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Abstract 

        This thesis is focused on developing metal-organic and organic molecules for 

photocatalytic water splitting and carbon dioxide reduction. 

        In chapter 1, an overview of hydrogen production, dye-sensitized solar cells 

and carbon dioxide reduction are provided. The development history and reaction 

mechanisms of catalytic systems are introduced along with the typical examples in 

each field. The applications of both metal-organic and organic compounds are 

covered. 

        In chapter 2, nine molecular organic photosensitizers were designed and 

synthesized. The nine molecules were employed as the photosensitizing reagent in 

the fabrication of dye-sensitized solar cells and applied in photocatalytic water 

reduction via coupling with TiO2 semiconductors and Pt co-catalyst. The highest 

turnover number (TON) of 10200 was achieved by organic photosensitizer 1g for 

hydrogen generation. The effect of alkyl chains and triarylamine donor moiety to 

the photocatalytic performance was investigated. A shorter alkyl chain was found 

to favor the reaction due to a lower hydrophobicity which in turn may block the 

interaction between the photocatalyst and water molecules. Besides, the 

triarylamine donor units facilitated high hydrogen generation rates by reducing the 

contact between catalytic active sites and the oxidized form of sacrificial reagents. 

        In chapter 3, five earth-abundant metal complexes were synthesized to serve 

as the catalyst and CdS nanorods (NRs) were prepared to be the photosensitizer for 

the photocatalytic water reduction. A cobalt dithiolene complex (2a) achieved a 

TON of 30635 in 20 h under the blue light irradiation at a concentration of 10 µM. 

A new complex 2c also gave a high TON of 12375 under the same conditions and 

its TON was further improved to 115213 in 87 h by reducing the concentration of 



iii

catalyst by ten times. The size effect of CdS NRs was investigated and larger 

nanoparticles exhibited higher hydrogen production rates. The accumulation of 

dehydroascorbic acid was proved to retard the photocatalytic reaction, thus 

providing a new perspective on the selection of sacrificial electron donor. 

        In chapter 4, ten iridium(III) complexes were synthesized and used as dual-

functional molecules in photocatalytic carbon dioxide reduction by acting as both 

the photosensitizing reagent as well as the catalyst. The best performance was 

achieved by 3j, giving a TON of 230 under the irradiation of blue LED. A push-

pull effect brought by trifluoromethyl and methoxy group sucessfully enhanced the 

carbon dioxide reduction efficiency. The hydrophobicity of n-butyl chain also 

provided effective protection to the active sites of reaction intermediate. Additional 

steric hindrance was found to extend the lifespan of photocatalytic systems but led 

to a drop in the overall conversion efficiency.  

        Chapter 5 summarizes the specific synthetic procedures and characterization 

parameters of the molecules in chapters 2-4. 
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Chapter 1. Introduction 

1.1. Production and Usage of Hydrogen 

        Fossil fuel, as the major energy sources, suffers from the limited storage and 

production of greenhouse gases. Therefore, the search for a new, environmental 

friendly source of energy has been a global level problem for years. Hydrogen, as 

an ultimate clean energy and important industrial chemical, arises the public 

attention and is considered to be the best alternatives of fossil fuel.[1]  Burning of 

hydrogen produces a great amount of energy more efficiently than conventional 

sources and gives water as the sole product nearly without any harmful byproduct. 

Besides, hydrogen is the major material for industrial ammonia and methanol 

preparation. Refining petroleum such as hydrocracking, reforming and sulfur 

removing also requires hydrogen as the reactant.[2] Despite the difficulty of storage, 

hydrogen is still potentially to be used in fuel cell for vehicles.  

        However, the currently available methods for hydrogen production is limited. 

Nearly 96 % of H2 production initiates from fossil hydrocarbons. Commonly used 

approaches include steam methane reforming, coal gasification as well as oil 

reforming.[3] The dominated method is through steam reforming of natural gases: 

CH4 + H2O → CO + 3H2 

CO + H2O → CO2 + H2

        Steam reforming involves two successive reactions. First, natural gases are 

mixed with water steam under high temperature, normally around 700-1100oC. The 

first reaction generates carbon monoxide and little amount of hydrogen and the 

carbon monoxide will then go for a water gas shift reaction which is kept at 

relatively low temperature (~360 oC) to release a large amount of hydrogen. 
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However, the second step also produces carbon dioxide, one of the greenhouse 

gases, as a by-product. The lack of renewable properties limited the utilization of 

steam reforming in long terms.[1,3] Other hydrogen synthesizing processes include 

coal gasification, bio-mass gasification and other thermolysis or electrolysis 

methods.  Although various ways are available, all of them have the shortcoming 

of requiring high costs or forming environmental-damaging side products.  

 

1.2. Photocatalytic Reduction of Water 

        Water is an ideal source of hydrogen, as only hydrogen and oxygen are 

produced through water splitting process. Photocatalytic water splitting which 

makes use of solar irradiation to trigger the reaction turns out to be an optimal 

approach to generate hydrogen. The photocatalytic hydrogen production takes the 

advantage of abundant raw materials, renewable and clean process as well as not 

exerting negative impact on environment as compared to combustion of fossil 

fuel.[4] However, as shown in Figure 1-1, hydrogen evolution is an up-hill reaction 

with a great positive change in Gibbs energy (increasing by 237 kJ mol-1).[5] To 

overcome the high activation energy, appropriate photocatalyst to be used for water 

splitting has been a hot issue in recent years.   

 

Figure 1-1. Energy potential change of water splitting. 
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        The photonic-based hydrogen production can be classified into three main 

types as illustrated in Figure 1-2. Despite the difference in photocatalytic systems, 

the photocatalysts are required to have appropriate frontier obital energy levels that 

can reduce and oxidize water molecules simultaneously. Relatively narrow band 

gaps are preferred so as to absorb as much solar energy to drive the water splitting. 

However, most of the reported photocatalysts can only uptake 4 % of the full solar 

spectrum, normally UV and high energy visible light.[6] In order to enhance the 

utilization efficiency of sunlight, new photocatalysts having high absorption in the 

visible region are necessary.[7] Other parameters that can affect the performance of 

photocatalysts include the crystallinity and particle size of the moleucles.[8] In all, 

photocatalytic systems with high efficiency, stability, recyclability, low cost and 

suitability for large scale production are the ultimate target for water splitting.[6]  

 

Figure 1-2. Classification of photo-induced water splitting.[9] 

 

1.3. One-step Water Splitting vs Z-scheme Water Splitting 

        In terms of reaction mechanisms, two primary types of photocatalytic systems 

are currently used for entire water splitting. One (Figure 1-3) is based on single 

photo-sensitive catalyst that can complete both reduction and oxidation to give H2 

and O2 as the product.[10] The mechanism requires photocatalyst to have proper 
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energy potentials that are suitable for both redox reactions. Specifically, the 

conduction band of the molecules should be more negative than the reduction 

potential of H+ to H2 (-0.41 V vs NHE at pH 7), while the valence band should be 

more positive than the oxidation potential of H2O to O2 (0.82 V vs NHE at pH 7). 

So the minimum band gaps of the photocatalyst should be 1.23 eV, corresponding 

to irradiation at 1000 nm. Besides, narrow energy band gaps for visible light 

absorption and long-term stability are essential characters for the photocatalyst. 

Due to the strict requirements, this kind of molecules are rarely reported in the 

literature. As a result, the other mechanism, called Z-scheme water splitting (Figure 

1-3), was born, which separates reduction and oxidation of water by performing 

each redox process using one compound. The two photocatalysts will then be 

blended together to achieve the overall water splitting.[11] The new method provides 

much high flexibility to the energy potential of photocatalysts and promote the 

application of semiconductor in this area. For example, WO3 and BiVO4 for O2 

production and TiO2 for H2 evolution are both commonly used in research.[12,13]     

 

Figure 1-3. Water splitting by single photocatalyst in one-step photoexcitation.[10] 
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Figure 1-4. Water splitting by two photocatalysts in two step photoexcitation (Z-

scheme water splitting).[11]

        A typical one-step water splitting photocatalyst was published by Domen and 

co-workers in 2005.[14] A GaN-rich solid solution of GaN and ZnO, 

(Ga1−xZnx)(N1−xOx) was reported to successfully attain the water splitting in 

hydrogen and oxygen under visible light irradiation in a single step. The RuO2 

loaded (Ga1−xZnx)(N1−xOx) photocatalyst generated H2 and O2 simutaneouly with a 

volume ratio of 2:1 under the irradiation up to 460 nm and gave an apparent 

quantum yield of 0.14 %. The system attracted great interest because 

(Ga1−xZnx)(N1−xOx) can absorb visible light while GaN and ZnO cannot. Another 

one-step photocatalyst reported is a solid solution of ZnO and GeN, (Zn1+xGe)(N2 

Ox) that can reduce and oxidize water simultaneously under visible light.[15] 

        To further activate the semiconductors, many co-catalysts have been 

developed, such as  the core/shell type NiOx co-catalysts,[16] Rh-Cr mixed oxide 

(Rh2−yCryO3) nanoparticles[17] and noble metal (core)/Cr2O3 (shell) nanoparticles[18]. 

These co-catalysts are widely used in various photocatalytic systems to date.  

        However, as mentioned above, photocatalysts that can be used for one-step 

water splitting need to fulfill several requirements, including proper conduction and 
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valence bands for water reduction and oxidation, suitable energy band gap for 

visible light absorption as well as high stability to resist against photo-corrosion. 

The difficulties of finding molecules to satisfy all the criteria forced the researchers 

to explore other ways for water splitting and thus gave birth to the Z-scheme water 

splitting. 

        Z-scheme water splitting was originated from 1979 by Dr A. J. Brad.[19] The 

idea was inspired by the photosynthesis of green plant which utilized two different 

photosystems to absorb light of different wavelengths and oxidize water to oxygen 

in nearly 100 % yield. In a Z-scheme system, Dr Brad combined two photocatalysts 

in water splitting to reduce and oxidize water separately. The two reactions were 

mediated by a pair of redox mediators to transfer electrons. The cooperation of two 

photocatalysts sucessfully broadened the light absorption range of the system. 

Dividing one-step reaction into two distinct reactions also reduced the difficulty to 

find photocatalysts with proper energy potentials. 

        The schematic description of Z-scheme water splitting is shown in Figure 1-4. 

For hydrogen production, the excited electrons in conduction band of the 

photocatalyst reduce H2O to H2, then the holes in valence band react with sacrificial 

electron donors (D) to give the oxidized form (electron acceptor (A)). 

2H+ + 2e− → H2 

D + nh+ → A 

        Then, the second photocatalyst releases electrons to the accepter (A) while the 

valence holes of the photocatalyst oxidize water into oxygen.  

A + ne− → D 

2H2O + 4h+ → O2 + 4H+ 
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        With the assistance of redox couples, the overall water splitting can be 

achieved by two steps of excitation using two different photocatalysts. 

 

1.4. Water Splitting by Semiconductors 

        Benefiting from the high stability and high potential for driving water 

reduction and oxidation, semiconductors for photocatalytic water splitting has been 

investigated by many researchers. To complete a water splitting, band potentials of 

the semiconductor are important. The conduction band should be more negative 

than the reduction potential of water to proceed H2 evolution while the valence band 

should be more positive than oxidizing potential of water to produce O2. Besides, 

to make better use of the sunlight, the photocatalyst with a bandgap within the 

visible light absorbing region is preferred.  

 

Figure 1-5. Relative energy level between the band potentials of semiconductors 

and the potential of water reduction/oxidation.[20]  

 

        Figure 1-5 shows the band energy levels of some commonly used 

semiconductors. TiO2 has a conduction band a bit higher than the reducing potential 
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of water and is commonly used as a catalyst in H2 evolution. However, the physical 

properties of TiO2 vary with the change of its preparation conditions as shown in 

Figure 1-6. 

        With the increase of calcination temperature, rutile TiO2 dominates over the 

anatase form and the crystallinity of the particle increases. According to Figure 1-

6, the crystallinity is reversibly proportional to the surface area of TiO2.  In 

photocatalytic water splitting, a high crystallinity is more desirable, since the higher 

the crystallinity, the lower the probability of charge recombination which may 

greatly decrease the H2 yield. Besides, the energy bandgap also changes from 3.2 

eV (anatase) to 3.0 eV (rutile). The change is mainly resulted from the drop of 

conduction band level in rutile form.[21] Smaller bandgap means absorption of larger 

wavelength and great quantum yield, so rutile particle would be a better choice for 

water reduction. However, the energy gap between the conduction band of TiO2 

and reduction potential of water also affect the efficiency. A smaller gap of rutile 

to the reduction potential may decelerate the reaction. Therefore, it is critical to 

choose the most suitable TiO2 in water splitting. 

  

Figure 1-6. Properties of TiO2 manufactured under different conditions.[1] 
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        Generally, water splitting based on semiconductors can be divided into three 

steps. (Figure 1-7) The first step is that irradiation excites the photocatalyst and 

produce large quantities of electrons and holes. In the second step, the electrons and 

holes separately reach the surface of the nanoparticle. Finally, water reduction and 

oxidation (or oxidation of sacrificial donors) occur at different sites. 

  
 

Figure 1-7. Working mechanism of semiconductor photocatalysts in water 

splitting.[22] 

 

        Here we focus on the reduction reaction. Many factors will affect the hydrogen 

evolution efficiency of a catalytic system. Crystallinity, as mentioned for TiO2, is 

positively related to the photocatalytic performance, since high crystallinity 

suppresses the creation of defects within the nanoparticle which can promote the 

charge recombination.  Smaller particle size is also preferable, as it can shorten the 

diffusion distance of electrons and holes, accelerating the reactions.  

        In some catalytic systems, co-catalyst will be applied to promote the rate of H2 

evolution, such as transition metal oxide or hydroxide (e.g. RuO2, Ni(OH)2) and 

noble metal (e.g. Pt).[11] The attachment of co-catalyst can reduce the activation 

energy and also provides more active sites for the reaction.  However, the property 
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of co-catalyst is highly dependent on the type of sacrificial donor used. Also, the 

uniformity and particle size of co-catalyst will affect the overall efficiency in some 

way. 

 

 1.5. Sacrificial Electron Donor and Accepter 

        A sacrificial reagent is commonly used in Z-scheme water splitting to supply 

the water reduction (or oxidation) reaction with enough electrons (or holes). The 

water splitting system will be useful and possible for commercial use if the 

sacrificial reagent can be replaced by biomass or other natural abundant 

materials.[23,24] Currently widely used redox mediators include IO3
-/I-, Fe3+/Fe2+, 

dehydroascorbic acid/ ascorbic acid and other ion pairs. The nature of sacrificial 

reagents can also more or less affect the photocatalytic reaction rate. For example, 

the use of Pt as co-catalyst always accompanies with the risk of side reaction. H2 

and O2 recombination would happen to give water molecules, since Pt is also a 

catalyst for the backward reaction. But Fe3+/Fe2+ pair was found to be able to form 

a thin film around Pt particles and block the backward reaction as illustrated in 

Figure 1-8.[20] Ascorbic acid, also known as vitamin C, is another good sacrificial 

donor due to its excellent redox properties. Also, ascorbic acid is naturally abundant 

in plants and animals which makes it a strong candidate for sacrificial reagents. 

Ascorbic acids can undergo one-electron oxidation to give ascorbate radicals or 

two-electron oxidation to form dehydroascorbic acids. The redox reactions of 

ascorbic acid always take place at pH 2-8[25] and a pH close to pKa of the acid (pKa 

~4.17) is most preferable.[26] 
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Figure 1-8. Suppression of reaction between H2 and O2 to produce water by using 

iron ions as sacrificial reagents.[27] 

 

        Photocatalytic systems not requiring sacrificial reagents for H2 production 

have also been published. These systems, instead, make use of reversible electron 

donors such as I-.[28,29] However, due to the low electron injection rate from I- into 

the photocatalyst in aqueous medium and low stability of the oxidized form of 

molecules, these systems can hardly achieve satisfying performance. 

 

1.6. Dye-Sensitized Solar Cells (DSSCs) 

        Dye-Sensitized Solar Cells (DSSCs), also known as Gratzel cells, is one of the 

most promising low cost devices for photovoltaic conversion of sunlight.[30] The 

history of photosensitization can date back to the period of photography using silver 

halides and the first panchromatic film was attained by attaching dyes to the halide 

semiconductors in 1874.[31] The first photosensitized electrode was also born few 

years after that.[32] Nevertheless, the working mechanism of a dye sensitizing 

system was understood in 1960s.[33,34] The sensitization process was found to reply 
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on the photo-induced charge transfer at the dye and semiconductor interface for 

which an injection of excited electrons in dye molecules into the conduction band 

of n-type semiconductor substrates was the key step of the process. Later, the 

sensitization was developed to apply the dispersed particles for the enhanced 

surface areas and the use of photoelectrodes also came into existence. [35,36] At that 

time, one of the common dye molecules, tris(2,2 ′ -bipyridyl-4,4 ′ -carboxylate) 

ruthenium(II), was employed. TiO2 was chosen to be the semiconductor used as the 

substrate for dye molecules because of its low cost, abundant sources and non-

toxicity. Then in 1991, the first dye-sensitized solar cell was reported by Gratzel 

and co-workers with an overall conversion efficiency of 7.1 %.[30] 

        A dye-sensitized solar cell mainly consists of five components: 1) dye-

adsorbing semiconductor with wide energy bandgap (e.g. TiO2); 2) light-absorbing 

organic dye; 3) a transparent electrode with low sheet resistance (e.g. fluorine-

doped tin oxide); 4) redox mediators (e.g. I-/I3
-); and 5) a counter electrode (e.g. Pt) 

 

Figure 1-9. Schematic showing the working principle of TiO2-based DSSC. [37] 
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        As illustrated in Figure 1-9, started from photoexcitation of organic dye 

molecules, the excited electron jumps to the higher energy states of photosensitizer 

(1) and then injects into the conduction band of TiO2 (2). Soon, the dye is 

regenerated by accepting electrons from the reducing form of redox mediators (3). 

The electrons reaching TiO2 then travel through the external circuit and get to the 

counter electrode (4). Finally, the electrons at counter electrode reduce the 

oxidizing form of redox shuttle to restore the composition of electrolyte.  

        Other undesirable electron transfer routes include the charge recombination 

from conduction band of TiO2 to HOMO of organic dye (5); the dark current arising 

from direct reduction of redox shuttle by TiO2 (6); and non-effective 

photoexcitation in which the excited electrons are deactivated and return to the 

ground state soon after being excited (7). The mentioned three unfavorable 

processes possibly give rise to the decrease of overall power conversion efficiency 

of the cell. 

 

 1.7. Water Splitting Using Organic Dyes as Photosensitizers  

        Conventionally, semiconductors are used for photocatalytic water splitting, 

however, the sole light absorbing ability of semiconductors is limited. To 

ameliorate the drawback, organic dye molecules with much higher light harvesting 

ability were introduced to the system to couple with platinized TiO2 and work as 

photocatalyst in whole. Many organic dye sensitized Pt-loaded semiconductors, 

such as dye-Pt/TiO2, have been reported to produce hydrogen from water in a high 

rate under visible light irradiation.[38,39]  

        The main scaffold of organic dyes used in this thesis is based on a D-π-A 

(electron donor - π bridge - electron acceptor) structure. (Figure 1-10) Such 
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construction has been widely used for the preparation of organic photosensitizers 

for dye-sensitizer solar cell (DSSC). Owing to the similarity in the working 

principle between water splitting and DSSCs, organic dyes with this skeleton are 

considered to function well in photocatalytic H2 evolution. The merits of this design 

include: Easy to synthesize; low material cost; high flexibility of modification and 

pronounced visible light absorptivity. When excited by incident irradiation, dye 

molecules will generate excited electrons at the donor part and transfer the electron 

from π-bridge to electron acceptor moiety, exhibiting a charge separation within the 

molecule. Then, the electron will inject to the surface of TiO2. With the assistance 

of Pt co-catalyst, the reduction of H2O into H2 will be completed. The mechanism 

for a dye-TiO2-Pt system is illustrated in Figure 1-11 with the band structure of each 

component. As the ground state electron of dye molecule was excited by incident 

light, it will jump to a higher energy level and then inject to the conduction band of 

TiO2. With the assistance of Pt co-catalyst, the electron will be accepted by 

hydrogen ions to give hydrogen gas as the product.  

 Figure 1-10. D-π-A structure of organic dyes 
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Figure 1-11. Schematic illustration of the electron-transfer process of dye-TiO2-Pt 

multi-junction system 

 

        A common drawback for organic dyes is the lack of stability under long term 

irradiation. The chromophores of the dyes are easily decomposed under reductive 

conditions, so the overall efficiencies of dye-TiO2-Pt photocatalysts are relatively 

low in most of the situations.[40] The problem can be mitigated via the formation of 

covalent linkage between organic dyes and semiconductor and this action was 

reported to significantly increase the photocatalytic efficiency.[41] Thus, in the 

design of organic dyes in this thesis, carboxyl groups are added to the end of the 

acceptor parts of dye molecules to facilitate a covalent binding onto TiO2. 

         

 1.8. Water Splitting Using Noble Metal Complexes 

        In recent years, the study on photocatalytic hydrogen production has extended 

to the application of noble metal complexes. The idea originated from the H2 

evolution catalyzed by iron-containing hydrogenase enzyme in nature. Many iron 

complexes were synthesized to mimic the natural process and high TONs have been 
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achieved.[42,43] Other earth abundant metals were also reported for water splitting, 

such as Co[44,45], Ni[46], Mo[47], and W[48].  

 

        1.8.1. Water Reduction Using Cobalt Complexes 

        Water reduction using cobalt complexes was first reported in 1971, using 

cobalt hydride as the catalyst.[49] Then in 1980, two of the typical cobalt complexes 

(Figure 1-11, 1, 2) for homogeneous electrocatalytic water reduction were 

published.[50] The early cobalt complexes generally replied on electrocatalytic 

reactions while the first photocatalytic system was reported by Sutin and co-worker 

in 1981 by using cobalt bipyridine complexes as the catalyst, Ru(bpy)3
2+ (bpy = 

2,2’-bipyridine) as the photosensitizer and ascorbic acid as the sacrificial donor.[51] 

The optimal pH was determined to be five which mostly favors the formation of 

cobalt hydride intermediates. 

        The history of cobaloxime-based catalyst goes back to 1983.[52] The cobalt 

catalyst 3 (Figure 1-11) was coupled with Ru(bpy)3
2+ as the photosensitizer and 

TEOA as the sacrificial donor. A TOF of 16 h-1 was achieved, however, due to the 

low stability of the catalyst, the catalytic efficiency was difficult to further improve 

at that time. Later in 1986, the cobaloxime catalysts (Figure 1-11, 4) were stabilized 

via BF2-annulation by Espenson.[53]  

        These systems are dependent on organic media with the addition of sacrificial 

reagents, while in 2008 Eisenberg and collaborators reported the application of 

chloro(pyridine)cobaloxime and its derivatives to photoreduction of water in 

organic/aqueous media (MeCN and H2O) with the assistance of a Pt chromophore 

and TEOA as the sacrificial donor.[54] Compounds 5-9 (Figure 1-11) were 

discovered to be active in visible light driven photocatalytic water reduction. The 
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hydrogen production rate was also found to subject to change upon different Pt 

chromophores, pH, solvents and concentrations of each components. Concerning 

the mechanisms, the reaction was proposed to be initiated by reduction of Co(III) 

into Co(II), followed by a further reduction into Co(I). Then a protonation process 

gave the Co(III) hydride intermediate with the evolution of H2 and Co(II) catalyst 

was regenerated to proceed with the next catalytic cycle. Thus, the reactivity of 

Co(I) was supposed to be critical for the catalytic efficiency of the complex. 

        The first homogeneous visible light induced water reduction using only earth 

abundant elements was also developed by Eisenberg and co-workers.[55] The system 

employed Co(III) dimethylglyoximate as the catalyst, common organic dyes (e.g. 

Eosin Y) as the photosensitzer, and TEOA as the sacrificial reagent. However, the 

overall efficiency of the system was not high, which was supposed to result from 

the lack of heavy atoms in the fluorescein. The photosensitizer was changed to 

rhodamine dyes (containing S or Se atoms) in the following publications and TONs 

up to 9000 were successfully attained.[56]  

        Cobalt dithiolene complex (Figure 1-11, 10) was introduced into the 

photocatalytic water reduction in 2011 and achieved a TON of 2700 by using 

Ru(bpy)3
2+ as the photosensitizer and ascorbic acid as the sacrificial reagent.[57]  

        Photocatalytic hydrogen production systems dependent on water as the proton 

source were also investigated. One of these photocatalysts are 11-13 in Figure 1-11 

which has a porphyrin moiety as the photosensitizer and a single bond linked 

cobaloxime as the catalyst.[58] Another typical example is 14-17 that consists of a 

ruthenium complex as the photosensitizing reagent and a polypyridyl cobalt 

complex as the catalyst.[59] Nonetheless, both of the systems exhibited low hydrogen 

production rates with TONs smaller than 30. 
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        In addition, heterogeneous photocatalytic systems for hydrogen production 

was also reported by Reisner and co-workers in 2011.[60] The system employed TiO2 

as an electron relay anchored by [Co(III)(dmgH)2(pyridyl-4-hydrophosphonate)Cl] 

(Figure 1-11, 18) as the catalyst and Ru(bpy)3
2+ as the photosensitizer. The reaction 

can be driven by visible irradiation and conducted in aqueous media. Although the 

turnover frequency was low, the performance of the system surpasses that of the 

system using cobaloxime complex as the catalyst, thus revealing the effectiveness 

of the semiconductor in improving the overall photocatalytic efficiency. 

                                  
 
        1: R=H                                         3                                            4 
        2: R=CH3                                                                 (Sol=H2O, MeCN; R=CH3)   
 
 

                                 
 
          5: R2=H                                     8                                             9 
          6: R2=COOCH3 
          7: R2=N(CH3)2 
       
 

  
               10 
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              11: M=Zn                                                   14: R=4-Me; L=(CH2)2 
              12: M=Mg                                                  15: R=4-Me; L=Ch2CHOHCH2 
              13: M=2 H                                                  16: R=5-Me; L=(CH2)2 
                                                                                  17: R=H; L=CºC 
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Figure 1-11. Reported cobalt complexes for water reduction.[61] 

 

        1.8.2. Water Reduction Using Nickel Complexes 

        The application of nickel complexes for water reduction was inspired by the 

[NiFe] hydrogenases in nature. The enzyme functions as a catalyst for proton 

reduction and hydrogen oxidation.[62] The active site of the enzyme is displayed in 

Figure 1-12, 1. Many nickel-iron or nickel complexes have been investigated but 

few of them can be used for hydrogen production to date.[63,64] 

        One of the early examples of water reduction using nickel complexes was 

reported by Sauvage in 1988.[65] Two macrocyclic nickel complexes, Ni(cyclam)2+ 

and Ni2(bis(cyclam))2
4+ (Figure 1-12, 2, 3) were developed, giving TONs up to 100, 

and the presence of nickel hydride as an intermediate species was discussed. A new 
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nickel complex, [Ni(P2
ArN2

Ar)2](BF4)2, was reported by DuBois and co-workers.[66-

68] The structure of the catalyst (Figure 1-12, 4) was inspired by the pendant amine 

moiety in [FeFe] hydrogenases and the basic sites provided by amine groups were 

proposed to be critical for the hydrogen production reaction. Another nickel 

analogue (Figure 1-12, 5) has achieved an outstanding turnover frequency for 

electrocatalytic water reduction of 100,000 s-1.[69]  The nickel complex reported by 

DuBois was later used for photocatalytic water reduction by McLaughlin and co-

workers.[70] The system employed Ru(bpy)3
2+ and Eosin Y as the photosensitizer, 

ascorbic acid as the sacrificial donor and 1:1 mixture of MeCN/H2O as the solvent, 

and a TON of 2700 was successfully achieved when Eosin Y was used instead of 

Ru(bpy)3
2+. 

                                    
            
               1                                                 2                                          3 
(X=S or O; Y=O or N) 
 
 
 

              
 
                     4                                            5 
 
Figure 1-12. Reported nickel complexes for water reduction.[61] 
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        1.8.3. Water Reduction Using Iron Complexes 

        As the most abundant metal on earth, iron is the ideal candidate for hydrogen 

production from water. Iron based enzymes including [FeFe] hydrogenases, ([NiFe] 

hydrogenases and [Fe]-only hydrogenases are known to be able to catalyse the 

hydrogen production from proton at a conversion rate of 9000 molecules per second 

per active site. The structure of the active site for [FeFe] hydrogenases is shown in 

Figure 1-13, 1. The impressive efficiency pushes researchers to find systems that 

can mimic this process and many catalysts have been developed.[71-73] However, few 

of them can attain a satisfying efficiency to date and the research in this field still 

requires efforts for improvement. 

        One of the examples of iron-based photocatalytic hydrogen production is 

reported by Sun and co-workers in 2008.[74] The iron complexes (Figure 1-13, 2-4) 

were used as the catalyst, Ru(bpy)3
2+ as the photosensitizer, ascorbic acid as the 

sacrificial donor and mixture of MeCN/H2O as the solvent under the irradiation of 

visible light. The best performance was attained by complex 3 (Figure 1-13) with a 

TON of 86 regarding to the photosensitizer and a TON of 4.3 concerning the 

catalyst. The presence of HFe(II)Fe(I) intermediate was proposed to be the key step 

for the photocatalytic process. Later, another iron complex (Figure 1-13, 5) was 

reported for photocatalytic water reduction with the assistance of [Ir(ppy)2(bpy)]+ 

as the photosensitizer, TEA as the sacrificial donor and mixture of acetone/water as 

the solvent.[75] The system produced a much higher TON of 466. 

        Another work reported by Beller and co-worker only chose simple iron 

carbonyl as the catalyst.[76] The catalysts used were [{CpFe(CO)2}2], [Fe(CO)5], 

[Fe2(CO)9], [(cot)Fe(CO)3] and [Fe3(CO)12]. [Ir(ppy)2(bpy)]+ was used as the 

photosensitizer and TEA served as the sacrificial reagent. The highest TON was 



	
 

22	

510, given by [Fe3(CO)12]. Also, iron carbonyl hydride was proposed to be the key 

intermediate for the reaction. In a later research, the efficiency of the system was 

further improved to produce a TON of 1500 by adding different phosphine ligands 

to the catalysts.[77] 

                                   
 
                      1                               2: L1=L2=CO                                    5 
           (X=OH2, H- , H2)                 3: L1=CO; L2=P(Pyr)3 
                                                       4: L1=L2= P(Pyr)3 
 
 
 Figure 1-13. Reported iron complexes for water reduction.[61] 

 
        As illustrated above, many catalytic systems for water reduction have been 

developed and investigated in detail. Turnover numbers over a thousand was also 

achieved by several systems. However, these catalysts are still under the research 

level while the application into practical use is not yet feasible. The presence of a 

few drawbacks inhibits the wide use of the catalytic systems. First, for laboratory 

scale research, the lifespan of the catalysts is generally within few hours or days, 

while a lifetime of few weeks or months is expected for commercial goods. Most 

of the complexes will undergo photo or electro decomposition during the reaction, 

thus methods to resist the molecules against corrosion is necessary. Besides, many 

metal complexes are sensitive to air components, cling to be deactivated upon 

contact with oxygen and cease the catalytic reaction. To avoid the oxygenation, the 

catalytic process always proceeds under the inert gas atmosphere. Regarding to 

industrial production, creating an oxygen-free environment requires high cost and 

is not suitable for mass production. Moreover, majority of the catalytic reactions to 



	
 

23	

date are supported by organic media while reactions that can occur in aqueous 

solution are still limited. The involvement of organic solvent would cause 

environmental problems, and also raise the production expenses.  All the 

shortcomings need to be solved in the future research before water splitting can 

possibly become one of the new energy sources for human activities. 

 

1.9. Global Warming and CO2 Transformation 

        The burst of fossil fuel consumption can date back to the Industrial Revolution, 

when the exploitation of underground resources such as coal, oil and natural gas 

was prevalent, giving rise to severe environmental pollution today.[78] The burning 

of fossil fuel produces sulfur dioxide and nitrogen oxides which are the main causes 

of acid rain formation and air quality deterioration.[79] Another consequential effect 

is the dramatic increase in the atmospheric carbon dioxide. The total amount of pure 

carbon released is estimated to be over half a trillion tons since 1800s, which greatly 

overwhelms nature’s ability to deplete CO2 by photosynthesis.[78,80] As a result, the 

high concentration of CO2 traps incident infrared onto the Earth’s surface, rising 

the overall planetary temperature and causing the greenhouse effect. The 

detrimental effects brought by global warming include ice sheet melt, sea level rise, 

climate zones shift and potential change of the whole ecosystem.[81] The 

anthropogenic interference has forced the energy imbalance, and the trend does not 

seem to stop under a still expending fossil energy dependent world industry.[80]  

        The recycle of carbon by converting CO2 into gaseous or liquid fuel is one of 

the optimal solutions to mitigate the global warming.[82] The current methods for 

CO2 utilization include the reduction of CO2 into useful chemical products such as 

carbon monoxide[83], formaldehyde[84], formic acid[85], methane[86] and 
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methanol[87,88] as well as the use of CO2 as C1 building block in organic synthesis 

(Figure 1-14). However, the high thermodynamic and kinetic stability of CO2 has 

always been a great challenge deferring the practical application of CO2.[89] 

Figure 1-14. Typical examples of CO2 as building blocks in organic synthesis.[90] 

 

1.10. Difficulties for CO2 Reduction  

        The conversion of CO2 through homogeneous hydrogenation[91], 

electrocatalytic[92] and photochemical[93] reduction are most frequently reported in 

chemistry fields. Other commonly used transformation approaches are illustrated 

in Figure 1-15. However, most of the methods suffer from the disadvantages of high 

energy input, high operating cost or scarcity of raw materials.[94] Taking into 

consideration the sustainability and environmental issues, photo-driven CO2 

reduction is considered to be the ultimate solution to the greenhouse effect.[95] 
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Figure 1-15. Common CO2 transformation pathways with potential products.[94] 

 

        Although many investigations have been done on photocatalytic reduction of 

CO2, the overall conversion efficiencies are still low for practical use. The major 

difficulties faced by CO2 reduction is its kinetic inertness.[96] As shown in Table 1-

1, the formal redox potentials for multi-electron transfer to CO2 are moderately 

negative while the one-electron reduction of CO2 to CO2 •− occurs at much more 

negative potential of -1.85 V vs SHE (standard hydrogen electrode) at pH 7. Due 

to the nature of photocatalysts, only one electron can be transferred at one time 

through the photo-excitation by one photon.[97] As a result, a high overpotential is 

required to overcome the kinetic barriers to achieve a multiple electron process. A 

second challenge to CO2 reduction is the selectivity.[96]  Since the transformation of 

CO2 can lead to various of products, the control over the formation of one sole 

chemical is favored.  

        Overall, the three basic criteria of a photocatalyst for CO2 reduction include: 

1) wide absorption range and high molar absorptivity, especially for the visible light; 

2) suitable frontier orbital energy levels and 3) selectivity to one single product.[98] 
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Table 1-1. Formal Redox Potentials for the Reduction of CO2 at pH 7 in Aqueous 

Solution[99] 

No. Reactions E0’ vs SHE (V) 

1 CO2 + e− → CO2 •− −1.85 

2 CO2(g) + H2O(I) + 2e− → HCOO−
(aq) + OH−

(aq) −0.665 

3 CO2(g) + H2O(I) + 2e− → CO(g) + 2OH−
(aq)   −0.521 

4 CO2(g) + 3H2O(I) + 4e− → HCOH(I) + 4OH−
(aq) −0.485 

5 CO2(g) + 5H2O(I) + 6e− → CH3OH(I) + 6OH−
(aq) −0.399 

6 CO2(g) + 6H2O(I) + 8e− → CH4(g) + 8OH−
(aq) −0.246 

7 2H2O(I) + 2e− → H2(g)  + 2OH−
(aq) −0.414 

 

 

1.11. Photocatalytic Reduction of CO2 

        The photo-induced reduction of CO2 can be classified into mainly two types: 

heterogeneous photocatalytic reduction by semiconductors[94,99] and homogeneous 

photocatalytic reduction by molecular catalysts.[100] 

        The heterogeneous photocatalytic CO2 transformation was first reported in 

1978 by Halmann.[101] By comparing with the molecular catalysts, semiconductors 

are always preferable in terms of stability and ease of recycling. However, due to 

the low absorption at the visible region and poor selectivity, the conversion 

efficiencies by semiconductors are still low in most situations.[102] To further 

improve the performance of semiconductor materials, many nano-technology such 

as doping, hybridization of multiple semiconductors as well as coupling with 

homogeneous catalysts and photosensitizers are explored.[99] 
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        The homogeneous photocatalysts of CO2 generally share the merits of high 

molar absorptivities at the visible region, high quantum yields, attractive product 

selectivity and flexibility towards modification.[100,103]  The photoreduction of CO2 

was initially reported by Lehn and collaborators in 1983, giving a selective CO 

production from CO2 by using [Re(bpy)(CO)3Cl], which exhibited the best TON of 

48 in 4 hours.[104] Since then, a number of molecular photocatalytic systems have 

been studied, in which  Re[105] and Ru[106] complexes are mostly investigated while 

other metal complexes based on Os[107], Rh[108], Ir[109], Mn[110], Fe[111], Co[112] and 

Ni[113] have also been reported in the literature. 

        A homogeneous photocatalytic system basically consists of the following four 

components: 1) a photosensitizer (PS) for the absorption of solar irradiation, 

generating and transferring excited electrons to catalysts; 2) a catalyst (Cat) which 

accepts electrons from the PS, accumulates electrons and reduces CO2 through 

multi-electron process; 3) a sacrificial reagent (or a reductant, D) that supplies 

electrons for regeneration of the PS; 4) solvent medium. An ideal photocatalytic 

system should use water as solvent and at the same time as the reductant to 

regenerate the photosensitizers. However, since the redox potential of water is 

beyond the oxidation power of the catalytic system, an additional sacrificial 

electron donor is necessary.[114]  

             

Figure 1-16. Schematic showing the mechanism of photocatalytic CO2 

reduction.[114]  
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        1.11.1. Photosensitizers for Photocatalytic CO2 Reduction 

        The main function of photosensitizer is to absorb solar irradiation as well as 

generate excited electrons and transfer them to the catalyst. Upon photoexcitation, 

the photosensitizers can undergo reductive or oxidative quenching. In the first 

situation, the excited PS (PS*) will accept one electron from the sacrificial donor to 

form a one-electron-reduced-species (PS•−) while in the second case, the PS* will 

lose and transfer one electron to the catalyst. Since the reductive power of PS* is 

not strong enough to inject electrons into the catalyst, the photocatalytic reactions 

are generally initiated by the interaction between PS* and sacrificial donor. Thus, 

the common requirements for a photosensitizer includes high absorption in the 

visible area, strong oxidation power of excited state and high stability of the one-

electron-reduced-species. 

        [Ru(bpy)3]2+ and its derivatives are one of the most commonly used 

photosensitizers for the photocatalytic CO2 reduction.[115] These compound take the 

advantage of strong absorption in the visible region, long emission lifetimes and 

relatively high resistance to photo-corrosion. However, [Ru(bpy)3]2+ will undergo 

ligand substitution upon photo-excitation in acidic aqueous solution, giving 

[Ru(bpy)2L2] (L=solvent, CO or Cl) as the product.[116] Interestingly, this Ru 

complex can catalyse the CO2 reduction, revealing the potential of Ru complexes 

to serve as both photosensitizers and catalyst in the photo-reduction of CO2. 

        [Ir(ppy)3] also serves as the photosensitizer in photocatalytic CO2 reduction 

systems.[117,118] Despite the narrow absorption band in the visible region as 

compared to [Ru(bpy)3]2+, [Ir(ppy)3] is more stable under long time irradiation and 

has a stronger oxidation power.  
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        The osmium analogues of [Ru(bpy)3]2+ have recently been reported in the 

application of photocatalytic CO2 reduction.[119] The Os complexes can extend the 

absorption to 500-700 nm while the short emission lifetime and more negative 

reduction potentials of the excited state prohibit their application in various 

catalytic systems. 

        Other photosensitizers also include metal porphyrin[120] and common organic 

dyes[121]. However, to date, Ru complexes still dominate the photosensitizers in 

photo-reduction of CO2.  

 

        1.11.2. Catalysts for Photocatalytic CO2 Reduction 

        The catalyst is assigned to accept and accumulate electrons from the 

photosensitizer, then transfer these electrons to carbon dioxide molecules via a 

reductive process to give the corresponding products. Due to the similarity in 

mechanisms of water reduction and CO2 reduction, the evolution of H2 is always 

competitive with the photocatalytic CO2 conversion. Also, as mentioned above, the 

photo-excitation can only create one electron at one time while a two-electron 

transfer is required to complete the reduction process. Thus, the catalyst should 

selectively interact with CO2 and have a long lifetime for the accumulation of a 

second electron. Another factor that complicates the photocatalytic transformation 

is the co-existence of strong reductants (e.g. one-electron-reduced-species of the PS, 

the catalyst) and oxidants (e.g. one-electron-oxidized-species of the sacrificial 

donor, PS*) in the reaction system. So the interactions between each pair of redox 

species are possible and difficult to control as compared to a electrochemical 

process in which the reduced and oxidized species are generated separately at two 

different electrodes. 
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        [Re(bpy)(CO)3X] (X=Cl, Br, PR3 etc.) is the most widely used catalysts for 

photocatalytic CO2 reduction. The long emission lifetimes of the Re complexes 

allows their excited states to interact with the sacrificial donor. Thus, the complexes 

can not only function as the catalyst but also be used as the photosensitizer, so they 

are considered to be the first type of dual functional molecules for photocatalytic 

CO2 reduction.[104] Later modifications have improved the performance of the 

complex to give a turnover number of 30 for CO production if without additional 

photosensitizers.[122] A TON of over 3000 for CO was achieved by the Re 

complexes covalently bonded to Ru(bpy)3-based photosensitizers in a recent 

report.[123]

        Another commonly used catalyst is based on ruthenium(II) carbonyl diamine 

complexes, such as Ru(bpy)2(CO)2
[124] and Ru(bpy)(CO)2Cl2.[125] The reactions via 

Ru complexes always give formate as the product and TONs up to 300 have been 

achieved by a few photocatalytic systems.[125,126]  

        Catalytic systems using earth-abundant elements were also developed. 

Mn(bpy)(CO)3Br was first reported in 2011 by Deronzier and co-workers which 

was used for electrocatalytic CO2 reduction.[127] Later in 2014, the photo-driven 

reaction was realized by the same Mn complex as published by Ishitani and co-

workers.[128] The photocatalytic reaction employed Mn(bpy)(CO)3Br as the catalyst, 

[Ru(dmb)3]2+ (dmb = 4,4’-dimethyl-2,2’-dipyridine) as the photosensitizer and 

BNAH (1-benzyl-1,4-dihydronicotinamide) as the electron donor. A turnover 

number of 149 was attained for CO2 reduction into formate. 

        Co and Fe porphyrins are another typical examples of compounds that can 

catalyse the CO2 transformation without the involvement of photosensitizers.[129,130] 

The ‘all-in-one’ photocatalysts based on earth-abundant metals are promising for a 
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long term use. However, the currently reported catalysts generally suffer from the 

complexity of reduction products in which a mixture of CO, H2 and formate is 

always obtained. 

 

        1.11.3. Sacrificial Donors for Photocatalytic CO2 Reduction 

        The sacrificial reagent is important to trigger the photocatalytic reaction. It 

should have strong oxidation power to interact with the photosensitizer to produce 

the PS•−. Then the oxidized form of the donor (D•+) should be deactivated to lose 

its oxidation power as soon as possible. Otherwise, the reaction between D•+ and 

critical reduced species, such as PS•−, Cat•− can lower the overall photocatalytic 

efficiency. 

        The most commonly used sacrificial donors are triethylamine (TEA) and 

triethanolamine (TEOA). 1-Benzyl-1,4-dihydronicotinamide (BNAH) has a 

stronger reduction power than TEA and TEOA, so is always used for 

photosensitizers that have a weak oxidation power in the excited state. However, 

both types of the sacrificial donor have poor performance in aqueous solution. An 

ultimate photocatalytic system is expected to occur in water. Ascorbate is the best 

candidate of electron donor in aqueous media. 

 

1.12. Photocatalytic CO2 Reduction Using Iridium Complexes 

        Photochemistry has been for a long time associated with the development of 

bis-cyclometalated iridium(III) complexes. Thanks to their outstanding 

luminescent properties, Ir(III) compounds have served as luminophores and 

photosensitizers in various fields of research including bio-imaging[131], light-

emitting organic diodes and photoelectrochemical cells[132,133]. However, the 
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photocatalytic carbon dioxide reduction using Ir complex has never been reported 

until 2013. Ishitani and collaborators investigated a less popular architecture of Ir 

complexes [Ir(N^N^N)(C^N)L]+ (N^N^N = tridentate polypyridyl ligands, C^N = 

2-phenylpyridine derivatives, L = monodentate ligand) and achieved the best TON 

of 50 and a quantum yield of 0.21 by [Ir(tpy)(Me-ppy)Cl]+ (tpy = 2,2’:6’,2”-

terpyridine, Me-ppy = methyl-2-phenylpyridine).[134]  

        The mechanism of the reaction is illustrated in equations (1)-(7). The reaction 

is initiated by the interaction between the excited state of Ir complex and the 

sacrificial reagent, TEOA. The one-electron-reduced-species then undergoes the 

dissociation of Cl atom, injection of another electron and protonation to form 

[Ir(tpy)(ppy)H]+, the key intermediate for the photocatalytic reaction. The hydride 

will then convert to a penta-coordinate [Ir(tpy)(ppy)]0 complex. Further interaction 

with CO2 via equations (4)-(6) gives the final product, CO. The penta-coordinate 

species will then be restored in the next catalytic cycle. 

[Ir(tpy)(ppy)Cl]+ + hv + D ® [Ir(tpy•)(ppy)Cl] + D•+                                           (1) 

[Ir(tpy•)(ppy)Cl] + e- + H+ ® [Ir(tpy)(ppy)H]+ + Cl-                                             (2) 

[Ir(tpy)(ppy)H]+ ®  [Ir(tpy)(ppy)]0 + H+                                                               (3) 

[Ir(tpy)(ppy)]0 + CO2 + H+ ® [Ir(tpy)(ppy)(CO2H)]+                                              (4) 

[Ir(tpy)(ppy)(CO2H)]+ + H+ ® [Ir(tpy)(ppy)(CO)]2+ + H2O                                  (5) 

[Ir(tpy)(ppy)(CO)]2+ + MeCN ® [Ir(tpy)(ppy)(MeCN)]2+ + CO                          (6) 

[Ir(tpy)(ppy)(MeCN)]2+ + 2e- ® [Ir(tpy)(ppy)]0 +MeCN                                       (7) 

         

       Dinuclear and trinuclear Ir complexes were reported to have better 

performance than mononuclear complexes.[135,136] Recently, a new record for this 

kind of Ir complexes was achieved by [Ir(9-anthryl-tpy)(ppy)Cl] (9-anthryl-tpy =  
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4’-(9-anthryl)-2,2’:6’,2”-terpyridine) under the irradiation of low-energy blue LED. 

The control over the intermediate species was realized by lowering the incident 

light intensity and greatly improved the overall lifespan as well as the turnover 

number of the photocatalyst.[137]         

 

1.13. Important Experimental Parameters 

        i. Incident photon-to-current conversion efficiency (IPCE) 

        IPCE is calculated from the total number of electrons moving through the 

external circuits divided by the total number of incident photons. 

IPCE λ = Ф()*×η-×LHE λ = APCE×LHE	(λ) 

 where Фinj is the efficiency of electron injection, ηc is the efficiency of charge 

collection and LHE is the light harnessing efficiency for monochromatic light. The 

product of Фinj and ηc is also called the absorbed photon-to-current efficiency 

(APCE). According to the Beer’s law, LHE can be calculated via the following 

equation:  

LHE = 1 − 1078(9):- 

where ε(λ) is the molar extinction coefficient, b is the thickness of electrode, c is 

the concentration of dye molecules. 

        IPCE illustrates the light absorption efficiency, the electron injection rate into 

TiO2 and the quantities of electrons reaching the cathode. Limited by loss of energy 

arising from absorption of electrolyte, diffraction of light and many other factors, 

IPCE is generally lower than 80 % across the whole spectral region.   
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        ii. Open-circuit photovoltage (Voc) vs short-circuit photocurrent density (Jsc) 

        Voc is the maximum voltage achieved by a photovoltaic cell in open circuit, 

which indicates the energy gap between the quasi-Fermi level of TiO2 and the redox 

potential of redox mediators. Jsc is the maximum current that can be attained by a 

cell in short circuit. The parameter reveals the light harvesting ability of dye 

molecules and the effectiveness of interaction between photosensitizers and TiO2. 

Jsc can be increased by reducing the optical band gap of dye molecules to extend 

the absorption to irradiation in the near-infrared area. 

 

        iii. Fill Factor (FF) 

        Fill factor is defined as the difference between the practical output maximum 

and the product of Voc and Jsc. The value generally fluctuates with the change of 

internal resistances of the cell. Due to the presence of diode quality factor, fill 

factors can hardly be close to unity and a value between 0.65 to 0.85 is usually 

obtained.[138] 

 

        iv. Power-Conversion Efficiency (PCE)  

        PCE is calculated from the maximum power output divided by the total power 

of incident irradiation. The equation used for calculation is as follows: 

 

η =
𝑉<=×𝐽?=×𝐹𝐹

𝑃BC
 

where Pin is the total energy of incident sunlight irradiated onto the surface of the 

cell at 100 mW cm-2 AM 1.5 illumination.  
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        v. Turnover number (TON) vs Turnover frequency (TOF) 

        Turnover number is defined as the amount of molecules produced divided by 

the number of active sites. Here in the H2 evolution reaction, we use the number of 

mole of H2 produced as the amount of products and the number of mole of 

photosensitizers attached to platinized TiO2 to replace the number of active site. 

The reason is that the number of active sites on the surface of TiO2 is difficult to be 

quantified. So, the TON is expressed as follows: 

𝑇𝑂𝑁 =	
𝑀𝑜𝑙𝑒	𝑜𝑓	𝐻M	𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑀𝑜𝑙𝑒	𝑜𝑓	𝑃ℎ𝑜𝑡𝑜𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑧𝑒𝑟𝑠	𝑎𝑡𝑡𝑎𝑐ℎ𝑒𝑑	𝑡𝑜	𝑃𝑡 − 𝑇𝑖𝑂M
 

        Turnover frequency indicates the photocatalytic rate of the reaction. It is 

usually defined as the turnover number per hour for water splitting. 

 

        vi. Apparent Quantum Yield (AQY) 

        As the photocatalytic reaction can be conducted under various conditions, it is 

difficult to compare the TON or TOF of the reactions under totally different 

environment. So, quantum yield, which illustrates the usage percentage of incident 

light, is important. Quantum yield is expressed as the number of reaction electrons 

divided by the number of absorbed photons. Since number of absorbed photons can 

hardly be measured, number of incident photons is used instead, which gives the 

apparent quantum yield.  

 

1.14. Scope of the thesis 

        Although a number of photocatalytic systems for water splitting and CO2 

reduction have been extensively investigated, most of them are still far from 

practical use. The application of earth-abundant materials, elimination of side 

products, enhancement of overall efficiency and other problems are still seeking for 
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new solutions. In this thesis, nine organic dyes are reported to couple with platinized 

TiO2 in the application of photocatalytic water splitting. The photovoltaic and 

photocatalytic parameters of the nine molecules are evaluated in parallel. The 

change on the photocatalytic performance will be discussed in detail based on the 

structures of the photocatalysts. Besides, five earth-abundant metal-based 

complexes are reported to be used as the catalyst for water reduction and CdS 

quantum rods are employed as the photosensitizer. CdS of two different sizes are 

produced and turnover numbers of catalysts in different concentrations are 

evaluated. The main cause of decomposition of the active species in the 

photocatalytic process is also explored. Finally, ten [Ir(tpy)(ppy)Cl] type 

photocatalysts are reported for CO2 reduction. The effects of small substituents to 

both the terpyridine and phenylpyridine ligands are discussed. Also, the overall 

efficiencies, the photocatalytic lifetimes and the color change of the Ir complexes 

are correlated with each other and are investigated respectively.
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Chapter 2: Titanium Dioxide Coupled Small Molecules for Photo-

induced Water Splitting 

2.1. Introduction 

        Thanks to the clean burning process that exclusively generates water as the 

sole product, application of hydrogen gas as an energy alternative is arousing 

increasing interest from the public. Hydrogen fuel is much profound in 

environmental protection as compared to fossil fuel combustion which releases a 

large amount of carbon dioxide and becomes the major cause of global warming. 

Regarding to the efficacy, the amount of energy produced per unit of hydrogen fuel 

significantly surpasses that of traditional fuel. The ubiquity of hydrogen element on 

earth also guarantees the new energy source to be sustainable in long terms. 

        However, none of the currently available approaches to hydrogen production 

is independent from the conventional fuel. Thus, a new method for hydrogen 

evolution is in demand. In order to avoid the usage of fossil fuel, other energy 

sources that can be used for the activation of hydrogen production is necessary. 

Here, the most powerful and sustainable energy source, the sunlight, is selected to 

be the best alternative. Thus, the photocatalytic water reduction for hydrogen 

generation has been investigated by many researchers.[1]

         To date, metalated dye molecules for the photocatalytic water splitting have 

been extensively explored[2] whereas the presence of noble metal complexes would 

greatly increase the production cost and exert negative effect on the environment. 

In contrast, organic dyes always suffer from low stability and poor activity under 

the light irradiation.[3] In this project, a photocatalytic system based on organic dye 

sensitized TiO2 as the photocatalyst has been investigated. The organic dyes are 
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covalently bonded to the TiO2 for a smoother electron injection and higher 

efficiency. Nine organic dyes were evaluated in detail and the highest turnover 

number of 10,200 was achieved. 
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2.2. Thieno[3,2-b]thiophene-Based Organic Dyes for Photo-induced Water 

Splitting 

        2.2.1. Synthesis of Thieno[3,2-b]thiophene-Based Organic Dyes 

        Six organic dyes as shown in Figure 2-1 were synthesized as photosensitizers.  

    

Figure 2-1. Chemical structures and labels of target organic dye molecules. (part I) 

 

        The synthetic procedures are as follows: 

        Thieno[3,2-b]thiophene, as the key linker of target molecules, was first 

brominated using N-bromosuccinimide in THF[4]. One of the bromine atoms was 

then substituted by aldehyde group through the reaction with n-butyl lithium 
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followed by dimethylformamide. Suzuki coupling between N-alkylated 3-

carbazolyl boronic acid and 1-3 gave the precursors 1-4a/ 1-4b/ 1-4c. For the last 

step, Knoevenagel condensation of the precursors with cyanoacetic acid afforded 

organic dyes 1a-1c. 

Scheme 2-1. Synthetic pathway and labels for thieno[3,2-b]thiophene-based 

organic dyes 1a-1c. Reagents: Ar-B(OH)2 = 9-octylcarbazolylboronic acid/ 9-(2-

ethylhexyl)carbazolylboronic acid/ 9-hexylcarbazolylboronic acid. 

 

        The thieno[3,2-b]thiophene linker was extended by one 3-hexylthiophene 

through Suzuki coupling. Reaction with Vilsmeier–Haack reagent led to the 

formation of corresponding aldehyde of 1-6. The last two steps were similar to those 

in the synthesis of 1a-1c where the final products (1d-1f) were obtained after a 

Suzuki reaction followed by a Knoevenagel condensation. 
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Scheme 2-2. Synthetic pathway for thieno[3,2-b]thiophene-based organic dyes 1d-

1f. Reagents: Ar-B(OH)2 = 9-octylcarbazolylboronic acid/ 9-(2-

ethylhexyl)carbazolylboronic acid/ 9-hexylcarbazolylboronic acid; Ar'-B(OH)2 = 

3-hexylthiophenylboronic acid. 

 

        2.2.2. Characterization of Thieno[3,2-b]thiophene-Based Organic Dyes 

        2.2.2.1. UV-vis Absorption Spectroscopy 

        UV-vis absorption spectroscopy of 1a-1f was performed using 1a-1f in 

dichloromethane solution at room temperature. UV-vis absorption spectra of 1a-1f 

are shown in Figure 2-2 and the corresponding physical data are summarized in 

Table 2-1. The six molecules display two distinct absorption bands, one from 300 

to 400 nm giving molar absorptivities ranging from 10,000 to 30,000 M-1 cm-1, and 

the other from 400 to 550 nm with molar absorptivities of 42,500 to 58,100 M-1 cm-

1. The first bands with low extinction coefficients arise from the π-π* transition of 

the conjugated moieties while the other bands with much higher molar 
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absorptivities are the results of intramolecular charge transfer. The absorption 

spectra of photosensitizers 1d-1f are red-shifted for 50 nm relative to those of 1a-

1c, which is due to the extension of conjugation by addition of 3-hexylthiophene to 

the linker part. Another general trend is observed in that as alkyl chains binding to 

the donor carbazole change from octyl, 2-ethylhexyl to hexyl groups, the molar 

absorptivities of photosensitizers increase and the phenomena are consistent in both 

series of molecules 1a-1c and 1d-1f. 
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Figure 2-2. UV-vis absorption spectra of 1a-1f in dichloromethane at 293 K. 
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Table 2-1. Photophysical Data of 1a-1f  

Photosensitizers Absorption λmax/ nm (ε/ 104 M-1 cm-1) λonset/ nm 

1a 302 (1.81)  352 (1.00) 472 (4.58) 534 

1b 301 (2.46) 349 (1.07) 459 (5.27) 528 

1c 302 (2.36) 351 (1.35) 470 (5.37) 537 

1d 309 (2.70)  500 (4.25) 585 

1e 309 (2.36)  499 (4.32) 582 

1f 309 (3.00)  502 (5.81) 585 

 

        2.2.2.2. Cyclic Voltammetry  

        Cyclic voltammetry of 1a-1f was measured using a three electrode system with 

a glassy carbon working electrode, a Ag/AgCl reference electrode and a platinum 

counter electrode at a scan rate of 100 mV s−1. The sample solution was prepared 

in dichloromethane containing 0.1 M of tetrabutylammonium hexafluorophosphate. 

The reversible oxidation potential of ferrocene was 0.25 V under this condition.  

        Cyclic voltammograms of 1a-1f are illustrated in Figure 2-3 and 

electrochemical potentials of the molecules are listed in Table 2-2. The molecules 

exhibit oxidation potentials (-5.19 to -5.02 eV) more negative than the redox 

potential of I−/I3
− electrolyte[5] (-4.95 eV) and that of ascorbic acid[6] (-4.65 eV at 

pH=4), so dye regeneration can be achieved rapidly to avoid charge recombination 

in the application of DSSCs and photocatalytic water splitting, respectively. In 

addition, reduction potentials range from -2.93 to -2.80 eV, which are more positive 

than the conduction band energy of TiO2 (-4.4 eV), thus electron injection into TiO2 

is feasible, facilitating the further current generation in DSSCs as well as the 

catalytic reduction of water molecules. 
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Narrower band gaps are observed in photosensitizers 1d-1f in comparison to 1a-1c 

as a result of lower LUMO and higher HOMO levels. The drop in energy band gap 

is basically triggered by the extensive conjugation of 1d-1f, which lowers the 

energy of excitation states of the molecules. 
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Figure 2-3. Cyclic voltammograms of 1a-1f in acetonitrile at 293 K. 

 

 

 

 



	
 

55	

Table 2-2. Electrochemical Data of 1a-1f 

Photo-

sensitizers 
Eox

onset/ V EHOMO/ eV E0–0 
a/ eV Eox* 

b/ V ELUMO 
c/ eV 

1a 0.64 -5.19 2.32 -1.68 -2.87 

1b 0.60 -5.15 2.35 -1.75 -2.80 

1c 0.59 -5.14 2.31 -1.72 -2.83 

1d 0.49 -5.04 2.12 -1.63 -2.92 

1e 0.47 -5.02 2.13 -1.66 -2.89 

1f 0.50 -5.05 2.12 -1.62 -2.93 
a Energy band gaps are calculated from the onset of absorption spectra. b Eox* = 

Eox
onset – E0-0. c ELUMO = EHOMO + E0-0. 

 

        2.2.2.3. Computational Studies by Density Functional Theory 

        The structural properties of photosensitizers were examined based on density 

functional theory (DFT) using Gaussian 09 program (Table 2-3 to 2-8). DFT 

calculations place HOMOs of the six molecules mainly on the carbazole units with 

further extension to the whole conjugated parts while LUMOs are highly condensed 

on cyanoacrylic acid groups and partially on adjacent thiophenes. As suggested in 

Table 2-9, the electron transitions arise from HOMO to LUMO through S1 

transition for 99 %.  

        HOMOs and LUMOs of the molecules are generally divided by the linker 

moieties to be situated at two edges of the molecules. This eases the charge 

separation during the photo-excitation, facilitating relatively stable excited states of 

the photosensitizers. The planarity predicted by DFT calculations reveals a swift 

charge transfer and electron injection into TiO2. Since the flexible alkyl chains do 

not contribute to HOMOs and LUMOs of the photosensitizers, they can eliminate 
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the dye aggregation and charge recombination processes without altering the 

frontier orbital energy levels as well as the redox potentials of the molecules. 

 

Table 2-3. DFT Computations for Photosensitizer 1a 

Description Energy/ eV  

LUMO -2.75 

 

HOMO -5.66 

 
 

 

Table 2-4. DFT Computations for Photosensitizer 1b 

Description Energy/ eV  

LUMO -2.75 
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HOMO -5.66 

 
 

 

Table 2-5. DFT Computations for Photosensitizer 1c 

Description Energy/ eV  

LUMO -2.75 

 

HOMO -5.67 
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Table 2-6. DFT Computations for Photosensitizer 1d 

Description Energy/ eV  

LUMO -2.82 

 

HOMO -5.45 

 
 

 

Table 2-7. DFT Computations for Photosensitizer 1e 

Description Energy/ eV  

LUMO -2.82 
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HOMO -5.45 

 
 

 

Table 2-8. DFT Computations for Photosensitizer 1f 

Description Energy/ eV  

LUMO -2.82 

 

HOMO -5.46 
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Table 2-9. Absorption Transitions of 1a-1f Calculated by the TD-DFT Method 

Photo-

sensitizers 
Transition Contribution/ % E/ nm 

Oscillator 

Strength 

1a HOMO→LUMO 99% 497.09 1.1763 

1b HOMO→LUMO 99% 496.76 1.1952 

1c HOMO→LUMO 99% 496.00 1.1586 

1d HOMO→LUMO 99% 554.79 1.3887 

1e HOMO→LUMO 99% 554.99 1.4042 

1f HOMO→LUMO 99% 553.42 1.3831 

 

  

        2.2.3. Application of Thieno[3,2-b]thiophene-Based Organic Dyes 

        2.2.3.1. Dye-sensitized Solar Cells 

        The organic dyes 1a-1f were employed as photosensitizers in the fabrication 

of DSSCs. The incident-photon-to-current conversion efficiency (IPCE) curves of 

1a-1f (Figure 2-4) show broad absorption bands from 300 to 650 nm (for 1a-1c) or 

to 700 nm (for 1d-1f) with maximum IPCEs of 60 to 70 %. The red-shift by 1d-1f 

is consistent with that appeared in UV-vis absorption spectra, which is attributed to 

the elongated conjugation of the molecules by alkylthiophenes. However, 1d-1f do 

not produce greater IPCEs than 1a-1c as predicted by UV-vis spectra, as a broader 

planar structure is likely to aggravate dye aggregation between molecules. 1c and 

1f with shorter alkyl chains have smaller IPCEs which can be explained by the same 

reason that hexyl groups inhibits the dye aggregation less efficiently than 2-

ethylhexyl and octyl groups.[7] 

        The short circuit photocurrent densities (Jsc) and open circuit photovoltages 

(Voc) of 1a-1f (Figure 2-5) are 7.69 to 12.32 mA cm-2 and 0.652 to 0.692 V, 
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respectively. The additional alkylthiophene to the linker moiety effectively 

increases the photocurrent densities of the cell via rapid charge transfer but 

enhances the photovoltages for relatively small amount. As revealed from IPCE 

plots, photosensitizers with longer carbazole-bound alkyl chains and broader 

conjugated units generally have better performance in DSSCs. Exceptionally, 1e 

attains the best photovoltage among the six dyes instead of 1f, which suggests that 

a branched chain may possibly promote an optimal orientation of photosensitizer 

to avoid dye aggregation and charge recombination. 

        The electrochemical impedance spectroscopy (EIS) Nyquist plots (Figure 2-6) 

characterize the resistance of charge recombination (Rrec) at the interfaces between 

photosensitizers and electrolytes as well as TiO2.[8] A larger radius of semi-circle 

corresponds to a greater resistance, 1e is the one that most efficaciously prevents 

the solar cell from charge recombination. The observation provides further 

evidence to the high photovoltage of 1e. 

        In summary, the overall power conversion efficiencies (PCEs) of 1a-1f are 

listed in Table 2-10 with values of 2.91 to 5.25 %. 1d presents the best performance 

among the six organic photosensitizers with an outstanding Jsc of 12.32 mA cm-2, a 

second high Voc of 0.68 V and the highest PCE of 5.25 %. The results reveal the 

critical roles of alkyl chains and conjugated units in the light to electricity 

conversion process of dye-sensitized solar cells. 
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Figure 2-4. Incident photon-to-current conversion efficiency (IPCE) curves of 

DSSCs fabricated from 1a-1f and N719 under AM 1.5 G sunlight illumination. 
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Figure 2-5. Photocurrent density-voltage (J-V) curves of DSSCs fabricated from 

1a-1f and N719 under AM 1.5 G sunlight illumination. 
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Figure 2-6. EIS Nyquist plots of DSSCs fabricated from 1d-1f in dark. 

 

Table 2-10. Photovoltaic Data of DSSCs Fabricated from 1a-1f and N719 

Photosensitizers Jsc/ mA cm–2 Voc/ V FF PCE/ % Rrec/ Ω cm–1 

1a 8.61 0.672 0.683 3.95 - 

1b 8.00 0.657 0.664 3.49 - 

1c 7.69 0.652 0.579 2.91 - 

1d 12.32 0.680 0.626 5.25 141.59 

1f 11.51 0.692 0.629 5.01 152.55 

1g 10.64 0.672 0.641 4.58 140.29 

N719 15.83 0.701 0.713 7.91 - 

 

 

        2.2.3.2. Photocatalytic Water Reduction 

        The photo-induced water reduction was performed under the catalysis of 

platinized TiO2 coupled 1a-1f as well as Eosin Y as a referencing photosensitizer.[9] 



	
 

64	

The accumulation trends of H2 produced by each photocatalytic system are plotted 

in Figure 2-7 and the corresponding data are summarized in Table 2-11.  

        1c and 1f with C6 chains substituted carbazole donor achieved the best 

performance by comparing with the photosensitizers with C8 attachment (1a, 1b, 

1d and 1e). An ascending order of overall efficiency opposite to that of dye-

sensitized solar cells reveals the importance of hydrophilicity in photocatalytic 

water splitting. A shorter alkyl chain favors the interaction with water molecules, 

which in turn accelerates the photocatalytic conversion from water into hydrogen; 

while a longer alkyl chain with two more carbon would further block the approach 

of water molecules, hence reducing the amounts of H2 produced. The elongation of 

conjugation is also found to effectively enhance the H2 generation. Between each 

of two photosensitizers with the same electron donor unit, the one with higher 

degree of conjugation exhibits a greater amount of gas evolution. The phenomenon 

can be explained by the red-shift in absorption bands and high molar absorptivities 

of alkylthiophene-extended photosensitizers as shown in UV-vis absorption spectra 

(Figure 2-2).  

        The overall photocatalytic efficiencies of 1a-1f based systems largely exceed 

that of Eosin Y containing system as well as the sample blank. The photosensitizers 

1a-1f are believed to function well in improving the light harvesting ability of TiO2 

and water reduction ability of the photocatalytic system. The best TON and TOF 

are attained by 1f, giving values of 5175 and 107.8 h-1, separately, whereas the 

highest initial TOF and initial apparent quantum yield are achieved by 1c with 

values of 155 h-1 and 5.00 %. The H2 generation rate of 1f surpasses that of 1c after 

around 24 h of irradiation, which is likely to be resulted from the photo-degradation 
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of 1c, revealing the relatively low stability of smaller molecules.[10] The same 

phenomenon was also observed for 1a and 1d.  
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Figure 2-7. Photocatalytic H2 production using platinized TiO2 coupled 1a-1f and 

Eosin Y under the irradiation of green LEDs at 50 mW. 

 

Table 2-11. Photocatalytic H2 Generation Performance by 1a-1f and Eosin Y in 48 

h 

Photosensitizers H2/ mL TON a TOF/ h‒1 TOFi 
b/ h‒1 AQYi 

c/ % 

1a 10.5 3500 72.9 124 3.97 

1b 7.22 2410 50.2 89.2 2.87 

1c 13.7 4570 95.2 155 5.00 

1d 11.1 3700 77.1 118 3.83 

1e 11.7 3900 81.3 137 4.42 

1f 15.5 5170 108 148 4.79 
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Eosin Y 1.06 354 7.4 12.0 0.35 

None 0.45 - - - 0.23 
a Turnover numbers are calculated as the number of mole of H2 produced over the 

number of mole of photosensitizer attached to platinized TiO2. b Turnover 

frequencies in initial 16 hours. c Apparent quantum yield in initial 16 hours. 
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2.3. Triarylamine Donor-Based Organic Dyes for Photo-induced Water 

Splitting 

        2.3.1. Synthesis of Triarylamine Donor-Based Organic Dyes 

        Three organic dyes as shown in Figure 2-8 were synthesized as 

photosensitizers.  

Figure 2-8. Chemical structures and labels of target organic molecules. (part II) 

        The synthetic procedures are as follows: 

        2,2'-Bithiophene was alkylated under the catalysis of palladium(0) in basic 

conditions. 1-10 was then substituted with an aldehyde group on one side and a 

bromine atom on the other side through Vilsmeier–Haack reaction and interaction 

with N-bromosuccinimide, respectively, to give 1-12.    
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        4,7-Dibromo-2,1,3-benzothiadiazole was coupled with selenopheneylboronic 

acid and arylboronic acids stepwisely by successive Suzuki reactions. 1-16 was then 

prepared via the bromination of 1-15. 

 

  

Scheme 2-3. Synthetic pathway and labels for π-linkers of starburst triarylamine-

based organic dyes 1g-1i. Reaction conditions: (i) [Pd2(dba)3], NaOC(CH3)3, 

toluene, reflux; (ii) [Pd(PPh3)4], K2CO3, H2O, tetrahydrofuran, reflux. 

 

        The starburst triarylamine-based donor moiety was initially synthesized (1-23), 

then converted to corresponding boronic ester under the catalysis of palladium(II). 

Suzuki reactions between 1-24 and each of the three π-linkers (1-12/ 1-16a/ 1-16b) 

generated the precursors (1-25a/ 1-25b/ 1-25c) of the organic dyes.[11] Target 

molecules 1g and 1i were attained via reactions between the precursors (1-25a/ 1-

25c) and cyanoacetic acid under different conditions, while 1h was prepared 

through the deprotection of ethyl group of 1-25b under basic conditions. 
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Scheme 2-4. Synthetic pathway for starburst triarylamine-based organic dyes 1g-

1i. Reaction conditions: (i) [Pd(PPh3)4], K2CO3, H2O, tetrahydrofuran, reflux; (ii) 

CNCH2COOH, piperidine, CHCl3, reflux; (iii) NaOH, H2O, CH3OH, 

tetrahydrofuran, reflux; (iv) CNCH2COOH, ammonium acetate, acetic acid, reflux.   

 

        2.3.2. Characterization of Triarylamine Donor-Based Organic Dyes 

        2.3.2.1. UV-vis Absorption Spectroscopy and Emission Spectroscopy  

        UV-vis absorption spectra of 1g-1i are shown in Figure 2-9a. Two broad peaks 

are observed for all three molecules: one from 300 to 400 nm, presenting absorption 

maxima at around 350 nm with molar absorptivities of 47500 to 67400 M-1 cm-1; 

the other from 400 to 600 nm, having absorption peaks at approximately 500 nm 
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with extinction coefficiencies ranging from 18300 to 77800 M-1 cm-1. The bands at 

the UV region arise from the π-π* transition while the absorption in the visible areas 

is the result of intramolecular charge transfer between the donor and acceptor 

moieties. The molar extinction coefficient of 1g is more than three times of those 

of 1h and 1i. The outstanding light harvesting ability of 1g suggests its great 

potential as a photosensitizing agent and is mainly attributed to the rigid and planar 

tricyclic aromatic π-linker, which promotes the charge transfer within the molecule. 

The linkers of 1h and 1i, in contrast, consist of three single bond-connected 

aromatic rings with little rigidity and planarity, thus the electrons cannot move as 

rapidly as those in 1g. Besides, the plot of 1h is red-shifted for 50 nm relative to 1i. 

The cyanoacrylic acid group can extend the conjugated unit by one more C-C 

double bond and lower the energy band gap of the molecule, thus 1h can absorb 

light with longer wavelengths. 

        The photoluminescence spectra of 1g-1i are illustrated in Figure 2-9b, giving 

three emission peaks at 667, 704 and 704 nm for 1g-1i, respectively. The emission 

lifetimes of the three photosensitizers are around 2.0 ns. The nanosecond scale 

denies the presence of triple transitions and only fluorescent emissions exist in 1g-

1i at ambient conditions. 
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Figure 2-9. (a) UV-vis absorption spectra and (b) normalized emission spectra of 

1g-1i in dichloromethane at 293 K. 
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Table 2-12. Photophysical Data of 1g-1i  

Photosensitizers 
Absorption Emission 

λmax/ nm (ε/ 104 M-1 cm-1) λonset/ nm λmax/ nm τ/ ns 

1g 347 (6.47), 531 (7.78) 608 667 2.0 

1h 355 (5.98), 503 (1.83) 596 704 2.2 

1i 356 (4.75), 523 (2.54) 630 704 2.1 

 

 

        2.3.2.2. Cyclic Voltammetry 

        The electrochemical behaviors of 1g-1i are evaluated using cyclic 

voltammetry and the resulting plots are displayed in Figure 2-10. The measured 

HOMO levels of 1g-1i range -5.13 to -5.01 eV, more negative than the redox 

potential of I−/I3
− (−4.95 eV) and that of ascorbic acid (-4.65 eV at pH=4), so a rapid 

dye regeneration of 1g-1i can be expected in the application of dye-sensitized solar 

cells and photocatalytic water reduction. Meanwhile, the reduction potentials of the 

molecules (-3.05 to -2.98 eV) are more positive than the conduction band (CB) of 

TiO2 (-4.4 eV), thus the electron injection into TiO2 is possible after the photo-

induced electron transfer. For the photocatalytic water splitting, Pt co-catalysts are 

also loaded to TiO2, which further promotes the electron injection by trapping the 

electrons in CB of TiO2 and prevents the charge recombination to dye molecules, 

thus relatively high water reduction efficiencies can be expected.  
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Figure 2-10. Cyclic voltammograms of 1g-1i in dichloromethane at 293 K. 

 

Table 2-13. Electrochemical Data of 1g-1i 

Photosensitizers Eox/ V EHOMO/ eV E0–0/ eV Eox*/ V ELUMO/ eV 

1g 0.31 –5.02 2.04 –1.73 –2.98 

1h 0.42 –5.13 2.08 –1.66 –3.05 

1i 0.30 –5.01 1.97 –1.67 –3.04 

 

 

        2.3.2.3. Computational Studies by Density Functional Theory 

        The electronic properties of 1g-1i are predicted based on the density functional 

theory (DFT) and time-dependent density functional theory (TD-DFT) 

computational studies. Both calculations were completed using Gaussian 09 

package. Perdew–Burke–Ernzerhof form of the generalized gradient approximation 
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(GGA-PBE), B3LYP hybrid functional with 20% Hatree-Fock exchange, and 

Minnesota hybrid functional with 27% Hatree-Fock exchange (M06) were 

employed, respectively. 6-31G (d,p) basis set was applied for C, H, N, O, S, Se 

atoms and optimized geometries of the three molecules were confirmed with all real 

frequencies. 

According to Table 2-14, the absorption of 1g-1i in the visible region 

basically arises from intramolecular charge transfer from HOMO to LUMO while 

the UV absorption results from mixed transitions between different energy states. 

HOMO electron densities of all three molecules concentrate on the triarylamine 

units, whereas LUMOs lie across the π-linkers and electron accepting moieties. The 

estimated energy band gaps vary among three calculation functionals. GGA-PBE 

underestimates the band gaps while M06 demonstrates certain degrees of 

overestimation. B3LYP functional provides the gaps most close to the experimental 

values. Overall, the calculated energy band gaps of 1g-1i via the three methods 

exhibit the similar trends in agreement with the experimental data for which 1i holds 

the narrowest HOMO-LUMO gap among the three photosensitizers. 
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Table 2-14. Absorption Wavelength, Oscillator Strength f, and Orbital Transition 

Contribution of Several Absorptions with High Oscillator Strength for 1g-1i by 

M06 Functional 

Photosensitizers Absorption (300-450 nm) Absorption  (450-650 nm) 

1g 

350.58 nm  f = 0.8718 

HOMO -> LUMO+2    63% 

HOMO -> LUMO+4    28% 

567.84 nm  f = 1.3818 

HOMO -> LUMO    95% 

1h 

352.55 nm  f = 0.9072 

HOMO -> LUMO+3    60% 

HOMO-> LUMO+5    32% 

401.32 nm  f = 0.8878 

HOMO-2 -> LUMO+1    6% 

HOMO -> LUMO+1    69% 

HOMO -> LUMO+2    18% 

596.83 nm  f = 0.7872 

HOMO-2 -> LUMO    7% 

HOMO -> LUMO    91% 

 

1i 

352.09 nm  f = 0.8918 

HOMO -> LUMO+3    62% 

HOMO -> LUMO+5    30% 

644.59 nm  f = 0.9047 

HOMO-2 -> LUMO    5% 

HOMO -> LUMO    91% 
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Figure 2-11. DFT computations for 1g-1i. 

Table 2-15. Calculated HOMO-LUMO Band Gaps (eV) by GGA-PBE, B3LYP, 

and M06 Functionals 

Photosensitizers GGA-PBE B3LYP M06 Expt. 

1g 1.24 2.19 2.60 2.04 

1h 1.03 2.10 2.51 2.08 

1i 0.89 1.89 2.30 1.97 
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                     LUMO+2                                                           LUMO+4 

Figure 2-12. The frontier orbitals of 1g by M06 functional. GGA-PBE and B3LYP 

functional produce similar pictures. 

 

                           
 HOMO-2                                                          LUMO+1 

                    
LUMO+2                                                        LUMO+3 

 
LUMO+5 

Figure 2-13. The frontier orbitals of 1h by M06 functional. GGA-PBE and B3LYP 

functional produce similar pictures. 
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HOMO-2                                                    LUMO+3 

                                         
  LUMO+5 

Figure 2-14. The frontier orbitals of 1i by M06 functional. GGA-PBE and B3LYP 

functional produce similar pictures. 

 

        2.3.3. Application of Triarylamine Donor-Based Organic Dyes 

        2.3.3.1. Dye-sensitized Solar Cells 

        1g-1i were employed as photosensitizers in the fabrication of dye-sensitized 

solar cells. The photovoltaic properties of the cells are shown in Figure 2-15, 2-16, 

2-17 and the physical data are listed in Table 2-16. The incident photon-to-current 

conversion efficiency (IPCE, Figure 2-15)  plots have broad peaks at 350 to 650 nm 

with conversion maxima lying between 40 to 75 % and ascending in the order of 1i, 

1h to 1g. The high IPCE of 1g is basically a result of its prominent molar 

absorptivity while 1h achieving the second best performance despite of its poorest 

light harnessing ability is supposed to be owing to the rapid electron transfer and 

low charge recombination. The evidences are also shown in the photocurrent 

density-voltage curves (Figure 2-16) and Nyquist plots (Figure 2-17) where 1h 

exhibits obviously higher Jsc, Voc and Rrec over 1i. 
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        Figure 2-16 characterizes the electrical properties of the cells fabricated by 1g-

1f. The high power output of 1g is consistent with its great light harvesting ability 

via the rigid and planar linker unit. Despite the similarity in chemical structure, 1h 

has Jsc and Voc greater than 1i. The improvement in performance via alteration of 

electron accepting moiety reveals the importance of electron injection between 

photosensitizer and TiO2 in generation of electricity. EIS Nyquists plots 

demonstrate the resistance to charge recombination.[12] All three solar cells show 

Rrec at around 180 Ω cm–1 with little difference among each photosensitizer. 

        The performance of dye-sensitized solar cell fabricated from 1d exceeds others 

among photosensitizers 1a-1f, giving Jsc of 12.32 mA cm–2, Voc of 0.680 V, Rrec of 

141.59 Ω cm–1 and power conversion efficiency (PCE) of 5.25 %. The best result 

among 1g-1i is achieved by 1g with Jsc equal to 14.23 mA cm–2, Voc of 0.68 V, Rrec 

of 181.80 Ω cm–1 and PCE of 6.59 %. Through a comparison between two sets of 

parameters, an increase of PCE for 1g is mainly owing to the rise in Jsc and Rrec, but 

no change is observed in terms of photovoltage. Therefore, the elaboration of small 

organic dye molecules via extension of conjugated units and addition of bulk donor 

moieties effectively enhance the electron transfer between interfaces of each cell 

component and inhibit the charge recombination, while does not necessarily 

increase the potential differences between the electrodes. 
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Figure 2-15. Incident photon-to-current conversion efficiency (IPCE) curves of 

DSSCs fabricated from 1g-1i under AM 1.5 G sunlight illumination. 
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Figure 2-16. Photocurrent density-voltage (J-V) curves of DSSCs fabricated from 

1g-1i under AM 1.5 G sunlight illumination. 
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Figure 2-17. EIS Nyquist plots of DSSCs fabricated from 1g-1h in dark. 

 

Table 2-16. Photovoltaic Data of DSSCs Fabricated from 1g-1i  

Photosensitizers Jsc/ mA cm–2 Voc/ V FF PCE/ % Rrec/ Ω cm–1 

1g 14.23 0.68 0.679 6.59 181.80 

1h 13.50 0.68 0.673 6.21 182.77 

1i 12.61 0.65 0.669 5.55 178.85 

 

 

        2.3.3.2. Photocatalytic Water Splitting 

        Photosensitizers 1g-1i are coupled to platinized TiO2 to serve as photocatalysts 

for H2 evolution from water. The accumulation trends of H2 production are plotted 

in Figure 2-18. The best results are obtained by 1g, giving turnover number (TON) 

of 10200,  initial turnover frequency of 385 h-1 and initial apparent quantum yield 

of 40.7 %, which is an outstanding outcome for metal-free organic compounds. The 



	
 

81	

yields of 1i is the lowest among three dye molecules, whereas the efficiencies of 

1g-1h are generally equal to each other. Slight drop in rate can be observed for 1h 

and 1i after 48 h of irradiation, suggesting that the flexible π-linker is less stable to 

light relative to rigid and planar linker such as that of 1g. As the degradation of 

photosensitizers is taken into consideration, the higher overall photocatalytic 

efficiency in long terms is supposed to be attained by 1g.  

        Though the TONs of 1g-1i vary, the performance of all three molecules is 

generally attractive as compared with photocatalytic systems of the same kind. The 

pronounced results are possibly attributed to the bulk and highly hydrophobic 

triarylamine donor moieties which can block the interaction between oxidized 

sacrificial agents (e.g. dehydroascorbic acid) and the photocatalyst (e.g. TiO2) to 

eliminate the competition with water reduction reaction. 
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Figure 2-18. Photocatalytic H2 production using platinized TiO2 coupled 1g-1i and 

Eosin Y under the irradiation of green LEDs at 15 mW. 
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Table 2-17. Photocatalytic H2 Generation Performance by 1g-1i and Eosin Y in 48 

h 

Photosensitizers 
DL 

a/ %  

H2/ 

mL 
TON 

TOF/ 

h‒1 

TOFi 
b/ 

h‒1 

AQYi
 

c/ % 

1g 99 30.3 10,200 213 385 40.7 

1h 99 28.3 9,520 198 360 38.1 

1i 99 18.6 6,260 130 232 24.5 

None – 1.33 – – – – 
a Dye-loading percentage. b Turnover frequencies in initial 16 hours. c Apparent 

quantum yield in initial 16 hours. 

 

        The photosensitizers were loaded to the platinized TiO2 by dispersing the 

nanoparticles into dichloromethane solution of 1g-1i, separately, and sonicated for 

30 min at ambient temperature. The dye solutions before and after 1h adsorption to 

TiO2 are displayed in Figure 2-19. An obvious color change from red to colorless 

was observed, indicating a nearly complete dye attachment onto the platinized 

TiO2.[13] The exact loading yields are deduced from the UV-vis absorption spectra 

of dye solutions before and after loading (Figure 2-20). The molar extinction 

coefficients of absorption apexes at the visible region before and after dye 

adsorption are used to calculate the percentages of dye molecules coupled to TiO2 

and the results are shown in Table 2-17.  

        The photocatalyst containing 1g was separated from the reaction mixture via 

centrifugation after 48 h of irradiation (Figure 2-21). The supernatant was in pale 

yellow color which evidenced the formation of dehydroascorbic acid (oxidized 

form of ascorbic acid). The photosensitizer coupled platinized TiO2 precipitating in 

the tube maintained its original dark red color without visible dye bleaching, so 1g 
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was possibly still active for water reduction and an extension of reaction period 

without significant drop in reaction rate can be expected.[14] 

 

 
Figure 2-19. (a) Image of 50 µM of 1h in dichloromethane solution before (left) 

and after (right) dye adsorption onto platinized TiO2.  
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Figure 2-20. UV-vis absorption spectra of 1g-1i in dichloromethane at 293 K 

before and after dye adsorption. 
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Figure 2-21. (a) Image of 5 mL of photocatalytic reaction mixture based on 1g 

before (a) and after (b) 48 hours irradiation under green LEDs (c) Image of the 

reaction mixture after centrifugation at 3500 rpm for 5 min.   

 

2.4. Conclusion 

        Six thieno[3,2-b]thiophene-derived organic dyes and three 

carbazolyltriphenylamine-derived photosensitizers were synthesized and used in 

the fabrication of dye-sensitized solar cells as well as photo-induced water 

reduction. All the nine molecules exhibit sizeable photocatalytic efficiencies and 

give the highest TON of 10200, outperforming many other metal-free organic 

photosensitizers. The performance of 1g-1i even precedes that of some metal 

complexes, which demonstrates the high potential of organic molecules in this field 

of research. Further work will be focused on the exploration of new photosensitizers 

that are suitable for H2 evolution. 
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Chapter 3: Nanorods Coupled Metal Complexes for Photo-induced 

Water Splitting 

 

3.1. Introduction 

        Along with the increasing energy problems, photocatalytic water splitting, as 

a clean and renewable approach to produce hydrogen energy, has attracted great 

interest in recent years. The research on photo-induced hydrogen production dates 

back to four decades ago, when a catalytic system using [Ru(bpy)3]2+ (bpy = 2,2′-

bipyridine) as the photosensitizer and colloidal Pt as the catalyst were reported.[1] 

Since then, each component of the photochemical system has been extensively 

investigated for the purpose of improving the catalytic efficiency as well as the 

durability of the system.[2-4] In consideration of the sustainability of the 

photocatalytic system, investigation has gradually been shifted to the earth-

abundant metals, despite the commonly better performance reported for noble metal 

complexes. Also, based on the inspiration from iron and nickel-containing 

hydrogenases in nature, the application of cobalt, nickel and iron complexes in the 

catalytic hydrogen production has been explored by many researchers.[5-7] For 

examples, cobalt dithiolene complexes were applied in the photocatalytic water 

reduction using Ru(bpy)3
2+ as the photosensitizer and ascorbic acid as the sacrificial 

reagent and a TON up to 2700 was achieved.[7] Cobaloxime, as an active 

electrocatalyst for H2 generation, was reported to attain a turnover frequency (TOF) 

of 295 s-1.[8]  

        On the other hand, the light-absorbing cadmium chalcogenide semiconductors 

(e.g. CdS and CdSe quantum dots/ nanorods) have aroused wide attention due to 

their outstanding performance as well as the robustness in photocatalysis.[9-10] 
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These materials have the merits of high molar absorptivity, broad absorption band 

in the visible region, tunable optical and redox properties as well as high resistance 

to photo-corrosion.[11] Thus, in this chapter, a photocatalytic water reduction system 

is reported to employ earth-abundant metal complexes as the catalyst and CdS 

nanorods as the photosensitizers.  

 

3.2. Synthesis of Co, Ni and Fe Catalysts for Water Splitting 

        Five metal complexes based on earth abundant metals were prepared for 

hydrogen production from water and the structure of the molecules are shown in 

Figure 3-1. The synthetic pathways of 2a, 2c-2e are detailed in Scheme 3-1. 2b is 

purchased commercially, so no synthetic procedure is required. 2a is prepared via 

reaction between 1,2-benzenedithiol and cobalt(II) chloride in methanol under basic 

conditions. 2c-2e were produced by stirring the polypyridyl ligand with 

corresponding metal salt in MeCN at ambient temperature.        

   

Figure 3-1. Chemical structures and labels of target metal complexes. 
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Scheme 3-1. Synthetic pathway for cobalt dithiolene complex and polypyridyl 

metal complexes. 

 

3.3. Characterization of Co, Ni and Fe Catalysts 

        3.3.1. UV-vis Absorption Spectroscopy 

        The UV-vis absorption spectra of 2a-2e are illustrated in Figure 3-2. Since the 

metal complexes are designed to serve as the catalyst for water reduction, no 

absorption property is expected for these molecules. Although the absorption 

abilities of the five molecules vary, the molar extinction coefficiencies are no larger 
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than 15000 M-1 cm-1. Thus, all of the molecules exhibit low absorption to the 

incident light and photosensitizing reagents are necessary for the uptake of solar 

irradiation to drive the photocatalytic water reduction.  
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Figure 3-2. UV-vis absorption spectra of 2a-2e in acetonitrile at 293 K. 

 

Table 3-1. UV-vis Absorption Parameters for 2a-2e 

Catalysts λmax/ nm (ε/ M−1 cm−1) [peak assignment] 

2a 

317 (13800) [intraligand πàπ* transitions],  

359 (14600) [intraligand πàπ* transitions],  

655 (12800) [mixture of LMCT and LLCT] 

2b 300 (4100) [intraligand πàπ* transitions of the dmgH ligand] 

2c 525 (20) [octahedral field NiII d-d transition] 

2d 
490 (180) [trigonal bipyramidal field CoII d-d transition],  

615 (150) [trigonal bipyramidal field CoII d-d transition] 

2e  380 (4367) [octahedral field FeIII d-d transition] 

 

 

        3.3.2. Cyclic Voltammetry 

        The electrochemical properties of the five complexes were determined using 

cyclic voltammetry as shown in Figure 3-3 and the important parameters are 
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summarized in Table 3-2. Complexes 2a and 2b each exhibit a single reversible 

cathodic peak at -0.84 and -0.85 V which is attributed to the Co(II)-centered 

reduction. In contrast, two cathodic peaks are observed for polypyridyl complexes 

2c-2e, indicating the presence of two successive metal-centered reduction process. 

The first peaks of 2c and 2d are both at -1.05 V while that of 2e (-0.86 V) is less 

negative, showing that the reduction of Fe(III/II) can be achieved at lower potentials 

than Ni(II/I) and Co(II/I). The first reduction in 2c is reversible mainly because of 

the strong coordination between Ni(II) and water molecules, whereas chloride is 

weakly bonded to the Co(II) and Fe(III) metal centers, thus resulting in irreversible 

processes for the first reduction. The second reductive waves of 2c-2e are all 

irreversible in nature due to the low stability of the reduced forms of polypyridyl 

complexes.  
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Figure 3-3. Cyclic voltammograms of 2a-2e (0.5 mM) in CH3CN. 

 

Table 3-2. Redox Potentials for 2a-2e (V vs. SCE) in MeCN 

Catalysts Ered1/ V vs. SCE Ered2/ V vs. SCE Ecat/ V vs. SCE 

2a -0.84[a]  -1.02 

2b -0.85[a]  -1.17 

2c -1.05[a] -1.31[b] -1.15 

2d -1.05[b] -1.33[b] -1.56 

2e -0.86[b] -1.37[b] -1.14, -1.44 

[a] Reversible peak, E1/2 is taken (E1/2 = (Epa + Epc)/2). [b] Irreversible peak, peak 

potential is taken. 

 

        To further explore the catalytic performance of the metal complexes, cyclic 

voltammetry in the presence of trifuoroacetic acid (TFA) aliquot was performed 

(Figure 3-4) and the data are tabulated in Table 3-2. The electrocatalytic proton 

reduction capacity of the five molecules were examined through this experiment. 

New cathodic peaks were observed near the original reduction peaks upon the 

addition of TFA and the current density output increases as the concentration of 

TFA raises. These show that the reduced species of the metal complexes are active 

for the reduction of proton. The catalytic peaks of 2a-2c are at -1.17 to -1.02 V 
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whereas 2d exhibits a much more negative wave at -1.56. The high overpotential 

required for proton reduction may hamper an efficient catalytic water reduction by 

2d. Besides, 2e displays two distinct catalytic waves at -1.14 and -1.44 V, 

respectively, revealing that both reduced forms of 2e have the ability for proton 

reduction. The icat/ip vs [TFA] curves of 2a-2e are also plotted in Figure 3-4. The 

regression curves achieved good linearity in accord with a second-order 

dependence on the proton concentration (TFA concentration up to 32.5 mM). The 

slopes of 2a and 2c are particularly high as compared with those of 2b, 2d and 2e. 

The result suggests that 2a and 2c have greater activities in catalytic proton 

reduction and possibly give high efficiencies in the photocatalytic water reduction. 
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Figure 3-4. Cyclic voltammograms of 2a-2e in the presence of 0-5 equivalents of 

TFA (left); Plot of icat/ip taken from the peak plateau versus [TFA] (right). One 

equivalent of TFA is equal to 6.5 mM. icat stands for the peak current in the 

presence of TFA and ip stands for the peak current without TFA. 

 
 
3.4. Synthesis and Characterization of CdS Nanorods 
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        Ligand-free CdS nanorods (NRs) were prepared via a solvothermal route[12] 

using ethylenediamine as the solvent at 160 oC for two different reaction times, 24 

h and 48 h. The nanomaterials obtained are shown in Figure 3-5 with yellow 

granular appearance. Slight color differences can be observed for the two types of 

CdS particles.  

 

 

Figure 3-5. Photo images of (a) CdS NRs (24 h) and (b) CdS NRs (48 h). 

 

        The atomic compositions of the nanorods were determined using energy 

dispersive X-ray analysis (EDAX) spectroscopy. For both reaction times, the 

nanorods generally maintained an atomic ratio close to 1:1 for Cd and S elements 

(Table 3-3). The size and morphology of the nanoparticles were characterized using 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM) 

as shown in Figure 3-6. It was clear that the samples well developed into the 

nanorods with identifiable 1-D nanostructures. The doubling of reaction times 

exerted no significant change to the morphology of the nanorods but elongated the 

lengths of CdS from 389 nm to 545 nm as observed in TEM images (or 331 nm to 

561 nm as observed in SEM images) with little change to the rod diameters (ca. 40-

50 nm). 



	
 

96	

Table 3-3. Sizes and Compositions Data of CdS NRs from EDAX, TEM and SEM 

Images 

CdS 
Cd:S Atomic Ratio 

from EDAX 

Average Length 

from TEM/ nm 

Average Length 

from SEM/ nm 

24 h 0.48:0.52 389 331 

48 h 0.46:0.54 545 561 

 
  

 

Figure 3-7. TEM images of CdS NRs (24 h) (a) and CdS NRs (48 h) (b). SEM 

images of CdS NRs (24 h) (c) and CdS NRs (48 h) (d). 
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3.5. Photocatalytic Water Splitting Using Co, Ni and Fe Catalysts 

        Photocatalytic water reduction was performed by using 2a-2e as the catalyst, 

CdS NRs are the photosensitizer and ascorbic acid (AA) as the sacrificial electron 

donor in aqueous solution. The reaction mixture was first saturated with 4:1 gas 

mixture of argon and methane (internal standard for gas chromatography) and 

irradiated under blue LED (λ = 450 nm) at a power of 50 mW. The preliminary 

measurement employed a catalyst concentration of 10 µM. Two types of CdS NRs 

(24 h or 48 h) were tested respectively, and 0.44 g of ascorbic acid dissolved in 5 

mL of water was used as the reaction media (pH = 4) in which the concentration of 

sacrificial donor was 0.5 M. 

    The H2 generation curves are plotted in Figure 3-8, 3-9 and the corresponding 

parameters are summarized in Table 3-4. When CdS (24 h) is applied as the 

photosensitizer, the best performance is achieved by catalyst 2a with a turnover 

number of 24095, a turnover frequency of 1205 h-1 and an apparent quantum yield 

of 17.81 % in 20 h of irradiation. 2c also produces a high TON of 8058, much 

exceeding TONs of the other two polypyridyl complexes. In contrast, the turnover 

number of 2e is almost the same as the sample blank, indicating that 2e basically 

cannot catalyze the photo-induced water splitting, especially in the given system. 

Three of the catalysts with greater efficiencies were further examined by using CdS 

NRs (48 h) as the photosensitizer. The alteration of photosensitizer significantly 

augments the total amount of H2 produced by complex 2a and 2c. Catalyst 2a attains 

a TON of 30635, a TOF of 1532 h-1, a CdS activity of 76.59 µmol mg−1 h−1 and an 

AQY of 22.64 %. As mentioned above, CdS NRs (48 h) are characterized by a 

longer length as compared to CdS NRs (24 h). The larger size of the nanoparticles 

can enhance the absorption at longer wavelength regions as well as facilitate a better 
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charge separation within the nanorods. Both factors would contribute to the 

enhancement of the photocatalytic efficiencies of complexes 2a and 2c. Besides, to 

examine the role of CdS NRs, the photocatalytic reactions based on the standard 

dye, Ru(bpy)3Cl2, were conducted for comparison and the results are listed in Table 

2-4. The volume of H2 produced by the Ru(bpy)3Cl2-based systems was too small 

to be precisely determined by the GC instrument used in this experiment. The effect 

of CdS NRs as the photosensitizer is proved to be notable. Also, the low molar 

absorptivity of complexes 2a and 2c is another factor that reinforces the importance 

of a good photosensitizing reagent to harvest the solar irradiation. 
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Figure 3-8. Photocatalytic H2 generation by 10 µM of 2a-2e and 1 mg of CdS NRs 

(24 h) in 5.0 mL of 0.5 M AA at pH 4.0 under the irradiation of blue LED (450 nm, 

50 mW) at 19 °C.  
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Figure 3-9. Photocatalytic H2 generation by 10 µM of 2a-2c and 1 mg of CdS NRs 

(24 or 48 h) in 5.0 mL of 0.5 M AA at pH 4.0 under the irradiation of blue LED 

(450 nm, 50 mW) at 19 °C.  

 

Table 3-4. Photocatalytic H2 Production by 2a-2e (10 µM) with CdS NRs (24 h or 

48 h) or Ru(bpy)3Cl2 

Cat. PS 
H2/ 

µmol  
TON[a] 

TOF[b]/  

h−1 

Activity[c]/ 

µmol mg−1 h−1 

AQY[d]/  

% 

2a CdS NRs (24 h) 1205 24095 1205 60.24 17.81 

2b CdS NRs (24 h) 132 2641 132 6.60 1.95 

2c CdS NRs (24 h) 403 8058 403 20.14 5.96 

2d CdS NRs (24 h) 87 1744 87 4.36 1.29 

2e CdS NRs (24 h) 30 604 30 1.51 0.45 

none CdS NRs (24 h) 31 615 31 1.54 0.45 
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2a CdS NRs (48 h) 1532 30635 1532 76.59 22.64 

2b CdS NRs (48 h) 120 2409 120 6.02 1.78 

2c CdS NRs (48 h) 619 12375 619 30.94 9.15 

none CdS NRs (48 h) 39 787 39 1.97 0.58 

2a Ru(bpy)3Cl2
[e] NM[f] - - - - 

2c Ru(bpy)3Cl2
[e] NM[f] - - - - 

[a] Turnover number of H2 is calculated as number of mole of H2 evolved divided 

by number of mole of the catalyst. [b] Turnover frequency is defined as turnover 

number per hour. [c] Photocatalytic activity is defined as number of micromole of 

H2 produced per mg of CdS NRs per hour. [d] Apparent quantum yield percentage 

of the photocatalytic system. [e] 1 mg of Ru(bpy)3Cl2 were used. [f] Not measurable.  

 

        In view of the attractive photocatalytic performance of complexes 2a and 2c 

with CdS NRs (48 h), further experiments were performed by lowering the 

concentration of the metal complexes to 1 µM and extending the irradiation period 

up to 87 h. As a result, 2a accomplished a TON of 16602, a TOF of 191 h-1, a CdS 

activity of 9.54 µmol mg−1 h−1 and an AQY of 2.82 %, while 2c produced a TON 

of 11521, a TOF of 132 h-1, a CdS activity of 6.62 µmol mg−1 h−1 and an AQY of 

1.96 %. Despite the remarkable photocatalytic efficiencies achieved by both of the 

catalysts, notable level off in the H2 generation rates was observed from the initial 

stage of the reaction for both metal complexes whereas a steady kinetic trace was 

found in the systems with a catalyst concentration of 10 µM. 



	
 

101	

0 20 40 60 80 100
0

200

400

600

800

1000

Time (h)

M
ol

e 
of

 H
2 P

ro
du

ce
d 

(µ
m

ol
)  2a 

 2c 

 

Figure 3-10. Photocatalytic H2 generation by 1 µM of 2a (or 2c) and 1 mg of CdS 

NRs (48 h) in 5.0 mL of 0.5 M AA at pH 4.0 under the irradiation of blue LED (450 

nm, 50 mW) at 19 °C.  

 

Table 3-5. Photocatalytic H2 Production by 2a (or 2c) (1 µM) with CdS NRs (48 h)  

Cat. PS 
H2/ 

µmol  
TON 

TOF/ 

h−1 

Activity/ 

µmol mg−1 h−1 
AQY/ % 

2a 
CdS NRs 

(48 h) 
830 166020 1908 9.54 2.82 

2c 
CdS NRs 

(48 h) 
576 115213 1324 6.62 1.96 

 

 

        The significant drop in H2 production rate may be highly related to the lack of 

certain major components for the photocatalytic reaction which are consumed 

through the process. To further figure out the reason behind, a series of experiments 
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were performed for the system of 2a to retrieve the activity of the photocatalytic 

systems. For the first step, additional amount of sacrificial donor was added to the 

reaction mixture after 20 h. The system was re-filled with the 4:1 gas mixture of 

argon and methane and irradiated under the same light source to continue the 

reaction. Different supplements were added every 20 h, including the sacrificial 

reagent, the catalyst 2a as well as the CdS NRs as detailed in Figure 3-11. It was 

found that among the three main chemicals of the photocatalytic reaction, only CdS 

NRs can slightly recover the reaction rate, but the complete revival of orginal 

reactivity was impossible via the addition of supplemental materials. Consequently, 

we proposed that the gradual shut of the photocatalytic system is due to the 

accumulation of dehydroascorbic acid (DHA, the oxidized form of ascorbic acid) 

in the course of the reaction, which may act as an inhibitor to the photocatalytic 

reaction. 

        To verify the assumption, DHA was deliberately added to the photocatalytic 

system before the reaction. The resulting H2 production curves are shown in Figure 

3-12 and the corresponding data are tabulated in Table 3-6. To eliminate any 

catalyst-specified outcome, the same treatment was also applied to catalyst 2c. As 

illustrated in Figure 3-12, the addition of DHA led to a drop in the photocatalytic 

H2 production rate of 2a for over 60 %. The inhibition effect started from the initial 

few hours of the reaction and was present throughout the whole photocatalytic 

process. The same phenomenon was also observed for complex 2c. Both trials 

confirm the presence of catalytic inhibition effect caused by the accumulation of 

DHA. Although the ascorbic acid is widely used as a common sacrificial reagent, 

the detrimental effect found here provides a new perspective for choosing the 

proper sacrificial electron donors for the photocatalytic water splitting.  
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Figure 3-11. Photocatalytic H2 generation by 10 µM of 2a and 1 mg of CdS NRs 

(48 h) in 5.0 mL of 0.5 M AA at pH 4.0 under the irradiation of blue LED (450 nm, 

50 mW) at 19 °C. The arrows indicate when (a) 0.44 g of AA (equivalent to 0.5 M 

AA in 5 mL solution); (b) 0.2 g of AA; (c) 0.2 g of AA and 1 µM of 2a; (d) 0.2 g 

of AA and 1 mg of CdS NRs (48 h); (e) 0.2 g of AA, 1 µM of 2a and 1 mg of CdS 

NRs (48 h), were added to the photocatalytic system. 

 



	
 

104	

0 4 8 12 16 20 24
0

500

1000

1500

2000

Time (h)

M
ol

e 
of

 H
2 P

ro
du

ce
d 

(µ
m

ol
)  2a AA 

 2a AA+DHA 

 

0 4 8 12 16 20 24
0

100

200

300

400

500

600

700

Time (h)

M
ol

e 
of

 H
2 P

ro
du

ce
d 

(µ
m

ol
)  2c AA 

 2c AA+DHA 

 

Figure 3-12. Photocatalytic H2 generation by 10 µM of 2a (or 2c) and 1 mg of CdS 

NRs (48 h) in 5.0 mL of 0.5 M AA (or 0.5 M AA and 0.125 M DHA) at pH 4.0 

under the irradiation of blue LED (450 nm, 50 mW) at 19 °C. 

 

 

 



	
 

105	

Table 3-6. Photocatalytic H2 Production by 2a (or 2c) (10 µM) and CdS NRs (48 

h) with/ without Initial Addition of DHA 

Cat. 
[DHA]/ 

M 

H2/ 

µmol  
TON 

TOF/ 

h−1 

Activity/ 

µmol mg−1 h−1 

AQY/ 

% 

2a 0 1589 31777 1589 79.44 23.49% 

2a 0.125  565 11304 565 28.26 8.36% 

2c 0 544 10887 544 27.22 8.05% 

2c 0.125  155 3095 155 7.74 2.29% 

 

 

3.6. Conclusion 

        In conclusion, five earth-abundant metal complexes have been synthesized and 

their catalytic performance in photocatalytic water reduction was evaluated using 

CdS nanorods as the photosensitizer and ascorbic acid as the sacrificial electron 

donor. CdS NRs of two difference sizes were employed and a notable enhancement 

in the photocatalytic efficiency brought by the CdS size effect can be observed. A 

cobalt dithiolene complex (2a) achieved a TON of 30635, a TOF of 1532 h−1, an 

activity of 76.6 µmol mg−1 h−1 and an AQY of 22.6 % in 20 h under the blue light 

irradiation at a concentration of 10 µM. A new complex 2c also attained a TON of 

12375, a TOF of 619 h−1, an activity of 30.9 µmol mg−1 h−1 and an AQY of 9.2 % 

under the same conditions. The TON of 2c was further improved to 115213 in 87 h 

by reducing the concentration of catalyst by ten times. 

        Besides, the oxidized form of ascorbic acid, dehydroascorbic acid, as a by-

product of the photocatalytic reaction can reduce the activity of the photocatalytic 

system and impart a level off in H2 generation rate. The inhibition effect occurs at 

the beginning of the reaction and can be intensified via the accumulation of DHA 
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throughout the whole course. The observation provides a new perspective for the 

selection of sacrificial reagents in the application of catalytic water splitting. 
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Chapter 4: Iridium Complexes for Photocatalytic Carbon Dioxide 

Reduction 

 

4.1. Introduction 

        Global warming and energy crisis have attracted increasing public attention 

and the ways to solve these problems have been for long time in urgent demand. [1] 

The shortage of fossil fuel in foreseeable future and the air pollutant brought by 

combustion of fuel both suggest the importance of finding renewable energy 

alternatives. The energy storage via electrochemical approaches is the most 

extensively explored area during the past few decades. Batteries of all kinds have 

been investigated in details and some are even commercialized. Other methods 

include chemical storage, such as photo-induced water splitting that uses solar 

energy to produce hydrogen from water molecules. [2] The burning of hydrogen can 

release energy of high density and give water as the sole product without any 

pollution. The chemical storage via CO2 reduction has aroused interest widely in 

recent years. [3] The conversion of CO2 can afford products of various compositions, 

such as CO, CH4, methanol and formic acid. Different small molecules can be 

further utilized in the industrial production of hydrocarbons and other carbon 

materials. The reduction of atmospheric CO2 can also mitigate the green house 

effect and benefit human society in long terms.  

        The homogeneous photocatalytic CO2 reduction systems reported can be 

divided into two types regarding the number of molecules used for photosensitizing 

and catalysis. One is the most commonly reported system which employs two 

distinct compounds, one as the photosensitizer and the other as the catalyst for CO2 

reduction. A second type is an ‘all-in-one’ system that applies only one molecule 



	
 

109	

to absorb incident lights and carry out the CO2 conversion. The ‘all-in-one’ 

photocatalysts take the advantage of a fewer number of compounds involvement as 

well as the minimizing the energy loss via intermolecular electron transfer.[4] A 

typical ‘all-in-one’ photocatlyst is Re(bpy)(CO)3X (bpy = 2,2’-bipyridine, X = 

monodentate apical ligand) reported by Lehn and collaborators in 1983.[5] The early 

publication describes the photoreduction of CO2 into CO with TONs up to 48 and 

quantum yields of 0.38. Efforts have been put on the modification to  bpy ligand[6], 

CO moiety[7] and monodentate ligand[8], but the low molar absorptivity of the Re 

molecules in the visible region is difficult to overcome. Another photocatalyst of 

the same type is Fe and Co porphyrins. TON up to 400 was achieved by cobalt 

porphyrin, but the reduction of CO2 always gives a mixture CO, formate and H2.[9] 

A last type is derived from [Ir(tpy)(ppy)Cl]+, as reported by Ishitani and co-workers 

in 2013[10]. Benefiting from the moderate visible light absorption and high water 

solubility, the iridium complexes become one of the best candidates for 

homogeneous photocatalytic reaction. Moreover, the complexes basically produce 

CO as the sole product with a trivial amount of H2.  

        In this chapter, ten photocatalysts based on [Ir(tpy)(ppy)Cl]+ architecture were 

synthesized and used in the photoreduction of CO2. The effect of small substituents 

on both the tpy and ppy moieties will be explored in details. 
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4.2. Synthetic Routes for Iridium-Based Photocatalysts 

        Ten [Ir(tpy)(ppy)Cl]+ based complexes 3a-3j (as Figure 4-1) were prepared 

for photocatalytic CO2 reduction.  

    

Figure 4-1. Chemical structures and labels of target Iridium(III) complexes. 
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        To prepare the ten iridium complexes, ten cyclometalated ligands L1-L10 

(Figure 4-2) were synthesized and the synthetic routes are shown in Scheme 4-1. 

Undergoing a reaction with n-butyllithium followed by trimethylborate at -78oC, 

aryl bromides were converted to corresponding boronic acids. The boronic  acids 

were then coupled with 2-bromopyridine (or 2-bromo-4-methoxylpyridine) by 

Suzuki reaction under the catalysis of Pd(0) to afford ligands L1-L10. 

 

 

Figure 4-2. Chemical structures and labels for cyclometalated ligands utilized in 

the series of [Ir(N^N^N)(C^N)Cl]+ photocatalysts. 
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Scheme 4-1. Synthetic pathway for cyclometalated ligands. Reaction conditions: (i) 

n-BuLi, B(OCH3)3, THF, -78oC; (ii) Pd(PPh3)4, K2CO3, Toluene, Ethanol, H2O, 

110oC. 
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        The polypyridyl ligands L11 & L12 were obtained through the interaction 

between aryl aldehydes and 2-acetylpyridine in ammonium solution (Scheme 4-2).  

 

Scheme 4-2. Synthetic pathway for polypyridyl ligands. Reaction condition: (i) 

Ethanol, KOH, NH3
.H2O, 40oC. 

 

 

Figure 4-3. Chemical structures and labels for polypyridyl ligands utilized in the 

series of [Ir(N^N^N)(C^N)Cl]+ photocatalysts. 

 

        The 2,2′:6′,2′′-terpyridine (tpy) derivatives were then coordinated to iridium 

centre by stirring with IrCl3
.3H2O in ethylene glycol at 150 oC in dark. Finally, the 

phenylpyridine (ppy) based ligand was bound to the metal centre via reaction under 

180oC in dark, giving ten iridium-based photocatalysts 3a-3j. 
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Scheme 4-3. Synthetic pathway for [Ir(N^N^N)(C^N)Cl]+ series of complexes.  

 

4.3. Characterization of Iridium-Based Photocatalysts 

        4.3.1. UV-vis Absorption Spectra of Iridium-Based Photocatalysts 

        The UV-vis absorption spectra of 3a-3j are illustrated in Figures 4-4, 4-5 and 

4-6 and the corresponding photophysical data are summarized in Table 4-1. All the 

complexes exhibit three indistinct absorption regions. One is from 200 to 350 nm, 

showing intense absorption of 13,000 to 62,800 M-1 cm-1. A second region ranges 

from 350 to 410 nm, giving molar absorptivities of 3,800 to 8,300 M-1 cm-1. The 

absorption of visible light lies on 410 to 520 nm with molar absorptivities of 800 to 

1,400 M-1 cm-1. The weak absorption in this visible area is assigned to spin 

forbidden triplet MLCT transition as reported by compounds of similar structure.[11]  

        In the visible region, 3a exhibits the highest absorption among the ten 

photocatalysts while 3i shows the lowest. The best result is attained by 3a, the one 

without any substitution to the tpy and ppy ligands, thus the modification via 

addition of non-aromatic unit is more likely to decrease the molar absorptivities of 

Ir complexes of this type. However, in general, the photophysical properties of the 
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ten molecules do not show significant difference between each other, for that the 

modification of ligands does not change the conjugation unit of the basic scaffold.  
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Figure 4-4. UV/Vis absorption spectra of 3a-3d in acetonitrile at 293 K. The 

degassed 10-5 M (or 10-4 M for enlarged graph) solution were used for measurement.  
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Figure 4-5. UV/Vis absorption spectra of 3e-3g in acetonitrile at 293 K. The 

degassed 10-5 M (or 10-4 M for enlarged graph) solution were used for measurement.  
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Figure 4-6. UV/Vis absorption spectra of 3h-3j in acetonitrile at 293 K. The 

degassed 10-5 M (or 10-4 M for enlarged graph) solution were used for measurement. 
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Table 4-1. Photophysical Properties of Iridium-Based Photocatalysts  

Catalysts Absorption λmax/ nm (ε/ 104 M-1 cm-1) 

3a 
237 (4.95), 275 (5.71), 282 (5.72), 302 (4.18), 330 (1.90), 370 

(0.78), 394 (0.74), 477 (0.14), 506 (0.13) 

3b 
239 (4.59), 275 (4.60), 284 (4.94), 304, (4.00), 333 (1.67), 376 

(0.84), 402 (0.66), 486 (0.12), 516 (0.12) 

3c 
238 (3.61), 284 (4.20), 305 (3.11), 329 (1.86), 372 (0.72), 394 

(0.83), 486 (0.08), 520 (0.09) 

3d 
236 (3.40), 275 (2.81), 285 (3.28), 306 (2.59), 364 (0.83), 397 

(0.53), 475 (0.10), 505 (0.09) 

3e 
239 (3.50), 283 (5.33), 314 (2.19), 330 (1.45), 370 (0.60), 400 

(0.50), 485 (0.09), 514 (0.09) 

3f 
238 (3.11), 283 (4.18), 315 (1.97), 331 (1.30), 371 (0.56), 401 

(0.48), 485 (0.09), 517 (0.09) 

3g 
236 (5.13), 274 (5.66), 283 (6.18), 380 (0.80), 480 (0.12), 510 

(0.12) 

3h 
238 (4.14), 275 (4.26), 284 (4.39), 316 (2.08), 332 (1.34), 378 

(0.62), 404 (0.50), 484 (0.11), 515 (0.11) 

3i 
240 (3.22), 276 (3.55), 283 (3.59), 313 (1.76), 378 (0.50), 407 

(0.38), 486 (0.08), 519 (0.08) 

3j 
240 (4.43), 276 (5.14), 283 (5.19), 313 (2.47), 330 (1.72), 380 

(0.68), 407 (0.54), 486 (0.12), 520 (0.12) 

 

 

        4.3.2. Emission Spectra of Iridium-Based Photocatalysts 

        The emission spectra of 3a-3j are shown in Figures 4-7, 4-8 and 4-9 and the 

photophysical data are listed in Table 4-2. The ten compounds generally have 
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emission wavelengths at 560 to 575 nm. The excited state lifetimes span from 4.318 

to 4.949 µs and the quantum yields range from 0.76 % to 81.08 %. Among ten 

compounds, the emission lifetimes of 3g and 3c are relatively short, also their 

emission spectra are red-shifted for 10 and 20 nm, respectively. The red-shift 

possibly arises from the addition of methoxy groups to the phenyl moiety of 

cyclometalated ligands, which donate electrons and destabilize HOMO of the 

molecules, leading to smaller band gaps, emission at longer wavelengths and 

shorter emission lifetimes.  
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Figure 4-7. Normalized emission spectra of 3a-3d in acetonitrile at 293 K under 

the excitation at 380 nm. The degassed 10-5 M solution was used for measurement. 
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Figure 4-8. Normalized emission spectra of 3e-3g in acetonitrile at 293 K under 

the excitation at 380 nm. The degassed 10-5 M solution was used for measurement. 
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Figure 4-9. Normalized emission spectra of 3h-3j in acetonitrile at 293 K under the 

excitation at 380 nm. The degassed 10-5 M solution was used for measurement. 
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Table 4-2. Photophysical Properties of Iridium-Based Photocatalysts  

Catalysts 
Emission 

λmax/ nm τ/ µs φ/ % 

3a 559 4.854 70.63 

3b 575 4.806 16.16 

3c 597 4.56 0.76 

3d 559 4.782 34.34 

3e 569 4.586 59.51 

3f 573 4.806 81.08 

3g 583 4.318 4.47 

3h 569 4.598 77.51 

3i 574 4.949 48.21 

3j 574 4.663 49.82 

 

 

        4.3.3. Cyclic Voltammograms of Iridium-Based Photocatalysts 

        Cyclic voltammograms of 3a-3j are displayed in Figure 4-10 and the 

electrochemical properties are tabulated in Table 4-3. The complexes basically 

exhibit oxidation potential of 1.17 to 1.7 V and reduction potential of -1.01 to -1.16 

V. All the molecules generally show one to three irreversible oxidations and three 

reductions with different reversibility: I) quasi-reversible reduction, II) irreversible 

reduction and III) irreversible reduction. With peak separation values (71 - 86 mV) 

slightly larger than 59 mV for each of the molecules, the first reduction peaks of 
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3a-3j are assigned to be quasi-reversible. The first reduction is a metal centred 

process and the potentials change via the modification of both aromatic ligands. A 

general trend can be observed in that the addition of trifluromethyl group to tpy 

ligands pushes the first reduction potentials to less negative values, since the 

substituents can stabilize the LUMOs of molecules. Nevertheless, the differences 

are not so obvious due to the lack of co-planarity of phenylterpyridine which 

undermines the electronic effect caused by the substituents on phenyl ring.  

        The attachment of methoxy group to the benzene unit of ppy ligands (3c and 

3g) can significantly alter the potentials while the same change to pyridine unit 

shows little difference, suggesting that HOMOs, which are situated on the 

cyclometalating ligands, are more sensitive to the change of electronic environment 

on benzene unit.  

        The irreversibility of second and third reduction is supposed to be related to 

the dissociation of monodentate ligands which are loosely bonded to the metal 

centres. 
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Figure 4-10. Cyclic voltammograms of 3a-3j in acetonitrile at 293 K in nitrogen. 

Each sample was purged with N2 for five minutes before measurement. 
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Table 4-3. Electrochemical Properties of Iridium-Based Photocatalysts 

Catalysts 

Oxidation Reduction 

Epa/ V I: E1/2/ V 
I: ΔE/ 

mV 
II: Epc/ V 

III: Ered/ 

V 

3a 1.70 -1.04 83 -1.31 -1.92 

3b 1.55 -1.08 78 -1.34 -1.95 

3c 1.17, 1.33, 1.61 -1.16 71 -1.43 -1.99 

3d 1.59 -1.06 76 -1.39 -1.93 

3e 1.63 -1.02 80 -1.35 -1.92 

3f 1.66 -1.01 73 -1.35 -1.98 

3g 1.49 -1.12 85 / -1.95 

3h 1.67 -1.02 86 -1.32 -1.96 

3i 1.62 -1.03 83 -1.36 -1.95 

3j 1.66 -1.03 72 -1.34 -1.95 

  

        To further explore the catalytic performance of the complexes, cyclic 

voltammetry under CO2 atmosphere was conducted (Figure 4-11). Under CO2 

atmosphere, the reduction and oxidation potential do not show significant shift. 

However, an obvious enhancement in current density during the reduction process 

can be observed for all the photocatalysts, demonstrating the electrocatalytic 

interaction between 3a-3j and CO2. However, relatively strong current changes via 

oxidation are shown for 3b and 3c. The phenomenon indicates that a reverse of CO2 

reduction is likely to occur during the electrocatalytic reaction. The reverse process 

may be associated with the substituents on benzene unit of ppy ligands which block 

the dissociation of reduced CO2 and force the intermediates to further proceed with 
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an oxidation when the sign of applied voltage changes. The presence of oxidation 

reaction with CO2 evidences the low CO2 reduction yield of 3b and 3c. 
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Figure 4-11. Cyclic voltammograms of 3a-3j in acetonitrile at 293 K in carbon 

dioxide. Each sample was purged with CO2 for five minutes before measurement. 

 

4.4. Photocatalytic CO2 Reduction by Iridium Complexes 

        Iridium complexes 3a-3j were used for photocatalytic CO2 reduction and 

functioned as both photosensitizers and catalysts during the reactions. The turnover 

numbers of the complexes vary from 75 to 230 in 48 h of irradiation under blue 

LEDs. The highest number is attained by 3j while the lowest value is from 3b. 3e-

3j show higher turnover numbers than those of 3a-3d, so the addition of electron 

withdrawing group, trifluoromethyl group, effectively enhances the photocatalytic 

performance of the complex by increasing the electron density of tpy ligand and 

lowering the LUMO levels of the photocatalysts. Besides, 3h-3j with methoxy 

substituted pyridine unit in ppy ligands outperform 3e-3g, which reveals that 

electron donating groups on the HOMO side of the complexes can further improve 

the photocatalytic abilities of the molecule. A “push-and-pull” model was 

established to increase the electron density of tpy ligands via a two-side approach. 

The results are in agreement with the initial expectation and are confirmed by 

multiple complexes with similar chemical structures. Interestingly, the model 

produced different outcomes through substitution to pyridine and benzene unit of 

ppy ligand. 3g with benzene unit modified ppy ligand shows little improvement to 
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the photocatalytic efficiency as compared to 3h-3i. This may be related to the 

ununiformed distribution of electron density across the ppy ligand, and also can be 

associated with the relative orientation between methoxy group and monodentate 

ligand, since the detachment of chloride is a critical step to initiate the catalytic 

cycle. 3j achieves the best performance among the ten molecules as a result of both 

“push-and –pull” effect as well as the hydrophobicity of the butyl chain. The butyl 

group at the meta position to the cyclometalated carbon does not necessarily block 

the dissociation of monodentate group. In contrast, the high hydrophobicity of the 

chain can protect the intermediate species formed after the removal of chloride by 

inhibiting the interaction between the vacant site and electrolyte. 

        Despite the impact of methoxy group, a relatively weak electron donating 

moiety, methyl group, trivially affects the photocatalytic reaction, which is 

evidenced by the fact that 3h and 3i (or 3e and 3f) generally give the same TON 

when losing their photocatalytic reactivity. Phenoxy group as a moderate electron 

donating group is assumed to be able to enhance the photocatalytic ability of the 

complex, however, 3d surprisingly performs even worse than 3a. Thus, the planar 

structure phenoxy group is considered to possibly enhance the aggregation between 

iridium complexes and deteriorate the photocatalytic conversion.  

        The turnover numbers of 3b and 3c are much lower than 3a, indicating that 

substituents to the ortho position of the cyclometalated carbon can significantly 

reduce the photocatalytic reaction rates via prohibiting the detachment of 

monodentate ligands. Nonetheless, the drop in reaction rates coincides with the rise 

in lifetimes of the photocatalysts. The deactivation of 3b and 3c obviously takes 

longer time than that of the other eight molecules. An average lifetime of 

photocatalysts is about 24 h while that of 3b is about 36 h. Moreover, the amount 
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of CO2 generated by 3c kept increasing even after 48 h. The reaction by 3c was 

further extended to 72 h until the photocatalyst finally lost its reactivity (Figure 4-

12), giving a turnover number of 115. 
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Figure 4-12. Photocatalytic CO2 production using the photocatalysts 3a-3j in 5:1 

(v/v) MeCN/TEOA solution under the irradiation of blue LEDs of 25 mW at 293 

K. 
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Table 4-4. Photocatalytic Performance of the Iridium Complexes  

Photocatalysts CO/ mmol TON  TOFa/ h-1 

3a 0.27 135 9.2 

3b 0.15 75 3.3 

3c 0.19 (48 h), 

0.23 (72 h) 

96 (48 h), 115 (72 h) 

3.3 

3d 0.2 100 9.2 

3e 0.31 155 12.5 

3f 0.31 155 10.0 

3g 0.34 170 8.3 

3h 0.39 195 14.2 

3i 0.38 190 13.3 

3j 0.46 230 14.2 
a Turnover frequency (TOF) calculated from the maximum rate of CO production 

as derived from the maximum slope. 

 

        Compound 3c displayed a photocatalytic lifespan much longer than those of 

the other photocatalysts, so the reaction was further extended to 72 h (Figure 4-13) 

until the molecules lost its activity. As shown in Figure 3-12, the CO production 

rates of 3b, 3c and 3g experienced an increase followed by a decrease throughout 

the photocatalytic process while the other seven compounds kept losing their 

reactivity against the time. The phenomena confirm the presence of blocking effect 

by the ppy substituents which is the main trigger of the low reaction rates at the 

initial stage. As the reaction proceeded, the blocking effect was released possibly 

by the formation of excess intermediates, thus the CO generation rates rose after 6 
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to 12 h later. Nevertheless, the situation for 3g requires further investigation for 

explanation. 

        To further explore the reason behind the long lifespan of 3c, the color change 

of photocatalysts 3b, 3c and 3g during the reaction was measured using UV-vis 

spectrometry and that for 3a and 3j was measured as the reference. (Figure 4-14) 

By comparing with 3a and 3j, 3b and 3g show a delay in color change. The 

absorption maxima at 700 nm for 3b and 3g were achieved after 24 h of irradiation 

while those for 3a and 3j were attained after 12 h. Since the green species is 

considered to be some form of solvent adduct of the reaction intermediates[4], the 

retardation in color change for 3b and 3g is in agreement with the presence of 

blocking effect. The effect is most significant in 3c for which no color change was 

observed. The formation of intermediate green species was largely inhibited by 

methoxy groups on ppy ligand, so the reaction lifespan was greatly extended for 3c. 

However, the elongation in lifespan was at a cost of reducing in both CO evolution 

rates and overall turnover numbers. As reported by Bonchio and co-workers[4], the 

use of low-energy light to control the amount of excited and reduced species is 

effective in enhancing the overall performance of iridium-based photocatalysts of 

similar structures. In contrast, in this experiment, the addition of methoxy group to 

ortho position of cyclometalated carbon successfully improved the lifetime of 

photocatalyst but failed to increase the overall turnover number (TON: 3c 115 < 3g 

170). 
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Figure 4-13. Photocatalytic CO2 production using the photocatalysts 3b, 3c and 3g 

in 5:1 (v/v) MeCN/TEOA solution under the irradiation of blue LEDs of 25 mW at 

293 K. 
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Figure 4-14. UV-vis spectra of 3a, 3b, 3c, 3g and 3j over the course of 

photocatalytic CO2 reduction with blue LEDs. 

 

        The photocatalytic performance of 3j surpasses that of the other nine iridium 

complexes, achieving a TON of 230 and TOF of 14.2 h-1. By comparing with 

iridium complexes of the same kind, 3j displays an attractive performance, attaining 

a TON higher than most of the reported photocatalysts. Further investigation can 

be made by replacing the butyl chain with branched alkyl groups to explore the best 

substituents for the improvement of overall photocatalytic efficiency. 

 

Table 4-5. Relevant Iridium-Based Photocatalysts Reported for CO2 Reduction  

Catalysts Light Sources Solvent 
Product 

(TON) 
Ref. 

 

Xe Lamp, 500 W 

with UV-cut filter 

MeCN-

TEOA 

(5:1 v/v) 

CO (38) [10] 

 

Xe Lamp, 500 W 

with UV-cut filter 

MeCN-

TEOA 

(5:1 v/v) 

CO (50) [10] 
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Blue LED, 
3.35´10-7 einstein 
s-1 

MeCN-

TEOA 

(5:1 v/v) 

CO (81) [12] 

 

Blue LED, 

3.35´10-7 einstein 

s-1 

MeCN-

TEOA 

(5:1 v/v) 

CO 

(180) 
[13] 

 

Blue LED, 2.0´10-8 

einstein s-1 (1.07 

mW cm-2) 

MeCN-

TEOA 

(5:1 v/v) 

CO 

(172) 
[4] 

 

Blue LED, 7.9´10-9 

einstein s-1 (0.43 

mW cm-2) 

MeCN-

TEOA 

(5:1 v/v)  

CO 

(265) 
[4] 

 

 

4.5. Conclusions 

        Ten iridium complexes derived from [Ir(tpy)(ppy)Cl]+ were synthesized for 

the homogeneous photoreduction of CO2. 3j achieved the best TON of 230 as a 

result of both the push-pull effect from trifluoromethyl and methoxy group as well 

as the hydrophobicity of n-butyl chain. The push-pull effect of the electron donating 

or electron withdrawing groups was confirmed by stepwise substitutions. The 

substitutions at different carbon atoms were also investigated. Despite the 

simplicity of substituents, the photocatalytic performance of the corresponding 

iridium complexes varies for different binding sites.  Subsequent investigation finds 

that the steric hindrance at ortho position to cyclometalated carbon can inhibit the 
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dissociation of monodentate ligand and minimize the presence of green 

intermediate species. Contrary to the expectation, the steric hindrance can extend 

the photocatalytic lifespan but fails to enhance the overall efficiency. Further study 

would be done to change the n-butyl chain into other branched carbon chains for 

investigation of detailed relationships between the photoreduction efficiency and 

the alkyl chains. 

 



	
 

134	

References 

[1] Lewis, N. S.; Nocera, D. G. Bridge 2015, 45, 41-47. 

[2] Cook, T. R.; Dogutan, D. K.; Reece, S. Y.; Surendranath, Y.; Teets, T. S.; 

Nocera, D. G. Chem. Rev. 2010, 110, 6474-6502. 

[3] Qiao, J.; Liu, Y.; Hong F.; Zhang, J. Chem. Soc. Rev. 2014, 43, 631-675. 

[4] Genonia, A.; Chirdonb, D. N.; Bonioloa, M.; Sartorela, A.; Bernhardb, S.; 

Bonchioa, M. ACS Catal. 2017, 7,154-160. 

[5] Hawecker, J.; Lehn, J. M.; Ziessel, R. J. J. Chem. Soc. Chem. Commun. 1983, 

536-538. 

[6] Kurz, P.; Probst, B.; Spingler, B.; Alberto, R. Eur. J. Inorg. Chem. 2006, 15, 

2966-2974. 

[7] Tsubaki, H.; Sekine, A.; Ohashi, Y.; Koike, K.; Takeda, H.; Ishitani, O. J. Am. 

Chem. Soc. 2005, 127, 15544-15555. 

[8] Takeda, H.; Koike, K.; Inoue, H.; Ishitani, O. J. Am. Chem. Soc. 2008, 130, 

2023-2031. 

[9] Behar, D.; Dhanasekaran, T.; Neta, P.; Hosten, C. M.; Ejeh, D.; Hambright, P.; 

Fujita, E. J. Phys. Chem. A 1998, 102, 2870-2877. 

[10] Sato, S.; Morikawa, T.; Kajino T.; Ishitani, O. Angew. Chem. Int. Ed. 2013, 52, 

988-992. 

[11] Caspar, J. V.; Meyer, T. J. J. Am. Chem. Soc. 1983, 105, 5583-5590. 

[12] Reithmeier, R. O.; Meister, S.; Rieger, B.; Siebel, A.; Tschurl, M.; Heiz, U.; 

Herdtweck, E. Dalton Trans. 2014, 43, 13259-13269. 

[13] Reithmeier, R. O.; Meister, S.; Siebel, A.; Rieger, B. Dalton Trans. 2015, 44, 

6466-6472. 



	
 

135	

Chapter 5. Experimentals 

 

5.1. Experimental Section 

        General 

        All solvents were obtained from commercial sources. The complex 

[Co(dmgH)2(py)Cl] (2b) was purchased from Santa Cruz Biotechnology. Other 

chemicals were purchased from Dieckmann Company, Sigma Aldrich, Acros and 

Tokyo Chemical Industry Co., Ltd (TCI) and were used without further purification. 

All synthesis was conducted under a nitrogen atmosphere. 1H and 13C NMR spectra 

were recorded on Bruker Ultra-shield 400 MHz FT-NMR spectrometers and 

chemical shifts were referenced to tetramethylsilane (0 ppm, singlet) as internal 

standard. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) 

mass spectrometry was performed using Autoflex Bruker MALDI-TOF system. 

 

        Photophysical Characterization 

        The photophysical properties were measured using 10-5 M (or 10-4 M) 

acetonitrile solution at room temperature. The samples were degassed by purging 

nitrogen for 5 min in capped quartz cuvettes. UV-vis absorption spectra was 

recorded on a Hewlett Packard 8453 spectrometer. Emission spectra was measured 

on PerkinElmer LS 55 Fluorescence Spectrometer an all samples were excited at 

380 nm. The excited state lifetime is measured using a Photon Technology 

International (PTI) Fluorescence QuantaMaster Series QM1 spectrophotometer. 

Quantum yields were determined using [Ru(bpy)3](PF6)2 as reference and the 

established quantum yield of the reference is 6.2% [1]. 
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        Electrochemical Properties 

        Cyclic voltammetry was performed on CHI 630C Electrochemical 

Analyzer/Workstation at a scan rate of 100 mV s−1. A three electrode system was 

used, which included a glassy carbon working electrode, a reference electrode 

(Ag/AgCl for organic compounds in Chapter 2, SCE for metal complexes in 

Chapter 3 and 4) and a platinum coil counter electrode. The measurement was 

conducted with acetonitrile solution containing 0.5 mM samples and 0.1 M 

tetrabutylammonium hexafluorophosphate as the supporting electrolyte. The 

samples were purged with nitrogen (or carbon dioxide) for 5 min before 

measurement. Ferrocene was used as the internal standard (oxidation potential at 

0.40 V). 

 

        Computational Studies 

        Gaussian 09 package[2] was used for the density functional theory (DFT) 

calculations. Ground state geometries in CH2Cl2 (ε = 8.93) were optimized using 

DFT with hybrid functional PBE0 and solvation effects were considered with the 

assistance of the integral equation formalism[3] (IEF) of polarizable continuum[4] 

(PCM) model. The calculated optimized structures were further examined by 

frequency calculations to eliminate the presence of imaginary vibration frequency. 

The energy levels of vertically excited singlet states were calculated using time-

dependent DFT (TD-DFT) with 6-31G(d) basis set. The absorption profiles were 

determined using Multiwfn program[5] as a sum of Gaussian-shaped bands with full 

width at half maximum (FWHM) equal to 0.667 eV. 
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        CdS Nanorods Characterization 

        CdS particles were characterized using field-emission scanning electron 

microscopy (LEO 1530 Field Emission SEM) at an acceleration voltage of 5 KV. 

The samples were coated directly onto sample holder before the analysis. TEM 

images were taken using a Tecnai G2 20 S-TWIN TEM operated at 200 KV. Prior 

to the analysis, a  mixture of CdS (1 mg) and toluene (1 mL) was drop-casted onto 

a carbon-coated copper grid and dried overnight in open air.  

 

        X-ray Diffraction Studies 

       X-ray diffraction studies were performed using graphite-monochromated 

Mo−Kα radiation (λ = 0.71073 Å) on a Bruker APEX DUO diffractometer at 293 

K. The collected frames were analysed using the SAINT software and an absorption 

correction (SADABS) was employed to the collected reflections. The structure was 

solved using direct methods (SHELXTL) in conjunction with the standard 

difference Fourier techniques, subsequently refining by the full-matrix least-

squares analyses on F2.  

 

        Fabrication and Characterization of DSSCs 

        The preparation of TiO2 electrodes and fabrication of sealed cells for 

photovoltaic measurement were completed using the methods previously reported 

by Grätzel and collaborators.[10] Screen-printed double layer TiO2 particles were 

employed for the preparation of the photoelectrode.  A film of 10 mm thick was 

printed on a FTO glass using TiO2 particles of 13 nm. The glass was then placed in 

a clean box for 5 min and dried at 125 oC for 6 min. A second layer of 4 mm thick 

was coated to the glass using 400 nm light-scattering anatase TiO2. The TiO2 films 
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were finally fixed to the surface of electrode via sintering in muffle furnace for 5 

min at 275 oC,  followed by 5 min at 325 oC, 5 min at 375 oC, 15 min at 450 oC for 

and 15 min at 500 oC. The resulting TiO2 film was immersed into 40 mM aqueous 

solution of TiCl4 at 70 oC for 30 min and then washed using water and ethanol. The 

electrode was again heated to 450 oC for 30 min and cooled to room temperature. 

After cooling, the electrode was soaked in 0.2 mM chloroform/ethanol (v/v, 1/1) 

solution of the photosensitizer for 12 h. The counter electrode was sputtered with 

three drops of 0.02 M 2-propanol solution of H2PtCl6 and annealed at 400 oC for 15 

min. The electrode was then perforated and cleaned under ultra sonication in 

ethanol bath for 10 min. For the fabrication of DSSC, the two electrodes were 

assembled into a sandwich type cell and sealed by 25 mm hot melt gasket made 

from ionomer Surlyn 1702 (DuPont). Finally, the electrolyte was introduced into 

the cell via the hole on the counter electrode by vacuum backfilling and the hole 

was sealed by UV-melt gum and cover glass. The electrolyte solution consisted of 

0.1 M LiI, 0.05 M I2, 0.6 M 1-butyl-3-methyl imidazolium iodide (BMII), and 0.5 

M 4-tert-butylpyridine (TBP) in a 1:1 mixture of acetonitrile and valeronitrile. 

The photovoltaic performance of the cells was measured under an AM 1.5 

solar simulator equipped with a 300 W xenon lamp (model no. 91160, Oriel). The 

power of the light was calibrated to 100 mW cm−2 using Newport Oriel PV 

reference cell system (model 91150 V). Photocurrent density-voltage curves were 

acquired by exerting an external bias to the cells and measuring the photocurrent 

changes using  model 2400 source meter (Keithley Instruments, Inc. USA). The 

voltage step and delay time of photocurrent were 10 mV and 40 ms, respectively. 

The photon-to-electron conversion efficiency (IPCE) of the cells were obtained 

using Newport-74125 system. The intensity of incident monochromatic light was 
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determined using Si detector (Newport-71640). The electrochemical impedance 

spectroscopy (EIS) was performed using Zahner IM6e Impedance Analyzer 

(ZAHNER-Elektrik GmbH & CoKG, Kronach , Germany). The frequency range is 

0.1 to 100,000 Hz and the magnitude of alternative signal is 10 mV. 

 

        Preparation of platinized TiO2 

        1.6 g of TiO2 powder (anatase, particle size < 25 nm, 99.7 % trace metals basis) 

and 0.1 mL of H2PtCl6 aqueous solution (8 wt. %) was added to 40 mL of methanol. 

Slurry was irradiated under a 300 W Hg lamp (HF300PD) with stirring for 18 h. 

The resulted precipitate was separated via centrifugation and washed using 

methanol for 3-5 times. Grey paste of platinized TiO2 was obtained and the paste 

was dried in vacuum overnight. 

 

        Attachment of photosensitizer onto platinized TiO2 

        20 mg of platinized TiO2 was dispersed in 2.5 mL of 50 µM photosensitizer 

dichloromethane (or THF) solution. The mixture was sonicated for 30 min at 

ambient temperature. After sonication, the dye-loaded solid was collected via 

centrifugation for 5 min and the supernatant was kept separately. The molar 

absorptivities of the dye solution before and after dye loading were measured and 

used for calculation of loading yields. The photosensitizer-attached platinized TiO2 

was then dried in vacuum under darkness overnight.  

 

        Photo-induced Hydrogen Production by Organic Dyes  

        20 mg of photosensitizer loaded platinized TiO2 was dispersed in 5 mL of 0.5 

M ascorbic acid aqueous solution  (pH = 4) in a 25 mL two neck pear shape flask. 
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The flask was sealed using two rubber septa and wrapped with parafilm. Before the 

photocatalytic test, the flask was saturated with argon gas (with 20 % of methane 

used as internal standard). Then the reaction mixture was irradiated under green 

LEDs at 19 oC to trigger the photocatalysis.  

        The gas products were determined using gas chromatograph (Aglient 6890, 

molecular sieve 5 Å column, TCD detector). Each time, 200 µL of sample was 

collected from the headspace of the flask. The amount of H2 evolved was quantified 

by comparing the relative peak areas between the sample and the pre-measured H2 

calibration curves. The powder of LED sources was measured using thermal sensor 

coupled power meter (model: VLP-2000, Ranbond Technology (HK)) to be 

approximately 15 mW each. The light source was assumed to be monochromatic 

and the apparent quantum yield was calculated using the equation below. AQY (%) 

=  (2 * Mole of H2 Produced in Specified Time Period) / (Mole of Incident Photons 

Specified Time Period) × 100 % 

 

        Photo-induced Hydrogen Production by Metal Complexes 

        The photocatalyst solution of specified concentration was prepared in 5 mL of 

0.5 M ascorbic acid solution (pH = 4) in 25 mL two neck pear shape flask. 1 mg (or 

10 mg) of CdS was added to the reaction mixture and the flask was sealed with 

rubber septa. The flask was saturated with 4:1 mixture of argon and methane before 

the reaction. The reaction mixture was then irradiated under blue LEDs (~450 nm) 

at 19 oC. The gas phase products were analysed as described for photo-induced 

hydrogen production by organic dyes. 
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        Photocatalytic Carbon Dioxide Reduction by Iridium Complexes 

        0.5 mM of photocatalyst (Iridium complexes) solution was prepared in 4 mL 

of 5:1 mixture of acetonitrile and triethanolamine. The reaction mixture was placed 

in 25 mL two neck pear shape flask and sealed with rubber septa. For the 

photocatalytic reaction, the flask was filled with pure CO2 and irradiated under blue 

LEDs at 19 oC.  

        The gas phase products were analysed using gas chromatograph (Aglient 6890, 

molecular sieve 5 Å column) with TCD detector. Each time, 200 µL of sample was 

collected from the headspace of the flask. The amount of CO produced was 

quantified by comparing the relative peak areas between the sample and the pre-

measured CO calibration curves. 

 

5.2. Synthetic Procedures and Characterization for 1a-1i 

        General synthetic procedures for 1-2 

        Thieno[3,2-b]thiophene 1-1 (1 g) was dissolved in 40 mL of THF and cooled 

to 0 oC. Then, NBS (2.547 g) was added to the reaction mixture in ten portions. The 

mixture was then stirred for 12 hours and gradually warmed to room temperature. 

The resulted mixture was poured into 100 mL of cold water and extracted with 

diethyl ether (80 mL) for three times. The organic layers were collected and washed 

with water (100 mL) for two times, followed by drying with Na2SO4. The solvent 

was removed via evaporation and 1-2 was precipitated as white solid.  

        1-2. Yield: 2.1 g. 1H NMR (400 MHz, CDCl3): δ 7.28 (s, 2H) ppm; 13C NMR 

(100 MHz, CDCl3): δ 138.29, 121.76, 113.62 ppm. 
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        General synthetic procedures for 1-3 

        1-2 (0.7 g) was dissolved in 20 mL of dry THF in a two neck round bottom 

flask to which n-BuLi (0.978 mL, 2.4 M hexane solution) was added dropwisely at 

-78 oC. The reaction mixture was stirred for 15 min and dimethylformamide (0.271 

mL) was added. After another 30 min of stirring, the reaction mixture returned back 

to room temperature and excess 2 M HCl solution (10 mL) was added to acidify the 

mixture. After 1 h of stirring, the reaction mixture was poured into water and 

extracted with ethyl acetate. The organic layer was collected and dried over 

anhydrous Na2SO4. Finally, the solvent was removed via evaporation and the crude 

product obtained was then purified by column chromatography using 2:1 mixture 

of hexane/dichloromethane as eluent.  

        1-3. Yield: 0.284 g, 49 %. 1H NMR (400 MHz, CDCl3): δ 9.99 (s, 1H, CHO), 

7.84 (s, 1H), 7.37 (s, 1H) ppm; 13C NMR (100 MHz, CDCl3): δ 183.28 (CHO), 

144.72, 144.54, 139.35, 128.20, 122.91, 120.95 ppm. 

 

        General synthetic procedures for 1-4a, 1-4b and 1-4c 

        1-3 (94 mg), 9-octylcarbazolylboronic acid (or 9-(2-

ethylhexyl)carbazoylboronic acid, or 9-hexylcarbazolylboronic acid) (0.76 mmol), 

Pd(PPh3)4 (22 mg) and 2 M K2CO3 (2 mL) was added to 20 mL of THF and refluxed 

under a nitrogen atmosphere overnight. The reaction mixture was poured into water 

and extracted with ethyl acetate. The organic layer was collected and dried over 

anhydrous Na2SO4. The solvent was then removed and the crude product obtained 

was purified through column chromatography using 1:1 mixture of hexane and 

dichloromethane as eluent.  

        1-4a. Yield: 0.112 g, 66 %. 1H NMR (400 MHz, CDCl3): δ 9.97 (s, 1H, CHO), 
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8.39 (s, 1H), 8.16 (d, 1H, J = 8 Hz), 7.92 (s, 1H), 7.78 (d, 1H, J = 8.4 Hz), 7.59 (s, 

1H), 7.54-7.45 (m, 4H), 4.33 (t, 2H, J = 7.2 Hz), 1.89-1.87 (m, 2H), 1.36-1.18 (m, 

10H), 0.89-0.84 (m, 3H) ppm; 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, 43.31, 31.79, 29.37, 

29.17, 29.00, 27.31, 22.61, 14.07 ppm. 

        1-4b. Yield: 0.15 g, 89 %. 1H NMR (400 MHz, CDCl3): δ 9.74 (s, 1H, CHO), 

8.15 (d, 1H, J = 1.6 Hz), 7.98 (d, 1H, J = 7.6 Hz), 7.64 (s, 1H), 7.54-7.53 (m, 1H), 

7.41-7.36 (m, 1H), 7.31-7.27 (m, 2H), 7.21-7.12 (m, 2H), 4.00-3.93 (m, 2H), 1.96-

1.89 (m, 1H), 1.33-1.17 (m, 8H), 0.81-0.75 (m, 6H) ppm; 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, 47.51, 39.44, 31.02, 28.82, 24.42, 23.09, 14.09, 10.94 ppm.  

        1-4c. Yield: 0.13 g 82 %. 1H NMR (400 MHz, CDCl3): δ 9.88 (s, 1H, CHO), 

8.31 (d, 1H, J = 1.6 Hz), 8.15 (d, 1H, J = 8 Hz), 7.77 (s, 1H), 7.70-7.68 (m, 1H), 

7.56-7.51 (m, 1H), 7.46-7.41 (m, 2H), 7.37-7.29 (m, 2H), 4.27 (t, 2H, J = 8 Hz), 

1.91-1.82 (m, 2H), 1.41-1.28 (m, 6H), 0.95-0.91 (m, 3H) ppm; 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, 43.23, 31.58, 28.96, 26.97, 22.58, 14.06 ppm. 

 

        General synthetic procedures for 1-6 

        1-2 (1 g), 4-hexylthiophenylboronic acid (0.711 g), Pd(PPh3)4 (193 mg) and 2 

M K2CO3 (6 mL) were dissolved in 30 mL THF and refluxed under a nitrogen 

atmosphere overnight. The reaction mixture was poured into water and extracted 
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using ethyl acetate. The organic layer was collected and dried over anhydrous 

Na2SO4. The solvent was removed under reduced pressure and further purification 

was performed with the assistance of column chromatography using 3:1 mixture of 

hexane and dichloromethane as eluent. 

 

        General synthetic procedures for 1-7 

        POCl3 (1.961 g) was added dropwisely to dry DMF (0.936 g) in a two neck 

round bottom flask at 0 oC to generate a Vilsmeier-Haack reagent. 1-6 (0.494 g) 

was dissolved in 20 mL dry dichloromethane and the solution was added 

dropwisely to the Vilsmeier-Haack reagent under a nitrogen atmosphere. The 

reaction mixture was stirred for 15 min at 0 oC and overnight at 65 oC. The mixture 

was then cooled to room temperature and poured into aqueous NaOH slow with an 

ice bath, followed by stirring for 30 min. Then, extraction was performed using 

dichloromethane and water. The organic layer was collected and dried over 

anhydrous Na2SO4 and the solvent was evaporated under reduced pressure. Yellow 

oil was obtained and it was further purified by column chromatography using 3:2 

mixture of hexane and dichloromethane as the eluent. 

        1-7. Yield: 0.228 g. 1H NMR (400 MHz, CDCl3): δ 9.98 (s, 1H, CHO), 7.37 

(d, 1H, J = 0.4 Hz), 7.21 (d, 1H, J = 0.8 Hz), 7.05 (s, 1H), 2.92 (t, 2H, J = 7.6 Hz), 

1.73-1.66 (m, 2H), 1.43-1.31 (m, 6H), 0.907-0.873 (m, 3H) ppm; 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, 31.55, 31.34, 29.00, 28.57, 22.55, 14.06 ppm. 

 

        General synthetic procedures for 1-8a, 1-8b and 1-8c 

        1-7 (76 mg), 9-octylcarbazolylboronic acid (or 9-(2-
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ethylhexyl)carbazolylboronic acid,  or 9-hexylcarbazolylboronic acid) (0.368 

mmol), Pd(PPh3)4 (11 mg) and 2 M K2CO3 (2 mL) was mixed in 20 mL THF and 

refluxed under a nitrogen atmosphere overnight. The reaction mixture was poured 

into water and extracted using ethyl acetate. The organic layer was collected and 

dried over anhydrous Na2SO4. The solvent was removed under reduced pressure 

and further purification was performed with the assistance of column 

chromatography using 1:1 mixture of hexane and dichloromethane as eluent.  

        1-8a. Yield: 72 mg, 64 %. 1H NMR (400 MHz, CDCl3): δ 9.91 (s, 1H, CHO), 

8.25 (d, 1H, J = 1.6 Hz), 8.05 (d, 1H, J = 7.6 Hz), 7.65-7.62 (m, 1H), 7.43-7.38 (m, 

3H), 7.35-7.31 (m, 2H), 7.19−7.17 (m, 1H), 6.99 (s, 1H), 4.22 (t, 2H, J = 7.2 Hz), 

2.83 (t, 2H, J = 7.6 Hz), 1.81-1.77 (m, 2H), 1.66-1.61 (m, 2H), 1.33-1.15 (m, 16H), 

0.86-0.77 (m, 6H) ppm; 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, 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. 

        1-8b. Yield: 85 mg, 75 %. 1H NMR (400 MHz, CDCl3): δ 9.85 (s, 1H, CHO), 

8.16 (d, 1H, J = 1.6 Hz), 8.01 (d, 1H, J = 7.6 Hz), 7.53 (dd, 1H, J = 8.4 Hz, J = 1.6 

Hz), 7.41-7.36 (m, 1H), 7.28-7.26 (m, 3H), 7.22 (d, 1H, J = 8.4 Hz), 7.18-7.15 (m, 

1H), 6.90 (s, 1H), 4.01-3.97 (m, 2H), 2.76 (t, 2H, J = 7.6 Hz), 1.97-1.90 (m, 1H), 

1.60-1.53 (m, 2H), 1.30-1.13 (m, 14H), 0.83-0.75 (m, 9H) ppm; 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, 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. 
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        1-8c. Yield: 80 mg, 74 %. 1H NMR (400 MHz, CDCl3): δ 10.01 (s, 1H, CHO), 

8.36 (d, 1H, J = 2 Hz), 8.15 (d, 1H, J = 7.6 Hz), 7.76-7.74 (m, 1H), 7.52-7.50 (m, 

3H), 7.47-7.42 (m, 2H), 7.32-7.28 (m, 1H), 7.10 (s, 1H), 4.34 (t, 2H, J = 7.2 Hz), 

2.98-2.93 (m, 2H), 1.91-1.89 (m, 2H), 1.75-1.72 (m, 2H), 1.45-1.31 (m, 12H), 0.95-

0.90 (m, 6H) ppm; 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, 

43.28, 31.58, 31.38, 29.03, 28.98, 28.61, 26.98, 22.57, 22.56, 14.09, 14.02  ppm. 

 

        General synthetic procedures for 1a-1f 

        Precursor of the organic photosensitizer (1-4a, 1-4b, 1-4c, 1-8a, 1-8b or 1-8c), 

cyanoacetic acid (10 molar equivalents) and ammonium acetate (25 mg) was 

dissolved in 8 mL acetic acid and refluxed under a nitrogen atmosphere overnight. 

After cooling, the reaction mixture was extracted using chloroform and water. The 

solvent was evaporated under reduced pressure and the crude product was purified 

by column chromatography using chloroform and 10:1 mixture of 

chloroform/methanol as eluent.  

        1a. Yield: 125 mg, 97 %. 1H NMR (400 MHz, DMSO-d6): δ 8.58 (d, 1H, J = 

1.6 Hz), 8.57 (s, 1H), 8.34-8.28 (m, 2H), 8.05 (d, 1H, J = 0.4), 7.88-7.85 (m, 1H), 

7.72 (d, 1H, J = 8.4 Hz), 7.65 (d, 1H, J = 8.4 Hz), 7.54-7.48 (m, 1H), 7.27-7.24 (m, 

1H), 4.42 (t, 2H, J = 6.8 Hz), 1.81-1.77 (m, 2H), 1.25-1.18 (m, 10H), 0.82-0.79 (m, 

3H) ppm. MS (MALDI-TOF, m/z): [M+] 512.1. 

        1b. Yield: 145 mg, 84 %. 1H NMR (400 MHz, DMSO-d6): δ 8.61 (d, 1H, J = 

1.2 Hz), 8.58 (s, 1H), 8.35-8.28 (m, 2H), 8.06 (s, 1H), 7.87 (dd, 1H, J = 8.8 Hz, J = 

1.6 Hz), 7.68 (d, 1H, J = 8.4 Hz), 7.61 (d, 1H, J = 8 Hz), 7.54-7.49 (m, 1H), 7.29-
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7.25 (m, 1H), 4.31 (d, 2H, J = 7.2 Hz), 2.03-1.99 (m, 1H), 1.36-1.16 (m, 8H), 0.87 

(t, 3H, J = 7.2 Hz), 0.79 (t, 3H, J = 6.8Hz) ppm. MS (MALDI-TOF, m/z): [M+] 

512.2. 

        1c. Yield: 150 mg, 99 %. 1H NMR (400 MHz, DMSO-d6): δ 8.61 (d, 1H, J = 

1.6 Hz), 8.56 (s, 1H), 8.33-8.28 (m, 2H), 8.07 (s, 1H), 7.89-7.86 (m, 1H), 7.74 (d, 

1H, J = 8.8 Hz), 7.66 (d, 1H, J = 8 Hz), 7.54-7.49 (m, 1H), 7.29-7.24 (m, 1H), 4.45 

(t, 2H, J = 7.2 Hz), 1.82-1.77 (m, 2H), 1.31-1.20 (m, 6H), 0.82 (t, 3H, J = 6.8 Hz) 

ppm. MS (MALDI-TOF, m/z): [M+] 484.1. 

        1d. Yield: 79 mg, 99 %. 1H NMR (400 MHz, DMSO-d6): δ 8.54 (s, 1H), 8.30-

8.26 (m, 2H), 7.99 (s, 1H), 7.92 (s, 1H), 7.83-7.80 (m, 1H), 7.69-7.62 (m, 2H), 7.54-

7.47 (m, 2H), 7.26-7.24 (m, 1H), 4.42 (t, 2H, J = 6.8 Hz), 2.81 (t, 2H, J = 7.2 Hz), 

1.80-1.76 (m, 2H), 1.64-1.60 (m, 2H), 1.31-1.18 (m, 16H), 0.90-0.79 (m, 6H) ppm. 

MS (MALDI-TOF, m/z): [M+] 678.2. 

        1e. Yield: 80 mg, 85 % yield. 1H NMR (400 MHz, DMSO-d6): δ 8.53 (s, 1H), 

8.29-8.25 (m, 2H), 7.93 (s, 1H), 7.89 (s, 1H), 7.82-7.78 (m, 1H), 7.67-7.57 (m, 2H), 

7.51-7.48 (m, 2H), 7.26-7.23 (m, 1H), 4.28 (d, 2H, J = 7.2 Hz), 2.76 (t, J = 7.2 Hz), 

2.02-1.98 (m, 1H), 1.62-1.59 (m, 2H), 1.33-1.14 (m, 14H), 0.88-0.86 (m, 9H) ppm. 

MS (MALDI-TOF, m/z): [M+] 678.2. 

        1f. Yield: 81 mg, 91 % yield. 1H NMR (400 MHz, DMSO-d6): δ 8.55 (s, 1H), 

8.29-8.26 (m, 2H), 8.02 (s, 1H), 7.94 (s, 1H), 7.85-7.81 (m, 1H), 7.67 (d, 1H, J = 

8.4 Hz), 7.64 (d, 1H, J = 8.4 Hz), 7.54 (s, 1H), 7.51-7.47 (m, 1H), 7.28-7.23 (m, 

1H), 4.41 (t, 2H, J = 7.2 Hz), 2.82 (t, J = 7.6 Hz), 1.81-1.75 (m, 2H), 1.65-1.59 (m, 

2H), 1.36-1.21 (m, 12H), 0.88-0.79 (m, 6H) ppm. MS (MALDI-TOF, m/z): [M+] 

650.2. 
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        General synthetic procedures for 1-10 

        3,3'-dibromo-2,2'-bithiophene (1 g), n-hexylamine (0.344 g), Pd2(dba)3 (71 mg) 

and sodium tert-butoxide(712 mg) were dissolved in 30 mL dry toluene and 

refluxed under a nitrogen atmosphere overnight. The reaction mixture was poured 

into water and extracted using ethyl acetate. The organic layer was collected and 

dried over anhydrous Na2SO4. The solvent was removed under reduced pressure 

and further purification was performed with the assistance of column 

chromatography using 9:1 mixture of hexane and dichloromethane as eluent.  

        1-10. Yield: 0.675 g. 1H NMR (400 MHz, CDCl3): δ 7.32 (d, 2H, J = 5.2 Hz), 

7.15 (d, 2H, J = 5.2 Hz), 4.27 (t, 2H, J = 6.8 Hz), 2.03-1.97 (m, 2H), 1.55-1.51 (m, 

6H), 1.18-1.15 (m, 3H); 13C NMR (100 MHz, CDCl3): δ 144.73, 122.37, 114.33, 

110.81, 46.92, 31.22, 30.06, 26.41, 22.36, 13.95 ppm. 

 

        General synthetic procedures for 1-11 

        POCl3 (1.711 g,) was added dropwisely to dry DMF (0.163 g) in a two neck 

round bottom flask at 0 oC to generate a Vilsmeier-Haack reagent. 1-10 (0.588 g) 

was dissolved in 20 mL dry dichloromethane and the solution was added 

dropwisely to the Vilsmeier-Haack reagent under a nitrogen atmosphere. The 

reaction mixture was stirred for 15 min at 0 oC and overnight at 55 oC. The mixture 

was then cooled to room temperature and poured into aqueous NaOH slow with an 

ice bath, followed by stirring for 30 min. Then, extraction was performed using 

dichloromethane and water. The organic layer was collected and dried over 

anhydrous Na2SO4 and the solvent was evaporated under reduced pressure. Yellow 

oil was obtained and it was further purified by column chromatography using 1:3 

mixture of hexane and dichloromethane as the eluent  
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        1-11. (0.488 g). 1H NMR (400 MHz, CDCl3): δ 9.86 (s, 1H, CHO), 7.63 (s, 

1H), 7.38 (d, 1H, J = 5.2 Hz), 7.02 (d, 1H, J = 5.2 Hz), 4.22 (t, 2H, J = 7.2 Hz), 

1.92-1.84 (m, 2H), 1.35-1.25 (m, 6H), 0.89-0.86 (m, 3H); 13C NMR (100 MHz, 

CDCl3): δ 182.89 (CHO), 149.19, 144.16, 139.86, 128.43, 122.78, 119.94, 114.67, 

111.05, 47.32, 31.32, 30.18, 26.58, 22.48, 14.02 ppm. 

 

        General synthetic procedures for 1-12 

        To a solution of 1-11 (0.488 g) in 20 mL chloroform, NBS (0.298 g) was added 

slowly at 0 oC under darkness and stirred overnight. The reaction mixture was then 

extracted using dichloromethane and water. The organic portion was collected and 

dried over anhydrous Na2SO4. The solvent was evaporated under reduced pressure 

and the obtained crude product was further purified by column chromatography 

using 1:1 mixture of hexane/dichloromethane as the eluent  

        1-12. Yield: 0.540 g. 1H NMR (400 MHz, CDCl3): δ 9.82 (s, 1H, CHO), 7.57 

(s, 1H), 7.02 (s, 1H), 4.12 (t, 2H, J = 7.2 Hz), 1.84-1.80 (m, 2H), 1.32-1.26 (m, 6H), 

0.89-0.84 (m, 3H); 13C NMR (100 MHz, CDCl3): δ 182.92 (CHO), 146.58, 143.20, 

140.32, 122.65, 119.51, 115.45, 114.83, 114.33, 47.57, 31.33, 30.21, 26.61, 22.48, 

14.01 ppm. 

 

         General synthetic procedures for 1-14 

         4,7-dibromobenzo[c][1,2,5]thiadiazole (0.4 g), selenophen-2-ylboronic acid 

(0.25 g), Pd(PPh3)4 (79 mg) and 2 M K2CO3 (2 mL) were dissolved in 30 mL THF 

and refluxed under a nitrogen atmosphere overnight. The reaction mixture was 

poured into water and extracted using ethyl acetate. The organic layer was collected 

and dried over anhydrous Na2SO4. The solvent was removed under reduced 
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pressure and further purification was performed with the assistance of column 

chromatography using 2:1 mixture of hexane and dichloromethane as eluent.  

 

        General synthetic procedures for 1-15a and 1-15b 

        1-4 (132 mg, 0.384 mmol), ethyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzoate (0.212 g, 0.768 mmol) (or 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)benzaldehyde (0.178 g, 0.768 mmol)), Pd(PPh3)4 (22 mg, 0.019 mmol) and 2 

M K2CO3 solution (2 mL) were dissolved in 20 mL THF and refluxed under a 

nitrogen atmosphere overnight. The reaction mixture was poured into water and 

extracted using ethyl acetate. The organic layer was collected and dried over 

anhydrous Na2SO4. The solvent was removed under reduced pressure and further 

purification was performed with the assistance of column chromatography using 

1:2 mixture of hexane and dichloromethane as eluent.  

        1-5a. Yield: 116 mg. 1H NMR (400 MHz, CDCl3): δ 8.20-8.15 (m, 4H), 8.01-

7.99 (m, 2H), 7.91 (d, 1H, J = 7.6 Hz), 7.72 (d, 1H, J = 7.6 Hz), 7.44 (dd, 1H, J = 

5.6, 4 Hz), 4.43 (q, 2H, J = 7.2 Hz), 1.43 (t, 3H, J = 7.2 Hz); 13C NMR (100 MHz, 

CDCl3): δ 166.33, 153.47, 152.67, 143.79, 141.41, 133.96, 131.22, 130.10, 129.99, 

129.76, 128.98, 128.64, 128.55, 124.83, 61.05, 14.36 ppm. 

        1-5b. Yield: 102 mg. 1H NMR (400 MHz, CDCl3): δ 10.10 (s, 1H), 8.25-8.20 

(m, 2H), 8.17-8.14 (m, 2H), 8.06-8.03 (m, 2H), 7.98 (d, 1H, J = 7.6 Hz), 7.81 (d, 

1H, J = 7.2 Hz), 7.44 (dd, 1H, J = 5.6, 4 Hz); 13C NMR (100 MHz, CDCl3): δ 

191.83, 153.49, 152.76, 143.73, 143.11, 135.77, 134.23, 130.94, 130.20, 129.96, 

129.71, 129.47, 128.91, 124.87 ppm. 
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        General synthetic procedures for 1-16a and 1-16b 

        1-15a (0.116 g, 0.281 mmol) (or 1-15b (0.102 g, 0.275 mmol)) was dissolved 

in a mixture of CHCl3 (40 mL) and 10 drops of acetic acid and NBS (1.05 molar 

equivalents) was added slowly to the mixture at 0 oC in dark. After stirring at 

ambient temperature overnight, the reaction mixture was poured into water and 

extracted with ethyl acetate. The organic fraction was collected and dried over 

anhydrous Na2SO4. The solvent was removed under reduced pressure and further 

purified via column chromatography using 2:1 mixture of hexane and 

dichloromethane as eluent. 

        1-16a. Yield: 130 mg. 1H NMR (400 MHz, CDCl3): δ 8.18 (d, 2H, J = 8 Hz), 

8.01 (d, 2H, J = 8.4 Hz), 7.92-7.89 (m, 1H), 7.78-7.73 (m, 2H), 7.37-7.35 (m, 1H), 

4.43 (m, 2H), 1.45-1.40 (m, 3H); 13C NMR (100 MHz, CDCl3): δ 166.33, 153.33, 

152.56, 145.14, 141.26, 133.20, 131.56, 130.15, 129.83, 128.99, 128.55, 128.18, 

127.42, 123.67, 120.51, 61.10, 14.37 ppm. 

        1-16b. Yield: 117 mg. 1H NMR (400 MHz, CDCl3): δ 10.11 (s, 1H), 8.18-8.15 

(m, 2H), 8.10-8.04 (m, 2H), 7.98 (d, 1H, J = 7.6 Hz), 7.93-7.82 (m, 2H), 7.41 (d, 

1H, J = 4 Hz); 13C NMR (100 MHz, CDCl3): δ 191.82, 153.34, 152.64, 151.53, 

145.07, 142.96, 135.78, 133.01, 129.73, 130.20, 128.91, 128.26, 127.71, 125.53, 

123.71, 120.82 ppm. 

 

        General synthetic procedures for 1-25a, 1-25b and 1-25c 

        1-12 (31 mg, 0.084 mmol) (1-16a (41 mg, 0.083 mmol) or 1-16b (35 mg, 0.078 

mmol)), 4-(9-hexyl-9H-carbazol-3-yl)-N-(4-(9-hexyl-9H-carbazol-3-yl)phenyl)-N-

(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline (1.1 molar 

equivalents), Pd(PPh3)4 (0.05 molar equivalents) and 2 M K2CO3 solution (1 mL) 
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was dissolved in 20 mL THF and refluxed under a nitrogen atmosphere overnight. 

The reaction mixture was poured into water and extracted using ethyl acetate. The 

organic layer was collected and dried over anhydrous Na2SO4. The solvent was 

removed under reduced pressure and further purification was performed with the 

assistance of column chromatography using 1:1 mixture of hexane and 

dichloromethane as eluent to afford compound 1-25a (1:3 mixture for 1-25b; 1:1 

mixture for 1-25c). 

        1-25a. Yield: 77 mg. 1H NMR (400 MHz, CDCl3): δ 9.84 (s, 1H), 8.33 (d, 2H, 

J = 1.6 Hz), 8.15 (d, 2H, J = 7.6 Hz), 7.74-7.65 (m, 6H), 7.59-7.54 (m, 3H), 7.51-

7.40 (m, 6H), 7.33-7.29 (m, 4H), 7.27-7.22 (m, 4H), 7.14 (s, 1H), 4.32 (t, 4H, J = 

7.2 Hz), 4.21 (t, 2H, J = 7.2 Hz), 1.93-1.85 (m, 6H), 1.36-1.22 (m, 18H), 0.91-0.85 

(m, 9H); 13C NMR (100 MHz, CDCl3): δ 182.75, 149.79, 148.01, 147.69, 145.71, 

143.83, 140.92, 139.85, 139.72, 137.35, 131.62, 128.42, 128.13, 126.64, 125.82, 

125.15, 124.87, 123.80, 123.39, 123.23, 122.97, 120.42, 118.90, 118.49, 113.65, 

108.96, 108.86, 105.51, 47.49, 43.25, 31.63, 31.42, 30.28, 29.02, 27.03, 26.72, 

22.69, 22.59, 22.53, 14.15, 14.05, 14.04 ppm. 

        1-25b. Yield: 95 mg. 1H NMR (400 MHz, CDCl3): δ 8.35 (d, 2H, J = 1.2 Hz), 

8.26-8.16 (m, 4H), 8.08-8.07 (m, 2H), 7.98 (d, 1H, J = 7.2 Hz), 7.78-7.74 (m, 3H), 

7.73-7.70 (m, 4H), 7.65-7.61 (m, 2H), 7.57 (d, 1H, J = 4 Hz), 7.57-7.43 (m, 7H), 

7.37-7.34 (m, 3H), 7.31-7.23 (m, 5H), 4.48-4.44 (m, 2H), 4.35 (t, 4H, J = 7.2 Hz), 

1.95-1.89 (m, 4H), 1.49-1.45 (m, 3H), 1.37-1.26 (m, 12H), 0.93-0.89 (m, 6H); 13C 

NMR (100 MHz, CDCl3): δ 166.45, 153.63, 152.74, 147.77, 145.81, 141.68, 141.61, 

140.90, 139.83, 137.19, 131.66, 130.90, 130.11, 129.96, 129.85, 129.17, 129.02, 

128.72,  128.10, 127.83, 127.01, 125.78, 125.07, 124.94, 124.87, 124.22, 123.37, 
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123.25, 122.97, 120.43, 118.88, 118.49, 118.35, 108.94, 108.84, 61.10, 43.24, 

31.62, 29.02, 27.02,  22.58, 14.40, 14.06 ppm. 

1-25c. Yield: 78 mg. 1H NMR (400 MHz, CDCl3): δ 10.08 (s, 1H, Ar), 8.33 

(d, 2H, J = 1.6 Hz), 8.19-8.12 (m, 5H), 8.03-8.00 (m, 2H), 7.92 (d, 1H, J = 7.6 Hz), 

7.75-7.64 (m, 7H), 7.59-7.56 (m, 2H), 7.50-7.40 (m, 7H), 7.33-7.30 (m, 4H), 7.26-

7.21 (m, 4H), 4.31 (t, 4H, J = 7.2 Hz), 1.93-1.84 (m, 4H), 1.45-1.22 (m, 12H), 0.89-

0.83 (m, 6H); 13C NMR (100 MHz, CDCl3): δ 191.89, 153.94, 153.52, 152.72, 

147.82, 145.78, 143.20, 141.50, 140.90, 139.83, 137.21, 135.67, 131.64, 130.36, 

130.31, 130.02, 129.98, 129.65, 129.53, 128.98, 128.11, 127.02, 125.79, 125.09, 

124.96, 124.87, 124.11, 123.37, 123.34, 122.97, 120.43, 118.89, 118.48, 108.95, 

108.85, 43.24, 31.62, 29.02, 27.02,  22.59, 14.06 ppm. 

 

        General synthetic procedures for 1g 

        1-25a (71 mg, 0.070 mmol) and cyanoacetic acid (18 mg, 0.211 mmol) was 

dissolved in 3 mL chloroform and refluxed in the presence of piperidine (42 mg, 

0.491 mmol) overnight under a nitrogen atmosphere. After cooling, the reaction 

mixture was extracted using chloroform and water. The solvent was then removed 

under reduced pressure. The crude product was further purified by column 

chromatography eluting with CHCl3 followed by 10:1 mixture of CHCl3/MeOH  

        1g. Yield: 66 mg. 1H NMR (400 MHz, THF-d8): δ 8.44 (d, 2H, J = 1.2 Hz), 

8.37 (s, 1H), 8.20 (d, 2H, J = 8 Hz), 7.96 (s, 1H), 7.80-7.75 (m, 6H), 7.73-7.69 (m, 

2H), 7.61-7.58 (m, 2H), 7.54-7.51 (m, 3H), 7.48-7.43 (m, 2H), 7.34-7.32 (m, 4H), 

7.26-7.18 (m, 4H), 4.44 (t, 4H, J = 7.2 Hz), 4.38 (t, 2H, J = 7.2 Hz), 1.98-1.90 (m, 

6H), 1.49-1.32 (m, 18H), 0.96-0.90 (m, 9H). MS (MALDI-TOF, m/z): [M+] 1099.7. 
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        General synthetic procedures for 1h 

        1-25b (95 mg, 0.082 mmol), 6 mL 20% NaOH(aq) (w/w) and methanol (15 

mL) was refluxed in 25 mL tetrahydrofuran for 2 h under a nitrogen atmosphere. 

After cooling, the solvent was removed under reduced pressure and the reaction 

mixture was extracted using CHCl3 and water. The crude product was then purified 

by column chromatography using CHCl3 followed by 10:1 mixture of 

CHCl3/MeOH  as eluent.  

1h. Yield: 75 mg. 1H NMR (400 MHz, CDCl3): δ 8.34-8.20 (m, 5H), 8.17-

8.14 (m, 2H), 8.11-8.08 (m, 2H), 7.98 (d, 1H, J = 7.6 Hz), 7.78 (d, 1H, J = 8 Hz), 

7.73-7.66 (m, 6H), 7.60-7.53 (m, 4H), 7.49-7.41 (m, 5H), 7.33-7.31 (m, 4H), 7.27-

7.23 (m, 4H), 4.32 (t, 4H, J = 7.2 Hz), 1.93-1.84 (m, 4H), 1.46-1.31 (m, 12H), 0.88-

0.86 (m, 6H). MS (MALDI-TOF, m/z): [M+] 1127.6. 

 

        General synthetic procedures for 1i 

1-25c (78 mg, 0.070 mmol) and cyanoacetic acid (60 mg, 0.700 mmol) were 

dissolved in 8 mL acetic acid (8 mL) and refluxed in the presence of ammonium 

acetate (25 mg) overnight under a nitrogen atmosphere. After cooling, the reaction 

mixture was extracted using CHCl3 and water. The solvent was then removed under 

reduced pressure and the crude product was further purified by column 

chromatography using CHCl3 followed by 10:1 mixture of  CHCl3/MeOH as eluent.  

1i. Yield: 68 mg. 1H NMR (400 MHz, THF-d8): δ 8.45 (d, 2H, J = 1.6 Hz), 

8.37-8.33 (m, 4H), 8.27-8.24 (m, 2H), 8.21-8.16 (m, 3H), 8.02 (d, 1H, J = 7.6 Hz), 

7.80-7.75 (m, 6H), 7.68-7.65 (m, 3H), 7.58-7.57 (m, 2H), 7.55-7.51 (m, 2H), 7.48-

7.43 (m, 2H), 7.35-7.32 (m, 4H), 7.27-7.19 (m, 4H), 4.42 (t, 4H, J = 7.2 Hz), 1.95-
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1.89 (m, 4H), 1.511.29 (m, 12H), 0.94-0.89 (m, 6H). MS (MALDI-TOF, m/z): [M+] 

1178.5. 

 

5.3. 1H Spectra of 1a-1i 

 

Figure 5-1. 1H NMR spectrum of 1a in DMSO-d6. 
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Figure 5-2. 1H NMR spectrum of 1b in DMSO-d6. 

 

 

Figure 5-3. 1H NMR spectrum of 1c in DMSO-d6. 
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Figure 5-4. 1H NMR spectrum of 1d in DMSO-d6. 

 

 

Figure 5-5. 1H NMR spectrum of 1e in DMSO-d6. 
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Figure 5-6. 1H NMR spectrum of 1f in DMSO-d6. 

 

 

Figure 5-7. 1H NMR spectrum of 1g in THF-d8. 
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Figure 5-8. 1H NMR spectrum of 1h in THF-d8. 

 

 

Figure 5-9. 1H NMR spectrum of 1i in THF-d8. 
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5.4. Synthetic Procedures and Characterization for CdS Nanorods and 2a-2e 

        General synthetic procedures for CdS Nanorods 

        The CdS nonarods were synthesized using the solvothermal methods.[7] To a 

mixture of CdCl2
.2.5H2O (2.312 g) and thiourea (2.312 g), 30 mL ethylenediamine 

was added in a 50 mL Teflon-lined stainless steel autoclave. The reaction mixture 

was stirred for one hour at room temperature and then heated up to 160 °C for 24 h 

(or 48 h). After cooling down to the room temperature, yellow precipitates was 

collected via vacuum filtration and washed using distilled water and ethanol. The 

nanorods obtained was dried under vacuum overnight and stored in dark before 

being applied to the photocatlytic reaction.  

CdS nanorods. Yield: 1.234 g (24 h); 1.051 g (48 h). 

 

        General synthetic procedures for [Co(bdt)2](N(n-Bu)4) (2a) 

        CoCl2
.6H2O (101 mg) and potassium tert-butoxide (191 mg) were dissolved 

in 15 mL of methanol in a Schlenk flask under a nitrogen atmosphere. The reaction 

mixture was stirred for 30 min. A degassed methanol solution (5 mL) of 1,2-

benzenedithiol (121 mg) was then added dropwisely to the reaction mixture, 

followed by a stirring of 2 h at ambient temperature. A 3 mL of methanol solution 

of tetrabutylammonium bromide (137 mg) was poured into the reaction flask and 

the solution was further stirred overnight until a dark blue precipitate was formed. 

The solid was then recrystallized from a mixture of CH2Cl2/diethyl ether to afford 

purple-blue crystalline solid. 

        2a. Yield: 106 mg. MS (MALDI-TOF, m/z): [M−(N(n-Bu)4)]− 338.9; calcd for 

(C12H8CoS4) 338.9. Elemental Analysis: calcd. for C28H44CoNS4; C, 57.80; H, 7.62; 

N, 2.41; found: C, 57.88; H, 7.55; N, 2.43. 
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        General synthetic procedures for [Ni(tpma)(H2O)2](NO3)2 (2c) 

        The complex was synthesized with accord to a reported method[8]: tpma (218 

mg) and Ni(NO3)2
.6H2O (218 mg) were dissolved in 30 mL CH3CN and stirred for 

6 h at room temperature. The solvent was then removed under reduced pressure. 

The crude product was further purified via recrystallization using  CH3CN and 

diethyl ether overnight and washed with cold diethyl ether. 

        2c. Yield: 156 mg. MS (MALDI-TOF, m/z): [M−2(H2O)−(NO3)]+ 410.1; calcd 

for (C18H18N5NiO3) 410.1. Elemental Analysis: calcd. for C18H22N6NiO8; C, 42.47; 

H, 4.36; N, 16.51; found: C, 42.51; H, 4.39; N, 16.54. 

  

        General synthetic procedures for [Co(tpma)(Cl)]3(Cl)3
.7H2O (2d) 

        A mixture of tpma (218 mg) and CoCl2
.6H2O (178 mg) in 30 mL of CH3CN 

was stirred for 6 h at room temperature and the solvent was removed via rotary 

evaporation. The crude product was purified via recrystallization using CH3CN and 

diethyl ether overnight. The solid obtained was further washed using cold diethyl 

ether to give the green crystalline solid product. 

        2d. Yield: 176 mg. MS (MALDI-TOF, m/z): [Co(tpma)(Cl)]+ 384.1; calcd for 

(C18H18ClCoN4) 384.1. Elemental Analysis: calcd. for C54H68Cl6Co3N12O7; C, 

46.77; H, 4.94; N, 12.12; found: C, 46.82; H, 4.98; N, 12.09. 

 

        General synthetic procedures for [Fe(tpma)(Cl)2]2(Cl)2
.7H2O (2e) 

        A mixture of tpma (218 mg) and FeCl3
.6H2O (178 mg) in 30 mL of CH3CN 

was stirred for 6 h at room temperature and the solvent was removed under reduced 

pressure. The crude product was purified via recrystallization using CH3CN and 
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diethyl ether overnight. The solid obtained was further washed using cold diethyl 

ether. 

        2e. Yield: 180 mg. MS (MALDI-TOF, m/z): [Fe(tpma)(Cl)]+ 381.1; calcd for 

(C18H18ClCoN4) 384.1. 

 

5.5. X-ray Diffraction for 2c-2e 

        X-ray Diffraction for 2a 

 

Figure 5-10. X-ray structure of 2a. 

 

Table 5-1. Key Bond Distances and Angles of 2a 

Bond Distances/ Å 

Co(1)-S(1) 2.171(3) Co(1)-S(3) 2.172(3) 

Co(1)-S(2) 2.162(3) Co(1)-S(4) 2.158(3) 

Bond Angles/ o 

S(1)-Co(1)-S(2) 91.15(13) S(2)-Co(1)-S(3) 88.76(12) 

S(1)-Co(1)-S(3) 175.91(12) S(2)-Co(1)-S(4) 179.42(14) 
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S(1)-Co(1)-S(4) 88.37(13) S(3)-Co(1)-S(4) 91.69(13) 

 

Table 5-2. Crystal Data and Structure Refinement for 2a 

Empirical formula  C28H44CoNS4 

Formula weight  581.81 

Temperature  296.15 K 

Wavelength  0.71073 Å 

Crystal system  orthorhombic 

Space group  Pna21 

Unit cell dimensions 

a = 16.706(8) Å        a�= 90 ° 

b = 19.888(10) Å      b = 90 °  

c = 18.860(9) Å        g = 90 ° 

Volume 6266(5) Å
3 

Z 8 

Density (calculated) 1.233 Mg/m
3 

Absorption coefficient 0.831 mm
-1 

F(000) 2480.0 

Crystal size 0.3 x 0.3 x 0.2 mm
3 

Theta range for data collection 2.976 to 55.774 ° 

Index ranges -21 ≤ h ≤21, -25 ≤ k ≤25, -24 ≤ l ≤24 

Reflections collected 109045 

Independent reflections 14772 [R(int) = 0.1765] 

Data / restraints / parameters 14772 / 1 / 621 

Goodness-of-fit on F
2 0.978 
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Final R indices [I>2sigma(I)] R1 = 0.0599, wR2 = 0.1282 

R indices (all data) R1 = 0.1876, wR2 = 0.1799 

Largest diff. peak and hole 0.20 and -0.24 e.Å
-3 

 

 

        X-ray Diffraction for 2c 

  

Figure 5-11. X-ray structure of 2c. 

 

Table 5-3. Key Bond Distances and Angles of 2c 

Bond Distances/ Å 

Ni(1)-N(1) 2.1036(15) Ni(1)-N(4) 2.0754(15) 

Ni(1)-N(2) 2.0955(14) Ni(1)-O(1W) 2.0491(12) 

Ni(1)-N(3) 2.0579(14) Ni(1)-O(2W) 2.0723(12) 

Bond Angles/ o 

N(1)-Ni(1)-N(2) 79.78(6) N(2)-Ni(1)-O(2W) 176.92(6) 

N(1)-Ni(1)-N(3) 92.95(6) N(3)-Ni(1)-N(4) 90.88(6) 
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N(1)-Ni(1)-N(4) 160.90(6) N(3)-Ni(1)-O(1W) 174.78(6) 

N(1)-Ni(1)-

O(1W) 
90.76(5) N(3)-Ni(1)-O(2W) 93.87(6) 

N(1)-Ni(1)-

O(2W) 
102.02(6) N(4)-Ni(1)-O(1W) 84.44(6) 

N(2)-Ni(1)-N(3) 83.50(6) N(4)-Ni(1)-O(2W) 96.38(6) 

N(2)-Ni(1)-N(4) 82.08(6) 
O(1W)-Ni(1)-

O(2W) 
88.95(5) 

N(2)-Ni(1)-

O(1W) 
93.54(5)   

 

Table 5-4. Crystal Data and Structure Refinement for 2c 

Empirical formula  C18H22N6NiO8 

Formula weight  509.12 

Temperature  173 K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  P21/n 

Unit cell dimensions 

a = 10.6931(6) Å        a = 90 o    

b = 17.9795(9) Å        b = 

100.8160(10) o    

c = 11.6982(6) Å        g = 90 o    

Volume 2209.1(2) Å
3 

Z 4 

Density (calculated) 1.531 Mg/m
3 

Absorption coefficient 0.936 mm
-1 
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F(000) 1056.0 

Crystal size 0.40 x 0.30 x 0.2 mm
3 

Theta range for data collection 4.206 to 52.736 ° 

Index ranges -13 ≤ h ≤13, -22 ≤ k ≤22, -14 ≤ l ≤14 

Reflections collected 47843 

Independent reflections 4508 [R(int) = 0.0261] 

Data / restraints / parameters 4508 / 0 / 300 

Goodness-of-fit on F
2 1.023 

Final R indices [I>2sigma(I)] R1 = 0.0298, wR2 = 0.0767 

R indices (all data) R1 = 0.0325, wR2 = 0.0788 

Largest diff. peak and hole 0.89 and -0.48 e.Å
-3 

 

X-ray Diffraction for 2d 

 

Figure 5-12. X-ray structure of 2d. 
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Table 5-5. Key Bond Distances and Angles of 2d 

Bond Distances/ Å 

Co(1)-N(1)  2.056(3) Co(1)-N(4)  2.222(3) 

Co(1)-N(2)  2.054(4) Co(1)-Cl(1)  2.2802(12) 

Co(1)-N(3)  2.057(3)   

Bond Angles/ o 

N(1)-Co(1)-N(2) 117.91(13) N(2)-Co(1)-Cl(1) 103.52(12) 

N(1)-Co(1)-N(3) 112.88(13) N(3)-Co(1)-N(4) 77.79(13) 

N(1)-Co(1)-N(4) 76.47(12) N(3)-Co(1)-Cl(1) 101.31(11) 

N(1)-Co(1)-Cl(1) 102.92(9) N(4)-Co(1)-Cl(1) 178.54(10) 

N(2)-Co(1)-N(3) 115.32(16)   

N(2)-Co(1)-N(4) 77.92(15)   

 

Table 5-6. Crystal Data and Structure Refinement for 2d 

Empirical formula  C27H34Cl3Co1.50N6O3.50 

Formula weight  693.34 

Temperature  173(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions 

a = 11.563(3) Å        a = 89.78(3) o 

b = 15.254(4) Å        b = 76.59(3) o 

c = 19.923(5) Å        g = 69.30(3) o 

Volume 3185.9(16) Å
3 

Z 4 
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Density (calculated) 1.446 Mg/m
3 

Absorption coefficient 1.081 mm
-1 

F(000) 1430 

Crystal size 0.40 x 0.30 x 0.15 mm
3 

Theta range for data collection 1.432 to 28.309 ° 

Index ranges -15 ≤ h ≤ 15, -20 ≤ k ≤ 20, -26 ≤ l ≤ 26 

Reflections collected 69455 

Independent reflections 15839 [R(int) = 0.0254] 

Completeness to theta = 25.242° 99.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7457 and 0.6425 

Refinement method Full-matrix least-squares on F
2 

Data / restraints / parameters 15839 / 0 / 856 

Goodness-of-fit on F
2 1.045 

Final R indices [I>2sigma(I)] R1 = 0.0724, wR2 = 0.2106 

R indices (all data) R1 = 0.0840, wR2 = 0.2266 

Extinction coefficient n/a 

Largest diff. peak and hole 1.851 and -1.629 e.Å
-3 
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X-ray Diffraction for 2e 

 

Figure 5-13. X-ray structure of 2e. 

 

Table 5-7. Key Bond Distances and Angles of 2e 

Bond Distances/ Å 

Fe(1)-N(1)  2.129(2) Fe(1)-N(4)  2.207(2) 

Fe(1)-N(2)  2.212(2) Fe(1)-Cl(1)  2.2321(8) 

Fe(1)-N(3)  2.119(2) Fe(1)-Cl(2)  2.2732(8) 

Bond Angles/ o 

N(1)-Fe(1)-N(2) 82.43(8) N(2)-Fe(1)-Cl(2) 169.47(6) 

N(1)-Fe(1)-N(3) 152.40(8) N(3)-Fe(1)-N(4) 75.42(8) 

N(1)-Fe(1)-N(4) 77.44(8) N(3)-Fe(1)-Cl(1) 103.26(6) 

N(1)-Fe(1)-Cl(1) 102.44(6) N(3)-Fe(1)-Cl(2) 94.27(6) 

N(1)-Fe(1)-Cl(2) 91.65(6) N(4)-Fe(1)-Cl(1) 169.15(6) 

N(2)-Fe(1)-N(3) 87.17(8) N(4)-Fe(1)-Cl(2) 92.15(6) 

N(2)-Fe(1)-N(4) 78.10(8) Cl(1)-Fe(1)-Cl(2) 98.69(4) 

N(2)-Fe(1)-Cl(1) 91.11(6)   
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Table 5-8. Crystal Data and Structure Refinement for 2e 

Empirical formula  C18H25Cl3FeN4O3.50 

Formula weight  515.62 

Temperature  173(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions 

a = 9.0474(10) Å       a = 108.71(2) o 

b = 16.194(2) Å        b = 93.94(2) o 

c = 16.330(2) Å        g = 90.45(2) o 

Volume 2259.7(5)Å
3 

Z 4 

Density (calculated) 1.516 Mg/m
3 

Absorption coefficient 1.051mm
-1 

F(000) 1064 

Crystal size 0.45 x 0.35 x 0.30 mm
3 

Theta range for data collection 1.328 to 29.153 o 

Index ranges -12 ≤ h ≤ 12, -22 ≤ k ≤ 21, -21 ≤ l ≤ 22 

Reflections collected 23944 

Independent reflections 12037 [R(int) = 0.0159] 

Completeness to theta = 25.242° 99.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7458 and 0.6570 

Refinement method Full-matrix least-squares on F
2 

Data / restraints / parameters 12037 / 0 / 532 
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Goodness-of-fit on F
2 1.063 

Final R indices [I>2sigma(I)] R1 = 0.0460, wR2 = 0.1331 

R indices (all data) R1 = 0.0521, wR2 = 0.1390 

Extinction coefficient n/a 

Largest diff. peak and hole 1.379 and -1.928 e.Å
-3 

 

 

5.6. Synthetic Procedures and Characterization of 3a-3j 

        General synthetic procedures for C^N ligands 

        i. Synthesis of aryl boronic acids 

        The appropriate aryl bromides (0.03 mol) were dissolved in 80 mL dry THF 

in a two neck round bottom flask under a nitrogen atmosphere. The flask was cooled 

to -78 oC using liquid nitrogen and then n-butyllithium (15 mL, 2.4 M) was slowly 

added to the reaction mixture. After stirring for 15 min, trimethylborate (10 mL) 

was added to the mixture, and the reaction was then stirred overnight. Excess 

amount of hydrochloric acid was poured into the flask until the solution became 

acidic. The reaction mixture was then extracted with diethyl ether and water. The 

organic fraction was collected and the solvent was removed under reduced pressure. 

The crude product was dissolved in small amount of dichloromethane and   

recrystallized in hexane to afford white solid. The solid was collected via vacuum 

filtration.  

 

        ii. Synthesis of C^N ligands  

        The boronic acid obtained in last step  (7 mmol), 2-bromopyridine (0.5 mL) 

(or 2-bromo-4-methoxypyridine (0.5 mL)), Pd(0) (0.25 g), K2CO3 (4.5 g) were 
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dissolved in a mixture of 20 mL toluene, 20 mL water and 4 mL ethanol. The 

reaction mixture was refluxed overnight under a nitrogen atmosphere. The solution 

was extracted using ethyl acetate and water. The organic layer was collected and 

the solvent was removed under reduced pressure. The crude product was further 

purified by column chromatography using 1:5 mixture of hexane/dichloromethane 

as eluent. 

  

        General synthetic procedures for N^N^N ligands 

        The terpyridine ligands were synthesized referring to the procedures reported 

by Schalley and co-workers.[9] 2-Acetylpyridine (7 mL), KOH pellets (3.3 g), 

ammonium solution (110 mL, 32 %) and the appropriate benzaldehyde (60 mmol)  

were dissolved in 100 mL EtOH. The reaction mixture was stirred at 40 oC for 24 

h. Pale yellow solid was collected via vacuum filtration and washed with cold EtOH. 

The crude product was dissolved in 50 mL ethylacetate and extracted using water 

for two times. The organic layer was collected and the solvent was removed under 

reduced pressure. The product was further purified via recrystallization from EtOH 

to afford white solid as the product. 

 

        General synthetic procedures for [Ir(N^N^N)Cl3] 

        The precursors of 3a-3i were synthesized according to the methods reported 

by Collin and co-workers.[6]  The ligand L1 or L2 (0.8 mmol) and IrCl3
.3H2O (1.0 

mmol) were mixed in 14 mL of ethylene glycol in a 25 mL round bottom flask. The 

reaction mixture was refluxed under a nitrogen atmosphere at 150 oC in dark for 2 

h. After cooling to the room temperature, dark red solid was collected via vacuum 

filtration and washed with water, ethanol and diethyl ether. 
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        3-4a. Yield: 330 mg. 1H NMR (400 MHz, DMSO-d6) δ 9.21 (d, J = 4.9 Hz, 

2H), 9.10 (s, 2H), 8.90 (d, J = 7.9 Hz, 2H), 8.29 (t, J = 7.2 Hz, 2H), 8.19 (d, J = 7.3 

Hz, 2H), 7.99-7.94 (m, 2H), 7.69 (t, J = 7.6 Hz, 2H), 7.59 (t, J = 7.2 Hz, 1H). 

        3-4b. Yield: 410 mg. 1H NMR (400 MHz, DMSO-d6) δ 9.21 (dd, J = 5.6, 1.0 

Hz, 2H), 9.15 (s, 2H), 8.89 (d, J = 8.0 Hz, 2H), 8.40 (d, J = 8.1 Hz, 2H), 8.30 (td, J 

= 7.9, 1.5 Hz, 2H), 8.06 (d, J = 8.3 Hz, 2H), 8.01-7.95 (m, 2H). 

 

        General synthetic procedures for [Ir(N^N^N)(C^N)Cl](PF6) 

        3-4a or 3-4b (0.5 mmol) and the appropriate cyclometalating ligands (2.5 

mmol) were mixed in 10 mL ethylene glycol in a 25 mL round bottom flask. The 

reaction mixture was refluxed under a nitrogen atmosphere at 180 oC in darkness 

overnight. After cooling to room temperature, the reaction mixture was poured in 

20 mL saturated NH4PF6 aqueous solution and the precipitate was collected via 

vacuum filtration. The crude product was further purified via column 

chromatograph using 4:1 mixture of dichloromethane/actone as the eluent. 

3a. Yield: 80 mg. 1H NMR (400 MHz, acetone-d6) δ 10.00 (d, J = 5.8 Hz, 1H), 

9.07 (s, 2H), 8.79 (d, J = 8.1 Hz, 2H), 8.35 (d, J = 8.0 Hz, 1H), 8.22-8.16 (m, 1H), 

8.16-8.06 (m, 4H), 7.84-7.76 (m, 3H), 7.72-7.65 (m, 1H), 7.61-7.52 (m, 3H), 7.51-

7.45 (m, 2H), 6.82 (d, J = 7.6 Hz, 1H), 6.65 (td, J = 7.5, 1.3 Hz, 1H), 6.13 (d, J = 

7.6 Hz, 1H); 13C NMR (101 MHz, acetone-d6) δ 166.45, 158.45, 155.84, 152.21, 

151.97, 150.93, 144.00, 141.95, 140.17, 139.98, 135.85, 131.07, 130.64, 130.45, 

129.48, 128.85, 128.16, 125.76, 125.09, 124.21, 124.04, 121.75, 120.55. MS (m/z; 

MALDI-TOF): 691.1 (M – PF6) 

3b. Yield: 130 mg. 1H NMR (400 MHz, acetone-d6) δ 10.06 (d, J = 5.9 Hz, 

1H), 9.07 (s, 2H), 8.83 (d, J = 8.1 Hz, 2H), 8.39 (d, J = 8.1 Hz, 1H), 8.19-8.11 (m, 
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5H), 7.71 (d, J = 5.6 Hz, 2H), 7.63-7.48 (m, 7H), 6.35 (s, 1H), 2.09 (s, 3H), 1.38 (s, 

3H); 13C NMR (101 MHz, acetone-d6) δ 168.07, 160.09, 157.83, 153.07, 152.84, 

152.12, 145.82, 144.82, 140.95, 140.82, 136.82, 134.68, 134.55, 134.35, 131.95, 

130.42, 129.76, 128.98, 126.55, 124.86, 124.49, 122.57, 121.67, 22.40, 20.40. MS 

(m/z; MALDI-TOF): 719.2 (M – PF6) 

3c. Yield: 60 mg. 1H NMR (400 MHz, acetone-d6) δ 10.03 (d, J = 5.1 Hz, 1H), 

8.97 (s, 2H), 8.73 (d, J = 8.0 Hz, 2H), 8.37 (d, J = 8.2 Hz, 1H), 8.20-8.05 (m, 5H), 

7.68 (d, J = 5.0 Hz, 2H), 7.66-7.50 (m, 4H), 7.46 (t, J = 6.6 Hz, 2H), 7.10 (d, J = 

2.2 Hz, 1H), 5.84 (d, J = 2.1 Hz, 1H), 3.61 (s, 3H), 2.93 (s, 3H); 13C NMR (101 

MHz, acetone-d6) δ 167.21, 165.00, 159.47, 158.68, 156.51, 151.79, 151.58, 151.04, 

145.31, 139.84, 136.31, 130.77, 129.50, 128.54, 128.04, 125.02, 124.00, 121.12, 

120.60, 116.42, 101.97, 100.22, 54.96, 54.81. MS (m/z; MALDI-TOF): 751.1 (M 

– PF6) 

3d. Yield: 130 mg. 1H NMR (400 MHz, acetone-d6) δ 9.93 (d, J = 5.0 Hz, 1H), 

8.96 (s, 2H), 8.77 (d, J = 7.6 Hz, 2H), 8.24 (d, J = 8.0 Hz, 1H), 8.20-8.10 (m, 3H), 

8.10-8.05 (m, 2H), 7.80 (t, J = 7.1 Hz, 3H), 7.66-7.48 (m, 6H), 7.12-7.05 (m, 2H), 

6.79 (t, J = 7.4 Hz, 1H), 6.57 (dd, J = 8.7, 1.0 Hz, 2H), 6.41 (dd, J = 8.6, 2.5 Hz, 

1H), 5.44 (d, J = 2.4 Hz, 1H); 13C NMR (101 MHz, acetone-d6) δ 166.01, 159.24, 

158.29, 155.66, 155.18, 152.24, 152.09, 150.65, 144.69, 140.11, 138.40, 135.70, 

131.10, 129.77, 129.44, 128.95, 128.21, 126.77, 125.76, 124.28, 123.43, 121.60, 

120.08, 119.96, 117.93, 112.81. MS (m/z; MALDI-TOF): 783.1 (M – PF6) 

3e. Yield: 120 mg. 1H NMR (400 MHz, acetone-d6) δ 9.95 (d, J = 5.8 Hz, 1H), 

9.16 (s, 2H), 8.78 (d, J = 7.5 Hz, 2H), 8.37 (d, J = 8.1 Hz, 2H), 8.29 (d, J = 8.0 Hz, 

1H), 8.18-8.10 (m, 3H), 7.95 (d, J = 8.2 Hz, 2H), 7.79 (d, J = 4.9 Hz, 2H), 7.69 (d, 

J = 8.0 Hz, 1H), 7.63 (ddd, J = 7.3, 5.8, 1.4 Hz, 1H), 7.50 (ddd, J = 7.6, 5.6, 1.3 Hz, 
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2H), 6.66 (dd, J = 7.9, 0.9 Hz, 1H), 5.98 (s, J = 0.5 Hz, 1H), 1.78 (s, 3H); 13C NMR 

(101 MHz, acetone-d6) δ 166.48, 158.34, 156.10, 155.81, 152.04, 150.76, 150.43, 

142.10, 141.24, 140.81, 140.11, 140.06, 139.89, 131.97, 131.64, 131.20, 129.06, 

128.98, 126.32, 126.28, 125.82, 125.11, 125.04, 123.68, 122.29, 120.18, 54.11, 

20.53. MS (m/z; MALDI-TOF): 773.1 (M – PF6) 

3f. Yield: 140 mg. 1H NMR (400 MHz, acetone-d6) δ 9.98 (d, J = 5.8 Hz, 1H), 

9.22 (s, 2H), 8.79 (d, J = 8.1 Hz, 2H), 8.39 (d, J = 8.1 Hz, 2H), 8.30 (d, J = 8.0 Hz, 

1H), 8.16 (ddd, J = 15.8, 7.7, 1.5 Hz, 3H), 7.96 (d, J = 8.2 Hz, 2H), 7.88-7.78 (m, 

2H), 7.71 (d, J = 8.2 Hz, 1H), 7.66 (ddd, J = 7.3, 5.8, 1.4 Hz, 1H), 7.52 (ddd, J = 

7.7, 5.6, 1.4 Hz, 2H), 6.90 (dd, J = 8.2, 1.9 Hz, 1H), 6.00 (d, J = 1.8 Hz, 1H), 0.79 

(s, 9H); 13C NMR (101 MHz, acetone-d6) δ 167.34, 159.09, 157.17, 154.57, 153.07, 

151.62, 142.66, 142.18, 141.05, 140.96, 129.98, 129.95, 127.30, 127.27, 127.09, 

126.75, 125.79, 124.70, 123.18, 122.35, 121.17, 35.09. MS (m/z; MALDI-TOF): 

815.2 (M – PF6) 

3g. Yield: 100 mg. 1H NMR (400 MHz, acetone-d6) δ 10.03 (d, J = 5.8 Hz, 

1H), 9.10 (s, 2H), 8.75 (d, J = 7.6 Hz, 2H), 8.36 (dd, J = 12.3, 8.1 Hz, 3H), 8.21-

8.09 (m, 3H), 7.95 (d, J = 8.2 Hz, 2H), 7.72 (dd, J = 5.6, 0.8 Hz, 2H), 7.64 (ddd, J 

= 7.4, 5.9, 1.4 Hz, 1H), 7.53-7.44 (m, 3H), 6.85 (t, J = 7.9 Hz, 1H), 6.19 (d, J = 7.5 

Hz, 1H), 2.96 (s, 3H); 13C NMR (101 MHz, acetone-d6) δ 167.15, 164.43, 159.25, 

156.72, 151.86, 150.99, 149.76, 145.75, 140.04, 139.99, 128.98, 128.71, 126.27, 

125.45, 125.18, 124.03, 121.07, 121.02, 118.07, 111.65, 54.96, 54.10. MS (m/z; 

MALDI-TOF): 789.1 (M – PF6) 

3h. Yield: 120 mg. 1H NMR (400 MHz, acetone-d6) δ 9.74 (d, J = 6.7 Hz, 1H), 

9.12 (s, 2H), 8.74 (d, J = 8.1 Hz, 2H), 8.36 (d, J = 8.1 Hz, 2H), 8.09 (td, J = 7.9, 1.4 

Hz, 2H), 7.91 (d, J = 8.2 Hz, 2H), 7.85-7.80 (m, 4H), 7.52-7.46 (m, 2H), 7.29 (dd, 
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J = 6.7, 2.8 Hz, 1H), 6.81-6.76 (m, 1H), 6.60 (td, J = 7.5, 1.3 Hz, 1H), 6.09-6.02 

(m, 1H), 4.11 (s, 3H); 13C NMR (101 MHz, acetone-d6) δ 168.90, 167.54, 158.40, 

156.27, 152.04, 151.47, 150.28, 144.15, 141.76, 139.97, 130.62, 130.36, 129.07, 

128.93, 126.25, 125.76, 125.07, 123.94, 122.23, 110.94, 105.88, 56.25. MS (m/z; 

MALDI-TOF): 789.1 (M – PF6) 

3i. Yield: 140 mg. 1H NMR (400 MHz, acetone-d6) δ 9.71 (d, J = 6.7 Hz, 1H), 

9.12 (s, 2H), 8.75 (d, J = 8.0 Hz, 2H), 8.37 (d, J = 8.1 Hz, 2H), 8.10 (t, J = 7.9 Hz, 

2H), 7.92 (d, J = 8.2 Hz, 2H), 7.83 (d, J = 5.5 Hz, 2H), 7.79 (d, J = 2.7 Hz, 1H), 

7.70 (d, J = 8.0 Hz, 1H), 7.50 (t, J = 6.6 Hz, 2H), 7.24 (dd, J = 6.7, 2.7 Hz, 1H), 

6.62 (d, J = 7.8 Hz, 1H), 5.92 (s, 1H), 4.10 (s, 3H), 1.76 (s, 3H)； 13C NMR (101 

MHz, acetone-d6) δ 169.74, 168.59, 159.38, 157.23, 152.95, 152.25, 151.07, 142.92, 

142.35, 141.58, 140.84, 140.75, 132.88, 132.56, 132.07, 129.95, 129.82, 127.21, 

127.17, 126.63, 126.45, 125.89, 123.75, 123.05, 111.49, 106.18, 57.08, 54.98, 

21.37. MS (m/z; MALDI-TOF): 803.1(M – PF6) 

 

3j. Yield: 150 mg. 1H NMR (400 MHz, acetone-d6) δ 9.73 (d, J = 6.7 Hz, 1H), 

9.11 (s, 2H), 8.71 (d, J = 7.6 Hz, 2H), 8.36 (d, J = 8.1 Hz, 2H), 8.05 (td, J = 7.9, 1.5 

Hz, 2H), 7.89 (d, J = 8.2 Hz, 2H), 7.84 (d, J = 5.6 Hz, 2H), 7.78 (d, J = 2.8 Hz, 1H), 

7.71 (d, J = 8.0 Hz, 1H), 7.52-7.44 (m, 2H), 7.25 (dd, J = 6.7, 2.8 Hz, 1H), 6.63 (d, 

J = 6.4 Hz, 1H), 5.83 (s, J = 1.5 Hz, 1H), 4.10 (s, 3H), 2.03 (t, J = 7.8 Hz, 2H), 1.04 

(tt, J = 15.2, 7.4 Hz, 2H), 0.80 (tq, J = 14.4, 7.3 Hz, 2H), 0.49 (t, J = 7.3 Hz, 3H); 

13C NMR (101 MHz, acetone-d6) δ 169.76, 168.56, 159.26, 157.29, 153.01, 152.19, 

150.93, 146.40, 142.59, 142.50, 140.82, 140.40, 132.92, 132.60, 131.18, 129.94, 

127.19, 126.59, 126.01, 125.12, 123.73, 122.81, 111.51, 106.24, 57.09, 55.00, 
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35.66, 33.56, 30.62, 30.45, 30.26, 30.07, 29.87, 29.68, 29.49, 29.30, 22.51, 13.94. 

MS (m/z; MALDI-TOF): 845.2 (M – PF6) 

 

5.7. 1H NMR Spectra of 3a-3j 

 

Figure 5-14. 1H NMR spectra of 3a in acetone-d6. 
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Figure 5-15. 1H NMR spectra of 3b in acetone-d6. 

 

Figure 5-16. 1H NMR spectra of 3c in acetone-d6. 
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Figure 5-17. 1H NMR spectra of 3d in acetone-d6. 

 

Figure 5-18. 1H NMR spectra of 3e in acetone-d6. 



180	

Figure 5-19. 1H NMR spectra of 3f in acetone-d6. 

Figure 5-20. 1H NMR spectra of 3g in acetone-d6. 
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Figure 5-21. 1H NMR spectra of 3h in acetone-d6. 

 

Figure 5-22. 1H NMR spectra of 3i in acetone-d6. 
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Figure 5-23. 1H NMR spectra of 3j in acetone-d6. 
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