƴŘǳŎǘƻǊ ŀƳǇƘƛǇƘƛƭƛŎ block copolymers for hybrid donor-ŀŎŎŜǇǘƻǊ ƴŀƴƻŎƻƳǇƻǎƛǘŜǎά 

 

by Johannes C. Brendel, Hubertus Burchardt and Mukundan Thelakkat. 

 

I synthesized and characterized some of the polymers, wrote the publication and supervised 

Hubertus Burchardt during his Bachelor thesis. 

 

Hubertus Burchardt synthesized and characterized most of the polymers during his Bachelor 

thesis under my guidance. 

 

Mukundan Thelakkat supervised the project and corrected the manuscript. 

CHAPTER 6 

This work is published in ACS NANO (2013, in print, DOI: 10.1021/nn401877g) under the title: 

 

ά±ŜǊǘƛŎŀƭ ŀƭƛƎƴƳŜƴǘ ƻŦ ƳƛŎǊƻŘƻƳŀƛƴǎ ƛƴ ǎŜƳƛŎƻƴŘǳŎǘƻǊ ŀƳǇƘƛǇƘƛƭƛŎ block copolymerǎ ǘƘƛƴ ŦƛƭƳǎά 

 

by Johannes C. Brendel, Feng Liu, Andreas S. Lang, Thomas P. Russell and Mukundan Thelakkat. 

 

I synthesized and characterized all the polymers, prepared the thin films, conducted the AFM 

measurements and wrote the publication. 

 

Feng Liu performed and analyzed the X-ray measurements and corrected the manuscript. 

 

Andreas Lang synthesized the trimethylsilyl propargyl oxystyrene monomer and the DMTPD-

azide. 

 

Mukundan Thelakkat and Thomas P. Russell supervised the project and corrected the 

manuscript. 
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CHAPTER 7 

This work is prepared for submission under the title: 

 

άOptical Properties of Well-defined Conjugated Polyelectrolytes: Influence of Molecular Weight, 

Concentration, Solvent and Added Saltέ 

 

by Johannes C. Brendel, Martina Schmidt and Mukundan Thelakkat. 

 

I characterized all the polymers and wrote the publication. 

 

Martina Schmidt synthesized the polymers during her lab course under my guidance.  

 

Mukundan Thelakkat supervised the project and corrected the manuscript. 

CHAPTER 8 

This work is submitted to CHEMISTRY OF MATERIALS under the title: 

 

άControlled Synthesis of a Conjugated Polyelectrolyte Leading to Excellent Hole Transport 

Mobilityά 

 

by Johannes C. Brendel, Gunter Hagen, Ralf Moos and Mukundan Thelakkat. 

 

I synthesized and characterized all the polymers, prepared the thin films, conducted the 

electrical measurements and wrote the publication. 

 

Gunter Hagen helped with the impedance measurements and analyzed the impedance data. 

 

Mukundan Thelakkat and Ralf Moos supervised the project and corrected the manuscript. 
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CHAPTER 9: APPENDIX 

This work is published in JOURNAL OF MATERIALS CHEMISTRY (2010, 20, 7255) under the title: 

 

άtƻƭȅƳŜǊ ǘŜƳǇƭŀǘŜŘ ƴŀƴƻŎǊȅǎǘŀƭƭƛƴŜ ǘƛǘŀƴƛŀ ƴŜǘǿƻǊƪ ŦƻǊ ǎƻƭƛŘ ǎǘŀǘŜ ŘȅŜ ǎŜƴǎƛǘƛȊŜŘ ǎƻƭŀǊ ŎŜƭƭǎά 

 

by Johannes C. Brendel, Yan Lu and Mukundan Thelakkat. 

 

I synthesized and characterized some of the template particles, prepared the composites, 

assembled and characterized the thin films, prepared the solar cells and wrote the publication. 

 

Yan Lu synthesized most of the spherical polymer brush template particles, helped with the 

composite synthesis and corrected the manuscript. 

 

Mukundan Thelakkat supervised the project and corrected the manuscript. 
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ABSTRACT 

Boron-dipyrrin dyes, through rational design, yield promising new materials. With strong 

electron-donor functionalities and anchoring groups for attachment to nanocrystalline TiO2, 

these dyes proved useful as sensitizers in dye-sensitized solar cells. Their applicability in a solid-

state electrolyte regime offers additional opportunities for practical applications. 

 

ARTICLE 

Dye-sensitized solar cells (DSSC) are successful alternatives to more widely used traditional 

semiconductor-based designs. The DSSC technology is being vigorously developed through 

commercial enterprises.1-7 In fact, in the European Union Photovoltaic Roadmap, it was 

suggested that by the year 2020, DSSCs are expected to be a significant contributor to 

renewable electricity generation.8 However, most people would agree that there is still room for 

improvement for a few components of a typical DSSC.9 This is perhaps more apparent for the 

electrolyte and the sensitizer dye component itself. For use as redox mediator, I- and I2 (to 

generate iodide/triiodide redox couple) is typically dissolved in organic solvents (such as 

acetonitrile). However, the use of solvents creates temperature stability problems, and because 

of the volatility of the solvents, sealing of the cell is crucial. Most plastics are not compatible 

with organic solvents, and thus the use of liquid electrolytes effectively precludes integration 

into flexible structures. Also, ruthenium dyes are expensive, and their preparation includes 

lengthy purification steps.10 Accurate engineering of the sensitization wavelength would also 

benefit from a replacement organic dye. Not surprisingly, a large number of laboratories around 

the world are actively pursuing potential candidates for sensitizers for DSSC applications.11-22 

Boron-dipyrrin or Bodipy dyes are interesting chromophores with high quantum yields and 

absorptivity, typically with typical bright green fluorescence. 23-25 We and others have found 

ways to transform these dyes to absorb essentially all colors of the rainbow and then some.26-34 

A few years ago, we published the first report of a rationally functionalized Bodipy-based 

photosensitizer, taking advantage of some of the superior characteristics of this class of dyes.35 

Others followed with equally promising Bodipy derivatives.36-41 Calculations at various levels of 

the theory suggested that excitation of the Bodipy chromophore results in significant 

reorganization of the electron distribution, setting up the scene for efficient electron transfer to 

nanocrystalline titania from the S1 state of the dye.35,42 Needless to say, further optimization of 

the Bodipy derivatives may provide better sensitizers for use in DSSCs. 

In order to bypass the limitations imposed by liquid electrolytes, one of the most common hole 

ǘǊŀƴǎǇƻǊǘ ƳŀǘŜǊƛŀƭǎ όI¢aύ ƛǎ нΣн ΣтΣт-tetrakis(N,N-di-p-methoxyphenyl-amine)-фΣф-

spirobifluorene (spiro-OMeTAD).22,43 In this work, our goal was to investigate the performance of 

rationally designed boron-dipyrrin sensitizers in connection with spiro-OMeTAD hole transport 

material. In our previous work, we synthesized sensitizer 1 (Figure 3ς1) and reported its 

efficiency in a standard DSSC setup using a iodide/triiodide redox couple in solution as 

electrolyte.35 In this work, however, we targeted two more boron-dipyrrin dyes, compounds 2 

and 3, in an attempt to clarify relative effects of various modifications on the efficiency. The 

rationale behind the two new sensitizers was as follows.  
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In compound 1, the meso-phenyl substituent is orthogonal as a result of the presence of methyl 

groups at the 3 and 5 positions of the Bodipy core.It is very likely that a new sensitizer in which 

protruding methyls are not present (such as sensitizer 2) could have the phenyl substituent with 

a smaller dihedral angle, leading to extended conjugation and facilitated charge transfer from 

the donor groups to the electron-withdrawing (and anchoring) carboxylic acid terminal. In 

addition, in sensitizer 2, we placed additional electron-donor p-methoxy groups on the 

diphenylaminophenyl charge donor moiety, again looking for a more efficient excited state 

charge transfer. In the design of sensitizer 3, we included two decyl chains on the meso-phenyl 

substituent in order to minimize aggregation-induced losses in efficiency. In addition, a 

cyanoacetic acid derived electron-withdrawing anchor group was moved to position 2 of the 

Bodipy core. It is apparent that in this design the cyano acetylidene group will be in full 

conjugation with the Bodipy chromophore. 

The syntheses of the novel sensitizers 2 and 3 were based on versatile Bodipy chemistry. 

8-Carboxyphenyl-Bodipy (4) was synthesized from appropriate precursors, and then double 

Knoevenagel condensation reactions with the appropriate diphenylaminophenylbenzaldehyde 

compound resulted in the sensitizer 2, following rather routine purification procedures.  

 

Figure 3ς1. Sensitizers used in this study. 

Scheme 3ς1. Synthesis of Photosensitizer 2 

 



 
Solid-State Dye-Sensitized Solar Cells Using Red and Near-IR Absorbing Bodipy Sensitizers 

62 

In the synthesis of sensitizer 3, we first prepared 3,5-didecyloxyphenyl-substituted Bodipy 5.27 

Formylation following the procedure in a recent report resulted in compound 6.44 Cyanoacetic 

acid reacts with the formyl-bodipy 6 in toluene, resulting in compound 7. In the final step, a 

double Knoevenagel condensation with the appropriate aldehyde yields the target sensitizer 3. 

All new compounds were analytically pure (Supporting Information). 

First the absorbance spectra in solution (CHCl3) (Figure 3ς2) and as adsorbed on TiO2 (Figure 3ς3) 

were obtained. The chromophores in solution have strong absorption peaks in the red and near-

IR regions of the visible spectrum. As expected, on absorption over titania, peaks are significantly 

broadened, suggesting aggregation of the sensitizers in the adsorbed film.  

 

  

Scheme 3ς2. Synthesis of Sensitizer 3 

 

 

Figure 3ς2. Normalized absorption spectra of the sensitizers in CHCl. 
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The sensitizers 1-3 were further characterized by cyclic voltammetry and absorption 

spectroscopy in solution (Table 3ς1). It is clear that the LUMO energies of the sensitizers are 

appropriate for efficient electron injection to TiO2. 

Table 3ς1. Optical and Electrochemical Properties of Sensitizers 1-3 

dye m˂ax (abs)
a
 

(nm) mʁax 
a
 

Eox 
b
 

(mV) 
Ered 

b
 

(mV) 
HOMO 

b
 

(eV) 
LUMO 

b
 

(eV) 

1 
2 
3 

699 
746 
695 

69500 
66000 
79000 

680 
560 
720 

-890 
-870 
-940 

-5.09 
-5.05 
-5.21 

-3.52 
-3.62 
-3.55 

a
  Absorption data were collected in CHCl3. 

b
  Electrochemical data were collected in CH2Cl2. Potentials are quoted with reference to 
the internal ferrocene standard. 

The solid-state cells were prepared as in the previous reports. For a brief procedure, please see 

Supporting Information. Incident photon to current conversion plots were obtained under 

standard conditions (AM 1.5G, 100 mW cm-2). The results show that the sensitizer 1 has the 

highest efficiency (Figure 3ς4). Only beyond 800 nm, sensitizer 2 has IPCE values higher than 

those of 1. For sensitizer 3, IPCE values are below 1% in the 450-850 nm region.  

The data can be interpreted as follows. As we suggested previously, the meso position (8 

position) is particularly important. In the parent Bodipy and in other derivatives, theoretical 

calculations suggest that on excitation there is significant charge relocalization on the meso 

 

Figure 3ς3. Normalized absorption spectra of the sensitizers adsorbed on nanocrystalline TiO2. 

 

Figure 3ς4. Incident photon to current conversion efficiency as a function of wavelength for the solid-state DSSCs 
prepared as described in Supporting Information. 
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carbon.35 Sensitizers 1 and 2 take advantage of this natural Bodipy tendency for charge 

relocalization onto meso-carbon, by placing electron-acceptor/anchor groups on that position. 

The sensitizer 3 has the anchor group on a different position, forcing electron flow to an 

alternate position, apparently reducing the efficiency of charge injection. The data also suggest 

that the cyanoacetic acid derived anchor is better than a simple carboxylic acid group in their 

dual role of charge-withdrawing and anchoring group. As expected, the sensitizers have very low 

fluorescence emissions due to strong charge transfer characteristics of the diphenylaminophenyl 

substituent. 

What is also remarkable is the near flat response of these sensitizers in the visible wavelengths. 

Actually, the response is one that could be expected from a black dye. Table 3ς2 lists some cell 

parameters for the solid-state DSSCs prepared using these sensitizers.  

Table 3ς2. DSSC Performance Parameters of BODIPY Dyes 
a
 

dye Voc (V) 
Isc 

(mA/cm
2
) 

f  ́(%)
 

1 
2 
3 

0.80 
0.64 
0.59 

2.27 
1.61 
1.49 

0.37 
0.28 
0.38 

0.68 
0.28 
0.33 

a
  Voc is the open-circuit potential, Jsc is the short curcuit current, f 
is the fill factor, and ́  is the overall efficiency of the cell under 
standard conditions. 

The overall conversion efficiency is highest for the sensitizer 1 (  ́= 0.68%), which could be 

considered a respectable value for an organic dye with a solid-state redox mediator. It appears 

that solution properties only loosely translate into properties on titania. However, Bodipy-based 

sensitizers still hold significant promise as they can be derivatized as desired and the absorption 

peaks can be moved along the visible and near-IR region. It is interesting to note that one of the 

most efficient dyes in terms of monochromatic incident photon to current conversion is indeed a 

Bodipy dye. It looks like Bodipy dyes, which are known for their bright fluorescence, are likely to 

find novel applications as photosensitizers. We will continue in fine-tuning the Bodipy structure 

toward ever more efficient dyes for dye-sensitized solar cells through rational design. 
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SUPPORTING INFORMATION 

Experimental Section: 

General: 

1H NMR and 13C NMR spectra were recorded on Bruker DPX-400 (operating at 400 MHz for 1H 

NMR and 100 MHz for 13C NMR) in CDCl3 with tetramethylsilane as internal standard. All spectra 

were recorded at 25°C and coupling constants (J values) are given in Hz. Chemical shifts are 

given in parts per million (ppm). Absorption spectra were acquired using a Varian Cary-100 

spectrophotometer. Mass spectra were recorded on Agilent Technologies 6530 Accurate-Mass 

Q-TOF LC/MS. Reactions were monitored by thin layer chromatography using Merck TLC Silica 

gel 60 F254. Silica gel column chromatography was performed over Merck Silica gel 60 (particle 

size: 0.040-0.063 mm, 230-400 mesh ASTM). 4,4-difluoro-8-όо Σр-bis(decyloxy)phenyl)-1,3,5,7-

tetramethyl-4-bora-3a,4a-diaza-s-indacene (5) was synthesized according to literature.1 

Compound 1 was synthesized according to our previous work.2 All other reagents and solvents 

were purchased from Aldrich and used without further purification. 

 

Fabrication Method of Solid State Dye Sensitized Solar Cells: 

The SnO2:F covered glass was cut into 25x25 mm pieces. The transparent conducting glasses 

(TCO) covered with adhesive tape to control the thickness of the film and to provide non-coated 

areas for electrical contact and they were etched using Zn powder and 5% HCl acid solution. And 

then, FTO glasses were cleaned by using acetone, 2% Helmanex solution, distilled water and 

ethanol, respectively. After cleaning procedure, blocking layer was covered onto the FTO glasses. 

The films were sintered at 500°C. TiO2 Solaronix paste was applied onto the TCO glass covered 

with blocking layer using screen printing technique; thin films of about 2 µm in thicknesses were 

prepared. Finally, temperature was increased gradually, the films were sintered at 500°C for 1 

hour and temperature was cooled down to room temperature gradually. The TiO2 electrodes 

were then immersed into the 0.5 mM dye solutions of BODIPYs and kept at room temperature 

overnight. TiO2-coated glasses with Bodipy dyes adsorbed on were washed with pure solvent. 

Afterwards, organic hole-ǘǊŀƴǎǇƻǊǘƛƴƎ ƳŀǘŜǊƛŀƭ όI¢aύ нΣнΩтΣтΩ-tetrakis-(N,N-di-p-methoxyphenyl-

amine)-фΣфΩ-pirobifluorene (spiro-OMeTAD) was covered on dye adsorbed TiO2 films by using 

spin coater. 40 nm gold was evaporated as top electrodes. 

 

Electrochemistry of BODIPY Derivatives: 

EHOMO and ELUMO values of BODIPY derivatives were calculated using cyclic voltammograms. 

Solutions of BODIPY derivatives were prepared in dichloromethane (10-3 M). A three electrode 

cell was used consisting of glassy carbon working electrode, Pt wire counter electrode and 

Ag/AgCl reference electrode, all placed in a glass vessel. Tetrabutylamonium 

hexafluorophosphate (TBAPF6), 0.1 M, was used as supporting electrolyte. Ferrocene was used 

as internal reference electrode. BODIPY derivatives show both reversible reduction and 

oxidation potential. 

In calculations for compounds 2 and 3, zero vacuum level belongs to ferrocene was taken as 

4.8 eV and Eferrocene was 0.31 V. 

ELUMO level was calculated by using the formula of ELUMO = -(E1/2(red) ҍ Efer. + 4.8).  
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EHOMO level was calculated by using the formula of EHOMO = -(E1/2(ox) ҍ Efer. + 4.8).  

The conduction band of TiO2 layer, ETiO2CB = ҍпΦн eV. 

Calculations for compound 1 were done in our previous report.2 

 

Figure 3ςS1. Cyclic Voltammogram of 2 

 

Figure 3ςS2. Cyclic Voltammogram of 3 

 

Figure 3ςS3. I-V plots for the cells. 
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Synthesis:  

Compound 4: 

 

To a 1 L round-bottomed flask containing 400 mL argon-degassed CH2Cl2 were added 2-methyl 

pyrrole (12.3 mmol, 1.0 g) and 4-carboxybenzaldehyde (6.0 mmol, 0.9 g). One drop of TFA was 

added and the solution was stirred under N2 at room temperature for 1 day. After addition of a 

solution of DDQ (6.0 mmol, 1.36 g) in 100 mL of dichloromethane to the reaction mixture, 

stirring was continued for 30 min. 5 mL of Et3N and 5 mL of BF3
.OEt2 were successively added 

and after 30 min, the reaction mixture was washed three times with water (50 x 100 mL) which 

was then extracted into the CHCl3 (3 x 100 mL) and dried over anhydrous Na2SO4. The solvent 

was evaporated and the residue was purified by silica gel column chromatography using 

(CHCl3 : MeOH 95:5) as the eluant. Red solid (1.25 g, 30%). 
1H NMR (400 MHz, CDCl3ύΥ ʵH 8.25 (2H, d; J = 7.6 Hz, ArH), 7.65 (2H, d; J = 7.7 Hz, ArH), 6.70 (2H, 

s; ArH), 6.30 (2H, d; J = 3.4 Hz, ArH), 2.70 (6H, s; CH3). 
13C NMR (100 MHz, CDCl3ύΥ ʵC 170.5, 158.5, 

140.9, 139.4, 134.5, 130.6, 130.5, 130.2, 130.0, 119.9, 15.0 ppm; MS (TOF-ESI): m/z: Calcd: 

340.1195 [M-H]+, Found: 340.1130 [M-H]+Σ ҟ = 19.1 ppm.  

 

Compound 2: 

 

4 (0.88 mmol, 0.30 g) and N,N-di(4-methoxyphenyl)aminobenzaldehyde (3.53 mmol, 1.18 g) 

were added to a 100 mL round-bottomed flask containing 50 mL benzene and to this solution 

was added piperidine (0.3 mL) and acetic acid (0.3 mL). The mixture was heated under reflux by 

using a Dean Stark trap and reaction was monitored by TLC (CHCl3 : MeOH 93:7): When all the 

starting material had been consumed, the mixture was cooled to room temperature and solvent 

was evaporated. Water (100 mL) added to the residue and the product was extracted into the 

chloroform (3 x 100 mL). Organic phase dried over Na2SO4, evaporated and residue was purified 
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by silica gel column chromatography using (CHCl3 : MeOH 93:7) as the eluant. Black waxy solid 

(0.17 g, 20%). 1H NMR (400 MHz, DMSO-d6ύΥ ʵH 8.25 (1H, s; COOH), 8.05 (2H, d; J = 8.3 Hz, ArH), 

7.64 (2H, d; J = 8.2 Hz, ArH), 7.52 (2H, d; J = 17.2 Hz, CH), 7.38 (4H, d; J = 8.7 Hz, ArH), 7.32 (2H, d; 

J = 15.2 Hz, CH), 7.15 (2H, d; J = 4.6 Hz, ArH), 7.10-7.05 (8H, m; ArH), 6.95-6.85 (12H, m; ArH), 

6.78 (2H, d; J = 4.6 Hz, ArH), 6.72 (4H, d; J = 8.5 Hz, ArH). 13C NMR (100 MHz, DMSO-d6ύΥ ʵC 167.5, 

156.9, 154.9, 150.2, 139.5, 138.2, 137.8, 135.4, 132.6, 131.0, 129.9, 129.8, 129.6, 129.3, 129.1, 

128.0, 127.7, 120.2, 118.4, 117.6, 115.5, 55.7 ppm; MS (TOF-ESI): m/z: Calcd: 970.3713, Found: 

фтлΦосфнΣ ҟ = 2.2 ppm.  

Compound 6: 

 

A mixture of DMF (6 mL) and POCl3 (6 mL) was stirred under argon for 5 min in the ice bath. 

After warming solution up to rt, it was stirred for additional 30 min. 5 (0.50 mmol, 158.0 mg) in 

60 mL dichloroethane was added to the solution and temperature raised to 500°C. After stirring 

for 2 h, the mixture was cooled to rt and then poured in to iced cooled saturated aqueous 

solution of NaHCO3 (150 mL). Then reaction mixture was stirred for 30 min after warming 

solution to rt. After 30 min. the mixture was washed with H2O (2 x 100 mL). The product was 

extracted into the dichloromethane. Organic phase dried over Na2SO4. Reddish brown solid was 

obtained (157.0 mg, 89%). 1H NMR (400 MHz, CDCl3, 300 Yύ Υ ʵH 10.02 (1H, s; CHO), 6.58 (1H, t; 

J = 2.61 Hz, ArH), 6.41 (2H, d; J = 2.20 Hz, ArH), 6.15 (1H, s; ArH), 3.92 (4H, t; J = 6.60 Hz, OCH2), 

2.81 (3H, s; CH3), 2.60 (3H, s; CH3), 1.85 (3H, s; CH3), 1.75 (4H, m; CH2), 1.42 (4H, m; CH2), 1.40-

1.15 (24H, m; CH2), 0.85 (6H, t; J = 6.68 Hz, CH3). 
13C NMR (100 MHz, CDCl3ύΥ ʵC 185.8, 161.4, 

156.4, 147.3, 143.5, 142.9, 135.5, 133.8, 130.8, 129.5, 128.8, 126.3, 123.8, 106.1, 102.5, 68.5, 

31.9, 29.5, 29.3, 29.1, 26.0, 22.7, 15.0, 14.7, 14.1, 13.0, 11.5 ppm; MS (TOF-ESI): m/z: 

Calcd: 664.4587 [M-H]+, Found: 664.4503 [M-H]+Σ ҟ = 12.7 ppm. 

Compound 7: 

 

6 (0.12 mmol, 83.0 mg) and cyanoacetic acid (0.49 mmol, 42.3 mg) were dissolved in toluene. 

One drop of piperidine and catalytic amount of acetic acid were added to the mixture under 

argon atmosphere. The reaction mixture was refluxed and stirred under argon for 3 h. Then 

mixture washed with water (2 x 50 mL). Organic phase dried over Na2SO4 and solvent was 

evaporated and the residue was purified by silica gel column chromatography using 

(CHCl3 : MeOH 90:10) as the eluent. Red solid was obtained (50.0 mg, 57%). 1H NMR (400 MHz, 
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CDCl3ύΥ ʵH 8.18 (1H, s; CH), 6.55 (1H, s; ArH), 6.41 (2H, d; J = 1.9 Hz, ArH), 6.08 (1H, s; ArH), 3.91 

(4H, t; J = 6.5 Hz, OCH2), 2.57 (6H, s; CH3), 1.80-1.68 (4H, m; CH2), 1.63 (3H, s; CH3), 1.59 (3H, s; 

CH3), 1.48-1.37 (4H, m; CH2), 1.45-1.18 (24H, m; CH2), 0.86 (6H, t; J = 6.8 Hz, CH3). 13C NMR 

(100 MHz, CDCl3ύΥ ʵC 161.4, 153.7, 142.8, 140.6, 135.6, 133.4, 130.8, 123.9, 123.3, 106.1, 102.6, 

68.5, 31.9, 29.6, 29.4, 29.3, 29.1, 25.9, 14.6, 14.1 ppm; MS (TOF-ESI): m/z: Calcd: 731.4645 

[M-H]+, Found: 731.4585 [M-H]+Σ ҟ = 8.2 ppm. 

Compound 3: 

 

7 (0.12 mmol, 90.0 mg) and N,N-diphenylaminobenzaldehyde (0.37 mmol, 100.9 mg) were 

added to a 100 mL round-bottomed flask containing 50 mL benzene and to this solution was 

added piperidine (0.3 mL) and acetic acid (0.3 mL). The mixture was heated under reflux by using 

a Dean Stark trap and reaction was monitored by TLC (CHCl3 : MeOH 93:7). When all the starting 

material had been consumed, the mixture was cooled to room temperature and solvent was 

evaporated. Water (100 mL) added to the residue and the product was extracted into the 

chloroform (3 x 100 mL). Organic phase dried over Na2SO4, evaporated and residue was purified 

by silica gel column chromatography using (CHCl3 : MeOH 93:7) as the eluent. Green solid was 

obtained (52.2 mg, 35%). 1H NMR (400 MHz, CDCl3): Hɻ 8.24 (1H, s; CH), 7.61-7.52 (1H, m; CH), 

7.47 (2H, d; J = 8.0 Hz, ArH), 7.33-7.24 (6H, m; ArH), 7.21-7.08 (12H, m; ArH), 7.04-6.93 (8H, m; 

ArH), 6.90-6.69 (4H, m; ArH), 6.62 (1H, s; ArH), 6.46 (2H, s; ArH), 3.92-3.61 (4H, m; OCH2), 1.89-

1.54 (4H, m; CH2), 1.52-1.49 (4H, m; CH2), 1.48-1.12 (30H, m; CH2, CH3), 0.91-0.74 (6H, m; CH3). 
13C NMR (100 MHz, CDCl3ύΥ ʵC 161.1, 148.5, 147.1, 147.0, 139.0, 136.4, 132.7, 129.4, 129.3, 

128.9, 128.6, 125.4, 125.1, 124.8, 123.7, 123.3, 122.6, 122.3, 117.0, 106.8, 68.4, 31.9, 29.6, 29.5, 

29.4, 29.3, 29.2, 26.0, 22.7, 14.7, 14.5, 14.1 ppm; MS (TOF-ESI): m/z: Calcd: 1241.6741 [M-H]+, 

Found: 1241.6790 [M-H]+Σ ҟ = 3.9 ppm. 

References: 

(1) Y. Cakmak, E. U. Akkaya, Org. Lett. 2009, 11, 85-88. 

(2) S. Erten-Ela, M. D. Yilmaz, B. Icli, Y. Dede, S. Icli, E. U. Akkaya, Org. Lett. 2008, 10, 3299-
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Figure 3ςS14. Mass spectrum of compound 4 

 

Figure 3ςS15. Mass spectrum of compound 2 

 

Figure 3ςS16. Mass spectrum of compound 6 
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Figure 3ςS17. Mass spectrum of compound 7 

 

Figure 3ςS18. Mass spectrum of compound 3 
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ABSTRACT 

We present the synthesis, electrochemical properties and device-based investigation of 

ǘǊƛǇƘŜƴȅƭŜƴŜ ŘƛŀƳƛƴŜ ό¢t5ύ ǎŜƴǎƛǘƛȊŜǊ ǿƛǘƘ ŀƴ ŜȄǘŜƴŘŜŘ ˉ-system consisting of donor, electron 

conducting and anchoring group for solid-state dye-sensitized solar cells. Solid-state dye-

sensitized solar cells were fabricated using blocking TiO2-electrodes, nanoporous TiO2-electrodes 

and the organic hole-transporting medium, HTM (spiro-OMeTAD) in a fluorine doped tin 

oxide/blocking TiO2/nanoporous TiO2/TPDs/hole transport material/Au configuration. Solid state 

dye sensitized solar cell consisting of TPD_2 as sensitizer on mesoporous TiO2 shows the best 

results with a short-circuit current of 2.8 mA/cm2, an open circuit voltage of 835 mV and an 

overall conversion efficiency of 0.97%. 

INTRODUCTION 

The first solar cell based on a nanoporous TiO2 layer with an iodineςiodide electrolyte was 

ǊŜŀƭƛȊŜŘ ōȅ hΩwŜƎŀƴ ŀƴŘ DǊŅǘȊŜƭ ƛƴ ǘƘŜ мффлǎΦ1 The dye-sensitized solar cell is a non-conventional 

solar technology that has attracted much attention owing to its stability, low cost and device 

efficiency. Power-conversion efficiencies of over 11% have been achieved for devices that 

contain liquid electrolytes. The main problem of this cell type is the encapsulation of the liquid 

electrolyte. New investigations use an iodine-free solid organic hole transporting material (HTM) 

and instead of the liquid electrolyte.2-4 The ionic transport is replaced by electronic transport in 

the amorphous HTM. Solid-state devices that do not require a liquid electrolyte display an 

overall efficiency of 5%. Improvement of the efficiency of solid-state dye-sensitized solar cell 

requires optimization of their various components, such as the hole-transport material, 

sensitizer, mesoporous TiO2 film, and the blocking layer.5 Solid-state dye-sensitized solar cells 

(SDSC) are promising due to their large potential to convert solar energy to electrical energy at 

low cost and their capabilities to solve the leakage or sealing problems that exist in liquid 

electrolyte dye-sensitized solar cells.6 A typical solid-state DSSC comprises a dye sensitized, 

mesoporous, nanocrystalline TiO2 film interpenetrated by an organic semiconductor based hole 

transporting material (HTM), namely spiro-OMeTAD (2,2-7,7-tetrakis(N,N-dipara-

methoxyphenyl-ŀƳƛƴŜ фΣф-spirobifluorene). The function of the device is based upon a light 

induced charge separation reaction at the TiO2/dye/HTM interface.7,8 In the state of the art solid-

state dye-sensitized nanocrystalline-TiO2 solar cell (SDSC), charge recombination is still one of 

the most limiting factors for device performance.9 Therefore, the question arises if it is possible 

to overcome this problem by developing new multifunctional materials which recombination 

processes can be decelerated.10,11 The interest in metal free, organic dyes with high extinction 

coefficients has grown in recent years. The organic dyes for DSSCs based on diphenylaniline as 

electron donor, published so far, include relatively complicated synthetic procedures, such as 

Stille or Suzuki couplings or more steps in the synthetic route. In order to investigate organic 

dyes and, in the longer run, prepare an efficient solar cell dye, a number of different organic 

dyes were designed and synthesized.12-14 Most organic sensitizers are constituted by donor, 

linker and acceptor moieties. Generally organic dyes used for efficient solar cells are required to 

possess a broad and intense spectral absorption in the visible light region.15-25 

Present study highlights the synthesis, electrochemical properties of triphenylene diamine dyes 

(TPD_1 and TPD_2) and their performance for solid state dye-sensitized solar cells using blocking 
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and nanoporous TiO2working electrodes. We have synthesized the TPD dyes (TPD_1 and TPD_2), 

with a general structure donorςlinkerςacceptor, DςLςA, where the triphenylene diamine 

moieties act as an electron donor and the cyanoacetic moieties act as the electron acceptor and 

as anchoring groups for attachment on the TiO2. The dyes will be referred to as TPD_1 and 

TPD_2, respectively, according to the conjugation length (see Figure 4ς1). To enhance the 

electron-donor ability of TPD_1, an extra phenylene unit was attached to the middle phenyl ring, 

leading to dye: TPD_2 for solid state dye sensitized solar cell device. Spectroscopic and 

electrochemical properties of TPD_1 and TPD_2 were characterized experimentally. Solid state 

dye sensitized solar cell performances of TPD dyes are also investigated. The penetration 

behavior of HTM into nanoporous TiO2 layer has been determined by scanning electron 

microscopy (SEM) measurements. Both preparation and thickness of the compact TiO2 layer 

were optimized using spray pyrolysis. 

  

 

Figure 4ς1. Molecular structures of TPD dyes. 
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EXPERIMENTAL SECTION 

Materials 

N,bΩ-Diphenyl-1,4-phenylenediamine, tetraphenylbenzidine, sodium-tert-butoxide, triphenyl 

phosphine, Pd(OAc)2, POCl3, cyanoacetic acid and piperidine were purchased from Aldrich. 

Solvents were supplied from Merck and were used without any further purification. 

Synthesis and characterization of triphenylene diamines consisting of anchoring groups 

The synthesis of TPD dyes is conducted in three steps with moderate yields. First reaction is 

Ullmann reaction to form the triphenylene diamine product. Second reaction is Vilsmeier 

reaction to form aldehyde product. Final reaction is Knoevenagel reaction which comprises 

condensation reaction of aldehyde product and cyano-acetic acid. This reaction gives the target 

compound TPDs. Synthetic route of TPD is given below in Figure 4ς2. 

 

  

 

Figure 4ς2. Synthetic route of TPD dyes consisting of anchoring groups, Vilsmeier reaction (a), Knovenagel reaction 
(b). 
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Synthesis and characterization of TPD dyes 

Synthesis method of TPD_1 

1. Step: synthesis of 1,4-Bis(diphenylamino)benzene 

N,bΩ-Diphenyl-1,4-phenylene diamine (0.01 mol, 2.6 g), sodium tert-butoxide (0.013 mol, 1.25), 

triphenyl phosphine (0.4 mmol, 0.1 g), Pd(OAc)2 (0.2 mmol, 0.045 g) and 40 ml toluene are 

placed in a two-necked flask and stirred under argon atmosphere. And then, bromo benzene 

(0.024 mol, 2.6 ml) is added to the reaction. The reaction is refluxed for 24 h. After reaction 

finished, the solutions are waited for cooling to room temperature. It is extracted with ethyl 

acetate and distilled water. Organic phase is taken and filtered. Solvent is evaporated. Crude 

product is purified with column chromatography (chloroform:hexane ratio 3:2). 1,4-

Bis(diphenylaminobenzene), gray crystals, (yield 85%). Molecular structure is analyzed with 1H 

NMR spectrum, 1H NMR (CDCl3): (ppm), 7.25 (8H, m, ArςH), 7.10 (8H, m, ArςH), 6.99 (8H, m, Arς

H). 

2. Step: synthesis of 4-[[4-(diphenylamino)phenyl](phenyl)amino]phenyl benzaldehyde 

POCl3 (1.36 mmol, 0.2 g) is stirred in DMF at 0 °C for 1 h under argon atmosphere. 1,4-

Bis(diphenylamino)benzene (1.14 mmol, 471 mg) is added to reaction mixture and refluxed at 

100 °C. After the reaction finished, solvent is evaporated. Crude product is purified by using 

column chromatography. 4-[[4-(Diphenylamino)phenyl](phenyl)amino]phenyl benzaldehyde, 

yellow crystals, (yield 90%). Molecular structure is analyzed with 1H NMR spectrum. 1H NMR 

(CDCl3): (ppm), 9.79 (1H, s, ςCHO), 7.68 (2H, d, ArςH), 7.36 (2H, t, ArςH), 7.28 (4H, t, ArςH), 7.21 

(3H, m, ArςH), 7.12 (4H, d, ArςH), 7.04 (8H, d, ArςH). 

3. Step: synthesis of (Z)-2-cyano-3-{4-[[4-(diphenylamino) phenyl] (phenyl) amino] phenyl}acrylic 

acid, TPD_1 

To a solution of 4-[[4-(diphenylamino)phenyl](phenyl)amino]phenyl benzaldehyde (0.16 mmol, 

72.3 mg) and cyanoacetic acid (0.32 mmol, 27.95 mg) in a mixture of tetrahydrofuran:methanol 

(1:1) is added catalytic amount of piperidine. Solution is stirred for 2 h at 40 °C. The solvent 

mixture is evaporated under reduced pressure and the resulting material is extracted with 

chloroform and 0.1 M HCl solution, washed with water, and dried over magnesium sulfate. The 

product is purified by column chromatography using silicagel and chloroform:methanol (2:0.5) 

as the eluent (yield 75%). Molecular structure is characterized by using IR, 1H NMR, Mass and 

Elemantal Analysis. IR (KBr): cmҍ1, 3551, 3412, 2214, 1617, 1587, 1503, 1384, 1269, 1192, 833, 

755, 696, 621, 480. 1H NMR (DMSO-d6): (ppm), 7.85 (1H, s, CH ), 7.78 (2H, d, ArςH), 7.40 

(2H, t, ArςH), 7.33 (4H, t, ArςH), 7.18 (3H, m, ArςH), 7.09 (10H, m, ArςH), 6.92 (2H, d, ArςH). 

HRMS (TOF ESI-ύΥ ώaҍIϐҍ = 506.2 (calcd. for C34H25N3O2 (507.2)). Calcd: C 80.45, H 4.96, N 8.28, O 

6.30; found: C 80.43, H 4.93, N 8.28, O 6.30. 
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Synthesis method of TPD_2 

Tetraphenylbenzidine was supplied from Aldrich company, aldehyde product and acrylic acid 

product were synthesized in the following procedure. 

1. Step: synthesis of 4-ώώпΩ-(diphenylamino)biphenyl-4-yl](phenyl)amino]benzaldehyde 

POCl3 (1.36 mmol, 0.2 g) is stirred in a two-necked flask at 0 °C for 1 h in dried DMF under argon 

atmosphere. After additional stirring for 1 h at room temperature, this solution is added to a 

stirred solution of 5 g (0.0097 mol) of N,N -Bis(diphenyl)benzidine in 20 mL of 1,2-

dichloroethane. This reaction mixture is stirred for another hour at 60 °C and allowed to cool to 

room temperature. And then, the mixture is poured into a solution of 10 g sodium acetate in 

100 mL water, and this mixture is extracted three times with chloroform. The combined organic 

layers were washed twice with water and dried over magnesium sulfate. After filtration and 

evaporation of the solvent a yellow solid is obtained. The desired monoformylated product is 

isolated from this crude product by column chromatography using silica gel and solvent as the 

eluent, (yield 90%). 

4-ώώп-(diphenylamino)biphenyl-4-yl](phenyl)amino]benzaldehyde, yellow crystals, Molecular 

structure is analyzed with 1H NMR spectrum. 1H NMR (CDCl3): (ppm), 9.83 (1H, s, ςCHO), 7.71 

(2H, d, ArςH), 7.55 (2H, t, ArςH), 7.48 (2H, t, ArςH), 7.21 (21H, m, ArςH). 

2. Step: synthesis of (Z)-2-(cyanomethyl)-3-{4-ώώпΩ-(diphenylamino)biphenyl-4-

yl](phenyl)amino]phenyl}acrylic acid, TPD_2 

To a solution of 4-ώώп-(diphenylamino)biphenyl-4-yl](phenyl)amino]benzaldehyde (0.16 mmol, 

72.3 mg) and cyanoacetic acid (0.32 mmol, 27.95 mg) in a mixture of tetrahydrofuran:methanol 

(1:1) is added catalytic amount of piperidine. The solution is stirred for 2 h at 40 °C. The solvent 

mixture is evaporated under reduced pressure and the resulting material is extracted with 

chloroform 0.1 M HCl solution washed with water, and dried over magnesium sulfate. The 

product is purified by column chromatography using silicagel and chloroform:methanol (2:0.5) 

as the eluent (yield 75%). Molecular structure is characterized by using IR, 1H NMR, Mass and 

Elemantal Analysis. IR (KBr): cmҍ1, 3551, 3412, 3031, 2214, 1583, 1487, 1392, 1323, 1270, 1178, 

1074, 1028, 1003, 959, 818, 788, 749, 723, 693, 667. 1H NMR (DMSO-d6): (ppm), 7.88 (1H, s, 

CH ), 7.79 (2H, d, ArςH), 7.60 (4H, q, ArςH), 7.36 (6H, m, ArςH), 7.15 (5H, m, ArςH), 7.10 (10H, 

m, ArςH). 

HRMS (TOF ESIҍύΥ ώaҍIϐҍ = 582.3 (calcd. for C40H29N3O2 (583)). Calcd: C 82.31, H 5.01, N 7.20, O 

5.48; found: C 82.33, H 5.00, N 7.23, O 5.48. 
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RESULTS AND DISCUSSION 

Electrochemistry of triphenylene diamines consisting of anchoring groups 

EHOMO and ELUMO values of triphenylene diamines comprising anchoring groups were calculated 

by using cyclic voltammograms. Solutions of TPD dyes were prepared in dichloromethane 

(10ҍ3 M). A three electrode cell set-up employed for the measurements consisted of glassy 

carbon working electrode, Pt wire counter electrode and Ag/AgCl reference electrode, all placed 

in a glass vessel. Tetrabutylamonium hexafluorophosphate (TBAPF6), 0.1 M, was used as 

supporting electrolyte. Ferrocene was used as internal reference electrode. 

Table 4ς1. Solid state dye sensitized solar cell efficiencies for TPD_1 and TPD_2 using nanoporous TiO2 paste and 
Redox potentials of TPD derivatives. 
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Figure 4ς3, Figure 4ς4 and Table 4ς1 summarize the voltammetric behavior of 10ҍ3 M solutions 

of TPDs. TPD derivatives show both reduction and oxidation potential in Figure 4ς3 and Figure 

4ς4. EHOMO and ELUMO levels are calculated from the onset potentials of oxidation and reduction 

and by assuming the energy level of ferrocene/ferrocenium (Fc/Fc+) to be 4.8 eV below the 

vacuum level.26,27  

 

 

Figure 4ς3. Cyclic voltammogram of TPDs in positive region. 
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The oxidation of TPD_1 and TPD_2, respectively, proceeds by two successive one-electron 

oxidations. The addition of the extra phenylene substituent to TPD_1 increases the first 

oxidation potential of the TPD_2 by ca. 0.06 V. The oxidation products for TPDs are stable on the 

voltammetric time scale at least several minutes in the solvents. Reduction processes were 

observable for TPD molecules because of cyanoacetic acid side chain within the solvent window. 

Additional phenylene group to TPD_1 shifts the reduction potential by ca. 0.35 V. Voltammetric 

results show that the extra phenylene group effects the first oxidation potential and reduction 

potential of TPD_1. Phenylene substitution to TPD_1 also greatly effects the EHOMO and ELUMO 

values and EBandGap of TPD_2. TPD_2 has lower band gap than TPD_1 (Table 4ς1). According to 

ELUMO data of TPD_1 and TPD_2, electrons can be injected into the conduction band of 

TiO2 easily. 

Photovoltaic device fabrication and characterization of Solid state dye sensitized solar cells 

The SnO2:F covered glass was cut into 25 × 25 mm pieces. The transparent conducting glasses 

(TCO) covered with adhesive tape to control the thickness of the film and to provide non-coated 

areas for electrical contact and they were etched using Zn powder and 5% HCl acid solution. And 

then, FTO glasses were cleaned by using acetone, 2% Helmanex solution, distilled water and 

ethanol, respectively. After cleaning procedure, blocking layer was covered onto the FTO glasses. 

The films were sintered at 500 °C. TiO2 paste was applied onto the TCO glass covered with 

blocking layer using screen printing technique; thin films of about 2 ˃ Ƴ ƛƴ ǘƘƛŎƪƴŜǎǎŜǎ ǿŜǊŜ 

prepared. Finally, temperature was increased gradually, the films were sintered at 500 °C for 1 h 

and temperature was cooled down to room temperature gradually. The TiO2electrodes were 

then immersed into the 0.5 mM dye solutions of TPDs and kept at room temperature overnight. 

TiO2-coated glasses with TPD dyes adsorbed on were washed with pure solvent. Afterwards, 

organic hole-ǘǊŀƴǎǇƻǊǘƛƴƎ ƳŀǘŜǊƛŀƭ όI¢aύ нΣн тΣт-tetrakis-(N,N-di-p-methoxyphenyl-amine)-фΣф-

pirobifluorene (spiro-OMeTAD) was covered on dye adsorbed TiO2 films by using spin coater. 

40 nm gold was evaporated as top electrodes. 

Figure 4ς5 shows the schematic representation of a solid state dye sensitized solar cell which 

consists of transparent conductive oxide layer, compact TiO2 layer; a dye adsorbed on 

mesoporous nanocrystalline-titanium dioxide acting as n-type semiconductor layer; hole 

transport material and a gold counter electrode. 

 

Figure 4ς4. Cyclic voltammogram of TPDs in negative region. 

 




