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Abstract 

Emerging solar energy technology, including photovoltaics, solar fuels generation and 

solar thermal systems, is considered as one of the most potential renewable energy resources 

because of the tremendous and free radiant energy supply by our sun. Unlike burning of fossil 

fuels, carbon dioxide emission-free energy conversion process is definitely another key feature 

and attracting scientists to explore these research areas. Besides, this implies a giant business 

market to compete with traditional fossil fuel companies. Nevertheless, it is too early to realize 

commercial application since the technologies are in the early development stage and there is 

still much room to explore and improve. Simply speaking, energy conversion efficiency, 

robustness, environmental impacts and cost are the major factors the community should deeply 

concentrate on at this moment. This provides many research opportunities on the creation of 

novel molecular functional materials and investigates the relationship between the molecular 

design and functional properties, and they obviously take up significant roles in the technology 

evolution. 

The basic concepts and conspectuses regarding organic photovoltaics and light-driven 

hydrogen generation are collected in Chapter 1.  

In Chapter 2, a series of new thiophene-based small molecules is presented and the 

discussion is focused on its application in the bulk-heterojunction organic solar cells. Importantly, 

the structure-property relationship is elucidated by varying the terminal electron withdrawing 

group and elongating the central electron donating unit. The highest power conversion efficiency 

(η) of 2.6% is attained by the device with compound M3 as the active material with traditional 

device configuration (without any annealing process and additives addition) under AM 1.5G 

irradiation. 
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In Chapter 3, a series of D−π−A organic dyes is introduced and the discussion concentrates 

on its application in the dye-sensitized solar cells. Briefly, a case study on alkyl chain effects is 

investigated while a new starburst triarylamine donor and uncommon selenophene-containing π-

linker are studied separately. The highest power conversion efficiency (η) of 6.7% is achieved by 

D11 under AM 1.5G irradiation with a high open-circuit voltage of 0.825 V. 

In Chapter 4, three new platinum(II) diimine complexes are synthesized and they are 

utilized as photosensitizers with platinized titanium dioxide as catalyst site in the context of 

light-driven hydrogen generation. Comparison between platinum(II) diimine dithiolate complex 

and platinum(II) diimine bis(acetylide) complex is accomplished, and the importance of 

photosensitization using an organic chromophore with a desirable energy transfer consideration 

is accounted. 

Finally, Chapter 5 puts forward the concluding remarks and possible future works while 

Chapter 6 includes all the experimental details of the studied compounds presented in Chapter 

2−4. 
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Chapter 1 Introduction to Organic and Dye-Sensitized Solar Cells, and 

Photocatalytic Hydrogen Generation 

 

1.1 Energy Crisis, Carbon Dioxide Emission’s Environmental Impacts and Solar Energy 

Conversion Technologies 

Nowadays, the human society still heavily relies on the burning of fossil fuels (coal, 

petroleum and natural gas) for the supply of energy,1 because fossil fuels are easily accessible 

natural resources and the corresponding energy conversion process is very efficient. However, 

fossil fuels are non-renewable energy resources,2 therefore they will be all consumed by human 

being at one day and this is just a matter of time. Since early 1960s, the industrial revolution 

greatly boosted up the growth of worldwide human population3 and this non-stop phenomenon 

actually catalyses the depletion of fossil fuels. Therefore, the term “Energy Crisis” is indeed 

latent as the society has not found an alternative to replace the burning of fossil fuels. Even 

though nuclear power is a theoretically perfect energy resource, the nuclear plant disasters 

appeared in Chernobyl and Fukushima have alerted different nations that it is not wise to 

completely rely on the nuclear power. In other words, the society should keep pursuing other 

promising and renewable energy resources for the sustainable development of human civilization. 

On the other hand, the excessive burning of fossil fuels for feeding the worldwide demand 

actually keeps emitting carbon dioxide gas and other minor (by amounts) greenhouse gases into 

the atmosphere.4 Since the presence of industrial revolution in 1960s, the global annual carbon 

dioxide emission (including all the sources) has been double and the growth rate does not have 

any sign to decrease until 2020.5 Besides, the atmospheric carbon dioxide concentration keeps 



 

2 
 

climbing-up steadily to 390 ppm in 2010, starting from 1960.6 Nevertheless, there are 

controversy issues within different parties regarding the relationship between atmospheric carbon 

dioxide concentration and global warming because of the climate oscillation. Anyway, sea level 

elevation, ocean acidification and severe climate changes in the  last few decades implies that we 

are facing some unprecedented challenges, and we should maintain the equilibrium of climate 

and ecology by cutting down the carbon dioxide emission into the atmosphere. To do so, the 

extent of burning of fossil fuels (as a primary source of emission) is necessarily to be reduced 

greatly. 

In view of the aspects of both energy crisis and environmental impacts raised by the 

burning of fossil fuels, utilizing renewable energy resources (e.g. hydropower and wind energy) 

in a significant extent is definitely the only choice at this moment. Among all types of the 

renewable energy resources, solar energy and emerging solar energy conversion technologies 

have attracted crucial concern from the scientists, engineers, governments and business parties.7 

The major reasons include the tremendous energy supply, limited environmental and ecological 

impacts, and very flexible device installation locations.8 Regarding the solar energy conversion, 

it can be mainly divided into photovoltaics, photo-electrochemical systems and solar thermal 

systems.9 For photovoltaics, it directly converts radiant energy from solar radiation into electrical 

energy in the form of electricity and the first practical solar cell first appeared in 1954 at Bell 

Laboratories.10 For photo-electrochemical systems, it basically converts radiant energy from 

solar radiation into chemical energy in the form of chemical fuels (e.g. hydrogen) and the first 

photocatalytic water splitting system was dated back to 1972 for the discovery of Honda-

Fujishima effect.11 For solar thermal systems, it first converts radiant energy into thermal energy 

using concentrators, and then it further converts the thermal energy into electrical energy by 
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different processes, such as thermal engines, alternators, thermionic electron extraction and 

Seebeck Effect.9,12 

Organic solar cells (OSCs) and dye-sensitized solar cells (DSSCs) are under the category 

of photovoltaics, both of them first appeared between late 1980s and early 1990s, and consisted 

of organic photoactive materials.13,14 Compared to the traditionol inorganic solar cell 

counterparts (e.g. crystalline silicon solar cell, cadmium telluride (CdTe) photovoltaics, copper 

indium gallium selenide (CIGS) solar cell  and gallium arsenide (GaAs) solar cell), the power 

conversion efficiencies of OSCs and DSSCs are relatively low and the corresponding lifetime is 

not that durable, but they are believed to be less expensive in terms of materials preparation and 

device fabrication.15,16 The research objective behind is to enhance the power conversion 

efficiency and lifetime of the solar cell devices by means of improving photoactive materials, 

device fabrication and fabrication processes. 

Regarding the topic of photocatalytic hydrogen generation, it is indeed a branch of 

photocatalytic water-splitting reaction under the field of solar fuel production.17 This research 

direction can be extracted out from the very complicated photocatalytic water-splitting system 

for individual and detailed research studies.18 The objective behind is to search for some highly 

efficient and robust methodologies to generate hydrogen from aqueous protons, then the 

advanced methods would be combined with photo-induced water oxidation reaction to split 

water molecules into hydrogen and oxygen simultaneously under the green fuel production 

consideration. 
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1.2    Organic Solar Cells (OSCs) 

Organic solar cells (OSCs), or namely organic photovoltaics (OPVs), are utilizing organic 

semiconducting materials (both polymers and small molecules) to convert photons’ energy from 

solar radiation for photo-induced excitation, subsequent charge separation and charge carrier 

transport, so as to generate electricity.19 OSCs take the advantage of inexpensive large area 

fabrication processes20 (e.g. roll-to-roll processing and inkjet printing) while inorganic solar cells 

suffer from expensive preparation processes due to the extraordinary purity requirement, light-

weight and flexible features among OSCs provide extra selling points for scientists, engineers, 

industry parties to take part in the development of OSCs. 

 

1.2.1 Photovoltaic Parameters of a Solar Cell 

 

Figure 1.1 Current–voltage (J–V) characteristics of a typical solar cell. 
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There are four main photovoltaic parameters originated from the current/voltage curves (J–

V curves) of a solar cell, including open-circuit voltage (Voc), short-circuit current (Jsc), fill factor 

(FF) and power conversion efficiency (η).21 The Incident-Photon-to-Current Conversion 

Efficiency (IPCE) as another important parameter of a solar cell is obtained from the IPCE 

spectrum.22 

Current/voltage curves (J–V curves) 

The typical J–V curve is depicted in Figure 1.1, and the J–V curves measured in the dark 

and under illumination are shown in blue line and red line respectively. For a more fair 

comparison, J–V curve is obtained under standard illumination, that is the so-called ‘Air mass 

1.5 global’ (AM 1.5G) which mimics the solar spectrum on the ground level when the sun is at a 

zenith angle of 48.2° with a radiation intensity of 100 mW cm–2 at 25 °C (see Figure 1.2).23 The 

standard solar spectra are depicted in Figure 1.3, which cover the range between 300 and 2000 

nm while around 50% of the solar energy is coming from the visible light region and another 

portion goes to the near-infrared and infrared regions. 

 

Figure 1.2 Diagram representing different solar illumination standards. 
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Figure 1.3 Standard solar spectra for photovoltaic studies. 

Open-circuit voltage (Voc) 

Voc is the voltage value (V) obtained as the current is equal to zero. Therefore, the Voc is the 

voltage at the interception point with the x-axis from the J–V curve and it is the largest voltage 

generated by the photovoltaic cell.  

Short-circuit current (Jsc) 

Jsc is the current value per unit area (mA cm–2) obtained as the voltage is equal to zero. 

Therefore, the Jsc is the current at the interception point with the y-axis from the J–V curve and it 

is the largest current generated by the photovoltaic cell. 

Fill factor (FF) 
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The fill factor value is determined by the J–V curve and it indicates the ratio of area of 

rectangle consisting of maximum power current (Jmp) and maximum power voltage (Vmp) over 

the area of rectangle consisting of short-circuit current and open-circuit voltage. Therefore, the 

theoretical maximum value of FF is equal to 1. In practical, the FF is smaller than unity because 

of the series resistance of the solar cell. FF is also an indicator of the quality of a solar cell, better 

fabrication condition definitely pushes up the performance of a solar cell by the increase of FF 

and the attenuation of the series resistance of the photovoltaic cell.  

Power conversion efficiency (η) 

 

The PCE or η (%) is the ratio of electrical power output over the photonic power input (Pin, 

generally 100 mW cm–2). From the equation, Jsc, Voc and FF are directly proportional to PCE, 

therefore maximizing these three parameters of a solar cell is able to achieve high photovoltaic 

performance.  

Incident-Photon-to-Current Conversion Efficiency (IPCE) 

 

 

The definition of IPCE (%) is the quotient of the number of electrons (nelectrons) passing 

through the external circuit divided by the number of incident photons (nphotons) at 

monochromatic wavelength. It also refers to the external quantum efficiency (EQE). It could be 
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calculated by the photocurrent density Jph (A m–2) generated by monochromatic light with 

wavelength λ (nm) and the corresponding incident light power P (W m–2) according to the above 

equation. IPCE spectrum is actually the plot of IPCE versus excitation wavelength and this 

spectrum is important to examine new photoactive materials in both OSCs and DSSCs. In more 

details, IPCE is mainly determined by the light-harvesting efficiency (LHE) of the photoactive 

materials, the charge injection efficiency (ɸinj) between electron donors and acceptors, and 

charge collection efficiency (ɸcol) in the external electrodes. In general, the IPCEs are below 

85% for the peak value in both OSCs and DSSCs. Because of the light reflection and the loss of 

photon absorption caused by transparent electrodes in both OSCs and DSSCs, the experimental 

IPCE never reaches 100%. Figure 1.4 illustrates a typical IPCE spectrum of a solar cell.  

 

Figure 1.4 A typical IPCE spectrum of a solar cell. 
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1.2.2 Background and Development of OSCs  

Organic semiconductors are carbon-based π-conjugated molecules, oligomers and 

polymers which are able to transport charge carriers, including holes and electrons.24 Holes and 

electrons in the π-orbitals of these organic semiconductors are the corresponding charge carriers. 

However, the charge carrier mobilities of these semiconducting materials lie below that of silicon 

semiconductors.19 The charge transport relies on the capability of the charge carriers to move in 

between different molecules through a thermally activated mechanism so-called hopping.25 

Hopping transport depends on the energy gap between the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) levels of the molecules. 

Classical materials include anthracene, oligothiophene derivatives and poly(p-phenylene 

vinylene) (PPV).24 In OSCs, the cell generally possesses two organic semiconductors, one is 

electron donor (p-type semiconductor), such as poly(3-hexylthiophene) (P3HT), while another 

one is electron acceptor (n-type semiconductor), such as fullerene derivative [6,6]-phenyl C61-

butyric acid methyl ester (PC61BM).26 Since the power conversion efficiency of OSCs is related 

to the HOMO and LUMO energy levels of both electron donors and acceptors, huge amounts of 

new p-type and n-type semiconductors were reported over the years in order to improve the 

photovoltaic performance of OSCs.27 

The first reported practical organic solar cell could be dated back to 1986, a bilayer cell 

with a heterojunction (interface between organic electron donor and acceptor) sandwiched with 

an anode and a cathode was developed by Tang and the cell possesses a power conversion 

efficiency of about 1% under simulated AM2 illumination.13 Later on, the discovery of ultrafast 

electron transfer between semiconducting polymer and buckminsterfullerene (C60) in 1992 and 

1993 by Heeger and his colleagues had further demonstrated the great potential for OSC 
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development.28,29 The relevant research was blooming in the past two decades while the social 

demand of solar energy conversion technologies in commercial markets enhanced every year at 

the same time. Over the years, many different types of OSCs had been invented and further 

transformed, such as bulk-heterojunction (BHJ) organic solar cells,30,31 inverted OPVs,32 tandem 

OPVs33 and triple junction OPVs.34 Officially, the record-high power conversion efficiency of a 

single junction OSC has been raised up to 11.5% while power conversion efficiency of 12% has 

been achieved by Heliatak using a tandem OPVs device,16,35 this implies that OSCs are 

competitive candidates as compared to those commercially available inorganic solar cell 

modules. 

 

1.2.3 Structure and Working Principle of OSCs 

Structures of bulk heterojunction (BHJ) and bilayer planar heterojunction (PHJ) organic 

solar cells 

The first PHJ OSC (see the general device structure in Figure 1.5) was invented by Tang, 

using Cu-phthalocyanine as the p-type material (electron donor) and perylene-3,4,9,10-bis-

benzimidazole (PTCBI) as the n-type material (electron acceptor) sandwiched between silver 

cathode and indium tin oxide (ITO) anode of different work functions.13 Since the electric field 

generated from the external electrodes in a single layer OSC is insufficient to separate the photo-

induced exciton into hole and electron completely and the recombination process is predominant, 

the key of this classic experiment is using two organic semiconductors as photoactive materials 

and the above-mentioned problem is prevented. As a result, significant power conversion 

efficiency (~1%) and relatively stable device was achieved. 
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Figure 1.5 General bilayer planar heterojunction organic solar cell device configuration. 

In general, the primary drawback of PHJ device configuration is the limited interfacial area 

between p-type and n-type organic semiconductors. Actually, the exciton diffusion length (LD) of 

common organic semiconductors is about 10 nm and this is much shorter than the effective light-

absorption penetration path of the photoactive materials in PHJ device.36 Therefore, only small 

portion of excitons generated at the interface could be split into free charge carriers and most of 

the excitons decay via the geminate recombination process.37 This intrinsic issue could be 

prevented by making use of BHJ device configuration (Figure 1.6) in which a blend of p-type 

and n-type organic semiconductors is mixed to coat a composite layer with nanoscale phase 

separation. The ideal bicontinuous interpenetrating networks with domain size in the scale of 

10−20 nm greatly enhances interfacial area between two semiconductors for charge separation 

events to appear substantially, therefore resulting in a more efficient device configuration.38 

However, the ideal morphology required is highly dependent upon the chemical structure of 

materials applied and the processing conditions. Up to now, no one could fully control the 

morphology with the possible experimental manipulation and perfectly explain the mystery 

behind because of the complication of the studied system.39 
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Figure 1.6 General bulk-heterojunction organic solar cell device configuration. 

Basic working principle of BHJ OSC 

 

Figure 1.7 Mechanism of energy conversion process in BHJ OSCs. 
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There are four key steps in energy conversion process in common binary OSCs (see Figure 

1.7 for the schematic presentation).40  

Step 1. Photoexcitation of the electron donor to form an exciton (electron–hole pair bound by 

coulomb interactions).  

Step 2. Exciton diffusion to the electron donor/acceptor interface. Excitons, which do not reach 

the interface, decay via the geminate recombination process and do not generate photocurrent. 

Step 3. Charge separation of excitons at the interface to form a geminate electron–hole pair at 

charge-transfer state, the electron transfer into the LUMO of electron acceptor while the hole 

remains in the HOMO of electron donor.  

Step 4. Free charge-carrier transports (holes migrate to anode and electrons migrate to cathode) 

and collected at both electrodes to complete the electric circuit. 

When the electron donor changes from ground state to excited state upon solar irradiation, 

the electrons are photo-excited from the HOMO to the LUMO and holes remained in the HOMO. 

Since the dielectric constant (ɛr) of common organic semiconductors is small (ɛr = 2−4),41 only 

excitons (strongly bound electron-hole pair by coulomb interaction) are generated rather than 

free charge-carrier. Afterwards, those excitons diffuse around within the short lifetime in the 

order of nanoseconds42 and they decay via geminate recombination if they do not reach the p-

type/n-type interface within LD. In order to maximize the events of charge separation, the 

morphology and average domain size of the composite layer consisting of the electron 

donor/acceptor blend needs to match the LD. Then, excitons will separate into geminate electron-

hole pair because of the adequate driving force originated from the LUMO’s energy offset 

between p-type/n-type semiconductors and a charge-transfer (CT) state is attained.40 The ideal 
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LUMO offset value lies between 0.3 to 0.4 eV and the sacrificial photovoltage would be 

minimal.43 Regarding the CT state, its formation and dissociation are complicated and 

controversial in much discussion and but it definitely has a significant effect to the power 

conversion efficiency of a device.44 Finally, holes in the HOMO of p-type material and electrons 

in the LUMO of n-type materials migrate towards anode and cathode respectively in an opposite 

direction and these free charge-carrier might encounter non-geminate recombination processes 

during the transport due to the limited electron and hole mobilities of organic semiconductors.45 

Therefore, the photoactive layer should not be infinitely thick for the light harvesting purpose 

and the typical photoactive layer thickness is about 100 nm. 

Open-circuit voltage is essentially proportional to the energy offset between the HOMO 

energy level of p-type semiconductor and the LUMO of n-type semiconductor according to two 

independent studies in the literature.27,43 It has also been found that lower Voc value (about 0.2 V) 

is resulted by the loss of charge carrier at the electrodes.46 The film morphology,47 surface 

composition of charge transport layers48 and the interfacial dipole moments of electron 

donor/acceptor heterojunction49 also affect Voc of OSCs. 

Absorption profiles of photoactive layers, the blend composite morphology and charge-

carrier mobility determines the short-circuit current in a dominant way. Adding additives38 

during film processing, thermal annealing50 and solvent vapour annealing frequently enhance the 

Jsc due to maximized exciton separation and suppressed charge recombination. Improving 

charge-carrier mobility also suppress the exciton recombination and charge accumulation, thus 

increasing the Jsc.
51,52 In order to avoid leakage of charges migrating to wrong electrodes and 

charge recombination at electrodes, the interlayers, as barriers, are able to maximize the Jsc.
53,54 
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For fill factor, we understand that charge carrier lifetime and mobility, blend film 

morphology, and bulk and interfacial recombination are able to alter the FF.55 Even though FF is 

a less understood photovoltaic parameter until now, some experimental results supported that 

long charge carrier lifetime of semiconductors facilitates charge extraction and direct the J−V 

curve to approach unity near the open-circuit condition while high charge carrier mobility of 

blend film diminishes charge accumulation during the transport near the short-circuit condition.42 

As a whole, both mobility and lifetime of charge carrier play key roles in the optimization of FF. 

Interestingly, the above-mentioned strategies are not always valid according to more and 

more recent studies of OSC studies, because the power conversion efficiencies of OSCs basically 

do not obey the so-called rules of the three individual photovoltaic parameters systematically and 

simultaneously. Obviously, the three parameters interplay themselves intrinsically system by 

system and the complication feature of OSCs is reflected here. In addition, this is not only a 

matter of materials applied and there are many other factors involved. So, the best way to deal 

with this complication is to study it case by case and gathering all the data for different analyses 

case by case. Some representative BHJ OSC device configurations are collected in Figure 1.8 to 

Figure 1.10 for illustration.    
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Figure 1.8 Device structure of the inverted cell using MoO3 as the hole transport layer, and 

electron transport layer (e.g. ZnO or TiO2:Cs).   

 

Figure 1.9 Device structure of the regular tandem cell using PEDOT:PSS as the hole transport 

layer and LiF/Al as the electron transport layer. 
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Figure 1.10 Device structure of the inverted tandem cell using ZnO as the electron transport 

layer and PEDOT:PSS and MoO3 as the hole transport layers. 

 

1.2.4 Recent Development of Electron Donors in OSCs 

Small-molecule BHJ OSC versus polymer BHJ OSC 

In the last decade, polymer:fullerene BHJ OSCs have attracted much attention in the 

research field, especially in optimizing the photovoltaic performance of polymer-based p-type 

materials. Because π-conjugated D−A alternating copolymers possess low bandgap between 

HOMO and LUMO energy levels, suitable HOMO and LUMO energy levels and relatively high 

hole mobility.55 Over the years, a lot of copolymers with these ideal properties were reported to 

attain high PCEs after blending with fullerene derivatives, yet the PCEs of these studied 

copolymers varied from batch to batch due to the changes of molecular weight, regioregularity 
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and polydispersity of copolymers.56 In order to prevent these inherent variables, small-molecule 

p-type semiconductors were investigated as an emerging research field in recent years, since 

these small-molecules are handy to be purified using column chromatography without batch to 

batch variation, hence standardizing the fabrication and device performance data. Simultaneously, 

it has been found that small-molecule electron donors with proper molecular design are as 

competitive as the copolymer-based semiconductors in terms of photovoltaic performance.57,58 

 

Recent representative electron donors with excellent photovoltaic performance  

Some representative electron donors (including polymers and small-molecules) with 

excellent photovoltaic performances are depicted in Figure 1.11. All of them consist of thiophene 

rings or thiophene-based building blocks, and long and floppy alkyl chains. Thiophene is π-

conjugated, electron-rich (electron-donating), accessible to quinoid form, easy to be 

functionalized with functional groups (e.g. bromide, iodide, carboxylic acid, aldehyde and 

amides) for metal-catalyzed C−C coupling reactions and intramolecular cyclization reactions, 

and favourable for intermolecular π-π stacking. Overall, it is definitely a perfect building block 

for constructing semiconducting materials with high charge carrier mobility. On the other hand, 

electron donating group (D) and electron withdrawing group (A) are chemically bonded in 

alternating fashion to form D−A segment(s), therefore those corresponding 

molecules/oligomers/copolymers with a high degree of quinoid character render an 

intramolecular charge transfer (ICT) absorption band.59 This would be better explained with the 

concept of molecular orbital, the LUMO of the D interacts with the LUMO of A to yield two 

new LUMOs while HOMOs act the same way according to perturbation theory. As a whole, the 

four new hybridized orbitals possess one higher lying HOMO (relative to the HOMO of D) and 
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one lower lying LUMO (relative to the LUMO of A) after electrons redistribution, hence 

resulting in a narrower bandgap with appropriate energy difference (eV) for solar light-

harvesting functionality.60 In addition, the HOMO and LUMO energy levels of these p-type 

semiconductors therefore could be precisely adjusted by putting different Ds and As. On the 

other hand, inductive effect and molecular rigidification (e.g. inserting fused aromatic rings) 

approaches are also useful in modulating the charge carrier mobility and light absorption 

coverage of organic semiconductors.60 Notably, different alkyl chains are usually attached to the 

backbones of p-type materials for introducing the solution-processbility for device fabrication, 

but these alkyl chains absolutely perturb the properties of p-type materials and sometimes 

complicate the photovoltaic performances of OSCs.61,62 

From the literature, common electron withdrawing groups include 2,1,3-benzothiadiazole 

(BTD), thieno[3,4-c]pyrrole-4,6-dione (TPD), diketopyrrolopyrrole (DPP) and thieno[3,4-

b]thiophene (TT) derivatives while common electron donating groups include alkylated 

thiophene, benzodithiophene (BDT), cyclopenta[2,1-b:3,4-b’]dithiophene, dithienosilole (DTS) 

and dithienogermole (DTG). 
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Figure 1.11 Chemical structures of some reported representative p-type materials in OPVs. 
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1.3 Dye-sensitized Solar Cells (DSSCs) 

Dye-sensitized solar cells (DSSCs), or namely Grätzel cells, are utilizing 

dyes/photosensitizers (both inorganic complexes and organic molecules) and titanium dioxide 

nanoparticles (anatase phase) to convert photons’ energy from solar radiation for photo-induced 

excitation, subsequent electron injection and dye-regeneration, so as to generate electricity. 

DSSCs take the advantages of simple device fabrication processes (e.g. dip-coating) and low cost 

of materials preparation. DSSCs generally give slightly higher power conversion efficiencies 

than those of OSCs according to the literature results and some conceptual commercial products 

regarding the DSSCs (e.g. home decoration items) have been displayed in showrooms of some 

good-sized technology exhibitions. 

 

 1.3.1 Background and Development of DSSCs 

In 1991, the first high performance DSSC (PCE ~7−8%) was reported by Grätzel and 

O’Regan, and they successfully used polypyridyl ruthenium(II) complexes with metal-to-ligand 

charge transfer (MLCT) absorption band as the photosensitizers to fabricate the cell, which was 

therefore known as Grätzel cells as well.14 This discovery has attracted attention from chemists 

and materials scientists because the Grätzel cells are low-cost, simple assembled and highly 

efficient. After this classic report, Grätzel and co-workers boosted up the efficiency to 10% in 

1993.63 Other than continuous improvements in PCEs, certain extent of the literature has been 

published to find out the basic scientific understanding of this interesting combination of 

materials chemistry, photophysics, nanoscience and electrochemistry.64-67 Considerable impetus 

had been input into the investigation of DSSCs, most importantly, the greatly improved 
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interfacial area between the dyes and nanoporous titanium dioxide (TiO2) is one of the keys to 

optimize the devices in terms of PCE and stability of the Grätzel cells.68 At present, the official 

record-high power conversion efficiency of DSSC achieved is 11.9% according to the latest 

report from National Renewable Energy Laboratory (NREL) of Unites States,16 although several 

research publications have claimed that some DSSCs with novel photosensitizers could achieve 

PCEs around 12−13%.69-72 

 

1.3.2 Structure and Working Principle of DSSCs 

After more than twenty years of development, the DSSCs do not change in view of the 

fundamental structure. Basically, a DSSC is composed of five different materials: 

nanocrystalline semiconductor oxide film electrode (e.g. nanoporous TiO2 film), 

dye/photosensitizer, electrolyte (liquid redox couples (e.g. I−/I3
−) or ionic liquids or solid hole 

transport materials), counter electrode (typically, platinum) and transparent conducting substrate 

(e.g. fluorine-doped tin oxide (FTO)).73 The dyes/photosensitizers with polar anchoring groups 

(e.g. carboxylic acid and cyanoacrylic acid) are anchored onto nanoporous TiO2 film for 

facilitating charge separation, device stability and homogeneous dye distribution.74 Figure 1.12 

illustrates the structure and working principle of DSSCs.  
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Figure 1.12 Illustration of the structure and working principle of DSSC. 

For the working principle, it is mainly divided into seven key steps and their corresponding 

approximate lifetime values are denoted in the following description. Firstly, the dye captures a 

photon from sunlight to attain the photoexcited state of the dye D* [Eq. 1]. The photon with 

energy (hʋ) provides the driving force for an electron to excite from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of the 

photosensitizer. Secondly, the photoexcited dye D* injects an electron into the conduction band 

(CB, −0.5 V vs. a normal hydrogen electrode (NHE)) of TiO2 [Eq. 2, ~100 ps]. Thirdly, the 

oxidized dye is then reduced to its original state by the electron donation from the I− ions in the 

redox mediators (iodide and triiodide ions) [Eq. 3, ~1 ms]. The electrons pass through the 

network of interconnected TiO2 nanoparticles to reach the FTO, then the external circuit and the 

counter electrode (Pt-coated glass). On the other hand, I− ions are regenerated by the reduction of 

I3
− at the counter electrode from the electron donation of external circuit [Eq. 4, ~ms to s]. These 

four steps account for the photovoltage and photocurrent generation, but there are also some 
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side-processes which render reverse effects to DSSCs. For example, the injected electrons in CB 

of TiO2 possibly recombine either with I3
− ions at TiO2 surface [Eq. 6, ~ms to s] (dark current) or 

the adsorbed oxidized photosensitizers [Eq. 5, μs to ms] (recombination). In addition, the 

radiationless relaxation of photoexcited dyes lowers the photovoltaic performances of DSSCs 

[Eq. 7, ~ns] (decay). The recombination step is competed with the reduction of oxidized 

photosensitizers by iodide ions. As a whole, for a functional DSSC, the electron injection and 

dye-regeneration steps have to be kinetically more favorable than those of contrary dark current 

generation and recombination, in order to obtain a high PCE.75 

Eq. 1  D (on TiO2) + hʋ  D* (on TiO2) 

Eq. 2  D* (on TiO2)  D+ (on TiO2) + e− (TiO2) 

Eq. 3  2 D+ (on TiO2) + 3 I−  2 D (on TiO2) + I3
− 

Eq. 4  I3
− + 2 e− (Pt)  3 I− 

Eq. 5  D+ (on TiO2) + e− (TiO2)  D (on TiO2) 

Eq. 6  I3
− + 2 e− (TiO2)  3 I− 

Eq. 7  D* (on TiO2)  D (on TiO2) 

Voc of DSSCs is dominantly related to the energy difference between the LUMO of the 

electron acceptor (Fermi level of CB of TiO2) and the HOMO of the electron donor (redox 

potential of electrolyte). However, the actual Voc value is smaller than the theoretical value (0.8–

0.9 V) since the occurrence of the recombination and dark current generation is the primary 

factor to lower down the Voc. Moreover, the energy level of CB of TiO2 depends on the 
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molecular dipole induced at the interface between TiO2 and photosensitizers, thus influencing the 

Voc.
76 

Jsc reflects from the interaction between dyes and TiO2, the molar extinction coefficient 

and absorption coverage of the dyes. In order to obtain a high Jsc value, wide and intense 

absorption coverage (UV, visible light and near-infrared region) of photosensitizers, high 

electron-injection efficiency from D* to the conduction band of TiO2, and fast regeneration rate 

of oxidized dyes by iodide ions are compulsory. From this point of view, the molecular structure 

of photosensitizers significantly confines the absorption and electrochemical properties and 

therefore the photocurrent. More specifically, control of the molecular orientation and adsorption 

of dyes on TiO2 is also capable of improving the Jsc.
77 Similar to Jsc, the IPCE of a DSSC is also 

determined by the light-harvesting ability of the dye, the dye-loading, the electron injection 

quantum yield, and the electron collection efficiency in external circuit.  

In practice, the FF of DSSCs is smaller than unity because of the series resistance of the 

photovoltaic cell. The series resistance consists of charge-transfer resistance at the counter 

electrode, ion transport resistance, electron transport resistance via the photoanode, and sheet 

resistances of counter electrode and substrate. So, FF is basically an indicator of the quality of a 

DSSC, and optimized fabrication condition definitely pushes up the performance of a DSSC due 

to the increase of FF.78 

From the equation described in the section of OSCs, three photovoltaic parameters (Jsc, Voc 

and FF) are directly proportional to PCE, therefore maximizing these three parameters of a 

DSSC simultaneously is able to achieve excellent photovoltaic performance. To do so, molecular 

engineering of different types of high efficiency photosensitizers and device modification both 

are the directions to achieve a PCE above 10%.79 
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1.3.3 Recent Development of DSSCs 

In order to boost up the performance and durability of DSSC for true application and 

commercialization, materials scientists have given a lot of efforts to improve each component of 

the device. Hopefully, the combination of these improvements is able to achieve this long-term 

vision and the major progresses are introduced in the following. 

 

(i) New redox couples for attaining higher voltage 

The traditional redox couples used are iodide/triiodide ions. However, they are corrosive in 

nature and erode the platinum-based counter electron,80 and the corresponding high-lying redox 

potential limits the open-circuit voltage, these two major drawbacks made the DSSCs less 

applicable. So, there is a need to find out a better substitute to avoid these disadvantages. One of 

the most potential candidates developed by now is the polypyridyl Co(II)/(III)  complexes 

(shown in Figure 1.13) with lower HOMO energy levels, and this was firstly reported by 

Boschloo and co-workers in 2010.81 In that report, they especially attach bulky groups on the 

ligands which act as insulating spacers and this slows down the recombination between 

electrolyte and TiO2 by at least one order of magnitude without affecting the fast electron 

transfer process. Later on, Grätzel and co-workers also adopted this approach to fabricate DSSCs 

with dye YD2-o-C8 and obtained a similar mechanistic result and a world record efficiency of 

12.3% at that time.71 Another proposed advantage making use of cobalt complexes to act as 

redox couples is the tunable redox potential, simply changing the chemical structure of ligands 

possibly renders the rise of higher open-circuit voltage. 
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Figure 1.13 a) Schematic energy diagram for DSSCs employing nanostructured TiO2, dye D29 

or D25, and four different cobalt-based complex redox couples. b) Chemical structure of 

different cobalt polypyridyl redox couples employed. 

 

(ii) Co-sensitization for attaining higher current 

Another possible way to improve DSSCs performance is to employ a photosensitizer in 

which the bandgap is reduced such that the intense light absorption in near-infrared region (700–

900 nm) is also achieved. However, it is rather difficult to synthesize one photosensitizer to 

possess absorption coverage all the way from 300–900 nm. In reality, the molar extinction 

coefficient and the spectral width of a molecular photosensitizer are usually inversely related and 

this greatly limits the usefulness of the strategy. 

In order to harvest the whole sunlight spectrum, both visible and near-infrared absorbing 

dyes can be fabricated on the device at the same time, this is so-called co-sensitization approach. 

However, the co-sensitization of classic ruthenium(II) complex photosensitizer suffers from 

relatively small PCE improvement due to the low molar extinction coefficients. Recently, 

organic dyes with high molar absorptivity are involved in co-sensitization. These 
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photosensitizers demand smaller surface areas and therefore thinner DSSC films without 

reducing light absorption in any part of the solar spectrum are made.82 The highest PCE record 

(12.3%) employing co-sensitization approach actually utilizes an organic dye Y123 to enhance 

the IPCE at a wavelength at around 550 nm (shown in Figure 1.14).71  

 

Figure 1.14 IPCE spectra for YD2-o-C8 (red dots), Y123 (blue triangles), and YD2-o-C8/Y123 

cosensitized nanocrystalline TiO2 films (black squares). 

 

(iii) Strongly absorbing donor–π–acceptor (D–π–A) organic dyes 

In the last two decades, ruthenium(II) complexes are the major photosensitizers which are 

fabricated on DSSCs for investigation because of their excellent photovoltaic performances. 

Among them, bipyridine-based complexes such as N71983, N363, CYC-B1184 and terpyridine-

based complex ‘black dye’85 (shown in Figure1.15) all are able to achieve PCE higher than 10% 

under AM 1.5G irradiation.  
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Figure 1.15 Highly efficient ruthenium-based photosensitizers for DSSCs. 

However, these complexes possess broad absorption spectra from 400–800 nm but rather 

low molar absorptivities (10,000–20,000 M–1 cm–1). In addition, the band-edge absorption (~700 

nm) of these complexes is weak and this limits the near-infrared light-harvesting. To deal with 

this inherent disadvantage, another category of dyes is developed to be an alternative recently, 

that is donor–π–acceptor (D–π–A) organic dye.86,87  

These organic dyes are composed of electron-rich moiety (donor) and electron-deficient 

moiety (acceptor), and both moieties are linked up by a conjugated π-linker. The electron 

acceptor is usually functionalized with an acid anchoring group which is adsorbed onto 

nanostructured titanium dioxide. Typically, these organic dyes possess absorption coverage with 

relatively high molar absorptivity (50,000 M–1 cm–1 or above) between 400 and 700 nm. Actually, 
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these D–π–A organic dyes also take another advantage over ruthenium(II) complexes, because 

ruthenium is one of the noble metals which have limited availability on earth and this renders 

limitation for industrial scale application.88 

 

Figure 1.16 High performance D–π–A organic dyes for DSSCs.  

Figure 1.16 illustrates some of the organic dyes with excellent PCEs.89-91 Nowadays, most 

D–π–A organic dyes generally give PCEs between 6% and 10% according to the literature 

reports, and this is comparable to those classic ruthenium(II) photosensitizers. In particular, they 

are in great potential since they are low-cost in production, very flexible in molecular structure 

design, tunable in absorption and electrochemical properties, and controllable in molecular 

orientation after dye-anchoring on TiO2. 
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1.4 Photocatalytic Hydrogen Generation 

The term “Photocatalytic Hydrogen Generation” described in this thesis basically refers to 

the reductive side of photocatalytic water splitting reaction, even though other feedstocks, such 

as methanol, biomass and fossil fuel, could be utilized according to a more general 

classification.92-94 Anyway, the reduction of water from aqueous protons making use of solar 

energy to generate hydrogen fuel is a “Dream Reaction”, since we have abundant amount of the 

feedstock on earth while the driving energy is freely provided by sun in a non-stop manner. So, 

what we need to provide is a set of well-designed catalytic condition for the reaction to occur 

efficiently. In general, the reaction system requests a light-absorber for light harvesting purpose, 

a photocatalytic molecular catalyst or composite material to undergo electrochemical reaction, a 

sacrificial electron donor as electron source (or electrons provided by the oxidation side in a 

complete water splitting reaction) and of course water.95 Both homogeneous and heterogeneous 

systems are viable. The ultimate research objective behind is to dig out a durable, inexpensive 

and highly efficient catalytic condition which is not a rate-limiting reaction after combination 

with the oxidation side of water splitting and does not affect the oxidation-side as well, thus 

maximizing the overall efficiency of photocatalytic water splitting.        

1.4.1 Background of Photocatalytic Hydrogen Generation  

The rise of hydrogen economy96 (coined by Bockris) in early 1970s has provided a 

potential blueprint to substitute hydrocarbon economy, in order to avoid the negative effects 

coming from hydrocarbon economy. The oxidation of hydrogen, including combustion and fuel 

cell approaches, only produces water as the only chemical product and the energy conversion 

process is carbon-free and theoretically efficient according to the chemical fuel specific energy 

or specific enthalpy consideration.97 In a more practical overview, hydrogen fuel is still 
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appealing because the state-of-art fuel cells are not limited to Carnot's theorem which accounts 

for the maximum efficiency of a heat engine.98 Importantly, fuel cell technology is mature 

enough to be applied in our daily life, example includes some fuel cell-based vehicles in the 

commercial market. However, large-scale production of hydrogen by means of natural gas 

reforming and electrolysis of water using photovoltaics (PV) is not viable as well because of the 

carbon emission and low efficiency, respectively.99,100 It turns out that how to produce hydrogen 

fuel effectively will be the key difficulty awaiting the society to adopt hydrogen economy. On 

the other hand, making use of current photovoltaics to harvest solar energy as the major energy 

supply in the global scale is not feasible. Since the diurnal variation in local insolation demands a 

cost-effective daily solar energy storage technology for the implementation of civil photovoltaics 

industry while the current battery technology is unable to address such a gigantic energy 

storage.101 As a whole, direct solar energy conversion into hydrogen fuel utilizing artificial 

photosynthesis is another prospective direction to be the ultimate solution of both problems at the 

same time, because the energy storage will be easy to tackle. These reasons and the background 

aforementioned initiate the impetus to the research of photocatalytic hydrogen generation. 

 

Z-scheme of photosynthesis, artificial photosynthesis and photocatalytic hydrogen 

generation 
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Figure 1.17 a) Schematic diagram of Z-scheme of photosynthesis. b) Single excitation artificial 

photosynthesis charge-separation process. c) Dual excitation artificial photosynthesis (Z-scheme) 

charge-separation processes. 

Nature provides us a very dedicated system to convert solar energy into chemical energy 

using carbon dioxide and water as feedstocks, that is photosynthesis among plants. (see the 
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schematic diagram in Figure 1.17) During the process, oxygen and sugar are finally produced 

while sugar is stored as a chemical fuel for plants to feed themselves later on. Scientifically, 

plants possess two interconnected systems in which solar energy is captured separately by 

pigments P680 and P700 (among chlorophyll), and each system possesses one excited electron 

for subsequent individual electrochemical reaction chain. Interestingly, system PS I reduces 

nicotinamide adenine dinucleotide phosphate (NADP+) to NADPH (reducing reagent in 

biosynthetic reactions) while PS II reduces the oxidized PS I by providing one electron to the 

hole of excited P700. On the other hand, the hole left in P680 is recombined with an electron 

coming from water through a catalytic process using reproducible manganese calcium oxide 

clusters (Mn) as catalyst, hence producing oxygen.102 Another feedstock carbon dioxide is fixed 

with pre-generated NADPH and water in light-independent Calvin cycle to produce sugar as a 

chemical fuel.103 The balanced chemical equation of photosynthesis is shown below. 

6 CO2 + 6 H2O + hʋ  C6H12O6 + 6O2 

Regarding photo-based water splitting, it is defined by a reaction to convert water 

molecules into hydrogen and oxygen simultaneously with photon energy equal or larger than 

1.23 eV at pH = 0 under standard temperature and pressure (see chemical equation below).104 

When photocatalytic water splitting is compared with nature’s photosynthesis, the photocatalytic 

water splitting is basically the light-dependent part of photosynthesis, as long as the protons 

generated as a side product in PS II system actually provides a protons source for hydrogen 

production to undergo after reacting with electrons coming from the PS I system.  

2 H2O + hʋ ⇄ 2 H2 +O2    where hʋ  1.23 eV 
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Under this concept, if we are able to construct a system to run photocatalytic water 

splitting effectively, this process should be considered as “Artificial Photosynthesis”. At present, 

two major systems are being classified regarding artificial photosynthesis, one is single 

excitation system while another one is dual excitation system.104 (see the schematic diagram in 

Figure 1.17) The first system generally consists of a chromophore (light-harvesting function with 

appropriate HOMO and LUMO energy levels), a hydrogen evolution reaction (HER) catalyst 

with energy level lower than the excited state of the chromophore but higher than the proton 

reduction potential, and an oxygen evolution reaction (OER) catalyst with energy level higher 

than the ground state of the chromophore but lower than the water oxidation potential. The main 

disadvantages of this system refer to the chromophore electronic level constraints and limited 

effective sunlight absorption range due to a demand of extra catalytic driving force from the 

photons (presumably > 0.3 eV), therefore only photons with energy more than 1.53 eV  are 

possible solar energy sources. Similar to single excitation system, dual excitation system, which 

mimics Z-scheme of photosynthesis, provides another research direction, but this approach 

further requires a redox mediator for the electron-transfer and relay between the two 

chromophores. Uncertainty effect originated from the kinetic balance of electron transfer and 

relay process further complicates the system, although the effective photo absorption range has 

been released to a longer wavelength region due to the dual excitation condition. 

With the Z-scheme of artificial photosynthesis, the individual studies of HER and OER are 

probable, because the Z-scheme could be separated into two sides with the addition of sacrificial 

electron donor to HER side and sacrificial electron acceptor to OER side.95 And this renders an 

excellent opportunity of detailed studies of HER in the aspect of catalysts, photosensitizers, 

sacrificial donor/acceptor and the combination of these three components. At the same time, 
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mechanism-based research could be carried out since the HER will not be affected by the OER 

side in such a case, since a deeper understanding of HER will definitely provide more rationales 

to the system design of the HER. 

One of the classic study of HER in the context of artificial photosynthesis could be dated 

back to the systems developed by Lehn and Sauvage in 1977105 and followed by Grätzel and 

Kagan,106,107 the three-component system is comprised of colloidal platinum or hydrogenase 

(catalyst), [Ru(bpy)3]
2+ or proflavin (photosensitizer) and methyl viologen or Rh(bpy)2Cl3 

(electron relay (ER)). (see the system in Figure 1.18) The oxidized photosensitizer [Ru(bpy)3]
3+ 

generated after photoinduced electron transfer is then oxidatively quenched by the sacrificial 

electron donor (ED) (e.g. ethylenediaminetetraacetic aicd (EDTA), cysteine and triethanolamine 

(TEOA)). Later on, many new HER molecular catalysts have been reported to modulate the 

catalytic activity by varying the metal centres and ligands of the complexes.95 

 

Figure 1.18 Early three-component artificial photosynthesis system. 

 

Reductive and oxidative electron transfer quenching 

Over the years, the basic system of photocatalytic hydrogen generation remains the same 

and consists of a catalyst to undergo proton reduction, a photosensitizer (PS) to harvest light 
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energy and a sacrificial electron donor to regenerate the oxidized chromophore via oxidative 

quenching or to provide electrons for HER catalyst via reductive quenching. In practice, two 

electron quenching pathways toward the excited state of PS are possible (shown in Figure 

1.19).108 For reductive quenching, the PS* is first reduced by the electron donor to generate PS–, 

then the highly reducing electron is further transferred to HER catalyst. For oxidative quenching, 

the PS* first transfers its electron toward the HER catalyst, then the PS+ formed is reduced by the 

electron donor to regenerate PS with ground state. The rates of two electron transfer quenching 

pathways and the relative stabilities of PS*, PS– and PS+ determine which pathway is dominant, 

while the typical electron transfer quenching rate constant lies between 106 and 1010 M–1 s–1 

under diffusion limited condition. 

 

Figure 1.19 A diagram illustrating both reductive and oxidative quenching in the context of 

photocatalytic hydrogen generation. 
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1.4.2 Characterization Parameters of Photocatalytic Hydrogen Generation 

In general, photocatalytic hydrogen generation could be viewed as an ordinary catalytic 

reaction, so the corresponding characterization parameters are basically the same. Hydrogen 

turnover number (TON), turnover frequency (TOF) and apparent quantum yield (AQY) are the 

three common characterization parameters for a photocatalytic hydrogen generation system and 

their calculation equations in homogeneous catalyst system are collected in this section. 

Turnover number of a catalytic reaction is defined by the quotient of number of mole of product 

over number of mole of catalyst.109 Turnover frequency of a catalytic reaction is defined by the 

turnover number per unit of time while the unit of time could be any desirable unit.110 Apparent 

quantum yield is an extension of quantum yield (QY) which is defined by the quotient of number 

of reacted electrons over number of absorbed photons. The difference between these two terms 

refers to the selection of photon number, AQY picks up the incident photons from light source 

while QY picks up the absorbed photons originated from photosensitizer.111 Since the formation 

of one hydrogen molecule requires two electrons to reduce two protons, a constant of 2 is added 

to the calculation of H2 AQY. 

   

 

 

In case the number of homogeneous catalyst or the number of active sites of heterogeneous 

catalyst could not be determined accurately, the TON calculation of HER could substitute the 
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number of catalyst with the number of photosensitizer even though this is not a preferable 

estimation. Furthermore, the calculation of H2 AQY in photocatalytic hydrogen generation will 

be straightforward if the light source is monochromatic or quasi-monochromatic. If there are 

panchromatic sensitization and wide emission range from the light source, integration approach 

at each discrete wavelength is the only suitable way to estimate a precise value of H2 AQY. 

 

1.4.3 Working Principle of Platinized TiO2-Photosensitizer System 

 

Figure 1.20 Working principle of dye-sensitized photocatalytic hydrogen generation. 

Figure 1.20 demonstrates the working principle of dye-sensitized light-driven hydrogen 

generation from water. The anchored photosensitizer (dye) on TiO2 nanoparticle (as 

semiconductor) is first excited to excited state upon photoexcitation, and then electron injection 

into the conduction band (CB) of TiO2 occurs. The reduction of protons from water to generate 

hydrogen utilizing the electrons from the CB of TiO2 is accomplished via a catalytic process. The 

oxidized photosensitizer is regenerated through the reduction by sacrificial electron donor. For 
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the catalytic process, many different HER catalysts are possible choices in the context of dye-

sensitized photocatalytic hydrogen generation as long as the HER catalyst could be deposited 

onto TiO2 steadily in the presence of water. Among them, platinum group metals (Pt, Ru, Rh, Ir 

and Pd) are well-known HER catalysts based on a theoretical point of view since they are all 

distributed near the vertex in the volcano plot (shown in Figure 1.21).112 According to the 

Sabatier principle113 (as the only consideration), the hydrogen production rate constant versus 

hydrogen adsorption energy should result in a volcano plot114 because too weak interaction 

between hydrogen atoms and substrate is not able to provide a stable enough scenario for 

coupling step to occur while too strong interaction is not able to release the hydrogen molecule 

from the substrate. In such a case, those HER catalysts near the vertex in the volcano plot are 

more efficient to catalyze the hydrogen molecule formation. Among the platinum group metals, 

platinum is considered as the most efficient one theoretically and experimentally, and it is a 

benchmark for comparing the activity of other HER catalysts, even though they are not attractive 

in terms of the cost and abundance of material.112 However, platinum can be readily deposited 

onto TiO2 nanoparticles to form metallic Pt nanoparticles with tunable size from Pt(IV) ions 

through a photodeposition method. Regarding the photocatalytic rate, it could be maximized 

when the kinetics of catalysis is highly comparable to the kinetics of electron transfer from TiO2 

and electron transfer between excited dye and TiO2. In addition, other undesirable pathways, 

such as the decay of D* and electron-hole recombination between dye and TiO2, have to be 

suppressed at the same time.  
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Figure 1.21 Volcano plot for the HER in acid solutions. EM-H and j00 denote the energy of 

hydride formation and exchange current density, respectively. 

 

1.4.4 Recent Development of Homogeneous Systems for Photocatalytic Hydrogen 

Generation 

Over the years, many photosensitizers (including metal complexes and organic dyes) and 

many HER catalysts (including molecular catalysts and heterogeneous catalysts) have been 

developed to study photocatalytic hydrogen generation. Much concern has been pointed out by 

many reports for the stability issue of homogeneous systems due to the fast degradation of 

molecular photosensitizers.115 Recently, emerging quantum confined semiconductor 

nanoparticles116 with desirable, adjustable chemical and photophysical properties have been used 

as the photosensitizers to study photocatalytic hydrogen generation. Notably, the water solubility 
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of these semiconducting materials could be adjusted through the surface modification with 

suitable capping agents.117 In particular, cadmium selenide nanocrystals (CdSe quantum dots) 

have been successfully adopted in conjugation with nickel-based complexes and cobalt-based 

complexes as HER catalysts to attain superb catalytic activity and excellent robustness. A system 

comprised of CdSe quantum dots capped with dihydrolipoic acid as the photosensitizer, a water 

soluble Ni2+-dihydrolipoic acid HER catalyst and ascorbic acid as the sacrificial electron donor, 

renders hydrogen TONs > 600,000 in a period of 360 hours with AQY > 36% under illumination 

at 520 nm.118 Another similar system consisted of CdSe quantum dots capped with a tripodal 

sulfur-donor capping agent (with a carboxylate group) as the photosensitizer, a water soluble 

[Co(bdt)2]
− (bdt, benzene-1,2-dithiolate) HER catalyst and ascorbic acid as the sacrificial 

electron donor, gives hydrogen TONs > 300,000 in a period of 60 hours with AQY > 24% under 

illumination at 520 nm.119 At the same time, the photocatalytic process has been prolonged to 

longer than several days while the past systems were only talking about several hours to ten 

hours,120 this breakthrough is definitely beneficial for the solar fuel production research. Later on, 

some other quantum confined semiconducting materials have been reported to achieve good 

photocatalytic efficiencies as well, such as CdSe/ZnS core/shell quantum dot,121 CdS quantum 

dot,122 CdS nanorod123 and CdS nanosheet.124 In short, quantum confined semiconductor 

nanoparticle will be an attractive and potential photosensitizer in the context of solar hydrogen 

fuel research in the coming decade because of their chemical stability and high molar extinction 

coefficient. 
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Chapter 2 Solution-processed Solar Cells Utilizing A−D−A Small Molecules 

with Thieno[3,2-b]thiophene as the Central Donor, 1,3-Indanedione and 3-

Ethylrhodanine as the Terminal Acceptors  

 

2.1 Introduction 

Dated back to 1986, the first organic photovoltaic (OPV) device had been reported by Tang, 

and a planar heterojunction consisting of organic donor and acceptor was able to give power 

conversion efficiency (PCE) of about 1% accordingly.1 In the last decade, solution-processed 

organic photovoltaic cells are considered to be a potential candidate in meeting the increasing 

global energy demand if high PCE (> 10%) combined with large-scale production techniques, 

such as roll-to-roll process, can be achieved.2−4 

Conventionally, solution-processed OPV devices are attained by blending a n-type 

fullerene derivative (or a n-type polymer, but with only few examples in the early years) with a 

p-type polymer in bulk heterojunction active layer.5−7 Interestingly, it has been found that the 

PCEs depend on both of the chemical structure and morphology of the blend.8 Variation in 

molecular weight9 regioregularity10 and ending groups11 of the polymers do affect the 

photovoltaic performance and morphology obtained, and therefore batch-to-batch differences 

caused by purity and molecular weight during the polymerization acts as synthetic challenge and 

have to be avoided for a fair comparison reason. 

In order to boost up the PCEs, several synthetic and device-making strategies have been 

adopted as common ways to improve the photovoltaic performance, including the fine-tuning of 

chemical structures of promising semiconducting polymers and fullerenes,12 the use of functional 
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interlayers for charge transporting and buffering,13,14 and the optimization of morphology by 

annealing and processing additives.15,16 Recently, solution-processed small molecules have been 

an emerging alternative to study the bulk heterojunction solar cells because they provide further 

advantages over the polymers, such as a defined structure for more reproducible performance, 

higher mobility and open-circuit voltage.17 Moreover, single-junction polymer-based OPV 

devices have attained PCEs of over 9%18 while small molecule-based OPV devices also gave 

PCEs of over 9%,19 indicating that π-conjugated small molecules are actually as competitive as 

traditional π-conjugated polymers in playing the role of electron donor in OPV. 

Regarding the chemical structure of small molecule-based electron donors, it governs the 

optical, electrochemical and charge transport properties, solubility, stability, compatibility with 

standard fullerene derivatives and morphology of the active blend layer. Therefore, it is crucial to 

study the structure-property relationship of these small molecule semiconductors in order to 

design an ideal molecular donor with excellent photovoltaic performance and good potential for 

commercialization. In general, electron-donating group (D) and electron-withdrawing group (A) 

are present in alternating pattern (D−A) within the molecule, and this offers the intramolecular 

charge transfer (ICT) band in light absorption and strengthens the light harnessing ability of the 

OPV device.20,21 In addition, extension of π-conjugated backbone of the molecule will enhance 

the molar absorptivity and narrow down the optical bandgap in solution state and solid state, 

hence giving rise to a better match with the solar spectrum.22,23 Besides, this synthetic strategy 

might strengthen the intermolecular π−π stacking interaction, thus resulting in more organized 

molecular order and more efficient charge transport along the photoactive layer.24,25 Furthermore, 

the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) energy levels can be controlled by using different D and A in the molecule, therefore 
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high open-circuit voltage device with small energy offset value at the heterojunction between 

HOMO of electron donor and LUMO of electron acceptor can be easily achieved.26,27 

Notably, a class of A−D−A small molecules with promising photovoltaic performances has 

been reported in the last five years and this provides a simple structural framework for modifying 

the small molecule-based electron donors and elucidating its structure-property relationship.17 

Here, a series of new solution-processed A−D−A small molecules with thieno[3,2-b]thiophene as 

the central donor, 1,3-indanedione and 3-ethylrhodanine as the terminal acceptors is reported and 

their chemical structures are depicted in Figure 2.1. The thieno[3,2-b]thiophene unit possesses a 

rigid, planar scaffold with decent electron-donating strength and therefore it favors the adjacent 

3-hexylthiophene rings to interact in parallel p-orbitals, thus further facilitating the delocalization 

of π electrons and reinforcing the π-conjugation along the whole molecule.28 Moreover, this unit 

has been found to be an effective π-bridge to enhance the hole mobility of p-type copolymers in 

common OPV devices and this is reasonable to insert this unit into small molecule 

semiconductors to maintain necessary hole mobility value in the blends with electron 

acceptor.29,30 On the other hand, two 1,3-indanedione or 3-ethylrhodanine electron-withdrawing 

groups are located at both terminal positions inside the small molecules so as to offer intense ICT 

absorption band and appropriate LUMO energy levels. For 1,3-indanedione, this end group with 

strong π-stacking tendency can direct the self-assembly of electron donor and form highly pure 

crystalline donor domain in the photoactive blend layer, thus possibly giving high fill factor (FF) 

value in OPV devices.31−34 For 3-ethylrhodanine, this end group with ideal electron-withdrawing 

strength constantly achieves remarkably high open-circuit voltage (Voc) of over 0.9 V while 

oligothiophene-based electron donors are linked with this A in A−D−A framework.19,35−37 The 

best device is attained based on a blend of M3/[6,6]-phenyl C71-butyric acid methyl ester 
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(PC71BM) without addition of additives and thermal annealing, and exhibits a PCE of 2.63% and 

a decent fill factor of 0.543 under AM 1.5G, 100 mW cm−2. 

 

 Figure 2.1 The chemical structures of M1−M4. 

 

2.2 Synthesis and Characterization 

The synthetic route of target molecules M1−M4 is shown in Schemes 2.1 and 2.2. The key 

intermediate 2,5-dibromothieno[3,2-b]thiophene 2 was synthesized by bromination of 

thieno[3,2-b]thiophene 1 with N-bromosuccinimide according to the literature report.38 

Subsequently, compound 2 was reacted with 4-hexylthiophene-2-boronic acid under palladium-

catalyzed Suzuki coupling reaction to yield compound 3. Oligothiophene products 5 and 8 were 

prepared by bromination using N-bromosuccinimide and following Suzuki coupling with 4-

hexylthiophene-2-boronic acid for successive times. Then, target product precursors 6 and 9 with 

two aldehyde functional groups were synthesized by Vilsmeier-Haack reaction from 5 and 8 

respectively. Lastly, the target molecules M1 and M3 were synthesized by reacting 6 and 9 with 

1,3-indanedione under triethylamine-catalyzed Knoevenagel condensation at room temperature, 

M2 and M4 were synthesized by reacting 6 and 9 with 3-ethylrhodanine under piperidine-

catalyzed Knoevenagel condensation at 65 °C. All the precursors had been characterized by 1H 
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NMR and 13C NMR.  The singlet peak positioned at around δ 10.0 ppm refers to the protons of 

two aldehydes on the corresponding final product precursors. All target small molecules are 

soluble in chloroform (M1 with limited solubility in dichloromethane), and had been 

characterized by matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass 

spectrometry, 1H NMR and 13C NMR spectroscopies. For 1H NMR, the downfield singlet peak 

located at around δ 8.0 ppm is the characteristic peak of the two symmetric protons on the two 

carbon-carbon double bonds of all final products. Such downfield signals among vinyl protons of 

M1−M4 are ascribed to the two nearby terminal electron deficient groups. The 1H NMR spectra 

and 13C NMR spectra of M1−M4 are depicted in Figure 2.2 to Figure 2.9. 

 

Figure 2.2 1H NMR spectrum of M1 in CDCl3. 
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Figure 2.3 13C NMR spectrum of M1 in CDCl3. 

 

Figure 2.4 1H NMR spectrum of M2 in CDCl3. 
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Figure 2.5 13C NMR spectrum of M2 in CDCl3. 

 

Figure 2.6 1H NMR spectrum of M3 in CDCl3. 
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Figure 2.7 13C NMR spectrum of M3 in CDCl3. 

 

Figure 2.8 1H NMR spectrum of M4 in CDCl3. 
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Figure 2.9 13C NMR spectrum of M4 in CDCl3. 

The thermal stability of these compounds was studied by thermogravimetric analysis 

(TGA), and the TGA plots of M1−M4 are depicted in Figure 2.10. The TGA profile reveals that 

the decomposition temperatures (Td) at 5% weight loss of M1−M4 are approximately 360, 373, 

352 and 371 °C, respectively. This indicates all the new small molecule-based donors are 

thermally stable and suitable for the application in OPV devices. 
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Scheme 2.1 Synthetic routes to compounds 6 and 9. 
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Scheme 2.2 Synthetic routes to M1−M4. 
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Figure 2.10 TGA plots of M1−M4 with a heating rate of 10 °C min−1 under a nitrogen 

atmosphere. 

 

2.3 Photophysical Properties 

The absorption spectra of M1−M4 in dilute dichloromethane (~10−5 M) and their 

corresponding blends with PC71BM (1:2, w/w) in solid thin film on quartz substrates are shown 

in Figure 2.11 and 2.12, respectively. The corresponding data are summarized in Table 2.1. All of 

these compounds exhibit broad absorption profiles with two structureless bands in the range of 

300−650 nm in the solution state. The absorption band located at short wavelength region 

(centered at 405−450 nm) is ascribed to the localized π−π* transitions and the absorption band at 

the long wavelength region (centered at 524−567 nm) is originated from the ICT. The molar 

extinction coefficients (79500−158600 mol−1 cm−1) coming from ICT of these new small 

molecule-based electron donors are comparable to other A−D−A type donors in the 
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literature.39−43 It is evident that the extension of π-conjugation by linking two more 3-

hexylthiophene units in the π-bridges among M3 and M4, as compared to M1 and M2, 

effectively broadens the absorption in the long wavelength region, as shown from the smaller 

optical bandgap values. When M1 and M3 are compared to M2 and M4 with the same π-

conjugation length in terms of optical bandgap values, the 1,3-indanedione unit is more effective 

than 3-ethylrhodanine to lower the bandgap values because of its stronger electron-withdrawing 

power. As shown from the solid thin film of the blends in Figure 2.12, all the bulk active layers 

potently harness the light from the solar spectrum in the range of 300−700 nm and this implies 

that all the new electron donors possess good potential to be applied in OPV devices.  
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Figure 2.11 UV/Vis absorption spectra of M1−M4 in CH2Cl2 at 293 K. 
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Figure 2.12 Absorption spectra of blend films spin-cast from chloroform solutions of M1−M4 

with PC71BM in 1:2 ratio (w/w) on quartz substrates. 

Table 2.1 UV/Vis absorption data of M1−M4 in CH2Cl2 at 293 K. 

λmax [nm] (ε/104 M−1 cm−1) Eg,opt [eV]a 

M1 405 (3.18) 567 (10.59) 1.94 

M2 − 538   (7.95) 2.02 

M3 434 (7.72) 553 (15.86) 1.90 

M4 450 (8.61) 524 (14.37) 1.98 

a Optical band gap was determined from the onset of absorption in CH2Cl2. 
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2.4 Electrochemical Properties 

In order to accomplish OPV device with high PCE, the optimal energy levels of the 

HOMO and LUMO among electron donors have to be fine-tuned. Cyclic voltammetry (CV) is 

utilized to investigate the electrochemical properties and energy levels based on the onset of 

oxidation and reduction potentials against the referenced ferrocene/ferrocenium (Fc/Fc+) at −4.8 

eV with respect to the vacuum level.44,45 Figure 2.13 displays the CV curves of M1−M4 and the 

corresponding data are summarized in Table 2.2. CV was performed with the corresponding dip 

coated donor films on the glassy carbon electrode, platinum wire as the counter electrode and 

Ag/Ag+ as the reference electrode in acetonitrile containing 0.1 M tetrabutylammonium 

hexafluorophosphate at a scan rate of 100 mV s−1. The formal potential of Fc/Fc+ is measured as 

0.07 V versus Ag/Ag+, therefore the absolute energy level relative to the vacuum level for 

calibration is −4.73 eV. The HOMO and LUMO energy levels are −5.33 and −3.58, −5.35 and 

−3.56, −5.15 and −3.53, −5.12 and −3.49 eV for M1−M4, respectively. The electrochemical 

band gaps are 1.75, 1.79, 1.62 and 1.63 eV for M1−M4, respectively. This implies that these new 

small molecule-based electron donors are appropriate for blending with the PC71BM as the 

electron acceptor, which possesses the HOMO and LUMO energy levels at –4.0 and –6.0 eV 

respectively.46 Because a downhill driving force is compulsory for transferring the excited 

electron from electron donor’s LUMO to the electron acceptor’s LUMO upon excitation, this 

driving force necessarily exceeds the exciton binding energy, which is ascribed to the Coulombic 

attraction of the bound electron-hole pair in the excited donor, and the estimated value of such 

driving force is between 0.4–0.5 eV.47,48 Particularly, M1 and M2 present a relatively low-lying 

HOMO energy levels, and this favors the realization of an OPV active layer with high Voc value, 
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since Voc is proportional to the energy difference between the HOMO energy level of the donor 

and LUMO energy level of the acceptor.49,50 
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Figure 2.13 Cyclic voltammograms of electron donors M1−M4. 

Table 2.2 Electrochemical data and energy levels of M1−M4. 

  [V] HOMO [eV]a  [V] LUMO [eV]b Eg,ec [eV]c 

M1 0.60 −5.33 −1.15 −3.58 1.75 

M2 0.62 −5.35 −1.17 −3.56 1.79 

M3 0.42 −5.15 −1.20 −3.53 1.62 

M4 0.39 −5.12 −1.24 −3.49 1.63 

a Calculated from − (  + 4.73).  

b Calculated from − (  + 4.73). 

c Electrochemical band gap was obtained from − (HOMO − LUMO). 
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2.5 Hole Mobility 

Hole mobility in photoactive layer affects the charge transport significantly in OPV.51 The 

zero-field hole mobilities (μ0) of the blend films of new A−D−A small molecule donors with 

PC71BM were measured by the space charge limit current (SCLC) method with a device 

configuration of ITO/ PEDOT:PSS/M1 or M2 or M3 or M4:PC71BM (1:2, w/w)/Au for hole-

only device. The SCLC model could be described by equation below and V = Vappl – Vbi, where J, 

d, ε, ε0, μ0, β, Vappl and Vbi denote the current density, thickness of films, dielectric constant of 

donors, permittivity of the vacuum, zero-field hole mobility, electric field-activation factor, 

applied potential and built-in potential, respectively.52,53  

 

The results are plotted as ln(Jd3/V2) vs. (V/d)0.5, as depicted in Figure 2.14. The μ0 of blend 

films was deduced from the y-intercept value (ln(9εε0μ0/8)) of the extrapolated straight line. 

Attempts to measure the μ0 of M1 with PC71BM in SCLC method failed, since the blend solution 

was unable to form a smooth and even thin film on the substrate during spin-coating, and this 

might be attributed to poor miscibility between M1 and PC71BM in chloroform and the limited 

solubility of M1. The μ0 for the blend of M2, M3 and M4 with PC71BM were estimated to be 

1.56  10−2, 7.19  10−2 and 1.90  10−2 cm2 V−1 s−1, respectively. These results reveal that these 

three small molecules with A−D−A framework are potential candidates to attain high PCE, 

because the high enough hole mobility (  10−4 cm2 V−1 s−1) of blend presents an essential 

parameter to achieve a high FF value (> 0.65) in small molecule-based OPV devices.54 As 

compared to M2, it is found that the elongation of π-conjugation by extending the length of π-

bridges with two 3-hexylthiophene units improved the μ0 of M4, which might be ascribed to the 
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enhanced intermolecular interactions and molecular packing order.41,55 In addition, the 

substitution of terminal group 3-ethylrhodanine in M4 by 1,3-indanedione in M3 increased the μ0 

largely, and this might be accounted by the stronger intermolecular π−π stacking effect at both 

ends of the small molecule M3, due to the more planar, rigid and electronic deficient 

moiety.32,33,56 
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Figure 2.14 Plots of ln(Jd3/V2) vs. (V/d)0.5 for blend films of M2−M4 with PC71BM (1:2, w/w). 

 

2.6 Photovoltaic Performance 

The photovoltaic performance of M1−M4 were studied using bulk heterojunction solar cell 

devices, and by blending with PC71BM as the electron acceptor. The devices were fabricated by 

solution spin-coating technique with the conventional structure: ITO/PEDOT:PSS/M1 or M2 or 
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M3 or M4:PC71BM/Ca/Al.57 The active layers were spin-coated using a solution of M1−M4 

with PC71BM in 1:2 (w/w) ratio in chloroform. The detailed fabrication conditions are described 

in the Experimental section. All the photovoltaic data were collected under simulated AM 1.5G, 

100 mW cm−2. The current density−voltage (J−V) curves are depicted in Figure 2.15 and the 

summary of photovoltaic data is shown in Table 2.3. Since optimal thin film thickness is 

required to balance the adsorption intensity of the active layer and charge transport and 

collection within the OPV devices, active layers with different thickness given by different spin-

speeds were fabricated to optimize the PCEs.  
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Figure 2.15 Current density−voltage (J−V) curves of OPV devices based on M1−M4 at a spin-

speed of 2000 rpm under illumination of AM 1.5G, 100 mW cm−2. 
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Table 2.3 Photovoltaic properties of the OPV devices based on donors/PC71BM (1:2, w/w) under 

illumination of AM 1.5G, 100 mW cm-2. 

 Spin-speed [rpm] Thickness [nm] Jsc [mA/cm2] Voc [V] FF PCE [%] 

M1 2000 70 4.44 0.73 0.403 1.31 

 3000 60 3.99 0.76 0.478 1.46 

 4000 50 3.69 0.79 0.494 1.43 

M2 2000 80 5.65 0.84 0.300 1.43 

 3000 70 5.56 0.85 0.323 1.53 

 4000 60 5.16 0.65 0.309 1.03 

M3 2000 80 6.60 0.73 0.543 2.63 

 3000 70 6.41 0.74 0.538 2.55 

 4000 65 5.93 0.74 0.546 2.40 

M4 2000 80 3.40 0.80 0.293 0.80 

 3000 70 4.24 0.82 0.312 1.08 

 4000 60 4.63 0.79 0.309 1.13 

 

The device based on M3, in which 1,3-indanedione acts as the terminal electron-

withdrawing group at both ends, exhibits the highest PCE of 2.63% among the four new small 

molecule-based donors, with short-circuit current (Jsc) of 6.60 mA cm−2, Voc of 0.73 V, and 

decent FF of 0.543 at the optimized thickness of 80 nm. In general, M3 presents a rather small 

Voc as compared to M1, M2 and other reported A−D−A small molecule-based electron 

donors.17,19,39−43 This could be explained by the presence of strong electron-donating core at the 

middle of molecule and the resulting elevated HOMO energy level (−5.15 eV). The best PCEs 
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attained by M1, M2 and M4 are 1.46%, 1.53% and 1.13%, respectively. Although M3 presents 

the lowest Voc value as compared to other three A−D−A type small molecules, the highest Jsc 

value and the highest FF value achieved by M3 are the more significant photovoltaic parameter 

in such case. As compared to M1, the two extra embedded 3-hexylthiophene units in the π-

bridges among M3 successfully ameliorate the Jsc with approximate 50% while the Voc only 

drops by a few centivolts. The remarkable enhancement of Jsc is most likely attributed to the 

broader and intensified light absorption profile as displayed in Figures 2.11 and 2.12 for both 

solution and solid states. In other words, the extension of π-conjugation design strategy is 

demonstrated to be effective for modifying the A−D−A small molecule-based electron donors, 

especially for reinforcing the light harvesting ability. On the other hand, the replacement of 

terminal electron-withdrawing group of 3-ethylrhodanine in M4 by 1,3-indanedione in M3 also 

commendably improves the FF and Jsc by about 50% while the Voc merely drops by less than ten 

centivolts. The notable increases in both FF and Jsc are presumably ascribed to the 3-fold 

increase in the measured hole mobility of the blend with PC71BM (M3: 7.19  10−2 cm2 V−1 s−1, 

M4: 1.90  10−2 cm2 V−1 s−1) and this is beneficial to rival with the nongeminate recombination 

process, which limits both the FF and Jsc.
58 In brief, the comparison between M3 and M4 

suggests that 1,3-indanedione is actually very competitive to 3-ethylrhodanine as a building 

block for solution-processed A−D−A small molecule-based electron donors because of the better 

charge transport property, even though 3-ethylrhodanine-based donors are promising for their 

superior photovoltaic performances in the literature. 

The external quantum efficiency (EQE) value is defined by the percentage of the 

photogenerated charge carriers collected in the external circuit over incident photons at a given 

wavelength.59 The corresponding EQE curves based on the devices of M1−M4 blended with 
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PC71BM (1:2, w/w) are depicted in Figure 2.16. All the EQE curves cover an active response 

region between 300 to 700 nm, and this is consistent with the absorption bands of the active layer 

in the solid state for each individual. The EQE peak value is 34%, which is achieved by both M3 

and M2 at 545 and 500 nm, respectively. Moreover, these two EQE peak values among M3 and 

M2 are also in accordance with the higher Jsc values obtained in the J−V measurements. In 

particular, M3 and M1, with 1,3-indanedione as the terminal acceptors, exhibit higher EQE 

values within the range of 650−700 nm as compared to M4 and M2. This supports that 1,3-

indanedione is a promising chromophore building unit to harvest light in the long wavelength 

region. 
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Figure 2.16 EQE curves based on the OPV devices of M1−M4 at a spin-speed of 2000 rpm. 
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2.7 Conclusion 

A series of new solution-processed A−D−A small molecules with thieno[3,2-b]thiophene 

as the central donor, 1,3-indanedione and 3-ethylrhodanine as the terminal acceptors, was 

synthesized and characterized. These new electron donors were blended with PC71BM for 

fabricating bulk heterojunction solar cell devices with typical device architecture. Their 

absorption, electrochemical, hole transport properties and photovoltaic performances were 

investigated in details, the best device is achieved based on the blend of M3/PC71BM (1:2, w/w) 

without addition of additives and thermal annealing, and exhibits a PCE of 2.63% and a decent 

FF of 0.54 under AM 1.5G, 100 mW cm−2. The molecular design strategies are being discussed 

in the present study, and it had been found that embedding more thiophene units into the π-

bridges and using 1,3-indanedione as terminal acceptor for A−D−A small molecules possibly 

modify the simple and well-established A−D−A scaffold towards even higher PCE. Although the 

PCEs obtained by these thieno[3,2-b]thiophene-based small molecules are not as attractive as 

that of emerging benzodithiophene-based small molecules and copolymers, the elucidation of 

structure-property relationship based on these results still reveal some improvement guidelines 

for future study. Clearly, striking an optimal balance to further harvest sunlight in the near infra-

red region without sacrificing photovoltage and maximizing the charge carrier transport of 

photoactive layer simultaneously remains a very challenging mission for small molecule-based 

OPV. 
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Chapter 3 New D−π−A Organic Dyes for Dye-Sensitized Solar Cells 

 

3.1 New D−π−A Organic Dyes Based on Thieno[3,2-b]thiophene as π-Linker for Dye-

Sensitized Solar Cells: a Study of Alkyl Chain Effects 

 

3.1.1 Introduction 

Environmental problems such as global warming and energy crisis have led to the urgency 

of utilization of renewable energy resources in the past decade.1 Solar power is a promising clean 

energy source for the community because of its tremendous amount of supply from the sun.2 

Other than inorganic solar cells, the dye-sensitized solar cell (DSSC) has been regarded as 

another potential candidate to be adopted in large scale application. In DSSCs, apart from the 

electrolytes and nanostructured titania film, the role of sensitizers is utterly significant to the 

device performance. The respectable high power conversion efficiency (PCE) up to 11% under 

standard air mass 1.5 global (AM 1.5G) has been attained by using ruthenium complexes as the 

photosensitizers.3 In addition, the performance stability is satisfactory under long term lighting 

and thermal stress.4  

However, the ruthenium sources on earth are limited, so there is a need to find another 

category of photosensitizers which have good photovoltaic performance and are suitable for 

industrialization and commercialization. In recent years, organic dyes with high molar 

absorptivity have attracted much attention since they are low-cost in production and flexible in 

molecular modifications. Stable organic photosensitizers are able to compete with polypyridyl 

ruthenium complexes in terms of the device performance, and PCE above 10% has been 

demonstrated since 2010.5−12  
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Typically, the main reasons accounting for the low efficiencies of organic dyes are 

attributed to the absence of long wavelength region absorption and dye aggregation on TiO2.
13 To 

overcome these drawbacks, organic dyes with higher molar absorptivity and broad absorption 

coverage have to be designed and synthesized. Most of the efficient organic photosensitizers 

possess a donor−π-conjugated linker−acceptor (D−π−A) framework.14 In order to attain effective 

panchromatic light-harvesting, tailoring the torsion angle and the length of π-conjugated linker is 

a possible direction.15 Moreover, the aggregation of organic dyes could be minimized by 

attaching sterically hindered groups, such as bulky groups and alkyl chains, on the periphery of 

the donor and π-conjugated linker to weaken the intermolecular π-π interaction.16 Also, long 

alkyl chains surrounded on the backbone of photosensitizers enable their electron lifetime (τ) 

prolongation by attenuating the approach of triiodide ions to the titania film for the traditional 

liquid electrolyte DSSCs.17  

Here, six new organic dyes based on thieno[3,2-b]thiophene as π-linker are reported 

(Figure 3.1). All these six compounds consist of cyanoacrylic acid, which acts as the anchoring 

group on TiO2 and electron acceptor. For the π-linker, thieno[3,2-b]thiophene and thieno[3,2-

b]thiophene-3-hexylthiophene units are selected regarding to their strong intramolecular charge 

transfer (ICT) property and thereby intense absorption in the visible light region as reported in 

the literature.18−20 9-Substituted carbazoles with three different types of alkyl chains (octyl, 

ethylhexyl and hexyl) are chosen to act as donor moiety due to their suitable HOMO energy 

levels and their synthetic simplicity of attaching different sterically hindered groups on the 

organic dyes.17 The synthetic procedures are convenient, and all the products could be purified 

by column chromatography. The photophysical and electrochemical properties of these organic 

photosensitizers were studied, and the corresponding performances of DSSCs with traditional 
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device structure have been investigated.  

 

 

Figure 3.1 The chemical structures of D1−D6.  

 

3.1.2. Synthesis and Characterization  

The structures of new organic photosensitizers are shown in Figure 3.1. The corresponding 
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synthetic routes are depicted in Scheme 3.1. The key intermediate 2,5-dibromothieno[3,2-

b]thiophene 2 was prepared according to the published procedures.21 Compound 2 was then 

reacted with n-butyllithium and dimethylformamide according to the general Bouveault aldehyde 

synthesis to get compound 10 with around 50% yield. Palladium-catalyzed Suzuki coupling 

reaction was then performed to react aryl bromide 10 with different alkylated carbazole-based 

arylboronic acids to prepare organic dye precursors 11a−11c. On the other hand, compound 12 

was synthesized by Suzuki coupling reaction using compound 2. Subsequently, the purified 

product was directly reacted with Vilsmeier-Haack reagent to give compound 13. The organic 

dye precursors 14a−14c were obtained by Suzuki coupling reactions with compound 13 utilizing 

the corresponding arylboronic acids. Finally, all the organic dyes D1−D6 were prepared by 

Knoevenagel condensation using cyanoacetic acid from the respective aldehyde precursors. All 

target organic photosensitizers are soluble in common organic solvents, such as chloroform and 

tetrahydrofuran (THF), and have been characterized by 1H NMR and matrix-assisted laser 

desorption ionization time-of-flight (MALDI-TOF) mass spectrometry. All of their 

corresponding precursors have also been characterized by 1H NMR and 13C NMR. For 1H NMR, 

the downfield singlet peak located at around δ 8.5 ppm is the characteristic peak of the proton on 

the carbon-carbon double bond of cyanoacrylic acid. The singlet peak located at around δ 10.0 

ppm refers to the aldehyde proton on the corresponding precursors. The 1H NMR spectra of 

D1−D6 are depicted in Figures 3.2 to 3.7. 
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Scheme 3.1 Synthetic routes of D1−D6. 
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Figure 3.2 1H NMR spectrum of D1 in dimethyl sulfoxide-d6. 

 

Figure 3.3 1H NMR spectrum of D2 in dimethyl sulfoxide-d6. 
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Figure 3.4 1H NMR spectrum of D3 in dimethyl sulfoxide-d6. 

 

Figure 3.5 1H NMR spectrum of D4 in dimethyl sulfoxide-d6. 
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Figure 3.6 1H NMR spectrum of D5 in dimethyl sulfoxide-d6. 

 

Figure 3.7 1H NMR spectrum of D6 in dimethyl sulfoxide-d6. 
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3.1.3 Photophysical Properties  

The UV/Vis absorption spectra of all the organics dyes in CH2Cl2 solution are shown in 

Figure 3.8, and the corresponding data are summarized in Table 3.1. All of the dyes exhibit two 

major distinct broad absorption bands in the range of 300−600 nm. The molar absorptivities of 

these organic dyes are relatively high due to the highly rigid and planar thieno[3,2-b]thiophene 

π-linker, as compared to those of standard ruthenium dyes.22 The absorption bands at short 

wavelengths (centered at 301−352 nm) are ascribed to the π→π* transitions of the chromophores. 

The low-energy broad absorption bands (centered at 459−502 nm) are attributed to the 

intramolecular charge transfer (ICT) from the donor to acceptor, hence providing efficient 

charge-separation at the excited state. Dyes D4−D6 show a significant red shift in the ICT 

transition as compared to D1−D3, which implies that introduction of extra thiophene ring can 

increase their light-harvesting abilities, and this is explained by the longer π-conjugation length 

in the molecular structures of D4−D6. In addition, the molar extinction coefficients of these dyes 

are in the order of D1 < D2 < D3 and D4 < D5 < D6. The highest molar absorptivity was 

achieved in D6 with a value of 5.81 × 104 M1 cm1. No significant influence is observed on the 

absorption wavelength regarding to the nature of alkyl chains. Although the absorption maxima 

of the ICT bands of D1−D3 vary, the onsets of their absorption curves are almost the same.  
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Figure 3.8 UV/Vis absorption spectra of D1−D6 in CH2Cl2 at 293 K. 

Table 3.1 UV/Vis absorption data of D1−D6 in CH2Cl2 at 293 K. 

Dye λmax/nm (ε/104 M−1 cm−1) Eg,opt
a/eV 

D1 302 (1.81) 352 (1.00) 472 (4.58) 2.32 

D2 301 (2.46) 349 (1.07) 459 (5.27) 2.35 

D3 302 (2.36) 351 (1.35) 470 (5.37) 2.31 

D4 309 (2.70) 500 (4.25) 2.12 

D5 309 (2.36) 499 (4.32) 2.13 

D6 309 (3.00) 502 (5.81) 2.12 

a Optical band gap was determined from the onset of absorption in CH2Cl2. 
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3.1.4 Electrochemical Properties  

Besides light harnessing ability, suitable energy-offsets of the dye molecules between the 

nanostructured TiO2 and redox electrolytes are necessary for the fabrication of high performance 

DSSC. If the lowest unoccupied molecular orbital (LUMO) of the photosensitizers is at a more 

positive potential than that of the conduction band edge of TiO2 and the corresponding highest 

occupied molecular orbital (HOMO) is at a more negative potential than the redox potential of 

redox couples (I−/I3
−), charge separation and injection would be efficient at the interface.23 

Therefore, cyclic voltammetry (CV) was performed with the sensitizer films on a glassy carbon 

electrode, platinum as the counter electrode and Ag/Ag+ as the reference electrode in acetonitrile 

containing 0.1 M tetrabutylammonium hexafluorophosphate at a scan rate of 100 mV s−1. Under 

these conditions, the E1/2 of ferrocene was 0.07 V versus Ag/Ag+. The corresponding behaviors 

of different photosensitizers are recorded in Figure 3.9 and Table 3.2. 
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Figure 3.9 Cyclic voltammograms of organic photosensitizers D1−D6. 

 

Table 3.2 Electrochemical data and energy levels of D1−D6. 

Dye /V HOMOa/eV /V LUMOb/eV Eg,ec
c/eV 

D1 0.64 −5.37 −1.18 −3.55 1.82 

D2 0.60 −5.33 −1.19 −3.54 1.79 

D3 0.59 −5.32 −1.18 −3.55 1.77 

D4 0.49 −5.22 −1.21 −3.52 1.70 

D5 0.47 −5.20 −1.20 −3.53 1.67 

D6 0.50 −5.23 −1.19 −3.54 1.69 

a Calculated from − (  + 4.73).  
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b Calculated from − (  + 4.73). 

c Electrochemical band gap was obtained from − (HOMO − LUMO). 

 

From the results, the energy level of conduction band edge of TiO2 (−4.4 eV) is more 

negative than that of LUMO of all our organic dyes (ranging from −3.55 to −3.52 eV), thereby 

facilitating an efficient electron injection process.24 On the other hand, the HOMO energy levels 

of our dyes (ranging from −5.37 to −5.20 eV) are more negative than that of I−/I3
− electrolyte 

(−4.95 eV), thereby ensuring an efficient dye regeneration step.25,26 The one-electron oxidation 

wave observed was ascribed to the removal of an electron from the carbazole donor,27 and the 

reduction wave observed was attributed to the electron gain to the cyanoacrylic acid group. The 

addition of electron-rich 3-hexylthiophene in D4−D6 dramatically decreases the oxidation 

potential as compared to D1−D3 due to the elongation of π-conjugated length in the former and 

hence rises up the HOMO levels and causes the reduction of electrochemical bandgap (Eg,ec). 

  

3.1.5 Computational Studies 

To explain the structural properties of the dyes and understand the possibility of charge 

transfer from donor to acceptor on the electronic excitation, the optimized structures of six dyes 

were calculated geometrically using the density functional theory (DFT) with Gaussian 09 

program. The optimized structures and electron densities of HOMOs and LUMOs of the dyes are 

shown in Figures 3.10−3.15. From the Figures, the electron density of the HOMO is mainly 

distributed along the carbazole donor to adjacent thieno[3,2-b]thiophene for D1−D3 and then to 

its adjoining hexylthiophene unit for D4−D6, while the electron density of the LUMO is mainly 

localized on the acceptor cyanoacrylic acid group and adjacent functionalized thiophenes. This 
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phenomenon suggested a well-inductive electron tendency from carbazole donor to the 

cyanoacrylic acceptor. It is clearly evident that the HOMO-LUMO excitation induced by light 

irradiation in our dyes could move the electron distribution from the carbazole moiety to the 

cyanoacrylic moiety effectively, and the photoinduced electrons can be efficiently transferred 

from the dye to the TiO2 surface by the electric charge separation. In the dye system, the planar 

structure can enhance the aromatic character of the heterocyclic atom, increasing the degree of 

electronic resonance between donor and acceptor moieties in the dye molecules and facilitating 

the electron transfer from donor to cyanoacrylic acceptor. However, it increases the stacking of 

the dye molecules, resulting in more dye aggregation and electron recombination. From the 

Figures, it is clearly shown that all the alkylated chains are flexible and directed to different 

directions. This could effectively prevent such intermolecular stacking, therefore the geometric 

structure with longer and more alkyl chains will effectively retard the charge recombination and 

enhance the Voc. In addition, the calculated HOMO and LUMO from TD-DFT further confirm 

that different alkyl fragments do not have significant influence on the HOMO and LUMO energy 

levels. The addition of extra thiophenes in D4−D6 can elevate the HOMO energy level, resulting 

in the enhancement of the absorption ability of the corresponding compounds by reducing the 

energy gap for the HOMO/LUMO transition. 

 

Table 3.3 Absorption transitions of all the dyes calculated by the TD-DFT method. 

Dye state transition contribution (%) E (nm) 
 oscillator 

strength 

D1 S1 HOMO→LUMO 99% 497.09  1.1763 

D2 S1 HOMO→LUMO 99% 496.76  1.1952 
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D3 S1 HOMO→LUMO 99% 496.00  1.1586 

D4 S1 HOMO→LUMO 99% 554.79  1.3887 

D5 S1 HOMO→LUMO 99% 554.99  1.4042 

D6 S1 HOMO→LUMO 99% 553.42  1.3831 

 

  

HOMO (5.66 eV) LUMO (2.75 eV) 

Figure 3.10 Contour plots of selected frontier orbitals of D1. 

 

  

HOMO (5.66 eV) LUMO (2.75 eV) 

Figure 3.11 Contour plots of selected frontier orbitals of D2. 
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HOMO (5.67 eV) LUMO (2.75 eV) 

Figure 3.12 Contour plots of selected frontier orbitals of D3. 

 

 

  

HOMO (5.45 eV) LUMO (2.82 eV) 

Figure 3.13 Contour plots of selected frontier orbitals of D4. 
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HOMO (5.45 eV) LUMO (2.82 eV) 

Figure 3.14 Contour plots of selected frontier orbitals of D5. 

 

 

  

HOMO (5.46 eV) LUMO (2.82 eV) 

Figure 3.15 Contour plots of selected frontier orbitals of D6. 

 

3.1.6 Photovoltaic Performance  

DSSCs with an effective area of 0.20 cm2 were fabricated by adsorbing our new organic 

photosensitizers onto nanocrystalline anatase TiO2 as the photoanode and the liquid electrolyte 

consisting of 0.6 M 1,2-dimethyl-3-propylimidazolium iodide (DMPII), 0.1 M LiI, 0.05 M I2 in a 

mixture of acetonitrile and 4-tert-butylpyridine (volume ratio, 1:1). All the DSSCs were tested 

under standard conditions of AM 1.5G, 100 mW cm−2. The basic device performance parameters, 
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such as short-circuit current (Jsc), open-circuit voltage (Voc), fill factor (FF) and PCEs are 

collected in Table 3.4. Figures 3.16 and 3.17 demonstrate the photocurrent−voltage curves (J–V 

curves) and incident-photon-to-current conversion efficiency (IPCE) spectra, respectively.  

 

Table 3.4 Photovoltaic performance of DSSCs with different photosensitizers (D1−D6 and N719) 

under AM 1.5G sunlight illumination. 

Dye Jsc (mA/cm2) Voc (V) FF PCE (%) Rrec (Ω/cm) 

D1 8.61 0.672 0.683 3.95 − 

D2 8.00 0.657 0.664 3.49 − 

D3 7.69 0.652 0.579 2.91 − 

D4 12.32 0.680 0.626 5.25 141.59 

D5 11.51 0.692 0.629 5.01 152.55 

D6 10.64 0.672 0.641 4.58 140.29 

N719 15.83 0.701 0.713 7.91 − 
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Figure 3.16 Photocurrent−voltage (J−V) plots obtained with D1−D6 and N719.   
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Figure 3.17 Incident photon-to-current efficiency (IPCE) curves obtained with D1−D6.   

 

The highest PCE of 5.25% (Jsc = 12.32 mA cm−2, Voc = 0.680 V, FF = 0.626) was achieved 

with D4, attaining 66% of the standard ruthenium dye N719-based cell (PCE = 7.91%) fabricated 

and measured under the same condition. DSSCs based on D1−D3, D5 and D6 are 3.95, 3.49, 

2.91, 5.01 and 4.58%, respectively. The Jsc, Voc, and FF values are in the range of 7.69−12.32 mA 

cm−2, 0.652−0.692 V and 0.579−0.683 respectively. The IPCE values exceed 50% from 350−500 

nm and 400−550 nm for dyes D1−D6, respectively. Dyes D1−D3, with shorter π-conjugation 

length have lower PCEs than that of D4−D6 due to the narrower IPCE spectral response 

coverage and this is also reflected from the lower Jsc values. The almost double Jsc values of dyes 

D4−D6 as compared to those of D1−D3 can be ascribed to the following reasons. Firstly, the red-
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shifted ICT absorption bands of D4−D6 lead to broader harnessing of light of the solar spectrum. 

In addition, the extra hexyl chains present on the π-linker thiophenes of D4−D6 might weaken 

the intermolecular π-stacked aggregation, and help facilitating the electron injection process and 

hence increase the Jsc values. Moreover, the hexyl chains present on the thiophenes of D4−D6 

play dual functional roles: their hydrophobic property and steric hindrance may block the 

approach of the hydrophilic electrolytes (iodide/triiodide ions) to the hydrophilic surface of TiO2, 

thereby inducing the charge recombination suppression and result in larger Voc values of D4−D6 

as compared to D1−D3.28,29 This alkyl chain effect is also profound for the carbazole ring, in 

which the Voc enhances from 0.652 to 0.672 V and from 0.657 to 0.692 V, as the alkyl chain 

length on carbazole increases from hexyl chains (D3, D6) to 2-ethylhexyl chains (D2, D5) or 

octyl chains (D1, D4), respectively. This indicates that the nature of alkyl chain is also a critical 

factor to achieve a high performance DSSC.  

In order to elucidate the interfacial charge recombination process in DSSCs, 

electrochemical impedance spectroscopy (EIS) has been applied under dark condition for the 

selected dyes D4−D6 with higher efficiencies and the results are recorded in Figure 3.18. In the 

EIS Nyquist plot, three semicircles for D4−D6 were observed, this plot is relevant to the 

resistance of electron recombination (Rrec) at the interface between electrolyte, sensitizers and 

titanium dioxide.30 If the value of Rrec is larger, larger size of semicircle was measured in the 

Nyquist plot and equivalently the recombination kinetics is slower. The calculated Rrec values are 

summarized in Table 3.4. The Rrec value increases in the order of D6 (140.29) < D4 (141.59) < 

D5 (152.55), suggesting that D5 is most effective to suppress charge recombination while D6 

suffers from more facile charge recombination. This conforms to their measured increasing order 

of Voc and thus supporting 2-ethylhexyl alkyl chain is more efficient to weaken the interaction 
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between electrolyte and TiO2 in such framework as compared to hexyl and octyl alkyl chains. 
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Figure 3.18 EIS Nyquist plots for DSSCs based on D4−D6 under darkness. 

 

3.1.7 Conclusion  

A series of new D−π−A organic photosensitizers based on thieno[3,2-b]thiophene as π-

linker has been designed and synthesized. All the photosensitizers were fully characterized by 

spectroscopic studies. The PCEs of DSSCs with these photosensitizers range from 2.91 to 5.25% 

under standard condition (AM 1.5G, 100 mV cm−2). The best performance of the device was 

achieved by the dye D4 with thieno[3,2-b]thiophene-3-hexylthiophene unit linked between 

alkylated carbazole and cyanoacrylic acid, and the PCE attained 66% of that of an N719-based 

DSSC (7.91%) measured under the same conditions. It was found that elongation of the π-linker 

and alkyl chains on suitable sites of D−π−A framework are crucial to enhance the light 
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harnessing property and to increase the kinetic competition between electron injection and 

charge recombination, and thereby accounting for improvement of the device performance. 

Although the device performance obtained is not as good as the standard ruthenium complex 

photosensitizers, the elucidation of structure-property relationship is still important and helpful 

for improving and finding a better organic photosensitizer in the future. 

 

3.2 Molecular Engineering of Starburst Triarylamine Donor with Selenophene Containing 

π-Linker for Dye-Sensitized Solar Cells with High Open-circuit Voltage 

 

3.2.1 Introduction 

In the last decade, much attention has been paid on dye-sensitized solar cells (DSSCs) due 

to the great potential to compete with conventional inorganic photovoltaic modules because of 

their high performance of energy conversion, simple device manufacture and low production 

cost.31−34 Among all of the DSSC photosensitizers being developed to date, the ruthenium 

complexes and zinc porphyrins are the most outstanding candidates for commercialization due to 

their high power conversion efficiency (PCE) of over 11% and long term stability.35,36 Other than 

metal-containing dyes, a  number of organic photosensitizers have also been reported recently, 

such as coumarin dyes,37 indoline dyes38,39 and triarylamine dyes.40−42 Compared with the metal-

containing complexes, organic dyes have the advantages of higher structural design flexibility, 

lower production cost, easier preparation and purification.43−49 

It is well known that the photosensitizer plays a pivotal role to the performance of DSSCs. 

In order to boost up the performance of organic dyes, the chemical structures have to be modified 

to combat against the narrow absorption band and dye aggregation on TiO2.
39,50 To achieve this 
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goal effectively, the structure-property relationship has to be elucidated so that structural 

modification in a correct direction can be accomplished. In general, most organic dyes are 

featured in rod-shaped donor−π−acceptor (D−π−A) framework, but this configuration favours 

the formation of aggregate on the surface of nanostructured TiO2 and intermolecular quenching 

of molecules would be induced.51 It is reported that simple phenothiazine-based dyes with a non-

planar butterfly conformation are able to inhibit the dye aggregation and the formation of 

intermolecular excimers, and hence phenothiazine-based dyes lead to some high performance 

DSSC devices (PCE > 6%).51−54 Also, the electron-donating property attributed by the electron-

rich sulphur and nitrogen atoms in the phenothiazine ring facilitates the electron delocalization 

from donor to acceptor.55 However, these simple phenothiazine-based dyes have relatively short 

π-conjugation length and this limits the absorption coverage of photovoltaic cells in the long 

wavelength region. 

On the other hand, novel dianchoring A−π−D−π−A frameworks56,57 had been fully utilized 

in DSSCs. Those results revealed that dianchoring dyes were able to increase the electron 

injection efficiency and inhibit charge recombination simultaneously, so the overall 

performances were improved as compared with the single anchoring congeners.58,59 Regarding 

this point, a simple molecular design with D−π−A framework, which can inhibit charge 

recombination and broaden light absorption coverage effectively at the same time, is still 

required for further development. 

To fill the gap, bulky starburst electron donor is one of the potential solutions to resolve 

such difficulty in molecular design. As several groups reported that starburst donor-based organic 

dyes could increase the open-circuit voltage (Voc) by inhibiting the charge recombination on the 

dye layer interface and increase the short-circuit current (Jsc) by expanding and strengthening the 
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light absorption within the solar spectrum.60−65 In view of this, seven organic dyes with different 

donor and π-linker combinations, especially with the new starburst triarylamine donor were 

synthesized in this study (Figures 3.19 and 3.20). For the electron donor units, disubstituted 

triphenylamine donor with two 9-hexylcarbazole units at the 3-position is used to compare with 

some other reported donor building blocks. For the π-linker, selenophene is selected to further 

extend the π-conjugation due to its highly electron-donating effect and its uniqueness in DSSC 

studies.66 Dyes with thiophene or phenyl ring as π-linker were also synthesized for comparison.67 

Cyanoacrylic acid acts as the electron acceptor to constitute the intramolecular charge transfer 

(ICT) absorption band and to facilitate the electron injection into conduction band of titanium 

dioxide. This electron deficient moiety also corresponds to the anchoring unit on the surface of 

TiO2. The synthetic procedures are straightforward, and all the products could be purified easily 

by column chromatography. The photophysical and electrochemical properties of these organic 

photosensitizers have been studied and the corresponding performance of DSSCs with traditional 

liquid electrolyte-based device structure were also investigated. 
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Figure 3.19 The chemical structures of D7−D10. 

 

 

Figure 3.20 The chemical structures of D11−D13. 

 

 



 

106 
 

3.2.2 Synthesis and Characterization 

The structures of new organic photosensitizers are shown in Figures 3.19 and 3.20. Their 

corresponding synthetic routes are depicted in Schemes 3.23.4. The key intermediate 2,5-

dibromoselenophene (16) was prepared by the bromination of selenophene (15) with N-

bromosuccinimide according to the literature method.68 Subsequently, compound 16 was reacted 

with 3-hexylthiophene-2-boronic acid under palladium-catalyzed Suzuki coupling reaction 

condition to yield compound 17. Then, aldehyde precursor 18 was obtained by Vilsmeier-Haack 

reaction. Bromination of 18 with N-bromosuccinimide under acidic condition yielded 

brominated 19. The organic dye precursors 20a−20d were prepared by Suzuki coupling reaction 

with 19 using the corresponding arylboronic acids. Finally, Knoevenagel condensation using 

cyanoacetic acid was performed to prepare organic photosensitizers D7−D10 with high yields of 

around 90%. For D11−D13, the key intermediates 24b−26b were obtained by either bromination 

using N-bromosuccinimide or iodination using potassium iodide and potassium iodate of 

24a−26a under acidic condition. Eventually, organic photosensitizers D11−D13 were prepared 

by Suzuki coupling reaction with (9-hexylcarbazolyl)boronic acid and subsequent Knoevenagel 

condensation in high yields. All the organic precursors had been characterized by 1H NMR and 

13C NMR spectroscopy.  The singlet peak positioned at around δ 10.0 ppm refers to the proton of 

aldehyde on the corresponding organic dye aldehyde precursors. All the target organic dyes are 

soluble in common organic solvents, such as dichloromethane, chloroform, tetrahydrofuran and 

dimethyl sulfoxide, and had been characterized by matrix-assisted laser desorption ionization 

time-of-flight (MALDI-TOF) mass spectrometry and 1H NMR spectroscopy. In their 1H NMR 

spectra, the downfield singlet peaks positioned at around δ 8.5 ppm are the specific peak of the 

proton on the carbon-carbon double bond of cyanoacrylic acid. The complete conversions of 
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aldehyde precursors to target organic dyes could be examined by the disappearance of singlet 

peak positioned at around δ 10.0 ppm and the presence of new singlet peak positioned at δ 8.5 

ppm. The 1H NMR spectra of D7−D13 are depicted in Figure 3.21 to Figure 3.27. 

 

 

Scheme 3.2 Synthetic routes of D7−D10. 
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Scheme 3.3 Synthetic routes of 24b−26b. 
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Scheme 3.4 Synthetic routes of D11−D13. 
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Figure 3.21 1H NMR spectrum of D7 in dimethyl sulfoxide-d6. 

 

Figure 3.22 1H NMR spectrum of D8 in dimethyl sulfoxide-d6. 
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Figure 3.23 1H NMR spectrum of D9 in CDCl3. 

 

Figure 3.24 1H NMR spectrum of D10 in CDCl3. 
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Figure 3.25 1H NMR spectrum of D11 in dimethyl sulfoxide-d6. 

 

Figure 3.26 1H NMR spectrum of D12 in dimethyl sulfoxide-d6. 
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Figure 3.27 1H NMR spectrum of D13 in dimethyl sulfoxide-d6. 

 

3.2.3 Photophysical Properties 

The UV/Vis absorption spectra of all the organic photosensitizers in CH2Cl2 solution are 

depicted in Figure 3.28, and the corresponding data are summarized in Table 3.5. All these 

organic dyes possess two main structureless broad absorption bands in the range of 300−600 nm. 

The molar extinction coefficients (10000−70000 mol−1 cm−1) of these photosensitizers are 

comparable to other D−π−A starburst donor-based dyes reported in the literature,60−65,69,70 and 

dyes D7−D12 possess much higher molar extinction coefficients than that of standard ruthenium 

dyes.71 The absorption bands at short wavelength (centered at 340−362 nm) are assigned to the 

localized aromatic π−π* transitions and the low-energy broad absorption bands (centered at 
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458−511 nm) refer to the intramolecular charge transfer (ICT) from electron donor to electron 

acceptor. It is evident that the replacement of terminal donor (D7−D10) or π-linker (D10−D13) 

in such framework modulates the absorption profiles of organic dyes, including the localized 

π−π* transitions band and especially the ICT bands. The maximum absorption wavelength of 

ICT bands are red-shifted in the order of D13 (458 nm) < D12 (478 nm) < D11 (480 nm) < D10 

(511 nm). This is most probably correlated to the diminishing electron-donating strength of π-

linkers in the order of 2,5-bis(4-hexylthiophen-2-yl)selenophene > 3,4'-dihexyl-2,2'-bithiophene 

> 3-hexylthiophene > phenyl ring. Importantly, the adoption of starburst donor units in D8−D10 

(with smaller optical band gap values) enables us to broaden the absorption coverage and to 

enhance the absorption intensity as compared to the non-starburst donor organic dye D7 bearing 

alkylated carbazole.  
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Figure 3.28 UV/Vis absorption spectra of D7−D13 in CH2Cl2 at 293 K. 
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Table 3.5 UV/Vis absorption data of D7−D13 in CH2Cl2 at 293 K. 

Dye λmax (ε/104 M−1 cm−1)/nm Eg,opt
a/eV 

D7 352 (1.23) 507 (3.64) 2.10 

D8 344 (5.62) 510 (5.12) 2.07 

D9 362 (2.45) 503 (6.79) 2.09 

D10 345 (6.24) 511 (4.05) 2.04 

D11 346 (5.38) 480 (2.30) 2.15 

D12 341 (5.11) 478 (1.84) 2.16 

D13 340 (3.55) 458 (1.11) 2.26 

a Optical band gap was determined from the onset of absorption in CH2Cl2. 

 

3.2.4 Electrochemical Properties 

In order to work out high performance photosensitizers for DSSCs, the optimal energy 

levels of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) have to be accomplished. To evaluate this, cyclic voltammetry (CV) can be 

utilized to calculate the values and hence to examine the energy-offsets of the dye molecules 

between the semiconducting TiO2 film and the redox electrolytes. If the conduction band edge of 

TiO2 is significantly more negative than the energy level of LUMO of the photosensitizers, this 

would favor the electron injection process because of the larger driving force for charge 

separation. If the redox potential of redox shuttles (iodide/triiodide ions) in the electrolyte is 

considerably more positive than the energy level of HOMO of the dyes, efficient dye 

regeneration would occur. Both of these processes are necessary to afford charge separation at 
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the interface for energy conversion. CV was performed with the corresponding photosensitizer 

films on the glassy carbon electrode, platinum wire as the counter electrode and Ag/Ag+ as the 

reference electrode in acetonitrile containing 0.1 M tetrabutylammonium hexafluorophosphate at 

a scan rate of 100 mV s−1. The results of these organic dyes are shown in Table 3.6. 

 

Table 3.6 Electrochemical data and energy levels of D7−D13. 

Dye  (V) HOMOa (eV)  (V) LUMOb (eV) Eg,ec
c (eV) 

D7 0.55 −5.28 −1.26 −3.47 1.81 

D8 0.52 −5.25 −1.25 −3.48 1.77 

D9 0.52 −5.25 −1.27 −3.46 1.79 

D10 0.44 −5.17 −1.27 −3.46 1.71 

D11 0.43 −5.16 −1.33 −3.40 1.76 

D12 

D13 

0.51 −5.24 −1.28 −3.45 1.79 

0.47 −5.20 −1.34 −3.39 1.81 

a Calculated from − (  + 4.73).  

b Calculated from − (  + 4.73).  

c Electrochemical band gap was obtained from the energy difference between HOMO and 

LUMO. 

 

The first observed oxidation wave is ascribed to the removal of an electron from the 

electron rich units in the molecule, and the reduction wave observed was an indication for the 

electron gain to the electron deficient moiety. The LUMO energy levels of all the organic dyes  

(ranging from −3.39 to −3.48 eV) are more positive than that of the energy level of conduction 
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band edge of titanium dioxide (−4.4 eV), thus ensuring a prompt electron injection process.72 On 

the other hand, the redox potential of iodide/triiodide ions (−4.95 eV) is more positive than the 

HOMO energy levels of all the organic dyes (ranging from −5.28 to −5.16 eV), thereby 

facilitating efficient reduction of oxidized dye.73 It was found that the electrochemical band gaps 

of D7−D13 obtained in film state conform to the trends of optical band gap (D7 > D9 > D8 > 

D10 and D13 > D12 > D11 > D10) obtained in their absorption spectra. This further confirms 

that the replacement of terminal donor and π-linker in the D−π−A framework controls the 

magnitude of HOMO–LUMO gap. 

 

3.2.5 Computational Studies 

The ground state geometries of all the dyes were optimized using the DFT method (Figures 

3.29−3.35). From the results, we observed that the triarylamine moiety in starburst shape dyes 

D8, D10D13 takes a propeller geometry and the cyanoacrylic acid is coplanar with the thienyl 

moiety or phenyl unit. On the other hand, the electrons in the HOMO of the compounds are 

distributed over the electron-donating moiety, i.e. the triarylamine and/or carbazole fragment. 

Conversely, the LUMO of the compounds showed that electrons are distributed over the 

cyanoacrylic acid moiety of the dyes. Thus, we anticipated that efficient photoinduced charge 

separation and the relatively stronger anchoring power would enhance the degree of electron 

injection to the TiO2 electrode. Furthermore, we found that the π-conjugated linker, such as 2,5-

bis(4-hexylthiophen-2-yl)selenophene, 3,4'-dihexyl-2,2'-bithiophene, 3-hexylthiophene and 

phenyl ring as well as cyanoacrylic acid moieties are involved in the frontier molecular orbitals. 

It was also shown that the energy levels of the LUMOs of the compounds are dependent on the 

nature of π-conjugated linker in the compounds, whereas the energy levels of the HOMOs are 
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not affected significantly by the identities of π-conjugated linker which are consistent with the 

CV results. For example, the energy levels of the LUMO of D10 and D11 are 2.83 eV and 

2.73 eV, respectively (Figure 3.32 and 3.33). The decrease of the energy level of LUMO for 

D10 can be attributed to the more extended delocalization of electrons for the selenophene 

moiety in the LUMO of D10 as compared to D11. 

Table 3.7 Absorption transitions calculated by the TD-DFT method. 

Dye state transition contributuion (%) E (nm) 
oscillator 

strength 

D7 S1 HOMO→LUMO 93% 574.86 1.3404 

D8 S1 HOMO→LUMO 97% 640.62 0.8164 

D9 S1 HOMO→LUMO 96% 583.30 1.1880 

D10 S1 HOMO→LUMO 96% 641.08 0.7104 

D11 S1 HOMO→LUMO 98% 611.64 0.6092 

D12 S1 HOMO→LUMO 98% 574.41 0.5524 

D13 S1 HOMO→LUMO 98% 560.03 0.6013 
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HOMO (5.41 eV) LUMO (2.84 eV) 

Figure 3.29 Contour plots of selected frontier orbitals of D7. 

 

  

HOMO (5.11 eV) LUMO (2.86 eV) 

Figure 3.30 Contour plots of selected frontier orbitals of D8. 
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HOMO (5.35 eV) LUMO (2.84 eV) 

Figure 3.31 Contour plots of selected frontier orbitals of D9. 

 

  

HOMO (5.07 eV) LUMO (2.83 eV) 

Figure 3.32 Contour plots of selected frontier orbitals of D10. 
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HOMO (5.10 eV) LUMO (2.73 eV) 

Figure 3.33 Contour plots of selected frontier orbitals of D11. 

 

  

HOMO (5.18 eV) LUMO (2.61 eV) 

Figure 3.34 Contour plots of selected frontier orbitals of D12. 
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HOMO (5.14 eV) LUMO (2.55 eV) 

Figure 3.35 Contour plots of selected frontier orbitals of D13. 

 

3.2.6 Photovoltaic Performance  

All the DSSCs with an effective area of 0.126 cm2 were prepared according to the 

conventional procedures described in Experimental section and tested under standard conditions 

(AM 1.5G, 100 mW cm−2). The DSSCs were fabricated by anchoring our new organic dyes and 

reference dye N719 accordingly onto nanocrystalline anatase TiO2 as the photoanode and the 

liquid electrolyte consisting of 0.1 M LiI, 0.6 M 1,2-dimethyl-3-propylimidazolium iodide 

(DMPII), 0.05 M I2 in a mixture of acetonitrile and 4-tert-butylpyridine (volume ratio, 1:1). 

Their basic device performance parameters, such as PCE, Voc, short-circuit current (Jsc) and fill 

factor (FF) are depicted in Table 3.8. Figures 3.36 and 3.37 exhibit the photocurrent−voltage 

curves (J–V curves) and incident-photon-to-current conversion efficiency (IPCE) spectra, 

respectively. 
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Table 3.8 Photovoltaic performance of DSSCs with different photosensitizers (D7−D13 and 

N719) under AM 1.5G sunlight illumination. 

Dye Jsc (mA/cm2) Voc (V) FF PCE (%) 

D7 13.77 0.660 0.706 6.41 

D8 12.89 0.701 0.705 6.37 

D9 13.13 0.692 0.724 6.57 

D10 13.21 0.706 0.703 6.53 

D11 11.22 0.825 0.721 6.67 

D12 10.66 0.824 0.751 6.60 

D13 5.60 0.770 0.704 3.04 

N719 15.83 0.701 0.713 7.91 
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Figure 3.36 Photocurrent–voltage (J–V) plots obtained with D7−D13 and N719. 
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Figure 3.37 Incident photon-to-current efficiency (IPCE) curves obtained with D7−D13. 

     

The highest PCE of 6.67% (Jsc = 11.22 mA cm−2, Voc = 0.825 V, FF = 0.721) was obtained 

with dye D11, attaining 84% of the reference ruthenium dye N719-based cell (PCE = 7.91%) 

measured under the same condition. The PCEs of DSSCs based on other organic dyes are in the 

range of 3.04–6.60%. The Jsc, Voc and FF values are in the range of 5.60–13.77 mA cm–2, 0.660–

0.825 V and 0.703–0.751, respectively. Impressively, the Voc of D11 exceeds the value of N719 

(Voc = 0.701 V) by 0.124 V and this Voc value is remarkably high among the iodide/triiodide 

redox couples based DSSCs.67 Notably, the Voc values of all starburst donor based dyes are 

higher than that of the non-starburst donor based dye D7. This implies that such starburst donor 

molecular design might effectively improve the photovoltaic performance of D−π−A dyes by 
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elevating the Voc. Moreover, D7–D10 with selenophene as the elongated π-linker unit present 

higher Jsc values than that of D11−D13, and this implies that uncommon selenophene may be a 

useful π-linker building block to augment the Jsc. Meanwhile, the action response range of IPCE 

spectra among the seven new organic photosensitizers is around 310–700 nm and the IPCE 

curves well conform to the absorption profiles pattern of organic dyes in terms of absorption 

wavelength. The IPCE values exceed 50% from 400–550 nm for all the organic dyes, except D13. 

In addition, the maximum IPCE value attained by D12 is larger than 65% at 475 nm, but the 

corresponding IPCE curve rolls-off sharply from 600–650 nm. And this explains the low Jsc 

value attained as compared with D7–D11, which have more intense action responses from 600–

700 nm in the long wavelength region. In other words, this accounts for the higher Jsc values 

attained by D7–D10.   

This result indicates that the broader light harvesting region by elongating π-conjugation 

length and placing π-linkers with increasing electron donating power (phenyl ring < 3-

hexylthiophene < 3,4'-dihexyl-2,2'-bithiophene < 2,5-bis(4-hexylthiophen-2-yl)selenophene) is 

an effective way in increasing the Jsc from dye D13 < D12 < D11 < D10. This is in agreement 

with most traditional D−π−A organic photosensitizers found in the literature.74 On the other hand, 

it is reasonable to expect that the Jsc values of D7–D10  vary in much less extent due to their very 

similar absorption properties. Besides, the Voc values measured in these dyes are highly 

dependent on the selection of terminal donor. The Voc values of all starburst donor based dyes 

(D8−13) are higher than that of the non-starburst donor based dye D7, this is most appropriate to 

be ascribed to the following reasons. Firstly, the prolongation of rod-like D−π−A molecules in 

D7 may facilitate the charge recombination of electrons to the I3
− with the formation of dye-

aggregates and thus reducing the Voc.
63,75,76 Secondly, the charge recombination may also occur 
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between electrolyte and the semiconducting TiO2 photoanode and thus reduce the theoretical 

potential difference between the electrolyte and TiO2.
77

 In order to suppress these two 

unfavourable processes, starburst structural design of donor was used to prevent the π-stacked 

aggregation and to form a compact hydrophobic layer between the hydrophilic I−/I3
− redox 

electrolyte and the surface of TiO2, and hence to block the backward electron transfer for 

maintaining a high Voc value.  

In order to assess the interfacial charge recombination process in DSSCs, electrochemical 

impedance spectroscopy (EIS) has been utilized under dark condition for D7−D13. The results 

and corresponding data are shown in Table 3.9, Figures 3.38 and 3.39. In the EIS Nyquist plot, 

seven semicircles for D7−D13 were recorded, and this plot reveals the resistance of electron 

recombination (Rrec) at the interfaces between the redox couples/sensitizers/TiO2.
78 If the radius 

of the semicircle is shorter, a smaller value of Rrec will be calculated from the Nyquist plot, and 

this implies that the recombination kinetics is faster. The Rrec values of D8−D13, which consist of 

starburst donor, are larger than that of non-starburst donor based D7, thereby suggesting that D7 

suffers from more serious charge recombination while D10 is most potent to restrain the charge 

recombination. Simultaneously, these results match the trend of their Voc values, and this 

disubstituted triphenylamine linked with two 9-hexylcarbazole units at 3-position as a novel 

starburst donor is potent to weaken the dye aggregation on TiO2 and also the interaction between 

liquid electrolyte (I−/I3
−) and TiO2 in these D−π−A photo-sensitizers.  

In addition to EIS Nyquist plot, EIS Bode plot is utilized to extract the angular frequency 

(ωrec) at the mid-frequency peak using the equation below, in which fmax correlates to the peak 

frequency. 
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From the equation above, the electron lifetimes (τe) of DSSCs could be estimated.70 The τe 

estimation does reflect the charge recombination rate at the interface of DSSCs.79,80 Interestingly, 

the τe values of dyes D7−D10 with selenophene as part of the π-linker are much smaller than that 

of D11−D13 without selenophene in their structures. Furthermore, the Rrec values of D11−D13 

are larger than that of D7−D10 with one order of magnitude and this doubly confirms that 

selenophene plays a pivotal role in determining the photovoltage by varying the charge 

recombination kinetics. This phenomenon indicates that the presence of selenophene drives the 

decline of Voc regardless of the structure of terminal donor, hence some unknown interactions 

induced by selenophene are expected to occur so as to enhance the charge recombination process 

and hence lower the Voc. Recently, a similar result given by selenophene containing Ru complex 

photosensitizer had been reported and the corresponding findings are ascribed to the adduct 

formation between oxidized iodide(s) and the selenophene moiety in the photosensitizer.81 From 

their spectroscopic studies, 4-fold-larger and second-order rate constant measured for the 

reaction between triiodide ions and TiO2 (e
−) was observed to account for this phenomenon as 

compared with those using thiophene as the π-conjugated linker. 

 

Table 3.9 Parameters obtained by fitting the EIS spectra of the DSSCs with dyes D7−D13 and 

N719. 

Dye Rrec (Ω/cm) fmax (Hz) τe (ms) 

D7 126.6 39.36 4.0 

D8 218.6 26.80 5.9 

D9 270.3 16.43 9.7 

D10 191.2 19.37 8.2 
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D11 3270.5 1.48 107.5 

D12 3181.9 1.54 103.3 

D13 1790.7 2.48 64.2 

N719 93.5 ─ ─ 
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Figure 3.38 EIS Nyquist plots for DSSCs based on D7−D13 and N719 under darkness. 
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Figure 3.39 EIS Bode plots for DSSCs based on D7−D13 under darkness. 

 

To further analyze the kinetics of charge recombination of DSSC devices, open-circuit 

voltage decay (OCVD) is utilized to illustrate the electron lifetime (τn), which is estimated from 

the OCVD curve from a steady state to equilibrium in darkness.82 The OCVD profiles of 

D7−D13 are depicted in Figure 3.40. The equation shown below interprets the relationship 

between τn and OCVD curves,  

 

where e, T and kB denote the electron charge, temperature and Boltzmann constant, 

respectively.83 The slope of the decay curve in the OCVD plot correlates the τn, and the less steep 

curve suggests the longer electron lifetime accordingly. It is obvious that curves of D10−D13 
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with disubstituted triphenylamine linked with two 9-hexylcarbazole units at 3-position as 

starburst donor are less steep than that of D7−D9 and N719. This provides a strong evidence to 

support the interfacial charge recombination improvement by the novel starburst donor structure, 

thus prolonging the electron lifetime (τn) and elevating the Voc value in each of the organic 

photosensitizers. Again, weakening the dye aggregation and formation of protective, compact 

and hydrophobic layer between hydrophilic redox couples and TiO2 photoanode using starburst 

donor molecular design might best explain such variation in photovoltaic performances.  
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Figure 3.40 Open-circuit voltage decay profiles of DSSCs based on D7−D13 and N719. 

 

3.2.7 Conclusion 

A series of new D−π−A organic photosensitizers based on starburst triarylamine donor and 
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selenophene-containing π-linker have been designed and synthesized, especially investigating the 

effects of combinations of new or reported electron donors and π-linkers. All the photosensitizers 

were fully characterized by spectroscopic studies. The PCEs of these organic dyes range from 

3.04 to 6.67% under standard condition (AM 1.5G, 100 mV cm−2). The best performance of the 

device is achieved by the dye D11 with a novel starburst donor structure, and this PCE value 

attained 84% of that of N719-based DSSC (7.91%) fabricated under the same conditions. The 

corresponding Voc achieved for D11 is 0.825 V and this is greater than that of N719 (0.710 V) by 

0.124 V. All the photovoltaic performances were verified with the IPCE curves, EIS and OCVD 

studies. The influences towards DSSC driven by selenophene as a π-linker unit have been 

explored and evaluated. Meanwhile, it is evident that the selection of starburst donor is essential 

to modulate both light harnessing ability and the charge recombination process at the interfaces, 

thus accounting for a clear improvement of device performance. Although the device 

performance obtained is not as high as the standard ruthenium complex photosensitizer, the 

elucidation of structure-property relationship is worthwhile for improving and searching a better 

organic photosensitizer in the future, particularly to the design of organic dyes with high Voc. The 

synthesis of new starburst donor based organic dyes with broader light harvesting region and 

their DSSC fabrication is now ongoing in our group. 
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Chapter 4 Sensitization of the Pt(II) Diimine Complexes with Diphosphonate 

Esters as In Situ Dye-anchoring Group for Light-driven Hydrogen Generation 

 

4.1 Introduction 

At present, 66% of the global energy consumption is produced by the burning of fossil 

fuels on earth.1 The forecasting of world energy-related carbon dioxide emissions by the burning 

of fossil fuels keeps climbing up annually until 2040,2 and the consequent global climate 

change3-5 is a latent crisis that the society should keep finding effective remedies right now. 

Water splitting into hydrogen and oxygen, as a key fuel-generating redox reaction in 

artificial photosynthesis (AP),6,7 is one of the most prospective and sustainable tactics for carbon-

free solar fuel production.8-10 However, there are scientific challenges11-13 behind before a mature 

technology is being formulated to address the root cause of the problem, such as the energy 

conversion efficiency, robustness and cost. 

One of the earliest and classic report on light-driven water splitting process dates back to 

1972, where the photo-electrochemical cell consisted of TiO2 electrode and platinum electrode 

developed by Akira Fujishima and Kenichi Honda was able to split H2O molecules into 

hydrogen and oxygen because of the photonic excitation of TiO2 electrode under light 

irradation.14 However, only light with wavelength shorter than 415 nm could give proportional 

response between the anodic current and the light intensity. In other words, only photons with 

energy equal to and more than 3.0 eV, which could excite TiO2 according to the band gap value 

of TiO2, were effective to the energy conversion process. In order to harvest more photons from 

the visible light region, some early examples of molecular sensitization,15-17 including 
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[Ru(bpy)3]
2+ complexes and Eosin Y as photosensitizers, were demonstrated that these 

approaches were beneficial for the photochemical cleavage of water.    

Water splitting could be separated into two half-reactions for detailed studies (Z-Scheme18): 

the water oxidation to produce oxygen and the water reduction from aqueous protons to generate 

hydrogen.19-21 The simplest setting of light-driven hydrogen production from water requires a 

photosensitizer for electron-hole separation and electron transfer, a catalyst to gather electrons 

and aqueous protons for hydrogen generation, and a sacrificial electron donor.22, 23 

Platinum diimine dithiolate (PtN2S2) complexes are capable of electron transfer quenching 

with both oxidative and reductive types,24-31 and they possess mixed-metal/ligand-to-ligand 

charge transfer (MMLL’CT) feature while the excited state energies are lower than those of the 

Ru(II),32-37 Ir(III)38 and other Pt(II)39-41 complexes with metal-to-ligand charge transfer (MLCT) 

and ligand-to-ligand charge transfer (LLCT) characteristics. As a whole, PtN2S2 complexes are 

very suitable for governing the photoinduced electron transfer in photocatalytic hydrogen 

generation process due to the downhill energy flow to charge separated state and the long triplet-

excited state lifetime.42, 43 Moreover, the absorption coverage can be extended and intensified by 

attaching organic dyes (e.g. Boron-dipyrromethene (Bodipy)) to the ligand of PtN2S2 complexes. 

The substitution position and bonding affect the kinetics between different excited states (Singlet 

energy transfer (SEnT), intersystem crossing (ISC) and back triplet energy transfer (TEnT)), 

thereby accounting the difference of utilization on electron transfer.44 

The poor stability of PtN2S2 complexes under acid-base hydrolysis conditions remained a 

synthetic difficulty to link-up common acid-based anchoring groups for the attachment onto TiO2 

nanoparticles, the in situ dyes attachment using diphosphate esters avoids the anchoring 

problem43 and efficient dye-loading onto TiO2 was observed.45 At the same time, diphosphate 
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esters on 2,2’-bipyridine (bpy) framework favours the population of 3MMLL’CT state by 

lowering the corresponding energy level owing to the electron-withdrawing effect of diphosphate 

esters on bpy ring and this prevents the TEnT to Bodipy 3ππ* state, thus deactivating the 

unproductive pathways as a consequence.46 With the above-mentioned molecular design, a 

successful photosensitizer example, namely 4(bpyP), was reported to attain durable hydrogen 

production with excellent hydrogen turnover number of around 40,000 over 288 hours and 

outstanding initial turnover frequency (~550 hr–1) using dye-anchored platinized TiO2 

nanoparticles in an aqueous suspension.45 This provides an incentive to further explore some new 

and potential Pt(II) sensitizers for light-driven hydrogen generation and to unravel the structure-

property relationship in the context of solar hydrogen generation. 

Here, three new Pt(II) photosensitizers (chemical structures shown in Figure 4.1) were 

designed, synthesized and characterized. One of them is a derivative of 4(bpyP) with elongation 

of the distance between Bodipy moiety and PtN2S2 motif using an amide linkage. In general, 

amide bond linkage can be easily synthesized by the reaction between primary amines and 

anhydride functional groups.47-50 This provides a robust and versatile organic chromophore link-

up methodology on the ligand of PtN2S2 complexes for colour tuning purpose. The effect of 

elongated amide linkage between Bodipy and PtN2S2 moiety among this new derivative towards 

light-driven hydrogen generation was evaluated. Besides, the other two are platinum diimine 

bis(acetylide) complexes while the Pt(II) diimine motif remains the same chemical structure of 

4(bpyP). To our knowledge, this would be the first example making use of platinum diimine 

bis(acetylide) complexes51-66 for dye-anchored platinized TiO2-based light-driven hydrogen 

generation studies. Comparison between PtN2S2 complex and platinum diimine bis(acetylide) 

complex regarding the light-driven hydrogen generation, different excited states and charge 
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transfer kinetics is within the scope of this study. In addition, the sensitization of platinum 

diimine bis(acetylide) complex with panchromatic diketopyrrolopyrrole-based (DPP) 

chromophore67-69 using carbon-carbon triple bond is accomplished. Furthermore, comparison 

between green LED light and white LED light, and different light intensities to the 

photosensitizer/TiO2/Pt systems under the same preparation condition is also included, in order 

to demonstrate the importance of intense and panchromatic sensitization to these metal 

complexes. 

 

Figure 4.1 The chemical structures of Pt-S1 to Pt-S3. 
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4.2 Synthesis and Characterization 

 

Scheme 4.1 Synthetic routes of Pt-S1 to Pt-S3. 
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The structures of new platinum(II) photosensitizers are shown in Figure 4.1 Their 

corresponding synthetic routes are shown in Scheme 4.1. The precursor of the dithiolate ligand 

linked with a boron-dipyrromethene (Bodipy) moiety using an amide bond, compound 27, was 

prepared using a mixed anhydride reaction.70 The Pt(4,4'-(P(O)(OEt)2)bpy)Cl2 complex 

precipitate was prepared by the reaction of cis-Pt(DMSO)2Cl2 with 4,4’-bis-

(diethylphosphonate)-2,2’-bipyridine and purified using filtration and washing. Compound 27 

was reacted with KOtBu (2 molar equivalents) in order to deprotect the dithiolate ligand in situ, 

after which the dithiolate ligand was reacted with Pt(4,4'-(P(O)(OEt)2)bpy)Cl2 to obtain Pt-S1 

with around 40% yield. On the other hand, Pt-S2 was obtained by reacting ethynylbenzene with 

Pt(4,4'-(P(O)(OEt)2)bpy)Cl2 using the CuI-catalyzed chloride-to-alkyne metathesis under basic 

condition.71 In addition, the diketopyrrolopyrrole-based ethynyl ligand (compound 32), prepared 

according to the routine Sonogashira coupling procedure72-74 and then deprotection, was reacted 

with Pt(4,4'-(P(O)(OEt)2)bpy)Cl2 to obtain Pt-S3 using metathesis again. Both metathesis 

reactions gave higher than 80% product yield. These three complexes Pt-S1 to Pt-S3 were 

purified by chromatography on silica gel, and characterized by 1H NMR spectroscopy and 

elemental analyses. The 1H NMR spectra of Pt-S1−Pt-S3 are depicted in Figure 4.2 to Figure 4.4. 



 

146 
 

 

Figure 4.2 1H NMR spectrum of Pt-S1 in CD2Cl2. 

 

Figure 4.3 1H NMR spectrum of Pt-S2 in CD2Cl2. 
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Figure 4.4 1H NMR spectrum of Pt-S3 in CD2Cl2. 

 

 4.3 Photophysical Properties 
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 Figure 4.5 UV-Vis absorption spectra of photosensitizers Pt-S1 to Pt-S3 and compound 29 in 

dichloromethane at ambient temperature. 

Table 4.1 Absorption maxima for photosensitizers Pt-S1 to Pt-S3 and compound 29 in 

dichloromethane at ambient temperature. 

Photosensitizers Absorption λmax, nm (molar absorptivity , M−1 cm−1) 

Pt-S1 318 (30,171), 524 (59,666), 610 (6,232) 

Pt-S2 300 (37,995), 438 (9,104) 

Pt-S3 304 (51,818), 397 (24,122), 584 (65,689) 

Compound 29 339 (12,819), 354 (11,596), 511 (26,569), 549 (32,333) 
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The UV-Vis absorption spectra of the platinum(II) sensitizers in dichloromethane at 

ambient temperature are summarized in Figure 4.5 and Table 4.1. The absorption spectrum of 

Pt-S1 is basically the sums of the constituent chromophores, including structureless bands 

around 300–450 nm (ππ* transitions from a disubstituted bipyridine ring), a sharp peak at 524 

nm (S0→S1 transition of Bodipy) and a broad peak at 610 nm (mixed metal/ligand-to-ligand’ 

charge transfer or MMLL’CT from PtN2S2 moiety).75, 76 This absorption profile resembles the 

spectrum of the parent compound 4(bpyP) (in acetonitrile) in a previous report,45 except for the 

lower molar absorptivities as a whole. For Pt-S2, the higher energy band (λ < 350 nm) with a 

molar absorptivity around 40,000 M−1 cm−1 refers to diimine- and acetylide-based intraligand 

transition and the lower energy band with tail until 550 nm should be assigned to a charge-

transfer excitation from a filled metal d orbital to a vacant π*diimine (MLCT) according to the 

literature data.65 In contrast to Pt-S2, Pt-S3, with two diketopyrrolopyrrole-based aryl acetylides, 

gives discernible peak at 584 nm with molar extinction coefficient close to 70,000 M−1 cm−1 and 

onset absorption near 700 nm. By comparison with the absorption of the alkylated thienyl-DPP 

chromophore (compound 29), the intense absorption band at 584 nm could be originated from 

the donor–acceptor charge transfer transition of the thienyl-DPP chromophore.77 The largely red-

shifted absorption of Pt-S3 compared to the thienyl-DPP moiety could be explained by the 

significant electron delocalization between the Pt(II) metal center and the aryl acetylides.78 

Similarly, Pt-S3 exhibits the higher energy bands (λ < 400 nm) which also arose from diimine- 

and acetylide-based intraligand transition, plus the π→π* transition of DPP-based 

chromophore.79 
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4.4 Electrochemical Properties 
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Figure 4.6 Cyclic voltammograms of Pt-S1 to Pt-S3 (a–c) in dry dichloromethane using 0.1 M 

tetrabutylammonium hexafluorophosphate as supporting electrolyte with a scan rate of 100 mV/s. 

Table 4.2 Summary of oxidation and reduction potentials from cyclic voltammogramsa. 

 E1/2, V vs. SCE 

Photosensitizers Oxidation reduction 

Pt-S1 0.76 (irrev); 1.00 –0.97; –1.35 

Pt-S2 0.84 (irrev) –0.99 
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Pt-S3 0.82 (irrev) –0.89; –1.24 

a Redox potentials were measured by cyclic voltammetry in dry dichloromethane containing 0.1 

M of tetrabutylammonium hexafluorophosphate as a supporting electrolyte and a photosensitizer 

concentration of ~1 × 10−3 M. A saturated calomel electrode (SCE) was used as reference. Under 

these conditions, the reversible oxidation of ferrocene was E1/2 = 0.43 V. All solutions were 

deaerated prior to measurement.  

Photosensitizers Pt-S1 to Pt-S3 were investigated by cyclic voltammetry (CV), and their 

cyclic voltammograms and electrochemical data are shown in Figure 4.6 and Table 4.2, 

respectively. All potentials are reported vs. SCE. For those irreversible peaks, the peak potential 

was taken for the data collection. The photosensitizer Pt-S1 exhibits two reversible reduction 

processes with peaks at –0.97 and –1.35 V until the boundary of –1.6 V, respectively, this 

resembles two peaks in the CV of the parent compound 4(bpyP) within the same range.45 The 

first reduction wave arises from the reversible PtN2S2 moiety reduction and the more cathodic 

reduction wave is attributed to the reversible Bodipy-based reduction.80-82 In addition, Pt-S1 

possesses one irreversible and one reversible oxidation peaks at 0.76 and 1.00 V until the 

boundary of 1.5 V, respectively, that also resembles two peaks in the CV of the parent compound 

4(bpyP) on the oxidation side. The first oxidation wave refers to the irreversible PtN2S2 moiety 

oxidation27, 44, 45 and the more anodic oxidation wave is originated from the formation of radical 

cation because of the reversible Bodipy-based oxidation.80-82 Regarding Pt-S2, one reversible 

reductive peak at –0.99 V and one irreversible oxidative peak at 0.84 V are observed in the CV. 

The reduction wave indicates the addition of an electron to an orbital on bipyridine ligand83 

while the oxidation wave correlates the oxidation of phenyl ring to form a radical cation.56 

Differently, Pt-S3 possesses two reversible reductive peaks at –0.89 and –1.24 V, and one 
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irreversible oxidative peak at 0.82 V in the CV. The oxidative wave could be assigned to the 

formation of radical cation of thienyl DPP-based moiety in the complex after the comparison of 

CV result of TDPP-Hex (2,5-dihexyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-

dione) in the literature.79 In the meanwhile, the first reductive peak corresponds to the addition of 

an electron to an orbital on bipyridine ligand, and the second reductive peak is assigned to the 

radical anion formation in the thienyl DPP-based moiety in the complex according to the above-

mentioned CV result.79 

 

4.5 Attachment of Photosensitizers onto TiO2 

In order to attach different kinds of photosensitizers onto TiO2 efficiently and speed up the 

electron injection rate into the conduction band of TiO2, many different types of anchoring 

groups have been reported in the literature in the context of dye-sensitized solar cells, such as 

carboxylate, phosphonate, pyridine, perylene dicarboxylic acid anhydride, rhodanine-3-acetic 

acid, catecholate, hydroxamate , sulfonate, salicylate and acetylacetonate.84 In the present study, 

all the platinum(II) photosensitizers consist of diphosphonate esters as the pre-anchoring group 

for attachment onto TiO2, rather than common carboxylic acid and phosphonic acid found in 

most of the dye-sensitized solar cells and light-driven hydrogen generation studies.85, 86 This idea 

stems from the observation of partial hydrolysis of a phosphonate ester of a rhodamine derivative 

when examined with TiO2,
43 this up-to-date pre-anchoring group has been further exploited for 

in situ dyads attachment under sonication and this method yielded high dye-loading results for 

dicarboxylate esters and diphosphonate esters containing dyads.45 The comparison of the UV-Vis 

spectra of photosensitizers in solution before and after sonication and removal of platinized TiO2 

nanoparticle showed a significant decline in absorbance of the absorption bands which estimated 
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an approximate ratio of photosensitizers attached to TiO2 nanoparticle. In light of this 

information, the same dyads attachment onto TiO2 procedure has been adopted in this study and 

very high dye-loading (> 90%) result has been obtained for all the photosensitizers (Pt-S1: 98%; 

Pt-S2: 94%; Pt-S3: 94%). This further conforms that in situ photosensitizers attachment onto 

TiO2 using diphosphonate esters as pre-anchoring group provides an alternative and effective 

pathway, and this simultaneously avoids the synthetic difficulty in hydrolysis of some metal 

complexes to deprotect the organic acid anchors, such as PtN2S2 complexes. The UV-Vis spectra 

for Pt-S1 to Pt-S3 solution (50 M) before and after dye attachment are illustrated in Figure 4.7–

4.9 to estimate the dye-loading value. 
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Figure 4.7 UV-Vis spectra of Pt-S1 in acetonitrile solution (2.5 mL, 50 μM) (pink line) and after 

(black line) sonication with platinized TiO2 nanoparticle (20 mg) and followed by the removal of 

nanoparticle. Absorbance was taken in 2-mm cuvettes. 
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Figure 4.8 UV-Vis spectra of Pt-S2 in dichloromethane solution (2.5 mL, 50 μM) (orange line) 

and after (black line) sonication with platinized TiO2 nanoparticle (20 mg) and followed by the 

removal of nanoparticle. Absorbance was taken in 2-mm cuvettes. 
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Figure 4.9 UV-Vis spectra of Pt-S3 in dichloromethane solution (2.5 mL, 50 μM) (blue line) 

and after (black line) sonication with platinized TiO2 nanoparticle (20 mg) and followed by the 

removal of nanoparticle. Absorbance was taken in 2-mm cuvettes. 
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4.6 Light-driven Hydrogen Generation Studies 

All three photosensitizers Pt-S1 to Pt-S3 were attached to platinized TiO2 nanoparticle in a 

way according to the procedure shown in Experimental section, and then investigated for light-

driven hydrogen generation from aqueous protons with ascorbic acid (AA, 0.5 M) as the 

sacrificial electron donor in water (pH at 4.0). Green and white LED (Emission spectra are 

shown in Experimental section) with different power output (130, 190 and 260 mW) were used 

as light sources for studying the relationship between light sources, photosensitizers with 

different absorption profiles and the corresponding hydrogen generated. Similar to the previous 

reports,87-92 the pressure of each photocatalytic reaction vial was measured in real time, and 

gaseous samples (100 μL) were taken from the headspaces and quantified for the hydrogen being 

produced after 60 hours reaction. Hydrogen generation curves (vs. time) with respect to different 

photosensitizers are displayed in Figure 4.10 The corresponding data, including turnover number 

(TON), turnover frequency (TOF, with respect to number of mole of photosensitizers attached to 

platinized TiO2), initial TOF (TOFi, taken from first two hours) and the absolute percentage 

difference between TOF and initial TOF are shown in Table 4.3. 
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Figure 4.10 Hydrogen generation curves with respect to different photosensitizers under 

irradiation of (a) green LED (530 nm) at 130 mW, (b) white LED (410−800 nm) at 130 mW, (c) 

190 mW and (d) 260 mW. Each sample consisted of 5 mL of 0.5 M AA in water at pH 4.0 to 

which was added 20 mg of photosensitizer-Pt-TiO2. 

Table 4.3 Light-driven H2 generation with different photosensitizers under different conditions. 

LED Power (mW) Sensitizer H2 (mL) H2 TONa TOFb (hr–1) TOFi
c (hr–1) |%diff. of TOF|d 

Green 130 Pt-S1 19.5 6,766 113 263 57 

 130 Pt-S2 2.4 862 14 36 62 

 130 Pt-S3 4.3 1,556 26 47 45 

 130 absence 0.6 ─ ─ ─ ─ 

White 130 Pt-S1 11.7 4,034 67 132 49 
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 130 Pt-S2 5.8 2,090 35 38 13 

 130 Pt-S3 6.1 2,189 36 40 8 

 130 absence 1.3 ─ ─ ─ ─ 

 190 Pt-S1 18.8 6,492 108 248 56 

 190 Pt-S2 7.7 2,715 45 65 34 

 190 Pt-S3 7.5 2,724 45 62 26 

 260 Pt-S1 17.8 6,173 103 204 50 

 260 Pt-S2 8.3 2,963 49 84 45 

 260 Pt-S3 6.8 2,446 41 71 42 

aTurnover number of H2 is calculated with respect to number of mole of photosensitizer attached 

to platinized TiO2. 
bTurnover frequency is calculated per hour in 60 hours. cInitial turnover 

frequency in first 2 hours is given. dAbsolute percentage difference between turnover frequency 

with initial turnover frequency. 

Under the green LED irradiation at 130 mW, photosensitizer Pt-S1 renders the highest 

activity with a TON of 6,766, whereas Pt-S2 and Pt-S3 only show TON of 862 and 1,556 

respectively. The system without any sensitizer (control) could only generate less than 1 mL of 

hydrogen, and this concludes that all platinum(II) photosensitizers in the present study are 

boosting up the photocatalytic process. Even though Pt-S2 possesses an absorption spectrum 

which only overlaps green light emission in a small extent, Pt-S3 with DPP-based aryl acetylides 

which is highly light-absorbing and panchromatic, only attains one-fifth of the activity of Pt-S1. 

This implies that the design of PtN2S2 complex with organic chromophore conjugate is more 

efficient in harvesting light energy and converting into chemical energy in hydrogen when 

compared to the chromophore-conjugated platinum(II) diimine bis(acetylide) complex. The 

possible reason behind could be attributed to the much higher 1MLCT and 3MLCT excited states 

energy levels among  platinum(II) diimine bis(acetylide) family, so the excited electron 
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originated from the S1 state among the chromophore does not have sufficient energy to transfer 

into MLCT excited states for subsequent charge separation. Therefore, the platinum(II) diimine 

bis(acetylide) complexes would mainly rely on light absorption coming from the MLCT for 

electron transfer and producing hydrogen while the chromophore-based absorption does not 

involve in the electron transfer significantly.  Compared to the TOFi of parent compounds 

4(bpyP) (547 hr–1) and 1(bpyP) (210 hr–1) (the chemical structures are shown in Figure 4.11) in 

the previous report,45 Pt-S1 renders a TOFi of 263 hr–1 which is within the values of two parent 

compounds. This comparison deduces that the Bodipy unit attachment to benzenedithiolate 

ligand using an amide linkage and one phenyl ring (Pt-S1) still consideras facilitating the energy 

transfer from the Bodipy unit to the PtN2S2 motif for subsequent charge separation but this 

linkage is not effective as the direct carbon-carbon single bond linkage in 4(bpyP). 

 

Figure 4.11 The chemical structures of 4(bpy)P and 1(bpy)P. 

Since around 50% of the sunlight energy reaching the Earth’s surface distributes between 

400 and 800 nm within the visible light region,93 the use of white LED as light source to examine 

the solar hydrogen production is a meaningful investigation. Under the white LED irradiation at 

130 mW, the TON of Pt-S1 decreases to 4,034 while Pt-S2 and Pt-S3 increase the activity up to 

2,090 and 2,189 respectively. For the TONs enhancement, it could be expected due to the more 
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overlapping area between the white light emission and absorption spectra of Pt-S2 and Pt-S3. 

Conversely, since Pt-S1 possesses a rather sharp absorption band between 450 and 550 nm 

where the green light emission is the light energy being harvested in this region is greatly 

diminished and other weak absorption bands are unable to compensate the loss of energy, thus 

the activity decline is observed. In other words, substituting a panchromatic and intense 

chromophore on benzenedithiolate ligand in PtN2S2 motif is highly desirable in order to further 

improve the solar hydrogen production efficiency. Moreover, the minor difference of TON 

between Pt-S2 and Pt-S3 affords another cue attesting that the low energy absorption band 

among Pt-S3 contributed by the DPP-based chromophore is not critically promoting the 

hydrogen production by facilitating the charge separation and electron transfer events. This 

connotes that the platinum(II) diimine bis(acetylide) complexes are mainly utilizing their 

intrinsic MLCT  for the light-harvesting and induced hydrogen production.  

In order to mimic the sunlight AM 1.5G irradiation (100 mW/cm2)94 within the visible light 

region, the white LED power was magnified to 190 mW and 260 mW, hence providing light 

intensity (over irradiation surface area) at around 33.2 and 45.4 mW/cm2 respectively. This 

would be useful in finding out the optimal working condition of the photocatalytic systems and 

observing the stability of the photocatalytic process by accelerating the photon-induced 

degradation to photosensitizer if any, such as photobleaching.95 Under the white LED irradiation 

at 190 mW, the TON of Pt-S1 improves to 6,492 while Pt-S2 and Pt-S3 also raise the TONs up 

to 2,715 and 2,724 respectively. Besides, there are also substantial increases (> 50%) in TOFi for 

all platinum(II) complexes. However, under the white LED irradiation at 260 mW, the TONs and 

corresponding initial turnover frequencies do not have major enhancement for all three 

photosensitizers; Pt-S1 and Pt-S3 actually exhibit slightly lower TONs while Pt-S1 even affords 



 

160 
 

a smaller value of TOFi. In such a case, the data suggest these light-driven hydrogen generation 

systems are essentially robust in the period of 60 hours but they probably reach a saturated point 

for hydrogen generation at certain light intensity under the white light irradiation. 

 

4.7 Conclusion 

Three new platinum(II) diimine photosensitizers, including one PtN2S2 complex and two 

platinum diimine bis(acetylide) complexes, have been successfully synthesized and well 

characterized. These photosensitizers have been studied in the context of photocatalytic 

hydrogen production using dye-anchored platinized TiO2 nanoparticles in an aqueous suspension 

with ascorbic acid as sacrificial electron donor. Sensitization approach using organic 

chromophore has been adopted to the complexes, in order to figure out the corresponding 

effectiveness in facilitating the photocatalytic process. Green LED and white LED light sources 

have been used to act as light sources to examine the reduction side of water splitting with 

respect to these complexes with different absorption profiles, so as to raise the significance of 

intense and panchromatic sensitization of these complexes for the future studies of solar fuel 

generation. The light intensity of white LED has been increased to mimic the natural sunlight to 

deepen our understanding towards the investigated system. The results suggest that the phenyl–

amide linkage between PtN2S2 moiety and Bodipy unit would harm the energy transfer (from 

organic chromophore to PtN2S2 motif) within the complex thus deactivating the productive 

pathway for protons reduction. On the other hand, the studied platinum diimine bis(acetylide) 

complexes most likely utilizes the intrinsic MLCT solely for the energy conversion process, 

therefore they are unable to further activate the photocatalytic process by conjugating organic 

chromophore to the complexes. With all the above-mentioned results and previous related 
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publication, more proper molecular design guidelines have been established for searching a more 

efficient platinum(II) photosensitizer for light-driven hydrogen generation. 
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Chapter 5 Concluding Remarks and Future Works 

 

Regarding Chapter 2, the results suggest that small molecules with A−D−A framework are 

potential electron donors for solution processed bulk-heterojunction solar cells. By simply 

varying the length of electron donating units and substituting the terminal electron withdrawing 

groups, these can render different photovoltaic data. In order to improve the photovoltaic 

performance, thermal annealing, solvent vapour annealing and addition of trace amounts of 

additives (e.g. diiodooctane and pyridine) could be used to accommodate a more ideal 

morphology of nano-scale interpenetrating network in the electron donor/acceptor blends. Hence, 

different types of charge carrier recombination could be prohibited and effective charge 

separation process is able to be maximized regardless of the intrinsic molecular semi-conducting 

properties. Other than device and processing modification, the chemical structures of the small 

molecules could be further modulated, so as to increase the solubility of the small molecules in 

common organic solvents and to elevate the open-circuit voltage without diminishing the short-

circuit current.  For example, emerging electron donating building block dithieno[3,2-b;6,7-

b]carbazole could be utilized to replace central thieno[3,2-b]thiophene unit, because this unit 

presents an alkylating position on the nitrogen atom, thus providing an opportunity to substitute 

with any long and branched alkyl carbon chain readily and conferring a suitable solubility in 

organic solvents. Besides, both HOMO and LUMO energy levels of dithieno[3,2-b;6,7-

b]carbazole-containing electron donors could be relatively suppressed to a lower level because of 

the presence of two phenyl rings. As a result, the energy offset between the LUMO of electron 

acceptor and the HOMO of electron donor is enlarged and the resultant open-circuit voltage is 

amplified. It is also expected that the absorption coverage remains almost unchanged  as 

compared to the thieno[3,2-b]thiophene-based counterparts and the charge carrier transport of the 
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fabricated devices will be ameliorated probably due to the presence of induced face-on π-

stacking of molecules.  

 

Figure 5.1 Possible structures of dithieno[3,2-b;6,7-b]carbazole-containing electron donors for 

future studies. 

About Chapter 3, decent photovoltaic data have been obtained by the new starburst 

electron donor mainly due to the corresponding relatively large open-circuit values. However, 

the absorption profiles of the investigated dyes are still narrow as compared to the visible light 

region in the sunlight spectrum. In other words, certain large portion of light energy at long 

wavelength regime have not been harvested by the fabricated DSSCs, and this has been proved 

by the IPCE spectra. In view of this, auxiliary electron acceptor (e.g. 2,1,3-benzothiadiazole) 
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could be inserted into the structures to form D−A−π−A synthetic dyes to compensate for the loss 

of solar energy. Alternatively, electron donor units with stronger electron-donating strength (e.g. 

dithienopyrrole and 3,4-ethylenedioxythiophene) are also capable of attaining red-shift effect in 

the absorption spectrum of traditional D−π−A organic dye. With these two approaches, it is 

believed that short-circuit current and power conversion efficiency of the devices will be 

promoted simultaneously. 

 

Figure 5.2 Possible structures of organic dyes for future studies. 

For Chapter 4, the result implies that platinum diimine dithiolate complexes take the 

advantage of the conjugated organic chromophore to harvest more light energy for energy 

conversion process while platinum diimine bis(acetylide) complexes solely make use of the 

intrinsic MLCT absorption for reductive hydrogen production from aqueous protons. Besides, 

direct linkage (C−C single bond) between the benzenedithiolate ligand and the organic 

chromophore is much more efficient than the phenyl-amide linkage in terms of energy transfer 

from chromophore to PtN2S2 motif. In addition, the chosen Bodipy chromophore in the past 

studies possesses sharp but narrow absorption band between 500−550 nm and this limits the 
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productive pathway for solar hydrogen production. As a whole consideration, it will be very 

reasonable to synthesize some dyads which retain the PtN2S2 motif but attach some highly 

absorbing and panchromatic organic chromophores (e.g. bis(2-thienyl)diketopyrrolopyrrole and 

bis(2-thienyl)isoindigo), in order to search for some superior photosensitizers for application-

based studies in the future. 

 

Figure 5.3 Possible structures of dyad-based Pt(II) photosensitizers for future studies. 
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Chapter 6 Experimental 

 

6.1 Experimental Details for Chapter 2 

Materials and reagents 

All chemical reactions were performed under an inert nitrogen atmosphere with the use of 

a Schlenk line. Glassware was dried in oven prior to use. Commercially available reagents were 

used without purification. All the chemicals used in the synthesis were purchased from Tokyo 

Chemical Industry Co., Ltd (TCI), Acros Organics and Sigma-Aldrich. Solvents were purified by 

distillation over appropriate drying agents. All chemical reactions were monitored by thin-layer 

chromatography (TLC) with Merck pre-coated aluminum plates. Products were purified by 

column chromatography with silica gel (230−400 mesh) from Merck. 

Instrumentation 

Proton and carbon NMR spectra were measured in CDCl3 on a Bruker Ultra-shield 400 

MHz FT-NMR spectrometer and tetramethylsilane (TMS) was used as an internal standard for 

calibrating the chemical shift. Matrix-assisted laser desorption ionization time-of-flight 

(MALDI-TOF) mass spectroscopy was conducted on an Autoflex Bruker MALDI-TOF system. 

Thermogravimetric analysis (TGA) was conducted on a Perkin Elmer TG-6 instrument under 

nitrogen at the heating rate of 10 °C min−1. UV/Vis absorption spectra were measured on a 

Hewlett Packard 8453 spectrometer at 293 K. Electrochemical measurements were performed on 

Potentiostat/Galvanostat/EIS Analyzer model Parstat 4000 at a scan rate of 100 mV s−1. 
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Hole mobility measurements 

The devices were fabricated with the configuration of ITO/PEDOT:PSS/M1 or M2 or M3 

or M4:PC71BM (1:2, w/w)/Au. The active layers were spin-coated at a spin-speed of 2000 rpm 

and the resultant thickness of the films was 80 nm. The following equations were used to 

estimate the blend film hole mobilities: ln(Jd3/V2) = 0.89β(V/d)0.5 + ln(9εε0μ0/8) and V = Vappl – 

Vbi, where J, d, ε, ε0, μ0, β, Vappl and Vbi denote the current density, thickness of film, dielectric 

constant of donor, permittivity of the vacuum, zero-field hole mobility, electric field-activation 

factor, applied potential and built-in potential (the difference in the work function of the cathode 

and the anode), respectively. Here, Vbi = 0.2 V, ε is 3 and ε0 is 8.85419  10−12 C V−1 m−1. 

Fabrication and characterization of OPV devices 

OPV devices with a conventional configuration of ITO/PEDOT:PSS/M1 or M2 or M3 or 

M4:PC71BM (1:2, w/w)/Ca/Al were fabricated by the following procedures. The ITO glasses 

were pre-cleaned with deionized water, CMOS grade acetone and isopropanol in turns for 15 min. 

The organic residues were further removed by treating the glass with UV-ozone for 1 h. Then, 

the ITO glasses were coated with PEDOT:PSS (poly(3,4-ethylenedioxythiophene)-

poly(stryenesulfonate)) layer with the film thickness of 45 nm using spin-coating. The ITO 

glasses were dried in oven at 150 °C for 15 min, and the active layer was subsequently spin-

coated on the ITO/PEDOT:PSS using a blend solution of M1−M4, respectively, and PC71BM 

(15 mg/mL in chloroform, spin-speed: 2000, 3000 and 4000 rpm). Afterwards, Ca (12 nm) and 

Al (120 nm) electrodes were thermally evaporated on the active layers under the vacuum of 1  

10−6 Torr. The active area of the devices was 0.04 cm2 and the corresponding film thickness was 

in the range of 50−80 nm. The OPV devices were characterized in a N2 atmosphere under the 

illumination of simulated AM 1.5G (100 mW cm−2) using a xenon-lamp based solar simulator. 
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The corresponding current density−voltage (J−V) curves were measured on a computer-

controlled Keithley 236 Source Measure Unit. The external quantum efficiency (EQE) curves 

were measured for the encapsulated devices in air using a PV Measurement Inc., Model QEX7. 

 

6.1.1 Synthesis of Compounds 3−9 

Synthesis of 3 

A mixture of 2 (0.834 g, 2.798 mmol), 4-hexylthiophen-2-yl-2-boronic acid (1.483 g, 6.995 

mmol), Pd(PPh3)4 (162 mg, 0.140 mmol) and 2 M aqueous solution of K2CO3 (5 mL) in THF (40 

mL) was heated to reflux under a N2 atmosphere overnight. The reaction mixture was poured 

into water, followed by extraction using ethyl acetate. The organic layer was dried over 

anhydrous Na2SO4. Then, the solvent was removed under reduced pressure and the residue was 

purified by column chromatography on silica gel using pure hexane as the eluent to afford 3 

(0.838 g, 1.772 mmol) as a white solid. 1H NMR (400 MHz, CDCl3): δ = 7.26 (s, 2H, Ar), 7.04 

(d, 2H, J = 1.6 Hz, Ar), 6.83 (d, 2H, J = 1.2 Hz, Ar), 2.59 (t, 4H, J = 8 Hz, alkyl), 1.67−1.60 (m, 

4H, alkyl), 1.38−1.29 (m, 12H, alkyl), 0.90 (t, 6H, J = 6.8 Hz, alkyl); 13C NMR (100 MHz, 

CDCl3): δ = 144.24, 139.13, 138.24, 137.21, 125.22, 119.40, 115.45 (Ar), 31.68, 30.52, 30.36, 

29.01, 22.63, 14.11 ppm (alkyl). 

Synthesis of 4 

NBS (0.780 g, 4.384 mmol) was slowly added to a solution of 3 (1.011 g, 2.138 mmol) in a 

mixture of CHCl3 (20 mL) and acetic acid (5 mL) at 0 oC under darkness. After the mixture was 

stirred at room temperature overnight, the reaction was first monitored by TLC. NBS was added 

in small portions until the reaction was complete. The reaction was terminated by the addition of 

water. The reaction mixture was then extracted with CHCl3 and water. The organic extract was 



 

176 
 

dried over anhydrous Na2SO4 and the solvent was removed under reduced pressure to yield a 

solid, which was washed by precipitation using CHCl3/methanol to give 4 as a pale yellow solid 

(0.500 g, 0.793 mmol). This crude product was immediately subjected to the next reaction 

without further characterization. 

Synthesis of 5 

A mixture of 4 (0.500 g, 0.793 mmol), 4-hexylthiophen-2-yl-2-boronic acid (0.421 g, 1.983 

mmol), Pd(PPh3)4 (46 mg, 0.040 mmol) and 2 M aqueous solution of K2CO3 (2 mL) in THF (30 

mL) was heated to reflux under a N2 atmosphere overnight. The reaction mixture was poured 

into water, followed by extraction using ethyl acetate. The organic layer was dried over 

anhydrous Na2SO4. Then, the solvent was removed under reduced pressure and the residue was 

purified by column chromatography on silica gel using pure hexane as the eluent to afford 5 

(0.333 g, 0.413 mmol) as a yellow solid. 1H NMR (400 MHz, CDCl3): δ = 7.17 (s, 2H, Ar), 6.96 

(s, 2H, Ar), 6.94 (d, 2H, J = 1.2 Hz, Ar), 6.85 (d, 2H, J = 1.2 Hz, Ar), 2.69 (t, 4H, J = 8 Hz, alkyl), 

2.58 (t, 4H, J = 8 Hz, alkyl), 1.67−1.58 (m, 8H, alkyl), 1.41−1.25 (m, 24H, alkyl), 0.90−0.85 (m, 

12H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 143.72, 140.10, 138.82, 138.47, 135.49, 134.94, 

130.59, 127.23, 126.61, 120.14, 115.41 (Ar), 31.78, 31.74, 30.57, 30.45, 29.46, 29.35, 29.12,  

22.72, 14.19 ppm (alkyl). 

Synthesis of 7  

NBS (0.149 g, 0.835 mmol) was slowly added to a solution of 5 (0.337 g, 0.418 mmol) in 

CHCl3 (30 mL) at 0 oC under darkness. After the mixture was stirred at room temperature 

overnight, the reaction was terminated by the addition of water. The reaction mixture was then 

extracted with CH2Cl2 and water. The organic extract was dried over anhydrous Na2SO4 and the 
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solvent was removed under reduced pressure to yield an orange oil, which was purified by 

column chromatography on silica gel with pure hexane as the eluent to give 7 as a yellow solid 

(0.390 g, 0.405 mmol). 1H NMR (400 MHz, CDCl3): δ = 7.11 (s, 2H, Ar), 6.90 (s, 2H, Ar), 6.76 

(s, 2H, Ar), 2.61 (t, 4H, J = 8 Hz, alkyl), 2.52 (t, 4H, J = 8 Hz, alkyl), 1.63−1.54 (m, 8H, alkyl), 

1.39−1.26 (m, 24H, alkyl), 0.95−0.83 (m, 12H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 142.50, 

140.53, 138.57, 135.39, 129.50, 126.52, 115.45, 108.81 (Ar), 31.75, 31.70, 30.55, 29.75, 29.63, 

29.49, 29.38, 29.05,  22.75, 22.73, 14.20 ppm (alkyl). 

Synthesis of 8  

A mixture of 7 (0.390 g, 0.405 mmol), 4-hexylthiophen-2-yl-2-boronic acid (0.215 g, 1.013 

mmol), Pd(PPh3)4 (23 mg, 0.020 mmol) and 2 M aqueous solution of K2CO3 (1 mL) in THF (30 

mL) was heated to reflux under a N2 atmosphere overnight. The reaction mixture was poured 

into water, followed by extraction using ethyl acetate. The organic layer was dried over 

anhydrous Na2SO4. Then, the solvent was removed under reduced pressure and the residue was 

purified by column chromatography on silica gel using a 1:10 mixture of CH2Cl2 and hexane as 

eluent to afford 8 (0.396 g, 0.348 mmol) as a pale orange solid. 1H NMR (400 MHz, CDCl3): δ = 

7.23 (s, 2H, Ar), 7.00 (s, 2H, Ar), 6.97 (d, 2H, J = 1.2 Hz, Ar), 6.95 (s, 2H, Ar), 6.89 (d, 2H, J = 

1.2 Hz, Ar), 2.77−2.72 (m, 8H, alkyl), 2.60 (t, 4H, J = 8 Hz, alkyl), 1.71−1.60 (m, 12H, alkyl), 

1.43−1.28 (m, 36H, alkyl), 0.92−0.88 (m, 18H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 143.70, 

140.28, 139.64, 138.79, 138.52, 135.48, 134.95, 133.37, 131.19, 130.20, 128.57, 127.20, 126.77, 

120.08, 115.46 (Ar), 31.74, 31.71, 30.59, 30.54, 30.49, 30.44, 29.56, 29.33, 29.31, 29.29, 29.06,  

22.68, 14.14 ppm (alkyl). 
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General synthetic procedure of 6 and 9 

To a two-necked round-bottom flask containing dry DMF (10 molar equivalents) was 

added dropwisely POCl3 (10 molar equivalents) by means of a syringe at 0 oC. A solution of 5 

(0.333 g, 0.413 mmol) or 8 (0.396 g, 0.348 mmol) in dry CH2Cl2 (20 mL) was added dropwisely 

to the prepared Vilsmeier-Haack reagent under a N2 atmosphere. The mixture was stirred for 15 

minutes at 0 oC and overnight at 70 oC. After cooling, the reaction was poured into NaOH(aq) 

solution slowly in an ice bath with stirring for 30 minutes, then the resulting mixture was 

extracted with CH2Cl2 and H2O. The organic fraction was dried over anhydrous Na2SO4. The 

solvent was removed under reduced pressure and this yielded a red oil, which was purified by 

column chromatography on silica gel with hexane/CH2Cl2 (1:2, v/v) as the eluent to give 6 or 9 

as a red solid, respectively.   

Compound 6: 327 mg; 92% yield. 1H NMR (400 MHz, CDCl3): δ = 9.97 (s, 2H, CHO), 

7.19 (s, 2H, Ar), 6.98 (s, 2H, Ar), 6.97 (s, 2H, Ar), 2.90 (t, 4H, J = 7.6 Hz, alkyl), 2.73 (t, 4H, J = 

8 Hz, alkyl), 1.70−1.61 (m, 8H, alkyl), 1.40−1.26 (m, 24H, alkyl), 0.92−0.89 (m, 12H, alkyl); 

13C NMR (100 MHz, CDCl3): δ = 181.51 (CHO), 153.32, 144.74, 142.97, 138.96, 138.54, 

136.89, 136.27, 129.19, 128.05, 127.02, 115.97 (Ar), 31.68, 31.59, 31.42, 30.14, 29.95, 29.34, 

29.06, 28.47, 22.66, 22.60, 14.13, 14.11 ppm (alkyl). 

Compound 9: 390 mg; 94% yield. 1H NMR (400 MHz, CDCl3): δ = 10.01 (s, 2H, CHO), 

7.26 (s, 2H, Ar), 7.03 (s, 2H, Ar), 7.03 (s, 2H, Ar), 6.98 (s, 2H, Ar), 2.94 (t, 4H, J = 7.6 Hz, alkyl), 

2.81 (t, 4H, J = 8 Hz, alkyl), 2.76 (t, 4H, J = 8 Hz, alkyl), 1.75−1.65 (m, 12H, alkyl), 1.46−1.25 

(m, 36H, alkyl), 0.93−0.88 (m, 18H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 181.62 (CHO), 

153.37, 145.00, 142.50, 141.12, 138.70, 136.31, 135.66, 135.63, 129.70, 129.49, 129.01, 128.15, 

126.90, 115.70 (Ar), 31.68, 31.59, 31.45, 30.39, 30.23, 29.82, 29.64, 29.28, 29.03, 28.51, 22.64, 
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22.58, 14.13, 14.10, 14.07 ppm (alkyl). 

 

6.1.2 Synthesis of Compounds M1−M4 

General synthetic procedure of M1 and M3 

Compound 6 (163 mg, 0.189 mmol) or 9 (195 mg, 0.163 mmol) was dissolved in a solution 

of dry chloroform (40 mL). Then, 1,3-indanedione (10 molar equivalents) and three drops of 

triethylamine were added and the resulting solution was stirred for 72 h, under N2, at room 

temperature. After removal of the solvent, the crude product was dissolved in a minimal amount 

of CHCl3, then precipitated from methanol and the precipitate was obtained as a solid using 

centrifugation after discarding the solvent mixture. This precipitation step was repeated for one 

more time, in order to remove 1,3-indanedione completely. Subsequently, the product was 

separated by column chromatography on silica gel eluting with hexane/CH2Cl2 (1:2, v/v), 

followed by  pure CHCl3, as the eluent to give M1 or M3 as a dark blue solid, respectively. 

Compound M1: 124 mg; 59% yield. 1H NMR (400 MHz, CDCl3): δ = 8.11 (s, 2H, 

C=CH−), 8.00−7.97 (m, 4H, Ar), 7.81−7.76 (m, 4H, Ar), 7.37 (s, 2H, Ar), 7.19 (s, 2H, Ar), 7.14 

(s, 2H, Ar), 3.01−2.95 (m, 8H, alkyl), 1.84−1.71 (m, 8H, alkyl), 1.46−1.36 (m, 24H, alkyl), 

0.97−0.92 (m, 12H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 190.79 (RCOR’), 189.69, 158.10 

(C=CH−), 147.27, 143.82, 142.08, 140.35, 139.26, 138.77, 137.63, 134.77, 134.50, 132.81, 

131.46, 129.92, 127.89, 127.61, 122.79, 122.66, 122.21, 116.26 (Ar), 31.72, 31.62, 31.51, 30.30, 

30.22, 29.47, 29.27, 29.08, 22.68, 22.59, 14.13, 14.09 ppm (alkyl). HRMS (MALDI-TOF, m/z): 

[(M + H)+] calcd for (C66H69O4S6) 1117.3520; found, 1117.5763. 

Compound M3: 206 mg; 87% yield. 1H NMR (400 MHz, CDCl3): δ = 8.09 (s, 2H, 

C=CH−), 7.97−7.94 (m, 4H, Ar), 7.78−7.74 (m, 4H, Ar), 7.29 (s, 2H, Ar), 7.16 (s, 2H, Ar), 7.06 



 

180 
 

(s, 2H, Ar), 7.04 (s, 2H, Ar), 2.96 (t, 8H, J = 7.6 Hz, alkyl), 2.81 (t, 4H, J = 8 Hz, alkyl), 

1.82−1.69 (m, 12H, alkyl), 1.45−1.33 (m, 36H, alkyl), 0.94−0.89 (m, 18H, alkyl); 13C NMR (100 

MHz, CDCl3): δ = 190.85 (RCOR’), 189.72, 158.15 (C=CH−), 147.58, 143.32, 142.08, 141.27, 

140.37, 138.78, 136.43, 134.74, 134.47, 132.90, 131.40, 130.29, 129.68, 129.34, 127.86, 127.00, 

122.77, 122.64, 115.77 (Ar), 31.74, 31.70, 31.62, 31.55, 30.34, 30.26, 29.69, 29.48, 29.27, 29.09, 

22.69, 22.65, 22.59, 14.13, 14.08 ppm (alkyl). HRMS (MALDI-TOF, m/z): [(M + H)+] calcd for 

(C86H97O4S8) 1449.5153; found, 1449.6679. 

General synthetic procedure of M2 and M4 

Compound 6 (285 mg, 0.331 mmol) or 9 (195 mg, 0.163 mmol) was dissolved in a solution 

of dry chloroform (40 mL). Then, 3-ethylrhodanine (10 molar equivalents) and three drops of 

piperidine were added and the resulting solution was stirred for 72 h, under N2 at 70 °C. After 

removal of the solvent, the crude product was dissolved in a minimal amount of CHCl3, then 

precipitated from methanol and the precipitate was obtained as a solid using centrifugation after 

discarding the solvent mixture. This precipitation step was repeated for one more time, in order 

to remove 3-ethylrhodanine and piperidine completely. Subsequently, the product was separated 

by column chromatography on silica gel with hexane/CH2Cl2 (1:1, v/v) as the eluent to give M2 

or M4 as a dark purple solid, respectively. 

Compound M2: 243 mg; 64% yield. 1H NMR (400 MHz, CDCl3): δ = 7.94 (s, 2H, 

C=CH−), 7.32 (s, 2H, Ar), 7.08 (s, 2H, Ar), 7.07 (s, 2H, Ar), 4.20 (q, 4H, J = 7.2 Hz, alkyl), 

2.84−2.78 (m, 8H, alkyl), 1.74−1.63 (m, 8H, alkyl), 1.47−1.25 (m, 30H, alkyl), 0.94−0.89 (m, 

12H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 192.20 (R−CS−NR2), 167.49 (R−CO−NR2), 

150.73, 142.79, 142.56, 139.07, 138.63, 136.74, 131.93, 129.36, 128.20, 127.39, 123.40, 119.21, 

116.10 (Ar), 39.96, 31.72, 31.63, 31.09, 30.31, 29.98, 29.35, 29.08, 28.97, 22.69, 22.59, 14.15, 
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14.09, 12.32 ppm (alkyl). HRMS (MALDI-TOF, m/z): [M+] calcd for (C58H70N2O2S10) 

1146.2644; found, 1146.3078. 

Compound M4: 226 mg; 94% yield. 1H NMR (400 MHz, CDCl3): δ = 7.95 (s, 2H, 

C=CH−), 7.29 (s, 2H, Ar), 7.08 (s, 2H, Ar), 7.05 (s, 2H, Ar), 7.01 (s, 2H, Ar), 4.21 (q, 4H, J = 7.2 

Hz, alkyl), 2.86−2.77 (m, 12H, alkyl), 1.76−1.65 (m, 12H, alkyl), 1.46−1.25 (m, 42H, alkyl), 

0.94−0.89 (m, 18H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 192.26 (R−CS−NR2), 167.51 

(R−CO−NR2), 150.80, 143.06, 142.04, 141.08, 138.71, 135.59, 135.47, 131.79, 129.58, 129.12, 

128.08, 126.94, 123.52, 119.00, 115.71 (Ar), 39.95, 31.75, 31.69, 31.64, 31.14, 30.36, 29.90, 

29.66, 29.36, 29.28, 29.10, 28.99, 22.71, 22.66, 22.61, 14.17, 14.10, 12.33 ppm (alkyl). HRMS 

(MALDI-TOF, m/z): [(M + 2H)+] calcd for (C78H100N2O2S12) 1480.4433; found, 1480.5857. 

 

6.2 Experimental Details for Chapter 3 

Materials and reagents 

All reactions were performed under an inert N2 atmosphere with the use of a Schlenk line. 

Glassware was dried in oven prior to use. Commercially available reagents were used without 

purification unless otherwise stated. All the reagents for the chemical synthesis were purchased 

from Acros Organics, Sigma-Aldrich and Tokyo Chemical Industry Co., Ltd (TCI). Solvents 

were purified by distillation over suitable drying agents. All the reactions were monitored by 

thin-layer chromatography (TLC) with Merck pre-coated aluminum plates. Products were 

purified and separated by column chromatography with silica gel (230−400 mesh) purchased 

from Merck.  

Instrumentation 

Proton and carbon NMR spectra were measured in CDCl3 or DMSO-d6 on a Bruker Ultra-
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shield 400 MHz FT-NMR spectrometer and tetramethylsilane (TMS) was utilized as an internal 

standard for calibrating the chemical shift. Matrix-assisted laser desorption ionization time-of-

flight (MALDI-TOF) mass spectroscopy was performed on an Autoflex Bruker MALDI-TOF 

system. Electrochemical measurements were conducted on Potentiostat/Galvanostat/EIS 

Analyzer model Parstat 4000 at a scan rate of 100 mV s−1. UV/Vis absorption spectra were 

obtained on a Hewlett Packard 8453 spectrometer in CH2Cl2 solution at 293 K. 

Computational details 

All the calculations in this work were carried out using the Gaussian 09 package.1 The 

ground state geometries of all the dyes in dichloromethane (ε = 8.93) were optimized using the 

density functional theory (DFT) method with hybrid functional PBE0, and the solvation effects 

were included using the integral equation formalism2,3 (IEF) version of the polarizable 

continuum4,5 (PCM) model. The frequency calculations were then performed to confirm that 

each optimized structure was the real minimum without imaginary vibration frequency. The 

time-dependent DFT (TD-DFT) method was used to calculate vertically excited singlet-state 

energies. The 6-31G(d) basis set was adopted. The absorption profiles were calculated using the 

Multiwfn program6 as a sum of Gaussian-shaped bands with the full width at half maximum 

(FWHM) equal to 0.667 eV. 

Fabrication and characterization of DSSCs 

All the anode films for the DSSCs were made under the same standard manner, which are 

composed of a transparent layer of 12 μm thickness (TiO2 with diameter of 20 nm) and a 

scattering layer of 6 μm thickness (TiO2 nanoparticles with a diameter of 200 nm). Doctor-blade 

technique was utilized to prepare photoanode (TiO2) films. First, a layer of ∼6 μm TiO2 paste 

(20 nm) was doctor-bladed onto the FTO conducting glass and then relaxed at room temperature 
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for 3 min before heating at 150 °C for 6 min; this procedure was repeated once to achieve a film 

thickness of ∼12 μm and the resulting surface was finally coated by a scattering layer (∼6 μm) 

of TiO2 paste (200 nm). The electrodes were gradually heated under an air flow at 275 °C for 5 

min, 325 °C for 5 min, 375 °C for 5 min, and 470 °C for 30 min to remove polymers and 

generate a three-dimensional TiO2 nanoparticle network. After that, the sintered films were 

soaked with 0.02 M TiF4 aqueous solution for 45 min at 70 °C, washed with deionized water, 

and further annealed at 450 °C for 30 min. After cooling down to ∼80 °C, the electrodes were 

immersed into a 5 × 10−4 M concentration of the corresponding dye bath in acetonitrile/tert-butyl 

alcohol (volume ratio, 1:1)  and maintained in the dark for 15 h. Afterwards, the electrodes were 

rinsed with ethanol to remove the non-adsorbed dyes and dried in the air. Pt counter electrodes 

were prepared by sputtering method at 15 mA for 90 s at a power of 150 W. Two holes (0.75 mm 

in diameter) were predrilled in the FTO glass for introducing the electrolyte. The dye-adsorbed 

TiO2 electrode and Pt-counter electrode were assembled into a sandwich type cell and sealed 

with a hot-melt parafilm at about 100 °C. The liquid electrolyte consisting of 0.6 M 1,2-

dimethyl-3-propylimidazolium iodide (DMPII), 0.1 M LiI, 0.05 M I2 in a mixture of acetonitrile 

and 4-tert-butylpyridine (volume ratio, 1:1) was introduced into the cell through the drilled holes 

at the back of the counter electrode. At last, the holes were sealed by parafilm and covering glass 

(0.1 mm thickness) at elevated temperature. The effective area of all the TiO2 electrodes was 

~0.20 cm2. The current−voltage (J−V) characteristics of the assembled DSSCs were measured by 

a semiconductor characterization system (Keithley 236) at room temperature in air under the 

spectral output from solar simulator (Newport) using an AM 1.5G filter with a light power of 

100 mW cm2. IPCEs of DSSCs were recorded in the Solar Cell QE/IPCE Measurement System 

(Zolix Solar Cell Scan 100) using dc mode. CHI 660D electrochemical workstation was used to 
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characterize the electrochemical properties of the DSSCs. Electrochemical impedance 

spectroscopy (EIS) was recorded under dark conditions over a frequency range of 0.1−105 Hz 

with an ac amplitude of 10 mV, and the parameters were calculated from Z-View software 

(v2.1b, Scribner Associates, Inc.). 

 

6.2.1 Synthesis of Compounds for Chapter 3.1 

2,5-Dibromothieno[3,2-b]thiophene (2) 

Thieno[3,2-b]thiophene 1 (1 g , 7.131 mmol) was dissolved in THF (40 mL) at room 

temperature and the solution was cooled to 0 oC. Then, NBS (2.547 g, 14.262 mmol) was added 

in ten portions at 0 oC. The reaction mixture was slowly warmed to room temperature and was 

stirred for 12 hours. The mixture was then poured into cold water (100 mL) and extracted with 

diethyl ether (3  80 mL). The organic layers were washed with water (100 mL) twice and dried 

over Na2SO4. Removal of the solvents gave 2 as a pure white solid (2.1 g, 7.047 mmol) without 

further purification. 1H NMR (400 MHz, CDCl3): δ = 7.29 ppm (s, 2H, Ar); 13C NMR (100 MHz, 

CDCl3): δ = 138.29, 121.76, 113.62 ppm (Ar). 

5-Bromothieno[3,2-b]thiophene-2-carbaldehyde (10) 

To a two-necked round-bottom flask containing 2 (0.7 g, 2.348 mmol) in 20 mL dry THF, 

n-BuLi (0.978 mL, 2.348 mmol, 2.4 M in hexane) was added dropwisely at −78 oC. The reaction 

mixture was stirred for 15 min and dimethylformamide (0.271 mL, 3.532 mmol) was added. The 

reaction mixture was warmed up gradually to room temperature and was stirred for 30 min. To 

the reaction mixture, an excess amount of 2 M HCl (aq) (10 mL) was introduced, while the 

mixture was stirred for another 1 h. The reaction was quenched by pouring it into water, 

followed by extraction using ethyl acetate. The organic layer was dried over anhydrous Na2SO4 
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and the solvent was then removed under reduced pressure. The crude product was then subjected 

to flash column chromatography with hexane/CH2Cl2 (2:1) as eluent. Product 10 (0.284 g, 1.149 

mmol) was obtained in 49% yield. 1H NMR (400 MHz, CDCl3): δ = 9.98 (s, 1H, CHO), 7.85 (s, 

1H, Ar), 7.36 ppm (s, 1H, Ar); 13C NMR (100 MHz, CDCl3): δ = 183.29 (CHO), 144.74, 144.54, 

139.34, 128.18, 122.91, 120.95 ppm (Ar). 

General synthetic procedure of 11a−11c 

A mixture of 10 (94 mg, 0.38 mmol), (9-octylcarbazolyl) or (9-(2-ethylhexyl)carbazoyl) or 

(9-hexylcarbazolyl)boronic acid (0.76 mmol), Pd(PPh3)4 (22 mg, 0.019 mmol) and 2 M K2CO3 (2 

mL) in THF (20 mL) was heated to reflux under a N2 atmosphere overnight. The reaction 

mixture was poured into water, followed by extraction using ethyl acetate. The organic layer was 

dried over anhydrous Na2SO4 and the solvent was removed under reduced pressure. The residue 

was purified by column chromatography on silica gel using a 1:1 mixture of CH2Cl2 and hexane 

as eluent to afford 11a−11c as orange red solids, respectively. 

Compound 11a. 0.112 g; 66% yield. 1H NMR (400 MHz, CDCl3): δ = 9.96 (s, 1H, CHO), 

8.38 (s, 1H, Ar), 8.15 (d, 1H, J = 8 Hz, Ar), 7.93 (s, 1H, Ar), 7.77 (d, 1H, J = 8.4 Hz, Ar), 7.58 (s, 

1H, Ar), 7.53−7.43 (m, 4H, Ar), 4.32 (t, 2H, J = 7.2 Hz, alkyl), 1.89−1.88 (m, 2H, alkyl), 

1.35−1.19 (m, 10H, alkyl), 0.88−0.84 ppm (m, 3H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 

183.05 (CHO), 154.95, 147.34, 143.70, 141.03, 140.84,137.45, 129.37, 126.38, 124.80, 124.21, 

123.44, 122.64, 120.58, 119.48, 118.32, 114.44, 109.29, 109.14 (Ar), 43.31, 31.79, 29.37, 29.17, 

29.00, 27.31, 22.61, 14.07 ppm (alkyl). 

Compound 11b. 0.15 g; 89% yield. 1H NMR (400 MHz, CDCl3): δ = 9.73 (s, 1H, CHO), 

8.14 (d, 1H, J = 1.6 Hz, Ar), 7.98 (d, 1H, J = 7.6 Hz, Ar), 7.64 (s, 1H, Ar), 7.54−7.52 (m, 1H, Ar), 

7.40−7.36 (m, 1H, Ar), 7.31−7.26 (m, 2H, Ar), 7.21−7.13 (m, 2H, Ar), 4.00−3.92 (m, 2H, alkyl), 
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1.95−1.89 (m, 1H, alkyl), 1.33−1.168 (m, 8H, alkyl), 0.81−0.74 ppm (m, 6H, alkyl); 13C NMR 

(100 MHz, CDCl3): δ = 183.02 (CHO), 154.85, 147.28, 143.60, 141.45, 141.25, 137.35, 129.38, 

126.35, 124.68, 124.06, 123.32, 122.60, 120.52, 119.46, 118.09, 114.26, 109.50, 109.43 (Ar), 

47.51, 39.44, 31.02, 28.82, 24.42, 23.09, 14.09, 10.94 ppm (alkyl).  

Compound 11c. 0.13 g; 82% yield. 1H NMR (400 MHz, CDCl3): δ = 9.88 (s, 1H, CHO), 

8.30 (d, 1H, J = 1.6 Hz, Ar), 8.14 (d, 1H, J = 8 Hz, Ar), 7.78 (s, 1H, Ar), 7.70−7.67 (m, 1H, Ar), 

7.56−7.52 (m, 1H, Ar), 7.46−7.42 (m, 2H, Ar), 7.37−7.28 (m, 2H, Ar), 4.26 (t, 2H, J = 8 Hz, 

alkyl), 1.91−1.83 (m, 2H, alkyl), 1.40−1.28 (m, 6H, alkyl), 0.95−0.92 ppm (m, 3H, alkyl); 13C 

NMR (100 MHz, CDCl3): δ = 183.02 (CHO), 154.86, 147.27, 143.58, 140.99, 140.76, 137.35, 

129.38, 126.37, 124.71, 124.09, 123.36, 122.63, 120.58, 119.47, 118.16, 114.28, 109.22, 109.14 

(Ar), 43.23, 31.58, 28.96, 26.97, 22.58, 14.06 ppm (alkyl). 

2-Bromo-5-(3-hexylthiophenyl)thieno[3,2-b]thiophene (12) 

A mixture of 2 (1 g, 3.355 mmol), 4-hexylthiophenylboronic acid (0.711 g, 3.355 mmol), 

Pd(PPh3)4 (193 mg, 0.168 mmol) and 2 M K2CO3 (6 mL) in THF (30 mL) was heated to reflux 

under a N2 atmosphere overnight. The reaction mixture was poured into water, followed by 

extraction using ethyl acetate. The organic layer was dried over anhydrous Na2SO4. The solvent 

was then removed under reduced pressure. In order to remove palladium catalyst and its residue, 

the organic fraction was purified by short column chromatography on silica gel using a 1:3 

mixture of CH2Cl2 and hexane as eluent to afford the filtered crude product, which was 

immediately subjected to the next reaction without further characterization. 

5-(5-Bromothieno[3,2-b]thiophenyl)-3-hexylthiophene-2-carbaldehyde (13) 

To a two-necked round-bottom flask containing dry DMF (0.936 g, 12.818 mmol), POCl3 

(1.961 g, 12.818 mmol) was added dropwisely by syringe at 0 oC, Vilsmeier-Haack reagent was 
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prepared. A solution of 12 (0.494 g, 1.282 mmol) in dry CH2Cl2 (20 mL) was added dropwise to 

the prepared Vilsmeier-Haack reagent under a N2 atmosphere. The mixture was stirred for 15 

min at 0 oC and overnight at 65 oC. After cooling, the reaction was poured into NaOH(aq) 

solution slowly in an ice bath with stirring for 30 min, and then the resulting mixture was 

extracted with CH2Cl2 and H2O. The organic fraction was dried over anhydrous Na2SO4 and the 

solvent was removed under reduced pressure and a yellow oil was obtained, which was purified 

by column chromatography on silica gel with hexane/CH2Cl2 (3:2 v/v) as the eluent to give 13 as 

a yellow oil (0.228 g, 0.552 mmol). 1H NMR (400 MHz, CDCl3): δ = 9.98 (s, 1H, CHO), 7.36 (d, 

1H, J = 0.4 Hz, Ar), 7.20 (d, 1H, J = 0.8 Hz, Ar), 7.05 (s, 1H, Ar), 2.91 (t, 2H, J = 7.6 Hz, alkyl), 

1.72−1.65 (m, 2H, alkyl), 1.42−1.31 (m, 6H, alkyl), 0.908−0.873 ppm (m, 3H, alkyl); 13C NMR 

(100 MHz, CDCl3): δ = 181.45 (CHO), 153.83, 145.63, 140.09, 138.45, 137.23, 136.24, 126.68, 

122.18, 117.46, 115.31 (Ar), 31.55, 31.34, 29.00, 28.57, 22.55, 14.06 ppm (alkyl). 

General synthetic procedure of 14a−14c 

A mixture of 13 (76 mg, 0.184 mmol), (9-octylcarbazolyl) or (9-(2-ethylhexyl)carbazolyl) 

or (9-hexylcarbazolyl) boronic acid (0.368 mmol), Pd(PPh3)4 (11 mg, 0.009 mmol) and 2 M 

K2CO3 (2 mL) in THF (20 mL) was heated to reflux under a N2 atmosphere for overnight. The 

reaction mixture was poured into water, followed by extraction using ethyl acetate. The organic 

layer was dried over anhydrous Na2SO4. Then, the solvent was removed under reduced pressure 

and the residue was purified by column chromatography on silica gel using a 1:1 mixture of 

CH2Cl2 and hexane as eluent to afford 14a−14c as red solids. 

Compound 14a. 72 mg; 64% yield. 1H NMR (400 MHz, CDCl3): δ = 9.91 (s, 1H, CHO), 

8.24 (d, 1H, J = 1.6 Hz, Ar), 8.06 (d, 1H, J = 7.6 Hz, Ar), 7.65−7.63 (m, 1H, Ar), 7.42−7.38 (m, 

3H, Ar), 7.34−7.31 (m, 2H, Ar), 7.19−7.18 (m, 1H, Ar), 6.99 (s, 1H, Ar), 4.21 (t, 2H, J = 7.2 Hz, 
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alkyl), 2.84 (t, 2H, J = 7.6 Hz, alkyl), 1.81−1.78 (m, 2H, alkyl), 1.65−1.61 (m, 2H, alkyl), 

1.33−1.16 (m, 16H, alkyl), 0.85−0.77 ppm (m, 6H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 

181.42 (CHO), 154.01, 149.79, 146.63, 140.98, 140.97, 140.43, 138.30, 136.20, 135.69, 126.20, 

126.14, 125.36, 124.04, 123.39, 122.69, 120.57, 119.28, 118.37, 117.88, 113.99, 109.18, 109.03 

(Ar), 43.27, 31.80, 31.58, 31.37, 29.38, 29.18, 29.04, 29.01, 28.60, 27.32, 22.62, 22.57, 14.08 

ppm (alkyl). 

Compound 14b. 85 mg; 75% yield. 1H NMR (400 MHz, CDCl3): δ = 9.85 (s, 1H, CHO), 

8.15 (d, 1H, J = 1.6 Hz, Ar), 8.00 (d, 1H, J = 7.6 Hz, Ar), 7.54 (dd, 1H, J = 8.4, 1.6 Hz, Ar), 

7.40−7.36 (m, 1H, Ar), 7.29−7.26 (m, 3H, Ar), 7.21 (d, 1H, J = 8.4 Hz, Ar), 7.17−7.15 (m, 1H, 

Ar), 6.90 (s, 1H, Ar), 4.00−3.97 (m, 2H, alkyl), 2.76 (t, 2H, J = 7.6 Hz, alkyl), 1.96−1.90 (m, 1H, 

alkyl), 1.59−1.53 (m, 2H, alkyl), 1.29−1.13 (m, 14H, alkyl), 0.82−0.75 ppm (m, 9H, alkyl); 13C 

NMR (100 MHz, CDCl3): δ = 181.35 (CHO), 153.99, 149.74, 146.61, 141.42, 140.97, 140.87, 

138.22, 136.17, 135.53, 126.15, 126.03, 125.28, 123.91, 123.31, 122.68, 120.51, 119.26, 118.30, 

117.66, 113.85, 109.41, 109.32 (Ar), 47.49, 39.45, 31.61, 31.36, 31.03, 29.07, 28.85, 28.59, 

24.43, 23.09, 22.61, 14.12, 14.08, 10.93 ppm (alkyl).  

Compound 14c. 80 mg; 74% yield. 1H NMR (400 MHz, CDCl3): δ = 10.01 (s, 1H, CHO), 

8.35 (d, 1H, J = 2 Hz, Ar), 8.16 (d, 1H, J = 7.6 Hz, Ar), 7.77−7.74 (m, 1H, Ar), 7.53−7.50 (m, 

3H, Ar), 7.46−7.42 (m, 2H, Ar), 7.31−7.28 (m, 1H, Ar), 7.10 (s, 1H, Ar), 4.33 (t, 2H, J = 7.2 Hz, 

alkyl), 2.97−2.93 (m, 2H, alkyl), 1.92−1.89 (m, 2H, alkyl), 1.74−1.72 (m, 2H, alkyl), 1.44−1.31 

(m, 12H, alkyl), 0.95−0.89 ppm (m, 6H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 181.44 (CHO), 

154.03, 149.79, 146.64, 140.98, 140.97, 140.43, 138.30, 136.20, 135.61, 126.21, 126.16, 125.36, 

124.05, 123.39, 122.69, 120.57, 119.28, 118.39, 117.90, 114.01, 109.18, 109.03 (Ar), 43.28, 

31.58, 31.38, 29.03, 28.98, 28.61, 26.98, 22.57, 22.56,14.09, 14.02 ppm (alkyl). 
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6.2.2 Synthesis of Organic Dyes D1−D6 for Chapter 3.1 

General synthetic procedure of D1−D6 

A mixture of each corresponding dye precursor 11a−11c, 14a−14c and cyanoacetic acid 

(10 molar equivalents) in acetic acid (8 mL) was refluxed in the presence of ammonium acetate 

(25 mg) overnight under a N2 atmosphere. After cooling, the reaction mixture was washed with 

water and extracted with CHCl3. Then, the solvent was removed under reduced pressure and the 

crude compound was purified by column chromatography on silica gel eluting with CHCl3 and 

then CHCl3/MeOH (10:1, v/v) to give products D1−D6. 

D1. 125 mg; 97% yield; red solid. 1H NMR (400 MHz, DMSO-d6): δ = 8.60 (d, 1H, J = 1.6 

Hz, Ar), 8.57 (s, 1H, C=CH-), 8.33−8.28 (m, 2H, Ar), 8.06 (d, 1H, J = 0.4 Hz, Ar), 7.87−7.85 (m, 

1H, Ar), 7.71 (d, 1H, J = 8.4 Hz, Ar), 7.64 (d, 1H, J = 8.4 Hz, Ar), 7.53−7.48 (m, 1H, Ar), 

7.28−7.24 (m, 1H, Ar), 4.43 (t, 2H, J = 6.8 Hz, alkyl), 1.80−1.77 (m, 2H, alkyl), 1.26−1.18 (m, 

10H, alkyl), 0.83−0.79 ppm (m, 3H, alkyl). HRMS (MALDI-TOF, m/z): [M+] 512.1094; calcd 

for (C30H28N2O2S2) 512.1592. 

D2. 145 mg; 84% yield; red solid. 1H NMR (400 MHz, DMSO-d6): δ = 8.60 (d, 1H, J = 1.2 

Hz, Ar), 8.57 (s, 1H, C=CH-), 8.34−8.28 (m, 2H, Ar), 8.06 (s, 1H, Ar), 7.86 (dd, 1H, J = 8.8, 1.6 

Hz, Ar), 7.67 (d, 1H, J = 8.4 Hz Ar), 7.60 (d, 1H, J = 8 Hz, Ar), 7.53−7.49 (m, 1H, Ar), 

7.28−7.25 (m, 1H, Ar), 4.30 (d, 2H, J = 7.2 Hz, alkyl), 2.02−1.99 (m, 1H, alkyl), 1.35−1.16 (m, 

8H, alkyl), 0.86 (t, 3H, J = 7.2 Hz, alkyl), 0.78 ppm (t, 3H, J = 6.8 Hz, alkyl). HRMS (MALDI-

TOF, m/z): [M+] 512.1587; calcd for (C30H28N2O2S2) 512.1592. 

D3. 150 mg; 99% yield; red solid. 1H NMR (400 MHz, DMSO-d6): δ = 8.60 (d, 1H, J = 1.6 

Hz, Ar), 8.56 (s, 1H, C=CH-), 8.33−8.28 (m, 2H, Ar), 8.07 (s, 1H, Ar), 7.88−7.86 (m, 1H, Ar), 

7.73 (d, 1H, J = 8.8 Hz, Ar), 7.65 (d, 1H, J = 8 Hz, Ar), 7.53−7.49 (m, 1H, Ar), 7.28−7.24 (m, 
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1H, Ar), 4.44 (t, 2H, J = 7.2 Hz, alkyl), 1.81−1.77 (m, 2H, alkyl), 1.30−1.20 (m, 6H, alkyl), 0.81 

ppm (t, 3H, J = 6.8 Hz, alkyl). HRMS (MALDI-TOF, m/z): [M+] 484.1108; calcd for 

(C28H24N2O2S2) 484.1279. 

D4. 79 mg; 99% yield; dark purple solid. 1H NMR (400 MHz, DMSO-d6): δ = 8.54 (s, 1H, 

C=CH-), 8.29−8.26 (m, 2H, Ar), 7.99 (s, 1H, Ar), 7.92 (s, 1H, Ar), 7.82−7.80 (m, 1H, Ar), 

7.68−7.62 (m, 2H, Ar), 7.53−7.47 (m, 2H, Ar), 7.26−7.23 (m, 1H, Ar), 4.41 (t, 2H, J = 6.8 Hz, 

alkyl), 2.80 (t, 2H, J = 7.2 Hz, alkyl), 1.79−1.76 (m, 2H, alkyl), 1.63−1.60 (m, 2H, alkyl), 

1.30−1.18 (m, 16H, alkyl), 0.89−0.79 ppm (m, 6H, alkyl). HRMS (MALDI-TOF, m/z): [M+]  

678.1747; calcd for (C40H42N2O2S3) 678.2408. 

D5. 80 mg; 85% yield; dark purple solid. 1H NMR (400 MHz, DMSO-d6): δ = 8.53 (s, 1H, 

C=CH-), 8.28−8.25 (m, 2H, Ar), 7.93 (s, 1H, Ar), 7.89 (s, 1H, Ar), 7.81−7.78 (m, 1H, Ar), 

7.66−7.57 (m, 2H, Ar), 7.52−7.48 (m, 2H, Ar), 7.27−7.23 (m, 1H, Ar), 4.30 (d, 2H, J = 7.2 Hz, 

alkyl), 2.77 (t, J = 7.2 Hz, alkyl), 2.01−1.98 (m, 1H, alkyl), 1.61−1.59 (m, 2H, alkyl), 1.32−1.14 

(m, 14H, alkyl), 0.87−0.86 ppm (m, 9H, alkyl). HRMS (MALDI-TOF, m/z): [M+] 678.1906; 

calcd for (C40H42N2O2S3) 678.2408. 

D6. 81 mg; 91% yield; dark purple solid. 1H NMR (400 MHz, DMSO-d6): δ = 8.55 (s, 1H, 

C=CH-), 8.30−8.26 (m, 2H, Ar), 8.02 (s, 1H, Ar), 7.94 (s, 1H, Ar), 7.84−7.81 (m, 1H, Ar), 7.66 

(d, 1H, J = 8.4 Hz, Ar), 7.63 (d, 1H, J = 8.4 Hz, Ar), 7.54 (s, 1H, Ar), 7.52 −7.47 (m, 1H, Ar), 

7.27−7.23 (m, 1H, Ar), 4.42 (t, 2H, J = 7.2 Hz, alkyl), 2.81 (t, J = 7.6 Hz, alkyl), 1.80−1.75 (m, 

2H, alkyl), 1.64−1.59 (m, 2H, alkyl), 1.35−1.21 (m, 12H, alkyl), 0.89−0.79 ppm (m, 6H, alkyl). 

HRMS (MALDI-TOF, m/z): [M+] 650.2455; calcd for (C38H38N2O2S3) 650.2095. 
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6.2.3 Synthesis of Compounds for Chapter 3.2 

2,5-Bis(3-hexylthiophenyl)selenophene (17)  

A mixture of 167 (1.207 g, 4.179 mmol), 3-hexylthioenyl-2-boronic acid (1.95 g, 9.194 

mmol), Pd(PPh3)4 (241 mg, 0.209 mmol) and 2 M aqueous solution of K2CO3 (5 mL) in THF (40 

mL) was heated to reflux under a N2 atmosphere overnight. The reaction mixture was poured 

into water, followed by extraction using ethyl acetate. The organic layer was dried over 

anhydrous Na2SO4 and the solvent was then removed under reduced pressure. The residue was 

purified by column chromatography on silica gel using a 1:10 mixture of CH2Cl2 and hexane as 

eluent to afford compound 17 (0.62 g, 1.337 mmol) as a pale yellow solid. 1H NMR (400 MHz, 

CDCl3): δ = 7.17 (s, 2H, Ar), 6.94 (s, 2H, Ar), 6.79 (s, 2H, Ar), 2.57 (t, 4H, J = 7.6 Hz, alkyl), 

1.66−1.58 (m, 4H, alkyl), 1.37−1.32 (m, 12H, alkyl), 0.91−0.88 (t, 6H, J = 6.8 Hz, alkyl); 13C 

NMR (100 MHz, CDCl3): δ = 144.20, 141.17, 139.04, 126.00, 125.62, 119.28 (Ar), 31.69, 30.53, 

30.37, 29.01, 22.64, 14.14 ppm (alkyl). 

3-Hexyl-5-(5-(3-hexylthiophen-2-yl)selenophenyl)thiophene-2-carbaldehyde (18)  

The Vilsmeier-Haack reagent was first prepared in a two-necked round-bottom flask 

containing dry DMF (0.489 g, 6.685 mmol). POCl3 (0.246 g, 1.604 mmol) was dropwisely added 

by syringe at 0 oC. A solution of 3 (0.62 g, 1.337 mmol) in dry CH2Cl2 (20 mL) was added 

dropwisely to the prepared Vilsmeier-Haack reagent under a N2 atmosphere. The mixture was 

stirred for 15 min at 0 oC and then heated overnight at 70 oC. After cooling, the reaction was 

poured into NaOH(aq) solution slowly in an ice bath with stirring for 30 min, and then the 

resulting mixture was extracted with CH2Cl2 and H2O. The organic fraction was dried over 

anhydrous Na2SO4. The solvent was then removed under reduced pressure and an orange oil was 

obtained, which was purified by column chromatography on silica gel with hexane/CH2Cl2 (1:1 
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v/v) as the eluent to give 18 as an orange solid (0.597 g, 1.214 mmol). 1H NMR (400 MHz, 

CDCl3): δ = 10.00 (s, 1H, CHO), 7.42 (d, 1H, J = 4 Hz, Ar), 7.25 (d, 1H, J = 4 Hz, Ar), 7.02 (s, 

1H, Ar), 6.99 (s, 1H, Ar), 6.88 (s, 1H, Ar), 2.94 (t, 2H, J = 7.6 Hz, alkyl), 2.60 (t, 2H, J = 7.6 Hz, 

alkyl), 1.75−1.61 (m, 4H, alkyl), 1.39−1.34 (m, 12H, alkyl), 0.93−0.90 ppm (m, 6H, alkyl); 13C 

NMR (100 MHz, CDCl3): δ = 181.55 (CHO), 153.99, 148.01, 144.61, 144.47, 139.06, 138.42, 

135.79, 129.05, 126.90, 126.39, 126.24, 120.29 (Ar), 31.67, 31.57, 31.39, 30.48, 30.37, 29.01, 

28.99, 28.57, 22.63, 22.56, 14.13, 14.09 ppm (alkyl). 

5-(5-(5-Bromo-4-hexylthiophen-2-yl)selenophen-2-yl)-3-hexylthiophene-2-carbaldehyde (19)  

NBS (0.214 g, 1.2 mmol) was slowly added to a solution of 18 (0.562 g, 1.143 mmol) in a 

mixture of CHCl3 (10 mL) and acetic acid (10mL) at 0 oC under darkness. After the mixture was 

stirred at room temperature overnight, the reaction was terminated by the addition of water. The 

reaction mixture was then extracted with CH2Cl2 and water. The organic extract was dried over 

anhydrous Na2SO4 and the solvent was removed under reduced pressure to yield an orange oil, 

which was purified by column chromatography on silica gel with hexane/CH2Cl2 (1:1 v/v) as the 

eluent to give 19 as an orange solid (0.627 g, 1.099 mmol). 1H NMR (400 MHz, CDCl3): δ = 

9.98 (s, 1H, CHO), 7.38 (d, 1H, J = 4 Hz, Ar), 7.17 (d, 1H, , J = 4 Hz,  Ar), 6.97 (s, 1H, Ar), 6.84 

(s, 1H, Ar), 2.91 (t, 2H, J = 7.6 Hz, alkyl), 2.54 (t, 2H, J = 7.6 Hz, alkyl), 1.71−1.65 (m, 2H, 

alkyl), 1.62−1.55 (m, 2H, alkyl), 1.40−1.30 (m, 12H, alkyl), 0.91−0.88 ppm (m, 6H, alkyl); 13C 

NMR (100 MHz, CDCl3): δ = 181.55 (CHO), 153.94, 147.67, 143.34, 143.31, 139.58, 138.18, 

136.02, 128.98, 127.06, 126.52, 125.71, 109.10 (Ar), 31.61, 31.57, 31.38, 29.64, 29.59, 29.00, 

28.91, 28.57, 22.61, 22.56, 14.12, 14.08 ppm (alkyl). 

General synthetic procedures of 20a−20d 

A mixture of 19 (60 mg, 0.105 mmol), each corresponding aromatic boronic acid (0.126 
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mmol), Pd(PPh3)4 (6 mg, 0.005 mmol) and 2 M aqueous solution of K2CO3 (1 mL) in THF (20 

mL) was heated to reflux under a N2 atmosphere overnight. The reaction mixture was poured 

into water, followed by the extraction using ethyl acetate. The organic layer was dried over 

anhydrous Na2SO4. Then, the solvent was removed under reduced pressure and the residue was 

purified by column chromatography on silica gel using a 2:1 mixture of CH2Cl2 and hexane as 

eluent to yield 20a−20d as an orange red oil. 

Compound 20a: 72 mg; 89% yield. 1H NMR (400 MHz, CDCl3): δ = 10.01 (s, 1H, CHO),  

8.19 (s, 1H, Ar), 8.14 (d, 1H, J = 8 Hz, Ar), 7.58−7.51 (m, 2H, Ar), 7.47−7.43 (m, 3H, Ar), 

7.31−7.27 (m, 2H, Ar), 7.12 ( s, 1H, Ar), 7.00 (s, 1H, Ar), 4.34 (t, 2H, J = 7.2 Hz, alkyl), 2.94 (t, 

2H, J = 7.6 Hz, alkyl), 2.73 (t, 2H, J = 8 Hz, alkyl), 1.96−1.89 (m, 2H, alkyl), 1.76−1.69 (m, 4H, 

alkyl), 1.44−1.30 (m, 22H, alkyl), 0.96−0.88 ppm (m, 9H, alkyl); 13C NMR (100 MHz, CDCl3): 

δ = 180.39 (CHO), 152.94, 147.10, 143.74, 139.81, 138.86, 138.70, 138.17, 137.50, 134.93, 

134.60, 128.13, 126.47, 125.95, 125.70, 124.98, 124.77, 123.47, 121.96, 121.61, 119.99, 119.40,  

118.05 (Ar), 42.19, 30.76, 30.61, 30.53, 30.32, 29.96, 28.35, 28.17, 28.16, 27.97, 27.78, 27.51, 

26.30, 21.58, 25.53, 13.05 ppm (alkyl). 

Compound 20b: 87 mg; 76% yield. 1H NMR (400 MHz, CDCl3): δ = 9.97 (s, 1H, CHO),  

7.52−7.46 (m, 8H, Ar), 7.39 (d, 1H, J = 4 Hz, Ar), 7.32−7.30 (m, 2H, Ar), 7.21−7.18 (m, 5H, Ar), 

7.16−7.14 (m, 2H, Ar), 7.02 ( s, 1H, Ar), 6.97−6.93 (m, 5H, Ar), 3.98 (t, 4H, J = 6.4 Hz, alkyl), 

2.90 (t, 2H, J = 7.6 Hz, alkyl), 2.65 (t, 2H, J = 8 Hz, alkyl), 1.83−1.76 (m, 4H, alkyl), 1.72−1.60 

(m, 4H, alkyl), 1.49−1.26 (m, 24H, alkyl), 0.93−0.86 ppm (m, 12H, alkyl); 13C NMR (100 MHz, 

CDCl3): δ = 181.47 (CHO), 158.55, 153.99, 148.08, 147.23, 146.00, 144.57, 139.41, 138.77, 

138.34, 136.03, 135.82, 135.74, 132.90, 129.79, 129.17, 127.71, 127.51, 126.83, 126.00, 124.95,  

123.02, 114.83 (Ar), 68.12, 31.67, 31.65, 31.59, 31.39, 30.94, 29.32, 29.23, 29.03, 28.93, 28.59, 
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25.79, 22.66, 22.65, 22.59, 14.16, 14.10 ppm (alkyl). 

Compound 20c: 40 mg; 42% yield. 1H NMR (400 MHz, CDCl3): δ = 9.90 (s, 1H, CHO),  

8.17 (d, 1H, J = 1.6 Hz, Ar), 8.1 (d, 1H, J = 1.2 Hz, Ar), 7.62−7.60 (m, 1H, Ar), 7.55−7.53 (m, 

2H, Ar), 7.46 (dd, 1H, J = 8.4 , 2 Hz, Ar), 7.38−7.32 ( m, 3H, Ar), 7.17 (d, 1H, J = 4 Hz, Ar),  

7.01 (s, 1H, Ar), 6.94−6.92 (m, 2H, Ar), 6.89 (s, 1H, Ar), 4.23 (t, 2H, J = 7.2 Hz, alkyl), 3.94 (t, 

2H, J = 6.4 Hz, alkyl), 2.83 (t, 2H, J = 7.6 Hz, alkyl), 2.63 (t, 2H, J = 8 Hz, alkyl), 1.84−1.70 (m, 

4H, alkyl), 1.65−1.56 (m, 4H, alkyl), 1.43−1.15 (m, 28H, alkyl), 0.86−0.74 ppm (m, 12H, alkyl); 

13C NMR (100 MHz, CDCl3): δ = 181.50 (CHO), 158.24,154.03, 148.19, 144.82, 140.36, 140.02, 

139.75, 139.25, 138.57, 136.00, 135.67, 134.40, 132.48, 129.21, 128.20, 127.56, 127.11, 126.89, 

126.79, 126.38, 125.85, 125.35, 124.61, 123.20, 123.18, 121.10, 118.44, 114.87, 109.11, 108.84 

(Ar), 68.16, 43.39, 31.84, 31.66, 31.60, 31.39, 31.02, 29.42, 29.35, 29.22, 29.10, 29.04, 28.88, 

28.59, 27.38, 25.81, 22.67, 22.65, 22.59, 14.11 ppm (alkyl). 

Compound 20d: 119 mg; 92% yield. 1H NMR (400 MHz, CDCl3): δ = 10.01 (s, 1H, CHO), 

8.36 (d, 2H, J = 1.6 Hz, Ar), 8.18 (d, 2H, J = 7.6 Hz, Ar), 7.76 (dd, 2H, J = 8.4, 1.6 Hz, Ar), 7.71 

(d, 4H, J = 8.8 Hz, Ar), 7.54−7.35 (m, 12H, Ar), 7.30−7.26 (m, 6H, Ar), 7.08 (s, 1H, Ar),  7.00 (s, 

1H, Ar), 4.35 (t, 4H, J = 7.2 Hz, alkyl), 2.94 (t, 2H, J = 7.6 Hz, alkyl), 2.72 (t, 2H, J = 7.6 Hz, 

alkyl), 1.97−1.89 (m, 4H, alkyl), 1.77−1.66 (m, 4H, alkyl), 1.45−1.30 (m, 24H, alkyl), 0.96−0.89 

ppm (m, 12H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 181.47 (CHO), 153.98, 148.09, 147.37, 

145.85, 144.57, 140.88, 139.79, 139.37, 138.69, 138.42, 137.16, 135.95, 135.68, 131.65, 129.77, 

129.15, 128.07, 127.68, 127.52, 126.79, 125.96, 125.76, 125.11, 124.84, 123.33, 122.94, 122.86, 

120.39, 118.85, 118.46, 108.91, 108.82 (Ar), 43.22, 31.66, 31.60, 31.56, 31.36, 30.94, 29.71, 

29.22, 29.00, 28.91, 28.55, 27.00, 22.66, 22.63, 22.56, 14.14, 14.07, 14.03 ppm (alkyl). 
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3,4'-Dihexyl-[2,2'-bithiophene]-5-carbaldehyde (22)  

A mixture of 21 (0.460 g, 1.671 mmol), 3-hexylthiophenyl-2-boronic acid (0.425 g, 2.005 

mmol), Pd(PPh3)4 (97 mg, 0.084 mmol) and 2 M K2CO3 (2 mL) in THF (30 mL) was heated to 

reflux under a N2 atmosphere overnight. The reaction mixture was poured into water, followed 

by extraction using ethyl acetate. The organic layer was dried over anhydrous Na2SO4. Then, the 

solvent was removed under reduced pressure and the residue was purified by column 

chromatography on silica gel using a 1:1 mixture of CH2Cl2 and hexane as eluent to afford 22 

(0.545 g, 1.504 mmol) as a pale yellow oil. 1H NMR (400 MHz, CDCl3): δ = 9.82 (s, 1H, CHO), 

7.58 (s, 1H, Ar), 7.11 (d, 1H, J = 1.6 Hz, alkyl), 7.01 (d, 1H, J = 1.2 Hz, alkyl), 2.79 (t, 2H, J = 

7.6 Hz, alkyl), 2.62 (t, 2H, J = 7.6 Hz, alkyl), 1.70−1.60 (m, 4H, alkyl), 1.42−1.26 (m, 12H, 

alkyl), 0.91−0.87 ppm (m, 6H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 182.63 (CHO), 144.15, 

141.82, 140.15, 140.08, 139.00, 134.58, 128.88, 122.19 (Ar), 31.66, 31.60, 30.38, 30.29, 29.28, 

29.13, 28.96, 22.61, 22.60, 14.10, 14.07 ppm (alkyl). 

5'-Bromo-3,4'-dihexyl-[2,2'-bithiophene]-5-carbaldehyde (23)  

NBS (0.396 g, 2.227 mmol) was slowly added to a solution of 22 (0.769 g, 2.121 mmol) in 

a mixture of CHCl3 (25 mL) and acetic acid (3 mL) at 0 oC under darkness. After the mixture 

was stirred at room temperature overnight, the reaction was terminated by the addition of water. 

The reaction mixture was then extracted with CH2Cl2 and water. The organic extract was dried 

over anhydrous Na2SO4 and the solvent was removed under reduced pressure to yield a yellow 

oil, which was purified by column chromatography on silica gel with hexane/CH2Cl2 (2:1 v/v) as 

the eluent to give 23 as a yellow oil (0.922 g, 2.088 mmol). 1H NMR (400 MHz, CDCl3): δ = 

9.82 (s, 1H, CHO), 7.57 (s, 1H, Ar), 6.96 (s, 1H, alkyl), 2.74 (t, 2H, J =  7.6 Hz, alkyl), 2.57 (t, 

2H, J = 7.6 Hz, alkyl), 1.69−1.56 (m, 4H, alkyl), 1.40−1.31 (m, 12H, alkyl), 0.91−0.88 ppm (m, 
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6H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 182.62 (CHO), 142.99, 140.55, 140.42, 138.87, 

134.33, 128.31, 111.24 (Ar), 31.59, 30.30, 29.61, 29.49, 29.26, 29.11, 28.88, 22.59, 14.10, 14.07 

ppm (alkyl). 

General synthetic procedures of 24a−26a 

A mixture of 23 (400 mg, 0.906 mmol) or 21 (400 mg, 1.453 mmol) or 4-

bromobenzaldehyde (600 mg, 3.243 mmol), (4-(diphenylamino)phenyl)boronic acid (1.5 molar 

equivalents), Pd(PPh3)4 (112 mg, 0.097 mmol) and 2 M aqueous solution of K2CO3 (2 mL) in 

THF (30 mL) was heated to reflux under a N2 atmosphere overnight. The reaction mixture was 

poured into water, followed by extraction using ethyl acetate. The organic layer was dried over 

anhydrous Na2SO4. The solvent was then removed under reduced pressure and the residue was 

purified by column chromatography on silica gel using a 1:1 mixture of CH2Cl2 and hexane as 

eluent to yield 24a−26a as orange oils. 

Compound 24a: 173 mg; 32% yield. 1H NMR (400 MHz, CDCl3): δ = 9.70 (s, 1H, CHO), 

7.51 (s, 1H, Ar), 7.19−7.13 (m, 6H, Ar), 7.16−7.14 (m, 5H, Ar), 7.11−7.04 (m, 4H, Ar), 2.82 (t, 

2H, J = 7.6 Hz, alkyl), 2.67 (t, 2H, J = 8 Hz, alkyl), 1.73−1.60 (m, 4H, alkyl), 1.43−1.27 (m, 12H, 

alkyl), 0.91−0.86 ppm (m, 6H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 182.58 (CHO), 147.55, 

147.42, 141.95, 140.31, 139.88, 139.73, 139.24, 139.06, 132.26, 130.08, 129.84, 129.40, 127.31, 

124.84, 123.37, 122.83 (Ar), 31.65, 30.91, 30.29, 29.44, 29.20, 29.16, 28.74, 22.63, 14.13 ppm 

(alkyl). 

Compound 25a: 545 mg; 85% yield. 1H NMR (400 MHz, CDCl3): δ = 9.82 (s, 1H, CHO), 

7.59 (s, 1H, Ar), 7.31−7.27 (m, 6H, Ar), 7.04−7.02 (m, 4H, Ar), 6.98−6.92 (m, 4H, Ar), 2.57 (t, 

2H, J = 8 Hz, alkyl), 1.56−1.48 (m, 2H, alkyl), 1.25−1.13 (m, 6H, alkyl), 0.79−0.74 ppm (m, 3H, 

alkyl); 13C NMR (100 MHz, CDCl3): δ = 181.64 (CHO), 147.85, 147.32, 146.08, 139.33, 138.61, 
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137.81, 128.75, 128.40, 125.47, 124.05, 123.37, 121.13 (Ar), 30.52, 29.65, 27.99, 27.65, 21.51, 

13.05 ppm (alkyl). 

Compound 26a: 953 mg; 84% yield. 1H NMR (400 MHz, CDCl3): δ = 9.88 (s, 1H, CHO), 

7.79 (d, 2H, J = 8.4 Hz, Ar), 7.58 (d, 2H, J = 8 Hz, Ar), 7.41 (d, 2H, J = 8.8 Hz, Ar), 7.18 (t, 4H, 

J = 7.6 Hz, Ar), 7.07 (d, 6H, J = 8.4 Hz, Ar), 6.99 (t, 2H, J = 7.2 Hz, Ar); 13C NMR (100 MHz, 

CDCl3): δ = 191.68 (CHO), 148.54, 147.46, 146.45, 134.87, 132.81, 130.50, 129.69, 128.25, 

126.96, 125.05, 123.73, 123.28 ppm (Ar). 

5'-(4-(Bis(4-iodophenyl)amino)phenyl)-3,4'-dihexyl-[2,2'-bithiophene]-5-carbaldehyde (24b)  

A mixture of 24a (0.403 g, 0.665 mmol), KI (166 mg, 0.998 mmol) and KIO3 (142 mg, 

0.665 mmol) in acetic acid (20 mL) and water (2 mL) was stirred for overnight at 80 oC. After 

cooling, the reaction mixture was washed with water and extracted with CHCl3. Then, the 

solvent was removed under reduced pressure and the crude compound was purified by column 

chromatography on silica gel eluting with CH2Cl2/hexane (1:1, v/v) to give product 24b (0.406 g, 

0.473 mmol). 1H NMR (400 MHz, CDCl3): δ = 9.79 (s, 1H, CHO), 7.57 (s, 1H, Ar), 7.55−7.52 

(m, 4H, Ar), 7.33−7.31 (m, 2H, Ar), 7.16 (s, 1H, Ar), 7.08 (d, 2H, J = 8.4 Hz, Ar), 6.88−6.85 (m, 

4H, Ar), 2.82 (t, 2H, J = 8 Hz, alkyl), 2.66 (t, 2H, J = 8 Hz, alkyl), 1.72−1.60 (m, 4H, alkyl), 

1.43−1.26 (m, 12H, alkyl), 0.90−0.86 ppm (m, 6H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 

182.49 (CHO), 146.76, 146.32, 141.66, 140.01, 139.92, 139.70, 139.36, 139.20, 138.50, 132.69, 

130.16, 130.10, 128.82, 126.30, 123.88, 86.66 (Ar), 31.70, 31.69, 30.94, 30.33, 29.49, 29.24, 

29.20, 28.81, 22.74, 22.68, 14.26, 14.22 ppm (alkyl). 

5-(4-(Bis(4-bromophenyl)amino)phenyl)-4-hexylthiophene-2-carbaldehyde (25b)  

NBS (0.441 g, 2.48 mmol) was slowly added to a solution of 25a (0.545 g, 1.24 mmol) in 

CHCl3 (25 mL) at 0 oC under darkness. After the mixture was stirred at room temperature 
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overnight, the reaction was terminated by the addition of water. The reaction mixture was then 

extracted with CH2Cl2 and water. The organic extract was dried over anhydrous Na2SO4 and the 

solvent was removed under reduced pressure to yield yellow oil, which was purified by column 

chromatography on silica gel with hexane/CH2Cl2 (2:1, v/v) as the eluent to give 25b as a yellow 

oil (0.709 g, 1.187 mmol). 1H NMR (400 MHz, CDCl3): δ = 9.70 (s, 1H, CHO), 7.53 (s, 1H, Ar), 

7.27−7.20 (m, 6H, Ar), 6.97−6.95 (m, 2H, Ar), 6.90−6.86 (m, 4H, Ar), 2.57 (t, 2H, J = 8 Hz, 

alkyl), 1.56−1.49 (m, 2H, alkyl), 1.26−1.15 (m, 6H, alkyl), 0.76 ppm (t, 3H, J = 6.8 Hz, alkyl); 

13C NMR (100 MHz, CDCl3): δ = 182.68 (CHO), 148.23, 147.40, 145.95, 140.78, 139.99, 

138.80, 132.67, 130.18, 127.94, 126.27, 123.12, 116.56 (Ar), 31.62, 30.76, 29.09, 28.76, 22.62, 

14.18 ppm (alkyl). 

4'-(Bis(4-iodophenyl)amino)-[1,1'-biphenyl]-4-carbaldehyde (26b)  

A mixture of 26a (0.529 g, 1.514 mmol), KI (377 mg, 2.271 mmol) and KIO3 (324 mg, 

1.514 mmol) in acetic acid (20 mL) and water (2 mL) was stirred for overnight at 80 oC. After 

cooling, the reaction mixture was washed with water and extracted with CHCl3. Then, the 

solvent was removed under reduced pressure and the crude compound was purified by column 

chromatography on silica gel eluting with CH2Cl2/hexane (1:1, v/v) to give product 26b (0.210 g, 

0.349 mmol). 1H NMR (400 MHz, CDCl3): δ = 10.04 (s, 1H, CHO), 7.94 (d, 2H, J = 8.4 Hz, Ar), 

7.72 (d, 2H, J = 8 Hz, Ar), 7.59−7.53 (m, 6H, Ar), 7.15−7.13 (m, 2H, Ar), 6.89−6.87 (m, 4H, Ar); 

13C NMR (100 MHz, CDCl3): δ = 191.84 (CHO), 147.21, 146.72, 146.28, 138.50, 134.96, 

134.34, 130.37, 128.37, 127.09, 126.32, 124.15, 86.65 ppm (Ar). 

General synthetic procedures of 24c−26c 

A mixture of 24b (88 mg, 0.103 mmol) or 25b (120 mg, 0.200 mmol) or 26b (210 mg, 

0.349 mmol), (9-hexylcarbazolyl)boronic acid (3 molar equivalents), Pd(PPh3)4 (10 mg, 0.008 
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mmol) and 2 M aqueous solution of K2CO3 (1 mL) in THF (20 mL) was heated to reflux under 

N2 atmosphere for overnight. The reaction mixture was poured into water, followed by extraction 

using ethyl acetate. The organic layer was dried over anhydrous Na2SO4. Then, the solvent was 

removed under reduced pressure and the residue was purified by column chromatography on 

silica gel using a 3:2 mixture of CH2Cl2 and hexane as eluent to yield 24c−26c as orange oils. 

Compound 24c: 95 mg; 84% yield. 1H NMR (400 MHz, CDCl3): δ = 9.71 (s, 1H, CHO), 

8.23 (d, 2H, J = 1.6 Hz, Ar), 8.05 (d, 2H, J = 7.6 Hz, Ar), 7.62 (dd, 2H, J = 8.4, 1.6 Hz, Ar), 

7.59−7.57 (m, 4H, Ar), 7.46 (s, 1H, Ar), 7.41−7.35 (m, 4H, Ar), 7.33−7.27 (m, 4H, Ar), 

7.26−7.22 (m, 4H, Ar), 7.17−7.14 (m, 4H, Ar), 7.09 (s, 1H, Ar), 4.21 (t, 4H, J = 7.2 Hz, alkyl), 

2.73 (t, 2H, J = 7.6 Hz, alkyl), 2.62 (t, 2H, J = 8 Hz, alkyl), 1.83−1.76 (m, 4H, alkyl), 1.61−1.56 

(m, 4H, alkyl), 1.33−1.18 (m, 24H, alkyl), 0.83−0.76 ppm (m, 12H, alkyl); 13C NMR (100 MHz, 

CDCl3): δ = 182.62 (CHO), 147.56, 145.86, 142.01, 140.91, 140.44, 139.88, 139.83, 139.69, 

139.29, 139.08, 137.24, 132.26, 131.67, 130.14, 129.92, 128.13, 127.27, 125.82, 125.19, 124.89, 

123.37, 122.97, 122.85, 120.44,  118.90, 118.51, 108.97, 108.87 (Ar), 43.25, 31.70, 31.65, 30.98, 

30.32, 29.48, 29.24, 29.05, 28.82, 27.05, 22.72, 22.67, 22.62, 14.20, 14.17, 14.10 ppm (alkyl). 

Compound 25c: 161 mg; 86% yield. 1H NMR (400 MHz, CDCl3): δ = 9.72 (s, 1H, CHO), 

8.23 (d, 2H, J = 1.6 Hz, Ar), 8.04 (d, 2H, J = 7.6 Hz, Ar), 7.61 (dd, 2H, J = 8.8, 1.6 Hz, Ar), 

7.59−7.57 (m, 4H, Ar), 7.51 (s, 1H, Ar), 7.40−7.35 (m, 3H, Ar), 7.33−7.32 (m, 2H, Ar), 

7.30−7.25 (m, 3H, Ar), 7.23−7.21 (m, 4H, Ar), 7.16−7.12 (m, 4H, Ar), 4.19 (t, 4H, J = 7.2 Hz, 

alkyl), 2.61 (t, 2H, J = 7.6 Hz, alkyl), 1.82−1.74 (m, 4H, alkyl), 1.58−1.51 (m, 2H, alkyl), 

1.30−1.14 (m, 18H, alkyl), 0.82−0.76 ppm (m, 9H, alkyl); 13C NMR (100 MHz, CDCl3): δ = 

182.80 (CHO), 149.12, 148.45, 145.62, 140.94, 140.39, 139.89, 139.73, 138.93, 137.62, 131.62, 

129.93, 128.21, 126.56, 125.85, 125.50, 124.90, 123.41, 122.99, 122.27, 120.44,  118.94, 118.54, 
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108.99, 108.89 (Ar), 43.26, 31.67, 31.65, 30.79, 29.14, 29.05, 28.82, 27.05, 22.65, 22.62, 14.17, 

14.09 ppm (alkyl). 

Compound 26c: 150 mg; 51% yield. 1H NMR (400 MHz, CDCl3): δ = 10.04 (s, 1H, CHO), 

8.33 (d, 2H, J = 1.2 Hz, Ar), 8.15 (d, 2H, J = 7.6 Hz, Ar), 7.96−7.94 (m, 2H, Ar), 7.78−7.76 (m, 

2H, Ar), 7.73 (dd, 2H, J = 8.8, 1.6 Hz, Ar), 7.69−7.67 (m, 4H, Ar), 7.60−7.58 (m, 2H, Ar), 

7.48−7.42 (m, 6H, Ar), 7.34−7.29 (m, 6H, Ar), 7.27−7.25 (m, 2H, Ar), 4.33 (t, 4H, J = 7.2 Hz, 

alkyl), 1.92−1.89 (m, 4H, alkyl), 1.44−1.26 (m, 12H, alkyl), 0.89−0.83 ppm (m, 6H, alkyl); 13C 

NMR (100 MHz, CDCl3): δ = 191.91 (CHO), 148.45, 146.71, 145.78, 140.92, 139.85, 137.39, 

134.68, 132.73, 131.64, 130.38, 128.14, 128.11, 126.92, 125.80, 125.23, 124.86, 123.38, 123.13, 

122.96, 120.41, 118.89, 118.51, 108.94, 108.85 (Ar), 43.26, 31.61, 29.01, 27.02, 22.57, 14.03 

ppm (alkyl). 

 

6.2.4 Synthesis of Organic Dyes D7−D13 for Chapter 3.2 

General synthetic procedures of D7−D13 

A mixture of each of the corresponding dye precursors 20a−20d and 24c−26c and 

cyanoacetic acid (10 molar equivalents) in acetic acid (8 mL) was refluxed in the presence of 

ammonium acetate (25 mg) overnight under N2 atmosphere. After cooling, the reaction mixture 

was extracted with CHCl3 and water. Then, the solvent was removed under reduced pressure and 

the crude compound was purified by column chromatography on silica gel eluting with CHCl3 

and then CHCl3/MeOH (10:1, v/v) to give the desired products D7−D13. 

Compound D7: 75 mg; 97% yield; dark purple solid. 1H NMR (400 MHz, DMSO-d6): δ = 

8.29 (s, 1H, C=CH−), 8.25−8.22 (m, 2H, Ar), 7.71−7.64 (m, 3H, Ar), 7.55−7.46 (m, 4H, Ar), 

7.39 (s, 1H, Ar), 7.26−7.22 (m, 1H, Ar), 4.43 (t, 2H, J = 6.8 Hz, alkyl), 2.79 (t, 2H, J = 7.6 Hz, 
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alkyl), 2.69 (t, 2H, J = 7.2 Hz, alkyl), 1.81−1.78 (m, 2H, alkyl), 1.65−1.60 (m, 4H, alkyl), 

1.31−1.19 (m, 22H, alkyl), 0.89−0.76 ppm (m, 9H, alkyl). HRMS (MALDI-TOF, m/z): [M+] 

836.2891; calcd for (C48H56N2O2S2Se) 836.2948. 

Compound D8: 81 mg; 88% yield; dark purple solid. 1H NMR (400 MHz, DMSO-d6): δ = 

8.26 (s, 1H, C=CH−), 7.65 (d, 1H, J = 3.6 Hz, Ar), 7.59−7.55 (m, 8H, Ar), 7.46 (s, 1H, Ar), 

7.42−7.36 (m, 3H, Ar), 7.34 (s, 1H, Ar), 7.13 (d, 4H, J = 8.4 Hz, Ar), 7.08 (d, 2H, J = 8.4 Hz, Ar), 

6.98 (d, 4H, J = 8.8 Hz, Ar), 3.98 (t, 4H, J = 6.4 Hz, alkyl), 2.77 (t, 2H, J = 7.2 Hz, alkyl), 2.62 (t, 

2H, J = 7.2 Hz, alkyl), 1.75−1.68 (m, 4H, alkyl), 1.60−1.58 (m, 4H, alkyl), 1.42−1.24 (m, 24H, 

alkyl), 0.90−0.82 ppm (m, 12H, alkyl). HRMS (MALDI-TOF, m/z): [M+] 1154.3167; calcd for 

(C70H78N2O4S2Se) 1154.4568. 

Compound D9: 40 mg; 92% yield; dark purple solid. 1H NMR (400 MHz, CDCl3): δ = 

8.39 (s, 1H, C=CH−), 8.27 (d, 1H, J = 1.2 Hz, Ar), 8.19 (d, 1H, J = 1.6 Hz, Ar), 7.72−7.70 (m, 

1H, Ar), 7.66−7.64 (m, 2H, Ar), 7.56−7.54 (m, 1H, Ar), 7.51 (d, 1H, J = 4 Hz, Ar), 7.47−7.42 (m, 

2H, Ar), 7.28−7.27 (m, 1H, Ar), 7.11 (s, 1H, Ar), 7.05−7.02 (m, 3H, Ar), 4.33 (t, 2H, J = 6.8 Hz, 

alkyl), 4.04 (t, 2H, J = 6.8 Hz, alkyl), 2.80 (t, 2H, J = 7.6 Hz, alkyl), 2.72 (t, 2H, J = 8 Hz, alkyl), 

1.96−1.85 (m, 4H, alkyl), 1.69−1.64 (m, 4H, alkyl), 1.54−1.26 (m, 28H, alkyl), 0.96−0.85 ppm 

(m, 12H, alkyl). HRMS (MALDI-TOF, m/z): [M+] 1012.3496; calcd for (C60H72N2O3S2Se) 

1012.4150. 

Compound D10: 101 mg; 80% yield; dark purple solid. 1H NMR (400 MHz, CDCl3): δ = 

8.31 (s, 1H, C=CH−), 8.29 (d, 2H, J = 1.6 Hz, Ar), 8.11 (d, 2H, J = 7.6 Hz, Ar), 7.68−7.62 (m, 

6H, Ar), 7.48−7.44 (m, 2H, Ar), 7.41−7.38 (m, 4H, Ar), 7.28−7.13 (m, 12H, Ar), 6.98 (s, 1H, Ar), 

6.94 (s, 1H, Ar), 4.26 (t, 4H, J = 7.2 Hz, alkyl), 2.77 (t, 2H, J = 7.2 Hz, alkyl), 2.62 (t, 2H, J = 

7.6 Hz, alkyl), 1.89−1.82 (m, 4H, alkyl), 1.66−1.59 (m, 4H, alkyl), 1.42−1.25 (m, 24H, alkyl), 
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0.94−0.84 ppm (m, 12H, alkyl). HRMS (MALDI-TOF, m/z): [(M + H)+] 1301.5270; calcd for 

(C82H85N4O2S2Se) 1301.5274. 

Compound D11: 99 mg; 89% yield; dark red solid. 1H NMR (400 MHz, DMSO-d6): δ = 

8.50 (d, 2H, J = 1.6 Hz, Ar), 8.40 (s, 1H, C=CH−), 8.26 (d, 2H, J = 7.6 Hz, Ar), 7.91 (s, 1H, Ar), 

7.82−7.77 (m, 6H, Ar), 7.68 (d, 2H, J = 8.4 Hz, Ar), 7.63 (d, 2H, J = 8.4 Hz, Ar), 7.50−7.46 (m, 

4H, Ar), 7.36 (s, 1H, Ar), 7.28 (d, 4H, J = 8.8 Hz, Ar), 7.25−7.17 (m, 4H, Ar), 4.43 (t, 4H, J = 7.2 

Hz, alkyl), 2.82 (t, 2H, J = 7.6 Hz, alkyl), 2.74−2.70 (m, 2H, alkyl), 1.82−1.77 (m, 4H, alkyl), 

1.66−1.61 (m, 4H, alkyl), 1.34−1.22 (m, 24H, alkyl), 0.88−0.81 ppm (m, 12H, alkyl). HRMS 

(MALDI-TOF, m/z): [M+] 1170.6682; calcd for (C78H82N4O2S2) 1170.5879. 

Compound D12: 166 mg; 95% yield; dark red solid. 1H NMR (400 MHz, DMSO-d6): δ = 

8.48 (d, 2H, J = 1.6 Hz, Ar), 8.38 (s, 1H, C=CH−), 8.24 (d, 2H, J = 7.6 Hz, Ar), 7.90 (s, 1H, Ar), 

7.81−7.76 (m, 6H, Ar), 7.66 (d, 2H, J = 8.8 Hz, Ar), 7.61 (d, 2H, J = 8 Hz, Ar), 7.49−7.45 (m, 

4H, Ar), 7.28 (d, 4H, J = 8.4 Hz, Ar), 7.23−7.16 (m, 4H, Ar), 4.41 (t, 4H, J = 6.8 Hz, alkyl), 2.71 

(t, 2H, J = 7.6 Hz, alkyl), 1.82−1.75 (m, 4H, alkyl), 1.61−1.56 (m, 2H, alkyl), 1.32−1.20 (m, 18H, 

alkyl), 0.86−0.79 ppm (m, 9H, alkyl). HRMS (MALDI-TOF, m/z): [(M + H)+] 1005.5955; calcd 

for (C68H69N4O2S) 1005.5136. 

Compound D13: 132 mg; 80% yield; dark red solid. 1H NMR (400 MHz, DMSO-d6): δ = 

8.48 (d, 2H, J = 0.8 Hz, Ar), 8.33 (s, 1H, C=CH−), 8.24 (d, 2H, J = 7.6 Hz, Ar), 8.11 (d, 2H, J = 

8.4 Hz, Ar), 7.88 (d, 2H, J = 8.4 Hz, Ar), 7.79−7.73 (m, 8H, Ar), 7.63−7.59 (m, 4H, Ar), 

7.48−7.44 (m, 2H, Ar), 7.25−7.15 (m, 8H, Ar), 4.38 (t, 4H, J = 6.4 Hz, alkyl), 1.78−1.75 (m, 4H, 

alkyl), 1.27−1.18 (m, 12H, alkyl), 0.81−0.78 ppm (m, 6H, alkyl). HRMS (MALDI-TOF, m/z): 

[M+] 914.4616; calcd for (C64H58N4O2) 914.4560. 
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6.3 Experimental Details for Chapter 4 

Chemicals 

All reactions were conducted under N2 atmosphere. All chemicals were purchased from 

Sigma-Aldrich and TCI, which were used without further purification. All solvents were dried 

before use. The 3,4-Dimercaptobenzoic acid,8-10 10-(4-aminophenyl)-2,8-diethyl-5,5-difluoro-

1,3,7,9-tetramethyl-5H-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide 

(Bodipy−phenyl−NH2),
11,12 the Pt(4,4'-(P(O)(OEt)2)bpy)Cl2,

13 2,5-dioctyl-3,6-di(thiophen-2-

yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (compound 29)14 and 3-(5-bromothiophen-2-yl)-2,5-

dioctyl-6-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (compound 30)14 were 

synthesized according to the reported procedures. 

 Characterization 

1H NMR was recorded on a Bruker Avance 400-MHz spectrometer and referenced to 

either tetramethylsilane as an internal standard or a residual proton resonance of the deuterated 

solvent. Elemental analyses were performed using a PerkinElmer 2400 Series II Analyzer. 

Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectroscopy was 

conducted on an Autoflex Bruker MALDI-TOF system, or mass spectra of the complexes was 

recorded on an LTQ VELOS Thermo LCMS (positive mode). Cyclic voltammetry (CV) 

measurements of the complexes were performed with a CHI 680D potentiostat using a one-

compartment cell with a glassy-carbon working electrode, a glassy-carbon auxiliary electrode, 

and an SCE reference electrode. Tetrabutylammonium hexafluorophosphate was used as the 

supporting electrolyte. UV-vis spectra were recorded on a Cary 60 UV/vis spectrophotometer, 

using a 2 mm path length quartz cuvette in dichloromethane or acetonitrile. 
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Preparation of platinized TiO2 

For a 0.5% (wt/wt) sample, addition of 850 mL H2O and 150 mL CH3OH to 1 g of 

Degussa TiO2 and 13 mg of K2PtCl6 created slurry, which was subjected to irradiation from a 

250 W Xe-Hg arc lamp while vigorously stirring for 12 hours. The resulting material had a 

grayish appearance proportional to the platinum loading used. Platinized TiO2 was recovered by 

centrifugation and washed 3 times with distilled H2O, 2 times with CH3OH, and 2 times with 

acetone. After air-drying, the platinized TiO2 was left in an oven at 500 °C for one day. The size 

of the platinum islands was 4.3 ± 2.0 nm according to the analysis of transmission electron 

microscopy (TEM) images. 

       

Figure 6.1 TEM images of platinized TiO2. 
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Emission spectra of green and white LED light sources (130 mW) 

 

Figure 6.2 Emission spectra of green and white LED light sources (130 mW). 

In Situ Attachments of Platinum(II) Photosensitizers onto TiO2 

2.5 mL of a solution of the photosensitizer in dichloromethane (50 μM) (or in acetonitrile 

for Pt-S1) was added to a 20 mL vial containing 20 mg of platinized TiO2. The sample vial was 

sonicated for 20 min in the dark, and then the platinized TiO2 particles were separated by 

centrifugation and dried under vacuum for 30 min. The photosensitizer-TiO2-Pt sample was then 

transferred to a 40 mL vial to which 5 mL of aqueous ascorbic acid solution (0.5 M, pH 4.0) was 

added.  

Photocatalytic Hydrogen Generation Studies 

The 40 mL sample vials (irradiation surface area: 5.72 cm2) were placed into a 

temperature-controlled block at 15 °C and each vial was sealed with an air tight cap fitted with a 
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pressure transducer and a rubber septum. The samples were then purged with a mixture of gas 

containing nitrogen/methane (79:21 mol %). The methane present in the gas mixture serves as an 

internal standard for GC analysis at the end of the experiment. The samples were irradiated 

below in a locally built 16-well photolysis apparatus with Philips LumiLED Luxeon Star Hex 

Green (530 nm) 700 mA LEDs and Philips LumiLEDs Luxeon ES Cool White (410−800 nm) 

700 mA LEDs, on top of an orbital shaker. The light power of each LED was set to 130, 190 and 

260 mW, and measured with an L30 A Thermal sensor and a Nova II power meter (Ophir-

Spiricon LLC). The pressure changes in the vials were recorded using a Labview program from a 

Freescale semiconductor sensor (MPX4259A series). At the end of the experiment, the 

headspaces of the vials were characterized by gas chromatography to verify that the measured 

pressure change was a consequence of hydrogen generation, and to confirm the amount of 

hydrogen generated. The amounts of hydrogen evolved were determined by using gas 

chromatography (Shimadzu GC-17A with a molecular sieve 5 Å column and TCD detector) and 

were quantified by a calibration plot to the internal methane standard. 

 

6.3.1 Synthesis of Compounds 27−32 

Compound 27 

This compound was synthesized according to a modified published procedure.15 3,4-

Dimercaptobenzoic acid (42 mg, 0.223 mmol) was dissolved in dry THF (8 mL). To the solution 

was added dropwise triethylamine (0.13 mL) and pivaloyl chloride (0.094 mL, 0.764 mmol) 

under cooling in an ice-bath. The reaction mixture was allowed to warm up to room temperature 

and stirred for overnight. The solvent and volatile chemicals were evaporated completely under 
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reduced pressure and yielded a white solid (105 mg). Dry THF (5 mL) was added to dissolve the 

crude product, Bodipy−phenyl−NH2 (88 mg, 0.223 mmol) in a mixture of DCM:THF (10 mL, 

1:1, v/v) was added dropwise and stirred for overnight under room temperature. A bright orange 

solid (100 mg, 61% yield) was obtained after evaporation of solvents under reduced pressure, 

and was used for next step without further purification. 1H NMR (Acetone-d6, 400 MHz): 10.00 

(br, 1H, R−NH−C(O)−), 8.17 (s, 1H, Ar), 8.17−8.07 (m, 3H, Ar), 7.74 (d, 1H, J = 8 Hz, Ar), 

7.36 (d, 2H, J = 8.4 Hz, Ar), 2.50 (s, 6H, alkyl), 2.38−2.33 (m, 4H, alkyl), 1.42 (s, 6H, alkyl), 

1.33 (s, 18H, alkyl), 1.00−0.97 ppm (m, 6H, alkyl). 

Compound 31 

To a flask containing 3-(5-bromothiophen-2-yl)-2,5-dioctyl-6-(thiophen-2-yl)pyrrolo[3,4-

c]pyrrole-1,4(2H,5H)-dione (compound 30) (82 mg, 0.136 mmol), Pd(PPh3)2Cl2 (5 mg, 0.007 

mmol), and CuI (3 mg, 0.014 mmol) that had been evacuated and refilled with N2 (3 cycles) was 

added a deaerated mixture of triethylamine (2 mL) and THF (20 mL). To this solution was added 

deaerated trimethylsilylacetylene (40 mg, 0.408 mmol). The solution was heated at 40 °C 

overnight, then the solvents were removed by evaporation. The residue was purified via column 

chromatography using hexane:methylene chloride (1:1, v/v) as the eluent to yield a purple solid 

(50 mg, 59% yield). 1H NMR (CD2Cl2, 400 MHz): 8.92 (d, 1H, J = 3.6 Hz, Ar), 8.81 (d, 1H, J = 

3.6 Hz, Ar), 7.68 (d, 1H, J = 4.8 Hz, Ar), 7.34−7.28 (m, 2H, Ar), 4.05−3.98 (m, 4H, alkyl), 1.71 

(br, 4H, alkyl), 1.40−1.28 (m, 20H, alkyl), 0.88−0.86 (m, 6H, alkyl), 0.29 ppm (s, 9H, 

−Si(CH3)3). 

Compound 32 
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To a flask containing compound 31 (50 mg, 0.081 mmol) and K2CO3 (56 mg, 0.403 mmol) 

was added 25 mL deaerated mixture of THF:MeOH (4:1, v/v), and was allowed to stir at room 

temperature for 3 hours. The solvents were evaporated under reduced pressure, then the residue 

was extracted with methylene chloride and washed with water (3 × 20 mL). The organic layer 

was evaporated under reduced pressure, and then purified by column chromatography on silica 

gel using mixture of hexane:dichloromethane (1:2, v/v) as eluent to obtain a purple solid (23 mg, 

52%  yield). 1H NMR (CDCl3, 400 MHz): 8.96 (d, 1H, J = 3.6 Hz, Ar), 8.83 (d, 1H, J = 4 Hz, 

Ar), 7.65 (d, 1H, J = 4.8 Hz, Ar), 7.38 (d, 1H, J = 4 Hz, Ar), 7.29−7.28 (m, 1H, Ar), 4.08−4.01 

(m, 4H, alkyl), 3.58 (s, 1H, −C C−H), 1.73−1.69 (m, 4H, alkyl), 1.41−1.26 (m, 20H, alkyl), 

0.88−0.85 ppm (m, 6H, alkyl). 

 

6.3.2 Synthesis of Photosensitizers Pt-S1−Pt-S3 

Pt-S1 

Compound 27 (30 mg, 0.041 mmol) was suspended in 5 mL of deaerated methanol, 

followed by addition of potassium tert-butoxide (9 mg, 0.082 mmol) in deaerated methanol 

solution (5 mL). After 30 minutes, to this reaction mixture was added Pt(4,4'-

(P(O)(OEt)2)bpy)Cl2 (28 mg, 0.041 mmol) in deaerated THF solution (5 mL) using a syringe. 

The reaction mixture was stirred at room temperature under N2 atmosphere overnight. The 

solvents were evaporated under reduced pressure and then was purified by column 

chromatography on silica gel using pure methylene chloride, and then pure acetonitrile as eluent. 

The purple band was collected and evaporated under reduced pressure to yield the purple solid 

(19 mg, 39% yield).  1H NMR (CD2Cl2, 400 MHz): 9.71 (br, 1H, R−NH−C(O)−), 9.25 (s, 1H, 
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Ar), 9.11 (s, 1H, Ar), 8.11−8.05 (m, 3H, Ar), 7.88−7.77 (m, 3H, Ar), 7.58 (s, 1H, Ar), 7.31 (d, 

3H, J = 8 Hz, Ar), 7.07 (d, 1H, J = 8 Hz, Ar), 4.38−4.28 (m, 4H, alkyl), 4.00−3.87 (m, 4H, alkyl), 

2.52−2.49 (m, 6H, alkyl), 2.38−2.34 (m, 4H, alkyl), 1.49−1.38 (m, 18H, alkyl), 1.05−1.01 ppm 

(m, 6H, alkyl). MALDI-TOF MS, m/z: [M+H]+ 1185.29 (expected), 1185.29 (found). Anal. 

Calcd for C48H56BF2N5O7P2PtS2: C, 48.65; H, 4.76; N, 5.91. Found: C, 48.70; H, 4.70; N, 5.57. 

Pt-S2 

Under a N2 atmosphere, ethynylbenzene (15 mg, 0.115 mmol) and Pt(4,4'-

(P(O)(OEt)2)bpy)Cl2 (40 mg, 0.058 mmol) were added to a mixture of NEt3 (0.5 mL) and 

methylene chloride (10 mL) in the presence of catalytic amount of CuI (1 mg, 0.006 mmol). The 

reaction mixture was stirred at room temperature overnight. The solvent was removed under 

reduced pressure, and then the crude product was purified by column chromatography over silica 

gel using dichloromethane, and then dichloromethane:methanol  (27:1, v/v) as eluent to afford a 

pale brown solid (40 mg ,83% yield). 1H NMR (CD2Cl2, 400 MHz): 9.87−9.85 (m, 2H, Ar), 8.53 

(d, 2H, J = 13.2 Hz, Ar), 7.93 (dd, 2H, J = 12, 5.2 Hz, Ar), 7.53−7.51 (m, 4H, Ar), 7.32−7.28 (m, 

4H, Ar), 7.23−7.19 (m, 2H, Ar), 4.30−4.14 (m, 8H, alkyl), 1.39−1.35 ppm (m, 18H, alkyl). ESI-

MS, m/z: [M+K]+ 864.13 (expected), 864.2 (found). Anal. Calcd for C34H36N2O6P2Pt: C, 49.46; 

H, 4.39; N, 3.39. Found: C, 49.81; H, 4.19; N, 3.23. 

Pt-S3 

Under a N2 atmosphere, compound 32 (23 mg, 0.043 mmol) and Pt(4,4'-

(P(O)(OEt)2)bpy)Cl2 (14 mg, 0.020 mmol) were added to a mixture of NEt3 (1 mL) and 

chloroform (20 mL) in the presence of catalytic amount of CuI (1 mg, 0.006 mmol). The reaction 

mixture was stirred at room temperature overnight. The solvent was removed under reduced 
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pressure, and then the crude product was purified column chromatography over silica gel using 

dichloromethane, and then CHCl3:MeOH  (25:1, v/v) as eluent to obtain a purple-blue solid (34 

mg , 99% yield). 1H NMR (CD2Cl2, 400 MHz): 9.82−9.80 (m, 2H, Ar), 9.01 (d, 2H, J = 4 Hz, 

Ar), 8.89 (d, 2H, J = 2.8 Hz, Ar), 8.62 (d, 2H, J = 13.6 Hz, Ar), 8.02 (dd, 2H, J = 12, 5.2 Hz, Ar), 

7.67 (d, 2H, J = 4.8 Hz, Ar), 7.31−7.28 (m, 4H, Ar), 4.29−4.20 (m, 8H, alkyl), 4.09−4.06 (m, 8H, 

alkyl), 1.75−1.73 (m, 8H, alkyl), 1.41−1.27 (m, 52H, alkyl), 0.88−0.82 ppm (m, 12H, alkyl). 

MALDI-TOF MS, m/z: [M+H]+ 1718.59 (expected), 1718.58 (found). Anal. Calcd for 

C82H104N6O10P2PtS4: C, 57.29; H, 6.10; N, 4.89. Found: C, 57.41; H, 6.08; N, 4.59. 
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