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Summary Zusammenfassung

SUMMARY

This thesidocuses orinnovative 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 excellemiectronic propertie®f inorganic semiconductors and therseenient
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 systachsas dye sensitized solar
cellsoffer a good control, whereasomposite blends of semiconductor polymers and inorganic
nanoparticles provide only a limited control on these morphological aspkctee wake of new
developments in moder organic and polyer 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 adanced polymer templates? And, in addition, can the polymer template fulfill all
requirements for charge transpd?t This thesis addresses the afmentioned issues utilizing
state-of-the-art synthesis and characterization methods for the developnaé higHy functional

dyes as well as wetlontrolledpolymersand blockcopolymers

In the first part, BODIPY (4c#fluoro-4-bora-3a,4adiazas-indacene) dyes were investigated
which feature a broad absorption range up to the IR region accompanied by high iextinct
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 bassshsitizers 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 concesnlity statedye sensitized

solar cells is the lack of control@vthe morphologyof the titania network such as network wall
thickness and pore diameteOn basis of polymer brush particles made of a polystyrene core
and a polystyrene sulfonate corona, a novel template assisted preparation of a mesoporgus TiO
electrode was established. The sulfonated corona catalyzes tkstunhydrolysis of Ti©in
anatase configuration at room temperature. In contrast to established methods, our template
permits the individual control of the Tietwork density and pore size. Withariation of the

TiQ, content during the hydrolysis, a fundamental correlation between the, Ti€hsity, the
sensitized interface area and the resulting current generation was discovered. These results
contributeto an improvedknowledgetoward dye sensizedhybrid solar cells.

Building up on the knowledge gained frotine polymer brush templates, novel amphiphilic
semiconducting block copolymers were developed which facilitate theassémbly of hybrid
composites. The semiconductor component is baseaveltknown 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 olugable synthetic protocols to maintain the control over the
L2t @YSNAT A2y d ¢KS O2y{iNRf { SRrardBrZRANE pracésS | RRA
was chosen for polymerization, but the complexity and reactivity of the semiconductor
monomers necesitates 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
2T w! C¢ |yR aOf A0 ¢ -déhifed scafdld poyrder, thdl&emidohckhg | 6 St f
moiety is conveniently introduced using a highly efficient polymer analogous reaction such as
the copper catalyzed azielkyne cycloaddition. The resulting amphiphilic semiconductor block
copolymers form micelles in polar solvents or water. | z4ii the highly charged micelles to
attach oppositely charged CdSe nanorods. The creation of such -doneptor composite
particles circumvents theuse of stabilizing but insulating ligands and further affords the
processing from aqueous solutions. On thgher hand, theseblock copolymer micelles were
assembled on conductive substrates and annealed in saturated DMF vapor leading to
microphase separatioand a vertical alignment of theicrodomains. This was the first time that
such a favorable orientationof microdomains was achieved for semiconductor block
copolymers. Altogether, thesgtudies pave the way fa profound basis for the development of
morphology controlled hybrid devices This is possible sincthe presented amphiphilic
semiconductor blockapolymers combine the crucial requirements adpability ofprocessing

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 semiconductdyrpersor conjugated
polyelectrolytewas developed in order to completely avoid insulating orgdohizks In this
regard, a conjugated polythiophene backbone was combined with the sulfonate groups in the
side chain creating a hydrophilic, coordinative ssanductor 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 regioregiar conformation and welllefined 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 introdugeducleophilic substitution
under optimized conditions. This route basically enables the formation of block copolymers due
to the excellent enegroup control and the living character of the polymerization. Moreover, the
highly regioregular conformation induces an unprecedented aggi@g@henomenon. 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 wadigfirst 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 othe transport, the electrical properties were studied in detail. A
bulk hole transport mobility of 1.80.5x10%cm?/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 pential of these tailoomade materials and the introduced
synthesis route offers the design foirther functionalizedpolymer architectures.

In conclusion, this thesis comprises innovative concepts to improve light harvesting and gain
control over the morpblogy of hybrid devices. The established synthesis protocols enable the
controlled preparation of weltlefined functional amphiphilic polymers and block copolymers.
The achieved results not only allow new approaches for the optimization of hybrid dewvites,
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, drervorragenden elektronischen
Eigenshaftenanorganischer Halbleiter und die einfache Verarbeitung organischer Materialien.
Allerdings stellt die Erschaffung geeigneter Morphologien mit ausreichenden 2dwuzeptor
Grenzflachen und kontinuierlichen Ladungstragerpfaden immer noch eine Hemdeisfng dar.
Bekannte Systeme, wie farbstoffsensibilisierte Solarzekbemoglichen bereits eine gute
Kontrolle, wahrend gemischte Komposite aus Halbleiterpolymeraimd anorganischen
Nanopartikeln nur bedingkontrolle tiber die Morphologibieten. In Folg@ neuer Btwicklungen

in der organischen Synthesamd der Polymeisationgnethoden ertffnen sich interessante
FragestellungenSind organische Farbstoffe in der Lage die Absorption von Hybridsolarzellen
Uber einen breiten Spektralbereich zu verbessern? nKalie Struktur der anorganischen
Halbleiter mit Hilfe fortschrittlicher Polymertemplate eingestellt werden? Koénnen diese
Template zudem alle Kriterien fiir den Ladungstransport erfilllen? Diese Fragestellungen werden
in der Arbeit aufgegriffen und mit Hillmodernster Syntheseund Charakterisierungsmethoden

zur Entwicklung spezialisierter Farbstoffe umdhl definierterPolymerebzw. Blockcopolymere
bearbeitet.

Im ersten Teil werden neuartige BODIPafbstoffe (4,4ifluoro-4-bora-3a,4adiazas-indacen)
untersucht, die sich durch ein breites Absorptionsspektrum bis in ddBetBich und hohen
Extinktionskoeffizienten auszeichnen. Eingesetzt in farbstoffsensibilisierten Feststoffsolarzellen,
konnte durch Variation der Ankergruppenposition ein eindeutiger Zusanhang zwischen der
elektronischen Kopplung und der Elektroneninjektionseffizienz ermittelt werden. Alternativ
wurden Triphenylaminderivateals Farbstoffe untersucht, die geeignete Redoxpotentiale und
eine ausgezeichnete Stabilitat aufweisdies geheber auf Kosten der breiten Absorption. Ein
weiteres Problem farbstoffsensibilisiertdfeststoffelarzellen ist die limitierte Morphologie
kontrolle beztigliche der TiENetzwerkwandstarke undes Porendurchmesser8usgehend von
Polymerburstenpartikeln au$olystyrol (Kern) und Polystyrolsulfonat (Korona) wurde eine
neuartige templatgesteuerte Herstellung von porosen JE@ktroden etabliert. Die
Sulfonatgruppen der Korona katalysieren eine direkte Hydrolyse voam imi@er Anatas
Konfiguration bei Raumtengpatur. Im Gegensatz zu den etablierten Verfahren erméglicht das
vorgestellte Templatverfahren eine individuelle Kontrolle der ,N@tzwerkdichte und
Porengrof3e. Durch Variation des Fhteils wahrend der Hydrolyse konnte ein grundsatzlicher
Zusammenhag zwischen der TiDichte, der nutzbaren Grenzflache und der resultierenden
Stromdichte ermittelt weden. Diese Ergebnisse tragen einem generellenVerstandnisvon
farbstoffsensibilisierterHybridsolarzelleiei.

Aufbauend auf den Eenntnissen,die mit den Polymerbiirstengewonnen wurden, sind
neuartige amphiphile Halbleiterblockcopolymere entwicketirden, die ein SelAssembly der
Hybridlomposite  ermdglichen. Die Halbleiterkomponente basiert auf bekannten
Triphenylaminderivaten, wahrend der hydrophilBlock aus Polystyrolsulfonat mit seinen
einzigartigen Koordinatioas und Katalyseeigenschaften besteht. Eine entscheidende
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Voraussetzung fir die Herstellung solcher Materialien ist die Erforschung geeigneter
Syntheseverfahren zur Kontrolle der Polymeiimat Als geeignete Methode wurde die
kontrollierte RAFPolymerisation AR R A (Fladgingritation Chain-Transfer) untersucht. Jedoch
erfordert die Komplexitat und Reaktivitat der Halbleitermonomere eine sorgfaltige Optimierung
der Reaktionsbedingungen. Um meRlexibilitat zu gewahrleisten, wurde das Verfahren mit

Il At FS SAYSNI Y2Y0AYLl (i Xhefie erdeitert. wAufiiatiend dayifReineenY £ A O &
definierten Gerustpolymer wird hierbei die Halbleiterkomponente mittels hocheffizienter
polymeranaloger Reaktionenyie der kupferkatalysierten AlkiAzid Cycloaddition, eingefihrt.

Die in beiden Verfahren erhaltenen amphiphilen Halbleiterblockcopolymere bilden Mizellen
sowohl in polaren Lésungsmitteln als auch in Wasser Biese hochgeladenen Mizellen
ermdglichten em Anlagernvon gegensatzlich geladeneCdSeNanostdbchen. Die Erschaffung
solcher DonotAkzepor-Kompositpartikel umgeht den Einsatz vetabilisierenden Liganden, die
isolierend wirken, und gestattet eine Verarbeitung aus wassrigen Dispersionen. Zunerander
wurden diese Mizellen auf leitfAhigen Substraten aufgebracht und mit geitti@iMFDampf
behandelt, was dieAusbildung einer Mikrophasenseparatiomd einer vertikalen Ausrichtung

der Mikrodoméanen zur Folge hatte. Solch eine vorteilhafte OrientierdagMikrodomanenist

fur Halbleiterpolymere in dieser Arbeit zum ersten Mgizeigt Zusammen genommebhieten

diese Ergebnisse eine gute Grundlagi@& die Entwicklung Morphologie kontrollierter
Hybridsolarzellen. Dies ist  mdglich, da  die Dbeschriebenen amgpphilen
Halbleiterblockcopolymere sowohl die Grundvoraussetzung zur Verarbeitung aus
umweltfreundlichen L&sungsmitteln mitbringen als auch die Einbindung von anorganischen
Nanopartikeln und die Anordnung der Doméanen ermdglichen.

Im letzten Teil dieser Arlite entwickelten wir ein Konzept fur der amphiphilen
Halbleiterpolymerebzw konjugierter Polyelektrolyteum auf isolierende organischBlocke
vollstdndig verzichten zu konnen. In diesem Zusammenhang wurde ein konjugiertes
Polythiophenriickgrat mit den betsi erwahnten Sulfonatgruppen versehen, mit dem Ziel einen
hydrophilen, koordinativen Halbleiterpolyelektrolyten zu erschaffen. Obwohl bereits &hnliche
Materialien in der Literatur bekannt sind, bietet der vorgestellte Ansatz eine deutlich erweiterte
Kontrdle der Polymersynthese, was die Einstellung des Molekulargewichts, eine enge
Polymerverteilung, eine regioregulare Konformation und definierte Endgruppen ermoglicht.
Ausgehend von der KumadRolymerisation (KCTP, Kuma@atalyst Transfer Polymerization)
eines polymeren Ubergangsprodukts mit bromierten Seitenketten konnten mittels nucleophiler
Substitution unter optimierten Bedingungen quantitativ Sulfonatgruppen eingefiihrt werden.
Grundsatzlich erlaubt diese Vorgehensweise die SyntheseBlamkcopolymeren aufgrund der
hervorragenden Endgruppenkontrolle und des lebenden Charakters der Polymerisation. Darliber
hinaus induziert die regioreguldre Konformation ein fur ahnliche konjugierte Polyelektrolyte
unerwartetes Aggregationsverhalten. Auf d&a der optischen Eigenschaften der Materialien
konnte ein eindeutiger Zusammenhang zwischen Molekulargewicht und Aggregation in
wassrigen Losungen ermittelt werden. Wahrend kurze Ketten immer gut gel6st sind, fuhrt die
Erhbhung des Molekulargewichts zuh8t zu einem konzentrationsabhangigen
Aggregationsverhalten und schlieRlich fir lange Polymere zu einer permanenten Aggregation.
Dieses unerwartete Verhalten wirft die Frage auf, ob auch der Ladungstransport beeintrachtigt
wird. Um einen mdglichen Effektukzuklaren, wurden die elektrischen Eigenschaften des
Polymers im Detail untersucht. Hierlegab sickeine Lochtransportmobilitat von 180.5x 10
2cnr/Vs, was als einer der hdchsten bisher veréffentlichten Werte fiir Bulkmessungen gilt. Im
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Gegensatz w anderen konjugierten Polyelektrolyten kann aus der Impedanzspektroskopie auf
einen rein elektrischen Transportmechanismus ohne lonenbewegung geschlossen werden. Die
gezeigten Ergebnisse unterstreichen das Potential solch definierter Materialien und der
vorgestellte Syntheseweg difet die Entwicklung weiterer funktionellétolymerarchitekturen.
Zusammenfassend beinhaltet diese Dissertation innovative Ansatze sowohl die Lichtabsorption
und Umwandlung zu verbessern, als auch eine Morphologiekontrolle bridagllen zu
erlangen. Die erarbeiteten Syntheseverfahren erlauben zudem die kontrollierte Herstellung
definierter und funktioneller amphiphiler Polymere und Blockcopolymere. Die erzielten
Ergebnisse er6ffnen nicht nur neue Optimierungsansatze fur Hytaidellen, sondern bilden
aufgrund der Mdglichkeit die Morphologie systematisch einstellen zu kénnen die Grundlage fur
umfassendere Analysen der physikalischen Prozesse in solchen Systemen.
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1. INTRODUCTION

1.1 SEMICONDUCTING POIER®

BACKGROUND

Thedevelopment 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 Shirakaavith Introduction of permanent chaes into the

O 2 y 2 dz3$ysteéRoy doping the material, they were able to convert the semiconductor
polyacetylene into a conductor, wherein electrons were delocalized among thieybpidized
carbon of the polymer chain. In the ensuing years countlesgtstral variations of conducting

and semiconducting polymers were reported based on conjugated backbones or at least
S E (i S y-ByStéins* In contrast to inorganic semiconductor materials such as silicon, organic
semiconductors possess the advantage ofusoh processability and improved mechanical
flexibility and toughnes3And in fact, these materials already silently influenced our daily life as
they are applied in anstatic coating$,corrosion protectior, electrodes for batterie§ chemical
sensos’ and, more recently, in organic light emitting diodes (OLED) for digpbeytgghting’
Furthermore, actual research promises this material to have a great impact on flexible organic
field effect transistors (OFET) and displdysuperconductive mateais® and printable
photovoltaic devicesHigurelc1).'?

Figurelcl. Flexible OLED display based on orgahia-film transistors (left) and tent covered with flexible plastic
solar cells (right). Both are prototypes highlighting the future potential of organic electronic materia
Sourcewww.sony.net and www.konarka.com (22.11.2012).

Reconsidering thaistory of conjugated polymers some reports can already be found in the late
19" and early 28 century comprising the electropolymerization of polyaniline and the reaction
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of thiophene with strong acidS:** In that y .

time the structure was rather consided to *H‘Q’N@*Nﬁ@*"‘@“h};
be similar to other low molecular weight
dyes than a macromolecufg |t took almost
one century to resolve the real structut&!’ o 8k o N 4
However, these findings led to the W" W” !
investigation of various new materials or  polythiophene  polypyrrole  polyacetylene
conjugated polymers, such as polyarelin Figure 1¢2. Structures of polyaniline, polythiophene,
polythiophenet’ polypyrrolel® and  polypyrrole and polyacetylene, which were among the
polyacetylene Figure1c2). At this point the first conjugated polymers.

exceptional potential of these materials was

recognized and gained increased attien in the scientific community.

polyaniline

SOLUBLE SEMICONDUGITROLYMERS ANBIEIR APPLICATIONS

The development of sidehain functionalized polymers, such as polyvinyl carbazole, introduced
the first processable semiconductor polymers, which were soluble in common organic sdfvents.
In contrast to polymers with conjugated mainashs, the flexibility of the polymer backbone
reduces the aggregation of the conjugated groups, but the conductivity of the firstchiaia
functionalized macromolecules remained unsatisfying. Nevertheless, the research during the last
decades let to vaous 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 accefftaBsit further
semiconducting moieties such as fullerenes were also grafted to various polymer backbones.

A milestone in the research on conductive polymers was achieved with the develomhent
soluble conjugated polymers. While the first conjugated polymers were hardly soluble due to
GKSANI NAIAR ol Ol AAVISNEFYORARYBREY HIKAE yS¢g 3ISYSNI G
from solution and paved the way for realization of printable elesics® Prominent examples

are poly(pargphenylene vinylene) derivativés, substituted polyfluorened and poly(3
alkylthiophenes), including poly{sexylthiophene) (P3HTFigure 1¢3).°> The introduction of
aliphatic sidechains medted the solubility in common solvents and turned this materials into
the most studied semiconducting polymers in research.

O-R
R R
R *
3y ot WO
S R-0O .
poly(3-alkylthiophene) poly(2,5-dialkoxy-p- poly(9,9-dialkyl fluorene)

phenylene vinylene)

Figurelc3. Selected examples of soluble conjugated polymers, which are most comynstudied
in literature. The side chains (R) usually comprise linear or branched alkylchains of various leng

Considering the last decade of research in this field, a new generation of semiconducting
polymers emerged, which feature improved chargerier mobility and broaden the absorption
from the visible up to the near infrared regié%° These lowband gap polymers are of
particular interest for photovoltaic application, since they are able to harvest a wide spectral
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range of the incident sumght. Currently published reports highlight the potential of these
materials as 8% power conversion efficiency (PCE) were reached in blends with PCBM (phenyl
C6Lbutyric acid methyl ester) as electron acceptbrRecently, the Mitsubishi Chemical
Corporation even announced a polymer based device with more than 10% effictency.
Nevertheless, these results were achieved in laboratory scale with systematically optimized
preparation procedures and measured under inert conditions, oxygen and water free
atmosphere. But the transfer of highly efficient systems to printed lsagss modules and
systems, which are stable under ambient conditions, is still a challenging issue for re$earch.
Therefore materials research and novel concepts have to be further ajgael featuring
prospective stability, steady morphologies and lowst processability from solution.

CONJUGATED POLYEREXWTES

The introduction of aliphatic sidehains to conjugated polymers was clearly a turning point in
the history of organic electracs 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
COO K* so.- evidences the best methods to
create water soluble polymers,
§ introducing  highly polar or
o] charged groups as they appear in
DNA, polysaccharides or many
proteins® In  consequence
polyelectrolytes have been an
P3P6T PPS-PPV PAPFPB important mater of science for
Figure 1¢4. Prominent examples of conjugated polyelectrolyte: almost a century and are still an
including polythiophene, polyg-phenylene vinylene) and polyfluorene — attractive and extensively
derivatives. The utilized ionic groups vary from anionic sulfonate ar discussed field of researét®” So

carboxylic groups to cationic quaternary ammonium groups. P3P¢ )
poly[3-(potassium6-hexanoate)thiophene®® MPSPPV:  sodium it iS no wonder that conjugated

pon(5—methoxy—2-(3—sgIfopropoxy}l,4rphenyle_nvinylen)‘,11 PAPFPB: polyelectrolytes  (CPE)  were
poly((9,90 A &(@,&-dimethyl)-N-ethylammonium)}propyl)-2,7-
fluorene)-alt-1,4-phenylene) dibromide®? demonstrated soon after the
introduction of polymers soluble
in organic solverst®® In the adjacent years numerous varieties of CPEs have been reported
(Figurelc4).*
The most important applications for CPEs emerged in biology or medicine, where they turned
out to be particularly useful as sensor materiastuators or more recently as soft electronic
material for biecommunicatior’**® Therefore the photophysical properties of several
compounds have been studied in detail, including aggregation phenomena and influence of
counter ions!*>* Keeping the sohility and processability from cheap polar solvents such as
water or alcohols in mind, semiconducting polyelectrolytes should furthermore enable a highly
costeffective production of photovoltaic devices. Early attempts using CPEs were started 1996
using bL coating which is a method unique for polyelectroly¥&S.Work on simple bilayer
devices using the polythiophene derivative sodium polig2hienyl}ethoxy-4-butylsulfonate]
(PTEBS:Npand vapour deposited Fullerene demonstrated the potential oféhenaterials as
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PCEs of 0.43% were obtainr@ddowever, the best devices using CPEs only reached efficiencies
of 0.8% in hybrid composites, which is not competitive with systems based on organic
solvents®”®
This fact is generally attributed to the low transport mobility of conjugated polyelectrolytes,
which isassumed to be caused by the impeded stacking of the backbone due to the steric
hindrance of the bulky ionic group&® Moreover, the presence of charged groups and their
counter ions complicates the physical processes involved and makes a clear undiaegstan
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 Friengét al. that reveal an
efficient screening of the external field by mahile Bh cantalning

. . . o semiconductor
reorganization of ions in a blend of PEO with lithium
triflate and polyp-phenylenevinylene) (PPV. In
conseguence a strong energy band bending occurs
at the interfaces to the electrodes. As a result, the I
electric fidd within the bulk becomes negligible and | | zeto field ih builk ]/

large electric field
- near interface

CcB

thus the charge transport comes to be solely
diffusion limited Figure 1¢5). Comparable
conclusions were drawn by Bazam al. for CPEs
used as electron transport layers in LEDs.
However, the confirmation of this effect in the _yhode —
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 reduct
the barrier impedance of electronic devic®s®
While the physical processes are basically
understood, only few facts are known of structure
property relatonship, e.g. the influence of the
attached charged group or the counter ion on the
electron transport propertie§?®® The influence of pure semiconductor
chain conformation, degree of polymerization,
molecular weight distribution and the related
aspects of chain aggregatioand crystallization is Figure 1c5. Schematic band diagrams of :
not considered yet in literature. This lack ofSemiconductor including mobile ions under ar

. . . applied bias V (top). The ion accumulation a
knowledge is more or less based on the limitedne electrodes effectively screens the electrit
control on the synthesis of polyelectrolytes, whichfield and leads to very thin, but steep barrier
are usually prepareglia polycondensation reactions layers at the interface Thus charges do not fee

any field within the bulk material. For

or uncontrolled oxidative couplg reactions. In comparison a typical band diagram of a pur
consequence new synthesis routes have to bé&emiconductoris shown, too (bottom).
developed to elucidate a comprehensive structpr@perty relationship. Furthermore
controlled polymerization techniques may open new avenues for promising polymer
architectures and applications.

VB

100 nm

10
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1.2 SYNTHESIS OF WBHEINED FUNCTIONALFMERS

REVERSIBLE ADDITHORAGMENTATION CHAIRANSFEfRAFTPOLYMERIZATION

Classical methods to prepare wdkfined polymers from vinytlype monomers are living ionic
polymerizations. The excellent control enables extreme narrow polydispersities of less than 1.05
and the construction of complex polymer architectufés\evertheless, its use for functional
macromolecules such as conductive pogymis 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 atoansfer radicafpolymerization,
nitroxide mediated radial polymerization (NMR) or reversible additifsagmentation chain
transfer polymerization (RAF®)° They allow the synthesis of sig@ain 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 staté' While for ATRP the reaction of copper complexes with activated
halides is utilized, NMRP takes advantage of nitroxides reversibly gesimg 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
Figurelg6, while a more detailed description of this mechanism is given in reviews of the first
investigators Moad, Rizzardo and Thahg.

Initiation:

Initiator - | - P,

Reversible chain transfer:

Pn. + SYS_R Kadd Pn_SYS_R kf’ Pn_s\(s + R

QA) kp z K add z KB z

CTA

Reinitiation:

M mx M

R —m> R-M" —> P,

Chain equilibrium:

P+ S _S-P, kg Pm-SS-Pr Kegg Pm-S.__S + p_
" Y =" " Y ”
w ke 2 K.add z K.add z w Kp

Termintation:

P,,; + P,,‘ — dead polymer
Ky

Figurelc6. Generalmechanism of the RAFT polymerization. The chain transfer agents (CTA) are dithioes
with a stabilizingZ group and a leaving grouk For a controlled polymerization the transfer rate constants
Kada @nd K.aqq @s well ask; and k; must be fast in comparison to the propagation rate constaky (for
reinitiation: k;). M: monomer,P,: polymer with chain Iengtm.73
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In the RAFT process a specially designed dithioester reacts with the active radical releasing a
new active chain end. Akis 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 festidsrof 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 growiaglg, 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 decompositi6rs a result, usually a thiol esgoup 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 mlymerization. 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, rangingoingrolar

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.

KUMADA CATALYST TRAER POLYMERIZANI

Considering organic semiconductors, synthesis methods for -ofaim conjugated polymers
have to be mentioned, besides radical polymerization techniques which are limited tetypeyl
monomers. Early conjugated polymers were prepared by ionic or rguuymerization
processes which are limited to a few monomers. Nowadays, the vast majority of these polymers
are synthesizedvia well-established catalytic crosoupling reactions including Suzyki
Sonogashira Negishi or Stillecoupling’”>”® 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 cdyat-transfer polymerization (KCTP) ofh8xylthiophene
(Figure 1¢7)%# The actual active monomer is the Grignard complexrd@no-5-
chloromagnesiunB-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 coordindion of the nickel catalyst at the chain end after reductive elimination. The detailed
mechanism was evaluated by Yokozastaal. and McCullougtet al.?® In the ensuing years,

the optimization of reaction conditions led to an excellent control of polydispersity, chain
conformation and endd NR dzLJAa F2NJ LRt eolf 18t iKA2LKSYySau |yR
the polymerizatior?*®® Subsequently, also ber monomers were found to be suitable for the
KCTP including substituted phenylenes, pyrroles, carbazoles and fludtéhEkese exceptional
characteristics further enabled the synthesis of various -gefined block copolymers, which
were either conjgated and prepared fullyia KCTP or they were linked at the controlled end
group??® These results on new polymer architectures comprising conjugated polymers promise
new pathways towards functional materials suitable for batteries, sensors and

photovokaics?*%°
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Figure1¢7. Mechanism of the Kumada catalystansfer polymerization (KCTP) of P3HT according to the route
McCullough®*

FUNCTIONAL POLYMERSBLICK CHEMISTRY

hGKSNJ @SNERFGAETS (22fta TFT2N) G§KS RS amkastpns.ZThis Fdzy O
term, originally defined by Sharplessal, comprisegeactions of high selectivity and excellent

yield at mild conditiond®® The most prominent example is the aziadyne Huisgen
cycloaddition, yielding a 1:#iazolevia copper(l) catalyzed 1;8ipolar cycloadditionKigurelc

8)1%1 ONMzOALFt | ROFyGF3aSsS 27F aOf-aldretycloaBditiahisxhaty & | y F
they commit no side reactions and tolerate many other functional groups. Furthermore, these
reactions enable quantitative yields turning them into ideal proess®r polymer analogous
reactions. Recently, Langet al.
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chemistry for preparation of L R
semiconducting polymers by the synthesis R [Culd

of a welldefined macromolecules H/ \:’ 4
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derivatives attachd to a propargybxy- R>=<CuL

styrene backboné® The versatility of this ) NEL N
approach makes it applicable for any \

semiconductor moiety with a terminal Cohe Vel NN R

azide group. Future research will certainly RJ\\C;C'uLX — R—= ClluLx

yield in interesting and exciting new

polymer architectures and materil Figure 1¢8. Proposed mechanism of the aziddkyne

Huisgen cycloadditior™*
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1.3 HYBRID PHOTOVOLTBEVICES

BASIC DEVICE PRINERL

The first organic devices based on single layers of organic semiconductors, which were made
analogous to welknown silicon devices. Brought into contact with electrodes ekhipi
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 ofatens 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 0.1leM, Ivhich is a
result of the comparably lowidlectric constants of organi¢8'%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 lowd f4)**" %

A remarkable improvement was observed in bilayer devices of donor and acceptor materials
(Figurelc9). Tanget al.soon reported efficiencies of up to 1% using copper phthalocyanine and
a perylene tetracarboxylic derivatiV& In this device charge separation occurs at the interface

of the two materials and the driving foecwas 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 tdhe weak builtin 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 apd@45nm.
However, the extinction coefficients of the materials necessitate layer thicknesses in the order
of 100-200nm for sufficient light absorption. In consequence, both short distances to the
interface and sufficient thick layers need to be preghsimultaneously.

--2
e
3 LUMO
LUMO
--4
HOMO
T° HOMO
Transparent conductive substrate Eev) Y Donor Acceptor

Figure1¢9. Scheme of a bilayer device (left) comprising an electron donotyfpe) and acceptor (Hype)
and a representative energy diagram (right) visualizing the process of charge generation and separatio
the donor/acceptor interface; HOMO: highest occupied molecular orbital, LUMO: lowest unoccupi¢
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
110,111

the blending of both donorrad acceptor materials in the active lay&iqurelcl10).

Transparent conductive substrate Transparent conductive substrate

Figure1¢10. Schematic representation of an organic (left) and a hybrid (right) bulk heterojunction devis
consisting of a blend oflonor (blue) and acceptor (red) materials.

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 sudevices led to the highest efficiencies so far reported for organic
photovoltaic devices. P3HT combined with the fullerene derivative ICBA (if@gbsadduct),

for example, reached power conversion efficiencies of up to 6.5% and, as already mentioned,
novel lowband gap polymers exceed 13%?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 efficienci€$. This report substantiate # 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 morphologg mainly accomplished by extensive optimization of
composition and annealing conditions as well as using processing addfitiVes.

While the majority of organic semiconducting materials are electron donors, only a few organic
semiconductors exhibit reasable electron mobilities and stabilite.@. fullerene, naphthalene
diimides or perylene diimidesj>*’ A promising alternative is the use of inorganic
semiconductors, which are weéthown for their ntype character and their excellent
performance eva under ambient condition§® Early hybrid blend devices were reported in
2003 by Alivisatost al.achieving a PCE of 1.7% by a combination of P3HT and CdSe naHorods.
Further improvements were attained using CdSe tetrapods or dendritic inorganic
nanoaystals'®**?* Replacing P3HT with a novel kband gap polymer poly[2;64,4-bis(2-
ethylhexyl}4H-cyclopenta[2,1b;3,4b 6 R A (i K-&l24|3R 3 FHenrothiadiazole)] (PCPDTBT)
led to PCEs of more than 385 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 devic€$Photoluminescence quenching studies
reveakd that not all absorbed photons generate charges, which is crucial for efficient d&/ices.
Due to dipoledipole interactions inorganic nanoparticles tend to aggregate causing the
formation large domain sizes and reduction of the interface surface fargehseparation.
Commonly inorganic nanoparticles are stabilized by organic ligdntewever, bulky ligands,
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comprising long alkyl chains, negatively affect the charge separation at the -dooeptor
interface as well as the interparticle charge traogp?®'?” One way to circumvent these
isolating properties is the use of functionalized active polymers as ligands. Recent studies
revealed that, this way, stable and weibpersed composites can be established with up to
30vol% inorganic nanoparticlé&® Using amino endjroup modified P3HT for a better dispersion

of CdSe nanoparticles the beneficial influence of the modification on the device properties was
demonstrated:®® Recently, the controlled alignment of P3HT and CdS nanoparticles led to an
efficiency of more than 4% and prove the importance of a-gefined morphology*° Another
alternative is the irsitu synthesis of inorganic semiconductors from soluble precursors. This
way, Jansseat al.created bicontinuous structures of P3HT and Zn@gudiethyl zinc as soluble
precursor'®® Furthermore various metal sulfites are accessila fragmentation of metal
xanthates at elevated temperature$* Blends of CdS and P3HT obtaingd the described
precursor route resulted in PCEs of more than&® using a combination of CulnS and a-low
band gap polymer efficiencies could be improved furtiéf>*Nevertheless, the control on the
resulting morphology and optimized light harvesting remain critical issues in these structures.

SOLID STATE DYE SENZED SOLAR CELLS

A wellknown 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 contextdye sensitized solar cells (DSC), where
sensitizers are attached to the inorganic semiconductor to harvest the sunlight. Liquid dye
sensitized solar cells (Gratzel cells) comprise a solution based redox sleugfld/Is in
acetonitrile, as hole transpt material and PCEs of more than 12% were achié¥ed

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 depidteglinelcll.

compact porous
TiO, TiO,

TCO

dye
coating

counter- hole
electrode conductor ¥
<« <+— &

Figurelgll Schematic representation of the preparation steps for the fabrication of sadtdte dye sensitized solar
cells: First thetransparent conducting oxide (TCO) is covert with a compact layer of,. T@ top a porous layer of
TiO, is applied, which is subsequently coated with a monolayer of dye. Finally the hole conductor is filled into
pores and the gold counter electrode isscuum deposited.
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These devices consist of several layers, which are subsequently applied. Ceniretrates are
glass with a thin layer of a transparent conductive oxide (TCO) such as fldoped tin oxide
(FTO). On top a compact blocking layer

of the inorganic semiconductor,

usually TiQ is applied to inhibit the CB }@ LUMO

recombination of the separated 3~ <+ o T——

charges at the interface of the TCO and i N‘

the finally infiltrated hole conductor. @\ 1 2 ~ % o
To generate a large interface area, a Q — [-‘

g ——

porous layer of TiQs prepared, which § HOMO
mainly is based on printable pastes of F

. . . o
crystalline nanoparticles and binders. =
This porous layer is ubsequently vB
sensitized with a dye to absorb the ﬁ
incident light. Examples of applied Se%?ggizr::gtor dye hole conductor

dyes are described later in this (n-type) (p-type)

chapter. To transport the positive . o
Figure 1¢12. Scheme of the physical processes occurring in

charges from the interface to the ggjigstate dye sensitized solar cell: light is absorbed by the dy
cathode, an organic semiconductor is and an electron is excited to the LUMO of the dy#). This

. e . electron is injected to the conduction band (CB) of the
finally infiltrated into the poras layer. inorganic semiconductor (2) and finally transferred to the

Top electrodes are usually fabricated anode (3). On the other side the positive charge (hole) in th:

by vacuum deposition of noble metals HOMO of the dye is regenerated by the hole conductor (4). Th
hole is transported to the cathode (5). Critical processes are th

such as gold or silver. The main recombination of separated charges at the interface oftype
physical processes, which occur in the material and dye (6) or hole conductor (7).

SDSC are summarizedHigurelgl?2.

The concept of solidtate DSCs was initially shovy the group of Haarer, who applied
amorphous triphenyldiamine (TPD) derivatives as hole transport matétial. significant
improvement was achieved by Baehal. using the TPD based hole conductor 2,2";feakis
(N,N-di-p-methoxyphenylamine®,9-spirobifluorene  (spirefOMeTAD) Kigure 1¢13) and
incorporating dopants and additivé¥’ The introduction and optimization of a compact blocking
layer between the conactive substrate and the mesoporous Ti@urther reduced the
recombination considerably and the efficiency was pushed to more thati2%.

A critical part of the SDCS is certainly the
interface between Frype and ptype
semiconductor and the monomoleculatye

layer which lacks the problem of exciton

s 0o lorr it ek
© O.O © diffusion. At this boundary, the most
. important physical processes occur, which
MGOON Q O NOOMG includes the light absorption and the charge

separation, but also recombination processes.
In consequence, the key for efficient SCs is

OMe OMe

OMe OMe the development of weltlesigned dyes, which
Figure 1¢13. Scheme of the hole conductor 2,2",7;7 are_ beneﬂc_'al for Charge gener‘_atlon' First
tetrakis-(N,N-di-p-methoxyphenylamine)9,9~- devices mainly comprised ruthenium metal
spirobifluorene (spireOMeTAD). organic sensitizers, among which the most
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d0dzZRASR Re&Sa -bipyilymsdai@tioxylic acth@S] eo@plexes with variable
degrees of protonationKigure1c14).***!*° These complexes are still considered as promising
sensitizers for DSCs due to their reasonalibity and several modified derivatives were
reported!** Very recently, a complete new generation of hybrid devices were reported
exhibiting very high PCE¥. They involve the use of perovskites such as Gs6nl
CHNHPbL.******In combination withspirooOMeTAD these devices reached PCEs of more than
12%*° 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 thiig T8¢

14).*® The current research focuses on the development of organic dyes witteased
absorption capabilities in the red and near IR spectrum. Examples for this class are BOBIPY (4,4
difluoro-4-bora-3a,4adiazas-indacene) based dye&igure1¢i4).*’ However, numerous other
structures were examined in DSCs and SDSCs, which are summarized in comprehensive

reviews48149

COOH
]
HOOC AN S
N | N =
>RU\ OCGH13
w15k <ol -
Z
COOH i @ @
N3 Y123 BODIPY

Figure 1¢14. Examples for dyes used in SDSCs: a matghnic ruthenium complex (N:-’;)l,37 an organic,
triphenylamine based sensitizer (Y125}'a BODIPY dy&"

Keeping the good holansport mobility and broad absorption of conjugated polymers in mind,
even higher efficiencies are imaginable using these polymers instead of-Qlgied AD.
However, a serious challenge is certainly a sufficient filling of the porous layer using palymers
While small molecules still diffuse into the mesoporous layer even during the drying process,
large macromolecules remain on the surfateTherefore alternative structures have to be
developed to facilitate a better infiltration with polymeric ho®nductors. One approach is
based on Ti@nanotubes with inner diameters of #n, which significantly improve the fill
fraction’®* Similar improvements were obtained for ZnO nanorods grown on a conductive
substrate and covered with P3HF.An innovativemethod towards densely filled pores is the
infiltration of the mesoporous structure with liquid monomer precursors and their subsequent
electropolymerization to generate a conjugated polymesitu. Following this approach Lat

al. fabricated solid st devices with more than 6% PEEThese promising results emphasize
the development of tailomade structures to integrate semiconductor polymers into hybrid
composites for solar cells.
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1.4 STRUCTURE DIRECTIRMPLATES

BLOCK COP®MER MICROSTRUCTURES

The longterm control over the donoacceptor 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 guaemt@ 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 defimagcrostructures in length scales
ranging from micrometers down to nanometers, which are commonly considered adotop

and bottomup approaches>® Besides welknown topdown lithographic methods, the self
assembly of block copolymers is a subtle bottom process, which provides tailarade
structures in the range of few nanometers, ideal for charge separatfoBlock copolymers
inherently form microphase separated domains on lengthscales of nanometers, if the individual
blocks are not miscibl&’ Gererally 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 intermixiig. Based on the theory of Flory and Huggins thus
the miscibility of polymers relies on the interaction parametand the lengths of the polymers
given by the polymerization indelX.****®° By covalent attachment of two or more immiscible
segments, the individual polymers are confined to the interface treir 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 lengtRigure1c15).***%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 walapted to the exciton diffusion length improving the
charge sepation efficiency in photovoltaic devices. Additionally, the microphase separated
domains guarantee charge percolation pathways.

100 L B - cylinders (H)
[ ‘ gyroid (Q")
80 F ] spheres (Q*)
C 2 ' lamellae (L)
60 .
xN F i
40 7]
20 .
£ DIS i
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Figure 1¢15. Typical phase diagram (left) and schemes of the most impattmorphologies (right) of a diblock
copolymer, the grey arrow in the left diagram indicates the morphology transitions through the structures shou
on the right side; f: volume fraction of one block,.: FloryHuggins interaction parameterN: degree of
polymerization, L: lamellae, H: hexagonally packed cyIinders?%?doublegyroid phase, (2;)29: body-centered
spheres, CPS: closgrhcked spheres, DIS: disordered phase. (adapted from ref. 162)
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SACRIFICIAL ORGANEMPLATES

A common application of block copolymers is their use as structure directing agent for
preparation of inorganic scaffold$® 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 ireotaimpastes

for the preparation of the mesoporous Ti@yer for SDCSs.

Considering hybrid photovoltaic devices various attempts have been undertaken to create well
defined porous scaffolds of inorganic semiconductors, which can be infiltrated withgamio

hole conductor® The most prominent example of sacrificial templated nanostructures is the
solgel preparation of mesoporous metal oxides using microemulsions of amphiphilic block
copolymers:®® In most cases block copolymers of poly(propylen@@x{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 metdtadides €.9. TEOT: tetraethyl orthotitanate). The process

of the formation of the porous morphology was wetlidied by Soletllia and ceworkers %’

A simplified scheme is shownkigurelg16.

mesoscopic pores

emulsifier micelles lyotropic micelle crystals

template
drying removal
— —
hydrolysis
TiO, precursor solution hydrolyzed TiO, crystalline TiO,

Figure1¢16. Scheme of the templated sajel process to form mesoporous TiOCommercial emulsifiers, such as
PEGDb-PPO, form micellar stretures in solution, which condense to lyotropic crystals during the drying proces
Simultaneously, the Ti@precursors are hydrolysed to form the inorganic framework. Finally the template |
removed to reveal the mesoporous T

In general, theblock copolymers assemble into wdkfined 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 framewoekg( TiQ, sol). Theshape is
defined by the micelle structure (spherical, cylindrical, lamelde,). To obtain weldefined
porous structures, an exactly adjusted balance between hydrolysis, micelle formation and
crystallization has to be established. A different approealies on ordered thin films of block
copolymers, where one block can be selectively removed to give the tempfakee resulting
cavities were filled with the inorganic semiconductor. Finally, the template is removed to give an
exact inorganic replicaf 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 tearrowly dispersed particles. Controlling the assembly,
large ordered arrays of the colloidal particles are accessible exhibiting crystal like struetgres (
facecentered cubicf®®'™ Filling the voids with metal oxide precursors a vafined
framework of the inorganic material is obtained after hydrolysis and removal of the colloidal
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template!"*"*Starting with silica, up to now several other metal oxide frameworks have been
templated this way, including 1D V,0s and TiQ.*”**"® Due to the hjh order in the lattice
structures and the high refractive index of the metal oxides, photonic crystals can be obtained
guiding the light’® Based on these observations DSCs, incorporating inverse opals of titania,
showed improved light harvesting at tidotonic band gap of the crystél’

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 bthe 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. Fizdhes

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 aspedbrabmmonly causes the collapse of the
structure while removing the template due to strong capillarity forces occurring with
evaporation of the solvent’®

NON-SACRIFICIAL BLOCRPODYMER TEMPLATES

To circumvent the bottlenecks of sacrificial templatescional 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 fulfilledufe 1¢17): First, ce
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 copolsinoerid permit the
charge separation at the interphase of the inorganic and organic semiconductor.

confinened nanoparticles in
block copolymer microstructure

charge separation charge percolation
at the interface pathways

Figure 1¢17. Scheme of an idealised hybrid device comprising a block copolymer microstructure and inorg:
nanoparticles confined within the coordinative domain. Critical processes for charge generation are depicted in
magnifications, including the charge separation at the interface (left) and the charge percolation through t
inorganic material (right).

Suitable structure directing agents are amphiphilic block copolymers, which bear segments to
coordinate semiconducting nanoparticles or their precursors. \fehwn hydrophilic polymers

for coordination are poly(ethylene oxide) (PEO) and poly(vinyl pgidiP2VP or P4VE}"°
Alternatively, negatively charged polyelectrolytes, featuring carboxylic acids or sulfonate groups,
allow the coordination of metal precursors or positively charged partiéfé& A
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comprehensive overview on amphiphilic polyrsewithout electronic functions is given in
reviews of Forster, Plantenberg and Antoniéffi'®> The following section is focused on
structure directing block copolymers used for preparation of desoreptor microstructures.
Freyet al. utilized commer@l emulsifiers or block copolymers.¢. PEGb-PPO) to gain control
over the morphology of hybrid blends of Fi@nd a hole conductor polymeFigure1¢18).*%
Using time-resolved photoluminescence measurements and NMR analysis they studied the
influence of composition and interaction on the organic/inorganic interf4€é crucial point
comprises the influence of the coordinative block on charge separation at tbdéne of donor
polymer and rype inorganic semiconductor. The studies of Fe¢yal. clearly emphasize the
importance of an intimate contact of both materials for efficient charge separation. In
consequence amphiphilic functional block copolymers havddorather electronically active
components than solely coordinative.

TiO Ommt:#?*X L0
:Ti’o\Ti/ /TI b
q \0 O/ | 0 O, \O
TIO\I \,0\, \,O
HO_T'\ ,T\ lTI\ ,TI.OH

7 (9) (o] [e)

~8nm ~16 nm

l fluorescence |—> no charge transfer | fluorescence quenched |—> charge transfer

Figure1¢18. Schematic diagrams of mesostructured Fi@sing blends of poly[Znethoxy-5-(20-ethyl-hexyloxy}1,4-
phenylenevinylene] (MEHPPV: red) and an amphiphilic structure directing agent. If the -atkylleneoxide GH,-
PEQ (alkyl: pink; PEO: green) is used, the conjugated polymer is confined in thedpjtbbic part and separated
from the TiGQ (gray) (left). Thus no charge transfer is observed. In contrast using the triblock copolymei,REO
PPQyb-PEQs (PPO: yellow) an intimidate contanct between MEHPPV and, T8@bserved and the fluorescence is
quenched indicating a good charge transfer (right) (adapted from ref. 187).

A promising approach to generate hybrid dofamceptor structures relies on semiconducting
amphiphilic block copolymers. Hence, the fraction of electronically inactive material can be
significantly reduced. Synthesizing a functional block copolymer cangpriBEO and a
triphenylamine based hole conductor segment, Gutmastnal. were able to prepare self
assembled hybrid composites with Fiigure1¢19).'®® Conductivescanning force microscopy
studies revealed continuous percolation pathways in thicknesses upnim 2°

Figure 1¢19. Formation of a microstructured hybrid device using the functional block copolynpety(ethylene
oxide)b-polytriphenylamine (PE&-PTPA). First, the addition of HCI led to the formation of micelles. Adding t
ethylene glycol modified titanate (EGMT) precursor and heating to 90°C induce the formation of(§i®en) and a
hybrid film cen be formed by drop coating the solutiof®
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A crucial aspect in the application of functional block copolymer$dspreservation of the
ordered morphology. Using tailanade block copolymers prepared from a triphenyl diamine
monomer and vinyl pyridine wetirdered lamellar structures were obtained. These block
copolymers were able to confine CdSe:Te nanoparticleSiwthe poly(vinyl pyridine) domain
(Figure1¢20).*°

1 N\

PDMTPA-b-PAVP

===

Figure 1¢20. Scheme of the semiconducting amphiphilic block copolymer poly(wNyN-bis(4
methoxyphenyl}N,N-diphenytd m-Biphenyl}n 2-diamine)block-poly(4-vinylpyridine) (PVDMTPD-P4VP)
which can be used to create a microstructured hybrid composite with CdSe:Te nanocrystals. The TEM |
(right) shows a lamellar morphology of the polymer (bright areas: PVDMTPD; dark areas: P4VP; staining
I,) confining the inorganic particles (0.5 vol%) within the P4VP domain. The sample was annealed at 1
under N, for 2 days to obtain the equilibrium morphology (adapted from ref. 190).

PDMTPA-b-P4VP

CdSe:Te
OMe nanoparticles

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 df-P&VP and vaus 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 leastva3® inorganic
semiconductor for sufficient contact* However, studies on Cd®noparticles introduced into
PSbP4VP bulk structures

depict  the loss of P4vP Cds/P4vp CdS/P4aVP
morphology control 6)

already at weight ff : j
percentages of 281% | 8§ §
which corresponds to less

TN

PS
than 10vol% Figure 1¢ 8
21).12 Thus the
combination of both  cylindrical structure  Lamellar structure  Destroyed lamellar structure
sufficient nanoparticle low (7 vol% in P4VP) high (28 vol% in P4VP)
. C —»—
accumulation and = =
CdS content in P4VP block copolymers
morphology control

remains a Cha”engmg task Figure1¢21. Schematic diagram showing the transformation ofn@xagonal
for research on efficient cylindrical morphology of the copolymer PSP4VP to a lamellar order with

: ; introduction of 10wt% CdS nanoparticles. The further addition of CdS (up 1
hyb!’ld photovoltaic 28wt%) leads to the aggregation of the nanoparticles and the disrupture ¢
devices. the lamellar morghology (adapted from ref. 192).
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ALIGNMENT OF MICRODAIMS

A critical issue besides the general morphology lies
within the correct alignment of the individual domains. g
Keeping the device structure in mind, key aspects arf

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 Caontinuous transport pathways.

Transparent conductive substrate
However, these structures are only observed in a very

narrow range of volume fractions #fock copolymers. Figure1c22. Exemplary scheme of an ideally
More common morphologies are hexagonal cylindergnicrophase separated block copolymer witt
vertically aligned cylindrical structures
or lamellae. In these cases the domains of donor angjons'stlng of donor (blue) and an accepto
acceptor have to be aligned perpendicular to the(red) domains. Similar oriented lamellar
substrate to ensure charge transport towards Structures would aiso pply.
electrodes Figurelg22).
Unfortunately block copolymers usually tend to orientate the domains parallel to the underlying
substrate in thermodynamic equilibriufi® This effect is generally caused by the prehtial
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®'*® The most important techniques ar briefly summarized in the
following.
A basic approach relies on the surface modification to balance the interface interaction of the
polymers with the surfac&’ Due to the loss of preference, the block copolymer is able to self
assemble into highly ordered and vertically oriented domaing common way to adjust the
interface attraction is the coverage with a defined random copolymer of the desired
segments- ¥’ Alternatively, the substrates can directly be patterned to facilitate the vertical
selfassembly of the block copolymerBigure1¢23).®'* However, consideng 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 aratlapted functionality, which is by far more
challenging.

/ / g M M Photoresist
¢ 2 [ PETS SAM
a

Si waver [ patterned SAM
[ PS-b-PMMA

M PS domain
g % ¢ﬂ M B PMMA domain

Figure 1¢23. Top: scheme of the procedure to control the assembly of bledpolymer domainsvia patterned
surfaces. a: selaissembled monolayer (SAM) of phenylethyitthlorosilane (PETS), b: spimating of Photoresist, c:
patterning by extreme ultraviolet interferometric lithography, d: conversion to chemical pattern irradiation wit
soft Xrays, e: removal of photoresist, f: coating with REPMMA 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™® Theeffect 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 200nm to absorb all
incident light. An alternative approach towards vertical structures in thick layers is the
application of strong electrical field&**?A basic requiremenfor this method is a difference in

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

separation”™®  Using  this solvent evaporation
method, large areas of

ordered microstructures H
became accessibleFigure 1¢ ordering
242 A further interesting Nt

option for manipulation of the \ ;
alignment relies on the

addition of phase selective putsliaie
additives including
nanoparticles. P8-P2VP  Figurelc24. Schematic diagram of the controlled solvent evaporation ir

id b . d addi a thin block copolymer film. At the surface the concentration of the
cou e reoriented adding solvent (Fy) is low and the polymer undergoes microphase separatior
CdSe nanoparticles, which are while at the bottom the solvent concentration is high enough to mediate
confined in the P2VP domain, 2 homogeneous mixture. A gradient & ¢ as a function of the depths r is

. established normal to the film surface and an agdng front propagates
but segregate to the interface through the film 2%

to the substrate and aif**
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1.5 CHARACTERIZATION MBEDS

MORPHOLOGY

Of central importance in this thesis are the morphaoésgyof the developed polymers in bulk, in
thin film or in solution. Common imaging tools comprise transmission or scanning electron
microscopy (TEM and SEf1)and atomic force microscopy (AFKiS.These methods give a
direct image of the sample, but focasmly 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 arfd’&&)d small angle
Xray scattering (SAX8}#° These methods are walinderstood 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 requi@®
sophisticated methods such as gracing incident small angisy Xpectroscopy (GISAX8)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 classieayxanalysis, 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 directiertgs,paralel or
perpendicular to the substrate. Taking an ordinarga¥X 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 comparsto 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 structuie A scheme of this principle including all important angles and
scattering vectors is given Figurelc25.

ql

sample on substrate

o

incident beam

Figure1¢25. Schematic representation of the GISAXS geometry. The incident beam hits onto the sample at a
aYFtt AYyOARSR (A& yaOISH 1 S NS R () byanylelke@ron Ridnsit fidctuatBns, sdch as blocl
copolymer domains.

In the expennent a monochromatic xay beam is directed onto the sample at a very small
A Y OA RSy, with tespétt tSthehsurface. Thed @€ & F NB a0l GG SNBPy Ay G KS
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electron density fluctuationse.g. block copolymer microdomains. At low ineit angles the

detector plane can be considered as parallel to thexis, which is perpendicular to the sample

surface. In consequence, the scattered beams hit the detector plane either indiection of

the detector (scattering vectorjjfor structues oriented parallel to the substrate or in the y

direction (scattering vector | for perpendicular alignment. In conclusion, this technique
SylroftsSa 2y (KS 2yS KIYyR GKS Fylrfeara 2F Y2NLK?Z2
and on the other had detailed information on orientation of these structures is accessible.

More detailed information on this method can be found in the literaté@&**

(HARGE TRANSPORT UINLIB

A crucial factor in photovoltaic devices is the charge transport in theithdil 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 mobilityt which is defined as the quotie of drift velocityv and the applied
electrical fielde

0

(0]
The mobility itself is related to the electrical conductivity by
” é IQ‘

where n is the number of charge carriers aedhe electronic charge. In contrast to inorganic
semiconductors, the banthodel 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 transportcan 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) aue t
molecular disorder in the material, the hopping charge transport is strongly depending on the
thermal energy of the environmentiz. the temperature. A comprehensive overview on the
physical aspects of charge transport in organic semiconductors isgivRasslef

The determination of charge carrier mobility can be accomplished by several techniques,
including organic field effect transistor (OFET)measurements, timef-flight (TOF)"*®
measurements and charge extraction by linearly increasigtage (CELI?*° 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 curremvoltage (V) characteristicef 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 levés 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 0e3/. Exemplary schemes of a holdy and an electromnly
device are depicted iRigurelq26.
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oo E (eV)
=
43
4 |+
45
I (0] Acceptor Ca
\

hole-only device electron-only device

Figurel1¢26. Exemplary schemes of a hetmly (left) and an electroronly (right) device. Common electrode
pairs for holeonly devices are PEDOT/P&8§old (Au) and for electroronly devices IT@ Ca (indium tin
oxide and Calcium) can be used.

Maintaining the respective requirements, the current flow is not interfered by thargé

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 getextafor a certain voltage. In

consequence the mobility can be calculated according to MotzNY S& Qa Sljdz- GA2YyY
W @

O —- - —
W 0]

where Jis the current density, is the vacuum permittivitys, is the dielectric constant of the
semiconductor) is the gplied voltage and. 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 impuetigsefd-
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:

e |

. W - w
UJJ——C)CD(A)T[&J@O“OO—

Cc

where |, sthe mobility at zero electric field andis the field activation parameter.
SOLAR CELL DEVICES

The photovoltaic device characterization mainly comprises two different measuring methods.
The first is the recording of the currembltage (V) characteristics and the second is the
measurement of the spectral responsaz.the incident photon to current conversion efficiency
(IPCE) for each wavelength, also called external quantum efficiency (EQE). Comparing various
different photovoltaic dewvies 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 0f48.19°, and an intensity set to 1090/m?**

28



Introduction

The key parameters for comparison of
photovoltaic devices are the short circuit

current densityl,, the open circuit voltag¥,.,

the fill factor €F and the power conversion ol
efficiency (PCE). These values are estimated  current ;
from the JV characteristics of the solar cell. A 0 v
representative plot is shown iRigurelc27. J. N—
is determined as the point of no counter il
voltage, the equivalent of a zero resistance. _illumination
On the other hand at the point of zero current L
flow, i.e. an infinite resistance, th&,; can be i )

. . Figure 1¢27. Representative currentoltage @V)
readout. In an ideal case, the device should characteristic of a typical photovoltaic device. The
maintain the maximum current flow up to this important parameters open circuit voltageV,) and

it H d to int | . short circuit current density &) can be read out at the
Vo .age. owever, due fo In er_na Seres arked points. An ideal device would hold th&; up
resistances and low parallel resistance theto the V.. however internal resistances cause energy

current decreases with increasing counter losses and the real output is given as a product o
current and voltage at the maximum poer point

voltage and the real device tput is lower  (vpp). The fill factor is calculated as the ratio of the
than in the ideal case. A measure for this lossmarked rectangular areasi.e. real (lined) maximum

is given by the fill factor, which is defined as power output and the ideal one (grey).
guotient of the output at the maximum power
point (MPP) and the ideal power output (productpfandV,o):

MPP

vy U O
o0 —
0 ®

where Jupr and Vypep are the current density and voltage at the maximum power point,
respectively. According to this, the efficienkys estimated as:

0 00 w
0 0

where Bigr is the power of the incidentght andPye.iceis the maximum obtained power from the
device.
A key characteristic of devices is their spectral response at different wavelengths. Theigfore,
is measured for each wavelength and compared to the number of incident photons, giving the
EQE or IPCE:

~7 o~ U

Ouv ©O ol
where e is the elementary charge and, the incident photon flux density. The plot of EQ&
wavelength gives a photovoltaic response spectrum of the device, which ideally matches with
the absorption spectrum. In contrastifferences in these spectra give rise to loss processes and
ineffective charge generation.
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1.6 OBJECTIVE OF THESIBE

The inherent reliability of inorganic semiconductors even under ambient conditions in
combination with theconvenient solution processability of polymer semiconductor turn hybrid
composites into promising alternatives for photovoltaic devices with excellentbmrstfit ratio

and long term stability. Key issues of hybrid devices are certainly the interfanerganic 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 structusproperty relationships.

This thesiss 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 morphologyR{gure1¢28).

light Hvbri i nanoparticle
ybrid device p
harvesting % ﬁ confinement

domain
alignment

charge
separation

Figure1¢28. Schematic presentation of the main objectives of the thesis. The parameters of light harvesting,
nanoparticle confinement in one domainthe 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 reve
possible approaches towards optimization.

Broadening the spectral range obsorbed 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 haee to b
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, tailade amphiphilic
polymers should be synthesized and characterized. Centralaienthe 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 semicondiileg and coordinative ambivalent polymers have to
established and optimized. Furthermore, preparation routes for the-asgembly of
nanoparticles and functional polymers must be developed, to enable the integration of
appropriate amounts of inorganic seroitductor selectively into one domain. Finally, the
creation of weHdefined 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 elucation 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 structypeoperty relations.
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Overview of the Thesis

2. OVERVIEW OF THE TISES

This thesis focuses on the development and investigation of new materials for hybrid
photovoltaic devices. In particular, themphasis is ornthe synthesis, characterization and
application of broadly absorbing light harvestindyes and functional semiconducting
amphiphilic polymers. It contains 7 publications of which 6 are presented in the chapeas®

one is attached as agpmdix (chapter 9)Five of these manuscripts have already been published.
A schematic overview of the main topics of this thesis is presentB@jime2¢l.
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Figure2¢l. Overview of the thesidaving anaim to optimize and understanchybrid photovoltaic devices. In the
first part, alternative sensitizers for light harvesting were investigated and a new concept for thetrotled
preparation of mesoporous TiQis presented using polymer brushes as templates (1.). Secondly, amphipt
semiconducting block copolymers were synthesized for the ssl§embly and alignment of hybrid composites (2
The final part comprises theontrolled synthesis and characterization & conjugated polyelectrolyte which is an
amphiphilic hole conductor comprisingolar sulfonate groups and aydrophobicconjugated backbone (3.).
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The thesis is subdivided into three parts: 1. theestigationof light harvesting and the control

of structure inSDSC¢solid state dye sensitized solar cgll. the synthesisof amphiphilic
semiconductor block copolymers and their saedsembly; 3. The combination of hole transport
and coordinative properties ian amphiphilic semiconductoconjugated polyelectrolyteAll the
individual partitions of the work comprise innovative new approacheaddresscritical aspects
including the light harvesting, the confinement of nanoparticles, the processability ofdhybri
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 wadifined amphiphilic polymers. In consequence,
various techmues were examined for their applicability to create these complex functional
polymers including emulsion polymerizatiasontrolled radical polymerization, catalyst transfer
L2t @YSNAT A2y a Fighech Of A 014 OKSYAAGNER o
Kumada catalyst

transfer
polymerization

¥ - NC SH Catlo
n m
NC n m " " C.,Hg-f}l'—C,,Hg 7
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emulsion controlled radical “Click”-
polymerization polymerization chemistry

N
O Na* /©/N©\ O-(IS;O N.N]/ o-
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ied (C2Hs)s

OMe  N*(C4Ho)s Z

Figure 2¢2. Overview of the examined synthesis procedures ftire preparation of well-defined amphiphilic
functional polymers.Setchesof the resulting polymers are shown below the respective methofl polymerization

The individual topics represent a stbg-step development of alternative concepts for hybrid
devices starting from establishelid statedye sensitized solar cells and leadingvsll-defined
seltassembled composites. These three main topics of the thesis are briefly outlined in the
following.
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Investigationof light harvesting and the control of structureSBSCs:

In the first part of the thesis basic studies on solid state sigasitized solar cells (SDSC) are
presented. Therefore we first examined the influence of pore size and structure shdi@ork

on the performance of the solar cellTo gain control on the morphologyf TiG, a novel
templated synthesisof TiQ was intoduced using spherical polyelectrolyte brushes. These
brushes consist of a polystyrene core and a sodium polystyrene sulfonate corona which were
synthesizedvia stepwise controlled emulsion polymerization. The sulfonate groups of the
corona facilitated thecatalytic growth of Ti@in the favorable anatase structure at room
temperature, whichotherwise usuallyequires high temperatures of more than 400°C. Variation

of the TiQ content resulted in different morphologies of the inorganic network after catmna

of the polymer template. A clear correlation between Fd@nsity as well as surface area and
the obtained current was found, demonstratinpe need fora dense phase of inorganic
semiconductor which improves charge transport. This publication appeEmgppendix 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-@pyoromethene
(BODIPY) dyes and triphenyl diamine (TPD) based serssitizhe BODIPY dyes are able to
absorb red or nealR light, while the TPD derivatives are organic sensitizers with suitable energy
levels for injection and regeneration. The porous,M@s prepared using a commercial paste
which consists of a polymerngplate and anatase nanocrystals. The BODIPY dyes show response
up to 900nm. 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 ohearIRorganic dyes for improved light harvesting (chapters 3 and 4).

Synthesi®f amphiphilic semiconductor block copolymers and thefressiembly

The second topievolved out othe experiencegainedon the polyelectrolyte brush templagein

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

and combined it with an electronically active triphg@mine block in order to accomplish a
functional semiconductingmicelle In contrast to the previous inactive polystyrene based
systems we established a direct access to a dawoeptor composite without the need for a

high temperature calcination. Theime, welltdefined block copolymes were synthesizedia
O2yGNRff SR NEOSNEAOGE S -ttamsRiA (RARTY tpdyhdriza¥o8.y The G A 2 v
increased activity and steric demand of the semiconductor monomers necessitates crucial
optimization of the polymerization. Accordingly, we scrutinized the influendbeofnost critical
parameterssuch asgemperature, solvent and the order of monomer addition on the resulting
polymers. Finally, this optimization yielded narrowly distributddck copolymes. Upon sel

assembly in water uniform micelles are created watlsemiconducting 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 D nm (chapter 5). In order to simplify and extend the synthesis
procedure established in chapter8S O2 Y0 AY SR (GKS w! C¢ LINRPOS&aa o4A
chemistry. The controlled radical polymerization was used to create adefiled scaffold

polymer, poly(propargyl oxystyrenewith pendant alkyne groups. This precursor can be
selectivelyclickedwith any functional azide in a catalyzed azalkyne cycloaddition offering a
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modular and versatile approach towards functionglock copolymes. On this bsis we

synthesized the amphiphilic semiconducting polymer palgbis(4methoxyphenybN-phenyt
N-triazolylphenyld m-biphdhyl}yn Z-gia#hine}blockpoly(triethylammonium styrene

sulfonate) (PDMTRBPEtNH{ { 0 ® ¢ KS O2 Y0 A Yy | (i Ardaftion? €nabled £¢ | YR
broad range of molecular weights while maintaining a narmaelecular weightdistribution of

the polymers. The morphology of the amphiphilic polymers was studied in the bulkndhih

films. For three different polymer compositigrighase separation was obtained in the bulk and
aggregatednicellar structuresvere formedin the ascast thin film. After annealing in saturated

solvent vapor the morphologgould be transformed intawertically aligned domains. Depending

on the block ratio d@ransition from lamellar to cylindrical structures was observed (chapter 6).

Combination of hole transport and coordinative properties iraarphiphilic semiconductor
conjugated polyelectrolyte:

The third part of the thesis addresses the synthesis andacierization 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 falectronic transport. Polythiophenes are known for their
high hole mobility and théoroad absorption spectrunin the visible regiorin 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 yathesize a weltlefined
poly(3(6-bromohexyl)thiophene) as precursor polymer. The reactive bromine-gridep is
suitable for several nucleophilic substitution reactions. In order to introduce sulfonate graups
new substitution reaction using tetrabutginmonium sulfite was established gaining a
guantitative exchange of the bromine group. In contrast to similar commercial polymers with
broad molecular weight distribution and low regioregularity, the polfttGophen-3-yl)hexane
1-sulfonate) (PTHS) showedspecific aggregation behavior in solution as well as in thirs.flim
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
aggregdion was examined in detail. In solgdate the hole mobility of the bulk material was
determined in a diode geometry. The observed mobility of#1035x 102 cn?/Vs is among the
highest values reported so far. In order to exclude any other conductiazhamsm 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 arénmmed in the thin film.
These results indicate that theell-controlled structureslead toward an enhancement dhe
chargetransport properties (chapters 7 and 8).

In the fdlowing, the key results of althapters are summarized with particular focas 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 chaptérs 3
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CONTROL OF PORE 8ME WALL THICKNESSITANIA NETWORKOR SOLID
STATE DYE SENSITIZEGDAR CELLS (CHAFIER

This contribution to the thesis is considered as a fundamental study to generate hybrid
composites and uses amphiphilic polymers as templdgsinorganic nanostructures. The
template consists of spherical polyelectrolyte brushes, which are prepaiadstepwise
emulsion polymerization. The core is made of polystyrene (PS)tlactorona consists of
sodium polystyrene sulfonate (PSBiglre2¢3).

TiO, b) SPB-TiO, composite
hydrolysis Ve

PSS corona @ TiO,
PS core

self-
assembly

SPB-TiO,
composite
film

calcination

dye coating
hole conductor

Figure2¢3. Scheme of the templated preparation of a hybrid solar cell using spherical polyelectrolyte bruédes)
as templates. a) SPBs consist of a polystyrene (PS) core and a polystyrene sulfonate (PSS) corona; b) compo:
generated by hydrolysis of Ti{anatase); c) the composites are assembled on a conductive substrate; d) the sarr
are calcinated ahigh temperaures to remove the template and to gahe porous TiQ network; e) to complete the
solar cell, the TiQis sensitized with a dye and the network is backfilled with an organic hole conductor, the i
contact is prepared by evaporation of gol®n the left, the preparation steps are documented with SEM imadest
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. Tiis selectively hydrolyzed within the corona of the SPB particles, whénea
sulfonate groups catalyze the formation of pure anata$®, 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 insitu synthesis of TiXo create hybrid composites. After the hydrolysis ttesulting
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 bycdsimg
(5wt% dispersion in ethanol) or by bladasting {0wt% 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 pn3®lade gap. The film
thickness was set to |2Zm, which is considered to be suitable for solid state dye sensitized solar
cells (SDSC). Subsequently, the template was removed in-st&paalcination process at 500°C
first under argon and finally in air. Due to the initial carbonization of the ngtwioe TiQ was
solidified and a collapse of the structure was circumvented. The final device was prepared by
sensitizing the TiQwith a metalorganic Ruthenium dye, backfilling the network with an organic
hole conductor and evaporation of gold as courgéactrode.

A key aspect of this work is the control of the resulting pore size by the diameter of the initial PS
core and the Ti@wall thickness by the shell composition of the SPB composite particles. In
consequence we examined different conditions tbe TiQ hydrolysis varying the amount of
water and the content ofTiQ-precursor. The resulting composite particles were analyzed by
cryo-TEM and after calcination the structure of the network was examined with high resolution
SEM Figure2¢4).

TiO, synthesis variation:

increasing water content > I increasing precursor conten>

improvement of current in solar cell

Figure 2¢4. High resolution SEM images of the calcined Ji@tworks prepared from different SPB composite
particles. The arrows above the images indicate the variations on the, fi@irolysis conditions. The Tiprecursor
was tetraethyl orthotitanate (TEOT). The overall ratios SPB/TEOT/water (wt/wt ratio) aré/4/(a), 1/4/18 (b) and
1/6/18 (c). For each maodification an increase of the current density of the respective SDSC was observed.

A critical factor in SDSCs is the available surface area for dye coating and its ratio with the overall
amount of TiQ 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 usivg UV
spectroscopy andeterminedthe mass of the mesoporous Bifdr a particular thickness of film
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For the sample with lowest water and precursor contemtfinely branchedhin TiG network

was obtained Figure2¢4 a), which exhibited a large surface area but & loverall amount of

TiQ. The current density of the resulting device remained low due to the hampered charge
transport through the very fine structure of the Ti@etwork. Increasing the water content
during the hydrolysis results in a more compact stmet of TiQ (Figure2¢4 b). Thus, the
available surface area was reduced, but the resulting current density could still be entenced
the transport properties weramproved. Nevertheless, the best results were obtained after
additionally increasing the precursor content during the hydrolysis of the. Tike calcinated
inorganic structure featured both a high available surface area due to fine branches and a
compact, $abilizing framework of the inorganic semiconductor. This structure guaranteed an
optimal balance between charge separation at the sensitized interface and charge transport to
the electrodesvia the dense Ti@walls. The comparison with optimized commercial pastes to
form mesoporous Ti©confirms the importance of a compact framework for charge transport,
as determined bythe dye/TiQ ratio which is relatively lowfor the commercial Ti@sample
However, thesgastes lackany control ofthe 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 dfiadramework
individually.But an optimum quality of electron transport could not be reached here.

ORGANIC SENSITIZERSSOLID STATE DYESEIZED SOLAR CELLS
(CHAPTERANDA4)

One of te important processes in hybrid photovoltaic devices ogairthe 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 dye®r improving the light harvesting. In this coiftution, novel organic dyes were
examinedfor their efficiency of light harvesting in SDSCs. djifluoro-4-bora-3a,4adiazas
indacene (BODIPY) derivatives, which absorb in the red andiRespectrum of the sunlight,
were studied Figure2¢5). Furthermore, triphenyl diamine compoundsso showing excellent
stability in reversible redox processegere tested Thisis crucial for charge transport and
separation.

1 X=CHz; Y=H;Z=H COOH

R=%_©N_S\ﬁCOOH Q {;§=<CN
o

2 X=H; Y=H; Z= OCH;
=+ )-co0r oD

TPD 1 COOH

3 X=CHgZ=H Q§=<CN
O(CH;)9CH3 Q
g O
N N
Z zZ NC O(CHz2)9CHs @ O O @
BODIPY 1-3 Y% 44 C00H TPD 2

Figure2¢5. Overview of the investigated organic sensitizers, which were tested in solid state dye sensitized ¢
cells.
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The BODIPY dyes show a broad absorption up tm80@ith peak maxima at 698m (BADIPY

1), 746nm (BODIPY 2) and 686 (BODIPY 3at whichthe extinction coefficient was well
above 6x 10° I/(mol cm). In solar cedl external quantum efficiency measurements revealed that
charges are generated over the whole absorption range. An irpofinding is the particular
influence of the position and structure of the anchoring group on the charge generation. Despite
0 KS 3I@dulation of the BODIPY core and thiphienyl amine donor groupfor all dyes,

the electron injection seems favorkbthrough the mesgosition (R) at the BODIPY coria
cyanoacetic acid anchor grougsowever, athis position (R) thattached phenyl rings are tilted

2 dzii 2 FonjigKtéd system due to steric effeclhe strong electron withdrawing effect of

the cyanoacetic acid group (BODIPY 1) is beneficial for charge separation. Nevertheless, the
overall efficiencyof the BODIPY dyes remains lomhich isdue to the low driving force for
charge separatiogaused bythe small energy level offsets. Especiallydtactron injection into

the TiQ, 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 (HOMC)tbe dye should be lower than that of the hole
conductor for efficient dye regeneration. In contrast to the BODIPY ,dyes TPD based
sensitizers offer suitable energy levels for charge separation but at the expense of the broad
absorption. Neverthelesshese dyes show improved solar cell efficiencies in SDSCs. Partjcularly
the sensitizer TPR was superior to TPD, which is due to its advantageous redox properties
including an excellent stability for multiple reversible oxidatieduction cycles. Thifeature
makes the TPD dye interesting for application as hole conducting material eithenalbk s
moleculeor attached to a polymer backbone. This basic investigation of light harvesting organic
molecules with excellent redox properties may lead to nawilding blocks for preparation of
sidechain functionalized, semiconducting polymers.

SYNTHESIS GEMICONDUCTOR AMPHIRCBLOCK COPOLYMER
(CHAPTERANDS)

Thispart of thework aimed at the desigand synthesisf 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 welldefined block copolymers with narromolecular weighdistribution which is a key
requirement formicrophase separation anahorphology control of the polymer in solution and
bulk. The choice of poly(bis(dethoxyphenybn -Ginylphenylamine) (PDMTPAhd poly(N,NQ
bis(4methoxyphenyBlN-phenytNX-triazolylpheny-6 m-biphdhyl}n Z-diaine) (PDMTPD)as

hole conducting blockis based upon the excellent stability of triphenylamine derivatives and its
amorphous character whidavors a smooth film formatiarPoly(styrene sulfonate) (P3H)cks

with variable couter ions wereselected 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 anata®g 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 thieck 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 additieftagmentatian chain transfer (RAFT) process was chosen due
to its tolerance toward many functional groups.

Nevertheless, thedirect polymerizationof the semiconductor monomer (DMTPAgeded a
careful optimization of conditions to obtain block copolymers with narmowlecular weight
distribution. Factors such as polymerization sequence, temperaturesahent were varied. A
scheme of the sequential RAFT polymerizatiboward poly(bis(4methoxyphenybn -Q
vinylphenylamineplockpoly(heopentyl styrene sulfonate)(PDMTPA-PNeoSHis shown in
Figure2¢6 a.

7
: S—<CN
S
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N AIBN AIBN
(1) Anisole, 80°C Anisole, 80°C 0= ,S =0
MeO OMe or /©/ \©\ o
(2) Benzene, 60°C MeO

PDMTPA-macro-CTA 1-2 PDMTPA-b- PNeoSS
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—— PDMTPA-b-PNeoSS
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Figure 2¢6. a) Scheme of the synthesis steps towardoly(bis(4methoxyphenyl)n -@inylphenylamine}block
poly(neopentyl styrene sulfonate) (PDMTRBA-PNeoS}§ b) SEC traces of the maef@T A prepared under the listed
conditions (blue dotted line) and the respective block copolymer started frahis macro CTA (red solid lineJhe
arrow indicates the main changes in the polymerization conditions.

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 reactivitythef
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. riteless, still a
considerable amount of macf8TA remained unreactive under the initially chosen conditions
for the RAFT polymerization (anisole, 80¢&iyure2¢6 b). The high reactivity of the DMTPA
monomer facilitates a selhitiation process known for stgne monomers. This spontaneous
formation of free radicals at high temperatures results in increased termination reagctidrish

result in the loss of the CTAudNg polymerization asonfirmed by MALBToMS 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
remainirg homopolymer Eigure2¢6 b), which could easily be removed. The low dipole moment
of benzene in combination with low temperature restrained the side reaction mogtiexitly.

With subsequent deprotection of the sulfonate group the final amphiphilic semiconducting block
copolymer PDMTRB-PBUN'SS was obtained.
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These results showed that the direct synthesis the semiconductor amphiphilic block
copolymerPDMTPA-PBuUN'SSvia RAFT polymerizatiois 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 RC¢ | yR aOf A01¢ OKSYA&AUNR® ¢KSNBF2NBI |2
an alkyne group on every repeating unit suitable for an allgride cycloaddition. Trimethylsilyl
propargyl oxystyrene (TMSPS) is conveniently accessible and its reactiviyg dhe
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 gréggordingly, we designed

the semiconducting amphiphilic block copolymaoly(N,NGbis(4methoxyphenyBN-phenytNQ
4-triazolylphenyld m-biphghylyn Z-diawhine}blockpolyriethylammonium styrene sulfonate)
(PDMTPEb-PEtNH'SS) First, an azidefunctionalizedtriphenyl diamine groupvas attachedo

the scaffold block copolymepoly(propargyl oxystyrengblockpoly(2,2,2trifluorethyl styrene
sulfonate) PPSb-PTfeSS)After the final hydrolysis of the PTfeSS block, we obtained the
amphiphilic semiconductor block copolymeDMTPEh-PEYNH'SS The key synthesis steps are
summarizedn Figure2¢7.

NC SH
n m
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n m Y CizHas
s i ;i N._O 0=8=0
"Click" reaction Deprotection N ]/ (.)_
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NH*(C2Hs)3

0 0=8=0 DMTPD-N; 1. (BuN)OH
( 6\ Cu/PMDETA 2. EtN-HCI
| I CF3
N
PPS-b-PTfeSS @

PDMTPD-b-PEt3NH+SS

Figure 2¢7. Schematic representation of th&ey synthesis steps to prepare the block copolymer pdiyGhis(4
methoxyphenyl}N-phenytN@4-triazolylphenytd m -Biphghyl)}n Z-dia#hine)block-poly(triethylammonium  styrene
sulfonate) (PDMTPD-PESNH'SS). In the first part a sequential RAFT block copolymerization is used to create
scaffold block copolymepoly(propargy! oxystyreng-block-poly(2,2,2trifluorethyl styrene sulfonate) PPSh-PTeSS),
which subsequently can be modified with a hole conductor grovia & Of A 01 ¢ OKSYAaAGNEB S !
group gives the final amphiphilic semiconductor block copolymer. DMTRD N,NGbis(4methoxyphenyl}N-phenyt
N4-azidophenyld m-biphhyl)-n Z-diaine, PMDETAY,N,N NXN2-pentamethyldiethylenetriamine.

The polymerization of the scaffold polymer and the subsequent block formation proceeded
smoothly yielding aweRSFTFAY SR LRt &@YSNX® ! FGSNI GKS a0t A01¢ NB
were traceable proving a quantitative functionalization with the holadwctor 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 &M D block of more than 60.0@0mol.

TKSaS NBadzZ 6a OSNIIFAyte NBEGSHE GKS LRISYdGAaAlt 27
designing functional block copolymers. In this case, a-defihed amphiphilic semiconducting

block copolymer was created with a superior hole conductor grag high molecular weights

in comparison to PDMTPAPBUN'SS. Moreover, the key characteristics asf amorphous

structure and a narrow molecular weight distribution were maintained
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MICELLE FORMATIONARREPARATION OF RMBDONORCCEPTOR
COMPOSITESHBPTER 5)

In water, the block copolymePDMTPA-PBUN'SSforms micelles with narrow size distribution
consisting of a hydrophobic PDMTPA core and polystyrene sulfonate as corona. A hydrodynamic
radius of 22hm was determined by dynamic light scatterind-g) and the core diameter was
estimated to be approximately I18m in dried TEM sampleBigure2¢8).

hydrophilic 5 +
- 7
coordinative H,0 &
_» _>
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hydrophobic i
assembly coordination
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PDMTPA-b-PPBu,N'SS

Figure2¢8. Schematic representation of the self assembly of the block copolymer PDMEPBUN'SS into micelles
upon addition of water and the subsequent attachment of positively charged CdSe nanorods to the negative shi
the micelles. For each step the respe@wEM images are depicted below with insets of higher magnification.
scheme of the polymer is shown at the bottom left.

The negatively charged shell of RBISS is suitable for the coordination of positively charged
nanoparticles. Therefore, highhcrystalline CdSe nanorods were synthesized at high
temperatures using trioctylphosphine oxide (TOPOQO) as ligand. Substituting the ligand with the
small 2aminoethanethiol introduces positive charges on the surface of the CdSe. These patrticles
could be simpt attached to the semiconducting micelles by electrostatic attraction forming a
hybrid donoracceptor composite Higure 2¢8). Stable dispersions were obtained for
nanaods/polymer weight ratios of up to 1/1. With regard to typical exciton diffusion lengths of
10nm, the prepared composite exhibits ideal domain sizes for charge generation and transport.
Moreover, the assembly in agueous systems circumvents the needwmfardous 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 amtauof 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 absorbingolymers such agolythiophene.
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VERTICAL ALIGNMENT @ICRODOMAINS FORIRHIPHILIC SEMICONDIDR
BLOCK COPOLYMERSMEHER 6)

The three block cgolymers PDMTPEb-PEtNH'SSL-3, which feature a different block
composition (1. 58wt% PDMTPDZ2: 72wt% PDMTPD3: 78wt% PMDTPD), were used to
examinethe morphology in bulk and in thin film. Small anglea)X scattering (SAXS) on the bulk
sample revealed only one signal, which indicatgsrophase separated domains, but give no
clear evidence foan ordered morphology. Nevertheless, the calculatespdcing of the signal
shifted consistently with the increase of molecular weight of the PDMTPD block. After thermal
annealing above the jTof the polymer no significant change was observed. This tiansit
temperature is attributed to the PDMTPD block, however, no further transition was observed for
the PEfNH'SS segment below the temperature of degradation. Thus, while the PDMTPD block
becomes flexible, the strong interactions of the sulfonate groupss/@nt 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 thesurface was detectable, but no morphology transition
occurred. The formation of micelles during the coating process could be praaenyo-TEM of

the polymer solution in DMRarazing incident small anglerdy scattering (GISAXS) revealed no
preferentialorientation or order in the agast Figure2¢9) or the thermally annealed film.
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Figure2¢9. Atomic forcemicrographs (left: height image, right: phase image) and the respective grazing inciden
ray scattering patterns of thin films made of the block copolymer PDMTRBESNH'SS with 7t% PDMTPD. The
as-cast film is shown on the top, while at the bottom fim is shown, which was annealed in saturated DMF vapor fi
four days.
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Alternatively, we studied the influence of saturated solvent vapor to induce a morphology
transition. DMF was chosesinceit solubilizes both blocks, but seems to be a preferential
solvent for the PENH'SS blockas observed duringhe micelle formation. After four days in
saturated vaporthe 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
(Figure2¢9). The GISAXS patterns revealed one discreteobplane peak, whiclis 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 polymeith 58wt% of PDMTPD the
morphology is lamellar, a clear transition to cylinders is observed for the high PDMTPD content
(79wt%). The opportunity of vertical alignment of an amphiphilic semiconducting block
copolymer facilitates the application in vads 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¢ I y Rhendishy. ®rOdasis of the presented approaaharge variety of functional
moietiescan be introduced and combined with coordination ability of the hydrophilic sulfonate
block.

WELLDEFINED CONJUGATER YELECTROLYBESED ON POLYTHIORHEE
AGGREGATION SOLUTION AND ETRGCAL PROPERTIES@NID STATE
(CHAPTERANDS)

/| 2YAaARSNAY3 aSYAO02yRdzOGAy3a 2NHIYAO YIFGSNRIfaAazZ
conjugated polymers. However, the control over the molecular weight, the molecular weight
distribution and the enegroup of these polymers is still achallenging task While for
poly(alkylthiophenes) controlled chain growth mechanisms are established, reportgetin
defined functional or amphiphiliconjugatedpolymers suitable for hybrid devices arare. In
this work, the synthesis of a sidehain functionalized derivative of polythiophenpoly(6-
(thiophen3-yDhexanel-sulfonate) (PTHSp | & RS@PSt 2LISR O2YO0AYAYy3d (K
catalyst transfer polymerization and a polymer analogous substiufmgure2¢10).

C4H9—l]l*—C4H9
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Br Br <0
1. t-BuMgCl
2. Ni(dppp)Cly [(C4Hg)4NLS O,
—_— —
/\ / -\ 5 / \
Br—~Ng/ B  THF Br 5 ~H THF/DMSO, 40°C Br 5 -H
P3BrHT PTHS

Figure 2¢10. Reaction scheme of the synthesis procedure for the controlled preparation of the conjuga
polyelectrolyte tetrabutylammonium poly(6(thiophen-3-yl)hexanel-sulfonate) (PTHS).

The resulting polymer tetrabutylammonium pddy(thiophen3-yl)hexanel-sulfonate) (PTHS)
features a conjugated backbone and sulfonate groups attached to eachclsiie. The
optimized substitution reaction allowed a quantitative conversion of the bromine side groups
into anionic sulfate groups whickas determinedriaNMR spectroscopy{gure2¢ll a).
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Figure2¢11. a) NMR spectra of the precursor polymer (bottomha the resulting conjugated polyelectrolyte PTH:
(top); the important signals are assigned with numbers. c¢) Absorption spectra of aqueous solutions of PTHS
different average degree of polymerization n. d) Absoprtion spectra of PTHS7@®) in varioussolvents.

After the substitutionreaction, 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, butdefined polymers, thisonjugated polyelectrolyte
(CPE) shows specific aggregation features in aqueous solution, which are derived from the
vibronic absorption bands in the UNs spectra. Furthermore, a strong dependency of the
polymer aggregation on the molecular weight wadserved in aqueous solution. A
concentration dependent aggregation was detected for medium chain lengths, while short
chains remain nofaggregated. Long polymer chains, however, are permanently aggregated.
Further experiments revealed the dissolution ofgeggates 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 concentoation
aggregationin aqueoussolution. 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 fooligmer
chain. Photoluminescence studies support the aggregation and deaggregation behavior
observed under various conditions.

Complementary to the solution propertieae investigated the characteristics of the material in
the solid state. The similarityy the U\VVis absorption of an aqueous solution and the thin film
reveals that the aggregated structure occurring in solution is maintained in the-statil 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 currembltage (Jv) characteristics of a PTHS thin
film using the space charge limited current (SCLC) method-Vieadracteistics of the material
(Figure2¢12 a) showed a quadratic dependence of current against voltage, which corroborates
the semiconducting characteristics of the polymé&he plots showed no hysteresis and several
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scan cycles confirm the repducibility of the measurementsin comparison, other CPEs

commonly featured strong hysteresis for continuous measurements, which is related to the

reorganization of ions in the matetiaccording 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 Nymjaistwhich is
indicative br a semiconductorRigure2¢12b). A conductivity of 1.410° S/cm was estimated
fitting the measured values with an equivalent circoit a semiconductoryviz. a parallel

connection of a capacitor and a resistor.
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Figure2¢12. a) Current against voltage square\J) characteristics of a polymer thin film with different thicknesses
measured in diode geometry; the holearrier mobility |y was calculated according to the MofBurney law for space
charge limited current b) Impedance data in the Nyquist representation of a thin film of PTHBe respective fit was
calculated on a parallel combination of a resistor andapacitor (left inset) and the geometrical structure of the
electrodes is shown in the right inset.

In consequence, we are able to exclude any ion motion in the PTHS thasféridenced bthe
impedance data and the fast temporal response of the curfen different bias. From the-V
characteristics we estimated a hole carrier mobility of @®B5)x 102 cn?/Vs in accordance to

the Mott-Gurney law for SCLC and consistent for various thicknesses. This result outperforms

the mobility of common P3HThd it is among the highest values reported in literatuneasured
in a diode geometry. In conclusipwe created a narrowly distributed and highly regioregular

conjugated polyelectrolyte by combining controlled polymerization techniques and polymer
analogas 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.
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ABSTRACT

Borondipyrrin dyes, through rational design, yield promising new materials. With strong
electrondonor functionalities and anchoring groups for attachment to nanocrystalline TiO2,
these dyegroved useful as sensitizers in dgensitized solar cells. Their applicability in a solid
state electrolyte regime offers additional opportunities for practical applications.

ARTICLE

Dyesensitized solar cells (DSSC) are successful alternatives towidely used traditional
semiconductotbased designs. The DSSC technology is being vigorously developed through
commercial enterprise§! In fact, in the European Union Photovoltaic Roadmap, it was
suggested that by the year 2020, DSSCs are expected ta bignificant contributor to
renewable electricity generatiohHowever, most people would agree that there is still room for
improvement for a few components of a typical D8J®is is perhaps more apparent for the
electrolyte and the sensitizer dye compent itself. For use as redox mediatorahd b (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 volatlity 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 threparation includes
lengthy purification step&® 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 adidates for sensitizers for DSSC applicatioffs.
Borondipyrrin or Bodipy dyes are interesting chromophores with high quantum vyields and
absorptivity, typically with typical bright green fluorescené&® We and others have found
ways to transform thee dyes to absorb essentially all colors of the rainbow and then $bthe.

A few years ago, we published the first report of a rationally functionalized Bbdipgd
photosensitizer, taking advantage of some of the superior characteristics of this tldgssd
Others followed with equally promising Bodipy derivati¥&8.Calculations at various levels of

the theory suggested that excitation of the Bodipy chromophore results in significant
reorganization of the electron distribution, setting up theese for efficient electron transfer to
nanocrystalline titania from the S1 state of the d§é*Needless to say, further optimization of

the Bodipy derivatives may provide better sensitizers for use in DSSCs.

In order to bypass the limitations imposed liquid electrolytes, one of the most common hole

0 NI y aLl2 NI YI GSNR It a -tetrabisNdNaligp-methdxgphenylaniine)}p - > T
spirobifluorene (spire®OMeTADY¥**In this work, our goal was to investigate the performance of
rationally designed borodipyrrin sensitizers in connection with spi@MeTAD hole transport
material. In our previous work, we synthesized sensitizefFigure 3¢1) and reported its
efficiency in a standard DSSC setup using a iodide/triiodide redox couple in solution as
electrolyte® In this work, however, we targeted two more boraipyrrin dyes, compound2

and 3, in an attempt to clarify relative effects of various modificatiomsthe efficiency. The
rationale behind the two new sensitizers was as follows.
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=, )—COOH
s

Figure3cl. Sensitizers used in this study.

In compoundl, the mesephenyl substituent is orthogonal as a result of the preseof methyl
groups at the 3 and 5 positions of the Bodipy core.lt is very likely that a new sensitizer in which
protruding methyls are not present (such as sensit®etould have the phenyl substituent with

a smaller dihedral angle, leading to extendamhjugation and facilitated charge transfer from
the donor groups to the electrewithdrawing (and anchoring) carboxylic acid terminal. In
addition, in sensitizer2, we placed additional electredonor p-methoxy groups on the
diphenylaminophenyl charge dor moiety, again looking for a more efficient excited state
charge transfer. In the design of sensitidemwe included two decyl chains on tineesephenyl
substituent in order to minimize aggregatigmduced losses in efficiency. In addition, a
cyanoaceit acid derived electromithdrawing 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.

Scheme3cl. Synthesis of Photosensitizer 2

O+ OH

1. CH,Cly, TFA
ﬂ\ 2.DDQ S
N + 7
N 3. NEts, BF3 OEt,
CHO (00%)

Benzene, A
Dean-Stark
(35%)

The syntheses of the novel sensitiz&dsand 3 were based on versatile Bodipy chemistry.
8-CarboxyphenyBodipy 4) was synthesized from appropriate precursors, and then double
Knoevenagel condensation reactions with the appropriate diphenylaminophenylbenzaldehyde
compound resulted in the sensitiz2y following rather routine purification procedures.
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Scheme3q2. Synthesis of Sensitizer 3
RO OR

R = CygHzq
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B CICH,CH,CI
F F (89%)
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RO OR

Piperidine
AcOH
toluene, A

2h ,)—CHO
NC” >COOH
(57%) 8

Piperidine, AcOH
Benzene, A
Dean-Stark
(35%)

o0 ;
In the synthesis of sensitiz& we first prepared 3Slidecyloxyphenybsubstituted Bodipys.?’
Formylation following the procedure in a recent report resulted in compo@AtiCyanoacetic
acid reacts with the formybodipy 6 in toluene, resulting in compound. In the final step, a
double Knoevenagel condensation with the appropriate aldehyde yields the target sen3itizer
All new compounds were analytically pure (Suppatinformation).
First the absorbance spectra in solution (GHEIgure3¢2) and as adsorbed on Ti(Figure3¢3)
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 sifjnifican
broadened, suggesting aggregation of the sensitizers in the adsorbed film.

0.8+ —3

0.64

0.44

Normalized Absorbance

0.24
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Wavelength (nm)

Figure3¢2. Normalized absorption spectra of the sensitizers in CHCI.
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Figure3¢3. Normalized absorption spectra of the sensitizers adsorbed on nanocrystalling. TiO

The sensitizers1-3 were further characterized by cyclic voltammetry and absorption
spectroscopy in solutionT@ble3¢l). It is clear that the LUMO energies of the sensitizers are
appropriate for efficient electron injection to TiO

Table3¢1. Optical andElectrochemichProperties of Sensitizers-2

dve  Sma(@sf o, Ex’  Ee’ HOMO®  LUMO’
y (nm) Mmv) mv)  (eV) (eV)
1 699 69500 680 -890 -5.09 -3.52
2 746 66000 560 -870 -5.05 -3.62
3 695 79000 720 -940 -5.21 -3.55

 Absorptiondatawere collectedin CHGJ.
® Electrochemicaflatawere collectedin CH2Cl2Potentialsare quoted with referenceto
the internalferrocenestandard.

The solidstate 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, 160N cm?). The results show that the sensitizérhas the
highest efficiencyKigure3c4). Only beyond 80@m, sensitizer2 has IPCE values higher than
those ofl. For sensitize8, IPCE values are below 1% in the-850nm region.
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Figure3c¢4. Incident photon to current cowmersion efficiency as a function of wavelength for the selthte DSSCs
prepared as described in Supporting Information.

The data can be interpreted as follows. As we suggested previouslymése position (8
position) is particularly important. In thparent Bodipy and in other derivatives, theoretical
calculations suggest that on excitation there is significant charge relocalization omebke
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carbon® Sensitizersl and 2 take advantage of this natural Bodipy tendency for charge
relocalization ontomesocarbon, by placing electreacceptor/anchor groups on that position.
The sensitizel3 has the anchor group on a different position, forcing electron flow to an
alternate position, apparently reducing the efficiency of charge injection. The dataagest

that the cyanoacetic acid derived anchor is better than a simple carboxylic acid group in their
dual role of chargavithdrawing and anchoring group. As expected, the sensitizers have very low
fluorescence emissions due to strong charge transferattaristics 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 blackT@y#e3¢2 lists some cell
parameters for the soligtate DSSCs prepared using these sensitizers.

Table3¢2. DSSC Performance Parameters of BODIPY Dyes

ISC 1 0,
dye Voc (V) (mA/Cf'nZ) f (/0)
1 0.80 2.27 0.37 0.68
2 0.64 1.61 0.28 0.28
3 0.59 1.49 0.38 0.33

% V,cisthe opentcircuit potential, 1.is the short curcuitcurrent, f
isthe fill factor,and' isthe overallefficiencyof the cellunder
standardconditions.

The overall conversion efficiency is highest for the sensitlz€r =0.68%), which could be
considered a respectable value for an organic dye with a-stdigt redox mediator. It appears

that solution properties only loosely translate into properties on titania. However, Bdulipgd
sensitizers still hold significant promise as they can be derivatized as desired and the absorption
peaks can be moved along the visible and A&aregion.tlis 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 applicabns as photosensitizers. We will continue in finaing the Bodipy structure
toward ever more efficient dyes for dysensitized solar cells through rational design.
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UPPORTINGNFORMATION

Experimental Section:
General:

'H NMR and®C NMR spectra were recorded on Bruker 2BX (operating at 40MHz for'H
NMR and 100 MHz fdfC NMR) in CDGlith tetramethylsilane as internal standard. All spectra
were recorded at 25°C and coupling constartsvéluey are given in Hz. Chemical shifire
given in parts per million (ppm). Absorption spectra were acquired using a Variarl@ary
spectrophotometer. Mass spectra were recorded on Agilent Technologies 6530 Acklasse
Q- TOF LC/MS. Reactions were monitored by thin layer chromatograjpiy Merck TLC Silica
gel 60 B4 Silica gel column chromatography was performed over Merck Silica gel 60 (particle
size: 0.04@.063mm, 230400mesh ASTM). 4.difluoro-8-6 o -bis(gecyloxy)pheny),3,5,7
tetramethyl4-bora-3a,4adiazas-indacene §) was synthesized according to literature.
Compoundl was synthesized according to our previous woAdl other reagents and solvents
were purchased from Aldrich and used without further purification.

Fabrication Method of Solid State Dye Sensitized Sealis:

The Sn@F covered glass was cut into 25x88 pieces. The transparent conducting glasses
(TCO) covered with adhesive tape to control the thickness of the film and to provideoabed

areas for electrical contact and they were etched using Zn eowdd 5% HCI 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°TiQ, Solaronix paste was applied onto the TCO glass covered
with blocking layer using screen printing technique; thin films of abgunZn 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 dlgatrodes

were then immersed into the 0.8IM dye solutions of BODIPYs and kept at room temperature
overnight. Ti@coated glasses with Bodipy dyes adsorbed on were washed with quvent.
Afterwards, organic holé NI y & LJ2 NIi A y 3 Y | -tetBaNS(N,N-di-pémiethoxyphemyd> H QT Z T ¢
amine)}d Z-pjrébifluorene (spireOMeTAD) was covered on dye adsorbed, Tilhs by using

spin coater. 40hm gold was evaporated as top electrodes.

Electrochemistry of BODIPY Derivatives:

Eiomo and Euwmo values of BODIPY derivatives were calculated using cyclic voltammograms.
Solutions of BODIPY derivatives were prepared in dichlorometharfdMLOA three electrode

cell was used consisting of glassyboe working electrode, Pt wire counter electrode and
Ag/AgCl reference electrode, all placed in a glass vessel. Tetrabutylamonium
hexafluorophosphate (TBAFO0.1M, was used as supporting electrolyte. Ferrocene was used
as internal reference electrodeBODIPY derivatives show both reversible reduction and
oxidation potential.

In calculations for compoundd and 3, zero vacuum level belongs to ferrocene was taken as
4.8eV and EoceneWas 0.31V.

E umolevel was calculated by using the formula Qfye=-(E-(red)b Ee. +4.8).
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Eiomolevel was calculated by using the formula gélo="-(E2(0X)b B, +4.8).
The conduction band of Titayer, Eio,c=b N é&H
Calculations for compountiwere done in our previous repoft.

current/1xe’ A

current/1xe®A

2

68

current density / mA/cm
o

3.2
2.4 /
1.6 /

0.8
o /- ’
0.8} ,
-16f \ /

EY DS — |
-1.2 -0.8 -0.4 0 0.4

potential / V

Figure3¢S1.Cyclic Voltammogram of 2

10'0 | 1 | 1 1 1

0.8

8.0-
6.0
4.0 /
2.0
04 ’/,/
2.0
4.0

T T T T T

04 0
potential / V

Figure3¢X2. Cyclic Voltammogram of 3

N
1
X

[any

—O— 1 under illumination
-1 —@—1indark

O— 2 under illumination
> —@— 2in dark

=2 —O— 3 under illumination
I —— 3 indark

L] L] L] L] L) L) L] L]
0 0.4 0.8 1.2 1.6
voltage / V

Figure3¢S3. 1V plots for the cells.



SolidState DyeSensitizedolar Cells Using Red and NH&aAbsorbing Bodipy Sensitizers

Synthesis:

Compoundt:

OxOH 1. cH,CL, TFA
7\ 2.DDQ

N + -
H 3. NEt3, BF3OE12
(30%)

CHO

To a 1L roundbottomed flask containing 40@L argordegassed Ci&L were added 2Zmethyl
pyrrole (12.3mmol, 1.0g) and 4carboxybenzaldehyde (6rmol, 0.9 g). One drop of TFA was
added and the solution was stirred undes & room temperature for 1 day. After addition of a
solution of DDQ (6.6hmol, 1.36g) in 100mL of dichloromethane to the reaction mixture,
stirring was continued for 3tin. 5mL of E{N and 5mL of BFOE} were successively added
and after 30min, the reaction mixture was washed three times with water X3@0mL) which
was then extracted into the KIC} (3x100mL) and dried over anhydrous }). The solvent
was evaporated and the residue was purified by silica gel column chromatography using
(CHGI: MeOH 95:5) as the eluant. Red solid (192830%).

'H NMR (4001Hz, CD@)b Y, 8.25 (2H, d=7.6Hz, AH), 7.65 (2H, dJ=7.7Hz, AH), 6.70 (2H,
s; AH), 6.30 (2H, dJ=3.4Hz, AH), 2.70 (6H, s;iB). °C NMR (100 MHz, CRICN. 170.5, 158.5,
140.9, 139.4, 134.5, 130.6, 130.5, 130.2, 130.0, 119.9,ppsr) MS (TOESI): m/z: Calcd:
3401195 [MHJ', Found: 340.1130 [NH]'Z =%9.1ppm.

Compounc:

Piperidine, AcOH

—_—

Benzene, reflux

Dean Stark trap
(20%)

4 (0.88mmol, 0.30g) and N,N-di(4-methoxyphenyl)aminobenzaldehyde (3.88nol, 1.18g)
were added to a 10énL roundbottomed flask containing 5L benzene and to this solution
was added mieridine (0.3mL) and acetic acid (OrBL). The mixture was heated under reflux by
using a Dean Stark trap and reaction was monitored by TLC;(@GHCH 93:7): When all the
starting material had been consumed, the mixture was cooled to room temperandesalvent
was evaporated. Water (100L) added to the residue and the product was extracted into the
chloroform (3x 100mL). Organic phase dried over,JS6), evaporated and residue was purified
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by silica gel column chromatography using (gH@eOH 93:7 as the eluant. Black waxy solid
(0.17g, 20%)'H NMR (400MHz, DMS@I:0 Y;8.25 (1H, s; CQ4), 8.05 (2H, dJ=8.3Hz, AH),
7.64 (2H, d)=8.2Hz, AH), 7.52 (2H, dJ=17.2Hz, ®l), 7.38 (4H, d}=8.7Hz, AH), 7.32 (2H, d;
J=15.2Hz, @), 7.15 (2H, dJ=4.6Hz, AH), 7.167.05 (8H, m; Af)), 6.956.85 (12H, m; A),
6.78 (2H, dJ=4.6Hz, AH), 6.72 (4H, dJ=8.5Hz, AH). *C NMR (1001Hz, DMS@;0 % 167.5,
156.9, 154.9, 150.2, 139.5, 138.2, 137.8, 135.4, 132.6, 131.0, 129.8, 129.6, 129.3, 129.1,
128.0, 127.7, 120.2, 118.4, 117.6, 115.5, Spm; MS (TOESI): m/z: Calcd: 970.3713, Found:

GdT N Po e2ppm. k

Compound:

POCl3, DMF

—_—

CICH,CH,CI
(89%)

R = C1oHa1

A mixture of DMF (L) and POg(6mL) was stirred under argon formdin in the ice bath.
After warming solution up to rt, it was stirred for additional 80n. 5 (0.50mmol, 158.0mg) in
60 mL dichloroethane was added to the solution and temperature raised to 500°C. After stirring
for 2h, the mixture was cooled to rt and then poured in to iced edokaturated aqueous
solution of NaHCO(150mL). Then reaction mixture was stirred for Bth after warming
solution to rt. After 30min. the mixture was washed with,8 (2x100mL). The product was
extracted into the dichloromethane. Organic phase drie@r NaSQ. Reddish brown solid was
obtained (157.0ng, 89%)'H NMR (400Hz, CDGI 300Y 0  20.02 (1H, s; D), 6.58 (1H, t;
J=2.61Hz, AH), 6.41 (2H, dJ=2.20Hz, AH), 6.15 (1H, s; A, 3.92 (4H, tJ=6.60Hz, OE),
2.81 (3H, s; &), 2.60 (3H, s; &), 1.85 (3H, s; &), 1.75 (4H, m; &), 1.42 (4H, m; &), 1.46
1.15 (24H, m; B,), 0.85 (6H, tJ=6.68Hz, &%). °C NMR (10MHz, CD@Qb Y. 185.8, 161.4,
156.4, 147.3, 143.5, 142.9, 135.5, 133.8, 130.8, 129.5, 128.8, 126.3, 12318, WES5, 68.5,
31.9, 295, 29.3, 29.1, 26.0, 22.7, 15.0, 14.7, 14.1, 13.0,ppin5 MS (TOESI): m/z:
Calcd664.4587 [MH]', Found: 664.4503 [NH]'Z =&2.7ppm.

Compound’:

NC” COOH

e
Piperidine, AcOH
toluene, reflux 2 h

(57%)

R = C1oHa1

6 (0.12mmol, 83.0mg) and cyanoacetic acid (0.4fmol, 42.3mg) were disslved 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 argonHoiTBen
mixture washed with water (250mL). Organic phase ddeover NaSQ and solvent was
evaporated and the residue was purified by silica gel column chromatography using
(CHGI: MeOH 90:10) as the eluent. Red solid was obtained (®@,057%)*H NMR (400MHz,
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CDGD Y;8.18 (1H, s; ), 6.55 (1H, s; A, 6.41 (2H, dI=1.9Hz, AH), 6.08 (1H, s; A, 3.91

(4H, t;J=6.5Hz, OEhL), 2.57 (6H, s; 1), 1.861.68 (4H, m; B,), 1.63 (3H, s;KB), 1.59 (3H, s;

CHs), 1.481.37 (4H, m; B,), 1.451.18 (24H, m; &), 0.86 (6H, tJ=6.8Hz, CH3)"*C NMR
(100MHz, CD@b Y-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, pprh; MS (TOESI): m/z: Calcd: 731.4645
[M-HT", Found: 731.4585 [NH]'Z =B8.2ppm.

CompoundB:

Piperidine, AcOH

—_——

Benzene, reflux
Dean Stark trap
(35%)

R = C1oHy4

7 (0.12mmol, 90.0mg) and N,N-diphenylaminobenzaldehyde (0.8Tmol, 100.9mg) were
added to a 100nL roundbottomed flask containing 5L benzene and to this solution was
added piperidine (0.81L) and acetic acid (OrBL). The mixture was heated under refluxusing

a Dean Stark trap and reaction was monitored by TLC {CMEDH 93:7). When all the starting
material had been consumed, the mixture was cooled to room temperature and solvent was
evaporated. Water (10L) added to the residue and the product westracted into the
chloroform (3x 100mL). Organic phase dried over,S@), evaporated and residue was purified
by silica gel column chromatography using (GH@EOH 93:7) as the eluent. Green solid was
obtained (52.2mg, 35%)*H NMR (400MHz, CDG): 4, 8.24 (1H, s; 18, 7.617.52 (1H, m; B),

7.47 (2H, d;)=8.0Hz, AH), 7.337.24 (6H, m; Af), 7.2%7.08 (12H, m; Ad), 7.046.93 (8H, m;
ArH), 6.906.69 (4H, m; Af), 6.62 (1H, s; A, 6.46 (2H, s; AP, 3.923.61 (4H, m; O), 1.89

1.54 (4H, m; B,), 1.521.49 (4H, m; B,), 1.481.12 (30H, m; B,, G;), 0.930.74 (6H, m; By).

*C NMR (108MHz, CD@b Yc 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, 106.8168.29.6, 29.5,
29.4, 29.3, 29.2, 26.0, 22.7, 14.7, 14.5, Ppin; MS (TOESI): m/z: Calcd: 1241.6741-H],
Found: 1241.6790 [NH]'= =B.9ppm.

References:

(1) Y. Cakmak, E. U. Akka@ag.Lett.2009 11, 8588.

2) S. ErterEla, M. D. Yilmaz, B. Icli, Y. Dede, S. Icli, E. U. AGkgykett. 2008 10, 3299
3302.
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SolidState DyeSensitized Solar Cells Fabricated with Nanoporou2 i@ TPD Dyes: Analysis
of Penetration Behavior andqV Characteristics

ABSTRACT

We present the synthesis, electrochemical properties and dediesed investigation of
GNRALKSyet SyS RAFYAYS 6 ¢t -SystemacSngistingofidbr®riNdledtrbni K | y
conducting and anchoring group for sefithte dyesensitized solar cells. Schtate dye

sensitized solar cells were fabricated using blocking-@li€xtrodes, nanoporous Ti@lectrodes

and the organic hol¢ransporting medium, HTM (sp#@MeTAD) in a fluorine doped tin
oxide/blocking Tiglhanoporous TiQTPDs/hole transport material/Au coigluration. Solid state

dye sensitized solar cell consisting of TPD_2 as sensitizer on mesoporesloWe® the best

results with a shoktircuit current of 2.8nA/cn?, an open circuit voltage of 838V and an

overall conversion efficiency of 0.97%.

INTROCTION

The first solar cell based on a nanoporous,Ta@er with an iodineiodide electrolyte was
NEIfAT SR o0& hQwS3l y ThHedydsenbitddisdlabdell iskayhaoavigrdional b pn & &
solar technology that has attracted much attention owing to its stability, low cost and device
efficiency. Poweronversion efficiencies of over 11% have been achieved for devices that
contain liquid electrtytes. The main problem of this cell type is the encapsulation of the liquid
electrolyte. New investigations use an iodiftee solid organic hole transporting material (HTM)
and instead of the liquid electrolyte® The ionic transport is replaced by efemic transport in

the amorphous HTM. Solstate devices that do not require a liquid electrolyte display an
overall efficiency of 5%. Improvement of the efficiency of sslate dyesensitized solar cell
requires optimization of their various componentsuch as the holgansport material,
sensitizer, mesoporous Ti@im, and the blocking layerSolidstate dyesensitized solar cells
(SDSC) are promising due to their large potential to convert solar energy to electrical energy at
low cost and their @pabilities to solve the leakage or sealing problems that exist in liquid
electrolyte dyesensitized solar celfsA typical soliestate DSSC comprises a dye sensitized,
mesoporous, nanocrystalline Tiflm interpenetrated by an organic semiconductor bddwle
transporting  material (HTM), namely spi@MVeTAD (2, Z,7-tetrakis(N,N-dipara
methoxyphenyll Y A y Sspimpdifigorene). The function of the device is based upon a light
induced charge separation reaction at the Fi9e/HTM interface’® In the stde of the art solid

state dyesensitized nanocrystallin€iQ; solar cell (SDSC), charge recombination is still one of
the most limiting factors for device performant@herefore, the question arises if it is possible

to overcome this problem by developimgew multifunctional materials which recombination
processes can be deceleratéd! 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 dona, 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 numbdiffefent organic

dyes were designed and synthesiZ&Y. 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 absorpin the visible light regiof?.®

Present study highlights the synthesis, electrochemical properties of triphenylene diamine dyes
(TPD_1 and TPD_2) and their performance for solid stateselysitized solar cells using blocking
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and nanoporous Tifvorking electrodes. We have synthesized the TPD dyes (TPD_1 and TPD_2),
with a general structure dongfinkercacceptor, [BLcA, where the triphenylene diamine
moieties act as an electron donor and the cyanoacetic moieties act as the electron acceptor and
as anchang groups for attachment on the TiOThe dyes will be referred to as TPD_1 and
TPD_2, respectively, according to the conjugation length @&gare4¢l). To enhane the
electrondonor 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 characesiggerimentally. Solid state

dye sensitized solar cell performances of TPD dyes are also investigated. The penetration
behavior of HTM into nanoporous Ti@¥er has been determined by scanning electron
microscopy (SEM) measurements. Both preparation timickness of the compact Tid&yer

were optimized using spray pyrolysis.

PP
$q.

COOH

(2)-2-cyano-3-{4-[[4-(diphenylamino) phenyl] (phenyl) amino] phenyl}acrylic acid, TPD_1

COOH

C%N : _CN
SV

(2)-2-(cyanomethyl)-3-{4-[[4'-(diphenylamino)biphenyl-4-yl](phenyl)amino]phenyl}acrylic acid, TPD_2

Figure4¢l. Molecular structures of TPD dyes.
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EXPERIMENTAB=CTION

Materials

N,b Diphenyil,4-phenylenediamine, tetraphenylbenzidine, sodiurtert-butoxide, triphenyl
phosphine, Pd(OAg) POG| cyanoacetic acid and piperidine were purchased from Aldrich.
Solvents were supplied from Merck and were used without any further purification.

Synthesis and characterizatioof triphenylene diamines consisting of anchoring groups

The synthesis of TPD dyes is conducted in three steps with moderate yields. First reaction is
Ulimann reaction to form the triphenylene diamine product. Second reaction is Vilsmeier
reaction to form #&ehyde product. Final reaction is Knoevenagel reaction which comprises
condensation reaction of aldehyde product and cyawetic acid. This reaction gives the target
compound TPDs. Synthetic route of TPD is given bel&igime4c?2.

Q @ POCI3, DMF
adava

N
Ho  /
Piperidine
CNCH,COOH
—_—
N Tetrahydrofuran NN
@ @ methanol (1:1) @

Figure4q2. Synthetic route of TPD dyes consisting of anchoring groups, Vilsmeier reaction (a), Knovenagel rea

(b).

=z
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Synthesisand characterization of TPD dyes
Synthesis method of TPD_1
1. Step: synthesis of IRis(diphenylamino)benzene

N,b Diphenytl,4-phenylene diamine (0.0tol, 2.6g), sodium terbutoxide (0.013nol, 1.25),
triphenyl phosphine (0.4nmol, 0.1g), Pd(OAg)0.2mmol, 0.045y) and 40nl toluene are
placed in a twenecked flask and stirred under argon atmosphere. And then, bromo benzene
(0.024mol, 2.6ml) is added to the reaction. The reaction is refluxed foh2#fter reaction
finished, the solutions arevaited 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(diphenyaminobenzene), gray crystals, (yield 85%). Molecular structure is analyzetHwith
NMR spectrum'H NMR (CDg} (ppm), 7.25 (8H, m, &), 7.10 (8H, m, AH), 6.99 (8H, m, Ar

H).

2. Step: synthesis of[4-(diphenylamino)phenyl](phenyl)amino]phenyl bddehyde

POd (1.36mmol, 0.2g) is stirred in DMF at @ for 1h under argon atmosphere. L4
Bis(diphenylamino)benzene (1.t#mol, 471mg) is added to reaction mixture and refluxed at
100°C. After the reaction finished, solvent is evaporated. Crude ymods purified by using
column chromatography. -f§4-(Diphenylamino)phenyl](phenyl)amino]phenyl benzaldehyde,
yellow crystals, (yield 90%). Molecular structure is analyzed WttNMR spectrumtH NMR
(CDG): (ppm), 9.79 (1H, §CHO), 7.68 (2H, d, &), 7.36 (2H, t, AgH), 7.28 (4H, t, AH), 7.21
(3H, m, A¢H), 7.12 (4H, d, AH), 7.04 (8H, d, &H).

3. Step: synthesis of {Z)xyanoe3-{4-[[4-(diphenylamino) phenyl] (phenyl) amino] phenyl}acrylic
acid, TPD_1

To a solution of 4[4-(diphenylamino)pheny{phenyl)amino]phenyl benzaldehyde (0.dfnol,
72.3mg) and cyanoacetic acid (0.8#nol, 27.95mg) in a mixture of tetrahydrofuran:methanol
(1:1) is added catalytic amount of piperidine. Solution is stirred fora 40°C. The solvent
mixture is evaporad under reduced pressure and the resulting material is extracted with
chloroform and 0.M HCI 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 usifig MVIR, Mass and
Elemantal Analysis. IR (KBr):*tn8551, 3412, 2214, 1617, 1587, 1503, 1384, 1269, 1192, 833,
755, 696, 621, 480H NMR (DMS®@): (ppm), 7.85 (1H, s, CH=), 7.78 (2H, d, AjH), 7.40

(2H, t, AcH), 7.33 (4H, t, &H), 7.18 (3H, m, AH), 7.09 (10H, m, AH), 6.92 (2H, d, &H).

HRMS (TOF EBY  3a3906.28(calcd. for GHsNsO, (507.2)). Caled: C 80.45, H 4.96, N 8.28, O
6.30; found: C 80.43, H 4.93, N 8.286.30.
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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 ofd@ w(dighenylamino)bipheny-yl](phenyl)amino]bemaldehyde

POG (1.36mmol, 0.2q) is stirred in a twanecked flask at C for 1h in dried DMF under argon
atmosphere. After additional stirring fort at room temperature, this solution is added to a
stirred solution of & (0.0097mol) ofN,N-Bis(dijhenyl)benzidine in 2&hL of 1,2
dichloroethane. This reaction mixture is stirred for another hour at@@nd allowed to cool to
room temperature. And then, the mixture is poured into a solution ofglébdium acetate in
100mL water, and this mixture 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 fran this crude product by column chromatography using silica gel and solvent as the
eluent, (yield 90%).

4-w w(diphenylamino)biphenyd-yl](phenyl)amino]benzaldehyde, yellow crystals, Molecular
structure is analyzed wittH NMR spectrum’H NMR (CDg} (ppm), 9.83 (1H, s;CHO), 7.71
(2H, d, A¢H), 7.55 (2H, t, AH), 7.48 (2H, t, AH), 7.21 (21H, m, AH).

2. Step: synthesis df }-2-(cyanomethyh3-{4-& o(difghenylamino)biphemg-
yl](phenyl)amino]phenyl}acrylic acid, TPD_2

To a solution of 4o «(diphenylamino)bipheny#i-yl](phenyl)amino]benzaldehyde (0.1h6mol,
72.3mg) and cyanoacetic acid (0.8#nol, 27.95mg) in a mixture of tetrahydrofuran:methanol
(1:1) is added catalytic amount of piperidine. The solution is stirred foaR40°C. The soént
mixture is evaporated under reduced pressure and the resulting material is extracted with
chloroform 0.1M HCI solution washed with water, and dried over magnesium sulfate. The
product is purified by column chromatography using silicagel and chlorafeethanol (2:0.5)

as the eluent (yield 75%). Molecular structure is characterized by usifig MVIR, Mass and
Elemantal Analysis. IR (KBr):;"tm8551, 3412, 3031, 2214, 1583, 1487, 1392, 1323, 1270, 1178,
1074, 1028, 1003, 959, 818, 788, 749, 723, 683,"H NMR (DMS@): (ppm), 7.88 (1H, s,
CH=), 7.79 (2H, d, AH), 7.60 (4H, q, &H), 7.36 (6H, m, AH), 7.15 (5H, m, AH), 7.10 (10H,

m, AicH).

HRMS (TOF BSIY  3a582.38(calcd. for gH,oNsO, (583)). Calcd: C 82.31, H 5.01, N 7.20, O
5.48; faund: C 82.33, H 5.00, N 7.23, O 5.48.
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RESULTS AND DISCUSSIO

Electrochemistry of triphenylene diamines consisting of anchoring groups

Eqomo and B ymwo Values of triphenylene diamines comprising anchoring groups were calculated
by using cycliovzoltammograms. Solutions of TPD dyes were prepared in dichloromethane
(10 M). A three electrode cell setp 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 (FBAGEM, was used as
supporting electrolyte. Ferrocene was used as internal reference electrode.

Table4¢l. Solid state dye sensitized solar tefficiencies for TPD_1 and TPD_2 using nanoporous géSte and
Redox potentials of TPD derivatives.

Voca |scb FFC Hd onidatione Ereductionf Eferroceneg EHOMOh ELUMOi 53 j
(mV) (mAlcnf) (%)  (Volt)  (Volty  (Volt) (eV) (eV) andGap

TPD_1 805 2.05 0.53 0.87 0.79 -1.43 0.31 5.28 3.06 2.22
TPD_2 835 2.80 0.42 0.97 0.85 -1.08 0.39 5.26 3.33 1.93

& Opencircuitvoltage

b Shortcircuit photocurrent.

¢ Fillfactor.
dOveralIsolar—light—to-eIectricalconversionefficiency' )
° Firstoxidationpotentialsof TPDs.
"Reductionpotentialsof TPDs.

9 Potentialsof ferrocene,internal referenceelectrode.
"HOMOenergylevelof TPDs.

' LUMOenergylevelof TPDs.

! EnergyBandGapof TPDs.

Figure4¢3, Figure4c4 and Table4¢l summarize the voltammetric behavior of 0/ solutions
of TPDs. TPD derivatives show both reduction and oxidation potentiagime4¢3 and Figure
4c4. Byomoand E yuolevels are calculated from the onset potentials of oxidation esdliction
and by assuming the energy level of ferrocene/ferrocenium (Fcecbe 4.8V below the
vacuum levef®?’
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Figure4¢3. Cyclic voltammogram of TPDs in positive region.
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Figure4c4. Cyclic voltammoram of TPDs in negative region.

The oxidation of TPD_1 and TPD_2, respectively, proceeds by two successiiectnoa
oxidations. The addition of the extra phenylene substituent to TPD_1 increases the first
oxidation potential of the TPD_2 by ca. 0N06The oxidation products for TP&re 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 mthn potential by ca. 0.3¥. 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,¢he and E.umo
values andEzandcapOf TPD_2. TPD_2 has lower band gap than TPDaldlg4¢l). According to

Euwo data of TPD_1 and TPD_2, electrons can be injected into the conduction band of
TiQ easily.

Photovoltaic device fabrication and characterization of Solid state dye sensitized solar cells

The Sn@F covered glass was cut into 225mm pieces. The transparent conducting glasses
(TCO) covered with adhesive tape to control the thickness of the film and to provideoabed

areas for electrical contact and they were etched using Zn powder and 5%iti€blution. 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 50C. Ti@paste wasapplied onto the TCO glass covered with
blocking layer using screen printing technique; thin films of abost2 Ay GKAOlySaasSa
prepared. Finally, temperature was increased gradually, the films were sintered 4C500 1h

and temperature was coetl down to room temperature gradually. The Jé@ctrodes were

then immersed into the 0..nM dye solutions of TPDs and kept at room temperature overnight.
TiO-coated glasses with TPD dyes adsorbed on were washed with pure solvent. Afterwards,
organic holell NI y & LJ2 NI A y 3 Y I -fetBakld(N,N-di-pémiethoxyphemAanineyt 3- i
pirobifluorene (spirelOMeTAD) was covered on dye adsorbed,Til@s by using spin coater.
40nm gold was evaporated as top electrodes.

Figure4¢b shows the schematic representation of a solid state dye sensitized solar cell which
consists of transparent conductive oxide layer, compact,Bifer; a dye adsorbed on
mesoporous nanocryslime-titanium dioxide acting asn-type semiconductor layer; hole
transport material and a gold counter electrode.
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