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ABSTRACT 

Dye sensitized solar cell is the device that is made up of metal oxide semiconductor, electrolyte 

and ruthenium complexes as sensitizer. This device harvest sun light and convert it to electricity, 

the first ruthenium complex dye used was N3. In this study, ruthenium(II) polypyridyl 

complexes formulated as [(RuLXLY)(NCS)2], where Lx and Ly are different types of ligands 

comprising bpy or phen as ancillary ligands were synthesized and characterized by  FT-IR and 

1H-NMR spectroscopy. The complexes were further characterized with UV-Vis, and 

photoluminescence (PL) spectroscopy. These dyes showed good photophysical properties, with 

absorption spectra dominated by metal to ligand charge transfer (MLCT) transitions in the 

visible region and part of the near IR (NIR) region of the electromagnetic spectrum. The solar 

cell fabrication with these complexes was done, using doctor blade technique, and these cells 

were further characterized for current- voltages (J-V) curve and solar cell efficiency test. The 

solar cells based on these ruthenium complexes using TiO2 as semiconductor gave good (J-V) 

curve, with overall efficiency (  ) between 0,2%- 1.02 %, with JSC = 0. 776-3.44 mA cm-2, VOC 

= +/-0.59 V and FF = 0.5-0.6 under global air mass (1.5AM) illumination using potassium iodide 

in acetonitrile as electrolyte. 

Key words: Ruthenium(II) polypyridyl complexes, photophysical properties, dye sensitized solar 

cells, fabrication, solar cell efficiency, current- voltage curve. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.0 Introduction  

Energy is very vital to the economic and social development of the world and it improves the 

quality of life in all countries, therefore the world is conscious about consumption, generation, 

distribution, efficiency and sustainable type of energy source [1]. The major concern is the need 

of controlling the atmosphere, which is the basic need in  quality of life  [2]. Recently, the 

utilization of energy has increased due to increase in demand, and has also  resulted in 

considerable interest in the conversion of energy to electricity [3–5]. There are two different kind 

of  energy sources is available into two different alternative energy sources [6–8]. Non-

renewable energy source and renewable energy source. Non-renewable energy source uses fossil 

fuels which include; coal, natural gas, and nuclear power [9] .  

 

Theconsumption of non-renewable energy sources  lead to its depletion and it is not replaced or 

renewed. The conversion of energy to electricity using fossil fuels, can lead to the emission of 

unwanted materials to the atmosphere, such as carbon dioxide, nitrous oxides and carbon 

monoxide that leads to atmospheric pollution, increase in greenhouse gases and global warming 

[10]. This emission which also causes pollution and global warming, affects the planet’s ambient 

temperatures. Temperature increase caused by global warming could probably result in floods, 

droughts, glacier melting and serious disruption in agriculture and ecosystem if the actions are 

not taken to reduce their emission. As result of the consequences of no-renewable energy source 

development of the alternative and sustainable energy is an attractive area of research [8]. 
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1.0 Renewable energy 

 

Renewable energy is the energy that is generated from natural resources, which includes the 

biomass energy, wind energy, geothermal energy, hydropower, solar energy/photovoltaic energy 

[4-5]. 

1.1 Wind energy 

 

 

Figure 1: The picture of turbines that are used for the generation of wind energy 

In ancient years, the wind energy has been used for milling grain, mostly in rural areas, it was 

known to be used from windmill for pumping water and sailing boat [5], but recently there are 

several attempts to build large scale wind power system to generate electricity [4-5]. Since the 

10th century, wind has been used for the above uses and other low power applications, but there 

were several attempts to build large scale wind power system for the generation of electricity [8]. 

In recent years wind farm commonly employs  turbines, these turbines can be located either on 
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land, near-shore and offshore to control and make wind energy for electricity generation[5-8]. 

Wind turbine uses either horizontal axis or vertical axis turbines to convert wind energy into 

electricity, whereby kinetic energy is converted to mechanical energy [4]. 

 

1.2 Biomass energy 

 

Another recognized source of energy for the electricity generation is biomass, which has become 

a considerable interest, because its zero carbon emission to the atmosphere. It is also known as a 

source of chemical energy [11-12]. Biomass is the term used for material originating from plants 

(including algae), trees and crops, and is essential for the collection of sun’s energy through 

photosynthesis [12]. Biomass can be converted into useful forms of energy such as heat, 

electricity and liquid fuels [13]. 

 

Figure 2: This schematic diagram that illustrates the process of conversion of biomass material 

into electricity [11]. 
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1.3 Geothermal energy 

 

Geothermal energy is heat stored in the earth crust. It is the  thermal energy stored in rocks, and 

fluid that fills in the fractures and pores in  the earth's crust. According to Bahadori et, al.[14] 

geothermal power has a significant benefit because it is environmentally benign [9], it is 

renewable and the temperatures are being renewed by conduction from adjacent rocks 

particularly igneous granites rocks, and heat is generated by natural radioactive decay and 

provide a base-load power and heat for industrial processes[14]. And it is able to provide base-

load power and heat from the process. Place of target for the heat energy  are: (i) subduction 

zone, due to place tectonic theory,  as earth’s plate move towards each other, one with low 

density subduct (move beneath the other) and the magma (molten material rises), (ii) in faulting 

area. 

 

 

 

Figure 3: The schematic diagram of  a geothermal energy source and the process of electricity 

generation. 
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The most compelling feature of the geothermal energy process is that, the production of carbon 

emission is zero, which is potentially making it one of the cleanest energy sources. 

 

1.4 Hydrothermal energy 

 

Hydropower is another type of renewable energy source and in some countries it has been shown 

that hydropower is the largest source of energy of domestic electricity [15]. According to 

Darmawi hydro energy can be harnessed from water current  by simply utilizing velocity of 

water stream [16]. The power can be extracted from the ocean and water current by using 

submerged turbine, capturing energy through as hydrodynamic [6]. The hydropower does not 

consume or pollute water, instead uses the generated power and it leaves vital resource available 

for other uses. It has been predicted to take a greater part of electricity generated from renewable 

energy, but unfortunately it is not widely distributed across the world [15]. 

 

Figure 4: The diagram represents the hydropower, generate electricity from the river current 

[15]. 
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1.5 Solar/ photovoltaic energy source 

 Photovoltaic energy also known as solar energy, which uses solar cells for the conversion of 

solar light directly into electricity through photovoltaic effect i.e. movement of electrons into 

electric field and it create electric current [17]. The most commonly used solar cells are based on 

first generation conventional crystalline silicon among the second generation amorphous silicon 

made up of polycrystalline silicon including  cadmium telluride (CdTe), and copper indium 

gallium copper indium gallium diselenide (CIGS) [1,11] which is in the   3rd generation, (ii) dye 

sensitized solar cells [1,4,11], (iii) quantum dot solar cells [2, 17] which is the derivative of 

DSSCs. These solar cells have found to have high efficiency in converting light (photon) directly 

into electricity [18]. 

1.5.1 Silicon-based solar cells 

The operational principle of crystalline (c-Si) based photovoltaic solar cells is quite simple, and 

it does not mimic the photosynthetic system as DSSC. Silicon based solar cells are classified into 

three layers: 

 The n-type 

 The p-type 

 P-n-junction type 

Silicon based solar cell has high solar energy conversion efficiency [12,13], but its 

manufacturing process is very costly, for that matter it has limited its popularity [12]. It has a 

complex preparation process, it needs dopants to create the hole and mobile electron to create the 

electric current [19]. The major disadvantage of using silicon based semiconductor are, it is not 

found free in nature, but found as an oxide, for example in quartz, and silicates (clays and 

phyllosilicates). 
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i. The n-type semiconductor 

This is formed by doping with group V elements, such as phosphorus and arsenic, because 

silicon has an extra electron to these elements and it works as donor anode 

 

 

Figure 5. This schematic diagram of the n-type semiconductor layer of crystalline silicon, and its 

band gap [19]. 

ii The p-type semiconductor layer 

The p-type is formed when the silicon is doped with group(III) elements, e.g. boron, which leave 

silicon electron deficient, and create a hole and the semiconductor become as cathode ‘acceptor’. 
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Figure 6:  The schematic diagram of the p-type semiconductor layer, and its band gap. Showing 

how the hole is created and electron trying to fill the hole. 

(iii) The p-n-junction 

In p-n-junction it is the combination of the p-type semiconductor layer and n-type semiconductor 

layer. In this semiconductor layer both hole and extra electron is created, and this is known as an 

electron - hole pair. This mechanism leads to different potential in the anode and cathode, and 

brings about electron flow, and generates an electric current. 

 

Figure 7:  Schematic diagram of  the pn-junction. Electrons are driven to the negative layer while 

leaving the hole behind [19]. 
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1.5.2 Dye- sensitized solar cells 

 

As a result of  high cost of the current commercial silicon based solar cells, dye-sensitized solar 

cells appeared to be promising alternative, due to its cost effectiveness [19]. The operational 

principle of dye sensitized solar cell (DSSCs) is analogous to that of natural photosynthesis by 

harvesting sunlight and directly convert it to solar energy, and it is known as artificial 

photosynthesis [20]. Photovoltaic conversion in dye-sensitized solar cells,  is solar energy 

conversion where dye sensitizer absorbs light, and mimics the the process of photosynthesis, 

which chemical energy produced when plant leaves uses chlorophyll to absorb a photon  [20 ]. 

 

The types dyes used in dye-sensitized solar cells (DSSCs) have attracted a considerable attention 

in the conversion of sunlight directly to electricity [21]. DSSCs are the device for the conversion 

of visible light into electricity, based on sensitization of metal oxide semiconductor with mono 

layer of a dye. [22]. This is done by means of photosensitization, and it could be achieved by 

using  the following dyes; 

 Ruthenium-based polypyridine family complexes [4]. 

 Non-ruthenium metal centre complexes  

 Metal free organic dyes [23] 

 Natural dye (Anthocyanis) [20, 22, 24]] 

 Porphyrines and metallo porphyrines 

The types of dye used in  DSSCs are categorized as  third generation  of photovoltaic cells and 

have been  used as alternative to traditional silicon-based solar panels (semiconductor), due to its 

high photon- current conversion efficiency and reduced costs.  
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The dye-sensitized solar cells based on ruthenium-based pyridine complexes seem like to 

become a  better choice over fossil fuel and silicon, due to following parameters: 

(i) Light harvesting enhancement efficiency [4, 23], 

(ii)  Low cost manufacturing and low cost fabrication [25] , 

(iii)  Ease of preparation [12], and  

(iv)  Its decorative nature. 

 

 

Figure 8: The diagram of dye –sensitized solar cell (DSSC).  

 

Ever since the first discovery by Gratzel and O’Regan in 1991, researches based on DSSCs have  

attracted tremendous interest. These dyes were to be used as a sensitizer of nanocrystalline TiO2 

thin film based semiconductor.  
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Later N709 known as ‘black dye’ was reported. It is therefore these dyes being used as a 

prototype in the field of development of DSSCs. The purpose behind was to harvest the visible 

light and convert it to electricity. These complexes used carboxyl group –COOH, -SO3H, -PO3H 

as binding/anchoring to be grafted on the surface of TiO2 thin film based semiconductor and to 

transfer an electron to the conduction band of metal oxide semiconductor. TiO2 has a wide band 

gap, in its essence made up of the valence band and the conduction band. According to 

Nazeeruddin et al the purpose of introducing –COOH and other anchoring groups, was to:  

(i) To increase the molar extinction coefficient of the complex [26], [27],  

(ii) To facilitate the grafting of the dye on the semiconductor surface [19],  

(iii) To ensure intimate electron coupling between its excited state wave functioning and 

conduction band manifold of the semiconductor and lowering the energy of ancillary 

ligand [28].  

 

1.5.3 Background 

 

The concept of dye sensitized solar cells was first reported by Gratzel and O’Regan in 1988, and 

was presented in 1991 which is the sensitization of TiO2 thin film using ruthenium complex that 

is N3, N719 as sensitizers [21]. This was the breakthrough, adapting the 19th century study of 

photography by Moser who enhanced the photoelectric effect of silver halide plates using a dye 

erythrosine. Their first Ru-complex to be used as sensitizer was N3 dye followed by its 

derivative N719. The difference between these two, N719 has two tetrabutyl ammonium ions 

and N3 has four H+ protons [26]. These dyes were being used to harvest sunlight for the 

conversion of photon-to-electricity. This conversion mimics that of photosynthesis, it is known 

as artificial photosynthesis. 
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Ever since then, researchers have shown an attracted interest on ruthenium-based polypyridine, 

due to superb photophysical and electrochemical properties observe on archetype [Ru(bpy)3]
2+. 

Gratzel and co-workers modified this early complex to enhance the spectral response, and to 

fulfil the dye-sensitized solar cell’s requirements. 

 

Figure 10: The modules or panels of solar cells built from three different types of dye-sensitized 

solar cell. 

1.5.4 The requirements for dye-sensitized solar cells 

 

According to Hagfeldt  and Gratzel [28] , the most suitable dye for dye-sensitized solar cells, 

should at least have the following requirements;  

(i) It should absorb all light below threshold wavelength of about 900 nm. That is the dye 

should absorb across the entire electromagnetic spectrum. 

(ii) It should have a carboxylate (-COOH) or phosphate group (-PO3H) to firmly attach, 

anchored on the semiconductor oxide a surface and inject electron to the conduction band of 

semiconductor at equal quantum yield, and their lowest unoccupied molecular π* orbital of 

photosensitizer should localized near anchoring and it should be above the conduction band of 

oxide semiconductor [29]. 
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(iii) It should have appropriate  redox potential, meaning the energy level of HOMO and 

LUMO should match or suit the conduction band of metal oxide  and redox potential of 

electrolyte system, to allow the efficient injection of electron to semiconductor and dye 

regeneration by electrolyte [30]. 

(iv) It should be stable enough to sustain at least 108 turnovers under 1.5 AM illumination 

corresponding to 20 years. 

The ruthenium(II) polypyridine based compounds, meet these requirement, and it remains the 

choice compound for DSSCs application at present.  

 

1.5.4.1 The components of dye-sensitized solar cells 

 

The structure of dye-sensitized solar cells (DSSCs) consist of  nano crystalline titanium dioxide 

(TiO2) thin film as oxide semiconductor, transparent conducting oxide glass which is photo 

anode [31], the dye as photo sensitizer, electrolyte containing redox mediator system and 

platinum metal (PT.) As counter electrode coated on a glass sheet act as catalyst to facilitate the 

electronic collection from the external circuit [7-8]. The nano crystalline TiO2 film of anatase 

phase is found to be most useful in DSSCs, due to its large surface area and its transparency, 

nontoxic, widely available, and biocompatible [31]. Titanium dioxide in DSSCs is deposited on 

the conducting glass to help the dye to anchor/ sink in and to enhance electronic conduction due 

to its wide band gap. 
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Figure 11: Schematic diagram of  the  components of dye sensitized solar cells.  

 

In DSSCs,  there are two facing electrode: a transparent photoanode, also known as working 

electrode,  comprised of nanocrystalline thin film of titanium dioxide (7-20 um) of which the dye 

is being adsorbed for photosensitization. Among the most use metal oxides are ZnO, SnO2, 

Nb2O5, Fe2O3, WO3 etc. But titanium dioxide became a material of choice among the 

investigated semiconductors. It was recognized as semiconductor due to its greatest and 

appreciated properties in photochemistry and photo electrochemistry, it is low cost widely 

available and it showed a good experimental results [6]. 

 

1.5.4.2 The basic mechanism for DSSC 

The photo excited dye inject an electron to the conduction band of oxide semiconductor, because 

HOMO and LUMO of a dye has been tuned in such a way that the excitation of electron is 

injected into the conduction band of the TiO2 thin film semiconductor and the regenerating 

oxidized dye by electrolyte electron [7],  and the dye undergoes oxidation, the original state of a 
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dye is regenerated by electron donation from the electrolyte, usually organic solvent 

(acetonitrile) containing redox system iodide and triiodide [6]. The generation of the sensitizer 

(dye) by iodide, intercept with the recapture of the valence band by an electron from oxidized 

dye,  then the photo injected electron filter through a nanocrystalline structure of semiconductor  

and move randomly to get collected at substance known as load (external circuit) performing 

electrical work, until it encountered by counter electrode (PT.). The oxidized dye is being 

regenerated by an electron from redox system. And iodine in redox system is in turn regenerated 

by reduction of triiodide at the counter electrode, and then the circuit is completed via electron 

migration at external circuit [32]. Electrode, both deposited in a conducting substrate [32]. The 

redox system as electrolyte which is iodine/tri-iodide as redox mediator is placed between these 

two electrodes to transfer the charges [2]. The DSSCs are being depended on the visible light 

[27] of which they directly convert incident photon to electric current, for the efficiency of 

DSSCs.  

 

 

Figure 12: Represents the operational principle of dye sensitized solar cells [26] 
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According to Nazeerudin et al 2011 there are limitations, that the electron from oxidized dye 

recombine with crystalline network of titanium dioxide, inhibiting the flow to the load, and the 

photoexcited dye go for relaxation just before the injection to the conduction band. 

 

1.6 Literature review 

 

Bipyridyls has a very remarkable photophysical and, electrocatalytic properties  because  it has 

ability to form a very stable complexes with many cations, and therefore they continued to attract 

attention as important ligands of great interest for chelation of transition metal  [34].  

Ruthenium(II) polypyridine complexes includes bidentate based ligands such as bipyridine, 

phenonthroline and terpyridyl ligand that have favourable photophysical properties and are 

mostly utilized in charge separation particularly in dye sensitized solar cells. 

 

In the last two decades, ruthenium polypyridine complexes have been widely investigated 

because of their remarkable photochemical and photophysical properties. In particular, in 

ruthenium(II) complexes containing polypyridine ligands with carboxylate groups substituted at 

4,4’ positions as anchoring  group on semiconductor surface have received considerable attention 

due to their great ability to adsorb onto nanocrystalline TiO2, which provide a charge separation 

and make them suitable photo anode for high performance solar cells [33,34]. Ruthenium-

polypyridine also play a key role in the development of multicomponent that is supramolecular 

system [36] which is capable of performing photo-redox  triggered functions for example charge 

separation devices for photochemical solar energy conversion. 
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1.6.1 Some structures of ligands 

N

N

 

Figure 13: Structure for 1, 10-phenanthroline 

1,10-phenanthroline has a rigid frame work and exhibit an excellent ability to chelate  many 

metal ions via two nitrogen donors, and they show potential for technological application, due to 

their high charge transfer mobility, a good electro and photo-active and bright high 

emissions[37]. Bipyridines was first synthesized  110 years ago by Fritz Blau  [38, 39] and  have 

been known as highly interesting organic ligand for transition metal for more than 100 years. 

Bipyridines were used in investigation particularly in analytical chemistry, energy conversion 

and catalysis. These types of   ligands  in last ten years were used in another area of interest such 

as polymer [40], and novel architectures in supramolecular chemistry  [41]. It was synthesized by 

two pyridines connected together through α-nitrogen [39].  

                      N Br
N Sn(Bu)3

Pd(PPh3)4

Toluene
reflux, 8h

+

R R

N N

R R

 

Figure 14: Synthesis of bipyridine by stille coupling, Sn(Bu)3 is tertbutylstannyl, Pd(PPh)3, is 

tetrakis(triphenylphosphine)Palladium(0)  and R is any substituted group. 

Since its discovery  the bipyridine ligands has been used extensively in chelation of metal ions. 

Their isomer forms are 2,2’-bipyridine, 2,3-bipyridine, 2,4’bipyridine, 3,3’-bipyridine, 3,4’-

bipyridine. Out of these 2,’3 and 3,3’-bipyridine can be found naturally abundant in certain 

variety of tobacco. According to Newkome et al. the 2,2’-bipyridine has been extensively used in 
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metal chelation due to its redox stability [38].  The 2,2’-bipyridine derivative ligands can form 

complexes  with a lot of different metal more especially those with d3, d6, d8/d10 electron 

configurations [42].  

 

N

N

2,3'-bipyridine
N

N

3,3'-bipyridine

N

N

2,4'-bipyridine
N

N

3,4'-bipyridine

 

N

N

2,2'-bipyridine  

Figure 15: Isomeric form of bipyridine, and their symmetry. 

 

The 2,2’:6’,2’’-terpyridine is a molecule with three pyridine rings connected together through α-

nitrogen. Morgan was the first scientist to synthesise and report 2,2’,6,2’’-terpyridine in 1932. It 

react with Mn+ octahedral metal ion  to give [M(trpy)2]
2+. The substituent being incorporated 

react at 4’position to avoid the formation of isomers used to be formed in bidentate ligand such 

as bipyridine. 

N

N

N  

Figure 16 Molecular structure of    2,2’:6’,2’’-terpyridine. 
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1.6.2 Ruthenium complexes(II) polypyridyl complexes 

 

’Ruthenium(II) tris-2.2’-bipyridine [Ru(bpy)3]
2+ has been used extensively in several 

investigation as photosensitizer for over 30 years due to its photoelectrochemical properties [36]. 

Ru(bpy)3
2+ is the d6 transition metal complex with octahedral geometry. It is widely used 

because it display a long list of properties that satisfy most of kinetic dynamic, spectroscopic and 

excited state requirement needed for a photosensitizer, thermodynamic, spectroscopic [43].  

 

   

N

N

N

N

N

N

Ru

2+

 

 

Figure 17: Molecular structure of trisbipyridine Ruthenium(II) 

 

1.6.3 Dye-based Ru(II) complexes, their details and structure 

 

Tris(2,2’-bipyridine) ruthenium(II) complex has been the most extensively studied in the field of 

electrochemical cell and photocatalysis [43]. Ruthenium based complex are being used in a wide 

variety of field such as part of photovoltaic in  dye-sensitized solar cell, redox agent in electron 

transfer reactions and light emitting diodes because of their unique chemical and photochemical 

properties such as good luminescence, reactive long-lived excited states and redox activity both 

in ground and excited states [41-43]. Most  Ruthenium(II) complexes based 2,2-bipyridine and 

1,10-phenanthroline family emit at 600nm [45], and they have long live excited states.  
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Evans et al reported the starting material or precursor molecule for synthesis of ruthenium(II) 

polypyridine. This was synthesized by converting ruthenium(III)trichloro hydrate (RuCl.XH2O) 

to tetrakis (dimethylsulphoxide) ruthenium(II) dichloride [44,45]. 

RuCl3.xH2O + 4(dmso) Ru(dmso)4Cl2
 

Scheme 1: Synthesis of precursor ruthenium(II) from ruthenium(III), as it also adopted from 

literature [44, 45]. 

 

Ruthenium(II)-based polypyridine family were the most successfully family in dye-sensitized 

(DSSCs). N3, N719 were reported as first high-performance Ruthenium (II) -based polypyridine 

by O’Regan, Gratzel and co-workers in 1993 [8].  

 

These complexes seem like to have the same structure but the difference is N719 has TBA (tetra 

butyl ammonium) instead of H+ in N3 of the two anchoring carboxyl group (-COOH) [50].     

 

 Since the discovery of N3 in 1993, the dye  has become a paradigm of the efficient charge 

transfer sensitizer for nanocrystalline TiO2 thin film semiconductor  with an electric conversion 

efficiency of 10 %. The evolution continued until  ‘black dye’ was discovered in the field of 

study for dye-sensitized solar cells [51]. 
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Figure 18: Spectral response curve of N3 with red line and terpyridine-based complex the “black 

dye” [49] 

 

These Ru(II) complexes ‘dyes’ become ongoing development by modifying the ancillary ligand 

[52]. The following reported researchers were trying to introduce π-extending ligand for 

conjugation, achieve a high molar extinction coefficient, MLCT of complex to absorb in 

broadband of the solar spectrum to achieve large light harvesting capacity. N3 has an absorption 

band of 800 nm covering visible to the near infrared region, N3 dye uses the carboxylate group 

as anchoring group to bind to surface of TiO2 thin film [15] as and it also injects electron that has 

photo excited from the valence band into the conduction band of TiO2 as electron transfer 

channel and other hand links to the bipyridyl moiety to the lower energy of the ligand [53]. In 

1997 another dye (photosensitizer) a terpyridyl analogue known as ‘black dye’ with 

panchromatic properties, the same research group published its synthesis and evaluation [4]. In 

these early Ru(II) complexes, a series of modification have made, due to lack efficiency, among 



23 
 

others, led to sensitizer with π-extended conjugation, achieving a photon conversion efficiencies 

up to 12.2 % [52]. 

 

Nazeeruddin, et. al. were first to report  the synthesis of ‘black dye’, which displays the 

panchromatic sensitization character over the whole visible region extending the near infrared 

region up to 920 nm [52-54]. In 2009,  Funaki et al [54], synthesized and characterized  Ru(II) 

complex with phenylene-ethylene moiety, they believed that black dye is more efficient than N3, 

and they also decided to modify  Ru(II) (tctpy) (NCS)3 complex ‘black dye’.  Phenylene-

ethylene subunit was introduced into tpy ligand , to increase conjugation and to improve molar 

extinction coefficient  [57]. Based on Ru(II) complex as photo sensitizer, were characterized by 

enhanced molar extinction coefficients, by using π-extended conjugation, and directionality in 

the excited state, by tuning the lowest occupied molecular orbital (LUMO) of a ligand [23]. 

 

 

 Nezeeruddin et al. also reported the synthesis and photo electrochemical characterization of 

Ru(II)-dye (N945) .The N945 dye analogue of N719 dye has more π-conjugated ligand (4,4’-di-

(2,(3,6-dimethoxy phenyl) ethyl)-2,2’-bipyridine, with this ligand N945 exhibited an improved 

molar extinction coefficient at λmax 400 nm was 34,500 M-1 cm-1 and at 550 nm was 18,900 M-1 

cm-1 and was compared to that of  N719 [53]. In 2005 Nazeeruddin et, al  synthesized a novel 

ligand, 4, 4’-bis (carboxyl vinyl) -2, 2’ bipyridine to increase the optical extinction coefficient of 

dye (photo sensitizer) to make complex coded as k9 [57].The main drawback of modifying the 

early Ru(II) complexes was really to increase the molar extinction coefficient, by introducing 
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more π-conjugated ligand. For example in 2006, Wu and co-workers reported the synthesis of 

Ru(II) dye  named as CYC-B1, with the aim of achieving a high absorption coefficient of the 

main metal to ligand charge transfer (MLCT) band [59]. 
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Figure 19: Molecular structures of N945(A) and  CYC-B1 (B) 

In the amphiphilic ruthenium complex, the electron rich bithiophen was incorporated to develop 

CYC-B1, with 2,12 104M-1cm-1 [60]. The CYC-B1 was also having high power conversion 

efficiency than N719 dye, because CYC-B1, bearing a highly conjugated ligand substituted with 
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alkyl bithiosphene groups. The new ruthenium sensitizer was synthesized and reported in which 

one of the dcbpy ligand in N3 was replaced with abtpy, a bipyridyl ligand substituted with alkyl 

biothiophene group. Their approach was the replacement dcbpy in N3 with extended conjugation 

such as [59-60]. According Chen et al.   dcbpy ligands cannot bind simultaneously to TiO2 

particle and excited electron in the moieties that is directly connected to TiO2 provides a very 

small contribution to the conversion efficiency of dye-sensitized solar cells [63].  

 

Li et, al. synthesized CYC-B7 and compared with CYC-B1 for the performance in dye-sensitize 

solar cells. CYC-B7 exhibited molar absorption coefficient coefficient (ɛ) 2.19x104M-1cm-1  

which is attributed to MLCT associated intensively with IPCE. Li and co-workers enhanced the 

lowest energy MLCT by incorporating the carbazole unit of the ancillary ligand in CYC-B1 

complex, and MLCT achieved  red-shift absorption. Ligand7 for CYC-B7 complex showed 

12nm bathochromic shift compared to that of ligand1 for CYC-B1 which is showed that 

incorporation of carbozale unit enhanced a spectral response. This complex exhibited an overall 

efficiency of  ὴ = 8.96% [59]. 
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Figure 20: Molecular structure of CYC-B7 complex 

In 2001 Islam et al. introduced a low-lying π-molecular orbital of a ligand , 4,4’-dicarboxyl-2,2’-

bisquinoline (H2dcbiq) to synthesize  the R(II) complex [63-64] the main drawback was to 

increase the molar extinction of metal to ligand charge transfer (MLCT) band [64], but this 

complex was unfortunate to be used  to its strong reduction injection yield into the conduction 

band of TiO2 thin film of the semiconductor. They believed that using this complex, the MLCT 

will be tuned up to 600nm, by introducing a ligand with low-lying π*-molecule or by 

destabilizing t2g orbital of a complex with strong donor ligand [63-64]. Then the synthesis and 

photo electrochemical properties of cis-Ru-L2-X2, where L is one the diimine, with low-lying π*-

molecular orbital , and where X is CN, NCS, this ligand knows as 5,8-dicarboxy-6,7-dihydro-

dibenzo-1,10- phenanthroline.  

 

The main focus of these researchers was the modification the molar extinction of a complex [64], 

tuning of the highest occupied molecular orbital (HOMO) and lowest occupied molecular orbital 

of a complex to make a more efficient dye ( photosensitizer) to harvest more sunlight for the 
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conversion of photon to photocurrent. The following is the 4,4’-dicarboxyl-2,2’-bisquinoline 

structure [53]. This ligand known to have low-lying π*-orbital. 
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(a)                                                                    (b) 

Figure 21: Molecular structure of (a) H2dcbiq and of (b) H2dcdbphen. 

 

The absorption and emission spectra of these ligands was dominated by strong ligand centred π-

π* transition at 268 nm and 350 nm.The charge transfer of Metal-to- ligand(H2dcbiq) charge 

transfer transition  exhibited an molar extinction coefficient of 1200 mol-1cm-1 and Metal-to- 

ligand (H2dcdbph) charge transfer transition a molar extinction coefficient of  6000 mol-1cm-1.  

For this interest, another more conjugated amphililic complex was synthesized using a ligand 

known as k9 in 2005 by Nazeeruddin et al to actually increase the molar extinction coefficient of 

dye (sensitizer) [22].  
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Figure 22: Molecular structures (a) the heteroleptic ruthenium(II) complex K9, and (b) the 

homoleptic ruthenium(II) complex K8. 

 

The long term stability found to be the key limitation for dye-sensitized solar cells for outdoor 

application. Then the amphiphilic  ruthenium(II) complexes (cis-RuL1L2(NCS)2 where L1 is 

2,2’-bipyridyl-4,4’-dicarboxylic acid and L2 is 4,4’-dinonyl-2,2’-bipyridine, known as Z709 have 

been synthesized to overcome this short coming. The main factor that was hindering the 

widespread application of the dye-sensitized solar cells was thermo stability. This complex was 

in conjugation with quasi-solid state polymer gel electrolyte, and conversion efficiency of over 

6% was achieved [67]. The complexes known as  k9, k77 and  Z709  have alkyl chain and they 

found to have  long term stability [30]. However high conversion efficiency with long term 

stability found to have more challenges. The complex HRD1 and HRD2 have been synthesized  

and  compared to K77 [57], and were found to have a good efficiency and good durability [68-

69]. 
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Figure 22: Molecular structure of the ruthenium complexes; (a) HRD-2 and  (b) HRD1. 

The aryl substituted aryl moieties connected to bipyridine as ancillary ligand have shown a 

superb improvement in solar light-to-electricity conversion efficiency [3-4]. It was then seemed 

like is an idea to explore further these ring-like structure to increase conjugation for achieving 

good overall performance in photovoltaic device. Chandrasecharam et, al. reported and 
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published the polypridyl complex H101 ( cis-Ru (L1) (4,4’-dicarboxylic acid-2,2’bipyridine 

(NCS)2, the main drawback was complex with long term durability with moderate efficiency of 

Z709. The L1 was synthesized for the above complex, where L1 4,4’-bi's [2-(3.5-di-tertbutyl-

phenyl)-vinyl]-[2.2’]-bipyridyl[67,69]. 
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Figure 23: Molecular structure of Z709 complex (a)  and H101 complex (b). 

In 2010 Adeloye et al , synthesized and characterized  a heteroleptic phenanthroline complex 

[Ru(L1)(L2)(NCS)2] where L1=4-(9-dianthracenyl-10-(2,3-dimethylacrylic acid)-7-(9-

anthracenyl-10-(2.3-dimethylacrylic acid)-1,10-phenanthrolline, L2= 4,7-bis(1-methoxyl-1-but-

3-yne)-1,10-phenanthroline). This polyaromatic modified bipyridine and phenanthroline was for 

the lifetime enhancement from the excited state manifold [72]. Of which the π-conjugation 

length was increased by introducing anthracene derivative and 1, 3-enyl moiety as substituent for 

the phenanthroline, the target was to enhance photo physical properties, because the attena units 
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have a role of absorbing incident light and the electronic transfer  [30-32, 48,73] The diagram 

below show this heteroleptic complex. 
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Figure 24: Molecular structure of Ru(II) complex with functionalised phenanthroline ligands 

having single-double linked anthracenyl and 1-methoxy-but-3yne moieties 

In 2011, Adeloye et al, synthesized mono-anthracenyl bipyridine heterotopic  Ru(II) complexes 

from the early complexes, the  main goal was to increase the conjugation length of the ancillary 

ligand, by introducing anthracene substituted dimethyl acrylic acid [48]. With this complex their 

strategy was to tune the excited state properties of Ru(II) complexes, by extending the π-system 

using alkylene (dimethyl acrylic acid) ligand and polacryaromatic (anthracene) ligand) [48,74]. 

The ligands uses –COOH for complex to bind on metal oxide for the sensitization of 

semiconductor [31].  
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Figure 26: Mono-anthracenyl bipyridyl heteroleptic Ru(II) complex 

Adeloye et.al the same research group synthesized and characterized heteroleptic Ru(II) complex 

based on phenanthroline ligand. Their ultimate goal was to improve photophysical property that 

is to shift MLCT in the red-shift absorption and to enhance molar extinction coefficient [57, 75–

77]. The following diagram shows this heteroleptic ruthenium complex, the conjugation has been 

increased which  phenanthroline with trianthracene, and the carboxyl group of dimethyl acrylic 

acid used to graft on the semiconductor 
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Figure 27: Molecular structure of  heteroleptic Ru(II) complex of phenanthroline containing 

oligo-anthracenyl carboxylic moieties. 
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1.6.4 Organic dyes 

 

The large number of organic dyes, such as coumarine, phthalocyanine, indole and polyene-

triphenylamine have been synthesized, and test as sensitizer in dsscs with solar cell efficiency 

between 6-9 % [78]. 

OH

OH

  (a)    O

O

OH

OH

(b) 

 

Figure 28: Molecular structure of catechol  (a) and alizarin structures (b) 

These compounds use hydroxyl groups to bind on the metal oxide semiconductor [79] 

 

1.6.4.1   Dye extracted from Natural plants and pthalocyanines as dyes in solar cell 

The colours gave by  anthocyanins in the flower (pthalocyanin) presumable only attract insect 

and other pollinators to feed on. Now anthocyanin can absorb visible as well as UV-irradiation. 

The natural dye has been used in earlier research to harvest sunlight and to convert sunlight-to-

electricity by means of photosynthesis. In 2007, Wongchare et al reported the dye-sensitized 

solar cells prepared from natural dyes extracted from rosella isolates that is rich in anthocyanin 

[80]. Anthocyanin is principal pigments responsible for the  red, blue and purple colour of 

terrestrial plants [79]. 
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Figure 39:  Molecular structure of anthocyanin . and the image of phtalocyanin, where natural 

anthocyanin is extracted . 

 

They use carbonyl and hydroxyl to  anchored and grafted on mesoporous TiO2 thin film, and to 

make electron transfer from anthocyanin to the conduction band of TiO2 [32, 33]. 

Depending on the plant/ extract and the solvent used, most of anthocyanin have an maximum 

absorption between 510 and 548 nm. 

1.6.5 Porphyrins 

 

Porphyrins  is a group of highly conjugated heterocyclic macrocycle, many of these porphyrine 

occur in nature, they act both as electron donors and as acceptor groups and they have large and 

stable π-molecule [82]. Porphyrins dyes became an alternative, due to which concerns raised 

about ruthenium. The interest of using porphyrin dye started from their vital role in efficient 

energy and electron transfer in light harvesting efficiency  antenna of biological system [78]. The 
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consideration of rare ruthenium metal and unlimited resources, the novel dye based on 

porphyrins uses cheap metals such as copper and zinc based porphyrins. Organic dye, 

specifically porphyrines with high efficiency composed of donor-π-conjugation unit acceptor (D-

π-A) structure [83]. 

 

The  donor- π conjugation unit structure acceptor  (D-π-A based) zinc porphyrins dye known as 

YD2-o-C8 was reported by Gratzel  [84].The dye-sensitized solar cells using YD2-o-C8 to 

sensitize TiO2 achieved efficiency of 12.3 %  [85]. This porphyrin dye achieved a long wave 

length of between 500-600nm, but it is still considered to have a low wavelength, hence no 

appreciated increase in light harvesting ability [68, 77,81, 86]. Porphyrins dye possess an intense 

soret band at 440-450 nm  and moderate Q band at 500-650nm which arises from π-π*-transition 

[85, 87]. The metal porphyrin with those properties are regarded as potential photosensitizer in 

DSSC is known as Zn-1 (5-(-4-carboxyphenyl)-10,15,20-tetrakis(2,4,6-trimethylphenyl) 

porphyrin to zinc(II) with overall efficiency of 4.6 % under AM 1.5 solar light [88]. 

COOH

CH3

H3C

H3C
H3C

CH3

CH3

Zn

N

NN

N
N

H3C

CH3

CH3

H3C
CH3

CH3

H3C

H3C

 

Figure 30: Molecular structure of Zn –porphyrin (YD2). 
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The porphyrin dye known as YD2 was found to have donor-π conjugation unit acceptor (D-π-A) 

structure, DSC made up of push-pull porphyrine has reached a standard (11%) comparable to 

that  ruthenium(II) complexes[85, 87]. 
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Figure 31:The molecular structure of Zinc porphyrin 

1.6.6 Metal free organic complexes 

 

Metal-free organic dyes are dyes that are being synthesized without metal centre  unlike those of 

ruthenium-based polypyridine complexes. Metal-free dyes in dye-sensitized solar cells are 

regarded as the  promising alternative over traditional silicon based solar cells, due to their low-

cost and acceptable conversion efficiencies [23]. 

CN

COOH
N

 

Figure 32: Molecular structure of organic dye know as TA-St-CA dye [49] 

An average of 9.1 % solar energy conversion efficiency has been obtained using TA-St-CA. This 

dye contain p-conjugated oligo-phenylelene unit as electron donor acceptor and acceptor transfer 
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and carboxyl grafting unit [89, 92]. Metal-free organic dyes such as C2, C3, P2 and P3 were 

reported by Chen. C. et al [23, 92]. The cell obtained with these dyes had the following 

conversion efficiency (ὴ) ; C2= 5.51%, C3= 2.14%, P2= 2.69% and P3= 6.55%. The following 

structures shows the above named metal-free organic dyes [23]. 

 

 

 

 

 

 

 

Figure 34: Molecular structure of some metal free organic dyes C2, P2 and P3 

 

1.6.7 Coumarin dye in dye sensitized solar cells 

 

Coumarin is a natural substance found  in many plant species, with sweet odour and is used in 

perfumes since 1888 [89]. The novel coumarin-dye photosensitizers were developed by Hara et, 

al.  the absorption spectrum of these dyes showed  remarkable bathochromic shifts relative to the 

spectrum of traditional coumarin dye knows as C343 [89, 91]. Hara and co-workers introduced 

the methine unit as bridge between the cyano group and carboxyl group to increase the π-

conjugation in the dye, and thus resulted to wide absorption in a visible region [89–91]. The 
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novel dye known as NKX-2311 was found as an  efficient photosensitizer for dye-sensitized 

solar cells with   6% solar energy-to-conversion efficiency under A.M 1.5G conditions, which is 

the highest efficiency obtained in organic dye photosensitizer [92]. 
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Figure 33: Molecular structure of  a natural coumarin from plants , conventional coumarin-dyes 

C343  and (NKX-2311) 

 

 In these compounds, the methane (-CH=CH-) connecting the cyano(-CN) and carboxyl(-COOH) 

into the traditional coumarin. And were NKX-2311 is 2cyano-5-(1,1,1,6,6-tetramethyl-10-oxo-

2,3,5,6-tetrahydro-1H, 4H, 10H- 11-oxa-3a-aza-benzo[de]anthracen-9-yl-penta-2,4-dienoic acid 

[92]. 
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Hara research group  synthesized and reported other novel coumarin-dye derivatives, and 

suggested various possible ways to increasing dssc efficiency is to extend the conjugation of 

methine (-CH=CH-)  unit in NKX-2311 [89, 93]. Consequently  Ko et, al  and other co-workers 

reported class of organic dye sensitizer based on triphenyl amine electron donor where all three 

phenyl  were bridged by a methane (-CH=CH-)   unit and dye-sensitized solar cells based on 

these dyes achieved 9% electric power conversion efficiency. 
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Figure 34:  Coumarin dyes coded as (a)  NKX-2398, (b) NKX-2593, (c) NKX-2586, (d) NKX-

2677, (e) NKX-2388  and (f) The schematic diagram shows the design structure of donor π-

conjugation unit acceptor (D-π-A) of metal-free organic dye sensitizing the TiO2 nanocryatlline 

[49]. 

 

Among D-π-A  metal free complex dyes that  have been reported is TC4. It  possessed a large 

moler extinction coefficient due to extended π-π* transition. TC4 dye is based on triphynylamine 

(TPA) and they contained donor unit as TPA or its derivative and is connected to  cyano acrylic 
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acid acceptor, via bridge methine fragments. The function of methine unit as photon to sink in 

and that is where a charge separation occurs, while the migration in opposite direction  fascinated  

by donor and acceptor unit [92, 94]. 
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Figure 35:  Molecular structure of TC4 dye [92]. 

1.6.8 Non-ruthenium metal centre dye sensitizers 

  

Some  non-ruthenium metal centre complexes have been synthesized and used as sensitizers for 

dye synthesized solar cells (DSSCs)  [95]. Promising efficiency was obtained from with iron 

bipyridine complexes as sensitizer  and it had a possibility of replacing an expensive metal 

ruthenium [96]. Iron is cheaper, abundant and a replaceable metal. The synthesized iron based 

bipyridine was [Fe(bpy)2(CN)2]
2+, were bpy is bipyridine, and CN  is cyanate. But the use of  

iron(II) complexes  are doubted, because their ligand field states have unfavourable electronic 

overlap with conduction band of semiconductor TiO2 thin film [97]. The photo excited electron  

is promoted from MLCT state followed by ultrafast  relaxation into lower lying field states, 

therefore it is questionable for efficient injection of electron to the conduction band of TiO2 [98]. 

Whereas Ru(II) complexes are low lying excited states, but lie above the conduction band of the 

semiconductor and  they have long lived excited states, and injection can occur. 
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1.6.9 The cyclometallated and thiocyanate free dyes 

 

The cyclometalated complex known as YEO5 was reported and reached the prototype 

cyclometalleted ruthenium complexes without thiocyanate, it was compared to N719 complex, 

and the two thiocyanate was replaced with 2,4-diflouro phenylpyridine. It was believed that the 

monodentate  can bond with S or N, and it is moderate ligand and can discoordinate. The MLCT 

of this complex YEO5 had a 25 nm bathochromic shift  with a remarkable molar extinction 

coefficient compared to N719. The two fluorine was believed to fine tune the redox potential of 

the complex [97,99].  

N

N

N

N

N

Ru

F
F

HOOC

HOOC COOH

COOH

 

Figure 36: Molecular structure for cyclometallated dye YE05 

1.6.10 Osmium complexes 

 

Although ruthenium(II) polypyridine has been  studied extensively as sensitizer for 

nanocrystlline TiO2, osmium has been considered as a possible replacement because it possesses 

similar photophysical and photochemical properties [98,100,101]. Despite the high efficiency of 

ruthenium polypyridine as reported in the early study by Gtrazel with N719 complex, and 

dominated by  photoinduced electron and energy transfer assemblies [101], ruthenium is a rare 
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element. According to Bram, et. al, the ruthenium polypyridine complexes is in the green region, 

as result the recent work is also on osmium(II) polypyridine, and their incident-to- current 

conversion efficiency extended well to near IR [101, 102, 103, ]. It was therefore suggested that 

a suitable designed Osmium-polypyridyl based complexes as sensitizer that display a broader 

absorption suppressing ruthenium complexes  should lead a better photoelctrochemical energy 

conversion [102]. 
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Figure 37: Molecular structure for (a) Osmium(II) complex  coded as Os-2  [Os(bpy)2(dpp)] 

where dpp is dipyridyl pyrazine, (b) [Os(tcterpy)-(4,4’-bis(p-butoxystyryl)-2.2’-

bipyridine)Cl]PF6 coded as Os-stbpy 
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In order to improve the energy conversion efficiency, it is necessary to extend the absorption 

threshold of the dye sensitizer to a longer wave length, to near infrared region (NIR). The 

osmium terpyridine complex on the above Fig 37 (b) was synthesized and reported with 

extended photoelectric conversion up 900 nm this absorption was attributed to  spin-forbidden  

singlet- triplet metal-to ligand charge transfer transition (MLCT) and spectral response of about 

1100 nm, and with this Osmium complex the overall conversion efficiency of 6.1 % was 

achieved. [101,104]. 

 

1.6.11 Electronic transition and charge transfer transition of ruthenium(II) complexes 

 

When a transition metal like ruthenium coordinates with polypyridine to form a complex, the 

molecular orbital created are both located on either metal or in the ligand [103, 105-106]. There 

are four possible charge transfer transitions for transition metal complexes: (i) The metal-to-

ligand charge transfer (MLCT) transition, which is the promotion of an electron from metal-to-

ligand. (ii) Ligand-to-metal charge transfer (LMCT) transition, which is the promotion of an 

electron from ligand to metal. (iii) Metal centred (MC) transition, electron is in between the 

orbital localize on metal. (iv) Ligand centred (LC) transition; electron is in between orbital 

localized on the ligand. 

 

Transition that will be low in energy depends on the oxidation state of the metal and on the 

nature of the ligand. The charge transfer (MLCT, MC, LC) states have a lower energy than 

ligand field state, that is why ruthenium(II) chromophores is a better choice in DSSC than those 
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of  iron(II) chromophores in the first row, which they have a highest energy level than the ligand 

field. The electron often go for relaxation before it is injected into the conduction band of metal 

oxide TiO2 [107]. Ruthenium(II) polypyridine, the transition of the lowest in energy is the singlet 

excited state1MLCT transition, which  corresponds to the lowest excited states are 3MLCT. 

 

1.6.12 Electrochemical study of ruthenium complexes 

 

The electrochemistry of transition metal complexes such as  ruthenium, osmium, and iron based 

on polypyridine (phenanthroline, bipyridine) as ligands have been investigated. These complexes 

oxidized and reduced reversibly [106]. Ege et al, tested the oxidation and reduction potential 

where cyclic voltamogram were recorded for [Ru(bpy)3]
2+, the complex was in 1mM solution of 

tetrabutylammonium hexaflourophosphate as supporting electrolyte  and a saturated sodium 

chloride as reference electrode was used [105, 107]. Funaki, et al, suggested that there is a 

threshold of ͌ 0,5 V  vs supporting electrode that is standard calomel electrode (SCE) for efficient 

dye regeneration [107]. It is therefore important to know the redox potential of the electrolyte, to 

know the energy difference between  ruthenium dye sensitizer and redox couple 

system(electrolyte) [108, 110].  

 

In complex of the type [Ru(L1)2(PF6)2], the voltamograms, that is square wave and cyclic 

voltammograms determined and they displayed  the metal centre  Ru(III)/Ru(II) couple at 

positive potential, where E1/2 = 1.42 V was assigned  to the reversible one-electron oxidation 

process V. And ligand at negative potential (reduction) where three reversible wave at -1.31 I, -

1.07 II, -0.75 III. The Ag/AgCl in N,N dimethyl formamide solvent was used as electrode with 
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0.1M tetrabutylammonium hexafluorophosphate as supporting electrolyte [77]. Ocakoglu et al, 

reported the electrochemical measurement of ruthenium complexes K27 (dcbpy and 1.10-

phenanthroline-5.6-dione as ligands), K28(dcbpy and 4,7-diphenyl-1,10phenanthroline-

disulphonic acid disodium salt as ligands) and K313 (two of 4.7-diphenyl-1.10-phenanthroline-

disulphonic acid disodium salt as ligand) in DMF and standard calomel electrode ( 0.55V vs 

SCE) was used and the respective voltammograms,  oxidation potential of Ru(II)-Ru(III) couple 

of 1.39V K27, 0.84 V K28, and 1.50 V for K313 was observed together with the reduction 

potential of ligands -0.75 of   K27, -0.84V of K28 and -1.54V of  K313 [115].  
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Figure 38:  Molecular structures of (a)  K313, (b) K28  and (c) K27  

 

1.6.13 The photo anodes (semiconductor) 

 

In dye sensitized solar cells, Nb2O5, SnO2 and TiO2 [6] are  used for dye to sink in and it acts as 

transport for photogene rated electron from the dye [6-5]. The moist and usable is TiO2 due to its 

wide band gap of 3.2ev, TiO2 exists as three crystalline phases: anatase, rutile and brookite 

phase, but anatine has proven to be superior in solar energy conversion [7].According to Inomata 

et al [109]DSSCs fabricated with rutile and anatase with similar thickness show no difference in 

open circuit (VOC) value subjected in 1.5 AM illumination, but in short circuit photocurrent (JSC) 
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of the anatase based semiconductor  higher by 30 % than rutile based which is attributed to the 

lower amount of dye absorbed by the retail thin film, which shows the smaller specific surface 

area [110, 111]. According to Mange. et al [110] rutile gives less efficiency in solar cells than 

anatase due to its low loading and slower electron transport [112]. Although ZnO has also wide 

band gap as TiO2 (3,2 ev), according to Gratzel  it was then alternative use, but  its popularity 

was limited because it showed low efficiency upon  dissolution in the acidic N3 dye solution. 

And SnO2 has a large band gap (3.8 ev) compared to TiO2, it would create a fewer oxidation hole 

in the valence band under ultraviolet illumination, thereby improving stability, however 

according to Alhmed et. al, [22] the more positive band edge position facilitates electron 

injection from photoexcited dye, however the performance of SnO2 is  less than that of TiO2. 

Also the isoelectric point of SnO2 pH 4-5 is smaller/lower than that of TiO2 ( pH 6-7), which 

inhibit the adsorption of dye molecules with acidic –COOH, as anchoring group. 

 

1.6.14 Evaluation of photovoltaic (dye sensitized solar) cells performance 

 

Evaluation of photovoltaic performance can be done by measuring the incident photo 

(wavelength) to conversion efficiency and current-voltage characteristics. The efficiency of solar 

cell is determined by its current-voltage characteristics under standard air mass illumination 

conditions [111]. The IPCE depends on the light harvesting efficiency of photon that is the 

incoming light of wavelength of photon [112]; the quantum yield of electron injection from the 

excited state of the sensitizer to the conduction band of semiconductor oxide, and the electron 

transportation or collection. The light harvesting efficiency (LHE) depends on absorption 

properties of the dye, quantum yield injection depends on excited state oxidation potential of the 
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dye and its lifetime, while electron transportation or collection depends on structure that 

crystalline network and morphology of mesoscopic film and also on the effectiveness of 

regeneration of the sensitizer process from intercept charge recombination from electrolyte. 

 

In the case of current-voltage characteristic can be achieved by three different methods that is 

diodes forward; p-n junction; and photovoltaic output method. In diode forward method the test 

of solar cells is done by applying DC power from an external source that is without applying any 

illumination. The current going into the terminals of solar cells and the voltage across the 

terminals is measured [113]. The p-n junction method measures the solar cells, in which 

illumination is done with variable light intensity; the short circuit current and open circuit 

voltage are determined for every light intensity setting, with which the desired current-voltage 

curve is plotted. 

 

Figure 39: Photocurrent-voltage curve for ruthenium-polypyridine based dye-sensitized solar 

cells (DSSCs) [97]. 

 

According to reports in the literature [112-116]  are following parameters to evaluate the 

performance of DSSCs. 
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The short-circuit photocurrent (JSC = mAcm-2), which is the photocurrent density per square 

centimetre obtained when solar cell is short circuited, Jsc= e ʃ IPCE (λ)Φ0 (λ) (1-r)(λ)dλ, where 

‘e’ is the elementary charge and r (λ) the incident light loss. (iii) open-circuit voltage 

(VOC),corresponding to the cell potential when no current flows,
q

kT
VOC  In(γ ϕ0/noket[I3

-], 

where ϕ0 is the incident photoflux; n0  represents the electron density on the conduction band of 

TiO2 in the dark, while ket reflects the recombination reaction rate for the given triiodide 

concentration [I3
-]. (iv) the fill factor (FF), which is defined as the ratio of the maximum electric 

power produced by the solar cell divided by the open circuit potential and short-circuit current, 

SCOC

MAXMAX

JV

JV
FF




 , where VMAX and JMAX  correspond to  maximum voltage and maximum 

current respectively. (v) And the overall power conversion efficiency  (%) ,representing the 

ratio to the output electric power of the cell and flux of the incident light,  

%100



i

OCSC

P

FFVJ
 , where Pi is the intensity of incident light (photon) at 100 mWcm-2 [119-

120]. 

1.7 Problem statement 

Recently the world is facing increasing demands for energy followed by depletion of fossil fuel 

and increase global warming because of emission of unwanted greenhouse gases like carbon 

dioxide in the atmosphere. In this study, attempts were made in order to  answer the following 

research questions:  

1. Can clean and cost effective solar energy be deployed for direct light conversion into 

electricity? 



50 
 

Silicon based photovoltaic cells are very expensive. Silicon based photovoltaic cells are not easy 

to produce, because they need dopants/impurities to create p/n semiconductor for direct 

conversion of visible light/sunlight (photon) to electricity. 

2. Can ruthenium complexes be developed as light harvesting material as alternative to 

silicon based solar cells? 

Although silicon based solar cells have efficient incident photon to current conversion efficiency 

compared to DSSCs (dye sensitized solar cells), its high costs and difficulties in fabrication 

limited its popularity. 

3.  Can the new development of dye-sensitized solar cells pioneered by Gratzel in 1991 be 

sustainable and economically viable? 

Ruthenium complexes do not have absorption in near IR of the solar spectrum. 

4.  Can a new novel ruthenium polypyridyl complex be designed to absorb all light in the 

visible region  up to 920 nm of the solar spectrum? 

1.8 Motivation and rationale 

 

Dye-sensitized solar cells is a clean and renewable source of energy, that can address the world’s 

about pollution and global warming caused by consumption of fossil fuels. Fossil fuels are non-

renewable source of energy and their use can increase carbon dioxide and unwanted gases in the 

atmosphere. The use of solar cell can produce clean and renewable energy source. A dye-

sensitize solar cell (DSSCs) is also the best alternative use of light (photon) -to-electricity 

conversion, over traditional-silicon-based solar cells.  
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Development of  DSSCs had attracted attention since the development of N3, N719 dyes and 

they show a conversion efficiency of 7.4 -11,1%.Ruthenium-based polypyridine complex of 

earlier reported by Gratzel and O’Regan showed a promising efficiency. 

 

 The absorption of metal-to-ligand charge transfer (MLCT) band of  ru(II) polypyridyl 

complexes can extend from the visible region to near-IR region of the electromagnetic spectrum, 

due to ease of introducing more conjugated ligands.  

The introduction of new-ancillary ligand can tune the photophysical and electrochemical 

properties of ruthenium(II) polypyridyl complexes. DSSCs has a long lifetime, it has no photo 

degradation in the sunlight (up to 50 °C) exposure, and has no toxic leakage. This research 

focuses on the photovoltaic type of solar cells, which are good/cheap cells, harvesting sunlight, 

and are also effective in indoor and outdoor usage. 

 

1.9 Aims and objectives 

 The aim of this project is to synthesize, characterize and evaluate the potentials of Ru(II) 

complexes as sensitizer for dye sensitized cell. 

To achieve this aim, this project has the following objective: 

i. To synthesize  2,2’-bipyridine and 1,0-phenanthroline based ligands 

ii. To synthesize  the ruthenium-based polypyridine family complexes 

iii. To characterize the Ru(II) complexes and their ligands, using  FTIR, 1H-NMR, 13C-NMR, the 

elemental analysis, UV-Vis spectroscopy and the photoluminescence.  

iv. To fabricate the dye-sensitized solar cell and evaluate their performance 
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1.10 Hypothesis 

The synthesis of ruthenium-polypyridine, increasing conjugation, replacing one bipyridine from 

[Ru(bpy)3]
2+  with two thiocyanate groups could improve and tune the photophysical and 

electrochemical properties and that could have good advantage into harvesting more sunlight. 

The substitution could enhance metal-to-ligand charge transfer (MLCT) absorption in the solar 

spectrum. Introduction/incorporating of different functional group, ancillary ligands into arche 

type could red shift MLCT absorption to higher wavelength, which is good advantage into 

harvesting the solar light. Ruthenium(II) complexes based dye-sensitized solar cell could give a 

better and promising efficiency than metal free dyes and be best alternative over silicon based 

solar cells. 
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CHAPTER 2  

EXPERIMENTAL 

2.0 Material 

 

All chemical were  purchased from sigma Aldrich, and were being used as received without any 

further purification,  ruthenium(III) chloro hydrate (RuCl3. xH2O ) purchased from sigma 

Aldrich  2.2’-bipyridine, 1.10-phenanthroline, 2.9-dimethyl-1.10-phenanthroline, 4.7-dichloro-

1,10-phenanthroline, 4.4’-dimethyl-2.2’-bipyridine, dimethyl sulphoxide, N,N dimethyl 

formamide, Toluene, Methanol, Sulphuric acid conc, Nitric acid (60%), Acetone, Diethyl ether.  

2.1 Physical measurements 

 

The instrumental techniques for sample characterization are: ultraviolet-visible (UV-Vis), 

photoluminescence (PL), Fourier transform infra-red (FTIR) and nuclear magnetic resonance 

spectroscopy (NMR).  

2.1.1 Melting point 

 

Sample of ligands and complexes in capillary tubes were introduced into a Stuart melting point 

apparatus model SMP 11 for melting point determination. 
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2.1.2 Solubility test 

 

Solvents such as water, N,N dimethyl formamide, dimethylsulfoxide   of different dielectric 

constant and polarities at hot and cold temperatures were used to determine the solubility of 

complexes. 

2.1.3 Infrared spectroscopy 

Infrared spectra of polypyridine ligands and ruthenium(II) polypyridine complexes was recorded 

on Perkin Elmer 2000 FTIR spectrophotometer as KBr discs in the range 4000-370 cm-1 region.  

Attenuated total reflectance (ATR) spectra was  recorded on Bruker Tensor 27 attenuated total 

reflectance (ATR)-FTIR equipped with narrow band MCT detector, dedicated flow-through cell, 

made from a Teflon piece, a fused silica plate (45 x 35 x 3 mm) with holes for in- and outlet (36 

mm apart), and a flat (1mm) viton seal. The cell will be mounted on an attachment for ATR 

measurements in the region of 4000-600 cm-1. 

 

 

Figure 2.1The Perkin Elmer 2000 FTIR spectrophotometer 
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2.1.4 UV-Vis spectroscopy 

 

Electronic spectra of ruthenium(II) polypyridine complexes in different solvents were run in the 

range 200-900 nm on Perkin Elmer λ25 UV-Vis spectrophotometer. The samples were prepared 

using N,N dimethyl formamide and dimethyl sulphoxide as solvents and placed in glass cuvettes 

of 1 cm path length. All ruthenium(II) complexes were soluble in dimethyl formamide, DMSO 

and water as stated in solubility test table. 

 

2.1.5 Photoluminescence 

 

The photoluminescence of the ruthenium(II) polypyridine complexes in different solvent  were 

measured using Perkin Elmer LS 45 Fluorimeter. The samples were dissolved in DMF, DMSO 

were placed in glass cuvettes of 1 cm path length. 

 

Figure 2.2 The Perkin Elmer Photoluminscence 

2.1.6 Elemental analysis 

 

Elemental analyses for C, H, N and S were carried out on a Fison elemental analyzer. 
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2.1.7 1H- NMR  spectroscopy 

 

The NMR spectra of ligands and complexes were recorded on a Bruker ultrashield 600 NMR 

spectrometer operating at frequencies of 600 MHz for 1H and 100.6 MHz. The temperature of 

the measurements was 303 K. NMR samples was prepared by dissolving the complexes in dmso-

d6 as solvent and placed in a magnetic field. A radiofrequency generator then irradiates the 

sample with a short pulse of radiation, causing resonance. 

 

Figure 2.3 The Bruker Ultrashield 600M 1H-NMR spectroscopy. 

 

2.2 Synthesis of ligands 

2.2.1 Synthesis of 4.7-disulphinic acid-1.10-phenanthroline (L1) [2] 

 

In 100 mL two neck flask, 4.7-dichloro-1.10-phenanthroline (100 mg, 0.44 mmol), sodium 

sulphate (566 mg, 10 equivalent) excess was added to ethanol: water (1:1 v/v) (18 mL), the 

reaction mixture was refluxed at 80 oC was refluxed for 72 hours. Then the reaction was allowed 

to cool to room temperature and the solvent was removed using rotatory evaporator, and the pure 

white precipitate was formed and collected using a G4 crucible sintered glass, and the product 
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was washed using distilled water. Yield = 1.1126 g; 81%, Mp = 258 oC; IR(cm-1): 3329, 1675, 

1210, 848, 759, 617.(1HNMR, DMSO-d6) σ(ppm): 8.87; 8.86; 8,321; 7.86; 7.84.  

N

N
Cl

Cl

Reflux, 60h

Na2SO3/EtOH-H2O (1:1)

N

N
HO3S

SO3H

 

Scheme 1: Synthesis of 4.7-disulphonic acid-1.10-phenanthroline 

 

Synthesis of 1.10-phenanthroline-2.9-dicarboxaldehyde (L2) [2.5] 

 

In 100 mL two neck flask, 2.9-dimethyl-1.10-phenanthroline (neucuproine) (28 mg, 0.29 mmol) 

was added, and selenium dioxide in 1.4 dioxane : distilled water (95:5 %) (45:2.5 mL) was 

prepared separately and it was added directly into the flask, the reaction was stirred for 5-10 min, 

and refluxed at 100 oC for 4hours. The solution was poured while it is hot using a G4 crucible 

sintered glass, and the black solids remain were collected on sintered glass, the yellow filtrate 

was concentrated on rotatory evaporator to remove the solvent and the yellow residue formed 

was collected and precipitated using the diethyl ether. Pale yellow product was obtained 

collected using sintered glass and washed with diethyl ether. 

Yield = 0.92 g,  52 %, MP = 295 oC  IR (cm-1): 1726; 2012; 2953, 3512; 3550. (1H NMR 

DMSO-d6): σ(ppm) 8.31; 8.324, 8,416; 8.77; 8.79; 8. 80;  9.964. 
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N N

H3CH3C

SeO2  / 1.4 Dioxane-H 2O

reflux, 3h

N

N

O

O  

Scheme 2: Synthetic of  1.10-phenanthroline-2.9-dicarboxaldehyde. 

2.2.2 Synthesis of 2.2’-bipyridine-4.4’-dicarboxylic acid (L3) 

 

4.4’-dimethyl-2.2’-bipyridine (1000 mg-5.43 mmol) will be dissolve in 30mL of sulphuric acid 

at room temperature, and to this solution sodium dichromate (6100 mg- 23 mmol) will be added 

in portion for 4 hours, to oxidize methyl groups to carboxylate group. The reaction flask was 

heated to 80 oC for 12 hours while stirring. The reaction will be cooled, and thereafter was 

poured into ice water (200 mL) and kept at 0 oC for 12 hours. The formed suspension was 

filtered by suction. The expected green-yellow precipitate separated will be washed with distilled 

water till it is back to colourless. The solid was suspended in concentrated nitric acid and will be 

refluxed for 8 h, and then poured to an ice water for 12 h. The white powder was obtained.  Yield 

= 0.12 g, 89 %, Mp: 295 oC , IR (nujol, cm-1): 3415 ; 3548; 1620; 1721; 1292; 1367. 1HNMR 

(DMSO-d6): 8. 88; 8.86; 8.87; 8.72; 8.73; 8.09; 8.08. 

N

N
H3C

CH3

H2SO4, 80
  o

C

K2CrO7, 4h

0
 o 

C, 12h

HNO3, reflux, 8h

N

N
HOOC

HOOC

L2  

Scheme 3: Synthesis of 2.2’-bipyridine-4.4’-dicarboxylic acid 
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2.3 Synthesis of ruthenium-polypyridine complexes 

 

2.3.1 Synthesis  of tetrakis(dimethylsulfoxide)dichlororuthenium(II) [Ru(DMSO)4Cl2] [3-4] 

 

In 100 mL two neck flask, well sorted condenser, ruthenium(III) chloro hydrate (100 mg, 4.82 

mmol), dimethyl sulphoxide (6 mL) was mixed and stirred  and heated to refluxed at 100-110 oC 

for 15 min. The dip orange solution was taken to rotatory evaporator to reduce the solvent to 

half. Then the deep orange solution was precipitated using acetone, then filtered using a G4 

sintered glass, the product was washed using acetone followed by ether, the bright yellow 

product was formed. Mp = 197 oC, Yield = 1.1202 g. 

RuCl3 xH2O + (DMSO)4
Reflux, 100 

o
C, 15min

Acetone, washed
[RuCl2 (DMSO)4]

 

Scheme 4: Synthesis of tetrakis (dimethyl sulfoxide) dichoro ruthenium(II) [Ru(DMSO)4Cl2. 

 

2.3.2 Synthesis of [Ru(bpy)2 (dcbpy)(NCS)2] 

 

In 100 mL two neck round bottom flask, with well sorted condenser, [Ru(dmso)4Cl2] (100 mg; 

0.2 mmole) was dissolved in DMF (30 mL) and the reaction was stirred for 5-10 min, the 2.2’-

bipyridine( 64.3mg, 0.4119 mmol) was added and the reaction was purged with nitrogen and  

heated to reflux at 80-100 oC for 4 hours . The solution turns to purple brown colour, 

subsequently 2.2’-bipyridine-4.4’-dicarboxylic acid (100 mg; 0.4199 mmol) was added and the 

temperatures was adjusted to reflux the solution to 120-140 oC for 4 hours the reaction flask 

covered with alluminum foil to keep it under the dark, to this solution an excess of ammonium 

thiocyanate (250 mg) was added and the reaction was refluxed at 150 oC for another 4 hours. The 
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solvent was removed completely using rotatory evaporator and the crude product  was  dissolved 

in using dichloromethane was evaporated in atmosphere, then n-hexane was used to precipitate, 

the red-brown solid was collected using crucible sintered glass, and filtered by suction. Yield = 

1.05 g , 77 %, Mp = 318 oC , IR (nujol,cm-1): 3175; 2107.18; 1619; 1461; 1376; 847; 617; 377 

UV-Vis (λmax nm): 278, 346, 514) 

Ru(dmso)4Cl2 + bpy + dcbpy

Reflux 70-80
o
C, 4h

DMF

N

N

N N

Ru NCS

NCS

HOOC

COOH

KNCS, reflux 4h

 

Scheme 5: Synthesis of [Ru(bpy)(dcbpy)(NCS)2]. 

 

2.3.3 Synthesis of [Ru(dsphen) (dcbpy)(NCS)2] 

 

In 100 mL two neck flask, [Ru(dmso)4Cl2] (100 mg, 0,22 mmole) was dissolved in N,N dimethyl 

formamide (30 mL) the solution was stirred at room temperature for 5-10 min, then 1.0-

phenanthroline-4,7-disulphonic acid(136 mg, 0.44 mmole), the reaction was refluxed at 80-100 

oC under nitrogen gas for 4,5 hours the reaction was covered with aluminium foil to reduce the 

light. To this deep brown solution, 4.4’-dicarboxylic acid-2.2’-bipyridine (107 mg, 0.44 mmole) 

was added and the reaction was heated to reflux at 120-140 oC in  the dark for about 4 hour, and 

then excess potassium thiocyanate (500 mg) was added as solid to this solution, and the 

temperature was  raised to 150 oC to reflux for another 4 hours then the solution turned to be red-

brown after which solvent was removed. Acetone was used to precipitate the  brick-red product, 
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filtered using suction and  washed with acetone: ether, the crucible sintered glass was used. Yield 

=  0.986 g, 58 %,  Mp= 324 oC; Colour =  redish-brown, IR (nujol, cm-1) : 3385,  2920; 2093; 

1646.69; 1376; 1456; 1238; 1067; 759.  UV-Vis (λmax nm): 300; 380; 531.   

Ru(dmso)4Cl2 + dcbpy + dsphen
Reflux 70-80

o
C, 4h

DMF

N

N

N N

Ru NCS

NCS

HOOC

COOH

SO3H SO3H

KNCS, reflux 4h

 

Scheme 6: Synthesis of  [Ru(dcbpy)(dsphen)(NCS)2] 

 

2.3.4 Synthesis of [Ru(dmbpy)(bpy)(NCS)2] 

 

In a three neck 250 mL round bottom flask, [Ru(dmso)4Cl2],  (100 mg, 0.22 mmole) was 

dissolved in DMF (30 mL), and the solution was stirred for 4-5 min to completely dissolve. In 

this solution 2.2’-bipyridine (81.065 mg; 0.44 mmole) was added and the flask was covered with 

aluminium foil to avoid the light coming through, the reaction was then heated to reflux at 60-75 

oC for 4 hours under nitrogen gas. After that time, 2.2’-bipyridine-4.4’-dimethyl was added and 

the temperatures were raised to 150 oC for 4 hours keeping the reaction in the dark. Finally 

excess of ammonium thiocyanate (350 mg) was added and the reaction was refluxed at 160 oC 

for another 4 hours. The reaction was then cooled to room temperature, then was taken to 

rotatory evaporator to remove the solvent. The product was precipitated using diethyl ether and 

the precipitate was collected by suction filtration using the G4 sintered glass, the product was 

washed using the diethyl ether. The shiny dark product was obtained. Yield (%): 87,  1.04 g. 
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IR(nujol, cm-1): 2858; 3352; 2900; 3166; 3352; 1457; 1373; 2092; 680 UV-Vis(υmax nm):  277; 

384; 520 

N N

N

N

Ru

NCS

NCS

CH3

CH3

[Ru(dmso)4 Cl2]+ dmbpy + bpy
DMF

Reflux, 120 
0
C, 4h

KSCN, reflux, 135
0
C, 4h

 

Scheme 7: Synthesis of [Ru(dmbpy)(bpy)(NCS)2] 

2.3.5 Synthesis of [Ru(bpy)2(NCS)2] 

 

In two neck 100 mL flask, well sorted condenser, [Ru(dmso)4Cl2] (100 mg, 0.22 mmole) was 

dissolved in DMF (30 mL) the reaction was stirred for 5 min-10 min, the 2.2’bipyridine (64.3 

mg, 0.44 mmole) was added and the reaction was covered with aluminium foil, then it was 

heated to reflux at 80-120 oC for 8 hours. To this solution, excess ammonium thiocyanate (500 

mg) was added and the reaction was refluxed at 150 oC for 4 hours under the dark. Then the 

brick red solution was taken to rotatory evaporator to reduce the  solvent (DMF) and the product 

was dissolved in  dichloro methane and precipitated using n-hexane, and filtered using suction,  

and filtered using suction , and crucible sintered glass was used to collect the product. Yield= 

0.989 g, 84 % , Mp= , IR (nujol, cm-1) ND: Uv-vis (λmax nm): 277, 346, 503. 
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Ru(dmso)4Cl2 + 2bpy

Reflux 70-80
o
C, 4h

DMF

N

N

N N

Ru NCS

NCS

KNCS, reflux 4h

 

Scheme 8: Synthesis of  [Ru(bpy)2(NCS)2] 

 

2.3.6 Synthesis of [Ru(dcbpy)2(NCS)2] 

 

The tetrakis(dimethyl sulphoxide) dichlororuthenium(II) (100 mg, 0.2 mmol)  in a 100 mL round 

bottom flask was dissolved using N,N dimethyl formamide (40 mL), and the reaction was stirred, 

then 2,2’-bipyridine-4,4’-dicarboxylic acid (100 mg, 0.44 mmol), the reaction was  heated to 

reflux at 120-140 oC for 8 hours, to this red-brown solution the excess of potassium thiocyanate 

was added and the reaction was heated to reflux at 150 oC for 4 hours, the reaction flask covered 

with aluminium foil to reduce light. The product was taken to rotatory evaporator to remove the 

solvent completely, acetone was used to precipitate, and the product was filtered using suction, 

and was washed using ether, the brick red solid was obtained. Yield=   0.88 g, 59 %, Mp= 334 

oC, IR(nujol, cm-1): 3365 ; 2923; 2092; 1649; 1374.95; 1304; 887: .  UV-Vis (λmax, nm):  274; 

340; 514. 

Ru(dmso)4Cl2 + 2dcbpy

Reflux 70-80
o
C, 4h

DMF

N

N

N N

Ru NCS

NCS

HOOC

COOH

COOHHOOC

KNCS, reflux 4h

 

Scheme 9: Synthesis of [Ru(dcbpy)2(NCS)2] 
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2.3.7 The synthesis of  [Ru(dcAldphen)(dcbpy)(NCS)2] 

 

In a two neck 100 mL flask [Ru(dmso)4Cl2] (100 mg, 0.22 mmol) was dissolved in DMF (40 

mL), the solution was stirred at room temperature for 5 min, 2.9-dicarboxyaldehyde-1.10-

phentanthroline (1.038 mg; 1.03 mmol) was added and the solution was heated to reflux at 80-

100 oC under inert conditions for 4 hours and the reaction was covered with aluminium foil to  

reduce the light, subsequently 2.2’-bipyridine-4.4’-dicarboxylic acid (100 mg, 0.44 mmole) was 

added and the temperature was adjusted to reflux at 140-150 oC  for 4 hours, then  excess of 

potassium thiocyanate was added to this solution (300 mg) and the reaction was refluxed for 

another 4 hours. The dark solution was taken to rotatory evaporator to remove the solvent 

(DMF). Acetone was used to precipitate the product and filtered using suction and the crucible 

sintered glass was used to collect the product and was washed using acetone: ether and shiny 

dark solid was obtained. Yield = 1.02 g, 60 %, Mp= 234 oC, IR(nujol) υ(cm-1): 3729; 2920; 

2856; 2096; 1670; 1254. UV-Vis ( λmax, nm): 305; 366; 535.  

N N

N

N

O

O

Ru

NCS

NCS

COOH COOH

[Ru(dmso)4 Cl2]+ dcAlphen + dcbpy
DMF

Reflux, 120 
0
C, 4h

KSCN, reflux, 135
0
C, 4h

 

Scheme 10: Synthesis of [Ru(dcAldphen)(dcbpy)(NCS)2] 

 

 



83 
 

2.4 References 

1. Schwarz, O.;  Van Loyen, D.;  Jockusch, S.;   Turro, N.J.;   Dürr, H. Preparation and 

application of new ruthenium (II) polypyridyl complexes as sensitizers for nanocrystalline TiO 2.  

J. Photochem. Photobiol. A Chem. 2000, 132. 91-98 . 

2. Dean, D.E. Metal ion complexing properties of the highly preorganized 1.10-phenanthroline-

2.29-dicarboxylic acid. Univ. North Carolina Wilmingt. 2007.  

3.  Evans, I.P.;  Spencer, A.;  Wilkinson, G. Dichlorotetrakis(dimethyl sulphoxide)ruthenium(II) 

and its use as a source material for some new ruthenium(II) complexes.  J. Chem. Soc. Dalt. 

Trans. 1973, 204. 

4. Harvey, A.;  M. Draganjac, M.; S. Chui, S.;  R. Snell, R.;  and E. Benjamin, E. Microwave 

synthesis of cis -dichlorotetrakis (dimethylsulfoxide ) ruthenium(II). Journal. Arkansas.  Acad. 

Sci. 2009, 63,  72467. 

5. Melton, D, L. Metal ion complexing properties of the two-dimension, highly preorganized 

ligand 1.10-phenthroline-2.9-dicarboxylic acid. Ph.D. Thesis. Univ. North Carolina Wilmington. 

2005.  

 

 

 

 



84 
 

CHAPTER 3  

3.0 SPECTROSCOPIC STUDIES OF THE LIGANDS AND METAL COMPLEXES 

 

3.1 The FT-IR of ruthenium polypyridyl complexes introduction 

The FTIR absorption at around 1610 and 1638 cm-1 are due to symmetric and asymmetric 

stretching modes of carboxylate groups υ(COO-). The most prominent peak at around 2100 cm-1 

corresponds to stretching mode of  thiocyanate υ(NCS) group which indicates that N of  NCS- is 

coordinated to the ruthenium metal centre through N-atom [1,2]. The less intense absorption 

around this region  to symmetric υ(C=S) vibration stretching [3].The bands which confirms the 

υ(Ru-N) are being observed at ~520 cm-1,  this is confirmation of polypyridyl ligand being attach 

to ruthenium metal using the N-atom.  

3.2 The FT-IR spectra for ruthenium(II) polypyridyl complexes summary 

 

The absorption peaks in these complexes seem to be identical due to similar structural features of 

the ligands, from 4000-400 cm-1. The absorption peak of Ru-N could not be assigned due to 

absorption at lower finger print region at ~495 cm-1.  There are two peaks at 2920 and 2856 cm-1 

which due to υ(OH) stretching vibration  of carboxylic group. There is a broad peak at 3385.70 

cm-1 which is due to OH of sulphonic acid but when attached to metal complex, the intensity was 

decreased. There is medium intense peak at 2093 cm-1 which is due to υ(C-N) stretching 

vibration mode of NCS, which is bonded to ruthenium with N-atom. 
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Figure 3.1  The FT-IR spectrum of  [Ru(dsphen)(dcbpy)(NCS)2] 

The fig 3.1 above shows the Fourier Transform Infrared (FT-IR) spectrum of the complex 

[Ru(dsphen)(dcbpy)(NCS)2]. This complex shows a similar absorption band frequency as that of 

ligand attached, but the is a unique  broad, intense absorption band frequency at 2101.25 cm-1 

which is due to υ(CN) vibrational stretch mode of thiocyanate group, and is bonded to the metal 

centre. This band is three to four times more intense compared to band exhibited at 810 cm-1, 

which is due to υ(CS) of thiocyanate group. The band at observed at 807 show the υ(CS) of 

sulphonic group bonded to 1.10-phenathroline, this spectra also shows the absence of υ(C-Cl) 

band  from the starting material (1.10-phenanthroline-4,7-dichoro). The absorption peak  at 

around 848 cm-1 is due to υ(S=O) of sulphonic acid and the absorption peak at around 1238 cm-1 

which is due to υ(C-S-O)  stretching vibration mode [4]. The band from 2900-3300 cm-1 shows 

the υ(OH)  of the carboxyl group and υ(C-H) of aromatic ring. 
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Figure 3.2:The FTIR spectrum of [Ru(dcAld)(dcbpy)(NCS)2]. 

In  Figure 3.2, the spectra shows a similar absorption across from 4000 cm-1 to finger print 

region, There is unique and prominent peak at 2101 cm-1, this peak is assigned to υ(-NCS) 

stretching vibration  the thiocyanate group, this confirms the N-coordination to the metal centre. 

There is also another confirmation of the thiocyanate group N-coordination to metal centre  at 

802 cm-1 is due to υ(CS) vibration band, because NCS- has two characteristic modes[5]. This 

peak is four times less intense compared to that of N-coordination [6]. The intense signal at 1671 

cm-1 can be assigned to υ(C=O) stretching vibration of  the carbonyl group of the carboxylic 

acid. There is also υ(C-O) stretching vibration at 1375 cm-1 and 1306 cm-1 this is due to υ (C-O) 

of aldehyde and carboxylic acid respectively. The absorption peaks at 2857-3366 cm-1 

corresponds to stretching vibration of υ(C-H) of aromatic ring of polypyridyl ligands and O-H of 

the carboxylic acid. 
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Figure 3.3 The  FTIR spectrum of  [Ru(II)(dmbpy)(bpy)(NCS)2] 

The peaks at 2858.3-3352.67 cm-1 indicates the C-H stretching , of which the weak peak at 3166 

and 3352 cm-1 are C-H for aromatic and the one at around 2900 cm-1 is for aliphatic that is the 

methyl groups. The peak at 1457 cm-1 is attributed to aromatic υ(C=C) stretch. The  υ(C-N) 

stretch of aromatic  has appeared at around 1373 cm-1. The C-C bond between carbon of the 

aromatic bipyridine and the carbon of the aliphatic methyl at 4,4’-positions has exhibited at 

around 680-800 cm-1 which can be that peak at  675 cm-1. There is also a peak at 2092 cm-1 , this 

signal is for absorption of  υ(NCS-) which indicates the N-coordination to the ruthenium as metal 

centre, and this peak could be confirmed by absorption band at 726 cm-1 which can be assigned 

to υ (CS) stretching band. 
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Figure 3.4. The FTIR spectrum of [Ru(dcbpy)2(NCS)2] 

The FTIR absorption peak of the above complex, measured using nujole, shows absorption at 

2923-3369 cm-1 which can be assigned to the aromatic  υ(C-H) stretching band of bipyridine 

ligand and the hydroxyl group of carboxylic acid attached at 4.4’-position of bipyridine. The 

peak at 2089 cm-1 can be attributed to υ(NCS) which is the N-coordination to the metal centre. 

This coordination has confirmed by the peak at 807 that is assigned to υ(CS) stretching vibration 

which has low intensity compare to that of N-coordination. 
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Figure 3.5:  FTIR spectrum of [Ru(bpy)(dcbpy)(NCS)2] 

The FTIR absorption peak of the above complex, , shows absorption at 2923-3369 cm-1 which 

can be assigned to the aromatic  υ(C-H) stretching band of bipyridine ligand and the hydroxyl 

group of carboxylic acid attached at 4.4’-position of bipyridine. The peak at 2089 cm-1 can be 

attributed to υ(NCS) which is the N-coordination to the metal centre. This coordination has 

confirmed by the peak at 726 cm-1 that is assigned to υ(CS) stretching vibration. 
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Table 3.1: Physical properties of the synthesized compounds 

Compound 

 

Yield(%) Mp(oC) Colour 

Ru-1  [Ru(bpy)2(NCS)2] 77 325 Brick-red 

Ru-2  [Ru(dcbpy)2(NCS)2] 58 334 Purple red 

Ru-3 

[Ru(dcaldphe)(dcbpy)(NCS)2] 

84 355 Brown red 

Ru-4  

[Ru(dsphen)(dcbp)(NSC)2] 

59 298 Dark red 

Ru-5  

[Ru(dmbpy)(bpy)(NCS)2] 

60 311 Dark-red 

Ru-6  

[Ru(bpy)(dcbpy)NCS)2] 

72 318 Dark 

L1 [ dsphen] 81 258 Pure white 

L2 [ dcAldphen] 52 295 Purple-white 

L3 [dcbpy] 89 215 White 

L4 [bpy], commercial  240 White 

 

Table 3.2:  Vibrational  frequencies of the important functional groups 

Complex Wave number/ wave length(cm-1) 

υ(CN) N-coordinated  ~2090-2200 

υ(CS) ~800-810 

υ(COO-) ~1430 

υ(C-O) stretching ~1100-1300 of a carboxylic acid 

υ(C=O)  ~1600-1700 

υ(C-H) ~2900-3300 
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υ(Ru-N) ~495-500 

 

Table 3.3 Solubility test for ruthenium(II) polypyridyl complexes 

SOLVENTS 

COMPLEX  

DMF 

DMSO Water Acetonitrile 

Ru-1 

 

Completely 

dissolved 

Soluble Not soluble Not soluble 

Ru-2 

 

Soluble Not soluble ~ ~ 

 

Ru-3 

Not soluble Partially soluble Completely 

soluble 

Not soluble 

 

Ru-4 

 

Soluble Not soluble Not soluble Not soluble 

Ru-5 

 

Not soluble ~ Soluble Not soluble 

Ru-6 

 

Soluble ~ ~ ~ 
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3.3 The electroscopic spectroscopy of ruthenium(II) polypyridyl complexes 

3.3.1 Introduction 

 

The absorption and fluorescence spectra of ruthenium(II) polypyridyl complexes are generally 

dominated by MLCT/LMCT (dπ-based Ru(II) -to-π*-based phen, bpy) and (π-π*)-based 

polypyridyl ligands transtisitions [7],  adopting from properties of the prototype tris-bipyridine 

ruthenium(II)  [Ru(bpy)3]
2+, ruthenium polypyridyl complexes have  metal-to-ligand charge 

transfer (MLCT) transition whereas [Ru(bpy)3]
3+ has ligand-to-metal charge transfer (LMCT) 

transition[8][9]. Ruthenium(II) polypyridyl complexes shows  two well distinct absorption 

shoulder band at shorter wavelength and one at longer wavelength in the UV-visible spectrum 

[1]. Zakeruuddin et al reported a complex with two absorption shoulder band 390-530 nm region 

which was due to metal to ligand charge transfer (MLCT) transition and high intense absorption 

at 296-314 nm [3] which was ascribed to (π-π*) of polypyridyl ligand [10-11].   
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3.3.2 The UV-Visible spectroscopy analysis of the synthesized ruthenium polypyridyl 

complexes 

 

 

 

                                                   A 

 

 

 

 

 

            B 

Figure 3.6:  The UV-Vis spectrum for [Ru(dcbpy)2(NCS)2] (A) and (B) [Ru(bpy)2(NCS)2] 

The UV-vis spectra of synthesized of [Ru(bpy)2(NCS)2] coded as Ru-1 and Ru(dcbpy)2(NCS)2 

coded as Ru-2  where bpy, dcbpy is 2.2’-bipyridine and 2.2’-bipyridine-4.4’-dicarboxylic acid, 

these complexes  are being compared, these complexes both have a sharp, intense absorption 

bands at 276-310 nm is based to intraligand  (π-π*) transition. There are two observed absorption 

shoulder bands at 350-360 and 490-514 nm region which is due to metal-to-ligand charge 
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transfer (MLCT) transition. In the case of Ru-1 the absorption at 310 nm which have strong 

intensity is due to  ligand-centred (π-π*) transition between the 2.2’-bipyridines, and there are 

two shoulder band absorption at lower and higher wavelength across the visible region of the 

spectrum at 373 nm and 490 nm  which is due to absorption of MC(d-d) and metal-to-ligand 

charge transfer (MLCT dMπ-π*) respectively . This is the important transition where there is 

charge or electron transfer between the t2g (dπ) of a metal to (πL*) of a polypyridyl ligands. In the 

case of Ru-2 the intraligand charge transfer transition is observed at 277 nm below the visible 

region also with a high energy and strong intensity. This is the ligand-centred (π-π*) transition 

between the 2, 2’-bipyridine and 2.2’-bipyridine-4.4’-dicarboxylic acid. The metal-to-ligand 

charge transfer (MLCT) transition was observed at longer wavelength at 514 nm region across 

the visible region than that of Ru-1. There is a bathochromic shift of about  11 nm which may be 

due to the presence of low lying π-orbital, which might be caused by carboxylic acid  at 4.4’- 

position in bipyridine ligand which is not present in Ru-1. The low-lying π-orbital make energy 

gap between metal and ligand small, the MLCT band is enhanced to a higher wavelength [12-

16]. 
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       D 

Figure 3.7: The UV-Vis spectra for [Ru(dcald)(dcbpy)(NCS)2]  (C) and 

[Ru(dsphen)(dcbpy)(NCS)2] (D) 

In the case of [Ru(dcaldphen)(dcbpy)(NCS)2]  coded as Ru-3,there is strong  and intense 

absorption band at around 305 nm which is the region attributed to intraligand (π-π*) a transition 

between 2.9-dicarboxaldehyde-1.10-phenanthroline  and 2.2’-bipyridine-4.4’-dicarboxylic acid. 

There is also two absorption shoulder bands, the one at shorter wavelength  366 nm and the 

broad one at higher wave length across the visible region at 535 nm , these region being 

dominated by  metal-to- ligand charge transfer which is the transition between metal centre 

(dπRu(II) to π* of a ligands). And for [Ru(dsphen)(dcbpy)(NCS)2] coded as Ru-4. The intraligand  

(π-π*) transition was observed at absorption 300 nm which corresponds to 1.10-phenanthroline-

4.7-disulphonic acid and 2.2’-bipyridine-4.4’-dicarboxylic acid. The very important two broad 

absorption bands was observed at 380 nm and 531 nm regions which is the metal-to-ligand 

charge transfer (MLCT) transition. There is 4-6 nm red shift across the visible spectrum in 

ruthenium complex containing dicarboxaldehyde substituted on ancillary ligand. For that reason 

ancillary ligand substituted dicarboxaldehyde have low-lying π*-orbital as compared to the one 
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substituted with disulphonic acid, which is therefore the absorption has been enhanced to a bit 

higher absorption region of the UV-Vis spectrum. 

 

                                                                  E 

 

                                                        F 

 

Figure 3.7 The UV-Vis spectra for [Ru(dcbpy)(bpy)(NCS)2] coded as Ru-5 (E) 

[Ru(dmbpy)(bpy)(NCS)2] coded as Ru-6 (F). 

In the case of the two ruthenium polypyridyl complexes, the one with methylated bipyridyl 

[Ru(bpy)(dmbpy)(NCS)2] coded as Ru-5 in the table and the carboxylated 

0

0,1

0,2

0,3

0,4

0,5

0,6

250 350 450 550 650

Wavelength (nm)

A
b

so
rb

a
n

ce
 

0

0,5

1

1,5

2

250 450 650

Wavelength (nm)

A
b

so
rb

a
n

ce
 



97 
 

[Ru(bpy)(dcbpy)(NCS)2] one coded as Ru-6, their absorption spectrum are being compared. Ru-

5 has a high intense band at 278 nm which the absorption for intraligand (π-π*) or ( ligand-

centred orbital) transition. This transition could be the charge transfer within 4.4’-dimethyl-

2.2’bipyridiyl or 2.2’-bipyridyl. There is also broad absorption band, dominated the visible 

region of the spectrum, this corresponds to metal-to-ligand charge transfer (MLCT) transition 

which is the characteristic of Ru(II) complexes. This charge transfer could be the transfer of 

electron from dπ- orbital of the metal centre, ruthenium in this case to the π* of the  bipyidyls 

ligands.  Ru-6 have high intensity band at 277 nm which corresponds to intraligand (π-π*) , 

which is the charge transfer transition assigned to 2.2’-bipyridyl-4.4’-dicarboxylic acid or  

bipyridyl ligand.  

 

There is broad absorption band, with lower energy, dominated the visible region at 520 nm; this 

corresponds to metal-to-ligand charge transfer (MLCT) transition. This is the charge transfer 

transition from the 4d orbital of ruthenium, the metal centre to the empty π* orbital of the 

polypyridyl ligand. In comparison [Ru(dmbpy)(dcbpy)(NCS)2] ( λmax =520 nm) has red-shifted 

with  3 nm across the visible region compared to [Ru(dmbpy)(bpy)(NCS)2] (λmax =517 nm). This 

could be the result of chromophoric group (-COOH) at 4.4’-positions in Ru-6, which is not there 

in Ru-5, which resulted to MLCT band to absorb at higher region.  
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3.3.3 The emission of ruthenium(II) polypyridyl complexes 

 

 

Figure 3.8:  Emission spectrum of [Ru(II)(dsphen)(dcbpy)(NCS)2] at 293K 

The emission spectrum of complex [Ru(dcald)(dcbpy)(NCS)2] measured in DMF, has been 

selected among other synthesized complexes and is displayed in Fig. 3.8 Upon the excitation into 

1LC and 1MLCT band (λexc =535 nm), the complex exhibited a  luminescence at 293K. Its 

emission wavelength (λmax) was found at 700 nm. of which luminescence properties of 

ruthenium complexes as well as its ability to play role of excited state reactant or product are 

related to the energy ordering of its low energy excited state and, to the orbital nature of its 

lowest excited state (1MLCT) [16].   

 

It has been shown that the properties of moiety or functional group attached to the ancillary 

ligand, bipypyridine especially carboxylate group enhance the luminescence of the ruthenium(II) 

polypyridine complexes. The carboxylate group assists to lower the LUMO energy. This 

influence the position of metal centred orbital, ligand centred orbital and metal-to- ligand charge 

transfer (MLCT) of ruthenium(II) polypyridyl complexes. The high intensity of this ruthenium 
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complex shown in the spectra, indicates that could have longer excited lifetime, which is the 

desirable property for sensitizer in dye sensitized solar cells, enhancing the injection of electron 

to the conduction band of semiconductor before the relaxation.  

 

Figure 3.9: The emission spectrum of [Ru(dsphen)(dcbpy)(NCS)2] at 293 K 

The Table below shows UV-Vis absorption an emission of ruthenium(II) polypyridyl complexes, 

which measured in different solvent , DMF, DMSO, water  depending to their solubility in these 

solvents. 
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Table 3.4: The UV-Vis absorption and emission properties 

Complexes λmax- transition 

(nm) 

 

λmax(nm) λmax(nm) 

 

 

LC(π-π*) 1MLCT(d-π*) MLCT 

Ru-1 278 345 503 

 

Ru-2 277 346 514 

 

Ru-3 305 366  

535 

Ru-4 300 380  

531 

Ru-5 278 ~ 517 

 

Ru-6 277 373 520 
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3.4 Results for 1H NMR  ligands 

Table 3.5: Relevant: 1H NMR  for polypyridyl ligands 

Compound Multiplicity Chemical shift, 1HNMR, 

σ(ppm) 

1,10phenanthroline-2.9-

dicarboxaldehyde 

(s, 2H) 

(m, 7H) 

9.964 

8.31, 8.32; 8.34, 8.77; 8.80 

1.10-phenathroline-4.7-

disulphonic acid 

 (s, 2H) 

(d, 2H) 

(d, 2H) 

 

8.87; 8.86;  

8.32; 

 7.86; 7.84 

 

2,2-bipyridine-4.4’-

dicarboxylic acid 

(d, 2H) 

(s, 2H) 

(d, 2H) 

8.88; 8.86; 8.87 

8.72; 8.73 

8.09; 808 
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Figure 3.9: The 1H NMR spectrum of  1.10-phenanthroline-2.9-carboxaldehyde in DMSO-d6 

There is a resonance at σ 8.80 ppm which could be assigned to the proton on 1.10-

phenanthroline, this resonance could be assigned to the proton at the para postion with high 

electronegativity nitrogen of the 1.10-phenanthroline which is doublet (2d, 2H) at 4.7-position.  

There is also a prominent peak (2H, singlet) of the aldehyde downfield at 9.96 ppm adopting 

from literature [19], this proton was deshielded by the electron rich of carboxyl. There is also a 

resonance at around 8.79 ppm and 8.80 ppm which could be assigned to (d, 2H)  at 4.7- position 

of 1.10-phenathroline and at bit  upfield that is also doublet (d, 2H)  at 8.42  ppm which could be 

assigned to protons at 3.8 position on the 1.10-phenanthroline ring. Another doublet found (2d, 

2H) at 8.33 pm which is due to protons at 5.6 position of 1.0-phenanthroline. 
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Figure 3.10:  The 1H NMR spectrum of 1.10-phenanthroline-4.7-disulphonic acid in DMSO-d6 

 

The 1H NMR spectrum of  1.10-phenanthroline-4.7-disulphonic acid showed an area of interest  

doublet at  (2H, d) 8.87 and 8.86 ppm, this is due to proton at 2.9-position of 1.10-phenanthroline 

(d, 2H). These protons are deshielded to a lower field because the are protons of carbon that is 

adjacent to nitrogen of 1.10-phenanthroline. This spectrum also exhibited a doublet( 2H, d) at 

8.32 ppm which could be assigned to protons at 3.8 positions, this could be result of adjacent to 

the electron rich carbon that is bonded to sulfur. There is another doublet (d, 2H) a bit upfieled in 

the spectrum, this could be assigned to protons at 5.6 position of the phenanthroline. 
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Figure 3.11: The 1H NMR spectrum of synthesised 2.2’-bipyrydyl-4.4-dicarboxylic acid in 

DMSO-d6. 

The 1H-NMR spectrum of 2.2’-bipyridine-4.4s’-dicarboxylic acid, showed three doublets at (d, 

3.3’ H); (d, 5.5’H) and (d, 6.6’H)  positions of bipyridine [17]. The resonance at around 8.88 

ppm, 8.87 ppm can be assigned to the proton at 6.6’-ortho position to the nitrogen of bipyridine 

which is at downfield deshielded by high electronegative nitrogen (d, 2H). There is also a 

doublet (d, 2H)  at 8.73, 8.72 ppm which is assigned to proton at 3.3’ and is found in downfield 

which could be the results of being ortho position to electron rich carbon of carboxyl group. This 

spectrum also shows another resonance with doublet (d, 2H) at upfield that can be assigned to 

proton at 5.5’ position of bipyridine. 
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CHAPTER 4  

4.0  SOLAR CELL FABRICATION, EFFICIENCY TEST AND 

CHARACTERIZATION 

4.1  Methodology : Fabrication of  dye-sensitized solar cells (DSCCs) 

4.2 Material 

 

All material were  purchased and  used without modification. The fluorine-doped Tin Oxide (F-

SnO2)  as glass substrate, colloidal suspension TiO2, Surly (Solar nix), scotch tape , copper 

conductive tape from Solaronix, Furnace Lenton thermal design model. 

4.3 Substrate and Cleaning 

One type of substrate has been used throughout this project, these substrates were coated with 

conductive material that is fluorine doped tin oxide of which those glasses were purchased from 

Solaronix. Substrates were carefully cuts into 0.6 cm-2, after cuts then washed with paraffin, 

followed by isopropanol then acetone,  since cleaning is the crucial factor for homogeneity and 

adherence for future coating.,  

 

 

 

 

Figure 4.1:  The cleaned and cut glasses  
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 After drying in air the glass substrate were fixed on abench with scotch tape  to maintain the 

common area for TiO2 paste, and doctor blade technique was applied using a glass rod . 

 

Figure 4.2: Shows the doctor blade technique, on a  bench. 

The glass substrates with colloidal TiO2 were sintered at 450 oC in  the furnace for 4 hours to 

obtain the TiO2 thin film [1]. 

 

Figure 4.3: Shows the sintering of TiO2 thin films 

This TiO2 thin film was soaked into solution of ruthenium complexes (Ru-1, Ru-2 and Ru-3  at a 

conc.  of  3x10-3 M  in DMF for 4-8 hours. The two substrate the one coated with TiO2 and one 

with platinum were held together using polyethylene and soldering iron. The syringe was used to 

inject the liquid electrolyte ( iodide in acetonitrile). 
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Figure 4.4: Sensitization of thin film 

4.4 Solar cell characterization and evaluation 

 

 

 

 

 

Figure 4.5: The actual connection the DSSC during  photo current- voltage characterization at 

CSIR 

 

4.5 Material characterization 

All measurements were done under 100 mWcm-2 intensity with solar simulator sciencetech 

power supply 550- 200 model. Voltmeter used is NI PXI-1033 model. 

The solar cell was being evaluated through overall efficiency. The solar cell efficiency of a cell 

was determined by the measurement of the photo current density versus photo voltage [1]. This 

technique composed of the measurement of current density generated by a solar cell under light 

illumination. The cell is illuminated by a light source (solar simulator) and capable to reproduce 

the solar spectrum. The calibrated light source were used to achieve global air mass (1.5 AM) 

illumination. 
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4.6 Results and discussion 

The photo current-voltage properties of the dye sensitized solar cell based ruthenium complexes 

using electrolyte containing iodine electrolyte. These complexes exhibited a short circuit photo 

current density of  JSC 0.766-3.48 mA cm-2 , with an open circuit voltage of  Voc 0.53- 0.6 V and 

the fill factor (FF) of 0.46-0.6 respectively. The calculated conversion efficiency of these cells 

range from 0.207-1.05% under 1 sun 100 mW cm-2, global air mass (AM) 1.5 illuminations. 

Table 4.1: The photovoltaic parameters for the DSSCs 

Anode(TiO2) Voc(V) Jsc(mA.cm-2) 

 

 

Fill factor 

(FF) 

 (%)  

[Ru(dsphen)(dcbpy)(NCS)2] 0.56 2.79 

 

0.5 0.84 

[Ru(dcAldphen)(dcbpy)(NCS)2] 

 

0.53 0.78 

 

0.45 0.207 

[Ru(II)(dcbpy)(bpy)(NCS)2] 

 

0.63 3.478 

 

0.597 1.06 

 

4.7 Calculations of solar cell conversion efficiency(%) 

All substitution will be done, following the equations 1-4 

)(

)(
2cmA

mAIsc
J SC          (1) 

)(766,0
6.0

46.0 2mAcmJ SC   
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SCOC

MAXMAX

JV

JV
FF




          (2)  

Where FF is fill factor, Voc is an open circuit voltage; Jsc is a short circuit current density.  

(i) Calculation for [Ru(dcAldphen)(dcbpy)(NCS)2]  

 

Pin

JV MAXMAX (%)          (3) 

%100(%) 



Pin

FFJV SCOC        (4) The above 

equation was adopted from the literature [3,4], and Pi is a light intensity 100 mWcm-2 

The final equation for overall conversion efficiency, will derived from the following equation, 

adopting the following literature [5,6] 

 

%100
100

51.053.0766.0
2

2









mWcm

VmAcm
  

= 0.207 % 

(ii)  Calculations for [Ru(dcbpy)(bpy)(NCS)2] 

 

26.0

08.2



cm

mA
J sc
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=3.466  mA  cm-2 

%100
100

6.05928.0466.3
2

2









mWcm

mAcm
  

= 1.02 % 

(iii) Calculation for [Ru(II)(dcbpy)(dsphen)(NCS)2] 

26.0

6762.1



cm

mA
J sc

 

= 2.793  mAcm-2 

%100
100

498.053.0793.2
2

2









mWcm

mAcm
  

= 0.82 % 

 

 

Figure 4.6: Photocurrent-voltage (J-V) curve for Ru-2 DSSC based  on 

[Ru(dcbpy)(dsphen)(NCS)2 
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The short-circuit photo current density (Jsc), open circuit voltage (Voc) and the fill factor (FF) of  

the cell fabricated with Ru-2  are as follows 2.79 mA cm-2, 0.60, and 0.52 respectively at 100 

mW cm-2 intensity. The yield overall solar conversion efficiency    0.82 % at with AM. 1.5 

illumination. The low conversion efficiency of this dye-sensitized solar cell based on this 

ruthenium complex compared to dye-sensitized based on  standard dye (N719) is probably due to 

hole-transporting material used in DSSCs, that is the liquid organic electrolyte is volatile, which 

give a low VOC, resulting to low solar energy conversion efficiency. 

 

 

Figure 4.7: Photocurrent-voltage (J-V) curve for DSSC based on [Ru(dcAldphen)(dcbpy)(NCS)2. 

The photo-voltage curve (J-V) of dye-sensitized solar cell, based on Ru-3, exhibited a short 

photo current density of  0.766  mA cm-2, open circuit voltage of 0.53 V, and fill factor 0.51 at 

A.M 1.5 illumination. This dye-sensitized solar cell based on this complex exhibited a low solar 

to electricity conversion efficiency of 0.207 %, this is might be due to set-backs from the volatile 

liquid electrolyte, short live excited state of this complex, making it lack of electron injection 

into the conduction band of semiconductor, and resulting to low photovoltaic effect  [1,3,4]. 
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Figure 4.8: Photocurrent-voltage (I-V) curve for DSSC based on   [Ru(bpy)(dcbpy)(NCS)2 

The above photocurrent-voltage curve of the dye-sensitized solar cell based on 

[Ru(bpy)(dcbpy)(NCS)2]. The exhibited short-circuit photo current density (Jsc), open circuit 

voltage (Voc) and the fill factor (FF) of  the cell fabricated with [Ru(II)(bpy)(dcbpy)(NCS)2] are 

as follows: 3.478 mAcm-2, 0.65V, and 0.599 respectively at 100 mWcm-2 intensity. The yield 

overall solar conversion efficiency ( ) 1.06 % at  AM. 1.5 illumination. The low conversion 

efficiency of the solar cells from this complex compared to standard dye (N719) is probably due 

to hole transport property, that is the liquid organic electrolyte is volatile, which give a low VOC, 

resulting to low solar energy conversion efficiency. However this complex is higher than other 

two complexes based sensitizers, this can be result of being N3 analogue and the simplicity of 

the structure, the presence of carboxylic acid group, that enhance the electron injection to 

conduction band of the semiconductor and better kinetics between hole transport material and 

oxidized dye. The high photo current density of this complex revealed that, there is a sufficient 

injection of electron to the conduction band of TiO2 semiconductor, and the complex has a long 

time excited lifetime [8]. 
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CHAPTER 5  

 

5.0 SUMMARY OF RESULTS CONCLUSION AND RECOMANDATION FOR 

FURTHER STUDIES 

5.1 Summary of the results 

We have managed to design and synthesize polypyridyl ligands based on 1,10-phenanthroline 

and 2,’2-bipyridine derivatives  having  different substituents on the ancillary ligands. The 

ligands were characterized by FT-IR, 1H-NMR and melting point. The ligands showed a 

common peak at 2900-3300 cm-1 wich suggest the υ(-CH) stretch of the aromatic rings. 1H-NMR  

of the ligands showed a prominent peaks at (σ) 6-8 ppm which suggests the doublets of the 

aromatic rings. Ruthenium complexes, heteroleptic and homoleptic were successfully 

synthesized and characterized by  FT-IR, UV-Vis and fluorescence spectroscopy, there 

prominent peak at around 2100 cm-1 unique feature from the ligands. These complexes exhibited 

three shoulder absorption bands on UV-Vis spectra, at ultraviolet region 210-308 nm and at 

across the visible region 510-534 nm of the spectrum. The intense peak at ultraviolet region is 

(π-π*) transition within the polypyridyl ligands. The broad band absorption band across the 

visible region, is metal-to- ligands charge transfer (MLCT) transition. Also the meting point 

increase to ruthenium polypyridyl complexes may suggest the transformation of ligands to metal 

complexs. Some of these complexes showed an emission wavelength at around 699-700 nm, one 

has not intense enough and some that are not reported have low emission wave length. The 

metal-to-ligand charge transfer transition of these ruthenium polypyridyl complexes can at least 

confirms that the complexes were successfully synthesized, because there is strong, high intense 

peak at lower wavelength that common at all complexes and is due to (π-π*) (240-380 nm)  and 

longer wavelength (490-533 nm) (MLCT) transitions that are due to intraligand charge transfer 
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and metal-to-ligand charge transfer respectively, and that is properties of (octahedral geometry) 

ruthenium complexes 

 

The performance of the  dye-sensitized solar cell based on ruthenium complexes were 

characterised by calculating open circuit voltage (VOC), short circuit current density (JSC), fill 

factor (FF) and overall electrical conversion efficiency using   photo current-voltage (J-V) curve. 

The work also also reported the fabrication of  the dye-sensitized solar cell based ruthenium(II) 

polypyridyl complexes using doctor blading technique. The dye sensitized solar cells were 

characterized using photo current- voltage (I-V) curve. The light to electricity conversion 

efficiency were 0.207-1.02 %  which are lower than that of standard dye N719 dye sensitizer at 

standard global A.M 1.5 illumination all at constant 6x10-5m2 area. The other obtained 

parameters were open circuit voltage (VOC= 0.55-0.66 V), short circuit photo current JSC (0.76-

3.4 mAcm-2), FF = 0.52-0.6 for ruthenium complexes coded as Ru-3, Ru-4 and Ru-6 in table 3.1.  

The ruthenium complexes such as [Ru(bpy)(dmbpy)(NCS)2] showed a dark current, upon an 

illumination, the J-V curve observed was zigzag and zero efficiency. This could be probably the 

photo excited electron moved back ward without injection of electron, there is no anchoring 

group  such as carboxylic group (-COOH) to anchored on TiO2 interface 

5.2 Conclusion 

 

The prominent peak at 2100 cm-1 common in these complexes which are unique with to the 

features of ligands synthesised, confirms the N-coordination that is nitrogen of thiocyanate 

bonded to the Ru-metal centre, indicating the presence of metal. The metal-to- ligands charge 
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transfer (MLCT) transition which is the ruthenium polypyridyl complex properties, exhibited on 

UV-Vis spectra confirmed that ligands  have bonded to the metal centre. 

 

Based on the results, the ruthenium(II) complexes [Ru(dsphen)(dcbpy)(NCS)2], 

[Ru(bpy)(dcbpy)(NCS)2] , using UV-Vis spectroscopy these complexes showed that can be used 

as dye-sensitizer in dye sensitized solar cells, because their absorption is at higher region of the 

electromagnetic spectrum λmax = 520-530 nm, dominating the dominating the visible region of 

the spectrum. The emission properties of these complexes using photoluminiscence (PL) showed 

emission at high wavelength, suggesting that, their excited state life time is long enough, less 

chances to go for relaxation, before injection of electron to the conduction band of the TiO2 

semiconductor, which is the good requirement for dye-sensitized solar cells. The high intensity 

peak appeared on emission spectra suggest that have high molar extinction co-efficient and can 

harvest sunlight to convert into electricity. Therefore some of these ruthenium(II) polypyridyl 

complexes can qualify in dye-sensitized solar cells, because of the MLCT absorption across the 

visible region which is advantageous for solar light harvesting. This show they can harvest the 

ambient (sun) light. These complexes can also compete in the field or study  of dye-sensitized 

solar, because some of them exhibit an appreciable absorption in the UV-Vis, and their MLCT 

absorption suppresses that of early reported complex N719 which have MLCT(λnm =528 nm). 

 

Fabrication of dye-sensitized solar cells, based on the these complexes was successfully done, 

based on observation of the colour of the soaked TiO2 thin film even after rinsed with ethanol, 
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this also showed that, these ruthenium complexes was successfully anchored on the TiO2 

interface with those carboxylic group (-COOH) and sulphonic (-SO3H) groups of the ligands. 

 

The photo current obtained from photon- to- current voltage (J-V) curve is 7.326-34 Am-2 

suggest that, there current is generated, and there is charge separation and electron injection into 

the conduction band of the TiO2 semiconductor. These complexes have low efficiency of only up 

to ~1.02 %  than N719. The dye sensitized solar cells based on these sensitized solar cells are 

qualified for solar conversion into electricity, despite volatile liquid electrolyte that inhibits the 

solar cell performance.  

Dye-sensitized solar cells fabrication done was environmentally friendly and convenient and 

they can replace the non-renewable and toxic fossil fuels. 

The dye-sensitized solar cell based ruthenium complexes have a promising efficiency, and can be 

an alternative to conventional silicon based solar cells 

 

5.3 Recommendations 

 

These complexes need to be further synthesized, incorporate the more chromophoric groups into 

ancillary ligand, to increase the π-conjugation length, improving the absorption in visible to near 

IR region of solar spectrum. The high molar extinction coefficient can be obtained if complexes 

with high π-conjugated ligands and that are desirable property in dye-sensitized solar cells, 

because it increases the light harvesting efficiency.  
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The chromatography need to be employed into these complexes to purify, so that the both proton 

and carbon 1H-NMR and mass spectroscopy could be easy to confirm or legitimatize the 

proposed structure.  

 

The nonvolatile hole transporting material (HTM) that is electrolyte should be investigated 

because the volatile electrolyte lowers the dye-sensitized solar cell performance. The 

electrochemical impedance spectroscopy (EIS) needed to be used, to investigate the electron 

behavior on the surface of semiconductor and electrolyte solution, upon the photo excitation 

using the Nyquist plot. 

 
 

 


