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ABSTRACT 

 
 

SYNTHESIS AND CHARACTERIZATION OF NOVEL 
SENSITIZERS FOR DYE SENSITIZED SOLAR CELLS 

 
Safacan Kölemen 

M.S. in Department of Chemistry 
Supervisor: Prof. Dr. Engin U. Akkaya 

July, 2010 

 

Increasing concerns about the global warming and energy demand force 

scientists to find out new source of energy supply. Among possible energy 

sources, solar cells are promising candidates. Production costs unfortunately 

restrict the usage of these cells. Cheaper and environment friendly dye sensitized 

solar cells (DSSCs) appear to be successful alternatives to more widely used 

traditional semiconductor based designs. However, most people would agree 

that, there is still room for improvement for a few components of a typical 

DSSC. This is perhaps more apparent for the electrolyte, and the sensitizer dye 

component itself. 

In this study, we targeted novel Boradiazaindacene (Bodipy) sensitizers 

which were studied in two types of DSSCs; liquid electrolyte based (Gratzel 

type) and solid state DSSC. Six different sensitizers were synthesized and 

characterized. Effects of design and electrolyte type on solar light to electricity 

conversion efficiency were investigated. 

We have demonstrated that Bodipy dyes, through rational design, yield 

promising new materials in Gratzel type dye sensitized solar cells. Their 

applicability in solid state electrolyte regime offers additional opportunities for 

practical applications. Bodipy sensitizers hold significant promise as they can be 

derivatized as desired and the absorption peaks can be moved along the visible 

and near IR region. 

 

Keywords: Boradiazaindacene (Bodipy), dye sensitized solar cell, sensitizers, 

solid state electrolyte, liquid electrolyte 
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ÖZET 

 
BOYAR MADDE UYARIMLI GÜNEŞ PİLLERİ İÇİN YENİ 

DUYARLAŞTIRICILARIN SENTEZİ VE 
KARAKTERİZASYONU 

 
Safacan Kölemen 

Yüksek Lisans, Kimya Bölümü 
Tez Yöneticisi: Prof. Dr. Engin U. Akkaya 

Temmuz, 2010 

 Artan küresel ısınma, çevre kirliliği ve enerji kaynaklarının gereken 

talebi karşılayamayacak duruma gelmesi, bilim camiasını yeni enerji kaynakları 

bulmaya zorlamaktadır. Olası yeni kaynaklar arasından güneş pilleri umut verici 

bir alternatif olarak görülmektedir. Ancak pahalı üretim süreci klasik güneş 

pillerinin yaygın bir şekilde kullanımını engellemektedir. Bu nedenle, 

günümüzde ucuz ve çevre dostu boyar madde uyarımlı güneş pilleri silisyum 

temelli klasik güneş pillerinin yerini almaya başlamıştır. Hiç kuşku yok ki bu 

yeni teknolojide geliştirilmesi gereken çok nokta vardır. Bunlardan en önemlileri 

duyarlaştırıcı ve elektrolit kısımlarıdır.    

Bu çalışmada, yeni Boradiazaindasen (Bodipy) bazlı duyarlaştırıcılar 

tasarlanmış, sentezlenmiş ve karakterize edilmiştir. Bu boyalar sıvı elektrolit ve 

katı hal elektrolit içeren boyar madde uyarımlı güneş pillerinde kullanılmıştır. 

Boya tasarımının ve elektrolit tipinin güneş ışığının elektriğe çevrim verimine 

olan etkisi gözlemlenmiştir. Sonuç olarak görülmüştür ki Bodipy boyaları uygun 

bir şekilde tasarlandıklarında, sıvı elektrolitli güneş pillerinde kullanılmak üzere 

umut veren duyarlaştırıcılardır. Ayrıca katı hal elektrolitli sistemlerde 

gösterdikleri performans ile de pratik uygulamalar için yeni bir alternatif olarak 

görülmektedir. Bodipy boyar maddeleri istenilen şekilde tasarlanıp, güneş ışığını 

yakın kızıl ötesi bölgede de soğurarak etkili bir duyarlaştırıcı olması 

mümkündür.   

Anahtar Kelimeler: Bodipy, boyar madde uyarımlı güneş pilleri, 

sensitizörler, katı hal elektrolit, sıvı elektrolit    
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CHAPTER 1 

 

INTRODUCTION 
 

1.1. Energy Sources 
 

Energy is admittedly one of the primary necessities for daily life and it is 

indispensable. According to the latest data, humans all around the world 

consume 13 terawatts (13 trillion watts) of power.1 Moreover, by 2050 

additional 30 terawatts will be needed as a result of increasing population, 

growing industry and technology.1 This tremendous need for energy is satisfied 

mostly from fossil fuels and nuclear energy (78% of the energy request) which 

release carbon dioxide and strengthen the greenhouse effect that triggers the 

global warming. Economical aspects are also troublesome, since they are not 

renewable, as the consumption rate increases, production and cost increase 

accordingly. Additionally, fossil fuels reserve will not adequately fulfill the 

requirements of humans in coming years. There are also other minor non-fossil 

energy sources such as biomass, hydro and geothermal sources, but the 

production of energy is expensive and the outcome is not sufficient. Generation 

of electricity from fossil fuels (coal, oil, and natural gases), nuclear energy and 

some other minor sources and the consumption rates are shown in figure 1.2 

Almost one third of energy is suitable to generate electricity. Only 10% of the 

produced electricity can be used and unfortunately 20% percent is lost during 

conversion. The remaining is mostly consumed by industry and household 

activities.2  

Energy concerns force scientists and industry to find out new, clean, cheap 

and renewable energy sources. The most notable and promising type of 

renewable energy source is solar cells where direct conversion of sunlight to 

electricity takes place.  



2 
 

 

 

Figure 1. Generation of electricity and consumption rates of common energy 

sources2 

 

1.2. Dye Sensitized Solar Cells 
 

All conversion processes of solar radiation to electricity can be collected 

under the title of photovoltaics (PV). In fact, molecular photovoltaic is not a new 

idea. More than 100 years ago, after the discovery of photography, scientists 

have been dealing with PVs.3 One of the practical applications of photovoltaic 

technology is solar cells. Photovoltaic solar energy is significant since it does not 

use fuels and only benefits from the sun. 

Sun is the most powerful and practically endless energy source, such that, 

earth surface acquire in one hour much more energy from sun than people need 

in one year.4 So that, if it will be possible to cover 0.1% of the earth surface with 

solar cells that have 10% conversion efficiency, present needs will be satisfied.4 

It is important to use this generous energy source. At the present time, crystalline 
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or amorphous silicon based solar cells are commercially available and being 

widely used. 94% of manufactured solar cells are silicon based.4 Furthermore, 

silicon solar cell manufacturing is growing by approximately 40% in each year.5 

These inorganic solid state materials have conversion efficiencies ranging from 

15% to 29% depending on the semiconductor construction.2 Despite high 

efficiency, silicon based solar cells involve high purity silicon and expensive 

manufacturing processes which increases the cost. On the other hand, dye 

sensitized solar cells (DSSC) where dye is used in the replacement of silicon 

have received considerable attention after the invention of Michael Gratzel in 

1991.6 This promising type of DSSC offers high overall conversion efficiency, 

design flexibilities, lower costs, and easier fabrication processes. There are two 

main types of DSSCs which are known as Gratzel type (traditional DSSC) with 

liquid electrolyte and solid state DSSCs with hole transport material. 

 

Cell type Efficency (%) 
cell                  module 

Research needs 
 

crystalline silicon       24                    10-15 
higher production 

yield 
multicrystalline solid       18                    9-12 manufacturing cost 

amorphous silicon       13                    7 
lowering cost, 

product stability 

CuInSe2       19                    12 
finding replacement 

for Indium 
DSSC-liquid 
electrolyte       10-11               7 

improve efficiency 
and stability 

DSSC-solid state       4-5                   -- 
improve efficiency 

and stability 
 

Table 1. Efficiency comparison of well-known solar cells2 

 

In table 1, overall conversion efficiencies and drawbacks of some common 

solar cells are shown. The notable problem with silicon based solar cells is cost, 

for dye sensitized solar cells efficiency is still primary research topic. With high 

efficiency indium solar cells, indium itself is a challenge. In order to replace 

solar cells with conventional fossil fuels intense investigation is still needed. 
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1.2.1. Traditional “Gratzel Type” DSSCs 

 

Traditional Gratzel type dye sensitized solar cells contains two electrodes 

which are photo-anode and photoinert counter electrode (cathode). These two 

electrodes sandwiches a liquid electrolyte. This electrolyte ensures charge 

recombination and electrical conductivity. Typical electrolytes in DSSCs are 

ionic solutions which contain free ions. In most of the traditional DSSC, redox 

couples are used in a solution as a liquid electrolyte.7-13 The common redox 

couple is iodide/triiode (I-/I3
-),6 redox couples with other halogens (Br-/Br3

-) are 

also exist but the examples are very rare.14  

In order to construct the device, five main materials were used (figure 1). 

The first one is the fluorine doped tin oxide (FTO) which is also classified as 

conductive and transparent oxide (CTO). Second material is a nanocrystalline 

titanium oxide (TiO2) thin film as a semiconductor. TiO2 is widely used because 

of its low price, ease of production, no toxicity and optical excellence in the 

visible range.15 Third component is a dye sensitizer. Fourth one is an electrolyte 

in other words, a redox couple. Fifth and the last material is a platinum coated 

glass substrate which works as a counter electrode. On the side of photo-anode, 

there exists dye as a sensitizer adsorbed on TiO2 and FTO that is covered by 

TiO2 – dye complex. Outermost layer is the FTO. The thickness of 

semiconductor is around 7-10 μm.  
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Figure 2. Components of the Gratzel type DSSC and its working scheme21. 
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 

permission. 
 

  

1.2.1.1. Operational Principle 

 

In dye sensitized solar cells, the current generation steps6,16-20 include 

following processes; Initially, a sensitizer dye adsorbed on TiO2 absorbs sun 

light. Photoexcited dye transfers an electron to the TiO2 conduction band. During 

this photoinduced electron transfer charge separation takes place. The oxidized 

dye is reduced by the redox mediator. I- ions donate an electron to perform 

reduction. This step is named as dye regeneration and it is a very significant step 

in order to have continuous electron transfer to TiO2. The electron which is 

injected to semiconductor moves across the circuit and reaches to counter 

electrode (cathode). I- ion that is needed for reduction of the dye is regenerated 

at the cathode by the reduction of I3
-, the other component of the redox mediator. 

Two electrons which are needed for reduction of I3
- are the electrons that come 

from the external circuit. Each step in this cyclic should be ordered. Below, it is 

shown that the equations that take place in electron flow cycle.2 
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Dye  +  hv  →  Dye*                                                                                  (1)                           

Dye*  →  Dye+   +  e- (on semiconductor)                                                (2)    

2Dye+  +  3I-  →  2Dye  +  I3
-                                                                    (3) 

I3
-  +  2e- (from circuit)  →  3I-                                                                                                   (4) 

Dye+  +  e- (on semiconductor)  →  Dye                                                   (5)   

I3
-  +  2e-  →  3I-                                                                                                                                     (6) 

 

As in all devices, there are some imperfections in DSSCs. These faults are 

caused by possible undesirable pathways in electron flow. After the injection of 

electrons to conduction band of TiO2, electrons can combine either with 

oxidized dye (recombination, equation 5) or oxidized redox couple (equation 6, 

dark current) rather than continuing through external circuit. These pathways 

directly diminish the photovoltaic performance. This means that, there is a great 

competition between equation 3 and equations 5, 6. In order to avoid dark 

current and recombination, reduction of dye to its original state (equation 3) 

should be kinetically more favorable than dark current and recombination steps. 

The idea behind the operational principle of dye sensitized solar cell was 

based on 1960s when it was understood that photoexcited dye can inject electron 

to titanium oxide conduction band and also a dye which is chemisorbed on 

semiconductor work better.22  

 

1.2.2. Solid State DSSCs 
 

  Liquid electrolyte based DSSCs have leakage and solvent evaporation 

problems which restrict the practical and commercial usage of these cells.23 To 

overcome the disadvantages of liquid electrolyte, solid state DSSCs were 

introduced. The major difference between liquid electrolyte based and solid state 

DSSCs is the replacement of (I-/I3
-) redox couple with solid state hole-transport 
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material (HTM).24,25 Organic compounds26 and p-type semi conductors27 were 

used in this regard. Solid state DSSC mainly consists of a fluorine doped tin 

oxide (FTO), blocking TiO2 layer, semiconductor (mesoporous TiO2),28 

sensitizer dye which is chemisorbed on semiconductor, hole transport material 

and gold counter electrode. 

 

 

Figure 2. Components of solid-state dye sensitized solar cell 

 

The role of the blocking TiO2 is to avoid short circuit by hindering the 

contact between the fluorine-doped tin oxide and the hole-transport material. 

HTM is needed for regenerating the sensitizer dye. Its HOMO and LUMO 

energy levels must be compatible with the HOMO of the dye and conduction 

band of the semiconductor to have effective electron flow. Moreover, HTM 

should be transparent and amorphous (no crystallization). Crystallization causes 

pore filling and reduce the carrier mobility.17 Most widely used HTM is 2,2,7,7-
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tetrakis(N,Ndi-p-methoxyphenyl-amine)9,9-spirobifluorene (spiro-OMeTAD) 

(figure 3).17,29-33 It is preferred because of its amorphous structure and good 

solubility. The structure of spiro-OMeTAD (1) contains tetrahedral carbon 

centre that links two aromatic moieties (figure 3). This centre prevents 

crystallization and increases the glass forming properties.  

 

 
 

Figure 3. Molecular structure of spiro-OMeTAD 

 

Solid state DSSC is solvent-free alternative of dye sensitized solar cells. 

It accommodates practical usage and removes some disadvantages of traditional 

DSSCs but solar light to electricity conversion efficiency is lower than 

traditional DSSCs.34,35 This reduced efficiency is due to two problems. First, the 

thickness of solid state DSSC is around 4-5 μm. This thickness restricts the 

loading of dye, which causes less absorption of solar light.36 Furthermore, 

electron diffusion length in HTM based DSSC is shorter than liquid electrolyte 

based DSSC.32,37-41 
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1.2.2.1. Working Principle    
 

     Working principle of solid state dye sensitized solar cell16,42-25 is similar 

to traditional DSSCs (figure 4). Following the absorption of light, electron 

transfer occurs from excited dye to conduction band of the semiconductor. The 

dye is reduced back by electron transfer from hole-transport material, in other 

words, hole transport from dye to HTM. The electron passing through the TiO2 

and the hole travelling on HTM are transported by electronic conduction to the 

gold electrode. HTM is regenerated at counter electrode and circuit is completed 

(figure 4).  As in the liquid electrolyte based DSSC, there is a possibility for 

electrons which are injected to TiO2 recombine with oxidized dye 

(recombination). Thus, there is a competition between recombination and hole 

transfer to HTM. Hole transfer should proceed faster than recombination in 

order to produce electricity efficiently.  

 Excitation of dye takes place in femtosecond range,46,47 hole transfer range 

is around 0.3-1 ns,48 in solid state DSSC, on the other hand, electron injection 

from redox mediator to excited dye in liquid electrolyte based DSSC takes place 

in 10 microseconds. 
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Figure 4. Components of the solid state DSSC and its working scheme 

 

 

1.2.3. Photovoltaic Parameters 
 

 Photovoltaic parameters6,21 show the performance of the DSSCs and more 

significantly these parameters help to check the quality of the sensitizer dye 

design. There are six different parameters to characterize DSSCs performance 

under AM 1.5 solar light (1 sun): open circuit voltage (Voc), short circuit current 

density (Jsc), fill factor (ff), incident photon to current conversion efficiency 

(IPCE), photocurrent/voltage curve (J/V curve), and solar energy to electricity 

conversion yield (η).   

 Open circuit voltage (Voc)21 is defined as the electrical potential difference 

between anode and cathode when the circuit is open (no current). The maximum 

value of Voc is around 0.8 to 0.9. This value represents the energy gap between 

the semiconductor and electrolyte or HTM. Energy level of conduction band of 

semiconductor in DSSCs equals to -0.4 V vs NHE and redox potential is 0.4 V 

vs. NHE. It is not possible to have maximum Voc since recombination and dark 

current pathways are always contributing to electron flow in DSSCs. As the 
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conduction band energy shifts toward vacuum level (negative shift), the Voc 

increases and effects efficiency in a positive manner. 

 Short circuit current density15,21 is the measured photocurrent when a 

DSSC under light is short circuited. This means that the maximum current of the 

device since there will be no electrical impendence on the way of electron flow. 

In order to have high Jsc values, all parts of the device which contribute to the 

electron cycle (current) should function efficiently. Dye, for instance should 

have intense light absorption and good electron injection efficiencies to TiO2. 

Also redox reactions should proceed perfectly on HTM or redox couple. Again 

as in the case of Voc, high Jsc increases the efficiency of DSSC. 

 Incident photon to current conversion efficiency (IPCE) is the ratio of 

electrons in external circuit to number of initial photons. The formula of IPCE is 

given below (equation 7). 

 

 IPCE  =  1240 (eV nm) Jph (mA cm-2) / λ (nm) I (mW cm-2)          (7) 

                                                       

Jph is the short circuit current, I is the light intensity.  IPCE is important because 

it relates the photovoltaic performance to the wavelength (λ). Moreover, light 

absorption and electron transfer from conduction band to external circuit directly 

affect the IPCE curve.   
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Figure 5. An example of IPCE curve which is obtained by a Ruthenium dye6 

 

Another way to express IPCE is to use light harvesting efficiency of photons at 

specific wavelength (equation 8)49, quantum yield of electron injection to TiO2 

(equation 9) and the collection efficiency of electron at the FTO glass. 

LHE (λ) = 1 – 10-αd                                               (8) 

                                         IPCE(λ) = LHE(λ)ΦinjΦcoll                                          (9)                 

 

LHE(λ) is the light harvesting efficiency, Φinj is quantum yield of electron 

injection and Φcoll represents the quantum yield of the electrons at the FTO glass. 

Therefore IPCE is directly related with the absorption of light and electron 

transfer processes.  

 Photocurrent/Voltage curve which is known as J/V curve summarize the 

photovoltaic performance of the DSSC. One example for Photocurrent/Voltage 

curve is given in figure 6. 
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Figure 6. J/V curve21 

 

J/V curve gives the maximum voltage and current. Furthermore, the point 

identified on the curve is the maximum power point which means the highest 

value obtained by multiplication of current and voltage. These current (Jmp) and 

voltage (Vmp) that yield maximum power play an important role in efficiency 

calculation and can be called as the actual power which is received from DSSC. 

 Fill factor is another significant photovoltaic parameter that gives the ratio 

between maximum power and the theoretical power values (equation 10).21 

 

                                          ff = (JmpVmp)/(JscVoc)                                                (10) 

 

Last and the most important parameter is solar energy to electricity conversion 

yield (η) (equation 11).21 It is defined as the multiplication of fill factor (ff) with 

the ratio of theoretical output power to incident sunlight power per unit area (I0) 

which is assumed to be 100 (mW/cm2).  

 

η = Jsc (mA cm-2) Voc (V) ff / Io (mW cm-2)                          (11) 
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Overall conversion efficiency is affected by all parameters described above and 

each step in electron flow. Well-designed dye and cell construction are needed in 

order to improve η values. 

 

1.2.4. Molecular Design of Dyes    

 

A dye sensitized solar cell is a multidisciplinary concept where 

collaborations between different fields of science are needed.  Physicists for 

instance mostly deal with building new devices with effective materials and try 

to explain the photophysical processes. On the other hand, engineers are trying 

to manufacture the DSSC devices by applying novel strategies. Chemists focus 

on designing and synthesizing effective sensitizers. Dye design is one of the 

limiting steps in achieving high yield DSSC.  

Many investigations were performed in order to improve sensitizers.50-53 

In light of these studies, there are some essential points which should be 

considered while designing a sensitizer.54-59 An organic dye should have a high 

molar extinction coefficient over a wide range of solar spectrum in order to have 

high light harvesting efficiency. Also sensitizer must have an anchoring group 

which provides chemisorption of dye onto TiO2 surface. These groups are 

mostly (-COOH, -CNCOOH, -SO3H, -OH). Carboxylic acid and cyanoacetic 

acid moieties are widely used because carboxy group binds to TiO2 by making 

ester linkage which is very strong and yields good electron connection. 

Moreover, lowest unoccupied molecular orbital (LUMO) energy of the dye has 

to be more negative (higher) than the energy level of the conduction band of the 

semiconductor to conquer electron injection from excited dye to TiO2. In order 

to reduce the excited dye, highest occupied molecular orbital (HOMO) energy of 

the dye must be more positive (lower) than the energy level of redox couple (I-

/I3
-) (figure 7). 
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Figure 7. Energy levels representation of DSSC parts and electron transfer 
pathways 

 

Requirements given above are realized by introducing electron donating and 

electron withdrawing (acceptor) groups to the dye. Most popular donor groups 

are shown in figure 8. 
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Figure 8. Common donor moieties 

 

In most of the sensitizers, accepting and anchoring groups are similar. Common 

acceptors and conjugated linkers are listed in figure 9. Sensitizers which consist 

of donor and acceptor groups that are linked together with conjugated linkers 

show broad and intense absorption properties.60 Beside photophysical properties, 

it is also important to direct electron transfer toward acceptor moiety where dye 

is adsorbed on TiO2. In donor-acceptor system, HOMOs of the dye are 

delocalized on the donor part, on the other hand, upon excitation LUMOs are 

delocalized on acceptor and anchor groups, and thus the photoinduced electron 

transfer occurs via HOMO to LUMO transition. The charge separation between 

donor and acceptor groups in photoexcited dye results effective electron 

injection to TiO2 conduction band through anchoring moiety. Since the positive 

charge resulting after electron transfer to TiO2 is localized on HOMO or donor 

part, recombination between injected electron and oxidized dye is suppressed. 

Introducing good withdrawing and donating groups also decrease the energy gap 

between the HOMO and LUMO levels of dye which resulting in red shift of 
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absorption spectrum. Absorbing at longer wavelengths is important since solar 

radiation is intense at these wavelengths.  

 

  

 

 

 

Figure 9. Most widely used linkers and acceptors in DSSC 

 

 Another general concept that should be avoided is the π-stacked 

aggregation which is generally occurs with thicker films.42 Dye aggregation on 

TiO2 directly diminishes the conversion efficiency. It causes intermolecular 

electron transfer between dyes and restricts the electron transfer to 

semiconductor. In order to solve this problem, bulky and sterically hindered 

groups such as long alkyl chains or aromatic compounds are introduced.  
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 A sensitizer should be chemically stable when it is excited and it should 

complete at least 108 redox turnovers under constant sun light. This means, in 

order to call a DSSC stable, it has to work at least 20 years.61 

 To sum up, for perfect dye design, one should combine photophysical and 

electrochemical properties with molecular structure of dye. 

 

1.2.5. Photosensitizers 

 

  After the first synthesis of ruthenium complexes in 1991 by Gratzel and 

coworkers, metal based sensitizers were widely studied. Today metal-free 

organic dyes are quite popular and start to replace ruthenium dyes. Thus it is 

possible to examine photosensitzers in two topics; metal based (ruthenium 

complexes) and metal-free (organic donor - acceptor) dyes. 

 

1.2.5.1. Metal Based Photosensitizers (Ruthenium dyes) 

 

Ruthenium complexes were the initial candidates for dye sensitized solar 

cells. Overall conversion efficiencies (η) have been reported up to 11% with this 

class of dyes in liquid electrolyte based DSSC. Ruthenium (II)-polypyridyl 

complexes which are known as N3,49,62 (19) N71962-64 (20), Z90765-67 (21) and 

black dye68,69 (22) are shown in figure 10.  
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Figure 10. Common ruthenium dyes with 11% overall conversion efficiencies 

 

In all of these dyes, anchoring and the electron withdrawing group is carboxylic 

acid or deprotonated form of the carboxylate moiety. Compound 21 has long 

alkyl chains which suppresses the aggregate formation on TiO2. It is important to 

note that ruthenium sensitizers consist of at least two anchoring groups so 

binding with semiconductor is stronger which yields good electron transfer. 

High performance of ruthenium dyes arise from their intense and wide range of 

absorption at visible region, effective electron transfer property and high 

stability at excited state.  

 In order to increase the charge separation and obtain good efficiencies at 

Near-IR region, triphenyl amine groups were incorporated to the ruthenium dyes 

(compound 23). This group has dual contribution; it is expected to increase the 

electron donation and extension of the conjugation. Extended conjugation causes 

absorption at longer wavelengths and higher molar extinction coefficient. The 

solar light to electricity conversion efficiency was calculated as 6.1% in 
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traditional DSSC.70 The main point in this work was to obtain high IPCE values 

at longer wavelengths. 

 

 

Figure 11. Ruthenium dye with electron donor moiety 

 

There are also studies with ruthenium dyes in solid state dye sensitized 

solar cells. Compounds 19 and 20 were tested with HTM and efficiencies were 

around 2.5%.71 An improved efficiency was achieved with these dyes by using 

silver complex of the sensitizers. Silver complex dramatically increased the 

open-circuit voltage to yield efficiency of 3.2%.72 Another class of ruthenium 

dyes with relatively higher efficiencies in solid state devices is shown in figure 

12. Compound 24 and 25 contains triethylene oxide methyl ether group. With 

the help of this moiety, charge recombination and aggregation are suppressed 

and efficiency is increased (4.5-5%).73-75 These are some of the highest 

efficiencies obtained with solid state DSSC. 
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Figure 12. Ruthenium dyes as a sensitizer in solid state DSSC 

 

Ruthenium dyes hold the record for efficiencies in both traditional and 

solid state DSSCs however, the expensive raw material, difficult purification 

steps, low absorbance at longer wavelengths and low extinction coefficients 

favor metal free organic dyes as a sensitizer. 

 

1.2.5.2. Metal-Free Organic Dyes 

 

In recent years, metal-free organic dyes start to replace ruthenium based 

DSSC. These organic dyes have many advantages such as high molar absorption 

coefficients, low cost, wide variety of modification, no concerns about resource 

limitations, ease of synthetic route and purification, absorption at longer 

wavelengths.  

First trials with organic dyes in liquid based DSSCs were done by Hara et 

al.76 and Yanagida and coworkers.53 They introduced oligoenes with 

dialkylaminophenyl groups as the donor and cyanoacrylic acid moiety as the 
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acceptor (compound 26).  Compound 26 has 5.9% conversion efficiency. Later 

coumarines were used as donor groups (compound 27, 28).77,78 The open circuit 

voltage and efficiencies were increased due to the strong donation ability of 

coumarines. Moreover, addition of bithiophene units as linker broadened the 

absorption spectrum of the compound on TiO2. Extended conjugation which 

causes wide absorption at visible range in compound 28 further increased the 

conversion efficiency up to 8.2%. 

 

 

Figure 13. Coumarine and oligoen based sensitizers 

 

Carbazole dyes79,80 with quaterthiophene and cyanoacrylic acid group showed 

high performance in liquid electrolyte based DSSCs.  The efficiency of 

compound 29 was calculated as 8.3% (Jsc = 15.22 mAcm-2, Voc= 0.73 V, ff = 

0.75). This high overall efficiency can be attributed to a long electron lifetime. 

Long alkyl chains in compounds 29 improve efficiency by suppressing the 

aggregate formation on semiconductor. Another example with hydrophobic long 

alky chains is the study of Ko, and Gratzel. Introducing bulky 

difluorenylphenylamine to the core of oligothiophene (compound 30)81 prevents 

aggregation of dyes on semiconductor and decreases charge recombination. 

Bulky long alkyl chains prohibit hydrophilic I3
- ions to move through TiO2. So 

that electron leakage from redox mediator can be avoided.  
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Figure 14. Sensitizers with long alkyl chains 

 

 Cyanoacrylic group is one of the primary choices as an acceptor and 

anchor. Another alternative for this successful moiety is the carboxylic acid 

group. Three selected examples of sensitizers incorporated with carboxylic acid 

moiety are given in figure 15. Compound 3182 that contains rhodanine-3-acetic 

acid as the anchoring group as well as diethylaniline as the donor showed overall 

efficiency around 3.9%. Another example with similar anchoring group, 

compound 32, which is the derivative of phenothiazine chromophore, scan 

almost all visible region with absorption maxima at 452 nm and 481 nm, but 

efficiency is just 1.9%.83   Low photocurrent generation of compound 32 is 

explained by DFT (density functional theory) calculations. These studies showed 

that HOMO of the dye is localized on the donor moiety as expected but the 

LUMO is mostly located on chromophore rather than contributing to anchoring 

group. This situation led ineffective electron transfer to the semiconductor when 

dye is excited. On the other hand a similar dye with cyanoacrylic acid moiety 

where LUMO is totally localized on anchoring group showed 5.5% efficiency.83  

It seems that carboxy group is inefficient as an anchor but one of the most 

efficient metal-free organic dyes was obtained by using indoline dye and 

carboxylic acid (compound 33)84   
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Figure 15. Organic sensitizer with carboxylic acid moiety as an anchor 

 

 In solid state DSSCs, however the overall conversion efficiency is 

typically lower than the liquid counterpart, many organic dyes were studied. 

Some of the examples are given in figure 16. Compound 3429 contains 

triarylamine groups as donors and gave efficiencies about 2.8% to 3%. When the 

donor or acceptor groups change, it mostly does not affect too much the 

efficiency. Nazeeruddin and co-workers introduced perylene dye (compound 

35)30 with conversion efficiency 1.8%. This design uses spiro-MeOTAD as a 

hole conductor. The other well known example is blue squarylium dye 

(compound 36) with efficiency of 1.5% in solid state DSSC.85 In solid state 

based devices, effect of the dye is less, on the other hand, the most important 

thing is the hole transfer yield.  
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Figure 16. Sensitizers for solid state DSSCs 

 

It is possible to give more examples to sensitizers. There are many studies on 

both dye and device construction. Recent achievements were reviewed mainly in 

three articles.15,21,34 

 

1.2.6. BODIPY Dyes 

 

 Boradiazaindacene (BODIPY) dyes were first discovered in 1968 by 

Kreuzer and Treibs.86 After their initial synthesis, they are used in biological 

imaging (DNA, protein labelling).87-89 Recently, many research groups all 

around the world are investigating BODIPY chemistry and its applications. 

BODIPY’s several properties make it unique such as; high molar extinction 

coefficients, large fluorescence quantum yields, intense absorption at higher 

wavelengths, ease of synthesis, purification and modification. Moreover, good 

solubility in organic solvents and chemical stability are additional useful 

advantages of this class of dye. Due to the photophysical and chemical 
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properties of BODIPY dyes, there are many applications areas of these dyes. 

Energy transfer cassettes,90 photodynamic therapy,91 fluorescent ion sensing,92,93 

molecular logic gates94 and light harvesting systems95 are major examples for 

these applications. 

 BODIPY based dyes are also possible candidates for DSSC as a 

photosensitizer. In literature there are few examples. A contribution that shows 

current generation with BODIPYs was reported by Vobecka et al (compound 

37).96 They did not apply their dye to DSSC device so no conversion efficiency 

was shown.  

 

 

Figure 17. Generation of current with BODIPY dye 

 

First contribution which includes photovoltaic parameters was made by 

Fukuzimi et al.97 The solar light to electricity conversion efficiencies are around 

0.1%.  
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Figure 18. First report of BODIPY dyes in DSSCs 

 

One of the BODIPY derivative integrated to DSSC is compound 40. In this 

work, Akkaya et al. synthesized a sensitizer which has high IPCE values at 

longer wavelengths showing conversion efficiency around 1.6%.98 

 

 

Figure 19. Akkaya Group’s sensitizer 

 

Another example where BODIPYs were used as a sensitizers is Ziessel’s study 

(compounds 41, 42 and 43).99 In this article Ziessel and coworkers modified 

BODIPY core with suitable groups to minimize aggregation induced losses. In 

solid state DSSCs, Ziessel et al. obtained conversion efficiencies 1.17% and 
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1.34% with BODIPY dyes (compound 44).100 Design strategies for BODIPY 

sensitizers will be discussed in following chapters. 

 

 

Figure 20. BODIPY derivatives in liquid electrolyte solar cell 

 

 

Figure 21. Bodipy as a sensitizer in solid state DSSC 
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CHAPTER 2 

 

EXPERIMENTAL 
 

2.1. General 
 

All chemicals and solvents obtained from Sigma-Aldrich were used 

without further purification. Reactions were monitored by thin layer 

chromatography using Merck TLC Silica gel 60 F254. Chromatography on silica 

gel was performed over Merck Silica gel 60 (particle size: 0.040-0.063 mm, 230-

400 mesh ASTM). 

1H NMR and 13C NMR spectra were recorded at room temperature on 

Bruker DPX-400 (operating at 400 MHz for 1H NMR and 100 MHz for 13C 

NMR) in CDCl3 or DMSO-d6 with tetramethylsilane (TMS) as internal standard. 

Coupling constants (J values) are given in Hz and chemical shifts are reported in 

parts per million (ppm). Splitting patterns are designated as s (singlet), d 

(doublet), t (triplet), q (quartet), m (multiplet), and p (pentet). 

Absorption spectra in solution were acquired using a Varian Cary-100 

spectrophotometer. Mass spectra were recorded on Agilent Technologies 6530 

Accurate-Mass Q-TOF LC/MS. Spectrophotometric grade solvents were used 

for spectroscopy experiments. Cyclic voltammetry measurements, absorption 

spectra on TiO2 and calculation of photovoltaic parameters for sensitizers in 

solid state DSSC were done at the Institute of Solar Energy, Ege University, 

Bornova, Izmir, Turkey. Absorption spectra on TiO2 and calculation of 

photovoltaic parameters for sensitizers in liquid electrolyte based DSSC were 

acquired at Laboratory of Photonics and Interfaces, EPFL SB ISIC LPI 

Lausanne Switzerland.  
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2.2. Syntheses 
 
 BODIPY based dyes were synthesized as potential sensitizers for both 

solid state and liquid based DSSCs. Compounds 50101, 52102 and 59103 were 

synthesized according to literature.  

 

2.2.1. Synthesis of Compound 47 
 

To a stirred argon degassed solution of 400 mL CH2Cl2, 2-methyl pyrrole 

(46) (12.3 mmol, 1.0 g) and 4-carboxybenzaldehyde (45) (6.0 mmol, 0.9 g) were 

added. This process was followed by addition of 1-2 drops of TFA. The reaction 

mixture was stirred under N2 for 1 day at r.t. After addition of DDQ (6.0 mmol, 

1.36 g) to the reaction mixture, stirring was continued for 30 min. Then Et3N (5 

mL) and BF3.OEt2 (5 mL) were introduced. 100 mL of water was added into the 

reaction mixture and then extracted into the CHCl3 (3 x 100 mL). Na2SO4 was 

used as a drying agent. The organic layer was concentrated in vacuo and the 

crude product was purified by column chromatography packed with silica gel 

using (CHCl3: MeOH 95:5) as the eluant. Red solid (1.25 g, 30%).  

 1H NMR (400 MHz, CDCl3): δH 8.25 (2H, d, J = 7.6 Hz, ArH), 7.65 (2H, 

d, J = 7.7 Hz, ArH), 6.70 (2H, s, ArH), 6.30 (2H, d, J = 3.4 Hz, ArH), 2.70 (6H, 

s, CH3). 

 13C NMR (100 MHz, CDCl3): δC 170.5, 158.5, 140.9, 139.4, 134.5, 130.6, 

130.5, 130.2, 130.0, 119.9, 15.0 ppm. 

 MS (TOF- ESI): m/z: : Calcd: 340.1195 [M-H]+, Found: 340.1130 [M-H]+ 
, Δ=19.1 ppm. 
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Figure 22. Synthesis of Compound 47 

 

2.2.2. Synthesis of Compound 49 
 

 

47 (0.88 mmol, 0.30 g) and N,N-diphenylaminobenzaldehyde (48) (3.53 

mmol, 0.96 g) were dissolved in 50 mL benzene. To this solution, piperidine 

(0.3 mL) and acetic acid (0.3 mL) was added. The mixture was heated under 

reflux in round bottom flask equipped with a Dean Stark trap for 4 hours. The 

reaction was finished by cooling it to room temperature. Solvent was 

concentrated in vacuo. 100 mL of water was added and then mixture extracted 

into the CHCl3 (3 x 100 mL). Organic phase dried over Na2SO4, evaporated and 

the crude product was purified by column chromatography packed with silica gel 

using (CHCl3: MeOH 93:7) as the eluant.  Black waxy solid (0.15 mg, 20%). 

 1H NMR  (400 MHz, DMSO-d6): δH 8.31 (1H, s, COOH), 8.10 (2H, d, J = 

8.3 Hz, ArH), 7.72 (2H, d, J = 8.2 Hz, ArH), 7.62 (2H, d, J = 16.2 Hz, CH), 7.51 

(4H, d, J = 8.7 Hz, ArH), 7.44 (2H, d, J = 16.2 Hz, CH), 7.38-7.32 (8H, m, 

ArH), 7.23 (2H, d, J = 4.6 Hz, ArH), 7.15-7.05 (12H, m, ArH), 6.95 (4H, d, J = 

8.5 Hz, ArH), 6.85 (2H, d, J = 4.6 Hz, ArH). 

 13C NMR (100 MHz, DMSO-d6): δC 185.7, 154.9, 149.1, 146.8, 141.5, 

137.7, 136.7, 135.6, 130.9, 130.2, 129.9, 129.8, 129.1, 125.5, 124.6, 121.9, 

117.8, 116.8, 116.5 ppm. 
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 MS (TOF- ESI): m/z: Calcd: 850.3291 [M-H]+, Found: 850.3271 [M-H]+ , 

Δ=2.3 ppm. 

 

 

Figure 23. Synthesis of Compound 49 

 

2.2.3. Synthesis of Compound 51 
 

47 (0.88 mmol, 0.30 g) and N,N-di(4-

methoxyphenyl)aminobenzaldehyde (50) (3.53 mmol, 1.18 g) were dissolved in 

50 mL benzene. To this solution, piperidine (0.3 mL) and acetic acid (0.3 mL) 

was added. The mixture was heated under reflux in round bottom flask equipped 

with a Dean Stark trap for 4 hours. The reaction was finished by cooling it to 

room temperature. Solvent was concentrated in vacuo. 100 mL of water was 

added and then mixture extracted into the CHCl3 (3 x 100 mL). Organic phase 

dried over Na2SO4, evaporated and the crude product was purified by column 

chromatography packed with silica gel using (CHCl3: MeOH 93:7) as the eluant.  

Black waxy solid (0.17 g, 20%). 

 1H NMR (400 MHz, DMSO-d6): δH 8.25 (1H, s, COOH), 8.05 (2H, d, J = 

8.3 Hz, ArH), 7.64 (2H, d, J = 8.2 Hz, ArH), 7.52 (2H, d, J = 17.2 Hz, CH), 7.38 

(4H, d, J = 8.7 Hz, ArH), 7.32 (2H, d, J = 15.2 Hz, CH), 7.15 (2H, d, J = 4.6 Hz, 
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ArH), 7.10-7.05 (8H, m, ArH), 6.95-6.85 (12H, m, ArH), 6.78 (2H, d, J = 4.6 

Hz, ArH),  6.72 (4H, d, J = 8.5 Hz, ArH), 3.71 (12H, s, OCH3). 

 13C NMR (100 MHz, DMSO-d6): δC 167.5, 156.9, 154.9, 150.2, 139.5, 

138.2, 137.8, 135.4, 132.6, 131.0, 129.9, 129.8, 129.6, 129.3, 129.1, 128.0, 

127.7, 120.2, 118.4, 117.6, 115.5, 55.7 ppm. 

 MS (TOF- ESI): m/z: : Calcd: 970.3713, Found: 970.3692, Δ=2.2 ppm. 
 

 

Figure 24. Synthesis of Compound 51 

 

2.2.4. Synthesis of Compound 53 
 

 

47 (0.44 mmol, 0.15 g) and 3,4,5-Tris(octadecyloxy)benzaldehyde (52) 

(1.32 mmol, 1.26 g) were dissolved in 50 mL benzene. To this solution, 

piperidine (0.3 mL) and acetic acid (0.3 mL) was added. The mixture was heated 

under reflux in round bottom flask equipped with a Dean Stark trap for 4 hours. 

The reaction was finished by cooling it to room temperature. Solvent was 

concentrated in vacuo. 100 mL of water was added and then mixture extracted 

into the CHCl3 (3 x 100 mL). Organic phase dried over Na2SO4, evaporated and 

the crude product was purified by column chromatography packed with silica gel 

using (CHCl3 : MeOH 95:5) as the eluant.  Dark green solid (0.24 g, 25%). 
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 1H NMR (400 MHz, CDCl3): δH 8.28 (2H, d, J = 7.8 Hz, ArH), 7.65 (2H, 

d, J = 8.1 Hz, ArH), 7.60 (2H, d, J = 15.8 Hz, CH), 7.30 (2H, d, J = 16.4 Hz, 

CH), 6.95 (2H, d, J = 4.6 Hz, ArH), 6.85 (4H, s, ArH), 6.75 (2H, d, J = 4.3 Hz, 

ArH), 4.15-4.01 (12H, m, OCH2), 1.85-1.72 (12H, m, CH2), 1.69-1.21 (180H, m, 

CH2), 1.05-0.85 (18H, m, CH3). 

 13C NMR (100 MHz, DMSO-d6): δC 155.3, 153.4, 140.0, 139.3, 137.8, 

137.0, 135.9, 131.6, 130.5, 130.0, 129.1, 118.1, 116.7, 106.6, 73.6, 69.3, 31.9, 

30.4, 29.8, 29.7, 29.5, 29.4, 26.2, 26.1, 22.7, 14.1 ppm. 

 

 

Figure 25. Synthesis of Compound 53 

 

 

2.2.5. Synthesis of Compound 54 
 

Iodic acid (0.88 mmol, 0.16 g) dissolved in 2 mL of water. Iodic acid 

solution was added to mixture of 47 (0.44 mmol, 0.15 g) and iodine (1.10 mmol, 

0.28 g). The reaction mixture was stirred at 60oC and was monitored by TLC 

(CHCl3 : MeOH 93:7). When all the starting material had been consumed, 

saturated Na2S2O3
 solution in water was added and the product was extracted 

into chloroform. Solvent was concentrated in vacuo. Red waxy solid (0.26 g, 

100%). 
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 1H NMR (400 MHz, DMSO-d6): δH 8.15 (2H, d, J = 8.2 Hz, ArH), 7.65 

(2H, d, J = 8.2 Hz, ArH), 7.15 (2H, s, ArH), 2.50 (6H, s, CH3). 

 13C NMR (100 MHz, DMSO-d6): δC 167.2, 160.2, 159.0, 140.4, 137.2, 

136.8, 134.9, 133.1, 131.1, 130.0, 15.8 ppm. 

 MS (TOF- ESI): m/z: : Calcd: 591.9128 [M-H]+, Found: 591.9031 [M-H]+ 

, Δ=16.4 ppm. 

 

 

Figure 26. Synthesis of Compound 54 

 

 

2.2.6. Synthesis of Compound 55 
 
 

54 (0.18 mmol, 0.11 g) and N,N-diphenylaminobenzaldehyde (48) (0.55 

mmol, 0.15 g) were dissolved in 50 mL benzene. To this solution, piperidine 

(0.3 mL) and acetic acid (0.3 mL) was added. The mixture was heated under 

reflux in round bottom flask equipped with a Dean Stark trap for 4 hours. The 

reaction was finished by cooling it to room temperature. Solvent was 

concentrated in vacuo. 100 mL of water was added and then mixture extracted 

into the CHCl3 (3 x 100 mL). Organic phase dried over Na2SO4, evaporated and 
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the crude product was purified by column chromatography packed with silica gel 

using (CHCl3 : MeOH 93:7) as the eluant.  Black solid (0.05g, 25%). 

 1H NMR (400 MHz, DMSO-d6): δH  8.20 (1H, s, COOH), 8.05 (2H, d, J = 

7.9 Hz, ArH), 8.00 (2H, d, J = 16.6 Hz, CH), 7.60 (2H, d, J = 8.2 Hz, ArH), 7.41 

(4H, d, J = 8.6 Hz, ArH), 7.35 (2H, d, J = 16.4 Hz, CH), 7.30-7.21 (8H, m, 

ArH), 7.09-6.97 (14H, m, ArH), 6.85 (4H, d, J = 8.5 ArH). 

 13C NMR (100 MHz, DMSO-d6): δC 164.8, 162.5, 161.1, 155.7, 151.7, 

149.6, 147.9, 146.8, 142.7, 139.3, 136.8, 132.7, 132.1, 130.2, 129.9, 129.3, 

125.7, 125.6, 124.8, 121.9 ppm. 

 MS (TOF- ESI): m/z: : Calcd: 1102.1223 [M-H]+, Found: 1102.1184 [M-

H]+ , Δ=3.5 ppm. 

 

 

Figure 27. Synthesis of Compound 55 
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2.2.7. Synthesis of Compound 58 
 

To a stirred argon degassed solution of 400 mL CH2Cl2, 2,4-dimethyl 

pyrrole (57) (15.8 mmol, 1.5 g) and 3,5-bis(decyloxy)phenylbenzaldehyde (56) 

(7.17 mmol, 3.0 g) were added. This process was followed by addition of 1-2 

drops of TFA. The reaction mixture was stirred under N2 for 1 day at r.t. After 

addition of DDQ (7.17 mmol, 1.63 g) to the reaction mixture, stirring was 

continued for 30 min. Then Et3N (5 mL) and BF3.OEt2 (5 mL) were introduced. 

100 mL of water was added into the reaction mixture and then extracted into the 

CHCl3 (3 x 100 mL). Na2SO4 was used as a drying agent. The organic layer was 

concentrated in vacuo and the crude product was purified by column 

chromatography packed with silica gel using (CHCl3: Hexanes 2:1) as the 

eluant. Red solid (1.38 g, 30%). 

 

1H NMR (400 MHz, CDCl3): δH 6.45 (s, 1H, ArH), 6.35 (s, 2H, ArH), 

5.90 (s, 2H, ArH), 3.85 (t, 4H, J = 6.56 Hz, OCH2), 2.47 (s, 6H, CH3), 1.70 (m, 

4H, CH2), 1.49 (s, 6H, CH3), 1.35 (m, 4H, CH2), 1.20 (s, 24H, CH2), 0.80 (t, 6H, 

J = 6.5 Hz, CH3). 

 
13C NMR (100 MHz, CDCl3): δC 161.2, 155.4, 143.2, 136.4, 131.2, 

121.0, 106.4, 102.3, 68.4, 31.9, 29.6, 29.5, 29.3, 29.2, 26.0, 22.7, 14.6, 14.2, 

14.0 ppm. 

 

MS (TOF- ESI): m/z: : Calcd: 636.4638 [M-H]+, Found: 636.4564 [M-

H]+ , Δ=11.6 ppm. 
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Figure 28. Synthesis of compound 58 

 

 

2.2.8. Synthesis of Compound 61 
 

 

59 (0.10 g, 0.14 mmol) was dissolved in 10 mL freshly distilled THF and 

5 mL (i-Pr)2NH. Then the reaction was purged with argon until all the chemicals 

were added.  After 15 minutes Pd(PPh3)2Cl2 (4.71 mg, 0.0067 mmol) and CuI 

(2.13 mg, 0.0112 mmol) were added to the reaction mixture. Then 4-ethynyl 

benzoic acid (60) (0.04 g, 0.27 mmol) was added after 10 minutes. The reaction 

was proceeded for 12 hours at 60⁰C. The reaction mixture was evaporated under 

reduced pressure and the compound was purified over silica gel using (CHCl3 : 

MeOH 95:5). Red solid (76.44 mg, 70%). 

 1H NMR (400 MHz, CDCl3): δH 8.05 (2H, d, J = 8.2 Hz, ArH), 7.55 (2H, 

d, J = 8.2 Hz, ArH), 6.60 (1H, d, J=2.1 Hz, ArH), 6.41 (2H, d, J = 2.2 Hz, ArH), 

6.05 (1H, s, ArH), 3.97 (4H, t, J = 6.6 Hz, OCH2), 2.72 (3H, s, CH3), 2.60 (3H, 

s, CH3), 1.75 (4H, p, J = 5.6 Hz CH2), 1.71 (3H, s, CH2), 1.62 (3H, s, CH3), 1.45 

(4H, m, CH2), 1.40-1.18 (24H, m, CH2), 0.88 (6H, t, J = 6.7 Hz, CH3). 

 13C NMR (100 MHz, CDCl3): δC 171.2, 161.4, 158.4, 156.3, 145.4, 142.9, 

142.3, 137.1, 136.0, 132.5, 131.1, 130.2, 129.4, 128.0, 122.3, 114.2, 106.2, 

102.5, 95.3, 86.2, 68.5, 31.9, 29.5, 29.4, 29.3, 29.1, 26.0, 22.7, 14.5, 14.1, 13.1 

ppm. 
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 MS (TOF- ESI): m/z: : Calcd: 780.4849 [M-H]+, Found: 780.4807 [M-H]+ 

, Δ=5.4 ppm. 

 

 

Figure 29. Synthesis of Compound 61 

 

2.2.9. Synthesis of Compound 62 
 

61 (0.13 mmol, 0.10 g) and N,N-diphenylaminobenzaldehyde (48) (0.51 

mmol, 0.14 g) were dissolved in 50 mL benzene. To this solution, piperidine 

(0.3 mL) and acetic acid (0.3 mL) was added. The mixture was heated under 

reflux in round bottom flask equipped with a Dean Stark trap for 4 hours. The 

reaction was finished by cooling it to room temperature. Solvent was 

concentrated in vacuo. 100 mL of water was added and then mixture extracted 

into the CHCl3 (3 x 100 mL). Organic phase dried over Na2SO4, evaporated and 

the crude product was purified by column chromatography packed with silica gel 

using (CHCl3 : MeOH 93:7) as the eluant. Dark-green solid. (58.76 mg, 35%). 

 1H NMR (400 MHz, CDCl3): δH 8.29 (1H, d, J = 16.1 Hz, CH), 8.07 (2H, 

d, J = 7.4 Hz, ArH), 7.72 (1H, d, J = 16.1 Hz, CH), 7.63 (1H, d, J = 16.1 Hz, 

CH), 7.58-7.47 (7H, m, ArH-CH), 7.35-7.21 (8H, m, ArH), 7.20-7.02 (16H, m, 

ArH), 6.67 (1H, s, ArH), 6.62-6.55 (1H, br s, ArH), 6.52-6.46 (2H, br s, ArH), 

4.05-3.80 (4H, br s, OCH2), 1.85-167 (4H, m, CH2), 1.61 (3H, s, CH3), 1.58 (3H, 

s, CH3), 1.52-1.41 (4H, m, CH2), 1.38-1.15 (24H, m, CH2), 0.95-0.80 (6H, m, 

CH3). 

 13C NMR (100 MHz, CDCl3): δC 161.2, 149.1, 148.7, 147.3, 147.0, 137.9, 

137.0, 136.5, 134.4, 130.9, 130.7, 130.3, 129.8, 129.4, 128.9, 128.5, 125.2, 
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125.0, 123.8, 123.5, 122.7, 122.2, 106.9, 102.4, 96.8, 68.5, 31.9, 29.6, 29.5, 

29.4, 29.3, 29.2, 26.0, 22.7, 14.7, 14.1, 12.9 ppm. 

 

MS (TOF- ESI): m/z: : Calcd: 1290.6945 [M-H]+, Found: 1290.6899 [M-

H]+ , Δ=3.6 ppm. 

 

 

Figure 30. Synthesis of Compound 62 

 

 

2.2.10. Synthesis of Compound 63 
 

A mixture of DMF (6 mL) and POCl3 (6 mL) was stirred under argon for 

5 min in the ice bath. After warming solution up to room temperature, it was 

stirred for additional 30 min. 58 (0.50 mmol, 158.0 mg) in 60 mL dichloroethane 

was added to the solution and temperature raised to 500C. After stirring for 2 h, 

the mixture was cooled to room temperature and then poured in to iced cooled 

saturated aqueous solution of NaHCO3 (150 mL). Then reaction mixture was 

stirred for 30 min after warming solution to room temperature. After 30 min. the 

mixture was washed with H2O (2x100 mL). The product was extracted into the 

dichloromethane. Organic phase dried over Na2SO4. Reddish-brown solid was 

obtained (157.0 mg, 89%). 
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1H NMR (400 MHz, CDCl3, 300K): δH 10.02 (1H, s; CHO), 6.58 (1H, t; 

J=2.61 Hz, ArH), 6.41 (2H, d; J=2.20 Hz, ArH), 6.15 (1H, s; ArH), 3.92 (4H, t; 

J=6.60 Hz, OCH2), 2.81 (3H, s; CH3), 2.60 (3H, s; CH3), 1.85 (3H, s; CH3), 1.75 

(4H, m; CH2), 1.42 (4H, m; CH2), 1.40-1.15 (24H, m; CH2), 0.85 (6H, t; J=6.68 

Hz, CH3). 

13C NMR (100 MHz, CDCl3): δC 185.8, 161.4, 156.4, 147.3, 143.5, 

142.9, 135.5, 133.8, 130.8, 129.5, 128.8, 126.3, 123.8, 106.1, 102.5, 68.5, 31.9, 

29.5, 29.3, 29.1, 26.0, 22.7, 15.0, 14.7, 14.1, 13.0, 11.5 ppm. 

MS (TOF- ESI): m/z: : Calcd: 664.4587 [M-H]+, Found: 664.4503 [M-
H]+ , Δ=12.7 ppm. 

 

 

 

Figure 31. Synthesis of Compound 63 

 

 

2.2.11. Synthesis of Compound 64 
 

63 (0.12 mmol, 83.0 mg) and cyanoacetic acid (0.49 mmol, 42.3 mg) 

were dissolved in toluene. One drop of piperidine and catalytic amount of acetic 

acid were added to the mixture under argon atmosphere. The reaction mixture 

was refluxed and stirred under argon for 3 h. Then mixture washed with water 

(2x50 mL). Organic phase dried over Na2SO4 and solvent was evaporated and 
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the residue was purified by silica gel column chromatography using (CHCl3 : 

MeOH 90:10) as the eluant. Red solid was obtained (50.0 mg, 57%). 

 1H NMR (400 MHz, CDCl3): δH 8.18 (1H, s; CH), 6.55 (1H, s; ArH), 6.41 

(2H, d; J = 1.9 Hz, ArH), 6.08 (1H, s; ArH), 3.91 (4H, t; J = 6.5 Hz OCH2), 2.57 

(6H, s; CH3), 1.80-1.68 (4H, m; CH2), 1.63 (3H, s; CH3), 1.59 (3H, s; CH3), 

1.48-1.37 (4H, m; CH2), 1.45-1.18 (24H, m; CH2), 0.86 (6H, t; J = 6.8 Hz CH3). 

 13C NMR (100 MHz, CDCl3): δC 161.4, 153.7, 142.8, 140.6, 135.6, 133.4, 

130.8, 123.9, 123.3, 106.1, 102.6, 68.5, 31.9, 29.6, 29.4, 29.3, 29.1, 25.9, 14.6, 

14.1 ppm. 

 MS (TOF- ESI): m/z: : Calcd: 731.4645 [M-H]+, Found: 731.4585 [M-H]+ 
, Δ=8.2 ppm. 
 

 

 

Figure 32. Synthesis of Compound 64 

 

 

2.2.12. Synthesis of Compound 65 
 

64 (0.12 mmol, 90.0 mg) and N,N-diphenylaminobenzaldehyde (48) 

(0.37 mmol, 100.9 mg) were dissolved in 50 mL benzene. To this solution, 

piperidine (0.3 mL) and acetic acid (0.3 mL) was added. The mixture was heated 

under reflux in round bottom flask equipped with a Dean Stark trap for 4 hours. 

The reaction was finished by cooling it to room temperature. Solvent was 
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concentrated in vacuo. 100 mL of water was added and then mixture extracted 

into the CHCl3 (3 x 100 mL). Organic phase dried over Na2SO4, evaporated and 

the crude product was purified by column chromatography packed with silica gel 

using (CHCl3: MeOH 93:7) as the eluant. Green solid was obtained (52.20 mg, 

35%). 

 1H NMR (400 MHz, CDCl3): δH 8.24 (1H, s; CH), 7.61-7.52 (1H, m; CH), 

7.47 (2H, d; J = 8.0 Hz, ArH), 7.33-7.24 (6H, m; ArH), 7.21-7.08 (12H, m; 

ArH), 7.04-6.93 (8H, m; ArH), 6.90-6.69 (4H, m; ArH), 6.62 (1H, s; ArH), 6.46 

(2H, s; ArH), 3.92-3.61 (4H, m; OCH2), 1.89-1.54 (4H, m; CH2), 1.52-1.49 (4H, 

m; CH2), 1.48-1.12 (30H, m; CH2, CH3), 0.91-0.74 (6H, m; CH3). 

 13C NMR (100 MHz, CDCl3): δC 161.1, 148.5, 147.1, 147.0, 139.0, 136.4, 

132.7, 129.4, 129.3, 128.9, 128.6, 125.4, 125.1, 124.8, 123.7, 123.3, 122.6, 

122.3, 117.0, 106.8, 68.4, 31.9, 29.6, 29.5, 29.4, 29.3, 29.2, 26.0, 22.7, 14.7, 

14.5, 14.1 ppm. 

 MS (TOF- ESI): m/z: : Calcd: 1241.6741 [M-H]+, Found: 1241.6790 [M-
H]+ , Δ=3.9 ppm. 

 

 

 

Figure 33. Synthesis of Compound 65 
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CHAPTER 3 

 

RESULTS and DISCUSSION 
 

 

3.1. General Perspective  
 

Dye sensitized solar cells with their high solar light to electricity 

conversion efficiencies are primary alternatives for conventional energy sources. 

As described in the introductory part, all around the world, there are many 

research groups and industrial companies which are investigating ways to 

improve design of dyes and devices. In fact, there are number of factors 

affecting the efficiency, molecular design of the dye is clearly the significant 

one. The common procedure is to build up dyes that consist of donor-spacer-

acceptor structure. With this model, acceptable efficiencies were achieved but 

there are still some problems remain challenging such as obtaining dyes with 

high efficiencies at longer wavelengths (Near-IR), or with high molar extinction 

coefficients in the entire visible spectrum. For instance, ruthenium dyes while 

holding the record for efficiency, the spectral response at Near-IR region is not 

sufficient.  

 In this study, we proposed six different BODIPY based sensitizers with 

different anchoring and donating moieties that absorb sunlight effectively 

especially at longer wavelengths. 

 

3.2. Novel BODIPY Sensitizers 
 

 BODIPY dyes with their unique chemical and photophysical properties are 

remarkable candidates as a sensitizer in dye sensitized solar cells.  BODIPY 



 

derivat

the spe

dyes a

Further

procedu

simple 

longer 

be loca

possibl

 

 

the trad

3, 5 an

Acidic 

easily. 

electrop

reaction

dyes a

donatin

electric

ives have st

ectrum (70 0

are long en

rmore, goo

ures result 

modificatio

wavelength

ated on the B

le modificat

Figur

Position 8 

ditional BOD

nd 7 can be

nature of th

2 and 6 

philic iodin

ns, core wa

are shown 

ng groups a

city efficien

trong extinc

000 – 100 0

nough to 

od solubilit

in facile sy

ons, it is p

hs. Also elec

BODIPY co

tion sides of

re 34. Possib

which is al

DIPY synth

e functional

hese methy

positions 

nation or br

as modified

in figure 3

at different

ncy was obse

4

ction coeffic

000 M-1 cm-

achieve el

ty in organ

ynthetic pat

possible to 

ctron donat

ore with we

f the BODIP

ble modific

lso named a

hesis by cho

lized throug

yl groups ca

are favora

romination 

d in order t

35. Effect 

t positions 

erved with t

5 

cient in the 
-1), excited 

ectron tran

nic solvent

thways. Mo

shift absorp

ing, accepti

ell known re

PY. 

ation sides 

as meso pos

oosing appro

gh Knoeven

auses this co

able for co

of these si

to obtain ef

of differen

of the BO

these target

visible and

state lifetim

nsfer to th

ts and eas

ore importa

rption maxi

ing and anc

eactions. Fig

of BODIPY

sition can b

opriate alde

nagel conde

ondensation

oupling rea

ides. With 

ffective sen

nt anchorin

DIPY core

t sensitizers

d near-IR reg

mes of this c

he semicon

se of purif

antly, by ap

ma of the 

horing grou

gure 34 rep

Y core 

e modified 

ehyde. Posit

ensation rea

n reaction to

actions fol

the help o

nsitizers. Ta

ng (accepto

e to solar l

. 

gion of 

class of 

ductor. 

fication 

pplying 

dye to 

ups can 

resents 

 

during 

tions 1, 

actions. 

o occur 

llowing 

f these 

argeted 

or) and 

ight to 



46 
 

 

 

Figure 35. Target Sensitizers 
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3.2.1.    Bodipy Sensitizers in Gratzel Type DSSC 
 

3.2.1.1. Design and Photophysical and Photovoltaic 

Characterization of Compounds 49, 51, 53 and 55 

 

 Compound 49 was our first design among the targeted sensitizers. In order 

to obtain this dye, initially 8-Carboxyphenyl-Bodipy (compound 47) was 

synthesized from appropriate procedures. By this synthesis, Bodipy core was 

equipped with carboxylic acid moiety which is an anchor and electron acceptor. 

Carboxylic acid was preferred as an anchoring group due to two reasons; first, 

carboxylic acid makes an ester linkage with TiO2 that strengthen the 

chemisorption of dye onto semiconductor and second, incorporation of 

carboxylic acid to the Bodipy core is synthetically an easier process. Afterwards, 

diphenylaminophenyl donor moiety was placed with Knoevenagel condensation 

reaction. This moiety works as an electron pump and also restricts the 

aggregation of the dye on the semiconductor surface with its large, non-planar 

phenyl groups. Moreover, addition of diphenylaminophenyl extends the 

conjugation that diminishes the HOMO-LUMO gap of the dye and shifts the 

absorption maxima of the Bodipy to longer wavelengths. Without any 

modification, the absorption maximum of the Bodipy core is around 500 nm.    

In a sensitizer, excitation moves an electron from HOMO to LUMO of the dye. 

For effective photoinduced charge transfer there should be full conjugation 

between donor groups (where HOMO of the dye localized) and anchoring 

groups (where LUMO of the dye lies). Thus, it is important to note that methyl 

groups at 1 and 7 positions on the Bodipy core were removed in order to have 

full conjugation between the two terminals of the dye. In the presence of those 

methyl groups phenyl moiety at the meso position is almost perpendicular to the 

Bodipy core that restricts the conjugation, but in the case of compound 49, the 

dihedral angle between phenyl and the core is around 300.  

 Compound 51 was synthesized secondly. The Bodipy core and the 

anchoring group are same as the former compound 49. The only change was in 

the donating moiety. We placed additional electron donor p-methoxy groups on 
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the diphenylaminophenyl moiety looking for enhanced electron donation and 

efficient excited state charge transfer. 

 The major difference in compound 53 is again the donating part. We 

performed the Knoevenagel condensation reaction with 3,4,5-

Tris(octadecyloxy)benzaldehyde. 3,4,5-Tris(octadecyloxy) group has dual role. 

While donating electron to the dye, it also minimizes the aggregation induced 

loses by long alkyl chains. Also these long alkyl chains increase the solubility of 

the sensitizer in organic solvents which helps a lot in synthetic pathway and 

purification steps.  

On the other hand in compound 55, we used same donating moiety with 

compound 49 but placed iodine to the positions 2 and 6 by heating Bodipy in 

ethanol with iodic acid and iodine. Addition of heavy halogens changes the 

relaxation pathway of the excited dye. Due to the iodines, intersystem crossing 

takes place and the electron is transferred from singlet excited state to triplet 

excited and comes back to singlet ground state. Relaxation of electron from 

triplet excited state to singlet ground state is known as phosphoresence.  

Phosphoresence is longer process than the emission where relaxation occurs 

from singlet excited state to singlet ground state. So the aim was to increase 

excited state life time of the electron to achieve good electron transfer to 

semiconductor by forcing intersystem crossing. 

 The UV-vis spectra of compounds 49, 51, 53 and 55 are given in figure 36. 

The absorption maxima of the dyes are 723, 748, 668 and 761 nm respectively 

corresponding to S0 → S1 transition. At these wavelengths calculated molar 

extinction coefficients are 60.000 M-1 cm-1 for compound 49, 66,000 M-1 cm-1 

for compound 51, 74,000 and 68,000 M-1 cm-1 for 53 and 55. (figure 37). 
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Figure 36. Absorption spectra of compounds 49, 51, 53 and 55 in CHCl3 

 

The red-shift observed with compound 51 can be explained by addition 

of methoxy groups to the donor moiety that further extends the conjugation. 

Compound 55 has absorption maximum at 761 nm which is the result of addition 

of electron withdrawing (relatively to hydrogen) group that stabilizes the LUMO 

which decreases the HOMO-LUMO gap and shifts absorption maximum to 

longer wavelengths. It is also seen in figure 36 that all compounds have good 

molar extinction coefficients throughout the entire spectrum with compound 53 

showing highest extinction coefficient value. High molar extinction coefficient 

(Table 2) of 55 relative to 49 can be explained as a broadened absorption peak of 

55 at longer wavelengths. It is important to note that with all of these sensitizers, 

it is possible to absorb in the visible and Near-IR region of the spectrum. This 

wide absorption feature cannot be observed in most of the ruthenium and 

organic dye sensitizers. Having high molar extinction coefficients reduces the 
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film thickness on semiconductor in solar cell device and increases the open 

circuit voltage (Voc) and solar light to electricity conversion efficiency (η) in 

many cases. 

 

 

Figure 37. Molar extinction coefficient vs. wavelength plot for compounds 49, 
51, 53 and 55  

 

DYE λmax  (nm) Є (M-1 cm-1) 
49 724 60.000 
51 748 66.000 
53 668 74.000 
55 761 68.000 

 

Table 2. Photophysical parameters of compounds 49, 51, 53 and 55 

 

   Incident photon to current efficiencies (IPCEs) and current vs. voltage 

plots of the Gratzel type solar cells based on these four dyes is given in figure 38 

and 39. IPCE of compound 49 exceeds over the range from 400 nm to 900 nm 

with showing its maximum value (25%) around 800 nm. This IPCE value is the 

record for Bodipy based sensitizers. Although compound 51 with p-methoxy 

substituted donor moiety absorbs at longer wavelengths with high molar 
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extinction coefficient, IPCE and overall efficiency are lower than the compound 

49, suggesting that increasing the electron donation of the dye did not affect 

overall efficiency. Compound 49 gave an open circuit voltage (Voc) of 472 mV, a 

short-circuit photocurrent density (Jsc) of 5.95 mA/cm2, and a fill factor (ff) of 

0.67, corresponding to overall conversion efficiency (η) of 1.88 %. On the other 

hand, compound 51 gave an open circuit voltage (Voc) of 456 mV, a short-circuit 

photocurrent density (Jsc) of 4.52 mA/cm2, and a fill factor (ff) of 0.63, that yield 

1.32 % overall efficiency. These two similar Near-IR absorbing dyes have 

similar and high values of Voc, which confirm the effective absorption of light by 

these two sensitizers on TiO2. The major difference is in the Jsc values. 

Relatively lower overall efficiency of compound 51 is due to its low current 

density. This means that in DSSC constructed with compound 51, electron 

transfer processes are not effective as in the case of compound 49. Compound 53 

has similar photovoltaic parameters with compound 49 (Table 3). In fact, 

electron donation from 3,4,5-Tris(octadecyloxy) group is less than the 

diphenylamino phenyl moiety, suppressed aggregate formation on TiO2 with the 

help of long alkyl chains made compound 53 as effective as compound 49 with 

overall efficiency 1.81% . Furthermore, incorporating long alkyl chain increases 

the solubility of the dye that simplifies the loading of the sensitizer on 

semiconductor. 

 

Dye  Jsc (mA*cm‐2) Voc (mV)  FF  efficiency  

49  5.949 471.85 0.668 1.88 
51  4.52 456.01 0.633 1.32 
55  1.052 353.03 0.614 0.23 
53  5.447 465.63 0.709 1.81 

 

Table 3. Photovoltaic parameters of compounds 49, 51, 53 and 55. Dipping: 4 
hrs in 0.1 mM THF, TiO2: 7+4, Electrolyte: A6986. 

 

 Compound 55 with two iodine atoms showed very low IPCE values. An 

open circuit voltage (Voc) is 353 mV, a short-circuit photocurrent density (Jsc) is 

1.05 mA/cm2, and a fill factor (ff) is 0.614. With these photovoltaic parameters, 
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calculated overall solar light to electricity conversion efficiency is only 0.23%. 

The notable thing is again the low short-circuit photocurrent density (Jsc). 

Compound 55 absorbs light, but electron transfer parts seem to be missing. 

Iodine atoms hold electron density on Bodipy core so injection of electron to 

TiO2 via anchoring group could not proceed. Moreover, having different 

pathways for relaxation of the excited dye diminished the electron transfer from 

the LUMO of the dye to conduction band of the semiconductor. It was 

understood that alternative relaxation ways for excited electron should be 

avoided and excited electron must be directed towards TiO2.         

 

 

Figure 38. IPCE of compounds 49, 51, 53 and 55  
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Figure 39. Current vs. Voltage graph of compounds 49, 51, 53 and 55 

  

In order to improve solar light to electricity efficiency of our most 

effective sensitizer (compound 49), our collaborators in EPFL, Switzerland 

modified the semiconductor. 3a,7a-dihydroxy-5b-cholic acid (cheno) was mixed 

with the sensitizer while preparing the dye solution just before the chemisorption 

takes place on to semiconductor.  Cheno with its carboxylic acid moiety 

adsorbed on TiO2 like the sensitizer and stays perpendicular to the 

semiconductor surface where it forms a layer between the sensitizer molecules. 

With this modification aggregate formation on semiconductor was diminished. 

New photovoltaic parameters of compound 49 are shown in table 4. 

 

 

Dye  Jsc (mA*cm‐2) Voc (mV)  FF  efficiency  
49  9.174  430.61  0.621  2.46 

 

Table 4. Photovoltaic performance of compound 49. Dipping: 24 hrs in 
CB/EtOH (1:1) + 2 mM cheno, TiO2: 8+5+TiCl4, Electrolyte: Z1040 

 

DSSC with cheno additive gave 9.174 mA/cm2 short circuit photocurrent 

density (Jsc), corresponding overall efficiency of 2.46%. In the initial case where 

no modification was performed, Jsc was 5.949 mA/cm2. This high value of Jsc 

was the result of suppressed aggregation of sensitizers on TiO2. Aggregation 
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control increased electron transfer from excited dye to conduction band of TiO2. 

Comparison of IPCE and current values of the compound 49 with cheno and 

without cheno are given in figure 40. Overall efficiency was increased to 2.46% 

as a consequence of addition of cheno. Thus, it is also possible to treat other 

sensitizers with same additive and improve their efficiencies. In this work, cheno 

was only added to compound 49. 
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Figure 40. IPCE and current vs. voltage graphs of compound 49. Red: Dipping: 
24 hrs in CB/EtOH (1:1) + 2 mM cheno, TiO2: 8+5+TiCl4, Electrolyte: Z1040. 

Black: Dipping: 4 hrs in 0.1 mM THF, TiO2: 7+4, Electrolyte: A6986 

 

 

3.2.1.2. Design and Photophysical and Photovoltaic 
Characterization of Compounds 62 and 65 
 

All compounds discussed above contain the same anchoring group at the 

comparable positions.  In compounds 62 and 65 we changed the position of the 

anchoring group and substituted it with a different group (compound 65). As a 

donor group we chose diphenylamino phenyl moiety after investigating its high 

performance. In both of the dyes long alkyl chains were incorporated at meso 

position again in order to avoid aggregate formation and to increase the 

solubility of sensitizers. Compound 62 involved mono iodination intermediate 

step. After iodination, coupling reaction was performed to attach carboxylic acid 

moiety at position 2 on Bodipy core. Donor groups were inserted with 

Knoevenagel condensation reaction as in the case of previous sensitizers.  

Compound 65 was synthesized according to relatively new procedure. 

This new synthetic pathway involves selective formylation of Bodipy core only 

at positions 2 or 6.  Then cyano acetic acid moiety was replaced by formyl 
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group. Finally donor groups were incorporated. These two new designs gave us 

chance to discuss the effect of anchor position and type on efficiency.  

The UV-Vis spectra of compounds 62 and 65 are given in figure 41. 

Absorption maxima are 707 nm (є = 71.000) and 695nm (є = 79.000) 

respectively. Like other dyes, extended conjugation causes these sensitizers to 

absorb at longer wavelengths with high molar extinction coefficients. 

 

 

 

Figure 41. The UV-vis and extinction coefficient vs. wavelength spectra of 
compounds 62 and 65 

 

DYE λmax  (nm) Є (M-1 cm-1) 
62 707 71.000 
65 695 79.000 

 

Table 5. Photophysical parameters of compounds 62 and 65 
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Incident photon to current efficiencies and current vs. voltage graphs of 

compounds 62 and 65 are shown in figure 42. IPCE of compound 62 exceeds 

18% over the visible and 13% over Near-IR region.  An open circuit voltage 

(Voc) is 524 mV, a short-circuit photocurrent density (Jsc) is 3.74 mA/cm2, and a 

fill factor (ff) is 0.707. With these photovoltaic parameters, calculated overall 

solar light to electricity conversion efficiency is 1.40%. Compound 65 has lower 

IPCE values. Compound 65 gave an open circuit voltage (Voc) of 427 mV, a 

short-circuit photocurrent density (Jsc) of 2.55 mA/cm2, and a fill factor (ff) of 

0.693, corresponding to overall conversion efficiency (η) of 0.75 %.  
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Figure 42. IPCE and current vs. voltage graphs of compounds 62 and 65 

 

Dye  Jsc (mA*cm‐2) Voc (mV)  FF  efficiency  
49  9.174  430.61  0.621  2.46 
51  4.52 456.01 0.633 1.32 
55  1.052 353.03 0.614 0.23 
53  5.447 465.63 0.709 1.81 
62   3.742  523.86  0.707  1.40 
65   2.55  427.52  0.693  0.75 

 

Table 6. Photovoltaic parameters for all sensitizers 

 

It was understood and supported by the density functional theory 

calculations (figure 43) that there is a great tendency for Bodipy dyes to 

delocalize charge density onto meso-carbon. Sensitizers 62 and 65 have anchor 

groups on different position, forcing electron flow to an alternate position, 

apparently reducing the efficiency of charge injection. Compounds 49 and 51 

were chosen as representative examples in DFT in order to observe electron 

density localization when sensitizers with anchoring groups at meso position are 

excited.  It was seen that electron density on anchor of compounds 49 and 51 at 

LUMO is larger than the compound 65. Since charge transfer occurs from 

excited state of the dye to conduction band of the TiO2 is more efficient. 
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Sensitizers with anchoring group on the meso position are more effective in most 

case than the dyes with anchoring groups on positions 2 or 6. 

 

                     49 (HOMO)        49 (LUMO) 

                       51 (HOMO)                                              51 (LUMO) 
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                      65 (HOMO)                                               65 (LUMO) 

Figure 43. Optimized structures and representation of HOMO-LUMO 
calculated by DFT using the B3LYP functional and the 6-31G basis set for 

compounds 49, 51 and 65 

 

3.2.2.    Bodipy Sensitizers in Solid-State DSSCs 
  

Compounds 51 and 65 were also applied in solid state dye sensitized 

solar cell with spiro-OMeTAD as a hole transport material. Incident photon to 

current conversion plots were obtained under standard conditions (AM 1.5G, 

100 mWcm-2) (figure 45). The UV-Vis spectra of compounds 51 and 65 in 

solution were given in figure 35 and 40. In figure 44, absorption spectra of the 

sensitizers adsorbed on nanocrystalline TiO2 were shown. On absorption over 

titania, peaks are significantly broadened, suggesting aggregation of the 

sensitizers in the adsorbed film. Modifications in dye design could not totally 

suppress the π-π stacking induced aggregation. 
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Figure 44. Absorption spectra of the sensitizers 51 and 65 adsorbed on 
nanocrystalline TiO2.   

 

The photovoltaic parameters show that the sensitizer 65 has the highest 

efficiency.   It is important to note that dye 51 showed IPCE beyond 800 nm. For 

sensitizer 65, IPCE values are below 1 % in the 450-850 nm region. Solid state 

DSSCs have generally low IPCE values relatively to traditional type DSSCs due 

to the shorter electron diffusion length in HTM. Furthermore, thickness of the 

semiconductor in solid state DSSC restricts the loading of dye, which causes less 

absorption of solar light that diminishes the overall conversion efficiency.  
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Dye  Jsc (mA*cm‐2) Voc (mV)  FF  efficiency  
51  1.61  635  27.56 (%)  0.28 
65  1.49  585  37.90 (%)  0.33 

 

Figure 45. IPCE graph and photovoltaic performances of compounds 51 and 65 
in solid state DSSC 

 

What is also remarkable is the near flat response of these sensitizers in the 

visible wavelengths.  Actually, the response is one that could be expected from a 

black dye. Figure 45 lists some cell parameters for the solid state DSSCs 

prepared using these sensitizers.  Compound 51 gave an open circuit voltage 

(Voc) of 635 mV, a short-circuit photocurrent density (Jsc) of 1.61 mA/cm2, and a 

fill factor (ff) of 0.27, corresponding to overall conversion efficiency (η) of 0.28 

%. On the other hand, compound 65 gave an open circuit voltage (Voc) of 585 

mV, a short-circuit photocurrent density (Jsc) of 1.49 mA/cm2, and a fill factor 

(ff) of 0.38, that yield 0.33 % overall efficiency. 
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The sensitizers 51 and 65 were further characterized by cyclic 

voltammetry. It is clear that the LUMO energies of the sensitizers are 

appropriate for efficient electron injection to TiO2. Also, electron transfer from 

HTM to oxidized dye is energetically favorable (figure 47). BODIPY derivatives 

showed both reversible reduction and oxidation potential. 

 

                                  (51)                                                           (65) 

Dye Eox (V) Ered (V) HOMO (eV) LUMO (eV) 

51 0.56 -0.87 -5.05 -3.62 

65 0.72 -0.94 -5.20 -3.55 

 

Figure 46. Cyclic Voltammogram and electrochemical parameters of 
compounds 51 and 55 
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Figure 47. Energy level diagrams of 51 and 65 from electrochemical data 
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CHAPTER 4 

 

CONCLUSION 
 

 

 In this study, we have synthesized six different sensitizers for dye 

sensitized solar cells. Two of these sensitizers were further studied in solid state 

DSSC. It was shown that Bodipy dyes with suitable modifications can be easily 

transformed into satisfactory sensitizers in the visible and near-IR region of the 

solar spectrum. IPCE obtained at longer wavelengths were impressive. The 

results showed that compound 49 was the most effective sensitizer with overall 

conversion efficiency of 2.46%. This is the highest efficiency ever reported for a 

liquid electrolyte based DSSC with Bodipy dyes. In solid state DSSC, 

efficiencies were diminished as expected. 

  

Bodipy sensitizers with their high molar extinction coefficients absorb 

sun light effectively. The major problem is in electron transfer processes which 

yields low short circuit photocurrent density. Further structural optimization 

suppressing the aggregate formation of dyes on semiconductor and increasing 

the electron density in the excited state is very like to yield more efficient 

sensitizers.  

 

We will continue in fine tuning Bodipy structure towards ever efficient 

dyes for dye sensitized solar cells through rational design. 
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APPENDIX A 
 

NMR SPECTRA 

Figure 48. 1H NMR spectrum of compound 47 
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Figure 49. 13NMR spectrum of compound 47 
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Figure 50. 1H NMR spectrum of compound 49 
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Figure 51. 13NMR spectrum of compound 49 
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Figure 52. 1H NMR spectrum of compound 51 
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Figure 53. 13NMR spectrum of compound 51 
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Figure 54. 1H NMR spectrum of compound 53 
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Figure 55. 13NMR spectrum of compound 53 
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Figure 57. 13NMR spectrum of compound 54 

 



 

 

 

 

FFigure 58. 1H

8

H NMR spe

3 

ectrum of coompound 555 



84 
 

Figure 59. 13NMR spectrum of compound 55 
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Figure 61. 13NMR spectrum of compound 58 
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Figure 63. 13NMR spectrum of compound 61 
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Figure 65. 13NMR spectrum of compound 62 
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Figure 67. 13NMR spectrum of compound 63 
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Figure 69. 13NMR spectrum of compound 64 
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Figure 71. 13NMR spectrum of compound 65 
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