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Abstract 
Dye-sensitized solar cells (DSSCs) present an interesting method for the 
conversion of sunlight into electricity. Unlike in other photovoltaic 
technologies, the difficult tasks of light absorption and charge transport are 
handled by two different materials in DSSCs. At the heart of the DSSC, 
molecular light absorbers (dyes) are responsible for converting light into 
current. 
In this thesis the design, synthesis and properties of new metal-free D- -A 
dyes for dye-sensitized solar cells will be explored. The thesis is divided into 
six parts: 
Part one offers a general introduction to DSSCs, dye design and device 
characterization. 
Part two is an investigation of a series of donor substituted dyes where 
structural benefits are compared against electronic benefits.  
In part three a dye assembly consisting of a chromophore tethered to two 
electronically decoupled donors is described. The assembly, capable of 
intramolecular regeneration, is found to impede recombination.  
Part four explores a method for rapidly synthesizing new D- -A dyes by 
dividing them into donor, linker and acceptor fragments that can be assembled 
in two simple steps. The method is applied to synthesize a series of linker 
varied dyes for cobalt based redox mediators that builds upon the experience 
from part two. 
Part five describes the synthesis of a bromoacrylic acid based dye and explores 
the photoisomerization of a few bromo- and cyanoacrylic acid based dyes. 
Finally, in part six the experiences from previous chapters are combined in the 
design and synthesis of a D- -A dye bearing a new pyridinedicarboxylic acid 
acceptor and anchoring group. 
 
 
Keywords: Dye-sensitized solar cells, Molecular electronics, Molecular 
engineering, Organic synthesis, Photovoltaics. 

  





Abbreviations 
AM 1.5G Air Mass 1.5 Global 
bpy  2,2’-bipyiridine 
CDCA Chenodeoxycholic acid 
CE  Counter Electrode 
CPDT 4,4-dialkyl-4H-cyclopenta[2,1-b:3,4-b  
CV  Cyclic Voltammetry 
DCM Dichloromethane 
DFT  Density Functional Theory 
DMF  N,N-Dimethylformamide  
dppf  Diphenylphosphinoferrocene  
DSSC Dye-Sensitized Solar Cell 
D- -A Donor – -linker – Acceptor 
EJ  Exajoule (1018 J)  
EPBT Energy Payback Time 
Fc/Fc+ Ferrocene/Ferrocenium 
ff  Fill factor 
FT-IR Fourier Transform Infrared (spectroscopy) 
HOMO Highest Occupied Molecular Orbital 
FTO  Fluorine-doped tin oxide 
IPCE  Incident Photon-to-Current efficiency 
Jsc  Short circuit current 
LHE  Light Harvesting Efficiency 
LUMO Lowest Unoccupied Molecular Orbital 
MIDA N-methyliminodiacetic acid 
NBS  N-bromosuccinimide 
NEXAFS Near Edge X-ray Absorption Fine Structure 
NHE  Normal Hydrogen Electrode 
PCM  Polarizable Continuum Model 
PDC  Pyridine-2,6-dicarboxylic acid 
PEDOT Poly(3,4-ethylenedioxythiophene) 
spiro-OMeTAD 2,2'7,7'-tetrakis(N, N-di-p-methoxyphenyl-amine)-9,9'-spirobifluorene 
TBAOH Tetrabutylammonium hydroxide 
TBP  4-tert-butylpyridine 
TFA  Trifluoroacetic acid 
TPA  Triphenylamine 
TPAA Tris(para-anisylamine) 
TWyr Terawatt-year 
Voc  Open circuit voltage 
WE  Working electrode 
Wp  Watt-peak 

  



List of Publications 
This thesis is based on the following papers, referred to in the text by their 
Roman numerals I-V: 
 

I. Symmetric and unsymmetric donor functionalization. comparing 
structural and spectral benefits of chromophores for dye-sensitized 
solar cells 
Daniel P. Hagberg, Xiao Jiang, Erik Gabrielsson, Mats Linder, Tannia 
Marinado, Tore Brinck, Anders Hagfeldt and Licheng Sun 
J. Mater. Chem. 2009, 19, 7232-7238. 

II. Control of Interfacial Charge Transfer in Organic Dye-Sensitized 
Solar Cells Based on Cobalt Electrolytes 
Erik Gabrielsson, Yan Hao, Peter William Lohse, Erik M. J. Johansson, 
Licheng Sun, Anders Hagfeldt, Gerrit Boschloo 
Manuscript 

III. Convergent/Divergent Synthesis of a Linker-Varied Series of Dyes 
for Dye-Sensitized Solar Cells Based on the D35 Donor 
Erik Gabrielsson, Hanna Ellis, Sandra Feldt, Haining Tian, Gerrit 
Boschloo, Anders Hagfeldt, Licheng Sun 
Adv. Energy Mater. 2013, 3, 1647-1656. 

IV. Photoisomerization of the cyanoacrylic acid acceptor group - a 
potential problem for organic dyes in solar cells 
Burkhard Zietz, Erik Gabrielsson, Viktor Johansson, Ahmed M. El-
Zohry, Licheng Sun, Lars Kloo 
Phys. Chem. Chem. Phys. 2014, 16, 2251-2255. 

V. Dipicolinic Acid: A Strong Anchoring Group with Tunable Redox 
and Spectral Behavior for Stable Dye-Sensitized Solar Cells 
Erik Gabrielsson, Haining Tian, Susanna K. Eriksson, Jiajia Gao, Hong 
Chen, Fusheng Li, Johan Oscarsson, Junliang Sun, Håkan Rensmo, Lars 
Kloo, Anders Hagfeldt, Licheng Sun 
Submitted manuscript 

 
 

4 
 



Papers not included in this thesis: 
VI. Design of Organic Dyes and Cobalt Polypyridine Redox Mediators 

for High-Efficiency Dye-Sensitized Solar Cells 
Sandra M. Feldt, Elizabeth A. Gibson, Erik Gabrielsson, Licheng Sun, 
Gerrit Boschloo, Anders Hagfeldt 
J. Am. Chem. Soc. 2010, 132, 16714-16724. 

VII. Surface Molecular Quantification and Photoelectrochemical 
Characterization of Mixed Organic Dye and Coadsorbent Layers 
on TiO(2) for Dye-Sensitized Solar Cells 
Tannia Marinado, Maria Hahlin, Xiao Jiang, Maria Quintana, Erik M. J. 
Johansson, Erik Gabrielsson, Stefan Plogmaker, Daniel P. Hagberg, 
Gerrit Boschloo, Shaik M. Zakeeruddin, Michael Grätzel, Hans 
Siegbahn, Licheng Sun, Anders Hagfeldt, Hakan Rensmo 
J. Phys. Chem. C 2010, 114, 11903-11910. 

VIII. Chemical and Light-Driven Oxidation of Water Catalyzed by an 
Efficient Dinuclear Ruthenium Complex 
Yunhua Xu, Andreas Fischer, Lele Duan, Lianpeng Tong, Erik 
Gabrielsson, Björn Åkermark, Licheng Sun 
Angew. Chem. Int. Ed. 2010, 49, 8934-8937. 

IX. Solid state dye-sensitized solar cells prepared by infiltrating a 
molten hole conductor into a mesoporous film at a temperature 
below 150 degrees C 
Kristofer Fredin, Erik M. J. Johansson, Maria Hahlin, Rebecka Schölin, 
Stefan Plogmaker, Erik Gabrielsson, Licheng Sun, Håkan Rensmo 
Synth. Met. 2011, 161, 2280-2283. 

X. Highly Efficient Solid-State Dye-Sensitized Solar Cells Based on 
Triphenylamine Dyes 
Xiao Jiang, Karl Martin Karlsson, Erik Gabrielsson, Erik M. J. 
Johansson, Maria Quintana, Martin Karlsson, Licheng Sun, Gerrit 
Boschloo, Anders Hagfeldt 
Adv. Funct. Mater. 2011, 21, 2944-2952. 

XI. Phenoxazine Dyes for Dye-Sensitized Solar Cells: Relationship 
Between Molecular Structure and Electron Lifetime 
Karl Martin Karlsson, Xiao Jiang, Susanna K. Eriksson, Erik 
Gabrielsson, Håkan Rensmo, Anders Hagfeldt, Licheng Sun 
Chem. Eur. J. 2011, 17, 6415-6424. 

XII. Modifying organic phenoxazine dyes for efficient dye-sensitized 
solar cells 
Haining Tian, Ilkay Bora, Xiao Jiang, Erik Gabrielsson, Karl Martin 
Karlsson, Anders Hagfeldt, Licheng Sun 
J. Mater. Chem. 2011, 21, 12462-12472. 

  



XIII. A thiolate/disulfide ionic liquid electrolyte for organic dye-sensitized 
solar cells based on Pt-free counter electrodes 
Haining Tian, Erik Gabrielsson, Ze Yu, Anders Hagfeldt, Lars Kloo, 
Licheng Sun 
Chem. Commun. 2011, 47, 10124-10126. 

XIV. Rocket Scientist for a Day: Investigating Alternatives for Chemical 
Propulsion 
Marcus Angelin, Martin Rahm, Erik Gabrielsson, Lena Gumaelius 
J. Chem. Educ. 2012, 89, 1301-1304. 

XV. Development of an organic redox couple and organic dyes for 
aqueous dye-sensitized solar cells 
Haining Tian, Erik Gabrielsson, Peter William Lohse, Nick 
Vlachopoulos, Lars Kloo, Anders Hagfeldt, Licheng Sun 
Energy Environ. Sci. 2012, 5, 9752-9755. 

XVI. Comparing spiro-OMeTAD and P3HT hole conductors in efficient 
solid state dye-sensitized solar cells 
Lei Yang, Ute B. Cappel, Eva L. Unger, Martin Karlsson, Karl Martin 
Karlsson, Erik Gabrielsson, Licheng Sun, Gerrit Boschloo, Anders 
Hagfeldt, Erik M. J. Johansson 
Phys. Chem. Chem. Phys. 2012, 14, 779-789. 

XVII. Tetrathiafulvalene as a one-electron iodine-free organic redox 
mediator in electrolytes for dye-sensitized solar cells 
Ze Yu, Haining Tian, Erik Gabrielsson, Gerrit Boschloo, Mikhail 
Gorlov, Licheng Sun, Lars Kloo 
R. Soc. Chem. Adv. 2012, 2, 1083-1087. 

XVIII. Linker Unit Modification of Triphenylamine-Based Organic Dyes 
for Efficient Cobalt Mediated Dye-Sensitized Solar Cells 
Hanna Ellis, Susanna K. Eriksson, Sandra M. Feldt, Erik Gabrielsson, 
Peter W. Lohse, Rebecka Lindblad, Licheng Sun, Håkan Rensmo, Gerrit 
Boschloo, Anders Hagfeldt 
J. Phys. Chem. C 2013, 117, 21029-21036. 

XIX. Efficient solid state dye-sensitized solar cells based on an oligomer 
hole transport material and an organic dye 
Bo Xu, Haining Tian, Dongqin Bi, Erik Gabrielsson, Erik M. J. 
Johansson, Gerrit Boschloo, Anders Hagfeldt, Licheng Sun 
J. Mater. Chem. A 2013, 1, 14467-14470. 

6 
 



XX. Enhancement of p-Type Dye-Sensitized Solar Cell Performance by 
Supramolecular Assembly of Electron Donor and Acceptor 
Haining Tian, Johan Oscarsson, Erik Gabrielsson, Susanna K. Eriksson, 
Rebecka Lindblad, Bo Xu, Yan Hao, Gerrit Boschloo, Erik M. J. 
Johansson, James M. Gardner, Anders Hagfeldt, Håkan Rensmo, 
Licheng Sun 
Sci. Rep. 2014, 4.

  



Table of Contents 
Abstract 
Abbreviations 
List of publications 
 
1. Introduction ..................................................................................... 1 

1.1. The Sun ................................................................................................. 1 
1.2. Photovoltaics ......................................................................................... 2 
1.3. Dye-Sensitized Solar Cells .................................................................... 4 

1.3.1. The anatomy of a DSSC ........................................................................... 5 
1.3.2. Working principles of the DSSC ................................................................ 5 
1.3.3. Working electrode ..................................................................................... 7 
1.3.4. Counter electrode ..................................................................................... 7 
1.3.5. Electrolyte ................................................................................................. 7 

1.4. Dye design ............................................................................................. 8 
1.4.1. Synthetic dyes for DSSCs ........................................................................10 
1.4.2. D- -A dyes ..............................................................................................11 

1.5. Characterization of DSSCs .................................................................. 14 
1.5.1. Current-voltage measurements ................................................................14 
1.5.2. Incident photon-to-current conversion efficiency ......................................15 

1.6. The Aim of This Thesis ........................................................................ 16 
2. Symmetric/unsymmetric donor modification ................................. 17 

2.1. Introduction .......................................................................................... 17 
2.2. Results and discussion ........................................................................ 18 

2.2.1. Synthesis .................................................................................................18 
2.2.2. Photophysical and electrochemical properties .........................................18 
2.2.3. Device performance .................................................................................19 

2.3. D35 and alternative redox mediators ................................................... 21 
2.4. Conclusions ......................................................................................... 21 

3. Intramolecular dye regeneration ................................................... 22 
3.1. Introduction .......................................................................................... 22 
3.2. Design and synthesis ........................................................................... 23 
3.3. Calculations ......................................................................................... 25 
3.4. Photophysical and electrochemical properties ..................................... 26 
3.5. Device characterization ....................................................................... 27 
3.6. Conclusions ......................................................................................... 29 

4. Convergent/Divergent/Library synthesis of dyes .......................... 30 
4.1. Introduction .......................................................................................... 30 
4.2. Calculations ......................................................................................... 31 
4.3. Synthesis ............................................................................................. 33 
4.4. Photophysical and device related properties ....................................... 35 
4.5. Conclusions ......................................................................................... 38 

5. Photoisomerization of bromo- and cyanoacrylic acid ................... 39 
5.1. Introduction .......................................................................................... 39 
5.2. Synthesis of L0Br................................................................................. 40 
5.3. Photoisomerization .............................................................................. 41 
5.4. Calculations and mechanism of photoisomerization ............................ 44 

2 
 



5.5. Conclusions ......................................................................................... 45 
6. Pyridinedicarboxylic acid .............................................................. 46 

6.1. Introduction .......................................................................................... 46 
6.2. Synthesis ............................................................................................. 47 
6.3. Photophysical and electrochemical properties ..................................... 49 
6.4. Adsorption to TiO2 ............................................................................... 52 

6.4.1. X-ray measurements................................................................................54 
6.5. Device characterization ....................................................................... 55 

6.5.1. Device stability .........................................................................................57 
6.6. Conclusions ......................................................................................... 58 

7. Concluding Remarks and Future Outlook .................................... 59 
 
Acknowledgements 
Appendices 

  





 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Till Morfar 

  





1. Introduction 
 
 
“As the saying goes, the Stone Age did not end because we ran out of stones; 
we transitioned to better solutions. The same opportunity lies before us with 
energy efficiency and clean energy.”  

-Steven Chu, former U.S. Secretary of Energy 
 
 
Modern civilization is highly dependent on energy. Historically, the 
availability of high quality energy has been a major driving force in the 
development of society.1  The importance of energy to our economy is easily 
understood when considering that 7 of the top 10 companies on the Fortune 
Global 500 list are in the energy industry.2 
In 2011, the global total primary energy supply was 549 EJ (17.5 TWyr).3 
Considering a global population (2011) of 7 billion people, the average energy 
consumption per capita was 79 GJ. The consumption of energy is far from 
evenly distributed over the world. For example, energy consumption in 
Sweden was 217 GJ/capita in 2011. As the global population grows and the 
standard of living in less developed countries improves, the global energy 
consumption is also expected to increase. Current estimates predict that global 
energy consumption will have doubled by 2050. This corresponds to an 
increase of 1.3 GW/day, assuming a linear rate. To put this number into 
perspective, it would require the construction of one average-sized nuclear 
reactor each day to meet the increasing demand. Then consider that this is only 
enough to cover the increasing demand, not replace existing, finite and dirty, 
energy sources.  
Making the case for solar power is simple: It is clean, renewable and highly 
abundant. Indeed, the annual solar energy potential is larger than our total 
(finite) fossil fuel and uranium reserves by a factor >10 and all other renewable 
sources combined by a factor >200.4 

1.1. The Sun 
Our nearest star, the Sun, is capable of sustaining fusion reactions in its core 
and constantly radiates light with an intensity of 4×1024 W.5 Its emission 
spectrum is close to that of a black body with a temperature of 5800 K. Only a 
small fraction (1.74×1017 W) of this enters the Earth’s atmosphere, where 
about 42% of the light is lost due to absorption and scattering.6 Yet, despite all 
the losses, the amount of light that strikes the Earth’s surface is over 5000 
times larger than mankind’s current energy consumption. 
The solar spectrum at the Earth’s surface depends on a large number of factors, 
including latitude, altitude, time of year (and day), as well as weather. 

1 
  



However, standardized reference spectra are used to represent select scenarios. 
The most commonly used spectrum is the Air Mass 1.5 Global (AM 1.5G), 
which according to ASTM G-173-03 represents the sun at its zenith on a clear 
day in a rural area at a latitude corresponding to an average of the contiguous 
USA (i.e. comparable to southern Europe) as captured by a 37° tilted surface.7 
Integrating the AM 1.5G spectrum gives an irradiance of 1000 W/m² (or 100 
mW/cm²), which is commonly referred to as “1 Sun” intensity. Sunlight at its 
zenith close to the equator is better represented by AM 1, whereas AM 2-3 
corresponds to northern Europe. 
 

 
Figure 1. Solar irradiance spectra at the top of the atmosphere and at sea level (AM 
1.5G) compared to the spectrum of a 5250 °C black body. The image was prepared by 
Robert A. Rohde and remains under CC BY-SA 3.0 license. 

1.2. Photovoltaics 
Solar cells (photovoltaic cells) are devices capable of directly converting light 
into electricity. Although the photovoltaic effect was discovered as early as 
1839 by Becquerel, it wasn’t until 1954 that the first practical photovoltaic cell 
was developed at Bell Laboratories.8, 9 Like the majority of present day solar 
cells, their device was based on a silicon p-n junction and had an efficiency of 
around 6%. At that time, solar cells were prohibitively expensive and therefore 
the applications were few. Over the years, the efficiency of silicon solar cells 
has increased (as shown in Figure 2, blue lines), but perhaps more importantly, 
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Figure 2. Record efficiencies for different types of solar cells. Source: National 
Renewable Energy Laboratory http://www.nrel.gov/ncpv/ (retrieved 2014-04-04). 
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the price has decreased significantly. In September 2013, the price of Chinese 
crystalline silicon solar panels had dropped to €0.34/Wp.10  
The main disadvantage of silicon solar cells is that the high purity silicon used 
in these solar cells requires considerable amounts of energy to produce. This is 
reflected in the energy payback time (EPBT) 

0F

i for silicon based photovoltaics, 
which is currently one year or longer (depending on location).11  
As can be seen in Figure 2, there is a large number of alternative photovoltaic 
technologies. While their efficiencies are generally lower than silicon 
(multijunction excluded), this is compensated by lower production costs, 
which results in lower cost per Wp allowing them to remain competitive. 
Unfortunately, several of these technologies require the use of scarce resources 
such as indium (in CIGS) or toxic materials like lead or cadmium (CdTe, 
Quantum Dot and Perovskite).1F

ii Among the emerging photovoltaic 
technologies the Dye-Sensitized Solar Cell (DSSC), which is the focus of this 
thesis, is found. Unlike most other photovoltaic technologies, DSSCs can be 
made without the use of any scarce resources or toxic materials. 

1.3. Dye-Sensitized Solar Cells 
The basis for the DSSC was laid in the 1960s by Gerischer and Tributsch with 
the discovery that a dye adsorbed to ZnO could generate a photocurrent.12 
However, it wasn’t until 1991 that O’Regan and Grätzel launched it as a low-
cost alternative to other thin film solar cells, by a leap in efficiency enabled by 
their use of a mesoporous film of TiO2.13 Since then DSSCs have attracted 
much attention from the scientific community and increasingly also from the 
industry.14 Unlike conventional photovoltaics, DSSCs use cheap metal oxide 
semiconductors such as TiO2, which exhibit little or no visible light absorption. 
Instead, dye molecules adsorbed to the surface of a mesoporous semiconductor 
are responsible for the conversion of light into electricity. This unique 
arrangement not only enables the production of cheap solar cells, but also 
allows the construction of semi-transparent cells in virtually any color. Another 
advantage of DSSCs is their good performance under indirect or low light 
conditions, which together with their customizable transparency makes them 
suitable for integration into buildings and for indoor applications.  
 

 
 

i Energy payback time is how long to the device has to be in operation to recover the energy used 
to produce it. 

ii Indium (ITO) is also commonly used in organic solar cells.  

4 
 

                                                           







alternative redox mediators, such as Co(bpy)3, where this recombination can 
be a particularly severe problem. 
The voltage of the cell is determined by the difference between the quasi-
Fermi level of the semiconductor and the redox potential of the redox 
mediator. The current generated by the cell is determined by the number of 
photons absorbed by the dye at the working electrode minus the electrons lost 
in recombination reactions. 

1.3.3. Working electrode 
The working electrode, also called the photoanode, consists of a mesoporous 
semiconductor film that has been sintered onto a conductive transparent 
substrate such as fluorine doped tin oxide (FTO). While TiO2 is by far the most 
common semiconductor for DSSCs, it should be mentioned that alternatives 
such as ZnO, SnO2 and WO3 exist.19 These materials have in common that they 
are intrinsic n-type semiconductors with wide bandgaps. This thesis focuses on 
n-type DSSCs based on TiO2 however. 
The film architecture depends on the application, but commonly consists of a 
2-15 μm thick layer of TiO2 nanoparticles (~20 nm in diameter) sintered 
together, to what is called the transparent layer. To enhance the light harvesting 
ability of the device, a scattering layer consisting of larger (~400 nm) TiO2 
particles is often added behind the transparent layer. If a semitransparent cell is 
desired, the scattering layer can be omitted, at the cost of reduced light 
harvesting efficiency. 
The conduction band potential of colloidal TiO2 (anatase) particles is pH 
dependent and can be described by the equation below.20 At pH 7 the equation 
evaluates to -0.5 V vs NHE, a commonly used value for the position of the 
conduction band in TiO2. 
 
 0.12 0.059( ) V vs NHEcbE pH   (1.1) 

1.3.4. Counter electrode 
The purpose of the counter electrode is to return electrons to the electrolyte by 
reducing the oxidized redox species. It is typically prepared by depositing a 
thin layer of catalyst on a conducting glass substrate. The choice of catalyst 
depends on which redox mediator will be used. For iodine-based electrolytes 
platinum is normally used, whereas alternative redox mediators often employ 
various conductive carbon-based materials.21 

1.3.5. Electrolyte 
In the classical DSSC, the electrolyte consists of a redox pair, typically I-/I3

-, 
dissolved in an organic solvent such as acetonitrile.22 The electrolyte 
commonly also contains additives like 4-tert-butylpyridine (TBP) and lithium 
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salts which are primarily intended to modify the properties of the working 
electrode.23  
The redox mediator (pair) is responsible for transporting electrons between the 
counter electrode and working electrode, where it regenerates oxidized dye 
species. A number of alternative redox mediators such as halogens, 
pseudohalogens, interhalogens, hydroquinones, nitroxide radicals, sulfides, 
ferrocene/ferrocenium (Fc/Fc+), copper(I/II), cobalt(II/III) and nickel(III/IV) 
have been used in DSSCs.24  
The classical I-/I3

- redox couple is a two-electron redox mediator and thereby 
differs substantially from the transition metal based redox mediators which are 
one-electron redox mediators. Due to the complex regeneration mechanism, 
involving an intermediate I2

-·, a large driving force is required for regeneration 
of the dye.25 One-electron redox mediators like Fc/Fc+ and Co(bpy)3

2+/3+ do not 
suffer from this limitation and thus enable the driving force for regeneration to 
be reduced.26, 27 A disadvantage of these one-electron redox mediators is that 
the recombination between electrons in the TiO2 and the oxidized redox 
species is considerably faster compared to the I-/I3

- system.28  

1.4. Dye design 
According to the dictionary definition, a dye is “a natural or synthetic 
substance used to add a color to or change the color of something”. This 
simple definition is also accurate in describing the dye’s primary role in the 
DSSC; adding color. The color of a DSSC is what allows it to absorb light and 
thus also energy. Fundamentally, the process of visible light absorption 
involves an electron moving from one energy level (usually its ground state) to 
a higher energy level while absorbing the energy of a photon.  
The role of the dye in the DSSC is however more intricate than simply acting 
as a light absorber, since this absorbed energy needs to be converted into 
electricity. As a consequence, there are certain requirements on the dye and far 
from all dyes can be used in DSSCs. In designing a new dye for DSSCs, the 
following factors are taken into consideration: 
 

1. The absorption of the dye should be strong and broad to maximize the 
light harvesting efficiency. 

2. The excited state reduction potential must be sufficiently high to 
allow the injection of an electron into the conduction band of the 
semiconductor and the resulting oxidized state must be sufficiently 
low to allow regeneration by the redox mediator 

3. The kinetics of the above processes should be faster than that of their 
respective competing processes. 

4. The dye must be soluble in a solvent from which it can be adsorbed 
(sensitized) to the semiconductor surface. 

5. The dye should not easily desorb from the semiconductor. 
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6. The photostability of the dye should be excellent. 
7. The dye should form a layer on the semiconductor that reduces the 

rate of recombination between injected electrons in the semiconductor 
and oxidized redox species. 

8. The dye should be cheap and easy to synthesize. 
9. Finally, the dye should also be non-toxic and recyclable. 

 
Finding dyes that fulfill the above criteria is the challenge of designing dyes 
for DSSCs. Surprisingly, considering the extensive list of requirements above; 
there are a significant number of natural colorants that can be used 
successfully in DSSCs. In particular there are two subclasses of natural 
chromophores (shown in Figure 5) that are highly relevant to the DSSC: 
Chlorophylls and anthocyanidins. 
 

NN

N N
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C6H13

YD2-o-C8
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O+
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HO O+
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OH

Cyanidin
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Figure 5. Comparison between two natural and two synthetic chromophores. 

 
The importance of chlorophylls in nature is easily understated, given their 
critical role as light absorbers in the photosynthesis of plants. Chlorophyll can 
also be used as a dye in DSSCs, which serves as the basis for a popular 
demonstration to get young people interested in science.29, 30 In this 
demonstration spinach, which is particularly rich in chlorophylls, is used to 
sensitize the TiO2. An alternative natural source of colorants is berries, which 
often get their vivid color from a class of compounds called anthocyanins. 
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Shown in the figure above is also cyanidin, a reddish purple chromophore 
found in for example raspberries. Comparing the structures of the natural and 
synthetic dyes, it becomes evident where the inspiration for the synthetic dyes 
came from. These natural dyes were not designed for the DSSC however, and 
their efficiencies are an order of a magnitude lower than synthetic dyes 
designed for this application.31, 32 
 

1.4.1. Synthetic dyes for DSSCs 
The initial success of DSSCs was enabled by the use of ruthenium based dyes, 
such as N719 and the “black dye” shown in Figure 6.33, 34 These dyes have 
broad absorption and suitable energy levels for use in DSSCs. Unfortunately, 
ruthenium is an exceedingly rare element and ruthenium-based dyes are 
difficult to purify, making them expensive to produce. Additionally, their 
extinction coefficients are low and they are generally poor at blocking 
recombination and thus poor choices for use with many alternative redox 
couples and in solid-state solar cells. From an aesthetic point of view, their 
broad absorption can also be disadvantageous as it gives the DSSC a dull 
color. Regardless, the current certified record efficiency of 11.9% for DSSCs 
was achieved using a ruthenium based dye.35 
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Figure 6. The ruthenium based dyes N719 and the black dye. 

 
The porphyrin-based dye shown in the previous subchapter can also be used to 
produce high-performance DSSCs. Unlike ruthenium-based dyes, porphyrins 
contain no rare elements, have high extinction coefficients. The YD2-o-C8 
porphyrin dye is furthermore exceptionally good at blocking recombination.31 
Porphyrins are also interesting from an aesthetic perspective, as they are 
typically green – a color that is relatively difficult to make. The main 
disadvantage of porphyrins is that they are notoriously difficult to synthesize 
and purify. For example, the synthesis of YD2-o-C8 involves 9 steps and has a 
total yield of 4.5%. 
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Metal-free organic dyes, which this thesis is focused on, have the advantage of 
being free from rare elements and can be made cheaply. There are several 
different classes of organic dyes which are used in DSSCs.36 A few examples 
which have had a strong influence on this thesis are shown in Figure 7.37-45 
These dyes generally have vivid colors, due to their relatively sharp absorption 
peaks. So far, organic dyes have not reached the efficiencies of metal-based 
dyes, but the gap is closing. At the time of writing this thesis, the best 
efficiency for a single metal-free dye was 10.65%, which was achieved using a 
combination of the YA422 dye (also shown in Figure 7) and the Co(bpy)3

2+/3+ 
redox pair.46 For DSSCs co-sensitized with two dyes the record is 11.5%.47 
 

1.4.2. D- -A dyes 
The Donor– -linker–Acceptor (D- -A) class of dyes represents a large part of 
the dyes designed for DSSCs and some of the best device efficiencies are 
obtained with dyes belonging to this class. Typically the main absorption in 
these dyes originates from a HOMO LUMO transition. The success of D- -A 
dyes is likely best explained by their modular design; they are intuitively 
divided into three parts, each with a distinct function as shown in Figure 8. The 
names donor and acceptor refers to the ability of that part of the molecule to 
donate or withdraw electron density in the molecule. These units are connected 
via a conjugated -linker to form the dye.  
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Figure 7. Example dyes, which have inspired the work in this thesis.
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1.5. Characterization of DSSCs 

1.5.1. Current-voltage measurements  
The key performance parameters of the cell are obtained from current-voltage 
(I-V) measurements. By recording the current flowing through a cell as a 
function of the voltage across its electrodes an I-V curve is obtained. An 
example I-V curve is shown in Figure 9.  
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Figure 9. Example I-V curve (black solid) showing the MPP, Voc and Jsc values. The 

power-voltage curve is also shown in the figure (gray). 
 
From this curve the short-circuit current (Jsc) can be extracted when V = 0 and 
the open-circuit voltage (Voc) when J = 0. On this curve, the maximum power 
point (MPP) can be found where d(IV)/dV = 0. The light-to-electricity 
conversion efficiency ( ) of the cell at this point is given by: 
 

 out MP MP

in in

P V J
P P

  (1.2) 

 
Typically the efficiency of a cell is described in terms of Voc and Jsc, which 
requires the introduction of a dimensionless quantity called the fill factor (ff): 
 

 MP MP

oc sc

V Jff
V J

  (1.3) 
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This allows the efficiency to be written as: 
 

 oc sc

in

V J ff
P

  (1.4) 

  
A cell’s sunlight to electrical energy conversion efficiency is measured by 
illuminating it using a solar simulator tuned to the AM 1.5G solar spectrum 
(Pin = 100 mW/cm2). 
It is also possible to collect I-V curves without illuminating the device, in 
which case the resulting curve is referred to as a dark current curve. 

1.5.2. Incident photon-to-current conversion efficiency 
The incident photon to current conversion efficiency (IPCE) measurement 
reveals how efficient a device is at converting light of a particular wavelength 
into electrical current. IPCE is defined as: 
 

 
( )electrons out( )

photons in( ) ( )
PH

in

JhcIPCE
e P

  (1.5) 

 
 
The data, usually presented in IPCE spectra, is measured by recording the 
device’s photocurrent as a monochromatic light source of a known intensity 
scans through a range of wavelengths. Typically, the current is measured under 
short-circuit conditions (i.e. no bias applied) and using a relatively weak light 
source.  
Several factors influence the IPCE value, which can be described as the 
product of the light harvesting efficiency (LHE), injection efficiency ( inj), 
regeneration efficiency ( reg) and charge collection efficiency ( cc): 
 
 inj reg ccIPCE LHE   (1.6) 
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1.6. The Aim of This Thesis 
The aim of this thesis is to identify some of the dye related problems DSSCs 
are facing and explore solutions for those problems.  
 

 Chapter 2 deals with the design of the dye’s donor unit. We explore 
the possibility of decreasing the driving force for regeneration in 
order to extend the absorption and the benefits of using an 
unsymmetrical donor. 

 Chapter 3 describes the synthesis of a dye employing a new donor 
unit designed to retard recombination, while also facilitating 
regeneration. 

 Chapter 4 builds upon the results of chapter 2 and describes the 
application of the D35 donor in a series of dyes designed for use with 
cobalt based redox mediators. A synthetic method optimized for rapid 
synthesis is also discussed. 

 Chapter 5 describes the synthesis of a model bromoacrylic acid dye 
intended for X-ray studies of the dye-TiO2 interface and the 
photoisomerization of bromoacrylic and cyanoacrylic acid.  

 Chapter 6 introduces a new acceptor group to address the issue of 
photoisomerization discussed in chapter 5. 
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2.  
Symmetric/unsymmetric donor modification 

(Paper I) 

2.1. Introduction 

The function of the donor unit in D- -A dyes for DSSCs can naively be 
described as being the source of an easily photoexcitable electron. As such, the 
donor typically represents the highest occupied energy level in the molecule. 
Nitrogen, by virtue of its high energy lone pair and synthetic versatility, is 
nearly ubiquitous in the donor of D- -A dyes. Based on earlier works, 
triphenylamine (TPA) has been established as a suitable donor for DSSCs.36, 40, 

48, 49 Furthermore, the addition of electron rich alkoxy groups on the TPA has 
proven to extend the absorption spectra of the dyes, while at the same time 
slowing down recombination in the device if long alkyl chains were used.43 
Although these alkoxy substituted TPAs are strongly electron donating (Eox ~1 
V vs NHE), the energy gap to the redox mediator, iodide (0.35 V vs NHE) 
remains substantial. This driving force for regeneration was thought to be 
unnecessarily large. We hypothesized that with an even stronger donor the 
absorption spectrum could be further extended, while still maintaining a 
sufficient driving force for dye regeneration. Additionally, we wanted to 
investigate the effect of breaking the donor unit’s symmetry by introducing 
two different substituents, as this was expected to give rise to a new vertical 
transition. 
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Figure 10. Structures of target dyes. 
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2.2. Results and discussion 

2.2.1. Synthesis 
To synthesize the target dyes, a straightforward route with heavy reliance on 
the Suzuki reaction for C-C coupling reactions was envisioned (Figure 11).50, 51 
Starting from commercially available 4-(diphenylamino)-bromobenzene and 5-
formyl-2-thiophene-boronic acid, the intermediate aldehyde 2.1 was formed in 
good yield in the first Suzuki reaction. Bromination of aldehyde 2.1 in THF 
using N-bromosuccinimide (NBS) at low temperature gave selective 
bromination of the para positions of the TPA unit. A second Suzuki reaction 
was used to introduce the additional substituted phenyl groups to the donor.4F

v 
Finally, Knoevenagel condensation of the aldehydes with cyanoacetic acid 
resulted in the target dyes D29, D35 and D37.52 
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Figure 11. Synthetic route to the target dyes. 

 

2.2.2. Photophysical and electrochemical properties 
From the UV/Vis absorption spectra (Figure 12) of the dyes it is apparent that 
the introduction of the stronger N,N-dimethylamine substituted donor in D29 
resulted in a bathochromic shift compared to the alkoxy functionalized D35 
dye. The unsymmetrically substituted D37 displayed an absorption maximum 

v The yield in the Suzuki reaction with 2,4-dibutoxyphenylboronic acid was low due to incomplete 
conversion. Fortunately, this allowed the synthesis of the unsymmetrically substituted dye D37. 
D35 is currently synthesized on a multi-gram scale at KTH using an optimized procedure where 
the yield in this step has been improved. 
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in between D29 and D35, but with a slightly broadened absorption. The 
broadening of D37’s absorption is likely due to the presence of two relatively 
closely spaced electronic transitions (HOMO LUMO and HOMO-
1 LUMO) that result from the loss of symmetry over the donor unit.  

 
Figure 12. Normalized absorption spectra of the dyes. 

 

Table 1. Photophysical and electrochemical properties of the dyes. 

dye Absmax  
a 

Emmax 
 

E(HOMO) 
b vs. NHE 

E(o-o) 
c(Abs/Em) 

E(LUMO) 
d vs. NHE 

 D29 482 (456) 612 0.84 2.31 -1.47 
D35 445 (444) 597 1.04 2.41 -1.37 
D37 459 (446) 576 0.81 2.41 -1.6 

a Absorption of the dyes in EtOH solution (adsorbed onto TiO2). b The ground-state oxidation 
potential of the dyes was measured under the following conditions: Pt working electrode and Pt 
counter electrode; electrolyte, 0.05 M tetrabutylammonium hexafluorophosphate, TBA(PF6), in 
DMF. Potentials measured vs Fc+/Fc were converted to normal hydrogen electrode (NHE) by 
addition of +0.63 V. c 0-0 transition energy, E(0-0), estimated from the intercept of the normalized 
absorption and emission spectra in ethanol. d Estimated LUMO energies, (LUMO), vs NHE from 
the estimated highest occupied molecular orbital (HOMO) energies obtained from the ground-state 
oxidation potential by adding the 0-0 transition energy, E(0-0). 

2.2.3. Device performance 
Devices based on the studied dyes were characterized under simulated (AM 
1.5G) sunlight. Based on the absorption spectra of the dyes we were expecting 
higher short-circuit currents for the bathochromically shifted D29 and D37 
dyes. However, as can be seen in Table 2 this was clearly not the case. The 
IPCE spectra in Figure 13 shows that, while the absorption was broadened for 
these dyes, the IPCE values at wavelengths below 580 nm are higher for D35. 
As expected, the open-circuit voltage increases as the number of alkoxy chains 
increase, due to retarding recombination (Figure 14). Overall, D35 gave the 
best performance with regard to all parameters; this resulted in the highest 
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sunlight-to-electricity conversion efficiency, 6%. This highlights the 
importance of the “structural” features of the dye. 
 

Table 2. Current and Voltage Characteristics of DSSCsa 

dye Voc 
[  

Jsc 
[mA/cm2  ff  

  

D29b 0.67 12.00 0.60 4.83  
D35c 0.75 12.96 0.61 6.00  
D37b 0.71 12.50 0.59 5.24  

a Photovoltaic performance under AM 1.5G irradiation of DSSCs based on D29, D35, and D37 
dyes, respectively, based on 0.6 M tetrabutylammonium iodide (TBAI), 0.1 M LiI, 0.05 M I2, 0.5 
M 4-tert-butylpyridine (TBP), 0.05 M guanidinium thiocyanate (GuSCN) in acetonitrile. b Dye 
bath: acetonitrile solution (2 × 10-4 M) with addition of CDCA (6 × 10-3 M). c Dye bath: ethanol 
solution (2 × 10-4 M) with addition of CDCA (6 × 10-3 M). 

 

 
Figure 13. IPCE spectra for DSSCs based on the studied dyes. 
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Figure 14. Electron lifetime as a function of Voc for DSSCs based on the studied dyes. 
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2.3. D35 and alternative redox mediators 
The ability of D35 to suppress charge recombination has attracted the attention 
of many researchers interested in alternative redox mediators; such as 
Co(bpy)3 (shown in Figure 15), where recombination typically is a much larger 
issue than with iodide as discussed in chapter 1. Since D35’s conception, it has 
been shown to work remarkably well with a wide variety of redox mediators, 
both organic and inorganic, such as thiolate/disulfide, tetrathiofulvalene, spiro-
OMeTAD (solid-state) and cobalt polypyridyls.53-56 The combination of D35 
and cobalt polypyridyls proved to be particularly beneficial, as it improved the 
device’s Voc to 0.92 V under AM 1.5G illumination, allowing a new record 
efficiency for cobalt based redox mediators of 6.7% to be reached. This 
sparked renewed interest in the cobalt complexes as redox mediators. As other 
groups improved on this concept, it eventually led to several new record 
efficiencies, with the latest being 13% which was achieved by combining the 
Co(bpy)3 redox mediator with the SM315 porphyrin/D- -A hybrid dye (also 
shown in Figure 15).57 
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Figure 15. Cobalt based redox mediators used in paper VI (left) and structure of the 
SM315 dye (right). 

2.4. Conclusions 
A series of three dyes bearing extended triphenylamine donor units was 
synthesized. Strongly electron donating dimethylanilyl substituents on the TPA 
were found to broaden the absorption spectrum compared to the weaker 
dibutoxyphenyl substituents. Despite the broadened spectra, a lower current 
was obtained, highlighting the importance of the structural benefits given by 
the dibutoxyphenyl substituents. The best dye in the series, D35, showed a 
remarkable ability to suppress electron recombination, which has enabled it to 
perform well with a wide range of alternative redox mediators. 
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3.  
Intramolecular dye regeneration 

(Paper II) 

3.1. Introduction 
The D35 dye presented in the previous chapter demonstrated remarkable 
ability to impede electron recombination through its distinctive donor 
structure. Further improvement of the dye’s ability to retard the electron 
recombination reaction can be achieved by the use of longer aliphatic chains, 
present at the electrolyte-dye interface.58, 59 However, the insulating nature of 
these aliphatic chains also impedes dye regeneration, resulting in increasing 
recombination of the conduction band electrons to the oxidized dye. Alkyl 
chains may also be placed on the linker unit of the dye, which can retard 
recombination without hindering regeneration, but this can instead lead to an 
increased dye footprint on the surface, which decreases light harvesting 
efficiency. 
A concept that allowed rapid regeneration of a ruthenium dye by tethering 
phenothiazine donor was presented in 1995 by Meyer and coworkers.60, 61 A 
similar system capable of intramolecular regeneration was later shown by 
Grätzel and coworkers, where Meyer’s phenothiazine donor had been replaced 
by a triphenylamine.62 Dye regeneration for such systems was found to be very 
rapid, occurring on the 10 ns timescale or faster. The resulting charge separated 
states were long-lived, with lifetimes reaching 300 μs. 
We envisioned that the addition of a tethered bulky donor to a D- -A dye 
might result in enhanced regeneration and impede recombination (to both the 
oxidized dye and the redox mediator). To this end we designed the E6 dye, 
shown in Figure 16. The idea was that such a dye could form a hole transport 
layer (HTL) on top of the chromophore layer, allowing the distance between 
the TiO2 and oxidized species to be increased. 
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Figure 16. Illustration of the TiO2-Dye-HTL-Electrolyte interfaces. The structure of the 

E6 dye is shown in the top right corner. 

3.2. Design and synthesis 
Designing a dye to be capable of intramolecular regeneration requires great 
care in the choice of the donor. To ensure that intramolecular regeneration is 
efficient, the oxidation potential of the external donor should be lower than 
that of the chromophore. Additionally, for the tethered donor to be regenerated 
its oxidation potential should in turn be higher than that of the redox mediator. 
Our donor of choice was tris(p-anisyl)amine (TPAA), due to its suitable 
oxidation potential of 0.85 V vs NHE (in DCM) and familiar chemistry.63 To 
avoid electronic coupling between the TPAA and chromophore we opted to use 
a 3-carbon aliphatic chain to connect the two units. The chromophore used is 
similar to D35, but lacks the alkoxy substituents in the ortho position of the 
outer phenyl. Due to the smaller number of electron donating alkoxy 
substituents, we expected the oxidation potential of the core chromophore to 
be slightly higher than D35’s 0.97 V vs NHE.  
Another design concern was regarding the position of the tethered donors with 
respect to the TiO2, as the concept requires the dye to self-assemble into a 
monolayer on the surface, with the TPAA donor constituting the interface 
between the dye layer and the electrolyte. 
The synthesis of E6 is shown in Figure 17 and Figure 18. Starting from 4-
bromophenol and 1,3-diiodopropane, 1-bromo-4-(3-iodopropoxy)benzene was 
obtained using the Williamson ether synthesis. This was then reacted with 4-
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(bis(4-methoxyphenyl)amino)phenol in a second Williamson reaction followed 
by lithiation of the bromide using n-butyllithium and finally borylation with 
isopropyl pinacol borate, which gave the desired boronic acid ester of the 
auxiliary donor unit.64 
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Figure 17. Synthesis of the tethered donor. 

 
The final steps of the synthesis are the same as in the previous chapter; Suzuki 
reaction followed by Knoevenagel condensation.  
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Figure 18. Synthesis of E6. 
 
 
A reference dye, D49, sharing the core chromophore structure with E6, but 
lacking the tethered TPAA donor, was also synthesized as shown in Figure 19. 
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Figure 19. Synthesis of D49. 

3.3. Calculations 
To verify the design and gain insight into the electronic properties of E6, 
quantum chemical calculations were performed. The geometries were 
optimized using hybrid-DFT at the B3LYP/6-31G(d) level of theory as 
implemented in Gaussian 09.65 The vertical transitions were calculated using 
time dependent DFT at the same level of theory. To improve the accuracy in 
the predictions of the energy levels a single point calculation was performed at 
the B3LYP/6-311+G(d,p) level of theory while applying a polarizable 
continuum model (PCM) to simulate the solvent (acetonitrile). In Figure 20 the 
three highest occupied MOs are shown together with the LUMO. The top two 
orbitals, HOMO and HOMO-1, located over the TPAA donor units are nearly 
degenerate in energy at -4.970 and -4.972 eV respectively. The highest energy 
level belonging to the chromophore is found at HOMO-2 (-5.328 eV). Thus the 
energy gap between the TPAA donors and the chromophore was calculated to 
be 0.36 eV. 
The TD-DFT calculation interestingly showed two transitions between the 
TPAA donors and LUMO, which is located on the chromophore, despite the 
lack of orbital overlap. The oscillator strengths were very low (f < 0.0001) 
however, indicating that this transition was improbable (forbidden). The 
chromophore’s main transition (unusually, HOMO-2 LUMO in this case) 
was found at 2.27 eV (f=0.727). 
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constants of ca.  was observed, was significantly more 
long-lived compared to D49 and other dyes lacking tethered donors. 
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Figure 21. Steady state absorption (solid lines), fluorescence (dashed lines) and 
absorption of oxidized species (dotted lines) of E6 (red) and D49 (blue) adsorbed to 

TiO2 (ZrO2 for fluorescence measurements) recorded in MeCN. 
 

3.5. Device characterization 
The performance parameters for devices based on the two dyes measured 
under AM 1.5G illumination with a Co(bpy)3

2+/3+ based electrolyte is shown in 
Table 3. From the table it can be seen that the introduction of the tethered 
TPAA donors in E6 resulted in a 120 mV increase in Voc. Electron lifetime 
measurements (Figure 22, right) showed considerably longer lifetimes for E6 
compared to D49.  
 

Table 3. Performance parameters of E6 and D49 based devices under AM 1.5G 
illumination. 

dye JSC / mA cm-2 VOC / V FF  / % 

D49 9.26 0.80 0.71 5.2 
E6 8.92 0.92 0.72 5.9 
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Figure 22. I-V curves of the devices (top) based on E6 (red) and D49 (blue) and 
electron lifetime as a function of Voc (bottom).  

 
A slightly lower current was measured for E6, which can be explained by the 
IPCE spectrum shown in Figure 23. Although the two spectra are highly 
similar, there are two notable differences: The onset wavelength for D49 is 
lower in energy than for E6; the D49 based device is more efficient at 
harvesting photons in the 550-650 nm region. However, the IPCE for E6 is 
higher than that of D49 near their absorption maxima (450 nm). Additional 
experiments are required to determine the cause of these differences.  
 

28 
 



400 500 600 700
0

20

40

60

80

100

IP
CE

 (%
)

Wav (nm)

 
Figure 23. IPCE spectra of E6 (red) and D49 (blue) based devices. 

 

3.6. Conclusions 

A dye assembly (E6) consisting of a D- -A chromophore tethered via a non-
conjugated linker to two external TPAA donors was designed and synthesized. 
Quantum chemical calculations indicated that the tethered donors were 
electronically decoupled from the chromophore and that a driving force for 
intramolecular regeneration of the chromophore of 0.36 eV existed. This was 
experimentally confirmed by spectroelectrochemical measurements, from 
which a driving force for intramolecular hole transfer of 0.27 eV was inferred. 
Devices based on E6 showed a 0.12 V increase in Voc, compared to its 
reference dye, D49 which was attributed to a longer electron lifetime in the E6 
device. 
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4.  
Convergent/Divergent/Library synthesis of 

dyes 
(Paper III) 

4.1. Introduction 
Although many important properties of a dye can be predicted with relatively 
good accuracy through quantum chemical calculations, it is still not possible to 
give accurate predictions of the dye’s performance in the device.68-70 A 
consequence of this limitation together with a structure-performance 
relationship that is largely unknown is that performance estimations can 
currently only be given after a dye has been synthesized and tested. Thus, 
finding new high performance dyes typically requires a substantial synthetic 
effort. It is, however, possible to increase the efficiency of synthesis using 
well-established techniques such as divergent synthesis, where a large number 
of structurally diversified compounds can be synthesized efficiently by 
branching of the synthetic route.71, 72 While such techniques are commonly 
used in for example pharmaceutical research, their potential remains 
underutilized in the synthesis of dyes.  
In this project we wanted to investigate the possibility of employing some of 
the strategies of efficient synthesis mentioned above for exploring a series of 
linker variations of the D35 dye (Figure 24) for use with cobalt-based redox 
mediators. By extending the linker unit of the dye, broader absorption, leading 
to higher photocurrents can be obtained.41, 73  
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Figure 24. Target molecules with D35 donor. 
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4.2. Calculations 
Quantum chemical calculations performed prior to synthesis can give valuable 
guidance and save time and resources in the laboratory when structures which 
are unlikely to fulfill the requirements (listed in section 1.4) can be eliminated. 
The molecular geometries were optimized using hybrid-DFT at the B3LYP/6-
31G(d) level as implemented in Gaussian 09 and are shown in Figure 25 with 
their frontier molecular orbitals overlaid on the structure.65 The oxidation and 
excited state reduction potentials, listed in Table 4, were then calculated at the 
B3LYP/6-311+G(d) level, applying a polarizable continuum model (PCM) to 
simulate the solvent (DCM). According to the calculations, LEG2 was 
expected to have the lowest oxidation potential of 0.80 V vs NHE, which 
would result in a sufficient (>0.2 V) driving force for regeneration by 
Co(bpy)3

2+.  
The vertical transitions were calculated using TD-DFT (B3LYP/6-31G(d)). As 
was expected, the absorption spectra of all dyes in the series were predicted to 
be red-shifted compared to D35 as a consequence of a tightened HOMO-
LUMO energy gap. 
 

Table 4. Calculated electrochemical and photophysical properties of the dyes. Energy 
levels are given vs vacuum. Absorption peak wavelengths and oscillator strengths (f) 

are given for the first two transitions with f >0.1. 

Dye   Predicted EOX 
  E0-0  1 (f  2 (f  

D35 -5.26 0.966a) -2.99 2.27 622 (0.797) 433 (0.414) 

LEG1 -5.16 0.865 -3.11 2.05 691 (0.831) 487 (0.828) 

LEG2 -5.10 0.801 -3.01 2.06 676 (0.863) 489 (0.726) 

LEG3 -5.15 0.860 -3.05 2.11 669 (0.907) 482 (0.853) 

LEG4 -5.12 0.826 -2.98 2.14 656 (1.087) 482 (0.794) 

a) Experimentally determined value in DCM, used to calibrate the calculated oxidation potentials 
of the other dyes. 
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4.3. Synthesis 
One of the goals of the project was to provide an efficient method for rapidly 
synthesizing new dyes of different structures. As D- -A dyes are intuitively 
divided into three fragments (donor, linker and acceptor), we wanted to 
synthesize these fragments individually and combine them in the final steps of 
the synthesis. By taking this approach the synthesis becomes convergent and, 
if one fragment appears in multiple target molecules, also divergent. 
One critical decision was which reactions to use for the final steps. The 
reactions must be robust with good functional group tolerance, to reduce the 
risk of incompatibilities with certain fragments. 
In the case of the linker-acceptor bond forming reaction the decision was 
relatively simple, since the target dyes, like the majority of D- -A dyes, 
employed cyanoacrylic acid as the acceptor group.49 As was shown in previous 
chapters, the cyanoacrylic acid is formed in a Knoevenagel condensation of 
cyanoacetic acid and an aldehyde present on the linker. The choice of the 
donor-linker forming reaction is more open, as there are many options for the 
bond type (Ar-Ar’, Ar-CH=CH-Ar’, Ar2N-Ar’, etc.) and each of the bond 
types can be formed by a number of different reactions. However, we wanted 
the second functionalization of the linker unit to be orthogonal in reactivity to 
the aldehyde used for the Knoevenagel condensation and the conditions of the 
donor-linker forming reaction to be compatible with said aldehyde. The Suzuki 
reaction was eventually judged to be the most suitable candidate. 
In this project the goal was to investigate linker variations of D35, so both the 
donor and acceptor fragments were fixed. The D35 donor unit, functionalized 
with a pinacol boronic acid ester, was synthesized in three steps as shown in 
Figure 26. The main challenge in this synthesis was achieving regioselectivity 
in the bromination of the highly activated triphenylamine. However, by 
running the reaction at low temperature in DMF remarkably good selectivity 
was achieved.74 
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Figure 26. Synthesis of the donor fragment. A: Pd2dba3, 2-Dicyclohexylphosphino-

-dimethoxybiphenyl (SPhos), K3PO4, toluene, reflux 4 h. B: NBS, DMF, -13°C  rt 
5 h. C: n-butyllithium, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. 
 
The synthesis of the linker fragments for LEG2-4 is described in Figure 27 
whereas the linker used in LEG1 is commercially available. As the use of 
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hydrazine is practically banned in Sweden, the 4,4-dialkyl-4H-cyclopenta[2,1-
b:3,4-b (CPDT) linker for of LEG4 was  synthesized using a 
novel hydrazine-free route.75 The resulting CPDT unit was then formylated 
using the Vilsmeier-Haack reaction and brominated using NBS.76 The 
remaining linkers were synthesized using a Suzuki reaction followed by 
bromination with NBS. 
 

 
Figure 27. Synthetic routes to the linker units 5, 7 and 11. A: PdCl2(dppf), K2CO3, 
MeOH/PhMe 2:3, 65 °C 1 h. B: NBS, THF, -20 °C  -10 °C 1 h. C: PdCl2(dppf), 

K2CO3, MeOH/PhMe 2:3, 70 °C 40 min. D: NBS, THF, -20 °C  rt 6 h. E: n-BuLi, 
tridecan-7-one, Et2O, -78 °C  rt. F: H2SO4, heptane, rt 15 h. G: POCl3, DMF, 1,2-

dichloroethane, 0 °C  rt 6 h. H: NBS, THF, 0 °C  rt. 
 
As discussed earlier, the final steps of the synthesis are a Suzuki reaction to 
form the donor-linker bond and a Knoevenagel condensation to form the 
linker-acceptor bond. These reactions can be performed in arbitrary order, but 
for practical reasons the donor-linker first route was chosen. Those practical 
reasons are primarily the low solubility of the LEG1 linker-acceptor fragment 
and purification related issues.  
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4.4. Photophysical and device related properties 
The extension of the linker unit resulted in a bathochromic shift of the 
absorption (Figure 29) for all dyes compared to D35, as was expected and also 
predicted by the calculations. While the extension of the -system is expected 
to narrow the HOMO-LUMO energy gap (thus leading to a bathochromic 
shift), only LEG1 represents this simple case. For LEG2-4 there are additional 
effects to consider: 

 The 3,4-ethylenedioxythiophene (EDOT) unit of LEG2 is strongly 
electron donating and raises both the HOMO and LUMO (compared 
to LEG1). Calculations indicate smaller dihedral angles between the 
units in the linker, which increases the degree of conjugation. 

 The hexyl-group of LEG3 is slightly electron donating, but the hexyl 
substituent also introduces a steric effect that alters the 
conformational preferences at the linker and reduces the degree of 
conjugation. 

 The CPDT of LEG4 locks the thiophenes in a planar syn 
configuration and is more electron donating than bithiophene.  

Extinction coefficients were also improved compared to D35, especially with 
LEG4 and LEG2. This is primarily an effect of their higher degree of 
conjugation. Similarly, LEG3 has a lower extinction coefficient due to its 
lower degree of conjugation. The photophysical and electrochemical properties 
of the dyes are listed in Table 5. 
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Table 5. Photophysical and electrochemical properties of the LEG series. 

Dye  abs, max  
[nm (M-1 cm-1  

em, max 
 

E0-0  
a) 

Eox  
b) 

ELUMO  
c) 

D35 500 (31000) 647 2.18 0.966 -1.21 

LEG1 515 (33000) 720 2.10 0.931 -1.17 

LEG2 537 (40000) 714 2.05 0.857 -1.19 

LEG3 514 (32000) 728 2.11 0.910 -1.21 

LEG4 541 (49000) 717 2.04 0.875 -1.17 
a) Calculated from the intersection of the normalized absorption and emission spectra b) The 
ground-state oxidation potentials of the dyes were measured under the following conditions: Pt rod 
working electrode and graphite counter electrode; the electrolyte consisted of 0.2 mm dye and 0.05 
m Bu4NPF6 in DCM. The reference Ag/AgNO3 electrode was calibrated against an internal Fc/Fc+ 
reference (using E°(Fc/Fc+) = 0.63 V vs NHE) c) Estimated by subtracting E0-0 from the oxidation 
potential. 
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Figure 29. Absorption spectra of the LEG series of dyes and D35. 

 
The trend in the onset wavelengths of the IPCE (Figure 30) largely matches the 
absorptance data in solution, with the exception of LEG2 which is slightly 
redshifted in the device, likely due to aggregation. The highest IPCE was given 
by LEG4, likely due to its high extinction coefficient together with a relatively 
slow recombination. It is interesting to note that the peak IPCE of LEG3 is 
higher than both LEG1 and LEG2, despite of it having the lowest extinction 
coefficient. 
Device performance was evaluated under AM 1.5G illumination using a 
Co(bpy)3-based electrolyte (Table 6). Despite the improved light absorption of 
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the LEG-series compared to D35, only LEG3 and LEG4 generated higher 
photocurrents. Photovoltages generally decreased with the linker extension as 
a result of faster recombination, with the exception of LEG3.  
 
Table 6. Photovoltaic parameters of solar cells sensitized with the D35 and the 
LEG-series of dyes.a)  

Dye  JSC 
[mA cm-2  

VOC 
 

FF  
[-  

 
 

D35 8.43 0.91 0.67 5.10 
LEG1 7.77 0.87 0.63 4.26 
LEG2 8.44 0.80 0.66 4.46 
LEG3 8.99 0.92 0.71 5.83 
LEG4 10.9 0.85 0.74 6.78 

a)Device parameters: Electrolyte: 0.22 m Co(bpy)3(PF6)2, 0.05 m Co(bpy)3(PF6)3, 0.1 m 
LiClO4, 0.2 m TBP in MeCN. Working electrode: TiCl4 treated FTO glass screen printed 
with a modified Dyesol 18NR-T paste and scattering layer sintered at 500 °C. The resulting 
TiO2 film was 5 x 5 x ~0.009 mm. Counter electrode: Electropolymerized PEDOT on FTO 
glass. Sensitization: 0.2 mm dye in EtOH for 16 h. 
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Figure 30. IPCE spectra for the LEG series of dyes and D35. 

37 
  



4.5. Conclusions 
Using a convergent/divergent synthetic method, new dyes can rapidly be 
assembled from fragments. With a standardized fragment library and reaction 
conditions, the synthesis could likely be largely automated. However, as the 
evaluation of new dyes is a laborious task, the benefit of producing large 
numbers of new dyes is not clear at present.  
Extension of the linker unit successfully broadened the absorption spectra of 
the LEG series of dyes compared to D35. With the exception of LEG3, 
voltages were lower for the LEG series due to fast recombination. As a result, 
device performance was only improved for two dyes in the series (LEG3 and 
LEG4) compared to D35. 
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5.  
Photoisomerization of bromo- and 

cyanoacrylic acid 
(Paper IV) 

5.1. Introduction 

The acceptor unit in D- -A dyes inherently has a large influence on the energy 
level and properties of the dye’s excited state. It is with few exceptions also, by 
design, the part of the dye molecule that is used to attach it to the 
semiconductor surface. As a consequence of the latter, the acceptor group plays 
a deciding role in determining the interfacial structure. 
A recent review of arylamine based dyes revealed that cyanoacrylic acid was 
used as the acceptor/anchoring group in the majority of the surveyed dyes.49 
Although rarely discussed in the context of DSSCs, several compounds 
containing cyanoacrylic acid have been observed to undergo cis/trans-
photoisomerization under UV or visible light irradiation.77-79 This is an 
undesired process in the DSSC, as it provides an additional relaxation pathway 
from the excited state and may significantly change the interfacial structure. 
The kinetics of the cis/trans-photoisomerization can be competitive with 
electron injection; for example the retinal group in rhodopsin, which is 
responsible for human vision, isomerizes as quickly as 200 fs.80 To illustrate 
the effect on the interfacial structure, the trans and cis configurations of L0 
anchored in bidentate bridging mode to TiO2 are shown in Figure 31.5F

vi  
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Figure 31. Illustration of the trans and cis configurations of L0 anchored to TiO2. 

 
As the illustration in Figure 31 shows, it is expected that the distance between 
the dye’s donor unit and the TiO2 is decreased in the cis configuration of the 
cyanoacrylic acid unit. This is in term expected to lead to faster recombination 

vi For consistency, cis/trans notation is used in this chapter to describe the relative stereochemistry 
between the carboxylic acid and the -substituent of the acrylate. 
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between injected electrons in the TiO2 and the dye cation.81 Testing this 
hypothesis is difficult, due to the instability of cis-cyanoacrylic acids under 
ambient conditions.79 However, a trifluoromethylacrylic acid based dye was 
recently synthesized, yielding both cis and trans isomers, which could be 
separated.82 A threefold decrease in efficiency was observed for the device 
based on the cis-isomer compared to the trans-isomer.  
This project started because we were interested in probing the interfacial 
structure of acrylic acid based sensitizers by various X-ray techniques, but as 
the cyanoacrylic acid group only contains light atoms such dyes will not 
generate distinct X-ray contrast allowing scattering effects to be assigned to 
the dye interface. Our approach to this problem was to introduce a heavy atom 
to the acceptor, by changing the cyanoacrylic acid moiety into a bromoacrylic 
acid one. However, as the title of this chapter implies, the project soon became 
an investigation of the photoisomerization of a bromoacrylic acid based dye. 
Bromoacrylic acids have been known to undergo cis/trans-photoisomerization 
for some time.83, 84  
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Figure 32. Structures of L0 and L0Br (trans-isomers). 

5.2. Synthesis of L0Br 
In order to synthesize the desired bromoacrylic acid group with good 
stereoselectivity, olefination of TPA-aldehyde with -tribromoacetic acid was 
employed. Initially a single step synthesis of L0Br (as shown in Figure 33) 
was envisioned using novel Fe(0)-based “green” chemistry.85 Unfortunately, 
the iron-mediated approach proved difficult to apply in this case, and after 
several failed attempts to isolate the product from such a reaction we decided 
to change our strategy. 
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Figure 33. Attempted synthesis of L0Br using Fe(0). 

 
A more established route to trans- -haloacrylates exploits Cr(II) instead of 
Fe(0).  Since the ester of tribromoacetic acid is used, an additional hydrolysis 
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step was required. However, this was beneficial from a purification perspective 
as mixtures of carboxylic acids can be difficult to separate (particularly 
mixtures of isomers). The synthetic route is shown in Figure 34. 
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Figure 34. Synthesis of L0Br using Cr(II). 

 
Although the new route was an improvement over the initial, the yield and 
stereoselectivity were significantly lower than values reported in the literature 
for similar compounds. For example, a 46% yield (trans-isomer) with poor 
stereoselectivity was obtained in the olefination of TPA-aldehyde, compared to 
the 98% yield reported for p-methoxybenzaldehyde (>99/1 trans/cis).86 
Similarly the hydrolysis gave a lower than expected yield with a product 
mixture that was difficult to separate. However, through careful 
recrystallization from a mixture of EtOH/H2O/HCl, the pure trans-isomer 
could be obtained in 54% yield. 
From the synthetic challenges suspicions arose that L0Br and EtL0Br may 
suffer from issues related to their stability. The nature of the instability 
revealed itself during the collection of the 13C-NMR spectrum of EtL0Br. 
Unexpected peaks were present in the 13C-NMR, which prompted the 
examination of the 1H-NMR spectra before and after the 13C experiment. The 
results revealed a significant degradation of the sample. A quick exposure of 
fresh NMR-samples to 405 nm light confirmed the photoinstability of both 
EtL0Br and L0Br as the source of the degradation. 
With this knowledge, the synthesis was repeated in a dark laboratory using a 
yellow light source. The (overall) yield subsequently improved from 25% to 
53% and the purification in the final step became trivial. 
 

5.3. Photoisomerization 
In order to further investigate the photodegradation, a series of experiments 
were performed. The 1H-NMR experiments indicated a single major 
decomposition product, with a structure that was likely to be highly similar to 
the parent compound. UV/Vis spectroscopy revealed that exposure to 400 nm 
light causes a hypsochromic shift in the main absorption band. The appearance 
of an isosbestic point (344 nm in EtOH), confirmed that an interconversion 
between two species was taking place. Irradiation in the region where the 
absorption had previously increased (323 nm) caused a bathochromic shift of 
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the absorption, reversing the effect of the long wavelength irradiation. This 
behavior is indicative of a photoisomerization reaction. 
 

 

 
Figure 35. Change in absorbance observed upon irradiation of trans-L0Br at 400 nm 
(top) and a cis/trans-mixture of L0Br at 323 nm (bottom). 
 
The NMR spectroscopic data provide further evidence in support of a 
photoisomerization reaction. By subtracting the spectrum of the pure trans-
isomer from the spectrum of the irradiated sample the spectrum of the 
photodegradation product was obtained. The same peaks were found for both 
trans-L0Br and the photodegradation product, however two peaks had 
significantly shifted. The singlet peak at 8.13 ppm (assigned to the 
bromoacrylate gruop) had shifted to 7.24 ppm and the doublet at 7.87 ppm 
(phenyl protons ortho to bromoacrylate) had shifted to 7.31 ppm, whereas the 
other peaks had shifted by less than 0.1 ppm. These values are in good 
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agreement with those observed for the trans and cis isomers of -
bromocinnamic acid.87 
 

 
Figure 36. NMR-spectra of (trans-)L0Br in d6-DMSO before (top) and after irradiation 
at 405 nm (middle). The bottom NMR-spectrum is a difference spectrum between the 
top and middle spectra, likely representing cis-L0Br. 
 
With strong evidence for a photoisomerization of the bromoacrylic acid, we 
became interested to determine if the corresponding dye with a cyanoacrylic 
acid group could also photoisomerize. The first indication of a 
photoisomerization of the cyanoacrylic acid moeity came from a change in the 
UV/Vis absorption spectrum of L0 (in EtOH) upon irradiation at 405 nm. 
Similar to what has been observed for 9-(2-carboxy-2-cyanovinyl)julolidine, 
there was no major shift of the absorption maximum for L0, but rather a 
decrease in absorbance.79 Despite the apparently stationary absorption 
maximum, an isosbestic point could clearly be seen at 383 nm. Additionally, 
the isomerization could be reversed upon irradiation at 344 nm, with no visible 
degradation of the dye.  
Further investigation by HPLC indicated that also D35 (shown in Figure 37) 
and LEG4 photoisomerize when irradiated in solution, leading us to conclude 
that this may be a general phenomenon for dyes containing the cyanoacrylic 
acid group. It should be noted that D35 has indeed been observed (by scanning 
tunneling microscopy) to photorearrange on the surface of TiO2 and that this 
was attributed to a cis/trans-photoisomerization.88 
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Figure 37. HPLC chromatograms of D35 before (dashed) and after irradiation at 532 
nm for 5 min (solid) in THF/toluene 8:92. The major peak at 9.5 min represents trans-

D35 and the minor peak at 7.7 min is assigned to cis-D35.  

5.4. Calculations and mechanism of photoisomerization 
In order to gain understanding of the photoisomerization mechanism, quantum 
chemical calculations using the hybrid DFT functional B3LYP with Cambridge 
long-range correction (cam-B3LYP) with the 6-311G basis set were performed 
on L0Br and L0. Ground state geometry optimizations showed the trans-
configuration to represent the global minimum, with the cis-configuration 
being only slightly higher in energy. Both the trans and cis configurations were 
essentially planar. An optimization of the first excited state (S1) of L0Br using 
TD-DFT starting from the trans-configuration showed that the dihedral angle 
over the bromoacrylate remained small (2°), while the triphenylamine became 
severely distorted as the geometry around the C-N bond twisted from near-
planar to near-orthogonal. Optimization of the first triplet state (T1) at the 
UB3LYP/6-31G(d) level revealed a near-orthogonal geometry (75° dihedral 
angle) around the former C=C bond of the bromoacrylate, whereas the 
geometry at the triphenylamine was similar to that in the S0 state.  
Potential energy maps (PEMs) for the rotation around the bromo/cyanoacrylic 
acid in L0Br and L0 at the S0, S1 and T1 states were created from rigid scans 
of the dihedral angle. The PEMs show that the S0 and S1 states are nearly 
degenerate at a dihedral angle of 90° for both L0 and L0Br, which indicates 
the low-barrier cross-over from S1 to S0 at this geometry as a likely mechanism 
for the photoisomerization. The PEMs also show a S0-T1 intersection, which 
could lead to photoisomerization. 
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Time-dependent fluorescence, time-correlated, single-photon counting 
(TCSPC) experiments conducted show lifetimes of 130 ps and 750 ps for L0 
and L0Br respectively.6F

vii The short lifetimes suggest that a singlet mechanism 
is responsible for the photoisomerization, as intersystem crossing is not likely 
to occur on this short timescale. 
 

5.5. Conclusions 
A dye (L0Br) where the cyanoacrylic acid had been substituted for 
bromoacrylic acid was synthesized for the purpose of interfacial studies using 
X-ray techniques. The dye unexpectedly exhibited photoinstability, which was 
assigned to a cis-trans photoisomerization of the bromoacrylic acid group. 
Closer investigation revealed that also the cyanoacrylic acid analogue (L0), as 
well as D35 and LEG4 exhibited the same type of photoisomerization. Since 
photoisomerization provides an additional relaxation pathway from the excited 
state, this process may be detrimental for the performance of DSSCs. 
 

vii The decay of L0Br was bi- 1 2=1.85 ns (1.4%). 
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6.  
Pyridinedicarboxylic acid 

(Paper V) 

6.1. Introduction 
The stability of DSSCs remains a relatively unexplored area, as the primary 
focus of the DSSC community has constantly been on efficiency. However, for 
DSSCs to have a chance of reaching widespread adoption, stability is arguably 
an equally important concern. The stability of dyes can be divided into two 
subcategories: Chemical stability and interfacial stability.  
Chemical stability is defined as the dyes’ ability to withstand the conditions 
within the DSSCs under both illumination and heat without undergoing any 
change in its molecular structure. In order to better understand the challenge of 
chemical stability we can consider that a typical dye molecule in a DSSC 
undergoes one excitation-injection-regeneration cycle each second operating 
under one Sun illumination.89 Over the course of a standard 1000 hour test that 
amounts to 3.6 million cycles. Yet, 1000 Sun-hours only corresponds to the 
sunlight received in half a year in the south of Spain. In order to reach a 
desired 10 year stability mark, the vast majority of the dye molecules must thus 
endure in the order of 70 million cycles.  
The photoisomerization reaction discussed in the previous chapter presents one 
risk for chemical instability, but according to another recent report 
cyanoacrylic acid based dyes are shown to suffer from photodecomposition 
resulting in the hydrolysis of the cyanoacrylate double bond.90 
Interfacial stability relates to the dye’s ability to remain attached to the 
semiconductor surface. Loss of dye coverage reduces the device’s 
performance, as electron injection is only efficient from dyes in close 
proximity to the surface, and also leads to an increase in recombination as the 
semiconductor becomes more accessible to the electrolyte.91 
As all of the aforementioned stability related concerns are connected to the 
dye’s acceptor group, we were interested in investigating an alternative to the 
commonly used cyanoacrylic acid. Since evidence suggests the ethylene group 
in the cyanoacrylic acid entity is a source of chemical instability, we wanted 
the new acceptor to be “ethylene-free”. Taking inspiration from water-
oxidation catalysts, we envisioned the application of 2,6-pyridinedicarboxylic 
acid (PDC) as an acceptor/anchoring group in DSSCs. The resulting dye (PD2) 
is shown together with its cyanoacrylic acid analogue (LEG1) in Figure 38. 
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Figure 38. Structures of the target dye PD2 and its cyanoacrylic analogue LEG1. 

6.2. Synthesis 
The synthesis of a PDC-based dye proved more challenging than anticipated, 
entailing several changes in strategy and target molecule before arriving at 
PD2. Initially the PDC analogue of LEG4 was envisioned as the target, using a 
synthetic strategy similar to that used in Chapter 4. That strategy was based on 
having a linker fragment functionalized with two groups of orthogonal 
reactivity. However, as one of the reactions used in that strategy was the 
Knoevenagel condensation, it would result in an exocyclic double bond, which 
is precisely what we wanted to avoid due to stability concerns. Instead, a 
synthetic route based on iterative Suzuki reactions using N-
methyliminodiacetic acid (MIDA) to mask a boronic acid on the linker  unit 
was designed.92 
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Figure 39. Synthesis of a D- -A dye through iterative Suzuki reactions. 

 
Unfortunately, the synthesis of the required MIDA protected boronic acid of 
CPDT (Figure 40) failed, likely due to the decomposition of the CPDT boronic 
acid under the tested reaction conditions. 
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Figure 40. Failed synthesis of CPDT based linker fragment. 
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Before further efforts were put into the synthesis of the CPDT linker (6.2), we 
wanted to ensure that the iterative Suzuki reaction synthetic route was sound. 
Therefore a simple bithiophene based linker was synthesized as shown in 
Figure 41. 
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Figure 41. Synthesis of the hexylbithiophene linker fragment. 
 
With the prerequisite linker in hand, the next step was a Suzuki reaction under 
anhydrous conditions to couple the previously described D35 donor (4.3) with 
the recently synthesized linker fragment (6.4) as shown in Figure 42. This 
reaction turned out to be very slow however and only trace amounts of the 
desired product was detected after a week.  
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Figure 42. Attempted donor-linker coupling. 

 
The successful synthesis of PD2 is shown in Figure 43. Starting with a Suzuki 
reaction between 4-bromo-PDC diethyl ester and the bithiophene boronic acid 
ester using the 2nd generation XPhos Pd-precatalyst the linker-acceptor bond is 
formed in good yield.93 Due to the rapid hydrolysis of the PDC ester a high 
(10%) catalyst loading was used to ensure a rapid reaction under mild 
conditions. Bromination of the thiophene using NBS followed by an additional 
Suzuki coupling of the resulting bromide with the pinacol boronate ester of the 
D35 donor gave the diethyl ester of PD2. The final step entailed hydrolysis of 
the ester using 0.05 M TBAOH in a mixed THF/H2O solvent at room 
temperature. 
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Figure 43. Synthesis of the PD2 dye. 

 
Throughout the synthesis it was evident that PDC adsorbs very strongly to 
silica, alumina and other metal oxides. This complicated the synthesis, as 
(normal phase) chromatography could not be performed on the final product or 
any intermediate in which PDC was present. Due to this complication the PDC 
diester, which has much weaker adsorption to silica, was used instead. The 
final product, which was precipitated by the addition of HCl after the basic 
ester hydrolysis, fortunately did not require further purification. 

6.3. Photophysical and electrochemical properties 
The oxidation potential of PD2 is very close to that of LEG1, which is 
expected as the structures are identical with respect to the donor and linker 
parts. From the absorption spectra of PD2 and LEG1 (Figure 44) it is then 
apparent that PDC is a weaker acceptor group compared to cyanoacrylic acid, 
as PD2’s absorption is significantly blueshifted compared to LEG1. 
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Table 7. Photophysical and electrochemical properties of the sensitizers in DCM. 

 
Absmax  

(  [M-1 cm-1  
Emmax (nm) E0-0 (eV) a) Eox  

(V vs NHE) b) 

Ered  
(V vs NHE) c) 

PD2 456 (26000) 601 2.33 0.94 -1.39 

LEG1d) 512 (34000) 724 2.10 0.93 -1.17 
a) Calculated from the intersection of the normalized absorption and emission spectra (available in 
supporting information, Figure S6); b) Pt WE and graphite CE; the electrolyte consisted of 0.5 mM 
dye and 0.1 M Bu4NPF6 in DCM. The reference Ag/AgNO3 electrode was calibrated against an 
internal Fc/Fc+ reference (using E°(Fc/Fc+) = 0.63 V vs NHE) c) Excited state reduction potential. 
Estimated by subtracting E0-0 from the oxidation potential. 
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Figure 44. Absorption spectra of PD2 and LEG1 in DCM. 

 
When PD2 was adsorbed to the TiO2 of a working electrode a large 
bathochromic shift occurred, resulting in black or dark brown films. As the 
electrolyte was added during device assembly we noticed that the color shifted 
back to orange, which is the color of PD2 in solution (DCM). This effect was 
not present when TBP was excluded from the electrolyte, which led us to 
believe that the shift may be due to protonation of the dye. By immersing a 
PD2 dyed film of TiO2 into aqueous buffer solutions of varying pH and 
recording the absorption spectra (Figure 45) it became evident that the pH has 
a strong of effect on the absorption spectrum. 
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Figure 45. Absorbance spectra of a PD2-sensitized film of TiO2 immersed in different 

buffer solutions. 
 
The oxidation potential of PD2 adsorbed to a TiO2 film was 0.96 V vs NHE for 
both the dark and orange (TBP-treated) films, indicating that the dye’s HOMO 
level is largely unchanged by the protonation and the bathochromic shift is due 
to a decrease in the dye’s LUMO level. The shift in the onset wavelength of the 
absorption corresponds to a 0.4 eV decrease in the LUMO level.  
Attempts to reproduce the protonation dependent bathochromic shift of PD2 in 
solution failed when polar solvents such as THF were used; however in 
nonpolar solvents (DCM and toluene) we observed the appearance of a new 
absorption peak at 650 nm when trifluoroacetic acid (TFA) was added (Figure 
46). We assign this peak to the dye protonated at the pyridine nitrogen, which 
is expected to be the most basic functional group in the molecule. To our 
surprise, an additional absorption peak appeared at 1240 nm. This absorption 
feature, corresponding to a sub-eV transition is far beyond what is normally 
encountered for singlet species and thus points to the presence of molecules in 
a doublet state. Notably, the peak appeared in a region where D35·+ has been 
shown to absorb light.15 Upon addition of a base to the solution the spectrum 
reverted to that of the deprotonated PD2 and additional acid/base cycles gave 
the same result, indicating that the process is reversible. When TFA was added 
to a solution of LEG1 in DCM the result was a transient color change followed 
by an irreversible decoloration of the solution. 
 

51 
  



400 600 800 1000 1200 1400 1600

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

 /nm

A
bs

PD2
PD2 + TFA (135 mM)
PD2 + TFA (675 mM)

 
Figure 46. Absorbance spectra of PD2 in toluene with 0, 135 and 675 mM TFA added. 

6.4. Adsorption to TiO2 
One of the main reasons for investigating PDC as an anchoring group was to 
enhance the dye’s interfacial stability, for which a strong adsorption is 
required.  As noted in the synthetic section of this chapter, PDC adsorbed very 
strongly to silica. This was also found to be the case for adsorption to TiO2 as 
we first noticed while attempting to determine the adsorbed amount of dye by 
desorption. Normally, desorption is achieved by immersing a dyed film into a 
bath consisting of 0.1 M tetrabutylammonium hydroxide (TBAOH) in 
methanol. As can be seen in Figure 47, this procedure resulted in complete 
desorption of LEG1 in 2 min, whereas the PD2 sensitized film remained 
strongly colored and a device constructed from this film achieved a 50% IPCE. 
Even after 36 days in the desorption bath the film remained visibly colored and 
gave >10% IPCE in the device.  
 

52 
 



 
Figure 47. IPCE spectra of PD2 and LEG1 after 2 min in desorption bath. 

 
Using a stronger desorption bath consisting of 0.1 M TBAOH in DCM 
complete desorption was obtained, allowing the determination of the adsorbed 
amount of PD2 to 0.23 mmol/cm³, considerably higher than the 0.13 mmol/cm³ 
obtained for LEG1. Considering the similar molecular volumes of the two 
dyes, such a large difference is unexpected. We consider three plausible 
explanations for this phenomenon: The formation of a double layer of dye, 
PD2 adsorbing at a smaller angle to the surface normal or PD2 adsorbing at 
sites on the TiO2 where LEG1 is unable to coordinate.  
In order to gain insight into how the PDC anchoring group binds to TiO2 
surface we performed FT-IR measurements on films sensitized with PD2, 
shown in Figure 48. Pure PD2 showed a strong peak at 1748 cm-1, which we 
assign to C=O stretching of the carboxylic acids. As PD2 was adsorbed to TiO2 
this peak disappeared, indicating the lack of carbonyl character in the adsorbed 
species. Even after an acid treatment (0.1 M HCl) of the film the carbonyl peak 
remained absent. The lack of the carbonyl peak rules out the presence of 
protonated carboxylic acid species and monodentate ester-type binding to the 
TiO2. As the formation of a dye double layer would result in a large number of 
free carboxylic acids we expected to see a carbonyl peak if this were the case. 
Since no carbonyl peak was present, even after acid treatment, it is likely that 
PD2 does not form multilayers on the surface. 
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Figure 48. FT-IR spectra of PD2 in KBr (blue) and PD2-sensitized TiO2 (green) 

treated with 0.1 M HCl in MeOH (red) and 0.1 M KOt-Bu in MeOH (cyan). 
 

6.4.1. X-ray measurements 
Further evidence for the protonation of the pyridine nitrogen came from N1s-
NEXAFS (Near edge X-ray absorption fine structure) measurements on PD2-
sensitized TiO2 (Figure 49). A resonance at 399.9 eV, corresponding to the 
protonated pyridine nitrogen atom, was observed in the spectra of PD2 after 
sensitization and after acid treatment of the film. Treatment of the film with a 
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base resulted in the loss of this peak and a simultaneous increase in a resonance 
at 398.5 eV, assigned to the deprotonated pyridine nitrogen atom.94-96 
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Figure 49. N1s-NEXAFS spectra of PD2 on TiO2. 

 

6.5. Device characterization 
The performance of PD2 and LEG1 based devices with various electrolytes 
under simulated AM 1.5G illumination is shown in Table 8. The effect of TBP 
in the electrolyte can clearly be seen from the substantial difference in short-
circuit current between the PD2-based devices with electrolyte A (no TBP) and 
B (0.5 M TBP). This effect is equally clear in the IPCE spectra shown in 
Figure 50, where the IPCE onset for PD2 shifts from 810 nm to 600 nm when 
TBP is added to the electrolyte. As is commonly observed, a small shift can 
also be seen for the cyanoacrylic acid based dye LEG1. The shift observed for 
PD2 corresponds to a 0.5 eV difference in energy gap, similar to the 0.4 eV 
change observed in the absorbance measurements shown in Figure 45.  
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Table 8. Photovoltaic performance of the devices. 
Dye Electrolyte jsc (mA/cm²) Voc (V) ff  

PD2 A 16.3 0.39 0.43 2.7 

  B 9.3 0.59 0.68 3.7 

 Coa) 9.6 0.71 0.69 4.6 

LEG1 A 14.9 0.48 0.48 3.4 

  B 12.5 0.68 0.69 5.8 

 Co 7.0 0.81 0.64 3.6 
Cells studied under 100 mW/cm² AM1.5G simulated sunlight. Electrolyte A: 0.5 M LiI, 0.05 M I2 
in MeCN B: 0.5 M LiI, 0.05 M I2, 0.5 M TBP in MeCN Co: 0.3 M/0.15 M Co(bpy)3[B(CN)4 2/3, 
0.2 M TBP in MeCN. WE: 9+2 μm for A+B, 6+2 μm for Co, CE: Pt. Dye bath: 0.2 mM dye, 
Chenodeoxycholic acid (sat.) in DCM.  a) After 550 h light and heat soaking (60 °C). 
 

 
Figure 50. IPCE of PD2 and LEG1 based devices using electrolyte A and B. 

 
As expected, TBP also had a substantial positive effect on the device voltage 
and fill factor, allowing the devices where TBP was used to outperform the 
TBP-free devices. Devices were also characterized with a Co(bpy)3 based 
electrolyte, for which the best efficiency of 4.6% was obtained, primarily as a 
result of a higher Voc. 
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6.5.1. Device stability 
Since our motivation for using the PDC acceptor/anchoring group was to 
improve the stability of the dye and the device, we were naturally interested in 
testing this. The stability test which extended for 1200 hours under 1 Sun 
illumination and 60°C was performed using a cobalt electrolyte optimized for 
stability. In Figure 51 the evolution of the device’s performance parameters 
over the course of the test is shown. The initial device performance was very 
low (1%), but it improved continuously over the first 550 hours to a maximum 
value of 4.6%. An improvement was noted in all parameters, but the largest 
contributor to the increased efficiency came from the current, which increased 
from 3.6 to 9.6 mA/cm². A corresponding increase was observed in the IPCE 
spectra recorded at the different measurement intervals. At this point the 
mechanism behind the increasing efficiency is not clear, but a detailed study is 
ongoing. 
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Figure 51. Evolution of performance parameters during a light and heat soaking test 

(100 mW/cm² and 60°C) of a PD2-sensitized device using electrolyte Co. 
 
After 550 h the efficiency drops due to a decrease in ff. The voltage and current 
remain stable however, which indicates good dye stability and that the 
reduction in fill factor is related to another device component. 
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6.6. Conclusions 
This first example of a dye (PD2) employing pyridinedicarboxylic acid as the 
anchoring group shows strong adsorption to TiO2 and consequently good 
resistance with respect to desorption in a DSSC. In solution, PDC is a weaker 
acceptor group than cyanoacrylic acid, but when adsorbed to TiO2 the roles are 
reversed due to a protonation of the pyridine nitrogen atom. The protonation 
state of the pyridine can be altered by the electrolyte composition, allowing the 
dye’s LUMO level to be tuned by as much as 0.5 eV. The best device 
performance (4.6%) was achieved under conditions where the pyridine 
nitrogen atom was in a deprotonated state which consequently resulted in a 
lower current than recorded for its cyanoacrylic acid analogue (LEG1). 
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7.  
Concluding Remarks and Future Outlook 

Over the past five years the record efficiency for DSSCs based on metal-free 
dyes has increased from 9.5% to 10.7%. This marginal increase highlights the 
challenging nature of dye design, especially considering that thousands of 
researchers are involved in the search for better dyes.  Interestingly, the 
development of metal-free dyes has perhaps had its largest impact in the field 
of metal-based porphyrin dyes, where efficiencies took a leap as they 
transitioned to hybrid porphyrin/D- -A structures. It is gratifying to find 
fragments of the earliest work described in this thesis implemented in current 
state-of-the-art dyes. 
The dyes synthesized as a part of this thesis have addressed a few design 
concepts with respect to each part of the D- -A structure, starting with the 
donor in chapter 2 and 3 and ending with the acceptor in chapter 5 and 6. Of 
these projects, studies of the acceptor/anchoring group have been, by far, the 
most challenging but also, in my opinion, the area where the largest gains can 
be made. The new pyridinedicarboxylic acid acceptor shows promising 
stability and many interesting properties, but is not yet competitive with 
cyanoacrylic acid in terms of performance. However, as the current results are 
for a completely unoptimized system with respect to both the device and the 
dye, I am confident that it can be greatly improved. 
To take a leap from the currently slow progress in the field of D- -A dyes, we 
likely need new concepts and better understanding of how the dyes organize at 
the interface.  
Despite of the great challenges DSSCs are currently facing, I am positive that 
many of these problems can be overcome. Together with advances in energy 
storage and distribution, DSSCs and other emerging photovoltaic technologies 
will revolutionize the way we think about energy.   
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Appendix A 

The following is a description of my contribution to Publications I to V, as 
requested by KTH. 
 
Paper I: I contributed to the formulation of the research problem, performed 
the synthesis and wrote part of the manuscript. 
 
Paper II: I formulated the research problem, performed the synthesis and wrote 
part of the manuscript. 
 
Paper III: I formulated the research problem, performed the synthesis, 
calculations and part of the measurements. I wrote the majority of the 
manuscript. 
 
Paper IV: I contributed to the formulation of the research problem, performed 
the synthesis, initial calculations and discovered the photoisomerization.  
I wrote part of the manuscript. 
 
Paper V: I formulated the research problem and performed the synthesis and a 
large part of the measurements. I wrote the majority of the manuscript. 
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A series of organic chromophores have been synthesized in order to investigate the benefits of structural

versus spectral properties as well as the absorption properties and solar cell performance with

unsymmetrically introduced substituents in the chromophore. Exceptionally high open-circuit voltage,

Voc, was found for the symmetrical structurally benefited dye, which also gave the best overall solar

cell performance.

Introduction

The demand for alternative power sources has drawn attention

to a variety of light-harvesting devices. Among these, dye-

sensitized solar cells (DSCs)1 have attracted a large number of

research groups in recent decades. So far, the conventional

ruthenium-based sensitizers such as N3/N7192,3 and black dye4

have reached the promising solar-energy-to-electricity conver-

sion efficiencies of 11% under AM 1.5 irradiation. In compar-

ison, organic sensitizers have reached efficiencies of 6–9.8%.5–19

However, organic chromophores for DSCs exhibiting high molar

extinction coefficients, can be prepared and easily modified and

are environmentally friendly. The high extinction coefficients are

needed in solid-state devices where limitation of the photovoltaic

performance by low hole mobility and insufficient pore filling

requires thin TiO2 films.20 Organic chromophores based on tri-

phenylamine (TPA) donors have proved potent sensitizers in

DSCs over the past few years.10,11,17–19,21,22 Many research groups

focus on broadening the absorption spectra of the chromophores

in order to increase their efficiency. The spectral red-shift of

organic sensitizers is frequently associated with parallel limita-

tions; firstly, expanding the absorption by increasing the conju-

gation can result in sensitization problems often referred to as

aggregation,23–25 secondly, decreasing the HOMO–LUMO gap

can result in driving force limitations for the injection and

regeneration.26One principal difference between organic and Ru-

based chromophores is that the main absorption band in the

organic dye arises mainly due to a single, strong HOMO /

LUMO excitation, while the panchromatic absorbance of

common Ru-dyes is due to numerous weakly allowed transitions.

The HOMO-1 energy of organic dyes is generally too low to

make any significant contribution except in the near-UV region.

Moreover, it has proven difficult to absorb the near-IR photons

by extending the p-conjugation of the molecule, without nega-

tively affecting the stability and overall efficiency.23 Given these

limitations, it remains a challenge for organic sensitizers to

compete with the high incident photon-to-current conversion

efficiency (IPCE) of e.g. N719.2

In recent years a number of chromophores with insulating

alkyl groups, both on the linker and the donor, have been pub-

lished.11,19 It has been shown that the efficiencies of the sensitizers

are strongly dependent on the position of these insulating groups.

Hara and co-workers have elegantly elucidated the influence of

the position/number of alkyl chains on the open-circuit voltage,

Voc, and hence the efficiency of the sensitizers.6 Moreover, it is

well-established that electron-donating groups at the para-posi-

tion of the TPA phenyls, e.g. amine or alkoxy groups, red-shift

the absorption spectrum and increase efficiency, where the degree

of red-shift is dependent on the electron-donating strength of the

substituents.11,17 Tian et al. reported a series of chromophores

with aryl amines at the para-position of the TPAmoiety and they

indeed shifted the spectra bathochromically.14 One drawback

with this strategy however, is the risk of raising the HOMO

potential too high, hence not matching the redox potential of the

electrolyte.

We have designed and synthesized a series of chromophores

based on the TPA donor group (Fig. 1). The TPA group has been

substituted in the para-position with additional phenyl groups,

Fig. 1 Structures of the chromophores.
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functionalized with p-dimethylamine (D29) and/or p,o-butoxy

groups (D35,D37). This series can be used to study the impact of

structural versus spectral benefits on the overall solar cell effi-

ciency. The chromophore D29, with dimethylaniline substituents

can be regarded as a chromophore with spectral benefits, due to

the strong electron-donating properties of the amine groups.

The chromophore D35, on the other hand, receives structural

benefits from the large steric bulk introduced by the four butoxy

groups, but it is not red-shifted as much as D29, due to lower

electron-donating strength. The chromophore D37 is a hybrid of

the two parent chromophoresD29 andD35, and is included since

it encompasses a combination of properties that might be

optimal for solar cell performance. To the best of our knowledge,

this is the first time such an unsymmetric organic chromophore

has been presented, however, unsymmetric squaraine dyes have

been investigated.27 Moreover, breaking the symmetry of the

molecule gives rise to orbital rearrangements. As has been

observed in a different class of dyes, two explicit acceptor groups

give two near-degenerate LUMOs.28

Prior to the synthesis of the three novel organic chromophores

(Scheme 1), their electronic and spectral properties were evalu-

ated using hybrid-DFT computational methods. Gas-phase

optimized geometries and absorption spectra were obtained at

the B3LYP/6-31G(d) level, employing the Gaussian03 program

package.29 Time-dependent DFT was used to obtain the vertical

transitions. Although it is well-known that hybrid-DFT gravely

underestimates the charge-transfer excitations,30 present in all

organic sensitizers, B3LYP does successfully reproduce the

general characteristics of the spectra, making it the method of

choice in this study. Fig. 3 displays the simulated absorption

spectra together with the relative energy levels of the three dyes.

The calculations indicate that the unsymmetric dyeD37 has more

evenly spaced occupied frontier orbitals, having contributions

from both the D29 and D35 electronic structures. The main

absorption band is predicted to be broadened at the blue end,

because of a larger contribution from the HOMO-1 / LUMO

transition, which is essentially forbidden in D29 and D35. This

difference is mainly due to a better overlap between HOMO-1

and LUMO inD37 (Fig. 2). The calculations predict a systematic

red-shift, when increasing the number of dimethyl amines in the

functional groups.

Results and discussion

The straightforward synthesis of the chromophores, illustrated in

Scheme 1, is strongly based on the Suzuki coupling reaction of

commercially available materials.31 Suzuki coupling was carried

out with unprotected 5-formyl-2-thiophene-boronic acid and

4-(diphenylamino)-bromobenzene under microwave irradiation

to directly yield the aldehyde in 1, necessary in the final reactions.

Bromination of the para-positions of the triphenylamine moiety

was carried out with NBS to yield 2. Additional Suzuki coupling

reactions under microwave irradiation introduced the function-

alized phenyl groups. The final reaction of the three dyes was the

condensation of the respective aldehydes with cyanoacetic acid

by the Knoevenagel reaction in presence of piperidine.

Table 1 presents the experimental spectral and electrochemical

properties of the dyes in ethanol solution and adsorbed onto

TiO2, respectively. The predicted red-shift in the absorption

maxima, due to the increasing electron-donating strength of the

moieties, was observed. As seen in Fig. 4, the difference is small,

and the theoretical overestimation of absorption wavelength is

evident. In the experimental spectrum for D37, a slight broad-

ening at the blue end of the visible band is observed. We believe

that this is due to the second transition discussed above. The

appearance of only one band can be explained by solvation

broadening and the fact that the two vertical transitions are

closer in reality than in the theoretical spectrum, thus embedded

Scheme 1 Synthesis of the chromophores.
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in the same band. The estimated LUMO energy levels, calculated

from E(HOMOox) � E0–0, seem to be sufficiently more negative

than the TiO2 conduction-band edge for all three dyes, reported

in Table 1.

However, the LUMO energy level of D37 is surprisingly

negative, and not at all in the same region as the two parent

chromophores, D29 and D35, which was predicted. The mono-

chromatic IPCE spectra are presented in Fig. 5, and show that

the highest IPCE is obtained from the D35 solar cell. The IPCE

ofD37 is a combination of the two parent chromophores, but not

quite as red as the D29 nor as high as the D35. A comparison of

the photovoltaic performances of solar cells based on the

different dyes D29, D35 and D37 under AM 1.5 illumination is

presented in Table 2. The efficiencies were 4.83, 6.00 and 5.24%

for D29, D35 and D37, respectively.

The D35 dye showed remarkably high Voc, 0.75 V, which we

believe is due to an insulating effect of the bulky butoxy chains.17

This is also supported by our preliminary electron-lifetime

studies, which are presented in Fig. 6. Comparing the electron

Fig. 2 Isodensity plots of the new organic chromophores, showing HOMO-1, HOMO and LUMO. Good charge separation is obtained by transferring

an electron from an occupied orbital to the LUMO, facilitating electron injection. D37 is the only of the three dyes where the HOMO-1 orbital extends

over the linker region, which explains the relatively strong second transition. Note that the butoxy groups have been truncated in the calculations, in

order to save computational time. This does not significantly affect the electronic or spectral properties.

Fig. 3 Calculated gas-phase absorption spectra of the senzitisers. Each

spectrum was generated by employing an arbitrary Gaussian broadening

of 3000 cm�1, and the calculated transitions are shown as vertical lines.

The right panel shows relative energy levels.
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lifetimes as a function of Voc, DSCs based on D35 showed

significantly longer electron lifetimes compared to D37 and D29.

This provides support for the four insulating butoxy chains

introduced in D35 preventing electrons in TiO2 from recombin-

ing with redox species yielding a high Voc. Despite the red-shift in

the absorption spectrum and hence a more optimal HOMO and

LUMO energy-level composition with regards to the TiO2–I
�/I3

�

system, the D29 dye showed a comparatively low performance

due to the lack of insulating bulky substituents. The predicted

broader spectral response of D37 was not decisive for the

photovoltaic performance. We are currently working on the

synthesis of spectrally and structurally benefited chromophores.

Conclusions

In conclusion, this series of chromophores showing high effi-

ciencies in DSCs were used in a comparative study of structural

versus spectral benefits. The TPA donor units were functional-

ized with electron-donating groups and bulky substituents,

respectively. Neither the red-shift of the symmetrical dyeD29 nor

the expanded spectral response from the unsymmetrical dye D37

can compete with the structural benefits of the symmetrical dye

D35. In the present study, solar cells based on D35 yielded the

Fig. 5 Spectra of incident photon-to-current conversion efficiency

(IPCE) for DSCs based on D29, D35, and D37 dyes.

Fig. 6 Electron lifetime as a function of extracted charge under open-

circuit conditions for DSCs based on D29, D35, and D37, respectively.

Table 1 Experimental data for the spectral and electrochemical properties of the dyes

Dye Absmax/nm
a 3/M�1cm�1 Emmax/nm E(HOMOox)/V

b vs. NHE E0–0/eV
c (Abs/Em) E(LUMO)/V

d vs. NHE

D29 482i, 456ii 70 200 612 0.84 2.31 �1.47
D35 445i, 444ii 70 100 597 1.04 2.41 �1.37
D37 459i, 446ii 37 200 576 0.81 2.41 �1.6

a Absorption of the dyes in EtOH solutioni and adsorbed onto TiO2
ii. b The ground-state oxidation potential of the dyes was measured under the

following conditions: Pt working electrode and Pt counter electrode; electrolyte, 0.05 M tetrabutylammonium hexafluorophosphate, TBA(PF6), in
DMF. Potentials measured vs. Fc+/Fc were converted to normal hydrogen electrode (NHE) by addition of +0.63 V. c 0–0 transition energy,
estimated from the intercept of the normalized absorption and emission spectra in ethanol. d Estimated LUMO energies vs. NHE from the
estimated highest-occupied molecular orbital (HOMO) energies obtained from the ground-state oxidation potential, E(HOMOox), by subtracting the
0–0 transition energy, E0–0.

Fig. 4 Normalized absorption spectra of D29 (red), D35 (green), and

D37 (black line) measured in ethanol.

Table 2 Current and voltage characteristics of DSCsa

Dye Voc/V Jsc/mA cm�2 ff h (%)

D29b 0.67 12.00 0.60 4.83
D35c 0.75 12.96 0.61 6.00
D37b 0.71 12.50 0.59 5.24

a Photovoltaic performance under AM 1.5 irradiation of DSCs based on
D29, D35, and D37 dyes, respectively, based on 0.6 M
tetrabutylammonium iodide (TBAI), 0.1 M LiI, 0.05 M I2, 0.5 M 4-
tert-butylpyridine (4-TBP), 0.05 M guanidinium thiocyanate (GuSCN)
in acetonitrile. b Dye bath: acetonitrile solution (2 � 10�4 M) with
addition of CDCA (6 � 10�3 M). c Dye bath: ethanol solution (2 �
10�4 M) with addition of CDCA (6 � 10�3 M).

This journal is ª The Royal Society of Chemistry 2009 J. Mater. Chem., 2009, 19, 7232–7238 | 7235



highest efficiency, thereby showing that structural properties are

of central importance to solar cell efficiency.

Experimental section

General procedure for preparation of solar cells

Fluorine-doped tin oxide (FTO) glass plates (Pilkington-TEC8)

were cleaned using (in order) detergent solution, water and

ethanol using an ultrasonic bath overnight. The conducting glass

substrates were immersed in 40 mM aqueous TiCl4 solution at

70 �C for 30 min and washed with water and ethanol. The screen-

printing procedure was repeated (layers of �3 mm) with TiO2

paste to obtain a transparent nanocrystalline film of thickness

around 10 mm. The preparation of TiO2 paste (�25 nm colloidal

particles) is described elsewhere.32 A scattering layer (�3 mm,

PST-400C, JGC Catalysts and Chemicals LTD) was deposited

and a final thickness of 13.0 � 0.2 mm was attained. The TiO2

electrodes were gradually heated in an oven (Nabertherm

Controller P320) in an air atmosphere. The temperature gradient

program had four levels at 180 �C (10 min), 320 �C (10 min),

390 �C (10 min) and 500 �C (60 min). After sintering, the elec-

trodes once again passed, as described above, a post-TiCl4
treatment. A second and final sintering, at 500 �C for 30 min, was

performed. When the temperature decreased to 70 �C after the

sintering, the electrodes were immersed into 0.2 mM dye solu-

tions and kept for 16–17 h in darkness at room temperature. The

solvent was ethanol (99.5%) forD35, acetonitrile (99.8%) forD29

and D37, respectively. After the adsorption of the dyes, the

electrode was rinsed with the same solvent. The electrodes were

assembled with a platinized counter electrode using a hot-melt

Surlyn film. The redox electrolyte consisted of 0.1 M LiI (99.9%),

0.6 M TBAI (98%), 0.05 M I2 (99.9%), 0.5 M 4-TBP (99%), and

0.05 M GuSCN in acetonitrile (99.8%) was introduced through

a hole drilled in the back of the counter electrode. Finally, the

hole was also sealed with Surlyn film.

Photocurrent density–voltage (J–V) measurements.

The current–voltage characteristics and incident photon-to-

current conversion efficiencies (IPCEs) of the prepared solar

cells were studied. Current–voltage measurements were carried

out with a Newport Oriel 300 W Solar Simulator (Model 91160)

with AM 1.5 G filter. The incident light intensity was

1000 W m�2 calibrated with a standard Si solar cell. For the

J–V curves, the solar cells were evaluated by using a slightly

larger black mask (working area 0.25 cm2, aperture area of

0.49 cm2) on the cell surface to avoid diffusive light. IPCE

measurements were carried out with a Xenon arc lamp (300 W),

a 1/8 m monochromator, a source/meter, and a power meter

with a 818-UV detector head.

Photophysical measurements

All UV–vis spectra of dye solutions (1 � 10�5 M in ethanol) were

recorded on a Lambda 750 spectrophotometer using a 1 cm

cuvette. All fluorescence spectra were recorded on a Cary Eclipse

fluorescence spectrophotometer.

Electrochemical measurements

Electrochemical experiments were performed with a CH Instru-

ments electrochemical workstation (model 660A) using

a conventional three-electrode electrochemical cell. The sup-

porting electrolyte consisted of 0.05M TBAPF6 in DMF and dye

concentrations of 1 � 10�3 M. A glass carbon disk was used as

the working electrode, a platinum wire served as a counter

electrode, a Ag/Ag+ electrode was utilized as a reference elec-

trode, and the scan rate was 100 mV s�1. All potentials were

calibrated vs. a normal hydrogen electrode (NHE) by the addi-

tion of ferrocene as an internal standard taking E� (Fc/Fc+) ¼
630 mV vs. NHE.

Electron-lifetime measurements

Electron lifetimes in the complete dye sensitized solar cell device

were measured in a system using a red-light-emitting diode

(Luxeon Star 1 W, lmax ¼ 640 nm) as light source. Voltage traces

were recorded using a 16-bit resolution data acquisition board

(DAQ National Instruments) in combination with a current

amplifier (Stanford Research Systems SR570) and a custom-

made system using electromagnetic relay switches. Electron

lifetimes were determined by monitoring the transient voltage

responses after a small light intensity modulation (square-wave

modulation, <10% intensity of 0.5 Hz), and the step response was

recorded by the DAQ board. The voltage response was well fitted

to first-order decay, and time constants were thus obtained.

General synthetic procedure

1H and 13C NMR spectra were recorded on Bruker 500 and 400

MHz instruments by using the residual signals d ¼ 7.26 ppm and

77.0 ppm from CDCl3, d ¼ 2.50 and 39.4 ppm from [D6]-DMSO

and d ¼ 2.05, 29.84, and 206.26 ppm from [D6]-acetone, as

internal references for 1H and 13C respectively. HRMS was per-

formed using a Q-Tof Micro (Micromass Inc., Manchester,

England) mass spectrometer equipped with a Z-spray ionization

source.

5-(4-(Diphenylamino)phenyl)thiophene-2-carbaldehyde (1). The

synthetic procedure and characterizations were presented in an

earlier publication.23

5-(4-(Bis(4-bromophenyl)amino)phenyl)thiophene-2-carbalde-

hyde (2). 1 (400 mg, 1.13 mmol) was dissolved in THF (50 mL)

and the solution was cooled to 0 �C. NBS (411 mg, 2.31 mmol)

was added in one portion and the mixture was stirred for 1 h at

0 �C. The mixture was allowed to warm to ambient temperature

and stirring was continued for 1.5 h. The reaction was quenched

by addition of water (50 mL), extracted with diethyl ether

(50 mL), washed with water (3 � 50 mL) and purified by filtra-

tion through a plug of silica gel with DCM. Solvent removal by

rotary evaporation yielded 2 as a yellow solid (577 mg, 100%). 1H

NMR (500MHz, CDCl3) d ppm 9.86 (s, 1H), 7.71 (d, J¼ 3.9 Hz,

1H), 7.54 (d, J ¼ 8.7 Hz, 2H), 7.39 (d, J ¼ 8.8 Hz, 4H), 7.32 (d, J

¼ 4.0 Hz, 1H), 7.06 (d, J ¼ 8.7 Hz, 2H), 6.99 (d, J ¼ 5.8 Hz, 4H);
13C NMR (126 MHz, CDCl3) d ppm 182.6, 153.9, 148.0, 145.7,

141.7, 137.6, 132.6, 127.5, 127.4, 126.2, 123.27, 123.2, 116.7.
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5-(4-(Bis(40-(dimethylamino)biphenyl-4-yl)amino)phenyl)thio-

phene-2-carbaldehyde (5a). 2 (200 mg, 390 mmol), 4-(dimethyla-

mino)phenylboronic acid (142 mg, 857 mmol), K2CO3 (269 mg,

1.95 mmol) and PdCl2(dppf) (31.8 mg, 39 mmol) was added to

a mixture of DCM and methanol (3:2, 5 mL). The mixture was

heated by microwave irradiation to 70 �C for 20 min. The reac-

tion was quenched by the addition of water (20 mL) and

extracted with DCM (2 � 30 mL). The combined extracts were

dried over anhydrous MgSO4 and filtered. Solvent removal by

rotary evaporation followed by column chromatography over

silica gel with DCM yielded 5a as an orange solid (165 mg, 71%).
1H NMR (500 MHz, CDCl3) d ppm 9.86 (s, 1H), 7.71 (d, J ¼ 4.0

Hz, 1H), 7.54 (d, J ¼ 8.7 Hz, 2H), 7.50 (d, J ¼ 8.6 Hz, 8H), 7.31

(d, J ¼ 4.0 Hz, 1H), 7.20 (d, J ¼ 8.5 Hz, 4H), 7.14 (d, J ¼ 8.7 Hz,

2H), 6.81 (d, J¼ 8.8 Hz, 4H), 3.00 (s, 12H); 13C NMR (126MHz,

CDCl3) d ppm 182.5, 154.7, 149.8, 149.1, 144.9, 141.1, 137.7,

136.7, 128.4, 127.3, 127.2, 127.0, 125.7, 125.4, 122.7, 122.0, 112.7,

40.5; HRMS (TOF-MS-ESI) m/z: 593.2474 [M+]; calcd for

C39H35N3OS [M+]: 593.2495.

(E)-3-(5-(4-(Bis(40-(dimethylamino)biphenyl-4-yl)amino)phenyl)-

thiophen-2-yl)-2-cyanoacrylic acid (D29). A 50 mL acetonitrile

solution of 5a (110 mg, 185 mmol) and cyanoacetic acid (18.9 mg,

222 mmol) was refluxed in the presence of piperidine (40 mg,

476 mmol) for 4 h. The solvent was removed by rotary evapora-

tion. The product was purified by chromatography over silica gel

(short column) using a DCM to DCM–methanol (9 : 1) gradient

and washed with a 1 M HCl solution upon which the product

precipitated. The precipitate was dissolved in methanol which was

removed by rotary evaporation to yield D29 (87 mg, 71%) as

a dark-red solid. 1H NMR (500 MHz, [D6]-DMSO) d ppm 8.47

(s, 1H), 8.00 (m, 1H), 7.73 (m, 6H), 7.66 (m, 5H), 7.50 (s, 4H), 7.18

(d, J ¼ 8.3 Hz, 4H), 7.10 (d, J ¼ 8.4 Hz, 2H), 3.08 (s, 12H); 13C

NMR (126 MHz, [D6]-DMSO) d ppm 163.7, 153.0, 148.1, 146.6,

145.4, 141.7, 134.7, 134.6, 133.6, 127.6, 127.5, 127.4, 127.4, 126.0,

125.0, 124.2, 122.6, 118.3, 116.5, 97.3, 43.5; HRMS (TOF-MS-

ESI)m/z: 660.2562 [M+]; calcd for C42H36N4O2S [M+]: 660.2553.

5-(4-(Bis(20,40-dibutoxybiphenyl-4-yl)amino)phenyl)thiophene-2-

carbaldehyde (5b), 5-(4-((20,40-dibutoxybiphenyl-4-yl)(40-(dimethy-

lamino)biphenyl-4-yl)amino)phenyl)thiophene-2-carbaldehyde (5c).

2 (74 mg, 144 mmol), 2,4-dibutoxyphenylboronic acid (81 mg,

303 mmol), K2CO3 (100 mg, 721 mmol) and PdCl2(dppf) was

added to a mixture of DCM and methanol (3 : 2, 3 mL). The

mixture was heated by microwave irradiation to 60 �C for 30 min.

The reaction was quenched by addition of 10 mL water and

extracted with DCM (2 � 20 mL). Solvent removal by rotary

evaporation followed by column chromatography over silica gel

with ethyl acetate–pentane (1 : 5) yielded a crude intermediate

(88 mg). The crude intermediate was added to a mixture of

toluene and methanol (3:2, 3 mL) together with 4-(dimethyla-

mino)phenylboronic acid (56.6 mg, 342 mmol), K2CO3 (118 mg,

855 mmol) and PdCl2(dppf) (14 mg, 17 mmol). The mixture was

heated by microwave irradiation to 70 �C for 20 min. The reac-

tion was quenched by addition of water (20 mL) and extracted

with DCM (2 � 20 mL). Solvent removal by rotary evaporation

followed by column chromatography over silica gel using

a DCM–pentane 1 : 1 to DCM–methanol 9 : 1 gradient and

yielded 5b (35 mg, 30%) as a yellow solid; 1H NMR (500 MHz,

CDCl3) d ppm 9.86 (s, 1H), 7.71 (d, J ¼ 4.0 Hz, 1H), 7.54 (d, J ¼
8.8 Hz, 2H), 7.48 (d, J ¼ 8.6 Hz, 4H), 7.31 (d, J ¼ 4.0 Hz, 1H),

7.28 � 7.25 (m, 2H), 7.21 � 7.15 (m, 6H), 6.57 � 6.53 (m, 4H),

4.02 � 3.95 (m, 8H), 1.81 � 1.72 (m, 8H), 1.55 � 1.49 (m, 4H),

1.45� 1.41 (m, 4H), 1.00 (t, J ¼ 7.4, 7.4 Hz, 6H), 0.94 (t, J ¼ 7.4,

7.4 Hz, 6H); 13C NMR (126 MHz, CDCl3) d ppm 182.5, 159.6,

156.9, 154.8, 149.2, 145.0, 141.1, 137.7, 133.9, 130.8, 130.3, 127.1,

125.8, 124.4, 122.8, 122.7, 122.3, 105.3, 100.4, 68.1, 67.7, 31.3,

31.1, 19.3, 19.2, 13.8, 13.8; HRMS (TOF-MS-ESI) m/z: 795.3959

[M+]; calcd for C51H57NO5S [M+]: 795.3952 and 5c (22 mg, 22%)

as an orange solid; 1H NMR (500MHz, [D6]-acetone) d ppm 9.88

(s, 1H), 7.90 (d, J¼ 4.0 Hz, 1H), 7.67 (d, J¼ 8.7 Hz, 2H), 7.57 (d,

J ¼ 8.6 Hz, 2H), 7.52 (m, 5H), 7.25 (d, J ¼ 8.4 Hz, 1H), 7.16 (m,

4H), 7.09 (d, J ¼ 8.7 Hz, 2H), 6.80 (d, J ¼ 8.8 Hz, 2H), 6.61 (d,

J¼ 2.3 Hz, 1H), 6.57 (dd, J¼ 8.4, 2.3 Hz, 1H), 4.00 (m, 4H), 2.95

(s, 6H), 1.71 (m, 4H), 1.45 (m, 4H), 0.95 (t, J ¼ 7.4, 7.4 Hz, 3H),

0.89 (t, J ¼ 7.4, 7.4 Hz, 3H); 13C NMR (126 MHz, [D6]-acetone)

d ppm 182.6, 159.7, 156.9, 154.8, 149.8, 149.2, 145.0, 141.1, 137.7,

136.8, 134.0, 130.8, 130.4, 128.5, 127.3, 127.2, 127.1, 125.8, 125.5,

124.4, 122.8, 122.7, 122.2, 112.8, 105.3, 100.5, 68.2, 67.8, 40.6,

31.4, 31.2, 19.4, 19.29, 13.9, 13.8; HRMS (TOF-MS-ESI) m/z:

694.3223 [M+]; calcd for C45H46N2O3S [M+]: 694.3224.

(E)-3-(5-(4-(Bis(20,40-dibutoxybiphenyl-4-yl)amino)phenyl)thio-

phen-2-yl)-2-cyanoacrylic acid (D35). A 10 mL acetonitrile solu-

tion of 5b (75 mg, 94 mmol) and cyanoacetic acid (9.62 mg,

113 mmol) was refluxed in the presence of piperidine (27 mg,

317 mmol) for 24 h. Additional cyanoacetic acid (10 mg,

117 mmol) and piperidine (27 mg, 317 mmol) was added and reflux

continued for 3 h. The temperature was reduced to 50 �C and

stirring continued for 40 h. The solvent was removed by rotary

evaporation and the product purified by chromatography over

silica gel (short column) using a DCM to DCM–methanol (9 : 1)

gradient. The solvent was removed by rotary evaporation. The

product was dissolved in DCM (20 mL) and washed with 1 M

HCl (2 � 20 mL) and the solvent was removed by rotary evap-

oration to finally yield D35 (70 mg, 86%) as a red solid. 1H NMR

(500 MHz, [D6]-DMSO) d ppm 8.45 (s, 1H), 7.98 (d, J ¼ 4.1 Hz,

1H), 7.69 (d, J ¼ 8.7 Hz, 2H), 7.64 (d, J ¼ 4.0 Hz, 1H), 7.47 (d,

J ¼ 8.5 Hz, 4H), 7.23 (d, J ¼ 8.4 Hz, 2H), 7.11 (d, J ¼ 8.5 Hz,

4H), 7.05 (d, J ¼ 8.7 Hz, 2H), 6.62 (d, J ¼ 1.9 Hz, 2H), 6.58 (dd,

J ¼ 8.5, 2.0 Hz, 2H), 4.02 � 3.95 (m, 8H), 1.73 � 1.60 (m, 8H),

1.45 (dd, J ¼ 14.9, 7.4 Hz, 4H), 1.39 � 1.34 (m, 4H), 0.94 (t, J ¼
7.4, 7.4 Hz, 6H), 0.87 (t, J ¼ 7.4, 7.4 Hz, 6H); 13C NMR (126

MHz, [D6]-DMSO) d ppm 163.6, 159.2, 156.4, 148.5, 144.2,

133.7, 133.4, 131.4, 130.4, 130.1, 128.5, 127.3, 125.2, 124.1, 123.8,

121.7, 121.5, 116.6, 105.8, 100.1, 67.5, 67.1, 30.7, 30.5, 18.7, 18.6,

13.6, 13.5; HRMS (TOF-MS-ESI) m/z: 861.3956 [M�]; calcd for

C54H57N2O6S [M�]: 861.3943.

(E)-2-Cyano-3-(5-(4-((20,40-dibutoxybiphenyl-4-yl)(40-(dimethyla-

mino)biphenyl-4-yl)amino)phenyl)thiophen-2-yl)acrylic acid (D37).

A 10 mL acetonitrile solution of 5c (23 mg, 33 mmol) and cyano-

acetic acid (3.38 mg, 40 mmol) was refluxed in the presence of

piperidine (27 mg, 317 mmol) for 4 h. The solvent was removed by

rotary evaporation. The product was purified by chromatography

over silica gel (short column) using a DCM to DCM–methanol

(9 : 1) gradient. The solvent was removed by rotary evaporation,

the product dissolved in DCM (20 mL) and washed with 1 MHCl
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(2 � 20 mL). Removal of the solvent with rotary evaporation

yielded D37 (17 mg, 67%) as a dark red solid. 1HNMR (500MHz,

[D6]-DMSO) d ppm 8.47 (s, 1H), 8.00 (d, J ¼ 4.2 Hz, 1H), 7.71

(d, J ¼ 8.7 Hz, 2H), 7.68 � 7.59 (m, 5H), 7.48 (d, J ¼ 8.6 Hz, 2H),

7.24 (d, J¼ 8.4Hz, 1H), 7.15 (t, J¼ 8.7, 8.5Hz, 5H), 7.07 (d, J¼ 8.7

Hz, 2H), 6.63 (d, J¼ 2.2Hz, 1H), 6.58 (dd,J¼ 8.5, 2.2Hz, 1H), 4.03

� 3.95 (m, 4H), 3.02 (s, 6H), 1.75 � 1.61 (m, 4H), 1.50 � 1.32 (m,

4H), 0.95 (t, J ¼ 7.4, 7.4 Hz, 3H), 0.88 (t, J ¼ 7.4, 7.4 Hz, 3H); 13C

NMR (126 MHz, [D6]-DMSO) d ppm 163.7, 159.3, 156.4, 153.2,

148.4, 146.6, 144.2, 141.7, 133.9, 133.4, 130.5, 130.2, 127.4, 127.0,

125.3, 125.1, 124.2, 123.9, 121.8, 121.6, 116.5, 105.9, 100.2, 97.1,

67.6, 67.1, 30.7, 30.6, 18.7, 18.7, 13.6, 13.6; HRMS (TOF-MS-ESI)

m/z: 761.3289 [M+]; calcd for C48H47N3O4S [M+]: 761.3282.
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Introduction 

The understanding of charge transfer dynamics in dye-sensitized solar cells (DSCs) is of 

fundamental interest and the control of it is essential for the elevation of devices from the 

laboratory to large scale production. The first efficient photovoltaic device based on 

dye-sensitization of semiconductor metal oxides was reported more than two decades ago. 

Through the design of new dyes and the development of new redox mediators the efficiency 

could be improved to up to 13 %.1-3 A key requirement for an excellent device performance is 

a highly efficient electron injection and regeneration of the oxidized dye. Enhancing the 

efficiency of DSCs is critically dependent upon maintaining near unity quantum efficiencies 

for these charge separation processes, while at the same time reducing the energetic losses 

required to drive these reactions. These beneficial electron transfer processes are in 

competition with the decay of the excited state of the dye to the ground state and the 

recombination of injected electrons with dye cations. Recombination with the redox mediator 

is an additional process which can limit the overall efficiency as well. However, great 

advances have been made in understanding the dynamics and the impact on device 

performance.4-9 
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On the sight of slowing down the recombination between injected electrons and dye 

cations, a possible way to attenuate losses through recombination is to move the positive 

charge further away from the metal oxide surface. While several systems featuring Ru-based 

sensitizers together with various external donors to make the positive charge further away 

from the TiO2 surface have been thoroughly studied,10, 11 the effects of coupling an external 

donor to metal-free Donor–π-linker–Acceptor (D-π-A) dyes remain unexplored. In contrast to 

Ru-dyes, where the primary absorption stems from a metal-to-ligand charge transfer (MLCT) 

transition, the primary absorption in D-π-A dyes comes from a π�π* (typically 

HOMO�LUMO) transition. This difference likely imposes other design criteria on 

assemblies of D-π-A dyes with external donors; particularly concerning the how the two are 

linked. 

Herein we design the synthesis and describe the utilization of a supramolecular approach 

in dye-sensitized solar cells. A modified triphenylamine dye named E6 has been synthesized, 

where two external triphenylamine (TPA) donors via insulating aliphatic chains were 

introduced into donor part compared with D49, as shown in Figure 1. This molecule enables a 

charge transfer from the center triphenylamine group to the outer triphenylamine units and 

therefore possibly further away from the TiO2 surface.  

 

Figure 1: Chemical structures of E6 and D49. 

Experimental 
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All solvents and chemicals with the exception of the cobalt complexes were purchased 

from Sigma Aldrich and used without further purification. The cobalt complexes were 

obtained from Dyenamo AB. 

Synthesis of D49 and E6  

The synthesis of E6 is illustrated in Figure 1 and Figure 2. A key starting material, 

5-(4-(bis(4-bromophenyl)amino)phenyl)thiophene-2-carbaldehyde (4), is functionalized with 

the external donors in good yield using the Suzuki reaction followed by a Knoevenagel 

condensation with cyanoacetic acid to form the desired final product (E6). This synthetic 

method is essentially identical to that used to synthesize D35.12  

 

Figure 1. Synthesis of the tethered donor of E6. 

 

Figure 2. Synthesis of the E6 dye. 

General considerations 
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1H and 13C NMR spectra were recorded on a Bruker 500 MHz instrument by using the residual 

signals δ = 7.26 ppm and 77.0 ppm from CDCl3, δ = 2.50 and 39.4 ppm from [D6]DMSO and δ 

= 2.05, 29.84, and 206.26 ppm from [D6] acetone, as internal references for 1H and 13C 

respectively. DABCO was added to the NMR-samples recorded in CDCl3 to prevent oxidation 

of the triphenylamine and appears around δ=3.76 ppm and 45 ppm in the 1H and 13C spectra 

respectively. HRMS were recorded on a Bruker microTOF (ESI-TOF MS) mass spectrometer. 

Dimethylformamide (DMF) was dried by passing through a solvent column composed of 

activated alumina. N-Bromosuccinimide was purified by recrystallization from water. 

Chemicals were purchased from Sigma-Aldrich. Commercially available reactants were used 

without further purification unless otherwise noted. 

5-(4-(bis(4-bromophenyl)amino)phenyl)thiophene-2-carbaldehyde was prepared according to 

the literature procedure.12 Flash chromatography was performed using silica gel 60Å (35-63 

μm). 

1-bromo-4-(3-iodopropoxy)benzene (1). To a stirred solution of 4-bromophenol (1.73 g, 10 

mmol) in dry DMF (20 ml) under N2, 1,3-diiodopropane (2.29 ml, 20 mmol) and K2CO3 (2.07 

g, 15 mmol) was added. The mixture was kept under constant stirring at rt for 24 h. The reaction 

mixture was then partitioned between Et2O (100 ml) and H2O (100 ml). The ether phase was 

collected and washed with H2O (100 ml) twice, dried over anhydrous MgSO4 and the solvent 

removed by rotary evaporation. Flash chromatography over SiO2 eluting with DCM/pentanes 

(1:10) afforded 1 (1.05 g, 31%) as a clear oil. 1H NMR (500 MHz, CDCl3) δ 7.38 (d, J = 9.0 Hz, 

2H), 6.79 (d, J = 8.9 Hz, 2H), 4.01 (t, J = 5.8 Hz, 2H), 3.36 (t, J = 6.7 Hz, 2H), 2.26 (p, J = 6.2 

Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 157.95, 132.46, 116.50, 113.27, 67.69, 32.95, 2.39. 

4-(3-(4-bromophenoxy)propoxy)-N,N-bis(4-methoxyphenyl)aniline (2). A solution of 1 (0.944 

g, 2.77 mmol) and 4-(bis(4-methoxyphenyl)amino)phenol (642 mg, 2 mmol) in dry DMF (10 

ml) was stirred together with K2CO3 (0.828 g, 6 mmol) under N2 for 42 h. The reaction mixture 

was partitioned between Et2O (100 ml) and H2O (100 ml) and the ether phase was collected. 

The ether phase was washed with H2O (100 ml) twice, dried over anhydrous MgSO4 and the 

solvent removed by rotary evaporation. Flash chromatography over SiO2 eluting with 

DCM/pentanes (1:1 followed by 2:1) afforded 2 (0.741 g, 69%) as a pale yellow oil. 1H NMR 
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(500 MHz, CDCl3) δ 7.35 (d, J = 9.0 Hz, 2H), 6.94 (m, 6H), 6.77 (m, 8H), 4.10 (dd, J = 14.2, 6.1 

Hz, 4H), 3.76 (s, 6H), 2.22 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 158.12, 155.06, 154.18, 

142.29, 142.08, 132.35, 124.97, 124.83, 116.43, 115.28, 114.63, 112.95, 64.83, 64.65, 55.63, 

29.42. 

4-methoxy-N-(4-methoxyphenyl)-N-(4-(3-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ph

enoxy)propoxy)phenyl)aniline (3). To a stirred solution of 2 (0.695 g, 1.30 mmol) in dry THF 

(20 ml) under N2 at -78°C, n-butyllithium (2.5 M in hexanes, 0.780 ml, 1.95 mmol) was added 

dropwise. The reaction mixture was stirred for 30 min at -78°C before 

2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.530 ml, 2.60 mmol) was added 

dropwise. Stirring was continued at -78°C for 2 h, after which the solution was allowed to warm 

to rt over the course of 1.5 h. The reaction was quenched by addition of NH4Cl (sat) solution 

and extracted thrice with Et2O. The ether phase was dried over anhydrous MgSO4 and the 

solvent removed by rotary evaporation. Flash chromatography over SiO2 eluting with 

pentanes/DCM (1:1) followed by DCM afforded 3 (0.325 g, 43%) as a white solid. 1H NMR 

(500 MHz, CDCl3) δ 7.74 (d, J = 8.6 Hz, 2H), 6.95 (m, 6H), 6.90 (d, J = 8.6 Hz, 2H), 6.78 (m, 

6H), 4.18 (t, J = 6.1 Hz, 2H), 4.11 (t, J = 6.0 Hz, 2H), 3.77 (s, 6H), 2.24 (m, 2H), 1.33 (s, 12H). 

13C NMR (126 MHz, CDCl3) δ 161.62, 155.05, 154.30, 142.24, 142.14, 136.66, 124.96, 

124.92, 115.33, 114.65, 114.00, 83.68, 68.11, 64.81, 64.41, 55.65, 29.48, 25.00. 

5-(4-(bis(4'-(3-(4-(bis(4-methoxyphenyl)amino)phenoxy)propoxy)-[1,1'-biphenyl]-4-yl)amino

)phenyl)thiophene-2-carbaldehyde (E6-02). A solution of 

5-(4-(bis(4-bromophenyl)amino)phenyl)thiophene-2-carbaldehyde (51.3 mg, 100 μmol), 3 

(146 mg, 250 μmol), K3PO4 (212 mg, 1 mmol), Pd(OAc)2 (2.2 mg, 10 μmol) and 

2-Dicyclohexylphosphino-2′,6′-dimethoxybiphenyl (8.2 mg, 20 μmol) in 1,4-dioxane (10 ml) 

and H2O (2 ml) was stirred at 60°C under N2 for 2 h. The temperature was raised to 70°C and 

the reaction was allowed to run for an additional 22 h. The reaction mixture was partitioned 

between Et2O and H2O, the ether phase was collected and washed with H2O once. Removal of 

the solvent by rotary evaporation followed by flash chromatography over SiO2 eluting with 

DCM afforded E6-02 (102 mg, 81%) as an orange solid. 1H NMR (500 MHz, Acetone) δ 9.91 

(s, 1H), 7.93 (d, J = 3.9 Hz, 1H), 7.71 (d, J = 8.6 Hz, 2H), 7.60 (t, J = 8.1 Hz, 8H), 7.56 (d, J = 
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3.9 Hz, 1H), 7.21 (d, J = 8.5 Hz, 4H), 7.13 (d, J = 8.6 Hz, 2H), 7.04 (d, J = 8.7 Hz, 4H), 6.90 (m, 

16H), 6.83 (d, J = 8.9 Hz, 8H), 4.24 (t, J = 6.1 Hz, 4H), 4.17 (t, J = 6.1 Hz, 4H), 3.75 (s, 12H), 

2.25 (m, 4H). 13C NMR (126 MHz, Acetone) δ 183.70, 159.68, 156.33, 155.51, 154.39, 149.99, 

146.71, 143.17, 142.99, 142.82, 139.44, 137.30, 133.70, 128.65, 128.52, 128.38, 127.47, 

126.43, 125.83, 125.65, 124.58, 123.52, 116.31, 115.99, 115.58, 65.60, 65.48, 55.86. 

(E)-3-(5-(4-(bis(4'-(3-(4-(bis(4-methoxyphenyl)amino)phenoxy)propoxy)-[1,1'-biphenyl]-4-yl

)amino)phenyl)thiophen-2-yl)-2-cyanoacrylic acid (E6). A solution of E6-02 (82.3 mg, 65.2 

μmol), cyanoacetic acid (16.6 mg, 195 μmol) and piperidine (38.8 mg, 456 μmol) in CHCl3 (10 

ml) was refluxed for 5 h under N2. The reaction mixture was allowed to cool before DCM (30 

ml) and HCl (1 M, 30 ml) was added. The DCM phase was collected and the solvent removed. 

Flash chromatography over SiO2 eluting with DCM followed by acetone/DCM (1:20) and 

MeOH/DCM (1:20) afforded E6 (75 mg, 86%) as a dark red solid. 1H NMR (500 MHz, DMSO) 

δ 8.47 (s, 1H), 7.99 (d, J = 4.1 Hz, 1H), 7.70 (d, J = 8.6 Hz, 2H), 7.64 (d, J = 4.0 Hz, 1H), 7.59 

(dd, J = 12.3, 8.7 Hz, 8H), 7.16 (d, J = 8.4 Hz, 4H), 7.07 (d, J = 8.6 Hz, 2H), 7.02 (d, J = 8.7 Hz, 

4H), 6.84 (m, 24H), 4.16 (t, J = 6.0 Hz, 4H), 4.09 (t, J = 6.0 Hz, 4H), 3.70 (s, 12H), 2.16 (m, 

4H). 13C NMR (126 MHz, DMSO) δ 163.76, 157.98, 154.64, 153.78, 153.22, 148.41, 146.61, 

144.97, 141.74, 141.47, 141.31, 135.44, 133.57, 131.85, 127.53, 127.44, 127.37, 125.60, 

125.21, 124.52, 124.28, 124.05, 122.15, 116.62, 115.35, 114.92, 114.72, 97.29, 64.35, 64.26, 

55.20, 28.73. HRMS (ESI) m/z: [M-H]- calcd for C84H71N4O10S, 1327.4896; found, 1327.4834. 

5-(4-(bis(4'-butoxy-[1,1'-biphenyl]-4-yl)amino)phenyl)thiophene-2-carbaldehyde (D49-02). A 

solution of 5-(4-(bis(4-bromophenyl)amino)phenyl)thiophene-2-carbaldehyde (770 mg, 1.50 

mmol), 4-butoxyphenylboronic acid (873 mg, 4.50 mmol), K3PO4 (3.18 g, 15.0 mmol), 

Pd(OAc)2 (33.8 mg,  0.150 mmol) and 2-Dicyclohexylphosphino-2′,6′-dimethoxybiphenyl 

(123 mg,  0.300 mmol) in 1,4-dioxane (50 ml) and H2O (10 ml) was stirred at 70°C under N2 

for 6 h. The solvent was then removed by rotary evaporation. The residue was partitioned 

between Et2O and H2O. The ether fraction was collected, washed twice with H2O followed by 

brine and dried over anhydrous MgSO4. Flash chromatography over SiO2 eluting with DCM 

afforded D49-02 (862 mg, 88%) as an orange solid. 1H NMR (500 MHz, CDCl3) δ 9.85 (s, 1H), 

7.71 (d, J = 4.0 Hz, 1H), 7.55 (d, J = 8.7 Hz, 2H), 7.50 (t, J = 8.2 Hz, 8H), 7.31 (d, J = 3.9 Hz, 
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air atmosphere using a temperature gradient program with four levels at 180 ˚C (15 min), 

320 ˚C (15 min), 390 ˚C (15 min) and 500 ˚C (30 min). Prior to the dye-sensitization the 

electrodes were post treated with TiCl4 as mentioned above, followed by heating at 500 ˚C for 

30 min. At a temperature of 70 ˚C the electrodes were immersed in a dye bath for 4 h 

containing either D49 or E6 (0.1 mM, dichloromethane). Nonattached dye was removed with 

dichloromethane. Counter electrodes were prepared by depositing 10 μL cm2 of a H2PtCl6 

solution in ethanol (5 mM) to FTO glass substrates followed by heating in air at 400 ˚C for 30 

min. Solar cells were assembled by sandwiching the photo electrode and the counter electrode 

using a 25 μm thick thermoplastic Surlyn frame. An electrolyte solution was then injected 

through a hole predrilled in the counter electrode by vacuum back filling and the cell was 

sealed with thermoplastic Surlyn cover and a microscope glass coverslip. The electrolyte 

consists of Co(bpy)3(PF6)2 (0.25 M), Co(bpy)3(PF6)3 (0.05 M), LiClO4 (0.1 M) and 4-tert 

butylpyridine (TBP, 0.2 M) in acetonitrile.  

Solar cell characterization  

Current-voltage (IV) characteristics were determined by using a combination of a source 

measurement unit (Keithley 2400) and a solar simulator (Newport, model 91160). The solar 

simulator was giving light with AM 1.5 G spectral distribution and was calibrated to an 

intensity of 100 W cm-2 using a certified reference solar cell (Fraunhofer ISE). On top of the 

DSC a black mask with an aperture of 5 × 5 mm2 was applied.  

Incident photon to current conversion efficiency (IPCE) spectra were measured with a 

computer-controlled setup comprising a xenon light source (Spectral Products ASB-XE-175), 

a monochromator (Spectral Products CM110) and a Keithley multimeter (model 2700) The 

IPCE spectra were calibrated using a certified reference solar cell (Fraunhofer ISE).  

Electron lifetime as a function of extracted charge at different bias light intensities was 

investigated in a “toolbox setup” as described previously.13 A white LED (Luxeon Star 1W) 

was used as a light source. Transient photo-voltage response of the DSCs was recorded using 

a 16-bit resolution digital acquisition board (National Instruments) in combination with a 

current amplifier (Stanford Research Systems RS570) and a home-made electromagnetic 
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switching system. The transient photo-voltage was recorded by overlapping the bias light with 

a small square wave modulation and the response was subsequently fitted to a first-order 

exponential function. For the charge extraction measurements the DSCs were illuminated for 

5 s at the same bias light intensities as for the electron lifetime measurements. After 5 s the 

LED is turned off, the external circuit is short-circuited and the current density is read and 

integrated over time. 

Electrochemical measurements 

Oxidation potentials of D49 and E6 attached to TiO2 were determined by cyclic 

voltammetry on a CH Instruments 660 potentiostat using a three-electrode setup. Therefore 

dye-sensitized TiO2 films on FTO glass were used as the working electrode, a graphite rod 

(3 mm) as counter electrode, and a reference electrode consisting of Ag/AgNO3 (10 mM 

AgNO3, 0.1 M TBAPF6 in acetonitrile). The reference electrode was calibrated versus 

ferrocene in acetonitrile containing 0.1 M TBAPF6 (E0’(Fc/Fc+) = 0.630 V vs. NHE). The scan 

rate was 10 mV s-1. While the electrochemical measurement was carried out, UV-Vis spectra 

were recorded simultaneously. The difference between the absorption spectrum of the 

oxidized and the ground state of the dyes were measured on a HR-2000 Ocean Optics fiber 

optics spectrophotometer. 

Steady-state absorption and emission 

TiO2 films for steady-state absorption measurements were prepared by doctor blading 

colloidal TiO2 paste (Dyesol DSL 18NR-T) diluted with 2-propanol (50 wt % paste and 

40 wt % solvent) on microscope glass slides and sintering at 500 ˚C. Absorption spectra were 

recorded on a Varian Cary 5000 spectrometer with baseline correction. Fluorescence spectra 

were detected on ZrO2 films using Horiba Jobin-Yvon Fluorolog-3. Fluorescence data was 

internally corrected for the instrument response function. The ZrO2 paste was prepared as 

described in the literature and spread on microscope glass slides by doctor blading technique. 

The thickness of the metal oxide films was about 2 �m. 
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are illustrated in Figure. 5. The effect of extra triphenylamine units was studied by 

comparison with D49 which does not employ these units. From a steady state spectroscopic 

point of view both dyes behave very similar. They both have a steady state absorption 

between 350 and 600 nm. The absorption maximum of E6 is at 446 nm whereas it is at 

438 nm for D49. Both dyes show strong fluorescence from the inert metal oxide surface of 

ZrO2 with a stokes shift of 5700 cm-1 for E6 and 6700 cm-1 for D49. The difference in the 

stokes shift corresponds to an energy difference of 0.12 eV and implies that the excited state 

of E6 is stabilized upon excitation in relation to the ground state to a higher extent compared 

to D49. The fact that fluorescence could be measured for E6 shows that fluorescence is faster 

than intramolecular hole transfer to the TPA unit, which theoretically could occur. 

Interestingly, the absorption spectra of both oxidized dyes measured by 

spectroelectrochemistry are completely different as shown in Figure 5. The spectrum of the 

oxidized E6 is comparable with the spectrum of pure oxidized triphenylamine whereas the 

spectrum of D49 looks similar to measurements of D35.16 This demonstrated that the first 

oxidation in E6 occurs in the peripheral triphenylamine units.  

 

Figure 5: Steady state absorption (solid lines), fluorescence (dashed lines) and absorption of 

oxidized species (dotted lines) of E6 (red) and D49 (blue) adsorbed on TiO2, or ZrO2 for 

emission). 

Cyclic voltammograms of D49 and E6 bound to mesoporous TiO2 are shown in Figure 6. The 

formal reduction potentials (E0’) were determined to be E0’(E6+/E6) = 0.87 V and   
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E0’(D49+/D49) = 1.14 V vs NHE, which roughly correspond to the HOMO levels of these 

dyes. The more negative HOMO of E6 is due to the introduction of the extra electron 

donating TPA groups, which are oxidized before the sensitizer core. Notably, about two times 

higher peak currents were found for the E6 dye, which is in agreement with the fact that there 

are two TPA groups per dye.  
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Figure 6: Cyclic voltammetry measurements of D49 and E6 dyes on TiO2 film. 

An important requirement for suppression of recombination is a favorable geometric position 

of the E6 dye on the metal oxide surface. The additional triphenylamine groups should point 

out from the surface. As there groups are connected in a flexible fashion, the worst case 

scenario would be that they bend down close to the surface. In that case it would be possible 

that recombination might be facilitated. It appears, however, that after optimized sensitization 

conditions using DCM as solvent, dye orientation on the surface is favorable.   

In the following we compare and discuss solar cell characterization employing both dyes. The 

solar cells were prepared as described before 16 using a paste from Dyesol with 30 nm particle 

size. The thickness of the TiO2 layer was 9 μm and the active area 5 x 5 mm2. A cobalt-based 

electrolyte was introduced containing 0.1 M LiClO4, 0.2 M tBP, 0.22 M Co(bpy)3(PF6)2, and 

0.033 M Co(bpy)3(PF6)3 in acetonitrile. Performance data is given in Table 1 and the IV 
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curves as well as the IPCE spectra are shown in Figure 8. The best overall efficiency of E6 

was 5.9 % whereas it was 5.2 % in the case of D49. From IV data it is obvious that this 

difference stems from a lower VOC of D49. The VOC of DSCs can be roughly expressed as the 

difference between the quasi-fermi level of electrons in the TiO2 film and the redox potential 

of the electrolyte. Since the redox potential of the electrolyte is the same for both types of 

solar cells employing D49 and E6 respectively, the lower VOC of D49 has to be explained by a 

lower quasi-fermi level. We performed photovoltage response time and charge extraction 

measurements in dependence of the light intensity in order to determine electron lifetime and 

possible band edge shift. As shown in Figure 9 the electron lifetime of D49 is much lower 

than that of E6 indicating higher recombination rates of electrons in the TiO2 with the 

electrolyte. This is also supported by a higher dark current in the case of D49. The dark 

current of D49 solar cells is -3.4 mA cm-2 at an applied potential equal to the VOC whereas it is 

only -2.5 mA cm-2 for E6 based devices. According to this result, we can assume that the 

external TPA donorgroups manages to form a layer on top of the dye, this could be thought of 

as having a quite thick “blocking layer” between the TiO2 and the electrolyte. In this way, the 

TPA external groups (as in E6) can effectively block the recombination between injected 

electrons and oxidized species in the electrolyte. The charge extraction measurement (Fig. 9b) 

shows shows no significant difference, suggesting that the conduction band edge position of 

TiO2 is not changed when sensitized with either D49 or E6 dye  

Table 1: Current-Voltage Characteristics of DSCs sensitized with D49 and E6 using 

cobalt-based electrolyte. 

dye VOC / V JSC / mA cm-2 FF � / % 

D49 0.80 9.26 0.71 5.2 

E6 0.92 8.92 0.72 5.9 

 



 14 

 

400 500 600 700
0

20

40

60

80

100

IP
C

E
 (%

)

Wav (nm)

 

Figure 8: Current density versus applied potential curves under 1000 W m-2 AM 1.5G 

illumination (top) and IPCE spectrum (bottom) of D49 (blue) and E6 (red) based 

dye-sensitized solar cells. 
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Figure 9:  (a) Electron lifetime of DSCs based on D49 (blue) and E6 (red) as a function of 

open circuit potential, recorded at different light intensities. (b) Extracted charge as function 

of as a function of open circuit potential. 

 

In conclusion, it has been shown that E6 can be successfully used in dye-sensitized solar cell. 

Possibly due to its bulky structure it has an acceptable blocking effect to prevent the 

recombination of electrons from TiO2 to the electrolyte. It is suggested that even 

recombination to the oxidized form of the dye should be suppressed. In order to prove this 

assumption, further experiments will be carried out. However, we are very positive to suggest 

the presented supramolecular approach for the improvement of the solar cells.   
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General considerations 
1H and 13C NMR spectra were recorded on a Bruker 500 MHz instrument by using the residual 
signals δ = 7.26 ppm and 77.0 ppm from CDCl3, δ = 2.50 and 39.4 ppm from [D6]DMSO and δ 
= 2.05, 29.84, and 206.26 ppm from [D6] acetone, as internal references for 1H and 13C 
respectively. DABCO was added to the NMR-samples recorded in CDCl3 to prevent oxidation 
of the triphenylamine and appears around δ=3.76 ppm and 45 ppm in the 1H and 13C spectra 
respectively. HRMS were recorded on a Bruker micrOTOF (ESI-TOF MS) mass spectrometer. 
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Figure S 1. 1H-NMR of 1 in CDCl3. 

 

Figure S 2. 13C-NMR of 1 in CDCl3. 
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Figure S 3. 1H-NMR of 2 in CDCl3. 

 

Figure S 4. 13C-NMR of 2 in CDCl3. 
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Figure S 5. 1H-NMR of 3 in CDCl3. 

 

Figure S 6. 13C-NMR of 3 in CDCl3. 
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Figure S 7. 1H-NMR of E6-02 in d6-acetone. 

 
Figure S 8. 13C-NMR of E6-02 in d6-acetone. 
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Figure S 9. 1H-NMR of E6 in d6-DMSO. 

 
Figure S 10. 13C-NMR of E6 in d6-DMSO. 
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Figure S 11. 1H-NMR of D49-02 in CDCl3. 

Figure S 12. 13C-NMR of D49-02 in CDCl3. 
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Figure S 13. 1H-NMR of D49 in d6-DMSO. 

Figure S 14. 13C-NMR of D49 in d6-DMSO. 
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Figure S 15. HRMS of E6-. 
 
 

 
Figure S 16. HRMS of D49-. 
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  1   .  Introduction 

 Dye-sensitized solar cells (DSCs) have, since their populariza-
tion in 1991, been of interest not only to a large scientifi c com-
munity, but also to the industry. [  1  ]  Traditionally, DSCs employ 
metal-based sensitizers (typically ruthenium complexes, such 
as N719) together with the I − /I 3  −  redox pair. [  2  ]  Although the 
traditional DSCs can now be considered well-proven, some 
issues have nonetheless cropped up during this time. Per-
haps the largest challenge is the conversion effi ciency, which 
needs to be improved in order for DSCs to be competitive 
with silicon-based photovoltaics. For the large scale produc-
tion of DSCs to become reality, the cost of the dye also needs 

to be kept low. This casts some doubts on 
the use of ruthenium-based dyes as the 
metal is rare and expensive and, further-
more, the synthesis and, in particular, 
purifi cation of such dyes is often compli-
cated. Therefore, the development of low 
cost and easily scaled up organic dyes is 
desired. [  3  ]  In addition, there are concerns 
regarding the strong visible light absorp-
tion of electrolytes containing the iodine 
redox pair. [  4  ]  

 Recently, many non-corrosive redox 
couple systems have been successfully 
adopted to overcome the disadvantages of 
iodine based electrolytes. [  5  ]  Among these 
alternative electrolyte systems, the Co (II/

III)-polypyridine complex based redox mediators have enabled 
DSCs to reach new record effi ciencies. [  6  ]  Although the applica-
tion of cobalt-based redox mediators in DSCs has been known 
for some time, the performance was initially severely limited by 
recombination between the oxidized redox species and electrons 
in the semiconductor. [  7  ]  The discovery of the organic dye  D35 , 
which effi ciently retarded this recombination sparked renewed 
interest in cobalt-based redox couples. [  8  ]  A shortcoming of the 
 D35  dye is its relatively narrow absorption spectrum, which limits 
the achievable current and thus also the light-to-electricity conver-
sion effi ciency of devices using the  D35  dye. Since DSCs using 
cobalt-based redox mediators typically use very thin fi lms of TiO 2  
it is especially important that the dyes have high extinction coef-
fi cients for effi cient light harvesting. 

  D35  belongs to a class of dyes called donor-(   π   -linker)-acceptor 
(D-   π   -A) dyes, which are perhaps the most popular among the 
metal-free dye classes. In these types of dyes electron-rich 
donor units are connected to electron-defi cient acceptor parts 
via a conjugated    π   -system. The D-   π   -A dye class offers excel-
lent fl exibility in the dye design, as each unit (fragment) can be 
modifi ed independently. Such modifi cations are used to control 
and tune the electronic, spectroscopic and structural properties 
of the sensitizers. 

 To address the shortcomings of  D35  we decided to modify 
the    π   -linker unit, with the goal of enhancing and extending 
the visible light absorption of the dye. A key step in realizing 
this modifi cation in an elegant manner lies in the synthesis 
of the donor fragment, a boronic acid (ester) substituted  D35  
donor, which can conveniently be used in a convergent/diver-
gent synthetic strategy. Combined with suitable bifunctional-
ized linker fragments it is possible to synthesize new dyes in 

     A series of four new dyes, based on the  D35  type donor moiety with varied 
linker units, is synthesized using a facile convergent/divergent method, ena-
bled by an improved synthesis of the  D35  donor. The dyes are evaluated in 
dye sensitized solar cells with Co(II/III)(bpy) 3 -based electrolytes. By extending 
the linker fragment, higher photocurrents and solar energy conversion effi -
ciencies are achieved. It is also found that the linker unit plays a crucial role 
in maintaining a high open-circuit photovoltage. Based on the photovoltaic 
performance it is concluded that the hexylthiophene unit is the most suit-
able for this purpose, as it allows further enhancement of the already high 
open-circuit voltage of D35 to 0.92 V. The best dye in this series reaches an 
effi ciency of 6.8%.      
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as little as two steps, provided that all fragments are available 
from a library. 

 Since relatively few dyes have been shown to work with 
cobalt based redox mediators we decided to synthesize and 
evaluate this series of four linker-varied dyes ( Figure    1  ) using 
Co(II/III)(bpy) 3  as the redox mediator in hope of gaining valu-
able insight into the design of the linker unit.   

  2   .  Results and Discussion 

  2.1   .  Computational 

 Quantum chemical calculations were performed in advance of 
the synthesis to predict the properties of the sensitizers and 
provide guidance in the choice of target sensitizers. Optimized 
gas-phase geometries were calculated at the B3LYP/6–31G(d) 
level using the Gaussian09 software. [  9  ]  All alkyl chains were 
truncated to methyl groups to accelerate the convergence, as 
the use of longer chains does not signifi cantly infl uence the 
results of the calculations. The optimized geometries were then 
used for single-point calculations at the B3LYP/6–311+G(d) 
level of theory, applying the polarizable continuum model with 
dichloromethane (DCM) as the solvent. Time dependent den-
sity functional theory was also used at this level to fi nd vertical 
transitions. The results of the calculations have been summa-
rized in  Table   1  and the frontier molecular orbitals are shown 
in  Figure    2  . The lowest unoccupied molecular orbital (LUMO) 
is mostly located over the acceptor and linker parts of the mole-
cule, whereas the highest occupied molecular orbital (HOMO) 

is located mainly on the triphenylamine and 
in particular its nitrogen, but also partly delo-
calized over the linker. A calculation on the 
oxidized state of  LEG4  at the UB3LYP/6–
31+G(d) level using the ground state opti-
mized geometry showed that the location of 
the hole largely corresponds to that of the 
ground state HOMO (Figure S1, Supporting 
Information).   

 The fi rst transition was found to be of 
almost exclusively HOMO–LUMO character. 
The second transition also contributes to 
visible light absorption and consists mainly 
of a HOMO-1–LUMO transition. Oxidation 
potentials were predicted by offsetting the 

calculated HOMO level with the difference between the calcu-
lated HOMO level and experimentally determined oxidation 
potential of  D35  (0.966 V vs NHE). The offset value was calcu-
lated to be 4.295 V; close to the expected SHE vs vacuum poten-
tial difference of 4.44 V. [  10  ]   

  2.2   .  Synthesis 

  2.2.1   .  Donor Fragments 

 The  D35  donor fragment was chosen since  D35 ’s ability to 
retard electron recombination has been, in large part, attrib-
uted to its donor unit. The donor fragment was synthesized 
in three steps, starting from 4,4 ′ -dibromotriphenylamine, as 
shown in  Figure    3  . The Suzuki reaction was used to couple 
the auxiliary donors to the triphenylamine core. This was fol-
lowed by selective bromination with  N -bromosuccinimide 
(NBS). A remarkably high regioselectivity could be achieved 
in the bromination reaction by using low temperature 
(−13  ° C) and  N,N -dimethylformamide (DMF) as the solvent. 
The brominated donor fragment was fi nally converted to the 
corresponding pinacol boronate ester using  n -butyllithium 
and isopropyl pinacol borate. This three-step synthetic route 
to the donor fragment is a signifi cant improvement compared 
to the synthesis of the highly similar  Y123  donor fragment 
with respect to both yield (60% vs 7.8%) and number of steps 
(3 vs 5). [  11,12  ]    

  2.2.2   .  Linker Fragments 

 One of the linker fragments, 5 ′ -bromo-[2,2 ′ -bithiophene]-5-
carbaldehyde, is conveniently commercially available. Three 
other linker fragments were synthesized according to the 
scheme in  Figure    4  . To access the 4 H -cyclopenta[2,1- b :3,4- b  ′ ]
dithiophene (CPDT) unit a novel hydrazine-free synthetic route 
was successfully employed. [  13  ]  The linker fragments are orthog-
onally functionalized to provide different connection points for 
the donor and acceptor fragments. Functionalization with bro-
mide on one side enables the use of a wide range of metal cata-
lyzed cross-coupling reactions and formylation provides a site 
for condensation reactions such as the commonly employed 
Knoevenagel condensation.   

      Figure 1.  The LEG series of organic dyes. 

 Table 1.   Calculated electrochemical and photophysical properties of the 
dyes. Energy levels are given vs vacuum. Absorption peak wavelengths 
and oscillator strengths are given for the fi rst two transitions with  f  > 0.1. 

Dye  HOMO 
[eV]  

Predicted  E  OX  
[V vs NHE]  

LUMO 
[eV]  

 E  0–0  
[eV]  

  λ   1  ( f ) 
[nm]  

  λ   2  ( f ) 
[nm]  

 D35   −5.26  –  −2.99  2.27  622 (0.797)  433 (0.414)  

 LEG1   −5.16  0.865  −3.11  2.05  691 (0.831)  487 (0.828)  

 LEG2   −5.10  0.801  −3.01  2.06  676 (0.863)  489 (0.726)  

 LEG3   −5.15  0.860  −3.05  2.11  669 (0.907)  482 (0.853)  

 LEG4   −5.12  0.826  −2.98  2.14  656 (1.087)  482 (0.794)  
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very poor solubility. Although some of the other linker-acceptor 
pairs were expected to have signifi cantly better solubility due 
to their alkyl chains we decided to use the donor fi rst method 
for consistency. The synthetic route is shown in  Figure    5  . The 
Suzuki reaction was successfully employed to form the C-C 
bond between donor and linker fragments. In the fi nal step 
the donor-linker fragments were condensed with cyanoacetic 
acid to produce the desired sensitizers ( LEG1 – LEG4 ) in good 
yields.  

  2.2.3   .  Sensitizers 

 The orthogonally functionalized linker fragment can be assem-
bled into a dye in two different orders; donor fi rst or acceptor 
fi rst. Either route will produce the desired sensitizer in two 
steps. An attempt at the acceptor fi rst route starting from 
5 ′ -bromo-[2,2 ′ -bithiophene]-5-carbaldehyde and cyanoacetic acid 
as the acceptor promptly revealed solubility issues, as the corre-
sponding cyanoacrylic acid product from the condensation has 

      Figure 2.  Frontier orbitals of the LEG dye series plotted with an isovalue of 0.05. 
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3,4-ethylenedioxythiophene (EDOT) ( LEG2 ) or the thiophenes 
were fused into CPDT ( LEG4 ). The fused CPDT-structure was 
found to be highly benefi cial for achieving high extinction coeffi -
cients as the linker is essentially locked in a planar conformation. 
Although the calculations correctly showed that a bathochromic 
shift occurs when an additional thiophene unit is introduced, 
they completely failed to show the correct trend in the  LEG  series 
of dyes. We attribute this failure mainly to the differences in con-
formational dynamics between the molecules; the calculations 
were performed on a single conformation of the dye and can, 
subsequently, not take dynamics into account. To exemplify the 
importance of dye conformation, a change in the conformation 
around the bond linking the two thiophenes in  LEG3  from anti 
to syn results in a 35 nm (0.1 eV) hypsochromic shift of fi rst the 
fi rst absorption peak and a 43% reduction in oscillator strength. 
Considering that these two conformational isomers differ by 
1.1 kcal mol −1  in energy (at the B3LYP/6–31G(d) level of theory), 
it is clear that the conformational dynamics should be taken into 
account if accurate predictions of absorption spectra are to be 
made. However, given the complexity of such calculations, they 
are beyond the scope of this article.   

  2.4   .  Electrochemical Properties 

 The oxidation potentials of the dyes were measured in DCM 
solution and are given in  Table   2 . All of the LEG-series dyes have 
lower oxidation potentials than  D35 , as was expected from having 
larger conjugated systems. It can also be seen that the EDOT and 

 The synthetic route is divergent with respect to the donor 
fragment and has one point of convergence as used in this 
study. If a larger set of donor and acceptor fragments were to 
be used the method would become divergent with respect to all 
fragments. Thus, the number of unique sensitizers that can be 
synthesized from these fragments becomes the product of their 
respective quantities (i.e., 8000 sensitizers could be synthesized 
if 20 fragments of each type were available). We note that this 
synthetic method is highly suitable for a library-based synthesis 
of dyes, as any dye can be synthesized in two simple steps if the 
fragments are available in the library. Using standardized reac-
tion conditions, the synthesis may even be automated, thereby 
allowing the rapid exploration of a large number of dyes.   

  2.3   .  Photophysical Properties 

 The absorption spectra of the sensitizers ( Figure    6  ) are highly 
similar, as expected given the structural similarities. As the    π   -
linker was extended from the single thiophene in  D35  to the 
bithiophene in  LEG1  a bathochromic shift of the absorption 
occurred and the extinction coeffi cient increased. In the case 
of  LEG3  one of the thiophenes was substituted with a hexyl 
group in the 3-position, which introduced steric bulk. Since 
the planarity of the linker    π   -system is important for effi cient 
absorption of light, it is likely that an increased dihedral angle 
between the thiophenes is responsible for the slightly lower 
extinction coeffi cient of  LEG3  compared to  LEG1 . A further 
bathochromic shift occured when a thiophene was replaced by 

      Figure 3.  Synthesis of the donor fragment. A) Pd 2 dba 3 , 2-dicyclohexylphosphino-2 ′ ,6 ′ -dimethoxybiphenyl (SPhos), K 3 PO 4 , toluene, refl ux 4 h. B) NBS, 
DMF, −13  ° C at rt 5 h. C) n-butyllithium, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. 

      Figure 4.  Synthetic routes to the linker units  5 ,  7  and  11 . A) PdCl 2 (dppf), K 2 CO 3 , MeOH/PhMe, 65  ° C 1 h. B) NBS, THF, −20  ° C at −10  ° C 1 h. 
C) PdCl 2 (dppf), K 2 CO 3 , MeOH/PhMe, 70  ° C 40 min. D) NBS, THF, −20  ° C at rt  ° C 6 h. E)  n -BuLi, tridecan-7-one, Et 2 O, −78  ° C at rt. F) H 2 SO 4 , heptane, 
rt 15 h. G) POCl 3 , DMF, 1,2-dichloroethane, 0  ° C at rt 6 h. H) NBS, THF, 0  ° C at rt. 
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increases by 160 mV compared to the solution value (in DCM) 
when measured on a TiO 2  fi lm in MeCN electrolyte. [  14  ]  Despite 
the inaccuracies in the quantum chemical prediction of the dyes’ 
absorption spectra, the calculated oxidation potentials follow the 
same trend as the experimental. Additionally the oxidation poten-
tials were calculated with good accuracy (55 mV mean error) 
after the correction was made.   

  2.5   .  Photovoltaic Performance 

 The sensitizers were evaluated in DSCs using Co(II/III)bpy 3  
as the redox mediator in an acetonitrile based electrolyte. The 
short-circuit currents ( J  SC ) were higher for  LEG3  and  LEG4  com-
pared to  D35 , but signifi cantly lower for  LEG1 . This is in agree-
ment with the IPCE spectra shown in  Figure    7  . Although the 

CPDT units are clearly more electron donating as compared to a 
simple thiophene or hexyl thiophene unit. We note that the oxi-
dation potentials are low compared to, for example, the literature 
value for  Y123  of 1.09 V. [  5j  ]  However, the dye oxidation potential 

      Figure 5.  Synthetic route to the  LEG1–4  dyes. 

 Table 2.   Photophysical and electrochemical data for the dyes measured 
in DCM solution. 

Dye    λ   abs, max  (  ε  ) 
[nm ( M  −1  cm −1 )]  

  λ   em, max  
[nm]  

 E  0–0  a)  
[eV]  

 E  ox  b)  
[V vs NHE]  

 E  LUMO  c)  
[V vs NHE]  

 D35   500 (31 000)  647  2.18  0.966  −1.21  

 LEG1   515 (33 000)  720  2.10  0.931  −1.17  

 LEG2   537 (40 000)  714  2.05  0.857  −1.19  

 LEG3   514 (32 000)  728  2.11  0.910  −1.21  

 LEG4   541 (49 000)  717  2.04  0.875  −1.17  

    a)   Calculated from the intersection of the normalized absorption and emission 
spectra (available in the Supporting Information, Figure S2);  b) The ground-state 
oxidation potentials of the dyes were measured under the following conditions: 
Pt rod working electrode and graphite counter electrode. The electrolyte consisted 
of 0.2 m M  dye and 0.05  M  Bu 4 NPF 6  in DCM. The reference Ag/Ag +  electrode was 
calibrated against an internal Fc/Fc +  reference (using E ° (Fc/Fc + )  =  0.63 V vs NHE) 
 c) Estimated by subtracting  E  0–0  from the oxidation potential.   

      Figure 6.  Absorption spectra of the  LEG1–4  and  D35  dyes in DCM. 

      Figure 7.  IPCE spectra of the  LEG1–4  dyes using a Co(II/III)(bpy) 3  based 
electrolyte. Savitsky-Golay (2 nd  degree) fi lter has been applied. 
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best performing dye in the series is  LEG4 , which together with 
 LEG3  are the dyes that show an improved performance com-
pared to  D35 .     

  3   .  Conclusion 

 A series of linker-varied sensitizers for DSCs was synthe-
sized using a convergent/divergent fragment based synthetic 
approach. The synthetic method allows for a new dye to be syn-
thesized in two simple steps if the constituent fragments are 
available, thus enabling the rapid synthesis of a large number 
of dyes from a relatively small library. By using this strategy to 
produce a series of calculation guided linker variations to  D35  
we were able to extend the absorption spectra and increase the 
extinction coeffi cients of the dyes, which for some dyes led 
to higher short-circuit currents in the DSC devices. Although 
recombination was faster with the majority of the dyes (com-
pared to  D35 ),  LEG3  retarded recombination more effi ciently 
than  D35 .  

  4   .  Experimental Section 
  General Experimental :  1 H and  13 C NMR spectra were recorded on 

Bruker 500 and 400 MHz instruments by using the residual signals 
 δ   =  7.26 ppm and 77.0 ppm from CDCl 3 ,  δ   =  2.50 and 39.4 ppm from 
DMSO- d  6  and  δ   =  2.05, 29.84, and 206.26 ppm from acetone- d  6 , as 
internal references for  1 H and  13 C respectively. UV/Vis absorption 
spectra were recorded on a PerkinElmer Lambda 750 UV/Vis 
spectrophotometer. Emission spectra were recorded on a Varian Cary 
Eclipse fl uorescence spectrophotometer. HRMS were performed using 
a Waters (USA) MALDI micro MX Matrix assisted laser desorption 
ionization-time of fl ight mass spectrometer. Chemicals used in the 
synthesis were purchased from Sigma-Aldrich unless otherwise 
specifi ed. Tetrahydrofuran (THF) was dried by passing through a solvent 
column composed of activated alumina.  N -Bromosuccinimide (NBS) 
was purifi ed by recrystallization from water. Commercially available 
reactants were used without further purifi cation unless otherwise noted. 
3-bromo-2,2 ′ -bithiophene was synthesized according to a literature 
procedure. [  15  ]  Flash chromatography was performed using silica gel 
60 Å (35–63  μ m). All eluent ratios are given on v/v-basis. HPLC was 
performed on an Agilent 1260 Infi nity LC system. The preparative work 
was carried out on a Kromasil 100–10-SIL (250 × 10 mm L x I.D.) normal 
phase HPLC column obtained from AkzoNobel (Bohus, Sweden). The 
dyes were purifi ed by HPLC using a mobile phase consisting of 5–18% 
THF, 82–95% toluene or  n -hexane and 0.2% formic acid. 

 Fluorine-doped tin oxide (FTO) glass from Pilkington TEC15 
and predrilled TEC8 was used for working and counter electrodes, 
respectively. The substrates were cleaned with detergent solution (RBS 
25 from Fluka analytical), ethanol (VWR DBH Prolabo purity of 99.9%) 
and deionized water. For the dye baths the same ethanol was used. 
Screen printing was performed with a TiO 2 -paste from Dyesol (DSL 18 
NR-T) and a light-scattering paste (JGC C&C Ltd. PST-400C, gratefully 
received from JGC Catalysts and Chemical Ltd.). The TiO 2  paste was 
diluted with a mixture of terpineol (CAS: 8000–41–7) and ethyl cellulose 
(CAS: 9004–57–3) from Aldrich. For preparation of PEDOT counter 
electrodes the procedure will published by our group within short. [  16  ]  
LiClO 4  and 4- tert -butylpyridine (TBP) were purchased from Aldrich of 
99.9%, respectively 96% purity, TBP was distilled before use. Acetonitrile 
anhydrous 99.8% was used as received. 

  Donor Fragment Synthesis :  2 ′ ,4 ′ -Dibutoxy-N-(2 ′ ,4 ′ -dibutoxy-[1,1 ′ -
biphenyl]-4-yl)-N-phenyl-[1,1 ′ -biphenyl]-4-amine   ( 1 ) : To a 100 mL 
two-necked round bottom fl ask was added 4-bromo- N -(4-bromophenyl)-
 N -phenylaniline (3.42 g, 8.5 mmol), 2,4-dibutoxyphenylboronic 

entire  LEG -series could be expected to give higher  J  SC  than  D35  
on the basis of the absorption spectra (and assuming equal dye 
surface concentration), the peak IPCE of  LEG1  and  LEG2  is low, 
resulting in a lower  J  SC . This is likely due to fast electron recom-
bination or slow regeneration of the dye. The trend in the open-
circuit voltage ( V  OC ) is  LEG3  >  D35  >  LEG1  >  LEG4  >  LEG2 . 
Preliminary electron lifetime measurements show that the 
electron lifetimes follow the same trend as the  V  OC  (Figure S3, 
Supporting Information). [  14  ]   

 Interestingly,  LEG3  gives signifi cantly higher  V  OC  compared 
 LEG4 , despite having only one hexyl chain on the linker, as 
compared to the two of  LEG4 . Generally, the dye with the larger 
number of aliphatic carbons is expected to give the highest open-
circuit voltage, all other things being equal, due to slower recombi-
nation. However, our results indicate that the core linker structure 
plays a larger role in determining the  V  OC  than its side-chains. 

 The DSC performance data is summarized in  Table   3  and 
the current density–voltage ( J – V ) curves shown in  Figure    8  . The 

 Table 3.   Photovoltaic parameters of solar cells sensitized with the  D35  
and the  LEG -series of dyes. Four solar cells of each sensitizer were fabri-
cated and master solar cells are listed .

Dye a)    J  SC  
[mA cm −2 ]  

 V  OC  
[V]  

FF    η   
[%]  

 D35   8.43  0.91  0.67  5.10  

 LEG1   7.77  0.87  0.63  4.26  

 LEG2   8.44  0.80  0.66  4.46  

 LEG3   8.99  0.92  0.71  5.83  

 LEG4   10.9  0.85  0.74  6.78  

    a)   Device parameters: Electrolyte: 0.22  M  Co(bpy) 3 (PF6) 2 , 0.05  M  Co(bpy) 3 (PF6) 3 , 
0.1  M  LiClO 4 , 0.2  M  TBP in MeCN. Working electrode: TiCl 4  treated FTO glass 
screen printed with a modifi ed Dyesol 18NR-T paste and scattering layer sin-
tered at 500  ° C (see experimental for details). The resulting TiO 2  fi lm was 5 × 5 × 
 ∼ 0.009 mm. Counter electrode: Electropolymerized PEDOT on FTO glass. Sensiti-
zation: 0.2 m M  dye in EtOH for 16 h. Measured under simulated AM1.5 solar irra-
diation. A black mask with a 5 mm × 5 mm hole (matching the active area of the 
cell) was used to prevent excess light from reaching the cell.   

      Figure 8.   J – V  curves of the DSCs using a Co(II/III)(bpy) 3  based electrolyte 
(moving average fi ltered). 

Adv. Energy Mater. 2013, 3, 1647–1656



© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1653wileyonlinelibrary.com

www.MaterialsViews.com
www.advenergymat.de

FU
LL P

A
P
ER

acetone- d  6 ,  δ ): 183.62, 145.07, 143.36, 142.00, 141.52, 138.39, 123.91, 
111.40, 101.13, 66.44, 65.46. HRMS (ESI)  m / z : [M] +  calcd for C 11 H 8 O 3 S 2 , 
251.9915; found, 251.9920. 

  5-(7-Bromo-2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thiophene-2-
carbaldehyde ( 5 ) : To a cooled (−20  ° C) solution of  4  (150 mg, 0.6 mmol) 
in THF (12 mL), NBS (111 mg, 0.63 mmol) was added in one portion 
under constant stirring. The solution was allowed to warm to −10  ° C 
over the course of 1 h and a precipitate formed. Filtration of the reaction 
mixture gave  5  as a yellow solid (101 mg, 51%).  1 H NMR (500 MHz, 
DMSO- d  6 ,  δ ): 9.88 (s, 1H), 7.95 (d,  J   =  4.0 Hz, 1H), 7.36 (d,  J   =  4.0 Hz, 
1H), 4.46 (m, 2H), 4.38 (m, 2H).  13 C NMR (126 MHz, DMSO- d  6 ,  δ ): 
183.87, 142.08, 140.72, 139.75, 138.42, 123.65, 114.55, 87.93, 65.51, 
64.84. HRMS (ESI)  m / z : [M] +  calcd for C 11 H 8 BrO 3 S 2 , 329.9020; found, 
329.9026 .

  3 ′ -Hexyl-[2,2 ′ -bithiophene]-5-carbaldehyde  ( 6 ) : A mixture of 2-bromo-
3-hexylthiophene (889 mg, 3.6 mmol), (5-formylthiophen-2-yl)
boronic acid (468 mg, 3 mmol), K 2 CO 3  (2.07 g, 15 mmol) and 
[1,1 ′ -bis(diphenylphosphino)ferrocene]dichloropalladium(II) (245 mg, 
0.1 mmol) in a 40% (v/v) MeOH/PhMe solution (10 mL) was stirred 
at 70  ° C for 40 min. The reaction mixture was poured into H 2 O and 
extracted with DCM. The organic phase was dried over MgSO 4  and the 
solvent removed by rotary evaporation. Column chromatography (DCM/
pentane 1:1) over SiO 2  gave  6  (407 mg, 49%) as a yellow oil.  1 H NMR 
(500 MHz, acetone- d  6 ,  δ ): 9.95 (s, 1H), 7.96 (d,  J   =  3.9 Hz, 1H), 7.52 (d, 
 J   =  5.2 Hz, 1H), 7.36 (d,  J   =  3.9 Hz, 1H), 7.11 (d,  J   =  5.2 Hz, 1H), 2.85 
(m, 2H), 1.67 (m, 2H), 1.40 (m, 2H), 1.31 (m, 4H), 0.87 (t,  J   =  7.1 Hz, 
3H).  13 C NMR (126 MHz, acetone- d  6 ,  δ ): 183.87, 146.35, 143.82, 142.95, 
138.58, 131.90, 130.27, 127.66, 127.23, 32.41, 31.23, 23.35, 14.40. HRMS 
(ESI)  m / z : [M] +  calcd for C 15 H 18 OS 2 , 279.0799; found, 279.086 

  5 ′ -Bromo-3 ′ -hexyl-[2,2 ′ -bithiophene]-5-carbaldehyde  ( 7 ) : To a cooled 
(−20  ° C) solution of  6  (407 mg, 1.46 mmol) in THF (30 ml), NBS 
(260 mg, 1.46 mmol) was added in one portion under constant stirring. 
The solution was allowed to warm to room temperature over the course 
of 6 h. The reaction mixture was poured into H 2 O and extracted with 
Et 2 O (3 times). The combined organic phases were dried over MgSO 4  
and fi ltered through a short plug of SiO 2 . The solvent was fi nally 
removed by rotary evaporation yielding  7  (487 mg, 93%) as a yellow 
solid.  1 H NMR (500 MHz, acetone- d  6 ,  δ ): 9.94 (s, 1H), 7.93 (d,  J   =  
3.9 Hz, 1H), 7.32 (d,  J   =  3.9 Hz, 1H), 7.14 (s, 1H), 2.79 (m, 2H), 1.64 
(m, 2H), 1.37 (m, 2H), 1.29 (m, 4H), 0.86 (dd,  J   =  9.7, 4.4 Hz, 3H).  13 C 
NMR (126 MHz, acetone- d  6 ,  δ ): 183.90, 144.45, 144.34, 143.80, 138.45, 
134.90, 132.13, 128.22, 113.21, 32.43, 31.08, 23.40, 14.50. 

  7-([2,2 ′ -Bithiophen]-3-yl)tridecan-7-ol  ( 8 ): A solution of 3-bromo-2,2 ′ -
bithiophene (2.94 g, 12 mmol) in 50 ml dry Et 2 O was added dropwise 
over the course of 1 h to  n -butyllithium (9 ml, 1.6  M  in hexanes) in 100 mL 
dry Et 2 O at −78  ° C under an atmosphere of N 2 . The reaction mixture 
was stirred for an additional 15 min followed by dropwise addition of a 
solution of tridecan-7-one (3.33 g, 16.8 mmol) in 20 mL dry Et 2 O. The 
reaction mixture was then allowed to warm to room temperature and 
the reaction was quenched after 1.5 h by the addition of NH 4 Cl (sat.). 
The phases were separated and the organic phase was washed by brine 
and dried over MgSO 4 . Solvent removal by rotary evaporation followed 
by column chromatography over SiO 2  (pentane 1:10 EtOAc/pentane 
gradient) gave the crude product (4.39 g) that was used in the next step 
without further purifi cation. 

  4,4-Dihexyl-4H-cyclopenta[2,1-b:3,4-b’]dithiophene  ( 9 ) : To a stirred 
solution of crude  8  (2.88 g) in heptane (60 mL), H 2 SO 4  (3.2 mL) was 
added dropwise. The mixture was stirred at rt for 15 h before H 2 O 
(40 mL) was added. The phases were separated and the organic layer was 
successively washed with NaHCO 3  (sat.) and brine. The organic phase was 
then dried over MgSO 4  and the solvent was removed by rotary evaporation. 
Purifi cation of the crude product by fl ash chromatography over SiO 2  
(pentane) gave  9  as a yellow oil (922 mg, 34% yield over two steps).  1 H-
NMR data are in good agreement with previously published results. 

  4,4-Dihexyl-4H-cyclopenta[2,1-b:3,4-b ′ ]dithiophene-2-carbaldehyde   ( 10 ) : 
Synthesized according to literature procedure [  17  ]  with 83% yield. 

  6-Bromo-4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b ′ ]dithiophene-2-
carbaldehyde  ( 11 )  :  Synthesized according to literature procedure [  17  ]  with 

acid (9.0 g, 34 mmol), potassium phosphate (10.8 g, 51 mmol), 
tris(dibenzylideneacetone)dipalladium(0) (195 mg, 213  μ mol) and 
2-dicyclohexylphosphino-2 ′ ,6 ′ -dimethoxybiphenyl (SPhos) (349 mg, 
850  μ mol). The fl ask was fi tted with a refl ux condenser and magnetic stir 
bar, sealed with silicone septa and fi lled with N 2 . After the addition of 
toluene (17 mL), the mixture was refl uxed for 4 h. The reaction mixture 
was then allowed to cool to room temperature and 100 mL of diethyl 
ether was added. Filtration through a thin pad of silica gel (washing with 
a generous amount of diethyl ether), followed by rotary evaporation of 
the solvents afforded the crude product. Repeated fl ash chromatography 
(twice with DCM/Pentanes 1:2, once with DCM/Pentanes 1:3) gave  1  
(5.08 g, 87%) as a colorless glass.  1 H NMR (500 MHz, acetone- d  6 ,  δ ): 
7.46 (d,  J   =  8.6 Hz, 4H), 7.30 (m, 2H), 7.25 (d,  J   =  8.4 Hz, 2H), 7.12 (d, 
 J   =  7.6 Hz, 2H), 7.08 (d,  J   =  8.6 Hz, 4H), 7.04 (t,  J   =  7.4 Hz, 1H), 6.63 
(d,  J   =  2.3 Hz, 2H), 6.58 (dd,  J   =  8.4, 2.4 Hz, 2H), 4.02 (dd,  J   =  14.0, 
6.5 Hz, 8H), 1.74 (m, 8H), 1.48 (m, 8H), 0.97 (t,  J   =  7.4 Hz, 6H), 0.92 (t,  J   = 
 7.4 Hz, 6H). 13 C NMR (126 MHz, Acetone- d  6 ,  δ ): 160.90, 158.15, 149.05, 
147.04, 134.37, 131.67, 131.24, 130.35, 125.05, 124.34, 123.78, 123.75, 
106.90, 101.35, 68.95, 68.49, 32.35, 32.24, 20.21, 20.12, 14.31, 14.30. 

  N-(4-Bromophenyl)-2 ′ ,4 ′ -dibutoxy-N-(2 ′ ,4 ′ -dibutoxy-[1,1 ′ -biphenyl]-4-yl)-
[1,1 ′ -biphenyl]-4-amine ( 2 ) : To a stirred solution of  1  (5.08 g, 7.4 mmol) 
in DMF (150 mL) at −13  ° C, was added NBS (1.32 g, 7.4 mmol) in one 
portion. The reaction mixture was allowed to warm to room temperature 
over 5 h after which the solvent was removed by rotary evaporation. 
The residue was then dissolved in diethyl ether (100 mL) and washed 
with water (2 × 100 mL) and brine (100 mL). The organic phase was 
dried with MgSO 4  and fi ltered through a pad of silica gel (washing with 
generous amounts of diethyl ether). Rotary evaporation afforded the 
crude product (5.02 g, 89%) as a colorless oil. The product was used 
without further purifi cation.  1 H NMR (500 MHz, acetone- d  6 ,  δ ): 7.50 (d, 
 J   =  8.6 Hz, 4H), 7.43 (d,  J   =  8.8 Hz, 2H), 7.26 (d,  J   =  8.4 Hz, 2H), 7.11 
(d,  J   =  8.6 Hz, 4H), 7.03 (d,  J   =  8.8 Hz, 2H), 6.64 (d,  J   =  2.3 Hz, 2H), 
6.60 (dd,  J   =  8.4, 2.3 Hz, 2H), 4.03 (q,  J   =  6.5 Hz, 8H), 1.75 (m, 8H), 
1.49 (m, 8H), 0.98 (t,  J   =  7.4 Hz, 6H), 0.93 (t,  J   =  7.4 Hz, 6H). 

  2 ′ ,4 ′ -Dibutoxy-N-(2 ′ ,4 ′ -dibutoxy-[1,1 ′ -biphenyl]-4-yl)-N-(4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-[1,1 ′ -biphenyl]-4-amine   ( 3 ) : To 
a stirred solution of  2  (1.02 g, 1.33 mmol) in dry THF (20 mL) under 
N 2  at −78  ° C,  n -butyllithium (1.6  M  in hexanes, 1.67 mL, 2.67 mmol) was 
added dropwise. The solution was stirred for 35 min before 2-isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.814 mL, 4.0 mmol) 
was added dropwise. The solution was kept at −78  ° C for 120 min 
after which it was allowed to warm to room temperature, at which it 
was kept for 90 min. The reaction was quenched by addition of NH 4 Cl 
(sat.) solution and extracted with diethyl ether. Solvent removal by 
rotary evaporation followed by fl ash chromatography (DCM/Pentanes 
2:1) afforded  3  (838 mg, 78%) as a white solid with a strong blue 
fl uorescence.  1 H NMR (500 MHz, acetone- d  6 ,  δ ): 7.65 (d,  J   =  8.5 Hz, 
2H), 7.51 (d,  J   =  8.6 Hz, 4H), 7.27 (d,  J   =  8.4 Hz, 2H), 7.14 (d,  J   =  8.6 
Hz, 4H), 7.06 (d,  J   =  8.5 Hz, 2H), 6.65 (d,  J   =  2.3 Hz, 2H), 6.60 (dd,  J   =  
8.4, 2.3 Hz, 2H), 4.03 (q,  J   =  6.2 Hz, 8H), 1.75 (m, 8H), 1.49 (m, 8H), 
1.33 (s, 12H), 0.98 (t,  J   =  7.4 Hz, 6H), 0.93 (t,  J   =  7.4 Hz, 6H). 

  13 C NMR (126 MHz, acetone- d  6 ,  δ ): 160.91, 158.08, 151.71, 146.38, 
136.78, 135.14, 131.63, 131.30, 125.27, 123.56, 122.15, 106.85, 101.26, 
84.34, 68.89, 68.42, 32.25, 32.12, 25.30, 20.12, 20.03, 14.22, 14.21.HRMS 
(ESI)  m / z : [M] +  calcd for C 52 H 66 BNO 6 , 811.4983; found, 811.5004. 

  Linker Fragment Synthesis :  5-(2,3-Dihydrothieno[3,4-b][1,4]dioxin-5-yl)
thiophene-2-carbaldehyde  ( 4 ) : A mixture of 2-(2,3-dihydrothieno[3,4- b ]
[1,4]dioxin-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (268 mg, 
1 mmol), 5-bromothiophene-2-carbaldehyde (143  μ L, 1.2 mmol), 
K 2 CO 3  (690 mg, 5 mmol) and [1,1 ′ -bis(diphenylphosphino)ferrocene]
dichloropalladium(II) (82 mg, 0.1 mmol) in a 40% (v/v) MeOH/PhMe 
solution (6 mL) was stirred at 65  ° C for 1 h. The reaction mixture was 
then poured into H 2 O and extracted with DCM. The organic phase was 
dried with Na 2 SO 4  and the solvent was removed by rotary evaporation. 
Purifi cation by column chromatography (DCM) over SiO 2  gave  4  (91 mg, 
36%) as a light yellow solid with blue fl uorescence.  1 H NMR (500 MHz, 
acetone- d  6 ,  δ ): 9.92 (s, 1H), 7.88 (d,  J   =  4.0 Hz, 1H), 7.37 (d,  J   =  4.0 Hz, 
1H), 6.62 (s, 1H), 4.48 (m, 2H), 4.34 (m, 2H).  13 C NMR (126 MHz, 
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in 1,4-dioxane (1.6 mL), H 2 O (400  μ L) was added under a nitrogen 
protecting atmosphere. The reaction mixture was heated to 40  ° C for 
4 h under constant stirring. Additional H 2 O was added and the mixture 
was extracted with DCM. The organic phase was dried over MgSO 4  and 
concentrated in vacuo. Flash chromatography over SiO 2  (pentane/DCM 
1:2 àDCM) gave  LEG4–01  (85 mg, 69%) as an orange solid.  1 H NMR 
(500 MHz, acetone- d  6 ,  δ ): 9.86 (s, 1H), 7.88 (s, 1H), 7.60 (d,  J   =  8.7 Hz, 
2H), 7.49 (m, 5H), 7.24 (d,  J   =  8.4 Hz, 2H), 7.11 (m, 6H), 6.63 (d,  J   =  2.3 
Hz, 2H), 6.56 (dd,  J   =  8.5, 2.3 Hz, 2H), 4.01 (m, 8H), 2.00 (m, 4H), 1.73 
(m, 8H), 1.47 (m, 8H), 1.15 (m, 12H), 0.99 (m, 10H), 0.91 (t,  J   =  7.4 Hz, 
6H), 0.78 (t,  J   =  7.0 Hz, 6H).  13 C NMR (126 MHz, acetone- d  6 ,  δ ): 183.37, 
164.76, 160.96, 158.71, 158.14, 150.19, 148.92, 147.89, 146.38, 144.61, 
135.03, 134.65, 131.82, 131.73, 131.38, 129.23, 127.35, 124.95, 124.24, 
123.59, 118.36, 106.86, 101.34, 68.95, 68.49, 55.27, 38.51, 32.49, 32.35, 
32.22, 25.44, 23.41, 20.22, 20.13, 14.47, 14.34. HRMS (ESI)  m / z : [M] +  
calcd for C 68 H 83 NO 5 S 2 , 1057.5713; found, 1057.5747. 

  Acceptor Installation :  (E)-3-(5 ′ -(4-(bis(2 ′ ,4 ′ -dibutoxy-[1,1 ′ -biphenyl]-
4-yl)amino)phenyl)-[2,2 ′ -bithiophen]-5-yl)-2-cyanoacrylic Acid   ( LEG1 ) : A 
solution of  LEG1–01  (77 mg, 88  μ mol), cyanoacetic acid (9 mg, 110  μ mol) 
and piperidine (27 mg, 320  μ mol) was refl uxed in MeCN (7 mL) 
for 2 h. The solvent was removed in vacuo. Flash chromatography 
over SiO 2  using gradient elution DCM EtOAc (+2% trifl uoroacetic 
acid) followed by washing of the combined dye fractions with HCl 
(1  M , 3 × 15 mL) gave  LEG1  (76 mg, 91%) as a dark red solid.  1 H NMR 
(500 MHz, DMSO- d  6 ,  δ ): 8.48 (s, 1H), 7.97 (d,  J   =  4.3 Hz, 1H), 7.62 
(m, 3H), 7.57 (d,  J   =  4.0 Hz, 1H), 7.49 (d,  J   =  3.9 Hz, 1H), 7.44 (d,  J   =  
8.6 Hz, 4H), 7.22 (d,  J   =  8.4 Hz, 2H), 7.07 (d,  J   =  8.6 Hz, 4H), 7.02 (d, 
 J   =  8.7 Hz, 2H), 6.61 (d,  J   =  2.2 Hz, 2H), 6.56 (dd,  J   =  8.5, 2.2 Hz, 2H), 
3.97 (m, 8H), 1.67 (m, 8H), 1.44 (m, 4H), 1.37 (m, 4H), 0.94 (t,  J   =  7.4 
Hz, 6H), 0.87 (t,  J   =  7.4 Hz, 6H).  13 C NMR (126 MHz, DMSO- d  6 ,  δ ): 
163.65, 159.29, 156.53, 147.51, 146.40, 145.91, 145.53, 144.66, 141.66, 
133.63, 133.46, 133.02, 130.52, 130.19, 128.46, 126.64, 126.29, 124.71, 
124.35, 123.87, 122.48, 121.77, 116.57, 105.93, 100.26, 97.60, 67.65, 
67.21, 30.80, 30.67, 18.80, 18.76, 13.71, 13.64. UV–vis (DCM):   λ   max  (  ε  ) 
 =  515 nm (33000), 343 nm (36000); HRMS (ESI)  m / z : [M] +  calcd for 
C 58 H 60 N 2 O 6 S 2 , 944.3893; found, 944.3952. 

  (E)-3-(5-(7-(4-(Bis(2 ′ ,4 ′ -dibutoxy-[1,1 ′ -biphenyl]-4-yl)amino)phenyl)-
2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thiophen-2-yl)-2-cyanoacrylic Acid   
( LEG2 ) : A solution of  LEG2–01  (85 mg, 91  μ mol), cyanoacetic acid 
(23 mg, 270  μ mol) and piperidine (54 mg, 640  μ mol) was refl uxed in 
CHCl 3  (5 mL) for 4.5 h under a nitrogen protecting atmosphere. The 
solution was allowed to cool before HCl (1  M , 20 mL) was added. The 
product was extracted with CHCl 3  (3 × 20 mL). The combined organic 
phases were dried over Na 2 SO 4  and the solvent removed in vacuo. Flash 
chromatography over SiO 2  using gradient elution DCM EtOAc/DCM 
1:3 (+1% trifl uoroacetic acid) followed by washing of the combined dye 
fractions with HCl (1  M , 2 × 20 mL) gave  LEG2  (65 mg, 72%) as a deep 
purple solid.  1 H NMR (500 MHz, DMSO- d  6 ,  δ ): 8.44 (s, 1H), 7.93 (d,  J   =  
4.3 Hz, 1H), 7.63 (d,  J   =  8.7 Hz, 2H), 7.43 (d,  J   =  8.5 Hz, 4H), 7.39 (d, 
 J   =  4.1 Hz, 1H), 7.21 (d,  J   =  8.4 Hz, 2H), 7.05 (m, 6H), 6.61 (d,  J   =  2.1 
Hz, 2H), 6.56 (dd,  J   =  8.5, 2.2 Hz, 2H), 4.50 (m, 2H), 4.41 (m, 2H), 3.97 
(m, 8H), 1.66 (m, 8H), 1.40 (m, 8H), 0.94 (t,  J   =  7.4 Hz, 6H), 0.87 (t,  J   =  
7.4 Hz, 6H).  13 C NMR (126 MHz, DMSO- d  6 ,  δ ): 163.91, 159.29, 156.54, 
146.63, 146.27, 144.73, 143.82, 141.33, 140.91, 138.05, 133.30, 133.04, 
130.52, 130.18, 127.03, 125.32, 123.68, 123.21, 122.69, 121.79, 117.71, 
116.93, 107.15, 105.92, 100.25, 67.65, 67.22, 65.43, 64.64, 30.82, 30.70, 
18.83, 18.79, 13.74, 13.66. UV–vis (DCM):   λ   max  (  ε  )  =  537 nm (40000), 
341 nm (31000); HRMS (ESI)  m / z : [M] +  calcd for C 60 H 62 N 2 O 8 S 2 , 
1002.3948; found, 1002.3961. 

  (E)-3-(5 ′ -(4-(Bis(2 ′ ,4 ′ -dibutoxy-[1,1 ′ -biphenyl]-4-yl)amino)phenyl)-3 ′ -
hexyl-[2,2 ′ -bithiophen]-5-yl)-2-cyanoacrylic Acid   ( LEG3 ) : A solution of 
 LEG3–01  (105 mg, 109  μ mol), cyanoacetic acid (27.8 mg, 327  μ mol) 
and piperidine (64.9 mg, 763  μ mol) was refl uxed in CHCl 3  (5 mL for 
4 h under a nitrogen protecting atmosphere. The solution was allowed 
to cool before HCl (1  M , 20 mL was added. The product was extracted 
with CHCl 3  (3 × 20 mL. The solvent was removed in vacuo. Flash 
chromatography over SiO 2  using gradient elution DCM àEtOAc/DCM 
1:4 (+1% trifl uoroacetic acid) followed by washing of the combined dye 

83% yield. Note: This material appears to degrade when stored under 
ambient conditions for extended periods of time. Storage under inert 
atmosphere at low temperature is recommended. 

  Donor-Linker Coupling :  5 ′ -(4-(Bis(2 ′ ,4 ′ -dibutoxy-[1,1 ′ -biphenyl]-
4-yl)amino)phenyl)-[2,2 ′ -bithiophene]-5-carbaldehyde   ( LEG1–01 ) : A 
solution of  3  (154 mg, 190  μ mol), 5 ′ -bromo-[2,2 ′ -bithiophene]-5-
carbaldehyde (TCI) (57 mg, 210  μ mol), K 2 CO 3  (121 mg, 875  μ mol) and 
[1,1 ′ -bis(diphenylphosphino)ferrocene]dichloropalladium(II) (14.3 mg, 
17.5  μ mol) in PhMe/MeOH (3:2, 5 mL) was heated to 70  ° C for 
30 min under constant stirring. The reaction mixture was allowed to 
cool and H 2 O was added. The mixture was extracted with DCM twice 
and the combined organic fractions were concentrated in vacuo. Flash 
chromatography over SiO 2  (DCM/pentane 2:1) gave  LEG1–01  (89 mg, 
53%) as an orange solid.  1 H NMR (500 MHz, acetone- d  6 ,  δ ): 9.90 (s, 
1H), 7.89 (d,  J   =  4.0 Hz, 1H), 7.59 (d,  J   =  8.8 Hz, 2H), 7.50 (m, 5H), 
7.43 (d,  J   =  3.9 Hz, 1H), 7.38 (d,  J   =  3.9 Hz, 1H), 7.25 (d,  J   =  8.4 Hz, 
2H), 7.12 (m, 6H), 6.63 (d,  J   =  2.4 Hz, 2H), 6.57 (dd,  J   =  8.4, 2.4 Hz, 
2H), 4.01 (m, 8H), 1.74 (m, 8H), 1.48 (m, 8H), 0.97 (t,  J   =  7.4 Hz, 6H), 
0.91 (t,  J   =  7.4 Hz, 6H).  13 C NMR (126 MHz, acetone- d  6 ,  δ ): 183.59, 
160.91, 158.07, 149.14, 147.14, 146.89, 146.26, 142.71, 139.16, 135.10, 
134.85, 131.66, 131.34, 128.62, 127.86, 127.53, 125.27, 125.04, 124.65, 
123.82, 123.51, 106.82, 101.26, 68.88, 68.42, 32.27, 32.14, 20.14, 20.05, 
14.24. HRMS (ESI)  m / z : [M] +  calcd for C 55 H 59 NO 5 S 2 , 877.3835; found, 
877.3871. 

  5-(7-Bromo-2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thiophene-2-
carbaldehyde   ( LEG2–01 ) : A solution of  3  (223 mg, 275  μ mol),  5  (83 mg, 
250  μ mol), K 2 CO 3  (173 mg, 1.25 mmol) and [1,1 ′ -bis(diphenylphosphino)
ferrocene]dichloropalladium(II) (20.4 mg, 25  μ mol) in PhMe/MeOH 
(3:2, 5 mL) was heated to 65  ° C for 50 min under constant stirring. The 
reaction mixture was allowed to cool and H 2 O was added. The mixture 
was extracted with DCM twice and the combined organic fractions were 
concentrated in vacuo. Flash chromatography over SiO 2  (DCM/pentane 
3:1) gave  LEG2–01  (113 mg, 48%) as an orange-red solid.  1 H NMR 
(500 MHz, acetone- d  6 ,  δ ): 9.87 (s, 1H), 7.81 (d,  J   =  4.1 Hz, 1H), 7.63 (d, 
 J   =  8.8 Hz, 2H), 7.47 (d,  J   =  8.6 Hz, 4H), 7.30 (d,  J   =  4.0 Hz, 1H), 7.21 
(d,  J   =  8.4 Hz, 2H), 7.08 (m, 6H), 6.61 (d,  J   =  2.3 Hz, 2H), 6.54 (dd,  J  
 =  8.4, 2.4 Hz, 2H), 4.48 (m, 2H), 4.40 (m, 2H), 3.99 (m, 8H), 1.72 (m, 
8H), 1.46 (m, 8H), 0.97 (t,  J   =  7.4 Hz, 6H), 0.90 (t,  J   =  7.4 Hz, 6H).  13 C 
NMR (126 MHz, acetone- d  6 ,  δ ): 183.28, 160.75, 157.95, 148.03, 146.23, 
144.80, 142.09, 141.66, 138.97, 138.33, 134.77, 131.56, 131.20, 127.91, 
126.78, 124.77, 123.73, 123.63, 123.44, 118.68, 108.46, 106.66, 101.15, 
68.78, 68.32, 66.23, 65.61, 32.19, 32.06, 20.07, 19.97, 14.19. HRMS (ESI) 
 m / z : [M] +  calcd for C 57 H 61 NO 7 S 2 , 935.3889; found, 935.3949. 

  5 ′ -(4-(Bis(2 ′ ,4 ′ -dibutoxy-[1,1 ′ -biphenyl]-4-yl)amino)phenyl)-3 ′ -hexyl-
[2,2 ′ -bithiophene]-5-carbaldehyde   ( LEG3–01 ) : To a solution of  3  (487 
mg, 0.6 mmol),  7  (179 mg, 0.5 mmol), Pd(OAc) 2  (2.3 mg, 10  μ mol) 
and 2-dicyclohexylphosphino-2 ′ ,6 ′ -dimethoxybiphenyl (SPhos) (8.2 mg, 
20  μ mol) in 1,4-dioxane (8 mL) a solution of K 3 PO 4  (530 mg, 2.5 mmol) 
in H 2 O (2 mL) was added. The reaction mixture was heated to 60  ° C 
for 3 h under constant stirring. The solvent was removed in vacuo. 
The residue was dissolved in Et 2 O (100 mL) and washed with H 2 O 
(2 × 50 mL) followed by brine (50 mL). The organic phase was dried 
over MgSO 4  and the solvent was fi nally removed in vacuo. Flash 
chromatography over SiO 2  gave  LEG3–01  (344 mg, 72%) as an orange 
solid.  1 H NMR (500 MHz, acetone- d  6 ,  δ ): 9.92 (s, 1H), 7.91 (d,  J   =  4.0 Hz, 
1H), 7.56 (d,  J   =  8.7 Hz, 2H), 7.49 (m, 4H), 7.34 (m, 2H), 7.23 (d,  J   =  8
.4 Hz, 2H), 7.10 (m, 6H), 6.62 (d,  J   =  2.3 Hz, 2H), 6.55 (dd,  J   =  8.5, 2.4 
Hz, 2H), 4.00 (m, 8H), 2.82 (m, 2H), 1.73 (m, 10H), 1.46 (m, 10H), 1.32 
(m, 4H), 0.97 (t,  J   =  7.4 Hz, 6H), 0.89 (m, 9H).  13 C NMR (126 MHz, 
acetone- d  6 ,  δ ): 183.63, 160.88, 158.05, 149.00, 146.38, 146.28, 144.94, 
144.29, 143.26, 138.59, 135.00, 131.65, 131.32, 128.80, 127.90, 127.42, 
127.11, 127.05, 124.96, 123.90, 123.50, 106.78, 101.24, 68.86, 68.41, 
32.47, 32.27, 32.13, 31.03, 23.38, 20.14, 20.05, 14.46, 14.26.HRMS (ESI) 
 m / z : [M] +  calcd for C 61 H 71 NO 5 S 2 , 961.4774; found, 961.4740. 

  6-(4-(Bis(2 ′ ,4 ′ -dibutoxy-[1,1 ′ -biphenyl]-4-yl)amino)phenyl)-4,4-dihexyl-
4H-cyclopenta[2,1-b:3,4-b ′ ]dithiophene-2-carbaldehyde   ( LEG4–01 ) : To a 
mixture of  11  (65 mg, 143  μ mol),  3  (94 mg, 120  μ mol), K 3 PO 4  (133 mg, 
625  μ mol), Pd(OAc) 2  (0.56 mg, 2.5  μ mol) and SPhos (2.1 mg, 5 mmol) 
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  Solar Cells Characterization : For the  J – V  characteristics of the solar 
cells were investigated by a Keithley 2400 source/meter and a Newport 
solar simulator (model 91160). The light intensity was calibrated 
using a certifi ed reference solar cell (Fraunhofer ISE), to an intensity 
of 1000 W m −2 . A black mask of 0.5 × 0.5 cm 2  was used in order to 
avoid signifi cant additional contribution from light impinging on the 
device outside the active area (0.5 × 0.5 cm 2 ) when performing the  J – V  
measurements. The apparatus for Incident Photon to Current Conversion 
Effi ciency (IPCE) consisted of a computer-controlled setup with a xenon 
light source (Spectral Products ASB-XE-175), a monochromator (Spectral 
Products CM 110), and a Keithley 2700 multimeter. The same certifi ed 
reference solar cell was used for calibration as previously mentioned.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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1.66 (m, 10H), 1.45 (m, 4H), 1.37 (m, 6H), 1.27 (m, 4H), 0.94 (t,  J   =  
7.4 Hz, 6H), 0.86 (m, 9H).  13 C NMR (126 MHz, DMSO- d  6 ,  δ ): 163.67, 
159.27, 156.51, 147.41, 146.32, 145.09, 144.68, 143.57, 140.86, 134.17, 
133.38, 130.49, 130.15, 127.32, 126.69, 126.50, 126.25, 125.97, 123.78, 
122.55, 121.75, 116.58, 105.89, 100.23, 97.63, 67.63, 67.19, 31.01, 30.80, 
30.66, 29.66, 29.51, 28.59, 22.03, 18.79, 18.75, 13.89, 13.69, 13.62. UV–
vis (DCM):   λ   max  (  ε  )  =  514 nm (32000), 345 nm (38000); HRMS (ESI) 
 m / z : [M] +  calcd for C 64 H 72 N 2 O 6 S 2 , 1028.4832; found, 1028.4778. 

  (E)-3-(6-(4-(Bis(2 ′ ,4 ′ -dibutoxy-[1,1 ′ -biphenyl]-4-yl)amino)phenyl)-4,4-
dihexyl-4H-cyclopenta[2,1-b:3,4-b ′ ]dithiophen-2-yl)-2-cyanoacrylic Acid   
( LEG4 ) : A solution of  LEG4–01  (84 mg,79  μ mol), cyanoacetic acid (20 
mg, 240  μ mol) and piperidine (47 mg, 560  μ mol) was refl uxed in CHCl 3  
(5 mL) for 5 h under a nitrogen protecting atmosphere. The solution was 
allowed to cool before HCl (1  M , 20 mL) was added. The product was 
extracted with DCM (3 × 20 mL). The solvent was removed in vacuo. 
Flash chromatography over SiO 2  using gradient elution DCM EtOAc 
gave  LEG4  (79 mg, 88%) as a deep purple solid.  1 H NMR (500 MHz, 
acetone- d  6 ,  δ ): 8.42 (s, 1H), 7.92 (s, 1H), 7.66 (d,  J   =  8.7 Hz, 2H), 7.56 
(s, 1H), 7.52 (m, 4H), 7.27 (d,  J   =  8.4 Hz, 2H), 7.14 (dd,  J   =  12.2, 8.7 
Hz, 6H), 6.64 (d,  J   =  2.3 Hz, 2H), 6.59 (dd,  J   =  8.4, 2.3 Hz, 2H), 4.03 
(td,  J   =  6.4, 2.8 Hz, 8H), 1.75 (m, 8H), 1.49 (m, 8H), 1.17 (m, 12H), 
0.99 (m, 10H), 0.93 (t,  J   =  7.4 Hz, 6H), 0.79 (t,  J   =  6.9 Hz, 6H).  13 C 
NMR (126 MHz, acetone- d  6 ,  δ ):165.61, 164.64, 160.93, 158.93, 158.09, 
151.45, 150.39, 149.10, 148.17, 146.29, 137.14, 135.10, 134.70, 133.50, 
131.66, 131.36, 129.01, 127.39, 125.01, 124.01, 123.50, 118.38, 117.83, 
116.00, 106.83, 101.25, 94.76, 68.88, 68.43, 55.13, 38.48, 32.41, 32.28, 
32.15, 25.36, 23.34, 20.16, 20.06, 14.38, 14.25. UV–vis (DCM):   λ   max  (  ε  )  =  
541 nm (49000), 336 nm (33000); HRMS (ESI)  m / z : [M] +  calcd for 
C 71 H 84 N 2 O 6 S 2 , 1124.5771; found, 1124.5732 .

  Synthesis of Cobalt Complexes : Co(bpy) 3 (PF 6 ) 2  and Co(bpy) 3 (PF 6 ) 3  
were synthesized according to a modifi ed procedure published by our 
group. [  8  ]  Modifi cation has been done in the oxidation step of the cobalt 
(II) complex to cobalt (III), which now was performed by adding H 2 O 2  
(30%) drop-wise to an acetonitrile solution of the complex. More precise 
description can be found in the coming publication. [  14  ]  NMR-spectrum 
of Co(bpy) 3 (PF 6 ) 3  is seen in the Supporting Information Figure S4. 

  Fabrication of Dye-Sensitized Solar Cells : FTO glass substrates 
of TEC15 and TEC8 were cleaned in ultrasonic bath for 1 h in the 
following media: detergent, deionized water and ethanol. The TEC15 
glass substrates were pre-treated in a 40 m M  aqueous TiCl 4  solution at 
70  ° C for 30 min and then rinsed with ethanol and water. The TEC15 
substrates were then screen printed (active area 0.25 cm 2 ) with diluted 
Dyesol DSL 18 NR-T paste. The paste was diluted by adding 40 wt% 
polymer mixture containing 90 wt% terpineol and 10 wt% etylcellulose 
to 60 wt% Dyesol paste. After drying at 125  ° C for 10 min the substrates 
were printed with a second layer of a 20 wt% terpineol-diluted TiO 2  light-
scattering paste. The samples were then treated by a heating process: 
180  ° C (10 min), 320  ° C (10 minutes), 390  ° C (10 min) and 500  ° C 
(60 min) in an oven (Nabertherm Controller P320) at air atmosphere. 
After sintering, the samples were once again treated in 40 m M  aqueous 
TiCl 4 , by the aforementioned procedure. A fi nal heating step (500  ° C for 
60 min) was performed. Before immersing the electrodes in the dye bath 
the electrodes were cooled to 90  ° C. The dye bath had a concentration 
of 0.2 m M  D35/LEG1/LEG2/LEG3/LEG4 in ethanol. The fi lms were left 
in the dye baths overnight (16 hours) before being rinsed with ethanol 
and assembled in a sandwich structure. A 30  μ m thick thermoplastic 
Surlyn frame was used and a cobalt-based electrolyte consisting of 
0.22  M  Co(bpy) 3 (PF 6 ) 2 , 0.05  M  Co(bpy) 3 (PF 6 ) 3 , 0.2  M  TBP, 0.1  M  LiClO 4  in 
acetonitrile was introduced into the solar cells through a predrilled hole 
in the counter electrode. The devices were sealed with thermoplastic 
Surlyn covers and glass coverslips. PEDOT counter electrodes were used 
and manufactured using an aqueous micelle solution as published by 
Lacaze in a procedure that is soon to be published by our group. [  16,18  ]  

Adv. Energy Mater. 2013, 3, 1647–1656



© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1656 wileyonlinelibrary.com

www.MaterialsViews.com
www.advenergymat.de

FU
LL

 P
A
P
ER

  R.   Kobayashi  ,   J.   Normand  ,   K.   Raghavachari  ,   A.   Rendell  , 
  J. C.   Burant  ,   S. S.   Iyengar  ,   J.   Tomasi  ,   M.   Cossi  ,   N.   Rega  ,   J. M.   Millam  , 
  M.   Klene  ,   J. E.   Knox  ,   J. B.   Cross  ,   V.   Bakken  ,   C.   Adamo  , 
  J.   Jaramillo  ,   R.   Gomperts  ,   R. E.   Stratmann  ,   O.   Yazyev  ,   A. J.   Austin  , 
  R.   Cammi  ,   C.   Pomelli  ,   J. W.   Ochterski  ,   R. L.   Martin  ,   K.   Morokuma  , 
  V. G.   Zakrzewski  ,   G. A.   Voth  ,   P.   Salvador  ,   J. J.   Dannenberg  , 
  S.   Dapprich  ,   A. D.   Daniels  ,   Farkas  ,   J. B.   Foresman  ,   J. V.   Ortiz  , 
  J.   Cioslowski  ,   D. J.   Fox  ,  Gaussian Inc.   Wallingford CT ,  2009 .  

   [10]     S.   Trasatti  ,  Pure Appl. Chem.   1986 ,  58 ,  955 .  
   [11]    The synthesis of the 2,4-alkoxyphenylboronic acid is excluded due 

to different commercial availability. If it is included the synthesis 
becomes 7 steps (with a 5.2% total yield) .  

   [12]     H. N.   Tsao  ,   C.   Yi  ,   T.   Moehl  ,   J.-H.   Yum  ,   S. M.   Zakeeruddin  , 
  M. K.   Nazeeruddin  ,   M.   Grätzel  ,  ChemSusChem   2011 ,  4 ,  591 .  

   [13]     S.   Van Mierloo  ,   P. J.   Adriaensens  ,   W.   Maes  ,   L.   Lutsen  ,   T. J.   Cleij  , 
  E.   Botek  ,   B.   Champagne  ,   D. J.   Vanderzande  ,  J. Org. Chem.   2010 ,  75 , 
 7202 .  

   [14]     H.   Ellis  ,   K. S.   Eriksson  ,   S.   Feldt  ,   E.   Gabrielsson  ,   W. P.   Lohse  , 
  R.   Lindblad  ,   L.   Sun  ,   H.   Rensmo  ,   G.   Boschloo  ,   A.   Hagfeldt  , 
 unpublished.   

   [15]     U.   Harm  ,   R.   Bürgler  ,   W.   Fürbeth  ,   K. M.   Mangold  ,   K.   Jüttner  ,  Mac-
romol. Symp.   2002 ,  187 ,  65 .  

   [16]     H.   Ellis  ,   N.   Vlachopoulos  ,   L.   Häggman  ,   C.   Perruchot  ,   M.   Jouini  , 
  G.   Boschloo  ,   A.   Hagfeldt  , unpublished .   

   [17]     R.   Li  ,   J.   Liu  ,   N.   Cai  ,   M.   Zhang  ,   P.   Wang  ,  J. Phys. Chem. B   2010 ,  114 , 
 4461 .  

   [18]     N.   Sakmeche  ,   S.   Aeiyach  ,   J.-J.   Aaron  ,   M.   Jouini  ,   J. C.   Lacroix  , 
  P.-C.   Lacaze  ,  Langmuir   1999 ,  15 ,  2566 .      

  E.   Gabrielsson  ,   P. W.   Lohse  ,   N.   Vlachopoulos  ,   L.   Kloo  ,   A.   Hagfeldt  , 
  L.   Sun  ,  Energy Environ. Sci.   2012 ,  5 ,  9752 ;   f)   W.   Xiang  ,   F.   Huang  , 
  Y.-B.   Cheng  ,   U.   Bach  ,   L.   Spiccia  ,  Energy Environ. Sci.   2013 ,  6 ,  121 ; 
  g)   T. C.   Li  ,   A. M.   Spokoyny  ,   C.   She  ,   O. K.   Farha  ,   C. A.   Mirkin  , 
  T. J.   Marks  ,   J. T.   Hupp  ,  J. Am. Chem. Soc.   2010 ,  132 ,  4580 ;   h)   S.   Hat-
tori  ,   Y.   Wada  ,   S.   Yanagida  ,   S.   Fukuzumi  ,  J. Am. Chem. Soc.   2005 , 
 127 ,  9648 ;   i)   Y.   Bai  ,   Q.   Yu  ,   N.   Cai  ,   Y.   Wang  ,   M.   Zhang  ,   P.   Wang  , 
 Chem. Commun.   2011 ,  47 ,  4376 ;   j)   J.-H.   Yum  ,   E.   Baranoff  ,   F.   Kes-
sler  ,   T.   Moehl  ,   S.   Ahmad  ,   T.   Bessho  ,   A.   Marchioro  ,   E.   Ghadiri  , 
  J.-E.   Moser  ,   C.   Yi  ,   M. K.   Nazeeruddin  ,   M.   Grätzel  ,  Nat. Commun.  
 2012 ,  3 ,  631 ;   k)   N.   Cai  ,   R.   Li  ,   Y.   Wang  ,   M.   Zhang  ,   P.   Wang  ,  Energy 
Environ. Sci.   2013 ,  6 ,  139 ;   l)   H.   Nusbaumer  ,   S. M.   Zakeeruddin  , 
  J.-E.   Moser  ,   M.   Grätzel  ,  Chem. Eur. J.   2003 ,  9 ,  3756 .  

   [6]     A.   Yella  ,   H.-W.   Lee  ,   H. N.   Tsao  ,   C.   Yi  ,   A. K.   Chandiran  , 
  M. K.   Nazeeruddin  ,   E. W.-G.   Diau  ,   C.-Y.   Yeh  ,   S. M.   Zakeeruddin  , 
  M.   Grätzel  ,  Science   2011 ,  334 ,  629 .  

   [7]     B. M.   Klahr  ,   T. W.   Hamann  ,  J. Phys. Chem. C   2009 ,  113 , 
 14040 .  

   [8]     S. M.   Feldt  ,   E. A.   Gibson  ,   E.   Gabrielsson  ,   L.   Sun  ,   G.   Boschloo  , 
  A.   Hagfeldt  ,  J. Am. Chem. Soc.   2010 ,  132 ,  16714 .  

   [9]    Gaussian 09, Revision A.02,    M. J.   Frisch  ,   G. W.   Trucks  , 
  H. B.   Schlegel  ,   G. E.   Scuseria  ,   M. A.   Robb  ,   J. R.   Cheeseman  , 
  G.   Scalmani  ,   V.   Barone  ,   B.   Mennucci  ,   G. A.   Petersson  ,   H.   Nakatsuji  , 
  M.   Caricato  ,   X.   Li  ,   H. P.   Hratchian  ,   A. F.   Izmaylov  ,   J.   Bloino  , 
  G.   Zheng  ,   J. L.   Sonnenberg  ,   M.   Hada  ,   M.   Ehara  ,   K.   Toyota  , 
  R.   Fukuda  ,   J.   Hasegawa  ,   M.   Ishida  ,   T.   Nakajima  ,   Y.   Honda  ,   O.   Kitao  , 
  H.   Nakai  ,   T.   Vreven  ,   J. A.   Montgomery  ,   J. E.   Peralta  ,   F.   Ogliaro  , 
  M.   Bearpark  ,   J. J.   Heyd  ,   E.   Brothers  ,   K. N.   Kudin  ,   V. N.   Staroverov  , 

Adv. Energy Mater. 2013, 3, 1647–1656



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Photoisomerization of the cyanoacrylic acid acceptor group  
- a potential problem for organic dyes in solar cells 

Burkhard Zietz, Erik Gabrielsson, Viktor Johansson, Ahmed M. El-Zohry, 
Licheng Sun, Lars Kloo 

Phys. Chem. Chem. Phys. 2014, 16, 2251-2255. 
Reproduced with permission of The Royal Society of Chemistry 

 IV 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 2251--2255 | 2251

Cite this:Phys.Chem.Chem.Phys.,

2014, 16, 2251

Photoisomerization of the cyanoacrylic acid
acceptor group – a potential problem for organic
dyes in solar cells†

Burkhard Zietz,*a Erik Gabrielsson,b Viktor Johansson,c Ahmed M. El-Zohry,a

Licheng Sunb and Lars Kloo*c

Organic solar cell dyes containing the most common anchoring

group, cyanoacrylic acid, are shown to be photolabile and undergo

photoisomerization. This may have significant consequences for dye-

sensitized solar cells, as isomerisation competes with electron injection

and leads to modifications of the dye and surface arrangement.

In the global ambitions to move towards a sustainable society,
renewable energy systems will become essential. Considering
the massive inflow of solar energy, it is more than likely that the
future energy systems will be based on the conversion of solar
light into either electricity or energy-rich substances using a
multitude of strategies and technologies.1 In this aspect the
direct conversion of light into electricity, by solar cells, will have
an important role.

In 1991, O’Regan and Grätzel converted the photoelectro-
chemical cell from a purely academic research interest to one of
the potential solar cell technologies for the future.2 The break-
through by O’Regan and Grätzel involved the use of a nano-
structured semiconductor substrate (titania), increasing the
effective surface for light harvesting by nearly a factor of
1000. As a consequence, conversion efficiencies were improved
from about 1% to 7–8% in one step.

The photoelectrochemical cell is also referred to as a Grätzel
cell or dye-sensitized solar cell (DSC). The latter denotation
emerges since the semiconductor substrate in itself only
absorbs solar light at very short wavelengths, making over-all
conversion efficiencies quite low. Therefore, the nanostructured
semiconductor substrate is sensitized by a dye that can absorb
light and inject electrons into the semiconductor substrate.

The commonly used sensitizing dyes are metal–organic or
organic dye molecules, but other sensitizers such as quantum
dots have also been used.3 Among the metal–organic ones,
ruthenium polypyridine complexes are most frequently used.
However, there are many directions of development aiming at
new types of sensitizing molecules, with the most active direction
towards organic dye molecules, motivated by the ambition to
avoid precious and rare metals as part of the DSC. Another
advantage with organic dyes is that they often show more
intense absorption (higher molar extinction coefficients) than
the organometallic ones. The organic dyes are generally based
on three separate components: a donor, a linker and an
acceptor group (the D–p–A concept) offering charge separation
upon excitation with relatively long-lived excited states as a
consequence, assuming that no photochemical processes are
competing. Several hundreds of new sensitizing organic dyes
have been reported, and they are typically classified according
to the type of their donor group. The most extensively studied
type of organic dyes is based on a triarylamine donor, introduced
by Yanagida and co-workers4 and later significantly extended
and improved by Sun and collaborators.5 By combining the
acceptor group with an anchoring group for the semiconductor
substrate, the stage is set for efficient injection of electrons from
the excited state, mainly residing on the acceptor group, to the
semiconductor conduction band. Clearly dominating among
the anchoring groups is the cyanoacrylic acid (Fig. 1), combining
the electron withdrawing properties of the cyano-unit with the
binding motif of the carboxylic group. In a recent review on
DSCs, more than half (54%) of the surveyed organic molecules
contained the cyanoacrylic acid as a binding group. This single
most commonly used binding group and its photochemistry is
the focus of the present work.

Fig. 1 The cyanoacrylic acid acceptor/anchoring group.

a Department of Chemistry – Ångström Laboratory, Uppsala University, Box 523,

SE-751 20 Uppsala, Sweden. E-mail: Burkhard.zietz@kemi.uu.se
b Organic Chemistry, KTH Royal Institute of Technology, Teknikringen 30,

SE-100 44 Stockholm, Sweden
c Applied Physical Chemistry, KTH Royal Institute of Technology, Teknikringen 30,

SE-100 44 Stockholm, Sweden. E-mail: Larsa@kth.se

† Electronic supplementary information (ESI) available: Information and results
obtained from synthesis, spectroscopy and calculations including additional
figures. See DOI: 10.1039/c3cp54048k

Received 4th October 2013,
Accepted 28th November 2013

DOI: 10.1039/c3cp54048k

www.rsc.org/pccp

PCCP

COMMUNICATION

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
8 

N
ov

em
be

r 2
01

3.
 D

ow
nl

oa
de

d 
on

 1
4/

04
/2

01
4 

09
:1

1:
50

. 
 T

hi
s a

rti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e. View Article Online

View Journal  | View Issue



2252 | Phys. Chem. Chem. Phys., 2014, 16, 2251--2255 This journal is© the Owner Societies 2014

The concept of anchoring is based on the presumption of a
self-assembled monolayer, where the anchoring group binds in
an orderly fashion to the semiconductor surface and the dye
molecules align up to form an adsorbed, regular monolayer.
However, this presumption has recently been challenged on the
basis of direct experimental investigations on the adsorbed dye
layers at different coverage levels, and the mode of anchoring is
not obvious.6–8

Nevertheless, the anchoring group has an essential function
in the dye molecules, and is thus central to the dye function as
a sensitizer in the DSC devices. We have therefore chosen the
simplest triarylamine dye molecule of D–p–A type, the so-called
L0 dye (Fig. 2), as a system for fundamental studies on dye
adsorption, anchoring and organization in various titania
model surfaces. From a spectroscopic aspect, the –CN and
–COOH groups both offer potential insights into the chemistry
of the dye molecule upon anchoring and function in a DSC.
However, all elements in an organic molecule tend to be light,
thus giving only weak contrasts in any type of X-ray-based
experiment, such as diffraction or absorption spectroscopy.
Therefore, we have synthesized an analogue to the L0 dye, by
exchanging the cyano group for a single bromine atom, L0Br
(Fig. 2). Although the L0Br molecule is likely to work less well as
a sensitizer in a DSC, the Br works as a ‘spy’ atom providing
clearer information from X-ray-based experiments.

While the double bond present in the cyanoacrylic acid
group fills the important function of bridging the p-systems
of the donor and anchor/acceptor, it also carries a weakness.
The potential energy curves in the excited (triplet and singlet)
states in e.g. ethylene lead to a twisting of the double bond and
to the formation of geometrical isomers.10 Transition from the
Franck–Condon-region to a 901-distorted bond can proceed over a
barrier, as in the case for the singlet excited state of stilbene and its
derivatives.11,12 Alternatively, isomerization can proceed through
the triplet state. Intersystem crossing is usually inefficient and
sensitization instead of direct excitation is required.13 While these
textbook examples point towards a possible singlet mechanism, it
should be kept in mind that the excited state in the L0Br dye does
not correspond to a direct p–p* excitation of the double bond, but
rather a charge-transfer of the complete molecule. The mechanistic
details for this case, including the singlet vs. triplet mechanism,
therefore require further investigation. It has already been noted
that photoisomerization is a potential complication in dye
molecules used in DSCs.14,15 In the synthetic procedure used
for both L0 and L0Br, the trans isomer is obtained almost
exclusively (see the synthetic procedure of L0Br in the ESI†).

The first indications that photoisomerization problems
may appear in dye molecules were obtained accidentally.

While recording the UV/vis-spectra of solutions of L0Br, a
change in the spectra over time was observed. This change
could be attributed to a reversible trans–cis-photoisomerization
and could also be detected later in the parent molecule L0 – it is
thus a general phenomenon of D–p–A dyes containing a cyano-
acrylic acid group. The reason why this has not previously been
noted is that the change in absorption spectra of L0Br is significant,
whereas it is much less obvious for L0. The exchange of the –CN
group for –Br thus made a general but overseen phenomenon
clearly visible.

Photoisomerization in the acceptor/anchoring group can
have significant effects on the presumed adsorption mode,
the surface dye organization and the mechanism of electron
injection of a very large number of known organic dyemolecules.
Therefore, in this work we report on the photoisomerization of
the cyanoacrylic acid group (of course, in L0Br the anchoring
unit is a bromoacrylic acid, but for the sake of simplicity we will
refer to the anchoring unit as the cyanoacrylic acid) in the dyes
L0 and L0Br.

Because of the clear spectral changes observed for the L0Br
molecule, it is natural to use a strategy of investigation starting
with the effects observed for L0Br and subsequently confirm
the same or similar behaviour for L0.

When irradiating a dilute solution of L0Br in a polar solvent
(such as ethanol, acetonitrile or DMSO) into the main absorption
band (S0 - S1 transition, ca. 360 nm), marked changes in the
absorption can be observed (see Fig. 3): a decrease of the main
band and an increase in absorption between ca. 300 and 340 nm
with a clear isosbestic point (344 nm in ethanol). The existence
of an isosbestic point confirms that a transition between only
two species is taking place. Upon prolonged irradiation, the
changes become smaller and a photostationary state is reached.
The absorption thus consists of two contributions, from the
original trans-L0Br and from the newly formed isomer cis-L0Br:

Amix = xAtrans + yAcis,

where x and y are the mole fractions of the components. Although
the latter are not known, we can estimate the absorption spectrum

Fig. 2 The L0 (left) and L0Br (right) dye molecules in trans configuration.9

Fig. 3 UV/vis-spectra of trans-L0Br in ethanol upon irradiation at
400 nm. For the spectrum of cis-L0Br, see text.
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of the cis-isomer by subtracting the absorption of the trans-isomer
and normalizing:

Acis = (Amix � xAtrans)/y

with the conditions that the absorption can never be negative
and x + y = 1. The obtained, extrapolated spectrum of a pure
cis-L0Br is also shown in Fig. 3, significantly differing from
trans-L0Br (Dlmax = 25 nm).

The isosbestic point is evidence for a transformation
between two species, but not necessarily for a photoisomerization
(any photodegradation could lead to a similar behavior). After
having reached a photostationary state, we have chosen to change
the excitation wavelength to a region where an increase in absorp-
tion was observed and irradiated at 323 nm. The results (Fig. 4)
show a reversal of the previously observed trend: an increase of the
main band (around 360 nm) and a decrease of absorption between
ca. 280 and 350 nm. Due to the reversibility we are able to attribute
the spectral changes to a photoisomerization (prolonged irradiation
of L0Br with shorter wavelength UV light leads to slight
decomposition and loss of isosbestic points).

Isomerization is further evidenced by 1H-NMR spectra of the
solutions, which clearly show that changes in UV/vis spectra
can be correlated to NMR-peaks attributed to the trans- and
cis-forms of L0Br (Fig. 5).

Interestingly, the trans-to-cis photoisomerization for L0Br is
even observed in a solid polymethylmethacrylate (PMMA)
matrix (Fig. S3, ESI†), where the dye is expected to experience
considerable spatial restraints. Furthermore, we have tested the
thermal stability of the product: absorption spectra of the
irradiated sample recorded over the course of 12 hours at room
temperature showed a change of o1% (data not shown),
indicating that the cis-L0Br has a half-life of at least one month
under the given conditions, allowing for considerable accumulation.

Performing the same experiment on L0 also gave systematic
changes in the absorption spectra with a decrease of the main
band (see Fig. S2, left, ESI†). Even in this case, a clear isosbestic
point is present (383 nm). Importantly, though, no shift of
the absorption maximum was observed: the band maximum

remained unchanged at 405 nm (in ethanol). This is a likely
reason why this phenomenon previously escaped observation.
Subsequent irradiation with light at 344 nm partially reverted the
changes (Fig. S2, right, ESI†), again representing a clear proof of
reversible photoisomerization. In the case of L0, no decomposition
is observed upon irradiation with UV light at a short-wavelength
(344 nm), and the sharp isosbestic points are retained. It should be
noted that the 1H-NMR spectra indicate that the photostationary
state is shifted more towards the starting trans-form, due to the
larger spectral overlap compared to the L0Br case (Fig. S4, ESI†). It
is clear that the investigations on L0Br have helped us to detect a
general phenomenon, which so far has and otherwise also very well
could have continued to escape detection.

The question if the observed isomerization also takes place
in surface-adsorbed dyes will be of direct relevance to DSC
devices. Therefore, we have tested the photochemical behavior
of L0Br adsorbed to a mesoporous ZrO2 surface. This semicon-
ductor has a similar surface binding pattern16 but a higher
band gap than TiO2,

17,18 preventing electron injection from the
excited dye and therefore facilitating a detailed investigation of
the electronically excited state of the adsorbed dyes. The results
of irradiation of L0Br on ZrO2 are shown in Fig. 6. As observed
from the data of L0Br in solution and in PMMA, a systematic

Fig. 4 UV/vis-spectra of previously irradiated (400 nm) L0Br in ethanol
upon irradiation at 323 nm.

Fig. 5 1H-NMR spectra of trans-L0Br in DMSO-d6 solution (top), after
irradiation at 405 nm for 5 min (middle) and extrapolated cis-L0Br
(bottom).

Fig. 6 Changes in the UV/vis absorption of trans-L0Br adsorbed onto
nanostructured ZrO2 in inert gas upon irradiation at 400 nm.
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decrease of the main S1 band is seen, with an increase in
absorption in the trough around 315 nm, and an isosbestic
point at 335 nm. Consequently, the data clearly show the same
trend upon irradiation as in solution and in PMMA, proving
that the congestion of neighbouring molecules does not prevent
photoisomerization. The photostationary state may be reached at a
smaller conversion rate compared to solution, which could hint at
several pools of molecules, some constrained while others are free
to rotate. In the case of PMMA-embeddedmolecules, isomerization
can take place by twisting of the small carboxylic group alone. Here,
the anchor group is supposed to be locked to the semiconductor,
requiring either twisting of the complete triphenylamine unit or
some space-saving isomerization mechanism.

Irradiation of the photoconverted sample using UV light
(315 nm) leads to an increase of the S1 band (back-isomerization),
but after a short while degradation sets in and a new species is
formed (data not shown). This process, already observed in solution,
is possibly enhanced by direct excitation of the semiconductor
acting as a photocatalyst.18

Time-dependent fluorescence, time-correlated, single-photon
counting (TCSPC) experiments of dilute solutions of L0Br and L0
are depicted in Fig. S7 (ESI†) and show relatively short lifetimes.
A fit of the exponential decays gave: t1 = 130 ps (97.7%) and t2 =
1.85 ns (1.4%) for L0Br and t = 750 ps (100%) for L0. The
bi-exponential nature observed for L0Br can possibly be
explained by a monomer–dimer-equilibrium. In any case, these
short (sub-ns) lifetimes point towards a singlet mechanism, as
intersystem crossing (a forbidden process) is highly unlikely to
proceed at such a high rate, especially in the case of L0.
Independent of the exact mechanism (which we are investigating
in detail at the moment), photoisomerization has been proven to
occur under a range of different conditions from the S1 state for
both L0Br and L0.

The rotational barrier of the cyanoacrylic group was investigated
at the hybrid density-functional level including dispersion inter-
actions.19 The geometry was optimized in the trans configuration,
representing the global minimum for both L0 and L0Br. The
dihedral angle over the cyanoacrylic group is very close to planar,
denoted as 01 in the following. These structures were subsequently
used to construct a potential-energy map (PEM) of the rotation
around the cyanoacrylic double bond in the singlet ground state
(S0), the first excited singlet state (S1) and the first excited triplet
state (T1). The details of the calculation strategy and the PEMs
(Fig. S1, ESI†) are given in the ESI.† The main results show that the
S0 and S1 states of both molecules are essentially degenerate at 901
and 2701 rotation around the double bond (avoided crossing
because of symmetry), clearly highlighting a spin-conserved (sing-
let), low-barrier mechanism for system cross-over from the excited
S1 state to the S0 ground state in excellent agreement with the
experimental results in terms of photoisomerization and sub-ns
excited state lifetimes. The PEMs also show a S0–T1-intersection,
although the necessary spin-flip is expected to prevent a cross-over,
especially considering the steep curvature of the S0 state resulting
in a strong potential directing the molecules away from the
crossing. This is in line with the experimental finding showing
only short-lived species.

The barrier of trans-to-cis rotation is estimated to be 47 kJ mol�1

for L0 and 22 kJ mol�1 for L0Br. These values are expected to be
overestimated and would be reduced in a relaxed potential energy
scan, but they at least give an indication that the barriers of rotation
are low and that they are lower for L0Br than for L0.

Conclusions

In conclusion, we here report on the photoisomerization in
solution, in a plastic matrix and on a semiconductor surface of
a class of widely used organic dyes involving the cyanoacrylic
acid group as the acceptor/anchoring component. Photoisome-
rization of the dye molecules may seriously affect the perfor-
mance of the sensitizer in a DSC device, including the lifetime
of the excited state, electron injection rate, rate of regeneration,
as well as rate of dye-mediated recombination losses to the
electrolyte components. Furthermore, photoisomerization may
represent a competing dye relaxation; a concern that may gain
some support from recent results on the dye D149, where
electron injection was shown to be as slow as 30 ps.20 It should
also be noted that the photoisomerization phenomenon, now
when it has become known to the present authors, has been
observed for more complex and more commonly used organic
dyes of the same type as L0, such as D35.21

The main conclusion from the results of this work is the
necessity to avoid (exocyclic) CQC double bonds as the D–p–A
linker in future organic dye structures. Although many fundamen-
tal consequences remain to be investigated, such as the exact
mechanism of photoisomerization, the current results stress the
importance of DSC preparation procedures in terms of how the dye
molecules, the dye baths and dyed photoelectrodes are handled.
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product precipitated. The precipitate was filtered and washed with H2O. The residue was 
recrystallized from heptane (90 ml) from which 2 precipitated as yellow cotton-like needles 
(159 mg, 62%). 1H NMR (500 MHz, Acetone) δ 8.39 (s, 2H), 7.93 (d, J = 3.3 Hz, 1H), 7.39 
(d, J = 3.4 Hz, 1H), 7.27 (d, J = 3.3 Hz, 1H), 7.20 (d, J = 3.4 Hz, 1H), 4.45 (q, J = 6.9 Hz, 
4H), 1.41 (t, J = 7.0 Hz, 6H).13C NMR (126 MHz, Acetone) δ 165.28, 150.83, 144.02, 139.86, 
139.19, 138.87, 132.71, 129.69, 126.90, 126.63, 123.53, 112.77, 62.63, 14.71.HRMS (ESI) 
m/z: [M+H]+calcd for C19H18BrNO4S2, 467.9777; found, 467.9757 

 

Diethyl 4-(5'-(4-(bis(2',4'-dibutoxy-[1,1'-biphenyl]-4-yl)amino)phenyl)-[2,2'-bithiophen]-
5-yl)pyridine-2,6-dicarboxylate (Et2PD2). To a solution of 2 (135 mg, 290 μmol),3 (283 
mg, 349 μmol) and chloro(2-dicyclohexylphosphino-2′,4′,6′-triisopropyl-1,1′-biphenyl)[2-(2′-
amino-1,1′-biphenyl)]palladium(II) (22.8 mg, 29 μmol) in THF (2 ml) under N2, a degassed 
aqueous solution of K3PO4 (0.5 M, 1160 μl, 580 μmol) was added. The mixture was stirred 
for 20 min at 40 °C. H2O (20 ml) was added and the product was extracted with DCM (3x20 
ml). The combined organic phases were dried over anhydrous Na2SO4 and the solvent 
removed by rotary evaporation. Flash chromatography (EtOAc/DCM 5:95) afforded Et2PD2 
as an orange solid (161 mg, 52%). 1H NMR (500 MHz, Acetone) δ 8.39 (s, 2H), 7.92 (d, J = 
3.9 Hz, 1H), 7.60 (d, J = 8.6 Hz, 2H), 7.51 (d, J = 8.5 Hz, 4H), 7.40 (m, 3H), 7.26 (d, J = 8.4 
Hz, 2H), 7.13 (dd, J = 13.9, 8.6 Hz, 6H), 6.64 (d, J = 2.0 Hz, 2H), 6.58 (dd, J = 8.4, 2.1 Hz, 
2H), 4.45 (q, J = 7.1 Hz, 4H), 4.02 (td, J = 6.3, 2.2 Hz, 8H), 1.74 (m, 8H), 1.48 (m, 14H), 0.98 
(t, J = 7.4 Hz, 6H), 0.93 (t, J = 7.4 Hz, 6H).13C NMR (126 MHz, DMSO) δ 165.41, 159.29, 
156.55, 149.28, 147.16, 144.76, 143.67, 142.93, 139.67, 136.70, 133.73, 133.29, 130.53, 
130.17, 129.53, 126.76, 126.44, 125.44, 123.97, 123.69, 122.85, 122.02, 121.79, 105.87, 
100.24, 67.65, 67.22, 30.84, 30.71, 18.85, 18.81, 13.75, 13.68.HRMS (ESI) m/z: [M]+calcd 
for C65H70N2O8S2, 1070.4574; found, 1070.4580. 

 

4-(5'-(4-(bis(2',4'-dibutoxy-[1,1'-biphenyl]-4-yl)amino)phenyl)-[2,2'-bithiophen]-5-
yl)pyridine-2,6-dicarboxylic acid (PD2). To a stirred solution of Et2PD2 (107 mg, 100 
μmol) in a mixture of THF (15 ml) and H2O (5 ml) under N2, a solution of 
tetrabutylammonium hydroxide (1 M in MeOH) (1 ml, 1 mmol) was added. Shortly after the 
addition of the base, the color of the solution changed from orange to yellow. The reaction 
mixture was stirred for 3 hours at room temperature. The solution was then acidified by 
addition of HCl (200 ml, 0.1 M) upon which a fine brown precipitate formed. The suspension 
was filtered through a P4 glass filter and the residue was washed thoroughly with H2O and 
MeOH. Drying the residue under high vacuum gave analytically pure PD2 (86 mg, 85%). 1H 
NMR (500 MHz, DMSO) δ 8.34 (s, 2H), 8.01 (s, 1H), 7.54 (d, J = 8.2 Hz, 2H), 7.42 (m, 7H), 
7.17 (d, J = 8.3 Hz, 2H), 7.01 (m, 6H), 6.58 (s, 2H), 6.52 (d, J = 8.3 Hz, 2H), 3.94 (d, J = 4.9 
Hz, 8H), 1.64 (m, 8H), 1.38 (ddd, J = 38.8, 14.7, 7.3 Hz, 8H), 0.92 (t, J = 7.3 Hz, 6H), 0.84 (t, 
J = 7.3 Hz, 6H).13C NMR (126 MHz, DMSO) δ 165.41, 159.29, 156.55, 149.28, 147.16, 
144.76, 143.67, 142.93, 139.67, 136.70, 133.73, 133.29, 130.53, 130.17, 129.53, 126.76, 
126.44, 125.44, 123.97, 123.69, 122.85, 122.02, 121.79, 105.87, 100.24, 67.65, 67.22, 30.84, 
30.71, 18.85, 18.81, 13.75, 13.68. UV–vis DCM: λmax (ε) = 456 nm (26000 M-1 cm-1), PhMe: 
λmax (ε) = 460 nm (29000 M-1 cm-1). HRMS (ESI) m/z: [M+H]+calcd for C61H63N2O8S2, 
1015.4026; found, 1015.4034. 
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Figure S6. N1s-NEXAFS spectra of LEG1 and PD2. The peak near 400 eV in the TBP 
sample is likely caused by residual protonated TBP. 
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Figure S8. Device performance characteristics after various periods of light soaking. 
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Figure S10. Local environment of n-Pr2PD2 in the crystal structure. 
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Figure S13. 1H-NMR of 2 in d6-acetone. 

 

Figure S14. 13C-NMR of 2 in d6-acetone. 
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Figure S15. 1H-NMR of Et2PD2 in d6-acetone. 

 

Figure S16. 13C-NMR of Et2PD2 in d6-acetone. 
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Figure S17. 1H-NMR of PD2 in d6-DMSO. 

 

Figure S18. 13C-NMR of PD2 in d6-DMSO. 
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Figure S20. HR-MS of compound 2. 
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Figure S21. HR-MS of Et2PD2. 

 

Figure S22. HR-MS of PD2. 
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