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Preface

Preface
The objective of this thesis was the preparation of functionalized thiophene-comprising
oligomers and Ru(II) sensitizers for application in organic solar cells. The optoelectronic
properties of these compounds should be studied as well as their photovoltaic performance in
different types of organic solar cells.
The thesis is divided in four chapters with respect to four different types of organic solar cells.
In Chapter 1 acceptor end-capped oligothiophenes were synthesized comprising an electron-rich
S,N-heteropentacene core. Structure-property relationships were deduced by variation of the
terminal electron-accepting units and by symmetrical extension of the π-conjugation by insertion
of hexyl-substituted thiophene moieties between the pentafused core and the acceptor endgroups. The influence of dicyano-acceptor moieties was further investigated by comparison with
non-functionalized and formyl-capped analogues. The resulting A-D-A oligomers were
implemented in solution-processed bulk heterojunction solar cells.
The application of two A-D-A oligomers with extended π-conjugation as low-molecular weight
hole-transporting material in perovskite solar cells is presented in Chapter 2. Their photovoltaic
performance was studied in detail by photoinduced absorption spectroscopy.
In Chapter 3 bipyridyl and terpyridyl Ru(II) complexes with thiophene-comprising anchoring and
ancillary ligands were design and prepared as sensitizers for implementation in dye-sensitized
solar cells. The polypyridyl ligands were functionalized with ethynyl-thienyl and thienyl groups
with the aim to enhance the light harvesting ability due to anticipated bathochromic absorption
and increase in molar absorptivity. Their photophysical and electrochemical properties were
compared to literature known sensitizers with similar molecular structures.
The device fabrication and photovoltaic characterization of the solar cells described in Chapter 1
and Chapter 2 were performed in the group of Prof. Dr. Michael Grätzel at the EPFL in Lausanne.
The synthesis and optoelectronic properties of two push-pull organic dyes implementing a
perylenemonoimide electron-accepting unit and a triphenylamine donor part separated by
rigidified S,N-heteroacenes is described in Chapter 4. The D-π-A triads were investigated as dyes
in p-type DSSCs in cooperation with the group of Prof. Dr. Udo Bach at Monash University.
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CHAPTER 1
S,N-Heteropentacene-Based Donor Materials for
Solution-Processed Bulk-Heterojunction Solar Cells

1.1

Introduction and aim of the work

Ladder-type π-conjugated oligomers have attracted growing attention not only due to their
interesting design and challenging synthesis but also as a possibility to develop new organic
semiconductors with tailored properties for applications in various optoelectronic devices such as
organic field-effect transistors (OFETs), organic light-emitting diodes (OLEDs), and organic
photovoltaics (OPVs).[1]
In α-oligothiophenes torsion around interannular single bonds is possible leading to a deviation
from planarity. By covalent fastening of adjacent aromatic units in multifused systems, the
backbone is rigidified suppressing the rotational disorder. Therefore, π-electron delocalization is
facilitated by elongation of the effective conjugation length. Simultaneously, the band gap is
reduced.[2] The reorganization energy is additionally decreased enhancing charge carrier
mobility.[3] The ladder-type coplanar structure favours π-π stacking, which improves the orbital
overlap in the solid state and hence the mobility.[4]
The focus of this chapter is a thiophene-pyrrole-based S,N-heteropentacene named SN5 2 (Figure
1.1). Pentafused SN5 2 consists of a terthiophene backbone, which is bridged by nitrogen atoms
substituted with branched 2-ethylhexyl chains to impart sufficient solubility for later processing
from solution. This system is the extension of the prominent dithieno[3,2-b:2′,3′-d]pyrrole (DTP),
[5]

which was intensively studied by Rasmussen and co-workers. DTP 1 was already successfully
1
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used as donor building block in acceptor-substituted oligothiophenes exhibiting high efficiencies
between 4.8-6.1 % in solution-processed bulk-heterojunction (BHJ) solar cells, which will be
discussed in detail later in this chapter.[6]

Figure 1.1: Thiophene-pyrrole-based S,N-heteropentacene 2 as extension of the prominent DTP 1.

Based on crucial building block 2, two series of acceptor-donor-acceptor (A-D-A) oligoacenes
functionalized with terminal electron-accepting units were developed as donor materials for
application in solution-processed BHJ devices. Bridging the terthiophene backbone with nitrogen
atoms should increase the donor ability leading to a higher charge-transfer character when
acceptor groups are attached in the terminal positions and hence a red-shifted and intensified
absorption in comparison to terthiophene analogue DCV3T[7] is expected. The totally fused
structure and hence high rigidity and planarity should lead to high mobilities in the solid state,
which arise from a dense packing owing to strong intermolecular π-π interactions.
First solar cell results of acceptor-substituted SN5-derivatives indicated that solely the
pentafused system, which corresponds to a terthiophene unit, could be too short for efficient
hole transport.
Therefore, in the first series the goal was to elongate the π-system in parent oligomer DCV-SN5 3
by insertion of hexylthiophenes and hexyl-substituted bithiophenes between the fused central
donor unit and the terminal 1,1-dicyanovinylene (DCV) accepting units (Figure 1.2). The
additional thiophene moieties should also increase the rotational freedom along the backbone,
likely reducing the tendency to crystallize. This could facilitate the deposition of these materials
by solution-processing and eventually lead to a better D-A phase separation in the photoactive
layer.
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Figure 1.2: Oligomers 3-5 comprising S,N-heteropentacene core and DCV-acceptor groups.

In the second series, the effect of successive structural modification of the terminal DCV-acceptor
group to the 1-(1,1-dicyanomethylene)-cyclohex-2-ene (DCC) electron-withdrawing unit was
investigated affording asymmetrical DCV-SN5-DCC 6 and by substitution of both DCV-groups
symmetrical DCC-SN5 7 (Figure 1.3). Fitzner et al. already investigated a series of DCC-endcapped oligothiophenes achieving promising efficiencies up to 4.4% in vacuum-processed BHJ
solar cells.[8] Compared to the DCV-acceptor, this new DCC-acceptor exhibits an additional double
bond elongating the conjugation length of the donor part. Hence, with respect to electronically
factors DCC-SN5 7 can be regarded as a quaterthiophene instead of the former terthiophene in
case of DCV-SN5 3, which should improve the charge-transport properties. With the cyclohexene
ring the structure becomes more flexible, which could be favourable to lower the crystallinity of
the materials with regard to solar cell fabrication.

Figure 1.3: S,N-heteropentacene derivatives 3, 6 and 7 comprising DCV- and DCC-acceptor groups.

3
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Firstly the general device design and working principle of BHJ solar cells is described and some
stat-of-the art donor materials, which set benchmarks and records, are pointed out.
Furthermore, a section is dedicated to the most prominent pentafused semiconductor pentacene
and its analogues, the (mixed) thienoacenes and S,N-heteroacenes. The presented acene
derivatives are limited to the systems bearing either thiophene or both thiophene and pyrrole
units. Since the multiple fused materials are mostly implemented in OFETs, just few examples
exist, whose photovoltaic properties were investigated. Nevertheless, series containing DTP, SN5
and an extended derivative SN6 are discussed at last.
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1.2

Bulk-heterojunction solar cells

Currently commercially available solar panels are dominated by first generation solar cells based
on the inorganic semiconductor silicon. In the laboratory scale crystalline silicon exhibits a power
conversion efficiency (PCE) of more than 25%,[9] which is near the Shockley-Queisser limit[10] of
around 30%. On the other hand, solar modules show a PCE of around 15-20%.
Second generation solar cells belong to the thin-film technology and include amorphous-silicon,
cadmium telluride (CdTe), and copper indium (gallium) selenide (CIS, CIGS) exhibiting efficiencies
of 10-15% in modules.
Organic photovoltaics belong to the class of third generation solar cells. They provide distinctive
advantages which make them attractive for a wide range of novel applications. One point is their
potential for low-cost fabrication, since they can be produced in mass by uncomplicated roll-toroll printing and no elaborate processing technology is necessary as it is the case for silicon cells.
Therefore, the fabrication in total is faster and more versatile. As the devices consist of only very
thin films of just several hundreds of nanometre, the amount of material needed is very low, also
reducing material costs. These solar cells can be printed on flexible substrates such as plastic or
metal foils as the processing is conducted at low temperature. The advantages offered thereby
such as flexibility and light weight together with semitransparency and coloured design account
for new areas of applications. The solar foils can be deployed in the automotive industry,[11]
integrated in furnishing or architecture, e.g. on windows, walls, and building facades,[12] where
also the design plays a crucial role. A lot of research is going on in this field to introduce organic
photovoltaics into the market. Some initial commercial products are already available comprising
solar cells integrated in garment[13] or attached on a bag[11] enabling a charging of portable
devices such as a cell phone, a digital camera, or a MP3 player on the move. Additionally, in San
Francisco a solar panel is installed on the roof of a bus shelter to deliver current for the intercom,
LED lighting, and wireless routers.
But the organic photovoltaics still lack behind in performance as well as in long-term stability[14]
and in lifetime compared to their inorganic counterparts. Nevertheless, some milestones were
set approaching inorganic solar cells which render this technology very promising. For example, a
record efficiency of 12.0% was reported by Heliatek in January 2013 for a vacuum-processed
triple cell with an active area of 1.1 cm2.[15] In addition, they launched a first production line in
the beginning of 2012.[16]
Typical devices architectures for organic photovoltaics are planar heterojunction and bulk
heterojunction devices. Here, just solution-processed BHJ solar cells will be discussed in detail.
The concept of a BHJ was first developed by Sariciftci, Heeger et al. in 1992.[17]
5
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1.2.1 General architecture and basic working principle
A standard BHJ device[14, 18] consists of a glass substrate which is coated with conductive indium
tin oxide (ITO) serving as hole-collecting anode. On top a hole-transport layer of p-type doped
conjugated polymer PEDOT:PSS (poly(3,4-ethylenedioxythiophene)poly(styrenesulfonate)) is
spin-coated. Due to its higher work function compared to ITO, a better match to the highest
occupied molecular orbital (HOMO) of the p-type component is ensured. Next follows the
photoactive layer which is a blend of donor and acceptor material. It is deposited from solution
by spin-coating, doctor-blading, screen-printing or inkjet-printing. The D and A components form
a bicontinous network with percolated pathways to the respective electrodes for efficient charge
carrier transport (Figure 1.4, right side). Ideally, the blend features a columnar structure with
highly ordered donor and acceptor domains with a width of twice the exciton diffusion length
(Figure 1.4, right side).[19] In this case the interface is maximized at an adequate phase separation.
If the phase separation is to fine, charge generation will be efficient but the charge transport will
be poor due to recombination. On the other hand, if the domains of D and A are too large, the
generated excitons don’t reach the interface, due to the relatively low exciton diffusion length
(LD = 10 nm[20]) of organic semiconductors. As donor materials small molecules or polymers are
used. The advantage of small molecular donors towards polymeric ones is their high purity,
monodispersity, their defined molecular structure with definite molecular weights without end
group contaminants, and their good batch to batch reproducibility. As acceptor soluble fullerene
derivatives such as PC61BM and PC71BM are usually applied due to their high electron affinities,
reversible electrochemical reductions, good solubility, and self-assembling properties leading to
effective charge transport. An exciton blocking and electron-transport layer of LiF is evaporated
on the D-A-blend.[21] As cathode a low work function metal like Al is evaporated on top to collect
the generated electrons.
The nanomorphology of the blend layer is influenced by the processing conditions such as the
solvent from which the blend layer is deposited, the D-A ratio, additives[22], the concentration of
the solution, and annealing (thermal[23] or solvent[6b, 24]) as well as the molecular structure of the
used blend materials. But it is not yet possible to really control or predict the nanoscale
morphology.[18f, 25] Since the parameters can have totally different effects on the morphology of
the photoactive layer depending on the used D and A material, they have to be adjusted for each
material from the beginning. Although more and more work focuses on the better understanding
of the impact of each parameter on the morphology, there is a lot of trial and error until the
optimal conditions are figured out.
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Figure 1.4: Ideal (left side) and typical (right side) morphology of a BHJ solar cell.

The working principle of a BHJ solar cell, schematically illustrated in Figure 1.5, involves four
fundamental steps.[18, 26] Upon illumination and absorption of a photon, an electron is excited
from the HOMO of the donor to its lowest unoccupied molecular orbital (LUMO), creating a
localized and coulombically bound electron-hole pair called exciton (Step 1 in Figure 1.5). The
absorption efficiency ηA describes thereby the ratio of the generated excitons to the incident
photons. Due to the low dielectric constant (εr = 3[27]) of organic materials in contrast to inorganic
ones, the excitons (Frenkel type) have a high binding energy (~0.5-1 eV[28]), which is much larger
than the thermal energy. For exciton dissociation is therefore a second material necessary with a
drop in potential as driving force for the splitting into free charges, because it is very unlikely to
appear under ambient conditions. For that reason, the exciton migrates through the donor phase
to the donor-acceptor interface, where charge transfer and separation are energetically
favourable (exciton diffusion, Step 2 in Figure 1.5). The interface should be reached within the
exciton diffusion length to prevent recombination to the ground state. Hence, the ideal D and A
domain size is 10-20 nm. The ratio of the excitons reaching the interface to the total generated
excitons is defined as the exciton diffusion efficiency ηED. At the D-A interface charge transfer
takes place within less than 100 fs[29] with an efficiency close to unity and an electron is
transferred from the LUMO of the donor to the LUMO of the acceptor producing an electron in
the acceptor domain and leaving behind a hole in the donor region, which are held together by
Coulomb interaction (bound geminate electron-hole pair) (Step 3 in Figure 1.5). Therefore, an
offset between the LUMO of the donor and the LUMO of the acceptor of 0.3 eV seems to be
ideal.[30] The charge separation efficiency ηCS thereby describes the ratio of the excitons that have
undergone the charge transfer process to the excitons that have reached the D-A interface. The
driving force for exciton dissociation is the offset between the LUMO energy levels of D and A.
The fourth step is the exciton dissociation into free charge carriers due to the electric field
leading to a concentration induced drift of electrons to the cathode (lower work function
contact) through the acceptor phase and of holes to the anode (higher work function contact)
7
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across the donor phase (Step 4 in Figure 1.5). This transport takes place within 10-9-10-6 seconds.
The ratio of the carriers that reach the electrodes to the excitons that have undergone the charge
transfer process is defined as the charge collection efficiency ηCC.
In the acceptor phase photoexcitation takes place as well generating charge carriers by holetransfer to the donor material.[31] Therefore, both materials contribute to the absorption
spectrum of the device.

Figure 1.5: General working principle of a BHJ solar cell.

For characterization of a device, current density vs. voltage curves are recorded in the dark and
under standard illumination of “air mass 1.5 global” (AM 1.5 G) at 100 mW cm-2 (Figure 1.6). The
y-intercept of the curve under illumination gives the short-circuit current density and the xintercept the open-circuit voltage.
The short-circuit current density JSC is defined as short-circuit current ISC divided by the cell area.
ISC is the current measured under short-circuit conditions, i.e. the current flow due to the internal
field without externally applied field. It depends on the extent and breadth of the light
absorption and hence on the band gap and additionally on the morphology and charge carrier
mobility.
The open-circuit voltage VOC is the maximum voltage delivered by the device which occurs when
no current is flowing. It is determined by the difference in energy between the HOMO level of the
donor and the LUMO level of the acceptor. The attainable voltage is lowered by charge
recombination processes.[32]
The FF is defined as the ratio of the maximum power of the solar cell (light grey area in Figure
1.6) to the product of JSC and VOC (dark grey area in Figure 1.6, Equation 1.1). It is a degree for the
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quality of the device and therefore determined by the competition between charge carrier
transport and recombination and strongly depends on the morphology of the blend layer. A high
FF is obtained when the shunt resistance is large to prevent leakage current and the series
resistance is low.

∗
∗

∗

1.1

The power conversion efficiency (PCE or η) is the product of the short-circuit current density JSC,
the open-circuit voltage VOC and the fill factor FF divided by the power of incident light Pin
(Equation 1.2). The incident light is standardized to be equivalent to AM 1.5 solar spectrum
(100 mW cm-2).

∗

∗

∗

1.2

Figure 1.6: Current density-voltage curve in the dark and under illumination.

Another important factor is the external quantum efficiency (EQE) or incident photon-to-current
conversion efficiency (IPCE). It is recorded in dependence of the wavelength and is defined as the
ratio of photogenerated charges reaching the electrodes to the incident photons at a particular
wavelength (λ). The EQE is determined by the efficiencies of the four fundamental steps which
were described in the section above (Equation 1.3).
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∗

!

∗

∗

[1.3]

Integration of the product of EQE (λ) and the incident solar spectral irradiance also affords the JSC
of the device.

For a high performing BHJ device an ideal small molecular donor material has to fulfil several
requirements. First of all, it should exhibit a broad absorption extending into the infrared (10001100nm)[18f] with a low band gap to harvest a larger fraction of the solar spectrum. Introduction
of acceptor groups in the terminal positions creating A-D-A small molecules leads thereby to
charge transfer character and hence a red-shift, higher intensity, and smaller band gaps.[18d, 18e]
Furthermore, the LUMO level should have an offset of around 0.3 eV to the LUMO of the
acceptor to ensure efficient exciton dissociation. For a high VOC, a low HOMO level would be
advantageous. However, it has to be considered, that the lower the HOMO energy level, the
larger the band gap for a given LUMO level is. As an acceptable compromise a HOMO between
-5.2 and -5.5 eV is envisioned.[25] A good hole mobility is also preferable, which can be positively
influenced by the crystallinity and the intermolecular interactions in the solid state, which are
improved having a planar and rigid molecular structure. Regarding the fabrication of the devices,
a good solubility is also necessary for solution-processing to obtain appropriate uniform and thick
films.

1.2.2 State-of-the art oligomers yielding record efficiencies
Hereinafter, three small molecule p-type semiconductors, which achieved record efficiencies in
single junction solution-processed BHJ devices are described. Their molecular structures were
intensively studied and optimized to afford these high photovoltaic performances (Figure 1.7).
Bazan and co-workers reported the optimized silole-based D-A-D-A-D small molecule 8
comprising fluorine atoms.[33] Oligomer 8 was used as donor material in combination with
PC71BM as acceptor in solution-processed BHJ solar cells. The initial efficiency of 6.02% for an
optimized active layer thickness of 100 nm could be increased to 8.94% by insertion of a ZnO
layer (25 nm) as optical spacer between the D-A blend and the Al cathode to increase the lightharvesting, resulting in an increase in JSC from 13.4 to 15.5 mA cm-2 and in FF from 0.57 to 0.72.[34]
It was shown by absorption spectroscopy and by measurements of the photoinduced carrier
generation rate that the layer of ZnO particles increased the charge collection efficiency,
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improved hole-blocking and reduced recombination. The usage of Ba instead of ZnO as cathode
interlayer yielded one of the highest FF of 0.75 together with a PCE of 7.78%.[35] Increasing the Ba
layer thickness form 10 to 20 nm resulted in an even better PCE of 8.57% with a FF of 0.74.
However, a further increase to 30 nm led to a decreased FF and PCE. The device with 10 nm Ba
thickness was also measured without aperture showing a high efficiency of 9.02%.

Figure 1.7: High performing small molecular donors 8-15 in solution-processed BHJ devices.

High-performing septithiophene derivatives 9 and 10 were published by Chen and co-workers.[36]
The thio group of the terminal 3-ethylrhodanine acceptor in parent system 9 was replaced with a
dicyanomethylene group. As a result, the absorption featured a batho- and hyperchromic effect
resulting in a smaller band gap. The octyl-substituted oligothiophenes were implemented as
donor materials in solution-processed BHJ solar cells. Rhodanine-end capped derivative 9
exhibited a PCE of 6.1% in conjunction with PC61BM as acceptor.[37] This was the first small
molecule to pass the benchmark of 6%. The slight change on the acceptor unit, however, had a
huge impact on the morphology leading to an excellent efficiency of 9.30% (8.995% certified) for
counterpart 10 in combination with PC71BM. The significant improvement was caused by an
increase in JSC from 13.98 to 14.87 mA cm-2 and in FF from 0.47 to 0.69. This remarkable result
was ascribed to optimized nanoscale morphology with crystalline D-domains in the range of the
exciton diffusion length. On the other hand the use of polyfluorene PFN as electron transport
layer improved charge transport and collection efficiency by reduction of the energy barrier
between the D-A blend and the Al cathode.
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Furthermore, Chen and co-workers reported a similar series of small molecules 11-15 which
incorporate coplanar benzo[1,2-b:4,5-b’]dithiophene (BDT) with various substituents replacing
the central thiophene ring in the septithiophene derivatives.[38] In solution-processed BHJ solar
cells a maximum efficiency of 8.12% was obtained for oligothiophene 12 with the ethylhexylthiophene-based substituent. Very recently, a record efficiency of 9.95% (certified 9.938%) was
published for derivative 15 comprising alkylthiol chains.[39] In the 15/PC71BM (1:0.8)-based device
a methanol-soluble fullerene-surfactant was implemented as electron-transport layer between
the active blend and the Al cathode.[40] The initial PCE of 6.62% was increased to 7.99% by
thermal annealing at 100 °C for 10 min and to finally 9.95% after additional solvent vapour
annealing, showing a VOC of 0.92 V, a higher JSC of 14.61 mA cm-2, and an increased FF of 0.74. The
improvement was ascribed on the one hand to a red-shifted absorption by 20 nm and an
enhanced π-π stacking due to thermal annealing. On the other hand, solvent vapour annealing
led to an intensification of the absorptivity as well as a preferable nanoscale phase separation.

These record PCEs for oligomers are comparable to or even surpassing polymeric counterparts
exhibiting PCEs up to 10.8%.[41] Additionally, Mitsubishi Chemical reported the achievement of
11.7% efficiency, but there is no information about the structure of the materials or the
architecture of the device.[42]

1.3

Pentafused heteroacenes

1.3.1 Pentacene and substituted derivatives
The most prominent pentafused system is represented by pentacene 16. It belongs to the
homologous series of oligoacenes, which are polycyclic aromatic hydrocarbons consisting of
linearly fused benzene rings. Owing to the fused-ring system acenes are planar and rigid resulting
in unique electronic properties due to dense molecular packing in the solid state and in a
characteristic vibronic structure of the longest wavelength absorption in both, solution and solid
state. Therefore, oligoacenes and especially pentacene are of great interest. Owing to its eminent
semiconductor properties, pentacene proved to be appropriate for the use in organic electronics
such as most notably OFETs,[1f, 43] but also OPVs.[44]
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Figure 1.8: Molecular structure of pentacene 16 and its crystal packing in a herringbone pattern. Reprinted
with permission from Chem. Rev. 2006, 106, 5028-5048. Copyright 2006 American Chemical Society.

Pentacene 16 crystallized in a herringbone pattern with edge-to-face interactions within the
layers and weak van der Waals forces between adjacent layers (Figure 1.8).[45] But it can also
adopt several polymorphic structures.[46]
Polycrystalline pentacene 16 was applied as donor together with C60 as acceptor in thin-film
heterojunction solar cells.[47] The device with the geometry ITO/pentacene/C60/BCP/Al yielded an
efficiency of 2.7%. Fast Diels-Alder reactions between oligoacenes and C60 however render the
use of pentacene in OPVs difficult.[48]
Pentacene however was widely used in organic thin film transistors (OTFTs) achieving hole
mobilities of up to 5.5 cm2 V-1 s-1.[49] The high value reported by Lee et al. was ascribed to a
polymeric dielectric fully substituted with hydroxyl groups. This didn’t affect the crystallinity of
pentacene but was related to the interface characteristics. The highest hole mobility for
pentacene 16 was reported by Palstra and co-workers.[50] They measured a hole mobility of 35
cm2 V-1 s-1 at room temperature (290 K) for high-purity pentacene bulk single crystals, which
increased to 58 cm2 V-1 s-1 at a temperature of 225 K by use of the space-charge-limited current
(SCLC) method. This high mobility (values are corrected for effective crystal thickness and for
anisotropic resistivity) could be obtained by removing the impurity 6,13-pentacenequinone by
vacuum sublimation, which is an oxidation product of the pentacene decomposition. The
increased mobility at lower temperature in single crystals was consistent with bandlike transport,
whereas in thin-film devices hopping transport predominated leading to increased mobility with
higher temperature. In a later publication, the group of Palstra reported similar charge-carrier
mobility values in the range of 15-40 cm2 V-1 s-1 obtained by forming a 250 nm thick 6,13pentacenequinone insulating film gate dielectric on top of pentacene crystals in OFETs.[46c]
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The mobility of pentacene single crystals however was anisotropic as demonstrated by SCLC[51] as
well as by FET[52] measurements. Within the plane parallel to the substrate the mobility was
higher by a factor of 4. The polymorphism as well as the crystal quality and the purity of the
reactive pentacene limited the performance of single crystalline pentacene in electronic devices.
Drawbacks of pentacene are its unfavourable packing in the solid state[53] as well as its low
solubility and low chemical stability due to its high lying HOMO energy level (-5.0 eV) .[54] It
suffers from rapid degradation due to oxidation to 6,13-pentacenequinone and formation of
transannular endoperoxide and of dimeric Diels-Alder adducts on the electron-rich central
ring.[55] These short comings also limit the solution-processability for device fabrication.
To discard these disadvantages, pentacene 16 was functionalized. On the one hand,
functionalized pentacene derivatives 17-19 were synthesized exhibiting good solubility to be
used as precursors for solution-casting (Figure 1.9).[56] The functional group was thermally or
photochemically removed in the solid state resulting in a pentacene film after processing. By
applying this method, mobilities of up to 0.89 cm2 V-1 s-1 were obtained.[56c]
This concept was a good way to overcome the solubility problem of pentacene, but had no
impact on the molecular ordering and hence on the electronic transport potential of pentacene.

Figure 1.9: Soluble pentacene precursors 17-19.

[56]

Therefore another attempt is the modification of pentacene in order to improve the molecular
ordering and the intermolecular orbital overlap together and to impart solubility to simplify
purification and processing.[53b, 57]
Sherwa et al. synthesized a series of 6,13-disubstituted pentacenes and investigated their
performance in OTFTs.[57b] The functionalization should improve solubility as well as oxidative
stability and most important organic semiconductor charge-transport properties. Bulky groups
were attached in the 6,13-positions of pentacene to impede an edge-to-face orientation of the
molecules. For an approach between the pentacene cores as close as possible, it is necessary to
separate the bulky substituents from the aromatic backbone by insertion of a rigid ethynyl
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spacer. Therefore, as functional group trimethylsilyl (TMS), triethylsilyl (TES), triisopropylsilyl
(TIPS), tert-butyl, and n-hexyl was investigated. X-ray crystallography data on TIPS-pentacene 20
showed a packing in two-dimensional columnar arrays with face-to-face stacking leading to
significant π-orbital overlap of the pentacene molecules (Figure 1.10). As a result of this ordering,
the interplanar spacing was smaller for the functionalized pentacene (3.47 Å compared to 6.27 Å
for unsubstituted pentacene).[57a] These functionalized pentacenes were used as active layers in
OTFTs. They showed field effect mobilities in the range of 10-5 (TMS and TES) and 10-4 cm2 V-1 s-1
(TIPS and tert-butyl), whereas n-hexyl pentacene showed no field-effect-controlled conductivity.
The TIPS-pentacene OTFTs could be improved by octadecyltrichlorosilane (OTS) treatment to a
mobility of 0.05 cm2 V-1 s-1. Increasing the layer thickness to 75 nm yielded the best performance
with a mobility of 0.4 cm2 V-1 s-1. Giri et al. even could improve the mobility of TIPS-pentacene 20
from initially 0.8 to 4.6 cm2 V-1 s-1 by applying solution shearing to introduce lattice strain.[58] This
method led to a reduction of the π-π stacking distance from 3.33 Å to 3.08 Å improving molecular
packing. In contrast to this symmetrically functionalized pentacene, the asymmetric derivative,
which comprises TIPS groups in the 5,14-positions, also adopted a herringbone motif similar to
that of pentacene.[57a]

Figure 1.10: Molecular structure of 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) 20 and its
x-ray crystal structure illustrating face-to-face stacking. Reproduced from Ref [59] with permission of The
Royal Society of Chemistry. (http://dx.doi.org/10.1039/B403015J)

The groups of Wudl and Bao reported the use of tetramethylpentacene 21 in OTFTs.[60] They
introduced electron-donating methyl groups in the 2,3- and 9,10-positions of pentacene. The
new derivative showed marginal red-shifted longest wavelength absorption. The methyl groups
caused an increase in energy of both frontier molecular orbitals whereas the band gap remained
almost unchanged. However, the raise in HOMO energy affected the stability adversely.
Tetramethylpentacene adopted a similar crystal structure as pentacene also stacking in a
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herringbone pattern (Figure 1.11). The fourfold substituted derivative showed hole mobilities up
to 0.30 cm2 V-1 s-1 in OTFT devices.

Figure 1.11: Molecular structure of 2,3,9,10-tetramethylpentacene 21 and its crystal herringbone packing.
Reprinted with permission from Chem. Rev. 2006, 106, 5028-5048. Copyright 2006 American Chemical
Society.

The longer homologue hexacene 22 was also synthesized and single-crystal OFETs exhibited
mobilities up to 4.28 cm2 V-1 s-1.[61] Heptacene 23,[62] octacene 24, and nonacene 25[63] have also
been reported, but their stability was too low to determine charge transport properties (Figure
1.12).
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Figure 1.12: Higher acenes than pentacene 22-25.
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1.3.2 S-Heteroacenes
To circumventing the drawbacks of pentacene such as low stability and solubility while
maintaining the favourable molecular shape for a preferable crystal packing geometry and
orientation, heteroatoms were introduced in the ladder-type backbone. In this section, the
successive replacement of benzene rings by five-membered thiophene units will be discussed
finally leading to pentathienoacene with similar rigid and conjugated structure as pentacene
(Figure 1.13). By thiophene substitution the aromatic π-delocalization is reduced affording a
stabilization of the HOMO level,[1d, 64] which is beneficial regarding stability. Also the attachment
of solubilising alkyl chains in the α-position of terminal thiophenes is provided. Replacement of
benzene moieties with thiophene rings allows for several intra- and intermolecular interactions
such as van der Waals interactions, weak hydrogen bonding, π-π stacking, sulfur-sulfur
interactions, which are conceivable from the high polarizability of the sulphur atom in the
thiophene units.[65] Therefore, not only the electronic properties are influenced, but also the
intermolecular interactions in the solid-state. Since the thiophene-fused acenes discussed below
were not implemented in organic solar cells, the discussion is limited to OFET performance.
Exchange of an outer benzene ring of pentacene with a thiophene unit resulted in tetraceno[2,3b]thiophene 26, which showed a conjugation length between tetracene and pentacene 16.[66]
This S-heteroacene had a slightly higher oxidation potential than pentacene leading to a lower
HOMO energy level of -5.19 eV and a higher band gap of 1.96 eV (instead of 1.85 eV for
pentacene) improving stability. In the crystal structure, the herringbone arrangement from
pentacene was maintained, but the structure changes from triclinic to orthorhombic. The
thiophene ring effected a weak dipole moment leading to antiparallel packing of the molecules
relative to their neighbours.[67] In OTFTs on OTS-treated SiO2/Si-substrates at 60 °C this material
yielded a hole mobility of up to 0.47 cm2 V-1 s-1.[66] In the α-position of the thiophene ring the
introduction of several substituents such as n-decyl,[67] bromo and hexyl,[68] or fluoro[69] were
reported and tested in OFETS. The highest mobility of 0.85 cm2 V-1 s-1 showed bromo-substituted
heteroacene 26 on OTS-treated SiO2.
Du et al. didn’t replace the outer benzene moiety with a thiophene ring, but the second one to
get asymmetric anthra[2,3-b]benzo[d]thiophene 27 with reduced aromaticity due to a nonlinear
shape.[70] S-Heteroacene 27 showed better solubility and stability than 26 and pentacene 16 due
to a lower HOMO energy level of -5.36 eV and larger band gap of 2.5 eV. It also packed in a
herringbone motif, but the stacking was denser due to S-C short contacts. In OFETs based on 27
mobilities of 0.41 cm2 V-1 s-1 were measured on OTS-treated SiO2/Si-substrates at room
temperature.
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Figure 1.13: Heteropentacenes 26-35 comprising thiophene moieties.

Katz and co-workers reported about anthradithiophenes 28 and 29 in which two terminal
benzene rings are replaced by thiophene units to give an isoelectronic structure to pentacene.[71]
Beside the parent system, they also synthesized the dihexyl-, didodecyl-, and dioctadecylsubstituted derivatives. All heteroacenes were obtained as inseparable mixtures of syn- and antiisomers. Nevertheless, in polycrystalline evaporated thin-films unsubstituted anthradithiophene
achieved a mobility of 0.09 cm2 V-1 s-1 whereas the hexyl-derivative showed the highest mobility
of 0.15 cm2 V-1 s-1. In comparison to pentacene 16 and tetracenothiophene 26, the mixture of 28
and 29 exhibited better solubility and oxidative stability due to the higher loss in aromaticity
which would result from addition of oxygen to the central ring.
The parent benzo[1,2-b:4,5-b‘]bis[b]benzothiophene 30 as well as the butyl-substituted
derivative were synthesized and tested in OFETs by the Müllen group.[72] Both compounds
showed similar absorption with a maximum at 366 and 369 nm. The HOMO energy levels at
-5.4 eV are lower in energy than for pentacene 16 and a larger band gap of 3.3 eV was obtained.
Single crystal analysis indicated the planarity of the system and a herringbone packing. In
solution-processed OFETs they obtained a hole mobility of 0.01 cm2 V-1 s-1[72] for the parent
system whereas Takimiya and co-workers measured 2.4·10-3 cm2 V-1 s-1 in vapour-deposited
films.[73] The difference was ascribed to the polymorphism of the compound, since the two
groups observed different crystal structures.[1d]
Neckers and co-workers synthesized the syn- and anti-isomers of thienobisbenzothiophene 31
and 32 consisting of alternating thiophene and benzene units.[74] X-ray crystal analysis of antiisomer 32 indicated an almost planar structure and a herringbone-packing with favourable π-πstacking. Furthermore, anti-isomer 32 exhibited a red-shifted absorption band (375 nm)
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compared to its counterpart 31 (363 nm). The same shift was also observed in the emission. The
rigidity of both compounds was reflected in small Stoke shifts.
Gao et al. synthesized dibenzo[d,d’]thieno[3,2-b;4,5-b′]dithiophene 33 comprising three
thiophenes in the centre terminated by benzene rings.[75] Thiophene-fused acene 33 also
crystallized in a herringbone packing motif similar to pentacene with a network of C-H···π and
S···π interactions. Compared to pentacene 16 and its homologues with less thiophene moieties,
the HOMO energy level (-5.60 eV) was lower increasing the optical gap to 3.46 eV, which leads to
better oxidative and photostability. In p-channel OFETs, compound 33 showed the best mobility
of 0.51 cm2 V-1 s-1[75] at a substrate temperature of 36 °C whereas in single crystal OFETs a
mobility as high as 1.8 cm2 V-1 s-1 was measured.[76]
Replacement of two benzene rings on each side by thiophene moieties resulted in dithieno[2,3d;2’,3’-d’]benzo[1,2-b;4,5-b’]dithiophene 34, which was dialkylated in the α-positions of the two
terminal thiophene units.[77] The dihexyl-derivative showed a mobility of up to 1.7 cm2 V-1 s-1 in
solution-processed OFETs.
Dithieno[2,3-d:2’,3’-d’]thieno[3,2-b:4,5-b’]dithiophene 35,[78] which is the thiophene equivalent
of pentacene 16, was slightly better soluble and more environmentally and thermally stable than
pentacene 16. Its band gap was larger (3.2 eV) with a lower HOMO energy level (-5.3 eV) ensuring
better oxidative stability. In contrast to pentacene 16, pentathienoacene 35 did not adopt an
edge-to-face herringbone structure, but a slipped face-to-face π-stacking arrangement due to
higher C/H ratio reducing the C···H interactions in the crystal and due to S···S interactions.[3a] Xiao
et al. were the first to report on the use of pentathienoacene 35 in OFETs achieving a hole
mobility of 0.045 cm2 V-1 s-1 at a substrate temperature of 80 °C.[65]
Pentathienoacene 35 was extended up to hexathienoacene 36,[79] heptathienoacene 37,[3a] and
even octathienoacene 38[79a] (Figure 1.14). However their application possibilities were quite
limited due to their low solubility resulting from the absence of any alkyl chains.
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Figure 1.14: Homologous series of thienoacenes 36-38.
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1.3.3 S,N-Heteroacenes
In the following section, heteropentacenes comprising both, thiophene and pyrrole rings, are
discussed (Figure 1.15). The pyrrole units with their nitrogen atoms offer an additional possibility
for attaching substituents.
Valiyaveettil and co-workers investigated asymmetrical indole-fused dithieno[3,2-b:2′,3′d]pyrrole 39 comprising phenyl and 4-hexylphenyl-substituents.[80] The photophysical and
electrochemical properties as well as the crystal structure were presented. Single-crystal X-ray
analysis of the phenyl-substituted derivative revealed a deviation of 12° from planarity and the
formation of π-stacked dimers and a herringbone packing. Heteropentacenes 39 showed
absorption maxima at around 340 nm with an onset at 370 nm leading to a band gap of 3.35 eV.
The rigid molecular structure was indicated by the absorption and fluorescence spectra due to
the appearance of vibronic bands.
Symmetrical dibenzothieno[b, d]pyrroles 40, which had n-butyl or 4-hexylphenyl moieties
attached at the nitrogen atom of the pyrrole ring, were published by the same group.[81] They
described the optoelectronic properties as well as crystal structure of the phenyl-substituted
derivative. Structural analysis proved the planarity of heteroacene 40 and the formation of
molecular dimers with short S···S contacts. The two derivatives exhibited absorption maxima at
263 and 326 nm with an onset at 360 nm resulting in a band gap of 3.44 eV. The HOMO energy
levels at -5.39 and -5.51 eV lay relatively low indicating good stability. The unsubstituted and the
n-hexyl-substituted dibenzothieno[b, d]pyrroles 40 were published by Liu and co-workers.[82]
Already unsubstituted S,N-heteroacene 40 was good soluble in common solvents. Both
investigated dibenzothieno[b, d]pyrroles 40 exhibited good thermal stability with decomposition
temperatures above 286 °C. In the crystals the parent system formed piled dimers, whereas flatly
spread dimers were observed for the n-hexyl-substituted derivative due to S···S contacts and
interactions between the alkyl chains. The optical absorption in solution was similar to the nbutyl- and 4-hexylphenyl-substituted heteroacenes, but in the solid state the n-hexyl substituted
derivative exhibited a red-shift of about 40 nm compared to the parent system due to the
electron-donating ability of the alky chain. Their HOMOs were located at -5.30 eV (R = H) and
-5.38 eV (R = C6H13) leading to band gaps of 3.51 and 3.48 eV, respectively. In OTFTs
unsubstituted dibenzothienopyrrole 40 showed a mobility of 0.012 cm2 V-1 s-1 whereas n-hexylderivative 40 exhibits no FET properties.
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Figure 1.15: Heteroacenes 39-43 comprising both, thiophene and pyrrole units.

The group of Liu published disubstituted diindolo[3,2-b:4,5-b’]-thiophenes 41 and showed that
the p-tolyl-substituted derivative formed a parallel packing motif, whereas the propyl-substituted
counterpart packed in a herringbone pattern.[83] All heteroacenes 41 exhibited similar absorption
bands with maxima at around 340-355 nm and lower-lying HOMO energy levels (-5.30 eV) and
larger band gaps (3.31 eV) compared to pentacene 16 indicating a good stability against oxygen
under ambient conditions.
Pyrroloindacenodithiophene 42 published by Donaghey and co-workers consists of a central
phenyl ring fused with pyrrole units and end-capped by thiophene moieties.[3b] Branched 2octyldodecyl chains were attached on the two nitrogen atoms. Four 42-based copolymers with
different

electron-deficient

units

such

as

benzothiadiazole,

difluorobenzothiadiazole,

thienopyrrolodione, and 1,1’-bithienopyrrolodione exhibited long wavelength absorptions (635780 nm) with low band gaps (1.4-1.7 eV). Incorporation of these materials as p-type
semiconductors in solution-processed OFETs led to mobilities of up to 0.07 cm2 V-1 s-1.
Polymer/fullerene BHJ solar cells based on these polymers as donor material gave efficiencies of
up to 2.5%. The same nitrogen-bridged thienyl-phenylene-thienyl arene 42 was also published by
Cheng and co-workers.[3i] The 1-octylnonyl-substituted system was synthesized by Negishicoupling and subsequent Pd-catalyzed Buchwald-Hartwig-amination of the 1,4-dithienyl-phenyl
precursor with 1-octylnonylamine. Heteroacene 42 was applied as donor building block and
copolymerized with three different acceptor units such as thieno[3,4-c]pyrrole-4,6-dione,
benzothiadiazole, and dithienyl-diketopyrrolopyrrole. The highest field-effect hole mobility of
0.02 cm2 V-1 s-1 was measured for the benzothiadiazole-based polymer. In BHJ devices the
thieno[3,4-c]pyrrole-4,6-dione-comprising polymer in combination with PC71BM as acceptor
afforded a PCE of 3.72%.
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During our efforts to synthesize the novel thiophene and pyrrole comprising pentafused
heteroacene SN5 2, a paper on the nitrogen-bridged terthiophenes 43 was published by Suga and
co-workers.[84] They presented several derivatives bearing aryl (p-tolyl, p-butylphenyl, p-anisyl)
and alkyl (benzyl, n-octyl, n-butyl, methyl) groups on the nitrogen atoms. Branched 2-ethylhexyl
chains, which we used as substituents for our system, were not investigated. DFT calculations
showed a reduction of the band gap upon elongation of the nitrogen-bridged multithiophene
system (4.58 eV for DTP 1, 3.92 for 43 and 3.54 eV for the heptafused nitrogen-bridged
quaterthiophene). The pentafused nitrogen-bridged terthiophene 43 exhibited a similar band gap
as pentathienoacene 35 (3.83 eV), which provided p-type semiconductivity. In their synthetic
route, 3,3’,3’’,4’-tetrabromo-2,2’:5’,2’’-terthiophene 46 is the crucial compound and was
synthesized by Negishi-coupling in the presence of dichloro[1,1’-bis(diphenylphosphino)ferrocene]palladium (Scheme 1.1). The next step was a Pd-catalyzed tandem Buchwald-Hartwigcoupling. Toluene was used as solvent and sodium tert-butoxide as base. Several catalyst systems
were explored, among which Pd(dba)2 as Pd source and dppf ligand seemed to be the best. The
highest yield in the amination reaction of 77% was obtained with benzylamine, whereas noctylamine gave the worst yield of 44%.

Scheme 1.1: Synthetic route to S,N-heteropentacenes 43.

In Figure 1.16 the crystal structures of the n-octyl- and n-butyl-substituted heteropentacenes 43
are displayed. The results indicated that the terthiophene skeleton was in the same plane. The
bond lengths were similar to those of DTP 1 except that the S-C bonds were slightly longer than
those of DTP.
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Figure 1.16: Crystal structures of the n-octyl- (left side) and n-butyl-substituted (right side) heteropentacenes 43. Reprinted with permission from Org. Lett. 2012, 14, 2702–2705. Copyright 2012 American
Chemical Society.

All co-planar compounds 43 exhibited two absorption maxima at around 350 nm which were redshifted compared to those of n-butyl-DTP due to the elongated π-system. These results suggest
that the optical properties are influenced by the fused backbone and are independent from the
substituents on the nitrogen atoms. Furthermore, the cyclic voltammogram of the p-tolylsubstituted heteroacene 43 showed three oxidation peaks, from which the first was observed at
0.25 V vs. Fc/Fc+ and the other two around 1.0-1.2 V vs. Fc/Fc+. In comparison to the n-butyl-DTP
(0.58 V vs. Fc/Fc+), the oxidation potential was more negative because of the more extended
conjugated system. This also led to higher HOMO levels compared to DTP. In contrast to the
optical properties, the oxidative potentials are influenced by the nitrogen-substitution as aryl
moieties on the nitrogens slightly stabilized the HOMO energies. Up to now, just the synthesis
and the properties of the SN5 system were published. Possible applications in OFETs or
photovoltaic devices as well as the functionalization with acceptor groups were not reported.

Wessendorf, Bäuerle and co-workers developed a series of oligothiophenes 47-52 comprising
DTP 1 as central unit, which is the smaller analogue of SN5 2. The oligomers were end-capped
with DCV-groups and implemented in solution-processed BHJ solar cells with PC61BM as
acceptor.[6b] The A-D-A oligomers differed on the one hand by the substituent at the nitrogen,
which is either 2-ethylhexyl, 1-octylnonyl, or 2-hexydecyl. On the other hand, the hexyl chains on
the bithiophene moieties were switched form the “outer” position of the thiophene ring in
isomers 47-49 to the “inner” position in oligomers 50-52. The hexyl pattern and the nitrogen
substituent had a great impact on the solubility of the molecules. The solubility, ranging from 10
to >120 mg mL-1, was higher with the hexyl chains at the inner positions and with longer
branched alkyl substituent on the nitrogen. Whereas in case of oligomers 50-52 the hexyl pattern
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led to a blue-shifted and less intense absorption and as well lower lying LUMO energy levels
reducing the band gap, the nitrogen-substituent had no major impact on the optoelectronic
properties. The hole mobilities of 0.9-1.6 · 10-4 cm2 V-1 s-1 were comparable to P3HT except for
oligothiophene 48, which showed a lower value of 0.6 · 10-4 cm2 V-1 s-1. For oligomers 48-52
solvent vapour annealing (SVA) proved to ameliorate their performance, since the JSC and FF
values were increased attaining efficiencies of 4.4-6.1%. Donor materials 51 and 52 comprising
“inner” hexyl chains outperformed their isomeric counterparts and showed stronger
improvement upon SVA. Absorption spectroscopy, AFM, and XRD experiments of blends based
on oligomer 52 without and after SVA in CHCl3 vapour indicated a reorganization of the blend
towards higher ordering and improved phase separation, which led to higher absorption and
crystallinity of the donor material. The most significant increase was observed for oligomer 52,
whose initial efficiency of 1.1% augmented to 6.1% with a JSC of 10.1 mA cm-2, a VOC of 843 mV,
and a remarkable high FF of 0.72. As exception, oligomer 47 showed in most cases a different
behaviour. It was already reported before showing an efficiency of 4.8%, which was the highest
reported value for a DTP-based donor material at that time.[6a] On the contrary, isomer 50 just
yielded a PCE of 0.8% due to a different blend morphology and phase separation.

Figure 1.17: Thiophene- and pyrrole-containing heteroacenes 47-56.

In addition, Bäuerle and co-workers prepared the p-tolyl-, n-propyl-, and n-hexyl-substituted S,Nheteropentacene SN5 as donor central unit and attached terminal dicyanovinylene (DCV)24
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acceptor groups (Figure 1.17).[85] Single crystal analysis of DCV-SN5 54 revealed a planar
backbone with propyl chains pointing out of the plane in opposite direction packing in
antiparallel stacked columns. Furthermore, bond length equilibration of the π-system was
observed. In comparison to parent oligothiophene DCV3T, the three derivatives featured redshifted absorption and emission in solution as well as in thin films accompanied with a drastic
intensification. Hence, the band gaps were reduced. Slight differences for tolyl-derivative 53 were
ascribed to the twist of the tolyl substituent with respect to the SN5 backbone. Similar effects
were also observed for the electrochemical properties. The oxidation potential of the nitrogenbridged terthiophene derivatives 53-55 was significantly shifted to lower values resulting in
elevated HOMO levels. Although the LUMO was slightly stabilized, the band gap was narrowed.
DFT calculations showed a noticeable contribution of the heteroatoms on the HOMO together
with a continuous electron density over the entire pentafused system. A quinoidal character was
observed for the LUMO in case of the heteropentacenes as well as for DCV3T. The DCV-SN5
materials 53-55 were implemented as donor materials in vacuum-processed BHJ solar cells,
which were prepared by Heliatek in Dresden. High VOCs were achieved for all three derivatives,
whereas tolyl-DCV-SN5 53 exhibited by far the lowest efficiency of 0.7%, which was ascribed to
poor charge transport. For propyl analogue 54 an initial PCE of 5.6% was obtained and 3.7% were
measured for hexyl counterpart 55 due to a lower FF of 0.49. By optimization of the layer
thickness and substrate temperature with an optimum at 30 nm and 90 °C, respectively, an
excellent efficiency of 6.5% was attained with a JSC of 10.2 mA cm-2, a VOC of 0.92 V, and a FF of
0.69 reaching a maximum EQE of 70% at 600 nm. In contrast, DCV3T performed poorly as a result
of a low HOMO offset to acceptor C60.[86] AFM measurement revealed strong differences in the
photoactive blends. High performing propyl-DCV-SN5 54 featured percolation pathways for
charge transport, whereas hexyl analogue 55 showed a much finer structure. In the case of the
tolyl counterpart 53 no phase mixing was observed and percolation pathways were completely
missing explaining the poor performance.
The extension of SN5 backbone leads to S,N-heterohexacene SN6, in which a bithiophene moiety
replaces the central thiophene unit in SN5, was as well reported by Bäuerle and co-workers.[87] XRay crystal structure analysis of the parent system SN6 showed a perfectly planar conjugated
backbone with alkyl chains pointing out of the plane. π-π Interactions led to an ordering in
columns which were interacting via S-S dipolar forces. The conjugated backbone of formylsubstituted SN6 was slightly different, whereby a stronger difference was observed in the
arrangement of the hexyl chains. The aldehyde groups led to a quasi-hexagonal packing and
ordering in planes. The rigidity of the unsubstituted system was reflected in highly structured
absorption bands at 326 and 380 nm, respectively. In comparison to SN5[84] (vide supra) and n25
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butyl-DTP,[5a] a bathochromic effect of the absorption was observed due to the more extended πconjugation. However, similar absorption and emission was observed for hexathienoacene 36[78],
which in the π-conjugated system solely contains sulphur instead of nitrogen heteroatoms. By
attaching acceptor units on the hexafused backbone an intensification and a red-shift in
absorption was attained together with reduced band gaps. Additionally, the redox potentials
were shifted to more positive values whereby the HOMO energy levels were stabilized and the
LUMO levels decreased in energy with respect to increasing acceptor strength. DFT-calculations
revealed a classical quinoidal character of the LUMO and a noticeable distribution of the
heteroatoms in the HOMO. Upon acceptor-functionalization of the parent SN6 a bond length
equilibration toward the cyanine limit was deduced. The DCV-end capped S,N-heterohexacene 56
(Figure 1.17) was investigated in vacuum-processed OTFTs affording good hole mobilities of up to
2 · 10-2 cm2 V−1s−1 on n-octadecyltriethoxysilane-treated Si/SiO2 substrates. In comparison, DCV4T
and hexathienoacene 36 exhibited lower mobilities of 10-4 and 6 · 10-3 cm2 V-1 s-1, respectively.
Instead of inserting nitrogen atoms into multifused systems to form pyrrole units, also carbon,[88]
silicon,[3g,

88c, 89]

and germanium[88c,

90]

were used as bridging atoms creating cyclopentadiene,

silole, and germolane embedded in the ladder-type conjugated structure. Thus, the attachment
of even two solubilising alkyl chains became possible. These resulting coplanar heteroacenes
were often co-polymerized with electron-deficient unit. The resulting D-A-polymers exhibited
improved π-electron delocalization and achieved excellent efficiencies of up to 7% in BHJ solar
cells.

In this section, the concept of BHJ solar cells was described and some high performing oligomers
yielding record efficiencies were presented. Afterwards, beginning with pentacene and its
substituted derivatives, different thiophene-fused acenes as well as heteroacenes containing
both thiophene and pyrrole rings have been discussed. In the last section, the focus was set on
DTP, SN5, and SN6 containing oligomers, end-capped with DCV-acceptor groups, which showed
very promising results in BHJ solar cells as well as in OTFTs.
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1.4

Results and Discussion

The synthesis of the acceptor-terminated SN5 derivatives as well as their photophysical and
electrochemical properties are described in the following section. The five SN5-comprising
oligomers were implemented as p-type semiconductors in solution-processed BHJ solar cells. The
performance and optimization of the respective devices will be discussed herein. Furthermore,
the effect of the elongation of the π- conjugated system on the optoelectronic and photovoltaic
properties will be presented.

1.4.1 Attempts to synthesize S,N-heteropentacene
For the synthesis of pentafused system SN5 2 the crucial building block 3,3',3'',4'-tetrabromo2,2':5',2''-terthiophene 59 had to be accessible. Therefore different cross-coupling reactions such
as Stille-, Kumada-, and Negishi-coupling in order to react 3,4-dibromo-2,5-diiodothiophene 54
with the corresponding metalated compounds 55-58 were screened (Scheme 1.2).

Scheme 1.2: Attempted synthesis of tetrabromo-terthiophene 46 by different cross-coupling methods.

First of all, diiodothiophene 57 was prepared by iodination of 3,4-dibromothiophene 62 using
mercury acetate and elementary iodine in 82% yield (Scheme 1.3).[91] Twofold Stille-coupling was
investigated as first coupling method. The required stannylated compound 58 was synthesized by
lithiation of 2,3-dibromothiophene 63 and quenching with trimethyltin chloride (Scheme 1.3).[92]
The product was obtained in 85% yield after purification by vacuum distillation.
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Scheme 1.3: Attempted synthesis of tetrabromo-terthiophene 46 by Stille-coupling.

The Stille-type coupling reactions were performed under microwave irradiation. The reaction was
tried using different conditions by varying concentration, catalyst (Pd(PPh3)4, Pd(PTh3)3,
Pd(PPh3)2Cl2 and Pd2(dba)3 with HP(tBu)3BF4), temperature (140 °C were replaced by 80 °C to
prevent deiodination) and solvent (DMF and THF). The isolated product was purified by column
chromatography and subsequent recrystallization from DCM and hexane. The best outcome was
a yield of 26% by using DMF as solvent and dichlorobis(triphenylphosphine)palladium(II)
Pd(PPh3)2Cl2 as catalyst. The reaction was also carried out with tetrabromothiophene at 140 °C,
but this even decreased the yield to 10%.
Secondly, Kumada-coupling was tested. Since 2,3-dibromothiophene 63 could not be transferred
into Grignard reagent 59 by using magnesium turnings neither in diethyl ether nor in THF under
reflux, it was lithiated with n-BuLi and quenched with magnesium bromide ethyl etherate
(Scheme 1.4). Grignard intermediate 59 was reacted with diiodothiophene 57 using [1,3bis(diphenylphosphino)propane]dichloronickel(II) Ni(dppp)Cl2 as catalyst providing product 59 in
13% yield. However, it was not clear, which step of the reaction sequence was inefficient because
the bromo magnesium exchange could not be verified by GC-MS since both, quenching of
Grignard reagent 3 and of the lithiated precursor, would result in the same product.

Scheme 1.4: Attempted synthesis of tetrabromo-terthiophene 46 by Kumada-coupling.
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In another attempt, Negishi-coupling was investigated as it was successfully applied by Ashraf,
Chen et al.[93] for the synthesis of 2,2’-(2,5-dibromo-1,4-phenylene)bis(3-bromothiophene). This
analogue has a similar structure as the tetrabromo-terthiophene 46, but the middle thiophene
ring is replaced by a phenyl ring. Organozinc compound 60 was prepared by lithiation of 3bromothiophene 64 with LDA and quenching with zinc bromide according to a method of
Rasmussen (Scheme 1.5).[94] After coupling of 60 with diiodothiophene 57 using Pd(PPh3)4 as
catalyst, terthiophene 46 was isolated in 13% yield after purification by column chromatography.

Scheme 1.5: Attempted synthesis of tetrabromo-terthiophene 46 by Negishi-coupling.

As last attempt, Suzuki-coupling was performed by Astrid Vogt, but also in this case the product
could only be obtained in 14% yield.
In all cross-coupling reactions dehalogenation occurred, either of reactant 57, of product 46, or
of the mono-coupled by-product. Reactants and additional by-products such as the monocoupled derivative and the homo-coupled product of the metalated thiophene derivatives were
as well observed by GC-MS.
As the above mentioned coupling reactions were not very successful, another synthetic route
was adopted (Scheme 1.6). In this case, tetrabromo-terthiophene 46 was synthesized by
debromination of hexabromo-terthiophene 69. The replacement of the bromine was conducted
by transfer hydrogenation using palladium on charcoal as catalyst and ammonium formate as
hydrogen source according to the Schlosser reduction.[95] For this route, 5,5’-bis(trimethylsilyl)2,2’:5’,2’’-terthiophene 67 was synthesized by Suzuki-coupling of 2,5-dibromothiophene 65 and
boronic ester 66 in 92% yield (Scheme 1.6).[96] The six fold bromination using 8 equiv. elementary
bromine was carried out with silyl-terminated terthiophene 67 as well as with unsubstituted
terthiophene 68 in high yields of 95 and 92%, respectively. The successive debromination was
carried out in n-butanol with Pd/C and ammonium formate. The crude product consisted of
tetrabromo-terthiophene 46 as main product and pentabromo- and tribromo-terthiophene as
by-products. For the separation of this mixture, recrystallization was tried as well as sizeexclusion chromatography (SEC) using DCM as eluent, but both methods weren’t successful. The
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best method was column chromatography on silica gel with hexane as eluent and subsequent
recrystallization from DCM/hexane. In this respect, 71% of product was isolated in a purity of
94%.

Scheme 1.6: Synthesis of tetrabromo-terthiophene 46 by hydrogenation of hexabromo-terthiophene 69.

The nitrogen bridges in heteroacene SN5 2 were introduced by four-fold Buchwald-Hartwigamination with 2-ethylhexyl amine 70 in toluene (Scheme 1.7). Tris(dibenzylideneacetone)dipalladium(0) Pd2(dba)3 served as catalyst in combination with BINAP as ligand and sodium tertbutoxide as base for the deprotonation of the amine. Different conditions by varying the
concentration of catalyst system and base, the amount of amine, or by thermally heating or
microwave irradiation were investigated.

Scheme 1.7: Attempted synthesis of pentafused heteroacene SN5 2.

The best outcome of 33% yield was obtained by use of 10 mol% catalyst, 40 mol% BINAP, 6 equiv.
base and 3 equiv. of amine under microwave irradiation for 2 h. After column chromatography,
the product was additionally purified by semipreparative HPLC using a n-hexane/DCM mixture
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(90:10) as eluent. This coupling reaction may be limited by steric interactions of the relatively
bulky 2-ethylhexyl chains. The low yield can probably be ascribed to debromination reactions,
which result in by-products, in which only one pyrrole ring existed and the second one was not
formed or even both pyrrole rings weren’t formed. The possible constitutional isomers are
displayed in Scheme 1.8. This claim was supported by GC-MS results which showed two peaks
with different retention time for a mass of 501 g mol-1 as well as for 503 g mol-1.

Scheme 1.8: Conceivable structures of by-products 71-75, which result from debromination.

Another approach for the synthesis of SN5 2 was the introduction of protecting groups at the αpositions of the terthiophene which would avoid a six-fold bromination and could be removed
afterwards. As protecting group an ethyl ester was chosen, which is removable by coppercatalyzed decarboxylation after hydrolysis. Ester-protected terthiophene 78 was synthesized by
Stille-type coupling reaction of brominated thiophene 76 and bis-stannylated thiophene 77 in
71% yield (Scheme 1.9). For the subsequent bromination the same conditions were applied as for
the bromination of terthiophenes 67 and 68 (vide supra). The Buchwald-Hartwig-amination of
tetrabrominated terthiophene 79 was performed using 4 equiv. of 2-ethylhexylamine 70,
20 mol% Pd2(dba)3 catalyst, 80 mol% BINAP ligand and 6 equiv. sodium tert-butoxide as base
under reflux in toluene for 22 h. However, according to GC-MS and TLC no product was formed
under these conditions.
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Scheme 1.9: Attempted synthesis of pentafused heteroacene 80 bearing ethyl ester protecting groups.

Another possibility to construct the pentafused system is the connection of the thiophene rings
via nitrogen atoms and closing of the bond between two thiophene rings as last step (Scheme
1.10). Therefore, N-(2-ethylhexyl)thiophen-3-amine 81 was prepared by copper-catalyzed amination of 3-bromothiophene 64 according to a procedure described by Lu and Twieg,[97] who used
N,N-dimethylethanolamine as ligand and solvent at the same time. A mixture of copper metal
and copper iodide (1:1) served as catalyst. Aminothiophene 81 was obtained in 54% after
purification by column chromatography on alumina. The isolated product however became dark
red/brown after evaporation of the solvent, which points out that it is not very stable in air and
degradation can occur. This was also described in literature for several investigated
aminothiophenes.[97]

The

next

step

was

a

palladium-catalyzed

amination

of

3,4-

dibromothiophene 62 with N-(2-ethylhexyl)thiophene-3-amine 81. In the first attempt the usual
Buchwald-Hartwig conditions were utilized, but no product was observed in the GC-MS. In the
second attempt the Pd(OAc)2/P(tBu)3 catalyst system described by Rasmussen et al.[98] was
applied. Again the product was just formed in trace amounts and could not be isolated.
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Scheme 1.10: Attempted synthesis of 2-ethylhexyl-substituted N,N‘-(3,3’-dithienyl)-3,4-diaminothiophene
82.

1.4.2 Successful synthesis of S,N-heteropentacene and its DCV end-capped derivative
During our efforts to synthesize the SN5 building block, Suga and co-workers[84] published this
system by applying the route described in Scheme 1.11. Tetrabromo-terthiophene 46 was then
synthesized via Negishi-coupling according to the published conditions of Suga et al.. In a first
attempt, 3 equiv. 2,3-dibromothiophene 63, 3.3 equiv. BuLi and 3 equiv. ZnCl2 were used as
described in the paper. Dibromothiophene 63 was transferred into the zinc derivative, which was
further reacted with tetrabromothiophene 44 in a Negishi-coupling using Pd(dppf)Cl2 as catalyst.
Terthiophene 46 was obtained in 61% after purification by column chromatography, which was a
bit lower as the published yield of 85%. As by-product a triple coupled derivative was detected by
GC-MS. By reducing the amount of metalated thiophene from 3 equiv. to 2.5 equiv. the
formation of the triple-coupled by-product could be prevented and the yield of terthiophene 46
was improved to 73%.

Scheme 1.11: Synthesis of 2-ethylhexyl-substituted heteropentacene SN5 2.
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For the fourfold Buchwald-Hartwig-coupling, the conditions reported in the publication of Suga
and co-workers were applied. Instead of the Pd2(dba)3 catalyst and BINAP ligand, which led in our
case to 24-33% yield, they used 10 mol% Pd(dba)2, 40 mol% dppf and a huge excess of NaOtBu
(16 equiv.). The reaction was carried out in toluene and heated for 20 h at 110 °C. Ring-fused SN5
2 could thus be obtained in 59% yield, which is in the range of the published yields (44-77%) for
other alkylated derivatives.
As the Pd(dppf)Cl2 catalyst worked so well for the Negishi-coupling, the same catalyst was also
tried in the Stille-type coupling (Scheme 1.12) for the reaction of 3,4-dibromo-2,5diiodothiophene 57 and 2.2 equiv. stannylated thiophene 58 using 5% of the dppf-Pd-catalyst.
The reaction mixture was heated in DMF at 70 °C to prevent deiodination which occurs at higher
temperatures. The tetrabromo-terthiophene 46 could be isolated in 66% yield. However, in
contrast to the Negishi-coupling the product was obtained as oil after purification by column
chromatography and had to be recrystallized afterwards.

Scheme 1.12: Synthesis of 3,3',3'',4'-tetrabromo-2,2':5',2''-terthiophene 46 by Stille-type coupling.

Subsequently, the pentafused system SN5 2 was converted into dialdehyde CHO-SN5 83 by
Vilsmeier-Haack formylation using 20 equiv. of POCl3 and DMF (Scheme 1.13). The problem in
this reaction was the hydrolysis of the initial iminium product during workup, because it took
very long time. It was necessary to stir the mixture several days with a base such as sodium
bicarbonate, sodium carbonate, or sodium hydroxide. Nevertheless, the product could be
obtained in 78% yield after column chromatography. The DCV end-capped target molecule DCVSN5 3 was synthesized by Knoevenagel condensation of dialdehyde 83 with 3 equiv.
malononitrile and β-alanine as catalyst in 81% yield. The purity of DCV-SN5 3 was additionally
confirmed by analytical HPLC using a n-hexane/DCM mixture (40:60) as eluent.
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Scheme 1.13: Synthesis of dialdehyde CHO-SN5 83 and DCV end-capped target molecule DCV-SN5 3.

1.4.3 Characterization of S,N-heteropentacene and its acceptor functionalized
derivatives
It has to be considered that SN5 2 comprised two 2-ethylhexyl chains, which bear a chiral centre
at the C-2 carbons, since the applied 2-ethylhexyl amine was not isomerically pure but a racemic
mixture. Each chiral centre can adopt two different configurations R or S depending on the R/Sratio of the commercially available 2-ethylhexyl amine (Scheme 1.14). Therefore, the isolated
product is a stereoisomeric mixture consisting of the RR-isomer and the SS-isomer, which are
enantiomers, and the mesomers RS and SR. The RS and SR configurationally isomers are identical
in case of the symmetrical compounds, but differ in case of asymmetrical compounds
(enantiomers, racemate), which will be discussed later in this section.
This stereoisomeric mixture is visible in the 13C NMR since some carbon atoms exhibit two signals
with marginal shift due to magnetic inequivalence between the enantiomers and the mesomer.
The isomeric mixture possibly could have been separated via HPLC and a chiral column, but the
separation was not undertaken in this work.

Scheme 1.14: Configurational isomers of SN5 2.

The photophysical properties of SN5 2, dialdehyde CHO-SN5 83 and DCV end-capped
heteroacene 3 were determined by UV-vis and fluorescence spectroscopy in DCM solution. The
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absorption and emission spectra of the SN5-derivatives are depicted in Figure 1.18 and the data
is summarized in Table 1.1. Parent system SN5 2 exhibited a π-π* transition absorption band at
356 nm with multiple vibronic splitting. Similar absorption properties (339-357nm) were also
described by Suga et al. for these pentafused nitrogen-bridged terthiophenes with different
substituents on the nitrogen atoms.[84] Such a well-structured absorption band is characteristic
for rigid fused-ring systems with well-defined electronic states. In comparison to the shorter
analogue DTP 1, the absorption was red-shifted which can be explained by the extension of the
conjugated backbone. By incorporation of aldehyde acceptors a bathochromic shift of 100 nm
and an increase in extinction coefficient from 39,200 to 90,800 L mol-1 cm-1 was observed. For
DCV-SN5 3 bearing stronger electron-withdrawing groups the absorption band was further redshifted by 126 nm to 582 nm with a very high extinction coefficient of 139,800 L mol-1 cm-1. The
vibronic splitting became less prominent in the case of the acceptor-substituted derivatives. The
spectra indicated that the stronger the electron-accepting groups, the more red-shifted the
absorption spectrum and the higher the absorptivity was. This led to a reduction of the optical
gap owing to a significant intramolecular charge-transfer from the central fused donor unit to the
terminal acceptor groups.
The emission spectrum of SN5 2 had a maximum at 370 nm with a shoulder at 383 nm. Again the
emission bands were red-shifted to 483 and 611 nm by introduction of the terminal acceptor
groups in dialdehyde 83 and DCV end-capped heteroacene 3. Due to their rigid structure, the
three compounds exhibited very small Stokes shifts of 689-957 cm-1 indicating a similar geometry
in the ground and in the first excited state.
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Figure 1.18: Absorption and emission spectra of SN5 2, CHO-SN5 83, and DCV-SN5 3 measured in DCM. The
emission spectra are normalized to their respective absorption spectrum.
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Table 1.1: Photophysical properties of SN5 2, CHO-SN5 83, and DCV-SN5 3.

[a]

λabs

ε

∆Eopt

λem

Stokes shift

[nm] [a]

[L mol-1 cm-1]

[eV] [b]

[nm] [a]

[cm-1]

SN5 2

340, 356

39,200

3.36

370

689

CHO-SN5 83

456

90,800

2.58

483

957

DCV-SN5 3

582

139,800

2.01

611

703

Measured in DCM at room temperature (298 K).

[b]

Calculated by 1242/λonset.

Cyclic voltammetry was performed to determine the redox properties of SN5 2, CHO-SN5 83, and
DCV-SN5 3. The potentials were referenced against the redox couple ferrocene/ferrocenium
(Fc/Fc+), which was set to -5.1 eV vs. vacuum[99] for the estimation of the HOMO and the LUMO
energy levels. The data is summarized in Table 1.2. The cyclovoltammogram of SN5 2 showed
two irreversible oxidation waves at 0.11 and 0.84 V corresponding to the formation of radical
cations and dications of SN5 2 (Figure 1.19). The polymerization of SN5 2 was also tested by
repeated scanning in a highly concentrated solution. However, either film growth on the
electrode was poor, likely due to hindered deprotonation of SN5 2 or the polymer was too
soluble. The first oxidation wave of dialdehyde CHO-SN5 83 was reversible and appeared at
0.56 V whereas the second oxidation at 1.20 V was irreversible. Both oxidation waves were
slightly shifted to more positive potentials compared to the unsubstituted SN5 2 due to the
attachment of electron-withdrawing aldehyde groups. Again a slight anodic shift compared to
CHO-SN5 83 to 0.64 and 1.27 V was visible for DCV-SN5 3 due to the stronger terminal acceptor
groups. The reduction potential of SN5 2 was out of the range of the experimental setup.
Therefore, the optical gap was taken into account for the determination of the LUMO level. The
irreversible reduction wave of DCV-SN5 3 at -1.33 V corresponded to the formation of a radical
anion of the acceptor groups and was shifted by 680 mV to more positive potential in comparison
to CHO-SN5 83 (-2.01 V). The frontier orbital energy levels were determined from the onset of
the respective redox waves (Table 1.2). The band gap diminished in the order SN5 2>CHO-SN5
83>DCV-SN5 3 since the HOMO energy was stabilized from -5.15 eV to -5.59 eV to finally -5.67 eV
and the LUMO level was destabilized from -1.79 eV to -3.23 eV to -3.85 eV demonstrating the
increasing acceptor strength of the end groups.
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Figure 1.19:Cyclovoltammograms of SN5 2, CHO-SN5 83 and DCV-SN5 3 in DCM/TBAPF6 (0.1 M).

Table 1.2: Electrochemical properties of SN5 2, CHO-SN5 83 and DCV-SN5 3.

Eox1
[V]

[a]

[a]

Eox2
[V]

Ered

[a]

[V]

[a]

HOMO

LUMO

[b]

[b]

[eV]

[eV]

∆E
[eV] [c]

SN5 2

0.11

0.84

-

-5.15

-1.79 [d]

3.36 [d]

CHO-SN5 83

0.56

1.20

-2.01

-5.59

-3.23

2.36

DCV-SN5 3

0.64

1.27

-1.33

-5.67

-3.85

1.82

+

-1

Measured vs. Fc/Fc in DCM (0.1 M TBAPF6), 298 K, scan rate = 100 mV s . The redox potentials were

calculated by means of the cathodic and anodic peak potentials of a quasi-reversible waves: E = (Epa+Epc)/2.
For the irreversible waves the redox potentials were determined at I0 = 0.855Ip.
+

onset of the respective redox waves. Fc/Fc was set to -5.1 eV vs. vacuum.
of HOMO and LUMO.

[d]

[c]

[b]

Calculated from the

Calculated by the difference

Values determined by taking the optical gaps into account.

1.4.4 Synthesis of oligomers with extended π-system
For the elongation of the π-system, the pentafused system SN5 2 had to be stannylated on both
α-positions. The procedure for the distannylation of the smaller DTP system was also applied for
the stannylation of SN5 2 (Table 1.2, entry A). Therefore, SN5 2 was lithiated with n-BuLi at -78 °C
and after 1 h at this temperature, the reaction mixture was warmed to 0 °C and stirred for
another hour (Scheme 1.15). The reaction was quenched with a solution of trimethyltin chloride
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in THF at -78 °C. The isolated compound, however, was not the bis-stannylated product 30, but
merely starting material.

Scheme 1.15: Synthesis of bis-stannylated SN5 derivative 84.

In the second attempt the lithiation was carried out at -20 °C for one hour. Again only starting
material could be isolated. Lithiation at 0 °C and heating of the reaction mixture at 50 °C for 2 h
also just yielded reactant. The reaction was finally successful using the conditions published for
the distannylation of benzodipyrrolothiophene by Cheng and co-workers.[3i] The reaction was
performed under higher dilution (half the concentration of SN5 2 in THF) in comparison to the
initial attempts. Furthermore, the lithiation was carried out for one hour at -78 °C. The product
could be obtained in 100% yield, since no mono-stannylated by-product was detected.

Oligomer DCV-T-SN5 4 was synthesized by Pd-catalyzed Stille-type coupling of bis-stannylated
derivative 84 and DCV-substituted iodothiophene 85 using Pd(PPh3)4 as catalyst (Scheme 1.16
). The reaction was carried out at 70 °C to prevent deiodination of the reactant occurring at
higher temperatures. After purification by column chromatography, product DCV-T-SN5 4 was
obtained in 80% yield. The longer analogue DCV-2T-SN5 5 was also synthesized by Stille-coupling
under same conditions using iodinated bithiophene 86 as reactant, giving a reaction yield of 82%.
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Scheme 1.16: Synthesis of DCV-T-SN5 4 and DCV-2T-SN5 5 by Stille-type coupling.

The purity of both compounds was confirmed by analytical HPLC using a n-hexane/DCM mixture
of 60:40 for DCV-T-SN5 4 and a mixture of 50:50 for DCV-2T-SN5 5 as eluent.
The three oligomers were characterized by 1H NMR spectroscopy (400 MHz) in CDCl3 solutions.
The parts of the spectra between 6.90 ppm and 7.90 ppm are depicted in Figure 1.20. The signals
of the 2-ethylhexyl- and hexyl-substituents in the aliphatic region are not shown. Since the
investigated molecules 3-5 are axisymmetric, the two vinyl protons of the DCV-group were
represented by a singlet in the 1H-NMR (marked in blue) appearing at high chemical shift
between 7.73 ppm and 7.80 ppm. The two protons of the heteroacene core exhibited a singlet
(marked in red) as well. In DCV-SN5 3 the signal appeared at a high chemical shift of 7.71 ppm,
whereas the signal was shifted up-field to 7.10 ppm for 4 and to 7.05 ppm for 5 upon
introduction of the thiophene moieties, which are separating the pentafused SN5 core from the
DCV-acceptor. The β-proton of the hexylthiophene moiety was located at 7.34 ppm for DCV-TSN5 4 (marked in green). An up-field shift to 7.09 ppm was observed for this proton in DCV-2TSN5 5. The signal at 7.12 ppm corresponded to the β-proton of the hexylthiophene moiety next
to the DCV-acceptor in DCV-2T-SN5 5.
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1

Figure 1.20: H-NMR (400 MHz) spectra of oligomers 3-5 measured in CDCl3 solutions.

1.4.5 Characterization of oligomers with extended π-system
The thermal properties of oligomers 3-5 were investigated by differential scanning calorimetry
(DSC) under argon at a scan rate of 10 °C min-1. The melting points were determined from the
onset of the defined endothermic peaks in Figure 1.21. The onset of the exothermic peak
41

S,N-Heteropentacene-Based Donor Materials for Solution-Processed Bulk-Heterojunction Solar Cells

indicated the decomposition temperature. The melting point for DCV-SN5 3 was 268 °C. For DCVT-SN5 4, the melting point increased to 294 °C, whereas DCV-2T-SN5 5 showed a lower melting
point of 275 °C. The decomposition started at 370°C for DCV-SN5 3 and at 319 °C and 302 °C for
the elongated compounds reflecting the decrease in thermal stability within this series. The
additional small peak at 272 °C for DCV-T-SN5 4 is probably due to a transition from one
crystalline phase to another.

Heat Flow

DCV-SN5 3

DCV-T-SN5 4

DCV-2T-SN5 5

100

200

300

400

Temperature [°C]

Figure 1.21: DSC curves of the three oligomers 3-5 of the first series measured under argon flow
-1

-1

(50 mL min ) at a heating rate of 10 °C min .

UV-vis and fluorescence spectroscopy was performed to investigate the optical properties of this
series. The absorption and emission in DCM solution of the three DCV-substituted compounds
DCV-SN5 3, DCV-T-SN5 4, and DCV-2T-SN5 5 are compared in Figure 1.22 and the corresponding
data is summarized in Table 1.3. DCV-SN5 3, the derivative with the smallest π-system, showed a
narrow charge-transfer absorption band at 582 nm and a shoulder at 544 nm with a very high
extinction coefficient of 139,800 L mol-1 cm-1. Integration of the extinction as a function of the
energy from 350 to 800 nm resulted in an area of 41,900 eV L mol-1 cm-1. DCV-T-SN5 4, elongated
by a hexylthiophene moiety, exhibited a broader absorption band with a maximum at 655 nm,
which was red-shifted by 73 nm in comparison to DCV-SN5 3. The extinction coefficient of
117,600 L mol-1 cm-1 was reduced, but this was compensated by the broadening of the band as
integration gave a larger area of 58,800 eV L mol-1 cm-1. The absorption of the hexylbithiophenecomprising DCV-2T-SN5 5 was even broader, but the maximum at 630 was blue-shifted by 25 nm
compared to the hexylthiophene-analogue and the band is less intense (86,300 L mol-1 cm-1),
which could be ascribed to the more flexible bithiophene moieties. An additional broad and
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relatively intense band at 430 nm was observed for DCV-2T-SN5 5 assigned to a π-π* transition of
the bithiophene unit. The integrated area of the absorption profile was increased to 74,300 eV L
mol-1 cm-1. The optical gaps for the two elongated systems were with 1.70 eV and 1.68 eV similar
and smaller than the 2.01 eV for DCV-SN5 3. The spectra illustrated that an increase in the
number of thiophene units in the molecule effected a broadening of the absorption band.
Furthermore, the absorption profile became less defined as could be seen in the continual
decrease of the slope of the absorption onset and reduction in the extinction coefficient. This
effect could also be attributed to the elongation of the conjugated backbone.
160
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Figure 1.22: Absorption (left side) and emission (right side) spectra of DCV-SN5 3, DCV-T-SN5 4, and DCV2T-SN5 5 measured in DCM. The emission spectra are normalized to their respective absorption spectrum.

DCV-SN5 3 showed an emission at 611 nm with a small Stokes shift of 703 cm-1 which reflected its
rigid and planar structure. The emission of DCV-T-SN5 4 and DCV-2T-SN5 5 was red-shifted to 771
and 817 nm, respectively, with Stokes-shifts of 1,767 and 2,853 cm-1. By insertion of thiophene
units the compound gained rotational freedom around the singular bonds which led to a larger
difference between the geometry in the ground state and in the excited state of the compounds.

Thin films of DCV-SN5 3, DCV-T-SN5 4, and DCV-2T-SN5 5 were prepared by spin-coating
(1,000 rpm) from chloroform solutions (4 mg mL-1). The spectra in the solid state were broadened
and a bathochromic shift of 48 nm, 77 nm, and 61 nm was visible, respectively, in comparison to
the solution spectra (Figure 1.23). The shift was caused by a better ordering of the molecules in
the solid state and hence increased intermolecular interactions due to planarization. The same
trends were visible as for the absorption in solution. DCV-T-SN5 4 showed an absorption band at
732 nm with a shoulder at 668 nm. Compared to DCV-SN5 3 the band was red-shifted by 102 nm
and by 41 nm with respect to DCV-2T-SN5 5. The oligomer with the most elongated π-system
incorporating the hexylbithiophene moieties exhibited the broadest absorption ranging from 520
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to 800 nm. The optical gaps in thin film were lowered by 0.19-0.32 eV compared to the solution
values.
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Figure 1.23: Normalized thin film absorption spectra of DCV-SN5 3, DCV-T-SN5 4, and DCV-2T-SN5 5, spincoated from CHCl3 solution on glass substrates.

Table 1.3: Photophysical properties of DCV-SN5 3, DCV-T-SN5 4, and DCV-2T-SN5 5.

λabs

ε

sol
[nm]

-1

[a]

-1

[L mol cm ]

∆Eopt

Εintegr.

λem

Stokes

λabs

soln

eV L mol-1

[nm]

shift

film

[eV]

[b]

cm

-1

[a]

-1

[cm ]

DCV-SN5 3

582

139,800

2.01

41,900

611

703

DCV-T-SN5 4

655

117,600

1.70

58,800

777

1,767

86,300

1.68

74,300

817

2,853

DCV-2T-SN5 5
[a]

430,
630

Measured in DCM at room temperature (298 K).

[b]

Calculated by 1242/λonset.

[c]

[nm]

∆Eopt
[c]

592,
630
668,
732
456,
691

film
[eV] [b]
1.79

1.51

1.49

Film spin-coated on glass

substrates from CHCl3 solution.

The electrochemical properties of the oligomers of the first series were determined by cyclic
voltammetry. The voltammograms are displayed in Figure 1.24 and the data is summarized in
Table 1.4. All three derivatives showed two reversible one-electron oxidation waves due to the
formation of stable radical cations and dications. One irreversible 2e- reduction wave was seen in
the negative potential regime. The reduction was assigned to the simultaneous one-electron
transfer to the DCV-acceptor groups and was at about -1.35 V in the case of the three oligomers.
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Therefore, the LUMO energy levels were also similar and located at around -3.80 eV. The
oxidation of the donor centre was shifted to more negative potentials from 0.64 V to 0.23 V and
to 0.04 V. This negative shift could be explained by elongation of the conjugated backbone upon
incorporation of thiophene moieties. Hence, the HOMO energy level was raised from -5.67 eV for
DCV-SN5 3 to -5.26 eV for DCV-T-SN5 4 and to -5.10 eV for DCV-2T-SN5 5. The electrochemical
gap was therefore reduced from 1.82 eV to 1.49 eV and to 1.36 eV.
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Figure 1.24: Cyclovoltammograms of DCV-SN5 3, DCV-T-SN5 4, and DCV-2T-SN5 5 in DCM/TBAPF6 (0.1 M).

Table 1.4: Electrochemical properties of DCV-SN5 3, DCV-T-SN5 4, and DCV-2T-SN5 5.

[a]

Eox1

Eox2

Ered

HOMO

LUMO

∆E

[V] [a]

[V] [a]

[V] [a]

[eV] [b]

[eV] [b]

[eV] [c]

DCV-SN5 3

0.64

1.27

-1.33

-5.67

-3.85

1.82

DCV-T-SN5 4

0.23

0.77

-1.33

-5.26

-3.77

1.49

DCV-2T-SN5 5

0.04

0.47

-1.36

-5.10

-3.74

1.36

+

-1

Measured vs. Fc/Fc in DCM (0.1 M TBAPF6), 298 K, scan rate = 100 mV s . The redox potentials were

calculated by the mean of the cathodic and anodic peak potentials of a quasi-reversible waves: E =
(Epa+Epc)/2. For the irreversible waves the redox potentials were determined at I0 = 0.855Ip.
+

from the onset of the respective redox waves. Fc/Fc was set to -5.1 eV vs. vacuum.

[c]

[b]

Calculated

Calculated by the

difference of HOMO and LUMO.
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For application in BHJ solar cells a suitable alignment of the frontier energy levels of the donor
material with the acceptor PC61BM and PEDOT:PSS is necessary. The energy level diagram of DCVSN5 3, DCV-T-SN5 4 and DCV-2T-SN5 5 with respect to the energy levels of the acceptor and the
hole-transport material is displayed in Figure 1.25. The LUMO energy levels of three oligomers,
which were applied as donor materials in the device, lay above the LUMO energy of PC61BM,
which served as acceptor so that efficient electron transfer can occur. Additionally, the HOMO
energy levels were sufficiently below the work function of the hole-conductor PEDOT:PSS to
ensure effective hole transport in this direction.

Figure 1.25: Energy level diagram of the components in the investigated BHJ solar cells.

[30a, 100]

To assess the potential of the oligomers 3-5, their hole transport properties were determined
using the space charge limited current (SCLC) model (Figure 1.26).[101] Hole-only devices were
prepared with the layer sequence ITO/PEDOT:PSS/donor 3-5/Al. Hole mobilities were calculated
using the Mott-Gurney law[101], by fitting Equation 1.4 to the experimental data in the voltage
range where the obtained slope in the double log plot is equal to 2.
)
9
$% $& '( +
8
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1.4

In Equation 1.4, J is the current density, ε0 is the permittivity of free space (8.85 · 10-12 F m-1), εr is
the relative permittivity of the material (approaching 3 for organic semiconductors), μh is the hole
mobility, V is the applied voltage and d is the thickness of the active layer.
The thickness of the donor films was in the range of 45 to 95 nm. For DCV-SN5 3 a hole-mobility
of 1.6 · 10-5 cm2 V-1 s-1 was extracted, whereas the two derivatives with elongated π-system DCVT-SN5 4 and DCV-2T-SN5 5 exhibited higher hole-mobilities of 7.3 · 10-5 and 6.6 · 10-5 cm2 V-1 s-1,
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respectively. The increase could be ascribed to the extension of the conjugated system.
Nevertheless, the measured hole-mobilities were slightly lower compared to reference polymer
poly(3-hexylthiophene) (P3HT) exhibiting value of 2 · 10-4 cm2 V-1 s-1.[102]
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Figure 1.26: Current density-voltage curve of hole-only devices for DCV-SN5 3, DCV-T-SN5 4 and DCV-2TSN5 5.

1.4.6 Photovoltaic properties of oligomers with extended π-system
The DCV end-capped pentafused heteroacene DCV-SN5 3 was intensively investigated as donor
material

in

solution-processed

BHJ

solar

cells

comprising

the

layer

sequence

ITO/PEDOT:PSS/3:A/LiF/Al. Their performance was measured under a simulated AM 1.5 G
illumination with an intensity of 100 mW cm-2. The device consisted of an ITO-coated glass
substrate,

on

which

a

40

nm

thick

layer

of

poly(3,4-ethylenedioxythiophene)

poly(styrenesulfonate) (PEDOT:PSS) as hole-transport material was spin-coated (Figure 1.27).
Next, the active layer composed of a blend of donor and acceptor was deposited on PEDOT:PSS
by spin-coating. For the active layer, the conditions such as the acceptor (PC61BM or PC71BM), the
D:A ratio (specified in weight percent), the solvent, the concentration, additives, their content
and the temperature was optimized. Post-treatment like solvent annealing and thermal
annealing was also tested. The device fabrication was completed by vacuum deposition of LiF (0.7
nm) and Al, which served as cathode (100 nm). LiF is an insulator and was applied to improve
charge injection into the Al cathode which leads to higher FFs and JSCs.[21]
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Figure 1.27: General device architecture of investigated solution-processed BHJ solar cells.

For each entry in the following tables concerning the solar cell parameters three different spinspeeds were tested to vary the thickness of the active layer, but just the best one among them is
shown in the tables.

First of all chloroform was investigated as solvent for spin-coating of the active layer. In the first
measurements PC61BM was applied as acceptor and the blend layer was spin-coated at room
temperature. The respective data is listed in Table 1.5. Using a D:A ratio of 2:3 of PC61BM and
oligomer 3 without the addition of additives an initial efficiency of 1.6% was attained. But it
seemed that DCV-SN5 3 crystallized very fast from chloroform solution leading to a phase
separation, which was not sufficiently fine. Therefore, the use of various additives was tested to
circumvent the fast crystallization of DCV-SN5 3 from chloroform. Upon application of
poly(dimethylsiloxane) (PDMS), 1,8-diiodooctane (DIO), or 1-chloronaphthalene (CN) as additives,
efficiencies of 1.5%, 2.05%, and 2.85% were attained for a D:A ratio of 1:1 at room temperature.
The usage of CN in a concentration of 5 mg mL-1 gave the highest efficiency of 2.85% due to a
higher JSC of 5.7 mA cm-2 and a FF of 0.45. Afterwards, the donor-acceptor ratio was optimized for
devices with CN as additive. Beside a 1:1 ratio, a 2:1, a 3:2, a 2:3, and a 1:2 ratio were
investigated. Among them, the same current density of 5.7 mA cm-2 and a similar efficiency of
2.9% as for the 1:1 ratio were also achieved with a 2:3 ratio. Subsequently, the additive content
was analyzed for these two ratios. For the 1:1 ratio CN contents of 2.5, 6 and 7 mg mL-1 were
additionally tested (Figure 1.28, left side). The best result was obtained for 6 mg mL-1 CN with a
JSC of 6.3 mA cm-2, a VOC of 1.14 V, and a FF of 0.42 resulting in an efficiency of 3.0%. For the D:A
ratio of 2:3 additive contents of 2.5, 6, 7, 8, and 9 mg mL-1 CN were investigated (Figure 1.28,
right side). Within this series a CN content of 2.5 mg mL-1 showed the lowest efficiency of 2.35%.
The efficiencies of the other devices ranged from 2.9 to maximum 3.1% for a content of
7 mg mL-1 with a JSC of 6.4 mA cm-2, a VOC of 1.13 V, and a FF of 0.43.
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Table 1.5: Photovoltaic parameters for DCV-SN5 3:PC61BM BHJ devices using CHCl3 as solvent.

[a]

PCE

JSC

VOC

[mA cm-2]

[V]

2:3

3.4

1.10

0.42

1.6

CHCl3/PDMS (0.2 mg mL-1)

1:1

3.5

1.11

0.40

1.5

CHCl3/DIO (5 mg mL-1)

1:1

4.5

1.11

0.41

2.05

CHCl3/CN (5 mg mL-1)

1:1

5.7

1.12

0.45

2.85

CHCl3/CN (5 mg mL-1)

2:1

4.7

1.13

0.36

1.9

CHCl3/CN (5 mg mL-1)

3:2

5.4

1.13

0.38

2.3

CHCl3/CN (5 mg mL-1)

2:3

5.7

1.13

0.45

2.9

CHCl3/CN (5 mg mL-1)

1:2

4.8

1.12

0.44

2.4

CHCl3/CN (2.5 mg mL-1)

1:1

5.4

1.10

0.44

2.6

CHCl3/CN (6 mg mL-1)

1:1

6.3

1.14

0.42

3.0

CHCl3/CN (7 mg mL-1)

1:1

5.9

1.14

0.42

2.8

CHCl3/CN (2.5 mg mL-1)

2:3

4.6

1.12

0.46

2.35

CHCl3/CN (6 mg mL-1)

2:3

6.0

1.14

0.44

3.0

CHCl3/CN (7 mg mL-1)

2:3

6.4

1.13

0.43

3.1

CHCl3/CN (8 mg mL-1)

2:3

5.7

1.13

0.46

3.0

CHCl3/CN (9 mg mL-1)

2:3

5.9

1.14

0.44

2.9

Solvent [a]

D:A ratio

CHCl3

FF

[%]

PC61BM was applied as acceptor. The D-A blend was spin-coated at room temperature. For each entry in

the table three different spin-speeds were tested, but just the best result among them is shown.
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Figure 1.28: PCE of DCV-SN5 3:PC61BM BHJ solar cells with ratio of 1:1 (left side) and 2:3 (right side) as a
function of the additive content (CN) in CHCl3.

The conditions for the so far best device were maintained, but spin-coating of the active layer
was not any longer performed at room temperature but at 60 °C. Elevating the temperature
should lead to smaller crystalline domains. As a result, the efficiency could be slightly increased
to 3.3% due to a higher FF of 0.47 (Table 1.6). For oligomer DCV-SN5 3, however, the difference
in the blend was not so pronounced for the two varied spin-coating temperatures. This fact was
also demonstrated by film absorption spectroscopy of both active layers on PEDOT:PSS as both
cells show similar absorption profiles (Figure 1.29). The absorption of the blends was extended
from 500 to 650 nm with a maximum at 563 nm.
1,0
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0,8
0,6
0,4
0,2
spin-coated at rt
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Figure 1.29: UV-vis absorption of DCV-SN5 3:PC61BM (2:3) blend films spin-coated from CHCl3/CN
-1

(7 mg mL ) solution at room temperature and at 60 °C.

To obtain thicker active layers, the concentration of the D:A solution was increased form 15 mg
mL-1 to 20 mg mL-1, however, resulting in a declined PCE of 2.85%. This efficiency was obtained
with the highest spin coating speed among the three tested ones (1000, 2000, and 4000 rpm).
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This means that thinner films were beneficial for this material. Additionally, replacement of
PEDOT:PSS by V2O5 as hole-transport layer was investigated and led to the same high efficiency
of 3.3%. Furthermore, PC71BM was used as acceptor in combination with 7 and 3.5 mg mL-1 CN in
chloroform, but lower efficiencies of 2.4 and 1.4% were obtained due to low current densities.

Table 1.6: Further photovoltaic parameters for BHJ devices with DCV-SN5 3 as donor material.

HTM

Additive
content

[a]

PEDOT:PSS

7 mg mL-1

PEDOT:PSS

7 mg mL-1

V2O5

7 mg mL-1

PEDOT:PSS

7 mg mL-1

PEDOT:PSS 3.5 mg mL-1
[a]

D:A ratio
(conc.)

A

T [˚C]

JSC

VOC
-2

soln/sub [mA cm ] [V]

FF

PCE
[%]

2:3
(15 mg mL-1)
2:3
(20 mg mL-1)
2:3
(15 mg mL-1)
2:3
(15 mg mL-1)
2:3
(5 mg mL-1)

PC61BM

60/60

6.3

1.11 0.47 3.3

PC61BM

rt

5.7

1.11 0.45 2.85

PC61BM

60/60

6.0

1.11 0.49 3.3

PC71BM

rt

4.8

1.13 0.43 2.4

PC71BM

rt

3.1

1.10 0.42 1.4

Chloroform was applied as solvent and CN as additive.

As DCV-SN5 3 crystallized too fast from chloroform solutions, another idea was to investigate
high boiling solvents. Therefore, chlorobenzene (CB) and benzonitrile (BN) were tested, however,
the solubility of the donor was not sufficient. In chloronaphthalene the solubility of DCV-SN5 3
would have been sufficient but PCBM was not soluble enough. Devices could be prepared using
dichloroethane as solvent, but the efficiencies were below 0.2%, because the phase separation
was too high. Finally 1,1,2,2-tetrachloroethane (TCE) was successfully applied as solvent. The
solar cell results are listed in Table 1.7. Regarding the devices using TCE as solvent without any
additive, similar efficiencies of 2.3 and 2.4% were obtained by spin-coating the blend at 100 °C
for the screened donor-acceptor ratios (1:2, 2:3 and 1:1). Since the 1:2 ratio exhibited the better
current density and efficiency this ratio was maintained for the next experiments. Spin-coating at
room temperature resulted in a lower PCE of 1.9% and also the replacement of PC61BM with
PC71BM gave no improvement, but a lower PCE of 1.8%, although PC71BM exhibits a higher
absorption coefficient in the visible range.
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Table 1.7: Photovoltaic parameters for BHJ devices with DCV-SN5 3 as donor material using TCE as solvent.

Solvent

D:A ratio

A

TCE

1:2

PC61BM

TCE

1:2

TCE

T [˚C]

JSC

soln/sub [mA cm-2]
rt

VOC
[V]

FF

PCE
[%]

4.8

1.07 0.37 1.9

PC61BM 100/120

5.6

1.11 0.38 2.4

2:3

PC61BM 100/120

5.2

1.08 0.42 2.4

TCE

1:1

PC61BM 100/120

5.3

1.09 0.39 2.3

TCE

1:2

PC71BM 100/120

4.0

1.09 0.41 1.8

TCE/BN (2.5 mg mL-1)

1:2

PC61BM 100/120

4.5

1.09 0.44 2.1

TCE/DIO (2.5 mg mL-1)

1:2

PC61BM 100/120

4.4

1.10 0.46 2.2

TCE/CN (2.5 mg mL-1)

1:2

PC61BM 100/120

5.5

1.11 0.44 2.7

TCE/CN (5 mg mL-1)

1:2

PC61BM 100/120

4.8

1.04 0.51 2.5

TCE/CN (2.5 mg mL-1)

3:2

PC61BM 100/120

6.0

1.10 0.39 2.6

TCE/CN (2.5 mg mL-1)

1:1

PC61BM 100/120

7.1

1.09 0.41 3.2

TCE/CN (2.5 mg mL-1)

1:1

PC71BM 100/120

4.6

1.08 0.44 2.2

TCE/CN (2.5 mg mL-1)

1:1

PC61BM

6.3

1.09 0.43 2.9

TCE/CN (1.25 mg mL-1)

1:1

PC61BM 100/120

5.8

1.10 0.45 2.85

TCE/CN (1.875 mg mL-1)

1:1

PC61BM 100/120

6.0

1.09 0.45 2.9

TCE/CN (3.75 mg mL-1)

1:1

PC61BM 100/120

6.0

1.10 0.47 3.1

TCE/CN (5 mg mL-1)

1:1

PC61BM 100/120

4.2

1.10 0.46 2.1

TCE/PDMS (0.2 mg mL-1)

1:1

PC61BM 100/120

5.7

1.10 0.38 2.4

80/90

Afterwards, the addition of additives such as BN, DIO, and CN in a content of 2.5 mg mL-1 in TCE
was investigated. Among them, TCE/CN (2.5 mg mL-1) gave the best efficiency of 2.7% as a result
of the higher JSC of 5.5 mA cm-2. However, by doubling the additive amount (5 mg mL-1), the PCE
reduced to 2.5% due to a decrease in current density. Varying the D:A ratio at a constant amount
of additive (2.5 mg mL-1 CN) gave a PCE of 2.6% for a D:A ratio of 3:2 and even 3.2% for a D:A
ratio of 1:1 due to a higher current density. The latter device was one of the best devices of DCVSN5 3 showing a VOC of 1.09 V, a JSC of 7.1 mA cm-2, and a FF of 0.41. Spin-coating at 80 °C instead
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of 100 °C as well as the replacement of PC61BM with PC71BM diminished the JSC resulting in a
lower PCE of 2.9 and 2.2%, respectively. Taking the best device into account, the D:A ratio of 1:1
and the spin-coating temperature of 100 °C were maintained, whereas the amount of additive in
TCE was successively changed from 1.25 mg mL-1 to 5 mg mL-1. Figure 1.30 shows the PCE as a
function of the CN content in TCE. With increasing amount of CN the PCE rose from 2.3% for TCE
without additive to a peak PCE of 3.2% for 2.5 mg mL-1 CN in TCE whereas the PCE dropped again
using higher CN content. Finally PDMS was also investigated as additive, but resulted in a lower
efficiency of 2.4% due to a lower JSC and FF. Thermal annealing for some selected cells was
tested, but didn’t help in any case to enhance the efficiency. Remarkable for these devices was
the relatively high open-circuit voltage of up to 1.14 V owing to the low laying HOMO energy
level of DCV-SN5 3 at -5.67 eV.
DCV-SN5 3 was intensively investigated in BHJ devices as donor material and many different
conditions yielded efficiencies around 3%.

3,2
3,0

PCE [%]

2,8
2,6
2,4
2,2
TCE/CN, D:A = 1:1

2,0
0

1

2

3

4

5

-1

Content of CN [mg mL ]

Figure 1.30: PCE of DCV-SN5 3:PC61BM (1:1) BHJ solar cells as a function of CN content in TCE.

The elongated derivative DCV-T-SN5 4 comprising an additional thiophene unit between the
pentafused middle building block and the terminal DCV-groups was as well investigated as donor
material in BHJ solar cell devices (Table 1.8). First of all, different solvents were investigated.
Among them, CB seemed to be inappropriate as solvent as only efficiencies of up to 1.1% were
obtained, due to an apparent high phase separation in the active layer. TCE was as well not
suitable as solvent because the current density and fill factor were very low leading to an
efficiency of only 0.2%. The addition of CN as additive even deteriorates both parameters.
Therefore, the active blend was spin-coated from chloroform solution at room temperature, and
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various D:A ratios (1:2, 2:3, 1:1, 3:2, 2:1) were investigated. Upon increasing the donor content
the current density dropped from 7.3 mA cm-2 for a 1:2 ratio to 6.7 mA cm-2 for a 1:1 ratio to a
minimum of 5.3 mA cm-2 for a 2:1 ratio. In contrast, the fill factor was increased from 0.43 to
0.53. An exception within the measurements was the high fill factor of 0.52 for a 2:3 ratio, which
led to a relatively high JSC of 7.1 mA cm-2 and to an efficiency of 2.7%. Therefore, this D:A ratio
was maintained and different additives in chloroform such as CN, DIO, or PDMS were applied.
Among them, the device with CN gave an efficiency of 1.9%. With DIO a PCE of 2.2% was
obtained and the best efficiency of 2.6% was achieved with PDMS. Nevertheless, the
performance with additives was worse than without due to a decrease in current density. This
deterioration was also the case for a 1:1 ratio using 5 mg mL-1 CN as additive. The lower current
gave a reduced efficiency of 2.3%.

Table 1.8: Photovoltaic parameters for BHJ devices with DCV-T-SN5 4 as donor material.

[a]

JSC

VOC

PCE

D:A ratio [a]

CB

1:1

80/90

2.3

0.72

0.33

0.55

CB

1:2

80/90

3.1

0.74

0.49

1.1

TCE

1:1

100/120

1.6

0.74

0.20

0.2

TCE/CN (2.5 mg mL-1)

1:1

100/120

0.2

0.86

0.12

0

CHCl3

1:2

rt

7.3

0.73

0.43

2.3

CHCl3

2:3

rt

7.1

0.74

0.52

2.7

CHCl3

1:1

rt

6.7

0.74

0.48

2.4

CHCl3

3:2

rt

5.5

0.75

0.50

2.1

CHCl3

2:1

rt

5.3

0.74

0.53

2.1

CHCl3/CN (5 mg mL-1)

2:3

rt

5.9

0.75

0.44

1.9

CHCl3/DIO (5 mg mL-1)

2:3

rt

5.8

0.74

0.51

2.2

CHCl3/PDMS (0.2 mg mL-1)

2:3

rt

6.6

0.74

0.53

2.6

CHCl3/CN (5 mg mL-1)

1:1

rt

6.0

0.75

0.51

2.3

CHCl3

2:3

60/60

7.6

0.73

0.38

2.1

PC61BM served as acceptor material.
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As a slight increase in PCE from 3.1 to 3.3% was observed for DCV-SN5 3 by changing the spincoating temperature from room temperature to 60 °C, this impact was also tested for the
optimized device of DCV-T-SN5 4. In this case, JSC augments to even 7.6 mA cm-2 reflecting an
increased charge generation, but the efficiency was nevertheless reduced to 2.1% due to a drop
in FF likely due to decreased charge transport. As already observed for DCV-SN5 3, thermal
annealing of the devices of DCV-T-SN5 4 didn’t help to improve the efficiencies but resulted in
lower ones.
The VOC for this oligomer was around 0.75 V and by 0.4 V lower than the VOC for DCV-SN5 3,
which was in accordance with the HOMO energy level, which was raised from -5.67 eV for DCVSN5 3 to -5.26 eV for DCV-T-SN5 4.

The longest DCV end-capped SN5-derivative in this series, DCV-2T-SN5 5, was as well
implemented as donor material in BHJ solar cells (Table 1.9). At the beginning, chloroform was
used as solvent at room temperature and the donor-acceptor ratio was screened. Among the
tested ratios, the highest efficiency exhibited the device with a D:A ratio of 1:1 showing a JSC of
5.7 mA cm-2, a VOC of 0.54 V, and a FF of 0.48. Increasing either the donor or the acceptor amount
resulted in a reduction of the current density and therefore of the efficiency. Subsequently,
different additives such as CN, DIO, PDMS, or BN were scrutinized to improve the performance of
the cells. However, using CN led to a slightly reduced efficiency of 1.4%. The performance with
DIO and PDMS was similar since the current-density was reduced to 4.4 mA cm-2 for both devices
resulting in lower efficiencies of 1.1 and 1.2%, respectively. The cells using BN as additive showed
an even lower JSC of 3.2 mA cm-2 with a PCE of just 0.65%. None of these tested additives seemed
to be appropriate. Similar to its analogues DCV-SN5 3 and DCV-T-SN5 4, thermal annealing of the
devices was tested for oligomer DCV-2T-SN5 5, but didn’t improve the performance of the
devices.
The poorer performance of this elongated derivative compared to oligomer DCV-SN5 3 and DCVT-SN5 4 could be ascribed to its higher HOMO energy level at -5.10 eV which resulted in lower
VOCs values of around 0.54 V.
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Table 1.9: Photovoltaic parameters for DCV-2T-SN5 5:PC61BM BHJ devices.

[a]

Solvent

D:A ratio [a]

CHCl3

1:2

JSC

VOC

[mA cm-2]

[V]

5.3

FF

0.52 0.41

PCE
[%]
1.1

CHCl3

2:3

5.5

0.54 0.45 1.3

CHCl3

1:1

5.7

0.54 0.48 1.5

CHCl3

3:2

5.5

0.53 0.43 1.3

CHCl3

2:1

3.6

0.53 0.48 0.9

CHCl3/CN (5 mg mL-1)

1:1

5.5

0.53 0.48 1.4

CHCl3/DIO (5 mg mL-1)

1:1

4.4

0.51 0.50 1.1

CHCl3/PDMS (0.2 mg mL-1) 1:1

4.4

0.53 0.50 1.2

CHCl3/BN (5 mg mL-1)

3.2

0.49 0.41 0.65

1:1

PC61BM was applied as acceptor. Spin-coating was performed at room temperature.

Comparison of the BHJ solar cells comprising the three SN5-derivatives 3-5
Current density-voltage curves and IPCE spectra for the best device of each oligomer in this series
are depicted in Figure 1.31 and the parameters are summarized in Table 1.10. Comparing the
best device for each compound, DCV-T-SN5 4 exhibited the highest JSC of 7.1 mA cm-2 as a result
of the broad absorption profile along with a high extinction. Oligomer 4 also showed the best fill
factor of 0.52 resulting in a PCE of 2.7% whereas DCV-SN5 3 attained the lowest FF of 0.43. DCV2T-SN5 5 showed the poorest performance of 1.5%, on the one hand due to the lowest JSC of
5.7 mA cm-2 which was assigned to the lower extinction coefficient despite the broad absorption
spectrum. On the other hand the lower efficiency was mainly ascribed to the lowest VOC in this
series. The VOC was reduced in this series from 1.13 V for 3 to 0.74 V for 4 to 0.54 V for 5 by
insertion of thiophene moieties due to the raise of the HOMO energy level. On account of the
high VOC DCV-SN5 3 yielded the best efficiency of 3.1%.
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Table 1.10: Comparison of the best device for each compound of this series.

Donor

Solvent
CHCl3/CN

DCV-SN5 3

(7 mg mL-1)

D:A

JSC

VOC

ratio

[mA cm-2]

[V]

2:3

6.4

1.13

0.43

3.1

FF

PCE
[%]

DCV-T-SN5 4

CHCl3

2:3

7.1

0.74

0.52

2.7

DCV-2T-SN5 5

CHCl3

1:1

5.7

0.54

0.48

1.5

PC61BM was applied as acceptor. Spin-coating was performed at room temperature.

The EQE spectrum of DCV-SN5 3 ranges from 400 to 700 nm with a maximum of 45% at 590 nm.
The maxima of the EQE spectra of oligomers 4 and 5 are around 30 and 25% and therefore lower,
but the spectra are broadened by more than 100 nm up to 830 nm.
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Figure 1.31: Current density-voltage characteristics (left side) and IPCE spectra (right side) for the best
devices of the three compounds.

In this series the elongation resulted in lowering of the efficiency. However, the efficiency of 3.1%
of DCV-end capped heteropentacene 3 is remarkable taking into account that it is such a quite
“small” oligomer. Its solar cell performance is comparable to other solution-processed A-D-A and
D-A-D donor materials with low molecular weight such as squaraines (PCE ≤ 5.2%),[24b]
diketopyrrolopyrroles (PCE ≤ 4.8%),[103] quinquethiophenes (PCE ≤ 4.6%),[104] and merocyanines
(PCE ≤ 4.5%).[105]
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1.4.7 Synthesis of oligomers comprising DCC-acceptor groups
The results of the second series were published in the following paper:
H. Kast, A. Mishra, G. L. Schulz, M. Urdanpilleta, E. Mena-Osteritz, P. Bäuerle, Adv. Funct. Mater.
2015, 25, 3414-3424.

For asymmetrical compound DCV-SN5-DCC 6 two synthetic routes A and B were investigated and
are outlined in Scheme 1.17. At first, mono-stannylation of heteropentacene SN5 2 was carried
out with n-BuLi at -78°C and subsequent quenching with trimethyltin chloride. Stannylated
derivative 87 was obtained in a conversion of around 80% determined by 1H-NMR. The next step
was a Stille-type cross-coupling reaction of mono-stannylated heteroacene 87 and 3bromocyclohex-2-enone 88. After column chromatography, product 89 was isolated in 82% yield.
In route A, the formyl group should be introduced afterwards by Vilsmeier-Haack formylation.
But this was not successful as compound 89 was not stable under acidic conditions, also shown
by decomposition on TLC. After column chromatography of compound 90, several fractions were
obtained but no product was detected by MALDI-TOF-MS in any of them. Therefore, ketone 89
was first reacted with malononitrile and an equimolar amount of titanium isopropoxide in a 1:1
mixture of dichloroethane/2-propanol in a Knoevenagel condensation yielding 70% of DCC-endcapped derivative 91.[106] Titanium isopropoxide was used as catalyst, since ammonium acetate
and β-alanine were unsuccessful for the synthesis of other DCC-derivatives.[107] The subsequent
Vilsmeier-Haack formylation of heteroacene 91 with phosphoryl chloride and DMF to yield
aldehyde 92 worked in 91% yield. DCV-SN5-DCC 6 was finally synthesized by Knoevenagel
condensation of aldehyde 92 under common conditions with ß-alanine as catalyst. After
purification by column chromatography, asymmetrical derivative 6 was isolated in 91% yield.
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Scheme 1.17: Synthesis of asymmetrical derivative DCV-SN5-DCC 6.

The synthetic route of symmetrical analogue DCC-SN5 7 started with a Pd-catalyzed Stille-type
cross-coupling reaction of bis-stannylated SN5 84 with 3-bromocyclohex-2-en-1-one 88 to obtain
twice-coupled derivative 83 in 73% yield after column chromatography (Scheme 1.18). The final
step was a Knoevenagel condensation to DCC-SN5 7 of diketone 93 with malononitrile and an
equimolar amount of titanium isopropoxide carried out in a 1:1 mixture of dichloroethane/2propanol.[106] The condensation proceeded quite slowly, why it had to be run over several days.
Therefore, another equivalent of Ti(OiPr)4 was added after 2 days to promote the reaction. The
best outcome was a yield of 39% of product DCC-SN5 7 and 42% of mono-reacted by-product 94.
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Scheme 1.18: Synthesis of symmetrical derivative DCC-SN5 7.

Mono-reacted derivative 94 was further transferred into DCC-SN5 7 in another Knoevenagel
condensation with malononitrile and titanium isopropoxide (Scheme 1.19). But neither the
concentration nor the amount of Ti-catalyst could raise the reaction over a yield of 30%. It seems
that the mono-reacted compound 94 is deactivated, shifting the equilibrium of the reaction to
the side of the reactants hindering the condensation to the product.

Scheme 1.19: Knoevenagel condensation of mono-reacted by-product 39 to DCC-SN5.

The purity of both compounds, DCV-SN5-DCC 6 and DCC-SN5 7, was confirmed by analytical HPLC
using a n-hexane/DCM mixture of 20:80 as eluent.
The three oligomers were characterized by 1H NMR spectroscopy (400 MHz for 3 and 6; 500 MHz
for 7) in CDCl3 (3) or CD2Cl2 (6 and 7) solutions. The parts of the spectra between 6.90 ppm and
7.90 ppm are depicted in Figure 1.32. The signals of the 2-ethylhexyl substituents and of the
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cyclohexene rings in the aliphatic region are not shown. Since the oligomers 3 and 7 are
axisymmetric, one singlet for the DCV-protons (marked in blue), one singlet for the protons of the
pentafused core (marked in red or orange), and one singlet for the proton of the DCC-acceptor
(marked in green) was observed. The protons of the DCC-acceptor were shifted up-field to
7.10 ppm for oligomer 7 compared to the DCV-protons for heteropentacene 3 at 7.73 ppm.

1

1

Figure 1.32: H-NMR spectrum of oligomer 3 measured in CDCl3 solution in comparison to the H-NMR
spectra of oligomers 6 and 7 measured in CD2Cl2 solutions.
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In DCV-SN5 3 the protons of the pentafused heteroacene core showed a singlet at 7.71 ppm. In
DCC-SN5 7 this singlet appeared at higher field at 7.42 ppm due to the reduced acceptor strength
of the DCC-groups. As DCV-SN5-DCC 6 is asymmetrical four singlets were observed for the four
chemically different aromatic protons in the 1H-NMR spectrum. The singlet at 7.77 ppm
corresponded to the DCV-proton whereas the DCC-proton was shifted up-field to 7.13 ppm. The
proton of the heteropentacene core next to the DCV-unit (marked in red) showed a singlet at
7.62 ppm and the proton close to the DCC-unit showed a singlet at 7.44 ppm.

1.4.8 Characterization of oligomers comprising DCC-acceptor groups
DSC was applied to determine the thermal properties of the members of the second series. The
sharp endothermic peaks in Figure 1.33 represent the melting temperatures of the three
compounds. By replacement of one DCV- by a DCC-group the melting point (268 °C for DCV-SN5 3
and 267 °C for DCV-SN5-DCC 6) doesn’t change significantly but the exothermic peak which was
relatively well-defined for all three compounds indicating decomposition was broader and
appeared at lower temperature (336 instead of 370 °C). Upon replacement of the second DCVgroup by the DCC-acceptor the melting point was increased from 267 °C for DCV-SN5-DCC 6 to
343 °C for DCC-SN5 7 and the decomposition took places at 355 °C directly after melting.

Heat Flow

DCV-SN5 3

DCV-SN5-DCC 6

DCC-SN5 7

100

200

300

400

Temperature [°C]

Figure 1.33: DSC curves of the three oligomers of the second series 3, 6 and 7 measured under argon flow
-1

-1

(50 mL min ) at a heating rate of 10 °C min .
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DCC-SN5 7 and CH-SN5 93 were characterized by UV-vis and fluorescence measurements in DCM
solution and compared to non-substituted heteropentacene SN5 2. The corresponding data is
summarized in Table 1.11. The absorption spectrum of CH-SN5 93 showed a maximum at 502 nm
with an extinction coefficient of 80,800 L mol-1 cm-1 (Figure 1.34). In comparison to the parent
pentafused system SN5 2 the spectrum was red- shifted by 146 nm and the extinction coefficient
was even doubled. This fact could be ascribed on the one hand to the two additional double
bonds elongating the conjugated π-system and on the other hand to the electron-withdrawing
nature of the cyclohexenone rings, which lowered the LUMO energy level and consequently the
optical gap. DCC-SN5 7 comprising stronger DCC-acceptor groups showed an even more redshifted absorption to 632 nm and a higher extinction coefficient of 125,800 L mol-1 cm-1. By
attachment of cyclohexenone and DCC-acceptor units at the parent SN5 system 2 the optical gap
was reduced due to the shift of the absorption onset to longer wavelengths.
1,4
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Figure 1.34: Absorption and emission spectra of SN5 2, CH-SN5 93 and DCC-SN5 7 measured in DCM. The
emission spectra are normalized to their respective absorption spectrum.

The same behaviour of the oligomers was visible in the emission spectra. SN5 2 exhibited an
emission maximum at 370 nm. In comparison to SN5 2, the emission of CH-SN5 93 was redshifted to 558 nm and the emission of DCC-SN5 7 was even more red-shifted to 703 nm. The
smallest Stokes shift of 689 cm-1 was found for SN5 2 illustrating the planar and rigid backbone of
the parent system, which led to a similarity of the geometries in the ground and in the excited
state. The Stokes shift of CH-SN5 93 was increased to 1,575 cm-1 and of DCC-SN5 7 to 1,201 cm-1,
as a result of the structural flexibility of the cyclohexenone units.
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Table 1.11: Photophysical properties of SN5 2, CH-SN5 93, and DCC-SN5 7.

λabs
[nm] [a]

[a]

∆Eopt

ε

λem

Stokes shift

[L mol-1 cm-1] [eV] [b] [nm] [a]

[cm-1]

SN5 2

340, 356

39,200

3.36

370

689

CH-SN5 93

502

80,800

2.28

558

1,575

DCC-SN5 7

632

125,800

1.79

703

1,201

Measured in DCM at room temperature (298 K).

[b]

Calculated by 1242/λonset.

Cyclic voltammetry was performed to determine the redox potentials of the three derivatives.
The HOMO and LUMO energy levels were determined from the onset of the respective redox
waves. For the LUMO of SN5 2 the optical gap was taken into account. The data is summarized in
Table 1.12. The cyclic voltammograms of CH-SN5 93 and DCC-SN5 7 showed two reversible
oxidation waves corresponding to the formation of radical cations and dications (Figure 1.35). In
comparison to parent system SN5 2, the first oxidation potential was shifted to more positive
values from 0.11 V to 0.23 V for diketone 93 and to 0.32 V for DCC-derivative 7, while the second
oxidation potential was less shifted. In the two-electron reduction process an anodic shift from
2.06 V for CH-SN5 93 to -1.48 V for DCC-SN5 7 was observed. This behaviour reflected the
introduction of cyclohexenone and DCC-acceptor groups which resulted in a slight lowering of
the HOMO energy level (from -5.15 V for 2 to -5.26 V for 93 and to -5.35 eV for 7) and a larger
decrease of the LUMO energy level (from -1.79 eV for 2 to -3.13 eV for 93 and to -3.63 eV for 7).
Therefore, also the band gap was reduced from 3.36 eV to 2.13 eV and to 1.67 eV, respectively.
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Figure 1.35: Cyclovoltammograms of SN5 2, CH-SN5 93, and DCC-SN5 7 in DCM/TBAPF6 (0.1 M).
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Table 1.12: Electrochemical properties of SN5 2, CH-SN5 93 and DCC-SN5 7.

[a]

Eox1

Eox2

Ered

HOMO

LUMO

∆E

[V] [a]

[V] [a]

[V] [a]

[eV] [b]

[eV] [b]

[eV] [c]

SN5 2

0.11

0.84

-

-5.15

-1.79[d]

3.36[d]

CH-SN5 93

0.23

0.87

-2.06

-5.26

-3.13

2.13

DCC-SN5 7

0.32

0.94

-1.48

-5.35

-3.68

1.67

+

-1

Measured vs. Fc/Fc in DCM (0.1 M TBAPF6), 298 K, scan rate = 100 mV s . The redox potentials were

calculated by the mean of the cathodic and anodic peak potentials of a quasi-reversible waves:
E = (Epa+Epc)/2. For the irreversible waves the redox potentials were determined at I0 = 0.855Ip.
+

Calculated from the onset of the respective redox waves. Fc/Fc was set to -5.1 eV vs. vacuum.
Calculated by the difference of HOMO and LUMO.

[d]

[b]
[c]

Values determined by taking the optical gaps into

account.

In the following section the oligomers 3, 6 and 7 of the second series are compared with respect
to their optoelectronic properties. Figure 1.36 shows the absorption and emission spectra of
DCV-SN5-DCC 6 and DCC-SN5 7 in comparison to DCV-SN5 3. The corresponding data is listed in
Table 1.13. DCV-SN5 3 showed an intensive charge-transfer absorption band at 582 nm with a
high molar extinction coefficient of 139,800 L mol-1 cm-1. By replacing one DCV- by a DCCacceptor moiety in asymmetric heteropentacene 6, the absorption maximum was red-shifted to
605 nm. Another red-shift to 632 nm was observed for the symmetric DCC-SN5 7 comprising two
DCC-acceptor groups. This bathochromic shift of 23 nm and 50 nm for 6 and 7, respectively, could
be attributed to the additional double bonds in the DCC-unit elongating the π-conjugated
backbone. Related to the red-shift, the extinction was gradually reduced to 132,200 L mol-1 cm-1
for DCV-SN5-DCC 6 and to 125,800 L mol-1 cm-1 for DCC-SN5 7, but the spectrum was broadened
by 40 nm for each replacement of DCV- with DCC-acceptor. The broadening diminished the
optical gap (from 2.01 eV for 3 to 1.90 eV for 6 and to 1.76 eV for 7). Due to the strong
broadening the integrated area increased by introduction of DCC-units despite the lower
extinction.
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Figure 1.36: Absorption (left side) and emission (rights side) spectra of DCV-SN5 3, DCV-SN5-DCC 6 and
DCC-SN5 7 measured in DCM. The emission spectra are normalized to their respective absorption spectrum.

In the emission spectra, a bathochromic shift from 611 nm for 3 to 677 nm for 6 and to 703 nm
for 7 and spectral broadening was presented similar to the absorption spectra. The Stokes shift
for DCV-SN5-DCC 6 and DCC-SN5 7 were around 1,454 and 1,201 cm-1 and were increased
compared to DCV-SN5 3 due to higher molecular flexibility originating from the terminal DCCunits.

The absorption spectra of films of the three heteroacene derivatives, spin-coated from
chloroform solution, were significantly broadened and shifted towards lower energies in
comparison to the solution spectra (Figure 1.37). With respect to application of the oligomers in
BHJ solar cells, these effects improved the spectral overlap with the solar emission spectrum. The
film spectra showed maxima at 592 nm (DCV-SN5 3), 625 nm (DCV-SN5-DCC 6), and 638 nm
(DCC-SN5 7) with vibronic progression at longer wavelengths. The progressions could be ascribed
to intermolecular π–π interactions between the planar molecular backbones. Upon successive
replacement of DCV- with DCC-acceptor the spectrum was expanded each time by 50 nm.
Therefore, the optical gap determined from the absorption band edge in the solid state was
reduced from 1.79 eV for 3 to 1.65 eV for 6 and to 1.56 eV for 7 within the series as a result of
the elongation of the π-system.
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Figure 1.37: Thin film absorption spectra of DCV-SN5 3, DCV-SN5-DCC 6 and DCC-SN5 7 on glass substrates
spin-coated from CHCl3 solution.

Table 1.13: Photophysical properties of DCV-SN5 3, DCV-SN5-DCC 6 and DCC-SN5 7.

λabs

ε

∆Eopt

Εint.

sol

[L mol-1

soln

eV L mol-1

[nm]

[a]

-1

cm ]

[eV]

[b]

cm

-1

λem
[nm][a]

λabs

shift

film

-1

[cm ]

DCV-SN5 3

582

139,800

2.01

41,900

611

703

DCV-SN5-DCC 6

605

132,200

1.90

49,880

677

1,454

DCC-SN5 7

632

125,800

1.79

56,780

703

1,201

[a]

Measured in DCM at room temperature (298 K).

[b]

∆Eopt

Stokes

Calculated by 1242/λonset.

[c]

[nm]

[c]

592,
630
625,
680
638,
718

film
[eV] [b]
1.79

1.65

1.56

Film spin-coated on glass

substrates from CHCl3 solution.

The electrochemical properties of the acceptor-terminated heteropentacenes were probed by
cyclic voltammetry (Table 1.14). The three target compounds showed two reversible oneelectron oxidation processes, which were assigned to the formation of stable radical cations and
dications (Figure 1.38). A cathodic shift in the oxidation was observed upon successive
replacement of DCV- with DCC-acceptor groups in derivative 6 and 7 compared to oligomer 3 due
to enlargement of the conjugated system. This effect suggested an increase in electron-donating
character. Therefore, the HOMO energy level was raised from -5.67 eV for DCV-SN5 3 to -5.48 eV
for DCV-SN5-DCC 6 and to -5.35 eV for DCC-SN5 7. The reduction was a simultaneously appearing
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two-electron process, which was irreversible in case of the DCV-substituted compounds but
reversible in case of DCC-SN5 7. This indicated the generation of radical dianions, which were
further stabilized by the DCC-acceptor moiety. The reduction was as well shifted to more
negative potential within the series but in a lesser extent than the oxidation. Therefore, the
LUMO energy level was raised from -3.85 for 3 to -3.74 for 6 and to -3.68 eV for 7. The band gap
was thus lowered from 1.82 eV for 3 to 1.74 eV for 6 and to 1.67 eV for 7 as a consequence of the
larger π-conjugated backbone.
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Figure 1.38: Cyclovoltammograms of DCV-SN5 3, DCV-SN5-DCC 6 and DCC-SN5 7 in DCM/TBAPF6 (0.1 M).

Table 1.14: Electrochemical properties of DCV-SN5 3, DCV-SN5-DCC 6 and DCC-SN5 7.

[a]

Eox1

Eox2

Ered

HOMO

LUMO

∆E

[V] [a]

[V] [a]

[V] [a]

[eV] [b]

[eV] [b]

[eV] [c]

DCV-SN5 3

0.64

1.27

-1.33

-5.67

-3.85

1.82

DCV-SN5-DCC 6

0.46

1.04

-1.44

-5.48

-3.74

1.74

DCC-SN5 7

0.32

0.94

-1.48

-5.35

-3.68

1.67

+

-1

Measured vs. Fc/Fc in DCM (0.1 M TBAPF6), 298 K, scan rate = 100 mV s . The redox potentials were

calculated by the mean of the cathodic and anodic peak potentials of a quasi-reversible waves:
E° = (Epa+Epc)/2. For the irreversible waves the redox potentials were determined at I0 = 0.855Ip.
[b]

Calculated from the onset of the respective redox waves. Fc/Fc was set to -5.1 eV vs. vacuum.

+

[c]

Calculated by the difference of HOMO and LUMO.
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For efficient performance of the small molecular donor materials 3, 6, and 7 in a BHJ solar cell
device an appropriate alignment of the energy levels is indispensable. Therefore, the energy level
diagram illustrated in Figure 1.39 shows the HOMO and LUMO energy levels of the three donors
in comparison to the energy level of the other materials applied in a solution-processed BHJ solar
cell. The LUMO energy levels of the three oligomers in this series were located sufficiently above
the LUMO energy of acceptor PC61BM so that efficient electron transfer should occur in blends.
The HOMO energy levels of the donors lay below the work function of PEDOT:PSS serving as
hole-conductor for effective hole transport.

Figure 1.39: Energy level diagram of the components in bulk-heterojunction solar cells.

The geometry and electron distribution of the frontier molecular orbitals of the three oligomers
in this series were analyzed by the semi-empirical Austin Model 1 (AM1) method under restricted
Hartree Fock conditions by Dr. Amaresh Mishra (Figure 1.40). The electron density distribution in
the HOMO of the three oligomers showed a noticeable contribution of the S and N heteroatoms
together with a continuous electron density in the inner π-conjugated backbone. In the case of
the asymmetrical derivative 6 the electron density in the HOMO orbital was more distributed
towards the thiophene units attached to the DCC-acceptor. The HOMO-1, however, was mainly
located on the carbon backbone exhibiting a nodal distribution, which is usually found for the
HOMO of acceptor-substituted non-fused oligothiophenes.[7, 106b] The electronic distribution in
the LUMO orbitals exhibited the common quinoidal character with electron density extended to
the acceptor units. The first electronic transition, which was calculated to be predominantly
HOMO→LUMO led to a lowest energy absorption with strong CT-character.
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Figure 1.40: Frontier molecular orbitals of this series by semi-empirical AM1 calculation. For the calculation
ethyl chains are used instead of ethylhexyl and hydrogen atoms are omitted for clarity.

Hole-only devices were prepared to determine the hole transport properties using the space
charge limited current (SCLC) model (vide supra) (Figure 1.41). The devices were fabricated with
the layer sequence ITO/PEDOT:PSS/donor 3, 6, 7/Al. The thickness of the donor films was in the
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range of 30 to 65 nm.
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Figure 1.41: Current density-voltage curve of hole-only devices for DCV-SN5 3, DCV-SN5-DCC 6 and DCC-SN5
7.
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By incorporation of the DCC-acceptor in oligomer 6 and 7 the hole-mobility of 0.8 · 10-5 cm2 V-1 s-1
was by a factor of two decreased compared to DCV-SN5 3 (1.6 · 10-5 cm2 V-1 s-1). These values lay
one order of magnitude below the hole mobility of reference compound P3HT
(2 · 10-4 cm2 V-1 s-1).[102] However, it has to be considered, that the measured hole-mobilities were
initial values and not obtained under optimized conditions.

1.4.9 Photovoltaic properties of oligomers comprising DCC-acceptor groups
The heteropentacene-based oligomers within the second series were investigated as donors in
solution-processed BHJ solar cells with the architecture ITO/PEDOT:PSS/donor:acceptor/LiF/Al.
Their performance was measured under a simulated AM 1.5 G illumination of 100 mW cm-2.
For asymmetrical derivative DCV-SN5-DCC 6 the active layer was spin-coated from chloroform
solution at 60 °C and different donor-acceptor ratios (1:1, 2:3, 1:2) were investigated in
combination with PC61BM as acceptor (Table 1.15). Among them, the 2:3-ratio yielded the best
solar cell performance of 3.0% with a JSC of 7.6 mA cm-2, a VOC of 0.95 V, and a FF of 0.42.
Subsequently, different additives were screened for this ratio. Thereby, PDMS slightly lowered
the efficiency due to a diminished current density, but the use of CN as well as DIO could improve
the efficiency slightly to 3.2 and 3.25%, respectively. Therefore, the content of DIO as additive
was optimized. An increase in DIO content form 5 mg mL-1 to 8.75 mg mL-1 improved the
efficiency to 4.2% (JSC = 9.4 mA cm-2, VOC = 0.95 V, FF = 0.42) due to the rising current density and
dropped upon further increase in additive content (Figure 1.42). Furthermore, solvent vapour
annealing was applied for a D:A ratio of 1:2 improving the efficiency from 2.6 to 3.2%. This
improvement could be due to a stronger phase separation and hence better charge transport.
Due to this enhancement, diiodooctane was additionally tested as additive for this ratio, but the
attained efficiency of 3.5% was the same as for the 2:3 ratio.
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Table 1.15: Photovoltaic parameters for DCV-SN5-DCC 6:PC61BM BHJ devices using CHCl3 as solvent.

[a]

JSC

VOC

[mA cm-2]

[V]

D:A ratio [b]

CHCl3

1:1

7.3

0.95 0.40

2.8

CHCl3

2:3

7.6

0.95 0.42

3.0

CHCl3

1:2

6.7

0.95 0.41

2.6

CHCl3/PDMS (0.2 mg mL-1)

2:3

7.3

0.95 0.41

2.9

CHCl3/CN (5 mg mL-1)

2:3

7.8

0.94 0.43

3.2

CHCl3/DIO (5 mg mL-1)

2:3

7.6

0.96 0.45 3.25

CHCl3/DIO (2.5 mg mL-1) [a]

2:3

6.8

0.95 0.41

2.7

CHCl3/DIO (3.75 mg mL-1) [a]

2:3

7.0

0.95 0.44

2.9

CHCl3/DIO (5 mg mL-1)

2:3

7.6

0.96 0.45 3.25

CHCl3/DIO (6.75 mg mL-1) [a]

2:3

8.0

0.93 0.47

3.5

CHCl3/DIO (7.5 mg mL-1) [a]

2:3

8.5

0.94 0.46

3.7

CHCl3/DIO (8.75 mg mL-1)

2:3

9.4

0.95 0.47

4.2

CHCl3/DIO (10 mg mL-1)

2:3

9.1

0.96 0.48

4.1

CHCl3, 30 s SVA [a]

1:2

7.1

0.93 0.48

3.2

CHCl3/DIO (6.75 mg mL-1) [a]

1:2

8.0

0.95 0.45

3.5

BHJSC devices prepared and measured by Florian Henne.

Temperature of solution and substrates: 60°C.
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Figure 1.42: PCE of DCV-SN5-DCC 6:PC61BM solar cells as a function of DIO-content in CHCl3.

Symmetrical counterpart DCC-SN5 7 was used as donor in conjunction with PC61BM as acceptor.
The active layer was spin-coated from chloroform solution at 60 °C, because the film spin-coated
at room temperature was too rough containing particles of the donor. Firstly, different donoracceptor ratios were investigated (Table 1.16). The best result was obtained for a D:A ratio of 1:1
yielding a very high JSC of 10.8 mA cm-2, a VOC of 0.88 V, and a FF of 0.51 resulting in a PCE of 4.9%.
Upon increasing the donor content from 1:1 to 3:2 and 2:1, the current density was reduced to
8.4 and 6.9 mA cm-2, respectively. Furthermore, an increase of the acceptor ratio to 2:3 and 1:2
also led to a slight decrease in JSC to 10.3 and 9.5 mA cm-2, respectively. Subsequently, the use of
vanadium pentoxide as hole transport material was investigated resulting in a lower JSC of
9.4 mA cm-2 and a slightly higher FF of 0.57 yielding an efficiency of 4.6%. Solvent vapour
annealing of this blend led to the same efficiency with a slightly higher JSC, but a lower FF.
Additionally, different solvent additives were screened. By the use of chloronaphthalene or
diiodooctane a lower JSC and a resulting efficiency of 3.9% was obtained. With PDMS however,
the current density was raised to 11.2 mA cm-2, but a slightly lower FF led to an efficiency of
4.8%. By doubling the content of PDMS, the same efficiency was obtained exhibiting a higher FF
but a reduced JSC. In addition, for a 1:1 donor-acceptor ratio, the concentration of donor and
acceptor in chloroform was lowered from initially 15 mg mL-1 to 12.5 mg mL-1 with the goal to get
thinner blend films. Consequently, the device exhibited a higher FF of 0.57, but a lower current
density led to a reduced efficiency of 4.7%. A first device with PC71BM using the optimized
conditions showed a lowered JSC and reduced efficiency of 4.55%. For a ratio of 2:3, a higher
concentration of 17.5 mg mL-1 was applied in order to obtain a thicker blend layer. However, the
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FF was reduced to 0.46 resulting in a lower efficiency of 4.0%. TCE was also tested as solvent, but
the device showed the worst performance among all.

Table 1.16: Photovoltaic parameters for BHJ devices with DCC-SN5 7 as donor material.

D:A ratio
HTM

Solvent

(conc. in

A

-1

mg mL )

JSC

soln/sub [mA cm-2]

VOC
[V]

FF

PCE
[%]

PEDOT:PSS

CHCl3

2:1

PC61BM

60/60

6.9

0.87 0.53

3.2

PEDOT:PSS

CHCl3

3:2

PC61BM

60/60

8.4

0.85 0.52

3.7

PEDOT:PSS

CHCl3

1:1

PC61BM

60/60

10.8

0.88 0.51

4.9

PEDOT:PSS

CHCl3

2:3

PC61BM

60/60

10.3

0.86 0.53

4.7

PEDOT:PSS

CHCl3

1:2

PC61BM

60/60

9.5

0.87 0.50

4.1

V2O5

CHCl3

1:1

PC61BM

60/60

9.4

0.86 0.57

4.6

1:1

PC61BM

60/60

9.7

0.88 0.54

4.6

1:1

PC61BM

60/60

11.2

0.87 0.49

4.8

1:1

PC61BM

60/60

10.5

0.87 0.53

4.8

1:1

PC61BM

60/60

8.8

0.86 0.52

3.9

1:1

PC61BM

60/60

9.2

0.90 0.47

3.9

PC61BM

60/60

9.5

0.87 0.57

4.7

PC71BM

60/60

9.5

0.88 0.54 4.55

PC61BM

60/60

10.3

0.85 0.46

4.0

PC61BM

100/120

7.7

0.83 0.44

2.8

V2O5

PEDOT:PSS

PEDOT:PSS

PEDOT:PSS

PEDOT:PSS
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T [˚C]

CHCl3,
30 s SA
CHCl3/PDMS
(0.2 mg mL-1)
CHCl3/PDMS
(0.4 mg mL-1)
CHCl3/CN
(5 mg mL-1)
CHCl3/DIO
(5 mg mL-1)

PEDOT:PSS

CHCl3

PEDOT:PSS

CHCl3

PEDOT:PSS

CHCl3

PEDOT:PSS

TCE

1:1
(12)
1:1
(15)
2:3
(17.5 )
1:1
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Dr. Gisela Schulz performed further experiments incorporating PC71BM as acceptor, starting the
optimization of the cells from the beginning. No improvement in performance could be obtained,
but the devices exhibited similar efficiencies of 4.9% for a D:A ratio of 3:2 without the addition of
additives.

Comparison of the BHJ solar cells comprising the three SN5-derivatives 3, 6 and 7
In Figure 1.43 the current density-voltage curves and the IPCE spectra of the best device for each
oligomer in this second series is compared. The solar cell parameters are recapitulated in Table
1.17. For comparison reasons and later AFM measurements, the parameters obtained by spincoating at room temperature (PCE = 3.1%) and not at 60 °C (PCE = 3.3%) are shown for DCV-SN5
3, since the PCEs don’t differ significantly. Within the series, the current density augmented from
6.4 mA cm-2 for DCV-SN5 3 to 9.4 mA cm-2 for DCV-SN5-DCC 6 and to 10.8 mA cm-2 for DCC-SN5 7.
The FF also increased upon replacement of the DCV-acceptor by DCC-groups in derivatives 6 and
7. The open-circuit voltage, however, decreased from 1.13 to 0.95 and to 0.88 V due to the raise
of the HOMO energy level by the additional double bond in the DCC-acceptor. Altogether, the
efficiency increased from 3.1% for DCV-SN5 3 to 4.2% for DCV-SN5-DCC 6 and to 4.9% for DCCSN5 7. These PCE values indicated that excitons are efficiently separated at the D-A interface with
their subsequent transport through the bulk.

Table 1.17: Comparison of the best device for each compound of this series.

Donor

DCV-SN5 3

DCV-SN5-DCC 6
DCC-SN5 7

Solvent
CHCl3/CN
(7 mg mL-1)
CHCl3/DIO
(8.75 mg mL-1)
CHCl3

D:A

T [˚C]

JSC

VOC

ratio

soln/sub

[mA cm-2]

[V]

2:3

rt

6.4

1.13

0.43

3.1

2:3

60/60

9.4

0.95

0.47

4.2

1:1

60/60

10.8

0.88

0.51

4.9

FF

PCE
[%]

The EQE spectrum of DCV-SN5 3 ranged from 450 to 700 nm with a maximum of 45% at 640 nm.
Upon introducing of DCC-moieties in heteropentacene counterparts 6 and 7, the spectrum was
broadened to 760 and 800 nm, respectively, with a higher EQE in the whole range and a peak
maximum of 55%. The EQE spectra were in accordance with the film absorption spectra.
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Figure 1.43: Current density-voltage characteristics (left side) and IPCE spectra (right side) for the best
devices of the three compounds.

The surface morphology of the blend layer in the BHJ devices was characterized by atomic force
microscopy (AFM). The measurements were conducted by Dr. Marta Urdanpilleta whereas Dr.
Elena Mena-Osteritz performed the evaluation of the data. The samples for the measurements
were prepared by spin-coating of the active layer (donor:PC61BM) on ITO/PEDOT:PSS. The
conditions which yielded the best device were used for each oligomer, respectively (Table 1.17).
For comparison reason, blends were also spin-coated maintaining the donor:acceptor ratio from
chloroform solution, but without additive in case of DCV-SN5 3 and DCV-SN5-DCC 6. For DCC-SN5
7 in contrary a blend was prepared for comparison from chloroform under addition of 5 mg mL-1
DIO. The blend deposited from chloroform solutions exhibited low topographic roughness of
3 nm for DCV-SN5 3 and DCV-SN5-DCC 6, but 6 nm for DCC-SN5 7. The active layers of DCV-SN5 3
and DCV-SN5-DCC 6 gave evidence to a grain-like structure with grain-dimensions of 10-30 and
10-20 nm, respectively (Figure 1.44 a and Figure 1.44 b). On the contrary, the blend of DCC-SN5 7
formed needle-like structures of 10-15 nm width and up to 80 nm length (Figure 1.44 c). The
corresponding phase images did not reveal a clear contrast and therefore no assessment about
phase separation could be deduced at this point. The treatment of the blend with additives
influenced in all cases the film characteristics by increasing the topography roughness of the
surface (Δz of 15, 10, and 22 nm, respectively). The grain-like structure of DCV-SN5 3 and DCVSN5-DCC 6 containing additive evolved to larger aggregates (40-80 nm) and a better contrast in
the phase images could be obtained (Δφ of 90° and 30°, respectively, Figure 1.45). These findings
accounted for a better structured film and clear phase separation by the use of additives, which
correlated well with the enhancement of the solar cell performance in both cases. The film of the
blend of DCC-SN5 7 and PC61BM with DIO as additive showed comparable needle-like structures
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as without additive but a strong increase in the topographical roughness occurred (Figure 1.44 f).
This effect could explain the decrease in efficiency upon DIO addition.

Figure 1.44: AFM images of donor:PC61BM blend films spin-coated from chloroform solution on
ITO/PEDOT:PSS. a) DCV-SN5 3 (Δz = 3 nm), b) DCV-SN5-DCC 6 (Δz = 4 nm) and c) DCC-SN5 7 (Δz = 6 nm).
AFM images spin-coated from chloroform solution with additive: d) DCV-SN5 3 + CN (Δz = 15 nm), e) DCVSN5-DCC 6 +DIO (Δz = 10 nm) and f) DCC-SN5 7 +DIO (Δz = 22 nm). Image size: 1 x 1 µm.
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Figure 1.45: AFM images of donor:PC61BM blend films spin-coated on ITO/PEDOT:PSS (like in Figure 1.44):
a) DCV-SN5 3 (Δz = 3 nm), b) DCV-SN5-DCC 6 (Δz = 4 nm) and c) DCC-SN5 7 (Δz = 6 nm) and corresponding
phase images a') DCV-SN5 3 (Δφ = 12°), b') DCV-SN5-DCC 6 (Δφ = 22°) and c') DCC-SN5 7 (Δφ = 12°). AFM
images with additive: d) DCV-SN5 3 + CN (Δz = 15 nm), e) DCV-SN5-DCC 6 +DIO (Δz = 10 nm) and f) DCC-SN5
7 +DIO (Δz = 22 nm) and corresponding phase images: d') DCV-SN5 3 (Δφ = 90°), e') DCV-SN5-DCC 6
(Δφ = 30°) and f') DCC-SN5 7 (Δφ = 16°). Image size: 1 x 1 µm.
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1.5

Summary

In this chapter, the design and the synthesis of S,N-heteropentacene SN5 2 as well as its
implementation in acceptor-substituted small molecules for the use as electron donors in
solution-processed BHJ devices was presented. SN5 2 could be finally synthesized by four-fold
Buchwald-Hartwig amination of a tetrabromo-terthiophene, which was accessible by Negishicoupling. S,N-Heteropentacene 2 showed a well-structured absorption and emission band with
defined vibronic transitions together with a small Stokes-shift reflecting its planar and rigid
geometry.
By attachment of electron-withdrawing groups on the ring-fused SN5, the absorption was shifted
to longer wavelengths and intensified which could be correlated to the increasing acceptor
strength of the terminal substituents. The band gap reduced due to lowering of the HOMO
energy level and strong destabilization of the LUMO energy level.
In the first series, consisting of DCV-SN5 3, DCV-T-SN5 4, and DCV-2T-SN5 5 the conjugated
backbone was extended by insertion of hexylthiophene units between the pentafused central
unit SN5 and the DCV-accepting moieties. By insertion of thiophene units the absorption became
broader and red-shifted due to the elongation of the conjugated backbone together with a
decrease in extinction coefficient. The HOMO energy was increased due to the higher donor
character of the compound by insertion of thiophene moieties leading to lower band gaps.
Implementation of the compounds as donor materials in solution-processed BHJ solar cell
revealed that within the first series DCV-SN5 3 exhibited the highest efficiency of 3.1% on
account of its high VOC due to the low lying HOMO energy level. DCV-T-SN5 4 and DCV-2T-SN5 5
yielded lower PCEs of 2.7 and 1.5%, respectively.
In the second series consisting of DCV-SN5 3, asymmetrical DCV-SN5-DCC 6 and symmetrical DCCSN5 7, the commonly used DCV-acceptor was successively replaced by DCC-moieties which
exhibited an additional double bond also leading to elongation of the conjugated backbone. In
the absorption a bathochromic shift and spectral broadening in solution and thin film was
observed as well together with a lowering of the intensity by replacement of DCV-accepting
group with DCC-unit due to the additional double bond. The HOMO energy levels were raised
and the band gap was diminished because of the longer π-system. In this series the PCE
augmented from 3.1 % for DCV-SN5 3 to 4.2% for DCV-SN5-DCC 6 to 4.9% for DCC-SN5 7 as a
result of the enhanced current density compensating the decrease in open-circuit voltage.
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1.6

Experimental Part

Instruments and Measurements:
NMR spectra were recorded on a Bruker 400 (1H NMR: 400 MHz, 13C NMR: 100 MHz) or on a
Bruker 500 spectrometer (1H NMR: 500 MHz, 13C NMR: 125 MHz) at 25 °C. Chemical shift values
(δ) are expressed in parts per million using residual solvent protons (1H NMR: δ = 7.26 ppm for
CDCl3; δ = 5.32 ppm for CD2Cl2; δ = 1.72 ppm for THF-d8;

13

C NMR: δ = 77.00 ppm for CDCl3;

δ = 53.84 ppm for CD2Cl2) as internal standard. The splitting patterns are designated as follows: s
(singlet), d (doublet), dd (doublet of doublet), t (triplet) and m (multiplet). Coupling constants (J)
relate to proton-proton couplings unless otherwise noted. The assignments are Th (thiophene
protons), CHO (aldehyde protons), DCV (dicyanovinylene protons), Hex (hexyl protons), SN5
(protons of heteropentacene SN5), EH (ethylhexyl protons), cyclohexenone (cyclohex-2-en-1-one
protons), DCC (1,1-dicyanomethylene-2-cyclohexene protons).
Melting points were determined using a Mettler Toledo DSC 823e or a Büchi B-545 apparatus and
were not corrected. Elemental analyses were performed on an Elementar Vario EL. Thin layer
chromatography was carried out on aluminium plates pre-coated with silica gel (Merck TLC Silica
gel 60 F254) or aluminium oxide (Merck TLC Aluminium oxide 150 F254, neutral). Preparative
column chromatography was performed on glass columns packed with flash silica gel, particle
size 40−64 μm, from Macherey-Nagel or packed with basic alumina “90”, particle size 40−64 μm,
from Merck. The alumina was deactivated to “Brockmann” activity II-III by adding 5% distilled
water. HPLC was performed on a Hitachi instrument equipped with a UV-vis detector L-7420,
columns (Nucleosil 100-5 NO2 with a pore size of 100 Å) from Macherey-Nagel using DCM/nhexane mixtures as eluent. GC mass spectra were recorded on a Varian 3800 gas chromatograph
with a Varian Saturn 2000 mass detector, MALDI-TOF mass spectra on a Bruker Daltonics Reflex
III whereas high-resolution mass spectra experiments were performed using a Bruker solariX
spectrometer with a MALDI or an ESI source. Photophysical measurements were carried out in 1
and 0.1 cm cuvettes with Merck spectroscopic grade solvents. Absorption spectra were recorded
on a Perkin Elmer Lambda 19 spectrometer and corrected fluorescence spectra on a Perkin Elmer
LS 55 spectrometer. The emission spectra were fully corrected for the photodetector response.
The samples for thin film absorption measurements were prepared by spin-coating from CHCl3
solution (4 mg mL-1, 1000 rpm, 60 s) on glass substrates. A non-coated glass substrate was used
as reference in the measurement.
Cyclic voltammetry experiments were performed with a computer-controlled Autolab PGSTAT30
potentiostat in a three-electrode single-compartment cell with a platinum working electrode, a
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platinum wire counter electrode, and an Ag/AgCl reference electrode. All potentials were
internally referenced to the ferrocene/ferrocenium couple.
Surface images of the photoactive layers were recorded with the help of a Bruker Nanoscope V
AFM at ambient temperature in tapping mode.

Mobility measurement:
Hole-transport properties were determined using the space-charge limited current (SCLC) model.
For the devices architecture ITO/PEDOT:PSS/hole-transporter/Al was applied. The hole-only
devices were made by spin-coating PEDOT:PSS (Clevios P, VP Al 4083) onto pre-cleaned,
patterned indium tin oxide (ITO) substrates (15 Ω per square) (Kintec). A film of the donor was
spin-coated on top from chloroform solution with a concentration of 6 mg mL-1 (for DCV-SN5-DCC
6 and DCC-SN5 7) or 8 mg mL-1 (for first series). The film thickness was varied by using different
spin-coating speeds. As counter electrode Al was deposited on top by vacuum evaporation. The
current density-voltage curves in the dark of the devices were taken with a Keithley 2400 source.

Device fabrication and photovoltaic characterization:
Photovoltaic devices were made by spin-coating PEDOT:PSS (Clevios P, VP Al 4083) or an
isopropanol solution of vanadium(V) oxitriisopropoxide (Alfa Aesar) onto pre-cleaned, patterned
indium tin oxide (ITO) substrates (15 Ω per square) (Kintec). The vanadium(V) oxitriisopropoxide
coated substrates were stored at ambient air for 1 h for hydrolysis to V2O5.[108] The photoactive
layer was deposited by spin-coating from chloroform, 1,1,2,2-tetrachloroethane, dichloroethane
or chlorobenzene solutions with a total concentration of usually 15 mg mL-1 (for CHCl3 at room
temperature or 60 °C; for TCE at 100 °C, for DCE at 60 °C), 17.5 mg mL-1 (for TCE at 80 °C, for CB at
80 °C) or 25 mg mL-1 (for TCE at room temperature) with or without additives. The blend layer
thickness was varied using different spin-coating speeds. PC61BM and PC71BM (99% pure) were
purchased from Solenne BV, Netherlands. LiF and aluminium as counter electrode were
deposited by vacuum evaporation at 2 · 10-6 Torr. The active areas of the cells were 0.1 or 0.2
cm2. Film thicknesses were measured using a Dektak profilometer. J-V characteristics were
measured under AM 1.5 G conditions at 100 mW cm-2 white light from a tungsten-halogen lamp
filtered by a Schott GG385 UV filter and a Hoya LB120 daylight filter or later with a AAA solar
simulator from Oriel Instruments, using a Keithley 2400 source meter. Spectral response was
measured under monochromatic light from a 300 W Xenon lamp in combination with a
monochromator (Oriel, Cornerstone 260), modulated with a mechanical chopper. The response
was recorded as the voltage over a 220 Ω resistance, using a lock-in amplifier (Merlin 70104). A
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calibrated Si cell was used as reference. The devices were kept behind a quartz window in a
nitrogen filled container.

Materials and synthesis:
All solvents were purchased from Merck (VWR international) and were distilled for purification
purposes. THF, DMF, and diethyl ether were dried via MB SPS-800 solvent purifying system
(MBraun), toluene and 2-ethylhexylamine were dried under reflux over calcium hydride (Merck),
and chloroform was dried under reflux over phosphorus pentoxide (Merck). Tri-tertbutylphosphonium tetrafluoroborate (HP(tBu3)BF4) and 1,1'-bis(diphenylphosphino)ferrocene
(dppf) was purchased from Alfa Aesar and n-butyl lithium (1.6 mol L-1 in n-hexane) from Acros.
Trimethyltin chloride, tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3), 3-bromothiophene,
N,N-dimethylethanolamine,

[1,1′-bis(diphenylphosphino)ferrocene]dichloropalladium(II)

(Pd-

(dppf)Cl2), bis(dibenzylideneacetone)palladium(0) (Pd(dba)2), and titanium(IV) isopropoxide
(Ti(OiPr)4) were purchased from Sigma-Aldrich. Mercury(II) acetate, iodine, sodium thiosulfate,
sodium sulphate, sodium bicarbonate, potassium phosphate, bromine, 2-ethylhexylamine,
copper, copper(I) iodide, ammonium chloride, ammonium formate, Pd/C, sodium-tert-butoxide,
phosphoryl chloride, malononitrile, β-alanine, and hydrochloric acid were purchased from Merck.
ZnCl2 (VWR) was dried in high vacuum at high temperature. Deuterated solvents for NMR
spectroscopy were purchased from Aldrich (CDCl3, CD2Cl2) and Deutero (THF-d8).
3,4-Dibromothiophene 60,[109] 2,3-dibromothiophene 61,[92] 2,5-dibromothiophene 63,[110]
trimethyl[5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thien-2-yl]silane
[112]

thiophene 82,

tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4),

iodo-2,2'-bithien-5-yl)methylene]malononitrile 86,

[6a]

64,[111]
[113]

tetrabromo-

2-[(3',4-dihexyl-5'-

and 3-bromocyclohex-2-en-1-one 88[114]

were synthesized in the Institute according to literature-known procedures. 2-[(3-Hexyl-5iodothien-2-yl)methylene]malononitrile 85 was prepared by Knoevenagel condensation of 3hexyl-5-iodo-thiophene-2-aldehyde[115] and malononitrile according to conditions published by
Schneller and Moore.[116]

3,4-Dibromo-2,5-diiodothiophene (57)[91]
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3,4-Dibromothiophene 62 (4.07 g, 16.8 mmol) was dissolved in 250 mL of dry chloroform and
mercury(II) acetate (11.9 g, 37.2 mmol) was added under argon and light exclusion at room
temperature. After stirring the resulting suspension for 18 h at room temperature, iodine (9.39 g,
37.0 mmol) was added and the stirring was continued for another 3 d. Successively, the mercury
salts were filtered off and the filtrate was washed once with a saturated Na2S2O3 solution and
twice with water. The organic layer was dried over Na2SO4 and the solvent was removed by rotary
evaporation. The residue was recrystallized from DCM to afford diiodinated product 57 (6.80 g,
13.8 mmol, 82%) as beige solid.
M.p.: 146 °C (DSC); (Lit.: M.p.: 145 °C).[91]
1

H NMR (400 MHz, CDCl3): δ = no signal.

13

C NMR (100 MHz, CDCl3): δ = 122.27, 79.75 ppm.

MS (CI) m/z: [M]+ calcd. for C4Br2I2S: 494; found: 494 [M]+.

3-Bromo-2-trimethylstannylthiophene (58)[92]

To a solution of 2,3-dibromothiophene 63 (10.0 g, 41.5 mmol) in 40 mL of dry diethyl ether was
added n-BuLi (1.6 M in n-hexane, 28.5 mL, 45.6 mmol) dropwise within 1 h under argon at -78 °C.
The reaction mixture was stirred for 1 h at -78 °C and additional for 1 h at 0 °C. Afterwards,
trimethyltin chloride (9.09 g, 45.6 mmol) in 15 mL of dry diethyl ether was added at -78 °C. After
stirring at this temperature for 2 h, ice-cold water was added and the product was extracted with
n-hexane. The combined organic layers were dried over Na2SO4 and the solvent was removed
under vacuum. The residue was purified by vacuum distillation to obtain stannylated product 58
(11.5 g, 35.3 mmol, 85%) as colourless oil.

1

H NMR (400 MHz, CDCl3): δ = 7.50 (d, 3J = 4.8 Hz, 1H, H-5), 7.13 (d, 3J = 4.8 Hz, 1H, H-4), 0.45 (s,

9H, Sn-CH3) ppm.
Analytical data were in accordance with literature data.[92]
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5,5’’-Bis(trimethylsilyl)-2,2’:5’,2’’-terthiophene (67)[96]

2,5-Dibromothiophene 65 (5.00 g, 20.7 mmol) and trimethyl[5-(4,4,5,5-tetramethyl-1,3,2dioxaborolan-2-yl)thien-2-yl]silane 66 (12.9 g, 45.6 mmol) were dissolved in 200 mL of dry THF.
After degassing, Pd2(dba)3 (86.4 mg, 0.94 mmol), HP(tBu3)BF4 (508 mg, 1.75 mmol) and 83 mL
(165 mmol) of a degassed 2 M K3PO4·H2O solution were added and the reaction mixture was
stirred for 2 h at room temperature. Some of the THF was removed under reduced pressure and
saturated NaHCO3 solution was added to the residue. The product was extracted with DCM, the
combined organic layers were dried over Na2SO4 and the solvent was removed by rotary
evaporation. Terthiophene 67 (7.46 g, 19.0 mmol, 92%) was obtained as yellow crystals after
purification by column chromatography (SiO2, n-hexane) and subsequent recrystallization from
MeOH.

M.p.: 110 °C (DSC).
1

H NMR (400 MHz, CDCl3): δ = 7.22 (d, 3J = 3.4 Hz, 2H, H-3,3’’), 7.13 (d, 3J = 3.5 Hz, 2H, H-4,4’’),

7.08 (s, 2H, H-3’,4’), 0.33 (s, 18H, Si-CH3) ppm.
13

C NMR (100 MHz, CDCl3): δ = 142.11, 139.92, 136.19, 134.76, 124.85, 124.38, -0.12 ppm.

MS (CI) m/z: [M]+ calcd. for C18H24S3Si2: 393; found: 393 [M]+, 377 [M-CH3]+.
Elemental analysis: calcd. (%) for C18H24S3Si2: C 55.05, H 6.16, S 24.49; found: C 55.24, H 6.15,
S 24.55.
Analytical data were in accordance with literature data.[96, 117]

3,3’,3’’,4’,5,5’’-Hexabromo-2,2’:5’,2’’-terthiophene (69)[118]
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Terthiophene 67 (3.27 g, 8.33 mmol) was dissolved in 300 mL of CHCl3/AcOH (2:1). Bromine
(3.41 mL, 66.6 mmol) dissolved in 20 mL of CHCl3 was added at 0 °C. Upon addition of a quarter of
the bromine solution a yellow solid was formed. The reaction mixture was further stirred at room
temperature for 16 h. After partly removing the solvent by rotary evaporation, water was added.
The solid was filtered off and washed thoroughly with water. Hexabrominated terthiophene 69
(5.71 g, 7.91 mmol, 95%) was obtained as yellow solid after recrystallization from DCM.

M.p.: 199 °C (DSC); (Lit.: M.p.: 190 °C).
1

H NMR (400 MHz, CDCl3): δ = 7.09 (s, H-4,4’’) ppm.

Analytical data were in accordance with literature data.[118]

N-(2-Ethylhexyl)thiophene-3-amine (81)[97]

3-Bromothiophene 64 (505 mg, 3.10 mmol), 2-ethylhexylamine 70 (1.00 mL, 6.13 mmol), copper
(10.0 mg, 153 µmol), copper(I) iodide (43.1 mg, 226 µmol) and K3PO4·H2O (1.55 g, 6.71 mmol)
were suspended in 5 mL of N,N-dimethylethanolamine. After degassing, the reaction mixture was
stirred under argon at 80 °C for 3 d. After cooling to room temperature, water was added and the
product was extracted with diethyl ether. The combined organic layers were washed with brine,
dried over Na2SO4 and the solvent was removed under reduced pressure. The residue was
purified by column chromatography (basic alumina, PE/DCM = 2:1) to afford amine 81 (353 mg,
1.67 mmol, 54%) as orange oil. Since the product was very air sensitive, it turned brown after
some time.
H NMR (400 MHz, CDCl3): δ = 7.14 (dd, 3J = 5.1 Hz, 4J = 3.0 Hz, 1H, H-4), 6.62 (dd, 3J = 5.1 Hz, 4J =

1

1.5 Hz, 1H, H-5), 5.92 (dd, 3J = 3.0 Hz, 4J = 1.5 Hz, 1H, H-2), 3.58 (s, 1H, NH), 2.98 (d, 3J = 6.1 Hz,
2H, N-CH2), 1.58-1.50 (m, 1H, CH), 1.46-1.25 (m, 8H, CH2), 0.93-0.88 (m, 6H, CH3) ppm.
MS (CI) m/z: [M]+ calcd. for C12H21NS: 211; found: 212 [M+H]+.
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Analytical data were in accordance with literature data.[97b]

3,3',3'',4'-Tetrabromo-2,2':5',2''-terthiophene (46)[84]

24.5 mL of n-BuLi (1.6 M in n-hexane, 24.5 mL, 39.3 mmol) were added dropwise within 1 h at
-78 °C to a solution of 2,3-dibromothiophene 63 (9.51 g, 39.3 mmol) in 40 mL of dry diethyl ether.
After stirring for 1 h at this temperature, a solution of zinc chloride (5.37 g, 39.4 mmol) in 90 mL
of dry THF was added over 20 min. The reaction mixture was stirred at 0 °C for 1 h. After addition
of tetrabromothiophene 44 (6.29 g, 15.7 mmol) and Pd(dppf)Cl2 (0.78 g, 0.95 mmol), the reaction
mixture was stirred at 50 °C for 22 h. After cooling, saturated NH4Cl solution was added and the
product was extracted with DCM. The organic layers were combined, dried over Na2SO4 and the
solvent was removed under vacuum. Tetrabrominated terthiophene 46 (6.51 g, 11.5 mmol, 73%)
was obtained as a light yellow solid after purification by column chromatography (SiO2, nhexane).
Alternative synthesis: Schlosser reduction[95] of hexabromo-terthiophene 69
3,3’,3’’,4’,5,5’’-Hexabromo-2,2’:5’,2’’-terthiophene 69 (2.72 g, 3.77 mmol), ammonium formate
(2.27 g, 36.1 mmol), and Pd/C (264 mg, 0.25 mmol) was suspended in 300 mL of n-butanol and
stirred at 120 °C for 17 h. Another portion of ammonium formate (2.21 g, 35.1 mmol) and Pd/C
(236 mg, 0.22 mmol) was added and stirring was continued for 5 h. After cooling, the catalyst was
filtered off and the solvent was removed under reduced pressure. DCM was added to the residue
and the organic phase was washed three times with water. The organic layer was dried over
Na2SO4 and the solvent was removed under vacuum. The tetrabrominated product 46 (1.50 g,
2.66 mmol, 71%) was obtained after purification by column chromatography (SiO2, n-hexane) and
subsequent recrystallization from DCM/n-hexane in 94% purity (GC/MS).

Alternative synthesis: Stille-type cross-coupling reaction
A solution of 3-bromo-2-trimethylstannylthiophene 58 (585 mg, 1.80 mmol) and 3,4-dibromo2,5-diiodothiophene 57 (400 mg, 810 µmol) in 2 mL of dry DMF was degassed five times.
86

Chapter 1

Afterwards, Pd(dppf)Cl2 (36.3 mg, 44.5 µmol) was added and the reaction mixture was stirred at
70 °C for 19 h. After cooling, water was added and the product was extracted with DCM. The
combined organic layers were dried over Na2SO4, filtered and the solvent was removed under
vacuum. After purification by column chromatography (SiO2, n-hexane), a yellow oil was obtained
which could be crystallized from DCM/n-hexane affording tetrabrominated terthiophene 46
(302 mg, 535 µmol, 66%) as yellow solid.
M.p.: 109 °C (DSC); (Lit.: M.p.: 103.2-104.5 °C).[84]
1

H NMR (400 MHz, CDCl3): δ = 7.46 (d, 3J = 5.4 Hz, 2H, H-5,5’’), 7.11 (d, 3J = 5.4 Hz, 2H, H-4,4’’)

ppm.
13

C NMR (100 MHz, CDCl3): δ = 131.02, 130.86, 128.31, 128.14, 116.45, 113.05 ppm.

MS (MALDI-TOF) m/z: [M]+ calcd. for C12H4Br4S3: 559.62; found: 559.66 [M]+.
Elemental analysis: calcd. (%) for C12H4Br4S3: C 25.56, H 0.71, S 17.06; found: C 25.63, H 0.87,
S 16.96.
Analytical data were in accordance with literature data.[84]

4,5-Bis(2-ethylhexyl)-dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']dipyrrole (SN5 2)

A solution of 3,3’,3’’,4’-tetrabromo-2,2’:5’,2’’-terthiophene 46 (929 mg, 1.65 mmol), sodium tertbutoxide (2.57 g, 26.7 mmol), Pd(dba)2 (94.2 mg, 0.16 mmol), and dppf (367 mg, 0.66 mmol) in
30 mL of dry toluene was degassed five times with argon and stirred for 20 min at room
temperature. After addition of dry 2-ethylhexylamine (0.65 mL, 3.96 mmol), the reaction mixture
was stirred at 110 °C for 20 h in a sealed vessel. After cooling to room temperature, water was
added and the product was extracted with DCM. The combined organic layers were dried over
Na2SO4 and the solvent was removed by rotary evaporation. Purification by column
chromatography (SiO2, n-hexane/DCM = 7:3) afforded pentafused SN5 2 (489 mg, 0.98 mmol,
59%) as yellow solid.
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M.p.: 82 °C (DSC).
1

H NMR (400 MHz, CD2Cl2): δ = 7.10 (d, 3J = 5.3 Hz, 2H, Th-α-H), 7.04 (d, 3J = 5.3 Hz, 2H, Th-β-H),

4.37-4.24 (m, 4H, N-CH2), 2.03-2.01 (m, 2H, CH), 1.27-1.15 (m, 16H, CH2), 0.83-0.78 (m, 12H, CH3)
ppm.
13

C NMR (100 MHz, CD2Cl2): δ = 145.07, 145.04, 131.01, 122.13, 116.66, 116.11, 112.16, 40.88,

30.52, 30.45, 28.74, 28.63, 23.85, 23.81, 23.37, 23.34, 14.07, 14.05, 10.73, 10.66 ppm.
MS (MALDI-TOF) m/z: [M]+ calcd. for C28H38N2S3: 498.22; found:, 498.21 [M]+.
Elemental Analysis: calcd. (%) for C28H38N2S3: C 67.42, H 7.68, N 5.62, S 19.28; found: C 67.28,
H 7.64, N 5.58, S 19.09.

{4,5-(Di-2-ethylhexyl)-dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']dipyrrole}-2,7-dicarbaldehyde
(CHO-SN5 83)

A mixture of phosphoryl chloride (0.65 mL, 7.17 mmol) and DMF (0.55 mL, 7.17 mmol) in 4 mL of
DCE was stirred for 2 h at room temperature. Heteropentacene SN5 2 (179 mg, 358 µmol)
dissolved in 17 mL of DCE was added and the reaction mixture was stirred at 80 °C for 26 h.
Afterwards, saturated NaHCO3 solution and DCM were added and the reaction mixture was
stirred for several days until hydrolysis was complete. The product was extracted with DCM, the
combined organic layers were washed with water and dried over Na2SO4. After removal of the
solvent by rotary evaporation, dialdehyde CHO-SN5 83 (156 mg, 281 µmol, 78%) was obtained as
orange solid after purification by column chromatography (SiO2, DCM).

M.p.: 206 °C (DSC).
1

H NMR (400 MHz, CDCl3): δ = 9.90 (s, 2H, CHO), 7.65 (s, 2H, Th-β-H), 4.38-4.26 (m, 4H, N-CH2),

2.03 1.94 (m, 2H, CH), 1.30-1.15 (m, 16H, CH2), 0.86-0.78 (m, 12H, CH3) ppm.
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13

C NMR (100 MHz, CDCl3): δ = 182.69, 145.08, 145.06, 140.68, 133.57, 124.54, 119.87, 119.57,

53.31, 40.55, 30.13, 30.08, 28.27, 28.18, 23.50, 23.47, 22.91, 22.88, 13.85, 13.84, 10.51, 10.45
ppm.
HRMS (MALDI) m/z: [M]+ calcd. for C30H38N2O2S3: 554.20899; found: 554.20848 [M]+;
δm/m = 0.9 ppm.
Elemental Analysis: calcd. (%) for C30H38N2O2S3: C 64.94, H 6.90, N 5.05; found: C 65.17, H 7.13,
N 4.91.

{4,5-(Di-2-ethylhexyl)-dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']dipyrrole}-2,7-bis(methan-1-yl1-ylidene)dimalonodinitrile (DCV-SN5 3)

Dialdehyde CHO-SN5 83 (78.8 mg, 142 µmol), malononitrile (32.7 mg, 495 µmol) and β-alanine
(1.8 mg, 20.2 µmol) were dissolved in 30 mL of DCE/ethanol (1:1). The solution was heated at
80 °C for 5 d. After removal of the solvent, the residue was recrystallized from DCM/n-hexane
and the solid was washed with diethyl ether and water. Further purification by column
chromatography (SiO2, DCM) yielded DCV-SN5 3 (74.6 mg, 114 µmol, 81%) as green solid.

M.p.: 268 °C (DSC).
1

H NMR (400 MHz, CDCl3): δ = 7.73 (s, 2H, DCV), 7.71 (s, 2H, Th-β-H), 4.38-4.25 (m, 4H, N-CH2),

2.01 1.91 (m, 2H, CH), 1.28-1.17 (m, 16H, CH2), 0.88-0.79 (m, 12H, CH3) ppm.
13

C NMR (100 MHz, CDCl3): δ = 150.26, 146.54, 134.50, 133.48, 126.89, 121.43, 119.38, 114.82,

114.32, 73.76 53.51, 40.63, 30.13, 30.10, 28.28, 28.20, 23.50, 22.92, 22.89, 13.84, 10.49, 10.45
ppm.
HRMS (MALDI) m/z: [M]+ calcd. for C36H38N6S3: 650.23146; found: 650.23104 [M]+;
δm/m = 0.6 ppm.
Elemental analysis: calcd. (%) for C36H38N6S3: C 66.43, H 5.88, N 12.91, S 14.78; found: C 66.28,
H 5.89, N 12.78, S 14.62.
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4,5-Di(2-ethylhexyl)-2,7-bis(trimethylstannyl)dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']dipyrrole (84)

To a solution of heteropentacene SN5 2 (224 mg, 449 µmol) in 13 mL of dry THF was added nBuLi (1.6 M in n-hexane, 0.73 mL, 1.17 mmol) under argon within 0.5 h at -78 °C. After stirring at
the same temperature for 1 h, the reaction mixture was quenched with trimethyltin chloride
(286 mg, 1.44 mmol) in 1.3 mL of THF. The reaction mixture was first stirred at this temperature
for 5 min and subsequently for 17 h at room temperature. Water was added and the product was
extracted with diethyl ether. The combined organic layers were dried over Na2SO4 and the
solvent was removed by rotary evaporation to provide bis-stannylated heteropentacene 84
(370 mg, 449 µmol, 100%) as orange oil.

1

H-NMR (400 MHz, CDCl3): δ = 6.98 (s, 2H, Th-β-H), 4.33-4.19 (m, 4H, N-CH2), 2.01-1.98 (m, 2H,

CH), 1.29-1.14 (m, 16H, CH2), 0.83-0.78 (m, 12H, CH3), 0.40 (s, 18H, Sn-CH3) ppm.
MS (MALDI-TOF) m/z: [M]+ calcd. for C34H54N2S3Sn2: 826.15; found: 826.49 [M]+, 662.48 [MSnMe3]+.

2,2'-[(4,5-Bis(2-ethylhexyl)-dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']dipyrrole-2,7-diyl)-bis(3hexylthien-5,5'-diyl)bis(methane-1-yl-1-ylidine)]dimalononitrile (DCV-T-SN5 4)
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A solution of bis-stannylated heteropentacene 84 (173 mg, 210 µmol) and 2-iodothiophene 85
(170 mg, 459 µmol) in 5 mL of dry DMF was degassed five times. Subsequently, Pd(PPh3)4
(14.1 mg, 12.2 µmol) was added and the reaction mixture was stirred at 70 °C for 20 h. After
cooling to room temperature, the solid was filtered off and washed with methanol. DCV-T-SN5 4
(165 mg, 168 µmol, 80%) was obtained as green solid after purification by column
chromatography (Flash-SiO2, DCM).

M.p.: 294 °C (DSC).
1

H-NMR (400 MHz, CDCl3): δ = 7.78 (s, 2H, DCV), 7.34 (s, 2H, SN5-β-H), 7.10 (s, 2H, Th-β-H),

4.34-4.21 (m, 4H, N-CH2), 2.74 (t, 3J = 7.8 Hz, 4H, Hex-α-CH2), 2.04-1.94 (m, 2H, CH), 1.69-1.62 (m,
4H, CH2), 1.43-1.34 (m, 12H, CH2), 1.27-1.16 (m, 16H, CH2), 0.93-0.90 (m, 6H, Hex-CH3), 0.85-0.78
(m, 12H, EH-CH3) ppm.
13

C-NMR (100 MHz, CD2Cl2): δ = 157.51, 149.41, 146.76, 145.90, 145.87, 132.02, 131.87, 127.92,

124.75, 119.73, 118.79, 118.77, 115.50, 114.44, 111.21, 72.08, 53.44, 40.49, 31.51, 31.26, 30.05,
30.00, 29.25, 29.08, 28.20, 28.13, 23.50, 23.48, 22.96, 22.94, 22.53, 14.05, 13.89, 13.88, 10.62,
10.58 ppm.
MS (MALDI-TOF) m/z: [M]+ calcd. for C56H66N6S5: 982.40; found: 982.82 [M]+.
HRMS (MALDI) m/z: [M]+ calcd. for C56H66N6S5: 982.39470; found: 982.39364 [M]+;
δm/m = 1.1 ppm.
Elemental analysis: calcd. (%) for C56H66N6S5: C 68.39, H 6.76, N 8.55, S 16.30; found: C 68.37,
H 6.79, N 8.47, S 16.44.

2,2'-[(4,5-Bis(2-ethylhexyl)-dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']dipyrrole-2,7-diyl)-bis(4,3'-dihexyl-2,2'-bithien-5,5'-diyl)bis(methane-1-yl-1-ylidine)]dimalononitrile (DCV-2T-SN5 5)
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A mixture of bis-stannylated heteropentacene 84 (188 mg, 228 µmol) and iodo-bithiophene 86
(271 mg, 505 µmol) was dissolved in 5 mL of dry DMF in a schlenk tube and degassed five times.
Subsequently, Pd(PPh3)4 (16.1 mg, 13.9 µmol) was added and the reaction mixture was stirred at
70 °C for 20 h. After cooling to room temperature, the solid was filtered off and washed with
methanol. Purification by column chromatography (Flash-SiO2, DCM) afforded DCV-2T-SN5 5
(247 mg, 188 µmol, 82%) as brown solid.

M.p.: 275 °C (DSC).
1

H-NMR (400 MHz, CDCl3): δ = 7.80 (s, 2H, DCV), 7.12 (s, 2H, SN5-β-H), 7.09 (s, 2H, Th-β-H), 7.05

(s, 2H, Th-β-H), 4.33-4.20 (m, 4H, N-CH2), 2.84 (t, 3J = 7.9 Hz, 4H, Hex-α-CH2), 2.75 (t, 3J = 7.7 Hz,
4H, Hex-α-CH2), 2.06-1.96 (m, 2H, CH), 1.76-1.70 (m, 4H, CH2), 1.68-1.62 (m, 4H, CH2), 1.49-1.45
(m, 4H, CH2), 1.41-1.32 (m, 20H, CH2), 1.28-1.18 (m, 16H, CH2), 0.93-0.89 (m, 12H, Hex-CH3),
0.87-0.80 (m, 12H, EH-CH3) ppm.
13

C-NMR (100 MHz, CD2Cl2): δ = 156.48, 147.22, 147.06, 145.07, 144.91, 144.89, 140.20, 132.56,

130.82, 128.81, 127.11, 126.68, 126.36, 117.55, 117.18, 115.41, 114.11, 108.79, 99.96, 72.94,
53.23, 40.45, 31.65, 31.53, 31.29, 30.39, 30.14, 30.10, 30.08, 30.06, 29.24, 29.13, 29.06, 28.26,
28.17, 23.48, 23.45, 22.99, 22.96, 22.58, 22.54, 14.09, 14.05, 13.93, 13.92, 10.61, 10.56 ppm.
MS (MALDI-TOF) m/z: [M]+ calcd. for C76H94N6S7: 1314.56; found: 1314.66 [M]+.
HRMS (MALDI) m/z: [M]+ calcd. for C76H94N6S7: 1314.55794; found: 1314.55618 [M]+, 1330.54740
[M+O]+, 1346.54369 [M+2O]+, 1362.539 [M+3O]+; δm/m = 1.3 ppm
Elemental analysis: calcd. (%) for C76H94N6S7: C 69.36, H 7.20, N 6.39, S 17.06; found: C 69.58,
H 7.48, N 6.28, S 16.96.

4,5-(Di-2-ethylhexyl)-2-(trimethylstannyl)-dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']dipyrrole
(87)
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Heteropentacene SN5 2 (294 mg, 0.59 mmol) was dissolved in 18 mL of dry THF under argon and
cooled to -78 °C. Subsequently, n-BuLi (1.6 M in n-hexane, 0.37 mL, 0.59 mmol) was added within
35 min. After stirring the reaction mixture for 1 h at -78 °C, it was quenched with trimethyltin
chloride (182 mg, 0.91 mmol) in 1 mL of dry THF. The cooling bath was removed after 5 min and
stirring was continued at room temperature for 19 h. Water was added to the reaction mixture
and the mono-stannylated product 87 was extracted with diethyl ether. 1H-NMR showed a
conversion of about 80%. Heteropentacene 87 was used without further purification for the next
reaction.

1

H-NMR (400 MHz, THF-d8): δ = 7.13 (s, 1H, Th-β-H), 7.10 (d, 3J = 2.0 Hz, 2H, Th-α-H, Th-β-H),

4.38-4.33 (m, 4H, N-CH2), 2.06-2.01 (m, 2H, CH), 1.26-1.15 (m, 16H, CH2), 0.84-0.76 (m, 12H, CH3),
0.38 (s, 9H, Sn-CH3) ppm.

3-[4,5-(Di-2-ethylhexyl)-dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']dipyrrole-2,7-diyl]cyclohex-2en-1-one (89)

Mono-stannylated heteropentacene 87 (320 mg, 484 µmol) and 3-bromocyclohex-2-en-1-one 88
(124 mg, 708 µmol) were dissolved in 5 mL of dry DMF and degassed five times before Pd(PPh3)4
(23.3 mg, 20.2 µmol) was added. The reaction mixture was stirred at 80 °C for 18 h. After removal
of the solvent by rotary evaporation, water was added to the residue and the product was
extracted with DCM. The organic layers were combined, dried over Na2SO4 and the solvent was
removed under reduced pressure. The residue was purified by column chromatography (basic
alumina, DCM) to afford product 89 (235 mg, 396 µmol, 82%) as red solid.

M.p.: 92 °C (DSC).
1

H-NMR (400 MHz, CD2Cl): δ = 7.36 (s, 1H, Th-β-H), 7.16 (d, 3J = 5.3 Hz, 1H, Th-α-H), 7.05 (d,

3

J = 5.3 Hz, 1H, Th-β-H), 6.38 (s, 1H, C=CH), 4.37-4.23 (m, 4H, N-CH2), 2.86 (t, 3J = 5.8 Hz, 2H,
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cyclohexenone-CH2), 2.46-2.43 (m, 2H, cyclohexenone-CH2), 2.18-2.12 (m, 2H, cyclohexenoneCH2), 2.04-1.99 (m, 2H, CH), 1.26-1.17 (m, 16H, EH-CH2), 0.85-0.77 (m, 12H, CH3) ppm.
13

C-NMR (100 MHz, CD2Cl2): δ = 198.62, 153.84, 146.02, 146.00, 145.05, 145.03, 138.33, 133.04,

130.24, 123.49, 120.46, 119.94, 118.63, 116.77, 116.40, 112.33, 112.15, 40.91, 40.85, 37.74,
30.48, 30.44, 30.42, 30.38, 28.69, 28.66, 28.59, 28.57, 28.17, 23.85, 23.82, 23.37, 23.34, 23.31,
23.01, 14.08, 14.06, 14.03, 10.75, 10.71, 10.69, 10.65 ppm.
MS (MALDI-TOF) m/z: [M]+ calcd. for C34H44N2OS3: 592.26; found: 592.22 [M]+.
HRMS (MALDI) m/z: [M]+ calcd. for C34H44N2OS3: 592.26103; found: 592.26107 [M]+;
δm/m = 0.1 ppm.

2-[3-{4,5-(Di-2-ethylhexyl)-dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']dipyrrole-2,7-diyl}cyclohex-2-enylidene]malononitrile (91)

Ketone 89 (23.1 mg, 39.0 µmol) was dissolved in 0.75 mL of DCE/iPrOH (2:1). After addition of
malononitrile (19.1 mg, 289 µmol) and titanium isopropoxide (0.04 mL, 137 µmol), the reaction
mixture was stirred in a sealed vessel at 70 °C for 2 d. The mixture was diluted with DCM and
stirred with 1 M HCl solution for 1h. The aqueous phase was separated and the organic phase
was washed with saturated NaHCO3 solution. After drying over Na2SO4, the solvent was removed
by rotary evaporation and the residue was purified by column chromatography (SiO2, DCM). DCCend capped product 91 (17.4 mg, 27.1 µmol, 70%) was obtained as green solid.

M.p.: 229-230 °C.
1

H-NMR (400 MHz, CD2Cl2): δ = 7.44 (s, 1H, Th-β-H), 7.20 (d, 3J = 5.3 Hz, 1H, Th-α-H), 7.10 (s, 1H,

C=CH), 7.05 (d, 3J = 5.3 Hz, 1H, Th-β-H), 4.36-4.23 (m, 4H, N-CH2), 2.89 (t, 3J = 6.1 Hz, 2H, DCCCH2), 2.81 2.78 (m, 2H, DCC-CH2), 2.04-1.98 (m, 4H, CH and DCC-CH2), 1.26-1.16 (m, 16H, EH-CH2),
0.84-0.77 (m, 12H, CH3) ppm.
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13

C-NMR (125 MHz, CD2Cl2): δ = 168.96, 152.41, 146.75, 146.73, 145.82, 145.80, 138.41, 134.67,

130.00, 124.44, 122.46, 120.23, 120.21, 116.98, 116.86, 116.26, 114.97, 114.14, 113.25, 112.20,
74.16, 41.00, 40.90, 30.55, 30.51, 30.46, 29.66, 28.73, 28.65, 28.57, 23.96, 23.93, 23.89, 23.37,
23.35, 23.31, 21.88, 14.05, 14.03, 10.81, 10.76, 10.74, 10.67 ppm.
MS (MALDI-TOF) m/z: [M]+ calcd. for C37H44N4S3: 640.28; found: 640.52 [M]+.
HRMS (MALDI) m/z: [M]+ calcd. for C37H44N4S3: 640.27226; found: 640.27138 [M]+;
δm/m = 1.3 ppm.

2-[3-{7-Formyl-4,5-(Di-2-ethylhexyl)-dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']dipyrrole-2,7diyl}cyclohex-2-enylidene]malononitrile (92)

DMF (48.0 µL, 0.63 mmol) and phosphoryl chloride (57.0 µL, 0.63 mol) were dissolved in 0.5 mL
of DCE and stirred for 0.5 h at room temperature. After addition of DCC-substituted SN5 91 (40.2
mg, 62.7 µmol) dissolved in 2 mL of DCE, the reaction mixture was stirred at room temperature
for 18 h. Afterwards, the solution was diluted with DCM and stirred for several days with
saturated NaHCO3 solution until hydrolysis was complete. The product was extracted with DCM
and the combine organic layers were washed with water. After drying over Na2SO4 and removal
of the solvent under reduced pressure, the residue was purified by column chromatography
(SiO2, DCM/ethyl acetate = 9:1) to yield asymmetrical product 92 (38.2 mg, 57.1 µmol, 91%) as
black solid.

M.p.: 241-242 °C.
1

H-NMR (400 MHz, CD2Cl2): δ = 9.87 (s, 1H, CHO), 7.68 (s, 1H, Th-β-H), 7.45 (s, 1H, Th-β-H), 7.13

(s, 1H, C=CH), 4.39-4.25 (m, 4H, N-CH2), 2.89 (t, 3J = 5.9 Hz, 2H, DCC-CH2), 2.83-2.79 (m, 2H, DCCCH2), 2.06-2.00 (m, 4H, CH and DCC-CH2), 1.30-1.15 (m, 16H, EH-CH2), 0.88-0.77 (m, 12H, CH3)
ppm.
95

S,N-Heteropentacene-Based Donor Materials for Solution-Processed Bulk-Heterojunction Solar Cells
13

C-NMR (125 MHz, CD2Cl2): δ = 182.93, 169.05, 152.03, 146.94, 145.47, 140.90, 140.61, 134.44,

132.89, 124.63, 120.44, 117.37, 114.58, 113.78, 113.05, 75.77, 41.03, 30.57, 30.52, 30.50, 30.46,
29.65, 28.75, 28.71, 28.66, 28.64, 28.56, 23.96, 23.36, 23.34, 23.31, 21.82, 14.05, 14.02, 10.80,
10.75, 10.74, 10.69 ppm.
MS (MALDI-TOF) m/z: [M]+ calcd. for C38H44N4OS3: 668.27; found: 668.49 [M]+.
HRMS (MALDI) m/z: [M]+ calcd. for C38H44N4OS3: 668.26718; found: 668.26622 [M]+;
δm/m = 1.4 ppm.
Elemental analysis: calcd. (%) for C38H44N4OS3: C 68.22, H 6.63, N 8.37; found: C 68.31, H 6.68,
N 8.18.

2-[3-{7-(Dicyanomethylene)-4,5-(di-2-ethylhexyl)-dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']dipyrrole-2,7-diyl}cyclohex-2-enylidene]malononitrile (DCV-SN5-DCC 6)

A mixture of aldehyde 92 (31.9 mg, 47.7 µmol), malononitrile (33.2 mg, 503 µmol) and β-alanine
(3.90 mg, 43.8 µmol) in 4 mL of DCE/ethanol (1:1) was heated at 70 °C for 20 h. After removal of
the solvent, the residue was purified by column chromatography (SiO2, DCM) to afford DCV-SN5DCC 6 (31.2 mg, 43.5 µmol, 91%) as green solid.

M.p.: 267 °C (DSC).
1

H-NMR (400 MHz, CD2Cl2): δ = 7.77 (s, 1H, DCV), 7.62 (s, 1H, Th-β-H), 7.44 (s, 1H, Th-β-H), 7.13

(s, 1H, C=CH), 4.37-4.24 (m, 4H, N-CH2), 2.89 (t, 3J = 5.9 Hz, 2H, DCC-CH2), 2.83-2.80 (m, 2H, DCCCH2), 2.07-1.96 (m, 4H, CH and DCC-CH2), 1.31-1.16 (m, 16H, EH-CH2), 0.86-0.78 (m, 12H, CH3)
ppm.
13

C-NMR (125 MHz, CD2Cl2): δ = 169.01, 151.75, 150.78, 147.76, 147.74, 141.88, 136.34, 132.07,

121.16, 117.92, 115.82, 115.25, 114.41, 113.64, 112.92, 76.44, 71.89, 41.06, 40.96, 30.53, 30.49,
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30.47, 30.43, 29.65, 29.62, 28.72, 28.69, 28.64, 28.62, 28.51, 23.95, 23.36, 23.34, 23.32, 23.29,
21.77, 14.06, 14.05, 14.03, 14.02, 10.77, 10.72 ppm.
HRMS (MALDI) m/z: [M]+ calcd. for C41H44N6S3: 716.27841; found: 716.27723 [M]+;
δm/m = 1.6 ppm.
Elemental analysis: calcd. (%) for C41H44N6S3: C 68.68, H 6.19, N 11.72, S 13.42; found: C 68.89,
H 6.18, N 11.65, S 13.45.

3,3'-[4,5-(Di-2-ethylhexyl)-dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']dipyrrole-2,7-diyl]dicyclohex-2-en-1-one (CH-SN5 93)

A mixture of 3-bromocyclohex-2-en-1-one 88 (106 mg, 606 µmol) and bis-stannylated
heteropentacene 84 (217 mg, 263 µmol) was dissolved in 5 mL of dry DMF in a schlenk tube and
degassed five times. Subsequently, Pd(PPh3)4 (15.2 mg, 13.2 µmol) was added and the reaction
mixture was stirred at 80 °C for 18 h. After cooling to room temperature, the solid was filtered off
and washed with diethyl ether. The filtrate was reduced under vacuum, water was added and the
product was extracted with DCM. The combined organic layers were dried over Na2SO4 and the
solvent was removed by rotary evaporation. The residue and the filtered solid were further
purified by column chromatography (SiO2, DCM/ethyl acetate = 9:1) to afford heteropentacene
CH-SN5 93 (132 mg, 192 µmol, 73%) as red solid.

M.p.: 230 °C (DSC).
1

H-NMR (500 MHz, CD2Cl2): δ = 7.35 (s, 2H, Th-β-H), 6.38 (s, 2H, C=CH), 4.35-4.22 (m, 4H, N-CH2),

2.85 (t, 3J = 5.9 Hz, 4H, cyclohexenone-CH2), 2.46-2.43 (m, 4H, cyclohexenone-CH2), 2.19-2.13 (m,
4H, cyclohexenone-CH2), 2.03-1.96 (m, 2H, CH), 1.29-1.15 (m, 16H, EH-CH2), 0.84-0.77 (m, 12H,
CH3) ppm.
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C-NMR (125 MHz, CD2Cl2): δ = 198.69, 153.63, 145.87, 145.85, 139.69, 132.20, 121.08, 119.77,

118.70, 118.68 112.19, 40.94, 37.76, 30.47, 30,42, 28.68, 28.60, 28.22, 23.92, 23.88, 23.36, 23.34,
23.01, 14.06, 14.05, 10.76, 10.71 ppm.
HRMS (MALDI) m/z: [M]+ calcd. for C40H50N2O2S3: 686.30289; found: 686.30296 [M]+;
δm/m = 0.1 ppm.
Elemental analysis: calcd. (%) for C40H50N2O2S3: C 69.93, H 7.34, N 4.08, S 14.00; found: C 70.07,
H 7.24, N 4.07, S 13.94.

2,2'-[3,3'-{4,5-(di-2-ethylhexyl)-dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']dipyrrole-2,7-diyl}
bis(cyclohex-2-enylidene)]dimalononitrile (DCC-SN5 7)

Diketone 93 (40.4 mg, 58.8 µmol) and malononitrile (31.6 mg, 478 µmol) were dissolved in
4.5 mL of DCE/iPrOH (2:1) and purged with argon. Afterwards, titanium isopropoxide (0.04 mL,
0.12 mmol) was added and the reaction mixture was stirred in a sealed vessel at 70 °C for 4 d.
After 1 d, titanium isopropoxide (0.04 mL, 0.12 mmol) was added again. After dilution with DCM,
the mixture was stirred with 1 M HCl solution for 1 h. The aqueous phase was separated and the
organic phase was washed with saturated NaHCO3 solution. After drying over Na2SO4 and
removal of the solvent by rotary evaporation, the residue was purified by column
chromatography (SiO2, DCM/ethyl acetate = 9:1) affording DCC-SN5 7 (17.8 mg, 22.7 mmol, 39%)
as green solid. As by-product, mono-reacted analogue DCC-SN5-CH 94 (18.1 mg, 24.6 µmol, 42%)
was isolated, which was further reacted to target oligomer 7.

Alternative synthesis: Knoevenagel condensation of the mono-reacted by-product DCC-SN5-CH
94
Mono-reacted by-product 94 (73.8 mg, 100 µmol) was dissolved in 11.5 mL of DCE/iPrOH (2:1)
and malononitrile (68.5 mg, 1.04 mmol) was added. After the solution was purged with argon,
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titanium isopropoxide (0.03 mL, 0.10 mmol) was added and the reaction mixture was stirred in a
sealed vessel at 70 °C for 7 d. On the third day another equivalent of titanium isopropoxide
(0.03 mL, 0.10 mmol) was added. After dilution with DCM, the mixture was stirred with 1 M HCl
solution for 1 h. The aqueous phase was separated and the organic phase was washed with
saturated NaHCO3 solution. After drying over Na2SO4, filtration, and removal of the solvent by
rotary evaporation the residue was purified by column chromatography (SiO2, DCM/ethyl acetate
= 9:1) affording product DCC-SN5 7 (23.4 mg, 29.8 µmol, 30%) as green solid.

M.p.: 343 °C (DSC).
1

H-NMR (500 MHz, CD2Cl2): δ = 7.43 (s, 2H, Th-β-H), 7.10 (s, 2H, C=CH), 4.36-4.25 (m, 4H, N-CH2),

2.89 (t, 3J = 6.0 Hz, 4H, DCC-CH2), 2.81-2.79 (m, 4H, DCC-CH2), 2.05-1.97 (m, 6H, CH and DCCCH2), 1.30-1.16 (m, 16H, EH-CH2), 0.85-0.78 (m, 12H, CH3) ppm.
13

C-NMR (125 MHz, CD2Cl2): δ = 168.96, 152.01, 146.86, 146,84, 140.31, 133.18, 121.72, 120.10,

120.08, 117.12, 114.66, 113.86, 113.13, 75.31, 40.98, 30.48, 30.44, 29.61, 28.71, 28.63, 28.48,
23.94, 23.92, 23.37, 23.35, 21.81, 14.08, 14.06, 10.78, 10.73 ppm.
MS (MALDI-TOF) m/z: [M]+ calcd. for C46H50N6S3: 782.33; found: 782.89 [M]+.
HRMS (MALDI) m/z: [M]+ calcd. for C46H50N6S3: 782.32536; found: 782.32529 [M]+;
δm/m = 0.1 ppm.
Elemental analysis: calcd. (%) for C46H50N6S3: C 70.55, H 6.44, N 10.73, S 12.28; found: C 70.42,
H 6.57, N 10.69, S 12.11.

Characterization of mono-reacted by-product DCC-SN5-CH 94:
2-[3-{7-(3-oxocyclohex-1-en-1-yl)-4,5-(di-2-ethylhexyl)-dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5b']dipyrrole-2,7-diyl}cyclohex-2-enylidene]malononitrile (DCC-SN5-CH 94)

M.p.: 297 °C (DSC).
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1

H-NMR (500 MHz, CD2Cl2): δ = 7.44 (s, 1H, Th-β-H), 7.35 (s, 1H, Th-β-H), 7.12 (s, 1H, C=CH), 6.39

(s, 1H, C=CH), 4.33-4.24 (m, 4H, N-CH2), 2.90-2.84 (m, 4H, CH2), 2.81-2.78 (m, 2H, CH2), 2.46-2.43
(m, 2H, CH2), 2.19-2.13 (m, 2H, CH2), 2.04-1.95 (m, 4H, CH and CH2), 1.26-1.15 (m, 16H, EH-CH2),
0.85-0.75 (m, 12H, CH3) ppm.
13

C-NMR (125 MHz, CDCl3): δ = 201.07, 171.04, 155.90, 154.51, 149.16, 149.13, 143.44, 142.39,

142.36, 136.63, 134.77, 125.31, 124.51, 123.42, 123.13, 123.03, 121.97, 119.73, 117.16, 116.40,
115.25, 114.30, 78.11, 56.71, 56.67, 43.81, 43.79, 40.36, 33.66, 33.64, 32.63, 32.28, 31.60, 31.58,
31.56, 31.53, 31.38, 31.12, 27.08, 27.04, 27.01, 25.83, 25.82, 25.65, 24.55, 16.65, 13.72, 13.68,
13.64 ppm.
MS (MALDI-TOF) m/z: [M]+ calcd. for C43H50N4OS3: 734.31; found: 734.83 [M]+.
HRMS (MALDI) m/z: [M]+ calcd. for C43H50N4OS3: 734.31413; found: 734.31328 [M]+;
δm/m = 1.2 ppm.
Elemental analysis: calcd. (%) for C43H50N4OS3: C 70.26, H 6.86, N 7.62, S 13.08; found: C 70.14,
H 6.87, N 7.58, S 13.23.
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CHAPTER 2
Perovskite Solar Cells Incorporating S,N-Heteroacene-Based
Oligothiophenes as Hole-Transporting and Light-Absorbing
Material
2.1

Introduction and aim of the work

Perovskite solar cells have only emerged in 2009 but since then a rapid development and
extraordinary breakthrough was witnessed in this field. They have branched off from dyesensitized solar cells (DSSCs). The dye in DSSCs was replaced by the perovskite material as light
absorber. A huge progress has been made in the field of perovskite devices in only 4-5 years,
which makes them a very promising photovoltaic technology, currently surpassing other third
generation solar cells.
In this chapter the photovoltaic performance of the two oligomers with elongated π-system DCVT-SN5 4 and DCV-2T-SN5 5, already presented in Chapter 1, as low band gap hole-transport
materials (HTMs) in solid-state perovskite solar cells is described (Figure 2.1). Their good hole
mobilities of 7.3 · 10-5 cm2 V-1 s-1 and 6.6 · 10-5 cm2 V-1 s-1, strong light absorption in the visible and
near-infrared region as well as suitable frontier energy levels made them promising candidates
for the use as HTMs in perovskite devices.
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Figure 2.1: HTMs based on S,N-heteropentacene-comprising oligothiophenes 4 and 5.

At the beginning, the device configuration and the working principle of perovskite-based solar
cells is described. Afterwards, the development of this field and some important benchmarks,
which were set, are presented. Most importantly, an overview about investigated HTMs, both
low-molecular weight derivatives and polymeric ones, is given as classification possibility of the
attained result of the two novel oligomers 4 and 5.
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2.2

Perovskite-based solar cells

Perovksites are inorganic-organic hybrid systems with the general formula AMX3 which adopt a
similar crystal structure as calcium titanate CaTiO3 and therefore are named after this model
compound (“perovskite”). The most investigated and employed perovskite in devices is
methylammonium lead triiodide CH3NH3PbI3. In the crystal structure the A cations (CH3NH3+) with
larger radius surround the lead ion in a twelve-fold cuboctahedral way whereas the iodine anions
form a six-fold octahedral coordination around lead (Figure 2.2)

Figure 2.2: Three-dimensional schematic representation of perovskite structure ABX3. Adapted by
permission from Macmillan Publishers Ltd: Nature, 2013, 501, 395-398, copyright 2013.

The advantages of perovskite absorbers, which make them so interesting, are appropriate direct
band gap (~1.5 eV), large absorption coefficient (104 to 105 cm-1), ambipolar charge transport,
high charge carrier mobility (up to 66 cm2 V-1 s-1), large exciton lifetime and diffusion length (up to
1 µm) and low exciton binding energy.[1] Perovskites are synthesized in a quite simple way by
mixing CH3NH3I and PbX2 (X = Cl, Br, I). The devices can be prepared by cost-effective solutionprocessing techniques at low-temperature.[2] This renders the devices very attractive for low-cost
manufacturing.

2.2.1 General architecture and basic working principle
The common device configuration consists of a glass substrate coated with fluorine doped tin
oxide (FTO) (Figure 2.3 a). Next a compact TiO2 blocking layer of around 10-50 nm is deposited by
spray pyrolysis at 450 °C using a precursor solution. This layer should prevent recombination of
the electrons in the FTO with holes in the perovskite or the HTM/redox electrolyte and prevent
the HTM to form an ohmic contact with the FTO which would result in a short-circuit. Next
follows a mesoporous n-type layer of TiO2 of 350-600 nm thickness which is formed either by
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screen-printing or spin-coating a nanoparticle TiO2 paste followed by annealing at 500 °C to
remove the polymeric binders. The porosity of the TiO2 particle film and its thickness are crucial
for the pore filling and the conductivity of the HTM. Perovskite particles are then adsorbed in the
pores and they can also form a capping layer. Subsequently the HTM is deposited by spin-coating.
It penetrates into the remaining space of the pores in the TiO2/perovskite layer and at the same
time forms a thin capping layer on the top. Finally, the device is completed by thermal
evaporation of a thin gold layer as cathode.

Figure 2.3: a) Typical device configuration of a mesoporous perovskite solar cell and b) energy-level
diagram of a perovskite device with spiro-OMeTAD as hole-transport material.

The working principle of a perovskite device is depicted in Figure 2.3 b by blue arrows. Upon
illumination the perovskite absorbs photons and an electron is excited from the valence band
into the conduction band generating an exciton, a bound electron-hole pair (1). The photoexcited
perovskite injects electrons into the conduction band of the TiO2 (2) whereas the hole is
transported to the HTM or the counter electrode through the perovskite itself (3). Both transfer
processes occur simultaneously over similar ultrafast timescales (3 ps).[3] In the titania the
electron is transported to the FTO glass photoanode and in the HTM the holes are transported to
the gold photocathode. But there are several loss mechanisms which compete with the
extraction of the photogenerated charges and diminish the outcoming performance of the cell
(Figure 2.3 b, red arrows). The excited electron can relax into the ground state before charge
separation occurs leading to photoluminescence or non-radiative recombination (4). Back charge
transfer can happen, so that an electron in the TiO2 recombines with a hole in the perovskite (5)
or a hole in the HTM (6). Another loss mechanism is the recombination of holes in the HTM with
electrons in the perovskite (7).
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The VOC of the perovskite vice is determined by the difference between the conduction band edge
of the TiO2 (electron quasi-Fermi level of n-type material) and the HOMO level of the HTM (hole
quasi-Fermi level of p-type material). The FF depends on the series resistance and the shunt
resistance. A high FF is obtained if the series resistance is low whereas the shunt resistance is
high. The HTM should block the electrons but efficiently transport the holes.[4]
The described device structure is a configuration with a mesoporous layer, but different others
were realized such as planar thin-film and heterojunction devices and devices without n- or ptype material.
The most prominent perovskite material is CH3NH3PbI3. But as organic cation also
ethylammonium[5], formamidinium[6] and ammoniumvaleric acid[7] were used either individually
or in combination with methylammonium. The M+ cation is not restricted to Pb2+ but also another
divalent metal ion such as Sn2+ was investigated.[8] Iodide can be replaced by bromide or a
mixture of chloride or bromide with iodide.[9] By varying the size of the organic cation,
modulation of the structural, electrical and optoelectronic properties of the perovskite is
provided. The use of larger formamidinium cation slightly reduces the band gap to 1.48 eV and
broadens the light harvesting ability leading to higher current densities of 23.3 mA cm-2 and
efficiencies of 14.2% in planar heterojunction perovskite solar cells.[6b] The halide affects the
optical absorption. With iodide the absorption is bathochromically shifted and the band gap is
smaller, whereas bromide provides a higher band gap. Mixing of two halides allows continuous
tuning of the band gap in the range from 1.5 eV for triiodide to 2.2 eV for the tribromide-based
perovskite (Figure 2.4). The replacement of lead by tin is interesting due to toxicology and hence
commercialization issues. But the tin perovskites so far still lag behind in efficiencies (~6%) and
offer another challenge due to the tendency of Sn2+ to be easily oxidized to Sn4+.[8a, 8b]

Figure 2.4: UV−vis absorption spectra of FTO/TiO2/CH3NH3Pb(I1−xBrx)3/Au cells illustrating the tuning of the
band gap in dependence of the halide composition. Reprinted with permission from Nano Lett. 2013, 13,
1764-1769. Copyright 2013 American Chemical Society.
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2.3

The development of perovskite-based solar cells

2.3.1 Perovskite-sensitized solar cells with liquid redox electrolyte and without HTM
The very first paper dealing with the concept of perovskite-sensitized solar cells was published in
2009 by Miyasaka and co-workers.[10] Perovskite deposited on wide band-gap semiconductor TiO2
served as photoanode and a Pt-coated FTO glass as counter electrode. A liquid electrolyte
containing lithium halide and the corresponding halogen (Br-/Br3- or I-/I3-) was used as holetransporter. They reported an efficiency of 3.8% for a CH3NH3PbI3-based cell due to a doubled
current density (JSC = 11 mA cm-2) compared to the bromide-analogue material resulting from the
broadening of the IPCE spectrum from 550 nm to 800 nm for the triiodide perovskite. The band
gap of this perovskite was around 1.55 eV whereas that of the bromide-based one was 2.25 eV.
The CH3NH3PbBr3 device however showed a high photovoltage of 0.96 V which was assigned to
the higher conduction band of the bromide relative to the iodide leading to a PCE of 3.1%.
It took two years until Park and co-workers published the second paper about perovskitesensitized solar cell based on methylammonium lead iodide nanocrystals of 2-3 nm size.[11] They
also used a liquid iodide/iodine based redox electrolyte achieving a more than doubled efficiency
of 6.5% due to a higher JSC of 15.8 mA cm-2. The perovskite layer was prepared by spin-coating an
equimolar mixture of CH3NH3I and PbI2 from γ-butyrolactone but prior to its deposition the
titania surface was treated with Pb(NO3)2 acting as a blocking layer.
In 2012 Park et al. substituted the methylammonium cation in the perovskite with a longer
ethylammonium cation (CH3CH2NH3PbI3) in order to tune the band gap.[5] UPS showed a valence
band of 5.6 eV for this perovskite and from UV-vis absorption an optical gap of 2.2 eV was
obtained. In combination with a liquid iodide-based electrolyte they obtained 2.4% with a lower
JSC of 5.2 mA cm-2 due to the larger band gap limiting light harvesting.
The drawback of these very first perovskite-sensitized solar cells with liquid redox electrolyte was
their low stability due to dissolution and decomposition of the perovskite in the electrolyte.
Nevertheless they inspired and encouraged the subsequent solid-state perovskite devices. Since
then a rapid progress has been made.
Li, Wang et al. tried to solve the stability problem by incorporating an insulating Al2O3 layer
between the perovskite and the liquid electrolyte.[12] Thereby an increase of the PCE from 3.6 to
6.0% could be realized.
Etgar et al. prepared a heterojunction cell of a 500 nm thick TiO2 nanosheet and perovskite in
which CH3NH3PbI3 acts as both light harvesting and hole conducting material without the use of
an additional electrolyte or HTM achieving an efficiency of 5.5%.[2] This efficiency was even
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improved to 8% with a high current density of 18.8 mA cm-2 by using a 300 nm mesoporous TiO2
film.[13]
Also other groups used perovskite simultaneously as light harvester and hole conductor
producing devices with an efficiency up to 12.8%.[7, 14]

2.3.2 Solid-state perovskite solar cells with spiro-OMeTAD as HTM
Another approach to increase the stability was the use of a solid-state HTM. The most commonly
used

and

best

studied

HTM

is

2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]9,9′-

spirobifluorene known as spiro-OMeTAD 95 (Figure 2.5). It has been extensively used in solidstate dye-sensitized solar cells and shown remarkable device performance. Another benefit of
this HTM was the increase in VOC.
Replacement of the liquid electrolyte with the solid-state hole transport material spiro-OMeTAD
95 was reported by Park, Grätzel and co-workers showing a remarkable PCE at that time of 9.7%
with a high JSC of 17.6 mA cm-2, a VOC of 0.89 V, and a FF of 0.62.[15] Additionally an improved longterm stability over 500 h was observed for these solid-state devices. They used a very thin TiO2
film of just 0.6 µm. Increase of the film thickness resulted in a drop of VOC and FF due to a higher
dark current and electron transport resistance.

Figure 2.5: The most prominent HTM spiro-OMeTAD 95.

Seok and co-workers published CH3NH3PbI3 perovskite solar cells with spiro-OMeTAD as HTM
under the use of different dopants and additives.[16] The electrochemical doping should improve
the charge-transport. Co(III)-complex FK209 97 was used as p-dopant for spiro-OMeTAD in
conjunction with Li-TFSI 98 and TBP 99 and an increased PCE of 10.4% was achieved due to a
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higher VOC of 0.87 V and a FF of 0.66 (Figure 2.6). The simultaneous addition of FK209 97 (7.7%
optimized) together with Li-TFSI 98 and TBP 99 resulted in an 780-fold increase of the conduction
compared to pristine spiro-OMeTAD due to a reduced charge-transport resistance leading to a
higher FF and VOC. The reference device with pristine spiro-OMeTAD exhibited a JSC of 15.8 mA
cm-2, a VOC of 0.70 V, and a FF of 0.45 yielding an efficiency of 5.0%. The increase in VOC was
ascribed to dopant FK209 97 which led to a lower Fermi level of the HTM due to an increased
hole concentration. Another reason for the higher VOC was the lower dark current which was
ascribed to a better electron-blocking ability of the HTM with dopant and additives and therefore
less charge recombination.

Figure 2.6: Molecular structures of applied additives and dopants 96-99 in perovskite devices.

A record efficiency of 15% at that time was published by Grätzel and co-workers.[17] They
invented a two-step method to produce the perovskite layer replacing the preparation in a single
step from a mixture of PbI2 and CH3NH3X in a common solvent. According to this new method
PbI2 nanoparticles were deposited from solution on the titania. These are then exposed to a
solution of CH3NH3I resulting in the conversion of the perovskite material within seconds. The
benefit of the new procedure was that the uncontrolled precipitation which produced a large
range of sizes of the perovskite nanoparticles was replaced by a better control of the morphology
and therefore more reproducible device performance was possible. The size of the PbI2 particles
was confined by the pore size of the TiO2 scaffold. As they were limited to a small size of 22 nm
the conversion to perovskite was very fast and the morphology was more uniform. As HTM spiroOMeTAD was used in combination with a Co(III) complex as p-type dopant to enhance the hole
mobility and to decrease the series resistance. The device showed a JSC of 17.1 mA cm-2, a VOC of
0.99 V, and a FF of 0.73 resulting in an efficiency of 12.9%. By slight modification of the
deposition of PbI2 and the transformation reaction, such as reduced spin-casting time of PbI2
solution and an subsequent pre-wetting step prior to dipping into the CH3NH3I solution, the
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performance of the cell could be improved to 15% due to a higher JSC of 20.0 mA cm-2. The
certified PCE value was 14.1%. They ascribed the higher current to a better loading of the titania
with perovskite pigments and to increased light scattering. In addition the devices exhibited
promising long-term stability maintaining more than 80% of their initial efficiency after a period
of 500 h.

2.3.3 Solid-state perovskite solar cells without n-type material
Snaith and co-workers invented a “meso-superstructured solar cell” exhibiting 10.9% efficiency
showing that no n-type component is necessary in perovskite-based solar cells.[18] Instead of TiO2
they used insulating Al2O3 just as an inert scaffold which was not taking part in the electrical
processes. In comparison, the TiO2 analogue cell showed efficiencies near 8%. In this case, mixed
halide (CH3NH3PbI2Cl) perovskite was used as both absorber and n-type material and spiroOMeTAD p-type conductor. After light absorption the photogenerated electrons were not
transferred to the Al2O3, as it is the case for TiO2, due to the far higher conduction band
compared to the LUMO of the perovskite absorber. Holes were transferred to the HTM and
electrons were forced to be transported through the perovskite itself instead of through TiO2
which was possible due to its larger electron diffusion length. They even found out by smallperturbation transient photocurrent decay measurements that the electron diffusion was much
faster through the perovskite phase than through the TiO2.The benefit of the Al2O3 cells was the
increase in voltage by 200 mV to 1.1 V due to avoided energy losses at the electron
acceptor/perovskite interface, despite the narrow band gab of 1.55 eV of perovskite.
This report proved the ambipolar transport character of the perovskite acting both as light
absorber and as hole- and electron-transport material. This type of cell was not any longer a
sensitized solar cell but more a bulk heterojunction type solar cell.
Hagfeldt and co-workers also constrained electron transport within the perovskite itself by
employing an insulating ZrO2 mesoporous layer obtaining a PCE of 10.8%.[19] Again the
performance was superior to the TiO2-based device due to higher photovoltage and longer
electron lifetime.
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2.3.4 Thin-film planar heterojunction perovskite solar cells
The first fully thin-film solution processed perovskite solar cell with no mesoporous layer at all
with an efficiency above 10% was reported by Snaith and co-workers.[20] Processing conditions
were varied to get full surface coverage with CH3NH3PbI3-xClx perovskite. They investigated the
influence of the atmosphere, annealing temperature and film thickness of the perovskite layer on
the coverage. A full coverage is necessary for full light absorption and photocurrent generation
and to prevent contact between spiro-OMeTAD and the titania blocking layer which would result
in a decrease of VOC and FF. Without a mesoporous alumina layer over the compact TiO2 the
surface coverage dropped to 75% whereas with alumina the film formation was controlled
resulting in the formation of a high coverage capping layer. An efficiency of just 6.7% could be
achieved. Higher annealing temperatures led to fewer pores in the film with increased size which
affected a reduced surface coverage. At a fixed annealing temperature of 95 °C, an increase of
the initial thickness of the perovskite film resulted in increased average pore size together with
fewer numbers of pores per unit area. This led to slightly higher coverage. They suggested that
thicknesses between 400 and 800 nm were suitable to get high efficiencies. As both methods
didn’t deliver 100% coverage they further investigated the film-substrate interaction energy by
varying the film thickness of compact TiO2. Thicker blocking layers were beneficial for higher
coverage however attended by a drop of JSC and VOC. With thick compact layers the series
resistance was increased and therefore the charge extraction was hindered. The best efficiency
of 11.4% yielded devices with the highest coverage on the thinnest titania layer, on the basis of
an annealing temperature of 90°C and a 450-550 nm thick perovskite layer. Removal of the
superfluous mesoporous layer simplifies the device architecture improving the versatility of the
cells and enabling easier and cost-effective large-scale production.
Snaith and co-workers performed transient absorption spectroscopy and photoluminescencequenching measurements to elucidate electron-hole diffusion lengths, diffusion constants, and
lifetimes in these kind of solar cells using mixed halide perovskite as mentioned above and
triiodide perovskite.[21] Electron-hole diffusion lengths in CH3NH3PbI3-xClx were in the range of
1 µm and an order of magnitude higher than the film thickness (absorption depth = 100-200 nm)
and the diffusion length in CH3NH3PbI3 (100 nm). The longer electron-hole diffusion length in the
mixed halide perovskite was a result of a much longer recombination lifetime. These results
showed that for the CH3NH3PbI3-xClx perovskite no meso- or nanostructured underlayers were
necessary whereas triiodide perovskite was not suitable for thin-film configurations. The mixed
halide perovskite device yielded an efficiency of 12.2% whereas with triiodide perovskite just
4.2% could be realized. Optimization revealed that thick layers (500 nm) of CH3NH3PbI3-xClx were
beneficial for this kind of perovskite. The best CH3NH3PbI3-based device only exhibited a
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perovskite layer thickness of 140 nm. These findings correlate with the determined electron-hole
diffusion lengths. The reason why the addition of chloride ions had this big positive impact on the
diffusion length was not yet disclosed.
Likewise, Xing, Mathews et al. revealed electron-hole diffusion length of more than 100 nm in
solution-processed triiodide perovskite.[22]
Liu et al. prepared a planar heterojunction solar cell in which the CH3NH3PbI3-xClx perovskite was
deposited by dual source vacuum technique with spiro-OMeTAD as HTM.[23] The vapourdeposited layers were very uniform with crystalline features of hundreds of nanometers. Films
obtained by solution processing just partially coated the compact titania film with larger
crystalline islands of tens of micrometer. The best solar cell achieved an efficiency of 15.4% with
a JSC of 21.5 mA cm-2, a VOC of 1.07 V, and a FF of 0.68. The solution-processed device in contrast
showed a lower PCE of 8.6%. By vapour-deposition the thickness of the perovskite film could be
adjusted so that the film was thick enough for efficient light absorption but at the same time thin
enough to ensure charge collection at the interface. In solution-processed layers pinholes could
be present which lead to contact between the metal oxide and the HTM resulting in
recombination.

2.3.5 Perovskite-based solar cells prepared at low temperatures
For the preparation of the perovskite solar cells mentioned so far a high temperature of 500 °C
was necessary for sintering the compact TiO2 layer or the inert metal oxide layer. Avoiding this
high temperature could reduce the fabrication costs as the production is simplified and
shortened, opens many possibilities for substrate choice, e.g. flexible ones such as plastic or
metal foils, and allows for multijunction solar cell processing.
Therefore, Snaith and co-workers investigated devices of the architecture compactTiO2/Al2O3/CH3NH3PbI3-xClx/spiro-OMeTAD/Ag and demonstrated for the first time that a
temperature of 150 °C was sufficient for the drying as they removed the polymer binder from the
Al2O3 colloid.[24] They altered the thickness of the Al2O3 layer from 0 to 1500 nm. The perovskite
absorber completely infiltrated the thick alumina layers whereas an additional capping-layer was
formed on the thin films. The p-i-n heterojunction without alumina already showed a high
current density of 13.9 mA cm-2 demonstrating charge-generation and ambipolar chargetransport. The highest current was obtained for an 80 nm thick Al2O3 film. VOC and FF increased at
the beginning and reached their maximum at a thickness of 400 nm. The initial increase could be
assigned to impeding leakage current between the electrodes by the Al2O3 which acted as buffer
layer and to enhanced light-harvesting by the perovskite due to a more uniform coating and
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prevented contact between the compact titania film and the HTM, which would result in dark
current. In too thick alumina layers the charge collection competes with recombination. With the
resulting optimum thickness of 400 nm the low-temperature processed perovskite based mesosuperstructure device yielded a PCE of 12.3%.
By incorporation of graphene-TiO2 nanocomposites (100 nm) as electron collection layer and an
additional capping layer of CH3NH3PbI3-xClx of 350 nm thickness they could even improve the PCE
to 15.6%.[25] The graphene was produced by liquid-phase exfoliation of graphite flakes with
isopropanol as dispersant. The employment of graphene reduced the series resistance and
recombination losses. The content of graphene in the composite was altered to investigate its
effect. The maximum performance was obtained at a content of 0.6 wt% exhibiting a JSC of
21.9 mA cm-2, a VOC of 1.05 V, and a FF of 0.73 yielding an efficiency of 15.6%. They ascribed the
enhancement to less formed energy barriers at the TiO2/FTO interface. Another reason was the
improved conductivity due to the high charge carrier mobility of graphene. The high FF reflected
the reduced series resistance. Finally the recombination resistance was increased resulting in
lower losses.
Furthermore, the Snaith group realized another increase of the PCE to 15.9% by addition of
titanium diisopropoxide bis(acetylacetonate) thereby improving the conductivity by a factor of
100 compared to the high-temperature sintered TiO2 film.[26] They claimed that the additive
decomposed to TiOx during drying at 150 °C and formed bridges in the gaps between the
nanoparticles and held them together. The reason for the improvement was a higher FF because
of the lower series resistance and an increased JSC due to the thicker absorber film.
The group of Mathews replaced the compact TiO2 with compact ZnO formed by
electrodeposition and reported on flexible devices.[27] As electron-transporting layer they used
ZnO nanorods which were grown by chemical bath deposition. These techniques also don’t
require high temperature and therefore enable the preparation of flexible devices. Devices on
glass exhibited a PCE of 8.90% whereas flexible devices yielded an efficiency of 2.69%. In both
cases the application of nanorods in comparison to planar ZnO resulted in higher performance
due to higher JSC and FF. In case of the nanorods the perovskite was more ordered and allowed
for a thinner HTM layer which was beneficial for the FF. The increase in JSC could be explained by
a better perovskite loading and increased charge collection. The lower performance of the
flexible devices could be ascribed to the high sheet resistance of PET/ITO. In the nanorod devices
however the VOC was slightly lower. This fact was due to increased recombination because of the
higher interface.
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Liu and Kelly published device architecture ITO/ZnO/CH3NH3PbI3/spiro-OMeTAD/Ag where the
mesoporous titania was replaced with a thin ZnO electron-transport layer fabricated via room
temperature solution-processing.[28] The best device exhibited a PCE of 15.7% with a JSC of 20.4
mA cm-2, a VOC of 1.03 V, and a FF of 0.75. The ZnO was relatively compact and exhibited just little
surface roughness and porosity. Large crystallites of perovskite were formed on the surface as
the formation was in contrast to a mesoporous scaffold unforced. The size of the particles was in
the range of the electron-hole diffusion length and therefore high charge carrier extraction was
achieved. Additionally, the large crystallites increased the carrier mobility in the perovskite film
and reduced the recombination and led to extensive light scattering, which was a reason for the
high JSC and FF. As no sintering and annealing steps were necessary flexible devices could be
prepared as well by exchanging glass/ITO with PET/ITO achieving an efficiency of 10.2%. The
lower PCE of the flexible device was mainly ascribed to a lower photocurrent of 13.4 mA cm-2 due
to a loss in the 500-800 nm region.
According to the latest chart from NREL (National Renewable Energy Laboratory), the Korean
Research Institute of Chemical Technology (KRICT) holds the latest record efficiencies of 20.1%
for perovskite solar cells.[29] Recently, also a high value of 19.3% was reported by the Yang group
in a planar geometry without antireflective coating.[30]

2.4

Replacing spiro-OMeTAD with new hole-transport materials

The drawback of spiro-OMeTAD is on one hand its low conductivity. Higher conductivity will lead
to lower series resistance and higher fill factor of the devices. Therefore redox active p-type
dopants are applied to increase the charge-transport and enhance the performance of the
devices. But with this strategy optimization of the doping conditions (solvent, dopants,
concentration) is necessary rendering it disadvantageous regarding the cost issue. Furthermore,
the commonly used dopant Li-TFSI is hygroscopic diminishing the stability of the devices due to
decomposition. Another point is the long multistep synthesis, the complex preparation of spiroOMeTAD and the difficult purification which renders it quite expensive. These shortcomings show
the need of new cost-effective hole-transport materials with high efficiency and long-term
stability. Careful design of the HTM could prevent back electron transfer leading to higher fill
factors and photovoltages. Higher VOC can be achieved by tuning the energy level of the HTM in
the way of shifting the HOMO towards that of the perovskite material.

121

Perovskite SCs Incorporating S,N-Heteroacene-Based Oligothiophenes as HT- and Light-Absorbing Material

One category of HTMs are inorganic ones. CuI[31] and CuSCN[32] were used as inorganic HTM in
perovskite devices due to their high conductivity. To date the highest obtained efficiency is 12.4%
for this kind of HTM.[32c] Their further development however is restricted by few selection
possibilities and deposition method. Therefore the discussion on new HTM in this chapter will be
restricted to organic HTM such as polymers and low-molecular weight HTMs.

2.4.1 Polymeric hole-transport materials
Different polymeric HTMs were investigated in perovskite-based solar cells to replace spiroOMeTAD. The most studied polymers were poly(3-hexylthiophene) P3HT 100 and polytriarylamine PTAA 101. The molecular structures of all described polymers are depicted in Figure
2.7 and the solar cell parameters and their HOMO energy levels are summarized in Table 2.1.
Chen et al. incorporated P3HT 100 as HTM and the panchromatic cell exhibited a PCE of 4.12%
with a JSC of 12.6 mA cm-2, a VOC of 0.73V, and a FF of 0.45.[33] To promote the charge transport
and enhance the conductivity in P3HT 100 the polymer layer was doped with multi-walled carbon
nanotubes (MWNT). They induced crystallization of P3HT 100 and therefore enhance the charge
carrier mobility. P3HT 100 was adsorbed on the sidewalls of the nanotubes due to π-π interaction
and the strong electronegativity of the sulphur atoms in the polymer. The resulting device
showed an improved efficiency of 6.5% due to a huge increase in FF to 0.57 as a reason of the
revised conductivity of the HTM.
Snaith and co-workers functionalized the mesoporous titania with a fullerene self-assembled
monolayer (C60SAM).[34] In combination with mixed halide perovskite CH3NH3PbI3-xClx and P3HT
100 as light-absorbing polymeric hole-conductor they obtained 6.7% due to improved VOC and JSC
in comparison to 3.8% without the C60SAM. P3HT 100 was used due to its additional light
absorption in the visible region improving the optical density of the film. They found out that
photoexcitation in both the polymer and the perovskite resulted in electron transfer to C60SAM.
On the fullerene SAM the electrons were trapped and were not transferred to titania as the
energy levels didn’t align perfectly. Therefore, the electrons were transported through the
perovskite. This fact enhanced the VOC in the cell. In a reference cell with spiro-OMeTAD as HTM
they realized 11.7% and without C60SAM 10.2%.
Di Giacomo and Razza also used P3HT 100 as hole transporter but doped it with Li-TFSI and TBP
as commonly used for spiro-OMeTAD.[35] With CH3NH3PbI3-xClx perovskite and optimization of the
compact and mesoporous titania layer efficiencies up to 9.3% with a high VOC of 1.01 V were
achieved. The photovoltage was in average 100 mV higher compared to reference cells with
spiro-OMeTAD (8.6%), due to a lower HOMO energy level of P3HT 100 and the oxidative doping.
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Conings and co-workers used P3HT 100 as HTM in thin-film perovskite solar cell with the
configuration ITO/TiO2/CH3NH3PbI2Cl/100/Ag.[36] As highest efficiency they obtained 10.8% with a
high JSC of 21.3 mA cm-2 and a high VOC of 0.93 V. The reason for the improved efficiency was an
optimization of the processing of the perovskite layer leading to smoother films with increased
coverage enabling full light absorption. Highly concentrated (60%) precursor solutions in
dimethyl sulfoxide (DMSO) were used for spin-coating.
The groups of Grätzel and Seok investigated PTAA 101 and different low band gap polymers as
HTM.[37] PTAA 101 showed the best performance of 12.0% with a JSC of 16.5 mA cm-2, a VOC of
1.00 V, and a FF of 0.73. Some thiophene-containing polymers such as P3HT 100, poly-{2,1,3benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b′]dithiophene-2,6-diyl]}
102 and poly-{[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole4,7-diyl-2,5-thiophenediyl} 103 were also used. P3HT 100 exhibited 6.7%, polymer 102 5.3% and
carbazole-derivative 103 4.2% efficiency. The VOC increased in the order as the HOMO energy
level of the polymers was lowered. PTAA 101 was superior due to its better hole-mobility which
was an order of magnitude higher compared to those of the thiophene-containing polymers. The
authors claimed that another role might play the more pronounced interaction between PTAA
101 and perovskite. The conditions of the optimized cell with PTAA 101 were also applied for a
device with spiro-OMeTAD as HTM yielding a PCE of 8.4%. The current-density for both devices
was similar. The difference was caused by a higher VOC of PTAA 101 due to its larger work
function and a higher FF due to a more than doubled series resistance in case of spiro-OMeTAD
which could be ascribed to the relatively thin polymeric HTM layer of just 30 nm compared to
500 nm in case of spiro-OMeTAD.
PTAA 101 as hole-conductor in combination with mixed halide perovskite CH3Pb(I1-xBrx)3 exhibited
an efficiency of 12.3% (for x =0.0-0.2) and the best relative stability was obtained for x = 0.2.[38]
The band gap can be tuned by varying the halide ratio in the perovskite. Therefore the colour can
be adjusted between dark brown for the iodide perovskite over brown/red for the mixed halide
perovskite to yellow for the bromide system. By increasing the bromide content the absorption
band edge was shifted to shorter wavelength and the energy band gap was increased. The
current density was decreased related to the blue-shift of the absorption whereas voltage and fill
factor both augmented by incorporation of bromide ions. VOC was increased due to lowering of
the HOMO level.
Qiu and co-workers investigated poly{N-9-hepta-decanyl-2,7-carbazole-alt-3,6-bis-(thiophen-5yl)-2,5-dioctyl-2,5-di-hydropyrrolo[3,4-pyrrole-1,4-dione]} 104 as new HTM.[39] In combination
with tribromide perovskite the device exhibited an eminent VOC of 1.15 V and an efficiency of
3.0%. Use of triiodide perovskite resulted in an increase of the PCE to 5.6% due to a broader light
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absorption of CH3NH3PbI3 and therefore a higher photocurrent density of 13.9 mA cm-2 whereas
P3HT 100 showed a lower PCE of 3.0%. Although polymer 104 had a strong absorption in the
visible range, it did not contribute to the light harvesting and acted only as HTM. The device with
P3HT 100 just exhibited a VOC of 0.50 V which was much lower than that of the other polymer.
One explanation was the lower HOMO level (-5.4 eV) of 104 compared to P3HT 100 (-5.2 eV).
Another factor was the higher light absorption. The overlap of the absorption spectrum of P3HT
100 with CH3NH3PbBr3 was much more pronounced than in case of 104 resulting in better
performance of the new polymer. Less recombination processes and a higher hole mobility of
104 was beneficial for an enhanced performance as well. The devices with the new polymer
exhibited a good long-term stability over 900 h. The device with spiro-OMeTAD in contrast
showed an efficiency of 6.5% which was reduced to 3.3% within three days.

Figure 2.7: Molecular structure of the polymeric HTMs 100-107.

Diketopyrrolopyrrole-based

polymer

poly[2,5-bis(2-decyldodecyl)pyrrolo[3,4-c]pyrrole-1,4-

(2H,5H)-dione-(E)-1,2-di(2,20-bithiophen-5-yl)ethene] 105 was investigated as HTM by the
groups of Kim and Park yielding an efficiency of 9.2% exceeding the performance of 7.6% of the
reference spiro-OMeTAD device and the 6.3% of the 100-based device.[40] The superior
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performance was ascribed to the suitable lying HOMO level at -5.40 eV and high charge carrier
mobility. Furthermore the devices exhibited a good long-term stability after 1000 h which the
authors attributed to the hydrophobicity of the polymer preventing water permeation into the
perovskite layer. Despite the polymeric HTM the devices showed complete infiltration. The IPCE
spectra proved that the polymer acted only as charge transporter and that the light absorption
was insignificant therefore the three HTM showed similar JSC values. The VOC however was largest
in case of 105 due to the lowest HOMO energy level. In combination with Li-TFSI and TBP as
additives spiro-OMeTAD showed the lowest conductivity whereas 105 exhibited the highest. This
behaviour was reflected in the increase in FF ascribed to decreased series resistance and
improved charge transport.
Ryu et al. investigated three triarylamine-based polymeric HTMs in combination with triiodideand tribromide-perovskite.[41] The first polymer 101 was PTAA, the second one 106, a copolymer
of triarylamine and fluorene moieties, and the third one 107, a copolymer containing
indenofluorene. With CH3NH3Br3 exhibiting a valence band edge of -5.68 eV and a conduction
band edge of -3.38 eV indenofluorene-containing polymer 107 showed the best performance of
6.7% with the highest VOC of 1.40 V and a FF of 0.79 whereas the fluorene-based polymer 106
exhibited an efficiency of 6.0%. The high VOC was due to the lowest HOMO energy level of
-5.51 eV. VOC increased with lowering HOMO energy level revealing its dependence on the HOMO
energy level of the used HTM. The photocurrent density, however, was just in the range of
6.1-6.6 mA cm-2. The photovoltage also depended on the higher energy level of perovskite as
with triiodide perovskite (-3.93 eV) the measured VOC was in the range of 0.92-1.04 V. With this
perovskite material, however, the current density was much higher generating an efficiency of
9.1% for fluorene-comprising polymer 106 and even 16.2% for triarylamine-polymer 101.
Polymers as HTM are not the ideal choice as their synthesis is difficult as well and their
purification and modification is not easily controlable. Another disadvantage is the incomplete
pore filling of the mesoporous layer; either titania or alumina; due to their larger molecular size
impeding infiltration and therefore good contact to the perovskite and shorter pathways.
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Table 2.1: Solar cell parameters of the polymeric HTMs in comparison to the record spiro-OMeTAD device.

EHOMO

JSC

VOC

[eV]

[mA cm-2]

[V]

Y:TiO2/CH3NH3PbI3-xClx/spiro-MeTAD/Au[30]

-5.22

22.8

1.13

0.75

19.3

mp-TiO2/CH3NH3PbI3/100–MWNT/Au[33]

-5.20

14.8

0.76

0.57

6.5

mp-TiO2/C60SAM/CH3NH3PbI3-Clx/100/Ag[34]

-5.30

14.9

0.81

-

6.7

0.93

0.58

Device structure

mp-TiO2/CH3NH3PbI3-xClx/100/Au[35]

-5.20

12±3

FF

±0.06 (1.01) ±0.05

PCE
[%]

6.6
±1.7
(9.3)

c-TiO2/CH3NH3PbI2Cl/100/Ag[36]

-5.20

21.3

0.93

0.54

10.8

mp-TiO2/CH3NH3PbI3/100/Au[37]

-5.20

12.6

0.73

0.73

6.7

mp-TiO2/CH3NH3PbI3/101/Au[37]

-5.20

16.5

1.00

0.73

12.0

mp-TiO2/CH3NH3PbI3/102/Au[37]

-5.30

10.3

0.77

0.67

5.3

mp-TiO2/CH3NH3PbI3/103/Au[37]

-5.45

10.5

0.92

0.44

4.2

mp-TiO2/CH3NH3Pb(I1−xBrx)3/101/ Au[38]

-5.20

19.3

0.91

0.70

12.3

mp-TiO2/CH3NH3PbBr3/104/Au[39]

-5.40

4.47

1.16

0.59

3.0

mp-TiO2/CH3NH3PbI3/104/Au[39]

-5.40

13.9

0.83

0.48

5.6

mp- TiO2/CH3NH3PbI3/105/Au[40]

-5.40

14.4

0.86

0.75

9.2

mp-TiO2/CH3NH3PbBr3/106/Au[41]

-5.44

6.30

1.36

0.70

6.0

mp-TiO2/CH3NH3PbI3/107/Au[41]

-5.51

19.0

1.04

0.46

9.1

mp-TiO2/CH3NH3PbI3/101/Au[41]

-5.14

21.3

1.04

0.73

16.2

2.4.2 Low-molecular weight hole-transport materials
The exploration of new low-molecular weight HTMs is already quite progressed. For the
development of some HTMs the structure of spiro-OMeTAD served as inspiration. The spirobifluorene core was replaced by other building blocks. These structures are depicted in Figure
2.8. The solar cell data of the HTMs is summarized in Table 2.2.
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Jeon et al. for example reported two new HTMs by modification of the substitution pattern of the
methoxy groups in spiro-OMeTAD.[42] Four of the eight methoxy groups remained in paraposition whereas the other four groups were switched to meta- in counterpart 108 and to orthopositions in analogue 109, respectively. The incorporation in mp-TiO2/CH3NH3PbI3/HTM/Au solar
cells showed a high PCE of 16.7% for the ortho-derivative in combination with Li-TFSI and TBP
additives mainly due to a higher fill factor of 0.78. The high value was ascribed to a lower series
resistance and an increased shunt resistance because of a higher LUMO energy level blocking
electron transfer to the gold contact. In comparison, the meta-derivative exhibited an efficiency
of 13.9% and the conventional spiro-OMeTAD, with methoxy groups in para-position, 14.9%.
In 2,2’,5,5’-tetrakis[N,N-di(4-methoxyphenyl)amino]-3,3’-bithiophene 110 a swivel-cruciform
3,3’-bithiophene was inserted between the phenyl rings of each fluorene moiety in spiroOMeTAD.[43] For the new HTM 110 Co(III)-complex FK269 was used as dopant instead of the
leading FK102 96, which is commonly applied for spiro-OMeTAD, as the latter one was not
sufficient to oxidize the new HTM. The device incorporating 110 in combination with 12 mol%
FK269 with the architecture mp-TiO2/CH3NH3PbI3/HTM/Au provided a PCE of 11.0% with a JSC of
13.0 mA cm-2, a VOC of 1.08 V, and a FF of 0.78 whereas the spiro-OMeTAD analogue device
achieved a similar efficiency of 11.4%. The slightly higher VOC with HTM 110 was ascribed to its
lower HOMO energy level and the increase in FF to less recombination. Pristine 110 exhibited
absorption bands at 302 and 397 nm whereas upon doping two additional bands appeared at
540 nm and 620 nm. The authors, however, claimed that the absorption of the doped HTM had
no significant effect on the performance of the device as the shapes of the IPCE spectra were
very similar.
Seok and co-workers developed HTM 111 by exchanging the spirobifluorene center in spiroOMeTAD by a pyrene unit due to its lower cost because of its less intricate preparation.[4] An
efficiency of 12.4% could be obtained with a JSC of 20.2 mA cm-2, a VOC of 0.89 V, and a FF of 0.69.
The HTM overlayer was 70 nm thick. Using the same thickness, the device with spiro-OMeTAD
yielded an inferior efficiency of 10.3%, whereas the efficiency could be increased to 12.7% by
applying a thicker overlayer of 180 nm. As typical for spiro-OMeTAD additives such as Co(III)complex FK209, Li-TFSI and TBP were also implemented in these solar cells. Pyrene-based HTM
111 showed a slightly lower VOC (0.89 V vs. 1.01 V) which could be assigned to the more effective
doping in case of spiro-OMeTAD which resulted in an electron movement from the HOMO of
spiro-OMeTAD to the Co(III)-complex and therefore in a lower Fermi energy of the HOMO level.
The higher FF (0.69 vs. 0.60) implied a superior electron-blocking ability of pyrene-derivative 111
compared to spiro-OMeTAD and a lower series resistance.
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Figure 2.8: Low-molecular weight HTMs 108-111 with similar structure as spiro-OMeTAD.

These spiro-OMeTAD analogue HTMs present quite high efficiencies but the doping process is still
necessary and applied in their case. Another approach to develop new HTMs is the attaching of
three of the widespread triphenylamine moieties to different core units. These HTMs are shown
in Figure 2.9 and Figure 2.10 Star-shaped HTMs 115-118 with triphenylamine arms..
The groups of Mhaisalkar and Grimsdale prepared three HTMs on the basis of a triptycene
core.[44] The core was linked to diphenylamine (112), triphenylamine (113) and to triphenylamine
via thienyl groups (114). The perovskite solar cells with this HTM showed efficiencies of 8.4%,
12.2% and 12.4%, respectively. The increase in performance was assigned to an improved current
density due to increased conjugation within this series. All three compounds exhibited similar
shapes of IPCE spectra suggesting insignificant effect of the absorption of these HTMs on the
performance.

128

Chapter 2

Figure 2.9: HTMs 112-114 with triptycene core.

Two star-shaped HTMs with an electron-deficient triazine core separated from the electron-rich
triphenylamine arms by a phenyl (115) or a thiophene ring (116) were synthezised by Ko and coworkers.[45] The CH3NH3PbI3-based devices with HTM 116 comprising thiophene moieties
exhibited superior performance with a PCE of 12.5%, whereas the solar cell with the phenylanalogue 115 as HTM showed an efficiency of 10.9%. The slightly higher VOC of the 115-based cell
(0.93 V) coincided with its lower HOMO energy level (-5.11 eV vs. -5.04 eV). The other HTM 116
however achieved a higher photocurrent and a higher fill factor the latter one being due to a low
series resistance and a higher mobility of 1.74 · 10-4 cm2 V-1 s-1 compared to 1.50 · 10-4 cm2 V-1 s-1.
Additionally the device with the thiophene-containing HTM 116 exhibited an improved stability
maybe caused by a tighter packing due to an interaction between lead in the perovskite and
sulphur of the thiophenes. A spiro-OMeTAD device yielded a PCE of 13.5%.
Choi et al. synthesized two star-shaped HTMs with triphenylamine arms and a planar amine in
118 or a triphenylamine in 117 as core unit.[46] In perovskite-based devices HTM 118 with the
fused quinolizino acridine moiety in combination with different additives such as Li-TFSI, TBP and
Co-dopant showed an enhanced PCE of 13.6%, whereas the triphenylamine derivative 117
exhibited an efficiency of 12.3%. Without any additives the performance was lower (11.1%). A
reference device with spiro-OMeTAD yielded even 14.7%. The JSC values were similar for all three
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devices whereas VOC and FF made the difference. The lower VOCs of the new HTMs were in
agreement with their higher lying HOMO energy levels (-5.15 eV and -5.13 eV). Their FF was
lower because of a higher series resistance and lower hole mobilities (3.67 · 10-4 cm2 V-1 s-1 and
1.08 · 10-4 cm2 V-1 s-1 compared to 4.53 · 10-4 cm2 V-1 s-1).

Figure 2.10: Star-shaped HTMs 115-118 with triphenylamine arms.

In the next paragraphs the triphenylamine moieties are subsequently reduced in their number to
two and one and finally HTMs without will be presented (Figure 2.11).
The groups of Xiao and Li developed a new hole-transport material 119 with a biphenyl core
separated by butadienyl from the two outer triphenylamines.[47] Solution-processed perovskite
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solar cell with this HTM yielded an efficiency of 9.1% with a JSC of 16.3 mA cm-2, a VOC of 0.94 V,
and a FF of 0.60.
HTM 120 consisting of a 3,4-ethylenedioxythiophene core with triphenylamine units was
reported by Grimsdale and co-workers.[48] The perovskite solar cell based on 120 showed an
efficiency of 10.6%. Upon doping with 15% of Co(III)-complex FK102 the efficiency was improved
to 13.8% with a JSC of 20.5 mA cm-2, a VOC of 1.04 V, and a FF of 0.65. By increasing the doping
level from 5% to 10 and to 15% an enhancement in all parameters was achieved due to lowering
of the HOMO level and to improving the charge-transport properties by the cobalt doping. The
spiro-OMeTAD reference device with 15% doping showed a similar efficiency of 13.7%. They also
screened other HTMs where the EDOT core was replaced with benzene or thiophene but these
materials performed worse due to a much lower current density.
Lv et al. also published two new triphenylamine-based HTMs comprising butadiene moieties. The
methyl (121) and methoxy (122) substituted HTMs showed efficiencies of 11.3% and 11.6%,
respectively. The advantage of these HTMs was an easy synthesis by Wittig-Horner reaction.[49]
The groups of Li and Meng also published a similar HTM 123 based on butadiene moiety, but
instead of triphenylamine they used N,N-bis(4-benzyl)-aniline.[50] The devices based on HTM 123
yielded an efficiency of 11.4%, with a JSC of 17.5 mA cm-2, a VOC of 0.95 V, and a FF of 0.69.
Optimization of the HTM concentration showed that a thin capping layer seemed to be best to
facilitate hole transport from perovskite to the metal cathode and prevent electron transfer in
this direction together with a reasonable series resistance.
Edri et al. investigated different HTMs such as P3HT 100, N,N′-dialkyl perylenediimide 124, N,N′bis(3-methylphenyl)-N,N′-diphenylbenzidine 125 and PC61BM 126 in combination with mesoporous alumina (mp-Al2O3) and titania (mp-TiO2).[51] CH3NH3PbBr3 was used as perovskite
absorber. The cells showed VOCs in the range of 0.84-1.30 V which correlated well with their
HOMO energy levels. But just very low JSCs of 1.1-1.6 mA cm-2 were obtained yielding efficiencies
in the range of 0.5-0.7%. They observed that the use of hole conductors did not contribute to the
light absorption but even lowered the harvesting.
Hagfeldt and co-workers reported triiodide perovskite solar cells with different HTMs like the
common used spiro-OMeTAD, P3HT 100 and 4-(diethylamino)-benzaldehyde diphenylhydrazone
127 yielding efficiencies of 8.5%, 4.5%, and 1.6%, respectively.[52] They found out that spiroOMeTAD had a 10 times higher electron lifetime than P3HT 100 and even 100 times higher than
HTM 127. The difference was due to different rates of electron transfer to the oxidized holetransporter. As a result in the devices with P3HT 100 and 127 the recombination occurred faster
than in the ones with spiro-OMeTAD. They correlated these finding with the electronic coupling
of the molecules to the perovskite and hence with the electronic structure and the distance to
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the nanoparticles. In this series HTM 127 was then closest and had the strongest contact to the
perovskite whereas spiro-OMeTAD had the lowest contact due to its twisted bulky structure.
Another issue was the infiltration of the titania pores. In case of P3HT 100 the filling was reduced
due to its molecular size. HTM 127 in contrast was very small and could therefore reach the
titania surface which could increase the electron-hole recombination at the interface. SpiroOMeTAD seemed to have the right size to give sufficient pore filling together with not
approaching the TiO2 surface.

Figure 2.11: Low molecular weight HTMs 119-128.

Tetrathiafulvalene-derivative 128 was used as HTM in perovskite devices with the structure
FTO/c-TiO2/mp-TiO2/CH3NH3PbI3/HTM/Ag yielding an efficiency of 11.03%.[53] For this HTM no
132

Chapter 2

p-type dopants were necessary as for spiro-OMeTAD. Furthermore, the corresponding device
showed an improved stability under ambient conditions at room temperature with a humidity of
about 40%. Liu et al. also prepared a device with a larger area of 1 cm2 (normally 0.09 cm2)
achieving 8.1% efficiency.
The last two discussed HTMs are oligomers with a low band gap and a strong absorption at
longer wavelengths and are illustrated in Figure 2.12.
Xiao and co-workers implemented an oligothiophenene derivative 129 with long alkyl chains
comprising a benzodithiophene central bock and ethylrhodanine acceptor as end groups as HTM
in CH3NH3PbI3−xClx based planar perovksite solar cells.[54] This HTM was blended with insulating
PDMS to enhance the morphology of the layer leading to increased coverage of the textured
perovskite surface. An efficiency of 8.8% was obtained with 129 + PDMS as HTM whereas the
reference cell with doped spiro-OMeTAD showed a similar PCE of 8.9%. Oligothiophene 129
exhibited a higher VOC of 0.95 V due to the lower HOMO energy level (-5.39 eV) compared to
spiro-OMeTAD. The HOMO energy level, however, was very close to the HOMO of the perovskite
leading to a lower JSC due to a worse charge transfer. The shapes of the IPCE curves of both
devices were very similar indicating negligible effect of the absorption of the oligothiophene on
the performance. Advantageous was the improved stability due to the hydrophobicity of HTM
129 preventing water penetration.
Qin et al. developed low band gap hole conductor 130 with a planar quinolizino acridine core unit
whereas the three arms consist of dithienosiloles linked to benzothiadiazole and terthiophene
moieties.[55] The perovskite device based on star-shaped HTM 130 exhibited an efficiency of
12.8% with a high photovoltage of 1.04 V needing no additives. The spiro-OMeTAD-based
reference showed 11.7% in combination with the commonly applied dopants. The presence of
this HTM improved the absorption in the whole visible range when adsorbed on perovkite. This
additional contribution to the light harvesting was also visible in the IPCE spectrum as the device
with the new HTM showed much higher IPCE in the blue region compared to spiro-OMeTAD. A
hole mobility of 3-6 · 10-5 cm2 V-1 s-1 was measured for this oligomer. This is the only HTM so far
which verifiably contributes to the light harvesting and photocurrent generation. Independently
from this publication our paper dealing with the same concept was already submitted at that
time.[56]
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Figure 2.12: Low band gap HTMs 129 and 130 with thiophene moieties.

Table 2.2: Solar cell parameters of low-molecular weight HTMs in comparison to the record spiro-OMeTAD
device.

EHOMO

JSC

VOC

[eV]

[mA cm-2]

[V]

Y:TiO2/CH3NH3PbI3-xClx/spiro-OMeTAD/Au[30]

-5.22

22.8

1.13 0.75 19.3

mp-TiO2/CH3NH3PbI3/108/Au[42]

-5.31

21.1

1.01 0.65 13.9

mp-TiO2/CH3NH3PbI3/109/Au[42]

-5.22

21.2

1.02 0.78 16.7

Device structure
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EHOMO

JSC

VOC

[eV]

[mA cm-2]

[V]

mp-TiO2/CH3NH3PbI3/110/Au[43]

-5.13

13.0

1.08 0.78 11.0

mp-TiO2/CH3NH3PbI3/111/Au[4]

-5.11

20.2

0.89 0.69 12.4

mp-TiO2/CH3NH3PbI3/112/Au[44]

-5.29

13.5

1.00 0.63

mp-TiO2/CH3NH3PbI3/113/Au[44]

-5.35

17.2

1.03 0.69 12.2

mp-TiO2/CH3NH3PbI3/114/Au[44]

-5.33

20.3

0.99 0.62 12.4

mp-TiO2/CH3NH3PbI3/115/Au[45]

-5.11

19.1

0.93 0.61 10.9

mp-TiO2/CH3NH3PbI3/116/Au[45]

-5.04

20.7

0.92 0.66 12.5

mp-TiO2/CH3NH3PbI3/117/Au[46]

-5.13

20.9

0.95 0.62 12.3

mp-TiO2/CH3NH3PbI3/118/Au[46]

-5.15

21.0

0.97 0.67 13.6

mp- TiO2/CH3NH3PbI3/119/Au[47]

-4.96

16.3

0.94 0.60

mp- TiO2/CH3NH3PbI3/120/Au[48]

-5.16

20.5

1.04 0.65 13.8

mp- TiO2/CH3NH3PbI3/121/Au[49]

-5.35

18.1

0.92 0.68 11.3

mp- TiO2/CH3NH3PbI3/122/Au[49]

-5.23

17.9

0.94 0.69 11.6

mp-TiO2/CH3NH3PbI3/123/Au[50]

-5.42

17.5

0.95 0.69 11.4

mp-TiO2/CH3NH3PbBr3/124/Au[51]

-5.80

1.00

1.14 0.41 0.47

mp- Al2O3/CH3NH3PbBr3/124/Au[51]

-5.80

1.30

1.08 0.40 0.56

mp- Al2O3/CH3NH3PbBr3/125/Au[51]

-5.40

1.20

1.22 0.46 0.67

mp- Al2O3/CH3NH3PbBr3/126/Au[51]

-6.10

1.06

1.57 0.43 0.72

mp-TiO2/CH3NH3PbI3/127/Ag[52]

-

-

mp-TiO2/CH3NH3PbI3/128/Ag[53]

-5.05

19.9

0.86 0.64 11.0

c-TiO2/CH3NH3PbI3-xClx/129/Au[54]

-5.39

15.3

0.95 0.60

mp-TiO2/CH3NH3PbI3/130/Au[55]

-5.23

17.9

1.04 0.68 12.8

Device structure

-

FF

-

PCE
[%]

8.4

9.1

1.6

8.8
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2.5

Results and Discussion

The two oligomers with extended π-system DCV-T-SN5 4 and DCV-2T-SN5 5 were used as low
band gap HTMs in solid-state perovskite solar cells (Figure 2.13). Their synthesis and
characterization was already described in the Chapter 1. Hereinafter, the optoelectronic
properties will be discussed (Table 2.3) and correlated with the performance in mesoporous
perovskite-based devices.

Figure 2.13: HTMs based on S,N-heteropentacene-comprising oligothiophenes 4 and 5.

The results presented in this chapter were published in the following paper:
P. Qin, H. Kast, M. K. Nazeeruddin, S. M. Zakeeruddin, A. Mishra, P. Bäuerle, M. Grätzel, Energy
Environ. Sci. 2014, 7, 2981-2985.

2.5.1 Optoelectronic properties of S,N-heteropentacene-comprising oligothiophenes
UV-vis absorption spectra of DCV-T-SN5 4 and DCV-2T-SN5 5 measured in DCM solution are
shown in Figure 2.14 (left side) and the data is summarized in Table 2.3. Oligomer 4 exhibited a
strong charge-transfer band at 655 with a high extinction coefficient of 117,600 L mol-1 cm-1. The
broader charge transfer band of oligomer 5, however, was blue-shifted to 630 nm and less
intense (86,300 M-1 cm-1) due to the more flexible bithiophene units. Furthermore, for DCV-2TSN5 5 an additional broad and relatively intense band was observed at 430 nm which can be
assigned to a π-π* transition of the bithiophene unit. The reduction in extinction coefficient for
oligomer 5 compared to oligothiophene 4 was compensated by the broadening of the chargetransfer band resulting in a larger integrated area. In contrast to most of the HTMs such as spiroOMeTAD 95 and PTAA 101, which mainly absorb in the UV region, these two oligomers showed
strong light absorption in the visible region and therefore could possibly act as light-harvester in
the solar cell additionally to the perovskite absorber.
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Upon coating on TiO2 film the absorption bands of the two oligomers were significantly redshifted to 725 nm for DCV-T-SN5 4 and to 675 nm for DCV-2T-SN5 5 (Figure 2.14, right side).
Therefore the optical gaps in film were about 0.17 eV smaller compared to the gaps obtained
from solution spectra.
To further investigate the contribution of light absorption from HTMs 4 and 5, UV-vis absorption
was measured of perovskite films on TiO2 with and without HTM. Perovskite film on TiO2 showed
a strong absorption between 400-500 nm and dropped from 600 nm on. The UV-vis spectra of
both oligomers 4 and 5 coated on TiO2/perovskite film showed that from 550 nm on, the
absorption of the HTM 4 and 5 becomes dominant. Their absorption was complementary to the
perovskite enhancing the absorption in the region from 550 to 800 nm.
4,5
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Figure 2.14: UV-vis spectra of DCV-T-SN5 4 and DCV-2T-SN5 5 measured in DCM (left side) and UV-vis
absorption spectra of DCV-T-SN5 4 and DCV-2T-SN5 5 coated on TiO2 films and a TiO2/CH3NH3PbI3 films
with and without the two HTMs (right side, measured by the group of Prof. Dr. Grätzel in Lausanne).

For high solar cell performance a suitable alignment of the frontier orbital energy levels of
oligothiophenes 4 and 5 with respect to the energy levels of the components used in the
perovskite device is necessary. As depicted in Figure 2.15 the HOMOs of DCV-T-SN5 4 and DCV2T-SN5 5 located at -5.26 eV and -5.10 eV were higher than that of CH3NH3PbI3 (-5.43 eV) and
lower or the same than the work function of the gold cathode (-5.1 eV) enabling effective hole
transfer from the perovskite to the HTM and finally to the cathode. Additionally the LUMO
energy levels of HTMs 4 and 5 at -3.77 eV and -3.74 eV lay above the LUMO level of the triiodide
perovskite (-3.93 eV) allowing electron transfer to CH3NH3PbI3 after light absorption. As the VOC of
the device depends on the difference between the quasi-Fermi level of TiO2 and the HOMO level
of the HTM, the use of DCV-T-SN5 4 should result in a higher open-circuit voltage due to its lower
HOMO level compared to DCV-2T-SN5 5.
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Figure 2.15: Energy level diagram of the components used in the solid-state perovskite-based solar cell.

Table 2.3: Optoelectronic properties of HTMs DCV-T-SN5 4 and DCV-2T-SN5 5.
λabs

ε

[nm]
sol

∆E

-1

[a]

-1

[L mol cm ]

opt

soln
[eV]

[a]

λabs

∆E

film
[nm]

[b]

opt

Eox1

film
[eV]

[b]

[V]

[c]

Eox2
[V]

[c]

Ered
[V]

[c]

HOMO
[eV]

[d]

LUMO
[eV]

∆E

[d]

CV

[eV]

4

655

117,600

1.70

725

1.54

0.23

0.77

-1.33

-5.26

-3.77

1.49

5

630

86,300

1.68

675

1.50

0.04

0.47

-1.36

-5.10

-3.74

1.36

[a]

Measured in DCM at room temperature (298 K).

[b]

Oligomers were coated on mp-TiO2 film.

+

-1 [d]

vs. Fc/Fc in DCM (0.1 M TBAPF6), 298 K, scan rate = 100 mV s .

[c]

Measured

Calculated from the onset of the

+

respective redox waves. Fc/Fc was set to -5.1 eV vs. vacuum.

2.5.2 Photovoltaic properties of S,N-heteropentacene-comprising oligothiophenes
The solid-state perovskite solar cells were prepared and characterized in the group of Prof. Dr.
Michael Grätzel at the École Polytechnique Fédérale de Lausanne (EPFL). The corresponding text
was written collaboratively.[56]

The devices were fabricated by a two-step deposition technique. At first a 1.3 M solution of PbI2
in DMF was spin-coated on mp-titania films. Next the TiO2/PbI2 film was dip-coated into a
solution of CH3NH3I in 2-propanol leading to the conversion of the two components into the
triiodide perovskite material. Afterwards the perovskite films were annealed and the hole
transport layer was deposited by spin-coating of both oligomers from 30 mM tetrachloroethane
solution at 60 °C. Finally, gold was evaporated on the HTM layer as the back contact.
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From the cross-sectional scanning electron microscopy (SEM) image in Figure 2.16 the infiltration
of the TiO2 pores by the perovskite material was apparent together with a thin overlayer. The
HTM penetrated into the remaining space of the pores in the TiO2/perovskite layer. The residual
HTM material also formed a thin capping layer on top.

Figure 2.16: Cross-sectional SEM image of a complete perovskite device incorporating DCV-T-SN5 4 as HTM.
Reproduced from Ref. [56] with permission from The Royal Society of Chemistry.

The J-V characteristics of solar cells based on the structure FTO/compact-TiO2/mpTiO2/CH3NH3PbI3/HTM 4 or 5/Au are displayed in Figure 2.17 (left side). The photovoltaic
parameters are listed in Table 2.4. A reference device without HTM, which was prepared for
comparison, showed a JSC of 14.0 mA cm-2, a VOC of 790 mV, and a FF of 0.69, resulting in a PCE of
7.6%. The average PCE of five identical devices was 6.9 ± 0.5% (Table 2.5). The use of DCV-2T-SN5
5 as HTM resulted in an increase of current density to 15.2 mA cm-2 and of photovoltage to
900 mV with an efficiency of 9.5%. Average PCE values of 8.9 ± 0.5% were obtained from a batch
of 10 devices for HTM 5 (Table 2.7). Incorporation of DCV-T-SN5 4 as HTM further increased the
PCE to 10.5% due to a higher JSC of 16.4 mA cm-2 and a higher VOC of 992 mV. The average PCE for
a batch of ten identical devices based on 4 was 10.0 ± 0.4% (Table 2.6). The small deviation in the
average PCE values was indicative for good device reproducibility. The fill factor was comparable
for all three devices. The superior performance of DCV-T-SN5 5 over DCV-2T-SN5 5 could be
ascribed on the one hand to a more efficient charge transport process as well as a better film
absorptivity in the visible-NIR region, both enhancing the current density. On the other hand, the
device exhibited a higher VOC due to the lower HOMO energy level of 4 compared to 5.
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Figure 2.17: Current-voltage characteristics of the perovskite solar cells based on DCV-T-SN5 4, DCV-2T-SN5
5 and the reference device without any HTM measured under dark (dashed lines) and under 100 mW cm

-2

(1 Sun) (solid lines) (left side). The corresponding incident photon-to-electron conversion efficiency spectra
(right side).

In the IPCE spectrum of the perovskite device without HTM, the photocurrent generation started
at around 800 nm which was in agreement with the band gap (∆E = 1.5 eV) of CH3NH3PbI3 (Figure
2.17, right side). The use of DCV-T-SN5 4 and DCV-2T-SN5 5 as HTMs improved the photocurrent
in the whole visible region between 400 to 800 nm by around 10 % due to more effective charge
extraction and light harvesting. As already seen in the film absorption, DCV-T-SN5 4 exhibited an
additional band between 680-800 nm with IPCE values of 48% at 720 nm indicating the impact of
DCV-T-SN5 4 on the photocurrent forming a dual light absorbing system with the perovskite
absorber.

Table 2.4: Photovoltaic parameters of CH3NH3PbI3 based devices with and without HTMs.
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HTM

Jsc [mA cm-2]

Voc [mV]

FF

PCE [%]

DCV-T-SN5 4

16.4

992

0.65

10.5

DCV-2T-SN5 5

15.2

900

0.68

9.5

without

14.0

790

0.69

7.6
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Table 2.5: Photovoltaic parameters of a batch of five devices without HTM measured under 100 mW cm

-2

simulated AM 1.5G irradiation.

Device

JSC [mA cm-2]

VOC [mV]

FF

PCE [%]

1

13.9

740

0.65

6.7

2

12.5

762

0.71

6.8

3

12.4

733

0.68

6.3

4

13.0

780

0.69

7.1

5

14.0

790

0.69

7.6

Aver. ± std dev [%]

13.2 ± 0.75

761 ± 24

0.68 ± 0.02

6.9 ± 0.5

Table 2.6: Photovoltaic parameters of a batch of ten devices with DCV-T-SN5 4 as HTM measured under
-2

100 mW cm simulated AM 1.5G irradiation.

Device

JSC [mA cm-2]

VOC [mV]

FF

PCE [%]

1

16.5

962

0.64

10.3

2

16.1

981

0.65

10.3

3

15.8

957

0.62

9.5

4

15.7

969

0.65

10.3

5

16.7

910

0.63

9.6

6

16.4

992

0.65

9.4

7

16.4

983

0.64

10.4

8

15.3

982

0.65

10.0

9

16.4

992

0.65

10.5

10

16.2

942

0.61

9.4

Aver. ± std dev [%]

16.2 ± 0.43

967 ± 25

0.64 ± 0.01

10.0 ± 0.4
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Table 2.7: Photovoltaic parameters of a batch of ten devices without DCV-2T-SN5 5 as HTM measured
-2

under 100 mW cm simulated AM 1.5G irradiation.

Device

JSC [mA cm-2]

VOC [mV]

FF

PCE [%]

1

15.2

900

0.68

9.5

2

15.8

831

0.66

8.6

3

15.3

848

0.68

8.7

4

15.4

853

0.69

9.0

5

15.2

886

0.68

9.3

6

15.1

897

0.67

9.1

7

15.7

933

0.64

8.3

8

13.9

873

0.67

8.1

9

15.0

907

0.66

9.0

10

15.8

897

0.65

9.4

Aver. ± std dev [%]

15.2 ± 0.55

883 ± 31

0.67 ± 0.01

8.9 ± 0.5

The light harvesting efficiency (LHE) spectra determined with and without HTMs are illustrated in
Figure 2.18. The LHEs were nearly identical in the range of 400-550 nm, as the light harvesting
mainly came from the perovskite in this region. However, from 550 nm on, the LHEs were
significantly higher with the presence of DCV-T-SN5 4 and DCV-2T-SN5 5 whereas the LHE of the
device without HTM was dropping continuously. This effect clearly demonstrated the
contribution of the two HTMs to the light harvesting together with the perovskite. This also
showed that in the longer wavelength region, more excitons were generated in the HTMs than in
the perovskite material.

Figure 2.18: LHE spectra of the perovskite solar cells based on DCV-T-SN5 4 (1), DCV-2T-SN5 5 (2) and the
reference device without any HTM. Reproduced from Ref. [56] with permission from The Royal Society of
Chemistry.
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The absorbed photon-to-current conversion efficiency (APCE) spectra are shown in Figure 2.19.
For DCV-2T-SN5 5 the APCE was lower between 670–770 nm indicating less effective charge
extraction than in case of DCV-T-SN5 4 (Figure 2.19). The fact that no clear peak corresponding to
DCV-2T-SN5 5 appeared in the IPCE spectrum as it was visible for DCV-T-SN5 4 could also be
attributed to its lower APCE between 650–750 nm.

Figure 2.19: APCE spectra of the perovskite solar cells based on DCV-T-SN5 4 (1), DCV-2T-SN5 5 (2) and the
reference device without any HTM. Reproduced from Ref. [56] with permission from The Royal Society of
Chemistry.

In order to further clarify the light absorbing ability of the two HTMs, devices with the structure
of TiO2/HTM/Au without perovskite were prepared. The devices exhibited lower JSC and VOC
values in case of DCV-2T-SN5 5 (Table 2.8, Figure 2.20). The results indicated that the two HTMs
could work as light harvesters and that charge separation occured between TiO2 and the HTMs.
The low performance in comparison to devices incorporating perovskite was mainly due to the
limitation of material loading during the spin-coating process and the fast charge recombination
between electrons in the TiO2 and holes in the oligomers.

Table 2.8: Photovoltaic parameters of solar cells with the structure TiO2/DCV-T-SN5 4/Au and TiO2/DCV-2TSN5 5/Au without perovskite absorber.

Oligomer

Jsc [mA cm-2] Voc [mV]

FF

PCE [%]

DCV-T-SN5 4

0.62

710

0.44

0.2

DCV-2T-SN5 5

0.36

571

0.47

0.1
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Figure 2.20: Current-voltage characteristics of solar cells with the structure TiO2/DCV-T-SN5 4 (1)/Au and
TiO2/DCV-2T-SN5 5 (2)/Au without perovskite absorber. Reproduced from Ref. [56] with permission from
The Royal Society of Chemistry.

The charge generation in the whole device was further examined by photoinduced absorption
spectroscopy (PIA). The PIA spectra of mp-TiO2 films coated with perovskite, with HTMs and with
both are presented in Figure 2.21. For the titania film coated with perovskite alone, the PIA
spectrum revealed features in the near-IR which were assigned to electrons injected into TiO2[57]
confirming effective charge transfer and a negative band between 700-850 nm due to the
emission of perovskite itself. A TiO2/DCV-T-SN5 4 film without perovskites showed a negative
band at wavelengths shorter than 870 nm and a positive band beyond 950 nm due to the ground
state bleaching and absorption of the oxidized species of DCV-T-SN5 4 after photoexcitation
assigned to the radical cation located on the donor centre of the oligomer. This result indicated
that charge separation occured between TiO2 and DCV-T-SN5 4 even without the presence of the
perovskite material. With perovskite layer, the absorption features of the oxidized species of
DCV-T-SN5 4 were stronger extending from 800-1400 nm. At the same time, the negative band
from the emission of the perovskite was quenched. A similar phenomenon was also observed for
DCV-2T-SN5 5. The PIA-findings demonstrated that effective charge transfer took place between
the photoexcited perovskite and DCV-T-SN5 4 and DCV-2T-SN5 5 under formation of long-lived
charged species.
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Figure 2.21: PIA spectra of mesoporous TiO2 films coated with perovskite, with HTMs and with both.
Excitation wavelength λex = 642 nm.

2.6

Summary

The two A-D-A oligomers DCV-T-SN5 4 and DCV-2T-SN5 5 comprising electron-rich S,Nheteropentacene core were successfully incorporated as hole-transport materials in solid-state
perovskite-based solar cell due to their appropriate frontier orbital energy levels with respect to
the component used in the device. They further benefit from good hole-mobilities and from
strongly red-shifted and intensified absorption. High efficiencies of 10.5% and 9.5% could be
achieved upon implementation of oligothiophenes 4 and 5 as hole-transporting materials in
solution-processed perovskite heterojunction solar cells. Thereby, the effective charge transfer
between photoexcited perovskite and the HTMs could be verified by photoinduced absorption
spectroscopy. In contrast to spiro-OMeTAD, the usage of additives and dopants was not
necessary in case of this novel HTMs, simplifying device preparation. Furthermore, the upper
discussed findings proved that DCV-T-SN5 4 and DCV-2T-SN5 5 actively contributed to the light
harvesting and the photocurrent generation in the low energy region, forming a dual light
absorbing system together with the perovskite absorber. The concept of light-harvesting HTMs
opens up a new avenue for the fabrication and material selection of perovskite based devices.
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2.7

Experimental part

Remarks concerning the synthesis and the characterization of DCV-T-SN5 4 and DCV-2T-SN5 5 as
well as the description of the mobility measurement are already shown in Chapter 1.

Instruments and Measurements:
The cross-section image of the device was investigated using a high-resolution scanning electron
microscope (MERLIN, Zeiss) equipped with a GEMINI II column and a Schottky field emission
source. Images were acquired using an in-lens secondary electron detector.

Device fabrication and photovoltaic characterization:
CH3NH3I was synthesized as reported earlier[2] and all the other chemicals were purchased from
commercial sources. The compact TiO2 layer was deposited on the laser etched FTO conducting
glass by spray pyrolysis at 450 °C using titanium diisopropoxide bis(acetylacetonate) solution as
precursor and O2 as carrier gas. The mesoporous TiO2 film was prepared by spin-coating the TiO2
(Dyesol 18NRT) paste at 5000 rpm for 30 s, then sintering at 500 °C for 30 min in air. The 1.3 M
solution of PbI2 in DMF was dropped on the TiO2 surface and spin-coated at 6500 rpm for 30 s in
the dry air box followed by annealing at 70 °C for 15 min. After cooling down, the film was dipped
into a CH3NH3I solution (10 mg mL-1) in 2-propanol for 25 s, then dried at 70 °C for another
15 min. The hole-transport layer was deposited next by spin-coating a 30 mM solution of the
corresponding oligomer DCV-T-SN5 4 and DCV-2T-SN5 5 in tetrachloroethane at 60 °C on top of
the perovskite layer at a spin speed of 4000 rpm for 30 s. Finally, the device was completed by
thermal evaporation of 60 nm of Au under a pressure of 5 × 10-6 Torr. The masked active area for
photovoltaic measurements was 0.285 cm2. A 450 W xenon lamp (Oriel) was used as the light
source, equipped with a Schott K133 Tempax sunlight filter. After applying an external potential
bias to the device, the generated photocurrent was recorded with a Keithley model 2400 digital
source meter. The light intensity was calibrated with a silicon reference cell prior to each
measurement. For the I-V measurement, the voltage step and delay time were 10 mV and 0 ms,
respectively. The scan started from over the open-circuit photovoltage to 0 V with a scan rate of
0.05 V s-1. IPCE spectra were measured by an array of white light emitting diodes. The excitation
beam (from a 300 W xenon lamp) passed through a Genimi-180 double monochromator (Jobin
Yvon Ltd) and chopped at approximately 2 Hz before it illuminated the device. The spectra were
recorded using a Model SR830 DSP Lock-In Amplifier. In all the measurements, the active area of
the devices was defined with a black metal aperture mask of 0.285 cm2.
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Chapter 3

CHAPTER 3
Thiophene-Substituted Polypyridyl Ru(II) Complexes
as Sensitizers in n-Type Dye-Sensitized Solar Cells

3.1

Introduction and aim of the work

The concept of a dye-sensitized solar cell (DSSC) was first reported by Grätzel in 1991 achieving a
power conversion efficiency (PCE) of 7.1%.[1] Since this breakthrough, n-type DSSCs have
attracted growing attention and research interest owing to their high power conversion
efficiencies, good long-term stabilities, and anticipated low production costs.[2] Thiophenesubstituted bipyridyl ruthenium(II) dyes have emerged as efficient sensitizers due to their
increased extinction coefficients and good long-term stabilities.[3]
In this chapter Ru(II) sensitizers bearing thiophene-substituted polypyridyl ancillary and
anchoring ligands were developed for application in DSSC. Functionalization of the polypyridyl
ligands with ethynyl-thienyl and thienyl groups was conducted with the aim to enhance the light
harvesting ability due to a bathochromic absorption and increase in molar absorptivity.
Two new Ru(II) complexes 131 and 132 with bipyridyl ligands comprising a triple bond between
the pyridine rings and the thiophene units were investigated (Figure 3.1). Dinonyl-bipyridine and
dicarboxy-bipyridine were used as respective ancillary and anchoring ligands. In the anchoring
ligand the acetylenic spacer was introduced to increase the distance of the Ru(II) metal from the
TiO2 semiconductor surface in devices. With this installed separation, the possibility that the
oxidized ruthenium(III) complex could recapture an injected electron from the TiO2 should be
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reduced and the recombination losses lowered. Besides, the ethynyl group extended the πconjugation, which should lead to a better light harvesting.

Figure 3.1: Novel thienyl-ethynyl-comprising bipyridyl Ru(II) complexes 131 and 132.

Furthermore, a functionalization of terpyridyl Ru(II) complexes with thiophene moieties was
performed (Figure 3.2). The novel, tridentate anchoring ligand bears thiophene carboxylic acid
moieties in para-position of each pyridine ring. Tris(thiocyanato) complex 133 and
monothiocyanate complex 134 were synthesized. In the latter complex the two thiocyanate
groups were replaced by a hydrophobic hexylthienyl-bipyridine ligand.

Figure 3.2: Novel thiophene-comprising terpyridyl Ru(II) complexes 133 and 134.

In the first part of this chapter the assembly and the working principle of a DSSC is described and
a closer look is given on the components employed in a device. Some state of the art polypyridyl
Ru(II) complexes and their application in DSSCs are discussed as well as their functionalization
with thiophene and acetylene moieties.
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3.2

Operation principle of a DSSC

The assembly and working principle of a DSSC[4] (Figure 3.3) is similar to a perovskite solar cell,
which was described in Chapter 2. A typical DSSC consists of two glass plates, which are coated
with a transparent conductive oxide (TCO), commonly fluorine-doped tin-oxide (FTO). The
photoanode is covered with nanocrystalline titanium dioxide by screen-printing. The dye
molecules are adsorbed on this semiconductor surface, forming a self-assembled monolayer. The
porous TiO2 film is penetrated by an electrolyte system or a solid hole-transport material (HTM).
The counter electrode is covered with a platinum layer to catalyze the reduction of triiodide to
iodide.

Figure 3.3: Assembly of a DSSC and the corresponding energy level diagram. Reprinted with permission.

[5]

Upon illumination of the device, the sensitizer absorbs incident photons and an electron is
excited from the highest occupied molecular orbital (HOMO) into the lowest unoccupied
molecular orbital (LUMO). In the next step the electron is injected into the semiconductor
surface, whereby the dye molecule is oxidized. Thereby, the LUMO energy level of the sensitizer
has to be above the conduction band edge of the TiO2 by a difference of at least 0.2 V[6] for
efficient electron transfer. The injected electron subsequently migrates through the titania layer
to the anode. Concurrently, the HOMO of the dye must be 0.3 V[4a, 7] lower in energy than the
redox level of the electrolyte, so that the driving force for regeneration of the dye by reduction
through iodide is sufficient. The reason for this high offset lies in the iodide oxidation reaction
which is a two-electron process involving I2- radicals as intermediates.[4c] At the platinum cathode
electrons are transferred to the electrolyte, reducing triiodide to iodide.
But there are also some loss mechanisms which can occur. This includes the dark current
implying the reduction of the electrolyte with an already injected electron. Another process is the
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recombination by back transfer of injected electrons to the oxidized dye. The relaxation of the
excited dye to the ground state is also a possible loss-pathway.
The VOC of a DSSC is thermodynamically determined by the difference between the conduction
band edge of TiO2 (-4.0 eV) and the redox potential of the electrolyte under illumination. In case
of an iodide/triiodide-based electrolyte (-4.8 eV), the maximum photovoltage is around 0.8 V.
As wide band gap semiconductor, anatase TiO2 is mostly the material of choice, beside zinc oxide
(ZnO), tin oxide (SnO2), or niobium (Nb2O5), due to its abundance, non-toxicity, and
biocompatibility.[8] The TiO2 compact layer impedes recombination between electrons in the FTO
and the electrolyte or HTM. In this respect, the layer thickness is an essential factor.[9] With
thicker films lower fill factors (FFs) are obtained, since the series resistance is increased, as well
as decreased short-circuit current densities (JSCs) as the electron transport is also blocked. Too
thin films, however, risk the contact between the HTM and the anode. As a trade-off the film
thicknesses are in the range of 50-200 µm. In contrast, the mesoporous layer on top offers a high
surface area, leading to good light harvesting even with just a monolayer of dye molecules. Often
a double layer of TiO2 is applied consisting of a transparent layer of 20 nm sized TiO2
nanoparticles and a second scattering layer of 400 nm sized TiO2. The larger titania particles have
a light scattering effect and hence increase the photon pathway.[10]
For regeneration of the dye a liquid redox electrolyte or a solid HTM can be employed. For liquid
electrolytes organic solvents such as acetonitrile, valeronitrile, 3-methoxypropionitrile, γbutyrolactone, and ethylene or propylene carbonates are used.[8] The redox electrolyte is mostly
based on the iodide/triiodide couple, but also other systems such as SeCN-/(SeCN)3-,[11]
TEMPO/TEMPO+,[12] disulphide/thiolate based on thiotetrazole,[13] tetramethylthiourea and its
oxidized dimer,[14] ferrocene/ferrocenium,[15] and most promising Co(II/III) complexes[16] were
investigated as alternatives. Ionic liquids like alkyl substituted imidazolium iodides serve as iodide
source and solvent at the same time.[17] Nitrogen containing heterocycles such as 4-tertbutylpyridine (TBP) and alkyl imidazolium cations serve as additives and adsorb on the
semiconductor surface to form a blocking layer. They impede the recombination of electrons in
the titania with triiodide, hence suppressing the dark current and leading to higher FFs and
efficiencies.[8, 18] Another effect of TBP is the raise of the conduction band edge of TiO2 leading to
higher photovoltages.[19] Unfortunately, the passivation of the photoanode is also accompanied
by a loss in current density, as the driving force for electron transfer is diminished.[20] The additive
guanidinium thiocyanate has a reverse effect. Upon adsorption of the guanidinium cations the
conduction band is lowered, increasing the driving force for electron injection. Hence, higher JSCs
are obtained together with higher open-circuit voltages (VOCs) due to diminished recombination.
Lithium ions are applied owing to their positive impact on electron injection from the dye into
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the titania surface.[21] As hole-transport material 2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]9,9′-spirobifluorene (spiro-OMeTAD 95), already described in Chapter 2, was widely
investigated, but also other small molecules and polymers serve as HTM.[22]
Another tool to increase the performance is the addition of co-adsorbents such as dineohexyl
bis(3,3-dimethylbutyl)phosphinic acid (DINHOP) 135 and chenodeoxycholic acid (cheno) 136 to
the dye solution (Figure 3.4).[23] Passivation of the semiconductor surface by co-adsorption is
deployed to reduce dye aggregation and avoid nonradiative decay to the ground state, which
deteriorates electron injection into the semiconductor.

Figure 3.4: Molecular structure of applied co-adsorbents 135 and 136.

Currently, mainly two types of sensitizers for DSSCs are investigated. Polypyridyl Ru(II)
complexes[24] on the one hand achieve power conversion efficiencies close to 12% and organic
donor-acceptor dyes on the other hand approach PCEs of 11%.
The four most investigated and prominent standard complexes are depicted in Figure 3.5.
Complex N3 137, comprising two dicarboxy-bipyridyl ligands, exhibited in combination with an
acetonitrile-based electrolyte an efficiency of 10.0%.[2a] A further improvement to 11.0% was
realized by addition of guanidinium thiocyanate.[25] Its twice deprotonated counterpart in which
two protons are replaced with tetrabutylammonium (TBA) cations is complex N719 138 with an
efficiency of 11.2%.[26] In Ru(II) complex Z907 139 a dicarboxy-bipyridine is exchanged with
dinonyl-bipyridine compared to dye 138.[27] This ancillary ligand bears a long hydrophobic alkyl
chains which is beneficial to reduce the dark current and for good long-term stability.[28] A
maximum efficiency of 9.5% could be attained with this amphiphilic heteroleptic Ru(II) complex
in acetonitrile-based DSSCs.[29] Employing an ionic liquid electrolyte yielded an efficiency of 7.4%,
which was the highest at that time for solvent-free electrolytes.
The black dye 140 is a tris(thiocyanato) Ru(II) terpyridyl complex.[30] Its certified initial efficiency
of 10.4%[31] was further improved to certified 11.1% by Han and co-workers[2b]. The same group
reported a new record PCE for the black dye of 11.4% by the use of a donor-acceptor type cosensitizer avoiding dye aggregation and reducing recombination losses. Compared to the
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bipyridyl complexes the black dye exhibited a red-shift of 100 nm in the IPCE spectrum up to
900 nm leading to higher JSCs although its extinction coefficient was 30% lower.
In the search for new ruthenium sensitizer these complexes serve as prototypes. Most novel
sensitizers are developed by modification of the bipyridyl or terpyridyl ligands.
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Figure 3.5: Standard polypyridyl Ru(II) complexes 137-140.

Alternatively, metal-free organic dyes are employed as sensitizers. They offer advantages such as
high extinction coefficient (15,000-60,000 mol L-1 cm-1), low cost, and rare metal free. Their major
asset is high design flexibility together with the possibility of tuning of the optoelectronic
properties by targeted changes in the molecular structure.[5] Schematically they are built by
donor and acceptor moieties which are linked by a π-spacer (Figure 3.6). With this kind of
sensitizer efficiencies up to 10.7% were achieved.[32]

Figure 3.6: Design principle for donor-acceptor organic dyes. Reprinted with permission.
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Among the organic donor-π-acceptor dyes, a new class incorporating a Zn-porphyrin as π-bridged
emerged as good candidates. In 2011, a benchmark PCE of 12.3% was set by Grätzel and coworkers with a porphyrin dye co-sensitized with another organic dye and in combination with a
Co(II/III) tris(bipyridyl)-based redox electrolyte.[33] The same group achieved an enhanced
efficiency of 12.8% without co-sensitization by introduction of a benzothiadiazole acceptor
between the benzoic acid anchoring group and the acetylene-substituted porphyrin
chromophore.[34] By replacement of the diphenylamine donor moiety with a bulky
bis(biphenyl)amine group with hexyloxy chains (Figure 3.7), a record efficiency of 13% was finally
realized.[35]

Figure 3.7: Push-pull Zn-porphyrin dye 141 exhibiting a record efficiency of 13%.

In comparison to p-n junction devices, which include conventional silicon based solar cells as well
as bulk heterojunction solar cells described in Chapter 1, and perovskite devices in Chapter 2, the
light-harvesting and the charge carrier transport are separated in a DSSC.[4c,

36]

Therefore the

choice on sensitizers and charge transport materials is less constraint.

3.3

Requirements towards efficient sensitizers

A crucial role in DSSCs plays the dye. An efficient sensitizer should harvest light from the visible
up to the NIR regime together with high extinction coefficients. Thus, thinner mesoporous layer
can be applied, reducing charge recombination between electrons in the TiO2 and the electrolyte.
For this issue a low band gap is needed, but at the same time, the LUMO energy level has to be
above the conduction band edge of the TiO2 ensuring efficient electron transfer and should be
located on the anchoring ligand. Concurrently, the HOMO level should be lower in energy than
the potential of the redox mediator or the HTM for dye regeneration. For a strong binding to the
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semiconductor surface, the dye needs anchoring units such as carboxylic, sulphonic or
phosphonic acid groups, which should be bound to the acceptor part of the sensitizer. The
binding occurs via ester linkage, bidentate coordination, or hydrogen bonds.[37] Water, however,
can induce desorption of the dye molecules. Hence, long alkyl chains in the periphery of the
polypyridyl ligands are beneficial for better long-term stabilities and at the same time for
reduction of the dark current, since they prevent recombination of electrons in the TiO2 with the
redox couple. Furthermore, the alkyl chains improve the contact between the dye and a solid
HTM accelerating dye regeneration. In case of iodide-based electrolytes, thiocyanate ligands
proved to enhance the regeneration due to good interaction with the redox mediator. The
protonation degree has an impact on the conduction band edge and the TBA cations additionally
offer hydrophobic alky chains. The better performance of complex N719 compared to protonated
counterpart N3 can be ascribed to this fact. Finally the dye should be stable enough to sustain 108
cycles under illumination, which refers to 20 years of outdoor cell operation.[28]

3.4

Polypyridyl Ru(II) complexes with extended π-conjugation

Compared to organic dyes, polypyridyl Ru(II) complexes exhibit a wide spectral coverage from the
visible to the NIR region. But their major drawbacks are the relatively low extinction coefficients
of the longest wavelength MLCT transitions (7,000-20,000 mol L-1 cm-1). Therefore, thicker TiO2
films are necessary in case of Ru(II) sensitizer for efficient light absorption. Since thicker films
increase the probability of recombination losses and hence lower the open-circuit voltage, it is
important to increase the extinction of the ruthenium sensitizers. One promising way is to extend
the π-conjugation of the polypyridyl ligands. Thereby, insertion of thiophene moieties was a
successful approach to increase the extinction coefficients and hence the light harvesting
efficiency of the Ru(II) dyes.
One possibility is the thiophene-functionalization of the ancillary ligand in bipyridyl complexes
(Figure 3.8). Bäuerle and co-workers attached a dendritic terthiophene to the bipyridine.[38] The
respective Ru(II) complex 142 bearing this electron-rich unit exhibited a red-shift of the MLCT
band form 530 nm for standard dye Z907 to 551 nm, together with an increase in extinction
coefficient from 10,600 to 17,000 mol L-1 cm-1. DSSCs based on a low-volatile electrolyte
fabricated with this dendritic complex yielded a PCE of 7.4% with a remarkable stability of 93%
over 1000 h of light soaking. The disadvantage of this sensitizer was its sterically demanding
structure reducing the amount of adsorbed molecules. Benchmarks were set with sensitizer 143
in 2008.[39] Ru(II) complex 143 comprising hexylthiophene moieties on the ancillary ligand,
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achieved a PCE of 11% in conjunction with a volatile electrolyte and 9.0% with a low-volatile
electrolyte. Its MLCT band appeared at 547 nm also exhibiting a similar high extinction coefficient
of 17,500 mol L-1 cm-1. The absorptivity was further increased to 18,700 mol L-1 cm-1 at a
wavelength of 550 nm by insertion of sulphur between the thiophene ring and the hexyl
chains.[40] Consequently, sensitizer 144 even reached a higher PCE of 11.7% in DSSCs.[21]
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Figure 3.8: Ru(II) complexes 142-144 with thiophene-substituted bipyridyl ancillary ligands.

The extension of the π-conjugation of the anchoring ligand by insertion of thiophene moieties
also turned out as practicable way to increase the light harvesting (Figure 3.9). Homoleptic Ru(II)
complex 145, reported by the Bäuerle group, features a similar structure as standard dye N719
but bears additional thiophene moieties between the pyridine rings and the carboxyl groups.[3b]
The extended conjugation in the anchoring ligands led to a 28 nm red-shift of the lowest energy
MLCT band to 563 nm in comparison to N719. Furthermore, a remarkable high extinction
coefficient of 23,000 mol L-1 cm-1 could be realized. As a result, this dye showed a nice efficiency
of 6.1% on very thin TiO2 layers of 3.3 µm using a low-volatile electrolyte. Applying a double layer
film of 7 + 5 µm thick titania improved the efficiency to 7.6%. This novel π-extended anchoring
ligand was combined with dinonyl-bipyridine as ancillary ligand in complex 146.[3c] Upon
replacement of the second anchoring ligand, the extinction coefficient was reduced to
16,000 mol L-1 cm-1 at 548 nm, but was still higher compared to counterpart Z907 with
12,200 mol L-1 cm-1. Heteroleptic complex 146 showed a PCE of 8.3% and excellent stability in
combination with a low-volatile electrolyte, whereas a volatile one yielded 9.1%. The
replacement of thiophene with 3,4-ethylenedioxythiophene (EDOT) in sensitizer 147 resulted in
similar optoelectronic properties and an efficiency of 6.7% with a 3-methoxypropionitrile-based
electrolyte.[41]
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The insertion of acetylene spacers in Ru(II) sensitizers for amelioration of their optical properties
is not widely undertaken. Three examples are presented hereinafter (Figure 3.10). Chandrasekharam et al. published Ru(II) dye 148 with a similar structure as complex 132.[42] They differ in
the protonation degree, since complex 132 was isolated as sodium salt, and the thiophene is not
substituted in the α-position with a hexyl chain but in the β-position, pointing towards the centre
of the dye. Sensitizer 148 showed a high extinction coefficient of 25,000 mol L-1 cm-1 at an
absorption maximum of 544 nm in ethanol solution. Fabricated DSSCs using an acetonitrile-based
electrolyte accomplished a PCE of 3.25% with an incident photon-to-current conversion efficiency
(IPCE) of 44% over the visible range.

Figure 3.10: Ru(II) complexes 148-150 bearing polypyridyl ligands with acetylene groups.
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Two acetylene comprising terpyridyl complexes were reported by Sugihara and co-workers.[43] By
insertion of phenylene-ethynylene-moieties between the middle pyridine ring and the carboxyl
group, the molar extinction coefficient of the sensitizers was increased along with a blue-shift of
the MLCT band compared to the black dye. Its photovoltaic performance of 8.3% however was
surpassed. Dye 149 yielded a PCE of 5.7% in DSSCs, whereas derivative 150 with two phenyleneethynylene-units achieved a diminished efficiency of 2.4%. The difference was mainly caused by a
lower JSC, which was ascribed to stronger dye aggregation in case of complex 150.

Especially for terpyridyl complexes it is essential to increase the extinction coefficient, since their
values are even lower compared to bipyridyl complexes. Some attempts to functionalize the
terpyridyl ligand with thiophene moieties are described in the following section. Based on the
model of the black-dye, a series of panchromatic tris(thiocyanato) Ru(II) complexes 151-153 was
developed by Chou and co-workers (Figure 3.11).[44] Compared to the black dye, one carboxyl
group in para-position of an outer pyridine ring was replaced with electron-donating units in
meta-position such as thiophene, EDOT and a functional triphenylamine. The sensitizers as well
as the black dye showed a MLCT transition at 600 nm. Thereby, triphenylamine-substituted
derivative 152 exhibited a higher extinction coefficient than black dye, whereas the absorptivity
of dyes 151 and 153 was lower. The favourable hyperchromic effect was ascribed to increased
donor-acceptor coupling. Consequently, this dye showed the highest efficiency of 8.3% in
acetonitrile-based DSSCs with a double TiO2 layer of 10 + 5 µm. With a thicker film of 15 + 5 µm,
sensitizer 151 yielded the best efficiency of 10.3% with a high JSC of 19.7 mA cm-2. In a
comparable device, counterpart black dye obtained a PCE of 8.5% due to a lower current density
and photovoltage. Kimura et al. synthesized a series of similar dicarboxyterpyridyl Ru(II)dyes 153158 comprising thiophene and thienyl-phenyl moieties bearing alkyl chains.[45] The effect of
systematically changing the position of the alkyl chains was investigated. The absorption of
sensitizers 153-155 however exhibited a hypochromic effect together with a blue-shift of the
MLCT transition band in case of 153 and 155. The extent was lowest for complex 154 with the
hexyl chain in 4-position of the thiophene ring. In contrast, for dyes 156-158 with thienyl-phenyl
units a red-shift by 22 nm of the absorption band was observed. DSSC with iodide/triiodide-based
electrolytes attained efficiencies from 6.7%, for derivative 153 with the 5-hexylthiophene group,
up to 9.1% for dye 156, with a JSC of 18.3 mA cm-2, a VOC of 690 mV, and a FF of 0.72. Devices
based on the black dye fabricated under same conditions showed a similar efficiency of 9.2%.
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Figure 3.11: Ru(II) complexes 151-158 comprising thiophene-substituted terpyridyl ligands.

Arakawa and co-workers functionalized the terpyridyl ligand on the one hand with two
hexylthiophene moieties in the outer meta-positions (159)[46] and on the other hand on one paraposition (160)[47] (Figure 3.12). The substitution in para-position had a positive effect on the
absorption by increasing the extinction coefficient in the whole visible region compared to black
dye. In contrast, dye 159 showed a lower absorptivity of the MLCT band. This comparison implied
that for enhancing the absorptivity the position of chromophores was decisive and not their
number. Consequently, complex 160 achieved an improved performance of 10.6% in DSSCs with
a JSC of 22.5 mA cm-2, a VOC of 656 mV, and a FF of 0.72 compared to 7.5% for counterpart 159.
Nevertheless, black dye-based devices demonstrated a slightly higher efficiency of 10.8% due to a
higher photovoltage of 705 mV.

Figure 3.12: Tris(thiocyanato) Ru(II) complexes 159 and 160 comprising 5-hexylthiophene-substituted
terpyridyl ligands.
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3.5

Results and Discussion

In the following, the synthesis of thiophene-substituted polypyridyl ligands and their respective
Ru(II) complexes is presented. The photophysical and electrochemical properties were
determined and compared to literature known sensitizers with similar molecular structures.
These dyes were implemented as sensitizers in DSSCs in conjunction with liquid iodide/triiodidebased electrolytes. The devices were fabricated and characterized in cooperation with the group
of Prof. Dr. Michael Grätzel at the EPFL, Lausanne.

3.5.1 Synthesis of ethynyl-thiophene-comprising bipyridyl-Ru(II) complexes
In the synthesis of 4,4’-substituted bipyridyl ligands 4,4’-dibromo-2,2’-bipyridine 165 is the crucial
building block. Precursor 165 was synthesized according to a literature known procedure starting
from 2,2’-bipyridine 161 (Scheme 3.1).[48] 2,2’-Bipyridine N,N’-dioxide 162 was obtained by
oxidation of starting material 161 with hydrogen peroxide in glacial acetic acid at 80 °C in 64%
yield. The subsequent nitration was carried out with 25 wt% oleum and fuming nitric acid
providing 4,4’-dinitro-2,2’-bipyridine N,N’-dioxide 163 in a moderate yield of 37% due to the
harsh reaction conditions. The oxidation of the nitrogen units in the first step ensured a selective
substitution in the para-positions of the two pyridine rings. Treatment of compound 163 with
acetyl bromide in glacial acetic acid resulted in an exchange of the nitro groups with bromide to
afford 4,4’-dibromo-2,2’-bipyridine N,N’-dioxide 164 in 71% yield. The reduction of the N-oxide
groups was performed with phosphorous tribromide in chloroform finally providing 4,4’dibromo-2,2’-bipyridine 165 as important precursor in a high yield of 99%.

Scheme 3.1: Synthesis of 4,4’-dibromo-2,2'-bipyridine 165.

[48]
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The synthetic route of ethynyl-comprising anchoring ligand 170 is depicted in Scheme 3.2.
Starting from ethyl 5-bromothiophene-2-carboxylate 166, Pd(0)-catalyzed Sonogashira-coupling
reaction with trimethylsilylacetylene (TMSA) was performed to introduce the ethynyl moiety. The
TMS-protecting group was removed with potassium fluoride to afford ethynyl-substituted
thiophene 167 in 98% yield. However, the deprotection proceeded very slowly and took 4 d.
Therefore, TBAF·3H2O was investigated as reagent. The reaction mixture became immediately
brown upon addition of this reagent and the reaction was already complete within 1.5 h. The
disadvantage of this fluoride reagent was the lower yield of 74% for the isolated product.
Caesium fluoride was tested as well but the reaction took more than 3 d and TBAF·3H2O was
added to accelerate the conversion. The free ethynyl compound 168 and 4,4’-dibromo-2,2’bipyridine 165 were converted via Sonogashira-coupling reaction into ester-protected ligand 169
which was obtained in 72% yield after several recrystallization steps from DCM. In the last step
the saponification was performed with pulverized sodium hydroxide using THF/ethanol (1:1) as
solvent. The reaction was stirred at 60 °C for 4 h and acid-ligand 170 was isolated in 62% yield
after acidification.

Scheme 3.2: Synthesis of ethynyl-thiophene-comprising anchoring ligand 170.

Ruthenium(II) complex 131 was prepared in three steps via a typical one-pot procedure (Scheme
3.3). Firstly, ancillary ligand dinonyl-bipyridine 171, which was commercially purchased, was
treated with di-μ-chlorobis[(p-cymene)chlororuthenium(II)] [RuCl2(p-cymene)]2 172 in DMF for 4
h at 70 °C under argon. Subsequently, the ethynyl-containing anchoring ligand 170 was added
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and the reaction mixture was further stirred for 4 h at 130 °C in the dark to prevent light-induced
cis/trans-isomerization. In the last step, an excess of ammonium thiocyanate was added and the
reaction was stirred for another 4 h at 130 °C. The crude product was transferred into the TBA
salt and purified several times by Sephadex® LH-20 size exclusion chromatography using
methanol as eluent. Finally, the compound was reprotonated on one side by titration with 0.3 M
nitric acid to pH 5.8 to afford Ru(II) complex 131 in 18% yield.
In a second attempt, the reaction time and the temperature in the second step were increased
from 4 h at 130 °C to 5 h at 135 °C to obtain a better conversion and higher yield. Unfortunately,
no pure compound could be isolated from this second synthesis. It seems that for acetylene
containing sensitizers shorter reaction times and lower temperatures are preferable.

Scheme 3.3: Synthesis of the ethynyl-thiophene-comprising ruthenium(II) complex 131.

The synthesis of ethynyl-comprising ancillary ligand 179 is depicted in Scheme 3.4. In the first
step 2-hexylthiophene 175 was brominated using NBS in DMF under exclusion of light.[49] 2Bromo-5-hexylthiophene 176 was obtained in 78% yield after purification by column
chromatography. For the introduction of the ethynyl moiety in the second step, Sonogashira165
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coupling reaction was applied affording product 177 in a high yield of 93%.[49] As the subsequent
TMS-deprotection proceeded very slowly with potassium fluoride, it was replaced with
TBAF·3H2O providing the free ethynyl-thiophene 178 already after few minutes in 98% yield.[49]
The ethynyl-thiophene-substituted ligand 179 was finally obtained by twofold Sonogashiracoupling of 4,4’-dibromo-2,2’-bipyridine 165 with 2-ethynyl-5-hexylthiophene 178 in 57% yield.

Scheme 3.4: Synthesis of ethynyl-thiophene-comprising ancillary ligand 179.

Concurrently, the synthetic route illustrated in Scheme 3.5 was also investigated for the synthesis
of ancillary ligand 179. In this route, 4,4’-dibromo-2,2'-bipyridine 165 was transferred in a
twofold Sonogashira-coupling reaction into 4,4’-bis[(trimethylsilyl)ethynyl]-2,2’-bipyridine 180 in
a high yield of 90%.[50] The following deprotection was carried out with potassium fluoride
providing 4,4’-diethynyl-2,2’-bipyridine 181 in 96% yield.[50] The synthesis of ligand 179 was
attempt via twofold Sonogashira reaction of 4,4’-diethynyl-2,2’-bipyridine 181 with 2-bromo-5hexylthiophene 176. However, the yield was very low as the main product was homo-coupled
diethynyl-bipyridine.
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Scheme 3.5: Attempted synthesis of ethynyl-thiophene-comprising ancillary ligand 179 by Sonogashira
reaction via 4,4’-diethynyl-2,2’-bipyridine 181.

For ruthenium(II) complex 132 the same procedure was used as for complex 131 mentioned
above. To avoid long reaction times for acetylenic ligand 179, the reaction was started with the
anchoring ligand 2,2’-bipyridine-4,4’-dicarboxylic acid 182 instead of with the ancillary ligand 179
as usual. Furthermore, the reaction time and temperature for the second and third step involving
ethynyl-comprising ligand 179 were reduced to 3 h at 125°C (Scheme 3.6). The crude product was
transferred into the sodium salt, purified by Sephadex® LH-20 column and titrated to pH 5.4 to
afford dye 132 as mono sodium-salt in 8% yield. The low yield was probably due to incomplete
conversion due to reduced reaction time and temperature. In a second attempt, the complex was
synthesized again applying a temperature of 135 °C for 3.5 h in the second and third step. From
this reaction no pure product could be isolated as all fractions obtained the same impurities
which could not be removed.
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Scheme 3.6: Synthesis of the ethynyl-thiophene-comprising ruthenium(II) complex 132.

Both ethynyl-comprising bipyridyl Ru(II) sensitizers were isolated in quite low yields. One
problem might be the relatively reactive acetylene units. Additionally many by-products were
obtained, e.g. homoleptic complexes, which were difficult to separate by Sephadex® LH-20
column chromatography. Various runs had to be made until a pure fraction could be obtained
which reduced the attainable yield.

3.5.2 Characterization of ethynyl-thiophene-comprising bipyridyl-Ru(II) complexes
Dye 131 was compared to its analogues standard complex Z907 139[3c] and sensitizer 146[3c]
(Figure 3.13) with respect to their optoelectronic properties. In these three complexes 4,4’dinonyl-2,2’-bipyridine 171 is used as hydrophobic ancillary ligand and the anchoring ligand is
changed from 2,2’-bipyridyl-4,4’-dicarboxylic acid 182 in case of prototype Z-907 139 to 5,5’-(2,2’bipyridine-4,4’-diyl)bis-(thiophene-2-carboxylic acid) in complex 146 and finally to 5,5'-[2,2'bipyridine-4,4'-diyl-bis(ethyne-2,1-diyl)]bis(thiophene-2-carboxylic acid) 170 in novel complex
131. In this first series the effect of the inserted thiophene unit and successively the additional
triple bond is studied.
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Figure 3.13: Sensitizer 131 and its analogues Z907 139 and 146.

The photophysical properties of the three complexes were determined by UV-vis spectroscopy in
DMF solution. The absorption spectrum of Ru(II) complex 131 in comparison to the spectra of dye
146 and Z907 is displayed in Figure 3.14. The corresponding data is listed in Table 3.1. The
spectra of complexes 131 and 146 looked similar in shape, as the dyes just differed in the
acetylenic unit. The two high absorption maxima at 297 and 299 nm and at 347 and 341 nm,
respectively, were due to intraligand n-π and π-π* transitions. The two bands at 442 and 422 nm
and at 555 and 548 nm were assigned to MLCT transitions. The spectrum of dye 131 exhibited
higher extinction coefficients for all bands. The second band (347 nm) was just slightly red-shifted
by 6 nm. However, both MLCT transition bands featured a stronger bathochromic shift of 20 nm
and 7 nm (442 nm and 555 nm) compared to 146, respectively. The spectrum of complex 131 in
comparison to Z907 showed a red-shifted lowest-energy MLCT absorption band by 29 nm and a
higher extinction coefficient of 16,300 L mol-1 cm-1 compared to 12,200 L mol-1 cm-1. These
findings correlated well with the extension of the π-conjugation in the anchoring ligand.
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Figure 3.14: Absorption spectra of dyes 131, 146 and Z907 139 measured in DMF.
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Table 3.1: Photophysical properties of 131, 146 and Z907 139.

λabs [nm] [a] (ε [L mol-1 cm-1])
131

297 (59,200) 347 (37,900) 442 (18,400) 555 (16,300)

146[3c]

299 (57,500) 341 (33,700) 422 (16,200) 548 (16,000)

Z907 139[3c] 289 (50,700)
[a]

-

370 (12,300) 526 (12,200)

Measured in DMF at room temperature (298 K).

The redox potentials were determined by cyclic voltammetry (CV) and differential pulse
voltammetry

(DPV).

The

potentials

were

referenced

against

the

redox

couple

ferrocene/ferrocenium (Fc/Fc+), which was set to -5.1 eV vs. vacuum for the estimation of the
HOMO and the LUMO energy levels. Figure 3.15 shows the voltammograms of Ru(II)-complexes
131, 146 and Z907. The corresponding data is summarized in Table 3.2. The redox potentials of
dye 131 were determined by DPV. The oxidation of the metal centre from Ru(II) to Ru(III) took
place at 0.26 eV in case of 131 and Z907 and was shifted by 60 mV to more positive potential
compared to 146. The reversible reduction wave of 131 could be assigned to the one-electron
reduction of the thiophene-substituted anchoring ligand and occurred at -1.74 V, which was
160 mV more positive compared to 146 and even 360 mV in comparison to Z907. In this series
the energies of the HOMO levels were comparable, whereas the LUMO energy levels were
significantly destabilized from -3.11 eV for Z907 to -3.30 eV for 146 and to -3.56 eV for 146. This
fact reflected the insertion of the thiophene moiety and the ethynyl spacer leading to an
extension of the π-conjugated backbone. As a result, the band gap was reduced from 2.17 eV for
Z907 to 1.92 eV for 146 and to finally 1.70 eV for 131 which was also reflected in the red-shift of
the absorption spectrum.
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Figure 3.15: Cyclic voltammograms of 131, 146 and Z907 139 (left side) and differential pulse voltammogram of 131 (right side) in DMF/TBAPF6 (0.1 M).
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Table 3.2: Electrochemical properties of 131, 146 and Z907 139.

Eox [V] [a] Ered [V] [a] HOMO [eV] [b] LUMO [eV] [b] ∆E [eV] [c]

[a]

0.26

-1.74

-5.26

-3.56

1.70

146[3c]

0.20

-1.90

-5.22

-3.30

1.92

Z907 139[3c]

0.26

-2.10

-5.28

-3.11

2.17

+

-1

Measured vs. Fc/Fc in DMF (0.1 M TBAPF6), 298 K, scan rate = 100 mV s . Potentials were determined

using DPV.
[c]

131

[b]

+

Calculated from the onset of the redox waves. Fc/Fc was set to -5.1 eV vs. vacuum.

Calculated by the difference of HOMO and LUMO energies.

Sensitizer 132 was compared to dye 143[39] which has a similar structure and was reported by the
groups of Wang and Grätzel (Figure 3.16). Both complexes contain the same anchoring ligand
which is 2,2’-bipyridyl-4,4’-dicarboxylic acid 182. However they bear different ancillary ligands,
since in dye 132 an acetylenic spacer is inserted between the pyridine and thiophene rings.
Complex 132 was as well compared to dye 148[42] which only differs in the position of the hexyl
chain.

Figure 3.16: Sensitizer 132 and its analogues 143 and 148.

Dye 132 was characterized via UV-vis spectroscopy measured in DMF solution. The corresponding
spectrum is depicted in Figure 3.17 and the data of the complexes is listed in Table 3.3. Sensitizer
132 exhibited a broad absorption spectrum ranging from 250 to 650 nm. It showed two intense
intraligand n-π and π-π* charge transition bands at 310 and 356 nm. The characteristic MLCT
transition bands arose at 414 and 544 nm, respectively. In comparison to 143 the first three
bands were red shifted. In contrast, the lowest-energy MLCT absorption band was 3 nm blueshifted and the corresponding extinction coefficient of 13,800 L mol-1 cm-1 was lower than the
one of 17,500 L mol-1 cm-1 for 143. In dye 148 the MLCT band appeared also at 544 nm when
measured in ethanol solution, but with a higher extinction coefficient of 25,000 L mol-1 cm-1.
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Figure 3.17: Absorption spectrum of dye 132 measured in DMF.

Table 3.3: Photophysical properties of 132, 143 and 148.

λabs [nm] [a] (ε [L mol-1 cm-1])
132 [a] 310 (39,900) 356 (31,700) 414 (16,500) 544 (13,800)

[a]

143 [b]

305

341

407

547 (17,500)

148 [c]

-

-

410

544 (25,000)

Measured in DMF at room temperature (298 K).

data: Measured in ethanol.

[a]

Literature data: Measured in DMF.

[39] [c]

Literature

[42]

The redox behaviour of dye 132 was determined by cyclic voltammetry and differential pulse
voltammetry. The corresponding voltammograms are displayed in Figure 3.18. Complex 132
showed a quasi-reversible oxidation wave at 0.36 V which could be ascribed to the formation of
Ru(III) (Table 3.4). The reduction wave, however, was reversible and lay at -1.76 V. This wave
corresponded to the formation of a stable radical anion located on the anchoring ligand. The
frontier molecular orbital levels were calculated from the onsets of the respective redox waves.
The HOMO energy level was located at -5.34 eV and the LUMO energy level at -3.47 eV, resulting
in a band gap of 1.87 eV. The LUMO energy levels lay above the conduction band edge of TiO2
(-4.00 eV) providing a thermodynamic driving force for electron injection. Furthermore, the
HOMO was sufficiently below the redox potential (-4.83 eV) of the iodide/triiodide couple
ensuring regeneration of the oxidized dye.
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Figure 3.18: Cyclic (red solid line) and differential pulse voltammogram (grey dashed line) of 132 in
DMF/TBAPF6 (0.1 M).

Table 3.4: Electrochemical properties of 132.

Eox [V] [a] Ered [V] [a] HOMO [eV] [b] LUMO [eV] [b] ∆E [eV] [c]
0.36

132
[a]

-5.34

-3.47

+

1.87
-1

Measured vs. Fc/Fc in DMF (0.1 M TBAPF6), 298 K, scan rate = 100 mV s . Potentials were determined

using DPV.
[c]

-1.76

[b]

+

Calculated from the onset of the redox waves. Fc/Fc was set to -5.1 eV vs. vacuum.

Calculated by the difference of HOMO and LUMO energies.

3.5.3 Photovoltaic properties of ethynyl-thiophene-comprising Ru(II) complex
Acetylene-comprising Ru(II) complex 132 was implemented as sensitizer in DSSC investigating its
photovoltaic performance by the group of Prof. Dr. Michael Grätzel. The devices contained an 8
μm thick transparent layer of 20 nm sized anatase TiO2 nanoparticles and a 5 μm thick scattering
layer of 400 nm sized TiO2. The dye solution was prepared in a concentration of 0.3 mmol L-1 and
a mixture of acetonitrile/tert-BuOH (1:1) with 10% DMSO served as solvent. DINHOP was
deployed as co-adsorbent in a molar ratio of 4:1. The optimization was carried out with a lowvolatile 3-methoxypropionitrile-based electrolyte Z946 and two volatile acetonitrile-based
electrolytes Z959 and Z960 (Table 3.5). The J-V curve of dye 132 using low-volatile electrolyte
Z946 shows a JSC of 15.6 mA cm-2, a VOC of 695 mV, and a FF of 0.73 resulting in an efficiency of
8.0% under AM 1.5 G illumination (100 mW cm-2) (Figure 3.19, left side). The IPCE spectrum
showed a plateau over 65% from 500 to 670 nm, with a maximum of 73% at 580 nm (Figure 3.19,
right side). The preliminary stability of these devices under light soaking at 60 °C was tested and
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the results indicated a remarkable stability of over 90% after 7 days and still over 80% after 14
days. The decrease in efficiency to 7.3 and 6.7% was mainly due to a lower JSC and also a slightly
lower VOC whereas the FF remained constant. Devices with sensitizer 132 in combination with
electrolyte Z959 achieved a lower PCE of 6.7%. This diminished performance could be ascribed to
a decrease in JSC to 12.6 mA cm-2 which compensated the slight augmentation in VOC 707 mV and
in FF to 0.75, respectively. The usage of electrolyte Z960 in contrast, led to a slightly higher PCE of
7.3%. But this efficiency was still below the value obtained with electrolyte Z946, also due to a
lower JSC of 13.8 mA cm-2. Reducing the illumination intensity from 100 mW cm-2 to 50 mW cm-2
and to 10 mW cm-2, resulted in cases of all investigated electrolytes in linearly reduced currentdensities, similar fill factors and slightly lower photovoltages.
The photovoltaic performance of dye 143 was investigated by Grätzel and co-workers as well.[39]
As photoanode a double layer TiO2 film of 7 + 5 µm and as co-adsorbent cheno was applied. With
acetonitrile-based electrolyte Z960 a high efficiency of 11.0% was measured, with a JSC of
17.9 mA cm-2, a VOC of 778 mV, and a FF of 0.79. Using low-volatile electrolyte Z946, however,
reduced the efficiency to 9.7%. For 132 in comparison, the efficiency values as well as all
parameters were lower. The higher photovoltage of 143 was probably due to fewer charge
recombination losses. The value was near to the maximum attainable voltage of 800 mV which is
the difference in potential between the electron quasi-Fermi level in the TiO2 and the redox
potential of the redox mediator. Interestingly, sensitizer 132 worked better in combination with
low-volatile electrolyte Z946 instead of with acetonitrile-based electrolyte Z960 which was
contrary for 143.
The structurally almost identical dye 148[42] was investigated in devices with a double layer titania
film of 9 + 4.8 µm in conjunction with a iodide/triiodide electrolyte in acetonitrile. It showed a
lower PCE of 3.3% which was mainly due to a more than halved JSC of 7.3 mA cm-2. This reduced
performance could probably be ascribed to the position of the hexyl chains which might
deteriorate dye regeneration or did not suppress recombination reactions sufficiently.

174

20
18
16
14
12
10
8
6
4
2
0
-2
-4
0,0

80

dark current
10% sun
50% sun
100% sun

132

70
60
50
IPCE [%]

-2

Current Density [mA cm ]

Chapter 3

40
30
20
10
0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

400

0,9

500

600

700

800

Wavelength [nm]

Voltage [V]

Figure 3.19: Current density-voltage characteristics under different light illuminations (left side) and IPCE
spectrum (right side) of dye 132 in combination with electrolyte Z946.

Table 3.5: Photovoltaic parameters of DSSCs with dye 132, 143 and 148.

Electrolyte Intensity [mW cm-2] JSC [mA cm-2] VOC [mV]

132 [a]

132

143

[a]

[e]

148 [f]
[a]

η [%]

Stability

15.6

695

0.73

8.0

14.9

664

0.74

7.3

92% (7 d)

13.4

654

0.74

6.7

84% (14 d)

50

8.1

674

0.76

8.1

10

1.5

616

0.77

7.4

100

12.6

707

0.75

6.7

50

6.5

682

0.76

6.5

10

1.2

621

0.72

5.6

100

13.8

718

0.74

7.3

50

7.1

692

0.75

7.2

10

1.3

626

0.76

6.3

Z960 [d]

100

17.9

778

0.79

11.0

Z946 [b]

100

18.0

746

0.74

9.7

I-/I3-

100

7.3

610

0.73

3.3

100
132 [a]

FF

Z946 [b]

Z959 [c]

Z960

[d]

Dye concentration: 0.3 mM. Co-adsorbent: DINHOP (4:1). Solvent: Acetonitrile/tert-BuOH (1:1) + 10%

DMSO. TiO2 film thickness: 8 + 5 µm.

[b]

Electrolyte Z946: 1.0 M 1,3-dimethylimidazolium iodide, 0.15 M

iodine, 0.5 M n-butyl benzimidazole, 0.1 M guanidinium thiocyanate in 3-methoxypropionitrile.
[c]

Electrolyte Z959: 1.0 M 1,3-dimethylimidazolium iodide, 30 mM iodine, 0.5 M 4-tert-butylpyridine (TBP),

0.1 M guanidinium thiocyanate in acetonitrile/valeronitrile (85:15).

[d]

Electrolyte Z960: 1.0 M 1,3-

dimethylimidazolium iodide, 50 mM lithium iodide, 30 mM iodine, 0.5 M 4-tert-butylpyridine (TBP), 0.1 M
guanidinium thiocyanate in acetonitrile/valeronitrile (85:15).

[e]

Literature data.

[39] [f]

Literature data.

[42]
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3.5.4 Synthesis of thiophene-comprising terpyridyl Ru(II) complexes
For fully para-substituted terpyridyl ligands tribromo-terpyridine 190 is the crucial building block
in the synthetic route. Therefore trichloro-terpyridine 189 was synthesized according to literature
known procedures as depicted in Scheme 3.7.[51] For compound 186 and 187 a procedure from
Schlingloff and co-workers was applied.[51a] Picolinic acid 185 was treated with thionyl chloride
and catalytic amounts of DMF to get the corresponding acid chloride. This intermediate was
transferred into ethyl ester 186. The main by-product was ethyl picolinate which was the reason
for the moderate yield of 47% comparable to the yield of 50 % reported by Schlingloff and coworkers. The next step was a claisen condensation between ethyl 4-chloropicolinate 186 and
acetone using sodium hydride as base. Triketone 187 could be obtained in 92% yield as described
in literature. In the following step the middle pyridine ring was formed using ammonium acetate.
For this purpose a procedure described by either Constable[51b, 52] or Charbonnière [51c] was used
affording terpyridine 188 in 71 % yield. Terpyridine 188 was further treated with phosphorous
pentachloride in phosphoryl chloride to provide trichloro-terpyridine 189 in 86% yield. [51a]

Scheme 3.7: Synthesis of 4,4’,4’’-trichloro-2,2’:6’,2’’-terpyridine 189.

Since Stille-type coupling reaction using trichloro-terpyridine 189 and stannylated thiophene
derivative 191 was not successful, tribromo counterpart 190 was synthesized. Tribromoterpyridine was accessible by bromination of either terpyridine derivative 188 or trichloroterpyridine 189 with phosphorous pentabromide in phosphoryl bromide for 3 d at 140 °C
(Scheme 3.8). In both cases tribromo-terpyridine 190 could be obtained in high yields over 94%.
In the beginning the bromination of precursor 188 was tried with phosphorous pentabromide in
DMF at 60 °C for 20 h and phosphorous pentabromide in phosphoryl bromide at 100 °C for 20 h
was tested as well. But in both cases a mixture was obtained and it was not possible to isolate
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product 190 neither by recrystallization from different solvents nor by column chromatography.
For the successive Stille-type coupling reaction, stannylated thiophene derivative 191 was
synthesized by bromo-magnesium exchange with isopropylmagnesium chloride and quenching
with trimethyltin chloride. Product 191 was obtained in 82% yield with 10% dehalogenated byproduct as impurity and was used in the next step without further purification. The
corresponding Stille reaction of tribromo-terpyridine 190 and thiophene derivative 191 was
performed in DMF with Pd(PPh3)2Cl2 as catalyst at 110 °C affording thiophene-substituted
terpyridyl ligand 192 in a high yield of 85 %.

Scheme 3.8: Synthesis of thiophene-substituted terpyridyl ligand 192.

At this point, saponification of terpyridyl ligand 192 was not carried out, because
tris(thiocyanato) complex 194 was prepared with the ester ligand and the hydrolysis was
performed after complexation. The synthesis of the black dye analogue complex is displayed in
Scheme 3.9. At first terpyridyl ligand 192 was treated with ruthenium trichloride in DCM/ethanol
(1:1). By successive elongation of the reaction time from 2 to 3.5 h the yield could be increased
from 70 to finally 92%. The resulting solid 193 was then washed with ethanol to remove
unreacted ruthenium trichloride and was directly used without further purification. In the next
step the trichloride complex 193 was transferred into the tris(thiocyanato) complex 194 using an
excess of ammonium thiocyanate in DMF at 130 °C for 4 h. At first hydrolysis was tried by directly
adding triethylamine to the reaction mixture, but this base was not strong enough and the
saponification was not successful. Therefore, Ru(II) complex 194 was isolated at this point with
ester groups. The hydrolysis was then performed separately with aqueous sodium hydroxide

177

Thiophene-Substituted Polypyridyl Ru(II) Complexes as Sensitizers in n-Type Dye-Sensitized Solar Cells

solution in acetone under reflux for 4 h. The complex was transferred into the TBA salt and
purified just once by Sephadex® LH-20 column with methanol as eluent, as it is known for the
black dye that it is not very stable on the column. The pure fractions were mixed together
dissolved in a water/methanol mixture and titrated with 0.3 M nitric acid solution to pH 4.8
affording complex 133 as bis-TBA salt in 11 % yield. Two of the carboxyl groups were protonated
as one TBA compensated the threefold negative charge of the thiocyanate ligand in comparison
to the twofold positively charged ruthenium metal.

Scheme 3.9: Synthesis of thiophene-substituted terpyridyl Ru(II) complex 133.

The main problem in the synthesis of this complex was the hydrolysis. On the one hand it was
difficult to obtain a threefold hydrolysis and on the other hand the monodentate thiocyanates
could easily be replaced by hydroxide ligands. The three thiocyanate ligands were another
drawback of this dye, since they could form linkage isomers (SCN) which made the purification
very difficult and they were responsible for the low stability of the complex. Similar problems are
known for the black dye. It is also not very stable on Sephadex column, so that multiple
purification steps by column should be prevented.
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Therefore, to circumvent the threefold hydrolysis of the tris(thiocyanato) complex 194, ligand
192 was hydrolyzed prior to complexation. The hydrolysis was carried out in an EtOH/DCM (1:1)
with 1 M sodium hydroxide solution by refluxing for 2 d. Anchoring ligand 195 could be obtained
in 79% yield (Scheme 3.10).

Scheme 3.10: Hydrolysis of thiophene-substituted terpyridyl ligand 192.

The trichloro Ru(II) complex 196 was now formed using tricarboxy ligand 195 (Scheme 3.11). The
complexation was first tried in DMF at 110 °C for 6 h. This was not successful as 1H-NMR showed
just little conversion which could be ascribed to the low solubility of the tricarboxy ligand.
For the second trial, ligand 195 was transferred into the TBA-salt and the reaction was performed
in EtOH/DCM. But also in this case the solubility was too low and the complex was just formed in
traces.

Scheme 3.11: Attempted synthesis of Ru(II) complex 133 by complexation of the free acid 195.
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For the second terpyridyl dye 134, bipyridyl ligand 198 with 2-hexylthiophene units was
synthesized as ancillary ligand according to literature procedures (Scheme 3.12). Stannylated
thiophene derivative 197 was prepared in quantitative yield by lithiation of 2-hexylthiophene 175
with n-BuLi followed by quenching with tributyltin chloride.[53] The stannylated thiophene 197
was used in the next step without further purification. The literature-known Stille-type coupling
reaction between stannylated compound 197 and dibromo-bipyridine 165 was performed in
DMF at 85 °C providing ancillary ligand 198 in a high yield of 86%.[39]

Scheme 3.12: Synthesis of thiophene-comprising ancillary ligand 197.

For the synthesis of the corresponding Ru(II) complex 134 (Scheme 3.13), ligand 192 with ester
groups was used and the saponification was performed after complexation as already described
for black dye analogue complex 133. In the first step trichloride complex 193 was treated with
hexyl-thiophene-bipyridyl ancillary ligand 198 in DMF for 4 h at 130 °C in the dark. Afterwards, an
excess of ammonium thiocyanate was added and the reaction was further stirred for 4 h at
130 °C. The hydrolysis was performed in the same way as for complex 133 with aqueous sodium
hydroxide solution in acetone under reflux for 4 h. After purification by several Sephadex® LH-20
columns, the pure fractions were titrated with diluted HCl/methanol solution to pH 4.9 to afford
complex 134 with two TBA cations in its mono-deprotonated form in 19 % yield.
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Scheme 3.13: Synthesis of thiophene-substituted terpyridyl Ru(II) complex 134.

3.5.5 Characterization of thiophene-comprising terpyridyl Ru(II) complexes
Both terpyridyl-based Ru(II) complexes 133 and 134 are compared to the prototype terpyridyl
Ru(II) complex black dye[30-31] (Figure 3.20). In comparison to the black dye 140, complex 133
exhibits thiophene moieties between the pyridine rings and the carboxylic acid groups in the
tricarboxy-terpyridyl ligand. In dye 134 two thiocyanate ligands are furthermore replaced with a
hexylthiophene-substituted bipyridyl ancillary ligand.

181

Thiophene-Substituted Polypyridyl Ru(II) Complexes as Sensitizers in n-Type Dye-Sensitized Solar Cells

Figure 3.20: Sensitizers 133 and 134 and the prototype back dye 140.

The photophysical properties of the three complexes were determined by UV-vis spectroscopy in
DMF solution. The absorption spectra of the three dyes displayed in Figure 3.21 covered a broad
spectral range from 250 to 600 nm for bipyridyl Ru(II) complex 134 and even to 800 nm in case of
134. Sensitizer 134 exhibited two intense high energy bands at 297 and 350 nm with extinction
coefficients of more than 44,000 L mol-1 cm-1 (Table 3.6). These absorption bands could be
attributed to intraligand n-π and π-π* transitions. Compared to the black dye these bands were
red-shifted by 17 nm and 12 nm, respectively, and the intensity was almost doubled. In case of
133 one high energy band appeared at 319 nm with a high extinction coefficient of 79,400 L mol-1
cm-1 which was very broad ranging from 270-360 nm. The region from 370 to 800 nm was
dominated by MLCT transition bands. The higher energy band of the black dye was located at 398
nm. This band was more like a shoulder in case of dye 134 and showed a bathochromic shift of 22
nm. For 133 the band was even shifted by 61 nm, which was a result of the extended conjugation
in the terpyridyl ligand by insertion of thiophene moieties. For all three complexes this band
exhibited a higher extinction coefficient then the low energy MLCT transition band. Dye 134
showed the lowest-energy MLCT transition band at 546 nm with a remarkable extinction
coefficient of 19,500 L mol-1 cm-1. The black dye showed a 53 nm red-shifted band with a more
than halved extinction coefficient of 8,000 L mol-1 cm-1. The lower extinction coefficient
compared to bipyridyl complexes is usual for terpyridyl complexes. Another red-shift of 45 nm
appeared in case of 133 and the extinction coefficient of 9,400 L mol-1 cm-1 was slightly higher
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compared to the black dye. The drastic increase of the extinction coefficient of 134 in comparison
to the two tris(thiocyanato) complexes was due to the additional thiophene-substituted bipyridyl
ligand. The strong red-shift, however, in case of 133 and the black dye was a benefit of the three
anionic thiocyanate ligands due to their σ-donor character instead of the bipyridyl ligand with πaccepting behaviour. They stabilized the excited states by electron donation to the ruthenium
centre resulting in a lower energy of the π* orbital of the terpyridyl ligand.
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Figure 3.21: Absorption spectra of dyes 133, 134 and black dye 140 measured in DMF.

Table 3.6: Photophysical properties of 133, 134 and black dye 140.

λabs [nm] [a] (ε [L mol-1 cm-1])
133
134

297 (44,400) 350 (47,400) 459 (15,800)
-

319 (79,400) 420 (23,100) 546 (19,500)

black dye 140 280 (25,100) 338 (24,300)
[a]

644 (9,400)

398 (9,500)

599 (8,000)

Measured in DMF at room temperature (298 K).

Cyclic voltammetry was performed to determine the redox behaviour of the sensitizers. The
energy of the HOMO and LUMO levels was calculated from the onset of the respective redox
waves. The voltammograms are depicted in Figure 3.22 and the corresponding data is presented
in Table 3.7. Complex 133 showed two reversible redox waves whereas the redox waves were
irreversible in case of 134. The oxidation wave of 133, which could be attributed to the
Ru(II)/Ru(III) oxidation, appeared at 0.11 V with a cathodic shift of 80 mV in comparison to 134.
The ligand-based one-electron reduction of 133 took place at -1.93 V whereas in 134 the
reduction didn’t occur before -2.36 V. These facts could be explained as a result of the electrondonating thiocyanate ligands. The HOMO energy levels were similar for both dyes (-5.12 eV and
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-5.13 eV), but the complexes differed in the energy of the LUMO levels. In 134 the LUMO was
stabilized by 100 mV leading to a larger band gap of 1.91 eV compared to 1.80 eV in case of 133.
The higher band gap was in accordance with the blue-shift of the absorption spectrum of 134
compared to 133.
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Figure 3.22: Cyclic voltammograms of 133 and 134 in DMF/TBAPF6 (0.1 M).

Table 3.7: Electrochemical properties of 133 and 134.

Eox [V] [a] Ered [V] [a] HOMO [eV] [b] LUMO [eV] [b] ∆E [eV] [c]

[a]

133

0.11

-1.93

-5.12

-3.32

1.80

134

0.19

-2.36

-5.13

-3.22

1.91

+

-1

Measured vs. Fc/Fc in DMF (0.1 M TBAPF6), 298 K, scan rate = 100 mV s . The redox potentials were

calculated by the mean of the cathodic and anodic peak potentials of a quasi-reversible waves:
E° = (Epa+Epc)/2. For the irreversible waves the redox potentials were determined at I0 = 0.855Ip.
[b]

+

Calculated from the onset of the redox waves. Fc/Fc was set to -5.1 eV vs. vacuum.

[c]

Calculated by the

difference of HOMO and LUMO energies.

For application in DSSC a suitable alignment of the frontier energy levels of the sensitizer with the
other materials used in the device is necessary. Therefore the frontier molecular orbital levels of
complex 133 and 134 were compared to the energy level of the TiO2 photoanode and to the
redox couple (Figure 3.23). The LUMO energy levels were located at -3.32 eV and -3.22 eV,
respectively. Therefore, they were sufficiently above the conduction band edge of the TiO2
(-4.0 eV) to ensure electron injection. Furthermore, dye regeneration by the electrolyte should be
efficient, since the HOMO energy levels at -5.12 and -5.13 eV were below the redox potential of
the I-/I3- couple (-4.83 eV).
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Figure 3.23: Energy level diagram of dyes 133 and 134 with respect to the components in a DSSC.

3.5.6 Photovoltaic properties of thiophene-comprising terpyridyl Ru(II) complexes
Both terpyridyl complexes 133 and 134 were investigated as sensitizers in volatile electrolytebased DSSCs by Grätzel and co-workers. A double layer (8 + 5 µm) TiO2 film served as
photoanode. As solvent for the dye solution acetonitrile/tert-BuOH (1:1) was used and in case of
133 10% DMSO where added, whereas the amount was increased to 20% for 134. DINHOP (4:1)
was applied as co-adsorbent for 134, in contrast to cheno (1:1) for 133, which was also used for
the black dye. The devices of 133 were prepared with electrolyte Z960 and the ones of 134 with
Z959 under addition of 100 mM lithium iodide since neat Z959 didn’t include lithium iodide at all.
The current density-voltage characteristics are displayed in Figure 3.24 and the solar cell
parameters are listed in Table 3.8.
Tris(thiocyanato) complex 133 achieved a good efficiency of 7.4% with a JSC of 15.6 mA cm-2, a VOC
of 632 mV, and a FF of 0.74. However, bipyridyl-comprising complex 134 showed a JSC of
6.0 mA cm-2, a VOC of 578 mV, and a FF of 0.76 leading to a PCE of only 2.7%. This reduced
performance could be mainly attributed to a lower current density whereas the photovoltage
was lower as well. The low JSC in case of 134 was probably due to poor light harvesting caused by
low dye loading. Therefore, the dipping time of usually 1 day was increased to 3 days. Thereby,
the JSC slightly augmented to 7.3 mA cm-2 resulting in an efficiency of 3.2% with similar VOC and FF.
Since the current density was still quite low it seemed that the amount of dye molecules
adsorbed on the TiO2 surface was not sufficient for good light harvesting. A reason for this fact
might be the bulky molecular structure of sensitizer 134 comprising a terpyridyl together with a
bipyridyl ligand. Prototype complex black dye was investigated by Han and co-workers.[2b] A
maximum efficiency of 11.1% was obtained with a high JSC of 20.9 mA cm-2, a VOC of 736 mV, and
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a FF of 0.72. Compared to the novel terpyridyl dyes, the higher current density and photovoltage
led to a better performance not attainable with 133 and 134. The lower JSC of 133 compared to
the black dye, despite its promising absorption properties, might be caused by stronger dye
aggregation reducing the electron injection efficiency due to intermolecular energy or electron
transfer via π-π interactions between the sensitizer molecules.
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Figure 3.24: Current density-voltage characteristics under 100 mW cm illumination (solid lines) and in the
dark (dotted lines) of dye 133 and 134.

Table 3.8: Photovoltaic parameters of DSSCs with dye 133, 134 and black dye 140.

Dipping
Electrolyte
time
133 [a]

Z960 [c]

134 [b]

Z959 [d]+100mM LiI

black dye 140 [e]
[a]

[e]

JSC [mA cm-2] VOC [mV]

FF

η [%]

1d

15.6

632

0.74

7.4

1d

6.0

578

0.76

2.7

3d

7.3

576

0.75

3.2

-

20.9

736

0.72

11.1

Dye concentration: 0.3 mM. Co-adsorbent: Cheno (1:1). Solvent: Acetonitrile/tert-BuOH (1:1) + 10%

DMSO. TiO2 film thickness: 8 + 5 µm.

[b]

Dye concentration: 0.3 mM. Co-adsorbent: DINHOP (4:1). Solvent:

Acetonitrile/tert-BuOH (1:1) + 20% DMSO. TiO2 film thickness: 8+5 µm.

[c]

Electrolyte Z960: 1.0 M 1,3-

dimethylimidazolium iodide, 50 mM lithium iodide, 30 mM iodine, 0.5 M 4-tert-butylpyridine (TBP), 0.1 M
guanidinium thiocyanate in acetonitrile/valeronitrile (85:15).

[d]

Electrolyte Z959: 1.0 M 1,3-

dimethylimidazolium iodide, 30 mM iodine, 0.5 M 4-tert-butylpyridine (TBP), 0.1 M guanidinium
thiocyanate in acetonitrile/valeronitrile (85:15).

[e]

Literature data: Acetonitrile/tert-BuOH (1:1) was used as

solvent and cheno (1:1) as co-adsorbent; dye concentration: 0.2 mM; electrolyte: 0.6 M dimethyl propyl
imidazolium iodide, 0.1 M lithium iodide, 0.05 M iodine, 0.5 M tert-butylpyridine in acetonitrile.
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3.6

Summary

In this chapter four novel Ru(II) sensitizers were developed comprising thiophene-substituted
polypyridyl ligands. The dyes featured suitable LUMO energy levels for electron injection into the
conduction band of TiO2 and their HOMO energy levels lay below the redox potential of the
iodide/triiodide mediator for efficient regeneration of the oxidized dye.
Acetylenic spacers were inserted in the anchoring ligand with the aim to increase the distance of
the ruthenium centre from the semiconductor surface to reduce recombination losses.
Compared to standard sensitizer Z907 and dye 146 lacking the ethynyl unit, a positive effect on
the optoelectronic properties was observed, since the absorptivity was increased together with a
bathochromic shift and the LUMO energy level was destabilized leading to a smaller band gap.
The insertion of the ethynyl unit into the ancillary ligand resulted in a slight hypsochromic effect
together with a lower extinction coefficient compared to high efficiency sensitizer 143. Sensitizer
132 yielded efficiencies of 6.7% and 7.3% in conjunction with acetonitrile-based electrolytes.
Remarkably, by usage of a low-volatile electrolyte the efficiency was improved to 8.0%.
In the second part a terpyridyl ligand with extended π-conjugation was developed by insertion of
thiophene unit between the pyridine ring and the carboxyl groups. With this novel ligand black
dye analogue tris(thiocyanato) complex 133 and complex 134 with dinonyl bipyridine as ancillary
ligand was synthesized. The insertion of thiophenes in the terpyridyl anchoring ligand led to a
bathochromic shift and a higher absorptivity of complex 133 compared to black dye. As a result
of the replacement of two thiocyanate ligands with bipyridyl, dye 134 exhibited a high extinction
coefficient together with a blue-shifted absorption compared to black dye. In DSSCs based on a
volatile electrolyte complex 133 with three thiocyanate ligands exhibited a higher performance of
7.4% compared to 3.2% for complex 134 which additionally comprises a bipyridyl ancillary ligand.
The difference was ascribed to the bulky structure of dye 134 reducing the amount of adsorbed
molecules on the semiconductor surface and hence the photocurrent density.

187

Thiophene-Substituted Polypyridyl Ru(II) Complexes as Sensitizers in n-Type Dye-Sensitized Solar Cells

3.7

Experimental part

Remarks given in the experimental part in Chapter 1 are generally also valid in this section.

Instruments and Measurements:
NMR: Chemical shift values (δ) are expressed in parts per million using residual solvent protons
(1H NMR: δ = 7.26 ppm for CDCl3; δ = 4.79 ppm for D2O; δ = 3.31 ppm for CD3OD; δ =2.50 ppm for
DMSO-d6; 13C NMR: δ = 77.00 ppm for CDCl3; δ = 39.43 ppm for DMSO-d6) as internal standard.
The splitting patterns are designated as follows: s (singlet), d (doublet), dd (doublet of doublet), t
(triplet), q (quartet) and m (multiplet). Coupling constants (J) relate to proton-proton couplings
unless otherwise noted. The assignments are Th (thiophene protons) and Py (pyridine protons).

Device fabrication and photovoltaic characterization:
Screen-printed layers of TiO2 particles were employed as photoelectrodes in this study. An 8 μm
thick transparent film of 20 nm sized TiO2 particles was first printed on FTO conducting glass
electrode (NSG, 15 Ω cm-2) and subsequently coated with a 5 μm thick second layer of 400 nm
light-scattering anatase particles (CCIC, Japan). The detailed methods for TiO2 film preparation,
device fabrication, and the photocurrent-voltage measurements can be found in an earlier
report.[54] After sintering at 500 °C and cooling to 80 °C, the sintered TiO2 electrodes were
sensitized by dipping 1 d or 2 d into the dye solution (0.3 mM) in 10% or 20% DMSO and an
acetonitrile and tert-butyl alcohol (volume ratio 1:1) mixture, with either 0.15 mM DINHOP (4:1)
or 0.3 mM cheno (1:1) as co-adsorbent. Three different electrolytes were used for the fabrication
of the cells. The low-volatile electrolyte Z946 contains 1.0 M 1,3-dimethylimidazolium iodide,
0.15 M iodine, 0.5 M n-butyl benzimidazole, 0.1 M guanidinium thiocyanate in 3methoxypropionitrile. Volatile electrolyte Z959 contains 1.0 M 1,3-dimethylimidazolium iodide,
30 mM iodine, 0.5 M 4-tert-butylpyridine (TBP), 0.1 M guanidinium thiocyanate in
acetonitrile/valeronitrile

(85:15).

Volatile

electrolyte

Z960

contains

1.0

M

1,3-

dimethylimidazolium iodide, 50 mM lithium iodide, 30 mM iodine, 0.5 M 4-tert-butylpyridine
(TBP), 0.1 M guanidinium thiocyanate in acetonitrile/valeronitrile (85:15). The cell was sealed
with a 25 μm thick transparent Surlyn ring (from DuPont) at 130 °C for 15 seconds to the counter
electrode (FTO glass, coated with a platinum solution chemically deposited at 450 °C for 15 min).
The cells were filled with the electrolyte through a pre-drilled hole in the counter electrode. The
hole was then sealed with a Bynel disc and a thin glass to avoid leakage of the electrolyte.
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Materials and synthesis:
Diisopropylamine (Merck) was dried under reflux over calcium hydride (Merck) and acetone
(Merck) over phosphorous pentoxide (Merck). 2,2’-Bipyridine 161, ethyl 5-bromothiophene-2carboxylate 166, di-μ-chlorobis[(p-cymene)chlororuthenium(II)] [RuCl2(p-cymene)]2 were purchased from Alfa Aesar. Bis(triphenylphosphine)palladium(II) dichloride Pd(PPh3)2Cl2 , tetra-nbutylammonium fluoride trihydrate TBAF·3H2O, caesium fluoride, picolinic acid, sodium hydride
(60% dispersion in mineral oil), phosphorous pentachloride, phosphorous pentabromide,
isopropylmagnesium chloride (2.0 mol L-1 in THF), n-BuLi (2.5 M in n-hexane), 4,4’-dinonyl-2,2’bipyridine, tetra-n-butylammonium thiocyanate, tetra-n-butylammonium-hydroxide (40 wt% in
water), 2,2’-bipyridine-4,4’-dicarboxylic acid, ruthenium(III) chloride and Sephadex® LH-20 were
purchased from Sigma Aldrich. Hydrogen peroxide (30 wt% in water), oleum-sulphuric acid
(25 wt%), fuming nitric acid, acetyl bromide, sodium hydroxide, phosphorous tribromide,
trimethylsilylacetylene, Celite®, potassium fluoride, N-bromosuccinimide, thionyl chloride,
ammonium acetate, tributyltin chloride and ammonium thiocyanate were purchased from
Merck. Deuterated solvents for NMR spectroscopy were purchased from Aldrich (CDCl3, CD3OD)
and euriso top (DMSO-d6, D2O).

2,2’-Bipyridine N,N’-dioxide (162)[48b, 48c]

53 mL of an aqueous H2O2 solution were added to a solution of 2,2’-bipyridine 161 (20.1 g,
128 mmol) in 150 mL of glacial acetic acid within 20 min at room temperature. After complete
addition, the reaction mixture was heated at 80 °C for 4 h. After slight cooling, 33 mL of an
aqueous H2O2 solution were added again and the heating was continued at 80 °C for 15 h. The
solution was cooled and poured into 500 mL of acetone. The resulting precipitate was collected
by filtration and recrystallization from hot water provided oxidized product 162 (15.5 g, 82.4
mmol, 64%) as white, crystalline solid.

1

H-NMR (400 MHz, D2O): δ = 8.54-8.52 (m, 2H, H-6,6’), 7.92-7.88 (m, 2H, H-3,3’), 7.82-7.80 (m,

4H, H-4,4’,5,5’) ppm.
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4,4’-Dinitro-2,2’-bipyridine N,N’-dioxide (163)[48b, 48c]

37 mL of oleum-sulphuric acid (25 wt%) were added dropwise to 2,2’-bipyridine N,N’-dioxide 162
(13.0 g, 70.0 mmol) at 0 °C. Afterwards, 28 mL of fuming nitric acid were added within 30 min.
The orange solution was heated at 100 °C for 16 h. After pouring into 300 mL of ice-water, the
precipitate was collected by filtration and washed with water until neutral. After drying in
vacuum, nitrated product 163 (7.25 g, 26.1 mmol, 37%) was obtained as light-yellow solid. The
crude product was used in the next step without further purification.

H-NMR (400 MHz, DMSO-d6): δ = 8.69 (d, 4J = 3.3 Hz, 2H, H-3,3’), 8.59 (d, 3J = 7.2 Hz, 2H, H-6,6’),

1

8.37 (dd, 3J = 7.2 Hz, 4J = 3.3 Hz, 2H, H-5,5’) ppm.
13

C-NMR (100 MHz, DMSO-d6): δ = 142.00, 141.11, 140.39, 123.68, 121.83 ppm.

Analytical data were in accordance with literature data.[48c]

4,4’-Dibromo-2,2’-bipyridine N,N’-dioxide (164)[48a, 48b]

4,4’-Dinitro-2,2’-bipyridine N,N’-dioxide 163 (7.20 g, 25.9 mmol) was suspended in 115 mL of
glacial acetic acid. After dropwise addition of acetyl bromide (76.0 mL, 1.03 mmol), the reaction
mixture was heated at 100 °C for 6 h. The orange suspension was poured into ice and neutralized
with aqueous NaOH solution (25 wt%). The solid was collected by filtration, washed with water
and dried in vacuum to afford brominated product 164 (6.33 g, 18.3 mmol, 71%) as a white solid.
The crude product was used in the next step without further purification.

H-NMR (400 MHz, DMSO-d6): δ = 8.28 (d, 3J = 7.0 Hz, 2H, H-6,6’), 8.02 (d, 4J = 2.9 Hz, 2H, H-3,3’),

1

7.78 (dd, 3J = 7.0 Hz, 4J = 2.9 Hz, 2H, H-5,5’) ppm.
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4,4’-Dibromo-2,2’-bipyridine (165)[48a, 48b]

4,4’-Dibromo-2,2’-bipyridine N,N’-dioxide 164 (6.23 g, 18.0 mmol) and phosphorous tribromide
(22.0 mL, 232 mmol) were suspended in 350 mL of chloroform and the reaction mixture was
heated at 70 °C for 5 h. After cooling, the reaction mixture was poured into ice and the pH was
brought to 14 with 6 M NaOH solution. The product was extracted with DCM, the combined
organic layers were dried over Na2SO4 and the solvent was removed by rotary evaporation.
Recrystallization from ethanol/water afforded bipyridine 165 (5.57 g, 17.7 mmol, 99%) as light
yellow solid.

M.p.: 141 °C (DSC); (Lit.: M.p.: 141-142 °C)[48a].
H-NMR (400 MHz, CDCl3): δ = 8.70 (d, 4J = 1.8 Hz, 2H, H-3,3’), 8.53 (d, 3J = 5.3 Hz, 2H, H-6,6’), 7.57

1

(dd, 3J = 5.3 Hz, 4J = 1.9 Hz, 2H, H-5,5’) ppm.
13

C-NMR (100 MHz, DMSO-d6): δ = 154.62, 149.32, 135.02, 127.91, 125.41 ppm.

Analytical data were in accordance with literature data.[48a, 48b]

Ethyl 5-[(trimethylsilyl)ethynyl]thiophene-2-carboxylate (167)[55]

Ethyl 5-bromothiophene-2-carboxylate 166 (1.52 g, 6.47 mmol) was dissolved in 10 mL of dry
toluene and 30 mL of dry diisopropylamine. After degassing, copper (I) iodide (138 mg,
0.72 mmol), PdCl2(PPh3)2 (118 mg, 0.17 mmol) and trimethylsilylacetylene (4.5 mL, 32.5 mmol)
were added and the reaction mixture was stirred at room temperature for 20 h. After filtration
over Celite® and washing down with DCM, TMS protected product 167 (1.42 g, 5.61 mmol, 87%)
was obtained as orange oil after purification by column chromatography (Flash-silica,
DCM/petroleum spirit = 1:1).
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H-NMR (400 MHz, CDCl3): δ = 7.62 (d, 3J = 3.9 Hz, 1H, Th-H-3), 7.16 (d, 3J = 3.9 Hz, 1H, Th-H-4),

1

4.34 (q, 3J = 7.1 Hz, 2H, CH2), 1.36 (t, 3J = 7.1 Hz, 3H, CH2-CH3), 0.25 (s, 9H, Si-(CH3)3) ppm.
13

C-NMR (100 MHz, CDCl3): δ = 134.31, 132.80, 132.72, 119.81, 101.86, 96.61, 61.38, 14.28,

-0.31 ppm.
MS (EI) m/z: [M]+ calcd for C12H16O2SSi: 252; found: 252 [M]+, 237 [M-CH3]+, 237 [M-CH3-C2H5+H]+.
Elemental analysis: calcd (%) for C12H16O2SSi: C 57.10, H 6.39, S 12.70; found: C 56.98, H 6.39,
S 12.81.

Ethyl 5-ethynylthiophene-2-carboxylate (168)

Procedure A:
Ethyl 5-[(trimethylsilyl)ethynyl]thiophene-2-carboxylate 167 (989 mg, 3.92 mmol) was dissolved
in 60 mL of DCM. Potassium fluoride (701 mg, 12.1 mmol) and 15 mL of ethanol were added. The
reaction mixture was stirred at room temperature for 19 h. Since GC-MS showed that the
conversion was not complete, two equivalents of potassium fluoride (503 mg, 8.66 mmol) and
some drops of water were added. After 4 days the reaction was complete and the solvent was
removed under reduced pressure. Deprotected product 168 (694 mg, 3.85 mmol, 98%) was
obtained as light-orange solid after purification by column chromatography (silica, nhexane/DCM = 1:1).

Procedure B:
Ethyl 5-[(trimethylsilyl)ethynyl]thiophene-2-carboxylate 167 (1.16 g, 4.58 mmol) was dissolved in
80 mL of THF and TBAF·3H2O (2.25 g, 7.12 mmol) was added. The reaction mixture, which
immediately became brown, was stirred at room temperature for 1.5 h. Afterwards, water was
added and the product was extracted with DCM. The combined organic layers were dried over
Na2SO4, filtered and the solvent was removed by rotary evaporation. Purification by column
chromatography (silica, n-hexane/DCM = 1:1) afforded ethynyl-substituted product 168 (0.61 g,
3.40 mmol, 74%) as light-orange solid.
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Procedure C:
Ethyl 5-[(trimethylsilyl)ethynyl]thiophene-2-carboxylate 167 (922 mg, 3.65 mmol) was dissolved
in 60 mL of DCM/ethanol (1:1) and caesium fluoride (2.36 g, 15.5 mmol) was added. The reaction
mixture was stirred at room temperature for 3 d. Since GC-MS showed that the conversion was
not complete, TBAF·3H2O (2.10 g, 6.66 mmol) was added and the reaction mixture was stirred for
3 h at room temperature. After removal of the solvent under reduced pressure, the residue was
purified by column chromatography (flash-silica, DCM /petroleum spirit = 1:1) providing
deprotected product 168 (576 mg, 3.20 mmol, 88%) as light-orange solid.

H-NMR (400 MHz, CDCl3): δ = 7.65 (d, 3J = 3.9 Hz, 1H, Th-H-3), 7.22 (d, 3J = 3.9 Hz, 1H, Th-H-4),

1

4.35 (q, 3J = 7.1 Hz, 2H, CH2), 3.45 (s, 1H, ethynyl-H), 1.37 (t, 3J = 7.1 Hz, 3H, CH2-CH3) ppm.
13

C-NMR (100 MHz, CDCl3): δ = 161.38, 134.83, 133.25, 132.76, 128.24, 83.56, 76.21, 61.47,

14.27 ppm.
MS (EI) m/z: [M]+ calcd for C9H8O2S: 180; found: 180 [M]+, 151 [M-C2H5]+, 135 [M-OC2H5]+.
Elemental analysis: calcd (%) for C9H8O2S: C 59.98, H 4.47, S 17.79; found: C 59.95, H 4.51,
S 17.96.

Diethyl 5,5’-[2,2’-bipyridine-4,4’diylbis(ethyne-2,1-diyl)]bis(thiophene-2-carboxylate) (169)

4,4’-Dibromo-2,2’-bipyridine 165 (442 mg, 1.41 mmol) was dissolved in 30 mL of
diisopropylamine and degassed for 2 h. Subsequently, copper(I) iodide (32.1 mg, 169 µmol) and
PdCl2(PPh3)2 (49.9 mg, 71.1 µmol) were added and the reaction mixture was stirred for another
5 min at room temperature. After adding acetylene 168 (576 mg, 3.20 mmol), the reaction
mixture, which immediately became brown, was stirred at 75 °C for 22 h. The next day, the
reaction mixture was filtered over Celite® and the product which remained on top was washed
down with DCM and ethyl acetate. Product 169 (521 mg, 1.02 mmol, 72%) was obtained as white
solid after several recrystallization steps from DCM.
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M.p.: 230 °C (DSC).
H-NMR (400 MHz, CDCl3): δ = 8.71 (d, 3J = 5.0 Hz, 2H, Py-H-6,6’), 8.54 (s, 2H, Py-H-3,3’), 7.72 (d,

1
3

J = 3.9 Hz, 2H, Th-H-3,3’), 7.42 (dd, 3J = 5.0 Hz, 4J = 1.5 Hz, 2H, Py-H-5,5’), 7.31 (d, 3J = 3.9 Hz, 2H,

Th-H-4,4’), 4.39 (q, 3J = 7.1 Hz, 4H, CH2), 1.40 (t, 3J = 7.1 Hz, 6H, CH2-CH3) ppm.
13

C-NMR (100 MHz, CDCl3): δ = 161.34, 149.14, 135.84, 133.44, 133.05, 131.78, 131.75, 128.11,

125.38, 123.14, 92.55, 86.82, 61.57, 14.28 ppm.
MS (MALDI-TOF) m/z: [M]+ calcd for C28H20N2O4S2: 512.09; found: 513.33 [M+H]+, 763.58
[M+DCTB]+, 1024.59 [2M]+.
HRMS (MALDI) m/z: [M]+ calcd for C28H20N2O4S2: 513.09372; found: 422.31641 [M-2OC2H5]+,
513.09345 [M]+, 763.24089 [M+DCTB]+, 1025.17890 [2M]+; δm/m = 0.5 ppm.

5,5’-[2,2’-Bipyridine-4,4’-diylbis(ethyne-2,1-diyl)]bis(thiophene-2-carboxylic acid) (170)

Ester-ligand 169 (99.0 mg, 193 µmol) was dissolved in 120 mL of THF/ethanol (1:1) and heated to
60 °C. Pulverized NaOH (800 mg, 20.0 mmol) was added carefully. After heating at 60 °C for 4 h,
the reaction mixture was cooled to room temperature and acidified with 1 M HCl solution. The
solid was filtered off and washed with DCM. Afterwards, the solid was suspended in water to
remove remaining salt. Product 170 (54.8 mg, 120 µmol, 62%) was obtained as yellow solid by
precipitation with acetone and was collected by centrifugation.

1

H-NMR (400 MHz, DMSO-d6): δ = 8.73 (s, 2H, Py-H-6,6’), 8.41 (s, 2H, Py-H-3,3’), 7.55 (s, 2H, Th-H-

3,3’), 7.35 (s, 2H, Py-H-5,5’), 7.26 (s, 2H, Th-H-4,4’) ppm.
13

C-NMR (125 MHz, DMSO-d6): could not be measured due to low solubility.

MS (MALDI-TOF) m/z: [M]+ calcd for C24H12N2O4S2: 456.02; found: 457.42 [M+H]+, 611.53
[M+DHB]+.
HRMS (MALDI) m/z: [M]+ calcd for C24H12N2O4S2: 457.03112; found: 457.03130 [M]+, 611.05802
[M+DHB]+; δm/m = 0.4 ppm.
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Tetrabutylammonium-cis-diisothiocyanato-(4,4’-dinonyl-2,2’-bipyridin)(5-{4'-[(5-carboxythien2-yl)ethynyl]-2,2'-bipyridin-4-yl-ethynyl}thiophene-2-carboxylate)ruthenium(II) (131)

N

N
N
O

N C S

Ru

S
N

O

N
C

N

S

S
O
HO
C70H91N7O4RuS4
MW: 1323,85 g/mol

4,4’-Dinonyl-2,2’-bipyridine 171 (88.9 mg, 218 µmol) and [RuCl2(p-cymene)]2 172 (66.8 mg,
109 µmol) were heated in 30 mL of dry DMF for 4 h at 70 °C. After adding bipyridine 170
(98.8 mg, 216 µmol), the reaction mixture was stirred for another 4 h at 130 °C in the dark.
Finally, an excess of ammonium thiocyanate (342 mg, 4.50 mmol) was added and the heating was
continued for 4 h at 130 °C. The reaction mixture was cooled to room temperature overnight.
After removal of the solvent by rotary evaporation until 5 mL of DMF remained, water was added
to the residue and the suspension was cooled in the refrigerator at 4 °C for 20 h. The precipitate
was collected by filtration and washed several times with water and once with diethyl ether. The
solid was dried in vacuo for 3 h. The crude product was dissolved in methanol under addition of
aqueous tetra-n-butylammonium hydroxide solution, filtered and purified by Sephadex® LH-20
size exclusion chromatography using methanol as eluent. The middle band containing the dye in
his bis-deprotonated form was collected and concentrated in vacuo. After dissolving in methanol,
tetra-n-butylammonium thiocyanate was added and the pH was brought to around 12 with
aqueous tetra-n-butylammonium hydroxide solution to ensure that the entire compound was
dissolved. Subsequently, nitric acid (0.3 M in methanol) was added slowly to bring the pH to 5.8
where precipitation begins. At this point, the compound was reprotonated on one side. After
cooling in the refrigerator for 15 h, the precipitate was collected by centrifugation and washed
with water. Complex 131 (51.4 mg, 38.8 µmol, 18%) was obtained as black solid.
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H-NMR (400 MHz, DMSO-d6): δ = 9.26 (d, 3J = 6.0 Hz, 1H, Py), 9.07-9.05 (m, 2H, Py), 8.93 (s, 1H,

1

Py), 8.68 (s, 1H, Py), 8.54 (s, 1H, Py), 8.04 (d, 3J = 6.2 Hz, 1H, Th), 7.83 (d, 3J = 6.2 Hz, 1H, Th), 7.637.52 (m, 4H, Py), 7.47 (s, 1H, Py), 7.38 (d, 3J = 5.9 Hz, 1H, Th), 7.34 (d, 3J = 7.2 Hz, 1H, Py), 7.13 (d,
3

J = 5.8 Hz, 1H, Th), 3.17-3.13 (m, 8H, TBA-N-CH2), 2.94-2.88 (m, 4H, Py-CH2), 1.59-1.52 (m, 8H,

CH2), 1.34-1.19 (m, 36H, CH2), 0.93 (t, 3J = 7.3 Hz, 6H, Hex-CH3), 0.85-0.79 (m, 12 H, TBA-CH3)
ppm.
MS (MALDI-TOF) m/z: [M]+ calcd for C54H56N6O4RuS4: 1082.23; found: 1082.74 [M]+, 1035.06 [MCOOH]+, 1024.77 [M-NCS]+, 977.09 [M-COOH-NCS]+.

2-Bromo-5-hexylthiophene (176)[49]

Hexylthiophene 175 (4.04 g, 24.0 mmol) was dissolved in 10 mL of dry DMF. Afterwards, Nbromosuccinimide (4.27 g, 24.0 mmol) dissolved in 10 mL of dry DMF was added at 0 °C under
exclusion of light. The yellow solution was stirred at room temperature for 18 h. The next day,
the orange solution was poured into 50 mL of water and the product was extracted with DCM.
The combined organic layers were dried over Na2SO4, filtered and the solvent was removed by
rotary evaporation. Purification by column chromatography (flash-silica, n-hexane/DCM = 1:1)
afforded brominated product 176 (4.60 g, 18.6 mmol, 78%) as light-yellow oil.

H-NMR (400 MHz, CDCl3): δ = 6.84 (d, 3J = 3.6 Hz, 1H, Th-H-3), 6.53 (d, 3J = 3.7 Hz, 1H, Th-H-4),

1

2.74 (t, 3J = 7.1 Hz, 2H, Th-CH2), 1.66-1.58 (m, 2H, Th-CH2-CH2), 1.38-1.26 (m, 6H, CH2), 0.86 (t,
3

J = 6.9 Hz, 3H, CH3) ppm.

13

C-NMR (100 MHz, CDCl3): δ = 147.63, 129.33, 124.30, 108.50, 31.49, 31.41, 30.31, 28.63, 22.54,

14.06 ppm.
MS (EI) m/z: [M]+ calcd for C10H15BrS: 246; found: 246 [M]+, 177 [M-C5H11]+.
Analytical data were in accordance with literature data.[49]

196

Chapter 3

2-Hexyl-5-trimethylsilylethynylthiophene (177)[49]

2-Bromo-5-hexylthiophene 176 (2.69 g, 10.9 mmol) was dissolved in 20 mL of dry
diisopropylamine and degassed for 1 h. Copper(I) iodide (210 mg, 1.10 mmol) and Pd(PPh3)2Cl2
(191 mg, 272 µmol) were added and the reaction mixture was stirred in warm water for 15 min.
An excess of trimethylsilylacetylene (7.52 mL, 54.4 mmol) was added and the reaction mixture
was heated at 85 °C for 21 h. After filtration over Celite®, the product was washed down with nhexane. TMS-protected product 177 (2.67 g, 10.1 mmol, 93%) was isolated as yellow oil after
purification by column chromatography (flash-silica, n-hexane/DCM = 10:1).

H-NMR (400 MHz, CDCl3): δ = 7.05 (d, 3J = 3.6 Hz, 1H, Th-H-4), 6.61 (d, 3J = 3.6 Hz, 1H, Th-H-3),

1

2.76 (t, 3J = 7.4 Hz, 2H, Th-CH2-), 1.67-1.60 (m, 2H, Th-CH2-CH2), 1.37-1.26 (m, 6H, CH2), 0.88 (t,
3

J = 6.9 Hz, 3H, CH2-CH3), 0.23 (s, 9H, Si-(CH3)3) ppm.

MS (EI) m/z: [M]+ calcd for C15H24SSi: 264; found: 264 [M]+, 249 [M-CH3]+, 193 [M-C5H11]+.

2-Ethynyl-5-hexylthiophene (178)[49, 56]

2-Hexyl-5-trimethylsilylethynylthiophene 177 (1.10 g, 4.15 mmol) and TBAF·3H2O (1.96 g,
6.21 mmol) in 20 mL of THF were stirred for 15 min at room temperature. The reaction mixture
was filtered over silica and the solvent was removed in vacuum. Deprotected product 178
(778 mg, 4.05 mmol, 98%) was isolated as light-yellow oil after purification by column
chromatography (silica, DCM).

H-NMR (400 MHz, CDCl3): δ = 7.10 (d, 3J = 3.6 Hz, 1H, Th-H-3), 6.63 (d, 3J = 3.6 Hz, 1H, Th-H-4),

1

3.28 (s, 1H, ethynyl-H), 2.77 (t, 3J = 7.6 Hz, 2H, Th-CH2), 1.69-1.62 (m, 2H, Th-CH2-CH2), 1.39-1.26
(m, 6H, CH2), 0.89 (t, 3J = 6.9 Hz, 3H, CH2-CH3) ppm.
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MS (EI) m/z: [M]+ calcd for C12H16S: 192; found: 192 [M]+, 121 [M-C5H11]+.
Analytical data were in accordance with literature data.[56]

4,4’-Bis(trimethylsilylethynyl)-2,2’-bipyridine (180)[50]

4,4’-Dibromo-2,2’-bipyridine 165 (1.48 g, 4.72 mmol) was dissolved in 24 mL of dry THF and
15 mL of dry diisopropylamine and degassed for 0.5 h. Copper(I) iodide (104 mg, 543 µmol),
Pd(PPh3)2Cl2 (87.8 mg, 125 µmol), and trimethylsilylacetylene (2.3 mL, 16.6 mmol) were added
and the reaction mixture was stirred at room temperature for 17 h. The next day, the dark red
reaction mixture was filtered over Celite® and the product was washed down with n-hexane.
Product 180 (1.47 g, 4.22 mmol, 90%) was isolated as white crystals after purification by column
chromatography (basic alumina II, n-hexane/ethyl acetate = 6:1).

H-NMR (400 MHz, CDCl3): δ = 8.67 (d, 3J = 5.0 Hz, 2H, H-6,6’), 8.48 (s, 2H, H-3,3’), 7.39 (dd,

1
3

J = 5.1 Hz, 4J = 1.1 Hz, 2H, H-5,5’), 0.27 (s, 18H, Si-(CH3)3) ppm.

Analytical data were in accordance with literature data.[50]

4,4’-Diethynyl-2,2’-bipyridine (181)[50]

4,4’-Bis(trimethylsilylethynyl)-2,2’-bipyridine 180 (1.36 g, 3.90 mmol) was dissolved in 64 mL of
THF/methanol (1:1). After addition of potassium fluoride (933 mg, 16.0 mmol), the reaction
mixture was stirred for 20 h at room temperature. Product 181 (762 mg, 3.73 mmol, 96%) was
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obtained as white crystals after purification by column chromatography (basic alumina II, nhexane/ethyl acetate = 6:1 → 1:1).

M.p.: 208 °C (DSC); (Lit.: M.p.: 192-193 °C).
H-NMR (400 MHz, CDCl3): δ = 8.67 (d, 3J = 4.9 Hz, 2H, H-6,6’), 8.49 (s, 2H, H-3,3’), 7.39 (dd,

1
3

J = 4.9 Hz, 4J = 1.5 Hz, 2H, H-5,5’), 3.33 (s, 2H, ethynyl-H) ppm.

13

C-NMR (100 MHz, CDCl3): δ = 155.19, 149.07, 131.65, 126.31, 123.89, 82.18, 80.99 ppm.

4,4’-Bis[(5-hexylthiophene-2-yl)ethynyl]-2,2’-bipyridine (179)

4,4’-Dibromo-2,2’-bipyridine 165 (556 mg, 1.77 mmol) was dissolved in 40 mL of dry
toluene/diisopropylamine (1:1) and was degassed for 2 h. Copper(I) iodide (40.1 mg, 211 µmol)
and Pd(PPh3)2Cl2 (60.7 mg, 86.5 µmol) were added and the reaction mixture was stirred for
10 min at room temperature. Afterwards, 2-ethynyl-5-hexylthiophene 178 (778 mg, 4.05 mmol)
dissolved in 10 mL of dry toluene was added and the reaction mixture was stirred at 75 °C for
21 h. After filtration over Celite®, the product was washed down with DCM. Recrystallization
from DCM provided product 179 (542 mg, 1.01 mmol, 57%) as yellow crystals.

M.p.: 160 °C (DSC).
H-NMR (400 MHz, CDCl3): δ = 8.68 (d, 3J = 5.0 Hz, 2H, Py-H-6,6’), 8.52 (s, 2H, Py-H-3,3’), 7.41 (d,

1
3

J = 4.7 Hz, 2H, Py-H-5,5’), 7.21 (d, 3J = 3.5 Hz, 2H, Th-H-3,3’), 6.73 (d, 3J = 3.4 Hz, 2H, Th-H-4,4’),

2.82 (t, 3J = 7.6 Hz, 4H, Th-CH2), 1.72-1.65 (m, 4H, Th-CH2-CH2), 1.39-1.31 (m, 12H, CH2), 0.90 (t,
3

J = 6.5 Hz, 6H, CH2-CH3) ppm.

13

C-NMR (100 MHz, CDCl3): δ = 150.27, 148.89, 133.59, 132.87, 125.05, 124.55, 122.89, 119.13,

90.14, 88.74, 31.49, 31.47, 30.27, 28.69, 22.54, 14.06 ppm.
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MS (MALDI-TOF) m/z: [M]+ calcd for C34H36N2S2: 536.23; found: 536.41 [M]+, 786.53 [M+DCTB]+,
1072.61 [2M]+, 1608.85 [3M]+, 2145.16 [4M]+.
HRMS (MALDI) m/z: [M]+ calcd for C34H36N2S2: 537.23927; found: 537.23926 [M]+, 787.38633
[M+DCTB]+, 1073.46975 [2M]+, 1609.69943 [3M]+, 2146.92756 [4M]+; δm/m = 0.02 ppm.

Sodium-cis-diisothiocyanato-{4,4’-bis[(5-hexylthien-2-yl)ethynyl]-2,2’-bipyridine}(4'-carboxy2,2'-bipyridine-4-carboxylate)ruthenium(II) (132)

2,2’-Bipyridine-4,4’-dicarboxylic acid 182 (64.7 mg, 265 µmol) and [RuCl2(p-cymene)]2 172
(80.5 mg, 131 µmol) were heated in 40 mL of dry DMF at 75 °C for 4 h. After addition of
bipyridine 179 (141 mg, 263 µmol), the reaction mixture was further stirred for 3 h at 125 °C in
the dark. At last, an excess of ammonium thiocyanate (452 mg, 5.94 mmol) was added and the
heating was continued for 3 h at 125 °C. After cooling to room temperature for 15 h, the solvent
was reduced to 5 mL. Water was added to the residue and the suspension was cooled in the
refrigerator at 4 °C for 3 d. The precipitate was collected by filtration and washed with water and
diethyl ether. After drying in vacuo for 3 h, the crude complex was dissolved in methanol under
addition of aqueous NaOH solution, filtered and purified by Sephadex® LH-20 size exclusion
chromatography using methanol as eluent. The bis-deprotonated complex was titrated with nitric
acid (0.3 M in methanol) to pH 5.4 to afford complex 132 (20.7 mg, 20.3 µmol, 8%) as monosodium salt as black solid.

H-NMR (400 MHz, CD3OD): δ = 9.45 (d, 3J = 5.8 Hz, 1H, Py), 9.43 (d, 3J = 5.9 Hz, 1H, Py), 9.00 (s,

1

1H, Py), 8.84 (s, 1H, Py), 8.66 (s, 1H, Py), 8.50 (s, 1H, Py), 8.20 (d, 3J = 5.8 Hz, 1H, Py), 7.86 (d,
3

J = 6.1 Hz, 1H, Py), 7.68 (d, 3J = 5.9 Hz, 1H, Py), 7.59-7.57 (m, 1H, Py), 7.55 (d, 3J = 6.1 Hz, 1H, Py),
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7.37 (d, 3J = 3.6 Hz, 1H, Th), 7.26 (d, 3J = 3.7 Hz, 1H, Th), 7.17-7.16 (m, 1H, Py), 6.87 (d, 3J = 3.6 Hz,
1H, Th), 6.80 (d, 3J = 3.7 Hz, 1H, Th), 2.92-2.81 (m, 4H, Th-CH2), 1.77-1.64 (m, 4H, CH2), 1.38-1.32
(m, 12H, CH2), 0.95-0.88 (m, 6H, CH3) ppm.
Proton NMR was measured of the bis-Na salt due to low solubility of the mono-Na salt.
MS (MALDI-TOF) m/z: [M]+ calcd for C48H44N6O4RuS4: 998.14; found: 998.58 [M]+, 940.62 [MNCS]+.

Ethyl 4-chloropicolinate (186)[51a]

DMF (0.5 mL, 6.50 mmol) was added to thionyl chloride (15 mL, 207 mmol) at 40 °C. After being
stirred for 0.5 h at this temperature, pulverized picolinic acid 185 (5.00 g, 40.6 mmol) was added
in small portions within 0.5 h. The red reaction mixture was stirred at 70 °C for 18 h (evolution of
SO2/HCl gas). The next day 25 mL of toluene were added to the formed yellow solid and the
solvent was removed in vacuo. This procedure was repeated twice. Afterwards, 25 mL of toluene
and 10 mL of ethanol were added to the residue at 0 °C and the reaction mixture was stirred at
room temperature for 20 h. After removal of the solvent, 100 mL of an aqueous NaHCO3 solution
(5 wt%) were added and the product was extracted with ethyl acetate. The combined organic
layers were dried over Na2SO4, filtered and the solvent was removed by rotary evaporation.
Purification by column chromatography (silica, n-hexane/ethyl acetate = 3:1) provided product
186 (3.54 g, 19.1 mmol, 47%) as colourless semi-solid.

H-NMR (400 MHz, CDCl3): δ = 8.66 (d, 3J = 5.3 Hz, 1H, H-6), 8.14 (d, 4J = 2.0 Hz, 1H, H-3), 7.50 (dd,

1
3

J = 5.3 Hz, 4J = 2.0 Hz, 1H, H-5), 4.48 (q, 3J = 7.1 Hz, 2H, CH2), 1.44 (t, 3J = 7.1 Hz, 3H, CH3) ppm.

13

C-NMR (100 MHz, CDCl3): δ = 164.07, 150.57, 149.54, 145.44, 126.98, 125.60, 62.37, 14.25 ppm.

Analytical data were in accordance with literature data.[51a]

201

Thiophene-Substituted Polypyridyl Ru(II) Complexes as Sensitizers in n-Type Dye-Sensitized Solar Cells

1,5-Bis(4-chloropyridin-2-yl)pentane-1,3,5-trione (187)[51a]

Ethyl 4-chloropicolinate 186 (2.87 g, 15.5 mmol) and dry acetone (0.46 mL, 6.3 mmol) dissolved
in 15 mL of dry THF were added dropwise within 1 h to a suspension of sodium hydride (633 mg,
15.8 mmol) in 15 mL of dry THF at 40 °C under argon. The resulting orange suspension was
further stirred at 40 °C for 2 h. After cooling to room temperature, the suspension was poured
into 50 mL of water and neutralized with 1 M HCl solution. The yellow solid was collected by
filtration and washed with water. Product 187 (1.96 g, 5.81 mmol, 92%) was dried at 50 °C in
vacuo for 7 h and used without further purification.

M.p.: 213.4 °C (decomposition).
H-NMR (400 MHz, CDCl3, enol tautomer): δ = 14.46 (s, 2H, -OH), 8.56 (d, 3J = 5.2 Hz, 2H, Py-H-

1

6,6’), 8.01 (d, 4J = 1.9 Hz, 2H, Py-H-3,3’), 7.40 (dd, 3J = 5.2 Hz, 4J = 2.0 Hz, 2H, Py-H-5,5’), 6.80 (s,
2H, CH) ppm.
Analytical data were in accordance with literature data.[51a]

4,4’’-Dichloro-(2,2’:6’,2’’-terpyridin)-4’-ol (188)[51]

Trione 187 (5.13 g, 15.2 mmol) and ammonium acetate (8.27 g, 107 mmol) were dissolved in
200 mL of ethanol and heated under reflux for 3 h. After cooling, the formed precipitate was
collected by filtration and washed with diethyl ether to afford product 188 (3.43 g, 10.8 mmol,
71%) as beige solid.

M.p.: 226.4-227.9 °C.
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H-NMR (400 MHz, DMSO-d6): δ = 8.67 (d, 3J = 5.3 Hz, 2H, H-6,6’’), 8.60 (d, 4J = 1.8 Hz, 2H, H-3,3’’),

1

7.82 (s, 2H, H-3’, 5’), 7.62 (dd, 3J = 5.3 Hz, 4J = 2.0 Hz, 2H, H-5,5’’) ppm.
13

C-NMR (100 MHz, DMSO-d6): δ = 166.08, 156.68, 155.29, 150.60, 144.09, 124.18, 120.58,

109.12 ppm.
Analytical data were in accordance with literature data.[51a]

4,4’,4’’-Trichloro-2,2’:6’,2’’-terpyridine (189)[51a]

Cl

Cl

Cl

N
N

N

C15H8Cl3N3
MW: 336,60 g/mol

4,4’’-Dichloro-(2,2’:6’,2’’-terpyridin)-4’-ol 188 (794 mg, 2.50 mmol) and phosphorous
pentachloride (1.32 g, 6.34 mmol) in 30 mL of phosphoryl chloride were heated under reflux for
21 h. After removal of phosphoryl chloride in vacuo, 20 mL of ice-cold water were added to the
residue and the reaction mixture was neutralized with 10 mL of 4 M NaOH solution. The product
was extracted with chloroform. The combined organic layers were dried over Na2SO4, filtered and
the solvent was removed by rotary evaporation affording product 189 (717 mg, 2.13 mmol, 86%)
as beige solid.

M.p.: 216 °C (DSC); (Lit.: M.p.: 192-193 °C)[57]
H-NMR (400 MHz, CDCl3): δ = 8.61 (d, 3J = 5.3 Hz, 2H, H-6,6’’), 8.58 (d, 4J = 1.9 Hz, 2H, H-3,3’’),

1

8.51 (s, 2H, H-3’, 5’), 7.40 (dd, 3J = 5.3 Hz, 4J = 2.1 Hz, 2H, H-5,5’’) ppm.

4,4’,4’’-Tribromo-2,2’:6’,2’’-terpyridine (190)
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Procedure A:
4,4’’-Dichloro-(2,2’:6’,2’’-terpyridin)-4’-ol 188 (400 mg, 1.26 mmol), phosphorous pentabromide
(2.77 g, 6.43 mmol) and phosphoryl bromide (9.27 g, 32.3 mmol) were heated at 140 °C for 3 d.
After cooling, ice-cold water was added and the reaction mixture was stirred for 2 h at room
temperature. The reaction mixture was neutralized with 4 M NaOH solution and finally with solid
NaOH. After addition of aqueous Na2S2O3 solution, the product was extracted with DCM. The
combined organic layers were dried over Na2SO4, filtered and the solvent was removed by rotary
evaporation providing brominated product 190 (584 mg, 1.24 mmol, 99%) as beige solid.

Procedure B:
4,4’,4’’-Trichloro-2,2’:6’,2’’-terpyridine 189 (55.9 mg, 166 µmol), phosphorous pentabromide
(400 mg, 929 µmol) and phosphoryl bromide (1.40 g, 4.94 mmol) were heated at 130 °C for 3 d.
After cooling, ice-cold water was added and the reaction mixture was stirred for 1 h at room
temperature. The reaction mixture was neutralized with 4 M NaOH solution and the product was
extracted with DCM. The combined organic layers were dried over Na2SO4, filtered and the
solvent was removed by rotary evaporation affording brominated product 190 (73.4 mg, 156
µmol, 94%) as beige solid.

M.p.: 218 °C (DSC).
H-NMR (400 MHz, CDCl3): δ = 8.72 (d, 4J = 1.7 Hz, 2H, H-3,3’’), 8.67 (s, 2H, H-3’, 5’), 8.52 (d,

1

J = 5.0 Hz, 2H, H-6,6’’), 7.55 (dd, 3J = 5.2 Hz, 4J = 1.9 Hz, 2H, H-5,5’’) ppm.

3

13

C-NMR (125 MHz, CDCl3): δ = 155.86, 155.29, 149.92, 135.24, 134.04, 127.60, 125.16, 124.75

ppm.
Elemental analysis: calcd (%) for C15H8Br3N3: C 38.34, H 1.72, N 8.94; found: C 38.15, H 1.81,
N 8.90.

Ethyl 5-(trimethylstannyl)thiophene-2-carboxylate (191)
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Ethyl 5-bromothiophene-2-carboxylate 166 (3.31 g, 14.1 mmol) dissolved in 10 mL of dry THF was
added to isopropylmagnesium chloride (1.76 M in THF, 9.6 mL, 16.9 mmol) in 10 mL of dry THF at
0 °C. After stirring for 10 min at 0 °C, the reaction was quenched with trimethyltin chloride
(4.15 g, 20.8 mmol) in 10 mL of dry THF and further stirred for 18 h at room temperature. After
addition of water, the product was extracted with DCM. The combined organic layers were dried
over Na2SO4, filtered and the solvent was removed by rotary evaporation providing stannylated
product 191 (4.58 g, 82%) as orange oil. The isolated compound contained 10% dehalogenated
product as impurity and was used in the next step without further purification.

H-NMR (400 MHz, CDCl3): δ = 7.87 (d, 3J = 3.5 Hz, 1H, Th-H-3), 7.17 (d, 3J = 3.5 Hz, 1H, Th-H-4),

1

4.34 (q, 3J = 7.1 Hz, 2H, CH2), 1.37 (t, 3J = 7.1 Hz, 3H, CH3), 0.40 (s, 9H, Sn-(CH3)3) ppm.
MS (EI) m/z: [M]+ calcd for C10H16O2SSn: 320; found: 306 [M-CH3]+, 275 [M-3CH3]+.

Triethyl 5,5’,5’’-(2,2’:6’,2’’-terpyridine-4,4’,4’’-triyl)tris(thiophene-2-carboxylate) (192)

4,4’,4’’-Tribromo-2,2’:6’,2’’-terpyridine 190 (264 mg, 562 µmol), ethyl 5-(trimethylstannyl)thiophene-2-carboxylate 191 (734 mg, 2.30 mmol) and Pd(PPh3)2Cl2 (37.9 mg, 53.9 µmol) were
dissolved in 50 mL of dry DMF under argon and degassed several times. The reaction mixture was
heated at 110 °C for 22 h. After removal of the solvent, the residue was purified by soxhlet
extraction with DCM providing thiophene-substituted product 192 (334 mg, 480 µmol, 85%) as
white solid.

M.p.: 256.1-257.4 °C.
H-NMR (400 MHz, CDCl3): δ = 8.96 (d, 4J = 1.7 Hz, 2H, Py-H-3,3’’), 8.77 (d, 3J = 5.2 Hz, 2H, Py-H-

1

6,6’’), 8.75 (s, 2H, Py-H-3’,5’), 7.89 (d, 3J = 3.9 Hz, 2H, Th-H,H’’), 7.86 (d, 3J = 3.9 Hz, 1H, Th-H’),
7.75 (d, 3J = 3.9 Hz, 1H, Th-H’), 7.69 (d, 3J = 3.9 Hz, 2H, Th-H,H’’), 7.59 (dd, 3J = 5.1 Hz, 4J = 1.7 Hz,
2H, Py-H-5,5’’), 4.44-4.38 (m, 6H, CH2), 1.44-1.39 (m, 9H, CH3) ppm.
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C-NMR (125 MHz, CDCl3): could not be measured due to low solubility.

MS (MALDI-TOF) m/z: [M]+ calcd for C36H29N3O6S3: 695.12; found: 695.35 [M]+, 717.35 [M+Na]+.
Elemental analysis: calcd (%) for C36H29N3O6S3: C 62.14, H 4.20, N 6.04; S 13.82; found: C 61.96, H
4.39, N 5.96; S 13.97.

Trichloro-[triethyl 5,5’,5’’-(2,2’:6’,2’’-terpyridine-4,4’,4’’-triyl)tris(thiophene-2-carboxylate)]ruthenium(III) (193)

Ruthenium(III) chloride was dissolved in 40 mL of ethanol and degassed. Terpyridine 192
(157 mg, 225 µmol) dissolved in 35 mL of DCM was added. The reddish-brown reaction mixture
was heated at 55 °C for 3.5 h. Some solvent was removed by rotary evaporation and after cooling
to room temperature, the solid was collected by filtration and washed with ethanol. Product 193
(187 mg, 92%) was obtained as red-brown solid after drying in vacuo for 19 h. The complex was
directly used in the next step.

1

H-NMR: could not be measured as Ru(III) is paramagnetic.

MS (MALDI-TOF) m/z: [M]+ calcd for C36H29Cl3N3O6RuS3: 901.93; found: 863.24 [M-Cl]+, 831.27 [M2Cl]+, 794.27 [M-3Cl]+, 696.35 [M-Ru-3Cl]+.
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Tris(isothiocyanato-[triethyl 5,5’,5’’-(2,2’:6’,2’’-terpyridine-4,4’,4’’-triyl)tris(thiophene-2-carboxylate)]ruthenium(III) (194)

Trichloro-complex 193 (170 mg, 188 µmol) was dissolved in 30 mL of DMF, degassed and stirred
for 5 min in the dark. An excess of ammonium thiocyanate (456 mg, 5.99 mmol) was added and
the reddish-brown reaction mixture was heated at 130 °C for 4 h, resulting in a red-purple
solution. After removal of the solvent by rotary evaporation, water was added and the
suspension was cooled in the refrigerator at 4 °C for 15 h. The precipitate was collected by
filtration and washed with water and diethyl ether to afford complex 194 (149 mg, 151 µmol,
80%) as black solid.

MS (MALDI-TOF) m/z: [M]+ calcd for C39H35N6O6RuS6: 970.95; found: 976.58 [M+5H]+, 1022.57
[M+2Na]+, 913.46 [M-NCS]+, 883.53 [M-NCS-C2H5]+, 855.36 [M-2NCS]+, 826.42 [M-2NCS-C2H5]+,
794.48 [M-3NCS]+.

Bis(tetrabutylammonium)-tris(isothiocyanato-{5-[4',4''-bis(5-carboxythien-2-yl)-2,2':6',2''terpyridin-4-yl]thiophene-2-carboxylate}ruthenium(III) (133)

207

Thiophene-Substituted Polypyridyl Ru(II) Complexes as Sensitizers in n-Type Dye-Sensitized Solar Cells

Complex 194 (59.5 mg, 61.2 µmol) was dissolved in 14 mL of acetone. After adding 1.84 mL of a
1 M NaOH solution (1.84 mmol), the reaction mixture was heated under reflux for 4 h in the dark.
After removal of the solvent, water was added and the reaction mixture was cooled down in the
refrigerator for 15 h. 1M HCl solution was added to acidify the solution. The formed precipitate
was collected by filtration and washed with acetone and DCM. The compound was purified by
Sephadex® LH-20 size exclusion chromatography using methanol as eluent under addition of
aqueous tetra-n-butylammonium hydroxide solution. The tris-deprotonated complex was titrated
with 1 M HCl solution to pH 4.8 to afford complex 133 (9.00 mg, 6.57 µmol, 11%) in its monodeprotonated form as black solid.

1

H-NMR (400 MHz, CD3OD): δ = 8.86 (s, 2H, Py), 8.38 (s, 3H, Py), 8.06 (s, 2H, Py), 7.99 (s, 2H, Th,

Py), 7.75 (s, 5H, Th), 3.21-3.17 (m, 16 H, N-CH2) 1.62-1.61 (m, 16H, CH2), 1.40 -1.29 (m, 16H,
CH2-CH3) 0.98 (t, 3J = 7.1 Hz, 24H, CH3) ppm.
MS (MALDI-TOF) m/z: [M]+ calcd for C33H17N6O6RuS6: 886.86; found: 938.25 [M+2Na]+, 829.06 [MNCS] +, 798.15 [M-2COOH] +.

2-Tributylstannyl-5-hexylthiophene (197)[53]

S

Sn

C22H42SSn
MW: 457,34 g/mol

2-Hexylthiophene 175 (4.61 g, 27.4 mmol) was dissolved in 20 mL of dry THF and n-BuLi (2.5 M in
n-hexane, 12.4 mL, 31.0 mmol) was added within 30 min at -25 °C under argon. After stirring for
1 h at this temperature, tributyltin chloride (8.00 mL, 29.5 mmol) was added. The reaction
mixture was further stirred at -25 °C for 0.5 h. After stirring for 2 h at room temperature,
saturated NH4Cl solution was added and the product was extracted with DCM. The combined
organic layers were dried over Na2SO4, filtered and the solvent was removed by rotary
evaporation affording stannylated product 197 (12.5 g, 27.3 mmol, 100%) as yellow oil. The
compound was used without further purification.
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H-NMR (400 MHz, CDCl3): δ = 6.98 (d, 3J = 3.2 Hz, 1H, Th-H-3), 6.90 (d, 3J = 3.2 Hz, 1H, Th-H-4),

1

2.86 (t, 3J = 7.7 Hz, 2H, Th-CH2), 1.72-1.63 (m, 2H, CH2), 1.60-1.52 (m, 6H, CH2), 1.38-1.27 (m, 12H,
CH2), 1.09-1.05 (m, 6H, CH2), 0.91-0.88 (m, 12H, CH3) ppm.

4,4’-Bis(5-hexylthien-2-yl)-2,2’-bipyridine (198)[39]

4,4’-Dibromo-2,2’-bipyridine 165 (501 mg, 1.60 mmol), 2-tributylstannyl-5-hexylthiophene 197
(1.88 g, 4.10 mmol), and Pd(PPh3)2Cl2 (54.5 mg, 77.6 µmol) were dissolved in 45 mL of dry DMF
under argon and degassed several times. The reaction mixture was heated at 85 °C for 21 h. After
removal of the solvent, water was added to the residue and the product was extracted with
DCM. The combined organic layers were dried over Na2SO4, filtered and the solvent was removed
by rotary evaporation. Thiophene-substituted product 198 (675 mg, 1.38 mmol, 86%) was
obtained as ivory white solid after recrystallization from DCM/n-hexane.

M.p.: 105 °C (DSC).
H-NMR (400 MHz, CDCl3): δ = 8.64 (d, 3J = 5.2 Hz, 2H, Py-H-6,6’), 8.59 (d, 4J = 1.3 Hz, 2H, Py-H-

1

3,3’), 7.48 (d, 3J = 3.6 Hz, 2H, Th-H-3,3’), 7.45 (dd, 3J = 5.2 Hz, 4J = 1.8 Hz, 2H, Py-H-5,5’’), 6.82 (d,
3

J = 3.6 Hz, 2H, Th-H-4,4’), 2.85 (t, 3J = 7.6 Hz, 4H, Th-CH2), 1.76-1.68 (m, 4H, Th-CH2-CH2), 1.43-

1.30 (m, 12H, CH2), 0.90 (t, 3J = 6.9 Hz, 6H, CH2-CH3) ppm.
13

C-NMR (100 MHz, CDCl3): 156.52, 149.58, 148.53, 142.67, 138.60, 125.50, 125.45, 119.45,

116.83, 31.55, 31.52, 30.37, 28.74, 22.56, 14.08 ppm.
MS (MALDI-TOF) m/z: [M]+ calcd for C30H36N2S2: 488.23; found: 489.52 [M+H]+, 737.76
[M+DCTB]+, 990.04 [M+2DCTB]+, 1039.91 [2M+Cu]+.
Analytical data were in accordance with literature data.[39]
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Isocyanato-[4,4’-bis(5-hexylthien-2-yl)-2,2’-bipyridine][triethyl-5,5’,5’’-(2,2’:6’,2’’-terpyridine4,4’,4’’-triyl)tris(thiophene-2-carboxylate]ruthenium(II) thiocyanate (199)

Complex 193 (126 mg, 140 µmol) and bipyridine 197 (68.4 mg, 140 µmol) were dissolved in 25 mL
of DMF. After degassing, the reaction mixture was heated at 130 °C for 4 h under argon and light
exclusion. An excess of ammonium thiocyanate (107 mg, 1.41 mmol) was added and the heating
was continued for 4 h at this temperature. The conversion was monitored by UV-vis absorption.
After removal of the solvent, water was added to the residue and the suspension was cooled
down in the refrigerator for 15 h. The precipitate was filtered off, washed with water and dried in
vacuo to afford complex 199 (175 mg, 125 µmol, 89%) as dark solid. The complex was directly
used in the next step.

MS (MALDI-TOF) m/z: [M]+ calcd for C67H65N6O6RuS6+: 1343.23; found: 1320.70 [M-OC2H5+Na]+.
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Bis(tetrabutylammonium)-isocyanato-[4,4’-bis(5-hexylthiophen-2-yl)-2,2’-bipyridine]{5,5'-[4''(5-carboxythien-2-yl)-2,2':6',2''-terpyridine-4,4'-diyl]bis(thiophene-2-carboxylate)}ruthenium(II)
chloride(134)

The hydrolysis was analogously performed as for complex 133.
Tris(thiocyanato) complex 199 (175 mg, 125 µmol) was dissolved in 35 mL of acetone and
hydrolyzed with 3.80 mL of a 1 M NaOH (3.8 mmol) solution. After purification by Sephadex® LH20 size exclusion chromatography using methanol as eluent under addition of aqueous tetra-nbutylammonium hydroxide solution, the complex was titrated with nitric acid (0.3 M in
methanol) to pH 4.9 to afford complex 134 (40.9 mg, 23.5 µmol, 19%) in its mono-deprotonated
form as black solid.

H-NMR (500 MHz, DMSO-d6, 360 K): δ = 8.86 (d, 3J = 5.9 Hz, 1H, Py), 8.45 (s, 2H, Py), 8.29 (s, 2H,

1

Py), 8.02-8.01 (m, 2H, Py), 7.52 (d, 3J = 3.9 Hz, 1H, Th), 7.50 (dd, 3J = 6.1 Hz, 4J = 1.9 Hz, 2H, Py),
7.33 (d, 3J = 3.6 Hz, 1H, Th), 7.19 (d, 3J = 3.9 Hz, 2H, Th), 7.11 (d, 3J = 3.9 Hz, 2H, Th), 7.04 (d,
3

J = 6.0 Hz, 2H, Py), 6.98 (d, 3J = 3.8 Hz, 1H, Th), 6.93 (d, 3J = 3.8 Hz, 1H, Th), 6.90 (dd, 3J = 5.8 Hz,

4

J = 1.8 Hz, 1H, Py), 6.54 (d, 3J = 6.2 Hz, 1H, Py), 6.48 (dd, 3J = 6.1 Hz, 4J = 2.0 Hz, 1H, Py), 6.38 (d,

3

J = 3.7 Hz, 1H, Th), 6.17 (d, 3J = 3.8 Hz, 1H, Th), 2.29-2.26 (m, 2H, CH2), 2.13-2.07 (m, 2H, CH2),

1.95-1.94 (m, 2H, CH2), 1.90-1.88 (m, 2H, CH2), 1.68-1.66 (m, 2H, CH2), 1.13-1.06 (m, 4H, CH2),
0.96-0.90 (m, 6H, CH2), 0.80-0.73 (m, 4H, CH2), 0.71-0.60 (m, 12H, CH2), 0.59-0.50 (m, 8H, CH2),
0.28-0.25 (m, 6H, CH2-CH3), 0.23-0.18 (m, 6H, CH2-CH3), 0.16-0.10 (m, 6H, CH2-CH3) ppm.
MS (MALDI-TOF) m/z: [M]+ calcd for C61H53N6O6RuS6: 1259.14; found: 1259.56 [M]+.
HRMS (MALDI) m/z: [M]+ calcd for C61H53N6O6RuS6: 1259.12433; found: 1259.12583 [M]+,
1215.13718 [M-COOH]+, 1136.33345 [M-2COOH-NCS+Na]+; δm/m = 1.2 ppm.
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CHAPTER 4
S,N-Heteroacene-Comprising Donor-π-Acceptor Dyes
as Sensitizers in p-Type Dye-Sensitized Solar Cells

4.1

Introduction and aim of the work

Another generation of dye-sensitized solar cells (DSSCs) are the p-type DSSCs.[1] In contrary to ntype counterparts discussed in Chapter 3, which are based on the sensitization of a semiconductor photoanode, a p-type semiconductor photoactive cathode is applied in p-type DSSCs.
For application in p-type devices with NiO photocathodes two novel donor-π-acceptor (D-π-A)
sensitizers were developed and synthesized (Figure 4.1). Their structures are based on the pushpull architecture, whereby perylenemonoimide (PMI) serves as electron-withdrawing unit and
triphenylamine (TPA) as electron-donating part. Both moieties in combination were already
successfully implemented in sensitizers for p-type DSSCs.[2] The donor and acceptor unit are
separated by a π-bridge, which is a rigidified dithienopyrrole (DTP) in case of PMI-DTP-TPA 200
and an extended analogue pentafused system named SN5 in PMI-SN5-TPA 201. Both fused
systems are substituted with branched 2-ethylhexyl chains, on the one hand to shield the
photocathode from the electrolyte system in order to reduce recombination losses and on the
other hand to suppress dye aggregation which would lead to intermolecular energy transfer. Two
carboxyl groups are attached on the TPA donor part as anchoring groups for strong binding to the
semiconductor surface. The covalent fastening of the oligothiophene unit with nitrogens
increases the donor ability of the π-bridge which should lead to a better light harvesting upon
batho- and hyperchromic absorption. DTP proved to be a promising π-linker in D-π-A organic
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dyes for n-type DSSCs yielding efficiencies up to 9.5% as enhanced photocurrents are attainable
owing to its strong electron-donating ability.[3] But up to now heteroacenes comprising both
thiophene and pyrrole rings were not employed in sensitizers for p-type DSSCs.

Figure 4.1: Novel triads 200 and 201 with fused π-bridge bearing perylenemonoimide as acceptor and
triphenylamine as donor.

In the first part the embodiment and the working principle of a p-type DSSC is described as well
as attempts to replace and optimize the components in a device. Subsequently, a closer look is
given on the most crucial part of the device namely the sensitizer and some important structures
are presented which are related to the novel triads. Finally an application possibility of p-type
devices is shown.
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4.2

Operation principle and components of a p-type DSSC

P-Type DSSCs operate in an inverse mode than n-type devices. Instead of a sensitized
photoanode consisting of a n-type semiconductor (TiO2) and a photoinert cathode, which are
applied in n-type DSSCs, a p-type photoactive cathode is used together with a platinized
conducting glass as passive anode. Usually, NiO with a wide band gap of 3.5 eV serves as p-type
semiconductor. The working principle in p-type DSSCs is the other way round than in n-type
devices (Figure 4.2). Upon illumination of the p-type device through the photocathode side, the
dye absorbs photons and an electron is excited form the highest occupied molecular orbital
(HOMO) into the lowest unoccupied molecular orbital (LUMO). In n-type DSSCs the electron is
injected from the LUMO into the conduction band of the TiO2 semiconductor. On the contrary, in
p-type DSSCs a hole is injected from the HOMO of the dye into the valence band of the
nanostructured NiO semiconductor. Alternatively described, an electron from the NiO film is
transferred to the HOMO level of the sensitizer. To ensure a sufficient driving force for hole
injection, the HOMO of the dye has to be 0.6 eV[4] below the valence band edge of NiO (-5.0 eV).
The negatively charged dye is oxidized back in its neutral state by electron donation to the
electrolyte system consisting of the iodide/triiodide couple or a Co2+/3+ complex. For this step the
LUMO energy level has to be above the redox potential of the electrolyte system and
concurrently far below the conduction band edge of NiO (-1.5 eV). In case of the iodide-based
electrolyte the oxidation of the dye is a two-electron process. First of all triiodide (I3-) is reduced
to iodine radical anion (I2·-) and then further to iodide (I-). For the regeneration of the dye the I3/I2·- energy level is decisive. At the counter electrode iodide is oxidized back to triiodide.

Figure 4.2: Energy level diagram of the components used in a p-type DSSC. Reprinted with permission.

[5]
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Similar to n-type devices, undesirable processes can occur, which diminish the performance of
the device. An injected hole can recombine with the reduced sensitizer or with iodide in the
redox shuttle, which is known as dark current. Another loss mechanism is the radiationless
relaxation of the dye from the excited to the ground state.
In p-type DSSCs the maximum attainable VOC is thermodynamically determined by the difference
in energy of the valence band edge of NiO (-5.0 eV) and the redox potential of the electrolyte
system. In combination with the iodide/triiodide shuttle (-4.8 eV) photovoltages of only
0.15-0.2 V[1d] are achievable, whereas the Co2+/3+ couple (-4.38 eV) delivers higher VOCs due to its
higher lying redox potential.
P-Type DSSCs are far less explored than their n-type counterparts. Nevertheless some research
efforts have been made in optimizing the components applied in a device.
The most investigated photocathode materials is unequivocally NiO due to its good thermal and
chemical stability as well as its transparency. Different forms of this metal oxide such as
nanoparticles[2a, 2d, 2e, 6], microballs[2b] or nanorods[7] were applied in p-type devices. NiO however
suffers from a high valence band and its low hole diffusion coefficients (10-8-10-7 cm2 s-1).[4, 6a]
These obstacles reduce the attainable photovoltage and increase the possibility of recombination
of injected holes with either the dye anion or the redox mediator. Therefore, other wide band
gap oxides such as the delafossites, CuAlO2,[8] CuGaO2,[9] and CuCrO2[10] were tested as
candidates to replace NiO. They benefit from a lower lying valence band in comparison to NiO
rendering higher VOCs possible, but the efficiency is still inferior as they don’t reach the same
photocurrent densities.
Another attempt to increase the photovoltage is the exchange of the typical iodide/triiodide
electrolyte with other redox mediators that exhibit a lower lying potential. Other drawbacks such
as corrosity, absorptivity extending to the visible region, and the two electron redox process
additionally encouraged researches to explore alternatives to this standard shuttle. Tris-bipyridyl
Co(II/III) derivatives[11] were tested as suitable redox shuttles affording VOCs up to 350 mV as well
as tris(1,2-diaminoethane)cobalt(II/III) complexes[2d, 2e] even attaining a record VOC of 709 mV.
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4.3

D-π-A triads as sensitizers in p-type DSSCs

In p-type DSSCs push-pull organic D-π-A dyes are implemented as sensitizers due to their high
absorptivity and tuneable optoelectronic properties. In contrast to the organic dyes used in ntype DSSC, the anchoring group is not attached on the acceptor unit of the molecule but on the
donor part since the HOMO of the dye should be located close to the NiO surface to afford a
large electronic coupling for effective hole injection.[1d, 12] Additionally, for a long-lived chargeseparated state the LUMO should be spatially removed from the donor part of the molecule and
the photocathode to counteract the fast recombination of the negatively charged dye with
injected holes in the NiO. Alkyl chains proved to be beneficial to reduce dye aggregation and to
cover the semiconductor surface to prevent it from contact to the electrolyte system reducing
the dark current.
The first p-type device was reported by Lindquist and co-workers in 1999.[1a] The generation of a
cathodic photocurrent was observed for erythrosine B adsorbed on nanostructured NiO yielding
a PCE of 0.008%. In the following section some sensitizer comprising polyarylamine as donor, a
thiophene-comprising π-bridge and with various acceptor groups are presented and their
photovoltaic properties are discussed.
The solely D-π-A dyes which incorporated fused π-bridges were reported by Yeh and co-workers
(Figure 4.3).[13] Fluorene and cyclopentadithiophene building blocks were implemented in the
conjugated π-bridge. Di- or triphenylamine was employed as electron-donating moiety, whereas
dicyanovinylene (DCV) and 1,3-diethyl-2-thioxodihydropyrimideine-4,6-dione served as acceptor.
In sensitizers 202-204 just one carboxyl group was attached to the diphenylamine donor,
whereas the other two dyes 205 and 206 bore two anchoring groups. In p-type DSSCs with
iodide/triiodide-based electrolyte efficiencies from 0.053-0.092% were attained. Despite a higher
dye loading on NiO film of dyes 202-204, their measured photocurrent densities were lower due
to ineffective hole injection or light harvesting. The sensitizers 205 and 206 bearing two
anchoring groups featured higher PCEs owing to improved VOC and JSC values. The higher
photovoltages were attributed to suppression of the dark current due to better protection of the
NiO surface from the electrolyte.
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Figure 4.3: D-π-A dyes 202-206 comprising fused building blocks in the π-bridge.

A series of oligothiophenes bound to a PMI acceptor and a TPA donor was investigated as
photocathodic sensitizers by Bäuerle, Bach and co-workers (Figure 4.4).[2a] The regioregularly
hexyl-substituted oligothiophene π-bridge was systematically elongated from a bithiophene (2T)
in 207 to a quaterthiophene (4T) in 208 and finally to a sexithiophene (6T) in 209 controlling the
spatial separation of the photogenerated charge carriers. DFT calculations showed a distribution
of the LUMO over the PMI electron-withdrawing unit and the adjacent thiophene ring. The
HOMO was more evenly distributed on the PMI-oligothiophene dyad in case of dye 207 and 208,
whereas in triad 209 the HOMO was solely located on the 6T moiety. Extending the length of the
π-bridge resulted in decreased charge recombination rates due to a larger distance between the
acceptor unit and the NiO surface. Furthermore, the hydrophobicity of the dye molecule was
increased upon elongation of the hexyl-substituted oligothiophene unit, which proved to be
beneficial for impeding recombination between holes in the NiO with the iodide-based
electrolyte and hence the dark current. Consequently, the parameters were enhanced with
increasing oligothiophene length. In iodide-based devices, PMI-2T-TPA 207 achieved an efficiency
of 0.09% and with dye 208 even 0.19% could be realized. 6T-Sensitizer 209 yielded with 0.41%
the highest efficiency reported so far for p-type DSSCs, with a JSC of 5.35 mA cm-2, a VOC of 218
mV, and a FF of 0.35 together with a high IPCE of 62%. Remarkably, the absorbed photon to
electron conversion efficiency for dye 209 was almost unity. Unfortunately, 30-40% of the
incident light was lost due to absorption of the mesoporous NiO layer which not contributed to
the charge carrier generation.
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Figure 4.4: D-π-A dyes 207-212 bearing PMI acceptor and TPA donor moieties.

Therefore, Powar et al. developed highly crystalline nanostructured NiO microballs as p-type
semiconductor.[2b] The microballs exhibited a higher specific surface area and porosity after
sintering, rendering higher dye loading possible and reducing the self-absorption. Hence, p-DSSCs
based on sensitizer 209 with a 6 µm thick NiO film (3 layers) yielded an unprecedented JSC of
7.0 mA cm-2 and IPCE values of up to 74% resulting in an efficiency of 0.43%. Applying a 4.2 µm
thick film even led to a new record PCE of 0.46% with a slightly lower JSC of 6.36 mA cm-2 but a
higher VOC of 208 mV. This efficiency was again ameliorated to 0.61% by improving the nanoscale
crystallinity of NiO.[6c] The post treatment of NiO increased the hole lifetime and the collection
efficiency leading to a higher photovoltage of 294 mV. PMI-6T-TPA 209 was further investigated
in p-type DSSCs in combination with a tris(1,2-diaminoethane)Co(II/III) electrolyte.[2d, 2e] Due to a
lower redox potential of the [Co(en)3]2+/3+ shuttle by about 340 mV in comparison to the standard
iodide/triiodide couple, a twofold increase in VOC to 709 mV could be realized attaining a
remarkable PCE of 1.3%. Additionally the photocurrent density of 4.44 mA cm-2 still remained
almost as high as for iodide-based devices. Interestingly, the hole lifetime were also comparable
indicating similar recombination losses for both electrolyte systems, although decreasing
lifetimes are known for single-electron redox mediators in n-type devices.[14]
Perera et al. investigated a new tris(acetylacetonato)iron(III)/(II) ([Fe(acac)3]0/1-) complex as
electrolyte in conjunction with sensitizer PMI-6T-TPA 209.[15] With a NiO blocking layer on the
working electrode and chenodeoxycholic acid as electrolyte additive a new record efficiency of
2.51% could be obtained due to an exceptional JSC of 7.65 mA cm-2. Although the new redox
mediator exhibited a 170 mV lower redox potential than the [Co(en)3]2+/3+ shuttle, the measured
VOC values (645 mV) were not as high as for the Co-based electrolyte due to fast charge
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recombination at the FTO/electrolyte interface. The superior performance was ascribed to a
quantitative and faster dye-regeneration rate.
In another series the effect of the alkyl substitution and the insertion of an ethynyl spacer
between the bithiophene bridge and the TPA donor was studied (Figure 4.4).[2c] The hexyl chains
on the bithiophene bridge were altered from one β-position of the thiophene ring pointing
towards the PMI acceptor in dye 207 to the other β-position with direction to the donor unit in
regioisomer 211. The ethynyl bridge was inserted on the one hand to elongate the π-conjugation
(dye 210) and on the other hand to reduce the steric repulsion between the alkyl chains and the
TPA (dye 212). By altering the hexyl pattern the torsion angle between the PMI unit and the
adjacent thiophene ring was reduced leading to an increased conjugation over this dyad due to a
planarization and hence to a slight red-shift of the absorption. The best performance in iodidebased p-type DSSCs yielded sensitizer 210 with a PCE of 0.10% due to a higher current density
compared to counterpart 207 benefiting from the included triple bond. Dyes 211 and 212
exhibited similar performance but their efficiency was halved (0.04 and 0.05%) in comparison to
the regioisomers 207 and 210 upon changing the position of the hexyl chains, which was
attributed to lower charge generation and collection. This result also showed that a partial
decoupling of donor and acceptor units is necessary for good performance. The photoinduced
dye anion lifetime was not influenced by the additional ethynyl spacer indicating similar
recombination kinetics for sensitizer 207 and 210 as well as for 211 and 212, respectively.
Recently, the exchange of the perylene unit in dye 207 with various other electron-acceptors was
reported (Figure 4.5).[16] Dye 213 comprised a dicyanovinylene group (DCV) as acceptor, in case of
sensitizer 214 a tricyanofurane (TCF) was chosen, and in dyes 215 and 216 9,10-dicyano-[1,2b]quinoxaline (DCANQ) and squaraine (SQ) were used as electron-withdrawing units. The varied
acceptor strength had a huge impact on the photophysical and electrochemical properties. The
five dyes showed absorption maxima between 331 nm and 653 nm with extinction coefficients
from 34,000 to 215,300 mol L-1 cm-1. In p-type DSSCs in combination with an iodide/triiodidebased electrolyte, dye 215 with DCANQ acceptor attained the highest efficiency of 0.08% among
the four tested triads, which was also achieved by reference dye 207, despite of its inferior
absorption on NiO film. Remarkably, a higher VOC of 163 mV was measured for DCANQ-dye 215,
due to slower recombination confirmed by impedance spectroscopy. DCV-comprising sensitizer
213 gave a lower efficiency of 0.02% due to reduced JSC and VOC values, resulting on the one hand
from low dye loading and on the other from recombination losses. Quantum chemical
calculations revealed a strong conjugation in dye 213 over the entire molecule, which might be
the reason for less stable charge-separated species. TCF-dye 214 bearing the strongest accepting
group just yielded a PCE of 0.01%, which was ascribed to the low lying LUMO level leading to
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hampered dye regeneration. A moderate efficiency was also measured for SQ-triad 216 owing to
inefficient hole injection since the HOMO distribution was not located on the donor part but on
the SQ acceptor and the energy level was too high. The enhanced performance of dyes 207 and
215 with bulky acceptor units was ascribed to the larger torsion to the adjacent thiophene ring
diminishing recombination of injected holes with negatively charged dye molecules. Furthermore, in case of the other sensitizers the absorption on NiO film was quite poor, reducing the
light-harvesting efficiency and giving rise to dark current.

Figure 4.5: D-π-A dyes 207 and 213-216 consisting of triphenylamine donor, bithiophene π-bridge and
various electron-withdrawing moieties.

4.4

Application of p-type DSSCs

P-type DSSCs still lag far behind their n-type counterparts in photovoltaic performance. This can
be ascribed on the one hand to low VOC values, resulting from the small energy difference of the
NiO valence band edge and the redox potential of the electrolyte and on the other hand to low
JSCs due to much faster recombination of injected holes with reduced dye molecules.[17] The poor
light harvesting caused by deficient dye loading as well as the absorption of NiO itself, not
contributing to the photocurrent generation, are additional reasons for the reduced efficiencies.
But their architecture is interesting for fabrication of tandem DSSCs (Figure 4.6).[1b,

2a, 18]

By

exchange of the passive cathode of a n-type DSSC with a p-type photocathode, a tandem device
can be constructed in a quite simple way with very minor changes. In a tandem DSSC both
electrodes are coated with sensitizers sharing the same electrolyte system. Advantageously, two
dyes can be implemented with complementary spectral coverage leading to a broader light
harvesting. Hence, high energy photons can be collected at the top electrode whereas the other
electrode is responsible for the low energy photons. As the cells are connected in a series
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configuration, the overall photovoltage is determined by the sum of both VOCs in each device.
This means that the VOC is deduced by the difference in the conduction band edge of the n-type
semiconductor and the valence band edge of the p-type semiconductor and not further
depending on the redox potential of the electrolyte. For achieving high efficiencies it is crucial
that both cells attain comparable photocurrent densities, since the overall JSC is limited by the
electrode generating the lower current.
Thereby, a tandem DSSC was fabricated employing an iodide/triiodide redox mediator, using
Ru(II) complex N719 as sensitizer for the photoanode and PMI-6T-TPA 209 for sensitization of the
photocathode.[2a] The TiO2 and NiO film thicknesses were tailored for illumination through both
electrode sides to allow current matching. Upon illumination through the n-type side, a PCE of
1.91% was obtained for the first tandem device, with a JSC of 2.40 mA cm-2, a high VOC of 1 079 mV
and a FF of 0.74. Illumination through the p-side of the second tandem device even yielded an
efficiency of 2.42%, with a higher JSC of 4.07 mA cm-2, a VOC of 958 mV and a FF of 0.62. Till date
this is the highest reported efficiency for tandem DSCCs.

Figure 4.6: Architecture of a tandem DSSC and the occurring electron transfer processes.

Impressive progress has been made in the field of p-type DSSCs. But for fabrication of a tandem
device which exhibits higher efficiency as the currently best n-type devices (13%[19]) there is still
enough room for improvements in p-type devices.

226

Chapter 4

4.5

Results and Discussion

Hereinafter, the synthesis of two push-pull dyes for p-type DSSCs consisting of a PMI acceptor
and a TPA donor which are separated by an electron-rich fused π-bridge is described. The
photophysical and electrochemical properties are discussed and compared to literature known
PMI-2T-TPA 207 with a bithiophene spacer. Triads 200 and 201 were implemented in p-type
DSSCs in conjunction with an iodide/triiodide and a Co(II/III) electrolyte system. The devices were
prepared with the help of Dr. Ze Yu at Monash University in the group of Prof. Dr. Udo Bach.

4.5.1 Synthesis of donor-acceptor substituted S,N-heteroacenes
For the synthesis of unsymmetrical dye PMI-DTP-TPA 200 mono-stannylation of DTP 217 was
performed according to a procedure of Roncali and co-workers (Scheme 4.1).[20] Therefore
lithiation with n-BuLi was carried out at -70 °C in diethyl ether. After quenching of the lithiated
intermediate with trimethyltin chloride, product 218 was obtained in 62% conversion. It was
used in the next step without further purification. The successive Stille-type reaction of monostannylated DTP 218 with brominated PMI 219 was performed in DMF at 110 °C in the presence
of Pd(PPh3)4 catalyst. Dyad 220 was isolated in 65% yield after purification by column
chromatography. For the iodination of PMI-DTP 220 N-iodosuccinimide (NIS) in CHCl3/glacial
acetic acid (1:1) was employed, yielding product 221 quantitatively. In the next step iodinated
dyad 220 was transferred into donor-comprising triad 223 by Pd(0)-catalyzed Suzuki-type crosscoupling reaction with TPA boronic ester 222 in 76% yield. PMI-DTP-TPA 200 with free acid
groups was finally obtained in 97% yield by hydrolysis of tert-butyl ester 223 with trifluoroacetic
acid (TFA) in DCM at room temperature.
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Scheme 4.1: Synthesis of D-π-A dye 200.

For the synthesis of analogue triad PMI-SN5-TPA 201 with extended S,N-heteropentacene core a
similar synthetic route was attempted at the beginning (Scheme 4.2). Mono-stannylated starting
material 87, whose synthesis was already described in Chapter 1, was transferred into PMI-SN5
dyad 224 by Pd(0)-catalyzed Stille-type cross-coupling reaction with brominated PMI 219 in 72%
yield. At first, the following iodination was tried by a mercury-mediated procedure using mercury
caproate and elemental iodine.[2c, 21] However, as main product the dimer of 224 (PMI-SN5-SN5PMI 226) was formed. The application of NIS as iodinating agent yielded mainly starting material
but to some small extent also dimer 226 and iodinated product 225 were detected by MALDITOF-MS. Iodination with the [bis(trifluoroacetoxy)iodo]benzene-iodine system[22] led to an
inseparable mixture of starting material 224, dimer 226 and product 225. As last attempt
bromination with N-bromosuccinimide (NBS) in CHCl3/glacial acetic acid (1:1) was performed at a
decreased temperature of -20 °C, yielding mainly dimer 226.
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Scheme 4.2: Attempted synthesis of D-π-A dye 201.

Consequently, for the synthesis of PMI-SN5-TPA 201 an alternative way was applied (Scheme
4.5). Triad 228 could be finally obtained in a one-pot synthesis by Pd(0)-catalyzed Stille-type
cross-coupling reaction. Bis-stannylated heteropentacene 84, whose synthesis was already
described in Chapter 1, was first treated with brominated PMI derivative 219 in DMF at 110 °C for
2 min. The initially red-brown solution became deep purple, indicating the formation of PMI-SN5
with one stannyl group left. At that moment, the hot oil bath was removed and replaced with a
cold one. Subsequently, iodinated TPA 227 was added and the reaction mixture was heated at
70 °C for 19 h whereby it turned dark green. Since the two Stille-coupling reactions were carried
out in one step according from a bis-stannylated starting material, many by-products were
formed. By MALDI-TOF-MS destannylated by-products (PMI-SN5 224 and TPA-SN5 229), twofold
coupling by-products (PMI-SN5-PMI 230 and TPA-SN5-TPA 231) (Scheme 4.3) and by-products
containing SN5-homo-coupled dimer (PMI-SN5-SN5-PMI 226, PMI-SN5-SN5-TPA 232, and TPASN5-SN5-TPA 233) were detected, which made the separation and purification of the product
very tedious (Scheme 4.4). Nevertheless, triad 228 could be isolated in 22% yield after several
purifications by column and size-exclusion chromatography.
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For the removal of the tert-butyl groups in the last step, TFA was used, as it was successfully
applied in the hydrolysis of DTP-containing triad 223. However, upon addition of TFA to the
solution of ester derivative 228 in DCM, the colour changed from green to purple. UV-vis
measurements of the isolated derivative and the respective ester showed quite differing spectra
which was not the case for the DTP-analogue dye. Therefore, the hydrolysis was carried out with
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a methanolic LiOH solution. In this reaction no colour change was observed and the absorption
spectra of ester 228 and acid derivative 201 were in agreement. It seemed that TFA caused
protonation of the SN5 unit.
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Scheme 4.5: Successful synthesis of D-π-A dye 200.

4.5.2 Characterization of donor-acceptor substituted S,N-heteroacenes
The photophysical properties of sensitizers 200 and 201 were determined by UV-vis spectroscopy
in DMF. The absorption spectra are depicted in Figure 4.7 and the corresponding data is
summarized in Table 4.1. The UV-Vis absorption spectrum of PMI-DTP-TPA 200 showed a high
intensity band at 397 nm with an extinction coefficient of 43,100 mol L-1 cm-1 and a shoulder at
363 nm. This absorption can be ascribed to the π-π*-transition of the TPA-DTP donor part. An
additional broad band between 450 and 700 nm was observed with a maximum at 578 nm and a
lower extinction coefficient of 35,000 mol L-1 cm-1. The longer analogue 201 exhibited a π-π*transition at 422 nm which corresponded to a red-shift of 25 nm in comparison to dye 200.
Additionally, the extinction coefficient of this absorption band was increased to
51,800 mol L-1 cm-1. A broad charge-transfer band appeared at 621 nm which was significantly
red-shifted by 43 nm reflecting the extension of the π-bridge from DTP to SN5. However, the
extinction coefficient was diminished to 26,800 mol L-1 cm-1. Besides, two shoulders at 343 and
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507 nm were clearly visible, indicating that the SN5 π-bridge was partially electronically
decoupled from the perylene-acceptor and the TPA-donor. The effect was less pronounced as in
case of a quater- or a sexithiophene bridge.[23] The calculations shown below were in agreement
with this observation.
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Figure 4.7: Absorption spectra of PMI-DTP-TPA 200 and PMI-SN5-TPA 201 measured in DMF.

The optical gaps were determined from the onset of the longest wavelength absorption band.
Triad 201 bearing an extended heteroacene-bridge consequently showed a smaller band gap of
1.61 eV than counterpart 200 with 1.78 eV. Compared to PMI-2T-TPA 207 with a bithiophene as
π-bridge, PMI-DTP-TPA 200 exhibited a bathochromic shift in both absorption bands of 36 nm
and 60 nm, respectively, which was a result of the covalent fastening with nitrogen atoms
drastically increasing the donor-ability. The extension from 2T to SN5 even led to a red-shift of
61 nm in case of the π-π*-transition band and 103 nm in case of the longest wavelength
absorption band. However, both dyes 200 and 201 exhibited a lower extinction coefficient.

Table 4.1: Photophysical properties of PMI-DTP-TPA 200 and PMI-SN5-TPA 201.

λabs [nm] (ε [L mol-1 cm-1])
PMI-DTP-TPA 200 [a] 363 397 (43,100)

578 (35,000)

1.78

PMI-SN5-TPA 201 [a] 343 422 (51,800) 507 621 (26,800)

1.61

PMI-2T-TPA 207 [c]
[a]

-

361 (57,200) 498 518 (45,000)

Measured in DMF at room temperature (298 K).

in DCM.
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[2c]

-

∆Eopt [eV][b]

[b]

Calculated by 1242/λonset.

[c]

Literature data: measured
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The electrochemical properties were determined by cyclic voltammetry. The potentials were
referenced against the redox couple ferrocene/ferrocenium (Fc/Fc+), which was set to -5.1 eV vs.
vacuum for the estimation of the HOMO and the LUMO energy levels. Figure 4.8 shows the
voltammograms of PMI-DTP-TPA 200 and PMI-SN5-TPA 201 and the data is listed in Table 4.2.
Both dyes showed two reversible oxidation waves which could be assigned to the formation of
stable radical cations and dications of the TPA-heteroacene donor part. By extension of the πbridge from DTP to SN5 the potentials exhibited a cathodic shift from 0.29 V and 0.46 V in case of
triad 200 to 0.05 V and 0.30 eV for analogue 201. The reduction of the PMI acceptor unit was
located at around -1.30 V for both dyes leading to stable radical anions.
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Figure 4.8: Cyclic voltammograms of PMI-DTP-TPA 200 and PMI-SN5-TPA 201 in DMF/TBAPF6 (0.1 M).

The HOMO and LUMO energy levels were determined from the onset of the respective redox
waves. The energies of the LUMO levels of the heteroacene-comprising dyes 200 and 201
(around -3.94 eV) were comparable, but the dyes differed in their HOMO energy levels, since
elongation of the π-linker led to an elevation of the HOMO level. Compared to bithiophenecomprising PMI-2T-TPA 207 the bridging with nitrogen and the resulting increase of the donorstrength of the π-bridge resulted in a shift of the oxidation potentials to lower values and hence
to a destabilization of the HOMO energy levels. The LUMO energy levels were just slightly
affected. Consequently, the band gap was reduced from 1.74 eV in case of 207 to 1.38 eV for 200
and to finally 1.12 eV for 201.
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Table 4.2: Electrochemical properties of PMI-DTP-TPA 200 and PMI-SN5-TPA 201.

Eox1 [V] Eox2 [V] Ered [V] HOMO [eV] [b] LUMO [eV] [b] ∆E [eV] [c]

[a]

PMI-DTP-TPA 200 [a]

0.29

0.46

-1.30

-5.30

-3.92

1.38

PMI-SN5-TPA 201 [a]

0.05

0.30

-1.31

-5.07

-3.95

1.12

PMI-2T-TPA 207 [d]

0.51

0.69

-1.41

-5.54

-3.80

1.74

+

-1

Measured vs. Fc/Fc in DMF (0.1 M TBAPF6), 298 K, scan rate = 100 mV s . The redox potentials were

calculated by the mean of the cathodic and anodic peak potentials of a quasi-reversible waves:
E° = (Epa+Epc)/2.
[c]

[b]

+

Calculated from the onset of the redox waves. Fc/Fc was set to -5.1 eV vs. vacuum.

Calculated by the difference of HOMO and LUMO.

(0.1 M).

[d]

Literature data: measured in DCM/TBAPF6

[2c]

For application in p-type DSSCs the frontier energy levels of the sensitizers has to math with the
energy levels of the other components used in the device. The energy level diagram in Figure 4.9
schematically represents the HOMO and LUMO energy levels of the three donor-π-accept dyes
200, 201 and 207 with respect to the energy levels of the NiO photocathode and the
iodide/triiodide or [Co(en)3]2+/3+ electrolyte. The HOMO levels at -5.54 eV, -5.30 eV, and -5.07 eV
were lower than the valence band edge of NiO (-5.0 eV vs. vacuum or 0.5 V vs. NHE[24]) ensuring
effective hole injection from the dye to the p-type semiconductor. Concurrently, the LUMO levels
at -3.80 eV, -3.92 eV, and -3.95 eV were higher in energy than the redox potential of either the
iodide/triiodide (-4.15 eV vs. vacuum or -0.35 V vs. NHE[24]) or the [Co(en)3]2+/3+ couple (-4.475 eV
vs. vacuum or -0.025 V vs. NHE[2d, 2e]) guaranteeing dye regeneration by electron transfer to the
redox mediator.
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Figure 4.9: Energy level diagram of dyes PMI-2T-TPA 207, PMI-DTP-TPA 200 and PMI-SN5-TPA 201 with
respect to the components in a p-type DSSC.
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The geometry and electron distribution of the frontier molecular orbitals of the three sensitizers
were analyzed by semi-empirical Austin Model 1 (AM1) method under restricted Hartree Fock
conditions by Dr. Amaresh Mishra (Figure 4.10). The LUMO was localized on the PMI acceptor
unit far away from the anchoring group. With respect to p-type devices this implied a separation
of the negative charge from the NiO surface retarding charge recombination. The HOMO in case
of PMI-2T-TPA 207 and PMI-DTP-TPA 200 was evenly distributed almost over the entire
conjugated backbone, with contribution of the PMI moiety and the 2T and DTP, respectively, and
the adjacent phenyl ring of the TPA donor. In case of PMI-SN5-TPA 201 the electron density of
the HOMO was solely localized on the SN5-linker with a continuous distribution on the inner πconjugated backbone and a noticeable contribution of the heteroatoms. This distribution was
similar to PMI-6T-TPA 209 since the HOMO was solely located on the 6T.[2a] From these results
the formation of a long-lived charge-separation excited state was expected upon excitation,
retarding recombination due to spatial separation between injected holes in the NiO and the
negatively charged dye molecule. The HOMO-1 of the DTP-comprising dye 200 exhibited the
same distribution as the HOMO of 201, whereas the HOMO-1 was mainly located on the carbon
backbone in case of SN5-dye 201. For bithienyl-dye 207 a stronger torsion between the PMI
acceptor and the adjacent thiophene ring was observed arising from the hexyl chain in close
proximity, whereas the system was more planar in case of the dyes with fused π-bridge.

Figure 4.10: Frontier molecular orbitals of the three D-π-A dyes by semi-empirical AM1 calculation.
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4.5.3 Photovoltaic properties of donor-acceptor substituted S,N-heteroacenes in ptype DSSCs
Heteroacene-comprising D-π-A dyes 200 and 201 were implemented as sensitizers in p-type
DSSCs investigating their photovoltaic performance together with the group of Prof. Dr. Udo Bach
at Monash University. For the photocathode a 1.5 µm thick NiO was applied. The electrodes were
sensitized in 0.2 mM dye solutions in DMF. As electrolyte systems the iodide/triiodide and the
[Co(en)3]2+/3+ couple were tested. Upon 2 h dyeing, PMI-DTP-TPA 200 attained an initial efficiency
of 0.03% with a JSC of 0.89 mA cm-2, a VOC of 142 mV, and a FF of 0.26 in conjunction with an
iodide/triiodide-based electrolyte (Table 4.3). By elongation of the dyeing period no
improvement was observed since the slight increase in current density was compensated by a
loss in photovoltage. The small difference implied that longer sensitizing didn’t lead to stronger
adsorption on the NiO surface. Upon usage of the Co2+/3+-electrolyte the JSC was raised to
1.16 mA cm-2 and the FF to 0.35 together with a more than doubled VOC of 300 mV (Figure 4.11).
The significant increase in open-circuit voltage could be assigned to the elevated redox level of
the Co(II/III) shuttle (-4.48 eV) compared to the iodide/triiodide systems (-4.8 eV), since the VOC of
p-type DSSCs is defined by the difference of the quasi-Fermi-level in the NiO semiconductor and
the redox potential of the electrolyte.
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Figure 4.11: Current density-voltage characteristics under 100 mW cm illumination (solid lines) and in the
dark (dotted lines) (left side) and IPCE spectra (right side) of PMI-DTP-TPA 200 with different electrolytes.

In an iodide-based device PMI-SN5-TPA 201 showed a reduced PCE of 0.02%, due to a decrease in
JSC to 0.63 mA cm-2 and in VOC to 103 mV. By usage of the Co(II/III)-electrolyte, the voltage
augmented to 197 mV and the current density was doubled to 1.21 mA cm-2 resulting in an
enhanced efficiency of 0.09% (Figure 4.12). Compared to DTP-analogue 200, dye 201 exhibited in
combination with both electrolytes a lower performance in p-type DSSCs, which was mainly due
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to diminished open-circuit voltages. Therefore, higher dark currents were assumed in case of this
dye, since the dye coverage might be too poor to prevent the electrolyte from approaching the
photocathode. Additionally the HOMO energy level of sensitizer 201 (-5.07 eV) might be too close
to the NiO valence band (-5.0 eV) which prevent efficient hole injection.
In comparison to PMI-2T-TPA 207, which yielded a PCE of 0.08% with a JSC of 1.77 mA cm-2, a VOC
of 146 mV and a FF of 0.30 in iodide/triiodide-based cells, triads 200 and 201 with a fused πspacer exhibited lower performances which arose from reduced short-circuit current densities.
The relatively low JSC values might be caused by low quantum efficiencies in case of the charge
injection or for the transport as a result of the more planarized PMI-heteroacene system. Similar
observations were made for a series of PMI-2T-TPA dyes, when the hexyl chains were changed
from one β-position of the thiophene rings pointing towards the perylene acceptor to the other
β-position.[2c] The planarization might also cause increased dye aggregation which impeded
efficient electron transfer. Another reason was probably the faster recombination of the
negatively charged dye with injected electrons in the NiO.
PMI-DTP-TPA 200 and PMI-SN5-TPA 201 exhibited broad IPCE spectra ranging from 350 nm up to
700 nm, respectively. With iodide-based electrolyte peak maxima of 11% and 9% were obtained
in the longer wavelength region, whereas the maxima were reduce to 5% and 4% for
[Co(en)3]2+/3+-based devices. The absorption below 400 nm might partly stem from the triiodide
absorption. The lower IPCE values with Co(II/III)-based electrolyte in comparison to the iodide
counterpart, despite of higher measured photocurrent densities, might be caused by the
oxidative lability of the Co(II/III)-complex leading to fast degradation of the devices.
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Figure 4.12: Current density-voltage characteristics under 100 mW cm illumination (solid lines) and in the
dark (dotted lines) (left side) and IPCE spectra (right side) of PMI-SN5-TPA 201 with different electrolytes.
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Table 4.3: Photovoltaic parameters of p-type DSSCs with 200, 201 and 207.

Dipping
Electrolyte
time

VOC

[mA cm-2] [mV]

η

IPCE

[%]

[%]

FF

PMI-DTP-TPA 200 [a]

I-/I3-[b]

2h

0.89

142

0.26 0.03

8

PMI-DTP-TPA 200 [a]

I-/I3-[b]

overnight

0.94

119

0.23 0.03

11

PMI-DTP-TPA 200 [a] [Co(en)3]2+/3+[c] overnight

1.16

300

0.35 0.12

5

PMI-TN5-TPA 201 [a]

overnight

0.63

103

0.31 0.02

9

PMI-TN5-TPA 202 [a] [Co(en)3]2+/3+[c] overnight

1.21

197

0.38 0.09

4

1.77

146

0.30 0.08

16

PMI-2T-TPA 207 [e]
[a]

JSC

I-/I3-[b]

I-/I3-[b]

2h

Dye solution: 0.2 mM in DMF. NiO film thickness: 1.5 µm.

[b] -

-

I /I3 electrolyte: 0.6 M N-methyl-N-butyl

imidazoliumiodide, 0.5 M 4-tert-butylpyridine (TBP), 0.1 M guanidinium thiocyanate and 0.03 M iodine in
acetonitrile/valeronitrile (85:15).

[c]

2+/3+

[Co(en)3]

: 0.07 M [Co(en)3](BF4)3, 0.3 M Co(BF4)2·6 H2O, 0.1 M

lithium bis(trifluoromethanesulfonylimide) (Li-TFSI) and 1.67 M 1,2-diaminoethane in acetonitrile.
[e]

Literature data.

[2c]

These two novel D-π-A sensitizers bearing ring-fused π-bridges didn’t yield new record
efficiencies. However, structure-property and structure-device performance relationships were
deduced, which could be helpful in the further development of efficient sensitizer for p-type
DSSCs and to promote this much less investigated research field compared to n-type
counterparts.

4.6

Summary

In this chapter two push-pull organic dyes 200 and 201 were synthesized, implementing a
perylenemonoimide electron-accepting unit and a triphenylamine donor part which were
separated by rigidified S,N-heteroacenes. Dye 200 was successfully step-wise synthesized by
Stille- and Suzuki-type coupling reactions whereas a one-pot-synthetic strategy was applied in
case of triad 201. The bridging of the oligothiophene moiety with nitrogen and the resulting
increase in donor-ability led to a bathochromic shift of the charge-transfer band compared to
PMI-2T-TPA 207, however, combined with a decrease in absorptivity. Both effects were even
more pronounced in case of π-extended triad 201. The red-shift was reflected in the rise of the
HOMO energy levels from PMI-2T-TPA 207 to PMI-DTP-TPA 200 to finally PMI-SN5-TPA 201 and
hence narrowing of the band gap.
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DTP-triad 200 had suitable energy levels for efficient hole injection into the valence band of NiO
and for electron transfer to the electrolyte system whereas in case of dye 200 the HOMO level
might be too high in energy for efficient hole injection. Molecular orbital calculation showed
similar distribution of the frontier orbitals in sensitizer 200 and for dye 207. However in triad 201
the HOMO distribution was solely located on the π-bridge which was also observed for the best
performing dye PMI-6T TPA 209. Furthermore, a reduced torsion was observed between the PMI
moiety and the adjacent thiophene ring in triads 200 and 201. P-type devices were prepared
implementing these novel sensitizers and two different electrolyte systems, one based on
iodide/triiodide and the other on a Co(II/III) complex, were investigated. PMI-DTP-TPA 200
attained efficiencies of 0.03 and 0.12%, whereas elongated analogue 201 gave slightly lower PCEs
of 0.02 and 0.09% mainly due to diminished open-circuit voltages. This was ascribed to
insufficient dye loading increasing the dark current and a high lying HOMO energy level impeding
efficient hole injection. In combination with the Co(II/III)-based electrolyte both dyes performed
superior due to higher VOCs than with the iodide-based mediator. Both dyes with fused π-bridge
exhibited lower performances than bithiophene-containing triad 207 which arose from reduced
short-circuit current densities as a result of low quantum efficiencies in case of the charge
injection or for the transport.
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4.7

Experimental part

Remarks given in the experimental part in Chapter 1 are generally also valid in this section.

Instruments and Measurements:
NMR: Chemical shift values (δ) are expressed in parts per million using residual solvent protons
(1H NMR: δ = 7.26 ppm for CDCl3; δ = 5.32 ppm for CD2Cl2; δ = 1.72 ppm for THF-d8; 13C NMR:
δ = 77.00 ppm for CDCl3; δ = 67.21 ppm for THF-d8) as internal standard. The assignments are Th
(thiophene

protons),

Ph

(phenyl

protons),

PMI

(perylenemonoimide

protons),

TPA

(triphenylamine protons) and tBu (tert-butyl protons).

Device fabrication and photovoltaic characterization:
For the counter electrode a 3 mm thick 12.5 × 16.5 mm Nippon Sheet Glass coated with FTO was
cut into cells and broken using metal running pliers. Afterwards a 1 mm hole for the electrolyte
filling was drilled with a diamond burr in one corner of each cell, while the electrode was fully
immersed in water. For the working electrode a 4 mm glass coated with FTO was used. The glass
was cleaned by sonication for 10 min with 5 % Hellmanex solution. Afterwards, it was rinsed with
distilled water and sonicated for another 10 min with ethanol. Prior to use, the glass was stored
in ethanol. The NiO layer (4 × 4 mm) was deposited on top of the working electrode glass by
screen printing using a terpineol-based paste. The paste was produced by grinding NiO (Inframat,
15 g) in ethanol, added in small aliquots. An ethyl cellulose solution in ethanol (10 wt%, 50 mL)
and terpineol (100 mL) were then added and after mixing, ethanol was evaporated to leave a
terpineol-based paste. The printed glass was dried at 125 °C for 5 min and after 5 min cooling,
two reprints were done to increase the film thickness. Afterwards, the three layer thick film was
sintered for 30 min at 400 °C and for 10 min at 550 °C. After storage of the working electrodes,
they had to be re-fired prior to use at 450 °C for 30 min. For sensitisation, the working electrodes
were cooled to around 100 °C, placed back to back into the prepared dye-solution (0.2 mM in
DMF), and left in the dark overnight. After dyeing, the electrodes were rinsed with DMF and
dried with airbrush. The counter electrodes were platinised by adding one drop of platinic acid
(H2PtCl6) solution (10 mM in ethanol) onto the conductive side of each electrode. After drying,
the electrodes were heated for 15 min at 400 °C. For the device construction a working electrode
was placed conductive side up on the heating element. Subsequently, a 25 µm thick Surlyn
(DuPont) gasket was attached in such a way, that the area around the NiO film was on each side
the same. The counter electrode was placed on top with conductive side down so that the hole
was inside the Surlyn ring but not over the film. The cell was put with the heating element
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(120 °C) under the copper tip and pressure (0.2 MPa) was applied for 15 s. For the electrolyte
filling the device was placed with the filling port facing up and one drop of electrolyte solution
was put over the hole. The electrolyte solution contained 0.6 M N-methyl-N-butyl
imidazoliumiodide, 0.5 M 4-tert-butylpyridine, 0.1 M guanidinium thiocyanate and 0.03 M iodine
in 85:15 acetonitrile/valeronitrile. A microscope slide was placed on top and vacuum was applied.
Afterwards, the excess of electrolyte was removed and the filling port was sealed with Surlyn and
aluminium foil heated at 110 °C.
Solar cells were tested using simulated sunlight (AM 1.5 G, 100 mW cm-2) provided by an Oriel
solar simulator with an AM 1.5 G filter. Current-voltage characteristics were measured using a
Keithley 2400 source meter. Cells were biased from high to low, with 10 mV steps and a settling
time of 250 ms between the application of a bias and current measurement. IPCE was measured
with the cell held under short circuit conditions and illuminated by monochromatic light. A
Cornerstone 260 monochromator was used in conjunction with an optical fibre, Keithly 2400
source meter and a 150 W Oriel Xe lamp. Prior to testing, a period of 30 s was introduced to
ensure the dark current dropped to zero when the cell was short-circuited. Additionally, a settling
time of 200 ms was applied between the monochromator switching to a wavelength and
measurement commencing, which was followed by an averaged reading over a period of 1 s.

Materials and synthesis:
DCM was absoluted via MB SPS-800 solvent purifying system (MBraun). Glacial acetic acid, Niodosuccinimide, trifluoro acetic acid and lithium hydroxide were purchased from Merck. 9Bromo-N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide 218 was provided by the Müllen
group. N-(2-Ethylhexyl)-dithieno[3,2-b:2’,3’-d]pyrrole 216,[25] N,N-di(4-benzoic acid tert-butyl
ester)-4-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-phenylamine 221,[23] and N,N-di(benzoic
acid tert-butyl ester)-4-iodod-phenylamine 227[2c] were synthesized in the institute. The synthesis
of 2,7-bis(trimethylstannyl)-4,5-di(2-ethylhexyl)-dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']-dipyrrole 84 was shown in Chapter 1.
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2-(Trimethylstannyl)-N-(2-ethylhexyl)-dithieno[3,2-b:2’,3’-d]pyrrole (218)[20]

To a solution of DTP 217 (193 mg, 0.66 mmol) in 27 mL of dry diethyl ether, n-BuLi (0.47 mL,
0.76 mmol) was added under argon within 20 min at -70 °C. After stirring at room temperature
for 2 h, the dark yellow reaction mixture was quenched with trimethyltin chloride (228 mg,
1.14 mmol) in 0.9 mL of dry diethyl ether at -70 °C. The reaction mixture was stirred at room
temperature for 3 h. After addition of n-hexane, the organic layer was washed three times with
water, dried over Na2SO4 and the solvent was removed under vacuum providing stannylated
product 218 as yellow oil. 1H-NMR showed a conversion of about 62%. The compound was used
in the next step without further purification.

2-{[N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide}-N-(2-ethylhexyl)dithieno[3,2b:2’,3’-d]pyrrole (220)

Mono-stannylated DTP 218 (187 mg, 0.41 mmol) and brominated perylenemonoimide 219
(268 mg, 0.48 mmol) were dissolved in 10 mL of dry DMF and degassed five times before
Pd(PPh3)4 (27.8 mg, 24.1 µmol) was added. The reaction mixture was stirred at 110 °C for 19 h
and the red suspension turned dark purple. After removal of the solvent, water was added to the
residue and the product was extracted with DCM. The combined organic layers were dried over
Na2SO4 and the solvent was removed under reduced pressure. The residue was purified by
column chromatography (Flash-SiO2, DCM/hexane 9:1) to afford dyad 220 (205 mg, 0.27 mmol,
65%) as black solid.
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M.p.: 278 °C (DSC).
H-NMR (400 MHz, CDCl3): δ = 8.70-8.68 (m, 2H, PMI-1H,6H), 8.56 (d, 3J = 8.2 Hz, 2H, PMI-

1

7H,12H), 8.53-8.49 (m, 3H, PMI-2H,5H,8H), 7.83 (d, 3J = 7.9 Hz, 1H, PMI-10H), 7.70 (t, 3J = 8.0 Hz,
1H, PMI-11H), 7.49 (t, 3J = 7.7 Hz, 1H, Ph-4H), 7.35 (d, 3J = 7.8 Hz, 2H, Ph-3H,5H), 7.27 (s, 1H, Th3H), 7.22 (d, 3J = 5.3 Hz, 1H, Th’-5H), 7.05 (d, 3J = 5.3 Hz, 1H, Th’-4H), 4.17-4.14 (m, 2H, N-CH2),
2.81-2.74 (m, 2H, Ph-CH-(CH3)2), 2.07-1.98 (m, 1H, N-CH2-CH), 1.45-1.28 (m, 8H, CH2), 1.18 (d,
3

J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 0.95 (t, 3J = 7.4 Hz, 3H, CH3), 0.90-0.87 (m, 3H, CH3) ppm.

13

C-NMR (100 MHz, CDCl3): δ = 163.94, 163.93, 145.64, 145.36, 145.28, 137.62, 137.51, 137.20,

136.69, 132.53, 131.94, 131.04, 130.42, 129.40, 129.28, 129.20, 129.19, 128.47, 128.36, 127.18,
126.73, 123.99, 123.95, 123.32, 120.86, 120.71, 120.25, 120.02, 115.72, 114.75, 112.60, 111.07,
51.40, 40.49, 30.65, 29.14, 28.64, 24.03, 23.98, 23.00, 14.05, 10.68 ppm.
MS (MALDI-TOF) m/z: [M]+ calcd for C50H46N2O2S2: 770.30; found: 770.31 [M]+.
HRMS (MALDI) m/z: [M]+ calcd for C50H46N2O2S2: 770.29952; found: 770.29984 [M]+;
δm/m = 0.4 ppm.
Elemental analysis: calcd (%) for C50H46N2O2S2: C 77.89, H 6.01, N 3.63, S 8.32; found: C 77.61,
H 6.26, N 3.58, S 8.16.

2-{[N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide}-6-iodo-N-(2-ethylhexyl)dithieno[3,2-b:2’,3’-d]pyrrole (221)

PMI-DTP 220 (108 mg, 0.14 mmol) was dissolved in 18 mL of CHCl3/glacial acetic acid (1:1). After
addition of NIS (32.1 mg, 0.14 mmol), the reaction mixture was stirred at room temperature in
the dark for 20 h. Water was added and the product was extracted with DCM. The combined
organic layers were washed with Na2S2O3 solution and with water. After drying over Na2SO4, the
solvent was removed under reduced pressure providing iodinated product 221 (125 mg,
0.14 mmol, 100%) as black solid.

M.p.: 148 °C (DSC).
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1

H-NMR (400 MHz, CDCl3): δ = 8.69-8.67 (m, 2H, PMI-1H,6H), 8.55-8.47 (m, 5H, PMI-

2H,5H,7H,8H,12H), 7.80 (d, 3J = 7.8 Hz, 1H, PMI-10H), 7.69 (t, 3J = 8.0 Hz, 1H, PMI-11H), 7.49 (t,
3

J = 7.8 Hz, 1H, Ph-4H), 7.35 (d, 3J = 7.8 Hz, 2H, Ph-3H,5H), 7.24 (s, 1H, Th-3H), 7.22 (s, 1H, Th’-5H),

4.10-4.08 (m, 2H, N-CH2), 2.81-2.74 (m, 2H, Ph-CH-(CH3)2), 2.03-1.95 (m, 1H, N-CH2-CH), 1.42-1.28
(m, 8H, CH2), 1.19 (d, 3J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 0.96-0.85 (m, 6H, CH3) ppm.
13

C-NMR (125 MHz, CDCl3): δ = 163.93, 145.65, 144.92, 144.43, 138.26, 137.46, 137.14, 136.41,

132.51, 131.98, 131.02, 130.42, 129.42, 129.34, 129.23, 129.05, 128.56, 128.48, 127.25, 126.74,
123.99, 123.29, 120.93, 120.81, 120.40, 120.32, 120.10, 119.36, 115.54, 112.42, 71.18, 51.50,
40.43, 30.60, 29.14, 28.60, 24.03, 23.96, 23.01, 14.04, 10.67 ppm.
MS (MALDI-TOF) m/z: [M]+ calcd for C50H45IN2O2S2: 896.20; found: 896.24 [M]+, 770.31 [M-I]+.
HRMS (MALDI) m/z: [M]+ calcd for C50H45IN2O2S2: 896.19616; found: 896.19450 [M]+, 770.29813
[M-I]+; δm/m = 1.9 ppm.

Di-tert-butyl 4,4'-[(4-{6-([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-N-(2-ethylhexyl)-dithieno[3,2-b:2’,3’-d]pyrrol-2-yl}phenyl)imino]dibenzoate (223)

A solution of iodinated PMI-DTP 221 (102 mg, 0.11 mmol) and TPA-boronic ester 222 (77.9 mg,
0.14 mmol) in 6 mL of THF was degassed with a cannula. A degassed 2 M solution of K3PO4
(0.23 mL, 0.46 mmol), Pd2dba3 (8.40 mg, 9.17 µmol) and [HP(tBu)3]BF4 (15.0 mg, 51.7 µmol) were
added and the reaction mixture was stirred at room temperature for 18 h. The next day, another
portion of Pd2dba3 (5.00 mg, 5.46 µmol), [HP(tBu3)]BF4 (8.00 mg, 27.6 µmol) and 2 M solution of
K3PO4 (0.23 mL, 0.46 mmol) were added and the reaction mixture was further stirred at room
temperature for another 21 h. After addition of water, the organic layer was separated and the
product was extracted with DCM. The combined organic layers were dried over Na2SO4 and the
solvent was removed under reduced pressure. The residue was purified by column
chromatography (Flash-SiO2, petrol ether/ethyl acetate 4:1) to afford triad 223 (104 mg, 85.6
µmol, 78%) as black solid.
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M.p.: 229 °C (DSC).
H-NMR (400 MHz, CDCl3): δ = 8.70-8.68 (m, 2H, PMI-1H,6H), 8.57 (d, 3J = 8.3 Hz, 2H, PMI-

1

7H,12H), 8.54-8.49 (m, 3H, PMI-2H,5H,8H), 7.90 (d, 3J = 8.7 Hz, 4H, (tBu)OOC-Ph-2H,6H), 7.83 (d,
3

J = 7.9 Hz, 1H, PMI-10H), 7.71 (t, 3J = 8.0 Hz, 1H, PMI-11H), 7.62 (d, 3J = 8.6 Hz, 2H, TPA-Ph-

3H,5H), 7.49 (t, 3J = 7.8 Hz, 1H, Ph-4H), 7.35 (d, 3J = 7.8 Hz, 2H, Ph-3H,5H), 7.27 (s, 1H, Th-3H),
7.24 (s, 1H, Th’-5H), 7.16-7.12 (m, 6H, (tBu)OOC-Ph-3H,5H, TPA-Ph-2H,6H), 4.18-4.09 (m, 2H, NCH2), 2.81-2.74 (m, 2H, Ph-CH-(CH3)2), 2.05 (s, 1H, N-CH2-CH), 1.60 (s, 18H, tBu-CH3), 1.46-1.28 (m,
8H, CH2), 1.19 (d, 3J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 0.96 (t, 3J = 7.4 Hz, 3H, CH3), 0.91-0.88 (m, 3H,
CH3) ppm.
13

C-NMR (125 MHz, CDCl3): δ = 165.34, 163.97, 150.41, 145.69, 145.62, 145.37, 145.22, 141.86,

138.19, 137.62, 137.35, 136.68, 132.65, 132.08, 132.06, 132.01, 131.05, 130.87, 130.56, 129.48,
129.41, 129.25, 129.23, 128.64, 128.57, 127.34, 126.89, 126.53, 126.38, 126.21, 124.12, 124.00,
123.44, 122.68, 120.98, 120.86, 120.39, 120.18, 116.13, 114.27, 112.46, 106.82, 85.29, 80.81,
51.46, 40.53, 30.70, 29.14, 28.68, 28.24, 24.06, 24.02, 23.04, 14.07, 10.74 ppm.
MS (MALDI-TOF) m/z: [M]+ calcd for C78H75N3O6S2: 1213.51; found: 1213.66 [M]+.
HRMS (MALDI) m/z: [M]+ calcd for C78H75N3O6S2: 1213.50918; found: 1213.50563 [M]+;
δm/m = 2.9 ppm.
Elemental analysis: calcd (%) for C78H75N3O6S2: C 77.13, H 6.22, N 3.46, S 5.28; found: C 77.22,
H 6.03, N 3.32, S 5.11.

4,4'-[(4-{6-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-N-(2-ethylhexyl)-dithieno[3,2-b:2’,3’-d]pyrrol-2-yl}phenyl)imino]dibenzoic acid (PMI-DTP-TPA 200)

Tert-Butyl ester 223 (46.0 mg, 37.9 µmol) was dissolved in 6 mL of dry DCM. TFA (0.09 mL,
1.17 mmol) was added to the deep blue-purple solution whereby it got blue-green and the
reaction mixture was stirred at room temperature for 22 h. The next day, TLC showed still
starting material, wherefore TFA (0.03 mL, 0.39 mmol) was added again. Once the conversion
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was complete, the solution was concentrated and n-hexane was added to the residue to
precipitate free acid 200 (40.6 mg, 36.8 µmol, 97%) as black solid.

M.p.: 287.4-288.8 °C.
1

H-NMR (500 MHz, THF-d8): δ = 8.76-8.67 (m, 4H, PMI-1H,6H,7H,12H), 8.63-8.58 (m, 3H, PMI-

2H,5H,8H), 7.94 (d, 3J = 8.9 Hz, 4H, HOOC-Ph-2H,6H), 7.85 (d, 3J = 7.9 Hz, 1H, PMI-10H), 7.72 (d,
3

J = 8.7 Hz, 3H, PMI-11H, TPA-Ph-3H,5H), 7.54 (s, 1H, Th-3H), 7.50 (s, 1H, Th’-5H), 7.40 (t,

3

J = 7.9 Hz, 1H, Ph-4H), 7.30 (d, 3J = 7.8 Hz, 2H, Ph-3H,5H), 7.20 (d, 3J = 8.7 Hz, 2H, TPA-Ph-

2H,6H), 7.17 (d, 3J = 8.9 Hz, 4H, HOOC-Ph-3H,5H), 4.30-4.28 (m, 2H, N-CH2), 2.83-2.77 (m, 2H, PhCH-(CH3)2), 2.16-2.10 (m, 1H, N-CH2-CH), 1.46-1.30 (m, 8H, CH2), 1.14 (d, 3J = 6.9 Hz, 12H, Ph-CH(CH3)2), 0.96 (t, 3J = 7.5 Hz, 3H, CH3), 0.89 (t, 3J = 7.1 Hz, 3H, CH3) ppm.
MS (MALDI-TOF) m/z: [M]+ calcd for C70H59N3O6S2: 1101.39; found: 1101.68 [M]+.
HRMS (MALDI) m/z: [M]+ calcd for C70H59N3O6S2: 1101.38398; found: 1101.38441 [M]+;
δm/m = 0.4 ppm.

Di-tert-butyl

4,4'-[(4-{7-([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,5-(di-2-

ethylhexyl)-dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']dipyrrol-2-yl}phenyl)imino]dibenzoate
(228)

Bromo-PMI 219 (194 mg, 0.35 mmol) and bis-stannylated heteropentacene 84 (283 mg,
0.34 mmol) were dissolved in 25 mL of dry DMF and degassed five times. Pd(PPh3)4 (26.0 mg,
22.5 µmol) was added and the reaction mixture was stirred for 2 min at 110 °C. The hot oil bath
was removed and replaced with a cold one as soon as the reaction mixture turned deep purple.
Afterwards, iodo-TPA 227 (196 mg, 0.34 mmol) was added and the reaction mixture was stirred
at 70 °C for 19 h, whereby it turned dark green. The solvent was removed by rotary evaporation
and water was added to the residue. The product was extracted with DCM. The combined
organic layers were dried over Na2SO4 and the solvent was removed under reduced pressure. The
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residue was first purified by column chromatography (Flash-SiO2, DCM/ethyl acetate 99:1) and
afterwards by size-exclusion chromatography (DCM). Since TLC showed still some minor
impurities, column chromatography (Flash-SiO2, n-hexane/ethyl acetate 3:1) was performed
again, followed by another size-exclusion chromatography (DCM) providing triad 228 (105 mg,
73.8 µmol, 22%) as dark green solid.

M.p.: 226 (DSC).
1

H-NMR (400 MHz, CDCl3): δ = 8.71-8.68 (m, 2H, PMI-1H,6H), 8.61-8.50 (m, 5H, PMI-

2H,5H,7H,8H,12H), 7.90 (d, 3J = 8.8 Hz, 4H, (tBu)OOC-Ph-2H,6H), 7.84 (d, 3J = 7.8 Hz, 1H, PMI10H), 7.74-7.70 (m, 1H, PMI-11H), 7.59 (d, 3J = 8.5 Hz, 2H, TPA-Ph-3H,5H), 7.49 (t, 3J = 7.7 Hz, 1H,
Ph-4H), 7.35 (d, 3J = 7.8 Hz, 2H, Ph-3H,5H), 7.29 (s, 1H, Th-3H), 7.22 (s, 1H, Th’’-5H), 7.15-7.12 (m,
6H, (tBu)OOC-Ph-3H,5H, TPA-Ph-2H,6H), 4.43-4.27 (m, 4H, N-CH2), 2.82-2.74 (m, 2H, Ph-CH(CH3)2), 2.12-2.04 (m, 2H, N-CH2-CH), 1.60 (s, 18H, tBu-CH3), 1.33-1.25 (m, 16H, CH2), 1.19 (d,
3

J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 0.90-0.82 (m, 12H, CH3) ppm.

13

C-NMR (125 MHz, CD2Cl2): δ = 165.51, 164.44, 146.52, 132.05, 131.13, 131.10, 131.06, 129.66,

124.39, 123.05, 123.03, 122.99, 103.11, 80.98, 30.62, 30.56, 30.51, 29.49, 28.81, 28.78, 28.73,
28.69, 28.35, 24.14, 24.00, 23.96, 23.93, 23.91, 23.90, 23.88, 23.86, 23.43, 23.40, 14.12, 14.11,
14.09, 10.86, 10.80, 10.75, 10.68 ppm.
HRMS (MALDI) m/z: [M]+ calcd for C90H92N4O6S3: 1421.62066; found: 1421.62009 [M]+,
1364.55487 [M-tBu]+, 1308.49256 [M-2tBu]+; δm/m = 0.4 ppm.
Elemental analysis: calcd (%) for C90H92N4O6S3: C 76.02, H 6.52, N 3.94, S 6.77; found: C 76.13,
H 6.39, N 3.82, S 6.58.

4,4'-[(4-{7-([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,5-(di-2-ethylhexyl)dithieno[2,3-d:2',3'-d']thieno[3,2-b:4,5-b']dipyrrol-2-yl}phenyl)imino]dibenzoic acid (PMI-SN5TPA 201)
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Tert-butyl ester 228 (31.8 mg, 22.4 µmol) was dissolved in 7 mL of THF. After addition of a 1 M
methanolic LiOH solution (0.70 mL, 0.70 mmol) the green solution was stirred at 70 °C for 3 d.
Since reaction control by TLC showed still some starting material, 1 M methanolic LiOH solution
(1.40 mL, 1.40 mmol) was added again and the reaction mixture was further stirred for 2 d. As
soon as hydrolysis was complete, water was added and the reaction mixture was acidified with
1 M HCl solution. The product was extracted with DCM, the combined organic layers were dried
over Na2SO4 and the solvent was removed under reduced pressure affording free acid 201
(27.8 mg, 21.2 µmol, 95%) as green solid.

M.p.: 253.6-254.9 °C
1

H-NMR (500 MHz, THF-d8): δ = 8.71-8.67 (m, 3H, PMI-1H,6H,8H), 8.64-8.57 (m, 4H, PMI-

2H,5H,7H,12H), 7.93 (d, 3J = 8.8 Hz, 4H, HOOC-Ph-2H,6H), 7.84 (d, 3J = 7.7 Hz, 1H, PMI-10H), 7.727.67 (m, 3H, PMI-11H, TPA-Ph-3H,5H), 7.56 (s, 1H, Th-3H), 7.54 (s, 1H, Th’’-5H), 7.41-7.38 (m, 1H,
Ph-4H), 7.29 (d, 3J = 7.9 Hz, 2H, Ph-3H,5H), 7.17 (t, 3J = 8.8 Hz, 6H, HOOC-Ph-3H,5H, TPA-Ph2H,6H), 4.51-4.42 (m, 4H, N-CH2), 2.83-2.77 (m, 2H, Ph-CH-(CH3)2), 2.20-2.11 (m, 2H, N-CH2-CH),
1.37-1.29 (m, 16H, CH2), 1.15 (d, 3J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 0.88-0.82 (m, 12H, CH3) ppm.
HRMS (MALDI) m/z: [M]+ calcd for C82H76N4O6S3: 1308.49215; found: 1308.49204 [M]+;
δm/m = 0.1 ppm.
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Summary
Acceptor-substituted S,N-heteroacenes and thiophene-comprising polypyridyl Ru(II) complexes
were developed for application in different types of organic solar cells.
A ring-fused heteropentacene named SN5 was synthesized containing thiophene and pyrrole
rings in an alternating pattern, benefitting from both, the good stability of oligothiophenes and
the extended planar π-conjugation of acenes. Different synthetic strategies were investigated,
whereby pentafused SN5 was successfully synthesized by four-fold Buchwald Hartwig amination
of precursor tetrabromo-terthiophene which was accessible by Negishi coupling. The planar and
rigid geometry of the pentafused building block was reflected in a well-structured absorption and
emission band with defined vibronic transitions together with a small Stokes-shift. By attachment
of electron-withdrawing groups on the ring-fused SN5 a red-shift and intensification of the
absorption was observed, which was in correlation to the acceptor strength of the terminal
substituents. Furthermore, the LUMO energy levels were destabilized leading to reduce band
gaps. According from DCV-SN5 3 two series were developed, with the aim to extend the πconjugation of the pentafused core. In the first series hexyl-substituted thiophene and
bithiophene moieties were inserted between the SN5 centre and the DCV-acceptor units. In
contrast, a novel 1-(1,1-dicyanomethylene)-cyclohex-2-ene (DCC) acceptor, featuring an
additional double bond, was applied in the second series for successive replacement of the DCV
groups. The respective A-D-A oligomers are displayed in Figure S.1.
By inclusion of hexylthiophene moieties, the absorption was broadened and red-shifted due to
the extension of the π-conjugated backbone, whereas the extinction coefficient was decreased.
Owing to the increase in donor character, the HOMO energy levels were elevated resulting in
narrower band gaps. Upon implementation of the oligomers of the first series as donor materials
in solution-processed bulk heterojunction solar cells, efficiencies of 1.5-3.1% were attained. On
account of a higher VOC due to its low-lying HOMO energy level, DCV-SN5 3 performed superior.
The second series also exhibited a bathochromic shift and spectral broadening of the absorption
band in solution and thin film by successive replacement of DCV with DCC-acceptor groups. The
absorptivity was lowered as well by extension of the π-conjugation. The band gaps diminished as
a result of the raised HOMO energy levels. In solution-processed BHJ devices the PCE augmented
from initially 3.1% for DCV-SN5 3 to 4.2% for DCV-SN5-DCC 6 to remarkable 4.9% for DCC-SN5 7.
The loss in VOC due to destabilization of the HOMO energy levels was compensated by enhanced
JSCs.
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Figure S.1: A-D-A oligomers based on fused S,N-heteropentacene.

The two A-D-A oligomers DCV-T-SN5 4 and DCV-2T-SN5 5 comprising electron-rich S,Nheteropentacene core were further successfully incorporated as hole-transport materials in
solution-processed perovskite-based solar cell due to their appropriate frontier orbital energy
levels. Benefitting from good hole-mobilities and from strongly red-shifted and intensified
absorption, they yielded high efficiencies of 10.5% and 9.5%, respectively. In contrast to spiroOMeTAD, the usage of additives and dopants was redundant in case of this novel HTMs,
simplifying device preparation and therefore reducing costs. Furthermore, it was shown that
DCV-T-SN5 4 and DCV-2T-SN5 5 actively contribute to the light harvesting and the photocurrent
generation in the low energy region, forming a dual light absorbing system together with the
perovskite absorber.
In another project four novel Ru(II) sensitizers were developed comprising thiophene-substituted
polypyridyl ligands (Figure S.2) for application in n-type dye-sensitized solar cells. An ethynyl
spacer was inserted in the anchoring ligand in sensitizer 131 with the aim to increase the distance
of the ruthenium centre from the TiO2 semiconductor surface to reduce recombination losses.
Compared to standard sensitizer Z907 and Ru(II) complex 146 lacking the acetylene unit, a bathoand hyperchromic shift of the absorption was realized together with a reduced band gap because
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of the lower LUMO level. The insertion of an ethynyl unit into the ancillary ligand resulted in a
slight blue-shifted absorption together with a lower extinction coefficient compared to high
efficient sensitizer 143. Ru(II) complex 132 yielded efficiencies of 6.7% and 7.3% in conjunction
with acetonitrile-based electrolytes. Remarkably, by usage of a low-volatile electrolyte the
efficiency was improved to 8.0%.
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Figure S.2: Thiophene-substituted polypyridyl Ru(II) complexes.

In addition, a terpyridyl ligand with extended π-conjugation was developed by insertion of a
thiophene ring between the pyridine core and the carboxyl groups. With this novel terpyridyl
ligand, black dye analogue tris(thiocyanato)complex 133 and complex 134 with dinonylbipyridine as ancillary ligand were synthesized. The insertion of thiophenes in the terpyridyl
anchoring ligand led to a bathochromic shift and an intensification of the absorption of Ru(II)
complex 133 compared to black dye. As a result of the replacement of two thiocyanate ligands
with a bipyridine, dye 134 exhibited a high extinction coefficient together with a blue-shifted
absorption. In n-type dye-sensitized solar cells based on a volatile electrolyte, complex 133 with
three thiocyanate ligands exhibited a higher performance of 7.4% compared to 3.2% for complex
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134. The difference was ascribed to the bulky structure of dye 134 reducing the amount of
adsorbed molecules on the semiconductor surface and hence the photocurrent density.
In the last project two push-pull organic dyes 200 and 201 were synthesized, comprising a
perylenemonoimide electron-withdrawing unit and a triphenylamine donor part which were
separated by rigidified S,N-heteroacenes (Figure S.3). Dye 200 was successfully step-wise
synthesized by Stille- and Suzuki-type coupling reactions, whereas a one-pot-synthetic strategy
was applied in case of triad 201. The bridging with nitrogen and the resulting increase in donorability led to a bathochromic shift of the charge-transfer band compared to PMI-2T-TPA 207,
however, combined with a decrease in absorptivity. Both effects were even more pronounced in
case of π-extended triad 201. The red-shift was in accordance with the elevation of the HOMO
energy levels and hence narrowing of the band gap. Molecular orbital calculations showed similar
distribution of the frontier orbitals in sensitizer 200 and for dye 207. However, in dye 201 the
HOMO distribution was solely located on the π-bridge, which was also observed for the best
performing dye PMI-6T-TPA 209. Furthermore, a reduced torsion was observed between the PMI
moiety and the adjacent thiophene ring in triads 200 and 201. P-Type dye-sensitized solar cells
were prepared implementing these novel sensitizers and two different electrolyte systems were
investigated, one based on idodie/triiodide the other on a Co(II/III) complex. PMI-DTP-TPA 200
attained efficiencies of 0.03 and 0.12%, whereas elongated counterpart 201 gave slightly lower
PCEs of 0.02 and 0.09%, mainly due to decreased VOCs. The lower values in case of 201 were
ascribed to insufficient dye loading, increasing the dark current and a high lying HOMO energy
level, impeding efficient hole injection. In combination with the Co(II/III)-based electrolyte both
dyes performed superior due to higher VOCs. The sensitizers with fused π-bridge exhibited lower
performances than bithiophene-containing triad 207, which arose from reduced JSCs as a result of
low quantum efficiencies in case of the charge injection or the transport.

Figure S.3: D-π-A triads comprising S,N-heteroacenes.

New structure-property and structure-device performance relationships were elucidated, which
are very helpful in the further development and progress in the field of organic solar cells.
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Zusammenfassung
In dieser Arbeit wurden Akzeptor-terminierte S,N-Heteroacen-Derivate und Thiophensubstituierte Polypyridyl-Ru(II) Komplexe zur Anwendung in organischen Solarzellen entwickelt.
Ein anelliertes Ringsystem SN5 wurde synthetisiert, welches aus Thiophen- und Pyrrolringen in
abwechselnder Reihenfolge aufgebaut ist. Dieses Heteropentacen-System vereint die gute
Stabilität von Oligothiophenen mit der ausgedehnten planaren π-Konjugation von Acenen.
Unterschiedliche Synthesestrategien wurden verfolgt um das fünffach anellierte SN5
herzustellen. Dabei erwies sich eine vierfache Buchwald-Hartwig Aminierung des Bausteins
Tetrabromterthiophen, der über Negishi-Kupplung zugänglich war, als erfolgreich. Die planare
und starre Molekülstruktur dieses S,N-Heteropentacens spiegelte sich in einer Absorptions- und
Emissionsbande mit mehreren vibronischen Übergängen und geringen Stokes-Verschiebung
wieder. Durch die Funktionalisierung mit elektronenziehenden Substituenten wurden eine
Rotverschiebung sowie eine Zunahme der Intensität der Absorption beobachtet. Das Ausmaß
korrelierte dabei mit der Akzeptorstärke des Substituenten. Zusätzlich wurde eine
Destabilisierung der LUMO-Energieniveaus bewirkt, wodurch die Bandlücke schmaler wurde.
Ausgehend von der Verbindung DCV-SN5 3, wurden zwei Serien entwickelt, in denen die πKonjugation des Rückgrats auf zwei unterschiedliche Arten ausgedehnt wurde. In der ersten Serie
wurden dafür ein Hexylthiophen oder ein Hexylbithiophen zwischen dem SN5-Kern und den DCVAkzeptorgruppen eingefügt. In der zweiten Serie, hingegen, wurde der DCV-Akzeptor sukzessive
mit dem neuartigen 1-(1,1-Dicyanomethylen)-cyclohex-2-en (DCC) Akzeptor ersetzt, welcher eine
zusätzliche Doppelbindung aufweist. Die entsprechenden Molekülstrukturen der A-D-A
Oligothiophene sind in Abbildung Z.1Abbildung Z. abgebildet. Durch die Ausdehnung des πSystems, wurde im ersten Ansatz eine Verbreiterung der Absorption erzielt, die jedoch
einhergehend war mit einer Verringerung des Extinktionskoeffizienten. Aufgrund des
ausgeprägten Donor-Charakters durch die zusätzlichen Thiophen-Einheiten wurden die HOMOEnergieniveaus in dieser Serie angehoben, was zu schmaleren Bandlücken führte. Durch die
Verwendung von DCV-SN5 3, DCV-T-SN5 4 und DCV-2T-SN5 5 als Donormaterialien in
lösungsprozessierten Bulk-Heteroübergangs-Solarzellen wurden Lichtumwandlungseffizienzen
von 1.5-3.1% erreicht. DCV-SN5 3 erwies sich dabei als effizienter wegen eines höheren VOCWertes, der aus dem tiefliegenden HOMO resultierte. Die zweite Serie wies beim Ersatz der DCVdurch die DCC-Gruppe eine bathochrome Verschiebung sowie eine spektrale Verbreiterung der
Absorptionsbande in Lösung und in Film auf. Jedoch wurde durch die Ausdehnung der πKonjugation die Intensität

verringert. Die Bandlücken wurden verringert, da die HOMO-

Energieniveaus angehoben wurden. In lösungsprozessierten Bulk-Heteroübergangs-Solarzellen
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konnte ein Anstieg der Effizienz von anfänglich 3.1% für DCV-SN5 3 auf 4.2% im Fall von DCV-SN5DCC 6 bis auf bemerkenswerte 4.9% für DCC-SN5 7 erreicht werden. Dies ist dadurch zu erklären,
dass die Abnahme des VOC-Wertes durch die Zunahme des JSC-Wertes mehr als ausgeglichen
wurde.
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Abbildung Z.1: A-D-A Oligothiophene mit einem S,N-Heteropentacen-Kern.

Die beiden A-D-A Oligomere DCV-T-SN5 4 und DCV-2T-SN5 5 wurden aufgrund ihrer geeigneten
Energieniveaus als Lochtransportmaterialien in Perowskit-Solarzellen verwendet. Zusätzlich
zeichnen sie sich durch gute Lochmobilitäten sowie eine rotverschobene und intensive
Absorption aus. Exzellente Effizienzen von 10.5% und 9.5% konnten in Perowskit-Solarzellen
erzielt werden, wobei die Zugabe von Additiven und Dotierstoffen im Gegensatz zu spiroOMeTAD nicht nötig war. Dies ermöglicht eine Vereinfachung des Herstellungsprozess der
Solarzellen, wodurch auch eine Kostenreduktion erzielt werden kann. Es konnte gezeigt werden,
dass beide Oligomere nicht nur als Lochleitermaterial agieren, sondern auch aktiv zur
Lichtaufnahme und Photostromgenerierung im niederenergetischen Bereich beitragen. Sie
formen zusammen mit dem Perowskitmaterial ein zweifaches lichtabsorbierendes System.
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In einem weiteren Projekt wurden vier Ru(II) Komplexe zum Einsatz in n-Typ farbstoffsensibilisierten Solarzellen entwickelt, die Thiophen-substituierte Polypyridyl-Liganden enthalten
(Abbildung Z.2). Eine Ethinyl-Gruppe wurde in den Ankerliganden eingebaut, um den Abstand
zwischen dem Ru-Metall und der TiO2-Oberfläche zu vergrößern. Dies sollte zu einer
Verringerung der Rekombinationsverluste führen. Im Vergleich zum Standardkomplex Z907 und
dem Farbstoff 146, konnte eine batho- und hyperchrome Absorption beobachtet werden. Des
Weiteren wurden die LUMO-Energieniveaus abgesenkt, was zu einer Verringerung der Bandlücke
führte. Das Einführen der Ethinyl-Gruppe im Nebenliganden führte zu einer geringen
Blauverschiebung der Absorption, einhergehend mit einer Abnahme der Intensität im Vergleich
zum hocheffizienten Komplex 143. Dabei erzielte Farbstoff 132 Effizienzen von 6.7% und 7.3% in
Verbindung mit einem Acetonitril-basierendem Elektrolytsystem. Bemerkenswerterweise, wurde
unter Verwendung eines geringflüchtigen Elektrolyten eine höhere Effizienz von 8.0% erreicht.
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Abbildung Z.2:Thiophen-substituierte Polypyridyl-Ru(II) Komplexe.

Darüber hinaus wurde ein Terpyridyl-Ligand mit einer ausgedehnten π-Konjugation entwickelt,
indem Thiophenringe zwischen den Pyridin-Kern und den Carboxylgruppen eingeführt wurden.
Mit diesem neuartigen Liganden wurde der Tris(thiocyanat)-Ru(II)-Komplex 133, der dem Black
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Dye ähnelt, sowie Komplex 134, in dem zwei Thiocyanat-Gruppen durch einen Bipyridyl-Liganden
ersetzt wurden, hergestellt. Farbstoff 133 wies aufgrund der zusätzlichen Thiophenringe eine
rotverschobene und intensivere Absorptionsbande im Vergleich zum Black Dye auf. Der Ersatz
der beiden Thiocyanat-Gruppen führte hingegen zu einer blauverschobenen Absorptionsbande,
jedoch mit einem höheren Extinktionskoeffizienten. In DSSCs unter Verwendung eines
leichtflüchtigen Elektrolyten erreichte Komplex 133 eine hohe Effizienz von 7.4%, während
Farbstoff 134 einen geringeren Wert von 3.2% lieferte. Der Unterschied wurde auf die
voluminösere Struktur von Komplex 134 zurückgeführt, wodurch weniger Moleküle auf der TiO2Oberfläche adsorbiert werden können und dadurch die Kurzschlussstromdichte verringert wird.
Im letzten Projekt wurde die beiden organischen D-π-A Farbstoffe 200 und 201 synthetisiert, die
aus einem elektronenziehenden Perylenmonoimid und einem Triphenylamine-Donor bestehen,
welche durch ein starres S,N-Heteroacen getrennt sind (Abbildung Z.3). Farbstoff 200 konnte
erfolgreich stufenweise über Stille- und Suzuki-Kupplungsreaktionen hergestellt werde. Bei
Triade 201 hingegen wurde eine Eintopf-Synthese angewendet. Durch die Verknüpfung über
Stickstoffatomen wurde die Donorfähigkeit der π-Brücke erhöht, was zu einer Rotverschiebung
der Charge-Transfer Bande und einer Abnahme der Intensität im Vergleich zu PMI-2T-TPA 207
führte. Im Fall des Farbstoffes 201 war dieser Effekt noch stärker ausgeprägt. Die Verschiebung
zu längeren Wellenlängen spiegelte sich in einer Anhebung der HOMO-Energieniveaus wieder,
wodurch die Bandlücke verringert wurde. Molekülorbitalberechnungen zeigten eine ähnliche
Verteilung der Grenzorbitale für Farbstoff 200 und 207, während in Triade 201 das HOMO
ausschließlich auf das Heteropentacen-Gerüst verteilt war, was auch für PMI-6T-TPA 209 der Fall
war. Außerdem wurde eine geringere Verdrillung des PMI-Gerüsts gegen den benachbarten
Thiophen-Ring beobachtet. Mit beiden Farbstoffen wurden p-Typ farbstoff-sensibilisierte
Solarzellen in Verbindung mit zwei unterschiedlichen Elektrolytsystemen, basierend auf
Iodid/Triiodid und dem Co(II/III)-Komplex, hergestellt. PMI-DTP-TPA 200 erzielte dabei Effizienzen
von 0.03% und 0.12%, wohingegen das längere Analogon 201 aufgrund geringerer VOC-Werte
Effizienzen von 0.02% und 0.09% erreichte. Die geringere Leistung konnten zum einen auf
unzureichende Bedeckung der NiO-Oberfläche mit Farbstoffmolekülen zurückgeführt werden,
wodurch sich vermehrt Rekombinationen ergaben. Zum anderen ist das HOMO-Energieniveau
nah am Valenzband von NiO gelegen, wodurch keine effiziente Lochinjektion mehr gewährleistet
war. In Verbindung mit dem Co(II/III)-basierenden Elektrolyten wurden bessere Effizienzen
gemessen, da höhere VOCs erreicht werden konnten im Vergleich zum Iodid/Triiodid-Elektrolyten.
Beide Farbstoffe mit einer anellierten π-Brücke wiesen aufgrund niedrigerer JSC-Werte geringere
Effizienzen im Vergleich zur Triade 207 auf.
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Abbildung Z.3: Organische D-π-A Farbstoffe, die S,N-Heteroacene als π-Brücke enthalten.

In dieser Arbeit konnten neue Struktur-Eigenschaftsbeziehungen aufgestellt werden sowie
Zusammenhänge zwischen der Molekülstruktur und der Solarzellenleistung aufgezeigt werden.
Dies sollte in der weiteren Entwicklung effizienter Materialien für die Verwendung in organischen
Solarzellen hilfreich sein.
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Abbreviations
A

acceptor

Ac

acetyl

AFM

atomic force microscopy

AM1

Austin Model 1

AM 1.5 G

air mass 1.5 global

BHJ

bulk-heterojunction

BINAP

2,2‘-bis(diphenylphosphino)-1,1‘-binaphthyl

BN

benzonitrile

n-BuLi

n-butyl lithium

CB

chlorobenzene

cheno

chenodeoxycholic acid

CI

chemical ionisation

CN

1-chloronaphthalene

c-TiO2

compact TiO2

CV

cyclic voltammetry

D

donor

d

doublet

DCC

1,1-dicyanomethylene-2-cyclohexene

DCM

dichloromethane

DCV

1,1-dicyanovinylene

DFT

density functional theory

DINHOP

dineohexyl bis(3,3-dimethylbutyl)phosphinic acid

DIO

1,8-diiodooctane

DMF

N,N-dimethylformamide

DPV

differential pulse voltammetry

DSC

differential scanning calorimetry
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Abbreviations

DSSC

dye-sensitized solar cell

DTP

dithieno[3,2-b:2′,3′-d]pyrrole

equiv.

equivalents

FF

fill factor

FTO

fluorine doped tin oxide

HOMO

highest occupied molecular orbital

HTM

hole-transport material

IPCE

incident photon-to-current (conversion) efficiency

ITO

indium tin oxide

JSC

short-circuit current density

KRICT

Korean Research Institute of Chemical Technology

LDA

lithium diisopropylamide

Li-TFSI

lithium bis(trifluoromethanesulfonyl)imide

LUMO

lowest unoccupied molecular orbital

mp

mesoporous

NIS

N-iodosuccinimide

NREL

National Renewable Energy Laboratory

OFETs

organic field-effect transistors

OLEDs

organic light-emitting diodes

OPVs

organic photovoltaics

OTFTs

organic thin film transistors

OTS

octadecyltrichlorosilane

P3HT

poly(3-hexylthiophene)

PC61BM

[6,6]-phenyl-C61-butyric acid methyl ester

PCE

power conversion efficiency

PDMS

polydimethylsiloxane

PEDOT:PSS

poly(3,4-ethylenedioxythiophene)poly(styrenesulfonate)
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Abbreviations

PE

petroleum ether

PEIE

polyethyleneimine ethoxylated

PET

poly(ethylene terephthalate)

PMI

perylenemonoimide

SA

solvent annealing

SCLC

space-charge-limited current

soln

solution

sub

substrate

SVA

solvent vapour annealing

TBA

tetrabutylammonium

TBP

4-tert-butylpyridine

TCE

1,1,2,2-tetracholroethane

TCO

transparent conductive oxide

TES

triethylsilyl

TFA

trifluoroacetic acid

THF

tetrahydrofurane

TIPS

triisopropylsilyl

TLC

thin layer chromatography

TMS

trimethylsilyl

TMSA

trimethylsilylacetylene

TPA

triphenylamine

UPS

ultraviolet photoelectron spectroscopy

UV-vis

ultraviolet-visible

VOC

open-circuit voltage

XRD

X-ray diffraction
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