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Abstract 
Organic materials containing low band-gap chromophores such as benzothiadiazole, 

benzotriazole, diketopyrrolopyrrole, isoindigo, quinoxaline, phthalimide, thiazolo[5,4-

d]thiazole, and benzo[1,2-d:4,5-d′]bisthiazole.etc have been attracted wide interest among 

academicians and industrialists owing to their potential application in dye sensitized solar cells 

(DSSCs), bulk hetero-junction solar cells (BHJSCs), light-emitting diodes (OLEDs) and related 

opto-electronic devices. Benzothiadiazole has been regarded as a promising π-conjugation unit 

for the construction of organic semiconductor materials due to its high electron-accepting 

capabilities and facile functionalization possibilities at 4,7-positions. The chemical 

modifications allow to tune the photophysical and electrochemical properties. Particularly, it has 

been recognized that conjugating the electron-donating group with benzothiadiazole helps to 

balance the hole and electron mobility in the molecular layer. It also modulates the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the 

molecules and ensure longer wavelength absorption.  Electron-rich chromophores can be 

integrated with benzothiadiazole by several palladium catalyzed cross-coupling reactions 

leading to the formation of vinyl (Heck), acetylene (Sonogashira), C-C (Stille or Suzuki or 

Negishi) and C-N (Buchwald-Hartwig) linkages. Though several dipolar compounds featuring 

benzothiadiazole acceptor and donors such as triphenylamine, indoline, carbazole, fluorene, etc. 

have been known in the literature, the best of our knowledge, compounds containing amines 

directly attached to benzothiadiazole and benzothiadiazole functionalized with phenothiazine, 

pyridine or ferrocene are not yet explored. It is our intention to use phenothiazine and ferrocene 

as donor components in the construction of dipolar compounds suitable for application in 

BHJSCs. Also suitably designed molecules with cyanoacrylic acid or pyridine as end groups can 

be exploited as sensitizers for DSSCs. Both the vinylic and C-C linkages have been used to 

tether the benzothiadiazole with the functional chromophores such as phenothiazine and amine 

donors. This allows us to evaluate the effect of slight alternations in the structure on the 

electronic properties and thermal stability of the molecules. 

The thesis is divided into eight chapters. First chapter presents the aim and scope of the work. 

Second chapter outlines the review of the available literature related to the synthesis, optical and 

electrochemical characterization and electronic applications of benzothiadiazole-based 

compounds used in DSSCs and BHJSCs.  
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Figure 1. Structures of the amine directly integrated benzothiadiazole sensitizers. 

Chapter 3 describes the synthesis, photophysical, electrochemical and photovoltaic 

performance of the amine directly integrated benzothiadiazole featured sensitizers (Figure 1). 

The dyes were constructed by C-N, C-C bond forming reactions followed by a Knoevenagel 

condensation reaction. They exhibited excellent light harvesting properties as identified from 

their absorption spectra. All the dyes showed two prominent bands originating from the charge 

transfer and π–π* transitions respectively. These assignments were confirmed by the time-

dependent density functional theoretical calculations. Effects of protonation/deprotonation on 

the absorption profile of the sensitizers have been investigated by electronic absorption 

measurements in the presence of TFA/TEA. The dyes showed blue shifted absorption on 

addition of trifluoroacetic acid and triethyl amine, due to the protonation of the amine group and 

deprotonation of the cyanoacrylic acid groups, respectively. Time-dependent density functional 

theoretical calculations were performed to evaluate the nature of the electronic excitations 

occurred by the absorption of light. The torsion angles (θ) between the benzothiadiazole moiety 

and thiophene, bithiophene were less when compared with the phenyl spacer, allows the high 

electronic communication and resulted to the larger red-shift in absorption bands in former dyes. 

The DSCs sensitized by the dyes 6a and 6b obtained the η values 1.68 % (Jsc = 7.54 mA cm-2, 

Voc = 0.36 V and ff = 0.62) and 3.07 % (Jsc = 12.4 mA cm-2, Voc = 0.40 V and ff = 0.63) 

respectively. It is ascertained that direct attachment of donor to the BTD-unit is not jeopardized, 

to obtain better solar cell performance of these dyes further molecular design is needed. 
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We have developed four novel D-A-π-A organic dyes (Figure 2) incorporating 

benzothiadiazole/benzotriazole as the auxiliary acceptor units, phenothiazine as the electron 

donor, cyanoacrylic acid as the anchoring group and thiophene, benzene are used as the π-linker 

between auxiliary acceptor and cyanoacrylic acid acceptor in Chapter 4. These sensitizers were 

unambiguously characterized by spectroscopic and TD-DFT techniques. The photophysical and 

electrochemical properties of the dyes were conveniently tuned by alternating the auxiliary 

acceptor and the π-linker. Incorporation of a phenothiazine donor group on the 

benzo(thiadiazole/triazole) conjugation segment bathochromically shifted the absorption 

wavelength probably due to the ICT, which results in a pronounced donor-acceptor interaction. 

The absorption and electrochemical properties dyes reveals that the both auxiliary acceptor 

analogs play exactly different roles. The TDDFT calculations proved that, the photoexcited 

electrons could be successively transferred from the phenothiazine donor to the 

benzo(thiadiaozle/triazole) auxiliary acceptor unit, then transferred to the cyanoacetic acid 

subunit, and finally to nanocrystalline TiO2 surface. It was consistent with our proposed 

auxiliary acceptor cascaded role. The molecular engineering approach demonstrated in this 

chapter provides an important guide for choice of the auxiliary acceptors for the development of 

novel materials for use in dye sensitized solar cells as well as BHJ solar cells. 

Figure 2. Structures of the benzothiadiazole/benzotriazole based sensitizers. 

The synthesis and electro-optical properties of the organic dyes derived from 

benzothiadiazole and pyridine connected by a vinyl bridge featured with different donors 

(Figure 3) are presented in the Chapter 5. The donors piperidine, morpholine were directly 

attached and carbazole, phenothiazine, ferrocene were attached by vinyl linkage to 

benzothiadiazole, respectively. The effect of the protonation/deprotonation of the pyridine unit 

on absorption spectra of the dyes was studied by addition trifluoroacetic acid/triethylamine. The 
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addition of TFA leads to a significant red-shift in the absorption spectra, owing to the 

protonation occurred on nitrogen atom of the pyridine ring. And red shifted absorption spectra 

attained the indigene position by deprotonation of the dyes on addition of TEA. From DFT 

calculations it was confirmed that, when these pyridine anchoring dyes applied in DSSCs, 

electrons from donor part sequentially transferred to benzothiadiazole moiety, then shifted to the 

pyridine anchoring unit, and finally to nanocrystalline TiO2 surface.  

 

Figure 3. Structures of pyridine anchoring sensitizers featured with benzothiadiazole. 

The synthesis and characterization of a new family of phenothiazine-benzothiadiazole vinyl 

hybrids (Figure 4) were described in the chapter 6. The dyes were synthesized by palladium-

catalyzed Heck cross coupling reactions and isolated in good yields. The extended conjugation 

in the dyes 28a, 28b drafted to display the red shifted absorptions with high molar extension 

coefficients than 26a, 26b. All the new dyes displayed one-electron reversible oxidation, 

irreversible reduction peaks in cyclic voltammetry which are attributable to the oxidation of the 

phenothiazine and reduction of the benzothiadiazole units, respectively. The dye 27 exhibited 

the low band gap in the series due to the presence of two strong electron donating phenothiazine 

units. There is a reasonable correlation between the experimental and calculated optical data 

from TDDFT. The thermal decomposition temperatures of the dyes are greater than 400 ºC, 

which is good enough to apply in any optoelectronic device. The photophysical and 

electrochemical properties of the dyes are highly dependent on the conjugation length and the 

pattern of the linkage mode between benzothiadiazole and phenothiazine. In this chapter we 



 

ix 
 

have established the structure-property relationship in the new phenothiazine-benzothiadiazole 

conjugates extended though vinyl linkage.  

 

Figure 4. Structures of the benzothiadiazole-phenothiazine vinyl conjugated derivatives. 

Chapter 7 describes the synthesis, photophysical and electrochemical properties of the 

organic-inorganic hybrid materials containing benzothiadiazole-ferrocene (Figure 5). The 

complexes were thoroughly characterized by the routine spectroscopic techniques, the structure 

of complex 30a was confirmed by single crystal X-ray diffraction analysis. The dyes were 

exhibited excellent light absorbing properties and non-fluorescent in nature. All these 

complexes exhibited one-electron reversible oxidation, irreversible reduction peaks in cyclic 

voltammetry which are attributable to the removal of electron from ferrocene and reduction of 

the benzothiadiazole units, respectively. The electronic properties of these complexes were also 

examined by the DFT calculations and found to be in agreement with the observed trends. All 

the complexes showed the high thermal stability. It was demonstrated that the optical and 

electro chemical properties of the complexes are tuned by modulation of electro-active group on 

the benzothiadiazole unit. 
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Figure 5. Structures of the benzothiadiazole-ferrocene complexes. 

In Chapter 8, a summary of the work accomplished during the dissertation work is presented. 

A comparison of the optical, electrochemical and DSSC characteristics of the benzothiadiazole 

based dyes reported in this dissertation with that known in the literature is taken into account. 

The role of direct attachment of amine directly connected to benzothiadiazole for DSSC, 

benzothiadiazole linked with double bond to phenothiazine, pyridine and ferrocene, which are 

suitable in the design for organic solar cells (OSC) is unraveled. Similarly the role of auxiliary 

acceptors benzothiadiazole/benzotriazole, in phenothiazine donor based dyes for DSSCs is 

seriously analyzed. 
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Chapter 1 
Benzo[c][1,2,5]thiadiazole Based Functional 

Materials for Organic Photovoltaic 

Applications 
Recently, small molecule based low band gap organic materials have attracted immense 

attention owing to their potential application in a wide variety of electronic and optoelectronic 

devices, such as organic light-emitting diodes (OLEDs) [1-4], organic field-effect transistors 

(OFETs) [5-7], organic solar cells (OSC) [8-11], liquid crystals [12-13], sensors [14-16] etc. 

These low molecular weight low band gap organic π-conjugated materials have several 

advantages over the polymer counter parts due to the well-defined structures, high purity and 

these materials can be processable by either vacuum sublimation or solution casting [17-18]. In 

the class of low band gap small molecule based dyes, benzothiadiazole derivatives have become 

popular and are still in the focus of intensive research. 2,1,3-benzothiadiazole (BTD) is a 

bicyclic compound that contains an unsaturated 6-membered ring fused to a five-membered ring 

with two nitrogen atoms at 1,3 position and one sulphur atom at 2 position. It bears a thiadiazole 

chromophore (-N=S=N-) which make it electron deficient, the structure and resonance forms 

were shown in Figure 1.1.  

 
Figure 1.1 Resonance structures of 2,1,3-benzothiadiazole 

BTD unit has a well conjugated structure. Due to its low energy gap between the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), BTD 

derivatives are recognized as promising candidates for application in dye-sensitized, bulk 

heterojunction solar cells. BTD can be easily functionalized at 4 and 7 positions by versatile 

synthetic strategies. Due to high electron affinity of BTD, both small molecules and polymers 
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containing electron-rich (donor) units in conjugation established to have low band gap. Owing 

to the strong intermolecular interactions across heteroatom contacts and/or π-π interactions, 

benzothiadiazole derivatives exhibited well-ordered crystal structures [19]. In small molecules, 

as compared to polymers, precise control is possible to place and position the electron 

releasing/donating chromophores and they also enjoy the advantage of post structural 

modifications via simple chemical reactions while retaining high purity, long life and thermal 

stability [20-21]. Distinct synthetic design in small molecule based systems allows the tailoring 

of the energy gap between the HOMO and the LUMO. Extension of conjugation with amine, 

BTD core renders to exhibit low band gap and intense red emission. Due to this they have 

attracted considerable interest and widely employed as electron transport materials in organic 

light emitting diodes, as sensitizers in dye-sensitized solar cells, as a donor material in bulk 

heterojunction solar cells and as semiconductors in organic field effect transistors (OFETs). 

BTD and its derivatives have played a pivotal role in the development of organic 

semiconducting materials. The success of BTD in constructing highly efficient organic 

photovoltaic materials inspired chemists to exploit its analogues as building blocks for new 

photovoltaic materials. If the sulphur atom of the BTD is replaced with the oxygen, selenium, 

nitrogen and carbon atoms, their emerged new acceptor units benzooxadiazole, 

benzoselenadiazole, benzotriazole, dialkyl-2H-benzimidazole, respectively [22] (Figure 1.2). 

 

Figure 1.2 Structure of benzothiadiazole and closely related analogs obtained by replacement of 

the sulphur atom 

BTD and related derivations have already become popular and are still in the focus of 

intensive research, due to the great potential to generate an effective photocurrent in organic 

solar cells, when appropriate donor-acceptor units are present in their backbone. The optical and 

electronic properties of the materials can also be fine-tuned by the replacement of the benzene 

ring in the BTD unit with more electron-deficient heterocycle such as pyridine [17-18] and the 
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replacement of the hydrogen atoms in the 5,6-positions of BTD with fluorine atoms [23-24] and 

alkyloxyl chains [25] (Figure 1.3). By annulating another nitrogen heterocyclic to the benzene 

unit in the BTD unit several new derivatives were obtained and structures are shown in Figure 

1.4.  

 
Figure 1.3 Structures obtained by modulating the benzene unit in the BTD unit  

Figure 1.4 Structures obtained by annulating the nitrogen heterocyclic units to the benzene 

moiety in the BTD  

In most cases, the quinoid form has a smaller band gap (HOMO/LUMO energy difference) 

than the aromatic mesomeric form. Generally, the molecules which contains BTD chromophore 

show smaller band gaps, this may be due to the π-conjugated system adopts a quinoid geometry 

seems to be the case of these molecules [19, 26] (Figure 1.5). 

 
Figure 1.5 Resonance structures (aromatic and quinoid) of BTD derivatives 

The combination of donor and acceptor units within a same conjugated molecule constructs 

the bipolar materials which have been used in photovoltaic devices. Organic dyes have many 

advantages such as high light harvesting property and easier structural-modifications which 

regulate the photophysical properties along with good charge transport properties, solubility, 

morphological stability and cost effectively. Owing to the strong electron withdrawing character 

of benzothiadiazole, it normally strengthens the donor-acceptor interaction in the bipolar 
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materials and benefits the absorption properties. It is interesting to examine the effect of 

structural differences arising due to the functionalization of benzothiadiazole with different 

donors, acceptors and π-linkers. We wish to study how the modulation of these chromophores 

plays a significant role in tuning the photophysical, electro chemical properties of the 

benzothiadiazole dyes.  

 
Figure 1.6 Snapshot of the proposed ideas 

In this thesis we have developed benzothiadiazole-based organic materials which possess 

absorption in the low energy region and these materials can be used as opto-electronic materials 

in suitable electronic devices. Most of the materials developed in this thesis work are interesting 

due to their structural simplicity and diverse photophysical properties. It was expected that the 

dyes which contain carboxylic acid can function as efficient sensitizers in dye-sensitized solar 

cells. Second chapter outlines the review of the available literature related to the synthesis and 

structure-property relations of the benzothiadiazole-based sensitizers used in DSSCs. Chapter 3 

describes the synthesis, photophysical, electrochemical and photovoltaic performance of the 

amine directly integrated benzothiadiazole sensitizers. In Chapter 4, we have synthesized four 

new phenothiazine donor based sensitizers comprising benzothiadiaozle/benzotriazole auxiliary 

acceptors and the cyanoacrylic acid unit as an electron acceptor. We have analyzed the 

consequences on the photophysical and electrochemical properties of the sensitizers by 

replacing of benzothiadiazole with benzotriazole. We have designed and synthesized a series of 

benzothiadiazole sensitizers with pyridine terminal anchoring group, endowed with different 

electron donating segments by palladium catalyzed Heck-cross coupling reactions in chapter 5. 

The modulation of donor segment successfully led to structure-dependent optical, electronic, 
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and redox properties. Chapter 6 describes the synthesis and characterization of a new family of 

phenothiazine-benzothiadiazole vinyl hybrids. The optical and electrochemical properties of the 

dyes are highly dependent on the donor strength and conjugation. In chapter 7, we have 

described the synthesis, photophysical and electrochemical properties of the organic-inorganic 

hybrid materials containing benzothiadiazole-ferrocene. It was demonstrated that the optical and 

electro chemical properties of the complexes can be tuned by modulation of electro-active group 

on the benzothiadiazole unit. In Chapter 8, a summary of the work accomplished during the 

dissertation work is presented. 
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Chapter 2 
Benzothiadiazole Based Organic Dyes for 

Dye-Sensitized Solar Cells: Synthesis and 

Structure-Property Relationship 
2.1 Introduction 

Metal free organic sensitizers used in dye-sensitized solar cells (DSSCs) usually consist of 

donor-π-acceptor architecture [1-2]. The photophysical, electrochemical and photovoltaic 

performance of the sensitizer can be tuned either by altering the nature of donor, acceptor and π-

linker. Electron rich system like dialkylaminophenyl group [3], triarylamine [1, 4-7], 

phenothiazine [8-11], carbazole [12-14], indoline [15-19], coumarin [20-22] etc. based moieties 

generally serve as donors. Cyanoacrylic acid [4, 23-25], rhodanine-3-acetic acid [10, 26], 

carboxylic acid [27], pyridine ring [28] etc. which can effectively bind with nanocrystalline 

TiO2 can act as electron-accepting/anchoring group. Any conjugated moiety which allows the 

transfer of electrons from donor to acceptor can act as π-linker. Phenyl, thiophene, furan, 

pyrrole, double, triple bond etc. are commonly employed spacers [1, 29-31]. 

The structures of the organic dyes having different donor-π-acceptor systems are shown in 

Figure 2.1. Generally, the sensitizers based on the donor-π-acceptor (D-π-A) framework show 

absorption in the shorter wavelength region and fail to absorb light from visible region and near 

IR region. The light harvesting property of the sensitizer can be improved by increasing the 

conjugation length, but long π-conjugated dye molecules easily form unfavourable π-stacks and 

are not stable when irradiated with high-energy photons [14]. Indeed, to improve photocurrent 

and spectral response auxiliary acceptor was introduced to remodel the molecular design of 

organic sensitizers. The structures of organic sensitizers featuring various auxiliary acceptors 

were shown Figure 2.2. By the introduction of electron withdrawing moiety in the backbone of 

the organic dye, we can reduce the energy gap and increase the photo stability of the sensitizer. 

The efficiency of amine free sensitizers is < 7% [32]. This is due to lack of effective 

photoinduced intramolecular charge transfer. So strong donor-acceptor interactions are 
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mandatory to have an effective photoinduced intramolecular charge transfer and it is beneficial 

for the enhancement of light-harvesting response. 

Figure 2.1 Structures of various organic sensitizers for DSSCs. 

In this context Lin and co-workers introduced a new D-π-A-π-A configuration containing 

low bandgap chromophores as auxiliary acceptors [33]. Later, several electron withdrawing 

moieties such as cyano [34], benzotriazole [35-36], imidazole [32], quinoxaline [24, 37-38], 

diketopyrrolopyrrole [16, 39], thiazole [40], bithiazole [41], triazine [42-43], and isoindigo [4, 

44] etc. were introduced in an attempt to enhance the spectral response. Among all the auxiliary 

acceptors, BTD unit containing sensitizers showing better results in DSSCs due to the well-

aligned energy levels. In this respect, various dyes with BTD have been prepared and used as 

sensitizers in DSSCs. The auxiliary acceptor may be in different configurations like D-π-A-π-A 

or D-A-π-A or D-π-A-A. By the introduction of auxiliary acceptor in the sensitizers, the donor-

acceptor interactions may be enhanced and their by photoinduced intramolecular charge 

transfer, light harvesting response greatly improved. The introduction of auxiliary acceptor in 

the sensitizers has distinguished merits such as: (I) the HOMO and LUMO energy levels will be 

well separated and the HOMO-LUMO energy gap reduced. (II) photo-stability of synthetic 

intermediates and final sensitizers will be enhanced [45]. (III) the auxiliary acceptor can 

facilitate the electron transfer from the donor to the acceptor. (IV) the introduction of nitrogen 

containing heterocyclic moieties can improve the Voc by uplifting the conduction band edge of 

TiO2 [46]. (V) the photocurrent and light harvesting properties of the sensitizer will be greatly 

enhanced.  
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Figure 2.2 Structures of organic sensitizers featuring various auxiliary acceptors for DSSCs. 

2.2 Benzothiadiazole (BTD) Featured Organic Sensitizers for Dye-

Sensitized Solar Cells 

 
Figure 2.3 Structure and numbering of 2,1,3-benzothiadiazole. 

Benzothiadiazole (BTD) structure and numbering is shown in Figure 2.3. The most 

commonly used intermediate for the synthesis of benzothiadiazole-containing π-extended 

sensitizers is 4,7-dibromo-2,1,3-benzothiadiazole. From commercially available ortho-
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phenylenediamine, the intermediate 4,7-dibromo-2,1,3-benzothiadiazole can be easily prepared 

in two steps with high yields on a multigram scale (Scheme 2.1) [47]. 

 
Scheme 2.1 Synthesis of 4,7-dibromo-2,1,3-benzothiadiazole. 

Recently, the synthesis, properties and reactions of BTD have been reviewed [48]. Indeed, 

BTD derivatives have proved as promising candidates for numerous opto-electronic applications 

like organic light-emitting diodes (OLEDs) [49-51], organic thin-film transistors (OFETs) [52], 

dye-sensitized solar cells (DSSCs) [27, 53-55], bulk-heterojunction solar cells (BHJs) [56-58], 

two-photon absorption [59-60], chemosensors [61-62], and so on. In this chapter, we mainly 

focused on the dyes composed with benzothiadiazole and applied in dye sensitized solar. 

Organic dyes with configuration of D-π-A have absorption maxima in the shorter wavelength 

region and suffer from the lack of absorption in near IR regime. To enhance the photocurrent 

response in the longer wavelength region by lowering the HOMO-LUMO energy gap electron 

deficient benzothiadiazole was introduced in the organic dye backbone. Indeed, the 

HOMO/LUMO levels of π-extended conjugated sensitizers are determined by their electron 

affinity and ionization potential, which is directly correlated with electrochemical reduction and 

oxidation potentials. Compounds bearing this BTD ring are good candidates as electron carriers 

due to their relatively high reduction potential and electron affinity. Molecular design of the 

organic sensitizer plays a pivotal role in the performance of the DSSCs. The position of donor, 

acceptor and spacers in the dye design play major role in the photovoltaic performance of the 

dye. So in this context we discuss the influence of donor, acceptor and spacers on 

photophysical, electrochemical properties and DSSCs performance of the benzothiadiazole 

dyes. 

Benzothiadiazole based organic dyes with different molecular architectures for dye-

sensitized solar cells have received great attention in the last decade because of their great 

potential to absorbing lower energy radiations, achieved low band gaps by lowering the LUMO 

energy level and so on. In the ahead of time, the efficiency of DSSCs with benzothiadiazole 

organic dyes was far behind that of DSSCs with ruthenium(II) complexes partly due to the lack 
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of information about the structure-property relationship between the chemical structures and the 

photovoltaic performance of the dyes. However energizing progress has been recently made and 

power conversion efficiencies over 9% were obtained for DSSCs with benzothiadiazole organic 

dyes. The light absorption capabilities, donor and acceptor strength with different π-spacers and 

the efficiency of the solar cell are equated, providing a comprehensive overview of 

benzothiadiazole organic dyes. The general configuration of benzothiadiazole organic 

sensitizers featured with aryl amine donor is shown in Figure 2.4. The optical, electrochemical 

and DSSC data of the dyes 1-17 were presented in Table 2.1.  

 
Figure 2.4 Configuration of benzothiadiazole organic sensitizers featured aryl amine donor  

Although benzothiadiazole was known in polymers, from the report of Lin and co-workers 

[33] benzothiadiazole based dyes was recognized as promising candidates for DSSCs. In this 

article authors have developed benzothiadiazole and benzoselenadiazole chromophore based 

dyes (Figure 2.5) which perform efficiently in DSSC. The synthesis of low band gap 

benzo(thia/selena)diazole featuring sensitizers was achieved in three steps and is shown in 

Scheme 2.2. The first step involves the integration of BTD core with donor by Stille or Suzuki 

coupling reactions. In the next step, the mono bromo derivatives were exposed to Stille coupling 

reaction with (5-(1,3-dioxolan-2-yl)thiophen-2-yl)tributyl stannane, followed by the cleavage of 

the 1,3-dioxalane protecting group to produce aldehyde derivatives. Finally the aldehyde 

intermediates were converted to required dyes by Knoevenagel condensation on reaction with 

cyanoacetic acid. In these dyes triarylamine derivatives were used as donors, thiophene as linker 

between BTD and cyanoarylic acid. N,N-diphenylthiophen-2-amine donor based derivatives 3-4 

were showing red-shifted absorption profiles than triphenyl amine based dyes 1-2, this is due to 

the more electron donating ability and coplanarity of the donor segment. Benzothiadiazole dyes 

showing promising results than benzoselanadiazole dyes, because of higher optical density for 

the charge transfer transition. In the benzothiadiazole dyes, phenylene conjugated derivative (1) 

showing enhanced efficiency due to a twisted non-planar geometry, which will decelerate the 

recombination of charges in the charge separated state when compared to the thiophene 

analogue. 



Benzothiadiazole-Based Sensitizers for DSSCs: A Review 

14 
 

 

Scheme 2.2 Synthesis of the low band gap benzo(thia/selena)diazole chromophore featuring 

dyes. 

 
Figure 2.5 Structures and treads in optical and electrochemical data for 

benzo(thia/selena)diazole bridged organic dyes with arylamine donors. 

Kim and co-workers [63] synthesised series of dyes in which triphenyl amine acts as donor, 

benzothiadiazole as spacer and cyano acrylic acid as acceptor (Figure 2.6). In this piece of work 
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authors have examined the effect of mode of linkage between triphenyl amine and 

benzothiadiazole from single, double, triple bonds on photophysical, electrochemical, 

photovoltaic performance. Dye 6 showed red shifted absorption, low oxidation potential due to 

the relatively longer conjugation by alkene bridging unit. Introduction of bulky alkoxy group 

onto triphenylamine unit in 8, bathochromically shifted the absorption maxima and cathodically 

shifted oxidation potential when compared with the dye 5. Owing to the higher charge 

separation, C-C bond bridged dye 5 exhibit better photovoltaic performance than double and 

triple bond linked dyes. By the introduction of bulky alkoxy group on triphenyl amine donor in 

8, by red shifting the absorption profile and reducing the aggregation, achieved 7.30% 

efficiency with JSC = 17.9 mA cm-2

 

, VOC = 0.62 V, ff = 0.66 under standard global AM 1.5G 

illumination. 

Figure 2.6 Structures of the π-extended benzothiadiazole sensitizers. 

Pei and co-workers [64] developed two novel benzothiadiazole dyes 9 and 10 (Figure 2.7) 

showing 6.04%, 4.68% efficiency which contains triphenyl amine and methoxytriphenyl amine 

derivative as donors, respectively. The dye 10 showed 17 nm red shifted absorption and low 

oxidation potential due to the electron richness of the donor. The electrochemical properties of 

the dyes in thin films were probed by cyclic voltammetry (CV). The HOMO and LUMO energy 

levels of the dyes determined from electrochemical measurements in thin films were 0.83 V, 

0.67 V and -1.03 V, -0.88 V respectively. Even though dye 10 having low band gap than the dye 

9 showing less efficiency due to the weaker driving force of dye regeneration and electron 

injection process of the dye.  
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Figure 2.7 Structures of the benzothiadiazole dyes with hexyl chain on the thiophene unit of n-

hexyl dithienylbenzothiadiazole bridge. 

Ko and co-workers [65-66] demonstrated the nonplanar bis-dimethyl-fluorenylamino moiety 

as donor and a cyanoacrylic acid acceptor (Figure 2.8). The synthesis of sensitizers was 

achieved in several steps and is shown in Scheme 2.3. They have investigated the substitution 

effect of hexyl and fluorine atom at 5-and/or 6-position of 2,1,3-benzothiadiazole bridging unit 

on photovoltaic performance. The sensitizers were prepared by synthetic protocols shown in 

Scheme. The introduction of hexyl groups on dithienyl benzothiadiazole blue shifted the 

absorption by 66 nm, due to the twist between thienyl and benzothiadiazole units in 12. The 

dihedral angle of the thienyl and benzothiadiazole units in 11 is 5.8°, where as in 12 the dihedral 

angle is 44.4° (Figure 2.11). The dyes 11, 12 showing conversion efficiency of 4.66% (JSC = 

9.58 mA cm-2, VOC = 643 mV) and 6.61% ( JSC = 12.03 mA cm-2, VOC = 720 mV), respectively 

using a polymer gel electrolyte comprising 0.6 M 1,2-dimethylnpropylimidazolium iodide, 0.1 

M I2, poly(vinylidenefluoride-co-hexafluoro)propylene (5% PVDF–HFP) and 0.5 M NMBI in 

3-methoxypropionitrile (MPN). Enhanced VOC is due to the increased electron life time by 

preventing the dark current and high JSC is due to the reduced reorganization energy by the 

introduction of hexyl groups on thiophene units in dye 12, which assisted to increase the 

efficiency. The DSSCs based on 11 and 12 achieved efficiencies of 7.51% and 8.19% 

respectively, using an acetonitrile electrolyte comprising 0.6 M DMPImI, 0.05 M I2,0.1 M LiI 

and 0.5 M tert-butylpyridine. The dyes 13 and 14 showed higher JSC and VOC compared to the 

dye 11 which have no fluorine atom substitution. The dye 14 achieved efficiency of 5.91% 

which is higher than the dye 11 (4.11%) under similar conditions due to the less molecular 

aggregation.  
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Scheme 2.3 Synthetic Strategy used for the formation of dye 11-14. 
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Figure 2.8 Structures of the dyes containing bis-fluoreneamine based donor based 

benzothiadiazole dyes. 

Thomas and co-workers [67] developed new metal free 9,10-difuntionalized anthracene-

based dyes (Figure 2.9) for DSSCs. The synthesis of the 9,10-difuntionalized anthracene 

integrated BTD sensitizer 17 was achieved by multi step protocol, which was shown in the 

Scheme 2.4. The first step involves the synthesis of mono thiophene derivative from 

dibromoanthracene by treating with thienylmagnesiumbromide in the presence of Pd(PPh3)2Cl2 

in tetrahydrofuran. The donor was attached to anthracene by palladium catalyzed (Pd(dba)2/(t-

Bu)3P) C-N cross coupling with N-phenylnaphthalen-1-amine. The aldehyde derivative was 

accessed by condensing the stannylene derivative of 2,6-di-tert-butyl-N-(naphthalen-1-yl)-N-

phenyl-9-(thiophen-2-yl)anthracen-10-amine with 5-(7-bromobenzo[c][1,2,5]thiadiazol-4-

yl)thiophene-2-carbaldehyde by following the Stille coupling protocol and Pd(PPh3)2Cl2/DMF 

reagent system. In the final step, the aldehyde precursor was successfully converted to the 

desired dye 17 on treatment with cyanoacetic acid in the presence of ammonium acetate catalyst 

in acetic acid. By the inclusion of the benzothiadiazole in the conjugation path improved the 

optical properties, interestingly oxidation potential was cathodically shifted due to the lack 

strong interaction between donor and acceptor unit, and helped to localize the unoccupied 

molecular orbital (LUMO) on the acceptor segment which is useful for the facile charge transfer 
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transition. Finally hike in efficiency for dye 17 (3.23%) was observed with JSC = 9.80 mA cm-2, 

VOC = 520 mV and ff = 0.63 by the adoption of benzothiadiazole unit than the dye 16 (2.91%).  

 

Scheme 2.4 Synthetic Strategy used for the formation of dye 17 

 
Figure 2.9 Structures of the anthracene-based dyes 
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Table 2.1 Photophysical, electrochemical and photovoltaic performances of DSSCs data based 

on dyes 1-17 

Dye λabs/nm EOX/V(NHE) E* VOC/mV OX/V(NHE) JSC/mA cm ff -2 ƞ/% Ref 
1 491 1.35 a -0.77 546 10.44 0.66 3.77 33 
2 502 1.33 a -0.69 524 8.35 0.67 2.91 33 
3 541 1.09 a -0.77 517 3.21 0.69 1.15 33 
4 544 1.03 a -0.74 474 3.57 0.66 1.11 33 
5 533 1.05 a -0.92 580 15.0 0.65 5.72 63 
6 546 0.93 a -1.01 540 10.6 0.59 3.37 63 
7 515 1.19 a -0.92 560 13.0 0.63 4.55 63 
8 542 0.98 a -0.95 620 17.9 0.66 7.30 63 
9 557 0.83 a -1.03 545 16.46 0.67 6.04 64 
10 574 0.67 a -0.88 555 11.94 0.71 4.68 64 
11 534 0.98 b -0.95 643 9.58 0.76 4.66 65 
12 468 1.08 b -0.99 720 12.03 0.76 6.61 65 
13 538 0.83 a -1.10 0.65 11.96 0.68 5.32 66 
14 461 0.80 a -1.41 0.67 12.57 0.69 5.91 66 
15 434 1.37 a -1.08 565 6.00 0.65 2.20 67 
16 436 1.27 a -1.12 535 8.28 0.66 2.91 67 
17 486 1.22 a -0.88 520 9.80 0.63 3.23 67 

a In THF b

 

 In EtOH 

Figure 2.10 Structures of cyanine dyes with triphenylamine donor and carboxylic acid acceptor. 

A series of cyanine dyes were synthesized and applied as sensitizer for DSSCs by Hua and 

co-workers [68-69] containing triphenylamine donor and carboxylic acid acceptor bridged by a 

low-band-gap benzothiadiazole as a conjugating fragment. For the purpose of comparison 

authors synthesized the corresponding cyanine dye without benzothiadiazole (Figure 2.10). The 

dye 19 containing benzothiadiazole achieved better performance due to broader absorption and 

higher molar extinction coefficient in visible region with an overall conversion efficiency of 

7.62% (JSC = 22.10 mA cm-2, VOC = 540 mV, ff = 0.48) under irradiation with 75 mW cm-2 
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white light from a Xe lamp. Whilst under irradiation of AM1.5G simulated solar light (100 mW 

cm-2), after addition of CDCA the dyes 19 and 20 achieved PCE of 2.59% (JSC = 8.51 mA cm-2, 

VOC = 504 mV. ff = 0.60), 3.28% (JSC = 11.00 mA cm-2

Wong and co-workers [70] designed and synthesized four unsymmetric platinum(II) 

bis(aryleneethynylene) complexes containing 2-cyano-3-(5-ethynylthiophen-2-yl)acrylic acid as 

the electron acceptor and anchoring group, and the benzothiadiazole unit with triphenylamine 

moiety as the electron donor (Figure 2.11). Among these platinum(II) compounds, 23 exhibited 

red shifted ICT transition at 547 nm, which could be explained by the stronger electron-donating 

ability of the donor group and longer π-conjugation length. Sensitizers 21 and 22 achieved 

power conversion efficiency of 1.56% (JSC = 3.60 mA cm

, VOC = 504 mV. ff = 0.59).  

-2, VOC = 620 mV. ff = 0.70) and 

1.57% (JSC = 3.63 mA cm-2, VOC = 590 mV, ff = 0.73) respectively. The partial charge trapping 

at the benzothiadiazole moiety limits the JSC of the complexes and jeopardizes the electron 

injection from sensitizers to TiO2 surface.  

 

Figure 2.11 Structures of platinum(II) bis(aryleneethynylene) featured with benzothiadiazole 

sensitizers. 

A series of organic dyes 25-27 (Figure 2.12) were prepared containing 

fluorenebenzothiadiazole unit as a π-conjugated bridge for the first time by Kimura and co-

workers to apply as sensitizers in DSSCs [71]. The synthetic pathways for the preparation of the 

fluorine-benzothiadiazole bridged organic sensitizers through several steps are illustrated in 

Scheme 2.5. The starting precursor 4-bromo-7-(7-(7-bromobenzo[c][1,2,5]thiadiazol-4-yl)-9,9-

dihexyl-9H-fluoren-2-yl)benzo[c][1,2,5]thiadiazole was yielded by the Suzuki coupling reaction 

of 9,9-dihexylfluorene-2,7-diboronic acid with three equivalents of 4,7-dibromo-2,1,3-

benzothiadiazole (scheme 2.5). The dye 27, in which the bis(4-methoxyphenyl)amine unit was 

directly attached to the fluorenebenzothiadiazole bridge, showed a red-shifted absorption 
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maxima by 55 nm and lower oxidation potential by (90 mv) compared with 25, 26 which 

confirms the stronger electron-donating nature of the bis(4-methoxyphenyl)amine unit. The 

DSSCs based on the dye 27 reached a PCE of 4.0%, which is 55% of the Ru dye N719 cell 

fabricated under the same conditions with a short-circuit photocurrent density JSC = 7.8 mA cm-2 

,an open-circuit photovoltage VOC = 680 mV, and a fill factor ff = 0.77.  

 

Scheme 2.5 Synthetic pathways for the preparation of the fluorenebenzothiadiazole bridged 

organic sensitizers 
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Figure 2.12 Structures of π-conjugated fluorenebenzothiadiazole bridged sensitizers 

 

Figure 2.13 Chemical structures of sensitizers based on naphtho[2,1-b:3,4-b′]dithiophene 

Wang and co-workers [54] embedded auxiliary donor (3,4-ethylenedioxythiophene) and 

auxiliary acceptor (benzothiadiazole) into naphtho[2,1-b:3,4-b′]dithiophene (NDT) based 

organic sensitizers (Figure 2.13). In this report authors have emphasized that the incorporation 

auxiliary acceptor benzothiadiazole is helpful for broadening of the absorption spectrum and 

improvement of the DSSC performance. The incorporation of 3,4-ethylenedioxythiophene, 

benzothiadiazole in between the electron donor and NDT moiety the absorption maximum was 

bathochromically shifted by 24 nm and 55 nm, respectively and which is beneficial to light-

harvesting and short-circuit current enhancement. However, due to the presence of the BTD unit 

in 30, the HOMO-LUMO gap was decreased by 0.2 eV. The DSSCs performance of the dyes 

evaluated by using a liquid electrolyte containing 0.6 M 1,2-dimethyl-3-n-propylimidazolium 
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iodide (DMPImI), 0.1 M LiI, 0.05 M I2, and 0.5 M tert-butylpyridine (TBP) in acetonitrile with 

co-adsorbent deoxycholic acid. The dye 30 generated an impressive efficiency of 8.2% (JSC = 

16.36 mA cm-2, VOC = 694 mV, ff = 0.72), under the same conditions the device fabricated from 

28 achieved only 5.2% (JSC = 10.59 mA cm-2

Wang and co-workers [27] synthesized a series of dyes comprising chromophoric core of 

cyclopentadithiophene-benzothiadiazole bearing benzoic acid anchoring group as sensitizers in 

DSSCs (Figure 2.14). The TDDFT results reveal that the linking the triphenylamine unit to the 

cyclopentadithiophene raised the HOMO energy level than linking to the benzothiadiazole unit. 

Further attaching the benzoic acid to the benzothiadiazole segment lowered the LUMO, than 

attaching to the cyclopentadithiophene unit. The DSSCs was fabricated by using Co-bpy cells as 

the electrolyte. The dye 32 achieved a conversion efficiency of 10.4% (JSC = 7.82 mA cm

, VOC = 726 mV, ff = 0.68), which revealed that the 

inclusion of a benzothiadiazole moiety is helped for broadening the absorption spectrum of the 

sensitizer as well as efficiency.  

-2, VOC 

= 871 mV and ff = 0.766) measured at an irradiance of 50 mW cm-2, simulated AM 1.5 sunlight. 

The dye 34 exhibited even higher efficiencies in the range from 11.5% to 12.8% by co-grafting 

with the dye 31, which is a benchmark for organic dye-sensitized solar cells. The optical, 

electrochemical and DSSC data of the dyes 18-38 were displayed in Table 2.2.  

 
Figure 2.14 Molecular structures of the dyes based on chromophoric core of 

cyclopentadithiophene-benzothiadiazole 
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Wang and co-workers synthesized two dyes (Figure 2.15) containing cyclopentathiophene π-

spacer (CPDT) for broad light harvesting character and utilized for DSSC using [Co(bpy)]2+/3+ 

as electrolyte [72]. The synthesis of the dyes by standard protocols of Stille, Vilsmeier, Suzuki 

and knoevengel condensation reactions, synthetic scheme was shown in Scheme and structures 

of the dyes shown in Scheme 2.6 .The introduction of BTD as auxiliary acceptor the dye 36 

showed a red shifted absorption of 44 nm compared to reference dye 35. The broader absorption 

and enhanced molar extinction coefficient in the visible region for the dye 36 helped to achieve 

high JSC and showed higher efficiency. The experimental studies reveal that the dye 36 has 

ultrafast charge injection in TiO2 upon photoinduced excitation in cobalt complex electrolyte 

system. The dye 36 has achieved higher efficiency of 7.99% and it was improved to 9.01% by 

optimizing the photo anode of mesoporous TiO2 layers (4.8 µm transparent + 2 µm scattering 

layers).  

  
Scheme 2.6 Synthesis of CPDT and benzothiadiazole conjugated linker based dyes. 

Figure 2.15 Molecular structures of the dyes based on chromophoric core of 

cyclopentadithiophene-benzothiadiazole 
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Grätzel co-workers synthesized two dyes (Figure 2.16) containing a benzothiadiazole unit in 

a π-spacer and a cyanoacrylic acid as an acceptor and tested as sensitizers in dye-sensitized solar 

cells [73]. The synthetic protocol used to accomplish the dyes is shown in Scheme 2.7. The dyes 

mainly differ in donor group attached to the benzothiadiazole unit. The introduction of dibutoxy 

phenyl as peripheral group on donor part gave the dye 38. The extension of the π-conjugation on 

the electron donating diphenylamine moiety does not lead to a significant change in the position 

of the absorption bands. But the introduction of dibutoxy phenyl in the dye 38 helped to 

improve the excited state lifetime by 3-fold when compared with the dye 37. The introduction of 

dibutoxy phenyl helped to improve the photovoltaic conversion efficiency due to an increase in 

JSC and VOC values. The dye 38 achieved higher efficiency of 8.0% (JSC = 16.0 mA cm -2, VOC = 

678 mV, and ff = 0.73) when compared to the dye 37 (ƞ = 7.01%) due to extension of the π-

system on the donor moiety. The optical, electrochemical and DSSC data of the dyes 18-38 

were presented in Table 2.2.  

 
Scheme 2.7 Synthesis of CPDT and benzothiadiazole conjugated linker based dyes. 



Benzothiadiazole-Based Sensitizers for DSSCs: A Review 

27 
 

 

Figure 2.16 Molecular structures of the dyes based on chromophoric core of 

cyclopentadithiophene-benzothiadiazole 

Table 2.2 Photophysical, electrochemical and photovoltaic performances of DSSCs data based 

on dyes 18-38 

Dye λabs EOX/V(NHE) E* VOC/mV OX/V(NHE) JSC/mA cm ff –2 ƞ/% Ref 
18 588 - a - 570 15.79 0.55 6.58 68 
19 590 1.02 b -0.83 504 8.51 0.60 2.59 69 
20 590 - b - 540 22.10 0.48 7.62 68 
  1.07 -0.78 504 11.00 0.59 3.28 69 
21 496 0.73 c -1.07 620 3.60 0.70 1.56 70 
22 493 0.66 c -0.83 590 3.63 0.73 1.57 70 
23 547 0.58 c -0.89 580 3.35 0.73 1.42 70 
24 484 0.50 c -0.95 570 2.14 0.66 0.80 70 
25 445 1.16 c -1.16 650 3.90 0.71 1.80 71 
26 445 1.16 c -1.19 670 7.10 0.76 3.70 71 
27 427, 

500(s)
0.97 

c 
-1.17 680 7.80 0.77 4.00 71 

28 471 0.87 d -1.24 726 10.59 0.68 5.20 54 
29 495 0.79 d -1.16 615 13.84 0.65 5.50 54 
30 526 0.92 d -1.00 694 16.36 0.72 8.20 54 
31 538 - d - 871 7.82 0.766 10.00 27 
32 545 - d - 813 15.58 0.706 9.90 27 
33 - - - 840 9.56 0.759 12.2 27 
34 - - - 880 9.47 0.767 12.8 27 
35 512 1.02 c -1.01 768 11.8 0.72 6.53 72 
36 556 1.09 c -0.86 786 15.2 0.67 7.99 72 
37 600 0.95 c -0.90 653 14.5 0.742 7.1 73 
38 598 1.02 c -0.83 678 16.0 0.732 8.0 73 

a In CH3CN/C2H5OH (1:1) b In CH3CN c In CH2Cl2
 d

Li and co-workers synthesized four dyes 39-43 containing 5-phenyl-iminostilbene as donor 

(Figure 2.17) [74]. The dye 43 was also synthesized without BTD for comparison. The synthetic 

protocols were shown in the scheme 2.8. 

 In THF 
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Scheme 2.8 Synthesis of benzothiadiazole sensitizers with indoline and triphenyl amine units as 

donor 

The dyes showed broad absorption in the visible region (350-600 nm), which is attributed to 

the intramolecular charge transfer (ICT) from the 5-phenyl-iminostilbene donor to the anchoring 

group. The introduction of BTD extended the absorption onset by 165 nm, which is beneficial to 

enhance the light harvesting property and PCE. The presence of triple bond in between the BTD 

and donor induced a blue-shift and molar extension coefficients were decreased. This is 

attributed to the fact that in the alkyne bridged chromophores, the carbon atoms are in both sp 

and sp2 hybridized which results in poorer π-orbital overlap and mismatch in energy of the π-

orbitals. The introduction of BTD increased the VOC compared to 43 due to negative shift of the 

conduction band. The dye 40 showed power conversion efficiency of 5.38% and raised to 6.71% 

by optimization of device after addition of 10 mM CDCA addition. The dyes 41-42 showed 

inferior efficiency compared to 39-40 due to acetylene linkage. The dye 40 showed long term 

stability over 1000 h with ionic liquid electrolyte under light soaking experiments.   
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Figure 2.17 Molecular structures of 5-phenyl-iminostilbene based sensitizers 

Valiyaveettil and co-workers reported a set of dyes 44-49 based on BTD with carbazole as 

donor [12]. By linking carbazole’s 2nd or 3rd positions to the benzothiadiazole group and 

changing the functional groups on the N-atom of carbazole, authors investigated subtle change 

in photophysical and energy conversion efficiencies. The synthetic procedure of the dyes was 

shown in Scheme 2.9 and structures shown in Figure 2.18. 

Scheme 2.9 Synthesis of the carbazole based sensitizers 
The dyes showed broad light harvesting capability due to the introduction of BTD unit. The 

LUMO levels of all dye molecules were found to be similar due to the same acceptor and 

anchoring groups. The chemical nature of substituents and position of the substituents played an 

important role in the performance of the DSSCs. The dyes (45 and 46) carbazole attached at 3-

position showed higher conversion efficiency of 3.3% and 3.8% due to strong donating 

capability. However the dyes with carbazole as donor connected at 2-position and N9 position 

showed lower conversion efficiency due less donating strength of carbazole led to lower JSC 

values.  
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Figure 2.18 Chemical structures of the carbazole based dyes. 

In order to increase the donating strength of the carbazole unit, Hong and co-workers 

synthesized three dyes (50-52) based on carbazole as donor with substitution at 3 and 6 

positions with triphenylamine as auxiliary donor (Figure 2.19) [75]. The synthetic scheme of the 

dyes involves various protocols such ullman coupling reaction, Suzuki coupling and shown in 

Scheme 2.10. The introduction of auxiliary donors increased the molar extinction coefficient 

with red shifted absorption and inhibited the aggregation of the dye on the surface of TiO2. The 

introduction of hexyl chain on thiophene units induced significant blue shift in the absorption 

spectra, due to the twisted structure of the π-bridge. The injected electron lifetimes of the dyes 

were 0.1 ms (50), 0.1 ms (51), and 16.5 ms (52), and these results were correlated with the 

higher VOC value of 52. Thus, the alkyl chains on the π-bridge of 52 enhanced the photocurrent 

and suppressed the charge recombination process. The dye 52 showed an efficiency of 5.11% 

which is double the conversion efficiency compared to previous dyes (44-49). The addition of 

CDCA increases the efficiency up to 6.33% for the dye 52. 
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Scheme 2.10 synthesis of the carbazole containing dyes 

 
Figure 2.19 Molecular structures of carbazole based sensitizers 

Tian and co-workers [76-77] reported a novel class of organic sensitizers based on a rigid 

triarylamine amine electron donor with a two-locking structure (Figure 2.20). The synthesis of 

new rigid triarylamine donor based benzothiadiazole dye was shown in Scheme 2.11. The 

bromo derivative of the new rigid triarylamine donor was prepared from the starting materials 

carbazole and methyl 2-iodobenzoate via Ullmann condensation, bromination, Grignard reaction 

and ring closure reactions sequentially. The bromo derivative was to converted boronic acid and 

reacted with 5-(7-bromobenzo[c][1,2,5]thiadiazol-4-yl)thiophene-2-carbaldehyde by Suzuki 

coupling protocol to get terminal aldehyde precursor. The sensitizer 55 was obtained by 
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Knoevenagel condensation of aldehyde with cyanoacetic acid in the presence of a catalytic 

amount of piperidine in THF. 

  
Scheme 2.11 Synthetic route to benzothiadiazole dye containing rigid triarylamine donor 

The dye 55 showed red shifted absorption by 43 nm and 19 nm than the dyes 31 and 32, 

respectively. The inclusion of BTD in the dye 55 reduced the LUMO level and showed smaller 

bandgap. The introduction of an n-hexyl chain on thienyl unit instead of the bare thienyl in the 

dye 56 induced 5 nm blue shift and the introduction of another n-hexyl thiophene unit in 

between indoline donor and BTD in the dye 57 red shifted the absorption by 32 nm. Due to the 

fast charge recombination and low electron lifetime, although the dye 55 has very broad 

absorption spectra contributed to low efficiency 4.61% (JSC = 10.0 mA cm -2, VOC = 640 mV, and 

ff = 0.72), while the dye 54 exhibited a η value 6.50% (JSC = 13.7 mA cm-2, VOC = 690 mV and 

ff = 0.69) fabricated under the same conditions under standard global AM 1.5 solar light 

condition. 

 

Figure 2.20 Structures of rigid triarylamine-donor based sensitizers 
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Tian and co-workers [78] designed and synthesised a series of sensitizers with high molar 

extinction coefficients (5.6-6.3 × 104 M-1cm-1) comprising substituted dihydroindolo[2,3-

b]carbazole (Figure 2.21) as donor. The synthesis of the sensitizers 59 comprising 

benzothiadiazole and dihydroindolo[2,3-b]carbazole as donor was shown in the Scheme 2.12.  

 

Scheme 2.12 Synthesis of dihydroindolo[2,3-b]carbazole donors based benzothiadiazole 

sensitizer 59 

 

Figure 2.21 Molecular structures of dyes based on dihydroindolo[2,3-b]carbazole donor and 

treads observed in optical and electrochemical data 

The dyes exhibited broad absorption band in the region 440-650 nm with the maximum 

absorptions at 453, 522, 464 and 522 nm, 58-61 respectively. The HOMO level energies 

decreased in the order of 59 (0.91 V) > 60 (0.86 V) > 58 (0.85 V) ≈ 61 (0.85 V). The 

introduction of benzothiadiazole in the π-conjugation altered the LUMO level of the dyes 
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relative to thiophene substituted dyes, which resulted in a red shifted absorption due to the 

smaller band gap. By permutation of the thiophene unit in 58 (ƞ = 4.11%) by benzothiadiazole 

unit in 59 (ƞ = 6.40%) improved the efficiency. Using the dye baths of CHCl3-EtOH (v/v 1 : 3), 

the photovoltaic performance of the dye 61 device was further enhanced to 7.03% (JSC = 14.81 

mA cm-2

Table 2.3 Photophysical, electrochemical and photovoltaic performances of DSSCs data based 

on dyes 39-61 

, VOC = 690 mV and the ff = 0.69). The optical, electrochemical and DSSC data of the 

dyes 39-61 were presented in Table 2.3.  

Dye λabs EOX/V(NHE) E*OX/V(NHE) VOC/mV JSC/mA cm ff –2 ƞ/% Ref 
39 494 1.09 a -0.88 657 11.94 0.66 5.16 74 
40 450 1.20 a -0.95 673 12.11 0.66 5.38 74 
41 474 1.11 a -0.89 545 3.60 0.71 1.39 74 
42 455 1.14 a -0.94 636 7.37 0.61 2.86 74 
43 470 1.19 a -0.86 665 11.04 0.72 5.27 74 
44 445 1.11 a -0.70 0.59 3.90 0.68 1.56 12 
45 474 1.12 a -0.71 0.65 7.37 0.69 3.29 12 
46 484 1.07 a -0.63 0.64 8.30 0.74 3.80 12 
47 476 1.30 a -0.72 0.65 4.85 0.74 2.36 12 
48 459 1.13 a -0.70 0.64 3.22 0.73 1.53 12 
49 461 1.24 a -0.73 0.67 2.43 0.71 1.20 12 
50 488 0.90 b -1.46 0.54 9.14 0.67 3.32 75 
51 498 0.90 b -1.41 0.55 10.01 0.68 3.70 75 
52 376 0.94 b -1.57 0.70 11.11 0.66 5.11 75 
53 440 1.36 c -1.12 740 10.40 0.74 5.43 76 
54 464 1.28 c -1.01 690 13.70 0.69 6.50 76 
55 483 1.35 c -0.88 640 10.00 0.72 4.61 76 
56 478 1.15 c -0.93 712 9.71 0.75 5.20 77 
57 510 1.10 c -0.83 682 11.82 0.72 5.82 77 
58 453 0.85 b -1.16 768 11.95 0.66 6.09 78 
59 522 0.91 b -1.00 707 11.57 0.68 5.55 78 
60 464 0.86 b -1.16 644 9.40 0.68 4.11 78 
61 522 0.85 b -1.09 674 13.96 0.68 6.40 78 

a In CH2Cl2 
b

 In DMF c In 

  
THF 
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2.2.1 Acceptor (anchoring) group directly attached BTD featured sensitizers 

 

Figure 2.22 Configuration of acceptor (anchoring) group directly attached BTD sensitizers 

The general representation of acceptor (anchoring) group directly attached BTD sensitizers is 

as shown in the Figure 2.22. To achieve good overlap with the solar emission spectrum and to 

produce large photocurrent response benzothiadiazole entity was implanted in the conjugated 

spacer. On the other hand, the DSSCs based on benzothiadiazole sensitizers exhibited lower 

efficiencies. The root cause for the low efficiencies of the BTD dyes was revealed from the 

density functional theory calculation and Mulliken charges calculated from the TDDFT results. 

The electron density in the lowest unoccupied molecular orbital (LUMO) on the anchoring 

group is less dense than benzothiadiazole. The electron density on the lowest unoccupied 

molecular orbital (LUMO) and negative Mulliken charge around the electron-withdrawing 

benzothiadiazole appears to be relatively strengthened than the acceptor, indicating that the 

electron can be confined to the benzothiadiazole unit, by which the excited electrons facing 

larger obstacles to dissociate and inject into TiO2. However by tethering two electron-donating 

alkoxy chains at the BTD entity, charge trapping was not eased. So to use this negative charge 

fruitfully, based on the above considerations researchers decided to synthesize sensitizers with 

the BTD entity directly connected to 2-cyanoacrylic acid. Now the negative charge accumulated 

at the BTD entity may have better opportunity to inject into semiconductor due to a shorter 

distance between BTD and the anchoring group. Now the challenge is to synthesis, the 

precursor used for the synthesis of cyanoacylic acid directly attached to BTD unit is 7-

bromobenzo[c][1,2,5]thiadiazole-4-carbaldehyde. The synthesis of this intermediate precursor is 

achieved by the different synthetic protocols shown in the Scheme.2.13.  
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Scheme 2.13 Different protocols used for synthesis of the benzo[c][1,2,5]thiadiazole-4-

carbaldehyde derivatives 

Significant progress in the use of organic dyes containing anchoring group cyanoacrylic acid 

directly connected to the BTD core in DSSCs was first made by park and co-workers [79]. As 

shown in Figure 2.23, the anchoring group cyanoacrylic acid is directly or indirectly attached to 

the BTD core. The dye 62 showed 91 nm blue shifted absorption maximum and insertion of 

phenylenevinylene constituent in 64 as a bridging unit between BTD and cyanoarylic acid 

acceptor groups blue-shifted the absorption maxima by 4 nm, with respect to anchoring group 

directly attached BTD dye 63. The dye 64 with JSC = 12.24 mA cm2, VOC = 549 mV and ff = 

0.56 resulted an overall conversion efficiency of 3.80%, which is higher than that of 62 and 63. 

The dye 64 is showing superior performance than 63, due to the three fold highness in the 

electron injection efficiency and slower recombination of injected electrons with oxidized dyes.  
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Figure 2.23 Structures of N,N-diphenyl-4-vinylaniline donor featured sensitizers 

Bäuerle and co-workers [80] by doing small structural modification in benzothiadiazole dyes 

achieved high performance in DSSCs. The two dyes (Figure 2.24) mainly differ in the position 

of cyanoacrylic acid acceptor. Former dye contains cyanoacrylic acid acceptor directly attached 

to BTD unit where as in later dye cyanoacrylic acid acceptor is separated from BTD unit by 

phenyl spacer. The dye 65 exhibited 55 nm red shifted absorption maximum due to the strong 

donor-acceptor interaction, when compared to the dye 66. The insertion of the phenyl ring 

blocks the back electron transfer of the charge separated state and slowing down recombination 

processes by over 5 times, thus efficiency of dye 66 (8.21%) was raised by a factor of 6.5 

compared to dye 65 (1.24%). From this adroit molecular design and punctilious research found 

that, the placement of the acceptor (anchoring group) in the BTD dyes play major role in the 

electron injection efficiency and power conversion efficiency. By placing the anchoring on the 

BTD unit achieved ample injection efficiencies, but unfortunately resulting low PCEs due to the 

fast electron recombination between electrons from TiO2 and the dye radical cation. 

.

Figure 2.24 4-(2,2'-bithiophen-5-yl)-N,N-bis(4-(hexyloxy)phenyl)aniline donor based BTD 

sensitizers 
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Figure 2.25 Structures of acceptor directly attached to benzothiadiazole based sensitizers 

Lin and co-workers [81] designed and synthesised three sensitizers (Figure 2.25) which have 

BTD entity directly connected to 2-cyanoacrylic acid (also as the anchoring group) for DSSCs 

using ZnO as the photoanode. The λabs values are in the order of 69 (540 nm) > 68 (513 nm) > 

67 (486 nm). DSSCs using benzothiadiazole-based dyes with a ZnO photoanode exhibited high 

conversion efficiencies (4.02% to 5.18%), one of the best efficiencies using 2-cyanoacrylic acid 

directly connected to BTD unit class sensitizers. Among all, the efficiency of DSSCs made from 

the dye 67 dramatically increased to 5.82% (JSC = 14.70 mAcm-2

 

, VOC = 0.61 V, and ff = 0.65), 

when a novel hierarchical ZnO light back scattering layer was used.  

Figure 2.26 Structures of the diarylthienylamine donor based sensitizers 

Wong and co-workers [82] have developed three dyes containing cyanoacrylic acid directly 

attached to benzothiadiazole unit (Figure 2.26). The incorporation of dialkoxy substituents on 

the donor moieties endowed the dyes 71 and 72 with narrower bandgap and higher HOMO level 

than 70. The dye 72 showed better photophysical properties which reflected the efficiency. The 

preliminary results showed that the DSSCs exhibit extremely low PCEs ( < 0.06%) using 0.6 M 
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1-butyl-3-methylimidazolium iodide (BMII), 0.05 M LiI, 0.03 M I2, 0.5 M 4-tert-butylpyridine 

(TBP), and 0.1 M guanidiniumthiocyanate in a mixture of acetonitrile-valeronitrile (85:15, v/v) 

as the redox electrolyte. The improved photovoltaic performance the DSSCs was achieved in a 

TBP-free condition by merely using 0.6 M 1,2-dimethyl-3-propylimidazolium iodide (DMPII), 

0.05 M LiI, 0.03 M I2 in acetonitrile as the redox electrolyte, and the best cell based on the 

sensitizer 72 reached a PCE of 3.16% under simulated AM 1.5G irradiation (100 mW cm-2

Table 2.4 Photophysical, electrochemical and photovoltaic performances of DSSCs data based 

on dyes 62-72 

). 

The optical, electrochemical and DSSC data of the dyes 62-72 were presented in Table 2.4.  

Dye λabs EOX/V(NHE) E*OX/V(NHE) VOC/mV JSC/mA cm ff –2 ƞ% REF 
62 407 1.11 a -0.73 519 10.29 0.62 3.30 79 
63 498 a 1.15   -0.77 470 8.13 0.65 2.49 79 
64 494 1.11 a -0.74 549 12.24 0.57 3.80 79 
65 570 0.97 b -0.63 489 3.40 0.74 1.24 80 
66 515 0.88 b -0.79 640 18.47 0.69 8.21 80 
67 486 1.25 c -0.98  590 13.50 0.65 5.18 81 
68 513 1.03 c -1.09 540 13.09 0.61 4.29 81 
69 540 0.97  c -1.09 510 12.03 0.66 4.02 81 
70 613 1.02 b -0.72 410 9.12 0.62 2.30 82 
71 650 0.87 b -0.78 390 13.06 0.62 3.13 82 
72 654 0.87 b -0.77 450 11.10 0.63 3.16 82 

a In EtOH b In CH2Cl2 
c In THF 

2.2.2 5,6-bis-alkoxy-benzo[2,1,3]thiadiazole featured sensitizers  
The general representation and features endowed were shown in Figure 2.27. In the BTD 

class sensitizers, some charge trapping at the electron deficient moiety (BTD) hampering 

efficient electron injection from the sensitizer to the TiO2 nanoparticles. To improve the cell 

performance by easing the charge trapping Lin and co-workers tethered two electron donating 

long alkoxy chains at the benzothiadiazole entity. The incorporation of the two long alkoxy 

chains at the benzothiadiazole entity can realize several merits such as: (i) improve their 

solubility and form a tightly packed insulating monolayer preventing I3- or cations approaching 

the TiO2 and help to suppress dark currents. (ii) the cell performance can be improved by 

counteracting the electron-deficient character of benzothiadiazole, which help to suppress the 

charge trapping effect (iii) suppresses the dark current, hence increases the electron lifetime and 

open circuit voltage (Voc). 
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Figure 2.27 General representation of 5,6-bis-alkoxy-benzo[2,1,3]thiadiazole based sensitizers 

The synthetic intermediate for the synthesis of these sensitizers is 4,7-dibromo-5,6-

alkoxybenzo[c][1,2,5]thiadiazole, which was obtained by a five-step synthetic protocol from 

catechol as shown in Scheme 2.14. The diamine which is precursor for the preparation of 

thiadiazole core was prepared from catechol by alkylation, nitration and reduction respectively. 

The diamine was successfully converted to thiadiazole core by treating with SOCl2 and triethyl 

amine, subsequently brominated with molecular bromine to give 4,7-dibromo-5,6-

alkoxybenzo[c][1,2,5]thiadiazole in excellent yield.  

 

Scheme 2.14 Synthetic routes to the 4,7-dibromo-5,6-alkoxybenzo[c][1,2,5]thiadiazole 
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In this report the Lin and co-workers [83] introduced 5,6-bis-hexyloxy-

benzo[2,1,3]thiadiazole spaced materials (Figure 2.28) for efficient dye sensitized solar cells 

and compared to the congeners without the hexyloxy chains. The presence of hexyloxy groups 

effectively suppress the dark currents and significantly improve the cell performance. High 

conversion efficiencies have been achieved with these dyes, and the best performance of the 

cells reaches > 90% of the N719-based cell fabricated and measured under similar conditions. 

DSSCs based on dye 76 produced a short-circuit current density (JSC) of 15.2 mA cm-2, with a 

maximum photon-to-electron conversion efficiency (ƞ) of 6.72 %. 

 
Figure 2.28 Structure of the 5,6-bis-hexyloxy-benzo[2,1,3]thiadiazole based senstizers 

Here, an interesting comparison could be carried out between these sensitizers to study the 

effect of different π-linkers between diphenylamine and dialkoxy BTD on absorption bands as 

well as JSC of the devices (Figure 2.29). All the three dyes have the similar structure except the 

π-linker between diphenylamine and dialkoxy BTD. Their Charge transfer transition bands in 

THF solution and JSC are in the order of 74 < 73 < 75 < 76. Sensitizer 76 with a longer π-

conjugation length (combination of phenyl and thienyl units) showed red shifted charge transfer 

band than others in series. In 74, the fluorene unit make high dihedral angle with 5,6-

bishexyloxy-benzo[2,1,3]thiadiazole when compared to the phenyl analogue (73), which is 

unfavorable for effective conjugation. Generally, the insertion of an ethynyl entity usually 

shows a large blue shift in the absorption due to the poorer orbital overlap of energetically 

mismatched SP and SP2 orbitals. In contrast, the dye 75 showed 12 nm bathochromic shift, 
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which can be rationalized by the reason that the insertion of an ethynyl entity bridging between 

alkoxy benzothiadiazole and phenyl groups helped to alleviate the steric congestion and 

elongated the conjugation length of the molecule. With the high absorption coverage in the 

series, DSSCs based on sensitizer 76 showed a JSC of 15.2 mA cm-2 and an efficiency of 6.72%. 

 
Figure 2.29 Effect of the π-spacer between diphenylamine and 5,6-

bis(octyloxy)benzo[c][1,2,5]thiadiazole on absorption maximum 

Hua and co-workers designed and synthesised a series of 5,6-

bis(octyloxy)benzo[c][1,2,5]thiadiazole-bridged sensitizers (Figure 2.30) and compared to the 

congeners without the octyloxy chains [84-85]. These dyes featured with a triphenyl moiety as 

the electron donor, cyanoacrylic acid as the anchoring group. Phenyl, furan and thiophene are 

used as linkers between alkoxy BTD and cyanoacrylic acid. The introduction of two long alkoxy 

chains into the benzothiadiazole ring successfully inhibited the charge recombination and the 

open-circuit voltage was higher for these dyes than the congener without alkoxy groups. The 

power conversion efficiency was sensitive to the linker unit in between alkoxy benzothiadiazole 

and cyanoacrylic acid anchoring moiety. Among these dyes, DSSCs based on dye 80 exhibited 

the best overall light-to-electricity conversion efficiency of 7.29% (JSC = 12.74 mA cm–2, VOC = 

784 mV, ff = 0.73) under AM 1.5 irradiation (100 mWcm–2).  
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Figure 2.30 5,6-Bis(octyloxy)benzo[c][1,2,5]thiadiazole-bridged sensitizers  

It is interesting to compare the optical properties of the dyes to study impact of the different 

π-linkers between dialkoxy BTD and cyanoarylic acid (Figure 2.31). The permutation of phenyl, 

with furan and thiophene greatly enhances the light-harvesting nature by 40-45 nm in the long 

wavelength region (bathochromically shifted) and this can be rationalised by the factor that the 

replacement of the benzene moiety by furan or thiophene leads to a strong enhancement in the 

coplanarity between the 5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole unit and the cyanoacetic 

anchoring moiety. However, the phenyl π-linker between donor and dialkoxy BTD as well as 

dialkoxy BTD and cyanoacrylic acid seems jeopardise, because it leads to severe blue-shift in 

absorption and limits the light-harvesting range. The substitute to phenyl π-linker can be 

thiophene or oligothiophene units which have smaller resonance energies when compared with 

benzenoid moieties, provide more effective conjugation and facilitates charge transfer from the 

donor to the cyanoacrylic acid anchoring moiety. The optical, electrochemical and DSSC data of 

the dyes 73-83 were presented in Table 2.5.  
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Figure 2.31 Effect of the π-spacer between 5,6-Bis(octyloxy)benzo[c][1,2,5]thiadiazole and 

cyanoacrylic acid on absorption maximum 

Table 2.5 Photophysical, electrochemical and photovoltaic performances of DSSCs data based 

on dyes 73-83 

Dye λabs/nm EOX/V E*OX/V(NHE) VOC/mV JSC/mA cm-2 ff ƞ% REF 
73 466a 1.31 -0.98 0.68 12.0  0.68 5.57 83 
74 454a 1.19 -1.14 0.68  11.3 0.69 5.34 83 
75 478a 1.33 -0.98 0.70  12.7 0.70 6.22 83 
76 501a 1.16 -1.01 0.67  15.2 0.66 6.72 83 
77 536a 0.98 -1.00 0.67  11.9 0.68 5.36 83 
78 423b 0.99 –1.50 829 7.86 0.74 4.82 84 
79 463b 1.00 –1.22 818 12.10 0.73 7.19 84 
80 468b 1.01 –1.22 784 12.74 0.73 7.29 84 
81 483b 0.71 -1.40 0.686 15.05 64.53 6.66 85 
82 525b 0.72 -1.18 0.662 16.88 64.03 7.16 85 
83 531b 0.71 -1.21 0.629 15.37 64.02 6.19 85 

a In THF b In CH2Cl2 

Here an interesting comparison could be carried out to reveal, the impact of tethering two 

long alkoxy chains at the benzothiadiazole entity, which could be monitored nicely by 

difference in absorption maxima and open circuit voltage (VOC) of the sensitizers (Figure 2.32). 

Sensitizers featured with two long alkoxy chains at the benzothiadiazole entity owns steric 

congestion with the neighboring π-spacers, leads in twisting and jeopardizes charge transfer 

from the donor to the acceptor. Evidently, dyes featured with alkoxy BTD exhibits 

hypsochromic shift in absorption compared with its alkoxy-free congeners. Upon incorporation 
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of the alkoxy chains on BTD, the sensitizers successfully suppressed dark current and exhibited 

higher open-circuit voltages and high conversion efficiencies compared with its alkoxy-free 

congeners.  

 

Figure 2.32 Structures and trends in absorption maxima and open circuit voltage (VOC) data of 

dyes featured with and without alkoxy chains at the benzothiadiazole entity. 

2.2.3 Molecular engineering at 5, 6-position of benzothiadiazole  
Wong and co-workers [86] designed and synthesised three panchromatic sensitizers (Figure 

2.33) based on thiadiazolo[3,4-c]pyridine hetero cyclic, which is obtained by permutation of the 

benzene ring in the BTD unit with more electron-deficient pyridine. The key intermediate for 

the preparation of these sensitizers was 4,7-dibromo-[1,2,5]thiadiazolo[3,4-c]pyridine, the 

synthesis of thiadiazolo[3,4-c]pyridine and 4,7-dibromo-[1,2,5]thiadiazolo[3,4-c]pyridine via 

different pathways were shown in Scheme 2.15.  
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Scheme 2.15 Synthesis of thiadiazolo[3,4-c]pyridine and 4,7-dibromo-[1,2,5]thiadiazolo[3,4-

c]pyridine 

The sensitizers were displaying strong and broad absorption covering the spectral range of 

300-750 nm. A bathochromic shift of 39 nm and 29 nm was observed by replacing tripheyl 

amine unit with 4-(hexyloxy)-N-(4-(hexyloxy)phenyl)-N-phenylaniline and N,N-bis(9,9-

dimethylfluoren-2-yl)aniline donor moieties, respectively. Adsorption of the dyes on transparent 

thin TiO2 film induced hypsochromic shift, which is ascertained to the deprotonation, H-

aggregation of the dyes and the introduction of hexyloxy chains on the donor segment 

effectively inhibited the H-aggregation in the dye 85. Cyclic voltammetry measurements 

revealed that the HOMO energy level raised by enhancing the donor strength, while the LUMO 

energy level remains essentially constant because of the same acceptor segments. The HOMO 

energy levels of the dyes determined by the electrochemical studies are in the 84 (0.86 V) > 85 

(0.64 V) > 86 (0.57 V). The estimated optical band gap E0-0 are 84 (1.99 eV), 85 (1.78 eV) and 

86 (1.72 eV), respectively. The optical and electrochemical properties of the sensitizers were in 

accordance with electron-donating capability of the donor segment. DFT results revealed the 

HOMO orbitals were delocalized on the donor and LUMO orbitals were present from 

thiadiazolo[3,4-c]pyridine to cyanoacetic acid subunit. The IPCE spectrum of the three dyes 

covers the spectral range from 300-650 nm, reaching a highest value 65 % at 570 nm for the dye 

85. The higher efficiency of 85 (ƞ = 4.02%) than 84 (ƞ = 2.63%) manifests the beneficial 

influence of alkoxy groups on the donor segment on the photocurrent and open-circuit voltage.  
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Figure.2.33 Structures of thiadiazolo[3,4-c]pyridine based dyes with different arylamine donors 

Lin and co-worker designed and synthesized a series of the dyes based on the 

thiadiazolo[3,4-c]pyridine by different linkers in the conjugation and discussed about the 

position of N atom in thiadiazolo[3,4-c]pyridine system [87]. The synthetic scheme of the dyes 

is shown in Scheme 2.16 and structures were shown in Figure 2.34. The charge transfer band of 

the dyes exhibited red shift absorption when compared to the congeners containing 

benzo[2,1,3]thiadiazole. The dyes with phenyl linker claimed higher JSC compared to congener 

linkers (thiophene and furan) and achieved higher efficiency. The range of dyes as JSC (0.68-

9.47 mA/cm-2) and VOC (0.43–0.61 V) and achieved poor conversion efficiency due to the dye 

aggregation and charge trapping nature of the dyes. Finally the dye 94 claimed higher power 

conversion efficiency of 4.24%. 
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Scheme 2.16 Synthesis of thiadiazolo[3,4-c]pyridine containing sensitizers 
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Figure.2.34 Structures of thiadiazolo[3,4-c]pyridine based dyes with different arylamine donors 

Mao and co-workers [88] developed a series of sensitizers (Figure 2.35) comprising 2-

cyanopyridine as an anchoring group by modulating the electron-deficient unit (auxiliary 

acceptor) in the π-conjugation with quinoxaline, benzo[1,2,5]thiadiazole and 

[1,2,5]thiadiazolo[3,4-c]pyridine units. The FT-IR results reveal the existence of characteristic 

stretching bands for C=N or C=C at around 1595, 1505, and 1465 cm-1for all the dyes. The 

absorption maximum was bathochromically shifted by increasing the electron with drawing 

nature of the auxiliary acceptor. The optical band gap of the dyes follows the order 99 (2.41 eV) 

> 100 (2.25 eV) > 97 (2.21 eV) > 98 (1.96 eV). DFT calculations have depicted that the HOMO 

of dyes were located on the triphenylamine donor, LUMO of the dyes were located on auxiliary 

acceptor and acceptor (2-cyanopyridine). DSSCs with the benzothiadiazole dye 97 produced a 
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higher photocurrent (JSC = 9.45 mA cm-2), thus resulting in a higher efficiency of 4.02 % 

compared to that of remaining dyes in the series. 

 

Figure 2.35 Molecular structures of the benzothiadiazole dyes with 2-cyanopyridine as an 

electron-accepting and anchoring group 

Grimsdale and co-workers [55] annulated a new electron with drawing pyrrolidine-2,5-dione 

heterocyclic moiety with benzo[c][1,2,5]thiadiazole to form 5H-[1,2,5]thiadiazolo[3,4-

f]isoindole-5,7(6H)-dione to enhance the intramolecular charge transfer of the BTD sensitizers. 

The new sensitizer compared with 6H-pyrrolo[3,4-g]quinoxaline-6,8(7H)-dione analog 102 

(Figure 2.36). The former dye exhibited 65 nm red-shifted absorption maxima when compared 

to that of later dye due to the stronger quinoid character of the core structure. Despite the 

broader absorption window, due to high exciton binding energy and larger recombination rate 

the dye 101 showed a relatively lower PCE of 4.14% with a JSC of 8.86 mA cm-2 and a VOC of 

630 mV. While the dye 102 showed a promising PCE of 6.2% with a JSC of 12.0 mA cm-2 and a 

VOC of 730 mV. The optical, electrochemical and DSSC data of the dyes 84-102 were presented 

in Table 2.6.  
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Figure 2.36 Structures of the sensitizers containing 5H-[1,2,5]thiadiazolo [3,4-f]isoindole-

5,7(6H)-dione and 6H-pyrrolo[3,4-g]quinoxaline-6,8(7H)-dione units 

Table 2.6 Photophysical, electrochemical and photovoltaic performances of DSSCs data based 

on dyes 84-102 

Dye λabs EOX/V(NHE) E*
OX/V(NHE) VOC/mV JSC/mA cm–2 ff ƞ/% Ref 

84 546a 0.86 -1.13 367 11.23 0.64 2.63 86 
85 585a 0.57 -1.15 462 14.19 0.64 4.20 86 
86 575a 0.64 -1.14 432 12.00 0.69 3.58 86 
87 522b 1.26 -0.64 0.45 0.72 0.59 0.19 87 
88 548b 1.26 -0.65 0.48 2.67 0.61 0.78 87 
89 498b 1.26 -0.84 0.57 7.06 0.72 2.88 87 
90 526b 1.12 -0.77 0.56 2.89 0.65 1.06 87 
91 536b 1.28 -0.75 0.52 2.41 0.65 0.82 87 
92 546b 1.33 -0.63 0.52 3.35 0.67 1.16 87 
93 497b 1.29 -0.84 0.60 9.47 0.68 3.87 87 
94 518b 1.17 -0.83 0.61 7.15 0.70 3.06 87 
95 525b 0.98 -0.90 0.55 3.18 0.72 1.26 87 
96 580b 0.81 -0.92 0.51 2.18 0.62 0.69 87 
97 473a 1.01 -1.20 600 9.45 0.70 4.02 88 
98 519a 1.00 -0.96 450 0.62 0.60 0.17 88 
99 419a 0.97 -1.44 520 1.00 0.69 0.36 88 
100 461a 1.03 -1.22 570 5.24 0.70 2.10 88 
101 542a 0.94 -0.83 630 8.86 0.73 4.14 55 
102 477a 0.87 -1.05 730 12.00 0.70 6.20 55 

a In CH2Cl2 
b In THF  

2.2.4 Molecular engineering in indoline donor featured benzothiadiazole 

sensitizers 

 

Figure 2.37 Configuration of indoline donor featured benzothiadiazole sensitizers 

The general Configuration of indoline donor featured benzothiadiazole sensitizers is as 

shown in Figure 2.37. Tian and co-workers [45] blossomed hope to make the high efficiency 

DSSCs with benzothiadiazole class of organic dyes by introducing indoline donor unit. In this 

report, authors studied a series of benzothiadiazole dyes (Figure 2.38) with different donors and 
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spacer moieties in between benzothiadiazole and cyanoacrylic acid and found that the 

conversion efficiency increased with increasing the donor, spacers electron richness. Synthesis 

of benzothiadiazole sensitizers (103-106) with indoline and triphenyl amine donor units was 

shown in Scheme 2.17.  

 

Scheme 2.17 Synthesis of benzothiadiazole sensitizers with indoline and triphenyl amine units 

as donor 

Two steps of Suzuki coupling reactions on 4,7-dibromobenzothiadiazole with triphenyl 

amine/indoline boronic and 5-formylthiophen-2-ylboronic acid/ 4-formylphenylboronic acid 

respectivly, resulted in the corresponding aldehyde precursors. On treatment of aldehyde 

precursors with cyanoacetic acid under typical Knoevenagel condensation reaction obtained the 

targeted indoline-benzothiadiazole sensitizers. Due to the endowed electron donating ability of 
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indoline, the dyes 105 and 106 were showing red shifted absorption profiles and lower oxidation 

potentials, when compared with triphenyl amine counter parts. Indoline dye 106 was achieved 

the high JSC (17.7 mA cm-2) upon co-adsorption with 20 mM deoxycholic acid (DCA), DSSCs 

gave η of 8.7% owing to the broad characteristics of IPCE spectrum. Finally, the photo-stability 

and redox stability of the indoline sensitizers were greatly enhanced by integrating BTD with 

indoline segment.  

Figure 2.38 Structures of the indoline or triphenylamine donors featured benzothiadiazole 

sensitizers 

Later Zhu and co workers [15] investigated the impact of hexylthiophene unit on the 

performance of the DSSCs in indoline-BTD sensitizers. The authors designed new sensitizer 

107, by introduction of an n-hexyl alkyl chain on thienyl unit instead of the bare thienyl in 106. 

The n-hexyl chain in 107 reduced the intermolecular aggregation and improved electron 

injection efficiency without altering the absorption profile and energy levels. Without DCA co-

adsorption, the dye 107 achieved the η of 7.76% (VOC = 672 mV) on 16 μm-thick TiO2 film, 

which is 45% higher than that of 106 (η = 5.31%, VOC = 600 mV) under the same conditions. 

These results indicate that dye aggregation is efficiently prohibited by the alkyl chain and DCA 

is not necessary to improve the efficiency of the dye 107 on thick TiO2 films. The additional n-

hexyl thiophene unit in between BTD and indoline in the dye 112 leads to a significant red shift 

in the charge transfer band and photocurrent response by extending the conjugation, but causes a 

low incident photon-to-current conversion efficiency. These results show that the attachment of 

n-hexyl chains in the sensitizers can effectively suppress charge recombination, resulting in a 

decreased dark current and enhanced VOC, which influences the performance of the DSSCs. 
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By the introduction of n-hexyl thiophene unit in between BTD and thiophene in the dye 106 

resulted a new dye 111 and successfully inherited the aggregation and increased the injected 

electron lifetime and charge recombination resistance resulting in a high VOC (696 mV) and a 

promising high power conversion efficiency of 9.04% for the 111 dye (Figure 2.38) [89]. This is 

the record efficiency achieved by the benzothiadiazole dye and one of the best efficiency 

achieved by metal free sensitizers in dye sensitized solar cell. These results override the 

argument that the some charge trapping at the electron deficient BTD moiety, hampered the 

efficient electron injection from the sensitizer to the semiconductor surface. The replacement of 

benzothiadiazole unit in the dye 106 with more electron deficient thiadiazolo[3,4-c]pyridine 

[90], induced 43 nm red shift for the dye 108. Further extension of π-conjugation with 

cyclopentadithiophene in the dye 109, red shifted the absorption spectrum and also suppressed 

the charge recombination rate. The panchromatic absorption of the dye 109 resulted in larger JSC 

values of 11.20 mA cm-2 with higher conversion efficiency of 6.7% compared to the dye 108 

(3.6%). Later Zhu and co-workers [91] extended the conjugation from thiophene to bithiophene 

in between BTD and acrylic acid in the dye 106 resulted new a dye 110. They also constructed a 

dye without benzothiadiazole (BTD) in molecular skeleton to get insight into the effect BTD on 

photophysical and photovoltaic performances. The introduction of BTD in the dye 110 resulted 

in panchromatic absorption which helps to increase the JSC from 13.77 to 16.91 mA cm-2. The 

dye 110 showed power conversion efficiency of 8.15% with increment of VOC (57 mV) due to 

uplift of conduction band of TiO2. The introduction of BTD in the dye 110 (8.15%) increased 

the efficiency by 36.5%, when compared to the dye 113 (5.97%). Table 2.7 shows the optical, 

electrochemical and DSSC data of the dyes 103-116. Synthetic scheme for the dyes 108-110 are 

shown in the Schemes 2.18 & 2.19. 

 

Scheme2.18 Molecular structures of indoline based sensitizers 
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Scheme 2.19 Synthesis of benzothiadiazole sensitizers with indoline donor 

Figure 2.39 Molecular structures of indoline based sensitizers 

Later Xue and co-workers [92] evaluated the feasibility of Co(II/III)tris(1,10-

phenanthroline)-based redox electrolyte in the indoline sensitizers (Figure 2.39), to further 

improve the open-circuit voltages (VOC). The inclusion of BTD in the dye 115 bathochromically 

shifted the charge transfer transition by 42 nm relative to the reference dye 114. The modulation 

of tert-butylbenzene by dipropylfluorene induced 15 nm red shifted absorption maximum with 

higher molar absorption. Due to the deprotonation and formation of H-aggregation, blue shift in 
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the absorption spectra was noticed on TiO2. The deprotonation effect was weakened on 

introduction of benzothiadiazole unit and dipropylfluorene on the indoline is more efficient than 

tert-butylbenzene to diminish the tendency of dyes to form aggregates. The HOMO energy 

levels of sensitizers are 114 (0.82V), 115 (0.90V) and 116 (0.92V), which are more positive 

than the [Co(II/III)(phen)3]n+ redox couple. Even though cobalt cells achieved high open circuit 

voltages than iodine cells, due to the lesser driving forces for dye regeneration in cobalt cells 

achieved low short circuit photocurrent density (JSC). The dye 115 with cobalt DSC with 6 mm 

film showed a power conversion efficiency of 7.06% (JSC = 13.6 mA cm-2, VOC = 775 mV and ff 

= 0.67) under simulated AM1.5G solar light.  

The trends in the photophysical and first oxidation potential of the indoline-benzothiadiazole 

sensitizers were compared for the purpose to understand the dependence of charge transfer 

transition on the device performance (Figure 2.40). Red shift in absorption maxima for the 

charge transfer transition by 47 nm was observed for the dye 106 relative to LS-1, when BTD is 

introduced. Interestingly the red shifting and broadening of the charge transfer band was 

achieved by the inclusion BTD via decreasing HOMO–LUMO gap by 0.36 eV. Triphenyl amine 

donor based dyes of the BTD were blue shift when compared with indoline analogs, which 

conforms the superior electron-donating capability of the indoline unit than that of 

triphenylamine. The aggregation of the dye 106 was solved by incorporation of a hexyl 

thiophene unit on the π-bridge in dyes 107 and 111. The incorporation of n-hexylthiophene unit 

in the dye 106 effectively red shifted the absorption maxima by 10 nm in the dye 111 and 

resulted a higher VOC and a promising high power conversion efficiency of 9.04%.The studies 

with BTD-indoline sensitizers revealed that, novel ‘‘D-A-π-A’’ concept proposed by Tian and 

co-workers, in which electron-withdrawing BTD unit is incorporated into the π bridge tailored 

molecular structures and optimized energy levels. The incorporation of electron-withdrawing 

BTD as the additional acceptor to the indoline dyes showing several distinguished merits such 

as: (I) the photo-stability of the sensitizers as well as intermediates were improved (II) redox 

stability which is a key factor for the solar cell device lifetime was greatly enhanced (III) 

beneficial to enhance the sensitizer light harvesting in the long wavelength region, as well as 

optimizing the match in energy levels to get the maximum photon-to-electricity conversion. (IV) 

the presence of BTD in the backbone of the sensitizer manifested the weakening the 

deprotonation effect on a TiO2 film of the indoline dyes. (V) the stability and lifetime of DSSCs 

based on indoline sensitizers were greatly enhanced by the inclusion of BTD.  
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Figure 2.40 Structures and trends in optical and electrochemical properties of benzothiadiazole 

featured indoline dyes. 

Table 2.6 Photophysical, electrochemical and photovoltaic performances of DSSCs data based 

on dyes 103-116 

Dye λabs/nm EOX/mV E*OX/V(NHE) VOC/mV JSC/mA cm–2 ff ƞ% REF 
103 455a 0.95 -1.32 690 9.50 0.75 4.90 45 
104 497a 0.95 -1.16 600 11.20 0.75 5.00 45 
105 496a 0.67 -1.39 650 11.90 0.68 5.30 45 
106 533a 0.67 -1.23 650 17.70 0.76 8.70c 45 

 546b 0.67 -1.33 633 14.28 0.75 6.70c  
107 547 b 0.67 -1.39 672 15.00 0.77 7.76 15 
108 576c 0.89 -0.93 543 9.2 0.72 3.6 90 
109 593c 0.88 -0.95 612 15.1 0.72 6.7 90 
110 545b 0.81 −1.06 672 16.91 0.717 8.15 91 
111 536 b 0.66 -1.39 696 18.00 0.72 9.04 89 
112 557 b 0.57 -1.28 629 10.40 0.71 4.64 15 
113 518b 0.76 −1.25 615 13.77 0.705 5.97 91 
114 508b 0.82 -1.32 676 13.50 0.68 6.20 92 

    770 11.50 0.67 5.93  
115 550b 0.90 -1.05 686 14.80 0.68 6.90 92 

    800 13.00 0.66 6.86  
116 535b 0.92 -1.04 640 13.30 0.69 5.87 92 

    750 11.40 0.66 5.64  
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a In CHCl3/CH3OH = 4/1 b In CH2Cl2 
c In CHCl3 

2.2.5 Benzothiadiazole and Porphyrin complex based sensitizers 

 
Figure 2.41 Molecular structures of porphyrin dyes featured with benzothiadiazole  

Tan and co-workers [93] designed two novel porphyrin sensitizers (Figure 2.41) in 

combination with dithienylbenzothiadiazole linker for DSSCs. The solar cells based on 

sensitizers 117 and 118 achieved the short circuit photocurrent densities (JSC) of 14.11 and 

10.86 mA cm-2, open circuit voltages (VOC) of 0.59 and 0.61 V and the fill factors (ff) of 0.66 

and 0.71, corresponding to overall conversion efficiencies of 5.46% and 4.67%, respectively. 

The methyl groups on the thienyls in 117 are more effective in reducing the charge 

recombination of the injected electrons with triiodide ions than hexyls on thienyls, which 

reflected the efficiency. Incorporation of low-band-gap chromophore benzothiadiazole unit at 

meso-position of the porphyrin dyes narrowed the energy gap and boosted the photo current 

response by improving the light-harvesting ability of the dyes.  

Grätzel and co-workers developed highly efficient zinc porphyrin dyes (Figure 2.42) in 

conjunction with Co(II/III)tris(bipyridyl)-based redox electrolyte [94-96]. The synthesis of 

benzothiadiazole-zinc porphyrin sensitizers was displayed in Scheme 2.20. Arylamine groups 

attached to the porphyrin ring acts as an electron donor, and carboxylic acid moiety serves as an 

acceptor/anchoring group. The role of π-linker segment on mediating the electronic 

communication between donor and acceptor has been thoroughly investigated. 
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Scheme 2.20 Synthesis of zince-porphrin based benzothiadiazole sensitizers 

Absorption measurements indicated that the insertion of BTD linker in between porphyrin 

and phenyl segments beneficial for broadening and redshifting of the Soret and Q-bands, 

improved light harvesting property. Even though JSC was enhanced by the insertion of BTD, 
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VOC was reduced due to the electron recapturing nature of the BTD unit at the TiO2-electrolyte 

interface. However, the loss in the VOC was counterbalanced by gain in JSC, resulting in the 

superior performance. The extension of the π-conjugation on electron donating moiety does not 

lead to a significant change in the position of the absorption bands. The direct attachment of 

anchoring group to BTD in 120 red shifted the Soret band, but enhanced the recombination and 

chemical capacitance when compared with 121. Over all, the dye 123 gave a high Jsc of 18.1 

mA cm-2, a Voc of 0.91 V and ƞ of 13.0% under standard AM1.5G conditions. Table 2.8 shows 

the optical, electrochemical and DSSC data of the dyes 117-123. 

Figure 2.42 Molecular structures of the porphyrin dyes. 

Table 2.8 Photophysical, electrochemical and photovoltaic performances of DSSCs data based 

on dyes 117-123 

Dye λabs/nm EOX/V E*OX/V(NHE) VOC/mV JSC/mA cm-2 ff ƞ% REF 
117 571a 1.11 -0.98 590 14.11 0.66 5.46 93 
118 552a 1.15 -1.00 610 10.86 0.71 4.67 93 
119 645b +0.82 -1.29 965 17.3 0.71 11.9 94 
120 669b + 0.83 -1.21 615 5.03 0.798 2.52 95 
121 665b +0.79 -1.14 885 18.53 0.773 12.75 95 
122 646b +0.89 -1.21 0.96 15.9 0.79 12.0 96 
123 668b +0.88 -0.99 0.91 18.1 0.78 13.0 96 

a In CHCl3
 b In THF 

2.2.6 Miscellaneous benzothiadiazole featured sensitizers 
Kim and co-workers [97] introduced coumarin donor to benzothiadiazole based sensitizers. 

Authors have altered the spacers between benzothiadiazole and cyanoarylic acid acceptor 

(Figure 2.43). The synthetic protocol for coumarin featuring benzothiadiazole dyes is depicted 
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in Scheme 2.21. The coumarin featured monobromo benzothiadiazole derivative was converted 

to aldehyde derivative by Stille coupling reaction, subsequently the aldehyde derivatives on 

reaction with cyanoacetic acid in the presence of a piperidine catalyst, produced the coumarin 

dyes containing benzothiadiazole. The optical, electrochemical and DSSC data of the dyes from 

124-128 were displayed in Table 2.9. 

Scheme 2.21 Synthesis of coumarin dyes containing benzothiadiazole for DSSCs. 

The dye 125 showed better planarity, hence better conjugation which lead to 13 nm red 

shifted absorption than 124. Thiophene spaced dye 124 exhibited better performance than 3,4-

ethylenedioxythiophene (EDOT) spaced dye 125, due to less efficient strong π-π* interactions. 

The dye 124 achieved a JSC of 14.3 mA cm-2, a VOC of 580 mV, and an ff of 0.72, corresponding 

to an overall conversion efficiency of 5.97% under standard AM 1.5G irradiation.  

 

Figure 2.43 Chemical structures of coumarin dyes containing benzothiadiazole 

  



Benzothiadiazole-Based Sensitizers for DSSCs: A Review 

62 
 

 

Figure 2.44 Structures of branchlike organic dye containing benzothiadiazole with vinylenes 

unit 

Tan and co-workers [98] reported a novel branchlike organic dyes 126 (Figure 2.44) based 

on 4,7-bis-(4-hexylthiophen-2-yl)benzo[1,2,5]thiadiazole (DTBT). The dye exhibited broad 

absorption profile in the range of 350-600 nm and achieved moderate ƞ value of 2.18% (JSC = 

5.83 mA cm-2, VOC = 520 mV, ff = 0.72), may be due to lack of donor segment in the sensitizer. 

These results reveal that the photovoltaic performance can be significantly depend on the donor 

strength and the photovoltaic performance of the benzothiadiazole dye can improved by 

introducing a strong donor group in the molecule. 

Sharma and co-workers [99-100] have developed a dye 127 (Figure 2.45) featuring 

dithienylbenzothiadiazole core as π-conjugated bridge with two cyanoacrylic acid anchoring 

groups, applied as a sensitizer in DSSCs. Improvement in efficiency was observed 2.42% to 

3.6% by using composite zinc titanium oxide (ZTO) and 2.42% to 4.38% by using nanoporous 

TiO2 electrode modified with an insulating material -BaCO3 respectively, instead of bare TiO2 

electrode. Enhancement in the electron lifetime and reduction in recombination rate are main 

causes for increment of efficiency. 

 

Figure 2.45 Dithienylbenzothiadiazole based sensitizer 

Later Sharma and co-workers [101] designed and synthesised an organic dye 128 (Figure 

2.45) featuring dithienylthienothiadiazole segment as central core and two cyanoacrylic acid 

anchoring side groups with a broad absorption band extended up to approximately 750 nm. The 

enhancement in light to power conversion efficiency from 2.75 to 4.22% was found by 
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increasing the thickness of the TiO2 film from 8 to 12 mm, further increase in the TiO2 film 

thickness was found to deteriorate the efficiency which was explained by aggregation of the 

dye. In an optimized cell, with CDCA as a coadsorbant, yielded an overall efficiency of 5.46% 

with JSC = 11.52 mA cm-2, VOC = 660 mV and ff = 0.72.  

Table 2.9 Photophysical, electrochemical and photovoltaic performances of DSSCs data based 

on dyes 124-128 

Dye λabs EOX,V E*OX/V(NHE) VOC/mV JSC/mA cm–2 ff ƞ% REF 
124 507a 1.06 -1.06 580 14.30 0.72 5.97 97 
125 520a 1.03 -1.02 560 13.30 0.68 5.03 97 
126 492b 1.19 -1.04 520 5.83 0.72 2.18 98 
127 455c - - 720 11.50 0.53 4.38 99 

 - - 710 10.34 0.51 3.60 99 
128 611d 1.06 -1.00 660 11.52 0.72 5.46 100 

a CHCl3/MeOH (3:1) b CHCl3 
c THF d DMSO 

2.3 Conclusions and Outlook 
The introduction of the auxiliary acceptor is extremely beneficial for the enhancement of 

photophysical properties, photo-stability, photo current and finally for light harvesting 

properties. Since the first report on benzothiadiazole based DSSCs in 2005, these materials have 

emerged as one important class of organic sensitizers. As demonstrated in this account a wide 

range of benzothiadiazole-based sensitizers can be made by efficient chemical synthetic routes, 

electronic properties can be tuned in different ways and able to produce moderate to good 

efficiencies in dye-sensitized solar cells. Some basic design rationales of benzothiadiazole 

organic dyes and information about the relationship between the chemical structures and 

photovoltaic performance of DSSCs have also been presented. In particular, indoline-

benzothiadiazole and cyclopentadithiophene-benzothiadiazole based sensitizers seems to exhibit 

an excellent performances and are regarded as the most promising classes of organic sensitizers 

for DSSCs. It should be noted that it is still challenging for benzothiadiazole based organic dyes 

to achieve higher efficiency. Already 9.04%, > 13% power conversion efficiencies have been 

demonstrated in iodine and cobalt redox electrolytes, respectively and there are good grounds 

for believing that benzothiadiazole materials can be designed and made with efficiencies being 

required for commercial application. Benzothiadiazole-based materials can produce good light 

harvesting properties with high charge injection, suitable bandgaps and orbital energies which 

are necessary for obtaining high performance in solar cells. 
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One possible problem that still remains with 2,1,3-benzothiadiazole based sensitizers is the 

residing of negative charge on the thiadiazole moiety, by which the excited electrons facing 

larger obstacles to dissociate and inject into TiO2 and the light-to-electric energy-conversion 

behavior significantly deteriorates. Positioning of more electron deficient anchoring group, 

which can take away the negative charge from thiadiazole fragment can relieve the detrimental 

electron injection of the BTD sensitizers and greatly alleviate light-to-electric energy-

conversion efficiency. The challenge remains to design and produce a material with 

benzothiadiazole that possesses all these properties simultaneously. The further investigations 

include: (1) as already we have seen benzothiadiazole dyes covered the whole visible region, 

now the design and synthesis of new of panchromatic benzothiadiazole organic dyes possessing 

broad absorption characteristics extended to NIR regions with high molar extension coefficients, 

suitable electronic levels and steric properties based on fundamental insights into the interface 

processes. (2) the attachment of strong donor moieties directly to BTD unit without any π-linker 

may produce some fruitful results by derogating the charge trapping effect (3) functionalization 

and utilization of 5,6-position of BTD systems are still unexplored and many opportunities and 

discoveries remain to be made to explore new possibilities (4) the exploration of 

benzothiadiazole organic dyes to match suitable new metal-complexes based redox couple other 

than the I-/I3- redox couples in DSSCs. Despite all these recent contributions, many aspects of 

benzothiadiazole chemistry still unexplored, many opportunities and discoveries remain to be 

made. A bright future is anticipated for benzothiadiazole based sensitizers for high efficient 

DSSCs.  
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Chapter 3 
Amino-Benzothiadiazole Based Organic 

Dyes For Dye-Sensitized Solar Cells: Tuning 

the optical properties by Donor and π-linker 

Modification 
3.1 Introduction 

The production of electricity from renewable energies will avoid burning of millions tons of 

coal around the world [1]. In the renewable energy sources, sun light is diffuse and intermittent 

[2]. The conversion of sun light in to electricity by dye-sensitized solar cells (DSSCs) have 

captured intense attention over the conventional photovoltaic devices due to the significant 

economic and environmental advantages [3]. Recently, DSSCs achieved over 12% photoelectric 

conversion efficiencies using a liquid electrolyte from a porphyrin dye drawn a great interest 

[4]. However, device efficiencies of the organic dyes are still considerably lower than those of 

inorganic dyes, due to their relatively narrow absorption spectrum [5]. Enormous efforts have 

been made to broaden and intensify the absorption spectra by introducing long π-conjugated 

spacers between the donor and acceptor [6-8]. This strategy is fruitful for light harvesting due to 

the facile charge migration from the donor to the acceptor via π-space. Despite this advantage, 

the inclusion of long π-conjugated moieties constitutes rod-like sensitizers, and have propensity 

to form π-aggregates and not very stable when irradiated with high-energy photons [9-11]. To 

overcome these drawbacks, auxiliary donor and acceptors in the vicinity of the donor and 

acceptor ends, respectively was used and found to improve the efficiency of the DSSC [5, 11-

13]. Thomas and co-workers found that the introduction of auxiliary donor onto fluorene-based 

triarylamine (Figure 3.1) helped to improve the photocurrent generation as well as efficiency of 

their corresponding dye [13].  
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Figure 3.1 Structures of the fluorene-based triarylamine sensitizers  

The introduction of additional acceptor (auxiliary acceptor) has been widely utilized in the 

design of organic sensitizers for DSSCs [14-16]. Wang co-workers [17] demonstrate that the 

presence of a strong electron-withdrawing benzothiadiazole auxiliary acceptor unit (Figure 3.2) 

in the π-bridge enhances the absorption in the low energy region. As a result, the dye C4 

achieved superior power conversion efficiency under similar conditions than C3.  

Figure 3.2 Structures of the cyclopentadithiophene bridged organic sensitizers  

Wang and co-workers proved that the incorporation of an auxiliary acceptor (Figure 3.3) is 

superior to that of an auxiliary donor for improvement of light-harvesting property and DSSC 

performance [18]. The incorporation of 3,4-ethylenedioxythiophene, benzothiadiazole in 

between the electron donor and NDT moiety the absorption maximum was bathochromically 

shifted by 24 nm and 55 nm, respectively. However, due to the presence of the BTD unit in C7, 

the HOMO-LUMO gap was decreased by 0.2 eV. The dye C7 generated an impressive 

efficiency of 8.2% (JSC = 16.36 mA cm-2, VOC = 694 mV, ff = 0.72), under the same conditions 

the device fabricated from C5 achieved only 5.2% (JSC = 10.59 mA cm-2, VOC = 726 mV, ff = 

0.68), which revealed that the inclusion of a benzothiadiazole moiety is helped for broadening 

the absorption spectrum of the sensitizer as well as efficiency. 
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Figure 3.3 Structures of the naphtho[2,1-b:3,4-b′]dithiophene based sensitizers containing 

triphenylamine 

Bäuerle and co-workers by their judicious molecular design with benzothiadiazole (Figure 

3.4) achieved a high efficiency (η = 8.21%) and ascertained that the location of the BTD unit a 

play crucial role in the device performance [5]. The placement of BTD unit at the proximity of 

the anchoring moiety led to unwanted back-electron transfer reaction and deteriorated the 

electron-injection efficiency into nanocrystalline TiO2 from the excited state of the dye (PCE 

1.24%). The insertion of an additional phenyl ring between the BTD and cyanoarylic acid 

segments found to be a remedy for this issue and dramatically improved the light-to-electric-

energy conversion efficiency by 6.5 times (PCE 8.21%).  

Figure 3.4 Structures of the alkoxytriphenylamine donor and benzothiadiazole based sensitizer 

Recently, Tian and co-workers [19-20] have reported a series of benzothiadiazole based 

organic dyes with triphenylamine/indoline as electron donors (Figure 3.5), tailored the 

molecular structures and optimized the energy levels. Due to the stronger electron donating 

ability of indoline, the dyes C10 and C11 were showing red shifted absorption profiles and 

lower oxidation potentials, when compared with triphenyl amine counter parts. Indoline dye 

C11 achieved the high JSC (17.7 mA cm-2) upon co-adsorption with 20 mM deoxycholic acid 
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(DCA), DSSCs gave η of 8.7% owing to the broad characteristics of IPCE spectrum. By the 

introduction of n-hexylthiophene unit in between BTD and thiophene in the dye C11 

successfully inherited the aggregation and increased the injected electron lifetime and charge 

recombination resistance resulting in a high VOC (696 mV) and a promising high power 

conversion efficiency of 9.04% for the dye C14.  

 
Figure 3.5 Structures of the indoline/triphenylamine donor featured benzothiadiazole 

sensitizers 

Figure 3.6 Contributions of 4,7-diamino-substituted BTD forms. 

4,7-diamino-substituted BTD systems can exist in three different forms (Figure 3.6). 

Interestingly, Suzuki and co-workers discovered that 4,7-diamino-substituted BTD systems 

mainly exists in quinoid conformation and it was confirmed by X-ray analysis [21]. Hence 

sensitizers with amine directly attached to 4th position of BTD segment may adapt quinoid 

conformation and display red-shifted absorption profiles. Already numerous attempts have been 

devoted to achieve high-performance in the benzothiadiazole dyes by locating the π-conjugated 
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spacer in between the donor and BTD segments [14, 21-27]. However judicious chemical 

modification of the sensitizers by varying the location of the BTD, donor and acceptor segments 

is desirable to fine tune the optical, redox properties and light harvesting efficiency of the dyes. 

Bearing all these points in mind, we have designed and synthesized a series of organic 

sensitizers in which donor’s piperidine and morpholine were directly attached to the BTD unit. 

The amines were directly attached to 4-position of BTD and acceptor (cyanoacrylic acid) with 

different π-conjugation length (phenyl/thiophene/bithiophene) were attached to the 7-position of 

BTD. Although the diphenyl amino group have been usually used as the donor, we introduced 

piperidine/morpholine groups to induce the red-shifted absorption due to the stronger electron 

donating ability, which may benefit the light-harvesting efficiency. These dyes have an 

architecture D-A-π-A, the general representation and structures of the dyes are shown in the 

Figures 3.7 and 3.8, respectively. We anticipated that the direct attachment of amine unit to 

BTD will induce subtle changes in optical and electrochemical properties 

 

Figure 3.7 General representation and numbering of the sensitizers possessing amine directly 

attached to benzothiadiazole  

 

Figure 3.8 Structures of the organic sensitizers with amine directly attached to benzothiadiazole  
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3.2 Results and Discussion 
3.2.1 Synthesis and Characterization 

The synthetic protocols used to obtain the amine directly integrated benzothiadiazole based 

dyes are shown in Scheme 3.1. The starting material 4,7-dibromobenzo[c][1,2,5]thiadiazole (1) 

was prepared according to the reported procedure [28]. The first step involves the introduction 

of piperidine (or) morpholine on 4th position of BTD. The introduction of piperidine unit was 

done by procedure reported in the literature [29]. Morpholine also introduced by adopting the 

same procedure as piperidine. In the second step by Stille coupling protocol with (5-(1,3-

dioxolan-2-yl)thiophen-2-yl)tributylstannane and (5'-(1,3-dioxolan-2-yl)-2,2'-bithiophen-5-

yl)tributylstannane, thiophene and bithiophene aldehydes were introduced. The phenyl spacer 

was introduced by the Suzuki coupling protocol with 4-formylphenylboronic acid. In the final 

step, by the Knoevenagel condensation the aldehyde precursors were successfully converted to 

the desired dyes on treatment with cyanoacetic acid in presence of ammonium acetate as a 

catalyst in acetic acid. The dyes 7a, 7b was also synthesized from 2a, 2b by Stille coupling 

protocol with tributyl(thiophen-2-yl)stannane to study the impact of the conjugation on optical 

properties. 

Scheme 3.1 Synthesis of amine directly integrated to benzothiadiazole sensitizers 
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The newly synthesised phenyl spaced dyes are red in colour where as thiophene and 

bithiophene dyes are black in colour. The dyes are thoroughly characterized by IR, NMR (1H 

and 13C) and mass spectral methods. In addition to these characterizations, the structure of the 

intermediate 5a was confirmed by single crystal X-ray diffraction analysis. All six dipolar dyes 

are air stable and possess fairly good solubility in THF, DMF and moderately soluble in CH2Cl2, 

CHCl3, acetonitrile and toluene. 

3.2.2 Structural Analysis of 5a 
Single crystals of 5a suitable for X-ray crystallographic analysis were grown by slow 

evaporation from its solution in a dichloromethane/hexanes mixture. The ORTEP plot of 5a is 

shown in Figure 3.9. The single crystal X-ray structure determination of intermediate 5a 

confirms the presence of the newly introduced C-C bonding between benzothiadiazole unit and 

thiophene unit by Stille coupling protocol. The intermediate 5a crystallizes in the monoclinic 

space group P21/c. The benzothiadiazole ring is nearly coplanar with the neighboring thiophene 

segment with an inter-planar angle 1.10°. The dihedral angles between the planes containing the 

piperidine-benzothiadiazole, benzothiadiazole-thiophene and thiophene-carbaldehyde were 

found to 28.21°, 1.10° and 4.73°, respectively. The bond length of C9-C12 (1.46 Å) was shorter 

than the C-C (1.54 Å) bond length. The C6-N1 (1.40 Å) bond distances in between the 

piperidine nucleus and benzothiadiazole moiety is shorter than the aromatic C-N bond distance 

(C-N single bond 1.47 Å; double bond 1.34 Å), which indicates that the lone pair on the 

piperidine nitrogen is delocalized into the benzothiadiazole segment probably due to the 

electron-deficient nature of the thiadiazole nucleus and cyanoacrylic acid. This also confirms the 

quinoid conformation of the intermediate 5a.  

 

Figure 3.9 The molecular structure of (5a) showing the atom-labelling scheme 
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3.2.3 Optical properties 
The light-harvesting properties of the sensitizers were investigated by measuring the 

absorption spectra in tetrahydrofuran solution (2 × 10-5 M) and shown in Figure 3.10. The 

corresponding optical data are compiled in Table 3.1. All the dyes showed two main absorption 

bands. The absorption bands below 400 nm is probably due to a localized π–π* transition and 

the longer wavelength region absorption (400-650 nm) is ascribed to the intramolecular charge 

transfer transition with slight contribution from the π–π* transition character. The sensitizers 

mainly differ in their donor attached to benzothiadiazole and spacer entity in between the 

benzothiadiazole and cyanoacylic acid. As well known in literature, the absorption profile 

originating from intramolecular charge transfer (ICT) is readily influenced by the electron-

donating ability of the donor part and the conjugation length of the π-bridge. A closer inspection 

of the absorption profiles of the sensitizers reveals the impact of donor strength and conjugation 

length of the π-bridge on the absorption.  
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Figure 3.10 Absorption spectra of the dyes recorded in tetrahydrofuran solutions 

The donor strength of the amines can be estimated on the basis of their pKb. The amines 

piperidine, morpholine are arranged in the decreasing order of donor strength as: piperidine 

(pKb = 2.8) > morpholine (pKb = 5.6) [30]. The absorption maximum of the piperidine based 

donor derivatives was red shifted by (9-13 nm) than the morpholine derivative for a fixed spacer 

system. Thus, the absorption maxima of 4a, 6a and 6c were red shifted than 4b, 6b and 6d 
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respectively. This is in agreement with the donor strength. It is indicative that the introduction of 

piperidine unit as electron donor beneficially favours the light-harvesting of the sensitizer with a 

red-shifted absorption. The molar extinction coefficients of the morpholine derivatives were 

high when compared to the piperidine based derivatives. The steady-state results clearly hint to 

a reduction of the overall π-conjugation in piperidine derivatives by (2-3º) than morpholine 

derivatives. Hence the increase in the extinction coefficient for the morpholine dyes may be 

attributed to the increase in the coplanarity between the electron donor and the electron acceptor 

BTD moiety, which would eventually hike the magnitude of the transition probability. 

The optical absorption and charge transfer properties of the organic sensitizers mainly 

depend on the linker group between the electron donor and the acceptor. It was also anticipated 

that the dye with extended π-conjugation network display lower energy absorption profiles and 

more extended spectral coverage. So to fine tune the light harvesting properties of the 

sensitizers, we perturbed the linker with different aromatic groups such as a benzene, thiophene, 

and bithiophene. The longer wavelength absorption occurring in the visible region is sensitive to 

the nature of the conjugation pathway and red-shifted on progressive increment of electron 

richness of the π-bridging unit between BTD and cyanoacylic acid. The bithiophene bridged 

sensitizers 6c and 6d inherit the most bathochromically shifted absorption profile while the 

phenyl linked derivatives 4a and 4b displayed the mediocre intense peak in the series suggesting 

the role attributed to the electron donation ability and planarity of the π-linker. The dyes 6c and 

6d were showing red shifted absorption and high molar extension coefficient in series with λabs 

at 509 (34300 M-1 cm-1) and 500 (37500 M-1 cm-1), respectively. These two dyes possess high 

molar extinction coefficient and a strong absorption within a relatively narrow spectrum range 

(400–600 nm), make them good candidates for co-sensitization, which have complementary 

absorption properties in the near infrared (NIR) region and shorter wavelength region.  
Table 3.1 Optical data of dyes recorded in tetrahydrofuran 

Dye λabs, nm (ε × 103 M−1 cm−1) λem, nm Stokes’ shift, cm-1 
4a 257 (19.8), 304 (14.9) 449 (9.9) 619 6117 
4b 254 (23.4),278(19.3) 303(15.4) 438 (11.5) 615 6571 
6a 390 (12.7), 493 (13.5) 639 4635 
6b 409 (15.8), 484 (17.9) 633 4863 
6c 264 (24.1), 509 (34.3) - - 
6d 261 (26.9), 500 (37.5) - - 



Amine Directly Attached Benzothiadiazole Sensitizers  

86 
 

For the similar structural configuration derivatives, the absorption maxima and molar 

extension coefficients were in order phenyl < thiophene < bithiophene. This can be rationalized 

on the basis that extension of conjugation by the electron rich spacer from phenyl to 

bithiophene, enhances the density of electron delocalization over the whole molecule, results in 

better conjugated system and intensifies the ICT interactions between the electron-donating 

amine group and electron-withdrawing cyanoacrylic acid group. The extension of the 

conjugation by bithiophene, resulted in a broader responsive wavelength region and higher 

light-harvesting property. The absorption shifted towards longer wavelength as the electron 

donation ability of the π-linker unit increased. In view of the above facts, absorption of 

sensitizers is assigned as a charge-transfer transition with contribution from the π-π* transition. 

Thus, by changing the conjugation of π-linker, electro-optical properties can be tuned. This 

result reveals that in fine tuning the optical properties of the dyes electron-donating ability of the 

π-bridge plays a major role. 

To get more information about the absorption spectra of the dyes, we have recorded the 

absorption spectra of the bromo, thiophene and aldehyde precursors along with the cyanoacrylic 

acid derivatives 6a and 6b. To have fair comparison, we have synthesised the thiophene 

derivatives. This reveals the origin of the transitions and helped to understand the impact of the 

electron-accepting group. From the Figure 3.11, it is evident that the introduction of the 

thiophene improves the π-π* and ICT transitions. Further addition of carbaldehyde on thiophene 

shifted the π-π* transition towards the ICT transition and reduced the gap between them. 

Finally, the presence of more electron deficient acrylic acid in 6a and 6b leads to the merging of 

the π-π* and ICT transitions. The maximum absorption wavelength and molar extension 

coefficient increases as the conjugation increases and the acceptor strength becomes stronger. 

(Accepting strength: Br < CHO < CH = C(CN)(COOH)). 

To probe the effect of solvent polarity on the ground state of the sensitizers, the 

solvatochromism studies were performed by measuring the absorption spectra in different 

solvents such as toluene (TOL), tetrahydrofuran (THF), dichloromethane (DCM), acetonitrile 

(ACN), dimethylformamide (DMF) and methanol (MeOH). The changes in the absorption 

properties of the dyes with the solvent polarity were shown in Figures 3.12, 3.13 (a), (b) and 

data compiled in Table 3.2.  
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Table 3.2 Absorption spectral data for the dyes in different solvents 

 λabs, nm 
Dye TOL DCM DCM+TFA DCM+TEA ACN DMF MeOH 
5a 286, 317, 

452 
257, 304, 
449 

314, 363 304, 315, 
444 

256, 302, 
442 

305, 448 254, 303, 
437 

5b 304,317, 
440 

254, 278, 
303, 316, 
433 

314, 361 303, 315, 
430 

253, 275, 
302, 314, 
430 

304, 
316, 437 

303, 315, 
340, 427 

6a 378, 490 396, 489 314, 430 395, 486 374, 484 380, 489 378, 484 
6b 372, 483 381, 485 315, 430 384.5, 475 481 377, 482 392, 472 
6c 305, 511 266, 517 297, 479 316, 487 263, 498 418, 485 260, 315, 

476 
6d 362, 483 263, 504 297, 481 476 261, 495 414, 477 259, 473 
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Figure 3.11 Comparison of the absorption spectra of the dyes (a) 6a, (b) 6b with intermediates recorded in THF 
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Figure 3.12 Absorption spectra of dyes (a) 4a, (b) 4b, (c) 6a and (d) 6b recorded in different solvents 
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Figure 3.13 Absorption spectra of dyes(a) 6c, (b) 6d recorded in different solvents; Changes in the absorption spectra of the dyes (c) 

4a, (d) 4b in dichloromethane upon addition of TFA or TEA 
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Figure 3.14 Changes in the absorption spectra of the dyes (a) 6a, (b) 6b, (c) 6c and (d) 6d in dichloromethane upon addition of TFA 

or TEA
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The absorption spectra of the dyes showed significant difference by changing the solvent 

from non-polar to polar. Absorption spectra of the dyes in DMF and methanol displayed 

considerable blue-shift in the absorption spectra than that of the other solvents. This clearly 

indicates that the dyes are partially in the deprotonated form in these solutions. Deprotonation 

would diminish the electron accepting ability of acceptor, results the less donor-acceptor 

interactions. This blue shift in the absorption spectrum was consistent with the basisity of the 

solvents. The protonation-deprotonation studies of the dyes were performed by recording 

absorption spectra of the dyes in dichloromethane solutions (Table 3.2 and Figure 3.13 (c), (d) 

& 3.14) by the addition of trifluoroacetic acid (TFA) and triethylamine (TEA). The absorption 

spectra of the dyes were drastically blue shifted by the addition of TFA due to the protonation of 

the alkyl amines piperidine/morpholine. The absorption profile in the presence of TFA is the 

characteristic of the π-π* transition and the intermolecular charge transfer transition vanished. 

Interestingly, the addition of TEA yielded slight blue shift in the absorption spectra due to the 

deprotonation of the carboxylic acid group by which the electron-accepting strength of the 

cyanoacrylic acid moiety diminishes. Similar type of behaviour is quite observed in organic 

dyes containing carboxylic acid in the literature [12, 31-33]. Since, the ICT transition from 

amine to cyanoacrylic acid is not significant in phenyl spaced dyes 4a and 4b, the effect of TEA 

addition is less pronounced when compared to the thiophene and bithiophene dyes.  
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Figure 3.15 Emission spectra of the dyes recorded in tetrahydrofuran solutions 
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The emission spectra recorded for the dyes in THF are displayed Figure 3.15. All the dyes 

except 6c and 6d displayed weak red emission. The emission spectra of the dyes follow the 

same trend as the absorption spectra. The longer wave length emission observed for 6a and 6b is 

attributed to the thiophene unit. Though the emission maxima for 4a and 4b were blue shifted 

than the 6a and 6b, the former dyes exhibited larger Stokes shifts. Larger Stokes shifts observed 

for the phenyl derivatives indicates a structural reorganization on photoexcitation.  

3.2.4 Electrochemical properties 
Electrochemical measurements were performed for the dyes to evaluate the viability of the 

photogenerated electron injection from the excited-state of the dyes to the TiO2 conduction band 

and the dye regeneration by the iodine/iodide redox couple. Cyclic voltammetry (CV) and 

differential pulse voltammetric (DPV) measurements were carried out by conventional three 

electrode system. The electrochemical analysis were performed in THF solutions (2 × 10-4 M) 

using tetrabutylammonium perchlorate as a supporting electrolyte with a scan rate of 100 mV S-

1. The reference electrode was Ag/AgNO3, and the potentials were calibrated using ferrocene as 

an internal standard. The excited-state oxidation potential (EOX*) can be obtained by subtracting 

the zero-zero transition energy (E0-0) from EOX, where the E0-0 value derived from the absorption 

edge. The cyclic voltammograms and differential pulse voltammograms recorded for the dyes in 

the presence of ferrocene are shown in Figure 3.16 and the corresponding data are compiled in 

Table 3.3.  
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Figure 3.16 (a) Cyclic voltammograms recorded for the dyes in THF (b) Differential pulse 

voltammograms of the dyes recorded in THF 

The dyes displayed a quasi-reversible one-electron oxidation couple in the range 269-447 

mV versus ferrocene, which was attributed to the removal of electron from amine and aromatic 
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π-system. Consequently, the magnitude of the oxidation potential for the dyes was dictated by 

the nature of the donor and π-bridge which connects the benzothiadiazole and cyanocrylic acid 

units. piperidine based dyes (4a, 6a and 6c) displayed cathodically shifted oxidation potential 

when compared to the corresponding morpholine analogs (4b, 6b and 6d) due to the stronger 

electron-donating nature of piperidine. Reduced donor strength observed for the morpholine 

sensitizers in the absorption spectra is also corroborated by the electrochemical studies. 

However, with in a series the oxidation potential is also dependent on the π-linker and follow 

the order phenyl > thiophene > bithiophene. Insertion of the more electron-rich π-spacer 

segment in between the benzothiadiazole and cyanoacrylic acid facilitates the oxidation 

propensity of the amine unit, which clearly indicates the presence of an electronic 

communication from the amine donor and the cyanoacrylic acid acceptor. From the orbital 

energies it was evident that, incorporation of electron rich donor and π-spacer segments in the 

dyes raised the HOMO energy level.  

Table 3.3 Electrochemical properties of the benzothiadiazole based sensitizers 

Dye EOX, mV 
(ΔEp, mV)a  

EOX, 
mVb 

EOX vs 
NHE, Vc 

HOMO, 
eVd 

LUMO, 
eVe 

E0-0, 
eVf 

EOX*, 
Vg 

4a 438 (85) 426 1.196 5.226 3.016 2.21 -1.014 
4b 511 (109) 494 1.264 5.294 2.994 2.30 -1.036 
6a 345 (128) 316 1.086 5.116 3.146 1.97 -0.884 
6b 442 (94) 440 1.210 5.24 3.24 2.00 -0.79 
6c 264 (83) 264, 574 1.034 5.064 3.124 1.94 -0.906 
6d 290 (157) 334, 590 1.104 5.134 3.164 1.97 -0.866 

a potentials with reference to ferrocene internal standard from CV; b potentials with reference to ferrocene internal standard from 
DPV ; c Ground-state oxidation potential versus NHE d Deduced from the equation HOMO = EOX + 4.8; e Deduced from the 
equation LUMO=HOMO - E0-0; f Derived from optical edge; g Deduced from formula EOX*= EOX-E0-0 

The ground-state oxidation potentials of the dyes fall in the range 1.04-1.22 V versus the 

normal hydrogen electrode (NHE), which guarantees the efficient regeneration of the dye from 

the iodide/triiodide redox couple (0.42 V vs NHE) [34]. The excited-state oxidation potential 

(EOX*) values are in the range of -0.83 to -1.00 V versus NHE, which are more negative than the 

conduction band of TiO2 (-0.5 V vs NHE) [35-36]. Thus, this downhill energy offset in the dyes 

ensures the thermodynamic driving force for the electron injection. The trends in absorption 

maximum and oxidation potential of dyes studied in this chapter were displayed in the Figure 

3.17. 
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Figure 3.17 Structures and trends in absorption maxima and oxidation potential of dyes studied 

in this chapter 

3.2.5 Computational studies  
To understand the nature of absorption and electronic excitation on photoexcitation in the 

sensitizers, DFT [37] calculations were performed by using the Gaussian 09 program package 

[31]. The ground-state geometries of dyes were optimized in the gas phase by DFT by using the 

hybrid B3LYP [38-39] functional and the standard 6-31g(d,p) basis set. The TD-DFT 

calculations were performed on the B3LYP-optimized ground-state geometries by using the 

hybrid B3LYP or MPW1K [40] /6-31g(d,p)functional basis set and outcomes were listed in 

Table 3.4, 3.5 & 3.6. The isodensity surface plots of the dyes are shown in the Figures 3.18 & 

3.19. Electron distribution is almost similar in all the dyes. Where the HOMO and HOMO-1 are 

delocalized over the π-conjugated system from amine to spacer attached to cyanoacylic acid, 

while the LUMO and LUMO+1 is a π* orbital delocalized across from benzothiadiazole unit 

and up to the anchoring group. Since HOMO is distributed over the amine, benzothiadiazole and 

π-linker, the removal of electron is assigned to the oxidation of the conjugated backbone. 
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Table 3.4 Computed vertical excitation energies, dipole moments, and frontier orbital energies for dyes using B3LYP (gas)  

Dye λmax/nm f Configuration HOMO, ev LUMO, ev μg, Debye 
4a 489.5 0.4679 HOMO→LUMO (87%), HOMO→LUMO+1 (12%) -5.50 -2.63 9.85 
 432.6 0.2736 HOMO→LUMO+1 (86%), HOMO→LUMO (12%)    
 334.3 0.1370 HOMO-1→LUMO (84%), HOMO-1→LUMO+1(13%)    
 298.9 0.3862 HOMO-1→LUMO+1(81%), HOMO-1→LUMO (11%)    
 258.7 0.1306 HOMO→LUMO+3 (59%), HOMO-3→LUMO+1(13%)     

4b 484.6 0.4333 HOMO→LUMO (88%), HOMO→LUMO+1 (11%) -5.63 -2.71 8.36 
 424.7 0.2966 HOMO →LUMO+1 (87%), HOMO→LUMO (11%)    
 337.1 0.1178 HOMO-1→LUMO (86%), HOMO-1→LUMO+1 (11%)    
 298.4 0.3907 HOMO-1→LUMO+1 (75%), HOMO-1→LUMO (10%)    

6a 541.5 0.3908 HOMO→ LUMO (88%), HOMO→ LUMO+1 (11%) -5.39 -2.80 7.94 
 441.2 0.5107 HOMO→ LUMO+1 (84%), HOMO→ LUMO (11%)    
 363.4 0.1057 HOMO-1→ LUMO (88%)     
 309.9 0.1693 HOMO-1→LUMO+1(79%)     
 265.6 0.1193 HOMO→LUMO+2 (45%), HOMO→LUMO+3 (27%)     

6b 538.8 0.3744 HOMO→LUMO (89%), HOMO→LUMO+1(10%) -5.50 -2.90 6.89 
 435.7 0.5080 HOMO→LUMO+1 (85%), HOMO→ LUMO (10%)    
 365.4 0.1044 HOMO-1→ LUMO (88%)     
 308.9 0.1629 HOMO-1→LUMO+1(66%), HOMO-3→ LUMO (16%)     

6c 576.3 0.7978 HOMO→LUMO (86%), HOMO→LUMO+1 (14%) -5.19 -2.79 11.12 
 508.1 0.3422 HOMO→LUMO+1 (82%), HOMO→LUMO (14%)    
 403.7 0.1572 HOMO-1→LUMO (84%), HOMO-1→LUMO+1 (10%)    
 365.7 0.2668 HOMO-1→LUMO+1(80%), HOMO→LUMO+2 (12%)    

6d 574.9 0.7299 HOMO→LUMO (86%), HOMO→LUMO+1 (14%) -5.28 -2.86 9.23 
 501.6 0.4122 HOMO→LUMO+1 (82%), HOMO→LUMO (14%)    
 403.9 0.1310 HOMO-1→LUMO (84%), HOMO-1→LUMO+1 (10%)    
 363.7 0.2693 HOMO-1→LUMO+1 (80%), HOMO→LUMO+2 (12%)    
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Table 3.5 Computed vertical excitation energies, dipole moments, and frontier orbital energies for dyes using MPW1K (gas) 

Dye λmax/nm f Configuration HOMO, ev LUMO, ev μg, Debye 
4a 404.0 0.6285 HOMO→LUMO (82%), HOMO→LUMO+1 (16%) -6.46 -2.04 9.39 
 339.1 0.4179 HOMO→LUMO+1 (80%), HOMO→LUMO (15%)    
 276.4 0.1664 HOMO-1→LUMO (90%)    
 258.1 0.1448 HOMO-3→LUMO (58%), HOMO-3→LUMO+1 (17%) 

HOMO→LUMO+4(13%) 
   

4b 399.2 0.6014 HOMO→LUMO (84%), HOMO→LUMO+1 (14%) -6.59 -2.12 8.04 
 334.1 0.4462 HOMO→LUMO+1(82%), HOMO→LUMO (13%)    
 275.7 0.1410 HOMO-1→LUMO (90%)    
 257.6 0.1424 HOMO-3→LUMO (57%), HOMO-3→LUMO+1 (15%) 

HOMO→LUMO+4(13%) 
   

6a 447.0 0.6793 HOMO→LUMO (93%) -6.30 -2.24 7.31 
 360.2 0.4084 HOMO→LUMO+1(92%)    
 251.9 0.1299 HOMO-1→LUMO+1(72%), HOMO-3→LUMO (10%)    

6b 443.3 0.6548 HOMO→LUMO (94%) -6.42 -2.33 6.50 
 356.5 0.4183 HOMO→LUMO+1(92%)    
 251.1 0.1311 HOMO-1→LUMO+1 (74%), HOMO-3→LUMO (13%)    

6c 469.0 1.1866 HOMO→LUMO (87%)  -6.08 -2.25 10.30 
 397.4 0.2401 HOMO→LUMO+1 (84%)     
 282.7 0.1470 HOMO→LUMO+2 (70%), HOMO-1→LUMO+1 (17%)    

6d 462.7 1.1399 HOMO→LUMO (87%)  -6.18 -2.30 8.51 
 393.2 0.2763 HOMO→LUMO+1 (84%)     
 280.8 0.1448 HOMO→LUMO+2 (71%), HOMO-1→LUMO+1 (15%)    
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Table 3.6 Computed vertical excitation energies, dipole moments, and frontier orbital energies for dyes using MPW1K (THF) 

Dye λmax/nm f Configuration HOMO, ev LUMO, ev μg, Debye 
4a 420.6 0.8504 HOMO→LUMO (81%), HOMO→LUMO+1 (17%) -6.40 -2.12 11.76 
 356.8 0.2920 HOMO→LUMO+1 (80%), HOMO→LUMO (15%)    
 281.7 0.2422 HOMO-1→LUMO (90%)    
 262.9 0.2046 HOMO-2→LUMO (43%), HOMO-2→LUMO+1 (27%) 

HOMO-3→LUMO (10%), HOMO→LUMO+4 (10%) 
   

4b 412.8 0.8311 HOMO→LUMO (82%), HOMO→LUMO+1 (16%) -6.50 -2.15 10.24 
 350.4 0.3102 HOMO→LUMO+1 (81%), HOMO→LUMO (14%)    
 280.1 0.2198 HOMO-1→LUMO (89%)    
 262.4 0.2063 HOMO-2→LUMO (28%), HOMO-3→LUMO (26%) 

HOMO-2→LUMO+1(19%)  
   

6a 469.2 0.9658 HOMO→LUMO (94%) -6.26 -2.31 9.66 
 375.7 0.2759 HOMO→LUMO+1 (93%)    
 300.3 0.1173 HOMO-1→LUMO (93%)    
 254.2 0.1407 HOMO-1→LUMO+1 (72%), HOMO-3→LUMO (12%)    

6b 462.0 0.9436 HOMO→LUMO (95%) -6.35 -2.34 8.66 
 369.9 0.2791 HOMO→LUMO+1 (93%)    
 298.9 0.1053 HOMO-1→LUMO (92%)    
 253.3 0.1451 HOMO-1→LUMO+1 (72%), HOMO-3→LUMO (11%)    

6c 493.6 1.4716 HOMO→LUMO (88%)  -6.07 -2.35 13.24 
 285.4 0.1608 HOMO→LUMO+2 (55%), HOMO-1→LUMO+1 (32%)    
 263.2 0.1256 HOMO-4→LUMO (36%), HOMO-4→LUMO+1 (27%) 

HOMO-5→LUMO (12%)  
   

6d 483.5 1.4670 HOMO→LUMO (88%)  -6.15 -2.36 11.16 
 283.0 0.1532 HOMO→LUMO+2 (60%), HOMO-1→LUMO+1 (27%)    
 262.7 0.1284 HOMO-4→LUMO (35%), HOMO-4→LUMO+1(31%)     
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Figure 3.18 Isodensity surface plots of dyes 4a, 4b and 6a  
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Figure 3.19 Isodensity surface plots of dyes 6b, 6c and 6d
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The contribution of cyanoacetic acid to the LUMO is expected to make certain that there is 

an effective electronic coupling between the TiO2 conduction band and dye excited state. The 

electronic transitions from the HOMO/HOMO-1 to LUMO/LUMO+1 may generate effective 

photon-to-electron conversion. From the electronic distributions in the frontier molecular 

orbitals of the dyes, the longer wavelength electronic excitation for the dyes is predicted to 

contain charge transfer transition with contribution from the π–π* transition character. Also the 

absorption wavelength increases with π-linker electron richness and length, in agreement with 

experimental absorption spectra. However, the computed wavelengths by B3LYP are 

overestimated, and the overestimation is more pronounced for the longer dyes. This mismatch is 

attributed to the incorrect asymptotic behavior of B3LYP functional for systems containing 

intramolecular charge transfer and error increases with the distance between donor and acceptor 

[41]. 

We presume that the composition of the transitions predicted by the MPKW1K is more 

reliable and the vertical excitations calculated by MPW1K show close resemblance to the 

experimentally observed values in tetrahydrofuran. The lower energy absorption predicted is 

originating from the HOMO/LUMO and HOMO/LUMO+1 transitions for these dyes. This 

clearly suggests that the longer wavelength absorption present in the dyes is due to the charge 

transfer transition with contribution from the π-π* transition as well. As the HOMO is located 

all over molecule, these two electronic transitions HOMO→LUMO and HOMO→ LUMO+1 

expected to contribute positively to the electron injection, since both the transitions lead to the 

electron injection from the whole molecule to the acceptor cyanoacrylic group. The overlapping 

distribution of the HOMO and LUMO orbitals on the benzothiadiazole segment implies that this 

unit could facilitate the electron transfer to the anchoring/acceptor group from the donor.  

It is worth noting that the dihedral angle between the benzothiadiaozle and neighboured 

spacer units in the sensitizers correlate well with the photophysical properties. Figure 3.20 

shows the ground-state geometries of the dyes with dihedral angles between two neighboring 

conjugated segments indicated. The dihedral angles between benzothiadiazole and phenyl (Ph) 

planes in 5a and 5b are as large as 33.37°-33.68° and possesses a twisted non-planar structures. 

This interrupted the conjugation system resulted to blue shift in the absorption maxima, which is 

consistent with the experimental observation in the absorption spectra of the sensitizers in 

comparison to those for thiophene and bithiophene sensitizers. Alternatively, the relative small 

torsion angle between benzothiadiazole-thiophene (3.62°-4.07°) and benzothiadiazole-
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bithiophene (2.69°-1.12°) bridges ensures a good molecular coplanarity to facilitate good 

electronic communication with respect to phenylene-bridged and results in the above-mentioned 

larger red-shift in absorption band by 60-62 nm in solution.  

In all the dyes, the cyanoacrylic acid moiety is found to be coplanar with the adjacent π-

spacer unit (phenyl/thiophene/bithiophene), indicating a facile extension of conjugation between 

the π-linker and cyanoacrylic acid groups. This suggests that π-electrons can delocalise 

effectively from the donor moiety to acceptor unit, which can subsequently transfer to the 

conduction band of TiO2. From molecular modelling results, we can conclude that in the amine 

directly integrated with BTD sensitizers, phenyl π-linker between BTD and cyanoacrylic acid 

looks not beneficial and a thienyl or oligothienyl π-linker seems to beneficial for charge transfer 

as it tends to assume planar arrangement which can guarantee a good electronic conjugation and 

light harvesting response.  

 
Figure 3.20 Calculated inter-planar angles (°) between various aromatic segments and 

cyanoacrylic acid plane in the optimized geometries of the dyes 
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3.2.6 Photovoltaic performance 
The dye-sensitized solar cells were constructed by using the selected dyes 6a and 6b as the 

sensitizer for nanocrystalline anatase TiO2. Typical solar cells, with an effective area of 0.25 

cm2, were fabricated with an electrolyte composed of 0.05 M I2/0.5 M LiI/0.5 M 

tertbutylpyridine in acetonitrile solution. The device performance statistics was done under AM 

1.5 illumination solar irradiation. The I-V curve and the IPCE spectra of the DSCs sensitized by 

the dyes 6a and 6b are shown in Figure 3.21 (a) and (b). The detailed photovoltaic parameters 

are summarized in Table 3.7. The dye 6b exhibits maximum IPCE (>70%) between 400 and 550 

nm with broader IPCE spectra which extends to 700 nm. The DSSCs sensitized by the dyes 6a 

and 6b obtained the η values 1.68% (JSC = 7.54 mA cm-2, VOC = 359 mV, ff = 0.62) and 3.07% 

(JSC = 12.40 mA cm-2, VOC = 396 mV, ff = 0.63) respectively. Electrochemical impedance 

spectroscopy (EIS) analysis was performed to study the interfacial charge transfer processes in 

DSSC sensitized by these dyes. The Nyquist plot displayed in Figure 3.21 (c) shows two 

semicircles which correspond to the charge-transfer resistances at the counter electrode and 

TiO2/dye/electrolyte interface, respectively.  

Table 3.7 Photovoltaic-performance parameters of the dyes 

Dyes ƞ (%) VOC (mV) JSC (mA cm-2) ff Rct2 (ohm) fmax (Hz) τe (ms) Rrec (ohm) 
6a 1.68 359 7.54 0.62 18.17 205.11 0.78 4.34 
6b 3.07 396 12.40 0.63 16.33 92.68 1.72 4.73 

D149 6.03 510 20.20 0.59 12.17 8.55 18.6 13.55 
N719 7.69 556 21.90 0.63 9.83 7.01 22.69 8.94 

For the dye 6a, the radius of the bigger semicircle is significantly larger than the other dye 

6b. The dye morpholine derivative 6b is exhibiting comparatively higher device efficiency than 

the piperidine derivative 6a. This may probably stem from the higher molar extinction 

coefficient of the morpholine derivative, which can generate more excited electrons under the 

same wavelength light irradiation than the piperidine-based dye. The charge-transfer resistance 

assumes the order of 6b < 6a. The VOC for the devices increases in the order of 6a < 6b, which 

was in good agreement with the trend of the cell performance. The electron lifetime can be 

extracted from the angular frequency (ωmin) at the mid frequency peak in the Bode phase plot 

(Figure 3.21 d) using τe = 1/ωmin. The electron lifetime measured for the dyes 6a and 6b are 

0.78, 1.72 ms respectively, and follows the trend 6a < 6b.  
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Figure 3.21 (a) I-V and (b) IPCE (c) Nyquist and (d) Bode phase plots for the devices measured under 100 mW cm-2 illumination.
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The increased electron lifetime reduces of the chance of back reaction of the injected 

electrons with the I3- in the electrolyte by alternation of HOMO of the sensitizer, which leads to 

the improvement in the photocurrent, photovoltage and device efficiency. Since the electron 

lifetime was found higher for the dye 6b, it displayed the higher VOC and device efficiency  

3.3 Conclusions 
In summary, six new metal-free organic dyes containing piperidine/morpholine donor, 

benzothiadiazole and phenyl/thiophene/bithiophene units as a conjugated spacer are prepared 

and their optical, electrochemical properties and theoretical studies as well as photovoltaic 

performance of some of the dyes were studied. These dyes have low band gap benzothiadiazole 

as an auxiliary acceptor, cyanoacrylic acid units as the acceptors. All these new sensitizers 

displaying excellent light absorbing properties and the absorption profile of the dyes are red 

shifted and broader as compared to their corresponding bromo and aldehydes due to the 

extension of conjugation and origin of charge transfer transition from amine donor to 

cyanoacrylic acid acceptor. A blue shift in the absorption profile of the dyes observed by the 

protonation of amine unit by addition of TFA and deprotonation of carboxylic acid moiety by 

addition of TEA. Time-dependent density functional theoretical calculations were unravelled the 

nature of the electronic excitations induced by the absorption of light. The low energy 

absorption peaks observed for the dyes were attributed to π-π* transition with a contribution 

from the charge transfer transition which becomes prominent for the bithiophene bridged 

derivatives. The torsion angles (θ) between the benzothiadiazole moiety and phenyl spacer 4a 

and 4b were more twisted than that of the thiophene and bithiophene spacers, precluding 

efficient intermolecular charge transfer. The best photovoltaic performance was achieved by the 

morpholine based dye 6b, resulting in an efficiency of 3.07% with JSC = 12.40 mA cm-2, VOC = 

0.396 V, ff = 0.63. The dyes introduced in this work may function as efficient co-adsorbents, 

due to small molecular size for high efficiency solar cells and especially the dyes 6c and 6d can 

be used in co-sensitization in combination with the dyes containing complementary absorption. 

The strategy presented here for the construction of amine directly attached benzothiadiazole 

dyes could be extended to design the new dyes with infrared absorption for more efficient 

DSSC. Further structural modification of these dyes with arylamines is anticipated to improve 

the light absorption in the near-IR ranges for higher DSSCs performance.  



Amine Directly Attached Benzothiadiazole Sensitizers  

105 
 

3.4 Experimental section 
3.4.1 Materials and physical methods 

All commercial chemicals were used as received. Most of the chemicals were purchased 

from Sigma Aldrich. Column chromatography was performed by using silica gel (Rankem, 100-

200 mesh) as stationary phase. All solvents used in synthesis and spectroscopic measurements 

were distilled over appropriate drying and/or degassing reagents. 1H and 13C NMR spectra were 

recorded on Bruker AV500 O FT-NMR spectrometer operating at 500 and 125 MHz 

respectively in CDCl3 (chemical shifts (δ) in ppm and coupling constants (J) in Hz). Me4Si 

(0.00 ppm) served as internal standard. The 1H and 13C spectra were referenced to the solvent 

signals: [D1] chloroform at 1H NMR, δ =7.26 ppm; 13C NMR δ = 77.00 ppm and [D6] DMSO 

(1H NMR, δ = 2.5 ppm; 13C NMR δ = 40.45 ppm). All chromatographic separations were 

carried out on silica gel (100–200 mesh). The IR spectra were recorded on THERMO 

NICOLET NEXUS FT-IR spectrometer. The electronic absorption spectra were obtained with 

UV-1800 Shimadzu UV spectrophotometer. Emission spectra were recorded with Shimadzu 

RF-5301PC spectrofluorimeter. Cyclic voltammetry (CV) was performed on CHI 620C 

electrochemical analyzer with a three-electrode cell in a solution of 0.1 M tetrabutylammonium 

perchlorate in tetrahydrofuran as the supporting electrolyte, with an Ag/AgNO3 reference 

electrode, a platinum wire as the counter electrode, and a glassy carbon electrode as the working 

electrode. The E1/2 values were determined as (Ep
a + Ep

c)/2, where Ep
a and Ep

c are the anodic and 

cathodic peak potentials, respectively. The potential are quoted against ferrocene internal 

standard, tetrahydrofuran was the solvent in all the experiments. The HOMO energy levels of 

the dyes were measured from the oxidation potentials, as obtained by cyclic voltammetry. The 

DSSCs fabrication and characterisation was done by the literature reported procedure. 13 

3.4.2 Computational details 
All the computations were performed with the Gaussian 09 program package. The ground-

state geometries were fully optimized without any symmetry constrains at the DFT level with 

Becke’s three parameters hybrid functional and Lee, Yang and Parr’s correlational functional 

using 6-31G(d,p) basis set on all atoms. Vibrational analysis on the optimized structures was 

performed to confirm the structure. The time-dependent DFT (TD-DFT) at the level of B3LYP 

or MPW1K/6-31G(d,p) was further carried out to determine at least 10 vertical excitations to the 

excited state of the molecules. Solvation effects were modeled using the polarizable continuum 
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model (PCM) implemented in the Gaussian program, for both geometry optimizations and TD-

DFT calculations.  

3.4.3 Synthesis  
Synthesis of 4-bromo-7-morpholinobenzo[c][1,2,5]thiadiazole (2b): The reaction was carried 

under nitrogen atmosphere. 4,7-dibromobenzo[c][1,2,5]thiadiazole 4 (2.05 g, 7.0 mmol), 

morpholine (5 mL) were refluxed for 10 h and the reaction mixture was cooled to room 

temperature. The reaction mixture was poured in cold water and extracted with 

dichloromethane. The compound was purified by column chromatography on silica gel using 

hexane/dichloromethane mixture as eluant. Orange solid; Yield = 55%; m.p. 110-112 °C; IR 

(KBr, cm-1): δ 2955, 1483, 1234, 1118; 1H NMR (CDCl3, 500.13 MHz): δ 3.50 (t, J = 5.0 Hz, 

2H), 3.95 (t, J = 5.0 Hz, 2H), 6.58 (d, J = 8.0 Hz, 1H), 7.65 (d, J = 8.0Hz, 1H); 13C NMR 

(CDCl3, 125.75 MHz): δ 50.3, 66.8, 104.5, 111.9, 132.8, 143.6, 149.0, 154.5; HRMS (ESI) m/z 

calcd for C10H11BrN3OS (M+H) 299.9806, found 299.9805. 

Synthesis of 4-(7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde (3a): 4-

bromo-7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazole 2a (2.1 g, 7 mmol), 4-formylphenylboronic 

acid (1.2 g, 8 mmol) were dissolved under nitrogen in dry THF (30 mL) and the solution was 

degassed. Now Pd(PPh3)4 (210 mg) was added, and the solution was degassed again. An 

aqueous solution of K2CO3 (2.9 g, 21 mmol) in10 mL was added to the reaction mixture. This 

reaction mixture was kept on heating at 80 °C for 24 h under a nitrogen atmosphere. The 

reaction mixture was poured into a saturated NH4Cl solution (100 mL) and extracted with DCM 

(3 × 25 mL). The combined organic phases were dried over Na2SO4 and the solvent was 

removed in vacuo. The resulting red solid was purified by column chromatography using 

hexanes/DCM. Red solid; m.p. 88-90 °C; IR (KBr, cm-1): 2360, 1696, 1542, 1376, 1220; 1H 

NMR (CDCl3, 500.13 MHz): δ 1.71-1.75 (m, 2H), 1.86-1.88 (m, 4H), 3.61 (t, J = 5.5 Hz, 4H), 

6.84 (d, J = 8.0 Hz, 1H), 7.69 (d, J = 8.0 Hz, 1H), 7.99 (d, J = 8.0 Hz, 2H), 8.11 (d, J = 8.0 Hz, 

2H), 10.07 (s, 1H); 13C NMR (CDCl3, 125.77 MHz): δ 24.6, 25.9, 51.4, 111.2, 123.4, 129.9, 

129.9, 130.3, 134.9, 144.1, 145.3, 150.0, 154.7, 191.9. HRMS (ESI) m/z calcd for C18H18N3OS 

(M+H) 324.1170, found 324.1185. 

Synthesis of 4-(7-morpholinobenzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde (3b): 

This was synthesized by a procedure similar to that of 3a except that 4-(7-

bromobenzo[c][1,2,5]thiadiazol-4-yl)morpholine 2b was used in place of 4-bromo-7-(piperidin-
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1-yl)benzo[c][1,2,5]thiadiazole 2a. Yellow solid; m.p. 170-172 °C; IR (KBr, cm-1): 2357, 1691, 

1621, 1552, 1220, 1114, 1017; 1H NMR (CDCl3, 500.13 MHz): δ 3.65 (t, J = 5.0 Hz, 4H), 4.08 

(t, J = 5.0 Hz, 4H), 6.86 (d, J = 8.0 Hz, 1H), 7.71 (d, J = 8.0 Hz, 1H), 8.0 (d, J = 8.0 Hz, 2H), 

8.12 (d, J = 8.0 Hz, 2H), 10.08 (s, 1H); 13C NMR (CDCl3, 125.77 MHz): δ 50.3, 66.9, 111.2, 

124.7, 129.3, 129.9, 130.0, 135.2, 143.8, 144.2, 149.7, 154.7, 191.9; HRMS (ESI) m/z calcd for 

C17H16N3O2S (M+H) 326.0963, found 326.0960 

Synthesis of 5-(7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazol-4-yl)thiophene-2-carbaldehyde 

(5a): 

A round bottom flask was charged with 2a (298.2 mg, 1 mmol), 2-tributylstannyl-5-dioxolanyl 

thiophene (1.1 mmol) and 2 ml DMF. Nitrogen was purged into this, followed by the addition of 

Pd(PPh3)2Cl2 (7.0 mg). This was kept on heating at 80 °C for 16 h under a nitrogen atmosphere. 

After completion of time the reaction mixture was poured into cold water and extracted with 

dichloromethane and washed with brine solution. This was dried over anhydrous sodium sulfate. 

Then the solvent was evaporated by applying vacuum. The resultant liquid was dissolved in 5 

ml acetic acid and heated to 60 °C for 30 min. Then 10 ml of water was added to it and heating 

was continued for 6 h. The resulting solution was extracted with dichloromethane and washed 

with brine solution and dried over anhydrous sodium sulfate. Further purification was performed 

by silica gel column chromatography using hexanes/chloroform. Black solid; Yield = 61%; m.p. 

135-137 °C; IR (KBr, cm-1): 2921, 1654, 1545, 1441; 1H NMR (CDCl3, 500.13 MHz): δ 1.70-

1.75 (m, 2H), 1.82-1.86 (m, 4H), 3.62 (t, J = 5.5 Hz, 4H), 6.74 (d, J = 8.5 Hz, 1H), 7.78 (d, J = 4 

Hz, 1H), 7.83 (d, J = 8 Hz, 1H), 8.04 (d, J = 4 Hz, 1H), 9.91 (s, 1H); 13C NMR (CDCl3, 125.77 

MHz): δ 24.5, 25.9, 51.2, 110.4, 116.6, 125.7, 129.4, 137.3, 141.4, 145.5, 149.4, 150.5, 153.7, 

182.8; HRMS (ESI) m/z calculated for C16H16N3OS2 (M+H), 330.0735 found 330.0690 

Synthesis of 5-(7-morpholinobenzo[c][1,2,5]thiadiazol-4-yl)thiophene-2-carbaldehyde (5b): 

This was synthesized by a procedure similar to that of 5a except that 4-(7-

bromobenzo[c][1,2,5]thiadiazol-4-yl)morpholine 2b was used in place of 4-bromo-7-(piperidin-

1-yl)benzo[c][1,2,5]thiadiazole 2a. Red solid; Yield = 60%; m.p. 190-192 °C; IR (KBr, cm-1): 

2927, 1663, 1548, 1446; 1H NMR (CDCl3, 500.13 MHz): δ 3.68 (t, J = 5.0 Hz, 4H ), 3.95 (t, J = 

4.5 Hz, 4H), 6.78 (d, J = 8.0 Hz, 1H), 7.79 (d, J = 4.0 Hz, 1H), 7.89 (d, J = 8.0 Hz, 1H ), 8.07 

(d, J = 4.0 Hz, 1H), 9.93 (s, 1H); 13C NMR (CDCl3, 125.77 MHz): δ 50.1, 66.8, 110.7, 118.0, 

126.0, 129.0, 137.2, 141.9, 144.5, 149.2, 153.6, 182.9. MALDI-TOF MS m/z: calculated for, 

C15H14N3O2S2 (M+H), 332.0527 found 332.0673. 
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Synthesis of 5'-(7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazol-4-yl)-2,2'-bithiophene-5-

carbaldehyde (5c):  

This was synthesized by a procedure similar to that of 5a except that (5'-(1,3-dioxolan-2-yl)-

2,2'-bithiophen-5-yl)tributylstannane was used in place of 2-tributylstannyl-5-dioxolanyl 

thiophene 2a. Black solid; Yield = 75%; m.p. 180-182 °C; IR (KBr, cm-1): 2921, 2808, 2352, 

1657, 1580, 1444, 1390, 1228;1H NMR (CDCl3, 500.13 MHz): δ 1.70-1.725 (m, 2H), 1.83-1.88 

(m, 4H), 3.59 (t, J = 5.0 Hz, 4H), 6.77 (d, J = 8.0 Hz, 1H), 7.31 (d, J = 4.0 Hz, 1H), 7.41 (d, J = 

4.0 Hz, 1H), 7.69 (d, J = 4.0 Hz, 1H), 7.78 (d, J = 8.0 Hz, 1H), 7.86 (d, J = 4.0 Hz, 1H), 9.86 (s, 

1H); 13C NMR (CDCl3, 125.77 MHz): δ 24.5, 25.9, 51.4, 111.1, 117.7, 123.8, 126.0, 126.8, 

127.7, 134.7, 137.5, 141.2, 142.2, 144.7, 147.6, 149.7, 153.5, 182.4. HRMS (ESI) m/z 

calculated for, C20H17N3OS3 (M+), 411.0534; found 411.0522. 

Synthesis of 5'-(7-morpholinobenzo[c][1,2,5]thiadiazol-4-yl)-2,2'-bithiophene-5-

carbaldehyde (5d): 

This was synthesized by a procedure similar to that of 5b except that (5'-(1,3-dioxolan-2-yl)-

2,2'-bithiophen-5-yl)tributylstannanewas used in place of 2-tributylstannyl-5-dioxolanyl 

thiophene. Dark red solid; Yield = 69%; m.p. 208-201 °C; IR (KBr, cm-1): 2361, 1656, 1582, 

1444, 1397;1H NMR (CDCl3, 500.13 MHz): δ 3.62 (t, J = 5.0 HZ, 4H), 3.99 (t, J = 5.0 HZ, 4H), 

6.77 (d, J = 8.0 HZ, 1H), 7.31 (d, J = 4.0 HZ, 1H), 7.40 (d, J = 4.0 HZ, 1H), 7.68 (d, J = 4.0 HZ, 

1H), 7.78 (d, J = 8.0 HZ, 1H), 7.87 (d, J = 4.0 HZ, 1H), 9.86 (s, 1H); 13C NMR (CDCl3, 125.77 

MHz): δ 50.3, 66.8, 111.2, 118.9, 124.0, 126.8, 127.3, 135.2, 137.5, 141.4, 141.7, 143.5, 147.4, 

149.4, 153.5, 182.4; MALDI-TOF MS m/z: calculated for, C19H15N3O2S3 (M+), 413.0326; 

found 413.0308. 

Synthesis of (E)-2-cyano-3-(4-(7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazol-4-

yl)phenyl)acrylic acid (4a): 

4-(7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde (0.30 g, 0.96 mmol) (3a), 

cyanoacetic acid (0.12 g, 1.44 mmol), glacial acetic acid (5 ml) and ammonium acetate (5 mg) 

were mixed together and kept on reflux at 120 °C for 12 h. The resulting orange solution was 

poured into ice-cold water to produce an orange precipitate. This was filtered and washed 

thoroughly with water and dried. The solid was further recrystallized with 

dichloromethane/hexanes. Red solid; Yield = 92%; m.p. 170-172 °C; IR (KBr, cm-1): 2929, 

2217, 1709, 1593, 1546, 1485, 1367, 1229; 1H NMR (DMSO-d6, 500.13 MHz): δ 1.62 (s, 2H), 

1.70 (s, 4H), 3.47 (s, 4H), 6.86-6.88 (m, 1H), 7.50 (d, J = 7.0 Hz, 1H), 7.69-782 (m, 2H) , 7.90-
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8.10 (m, 2H), 8.23 (s, 1H); 13C NMR (DMSO-d6, 125.77 MHz): δ 24.2, 25.6, 50.8, 111.6, 123.4, 

128.8, 129.1, 130.1, 141.3, 144.0, 144.5, 149.5, 154.2, 154.4, 166.6. 

Synthesis of (E)-2-cyano-3-(4-(7-morpholinobenzo[c][1,2,5]thiadiazol-4-yl)phenyl)acrylic 

acid (4b): 

This was synthesized by a procedure similar to that of 4a except that 4-(7-

morpholinobenzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde (3b) was used in place of 4-(7-

(piperidin-1-yl)benzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde (3a). Orange solid; Yield = 89%; 

m.p. 202-204 °C; IR (KBr, cm-1): 2358, 1702, 1590, 1546, 1485, 1438, 1258; 1H NMR (DMSO-

d6, 500.13 MHz): δ 3.60 (t, J = 5.0 HZ, 4H), 3.86 (t, J = 5.0 HZ, 4H), 6.96 (t, J = 8.0 HZ, 1H), 

7.52 (t, J = 9.0 HZ, 1H), 7.91-7.95 (m, 2H), 8.13-8.18 (m, 2H), 8.34 (s, 1H); 13C NMR (DMSO-

d6, 125.77 MHz): δ 49.8, 66.1, 111.5, 124.2, 128.9, 129.4, 130.2, 141.6, 143.0, 143.7, 149.0, 

154.0, 154.2, 166.1. 

Synthesis of (E)-2-cyano-3-(5-(7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazol-4-yl)thiophen-2-

yl)acrylic acid (6a): 

This was synthesized by a procedure similar to that of 4a except that 5-(7-(piperidin-1-

yl)benzo[c][1,2,5]thiadiazol-4-yl)thiophene-2-carbaldehyde 5a was used in place of 4-(7-

(piperidin-1-yl)benzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde 3a. Dark black solid; Yield = 84%; 

m.p. 150-152 °C; IR (KBr, cm-1): 2928, 2210, 1680, 1535, 1384, 1234; 1H NMR (DMSO-d6, 

500.13 MHz, CDCl3): δ 1.67-173 (m, 6H), 3.71 (m, 4H), 6.92 (d, J = 8.0 Hz, 1H), 7.95 (d, J = 

4.0 Hz, 1H), 8.1(d, J = 4.0 Hz, 1H), 8.1 (d, J = 8.0 Hz, 2H), 8.4 (s, 1H); 13C NMR (DMSO-d6, 

125 MHz): δ 24.0, 25.4, 50.3, 110.2, 114.7, 117.4, 125.0, 129.8, 134.2, 139.4, 139.4, 144.7, 

145.4, 148.1, 148.8, 152.8, 164.0; HRMS (ESI) m/z calculated for C19H15N4O2S2 (M-H), 

395.0636 found 395.0536. 

Synthesis of (E)-2-cyano-3-(5-(7-morpholinobenzo[c][1,2,5]thiadiazol-4-yl)thiophen-2-

yl)acrylic acid (6b): 

This was synthesized by a procedure similar to that of 4a except that 5-(7-

morpholinobenzo[c][1,2,5]thiadiazol-4-yl)thiophene-2-carbaldehyde 5b was used in place of 4-

(7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde 3a. Dark black solid; Yield = 

79%; m.p. 270-272 °C; IR (KBr, cm-1): 2917, 2221, 1684, 1572, 1425, 1240; 1H NMR (DMSO-

d6, 500.13 MHz): δ 3.69 (t, J = 5.0Hz, 4H), 3.95 (t, J = 4.5 Hz, 4H), 6.94 (d, J = 8.0 Hz, 1H), 

7.99 (d, J = 4.0 Hz, 1H), 8.07(d, J = 4.0 Hz, 1H), 8.14 (d, J = 8.0 Hz, 1H), 8.43(s, 1H); 13C 

NMR (DMSO-d6, 125.77 MHz): δ 49.5, 65.9, 110.4, 115.7, 116.8, 125.4, 129.6, 134.4, 140.2, 
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144.0, 146.4, 148.0, 149.1, 152.7, 163.9. MALDI-TOF MS m/z: calculated for, C18H14N4O3S2 

398. 0507; found 398.0267.  

Synthesis of (E)-2-cyano-3-(5'-(7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazol-4-yl)-2,2'-

bithiophen-5-yl)acrylic acid (6c): 

This was synthesized by a procedure similar to that of 4a except that 5'-(7-(piperidin-1-

yl)benzo[c][1,2,5]thiadiazol-4-yl)-2,2'-bithiophene-5-carbaldehyde 5c was used in place of 4-(7-

(piperidin-1-yl)benzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde 3a. Dark black solid; Yield = 79%; 

m.p. 250-252 °C; IR (KBr, cm-1): 2928, 2849, 2378, 2204, 1715, 1627, 1577, 1403; 1H NMR 

(DMSO-d6, 500.13 MHz, CDCl3): δ 1.65-66 (m, 2H), 1.73 (m, 4H), 3.63 (t, J = 5.0 Hz, 4H), 

6.88 (d, J = 8.0 Hz, 1H), 7.61-7.62 (d, J = 4.0 Hz, 1H), 7.68 (d, J = 4.0 Hz, 1H), 7.95-7.97 (m, 

1H), 8.04 (d, J = 8.0 Hz, 1H ) 8.46 (s, 1H); 13C NMR (DMSO-d6, 125.77 MHz): δ 24.1, 25.4, 

50.5, 110.8, 115.8, 116.8, 124.4, 125.7, 127.5, 128.0, 133.5, 133.9, 141.5, 141.6, 143.9, 146.1, 

146.2, 148.6, 152.7, 163.8; HRMS (ESI) m/z calculated for, C23H19N4O2S3 479.0670 [M+H]; 

found 479.0649. 

Synthesis of (E)-2-cyano-3-(5'-(7-morpholinobenzo[c][1,2,5]thiadiazol-4-yl)-2,2'-

bithiophen-5-yl)acrylic acid (6d): 

This was synthesized by a procedure similar to that of 4a except 5'-(7-

morpholinobenzo[c][1,2,5]thiadiazol-4-yl)-2,2'-bithiophene-5-carbaldehyde 5c was used in 

place of 4-(7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde 3a. Dark black solid; 

Yield = 76%; m.p. 262-264 °C; IR (KBr, cm-1): 2919, 2854, 2210, 1709, 1622, 1578, 1433, 

1390, 1344, 1197; 1H NMR (DMSO-d6, 500.13 MHz, CDCl3): δ 3.57-3.58 (m, 4H), 3.83-3.84 

(m, 4H), 6.85 (d, J = 8.0 Hz, 1H), 7.54 (d, J = 3.5 Hz, 1H), 7.61 (d, J = 3.5 Hz, 1H), 7.90 (d, J = 

4.0 Hz, 1H), 7.99 (d, J = 8.0 Hz, 1H), 8.43(s, 1H); 13C NMR (DMSO-d6, 125.77 MHz): δ 49.7, 

66.1, 111.1, 116.9, 124.5, 126.1, 127.5, 127.8, 134.3, 141.4, 141.6, 143.2, 146.1, 148.4, 152.6; 

HRMS (ESI) m/z calculated for, C22H17N4O3S3 481.0463 [M+H]; found 481.0449 

Synthesis of 4-(piperidin-1-yl)-7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (7a): 

A round bottom flask was charged with 4-bromo-7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazole 

2a (298.2 mg, 1 mmol), (thiophen-2-yl)stannane (1.1 mmol) and 2 ml DMF. Nitrogen was 

purged into this, followed by the addition of Pd(PPh3)2Cl2 (7.0 mg). This was kept on heating at 

80 °C for 16 h under a nitrogen atmosphere. After completion of time the reaction mixture was 

poured into cold water and extracted with dichloromethane and washed with brine solution. This 

was dried over anhydrous sodium sulfate. Further purification was performed by silica gel 
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column chromatography using hexane/chloroform. Red solid; Yield = 74%; m.p. 58-60 °C; IR 

(KBr, cm-1): 2925, 2846, 2372, 1636, 1579, 1394, 1262, 1124; 1.H NMR (CDCl3, 500.13 MHz): 

δ 1.69-1.70 (m, 2H), 1.85 (m, 4H), 3.51(m, 4H), 6.73 (d, J = 7.5 Hz, 1H), 7.15 (s, 1H), 7.33 (d, J 

= 5.0 Hz, 1H), 7.71 (d, J = 7.5 Hz, 1H), 7.93 (s, 1H); 13C NMR (CDCl3, 125.77 MHz): δ 24.6, 

26.0, 51.6, 111.6, 119.2, 124.7, 125.5, 127.5, 127.7, 140.2, 144.2, 150.0, 153.8. 

Synthesis of 4-(7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-yl)morpholine (7b): 

This was synthesized by a procedure similar to that of 7a except that 4-(7-

bromobenzo[c][1,2,5]thiadiazol-4-yl)morpholine 2b was used in place of 4-bromo-7-(piperidin-

1-yl)benzo[c][1,2,5]thiadiazole 2a. Orange solid; Yield = 74%; m.p. 116-118 °C; IR (KBr, cm-

1): 2966, 2849, 2372, 2339, 1636, 1581, 1548, 1477, 1381, 1262; 1.H NMR (CDCl3, 500.13 

MHz): δ 3.58 (d, J = 4.5 Hz, 4H), 4.01, (d, J = 4.5 Hz, 4H), 6.79 (d, J = 8.0 Hz, 1H), 7.17(t, J = 

4.0 Hz, 1H), 7.36 ( d, J = 5.0 Hz, 1H), 7.75 (d, J = 7.5 Hz, 1H), 7.95 (d, J = 3.5 Hz, 1H); 13C 

NMR (CDCl3, 125.77 MHz): δ 50.5, 66.9, 111.7, 120.3, 125.2, 125.9, 127.1, 127.8, 139.8, 

142.9, 149.7, 153.8. 
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Chapter 4 
Phenothiazine Donor Based Organic dye for 

Dye-Sensitized Solar Cells: Effect of 

Auxiliary Acceptors on Optical and 

Electrochemical Properties 
4.1 Introduction 

Recently the performance of solar cells based on metal free organic sensitizers has been 

remarkably improved and promising cell efficiencies in the range of 9-11% has been reported 

[1-3]. D-π-A configuration represents the most ubiquitous molecular architectures of the 

sensitizer in the dye-sensitized solar cells and a large variety of donors and π-conjugation 

bridges has been investigated [4-6]. The long π-conjugated spacers between the donor and 

acceptor in D-π-A configuration make the sensitizers to possess a rod-shape configuration, 

which can facilitate the recombination of the electrons with I3- and enhances the aggregation 

between molecules on the semiconductor surface and leading to lower photovoltaic 

performance in DSSCs [7-10]. Because of such findings, organic dyes with auxiliary donor or 

auxiliary acceptor were employed as sensitizers, found to be fruitful for facile charge 

migration from the donor to the acceptor [11-14]. As a result, the dyes showed enhanced 

spectral response in the red region of the solar spectrum, and thus effectively improved the 

light-harvesting range [11, 15]. 

In this context it is found that for broadening of the absorption spectrum and improvement 

of the DSSC performance, embedding an electron acceptor is superior to that of an electron 

donor on the conjugation bridge [16]. A wide variety of electron withdrawing groups such as 

benzothiadiazole [3,13, 17-21], benzotriazole [22-24], diketopyrrolopyrrole [25-26], 

isoindigo[27], quinoxaline [28-32], phthalimide [33-34], thiazolo[5,4-d]thiazole [35-36], 

benzo[1,2-d:4,5-d′]bisthiazole[37], etc. are combined with various electron-donating 

arylamines and the energy levels, band-gaps of the dyes were readily modulated. Among these 
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electron withdrawing groups, we have been attracted by the sensitizers containing 

benzothiadiazole (BTD) and benzotriazole (BTA) as auxiliary electron-accepting units. 

Recently benzothiadiazole and benzotriazole based derivatives have been vigorously 

investigated in dye-sensitized solar cells (DSSC) [33, 38], bulk heterojunction solar cells 

(BHJ) [39-46] and organic light emitting diodes (OLED) [47-50] etc due to their good electron 

affinity and unique properties. Structures and numbering scheme of BTD and BTA units were 

shown in Figure 4.1. However, to the best of our knowledge, there is no report on the insights 

of the choice of proper auxiliary acceptor in the D-π-A-π-A configuration and phenothiazine 

functionalized with low-band gap chromophores like benzothiadiazole and benzotriazole for 

DSSCs has not been explored. So it is interesting to study the consequences on the 

photophysical and electrochemical properties of the sensitizers by permutation of 

benzothiadiazole with benzotriazole as auxiliary acceptor.  

 

Figure 4.1 Structures and numbering scheme of BTD and BTA 

It is worth mentioning that, replacing the sulfur atom of the BTD unit with a nitrogen atom, 

new acceptor unit BTA was emerged [22, 51-52]. In a review on conjugated polymers for 

bulk-heterojunction photovoltaics, Huang and co-workers proposed an empirical chart 

showing the relative electron accepting ability of BTD and BTA analogues [51]. Since the 

lone pair of electron on the middle nitrogen atom of the benzotriazole unit easily donates into 

the triazole ring than, the lone pairs of electron on the sulfur atom of the benzothiadiazole, 

making it comparatively electron-rich when compared with the BTD [22-23, 53]. Thus BTA 

sensitizers usually show higher lowest unoccupied molecular orbital (LUMO) energy and a 

larger band gap than the benzothiadiazole analogs [22]. However, the 2-position nitrogen atom 

in BTA renders an additional position for incorporating solubilizing alkyl chain, diminishes 

the electron recombination effectively and inhibits the dye aggregation [22, 53]. Moreover 4-

tert-butylpyridine, benzimidazole and pyrimidine etc. are commonly used additives in the 

electrolyte of DSSC for the sake of increasing VOC. These additives by interacting with the 
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TiO2 film retard the charge recombination between the electrons in the conduction band of 

TiO2 and I-/I3-[22-24].Similarly it was also proved that benzotriazole based sensitizers 

achieved high VOC, than their benzothiadiazole-based analogs. Benzothiadiazole/benzotriazole 

auxiliary acceptors can stabilize the charge-separated excited-state. As well demonstrated in 

the literature, due to its strong electron-donating capability and high molar extinction 

coefficient of phenothiazine unit over triphenylamine, carbazole and tetrahydroquinoline units 

we choose phenothiazine as the donor segment [54-55]. Experimental and theoretical studies 

have manifested that the phenothiazine unit is expected to confine the cationic charge away 

from the nanocrystaline TiO2 surface and efficiently hamper charge recombination [56-57]. 

The phenothiazine unit also possesses non-planar butterfly conformation which can impede 

unfavorable dye aggregation and formation of molecular excimers at the semiconductor 

surface [54, 58]. Indeed, the alkyl substitutions on the phenothiazine, benzotriazole units 

adequately improve the solubility, insulate the I3- or cations approaching the semiconductor 

TiO2 surface and enhance the open-circuit voltage (VOC) [22, 40]. 

Herein, by preserving the same donor group throughout the series and permutation of the 

hetero atom on the auxiliary acceptor, π-spacer between acceptor and auxiliary acceptor we 

developed four new organic dyes. We investigated subtle changes in the photophysical, 

electronic energy levels and frontier molecular orbitals for the dyes. The newly developed 

phenothiazine donor based dyes displayed substantial improvement in their optical and 

electrochemical properties when compared to their congener derivatives that contained 

triphenylamine or indoline donors, consequently these dyes may serve as efficient sensitizers 

in DSSCs. To the best of our knowledge, sensitizers comprising phenothiazine as donor with 

auxiliary acceptor (benzothiadiazole/benzotriazole) have not been exploited. The General 

representation and structures of phenothiazine donor based BTD/BTA auxiliary acceptors 

based sensitizers are shown in Figures 4.2 and 4.3. 

 

Figure 4.2 General representation of the benzothiadiazole/benzotriazole auxiliary acceptor 
based sensitizers  
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Figure 4.3 Molecular structures of dyes  

4.2 Results and discussions 
4.2.1 Design and synthesis 

The synthetic strategy employed for the preparation of sensitizers with 

benzothiadiazole/benzotriazole moieties in the π-conjugated spacer is illustrated in Scheme 

4.1.  

 

Scheme 4.1 Synthetic routes to the benzothiadiazole/benzotriazole featured sensitizers 

The synthesis was started from the lithiation of 8 with n-butyl lithium and subsequent 

quenching with tributyltin chloride (n-Bu3SnCl) to afford stannyl derivative in quantitative 
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yield. The palladium-catalyzed Stille coupling reactions of stannane with 9a-b [20], 12a-b [59] 

yielded compounds 10a-b and 13a-b, respectively. Finally obtained precursor terminal 

aldehydes were converted to the corresponding sensitizer by Knoevenagel condensation with 

cyanoacetic acid in presence of ammonium acetate in acetic acid. The obtained sensitizers are 

deep red or black in colors. The final products were confirmed by the disappearance of the 

aldehyde proton, appearance of vinylic proton in NMR spectra. The molecular structures of the 

intermediates as well as sensitizers were characterized IR, NMR (1H and 13C) and high 

resolution mass spectrometry (HR-MS) and the obtained data were consistent with the 

proposed structures. All the sensitizers are air stable and fairly soluble in polar solvents like 

tetrahydrofuran, dimethylformamide, and moderately soluble in CH2Cl2, CHCl3, acetonitrile 

and toluene. 

4.2.2 Absorption spectra  

The molecular-level capacity of the sensitizers for solar radiation capture was 

evaluated through measuring their UV-vis absorption spectra in THF (Figure 4.4). The optical 

data of the dyes were complied in Table 4.1.  

300 350 400 450 500 550 600 650 700
0

10000

20000

30000

40000

50000  11a
 11b
 14a
 14b

 

 

M
ol

ar
 E

xt
in

ct
io

n 
Co

ef
fic

ie
nt

 (M
-1
 c

m
-1
)

Wavelength (nm)  
Figure 4.4 Absorption spectra of the dyes recorded in THF  

All the studied sensitizers contain the same electron-donating moiety 10-butyl-3-(thiophen-

2-yl)-10H-phenothiazine and differed by the auxiliary acceptor group and the nature of the π-

linkers. In these D-A-π-A featured sensitizers, the two auxiliary acceptors benzothiadiazole 

and benzotriazole have a distinct result on optical properties. The benzothiadiazole, 



Effect of auxiliary acceptor on optical properties 

122 
 

benzotriazole π-conjugated sensitizers displayed three, two major prominent bands in the 

absorption spectra, respectively. The prominent bands in the region below 400 nm are 

probably due to a localized aromatic π-π* transition, whereas the band found in the visible 

region can be attributed to intramolecular charge transfer from the donor phenothiazine to the 

acceptor cyanoacyrlic acid group. The maximum absorption wavelengths of dyes with molar 

extinction coefficients are 11a : 530 nm (42.9 × 103 M-1cm-1); 11b : 488 nm (49.2 × 103 M-

1cm-1); 14a : 485 nm (27.0 × 103 M-1cm-1); 14b : 446 nm (41.9 × 103 M-1cm-1). 

The absorption maximum and the molar extinction coefficient of the sensitizers are 

consistent with the electro negativity of the heteroatom present in the auxiliary acceptor unit 

and the electron richness of the π-linker. The BTD bridged dyes (11a, 14a) displayed 

bathochromically shifted absorption profile when compared with its BTA congeners (11b, 

14b) which is attributable to the more electron-deficient character of BTD segment. The 

introduction of electron-rich thiophene unit in the conjugation pathway red shifted the 

absorption maxima and hiked the molar extinction coefficient, when compared with the phenyl 

analogs. Extension of conjugation by thienyl unit rather than phenyl unit, found to be 

beneficial to enhance the light harvesting capacity of the sensitizer. The diminished charge 

transfer transition in the phenyl π-conjugated derivatives is due to the non-planar structural 

feature which hampers donor-acceptor interactions and electron delocalization across the 

sensitizer. The comparison between dyes demonstrated the influence of the auxiliary acceptor 

group and the π-linker. Because of the judicious molecular design of the sensitizers based on 

phenothiazine, the molar extinction coefficient (ε) at the maximum absorption of the dyes falls 

in the range 27000-49200 M-1 cm-1, which are notably two fold larger than those of prominent 

Ru-based dyes N3 [60] and N719 [61-62] (13900 and 14000 M-1cm-1, respectively). It is worth 

mentioning that the absorption wavelengths and molar extinction coefficients of these 

benzothiadiazole dyes are significantly red-shifted when compared to the dyes containing 

triphenylamine [13], indoline [63], and coumarin [19] unit substituted for thienyl 

phenothiazine as electron donor in a similar structural composition. 

Table 4.1 Absorption data of the dyes recorded in tetrahydrofuran 

Dye λabs, nm (ε×103 M−1 cm−1) 
11a 320 (29.0), 390 (27.1), 530 (42.9) 
11b 298 (21.6), 488 (49.2) 
14a 326 (37.0), 351 (31.7), 485 (27.0) 
14b 275 (24.7), 446 (41.9) 
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Table 4.2 Absorption data for the dyes in various solvents. 

λabs, nm 
Dye TOL TOL+TFA TOL+TEA DCM ACN DMF DMF+TFA DMF+TEA MeOH 
11a 324, 

393, 
539 

324, 538 323, 379, 
520 

318, 
396, 
537 

316, 
357, 
508 

332, 
376, 
517 

320, 388, 
531 

379, 517 320, 
377, 
508 

11b 301, 
500 

302, 520 290, 469 298, 
501 

296, 
474 

298, 
462 

296, 490 296, 463 294, 
484 

14a 327, 
356, 
496 

326, 364, 
502 

329, 356, 
485 

324, 
358, 
490 

317, 
353, 
473 

328, 
482 

325, 353, 
488 

318, 483 320, 
350, 
474 

14b 451 290, 453 288, 436 453 432 433 447 434 432 

We have examined the electronic absorption spectra of the sensitizer in solvents with 

different dielectric constant such as toluene, THF, CH2Cl2, DMF, MeCN and MeOH of the 

solvents, to realize the effect of solvent environments on the electronic absorption properties of 

the sensitizers. All the sensitizers showed alternations in the absorption maxima due to solvent 

polarity. The alterations in the absorption spectra for the sensitizers with solvent polarity are 

illustrated in Figure 4.6 and data is complied in Table 4.2. Particularly, they displayed a blue-

shifted absorption in the polar solvents such as DMF, ACN and MeOH as compared to the 

absorption maximum recognized in THF, DCM and TOL. Explanation for the blue shift 

observed for the sensitizers in polar solvents can be explained on the basis of protonation and 

deprotonation of carboxylic acid group in the sensitizers. Figure 4.6 shows the illustration of 

acid-base equilibrium in the sensitizers. 

 

Figure 4.5 Illustration of acid-base equilibrium in the sensitizers 
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Figure 4.6 Absorption spectra of dyes (a) 11a (b) 11b (c) 14a (d) 14b recorded in different solvents.
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Figure 4.7 Absorption spectra of dyes (a) 11a (b) 11b (c) 14a (d) 14b in DMF recorded in the presence of TFA or TEA. 
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Figure 4.8 Absorption spectra of dyes (a) 11a (b) 11b (c) 14a (d) 14b in toluene recorded in the presence of TFA or TEA. 
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The solvents capable of coordinating with the carboxylic acid unit in the sensitizers can shift 

the acid-base equilibrium toward the deprotonated form (D-). This deprotonation can diminish 

the electron-accepting nature of the acceptor group, which results in reduction of donor-acceptor 

interaction in the sensitizers [64]. This hypothesis of protonation and deprotonation of the 

sensitizers was further supported by the fact that addition of a base such as triethylamine to the 

dimethylformamide solutions of the sensitizers blue shifted the absorption maximum. The 

absorption spectra of the dyes recorded in DMF/TOL before and after addition of TFA or TEA 

were shown in Figures 4.7 & 4.8. As discussed earlier, the absorption spectra of the sensitizers 

recorded in basic solvents displayed a blue-shifted absorption. Hence, it was expected that in 

basic solvents, the deprotonated form might be present in greater quantity and the addition of 

TFA would push the equilibrium towards the protonated form DH. As anticipated, the addition 

of TFA to the DMF/TOL solution of the sensitizers resulted in a bathochromic-shift for the 

absorption maximum. Addition of TFA/TEA to the sensitizer solutions altered lower energy 

absorption because of the charge-transfer transition and no alterations were seen on the higher 

energy transitions 
4. 2. 3 Emission spectra  

Fluorescence emission spectra (Figure 4.9) of the sensitizers were recorded in THF by 

irradiating the samples at their maximum absorption wavelengths. Solvatochromic behavior of 

the dyes was illustrated in Figure 4.10 and relevant parameters are listed in Table 4.3. The 

sensitizers emit in the range of 552-631 nm. The maximum emission peaks are at 631, 612, 581 

and 552 nm for 11a, 11b, 14a and 14b, respectively. The emission maximum of the sensitizers 

followed the same trend as the absorption spectra and more π-conjugated sensitizers are 

showing red-shifted emission. The sensitizers with thienyl π-conjugation (11a-b) displayed red 

shifted emission maximum than phenyl π-conjugated sensitizers (14a-b). In 11a and 11b 

through effective conjugation of thiophene linkage the acceptor strength was enhanced, while in 

14a and 14b the twisted phenyl π-linker decouples the acceptor from the auxiliary acceptor. 

Thus in 11a, and 11b the electronic excitation which arises due to the charge transfer from the 

donor to the acceptor would cause a migration of electron density from the phenothiazine 

toward the cyanoacrylic acid acceptor, while this would be less pronounced in 11b and 14b. The 

net result is a more polar excited state for 11a-b than 14a-b. The larger Stokes shift observed for 

the phenyl based dyes (14a-b) when compared to the thienyl based dyes (11a-b) is likely to 
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arise due to the twisting occurring in the phenyl conjugation on excitation while the thienyl will 

forbid thermal rotational relaxation. This clearly reveals that the nature of the π-conjugated unit 

that bridges the acceptor with the auxiliary acceptor plays a major role in the stabilization of 

excited state. The large Stokes shift (> 3020 cm-1) observed for the sensitizers confirms 

intramolecular charge-transfer nature of the excited state upon photo-excitation process. The 

thienyl bridge enhances the acceptor strength due to effective conjugation, whilst the phenyl 

bridge deteriorates the acceptor strength presumably due to the non-planar linkage. 

450 500 550 600 650 700 750
0.00

0.25

0.50

0.75

1.00

 

 

No
rm

al
si

ed
 E

m
is

si
on

 In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

 11a
 11b
 14a
 14b

 

Figure 4.9 Emission spectra of the dyes recorded in THF 

Table 4.3 Emission properties and Stokes shift observed for the dyes in the different solvents 

Dye λem, nm Stokes shift (cm-1) 
 TOL THF DCM ACN DMF MeOH TOL THF DCM ACN DMF MeOH 
11a 652 631 579 608 580 576 3215 3020 1351 3238 2101 2324 
11b 605 612 572 566 554 563 3471 4152 2478 3429 3594 2899 
14a 612 581 571 587 571 577 3821 3407 2895 4106 3234 3766 
14b 572 552 564 553 564 512 4690 4306 4345 5065 5364 3617 
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Figure 4.10 Emission spectra of dyes (a) 11a (b) 11b (c) 14a (d) 14b recorded in different solvents. 
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The fluorescence wavelength maximum of the dyes decreases as the solvent polarity 

increases from polar to non-polar, which is an indicative of negative solvatochromism. This 

negative solvatochromism further corroborates the presence of an ICT transition from the 

phenothiazine to cyanoacrylic acid acceptor. Generally polar solvents expected to stabilize the 

dipolar molecules in the excited state. However a significant hypso chromic shift was observed 

for polar solvents such as acetonitrile, dimethylformamide and methanol when compared to that 

of toluene is interesting and indicate a less polar excited state [65].  

4.2.4 Electrochemistry 
To probe the feasibility of electron transfer at the TiO2/dye/redox electrolyte interface, cyclic 

voltammetry was performed in tetrahydrofuran solution, using 0.1 M tetrabutylammonium 

perchlorate as the supporting electrolyte, Pt as working electrode at a scan rate 100 mV/s. The 

redox potentials were calibrated by using the ferrocene/ferrocenium redox couple as an external 

standard. The redox data of the dyes are complied in Table 4.4, and the representative cyclic 

voltammograms are displayed in Figure 4.11.  
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Figure 4.11 (a) Cyclic voltammograms recorded for the dyes in THF (b) Differential pulse 

voltammograms of the dyes recorded in THF 

The HOMO-LUMO energy gap was estimated from the optical edge of the absorption 

spectra. All the dyes displayed a quasi-reversible one electron oxidation wave arising due to the 

removal of electron from the phenothiazine donor segment at potential higher than that observed 

for external ferrocene/ferrocenium couple. The oxidation potentials follow the order: 11b (221 

mV) > 14b (215 mV) > 11a (195 mV) > 14a (190 mV). The HOMO levels of 11a, 11b, 14a and 

14b are 0.97 V, 0.99 V, 0.97 V, and 0.99 V (vs. NHE), respectively. 
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It was observed that for similar structural organization modulation of π-linker in between the 

auxiliary acceptor and acceptor (cyanoacylic acid) with phenyl, thiophene has no effect on the 

oxidation potential as well as HOMO energy level. Whilst modifying benzothiadiazole with 

benzotriazole auxiliary acceptor induced (≈ 25 mV) anodic shift in oxidation potential. As the 

donor group was preserved throughout the series, their HOMO energy levels show only minor 

differences. While modulation of the auxiliary acceptor by benzotriazole raised the LUMO 

energy level of the sensitizers, which is assigned to the less electron with drawing nature of 

benzotriazole than the benzothiadiazole. The HOMO-LUMO energy gaps (E0-0) of the dyes are 

1.88 eV, 2.05 eV, 2.02 eV and 2.21 eV respectively, which are estimated from the optical edge 

of the absorption spectra. The estimated excited-state potentials for dyes calculated from the 

formula EOX - E0-0, are -0.91 V,-1.06 V,-1.05 V, and -1.22 V, respectively. Electron injection 

from the excited state of sensitizers to the conduction band of the nanocrystalline TiO2 was 

energetically favorable, since EOX* energy levels of the sensitizers were more negative than that 

of the conduction band of TiO2 (0.5 V). Recent studies revealed that for efficient regeneration of 

organic sensitizers from iodide/triiodide electrolyte 0.5 V driving force is necessary. Since all 

the dyes possess more than 0.5 V driving forces for dye regeneration from I-/I3- redox couple. 

On this basis, it may be argued that the oxidized dyes may efficiently regenerated by the redox 

electrolyte [66]. 

Table 4.4 Electrochemical properties of the benzothiadiazole based sensitizers 

Dye EOX, mV 
(ΔEp, mV)a  

EOX, 
mVb 

EOX vs 
NHE, Vc 

HOMO, 
eVd 

LUMO, 
eVe 

E0-0, 
eVf 

EOX*, 
Vg 

11a 260 (112) 270 1.03 5.06 3.18 1.88 -0.85 
11b 267 (88) 270 1.04 5.07 3.02 2.05 -1.01 
14a 269 (94) 272 1.04 5.07 3.05 2.02 -0.98 
14b 272 (85) 268 1.04 5.07 2.86 2.21 -1.17 

a potentials with reference to ferrocene internal standard from CV; b potentials with reference to ferrocene internal standard from 
DPV ; c Ground-state oxidation potential versus NHE d Deduced from the equation HOMO = EOX + 4.8; e Deduced from the 
equation LUMO=HOMO - E0-0; f Derived from optical edge; g Deduced from formula EOX*= EOX-E0-0 

4.2.5. Molecular modeling 
For a deeper understanding of the structural influences on the molecular orbital distributions 

and photophysical behavior of the sensitizers, we have performed the molecular structure 

optimization and molecular orbital calculations using density functional theory at the B3LYP 

[67-68], MPKW1K [69] level with the 6-31G(d,p) basis set by using the Gaussian 09 [70] 

program package. The electronic distributions observed for the frontier molecular orbitals of the 

sensitizers are shown in Figures 4.12 & 4.13. The computed excitation energies for the vertical 
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transitions, their oscillator strengths (f), compositions in terms of molecular orbitals, the 

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

orbital (LUMO) levels, and ground-state dipole moments computed for the sensitizers are 

compiled in Tables 4.5, 4.6 and 4.7. Notably, the electron clouds of the HOMO for all the 

sensitizers are mainly distributed on the thienylphenothiazine segment and HOMO-1 is 

delocalized over the entire molecule. Whilst the LUMO is largely dominated by orbitals from 

thiophene moiety attached to phenothiazine to the cyanoacrylic unit. The well-separated 

electron distribution of HOMO and LUMO orbitals on the auxiliary acceptor units, illustrate the 

role of the auxiliary acceptor on the charge migration from the HOMO to the LUMO on 

electronic excitation. Generally, this type of well separated electron distribution imparts an 

intrinsic intramolecular charge transfer property in the sensitizers and expected to yield a charge 

migration from the HOMO to the LUMO on electronic excitation. After photoexcitation, the 

electrons are from phenothiazine donor to the auxiliary acceptors 

(benzothiadiazole/benzotriazole) and then channeled to the cyanoacetic acid subunit, 

subsequently transferred into TiO2. 

According to the B3LYP computations, the low energy vertical transitions in the sensitizers 

originate from the HOMO to LUMO electronic excitations with reasonable oscillator strengths. 

However, the MPKW1K suggested this higher wave length absorption resulted from the 

electronic promotion from the HOMO to LUMO (major) and HOMO-1→LUMO (minor). This 

clearly reveals that the longer wavelength transition is due to the charge transfer from the 

phenothiazine moiety to (A-π-A) segment. Since the calculated transitions by MPKW1K are 

closely matching to the experimentally observed optical data for the sensitizers in THF, we 

presume that the composition of the transitions predicted by the MPW1K is more reliable than 

B3LYP. The two electronic transitions corresponding to the low energy transition are positively 

contributed to electron injection, since they transfer electron density from the whole molecule 

(HOMO and HOMO-1) to the anchoring group (LUMO), which is in closest proximity to the 

TiO2 semiconductor surface. The introduction of benzothiadiazole moiety unit into the 

molecular structure bathochromically-shifted the ICT absorption peak when compared with the 

benzotriazole congeners, which is consistent with our experimental results.  
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Figure 4.12 Frontier molecular orbitals of the dyes 11a (left) and 11b (right)
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Figure 4.13 Frontier molecular orbitals of the dyes 14a (right) and 14b (left)
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Table 4.5 Computed vertical transition energies, oscillator strengths (f), and their assignment for the dyes[a] using B3LYP (gas). 

Dyes λabs/nm f Configuration HOMO, ev LUMO, ev μg, [D] 
11a 742.0 0.50 HOMO→LUMO (100%) -5.00 -3.11 6.09 

 559.3 0.50 HOMO-1→LUMO (90%)    
 506.2 0.18 HOMO→LUMO+1 (88%)    
 419.9 0.38 HOMO-1→LUMO+1 (49%), HOMO→LUMO+2 (24%) 

HOMO-2→LUMO (20%) 
   

 400.6 0.14 HOMO→LUMO+2 (58%), HOMO-3→LUMO (21%) 
HOMO-2→LUMO (10%) 

   

 387.8 0.11 HOMO-3→LUMO (66%), HOMO-1→LUMO+1 (12%) 
HOMO→LUMO+2 (10%) 

   

 342.7 0.30 HOMO-1→LUMO+2 (42%), HOMO-2→LUMO+1 
(38%) 

   

11b 643.5 0.67 HOMO →LUMO (99%) -4.89 -2.77 12.07 
 500.6 1.00 HOMO-1→LUMO (98%)    
 444.0 0.10 HOMO→LUMO+1 (91%)    

14a 677.2 0.47 HOMO→LUMO (99%) -5.00 -2.92 11.28 
 516.6 0.13 HOMO→LUMO+1 (67%), HOMO-1→LUMO (29%)    
 502.9 0.51 HOMO-1→LUMO (69%), HOMO→LUMO+1(30%)    
 416.1 0.15 HOMO-1→LUMO+1 (86%)    
 404.2 0.32 HOMO→LUMO+2 (58%), HOMO-2→LUMO (35%)    
 362.2 0.14 HOMO-3→LUMO (85%)     
 335.7 0.47 HOMO →LUMO+3 (40%) , HOMO-2→LUMO+1 (25%) 

HOMO-1→LUMO+2 (22%) 
   

14b 611.7 0.58 HOMO→LUMO (99%) -4.88 -2.64 7.75 
 475.2 0.87 HOMO-1→LUMO (99%)    
 448.2 0.19 HOMO→LUMO+1 (96%)    
 374.2 0.30 HOMO-1→LUMO+1(54%), HOMO-2→LUMO (40%)    

 [a] Contributions of less than 10% are omitted. 
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Table 4.6 Computed vertical transition energies, oscillator strengths (f), and their assignment for the dyes[a] using MPW1K (gas). 

Dye λabs/nm f Configuration HOMO, ev LUMO, ev μg, [D] 
11a 518.9 1.09 HOMO→LUMO (77%), HOMO-1→LUMO (19%) -5.87 -2.61 4.99 

 418.6 0.21 HOMO-1→LUMO (74%), HOMO→LUMO (19%)    
 364.1 0.24 HOMO→LUMO+1 (66%), HOMO-1→LUMO+1(27%)    
 335.7 0.19 HOMO→LUMO+2 (52%), HOMO-2→LUMO (19%)    
 331.4 0.17 HOMO-2→LUMO (51%), HOMO →LUMO+2(19%)     
 292.2 0.37 HOMO-1→LUMO+2 (28%), HOMO→LUMO+3(19%), HOMO-4→LUMO (11%)    

11b 467.4 1.60 HOMO→LUMO (75%), HOMO-1→LUMO (19%) -5.77 -2.25 11.54 
 382.8 0.22 HOMO-1→LUMO (73%), HOMO→LUMO (18%)    
 339.5 0.15 HOMO→LUMO+1(65%), HOMO→LUMO+2(16%)    
 275.7 0.12 HOMO-7→LUMO (21%), HOMO-1→LUMO+1(14%), HOMO→LUMO+3 (12%), 

HOMO→LUMO+2(10%) 
   

 270.6 0.12 HOMO→LUMO+4 (38%), HOMO-8→LUMO (11%), HOMO-1→LUMO+2(10%)    
14a 472.6 1.06 HOMO→LUMO (75%), HOMO-1→LUMO (17%) -5.88 -2.38 10.72 

 383.7 0.23 HOMO-1→LUMO (70%), HOMO→LUMO (19%)    
 351.0 0.16 HOMO→LUMO+1(75%), HOMO-1→LUMO+1(14%)    
 331.1 0.35 HOMO→LUMO+2 (70%), HOMO→LUMO+3(12%)    
 306.3 0.19 HOMO-1→LUMO+1(43%), HOMO-2→LUMO (16%), HOMO→LUMO+1 (15%) 

HOMO-3→LUMO (12%) 
   

 290.2 0.26 HOMO→LUMO+3(49%), HOMO-1→LUMO+2 (12%), HOMO→LUMO+2 (11%)    
 283.3 0.28 HOMO-1→LUMO+2 (31%), HOMO-3→LUMO (23%), HOMO→LUMO+5 (14%)    

14b 430.7 1.49 HOMO→LUMO (72%), HOMO-1→LUMO (16%) -5.77 -2.08 7.02 
 356.3 0.38 HOMO-1→LUMO (71%), HOMO→LUMO (15%)    
 338.2 0.16 HOMO→LUMO+1(61%), HOMO→LUMO+2 (18%), HOMO→LUMO (11%)    
 291.9 0.11 HOMO-2→LUMO (41%), HOMO-3→LUMO (19%), HOMO→LUMO+3 (16%)    
 268.8 0.10 HOMO→LUMO+5 (61%)    
 265.9 0.16 HOMO-4→LUMO (21%), HOMO-6→LUMO (12%), HOMO-3→LUMO (11%)    

[a] Contributions of less than 10% are omitted 
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Table 4.7 Computed vertical transition energies, oscillator strengths (f), and their assignment for the dyes[a] MPW1K (THF) 

Dye λabs/nm f Configuration HOMO, ev LUMO, ev μg, [D] 
11a 526.6 1.23 HOMO→LUMO (73%), HOMO-1→LUMO (21%) -5.87 -2.61 4.99 

 416.2 0.23 HOMO-1→LUMO (71%), HOMO→LUMO (22%)    
 369.0 0.18 HOMO→LUMO+1(65%), HOMO-1→LUMO+1(27%)    
 336.4 0.29 HOMO→LUMO+2 (64%)    
 330.6 0.16 HOMO-2→LUMO (55%), HOMO-3→LUMO (24%)    
 292.2 0.33 HOMO-1→LUMO+2 (25%), HOMO-3→LUMO (20%), HOMO→LUMO+3(16%)    

11b 493.6 1.78 HOMO→LUMO (72%), HOMO-1→LUMO (22%) -5.86 -2.42 14.14 
 393.3 0.17 HOMO-1→LUMO (69%), HOMO→LUMO (20%)    
 347.3 0.22 HOMO→LUMO+1 (68%), HOMO→LUMO+2(13%)    
 319.4 0.11 HOMO-2→LUMO (37%), HOMO-3→LUMO (16%), HOMO-1→LUMO+1(15%) 

HOMO→LUMO+2 (15%) 
   

 277.8 0.22 HOMO→LUMO+3 (29%), HOMO→LUMO+2(19%), HOMO-8→LUMO (13%)    
14a 474.8 1.24 HOMO→LUMO (72%), HOMO-1→LUMO (18%) -5.88 -2.38 10.72 

 378.3 0.23 HOMO-1→LUMO (67%), HOMO→LUMO (20%)    
 357.4 0.11 HOMO→LUMO+1 (73%), HOMO-1→LUMO+1(14%)    
 333.4 0.46 HOMO→LUMO+2 (72%)    
 309.1 0.13 HOMO-1→LUMO+1 (41%), HOMO→LUMO+1 (17%), HOMO-3→LUMO (14%) 

HOMO-2→LUMO (13%) 
   

 291.9 0.32 HOMO→LUMO+3 (54%), HOMO-1→LUMO+2 (13%)    
 282.6 0.31 HOMO-1→LUMO+2 (30%), HOMO-3→LUMO (18%), HOMO→LUMO+4 (15%)    

14b 442.5 1.67 HOMO→LUMO (69%), HOMO-1→LUMO (18%) -5.86 -2.20 8.40 
 360.2 0.28 HOMO-1→LUMO (67%), HOMO→LUMO (15%)    
 344.1 0.24 HOMO→LUMO+1 (61%), HOMO→LUMO (15%), HOMO→LUMO+2 (14%)    
 294.0 0.14 HOMO-2→LUMO (33%), HOMO-3→LUMO (23%), HOMO→LUMO+3 (14%)    
 269.2 0.28 HOMO→LUMO+5 (24%), HOMO-4→LUMO (14%), HOMO-5→LUMO (14%), 

HOMO-1→LUMO+2 (10%) 
   

[a] Contributions of less than 10% are omitted 
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On altering the conjugation pathway of the π-linker that connects the auxiliary acceptor and 

cycnoacrylic acid from thiophene to phenyl, decreased the oscillator strength of the lower 

energy transition. However, the oscillator strengths for the lower energy transitions for 

benzotriazole dyes (1.67-1.78) are higher when compared with benzothiadiazole analogs (1.24-

1.30), which are in good agreement with the parameters observed experimentally. The TD-DFT 

calculations evoked that the introduction of thiophene unit decreases the LUMO energy level 

and reduces the energy gap for the HOMO→LUMO transition. It appears that by altering the 

auxiliary acceptor and π-linker in a D-π-A-π-A architecture, the LUMO levels can be adjusted 

while retaining the HOMO levels. The HOMO and LUMO energy levels of the sensitizers 

present in the narrow ranges 5.88-5.86 and 2.20-2.61 eV, respectively. The HOMO-LUMO gap 

of the dyes ranged 3.26-3.66 eV and slightly decreased on the extension of the conjugation with 

thiophene. These subtle differences in the photophysical properties and electrochemical 

properties resulted from modulation of auxiliary acceptor and π-linker may contribute to the 

different DSSC performance based on these four dyes. 

Figure 4.14 Computed dihedral angles between the different aryl groups in the dyes. 

Figure 4.14 displays the dihedral angles between neighboring aromatic segments in the 

sensitizers. The dihedral angles between the phenothiazine moiety and the thienyl ring in all 

molecules were as large as 23.45-25.24° and butterfly geometry of the phenothiazine and 

persists good amount of non-planarity, which could help to suppress dye aggregation when 

sensitizers were loaded on TiO2 films. Because of a relatively smaller dihedral angle between 

the thienyl segment and auxiliary acceptor moieties, π-electrons from the donor moiety can 

delocalize effectively to the acceptor moiety. The dihedral angles between auxiliary acceptors 

and phenyl ring (26.31-33.57°) are larger than those between auxiliary acceptors and thienyl 

ring (0.15-0.93°). The lower dihedral angle ensured good molecular co-planarity and resulted in 
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the larger red-shift of the absorption band in the optical spectra of 11a-b. Whilst due to the 

larger dihedral angle in the dyes 14a-b, the charge transfer was jeopardized and resulted blue-

shifted absorption profile. These results reveal that the sensitizers bearing thiophene segment as 

a π-linker shows excellent planarity and may be beneficial for intramolecular charge transfer. In 

all the sensitizers, the cyanoacrylic acid segment is found to be coplanar with the adjacent π-

spacer unit (thiophene/phenyl), pointing a facile extension of conjugation between the π-spacer 

and cyanoacrylic acid groups. 

4.3 Conclusions  
In summary, we have synthesized four new phenothiazine donor based sensitizers, 

comprising benzothiadiaozle/benzotriazole auxiliary acceptors and the cyanoacrylic acid unit as 

an electron acceptor to form D-π-A-π-A conjugated systems. The sensitizers synthesized in 

good yields using standard synthetic protocols and analytically characterized with IR, NMR (1H 

& 13C) and HR-MS. The magnitude of light harvesting property was highly dependent on the 

nature of the auxiliary acceptor and π-bridge which connects the auxiliary acceptor and 

cyanoacrylic acid (acceptor) units. As thiophene unit enhances the conjugation and facilitates 

charge-transfer process than phenyl unit, dyes 11a and 11b showed better photophysical 

properties than that of phenyl conjugated dyes 14a and 14b, respectively. As manifested by the 

absorption properties, the increase in the electron-accepting strength and conjugation length 

ensued in the broadening and the enhancement of the ICT transition. Compared to benzotriazole 

bridged sensitizers, benzothiadiazole sensitizers displayed lower band gap owing to the low 

LUMO energy level. Interestingly, the two auxiliary acceptors played different roles in 

absorption and electro chemistry. The absorption, electrochemical properties and TDDFT 

computations of the dyes were in accordance with the electron-withdrawing ability of the 

auxiliary acceptor and π-conjugating segment. However, trends in the oscillator strengths of the 

lower energy transitions from benzothiadiazole dyes to benzotriazole dyes are in the increasing 

order, which are well match with the trend of increasing molar extinction coefficients. Similar 

structures of auxiliary acceptors which differ only the hetero atom present on the 2-position 

allowed a systematic comparative investigations in choice of the auxiliary acceptors in D-A-π-A 

dyes for DSSCs. The HOMO and LUMO energy levels of the four sensitizers are ideal to be 

promising material for DSSC devices. These findings will shed light to understand the crucial 
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importance of molecular engineering with auxiliary acceptor for high efficient dye-sensitized 

solar cells. 

4.4 Experimental section 
4.4.1 Materials and physical methods 
Materials and physical methods are similar as in chapter 3. 

Synthesis of 5-(7-(5-(10-butyl-10H-phenothiazin-3-yl)thiophen-2-

yl)benzo[c][1,2,5]thiadiazol-4-yl)thiophene-2-carbaldehyde (10a) 

A round bottom flask was charged with 5-(7-bromobenzo[c][1,2,5]thiadiazol-4-yl)thiophene-2-

carbaldehyde (0.14 g, 0.4 mmol), 10-butyl-3-(5-(tributylstannyl)thiophen-2-yl)-10H-

phenothiazine (0.5 mmol) and 5 mL DMF. Nitrogen was purged into this, followed by the 

addition of Pd(PPh3)2Cl2 (4.0 mg). This was kept on heating at 80 °C for 16 h under a nitrogen 

atmosphere. After completion of reaction time, the mixture was poured into cold water and 

extracted with dichloromethane followed by washing with brine solution and dried over 

anhydrous Na2SO4. Then the solvent was evaporated by applying vacuum. The resultant liquid 

was dissolved in 5 ml acetic acid and heated to 60 °C for 30 min. Then 10 mL of water was 

added to it and heating was continued for 6h. The resulting solution was extracted with 

dichloromethane and washed with brine solution and dried over anhydrous sodium sulfate. 

Further purification was performed by silica gel column chromatography using 

hexane/dichloromethane. Black solid; Yield = 0.13 g (57%); m.p. 90-92 °C; IR (KBr, cm-1): ῡ = 

1659 (C=O); 1H NMR (CDCl3, 500.13 MHz): δ = 0.96 (t, J = 7.5 Hz, 3H), 1.48-1.49 (m, 2H), 

1.79-1.85 (m, 2H), 3.88 (t, J = 7.0 Hz, 2H), 6.87-6.89 (m, 2H) , 6.92-6.95 (m, 1H), 7.14-7.19 

(m, 2H), 7.31 (d, J = 4.0 Hz, 1H), 7.46-7.49 (m, 2H), 7.84 (d, J = 4.0 Hz, 1H) 7.89 (d, J = 7.5 

Hz, 1H), 8.00 (d, J = 7.5 Hz, 1H), 8.14 (d, J = 2.0 Hz, 1H), 8.21 (d, J = 4 Hz, 1H), 9.97 (s, 1H); 
13C NMR (CDCl3, 125.77 MHz): δ = 13.9, 20.2, 29.0, 47.3, 115.4, 115.5, 122.6, 123.2, 123.9, 

124.0, 124.4, 124.8, 125.4, 127.38, 127.40, 127.5, 127.8, 127.9, 128.2, 129.5, 136.8, 137.2, 

143.2, 144.7, 145.1 145.8, 148.7, 152.3, 152.4, 183.0; HRMS (ESI): m/z calcd for 

C31H23N3OS4: 581.0724 [M+]; found: 581.0704. 

Synthesis of 5-(2-butyl-7-(5-(10-butyl-10H-phenothiazin-3-yl)thiophen-2-yl)-2H-

benzo[d][1,2,3]triazol-4-yl)thiophene-2-carbaldehyde (10b) 

Compound 10b was prepared from 9b by following a similar procedure as described for 10a. 

Red solid; Yield = 71%; m.p. 148-150 °C; IR (KBr, cm-1): ῡ = 1660 (C=O); 1H NMR (CDCl3, 
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500.13 MHz): δ = 0.99 (t, J = 7 Hz, 3H), 1.06 (t, J = 7 Hz, 3H), 1.47-1.54 (m, 4H), 1.78-1.88 

(m, 2H), 2.22-2.25 (m, 2H), 3.91 (t, J = 7.0 Hz, 2H), 4.88 (t, J = 7.0 Hz, 2H), 6.93-6.95 (m, 2H), 

6.97 (t, J = 6.5 Hz, 1H), 7.17-7.19 (m, 2H), 7.32 (d, J = 3.5 Hz, 1H), 7.48-7.50 (m, 2H), 7.67 (d, 

J = 7.5 Hz, 1H), 7.80 (d, J = 8.0 Hz, 1H), 7.85 (d, J = 4.0 Hz, 1H), 8.14 (d, J = 4.0 Hz, 1H), 8.19 

(d, J = 4.0 Hz, 1H), 9.98 (s, 1H); 13C NMR (CDCl3, 125.770 MHz): δ = 13.5, 13.8, 19.9, 20.2, 

28.9, 32.1, 47.2, 56.7, 115.4, 115.4, 121.6, 121.9, 122.6, 123.4, 124.1, 124.4, 124.4, 124.8, 

125.3, 125.9, 127.2, 127.3, 127.5, 128.5, 129.0, 137.8, 141.8, 142. 4, 144.5, 144.8, 144.9, 149.7, 

182.9; HRMS (ESI): m/z calcd for C35H32N4NaOS3: 643.1636 [M+Na]+; found: 643.1615. 

Synthesis of 4-(7-(5-(10-butyl-10H-phenothiazin-3-yl)thiophen-2-

yl)benzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde (13a) 

Compound 13a was prepared from 12a by following a similar procedure as described for 10a. 

Dark red solid; Yield = 58%; m.p. 90-92 °C; IR (KBr, cm-1): ῡ = 1636 (C=O); 1H NMR (CDCl3, 

500.13 MHz): δ = 0.89 (t, J = 8 Hz, 3H), 1.38-145 (m, 2H), 1.66-1.72 (m, 2H), 3.91 (t, J = 7.0 

Hz, 3H), 6.97 (t, J = 7.0 Hz, 3H), 7.05-7.09 (m, 2H), 7.17 (d, J = 7.0 Hz, 1H), 7.22 (t, J = 7.0 

Hz, 1H), 7.54 (s, 1H), 7.56-7.60 (m, 2H), 8.04-8.08 (m, 3H), 8.20 (t, J = 4.0 Hz, 2H), 8.26 (d, J 

= 8.0 Hz, 2H), 10.10 (s, 1H); 13C NMR (DMSO-d6, 125.77 MHz): δ = 13.6, 19.3, 28.3, 46.8, 

115.9, 116.1, 122.6, 122.8, 123.5, 123.8, 124.3, 124.8, 125.0, 126.3, 127.1, 127.7, 127.8, 129.1, 

129.3, 129.6, 129.9, 135.4, 136.6, 142.3, 144.1, 144.5, 144.6, 151.7, 152.9, 192.6; HRMS (ESI): 

m/z calcd for C33H25N3OS3: 575.1160 [M]+ ; found: 575 .1133. 

Synthesis of 4-(2-butyl-7-(5-(10-butyl-10H-phenothiazin-3-yl)thiophen-2-yl)-2H-

benzo[d][1,2,3]triazol-4-yl)benzaldehyde (13b) 

Compound 13b was prepared from 12b by following a similar procedure as described for 10a. 

Orange solid; Yield = 66%; m.p. 125-127 °C; IR (KBr, cm-1): ῡ = 1645 (C=O); 1H NMR 

(CDCl3, 500.13 MHz): δ = 0.90 (t, J = 7.0 Hz, 3H), 1.05 (t, J =7.0 Hz, 3H), 1.49-1.54 (m, 4H), 

1.82 (t, J = 7.0 Hz, 2H), 2.19 (t, J = 7.5 Hz, 2H), 3.88 (t, J = 7.0 Hz, 2H), 4.84 (t, J = 7.0 Hz, 

2H), 6.90-6.92 (m, 2H), 6.93 (t, J = 7.0 Hz, 1H), 7.16 (d, J = 7.5 Hz, 2H), 7.30 (d, J = 3.5 Hz, 

1H), 7.46-7.48 (m, 2H), 7.66-7.72 (m, 2H), 8.02 (d, J = 8.5 Hz, 2H), 8.11 (d, J = 3.5 Hz, 1H), 

8.27 (d, J = 8.0 Hz, 2H), 10.09 (s, 1H); 13C NMR (CDCl3, 125.770 MHz): δ = 13.4, 13.7, 19.8, 

20.0, 28.8, 32.0, 47.1, 56.5, 115.3, 122.0, 122.4, 123.2, 124.0, 124.3, 124.6, 125.1, 125.3, 127.2, 

127.3, 127.6, 128.5, 128.7, 129.9, 135.2, 137.9, 142.0, 143.0, 143.1, 143.9, 144.7, 191.8; HRMS 

(ESI): m/z calcd for C37H35N4OS2: 615.2252 [M+H]+; found: 615.2225. 
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Synthesis of (E)-3-(5-(7-(5-(10-butyl-10H-phenothiazin-3-yl)thiophen-2-

yl)benzo[c][1,2,5]thiadiazol-4-yl)thiophen-2-yl)-2-cyanoacrylic acid (11a) 

A mixture of 10a (0.105 g, 0.18 mmol), cyanoacetic acid (0.03 g, 0.36 mmol), ammonium 

acetate (10 mg), and glacial acetic acid (15 mL) were heated under reflux for 12 h. Cooling the 

reaction mixture to room temperature produced a black precipitate, which was filtered and 

washed with water for several times. The analytically pure product was obtained by 

recrystallization from a DCM/hexanes mixture (1:3, 10 mL) as a black solid; Yield = 0.106 g 

(91%); m.p. 250-252 °C; IR (KBr, cm-1): ῡ = 2209 (C=N); 1H NMR (DMSO-d6, 500.13 MHz): 

δ = 0.90 (t, J = 7.0 Hz, 3H), 1.39-1.44 (m, 2H), 1.66-1.70 (m, 2H), 3.90 (t, J = 6.5 Hz, 2H), 6.97 

(t, J = 7.4 Hz, 1H), 7.04-7.06 (m, 2H), 7.18 (d, J = 7.5 Hz, 1H), 7.22 (t, J = 7.5 Hz, 1H), 7.51-

7.58 (m, 3H), 8.07 (s, 1H), 8.14 (d, J = 7.5 Hz, 1H), 8.19 (s, 1H), 8.27-8.31 (m, 2H), 8.52 (s, 

1H); 13C NMR (DMSO-d6, 125.77 MHz): δ = 13.7, 19.4, 28.3, 46.3, 115.9, 116.1, 116.6, 122.7, 

122.8, 123.1, 123.6, 124.0, 124.3, 124.9, 126.8, 127.2, 127.7, 127.8, 129.6, 136.5, 136.7, 139.9, 

144.2, 144.6, 145.2, 146.4, 147.4, 151.4, 151.9, 163.6; HRMS (ESI):m/z calcd for 

C34H24N4NaO2S4: 671.0680 [M+Na]+; found: 671.0680. 

Synthesis of (E)-3-(5-(2-butyl-7-(5-(10-butyl-10H-phenothiazin-3-yl)thiophen-2-yl)-2H-

benzo[d][1,2,3]triazol-4-yl)thiophen-2-yl)-2-cyanoacrylic acid (11b) 

Compound 11b was prepared from 10b by following a similar procedure as described for 11a. 

Black solid; Yield = 93%; m.p. 240-242 °C; IR (KBr, cm-1): ῡ = 2219 (C=N); 1H NMR (DMSO-

d6, 500.13 MHz): δ = 0.88 (t, J = 7.0 Hz, 3H), 0.95 (t, J = 7.0 Hz, 3H), 1.36-1.40 (m, 2H), 1.65-

1.67 (m, 2H), 2.10 (t, J = 7 Hz, 2H), 3.86 (m, 2H), 4.86 (m, 2H), 6.94-7.03 (m, 3H), 7.15-7.26 

(m, 2H), 7.46-7.51 (m, 3H), 7.72 (s, 1H ), 7.88 (s, 1H), 8.03-8.07 (m, 2H), 8.17 (s, 1H), 8.48 (s, 

1H); 13C NMR (DMSO-d6, 125.770 MHz): δ = 13.4, 13.6, 19.4, 19.4, 28.3, 31.2, 46.3, 56.1, 

115.8, 116.5, 120.5, 121.8, 122.7, 122.8, 123.4, 123.8, 124.1, 124.4, 124.6, 124.7, 127.2, 127.3, 

127.7, 129.1, 135.3, 136.9, 140.2, 140.7, 141.0, 143.7, 144.1, 144.3, 146.2, 148.2, 163.7; HRMS 

(ESI): m/z calcd for C38H33N5NaO2S3: 710.1694 [M+Na]+; found: 710.1652. 

Synthesis of (E)-3-(4-(7-(5-(10-butyl-10H-phenothiazin-3-yl)thiophen-2-

yl)benzo[c][1,2,5]thiadiazol-4-yl)phenyl)-2-cyanoacrylic acid (14a) 

Compound 14a was prepared from 13a by following a similar procedure as described for 11a. 

Black solid; yield = 81 %; m.p. 188-190 °C; IR (KBr, cm-1): ῡ = 2213 (C=N); 1H NMR 

(DMSO-d6, 500.13 MHz): δ = 0.90 (t, J = 7.0 Hz, 3H), 1.40-1.45 (m, 2H), 1.70 (t, J = 7.0 Hz, 

2H), 3.91 (t, J = 7.0 Hz, 3H), 6.97 (t, J = 7.0 Hz, 1H), 7.05-709 (m, 2H), 7.17-7.24 (m, 2H), 
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7.54-7.61 (m, 3H), 8.06 (d, J =7.0 Hz, 1H), 8.14-8.26 (m, 7H); 13C NMR (DMSO-d6, 125.77 

MHz): δ = 13.5, 19.3, 28.3, 46.2, 115.8, 116.0, 122.6, 122.8, 123.5, 123.7, 124.3, 124.7, 125.0, 

126.1, 127.1, 127.7, 127.8, 128.9, 129.0, 129.4, 129.8, 130.3, 136.6, 144.1, 144.4, 144.5, 151.7, 

152.9, 163.1; HRMS (ESI): m/z calcd for C36H26N4NaO2S3: 665.1116 [M+Na]+; found: 

665.1147. 

Synthesis of (E)-3-(4-(2-butyl-7-(5-(10-butyl-10H-phenothiazin-3-yl)thiophen-2-yl)-2H-

benzo[d][1,2,3]triazol-4-yl)phenyl)-2-cyanoacrylic acid (14b) 

Compound 14b was prepared from 13b by following a similar procedure as described for 11a. 

Black solid; Yield = 63 %; m.p. 230-232 °C; IR (KBr, cm-1): ῡ = 2217 (C=N); 1H NMR 

(DMSO-d6, 500.13 MHz): δ = 0.89 (t, J = 7.5 Hz, 3H), 0.94 (t, J = 7.5 Hz, 3H), 1.35-1.44 (m, 

4H), 1.67-1.70 (m, 2H), 2.05-2.10 (m, 2H), 3.90 (t, J = 6.5 Hz, 2H), 4.90 (t, J = 7.0 Hz, 2H), 

6.95-6.98 (m, 1H), 7.04-7.08 (m, 2H), 7.17-7.18 (m, 1H), 7.21-7.24 (m, 1H), 7.51-7.55 (m, 2H), 

7.58 (d, J = 4.0 Hz, 1H), 7.85 (d, J = 7.5 Hz, 1H), 7.92 (d, J = 8.0 Hz, 1H), 8.13 (d, J = 3.5 Hz, 

1H), 8.18 (d, J = 8.5 Hz, 2H), 8.35-8.37 (m, 3H); 13C NMR (DMSO-d6, 125.770 MHz): δ = 

13.4, 13.7, 19.3, 19.4, 28.3, 31.6, 42.7, 56.2, 115.9, 116.1, 116.7, 122.2, 122.7, 122.8, 123.6, 

124.1, 124.3, 124.8, 125.4, 126.8, 127.2, 127.8, 127.9, 128.5, 128.9, 131.0, 137.2, 140.4, 141.3, 

142.4, 143.4, 144.2, 144.4, 152.8, 163.4; HRMS (ESI): m/z calcd for C40H35N5NaO2S2: 

704.2130 [M+Na]+; found: 704.2130. 
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Chapter 5 
Benzothiadiazole Based Pyridine Anchoring 

Organic Dyes for Dye-Sensitized Solar Cells: 

Effect of Donor on Optical and Photovoltaic 

Properties 
5.1 Introduction 

Electron acceptors like carboxylic acid, cyanoacrylic acid and rhodanine-3-acetic acid 

moieties have been successfully used as acceptors/anchoring groups in DSSCs, as they can bind 

to the nanocrystaline TiO2 [1-5]. Among these acceptors, cyanoacrylic acid is by far the most 

common used acceptor in DSSCs presumably due to its good electron injection efficiency with 

enhanced spectral response through intramolecular charge transfer and affording energy 

conversion efficiencies of up to 10.0% for metal-free organic sensitizers [6-8]. The carboxyl 

group in the cyanoacrylic acid forms a strong ester linkage with the nanocrystalline TiO2 

surface, and renders good electronic communication between TiO2 and dye [2,9]. Despite the 

superior performance and ubiquitous use of cyanoacrylic acid acceptor in organic sensitizer for 

DSSCs, this acceptor has some well-established drawbacks [1, 10-11]. Recently Sun and co-

workers found that the cyanoacrylic acid unit transform into the aldehyde group with the 

synergy of water and UV light, by which performance and stability of solar cells deteriorated 

[12]. Thus, identifying an ideal acceptor to replace cyanoacrylic acid is one of the most 

important problems in advancing DSSCs for long-term photo-stability. However, the research 

devoted for improvement of the efficiency in organic dyes for DSSCs by regulating electron 

donors and π-conjugated bridges are quite adequate, especially when compared to the amount of 

research devoted to electron acceptor/anchoring group development. Recently, organic dyes 

featuring various electron acceptor/anchoring groups such as pyridine [9, 13-15], 

hydroxylpyridium [16], pyridine-N-oxide [17], pyrimidine, 2-cyanopyridine [18], acetylacetone 

[19], 2-(1,1-dicyanomethylene) rhodanine [1], phosphinic acid [20], hydroxamate [21], and 8-
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hydroxylquinoline [10] etc. have been developed, explored as anchoring groups and examined 

as sensitizers in DSSCs. The structures of the dyes with various anchoring groups were shown 

in Figure 5.1.  

 

Figure 5.1 Structures of the dyes with various anchoring groups known in the literature 
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Figure 5.2 Structures of the pyridine anchoring sensitizers known in the literature 

Since Harima and co-workers reported the use of pyridine anchoring dyes in 2011 [9], dyes 

containing pyridine anchoring group have received considerable attention. Reported examples 

of dyes containing pyridine anchoring unit are shown in Figure 5.2. The relationship between 
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the chemical structures of the dye and the performance of the DSSCs still needs to be revealed. 

Pyridine is a π-deficient heteroaromatic ring with much higher electron withdrawing power than 

that of sulfoxide, cyano, sulfones moieties and comparable to that of carboxyl and carbonyl 

groups [22]. Pyridine ring can form strong coordinate bonding with the Lewis acid sites of TiO2 

by lone pair of electrons on the nitrogen atom and affords comparable electron injection 

efficiencies to carboxyl group [14, 23]. Nevertheless, due to limited broadening of absorption 

spectra and low photocurrent response, these pyridine anchoring group sensitizers achieved 

lower efficiencies [17, 24-25]. Recently, Ooyama and colleagues have reported a new series of 

sensitizers with two pyridyl groups as an electron withdrawing-injecting anchoring group 

featured with electron donor carbazole moiety, which showed an efficiency of 1.61% [13]. To 

achieve the red-shifted and broadened absorption profile in the red/NIR region, Ohshita and co-

workers [15] developed a dye comprising two pyridyl groups as electron withdrawing-anchoring 

groups, carbazole-diphenylamine moiety as an electron donor with boron dipyrromethene 

(BODIPY) in the π-conjugated bridge and yielded good light-harvesting properties. 

Unfortunately, due to the electrostatic interactions between the BODIPY core and I3- ions 

achieved low photovoltaic performance.  

We envisioned a new class of benzothiadiazole sensitizer with pyridine as a 

anchoring/acceptor group and hypothesized to display increased spectral response arising from 

elongated π-conjugation due to vinyl linkage and intramolecular charge transfer (ICT) caused by 

low band gap benzothiadiazole. Benzothiadiazole is well-known excellent acceptor utilized in 

low band-gap small molecules and polymers for organic solar cells due to its excellent electron 

transporting capability and facile functionalization possibilities at 4,7-positions [26-33]. We 

have inserted benzothiadiazole as auxiliary acceptor in between donor moieties and pyridine 

anchoring group to extend the absorption window and to achieve good light-harvesting response 

in the visible region by lowering its LUMO level. To the best of our knowledge, organic 

sensitizers composed of benzothiadiazole and pyridine anchoring group were not exploited 

before for DSSCs application. We have designed and synthesized a series of organic dyes 

possessing donors such as piperidine, morpholine, carbazole, phenothiazine and ferrocene 

(Figure 5.3). In addition the introduction of the vinyl bridges was expected to enhance the 

conjugation degree and may lead to broad and red-shifted absorption profile. Structure-property 

relationship studies with different donors segments were also proposed. The optical properties 

were correlated by DFT calculations. Since these π-conjugated materials possess terminal 
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pyridyl substituent which can form intermolecular interactions such as hydrogen bonding and 

coordination bonds with metals, expected to be alligator clips for the synthesis of 

supramolecular building blocks [34]. Especially the dipyridyl derivative 17 can be employed for 

building of self-assembling macrocyclic architectures by hydrogen bonding and metal 

coordination with nitrogen atoms of dipyridyl groups [35-36]. 

Generally, intramolecular charge transfer process is mainly dependent on the donor-acceptor 

interactions. We modulated the donor segment in the dyes to fine tune the optical and electro 

chemical properties, the introduction of stronger donor segment was expected to red shift the 

absorption and reduce the energy gap by raising the HOMO energy level. Alkyl and aryl amines 

were utilized to illustrate the variations in the optical properties arising due to the change in the 

donor strength and π-conjugation. Thus the direct attachment of the amine functionality on the 

benzothiadiazole core in 15a-b is believed to play concerted role on the electro-optical 

properties and different from 19a-c in which donor is attached to benzothiadiazole core by vinyl 

linkage. This subtle difference in the donor strength and conjunction path may tune the 

photophysical and electrochemical properties of these six dyes. The intensity and absorption 

maximum of the ICT transition was affected by the choice of donor within the dye. 

Figure 5.3 Structures of pyridine anchoring sensitizers featured with benzothiadiazole  
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5.2 Results and discussion 
5.2.1 Synthesis 

The general representation and numbering of the pyridine featured benzothiadiazole 

sensitizers is as shown in Figure 5.4. 

 

Figure 5.4 General representation and numbering of the pyridine featured benzothiadiazole 

sensitizers 

The synthetic pathways employed to synthesize benzothiadiazole sensitizers with pyridine 

anchoring are shown in Scheme 5.1. To synthesize amine directly attached benzothiadiazole 

sensitizers (15a-b), in the first step the donor is attached to the core benzothiadiazole by 

reacting with piperidine/morpholine. In the second step, pyridine anchoring group was attached 

by the Heck-coupling protocol to yield targeted dyes (15a-b). The π-extended pyridine dyes 

(19a-c) were synthesized by two consecutive Heck coupling reactions. In the first step, Heck 

coupling reaction between 4,7-dibromobenzo[c][1,2,5]thiadiazole (1) with vinylpyridine 

produced the mono-substituted product 16. This reaction also produced the disubstituted product 

(17) as well. However monocapped compound (16) can be easily separated by column 

chromatography. In the next step, the mono substituted derivative converted to a series of dyes 

19a-c by Heck-coupling reaction with different vinyl derivatives (18a-c). The structures of all of 

these new sensitizers were characterized by 1H NMR, 13C NMR, FT-IR spectroscopy and HR-

MS. Apart from these characterizations, single crystal X-ray structure determination of an 

intermediate (16) was performed. The FT-IR results of the powders of the six dyes reveals 

existence of the characteristic stretching band for the C=N or C=C at about 1590, 1540 and 

1470 cm-1, which can be assigned to the pyridine ring in the sensitizers [9, 13-15, 37]. The NMR 

spectra of the new pyridine sensitizers are consistent with their proposed structures and showing 

the expected features with the correct integration ratios. From 1H NMR, all the alkene -CH=CH- 

units appear as doublets with coupling constant of 16 Hz, which establishes an (E) configuration 

for the double bond(s) produced by Heck coupling reaction. All the sensitizers are highly 
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soluble in common organic solvents like dichloromethane, chloroform, toluene, 

dimethylformamide and tetrahydrofuran etc. 

Scheme 5.1 Synthetic pathway leading to benzothiadiazole containing pyridine anchoring 

sensitizers 

5.2.2 Single-Crystal X-ray Structural Analysis of 16 
The single crystals of 16 (Figure 5.5) suitable for analysis by X-ray crystallography were 

grown by slow evaporation of a concentrated acetonitrile solution at room temperature. The 

derivative 16 crystallizes in the orthorhombic space group Pbcn. The vinylpyridine was 

exclusively mono coupled to the benzothiadiazole unit confirming the formation of newly 

introduced C-C bonding by Heck coupling protocol and our proposed structure from solution 

characterization. And also, the (E) configuration of the double bond introduced by Heck 

coupling protocol was confirmed by the crystal structure of 16. At the termini of the alkene, 

BTD moiety and the pyridine ring are disposed in a mutual anti manner with respect to each 

other, which is in agreement with the NMR assignment. The vinylpyridine segment is slightly 

deviated from planarity with respect to benzothiadiazole ring by 2.57°. The bond lengths of 

C11-Br (1.884 Å) and C6=C7 (1.321 Å) are shorter than the localized C-Br (1.91 Å), C=C (1.34 

Å) bond lengths, indicating the π-conjugation within the molecule.  
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Figure 5.5 ORTEP diagram of 16 with the atom-numbering scheme.  

5.2.3 Optical Properties 
To probe the light absorption properties and donor-acceptor interactions of the new 

benzothiadiazole based pyridine anchoring sensitizers we have recorded the absorption spectra 

of the dyes in dichloromethane Figure 5.6 shows the UV-vis absorption spectra of the dyes in 

dilute dichloromethane solution and on thin film, respectively. The optical absorption maxima 

(λabs) are summarized in Table 5.1.  
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Figure 5.6 Absorption spectra of dyes recorded in dichloromethane  

All the dyes show strong and broad absorption bands in the range of 250 to 600 nm. The 

absorption spectra of dyes except 19c exhibited two absorption peaks in the wavelength range 

250–600 nm. The lower wavelength absorption in the range of 250-400 nm is corresponding to 
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the π-π* absorption of the molecules and the absorption band at longer wavelength range 400-

600 nm could be assigned to the intramolecular charge transfer transition between the donor and 

acceptor.  
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Figure 5.7 Absorption spectra of intermediates 2a, 2b and 16 recorded in dichloromethane 
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Figure 5.8 Absorption spectra of dyes recorded on thin film 
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Especially the lower energy transition in 15a and 15b is assigned to the intramolecular 

charge transfer transition with contribution from the π-π* transition character. The dipyridyl 

derivative 17 inherits the most blue-shifted absorption profile with two transition bands below 

450 nm assigned to the π–π* transitions in the dye and does not show ICT transition due to lack 

of donor segment in the dye structure. Among 15a and 15b, the piperidine donor based 

sensitizers 15a was showing red shifted absorption owing the higher electron donating ability. 

The derivatives 19a, 19b, and 19c showed the red-shifted absorption profiles when compared to 

the alkylamine derivatives 15a and 15b. The peak positions of the lower-energy band in the 

dyes follow the order 19c > 19b > 19a > 15a > 15b > 17.  

It is interesting to compare the absorption spectra (Figure 5.7) of the dyes with the precursor 

bromides (2a, 2b, 16) as they reveal the impact of the electron-accepting group and electron-

donating group. The Absorption data of the bromides (2a, 2b, 16) complied in Table 5.2.The 

absorption spectra of 15a, 15b were red-shifted on comparison with 2a, 2b due to extension of 

conjugation with electron-withdrawing vinylpyridine unit. All the dyes showing bathochromic 

shift when compared to the bromo derivative 16, due to the introduction of donor segment on 

benzothiadiazole segment. Among all, the ferrocene based dye 19c showed red shifted 

absorption due to strong MLCT from ferrocene to benzothiadiazole-vinylpyridine. Whereas the 

dye 19b showing red shifted absorption maxima with high molar extension coefficient than 19a, 

due to pronounced electron donating ability of phenothiazine than carbazole. The introduction 

of phenothiazine moiety as electron donor increased the extent of electron delocalization over 

the whole molecule due to higher electron donating ability than the carbazole, thus the 

maximum absorption peaks of 19b is red-shifted. These results showed that the introduction of 

carbazole, phenothiazine and ferrocene by vinyl linkage expanded the π- conjugation in the dyes 

and broadened the ICT band with enhancement in the molar extinction coefficient. 

Consequently these dyes can absorb a larger portion of the solar spectrum, which may increase 

its photocurrent response in the low energy regime. In comparison with their absorption spectra 

in solution, the absorption bands of the dyes in films were red-shifted and the absorption onset 

was broadened to the longer wave length region due to the strong intermolecular π-π 

interactions in the solid state (Figure 5.8). 
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Here an interesting comparison can made to see the effect of different donor groups on the 

absorption profile of the dyes (Figure 5.9). The optical properties of this family of dyes were 

sensitive to the nature of the donor segment that was attached onto the benzothiadiazole moiety.  

A stronger electron-donating strength can result in a higher degree of electronic delocalization 

and hence a stronger ICT effect in the molecule. As identified from their absorption spectra, the 

features of the π-π* and charge transfer bands undoubtedly depend on the nature electron 

donating segment. These new pyridine anchoring benzothiadiazole based sensitizers have higher 

light-harvesting capacity than other previously reported organic sensitizers that incorporated 

pyridine as anchoring group. The optical data of the organic dyes with pyridine anchoring group 

for DSSCs was shown in Table 5.3. The difference in the dipole moments of the molecules in 

the ground state and the excited states originate solvatochromism in the donor-acceptor 

compounds. So to investigate solvatochromism of the dyes in the ground state, we have 

recorded the absorption spectra in various solvents with different dielectric constants viz. CH, 

TOL, THF, DCM, ACN and DMF. The changes in the absorption profiles for the dyes with 

solvent polarity are illustrated in Figures 5.10, 5.11 (a) and (b). The absorption maxima of the 

dyes remain fairly insensitive to the solvent polarity, which indicates that in the ground state the 

interaction of the dyes with the solvents is less significant 

Figure 5.9 Effect of the donor attached to benzothiadiazole unit and effect of addition of TFA 

on absorption maximum 

.  
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Table 5.1 Absorption properties of dyes in different solvents 

Dye λabs,nm (ε × 103 M−1 cm−1) 
 CH TOL THF DCM ACN DMF Film 
15a 259,  322 (23.4),  320 (25.1),  260 (23.6),  258,  321 (22.5),  322,  
 319, 470 (11.7) 468 (12.2) 321 (23.3), 319, 472 (11.5) 490 
 465a   470 (12.9) 466a   
15b 258,  319 (33.7),  256 (28.7),  258 (17.8),  256,  320 (25.0),  321, 
 314, 457 (15.0) 319 (33.1), 319 (20.9), 317, 462 (11.5) 471 
 454a  459 (14.7) 454 (9.9) 452a   
17 326,  329 (36.7), 328 (44.3),  329 (43.2),  327,  330 (44.2),  339, 
 429a 431(26.6) 428 (30.7) 428 (31.8) 423a 428 (31.3) 442 
19a 302,  304 (29.1),  303 (35.5),  304 (29.5),  301,  304 (28.2),  340,  
 328, 334 (32.5), 332 (45.5), 332 (33.7), 330, 333 (36.1), 512 
 477a 490 (26.1) 482 (32.9) 482 (25.6) 472a 483 (25.7)  
19b 259,  333 (33.4), 330 (40.6),  257 (35.5),  255,  331 (40.2), 339 
 328, 492 (25.4) 488 (28.3) 331 (42.7), 327, 487 (29.2) 525 
 480a   488 (31.6) 474a   
19c 317,  330 (33.4),  329 (33.3),  329 (22.2),  328,  330 (38.0),  - 
 355, 358 (26.0), 354 (25.4), 356 (18.1), 437, 354 (28.1),  
 441, 442 (19.8), 442 (18.9), 437 (7.3), 535a 443 (21.2),  
 543a 549 (11.1) 546 (9.9) 548 (9.6)  540 (10.4)  

a Molar extinction coefficient values could not be obtained owing to poor solubility 

Table 5.2 Absorption data of the dyes recorded in dichloromethane 

Compound λabs,nm (ε × 103 M−1 cm−1) 
2a 255 (26.5), 303 (7.2), 316 (7.5), 439 (4.8) 
2b 302 (7.5), 316 (7.7), 427 (4.8) 
16 295 (21.8), 322 (14.5), 390 (10.5) 

Table 5.3 Optical, electrochemical and DSSC data for organic dyes having pyridine anchoring 

group for DSSCs 

Dye λabs/nm EOX/V(NHE) E*
OX/V(NHE) VOC/mV JSC/mA cm-2 ff ƞ/% Ref 

P1 375 (33000)a 1.02 -2.07 522 3.35 0.62 1.15 9 
P2 396 (49600)a 0.97 -1.87 548 5.63 0.60 1.84 9 
P3 327 (21900)b 1.54  -1.95 492 1.84 0.63 0.57 13 
P4 378 (46100)b 1.22 -1.75 520 4.48 0.63 1.47 13 
P5 377 (72600), 

673 (80900)a 
1.22 -0.58 320 1.85 0.67 0.39 15 

P6 473 (19900)c 1.01 -1.20 600 9.45 0.70 4.02 18 
P7 519 (33300)c 1.00 -0.96 450 0.62 0.60 0.17 18 
P8 461 (18900)c 1.03 -1.22 570 5.24 0.70 2.10 18 
P9 408 (56400)b  0.87  -1.84 548 3.12 0.67 1.11 38 
P10 393 (50700)d  1.04 -1.13 118 4.05 0.34 0.16 39 

a 1,4-dioxane b THF c CH2Cl2 
d MeCN 
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To probe the donor-acceptor interactions and charge transfer nature of the pyridine dyes 

protonation-deprotonation study was performed by the addition of TFA and TEA to the toluene 

solutions of the dyes (Table 5.4). The cartoon representation of acid-base equilibrium in the 

dyes was shown in Figure 5.9. The addition of TFA led to a significant red-shift in the 

absorption except the dye 17, owing to the protonation occurred on nitrogen atom of the 

pyridine ring. Now this positive charge on the pyridinium cation makes it more electron 

deficient and enhanced intermolecular charge transfer occurred from donor moieties to 

benzothiadiazole-vinylpyridinium cation, TEA addition resorted the original absorption. The 

changes in the absorption spectra of the dyes upon addition of TFA or TEA in toluene solutions 

were displayed in Figures 5.11 (c), (d) and 5.12.  

Table 5.4 Absorption data of the dyes recorded in toluene before and after addition of TFA or 

TEA 

Dye λabs, nm (ε ×103 M−1 cm−1) 
TOL TOL+TFA TOL+TFA+TEA TOL+TEA 

15a 322 (23.4), 
470 (11.7) 

322 (21.5), 
379 (19.3), 
516 (5.8)  

321 (23.7), 
466 (11.0) 

320 (22.8), 
469 (9.7) 

15b 319 (33.7), 
457 (15.0) 

322 (19.1), 
395 (20.3), 
482 (23.8) 

317 (34.6), 
457 (15.2) 

319 (34.5), 
459 (15.3) 

17 329 (36.7), 
431 (26.6) 

344 (20.9), 
435 (47.4), 
458 (41.8) 

329 (21.8), 
431 (15.1) 

344 (21.3), 
435 (47.0), 
458 (41.3) 

19a 304 (29.1), 
334 (32.5), 
490 (26.1) 

303 (31.6), 
383 (16.7), 
540 (32.6),  

304 (30.3), 
334 (35.9), 
484 (25.3) 

304 (30.3), 
334 (36.2), 
483 (25.9) 

19b 333 (33.4), 
492 (25.4) 

326 (23.7), 
544 (24.5) 

332 (34.8), 
485 (23.9) 

332 (35.4), 
493 (25.6) 

19c 330 (24.7), 
356 (19.1), 
442 (14.5), 
546 (8.0) 

331 (17.4), 
449 (21.2), 
624 (3.0) 

331 (24.7), 
355 (19.1), 
441 (14.5), 
547 (8.1) 

331 (25.1), 
357 (19.2), 
441 (14.5), 
547 (8.0) 
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Figure 5.10 Absorption spectra of (a) 15a (b) 15b (c) 17 (d) 19a recorded in different solvents



Effect of Donor on Optical Properties 

167 
 

300 350 400 450 500 550 600
0.0

0.2

0.4

0.6

0.8

1.0

 

 

 CH
 TOL
 THF
 DCM
 ACN
 DMF

Ab
s.

 (a
. u

.)

Wavelength (nm)

(a)

 
300 350 400 450 500 550 600 650 700 750

0.0

0.2

0.4

0.6

0.8

1.0
 CH
 TOL
 THF
 DCM
 ACN
 DMF

Ab
s.

 (a
. u

.)

Wavelength (nm)

(b)

 

300 350 400 450 500 550 600
0

5000

10000

15000

20000

25000
 3a
 3a+TFA
 3a+TFA+TEA
 3a+TEA

 

 

M
ol

ar
 E

xt
in

ct
io

n 
Co

ef
fic

ie
nt

 (M
-1
 c

m
-1
)

Wavelength (nm)

(c)

 

300 350 400 450 500 550 600
0

5000

10000

15000

20000

25000

30000

35000  15b
 15b+TFA
 15b+TFA+TEA
 15b+TEA

 

 

M
ol

ar
 E

xt
in

ct
io

n 
Co

ef
fic

ie
nt

 (M
-1
 c

m
-1
)

Wavelength (nm)

(d)

 

Figure 5.11 Absorption spectra of (a) 19b (b) 19c recorded in different solvents and (c) 15a (d) 15b recorded in toluene before and 
after addition of TFA and TEA
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Figure 5.12 Changes in the absorption spectra of (a) 17 (b) 19a (c) 19b (d) 19c upon addition of TFA and TEA recorded in toluene
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The emission spectra of the dyes were recorded by irradiating the toluene solutions of the 

dyes at their absorption maximum. The emission spectra are displayed in Figure 5.13 and the 

pertinent data with Strokes shift complied in Tables 5.5. The derivative 19c was non-emissive in 

nature due to the effective excited state quenching nature of ferrocene. The emission range for 

all the dyes are 505-645 nm in toluene solution. The emission wavelength of the dyes increased 

in the order of 17 (505 nm) < 19a (584 nm) < 19b (626 nm) < 15b (635 nm) < 15a (645 nm). As 

like in the ground state the dipyridyl derivative 17 acquires most blue shifted emission, due to 

lack intra molecular charge transfer transition in the molecule. In comparison with dyes 19a-b, 

the dyes 15a-b exhibited red shifted emission profile and larger stokes shifts, owing to the large 

differences (vibrational, electronic, geometric) between the Franck-Condon state and the excited 

state [40]. Fluorescence spectra of the compounds were also examined in a series of solvents 

with varying polarity index ET(30) to identify the impact of the polarity of the solvent on the 

excited state of the dyes and to identify the nature of the molecules in the excited state. 

Representative illustrations showing the influence of the solvent polarity on the emission profile 

are displayed in Figure 5.14 & 5.15 (a). 
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Figure 5.13 Emission spectra of the dyes recorded in toluene 
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Figure 5.14 Emission spectra of the dyes recorded in different solvents (a) 15a (b) 15b (c) 17 (d) 19a



Effect of Donor on Optical Properties 

171 
 

500 550 600 650 700 750
0.0

0.2

0.4

0.6

0.8

1.0

 

 

No
rm

al
is

ed
 E

m
is

si
on

 In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

 CH
 TOL
 THF
 DCM
 ACN
 DMF

(a)

 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

3000

3500

4000

4500

5000

5500  17
 19a

 

 

St
ok

es
 s

hi
ft 

(c
m

-1
)

Orientation Polarizability 

R=0.82

R=0.95

(b)

 

30 33 36 39 42 45 48

3000

3500

4000

4500

5000

5500

6000

 17
 19a

 

 
St

ok
es

 s
hi

ft 
(c

m
-1
)

ET(30) (kcal mol-1)

R=0.90

R=0.91

(c)

 

Figure 5.15 (a) Emission spectra of the dye 19b recorded in different solvents. Correlation of solvent-induced Stokes shift with (b) 
orientation polarizability (c) ET(30) parameter for compounds 17 and 19a
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The effect of the solvent polarity on the excited state is more pronounced than that on the 

ground state. The emission spectra of the dyes exhibited pronounced positive solvatochromism 

with the bathochromically shifted emission maxima and increased Stokes shift from nonpolar to 

polar solvents. This solvatochromic behavior is consistent with the charge-transfer 

characteristics of donor-acceptor substituted benzothiadiazole dyes. For instance, the emission 

maxima of 17, 19a and 19b exhibited a positive solvatochromatic shift of 34, 99, and 26 nm, 

respectively, changing from cyclohexane to DMF. In the polar solvents due to the more efficient 

solvation and stabilization of the excited state than the ground state, the dyes displayed positive 

solvatochromism in the excited state. As discussed above the absorption spectra of all the dyes 

are less dependent on the polarity of the solvent, in contrast emission spectra showed significant 

solvent-dependent bathochromic shift with the increased polarity.  

The emission was totally quenched on the addition of TFA to toluene solutions. It appears 

that in the protonated species, due to the presence of strong donor-acceptor interactions 

experiences a more pronounced dipolar relaxation from the excited state [41]. The solvent-

dependent fluorescence properties of dyes were explained on the basis of general solvation 

effects with the Lippert–Mataga equation [42-44] and the ET(30) parameter [45] (Figures 5.15 

(b) & (c)). Near linear correlation was observed in all of the solvents for 17 and 19a in the 

Lippert-Mataga plot, which revealed existence of general solvent-solute interactions. Also it is 

worth mentioning that there is linear correlation in the plot of Stokes shifts versus the ET(30) 

parameter, which further affirms the positive solvatochromic behavior of the dyes.  

Table 5.5 Emission properties and Stokes shift observed for the dyes in the different solvents 

Dye λem, nm  Stokes shift (cm-1) 
 CH TOL  THF DCM ACN DMF  CH TOL THF DCM ACN DMF 
15a 620 645 572 624 549 596  5376 5773 3885 5251 3244 4408 
15b 603 635 634 617 534 655  5443 6134 6014 5819 3397 6378 
17 489 505 509 509 516 523  2860 3400 3718 3718 4261 4244 
19a 552 584 616 628 641 651  2848 3285 4513 4823 5586 5343 
19b 592 626 595 603 607 618  3941 4351 3685 3908 4623 4353 

5.2.4 Electrochemical Properties 
To investigate the possibility of the photogenerated electron injection and the sensitizer 

regeneration from the redox electrolyte, differential pulse voltammetry (DPV) experiment was 

performed in their 1.0×10-4 M solutions in dichloromethane solution using tetraethyl ammonium 

perchlorate (Et4NClO4) in a typical three-electrode electrochemical cell with a scan rate of 100 
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mV s−1. The potentials were calibrated to ferrocene/ferrocenium (Fc/Fc+) as an internal 

reference in each measurement and the pertinent data compiled in Table 5.6. Except 17, all the 

dyes displayed oxidation peak (0.053-0.616 V), which is more positive than the Fc/Fc+ redox 

couple is attributed to the removal of an electron from the donor segment (Figure 5.16).  
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Figure 5.16 Differential pulse voltammograms recorded for dyes in dichloromethane 
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Figure 5.17 Differential pulse voltammograms recorded for intermediates 2a, 2b and 16 in 

dichloromethane 
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The oxidation potentials follow the order 19c < 19b < 15a < 19a < 15b, which are 

reminiscent to the nature of amine unit connected to the benzothiadiazole segment. The 

oxidation potentials are fairly in agreement with the electron-richness of the amine unit. The 

HOMO energy levels of dyes was measured relative to the ferrocene/ferrocenium (Fc/Fc+) 

couple for which an energy level of 4.8 eV versus vacuum was assumed and were within the 

range 4.853-5.418 eV. The dye 15a was exhibited the cathodically shifted oxidation potential 

than 15b due to the more electron rich piperidine donor segment. Whereas phenothiazine based 

dye (19b) showed cathodically shifted oxidation with respect to carbazole based dye (19a), due 

to the presence of electron rich phenothiazine unit. It is interesting to note that the dye 19c 

exhibited anodically shifted oxidation potential with respect to ferrocene, confirms the strong 

electronic communication between the ferrocenyl unit and the benzothiadiazole-vinylpyridine 

segments. The dyes exhibited reduction wave due to the presence of electron deficient 

benzo[c][1,2,5]thiadiazole segment and the reduction potentials of the dyes follow the trend 15b 

< 17 < 15a < 19b < 19a. The LUMO energy levels were calculated from the reduction potential 

by referencing to ferrocene (4.8 eV) and the electrochemical band gap (E0-0) was derived from 

the difference between the HOMO and LUMO energy. As expected, the band gaps of the dyes 

are progressively reduced with increasing electron donating strength from the donor. The trends 

in the absorption and electrochemical profiles of the dyes are in accordance with the electron-

donating ability of donor. The Differential pulse voltammograms recorded for intermediates 2a, 

2b and 16 in dichloromethane were shown in Figure 5.17. 

Table 5.6 Electrochemical data of complexes recorded in dichloromethane 

Dye EOX, Va 

(ΔEp, mV) 
Ered, Va EOX vs 

NHE, Vb 
HOMO, 

eVb 
LUMO, 

eVb 
E0-0, eV EOX

*, Vc 

2a 0.476 1.944 1.246 5.276 2.856 2.340 1.094 
2b 0.596 1.912 1.366 5.396 2.888 2.410 1.044 
16 - 1.636 - - 3.164 2.810 - 
15a 0.276 1.944 1.046 5.076 2.856 2.220 -1.174 
15b 0.616 1.908 1.386 5.416 2.892 2.524 -1.138 
17 - 1.912 - 5.418 2.888 2.530 - 
19a 0.476 2.144 1.246 5.276 2.656 2.620 -1.374 
19b 0.236 2.108 1.006 5.036 2.692 2.344 -1.338 
19c 0.053(155) - 0.823 4.853 3.082 1.771 -0.948 

a Redox potentials are reported with reference to the ferrocene internal standard. b Ground state oxidation potential 
vs NHE c Deduced from the equations HOMO = EOX + 4.8 and LUMO = Ered + 4.8 c Excited-state oxidation 

potential vs NHE 
To probe the feasibility of dye regeneration and electron injection in DSSCs, we have 

evaluated the ground-state oxidation potentials and excited-state oxidation potentials (EOX*) of 
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the dyes. The ground state oxidation potentials of the dyes fall in the range 0.823-1.386 V 

versus the normal hydrogen electrode (NHE), more positive than the iodide/triiodide redox 

couple (0.4 V vs NHE) [46] and ensure the efficient regeneration of the dye from the oxidized 

dye [47]. The EOX* values determined for the dyes (-0.948-1.374 V vs NHE) are more negative 

than the conduction-band-edge energy level of the TiO2 (-0.5 V vs NHE) [48] and expected have 

an efficient electron injection to the TiO2 conduction band.  

5.2.5 Quantum chemical calculations 

Density functional theory (DFT) [49] calculations were carried out for the new 

benzothiadiazole-vinylpyridine sensitizers to correlate the structures of the sensitizers with their 

absorption bands and electronic transition processes upon photoexcitation. The ground-state 

geometries of dyes were optimized in the gas phase by DFT by using the hybrid B3LYP [50-51] 

functional and the standard 6-31G(d,p) basis set (Figures 5.18 & 5.19). The TD-DFT 

calculations were performed on the B3LYP-optimized ground-state geometries, with the hybrid 

B3LYP and MPW1K [52] functions using the 6-31G(d,p) basis set.  

Electronic density distribution of the frontier molecular orbitals revealed that the HOMO is 

extended thought out the molecule in 15a-b, 17 and in 19a-c the HOMO is extended up to vinyl 

segment near the anchoring pyridine ring from donor. In all the dyes LUMO is mainly localized 

on benzothiadiazole with a significant contribution from vinyl pyridine. While LUMO+1 mostly 

distributed on vinylpyridine with a significant contribution from benzothiadiazole. The lowest 

energy peak position predicted by the B3LYP (Table 5.7) model is of the charge transfer 

character and overestimated from experimental result. Overestimation of charge transfer 

transitions in donor-acceptor compounds at the B3LYP level is quite expected and it is well 

documented in the literature [53-54]. The vertical excitations predicted by the MPW1K (Tables 

5.8 & 5.9) model closely resembled those observed experimentally. It was clear that the 

distribution of HOMO and LUMO are not well separated within the molecule for 15a-b and a 

significant overlap is present. The changes in the electron density associated by the first electron 

excitation (HUMO→LUMO) reveal that, the lower energy transition cannot be considered as a 

pure charge transfer transition and has a contribution from the π-π* transition as well. It was 

notable that by careful scrutiny of the frontier molecular orbitals in 19a-c, the distribution of the 

HOMO and LUMO of the dyes are well-separated.  
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Figure 5.18 Frontier molecular orbitals of dyes 15a, 15b and 17 computed by using TDDFT at the B3LYP level 
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Figure 5.19 Frontier molecular orbitals of dyes 19a, 19b and 19c computed by using TDDFT at the B3LYP level 
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Table 5.7 Predicted vertical transitions, oscillator strength, configurations[a], orbital energies, and dipole moments using B3LYP (gas)  

Dye  λabs/nm f Configuration HOMO, ev LUMO, ev μg (D) 
15a 520.3 0.21 HOMO→LUMO (96%) -5.22 -2.40 6.49 
 347.2 0.52 HOMO→LUMO+1 (63%), HOMO-1→LUMO (34%)    
 330.6 0.36 HOMO-1→LUMO (64%), HOMO→LUMO+1 (32%)    
 251.9 0.15 HOMO-1→LUMO+1 (73%), HOMO→LUMO+4 (13%)     
15b 517.6 0.21 HOMO→LUMO (96%) -5.34 -2.51 4.63 
 346.2 0.34 HOMO-1→LUMO (53%), HOMO→LUMO+1 (45%)    
 330.6 0.52 HOMO→LUMO+1 (50%), HOMO-1→LUMO (45%)    
 251.9 0.14 HOMO-1→LUMO+1 (76%), HOMO→LUMO+4 (12%)    
17 421.4 0.88 HOMO→LUMO (98%) -6.66 -2.46 1.02 
 294.2 0.98 HOMO→LUMO+1 (95%)    
19a 583.4 0.72 HOMO→LUMO (98%) -5.05 -2.64 7.73 
 378.3 1.19 HOMO→L+1 (89%)    
 280.8 0.10 HOMO-1→LUMO+2 (58%), HOMO-2→LUMO+1 (9%) 

HOMO→LUMO+3 (7%), HOMO-1→LUMO+3 (6%) 
   

19b 655.2 0.50 HOMO→LUMO (99%) -4.87 -2.71 7.17 
 490.8 0.26 HOMO-1→LUMO (95%)    
 411.4 0.68 HOMO→LUMO+1 (87%)      
 338.4 0.77 HOMO-1→LUMO+1 (90%)    
19c 609.3 0.21 HOMO→LUMO (72%)  5.21 2.72 4.80 
 521.5 0.22 HOMO-2→LUMO (28%), HOMO→LUMO (23%) 

HOMO-1→LUMO+4 (17%) 
   

 374.5 0.30 HOMO-4→LUMO (52%), HOMO→LUMO+1 (42%)    
 361.6 0.36 HOMO→LUMO+1 (45%), HOMO-4→LUMO (39%)    
 345.9 0.13 HOMO-3→LUMO+6 (19%), HOMO-1→LUMO+4 (18%) 

HOMO-3→LUMO+2 (12%)  
   

 326.3 0.32 HOMO-2→LUMO+1 (80%)    
[a] Contributions of less than 10% are omitted 
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Table 5.8 Predicted vertical transitions, oscillator strength, configurations [a], orbital energies, and dipole moments using MPW1K (gas) 

Dye λabs /nm f Configuration HOMO, ev LUMO, ev μg (D) 
15a 421.6 0.37 HOMO→LUMO (97%) -6.18 -1.79 6.12 
 292.9 0.82 HOMO→LUMO+1(94%)    
 257.5 0.14 HOMO-4→LUMO (71%), HOMO→LUMO+3 (18%)    
15b 419.0 0.36 HOMO→LUMO (97%) -6.30 -1.90 4.28 
 290.5 0.81 HOMO→LUMO+1 (93%)    
 257.3 0.15 HOMO-4→LUMO (71%), HOMO→LUMO+3(18%)    
17 421.4 0.88 HOMO→LUMO (98%) -6.66 -2.46 1.02 
 294.2 0.98 HOMO→LUMO+1 (95%)    
19a 467.2 1.05 HOMO→LUMO (95%) -5.90 -2.10 7.15 
 310.6 1.20 HOMO→LUMO+1 (78%), HOMO→LUMO+3 (6%)    
 250.6 0.51 HOMO-1→LUMO+2 (27%), HOMO→LUMO+3 (25%) 

HOMO-1→LUMO+3(13%), HOMO-2→LUMO+2 (11%) 
   

19b 483.5 0.97 HOMO→LUMO (89%)  -5.74 -2.18 6.66 
 380.6 0.11 HOMO-1→LUMO (85%)     
 332.0 0.46 HOMO→LUMO+1 (45%), HOMO→LUMO+2 (37%)    
 305.1 0.26 HOMO-2→LUMO (50%), HOMO-1→LUMO+1 (13%) 

HOMO-3→LUMO (10%)  
   

 300.7 0.44 HOMO-2→LUMO (25%), HOMO→LUMO+1 (19%) 
HOMO-1→LUMO+1(14%), HOMO→LUMO+2 (14%) 
HOMO→LUMO+4 (10%) 

   

 272.7 0.16 HOMO-7→LUMO (43%), HOMO→LUMO+4 (20%) 
HOMO-1→LUMO+2 (12%)  

   

 261.5 0.28 HOMO-1→LUMO+1 (25%), HOMO→LUMO+2 (19%) 
HOMO-7→LUMO (17%), HOMO→LUMO+1 (16%) 

   

[a] Contributions of less than 10% are omitted 
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Table 5.9 Predicted vertical transitions, oscillator strength, configurations [a], orbital energies, and dipole moments using MPW1K (THF) 

Dye λabs /nm f Configuration HOMO, ev LUMO, ev μg (D) 
15a 430.4 0.49 HOMO→LUMO (98%) -6.20 -1.83 7.70 
 307.0 0.84 HOMO→LUMO+1 (94%)    
 261.2 0.19 HOMO-3→LUMO (73%), HOMO→LUMO+3 (13%) 

HOMO-1→LUMO (10%) 
   

15b 425.3 0.48 HOMO→LUMO (98%) -6.29 -1.88 5.55 
 303.6 0.83 HOMO→LUMO+1 (94%)    
 261.3 0.20 HOMO-3→LUMO (74%), HOMO→LUMO+3 (12%)     
17 428.9 1.10 HOMO→LUMO (98%) -6.61 -2.37 1.52 
 298.1 0.91 HOMO→LUMO+1 (96%)    
 278.2 0.14 HOMO-4→LUMO (67%), HOMO→LUMO+2 (20%)     
 259.7 0.12 HOMO-3→LUMO (39%), HOMO-→LUMO+2 (38%)     
19a 479.1 1.24 HOMO→LUMO (94%) -5.98 -2.18 8.49 
 315.6 1.13 HOMO→LUMO+1 (77%), HOMO→LUMO+3 (6%)    
 265.5 0.13 HOMO-5→LUMO (29%), HOMO→LUMO+3 (24%) 

HOMO-3→LUMO (24%) 
   

 254.6 0.54 HOMO-1→LUMO+2 (29%), HOMO-4→LUMO (14%) 
HOMO-1→LUMO+3 (14%), HOMO-2→LUMO+2 (12%) 
HOMO→LUMO+3 (10%) 

   

 254.0 0.11 HOMO-4→LUMO (60%)     
19b 491.6 1.18 HOMO →LUMO (87%), HOMO-1→LUMO (10%) -5.82 -2.23 8.15 
 332.3 0.54 HOMO→LUMO+1 (43%), HOMO→LUMO+2 (39%)    
 305.8 0.52 HOMO-1→LUMO+1 (26%), HOMO→LUMO+1 (26%) 

HOMO→LUMO+2 (24%)  
   

 275.4 0.22 HOMO-6→LUMO (37%), HOMO-1→LUMO+2 (13%) 
HOMO-3→LUMO (11%), HOMO→LUMO+4 (11%)  

   

 267.1 0.15 HOMO→LUMO+4 (34%), HOMO-3→LUMO (12%) 
HOMO-2→LUMO (12%), HOMO-6→LUMO (10%)  

   

 263.6 0.24 HOMO-1→LUMO+1 (29%), HOMO→LUMO+1 (16%) 
HOMO→LUMO+2 (16%), HOMO-1→LUMO+2 (13%)  

   

[a] Contributions of less than 10% are omitted
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The HOMO→LUMO transition can be considered as an ICT transition, which is shifted towards 

the lower energy region on the increment of electron donating ability of the donor. The transition 

occurring next to low energy transition in the dyes is HOMO→LUMO+1 with high osci llator 

strength. Therefore, it is believed that the donor characteristic HOMO, the BTD and vinylpyridine 

characteristics LUMO, LUMO+1 indicate that the HOMO→LUMO (or) LUMO+1 transitions bears 

a significant intramolecular charge-transfer (ICT) character from donor units to the 

benzothiadiazole-vinylpyridine. The S2 (HOMO→LUMO+1) and S1 (HOMO→LUMO) transition 

states has a charge shift mainly from donor moieties to the benzothiadiazole-vinylpyridine unit. 

From this, we conclude that both transitions can inject electrons into the conduction band of the 

TiO2. When these pyridine anchoring dyes applied in DSSCs, electrons from donor part sequentially 

transferred to benzothiadiazole moiety, then shifted to the pyridine anchoring unit, and finally to 

nanocrystalline TiO2 surface. The experimental photophysical and energy levels of the dyes is 

consistent with the trends observed by quantum chemical calculations and, in turn supports a 

progressive change in the electron richness of the donor unit. The dihedral angle between two 

adjacent conjugated segments in the ground-state of the dyes was showed in Figure 5.20. 

 
Figure 5.20 Calculated dihedral angle angles (°) between various aromatic segments and vinyl 

pyridine planes in the optimized geometries of the dyes 
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15a 15b 17 

   
19a 19b 19c 

   
Figure 5.21 Direction of the dipole moment of the dyes  
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The dihedral angle between the benzothiadiazole and vinyl phenothiazine entity is higher 

than that of vinyl carbazole by 8.23°. Even with high dihedral angle between benzothiadiazole 

and vinyl phenothiazine, the dye 19b attained the red shifted absorption by raising HOMO level. 

This may be attributed to the high electron donating ability of phenothiazine donor over 

carbazole. It should be noted that in this case 19c, the MLCT of ferrocene play a role in the 

lowering the energy gap of the dye. In the optimized structures, the dihedral angle between the 

auxiliary acceptor BTD unit and anchoring pyridine moieties are smaller than 5°. Hence the 

coplanarity between these segments will help for the good electronic communication and 

efficient photoinduced electron transfer to TiO2 film via the terminal pyridine anchoring group. 

It is also anticipated that the different electron donating abilities of the donor segment, will 

affect the direction and size of the dipole moment of the derivatives. Figure 5.21 shows the 

direction of the dipole moment of the benzothiadiazole-vinylpyridine dyes calculated by TD-

DFT. The order of the dipole moment of the dyes as follows 17 < 15b < 15a < 19b < 19a. In the 

dipyridyl derivative 17 which does not contain the donor segment, the dipole moment directed 

from benzene ring (δ+) to thiadiazole (δ-). While by the introduction of donor segments in the 

remaining dyes, the dipole moment is directed towards electron deficient pyridine ring (δ-) from 

donor segments (δ+). The π-extended dyes 19a and 19b acquired larger theoretically computed 

dipole moment compared to 15a and 15b, thus implying strong dipolar interactions in π-

extended dyes. 

5.2.6 Thermal properties 
Thermal stability of the dye has significant impact on the life of the solar cell and one of the 

most essential parameters for applicability in DSSCs. So the thermal stability and the 

decomposition temperatures (Td) of the new pyridine anchoring benzothiadiazole dyes were 

determined by the thermal gravimetric analysis (TGA) under nitrogen atmosphere, with a 

heating rate of 10 °C/min; the pertinent data are presented in Table 5.10. All the compounds 

showed excellent thermal stability (Figure 5.22) and their thermal decomposition temperatures 

are in the range 355-407 °C. In particular, the highest Td value for the 19a dye is 407 °C, 

indicative of excellent thermal stability. The carbazole featuring dye 19a have been 

demonstrated to display high thermal robustness, due to the rigid and planar conformation than 

butterfly structured phenothiazine analogue 19b. 
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Figure 5.22 Thermograms of the benzothiadiazole-vinylpyridine dyes  

Table 5.10 Thermal properties of the benzothiadiazole-pyridine anchoring sensitizers 

Dye Tonset °Ca Td °Cb 
15a 303 355 
15b 300 374 
17 345 395 
19a 347 407 
19b 372 400 
19c 358 371 

a Temperature corresponding to 10% weight loss. b Heating rate 10 °C/min in nitrogen. 

5.2.7 Photovoltaic performances 
The photovoltaic performances of the solar cells fabricated from these pyridine anchoring 

dye-sensitized TiO2 electrodes were measured under simulated AM 1.5G irradiation (100 

mW·cm-2). DSSCs were fabricated using I-/I3- redox couple containing electrolyte 0.1 M LiI, 0.6 

M 1,2-dimethyl-3-n-propylimidazolium iodide, 0.05 M I2 and 0.5 M 4-tert-butylpyridine in a 

mixing solvent of ACN/MPN with a volume ratio of 1:1. The photocurrent-voltage (I-V) curves, 

the incident photon-to-current conversion efficiencies (IPCE) of the DSSCs are plotted in 

Figures 5.23 and photovoltaic performance parameters for the dyes are collected in Table 5.11. 

Depending on electron donor group tethered on the BTD unit, these dyes showed distinguishing 

and interesting results. 
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Figure 5.23 (a) I-V characteristics b) IPCE plots (c) Nyquist plots (d) Bode phase plots for the DSSCs that were fabricated by using these 
dyes under illumination at 100 mW cm-2 
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The IPCE spectra show maximum conversion efficiencies in the region 400-550 nm. The 

IPCEs of dyes 19a and 19b are more than 29% and 32%, respectively, in the range 450-500 nm. 

The onset IPCE for dyes19a, 19b starts close to about 680 nm. The short-circuit current is 

associated to the molar extinction coefficient of the dyes. The short-circuit photocurrent density 

and efficiency for the devices increase in the order 19c < 17 < 15a < 15b < 19a < 19b. For dyes 

19a-b, higher molar extinction coefficients yielded higher short-circuit current. The DSSCs 

sensitized by the dyes 19a and 19b have exhibited the higher η values 1.31% (Jsc = 3.96 mA 

cm-2, Voc = 516 mV, ff = 0.64) and 1.97% (Jsc = 5.65 mA cm-2, Voc = 564 mV, ff = 0.62), 

respectively. The π- extended dyes featuring arylamine donors (19a-b) showed higher power 

conversion efficiencies when compared to the alkylamine dyes (15a-b), owing to the lower 

molar coefficients of the later dyes. In addition, 19a-b showed broader absorption bands than 

the dyes 15a-b when adsorbed onto a TiO2 surface (Figure 5.24 (b)). The derivatives 17 and 19c 

achieved low efficiencies in the series, which are attributed to the low JSC and VOC values. 

The Voc value can be different for cells that are made from different sensitizers. This was 

mainly attributed to the difference in the electronic coupling between the TiO2 nanoparticles and 

the sensitizer, which can change the quasi-Fermi level of TiO2. To elucidate the effect of the 

nature of the donor unit on the Voc value, electrochemical impedance spectroscopy (EIS) 

measurements were conducted. Figure 5.24(a) shows Nyquist plots for DSSCs that were 

constructed from the sensitizers under dark conditions. It may be appropriate to discuss the 

photovoltaic properties of the sensitizers in two different categories: 15a-b, 19a-b. The Nyquist 

plot shows two semicircles, which assigned to the charge-transfer resistances at the counter 

electrode (Rct1) and TiO2/dye/electrolyte interface (Rrec), respectively. The charge-transfer 

resistance assumes the order of 15a < 15b and indicates that the dye 15b have high charge-

recombination resist. The Voc for the devices increases in the order of 15a < 15b. Where as in 

19a-b, the charge-transfer resistance assumes the order of 19a < 19b and supports the higher 

Voc for 19b. Upon illumination at 100 mWcm-2 under open-circuit conditions, from the radius 

of the intermediate-frequency semicircle in the Nyquist plot (Figure 5.23(c)), we found that the 

electron-transport resistance (Rct2) followed the order 15b < 15a and 19b < 19a. Lower values 

of electron-transfer resistances for 15b and 19b would support the electron collection and 

consequently, would play an important role in increasing the efficiency of a cell.  
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Figure 5.24 (a) Nyquist plots of the DSSCs fabricated using the dyes under dark conditions (b) Absorption spectra of the dyes anchored 
on nanocrystalline TiO2 

Table 5.11 Photovoltaic-performance parameters of the dyes. 

Dye η (%) VOC (mV) JSC (mA cm-2) ff Rrec (ohm) Rct2 (ohm) τe (ms) 
15a 0.62 516 1.99 0.61 12.29 80.67 1.41 
15b 0.89 552 2.42 0.66 41.19 56.76 1.16 
19a 1.31 516 3.96 0.64 12.11 54.12 0.64 
19b 1.97 564 5.65 0.62 19.73 30.60 0.78 
19c 0.08 387 0.40 0.51 25.80 512.28 1.16 
17 0.14 445 0.56 0.58 14.77 317.26 0.95 
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The electron lifetime can be extracted from the angular frequency (ωmin) at the mid-frequency 

peak in the Bode phase plot (Figure 5.23(d)) by using τe = 1/ ωmin. The obtained τe values follow 

the order 15a > 15b > 19b > 19a. Shorter electron life time and enhanced dark current observed 

for the carbazole containing dye is responsible for the low Voc than phenothiazine based dye. 

Despite the higher electron lifetime, the lower device efficiency observed for 17, 19c dyes is 

attributed to the lower number of photoinduced electron generation and high electron-transport 

resistance (Rct2). These results revealed that the presence of the benzothiadiazole moiety in 

between electron donor and pyridine anchoring group is beneficial for enhancement of the light 

harvesting property and the onset IPCE for dyes extended up to 700 nm. The DSSCs sensitized 

by the dye 19b showed promising efficiency of 1.97%, when compared to the dyes containing 

pyridine anchoring group. The promising performance of the dyes 19a, 19b as sensitizers is 

intriguing as they do not possess cyanoarylic acid anchoring/acceptor group.  

5.3 Conclusions 
In summary, we have designed and synthesized a series of benzothiadiazole sensitizers with 

pyridine terminal anchoring group, tethered with different electron donating segments by 

palladium catalyzed Heck-cross coupling reactions. The π-extended dyes 19a-c displayed 

bathochromically shifted absorption profiles as compared to amine directly attached to 

benzothiadiazole dyes 15a-b, due to the elongated conjugation and greater electron donating 

ability of donors. The ferrocenyl derivative (19c) displayed the most red shifted absorption 

profile due to the MLCT and non-emissive in nature. The modulation of donor segment 

successfully led to structure-dependent optical, electronic, and redox properties. Using the 

benzothiadiazole group as exciton confinement center, we have extended the absorption onset 

into the long-wavelength range beyond 600 nm by introducing strong ICT in the pyridine 

anchoring sensitizers. The dyes reported in this work showed higher light-harvesting properties 

when compared with the previously reported pyridine anchoring sensitizer, which illustrate the 

benefits of the benzothiadiazole unit as an efficient auxiliary acceptor on the π-conjugating 

bridge. Except 17, all the dyes exhibited bathochromic shift in the absorption spectra upon 

addition of TFA. Enhanced charge transfer from the donors to the pyridium moiety justifies the 

bathochromic shift and it is reversible by neutralization with a base, such as Et3N. The 

absorption maxima for all the dyes remain fairly constant, while their fluorescence maxima 

increased progressively by increasing the solvent polarity. Due to the stabilization of the excited 
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state in polar solvents as compared to the ground state, the dyes showed positive 

solvatochromism, which is attributed to the more-efficient solvation of the molecules in the 

excited state. The photophysical properties of the dyes were computed theoretically using 

TDDFT simulations employing B3LYP and MPW1K models, and the best resemblance has 

been found with MPW1K calculations. In addition, the TD-DFT calculations indicated that the 

LUMOs are highly localized on the benzothiadiazole and vinyl pyridine units, which could 

facilitate the electron transfer to the nanocrystalline TiO2 via auxiliary acceptor/anchor groups 

from the donor segments. These materials exhibited good thermal stability and their thermal-

decomposition temperatures fell within the range 355-407 °C, the highest decomposition 

temperature was displayed by carbazole comprising dye. The DSSC characteristics of the dyes 

are improved on incorporation of benzothiadiazole segment in the conjugation pathway. The π-

extended arylamine dyes achieved higher efficiency than the alkylamine dyes, due to the red 

shifted absorption profiles and high molar extension coefficients. The DSSC device with the 

phenothiazine based sensitizer 19b showed a power conversion efficiency of 1.97%, which is a 

promising efficiency with pyridine anchoring group under AM 1.5 G simulated solar light at a 

light intensity of 100 mW cm-2. Tuning of the optical and photovoltaic properties of these dyes 

has been achieved by the modulation of donor segments with varied donor strength and 

conjugation pathway length. Thus, these finding may pave the new way to develop high light 

harvesting and stable pyridine anchoring sensitizers for DSSCs. Overall, the introduction 

benzothiadiazole in the π-conjugated bridge is not jeopardized for improvement of optical 

properties as well as the efficiency of the pyridine anchoring sensitizers. The promising 

performance of the dye 19b as sensitizer is intriguing as it does not possess cyanoarylic acid 

anchoring/acceptor group. 

5.4 Experimental section  
5.4.1 Material and Methods 
Thermogravimetric analysis/differential thermal analysis/differential thermogravimetry (TGA-

DTA-DTG) measurements were performed on a Perkin-Elmer Pyris Diamond at a heating rate 

of 10°C min-1 under a flow of nitrogen. Materials and physical methods are similar as in chapter 

3. 
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5.4.2 Synthesis 
Synthesis of (E)-4-bromo-7-(2-(pyridin-4-yl)vinyl)benzo[c][1,2,5]thiadiazole (16) and 4,7-

bis((E)-2-(pyridin-4-yl)vinyl)benzo[c][1,2,5]thiadiazole (17): In a 100 ml pressure tube 

mixture of 4,7-dibromobenzo[c][1,2,5]thiadiazole (2) (2.94 g, 10 mmol), 4-vinylpyridine (1.05 

g, 10 mmol), Pd(OAc)2 (22.45 mg, 0.1 mmol), NaOAc (4.1 g, 50 mmol), and n-Bu4NBr (0.65 g, 

2 mmol) were dissolved in degassed N,N-dimethylformamide (50 mL). The solution was kept 

under a nitrogen atmosphere at 100 °C for 24 h with stirring. The mixture was poured into 

water. The precipitate was filtered, washed with water, dissolved in dichloromethane, and dried 

over anhydrous sodium sulfate. After evaporation of the solvent, the residue was purified by 

column chromatography on silica gel, using dichloromethane and hexane as eluant to obtain 16 

and 17. 

16: Light yellow solid; Yield = 33%; mp 202-204 °C; IR (KBr, cm-1): 2923, 2855, 2359, 1588, 

1481, 1261; 1H NMR (CDCl3, 500.13 MHz): δ 7.49 (d, J = 5.5 Hz, 2H), 7.58 (d, J = 7.5 Hz, 

1H), 7.69 (d, J = 16.5 Hz 1H), 7.87 (d, J = 7.5 Hz, 1H), 7.98 (d, J = 16.5 Hz, 1H), 8.64 (s, 2H); 
13C NMR (125.75 MHz, CDCl3): δ 114.2, 121.1, 128.2, 128.6, 129.0, 131.7, 132.3, 144.5, 

150.3, 152.7, 153.9. HRMS (ESI) m/z: calculated for C13H8BrN3NaS 339.9520 (M+Na)+; found 

339.9503 

17: Yellow solid; Yield = 31%; mp 230-232 °C; IR (KBr, cm-1): 2968, 2923, 2357, 1585, 1544, 

1407, 1229; 1H NMR (CDCl3, 500.13 MHz): δ 7.505 (d, J = 5.0 Hz, 4H), 7,768 (m, 4H), 8.033 

(d, J = 16 Hz, 2H), 8.641 (d, J = 5 Hz, 4H); 13C NMR (125.75 MHz, CDCl3): δ 121.1, 128.4, 

128.6, 129.2, 131.4, 144.5, 150.3, 153.7. HRMS (ESI) m/z calculated for C20H15N4S (M+H)+ 

343.1017 observed 343.1015  

Synthesis of (E)-4-(piperidin-1-yl)-7-(2-(pyridin-4-yl)vinyl)benzo[c][1,2,5]thiadiazole (15a) 

In a 100 ml pressure tube mixture 4-bromo-7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazole (2a) 

(0.298 g, 1 mmol), 4-vinylpyridine (0.115 g, 1.1 mmol), Pd(OAc)2 (5 mg, 0.022mmol), NaOAc 

( 0.82 g, 10 mmol), and n-Bu4NBr (0.065 g, 0.2 mmol) was dissolved in degassed N,N-

dimethylformamide (10 mL). The solution was kept under a nitrogen atmosphere at 100 ºC for 

24 h. The mixture was poured into water. The precipitate was filtered, washed with water, 

dissolved in dichloromethane, and dried over anhydrous sodium sulfate. After evaporation of 

the solvent, the residue was purified by column chromatography on silica gel, using a 

hexane/dichloromethane mixture as eluant. A red solid weighing 0.307 g (95%) was obtained. 

mp 108-110 ºC; IR (KBr, cm-1):2932, 2849, 2802, 1623, 1592, 1542,1385; 1H NMR (500.13 
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MHz, CDCl3): δ 1.72 (m, 2H), 3.60 (t, J = 5.0 Hz, 4H), 6.74 (d, J = 8.0 Hz 1H), 7.44 (d, J = 5.0 

Hz, 2H), 7.58 (d, J = 8.0 Hz, 1H), 7.65 (d, J = 16.0 Hz, 1H), 7.83 (d, J = 16.0Hz, 1H), 8.57 (d, J 

= 4.0Hz, 2H); 13C NMR (125.75 MHz, CDCl3): δ 24.5, 25.8, 51.3, 110.9, 120.5, 120.7, 126.7, 

129.6, 130.9, 145.0, 145.7, 149.9, 154.7. HRMS (ESI) m/z calculated for C18H19N4S, 323.1330 

(M+H)+ found 323.1327 

Synthesis of (E)-4-morpholino-7-(2-(pyridin-4-yl)vinyl)benzo[c][1,2,5]thiadiazole (15b) 

Complex 15b was prepared by following a procedure similar to that described above for 15a, by 

taking one equivalent of 4-bromo-7-morpholinobenzo[c][1,2,5]thiadiazole (2b). Orange solid; 

Yield = 91%; mp 156-158 ºC; IR (KBr, cm-1): 2950, 2923, 2856, 1596, 1542, 1380, 1122; 1H 

NMR (500.13 MHz, CDCl3): δ 3.64 (t, J = 5.0 Hz, 4H), 4.00 (t, J = 5.0 Hz,4H), 6.77 (d, J = 8.0 

Hz 1H), 7.45 (d, J = 6.0 Hz, 2H), 7.61 (d, J = 8.0 Hz, 1H), 7.66 (d, J = 16.0 Hz, 1H), 7.86 (d, J 

= 16.0Hz, 1H), 8.59 (dd, J = 5.0Hz, 2H); 13C NMR (125.75 MHz, CDCl3): δ 50.2, 66.8, 111.0, 

120.8, 121.7, 127.6, 129.1, 130.4, 143.9, 145.3, 150.1, 154.7; HRMS (ESI) m/z calculated for 

C17H17N4OS, 325.1123 (M+H)+ found 325.1156 

Synthesis of 9-butyl-3-((E)-2-(7-((E)-2-(pyridin-4-yl)vinyl)benzo[c][1,2,5]thiadiazol-4-

yl)vinyl)-9H-carbazole (19a) 

In a 100 ml pressure tube mixture (E)-4-bromo-7-(2-(pyridin-4-

yl)vinyl)benzo[c][1,2,5]thiadiazole (16) (0.240 g, 0.75 mmol), 9-butyl-3-vinyl-9H-carbazole 

(18a) (0.199 g, 0.8 mmol), Pd(OAc)2 (5 mg, 0.022mmol), NaOAc (0.82 g, 10 mmol), and n-

Bu4NBr (0.065 g, 0.2 mmol) was dissolved in degassed N,N-dimethylformamide (10 mL). The 

solution was kept under a nitrogen atmosphere at 100 ºC for 24 h. The mixture was poured into 

water. The precipitate was filtered, washed with water, dissolved in dichloromethane, and dried 

over anhydrous sodium sulfate. After evaporation of the solvent, the residue was purified by 

column chromatography on silica gel, using a hexane/dichloromethane mixture as eluant. A red 

solid weighing 0.237 g (65%, 0.80 mmol) was obtained. mp 100-102 ºC; IR (KBr, cm-1): 3040, 

2917, 2865, 1594, 1479, 1337, 1210, 1150, 1064, 961; 1H NMR (CDCl3, 500.13MHz): δ 0.96 (t, 

J = 7.0 Hz, 3H), 1.41 (m, 2H), 1.86 (m, 2H), 4.29 (t, J = 7.0Hz, 2H), 7.25(m, 2H), 7.40(m, 2H), 

7.46 (d, J = 5.0 Hz, 3H), 7.68 (m, 3H), 7.78 (d, J = 7.0Hz, 1H), 7.93 (m, 1H), 8.16 (m,2H), 8.34 

(s, 1H), 8.59 (s,1H); 13C NMR (125.75 MHz, CDCl3): δ 13.7, 20.4, 31.0, 42.9, 108.8, 119.1, 

119.3, 120.3, 120.9, 121.2, 122.7, 123.2, 124.7, 125.4, 125.8, 127.0, 128.2, 128.9, 129.7, 131.2, 

135.0, 140.6, 140.8, 144.8, 150.1, 153.6, 153.8; HRMS (ESI) m/z calculated for C31H27N4S 

(M+H)+ 487.1956, found 487.1964 
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Synthesis of 10-butyl-3-((E)-2-(7-((E)-2-(pyridin-4-yl)vinyl)benzo[c][1,2,5]thiadiazol-4-

yl)vinyl)-10H-phenothiazine (19b) 

Complex 19b was prepared by following a procedure similar to that described above for 19a, by 

taking one equivalent of 10-butyl-3-vinyl-10H-phenothiazine (18b). Black solid; Yield = 61%; 

mp 150-152 ºC; IR (KBr, cm-1): 2924, 2860, 2359, 1587, 1459, 1385, 1330, 1249, 967; 1H NMR 

(CDCl3, 500.13MHz): δ 0.96 (t, J = 6.0 Hz, 3H), 1.48 (m, 2H), 1.80 (m, 2H), 3.86 (t, J = 6.0 Hz, 

2H), 6.86 (t, J = 8.0 Hz, 2H), 6.92 (t, J = 7.0 Hz, 1H), 7.14 (m, 2H), 7.43 (m, 5H), 7.65 (m, 2H), 

7.73 (d, J = 16.0 Hz, 1H), 7.88 (d, J = 16.0 Hz, 1H), 7.96 (d, J = 16.0 Hz, 1H), 8.61 (d, J = 4.0 

Hz, 2H); 13C NMR (125.75 MHz, CDCl3): δ 13.8, 20.1, 28.9, 47.3, 115.3, 115.4, 121.0, 122.4, 

122.6, 124.1, 125.0, 125.3, 126.1, 126.5, 127.3, 127.4, 128.9,129.0, 130.1, 130.8, 131.7, 132.8, 

144.6, 144.9, 145.3, 150.2, 153.7, 153.8; HRMS (ESI) m/z calculated for C31H27N4S (M+H) 

519.1677 observed 519.1703 

4-((E)-2-ferocenylvinyl)-7-((E)-2-(pyridin-4-yl)vinyl)benzo[c][1,2,5]thiadiazole (19c) 

Complex 19c was prepared by following a procedure similar to that described above for 19a, by 

taking one equivalent of vinyl ferrocene (18c). Dark black solid; Yield = 61%; mp 184-186 °C; 

IR (KBr, cm-1): 2924, 2847, 1622, 1380, 1100, 965, 810; 1H NMR (CDCl3, 500.13MHz): δ 4.19 

(s, 5H), 4.40 (s, 2H), 4.62 (s, 2H), 7.22 (s, 1H), 7.50 (s, 2H), 7.61 (s, 2H), 7.69 (d, J = 6.0 Hz, 

1H), 7.75 (d, J = 16.0 Hz, 1H), 7.84 (d, J = 16.0 Hz, 1H), 7.99 (d, J = 16.0 Hz, 1H), 8.6 (s, 2H); 
13C NMR (125.75 MHz, CDCl3): δ 67.5, 69.5, 69.9, 83.0, 121.0, 121.5, 125.2, 126.8, 129.1, 

129.2, 129.8, 131.2, 134.0, 145.0, 150.2, 153.7, 153.9. HRMS (ESI) m/z calculated for 

C25H19FeN3S (M)+ 449.0649 observed 449.0625 
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Chapter 6 
Benzothiadiazole-Phenothiazine Vinyl 

Conjugates: Effect of Conjugation on 

Optical and Electrochemical properties 
6.1 Introduction 

Over the last decade, organic materials with a donor-acceptor configuration in a conjugated 

system have received much attention due to the potential applications in various fields, such as 

organic light-emitting devices (OLEDs) [1-3], organic field-effect transistors (OFETs) [4-5], 

dye- sensitized solar cells (DSSCs) [6-7], bulk heterojunction organic solar cells (BHJs) [8], 

nonlinear optics [9-11] and sensors [12-13] etc. For instance, many scientific efforts have been 

made to fine-tune optoelectronic applicability with triarylamines [14-17], carbazole [18-22], 

phenothiazine [23-30] and indoline [31-37] etc as donor segments and quinoxaline/pyrazine [38-

45], benzo[a]phenazines [46], oxadiazole [47-50], benzothiadiazole [2, 51-55], triazine [56-58], 

cyanoacrylic acid [59-62] and imidazole [9, 20, 63-65] etc as an acceptor groups. 

Benzothiadiazole and phenothiazine based heterocyclic derivatives have been comprehensively 

proved as excellent active ingredients for electronic devices individually. 

Benzothiadiazole (BTD) is one of the most intensively investigated electron-accepting 

heterocyclic system due to its intrinsic properties such as high reduction potential and electron 

affinity. By the incorporation of the BTD moiety in the π-conjugated system we can custom the 

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

(LUMO). Due to the intermolecular interactions such as heteroatom contacts and π-π 

interactions BTD based materials expected to render well-ordered crystal with highly polarized 

properties [66]. Indeed benzothiadiazole based organic dyes are the special class of compounds 

which have the red shifted absorption and emission profiles due to the low lying LUMO level 

and low energy gap. In general, benzothiadiazole derivatives show low energy gap (band gap) 

due to the existence of the quinoid ring configuration Figure 6.1.  
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Figure 6.1 Resonance structures (aromatic and quinoid) of BTD 

Recently, integration of benzothiadiazole with strong π donor that can be reversibly 

transform into its radical cation (TTF+) and dication (TTF2+) tetrathiafulvalene (Figure 6.2) 

demonstrated to have optimized absorption properties, charge transfer states in the visible and 

near-IR regions, along with improved photochemical stabilities [67]. 

 

Figure 6.2 Structures of the tetrathiafulvalene-benzothiadiazole based derivatives 

Li et al. reported a series of dyes comprising tripheylamine and benzo[1,2,5]thiadiazole units 

linked through double bonds (Figure 6.3) [68-70]. The absorption spectra of the dyes in solution 

covered the visible region and the BHJs fabricated using dye E6 achieved efficiency up to 

2.39% with (6,6)-phenyl C70 butyric acid methyl ester (PC70BM) as acceptor. 

 

Figure 6.3 Structures of triphenylamine-benzothiadiazole reported vinyl derivatives 
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Phenothiazine is a tricyclic heterocyclic compound containing electron rich sulphur and 

nitrogen [23,30]. Phenothiazine can preclude the molecular aggregation, formation of 

intermolecular excimers due to the non-planar butterfly conformation in the ground state [71]. It 

was also expected that inclusion phenothiazine into the molecular structure may improve the 

hole transporting ability as well as the performance of the organic device. The pronounced 

propensity of phenothiazine derivatives to form stable radical cations was described by Okada 

and co-workers [72]. Interestingly, Son and co-workers achieved excellent low turnover number 

(TON) due to the intriguing stability of their cationic radical formed by one electron oxidation 

of phenothiazine in visible light-induced water splitting [23]. Figure 6.4 shows the 

phenothiazine based vinyl derivatives known in the literature. 

 

Figure 6.4 Structures of the phenothiazine based vinyl derivatives known in the literature. 

To the best of our knowledge small molecules containing phenothiazine moiety attached to a 

low band chromophore like benzothiadiazole with vinyl linkage have been not exploited. So, we 

decided to explore the effect of phenothiazine unit on the photophysical and electrochemical 
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behaviors of the benzothiadiazole. Because of paramount π-conjugation and red shifted 

absorption profiles we choose vinyl linkage over the rigid and electron deficient acetylene 

linkage. Further, introduction of vinyl linkage between phenothiazine and benzothiadiazole not 

only increases the conjugation but also increases the electronic coupling between them and may 

leads to enhanced charge transporting properties. The stronger electron donating ability of 

phenothiazine may help to achieve facile charge transfer to electron deficient benzothiadiazole. 

This may be beneficial to red shift the electronic absorption band and the molecular HOMO-

LUMO energy levels can be tuned by the proper molecular design. In this context to evaluate 

the electronic communication between phenothiazine and benzothiadiazole donor-acceptor 

compounds, in this chapter we systematically designed and synthesised a new family of 

phenothiazine-benzothiadiazole hybrids (Figure 6.5) and established the structure-property 

relationships. We systematically varied the electron donors to tune the optical, electrochemical 

and thermal properties. These five dyes can be divided in to three categories. The dyes 26a, 26b 

are considered as D-A-D1 and dyes 28a, 28b treated as D1-A-D-A-D1. The dye 27 is treated as 

D-A-D, where 10-butyl-10H-phenothiazine (D), piperidine/morpholine (D1) acts as electron-

rich units and benzo[c][1,2,5]thiadiazole (A) serve as electro-deficient unit.  

Figure 6.5 Structures of the benzothiadiazole-phenothiazine vinyl conjugated derivatives 
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6.2 Results and Discussion 
6.2.1 Synthesis and Characterization  

The benzothiadiazole-phenothiazine conjugates were prepared by the protocol depicted in the 

Scheme 6.1.  

Scheme 6.1 Synthetic pathways leading to benzothiadiazole-phenothiazine hybrids 

All the derivatives were synthesised by palladium-catalyzed Heck coupling reaction in high 

yields. The vinyl derivatives 10-butyl-3-vinyl-10H-phenothiazine (18b) and 10-butyl-3,7-

divinyl-10H-phenothiazine (25) have been synthesised by a three-step protocol involving 

butylation of 10H-phenothiazine, formylation by Vilsmeyer-Hacck reaction followed by Wittig 

reaction according to reported procedures [73-74]. Bromo derivatives of benzothiadiazole 2a 

and 2b were synthesised from dibromo benzothiadiazole (1). The derivative 2a was synthesised 

according to reported procedure [75] and derivative 2b was made from the reaction of dibromo 

benzothiadiazole with morpholine. The mono-substituted phenothiazine dyes (26a & 26b) were 

obtained from 18b by reacting with one equivalent of 2a & 2b. The di-substituted phenothiazine 

derivatives (28a & 28b) were obtained from 25 by reacting with two equivalents 2a & 2b. By 
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the reaction of 1 with two equivalents of 18b, the derivative 27 was obtained. All the derivatives 

were purified by column chromatography using appropriate eluant and well characterised by IR, 
1H NMR, 13C NMR and HR-MS, the data was consistent with the proposed structures. The 

coupling constant (J) in 1H NMR indicates that in all the derivatives the double bond(s) 

introduced by Heck coupling are in (E) configuration. Expect 27, all dyes showed the 

characteristic two doublet for the BTD protons in the region 6.75-7.70 ppm. The symmetrical 

nature of the benzothiadiazole in 27 was confirmed by the presence of a singlet at 7.62 ppm for 

the BTD protons. All the derivatives are intensely colored (orange or red) and soluble in 

common solvents such as CH2Cl2, CHCl3, tetrahydrofuran, toluene but insoluble in alcohols. 

6.2.2 Photophysical Properties 
To probe the presence of donor-acceptor interactions and the absorption characteristics, we 

have recorded the absorption spectra of the dyes in dichloromethane and shown in Figure 6.6.  
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Figure 6.6 Absorption spectra of the dyes recorded in dichloromethane 

The derivatives were showing two major absorption bands. The higher energy absorption 

band (280-420 nm) corresponds to π-π* transition and the low energy absorption band (420-600 

nm) was attributed to the charge transfer from phenothiazine to BTD unit. Within the same 

class, the derivatives (26a and 28a) containing electron rich piperdine unit tethered at 4th 

position of BTD showed red shifted absorption than the morpholine dyes (26b and 28b). The 

molar extinction coefficient was raised nearly 1.75 fold from 26a to 28a, 1.69 fold from 26b to 

28b, the increment in the molar extinction coefficient is due to the extension in conjugation. 
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Among all the derivatives, 27 showed red shifted absorption with high molar extinction 

coefficient due to the presence of two strong electron donating phenothiazine units. Figure 6.7 

shows the absorption spectra of the derivatives recorded on thin films. The absorption pattern 

was similar to that observed for solutions. Small red shift in absorption peak position and large 

extent of broadening of the absorption edges in films as compared to solution was observed due 

to the existence of strong intermolecular interaction in the solid state. The absorption edges of 

the derivatives 26a, 26b, 27, 28a and 28b are 660 nm, 625 nm, 720 nm, 650 nm and 710 nm, 

respectively. The optical band gaps of the derivatives were derived from the absorption edge of 

the thin film spectra. The optical band gaps for 26a, 26b, 27, 28a, and 28b are 1.86 eV, 1.98 eV, 

1.72 eV, 1.91 eV and 1.75 eV, respectively. The optical band gaps in the solid state were in the 

order 27 < 28a < 26a < 28b < 26b. From the absorption features of the thin film it was clear 

that, the derivatives cover the region from 250 nm to 700 nm. This broad absorption features 

may greatly enhance the photo current response and power-conversion efficiency in bulk 

heterojunction solar cell. 
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Figure 6.7 Absorption spectra of the dyes recorded on thin film 

Solvent polarity plays a major role in tuning of the photophysical properties of the dyes. So 

to probe the effect of solvent polarity on the photophysical behavior of the dyes, we have 

examined absorption and fluorescence spectra in six different solvents with different dielectric 

constants viz. CH, TOL, THF, DCM, ACN and DMF (Figures 6.8, 6.9, 6.12, 6.13 (a)) and the 

pertinent data are collected in Tables 6.1 & 6.2.   
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Figure 6.8 Absorption spectra of the dyes (a) 26a (b) 26b (c) 27 (d) 28a recorded in different solvents 
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Figure 6.9 Absorption spectra of 28b recorded in different solvents 

The absorption spectra of the new benzothiadiazole-phenothiazine conjugates showed no 

significant difference by changing the solvent polarity. This indicates that in the ground state, 

there is no appreciable interaction between solvents and dye molecules. 

Table 6.1 Absorption data of the dyes recorded in different solvents 

Dye λabs, nm (ε×103 M-1 cm-1) 
 CH TOL THF DCM ACN DMF Film 

26a 260 (37.0), 318 (30.7), 317 (33.3), 319 (30.2), 260 (35.7), 319, 371, 
 314 (36.7), 363 (19.4), 363 (21.0), 365 (20.3), 316 (35.0), 366, 486 
 351 (21.7), 489 (13.4) 489 (15.9) 486 (14.3) 361 (23.0), 490a  
 484 (15.3)    481 (14.9)   

26b 260 (37.0), 315 (34.8), 315 (33.9), 315 (31.6), 259 (39.0), 316, 325, 
 312 (39.3), 363 (19.4), 357 (19.1), 361 (18.0), 315 (45.0), 361, 373, 
 355 (20.3), 482 (14.1) 480 (12.8) 476 (14.2) 356 (23.0), 481a 501 
 478 (15.4)    471 (16.1)   

27 259 (51.5), 331 (40.4), 330 (42.2), 330 (41.3), 258, 330 (42.4), 343, 
 328 (41.4), 511 (32.8) 509 (33.2) 510 (35.3) 327, 510 (33.2) 547 
 502 (32.8)    497 a   

28a 262 (42.9), 320 (59.7), 318 (62.0), 319 (52.2), 291, 320 (65.8), 392, 
 315 (56.8), 374 (29.4), 496 (29.7) 374 (26.8) (sh), 316, 499 (32.6) 534 
 492 (26.9) 498 (30.0)  497 (28.2) 486a   

28b 261 (37.2), 316 (42.8), 317 (63.7), 316 (63.0), 263, 316 (81.1), 324,  
 313 (55.8), 371 (19.0), 492 (29.3) 372 (25.6) (sh), 315, 492 (38.8) 386, 
 488 (25.8) 493 (20.8)  490 (32.0) 482a  517 

a Molar extinction coefficient could not be obtained due to poor solubility 
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The emission spectra of the compounds were recorded in dichloromethane and displayed in 

Figure 6.10 and relevant data was collected in Tables 6.2. All the new phenothiazine-

benzothiadiazole dyes were emitting orange-red fluorescence at the wavelength region of 563-

611 nm. 

500 600 700 800
0.00

0.25

0.50

0.75

1.00  26a
 26b
 27
 28a
 28b

 

 

No
rm

al
is

ed
 E

m
is

si
on

 In
te

ns
ity

 (a
.u

.)

Wavelength (nm)  
Figure 6.10 Emission spectra of the dyes recorded in DCM  

550 600 650 700
0.0

0.2

0.4

0.6

0.8

1.0

 

 

No
rm

al
is

ed
 E

m
is

si
on

 In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

 26a
 26b
 27
 28a
 28b

 

Figure 6.11 Emission spectra of the dyes recorded in toluene  
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It may be appropriate to discuss the emission spectra of the compounds in three different 

categories: 26a and 26b as (D-A-D1), 28a and 28b as (1D-A-D-A-D1) and 27 as (D-A-D). 

Within a series (26&28), there is no appreciable change in the emission profile of the dyes in 

DCM. But the dye 27 possesses broad red shifted emission profile, which is attributed to the 

more elongated conjugation and strong ICT among the compounds. Interestingly 28a and 28b 

showed two emission bands in toluene (Figure 6.11), higher energy emission band centred at 

560-570 nm and lower energy emission band peaking at 640-660 nm. To identify the origin of 

this dual emission observed for compounds 28a and 28b, the emission spectra of the dyes were 

measured in toluene with different concentrations (10 µΜ to 1000 µΜ) by exciting at 480 nm 

(Figures 6.13 (b) & (c)). The longer wavelength emission band starts appearing at a 

concentration of 10 µΜ. As the concentration of the dye increases, the longer wavelength 

emission band grown in intensity. At the very high concentrations (500-1000 µM) only the low 

energy emission band was observed. This observation is correlated with the formation of 

aggregation. However the nature of aggregation is not clear. It is probable that extended inter-

chain donor-acceptor interactions may stabilize such aggregates. Despite the presence of non-

planar butterfly like phenothiazine unit the formation of aggregates for the dyes 28a and 28b is 

intriguing.  

Table 6.2 Emission properties and Stokes shift observed for the dyes in different solvents 

Dye λem, nm  Stokes shift (cm-1) 
 CH TOL  THF DCM ACN DMF  CH TOL THF DCM ACN DMF 
26a 574  606  589  571  598  603   3240 3948 3472 3063 4068 3824 
26b 566  570  583  572  585  597   3253 3203 3681 3526 4137 4040 
27 577  611  642  585  575  610   2589 3241 4070 2514 2729 3214 
28a 616  565  586  567  575  603   4091 2381 3096 2484 3185 3456 
28b 610  568  638  563  573  602   4098 2678 4651 2646 3295 3741 

Unlike the minor shifts in the absorption spectra, the extent of the bathochromic shifts in 

fluorescence spectra of these dyes mainly depend on the solvent polarities. Commonly, these 

dyes exhibited larger Stokes shift values in the polar solvents due to the more favorable 

solvation-assisted ICT relaxation. With minor variations in cyclohexane and tetrahydrofuran, 

symmetrical (A-D-A) dyes 28a and 28b exhibited smaller Stokes shift than unsymmetrical (D-

A) dyes 26a and 26b due to the associated small dipole moments. It is worth noting that the 

dyes 26a (3063 cm-1) and 26b (3526 cm-1) with asymmetrical structures exhibited larger Stokes 

shift than the dyes 28a (2484 cm-1) and 28b (2646 cm-1) with symmetrical structures in DCM. 
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This result probably indicates that asymmetrical dyes induce the larger dipole moment relative 

to those symmetrical dyes upon excitation from ground state to excited state [76]. The 

solvatochromic effects in the emission strongly propose a more polar electronic structure in the 

excited state than in the ground state for the dyes.  

We have also attempted to correlate the solvent-dependent emission properties of the dyes 

using Lippert-Mataga equation [77-79], ET(30) parameter [80] and Kamlet-Taft equation [81-

82]. The Lippert-Mataga equation provides information regarding the change in the dipole 

moment of the dye from ground state to the excited state and this correlation is useful if the 

solvent-dependent shift of the emission maximum is insensitive to non-specific interactions.  

 
In this equation h (= 6.6256 x 10-27 ergs) is Planck's constant, c (= 2.9979 × 1010 cm/s) is the 

speed of light, and a is the radius of the solvent cavity in which the fluorophore resides. 𝑣͞A, 𝑣͞F 

are the wave numbers (cm-1) of the absorption and emission, respectively. ε is dielectric constant 

and n is refractive index of the solvent. The orientation polarizability is defined as 

 
The Lippert-Mataga, Stokes’ shift vs ET(30) parameter and wave number vs Kamlet-Taft 

parameter (π*) plots for the derivatives were shown in Figures 6.14-6.18. The dye 26b showing 

appreciable linearity in Lippert-mataga and ET(30), which is indicative of the existence of 

general solvent-solute interactions (Figure 6.15). Lippert-Mataga, ET(30), Kamlet-Taft plots for 

the dyes were displayed in the Figures 6.14-6.18.  
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Figure 6.12 Emission spectra of the dye (a) 26a, (b) 26b, (c) 27 and (d) 28a recorded in different solvents 
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Figure 6.13 Emission spectra of the dye (a) 28b recorded in different solvents, (b) 28a recorded at various concentrations in toluene 

and (c) 28b recorded at various concentrations in toluene 
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Figure 6.14 Plots for 26a in different solvents (a) Lippert-Mataga plot showing Stokes’ shift vs orientation polarizability of the 

solvents, (b) Stokes’ shift vs ET(30) parameter, (c) Emission maxima (in wavenumber unit) vs Kamlet-Taft solvent polarity 

parameter.
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Figure 6.15 16 Plots for 27 in different solvents (a) Lippert-Mataga plot showing Stokes’ shift vs orientation polarizability of the 

solvents, (b) Stokes’ shift vs ET(30) parameter, (c) Emission maxima (in wavenumber unit) vs Kamlet-Taft solvent polarity parameter
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Figure 6.16 Plots for 27 in different solvents (a) Lippert-Mataga plot showing Stokes’ shift vs orientation polarizability of the solvents, 

(b) Stokes’ shift vs ET(30) parameter, (c) Emission maxima (in wavenumber unit) vs Kamlet-Taft solvent polarity parameter
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Figure6.17 Plots for 28a in different solvents (a) Lippert-Mataga plot showing Stokes’ shift vs orientation polarizability of the solvents, 

(b) Stokes’ shift vs ET(30) parameter, (c) Emission maxima (in wavenumber unit) vs Kamlet-Taft solvent polarity parameter 
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Figure6.18  Plots for 28b in different solvents (a) Lippert-Mataga plot showing Stokes’ shift vs orientation polarizability of the solvents, 

(b) Stokes’ shift vs ET(30) parameter, (c) Emission maxima (in wavenumber unit) vs Kamlet-Taft solvent polarity parameter  
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6.2.3 Electrochemical Properties 
The redox stability plays a pivotal role in the optoelectronic device performance and lifetime, 

since the organic material is repeatedly oxidized and reduced. Hence to probe the redox stability 

and electronic communication between phenothiazine and benzothiadiazole units, cyclic and 

differential pulse voltammetric studies were performed. The electrochemical analysis was done 

in dichloromethane solution (2 × 10-4 M) using tetrabutylammonium perchlorate as a supporting 

electrolyte. The electrochemical data of the dyes are listed in Table 6.3, the cyclic 

voltammograms and differential pulse voltammogram are shown in Figure 6.19. Ferrocene was 

served as internal standard to calibrate the redox potentials. All the derivatives displayed a quasi 

reversible oxidation wave (120-232 mV) due to the oxidation of the conjugated pathway spread 

over the entire system. This is further support by the theoretical computation. The oxidation 

potentials of the dyes follows the order as 26a > 28a > 26b > 27 > 28b. These result reveals that 

within the same class, the oxidation potential of the phenothiazine mainly depend on the amine 

group tethered at 4-position of the benzothiadiazole moiety.  

The strong donating ability of piperidine cathodically shifted oxidation potential of 26a, 28a 

than 26b, 28b respectively. The phenothiazine substituted benzothiadiazoles, exhibit one 

irreversible reduction wave due to the reduction of BTD unit in the region (-1760) mV to (-

2088) mV. The reduction potential of the dyes follows the tread 27 < 26b < 28b < 26a < 28a. 

Within the same class, the dyes with morpholine donor tethered at 4th position of BTD were 

easily reduced than the dyes with piperidine donor, because of the inferior donating ability. 

Since all the dyes except 27 possess piperidine/morpholine unit directly attached to BTD unit 

and make them difficult to reduce. The dye 27 possesses low band gap in the series, presumably 

due to the low reduction potential and the low lying LUMO level. The HOMO and LUMO 

energy levels of the dyes were evaluated by standard equations HOMO = EOX + 4.8 and LUMO 

= Ered + 4.8. And E0-0 was calculated from HOMO-LUMO. The band gap of the newly 

synthesized phenothiazine-benzothiadiazole conjugates were in the range 1.988-2.268 eV. To 

correlate their electronic properties and identify their potential for use in organic photovoltaic 

devices, the HOMO and LUMO energy levels of the new phenothiazine-benzothiadiazole 

conjugates were estimated and shown in Figure 6.20. 
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Figure.6.19 (a) Cyclic voltammograms recorded for the dyes 26a-b, 27, 28a (b) Differential pulse voltammograms of the dyes 

recorded in dichloromethane solution 

Table 6.3 Electrochemical properties of the dyes in dichloromethane solution 

Dye EOX(ΔEp), mVa Ered, mVa HOMO, eVb LUMO, eVb E0-0,ev EOX vs NHE, Vc E0-0*, Vd 
26a 120 (107), 916, 1060 2020 4.920 2.780 2.140 0.890 -1.250 
26b 196 (92), 900 1968 4.996 2.832 2.164 0.966 -1.198 
27 228 (91), 824, 1724 1760 5.028 3.040 1.988 0.998 -0.990 
28a 180 (68), 852, 948 2088 4.980 2.712 2.268 0.950 -1.318 
28b 232, 808, 968 1976 5.032 2.824 2.208 1.002 -1.206 

a Measured for dichloromethane solutions using tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte at a scan rate 

of 100 mV/s. b Deduced from the equations HOMO = EOX + 4.8 and LUMO = Ered + 4.8. c Ground-state oxidation potential versus 

NHE. d Excited state oxidation potential versus NHE 
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Figure 6.20 Energy-level diagram of the phenothiazine-benzothiadiazole hybrids 

 
Figure 6.21 Snap shot of the trends in absorption and electrochemical data of the new 

benzothiadiazole-phenothiazine dyes 

It is interesting to compare the band gap of the P3HT which is used as an efficient donor in 

BHJ solar cells. The band gap of the P3HT is 1.9-2.0 eV [83]. From this comparison we can 

conclude that these materials can serve as efficient donors in BHJs. In an attempt to establish 

structure-property relationship in the new family of benzothiadiazole-phenothiazine vinyl 

conjugates we correlated the electronic absorption maxima of the lower energy transition with 
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the first oxidation potentials of the dyes recorded in dichloromethane and the treads are 

displayed in Figure 6.21. The trends of the absorption maxima and first oxidation potential of 

the dyes correlated with the help of arrows. Both the absorption maxima and oxidation 

potentials trends were highly depended on the conjugation length and electron donating ability 

of the donor attached to benzothiadiazole.  

6.2.4 Theoretical Calculations 
To probe in more detail the influence of the structure on the geometry and electronic 

properties of the new phenothiazine-benzothiadiazole conjugates by theoretically, density 

functional theory (DFT) [84] calculations were performed using B3LYP [85-86], MPW1K [87] 

models and 6-31G(d,p) basis set. The transition energies, oscillator strengths, and assignments 

for the dyes are complied in Tables 6.4, 6.5 and 6.6. Electronic distributions in the frontier 

molecular orbitals of the dyes are displayed in Figures 6.22 and 6.23. The simulated absorption 

spectra from the computed parameters are displayed in Figure 6.24.Some of the silent features 

emerged from the theoretical computations are:  

In 26a and 26b, 

  HOMO, HOMO-1 was distributed on entire molecule.  

 LUMO was located mainly on benzothiadiazole moiety. 

 LUMO+1 was located mainly on benzothiadiazole, double bond and significant contribution 

from phenothiazine also.  

In 27, 

 HOMO was distributed on entire molecule.  

 HOMO-1 was located on both the phenothiazines. 

 LUMO, LUMO+1 were located on benzothiadiazole and double bond attached to the 

benzothiadiazole.  

In 28a and 28b, 

 HOMO was distributed on entire molecule. 

 HOMO-1 was mainly located on benzothiadiazole and minor contribution from 

phenothiazine. 

 LUMO, LUMO+1 were mainly located on both of benzothiadiazoles. 
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Figure 6.22 Electronic distribution observed for the frontier molecular orbitals of the dyes 20a, 20b and 21 
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Figure 6.23 Electronic distribution observed for the frontier molecular orbitals of the dyes 23a and 23b 
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Table 6.4 Predicted vertical transitions and their assignments by B3LYP (gas) 

Dye λabs/nm f Configuration HOMO, eV LUMO, eV μg [D] 
26a 598.0 0.29 HOMO→LUMO (98%) -4.58 -2.15 0.78 

 400.1 0.53 HOMO→LUMO+1 (90%)    
 338.6 0.56 HOMO-1→LUMO+1 (83%)    
 328.7 0.20 HOMO→LUMO+2 (76%)    

26b 605.7 0.28 HOMO→LUMO (98%) -4.65 -2.25 1.59 
 401.0 0.50 HOMO→LUMO+1 (90%)    
 337.0 0.54 HOMO-1→LUMO+1 (80%)    
 328.8 0.23 HOMO→LUMO+2 (78%)    

27 662.3 0.88 HOMO→LUMO (99%) -4.60 -2.45 1.90 
 421.2 1.14 HOMO→LUMO+1 (89%)    
 350.0 0.31 HOMO-1→LUMO+2 (55%), HOMO→LUMO+3 (14%), 

HOMO-2→LUMO+1(10%) 
   

28a 636.8 0.61 HOMO→LUMO (96%) -4.46 -2.18 2.49 
 434.1 0.76 HOMO→LUMO+2 (77%), HOMO-2→LUMO (20%)    

28b 641.5 0.58 HOMO→LUMO (97%) -4.55 -2.29 0.07 
 433.9 0.73 HOMO→LUMO+2 (78%), HOMO-2→LUMO (19%)    
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Table 6.5 Predicted vertical transitions and their assignments by MPW1K (gas) 

Dye λabs/nm f Configuration HOMO, eV LUMO, eV μg [D] 
26a 446.2 0.55 HOMO→LUMO (81%), HOMO-1→LUMO (17%) -5.51 -1.53 1.16 

 327.1 0.32 HOMO→LUMO+1 (60%), HOMO-1→LUMO (20%)     
 289.7 0.82 HOMO-1→L+1 (42%), HOMO→L+3 (27%)     
 257.5 0.16 HOMO-5→L (69%), HOMO→L+5 (11%)     

26b 453.7 0.56 HOMO→LUMO (82%), HOMO-1→LUMO (15%) -5.55 -1.65 1.75 
 329.9 0.36 HOMO→LUMO+1 (63%), HOMO-1→LUMO (19%)     
 290.4 0.80 HOMO-1→LUMO+1 (42%), HOMO→LUMO+2 (28%)     
 257.7 0.16 HOMO-5→LUMO (65%), HOMO-0→LUMO+5 (12%)     

27 495.5 1.36 HOMO→LUMO (92%)  -5.49 -1.92 1.59 
 334.4 0.81 HOMO→LUMO+1 (57%), HOMO-2→LUMO (20%), HOMO-1→LUMO+2 (10%)    

28a 469.0 1.18 HOMO→LUMO (71%), HOMO-1→LUMO+1(22%) -5.34  -1.59 2.43 
 446.1 0.15 HOMO→LUMO+1 (64%), HOMO-1→LUMO (29%)     
 341.6 0.49 HOMO→LUMO+2 (55%), HOMO→LUMO (16%), HOMO-1→LUMO+1 (14%)     
 308.4 0.13 HOMO-2→LUMO (55%), HOMO-1→LUMO+1 (28%)     
 306.9 0.14 HOMO→LUMO+3 (32%), HOMO-2→LUMO+1 (27%), HOMO-1→LUMO+2 (20%), 

HOMO-1→LUMO (16%) 
   

 291.0 1.33 HOMO→LUMO+5 (38%), HOMO-2→LUMO+2 (21%), HOMO-1→LUMO+3 (20%)    
28b 464.5 1.12 HOMO→LUMO (72%), HOMO-1→LUMO+1 (20%) -5.45 -1.69 0.62 

 441.8 0.15 HOMO→LUMO+1 (64%), HOMO-1→LUMO (26%)     
 341.0 0.47 HOMO-0→LUMO+2 (56%), HOMO→LUMO (16%), HOMO-1→LUMO+1(12%)     
 297.3 0.14 HOMO→LUMO+3 (36%), HOMO-2→LUMO+1 (31%), HOMO-1→LUMO+2 (14%)     
 289.2 1.37 HOMO→LUMO+5 (39%), HOMO-2→LUMO+2 (21%), HOMO-1→LUMO+3 (19%)    
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Table 6.6 Predicted vertical transitions and their assignments by MPW1K (THF) 

Dye λabs/nm f Configuration HOMO, eV LUMO, eV μg [D] 
26a 454.2 0.64 HOMO→LUMO (81%), HOMO-1→LUMO (16%) -5.69 -1.69 1.51 

 354.6 0.14 HOMO-1→LUMO (51%), HOMO→LUMO+1 (33%)     
 328.1 0.37 HOMO→LUMO+1 (55%), HOMO-1→LUMO (27%)     
 293.2 0.71 HOMO-1→LUMO+1 (43%), HOMO→LUMO+2 (20%), HOMO→LUMO+3 (16%)    
 261.1 0.19 HOMO-5→LUMO (74%)     

26b 459.5 0.67 HOMO→LUMO (83%), HOMO-1→LUMO (15%) -5.69 -1.75 2.07 
 356.7 0.12 HOMO-1→LUMO (52%), HOMO→LUMO+1 (33%)     
 330.2 0.39 HOMO→LUMO+1 (55%), HOMO-1→LUMO (27%)     
 293.7 0.69 HOMO-1→LUMO+1(42%), HOMO→LUMO+2 (27%), HOMO→LUMO+3 (12%)    
 261.3 0.20 HOMO-5→LUMO (72%)     

27 508.1 1.51 HOMO→LUMO (91%)  -5.65 -2.07 2.20 
 336.2 0.84 HOMO→LUMO+1 (54%), HOMO-2→LUMO (26%)     
 299.0 0.43 HOMO-3→LUMO (23%), HOMO-1→LUMO+2 (15%), HOMO→LUMO+3 (14%) 

HOMO-2→LUMO+1 (13%)  
   

 297.6 0.17 HOMO-3→LUMO (51%), HOMO→LUMO+3 (10%)    3.07 
28a 475.7 1.34 HOMO→LUMO (69%), HOMO-1→LUMO+1 (24%) -5.53 -1.74  

 454.4 0.18 HOMO→LUMO+1 (60%), HOMO-1→LUMO (32%)     
 378.8 0.13 HOMO→LUMO+2 (35%), HOMO-1→LUMO+1 (28%), HOMO-2→LUMO (21%)     
 341.9 0.49 HOMO→LUMO+2 (49%), HOMO→LUMO (19%), HOMO-1→LUMO+1 (16%)     
 313.9 0.20 HOMO→LUMO+3 (44%), HOMO-1→LUMO+2 (33%)    
 308.0 0.15 HOMO-2→LUMO (53%), HOMO-1→LUMO+1 (27%)     
 293.9 1.22 HOMO→LUMO+5 (35%), HOMO-2→LUMO+2 (21%), HOMO-1→LUMO+3 (19%)    

28b 468.5 1.28 HOMO→LUMO (70%), HOMO-1→LUMO+1 (22%) -5.59 -1.78 0.72 
 447.3 0.19 HOMO→LUMO+1 (61%), HOMO-1→LUMO (30%)     
 375.6 0.11 HOMO→LUMO+2 (35%), HOMO-1→LUMO+1 (28%), HOMO-2→LUMO (22%)     
 340.2 0.46 HOMO→LUMO+2 (49%), HOMO→LUMO (19%), HOMO-1→LUMO+1 (15%)     
 309.7 0.20 HOMO→LUMO+3 (44%), HOMO-1→LUMO+2 (31%), HOMO-2→LUMO+1 (10%)     
 304.7 0.15 HOMO-2→LUMO (52%), HOMO-1→LUMO+1 (28%)     
 291.6 1.27 HOMO→LUMO+5 (37%), HOMO-2→LUMO+2 (21%), HOMO-1→LUMO+3 (19%)    
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Figure 6.24 Simulated electronic transitions for the dyes by MPW1K 

Appreciable overestimation (+50 nm) - (+100 nm) of absorption wavelengths for the dyes at 

the TDDFT level using B3LYP correlation functional’s attributed to the flaws in modelling the 

long range charge transfer interactions [88-89]. However, the charge transfer transition as well 

as higher energy transition calculated in the presence of tetrahydrofuran using MPW1K showed 

close agreement to the experimentally observed values for tetrahydrofuran. In 26a and 26b the 

lower energy transition has major (81-83%) contribution from HOMO to LUMO and minor (15-

16%) contribution from HOMO-1 to LUMO. As both HOMO and HOMO-1 were localised on 

entire molecule and LUMO is mainly localised on BTD unit, we can consider in the exited state 

there is an ICT from donor moieties to BTD unit. The longer wavelength vertical transition of 

27 is mainly due to the electronic excitation from HOMO to LUMO, this clearly suggests that in 

27 the prominent excitation leads to the charge transfer from the phenothiazine units to 

benzothiadiazole segment, as the HOMO, HOMO-1 are mainly localised on entire molecule 

(major contribution from phenothiazine) and LUMO, LUMO+1 are localised on 

benzothiadiazole unit. The low energy transition in the dyes 28 has a configuration from 

HOMO→LUMO (major) and HOMO-1→LUMO+1 (minor) excitation. This clearly indicates 

that in 28a, 28b the longer wavelength transition is due to the charge transfer from the donor 

segments to benzothiadiazole acceptor.  
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6.2.5 Thermal Properties 
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Figure 6.25 TGA plots for the dyes 

Thermal stability of the dye plays crucial role in the device performance of any optoelectronic 

material. So to evaluate thermal properties of the dyes thermogravimetric analysis (TGA) was 

performed under nitrogen atmosphere, with a heating rate of 10 °C/min (Figure 6.25). All of the 

materials showed very good thermal stability. The temperature with 10% weight loss lies in the 

range from 356 to 387 °C Table 6.7. There is no difference in the onset decomposition temperature 

for dyes within the same class (26a, 26b) & (28a, 28b). This may be attributed to the presence of 

similar structural features in the dyes. Among all, the dye 27 exhibited poor thermal stability, 

which is attributable to the fragile butyl chains in the dye. The onset decomposition temperature of 

27 is in between mono (26a, 26b) and di-substituted (28a, 28b) phenothiazine derivatives. Among 

the dyes, the dyes 28a, 28b exhibited higher decomposition temperatures. The thermal stability 

trends revealed that the dyes with two BTD units have higher thermal stability. The decomposition 

temperatures of the newly synthesised phenothiazine-benzothiadiazole derivatives were in range 

401-438 °C, which are quite good enough for the applications in opto-electronic devices. 
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Table 6.7 Thermal properties of the benzothiadiazole-phenothiazine conjugates 

Dye Tonset,ºCa Td,ºCb 
26a 356 411 
26b 356 404 
27 379 401 
28a 387 438 
28b 384 437 

a Temperature corresponding to 10% weight loss b Heating rate 10 °C/min in nitrogen 

6.3 Conclusions 
In summary, we have successfully designed, synthesized and characterized a series of donor-

acceptor compounds containing phenothiazine donor, benzothiadiazole acceptor and double 

bonds as the π-bridge. The compounds were synthesized by palladium-catalyzed Heck cross 

coupling reactions and isolated in moderate to good yields. The new phenothiazine-

benzothiadiazole dyes were thoroughly characterized by UV-vis absorption, emission, 

electrochemical, theoretical calculations and thermal studies. The compounds exhibited good 

solubility in common organic solvents, which is beneficial to apply them in solution-processable 

electronic devices. The dyes exhibited interesting photophysical, electrochemical properties 

which are highly dependent on the conjugation length and the donor attached to benzothiadiazole 

unit. The extended conjugation in the dyes 28a, 28b contributed to the red shifted absorptions 

with high molar extension coefficients and anodically shifted oxidation potentials than 26a, 26b. 

The results of solvatochromism studies reveal the formation of polar excited intramolecular 

charge transfer states for the dyes. All the dyes displayed one-electron quasi-reversible oxidation 

couple and an irreversible reduction wave, which are attributable to the oxidation of the sulphur 

atom in phenothiazine unit and reduction of benzothiadiazole unit, respectively. Among all, the 

dye 27 exhibited low reduction potential and low band gap due to the presence of two strong 

electron donating phenothiazine units. There is a reasonable correlation between the optical 

properties proposed by TDDFT and the experimental data. The decomposition temperatures of 

the dyes are quite good enough to apply in any opto-electronic device. Finally, in this work we 

established the structure-property relationships in the new phenothiazine-benzothiadiazole dyes 

extended though vinyl spacer, which are suitable in electronic devices such as OLEDs, BHJ solar 

cells and nonlinear optics etc.  
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6.4 Experimental Section 
6.4.1 Material and Methods 
General methods are similar to those described in the earlier chapters. 

6.4.2 Synthesis 
Synthesis of 4-bromo-7-morpholinobenzo[c][1,2,5]thiadiazole (2b). The reaction was carried 

under nitrogen atmosphere. 4,7-dibromobenzo[c][1,2,5]thiadiazole (1) (2.05 g, 7.0 mmol), 

morpholine (5 mL) were refluxed for 10 h and the reaction mixture was cooled to room 

temperature. The reaction mixture was poured in cold water and extracted with 

dichloromethane. The compound was purified by column chromatography on silica gel using 

hexane/dichloromethane mixture as eluant. Orange solid; Yield = 1.15 g (55%, 3.83 mmol); 

m.p. 110-112 °C; IR (KBr, cm-1): 2955, 1483, 1234, 1118; 1H NMR (500.13 MHz, CDCl3): δ 

3.50 (t, J = 5.0 Hz, 2H), 3.95 (t, J = 5.0 Hz, 2H), 6.58 (d, J = 8.0 Hz, 1H), 7.65 (d, J = 8.0Hz, 

1H); 13C NMR (125.75 MHz, CDCl3): δ 50.3, 66.8, 104.5, 111.9, 132.8, 143.6, 149.0, 154.5; 

HRMS (ESI) m/z calcd for C10H11BrN3OS (M+H) 299.9806, found 299.9805. 

Synthesis of (E)-10-butyl-3-(2-(7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazol-4-yl)vinyl)-10H-

phenothiazine (26a). In a 100 ml pressure tube mixture of 4-bromo-7-(piperidin-1-

yl)benzo[c][1,2,5]thiadiazole (2a) (0.3 g, 1 mmol), 10-butyl-3-vinyl-10H-phenothiazine (18b) 

(0.309 g, 1.1 mmol), Pd(OAc)2 (2.245 mg, 0.01 mmol), NaOAc (0.82 g, 10 mmol), and n-

Bu4NBr (0.065 g, 0.2 mmol) was dissolved in degassed N,N-dimethylformamide (5 mL). The 

solution was kept under a nitrogen atmosphere at 100 °C for 24 h. The mixture was poured into 

water. The precipitate was filtered, washed with water, dissolved in dichloromethane, and dried 

over anhydrous sodium sulfate. After evaporation of the solvent, the residue was purified by 

column chromatography on silica gel, using a hexane/dichloromethane mixture as eluant. Dark 

red solid; Yield = 0.3 g (65%, 0.58 mmol); m.p. 115-117 °C; IR (KBr, cm-1): 2925, 1462, 1383, 

1239; 1H NMR (500.13 MHz, CDCl3): δ 0.95 (t, J = 7.5 Hz, 3H), 1.44-1.49 (m, 2H), 1.69-1.70 

(m, 2H), 1.79-1.85 (m, 6H), 3.50-3.52 (m, 4H), 3.86 (t, J = 7.0 Hz, 2H), 6.75 (d, J = 8.0 Hz, 

1H), 6.85 (t, J = 10.0 Hz, 2H), 6.90 (t, J = 7.5 Hz, 1H), 7.13-7.16 (m, 2H), 7.35-7.39 (m, 3H), 

7.50 (d, J = 7.5 Hz, 1H), 7.70 (d, J = 16.0 Hz, 1H); 13C NMR (125.75 MHz, CDCl3): δ 13.8, 

20.2, 22.9, 24.6, 26.0, 29.0, 47.2, 51.6, 100.1, 112.0, 115.3, 122.3, 122.6, 123.3, 124.4, 124.9, 

125.0, 125.9, 127.2, 127.4, 128.2, 128.7, 132.6, 144.0, 145.0, 150.3, 154.8; HRMS (ESI): m/z 

calculated for C29H31N4S2 499.1990; found 499.1980 
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Synthesis of (E)-10-butyl-3-(2-(7-morpholinobenzo[c][1,2,5]thiadiazol-4-yl)vinyl)-10H-

phenothiazine (26b). Compound 26b was prepared from 2b by following a similar procedure 

as described for 26a. Orange solid; Yield = 74%; m.p. 120-122 °C; IR (KBr, cm-1): 2926, 1470, 

1380, 1245; 1H NMR (500.13 MHz, CDCl3): δ 0.95 (t, J = 7.5 Hz, 3H), 1.45-1.48 (m, 2H), 1.79-

1.80 (m, 2H), 3.56 (t, J = 4.5 Hz, 4H), 3.87 (t, J = 4.5 Hz, 2H), 3.99-4.01 (t, J = 4.5 Hz, 4H), 

6.76 (d, J = 8.0 Hz, 1H), 6.85 (t, J = 9.0 Hz, 2H), 6.91 (t, J = 7.5 Hz, 1H), 7.14 (d, J = 7.5 Hz, 

2H), 7.35-7.40 (m, 3H), 7.53 (d, J = 8 Hz, 1H), 7.74 (d, J = 16.5 Hz, 1H); 13C NMR (125.75 

MHz, CDCl3): δ 13.7, 20.0, 28.8, 47.0, 50.3, 66.7, 111.7, 115.1, 122.2, 122.8, 123.4, 124.2, 

124.8, 124.8, 125.8, 127.2, 127.0, 127.3, 127.7, 129.3, 132.3, 142.6, 144.5, 144.8, 149.7, 154.6; 

HRMS (ESI): m/z calculated for C28H29N4OS2 501.1783; found 501.1753. 

Synthesis of 10-butyl-3-((E)-2-(7-((E)-2-(10-butyl-10H-phenothiazin-3-

yl)vinyl)benzo[c][1,2,5]thiadiazol-4-yl)vinyl)-10H-phenothiazine (27). Compound 27 was 

prepared from 1 (0.5 equivalent) by following a similar procedure as described for 26a; Red 

solid; Yield = 78%; m.p. 135-137 °C; IR (KBr, cm-1): 2951, 1465, 1360; 1H NMR (500.13 

MHz, CDCl3): δ 0.96 (t, J = 7.5 Hz, 6H), 1.45-1.50 (m, 4H), 1.80-1.83 (m, 4H), 3.88 (t, J = 7.0 

Hz, 4H), 6.86 (t, J = 7.0 Hz, 8.5 Hz, 4H), 6.92 (t, J = 7.5 Hz, 2H), 7.14-7.15 (m, 4H), 7.39-7.43 

(m, 4H), 7.49 (d, J = 16.5 Hz, 2H), 7.86 (d, J = 16.5 Hz, 2H); 13C NMR (125.75 MHz, CDCl3): 

δ 13.8, 20.0, 28.9, 47.2, 115.2, 115.3, 122.4, 122.7, 124.1, 124.3, 125.1, 126.3, 126.5, 127.7, 

127.4, 129.0, 131.6, 131.9, 144.7, 145.0, 153.8; HRMS (ESI) m/z calculated for C42H38N4S3, 

694.2259 [M+] found 694. 2222. 

Synthesis of 10-butyl-3,7-bis((E)-2-(7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazol-4-yl)vinyl)-

10H-phenothiazine (28a). Compound 28a was prepared from 25 (0.5 equivalent) by following 

a similar procedure as described for 26a. Dark red solid; Yield = 89%; m.p. 138-140 °C; IR 

(KBr, cm-1): 2921, 1476, 1388, 1254; 1H NMR (500.13 MHz, CDCl3): δ 0.97 (t, J = 7.5 Hz, 

3H), 1.46-1.50 (m, 2 H), 1.67-1.71 (m, 4H), 1.79-1.87 (m, 10H), 3.50 (t, J = 5.0 Hz, 8H), 3.87 

(t, J = 7.5 Hz, 2H), 6.75 (d, J = 7.5 Hz, 2H), 6.83 (d, J = 8.5 Hz, 2H), 7.35-7.37 (m, 3H), 7.4 (t, 

J = 2.0 Hz, 3H), 7.51 (d, J = 7.5 Hz, 2H), 7.72 (d, J = 16.0 Hz, 2H); 13C NMR (125.75 MHz, 

CDCl3): δ 13.9, 20.2, 24.6, 26.0, 29.0, 47.5, 51.6, 112.0, 115.2, 122.6, 122.8, 123.3, 124.9, 

125.9, 128.3, 128.7, 132.7, 144.0, 144.1, 150.3, 154.8; HRMS m/z: calculated for, C42H43N7S3 

741.2742 [M+]; found 741.2734. 
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Synthesis of 4,4'-(7,7'-((1E,1'E)-(10-butyl-10H-phenothiazine-3,7-diyl)bis(ethene-2,1-

diyl))bis(benzo[c][1,2,5]thiadiazole-7,4-diyl))dimorpholine (28b). Compound 28b was 

prepared from 25 (0.5 equivalent) by following a similar procedure as described for 26a; Red 

solid; Yield = 90%; m.p. 108-110 °C; IR (KBr,cm-1): 2980, 2925, 1631, 1472, 1383, 1118; 1H 

NMR (500.13 MHz, CDCl3): δ 0.97 (t, J = 7.5 Hz, 3H), 1.49-1.50 (m, 2H), 1.80-1.83 (m, 2H), 

3.58 (t, J = 4.0 Hz, 8H), 3.89 (t, J = 6.5 Hz, 7.5 HZ, 2H), 4.00 (t, J = 4.0 Hz, 5.0 Hz, 8H), 6.77 

(d, J = 8.0 Hz, 2H), 6.85 (d, J = 8.5 Hz, 2H), 7.36-7.42 (m, 6H), 7.54 (d, J = 8.0 Hz, 2H), 7.75 

(d, J = 16.0 Hz, 2H); 13C NMR (125.75 MHz, CDCl3): δ 13.8, 20.1, 28.9, 47.3, 50.4, 66.9, 

111.8, 115.2, 123.0, 123.5, 124.3, 124.9, 125.9, 127.8, 129.3, 132.4, 142.7, 144.1, 149.8, 154.7; 

HRMS m/z: calculated for, C40H39N7NaO2S3 768.2225 [M+Na+]; found 768.2205. 
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Chapter 7 
Benzothiadiazole-Ferrocene π-Extended 

Conjugates with Vinyl Linkage: Synthesis, 

Structure, Electrochemical and Thermal 

Properties 
7.1 Introduction 

Organometallic complexes continue to attract wide attention owing to their applications in 

molecular devices based on photoinduced electron and energy transfer reactions like organic 

photovoltaics (OPVs), organic light-emitting diodes (OLEDs), dye-sensitized solar cells 

(DSSCs), organic field-effect transistors (OFETs), non-linear optics and lithium ion battery etc 

[1-8]. In the past two decades, organometallic complexes featuring platinum [9-10], ruthenium 

[11-16], iron [17-19], osmium [20-21] and iridium [22-24] compounds have been extensively 

explored in supramolecular chemistry and materials sciences. Especially platinum [25-28] and 

ruthenium [14] complexes integrated with benzothiadiazole (BTD) acceptor moiety exhibited 

broad absorption profiles due to intramolecular charge transfer (ICT), which is beneficial for the 

enhancement of photo current response in photovoltaic devices. In light of these considerations, 

incorporation of BTD into the integral part of the iron organometallic conjugated complex will 

be beneficial to improve the electronic properties of iron containing complexes.  

Ferrocene can act as a strong donor, highly stable and show low sensitivity to di-oxygen and 

water [29]. Complexes with ferrocenyl groups as redox-active termini are extensively explored, 

due to their high thermal stability and the excellent electrochemical reversibility of the 

ferrocene's [Fe(II)/Fe(III)] redox couple [30-31]. Multi ferrocenyl compounds become a topic of 

interest in molecular electronics, quantum cellular automata, optoelectronic materials, and 

biochemistry due to their multiredox, magnetic coupling, and unpaired electron density 

migration properties [32-37]. In the literature it was found that, ferrocene in combination with 

hetero aromatic spacers and electron withdrawing moieties shows excellent metal-metal 
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interactions and large second-order nonlinear optical (NLO) properties [30, 38-42]. Since 1987, 

after the maiden report from Marder and co workers ferrocene has been exploited as an electron-

donor moiety for several material science applications [29]. Especially ferrocene based push-

pull systems have attracted considerable attention, owing to their efficient intramolecular charge 

transfer (ICT) from the donor to the acceptor and the molecule becomes polarized. The 

polarized molecule expected to show high first-order hyperpolarizability (), in the presence of 

strong electromagnetic field of a laser beam [30]. The extent of intramolecular charge transfer 

(ICT) primarily is affected by the modification and exchange of the donor, π-spacer, and 

acceptor parts. So far, extensive research has been carried out on ferrocenyls linked with 

annulenes, arenes, porphyrins, five- and six-membered heterocycles, and electron deficient 

moieties etc [36, 43-48]. Many electron deficient heterocyclic moieties were integrated with 

ferrocene to form push-pull systems of various designs and arrangements [30, 38, 45, 49-55]. 

The optical and electrochemical properties in such complexes are mainly tuned by the electronic 

nature of the electron-deficient group attached to it. Heteroaromatic ring systems capped or 

joined by linear π-conjugation with ferrocenyl groups are numerous in the literature and 

identified as excellent candidates for studying intramolecular electron transfer, intervalence 

charge transfer (IVCT) [19, 31-32, 34, 43, 56]. 

Over the two decades, several research groups have focused on the design, synthesis, and 

application of ferrocene based push-pull systems. The heteroaromatic spacers which connect the 

push-pull can strengthen its thermal and chemical robustness. Recently Misra and co-workers 

reported a series of ferrocenyl substituted benzothiadiazoles [57-58] with acetylene linkage and 

the structures of the complexes are as shown in the Figure 7.1. The photophysical and 

electrochemical studies of these complexes reveals the existence of strong donor-acceptor 

interactions. These compounds are non-emissive in nature. Since the double bonds are found to 

be effective for the electronic communication in between the constituents of the molecular wire, 

we designed and synthesized a series of ferrocene-BTD conjugates possessing vinyl linkage. 

Within this series a systematic change from electron-donating to electron-withdrawing 

functionalities was realized, which also allowed elucidation of the structure-property 

relationships. Chromophores represent inorganic-organic hybrid systems in which heterocyclic 

acceptor 2,1,3-benzothiadiaozle unit was connected to an electron-releasing ferrocenyl group as 

one of the terminal subunits through a π-conjugated system of double bond. Because of the 
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alleviated π-conjugation and planarization of the chromophore, we opted vinyl linkage rather 

than more electronegative (electron-deficient) ethynylene linkage. 

 
Figure 7.1 Structures of the known ferrocene-benzothiadiazole dyes in the literature 

It is expected that the integration of ferrocene and benzothiadiazole in a molecular structure 

with different chromophores on benzothiadiazole termini may impart favorable optical and 

charge transport properties desired for electronic applications. We wish to present here the 

synthesis, absorption, and redox behavior of the ferrocene with a low band gap chromophore. 

To the best of our knowledge, molecules containing ferrocene moiety attached to a low band 

chromophore like benzothiadiazole have been exploited barely and ferrocene attached to 

benzothiadiazole by vinyl linkage has not exploited. In this context, to establish the structure -

property relationship between these donor-acceptor compounds, we systematically perturbed the 

tethering groups on the 7th position of BTD with different chromophores. The mutual electronic 

communication and impact of these tethering groups on new ferrocene-benzothiadiazole vinyl 

hybrids was explored by photophysical, electrochemical, DFT study and thermal properties. The 

new complexes possessed excellent light harvesting nature due to strong donor-acceptor 

interactions and may exhibit enhanced two photon absorption properties. The structures of the 

complexes synthesized and characterized in this study are presented in Figure 7.2. 
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Figure 7.2 Structures of the benzothiadiazole-ferrocene hybrid complexes 

Molecules with π-conjugated systems bearing pyridyl substituents at the terminal positions 

are expected to be alligator clips for the synthesis of molecular devices. These terminal pyridyl 

containing molecules can form intermolecular interactions such as hydrogen and coordination 

bonds with metals to yield fascinating supramolecular building blocks [59-60]. So the derivative 

30d which contain pyridine at the termini can be useful for the synthesis of supramolecular 

building blocks and it can be applied as a sensitizer in dye-sensitized solar cells, since it can 

form strong coordinate bonding with the Lewis acid sites of TiO2 by the lone pair of electrons 

on the nitrogen atom of the pyridine ring [61]. 

7.2 Results and Discussion 
7.2.1 Synthesis of Ferrocene-Benzothiadiazole Conjugates  

 
Figure 7.3 Ferrocene-benzothiadiazole vinyl hybrid complexes general representation 
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The general structural representation and numbering of the ferrocene-benzothiadiazole 

hybrids is shown Figure 7.3. The synthetic pathways leading to new ferrocene-benzothiadiazole 

conjugated complexes are shown in Scheme 7.1. The targeted molecules were extensively 

synthesized by utilizing palladium-catalyzed Heck coupling reaction with quantitative yields. 

The compounds vinyl ferrocene (18c) [62], 4,7-dibromobenzo[c][1,2,5]thiadiazole (1) [63], 4-

bromo-7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazole (2a) [64], and 4-bromo-7-(thiophen-2-

yl)benzo[c][1,2,5]thiadiazole (29) [65], were prepared by adopting reported procedures. (E)-4-

bromo-7-(2-(pyridin-4-yl)vinyl)benzo[c][1,2,5]thiadiazole (16) was prepared from 4,7-

dibromobenzo[c][1,2,5]thiadiazole (1) by adopting Heck coupling protocol with one equivalent 

of vinyl pyridine. The bromo precursor (2a-b, 16, 29) were conveniently converted to the 

targeted complexes by treating with one equivalent of vinyl ferrocene (18c), and the complex 

30d was obtained by treating 4,7-dibromobenzo[c][1,2,5]thiadiazole (1) with two equivalents of 

vinyl ferrocene (18c) in the presence of Pd(OAc)2, TBAB, and sodium acetate by Heck cross-

coupling reaction. These ferrocene complexes has good solubility in common organic solvents 

such as tetrahydrofuran, dichloromethane and acetonitrile etc and are stable in the solid state as 

well as in solution towards air and moisture. 

 

Scheme 7.1 Synthetic pathways leading to ferrocene-benzothiadiazole hybrid complexes 

All these complexes were unambiguously characterized by IR, 1H NMR, 13C NMR and 

HRMS. The data is consistent with the proposed structures, showing the expected features with 

correct integration ratios. From 1H NMR, all the olefinic -CH=CH- units appeared as doublets 

with coupling constant of ca. 16 Hz, confirmed an (E) configuration in the double bond(s) 

introduced by Heck coupling reaction. The ferrocenyl group in all the complexes gave three 
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different signals, the unsubstituted cyclopentadienyl (C5H5) moiety of ferrocene exhibited a 

sharp singlet below 4.20 ppm and the mono substituted cyclopentadienyl (C5H4) ring exhibited 

two different board unresolved multiplets above 4.30 ppm due to different chemical 

environment. These signals appear at low field of the unsubstituted cyclopentadienyl (C5H5) 

singlet, showing that the highly electron withdrawing low band gap benzothiadiazole 

considerably deshielded all the four ring protons. This deshielding is less pronounced in the dye 

30a and 30b due to the electron rich amines piperidine, morpholine groups on the 7th position of 

the BTD. Expect 30d, all the derivatives show two doublets corresponding to the chemically 

non-equivalent benzothiadiazole. The symmetrical nature of the benzothiadiazole in 30d was 

revealed by the presence of singlet. The impact of the different tethering groups on the 7th 

position of the benzothiadiazole was studied by 1H and 13C NMR. The signals associated with 

the ferrocenyl, vinyl and benzothiadiazole fragments were presented in the Table 7.1 and 7.2. 

The complex 30a was also characterized by single-crystal X-ray diffraction. 

Table 7.1 1H Spectral data of the complexes recorded in CDCl3
a 

Complex Cp Cp’ Vinyl (Ha& Hb) BT-H5 BT-H6 
30a 4.16 4.32, 4.56 7.12, 7.61 6.76 7.48 
30b 4.15 4.31, 4.55 7.11,7.58 6.75 7.45 
30c 4.18 4.38, 4.61 7.24, 7.80 7.60 7.8 
19c 4.19 4.40, 4.62 7.22, 7.75 7.61 7.69 
30d 4.17 4.37, 4.60 7.20,7.77 7.55 7.55 

a Chemical shifts in ppm 

Table 7.2 13C Spectral data the complexes recorded in CDCl3
a  

Dye Cp Cp’ Vinyl 
30a 69.2 66.8, 69.0, 84.1 112.2, 122.2 
30b 69.3 66.9, 69.1, 83.8 112.1, 121.9 
30c 69.4 67.3, 69.4, 83.1 - 
19c 69.5 67.5, 69.9, 83.0 - 
30d 69.4 67.2, 69.6, 83.5 121.1, 125.9 

a Chemical shifts in ppm 

7.2.2 X-ray Crystallography of 30a 
The single crystal of ferrocene-benzothiadiazole conjugate 30a was grown via the slow 

diffusion of acetonitrile into dichloromethane solution at room temperature, is as shown Figure 

7.4. The complex 30a crystallizes in the monoclinic space group P21/n. The single crystal X-ray 

structure determination confirmed the presence of newly introduced C-C bonding between 

benzothiadiazole unit and vinyl ferrocene unit by Heck coupling protocol.  
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Figure 7.4 ORTEP plot of the complex 30a 

The benzothiadiazole ring is nearly coplanar with the neighboring vinyl entity. The BTD 

moiety and the ferrocenyl Cp are in mutual trans positions with respect to each other at the 

termini of the conjugated alkene, which is in agreement with the NMR assignment. The 

benzothiadiazole ring is slightly deviated from planarity with respect to vinylferrocene by 

17.15°. Piperidine ring is non-planar with respect to benzothiadiazole ring by 28.90°. The bond 

lengths of C11=C12 (1.328 Å) longer than the C=C (1.34 Å) bond length. The C16-N3(1.386 

Å) bond distances in between the piperidine nucleus and benzothiadiazole moiety is shorter than 

the aromatic C-N bond distance (C-N single bond 1.47 Å; double bond 1.34 Å; aromatic 1.43 

Å), which indicates that the lone pair on the piperidine nitrogen is delocalized into the 

benzothiadiazole segment probably due to the electron-deficient nature of the thiadiazole 

nucleus. 

7.2.3 Absorption spectra  
To probe the charge transfer properties of the new ferrocene-benzothiadiazole complexes the 

electronic absorption spectra was recorded in dichloromethane and film at room temperature, is 

as shown in Figure 7.5(a), and the pertinent data are listed in Table 7.3. The dyes display broad 

absorption bands in the range of 300-700 nm. The absorption spectra of the all the dyes shows 

two major transitions. The higher energy transition around 300-380 nm is corresponding to the 

π-π* transition and the lower energy transition from 390-650 nm is attributable to intramolecular 

charge transfer character with localized π–π* transition. This assignment is further supported by 

the fact that extension of conjugation in 30c, 19c and 30d on benzothiadiazole by different π-

bridging chromophores, enhanced the molar extinction coefficient of the transition from 400-

500 nm and by the inclusion of vinyl pyridine unit on the 7th position of benzothiadiazole in 19c, 

enhanced the molar extinction coefficient and red shifted absorption in the range 500-650 nm 
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due to the more enhanced intramolecular charge transfer from ferrocene to benzothiadiazole 

unit.  
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Figure 7.5 Absorption spectra of the complexes recorded in (a) dichloromethane (b) thin solid 

film 

In general, the features of the lower energy transition are heavily controlled by the nature of 

the chromophore present on BTD. Thus, the peak positions of the lower-energy band in the dyes 

follow the order 19c > 30d > 30c > 30a > 30b. The complex 30a was red shifted by 9 nm than 

30b, due to more electron donating ability of the donor. Among all, 19c showed red shifted 

absorption maximum in the series due to elongated conjugation and strong donor-acceptor 

interactions by the inclusion of vinyl pyridine unit. The absorption spectra of the dyes on the 

thin solid films (Figure 7.5(b)) were broadened and minor bathochromic shift was observed due 

to the existence of strong intermolecular interaction in the solid state.  

To probe the effect of solvent environments on the ground state of the complexes, the 

solvatochromism was investigated by measuring the electronic absorption spectra in selected 

solvents such as cyclohexane (CH), toluene (TOL), tetrahydrofuran (THF), dichloromethane 

(DCM), acetonitrile (ACN), N,N-dimethylformamide (DMF) and methanol (MeOH) with 

different polarity indices. The absorption spectra of the complexes in different solvents are 

shown in Figures 7.6 and 7.7 (a). The absorption data in different solvents are rendered in Table 

7.3. The absorption spectra of the complexes showed no significant difference by changing the 

solvent polarity. Thus the donor-acceptor interactions of the complexes were not affected by 

changing the solvent polarity resulting in unaffected absorption spectra. The donor-acceptor 

interactions and intramolecular charge transfer nature of these complexes were studied by 

recording absorption spectra in toluene by the addition of acid TFA and base TEA. The 
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absorption spectra of complexes before and after addition of TFA/TEA are shown in Figures 7.7 

(b) and 7.8. The charge transfer transition of the complexes 30a, 30b and 19c was red shifted by 

the addition of TFA and gained its original position by the addition of TEA. This observation 

was mainly due to the protonation of nitrogen at the alkyl amine piperidine/morpholine in 30a 

and 30b, where as in 19c the protonation occurred at pyridine ring of nitrogen. Now this 

positive charge on the benzothiadiazole side makes it more deficient and enhanced the 

intramolecular charge transfer from ferrocene to benzothiadiazole, consequently the absorption 

maximum was red shifted. This enhanced intramolecular charge transfer was restored by 

addition of TEA. Interestingly due to lack of any protonating site in the complexes 30c and 30d, 

the absorption was unaltered by the addition of TFA/TEA. Indeed all the complexes absorption 

spectra were unaltered by the addition of the TEA due to deficiency of interacting site. The 

absorption data of the complexes recorded in toluene by the addition of TFA/TEA was collected 

in Table 7.4. It should be noted that ferrocene is an efficient excited state quencher and due to 

the fast non-radiative deactivation of the excited state with intramolecular charge transfer all 

these complexes were in non-emissive in nature. 

Table 7.3 Absorption spectral data of the hybrid complexes recorded in different solvents 

Complex λabs, nm (ε ×103 M−1 cm−1) 
CH TOL THF DCM ACN DMF Film 

30a 269, 
316, 
507a 

319 (25.1), 
512 (7.4) 

316 (25.0), 
506 (6.5) 

268 (26.0), 
317 (29.3), 
512 (8.5) 

267 (24.1), 
315 (29.0), 
503 (8.2) 

318 (28.1), 
514 (7.8) 

321 

30b 268, 
313, 
506a 

316 (26.0), 
508 (6.9) 

314 (21.7), 
503 (5.1) 

266 (27.2), 
314 (31.2), 
503 (8.2) 

267 (19.4), 
312 (23.7), 
504 (6.2) 

315 (25.5), 
508 (6.4) 

323, 
434 

30c 320, 
449, 
530a 

323 (24.6), 
449 (9.9), 
530 (6.9) 

321 (30.0), 
448 (11.7), 
529 (7.5) 

324 (31.8), 
445 (13.0), 
531 (8.6) 

319 (32.2), 
443 (12.9), 
519 (8.3) 

323 (30.9), 
449 (11.9), 
529 (7.9) 

342, 
467, 
567 

19c 317, 
355, 
441, 
543a 

330 (33.4), 
358 (26.0), 
442 (19.8), 
549 (11.1) 

329 (33.3), 
354 (25.4), 
442 (18.9), 
546 (9.9) 

329 (22.2), 
356 (18.1), 
437 (7.3), 
548 (9.6) 

328, 437, 
535a 

330 (38.0), 
354 (28.1), 
443 (21.2), 
540 (10.4) 

- 

30d 265, 
322, 
423, 
541a 

327 (26.0), 
426 (8.3), 
545 (10.2) 

323 (26.0), 
423 (8.7), 
541 (8.9) 

325 (32.6), 
427 (10.8), 
544 (12.1) 

263, 322, 
416, 527a 

325 (24.8), 
424 (7.9), 
545 (8.5) 

335, 
549 

a Molar extinction coefficient is not obtained due to less solubility 
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Figure 7.6 Absorption spectra of the complexes recorded in different solvents (a) 30a (b) 30b, (c) 30c and (d) 19c 
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Figure 7.7 Absorption spectra of the complex (a) 30d recorded in different solvents (b) 30a in toluene before and after addition of TFA or TEA 

Table 7.4 Absorption data of the complexes recorded in toluene before and after addition of TFA/TEA 

Complex λabs, nm (ε ×103 M−1 cm−1) 
TOL TOL+TFA TOL+TFA+TEA TOL+TEA 

30a 319 (25.1), 512 (7.4) 311 (17.7), 408 (8.6), 
569 (4.3) 

321 (23.7), 510 (6.7) 323 (25.0), 511 (7.3) 

30b 316 (26.0), 508 (6.9) 310 (19.1), 409 (8.5), 
566 (5.0) 

316 (26.2), 507 (6.6) 315 (25.8), 508 (6.7) 

30c 323 (24.6), 449 (9.9), 
530 (6.9) 

323 (23.6), 458 (10.8) 323 (23.6), 448 (9.6), 
530 (6.3) 

322 (24.4), 449 (9.7), 
531 (6.8) 

19c 330 (24.7), 356 (19.1), 
442 (14.5), 546 (8.0) 

331 (17.4), 449 (21.2), 
624 (3.0) 

331 (24.7), 355 (19.1), 
441 (14.5), 547 (8.1) 

331 (25.1), 357 (19.2), 
441 (14.5), 547 (8.0) 

30d 327(26.0), 352 (19.9), 
429 (8.3), 545 (10.2) 

323 (24.9), 355 (18.3), 
435 (8.4), 550 (9.2) 

327 (25.5), 355 (19.3), 
426 (8.4), 544 (9.7) 

328 (25.9), 353 (19.8), 
426 (8.3), 544 (10.1) 
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Figure 7.8 Absorption spectra of (a) 30b, (b) 30c, (c) 19c and (d) 30d in toluene before and after addition of TFA or TEA
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7.2.4 Electrochemical Studies 
To investigate the possibility of electronic interactions between ferrocene and 

benzothiadiazole units in the complexes cyclic voltammetry (CV) and differential pulse 

voltammetry (DPV) experiments were performed in dichloromethane solution (2 × 10-4M) 

using tetrabutylammonium perchlorate as a supporting  electrolyte. The cyclic 

voltammograms of the ferrocene-benzothiadiazole complexes expect 19c are shown in 

Figure 7.9 and pertinent redox data are presented in Table 7.5.  

Table 7.5 Electrochemical data of complexes recorded in dichloromethane 

a Measured for dichloromethane solutions using tetrabutylammonium perchlorate (TBAP) as the supporting 

electrolyte at a scan rate of 100 mV/s. b Deduced from the equations HOMO = Eox + 4.8 and LUMO = Ered + 4.8 
c Excited-state oxidation potential versus NHE 

All the complexes showed well-defined redox response in the CV measurements. The 

complexes exhibited a reversible oxidation of the ferrocene to ferrocenium ion and reduction 

wave due to the electron deficient benzo[c][1,2,5]thiadiazole. In addition, to the oxidation of 

the ferrocene moiety, the dyes 30a and 30b exhibited a second reversible oxidation wave at 

higher potential, attributed to the oxidation of the piperidine and morpholine amine donors, 

respectively. The first oxidation potentials of the dyes follow the order 30a < 30b < 30c < 

30d < 19c. The reduction potentials of the dyes follow the trend 30c < 30d < 30b < 30a. The 

first oxidation potential increases when the substituent functionality changes from electron-

donating to electron withdrawing group. Therefore, we can conclude that the nature of the 

tethering group on benzothiadiazole strongly affects the electron density at the iron centre, as 

well as on benzothiadiazole moiety. The trends observed in the oxidation and reduction 

potentials mainly depend upon the nature of the tethered group at 7th position of 

benzothiadiazole. The HOMO and LUMO energies of these complexes were calculated by 

using the ferrocene/ferrocenium redox couple as a reference (4.8 eV) and were within the 

range 4.747-4.853 eV and 2.735-3.082 eV. The electro chemical band gaps (Eg) of the dyes 

are in the range of 1.771–2.014 eV. Compared with 30c, 19c and 30d the HOMO energy 

levels of 30a, 30b are significantly raised, due to the introduction of stronger donating amine 

group in the complexes. These results clearly show that a modification in the electronic 

Complex Eox, Va  

(ΔEp, mV) 
Ered, Va  

(ΔEp, mV) 
HOMO,  

eVb 
LUMO,  

eVb 
E0-0, eV Eox

*, Vc 

30a -0.053 (71), 0.145 (70) 2.065 4.747 2.735 2.012 -1.295 
30b -0.029 (71), 0.238 (70) 2.043 4.771 2.757 2.014 -1.273 
30c 0.006 (74) 1.797 (74) 4.806 3.003 1.803 -1.027 
19c 0.053(155) - 4.853 3.082 1.771 -0.948 
30d 0.015 (106) 1.869 (54) 4.815 2.931 1.884 -1.099 
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structure of the tethering group attached to benzothiadiazole can dramatically change the 

interaction between the ferrocene and benzothiadiazole and the redox behaviour of the 

complex.  
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Figure 7.9 Cyclic voltammograms of the ferrocene benzothiadiazole conjugates recorded in 

dichloromethane at the scan rate 100 mV/sec  

All the new ferrocene-benzothiadiazole complexes have strong absorption in the visible 

region and the enough electrochemical stability. So to evaluate the possibility of photo 

induced electron transfer process from these complexes to electron acceptors in BHJ solar 

cells, we have examined the HOMO and LUMO energy levels of the complexes as donor 

materials. To have an efficient charge separation in bulk-heterojunction (BHJ) solar cells, it 

was essential to have a minimum offset of approximately 0.3-0.4 eV between the LUMO of 

the donor and the LUMO of the acceptor. The LUMO of the complexes is determined from 

the reduction wave. Complexes have their LUMO level ranging ((-2.757)-(-3.003)) eV 

which is higher than the PC70BM level (-4.3 eV), making the photoinduced ICT and charge 

separation possible at the interface between the donor and acceptor when applied in the BHJ 

solar cells. The band gap of the P3HT is 1.9-2.0 eV [66], which is used as an efficient donor 

in BHJ solar cells. The band gap of the new ferrocene-benzothiadiazole complexes is 1.771-

2.014 eV. From this comparison, it is clear that these materials can serve as efficient donors. 

Both the HOMO and LUMO energy levels of complexes are proper for BHJ solar cells when 
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PCBM or its derivatives were used as the electron acceptor. The comparison of energy levels 

was shown in Figure 7.10. 

 
Figure 7.10 Energy-level diagram of the ferrocene-benzothiadiazole hybrid complexes 

To establish the structure and property relationship in the new ferrocene-benzothiadiazole 

vinyl complexes, we compared the lower energy absorption maxima and first oxidation 

potentials (ferrocene oxidation) of the complexes. The in detail trends were shown 

schematically in the Figure 7.11.  

 
Figure 7.11 Structures and trends in optical and electrochemical data of complexes studied 

in this chapter 
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Figure 7.12 Trends in optical and electrochemical data for the ferrocene derivatives 

It is interesting to compare the optical and the electrochemical properties of 30d with the 

known π-conjugated ferrocene vinyl derivatives with phenyl, thiophene and furan derivatives 

to know the impact of the benzothiadiazole on the ferrocene. And also we compared with 

acetylene linked ferrocene-benzothiadiazole dye to evaluate the impact of vinyl linkage on 

the photophysical and electrochemical properties. The permutation of phenyl, thiophene and 

furan by the benzothiadiazole unit in 30d greatly enhances the light-harvesting nature in the 

long wavelength region [33, 42] (bathochromically shifted). The phenyl analogue of 30d 

was blue shifted by 85 nm. Interestingly the red shifting and broadening of the lower energy 

transition band, enhanced redox stability and minimised the HOMO-LUMO gap was caused 

by the inclusion of the BTD unit in the complexes. Indeed, the oxidation potential of the 

ferrocene anodically shifted by the inclusion of benzothiadiazole, which reveals the strong 

electron withdrawing nature of the BTD unit. The introduction of vinyl bridge by the 

replacement of acetylene linkage, red shifted the absorption maxima by 21 nm. This may be 

attributed to the fact that in the alkene bridged complex 30d, all the carbon atoms are sp2 

hybridized to give a relatively longer conjugation. While in the case of alkyne bridged 

complex the carbon atoms are in both sp and sp2 hybridized, which results poorer π-orbital 

overlap and mismatch in energy of the π-orbitals, leading to a blue shift in the absorption 

[67]. The in detail trends were presented in Figure 7.12. 

7.2.5 Computational Chemistry  
To scrutinize in more detail the electronic communication and interactions between the 

ferrocene and benzothiadiazole units with the appropriate tethering group, density functional 

theory (DFT) and time-dependent density functional theory (TDDFT) calculations were 
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performed at the molecular level [68]. Figure 7.13 and 7.14 show the plots of the most 

representative molecular frontier orbitals in the ground states of the new benzothiadiazole 

and ferrocene complexes.  

In all complexes, the HOMO is localized on the entire complex, while the HOMO-1 has a 

strongly weighted contribution of the iron center (ferrocene). The LUMO and LUMO+1 are 

almost predominately contributed by the benzothiadiazole and vinyl bridge. The ferrocene 

characteristic HOMO-1 and the BTD characteristic LUMO, LUMO+1 indicate that the 

HOMO→LUMO, LUMO+1 and HOMO-1→ LUMO, LUMO+1 absorption transitions bears 

a significant intramolecular charge-transfer (ICT) character. The higher wavelength vertical 

transitions predicted by the theory for the complexes possess major contribution from the 

HOMO to LUMO electronic excitation and possess medium oscillator strength. As we can 

observe from the table, the maximum absorption wavelengths of complexes from 

experimental data largely blue shifted from maximum absorption wavelengths of complexes 

calculated by using B3LYP [69-70] functional.  

In general the overestimation of absorption wavelengths for the complexes containing 

intramolecular charge transfer systems by B3LYP function is attributed to the incorrect 

asymptotic behaviour [71]. As we discussed earlier the complexes possess strong donor-

acceptor interactions, we adopted the PBE1PBE [72-73] functional for more reliable 

prominent absorption spectra resulted from the electronic promotions. The prominent higher 

wavelength vertical transitions, dipole moments and their oscillator strength (f) predicted by 

the theory is collected in Table 7.6 and 7.7. According to the PBE1PBE computations, the 

longer wavelength vertical transitions in the complexes originate from the HOMO to LUMO 

electronic excitations with reasonable oscillator strengths. From this it is evident that the 

electronic excitation from HOMO to LUMO would result in the migration of charge from 

donor segments to the benzothiadiazole moiety. The higher energy transition occurring in the 

complexes ranging 315-330 nm with high molar extinction coefficient in THF solutions are 

well matched with absorption maxima and oscillator strength calculated for the complexes, 

this transition mainly composed of electronic excitation such as HOMO to LUMO+1. The 

energy transition occurring in the complexes 30c, 19c and 30d ranging from 420-450 nm are 

composed of several electronic excitations. The oscillator strength of the complexes also 

echoes the experimental absorption coefficients. Among all complexes, the HOMO level of 

the complexes 30a and 30b raised by the presence of strong electron donating amines. 

Interestingly the complex 19c which contains auxiliary acceptor (vinyl pyridine) have low 

lying LUMO level and high dipole moment. 
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Figure 7.13 Electronic distributions in the frontier molecular orbitals of the complexes 30a-c 
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Figure 7.14 Electronic distributions in the frontier molecular orbitals of the complexes 30d-e 
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Table 7.6 Computed vertical transition energies, oscillator strengths (f), and their assignment for the complexes[a] using B3LYP (gas) 

Complex λmax/nm f Configuration μg [D] HOMO (eV) LUMO 
(eV) 

Eg (eV) 

30a 565.6 0.1528 HOMO→LUMO (68%)  2.54 4.81 2.13 2.69 
30b 565.5 0.1382 HOMO→LUMO (66%) 1.54 4.92 2.22 2.69 
30c 586.8 0.1864 HOMO→LUMO (61%) 1.50 5.09 2.51 2.58 

 520.4 0.1797 HOMO→LUMO (35%), HOMO-2→LUMO (18%),  
HOMO-1→LUMO+3 (17%)  

    

19c 609.3 0.2162 HOMO→LUMO (72%)  4.80 5.21 2.72 2.49 
 521.5 0.2244 HOMO-2→LUMO (28%), HOMO→LUMO (23%),  

HOMO-1→LUMO+4 (17%) 
    

 374.5 0.3028 HOMO-4→LUMO (52%), HOMO→LUMO+1 (42%)     
 361.6 0.3595 HOMO→LUMO+1 (45%), HOMO-4→LUMO (39%)     
 345.9 0.1280 HOMO-3→LUMO+6 (19%), HOMO-1→LUMO+4 

(18%) HOMO-3→LUMO+2 (12%)  
    

 326.3 0.3249 HOMO-2→LUMO+1 (80%)     
30d 605.3 0.3489 HOMO→LUMO (77%) 1.63 4.91 2.43 2.48 

 523.8 0.1095 HOMO-2→LUMO+4 (12%) HOMO-3→LUMO+3 
(10%) HOMO-1→LUMO+2 (10%)  

    

[a] Contributions of less than 10% are omitted.
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Table 7.7 Computed vertical transition energies, oscillator strengths (f), and their assignment for the complexes[a] using PBE1PBE (THF) 

Complex λmax/nm f Configuration μg [D] HOMO (eV) LUMO (eV) Eg (eV) 
30a 528.7 0.2690 HOMO→LUMO (84%) 3.35 5.20 2.15 3.05 

 322.8 0.8680 HOMO→LUMO+1 (72%), HOMO-4→LUMO (12%)      
 276.2 0.1270 HOMO-6→LUMO (52%), HOMO-7→LUMO (17%) 

HOMO→LUMO+3 (16%)  
    

30b 523.1 0.2447 HOMO→LUMO (78%)  2.08 5.28  2.19  3.08 
 318.2 0.9052 HOMO→LUMO+1 (82%)     
 275.4 0.1245 HOMO-7→LUMO (69%), HOMO→LUMO+2 (16%)     

30c 543.3 0.3673 HOMO→LUMO (71%)  1.95 5.47 2.52 2.95 
 489.8 0.1847 HOMO→LUMO (26%), HOMO-2→LUMO (22%), 

HOMO-1→LUMO+3 (15%)  
    

 329.0 0.6912 HOMO→LUMO+1 (74%)      
 323.8 0.1131 HOMO-3→LUMO (31%), HOMO-3→LUMO+4 

(15%), HOMO-3→LUMO+6 (10%)  
    

 290.9 0.1627 HOMO-8→LUMO (48%), HOMO→LUMO+2 
(29%), HOMO-7→LUMO (11%) 

    

19c 554.6 0.4407 HOMO→LUMO (75%)  5.82 5.55 2.66 2.89 
 488.6 0.2852 HOMO-2→LUMO (29%), HOMO→LUMO (21%), 

HOMO-1→LUMO+5 (14%), HOMO-2→LUMO+7 
(12%)  

    

 355.0 0.6297 HOMO→LUMO+1 (74%), HOMO-4→LUMO (18%)     
 340.8 0.2332 HOMO-4→LUMO (76%), HOMO→LUMO+1 (16%)     

30d 561.2 0.5549 HOMO→LUMO (83%) 2.17 5.32 2.45 2.86 
 356.9 0.1118 HOMO-6→LUMO (37%), HOMO→LUMO+1 (13%) 

HOMO-3→LUMO+3 (11%), HOMO-2→LUMO+4 
(10%) 

    

 338.8 1.0016 HOMO→LUMO+1 (76%)      
[a] Contributions of less than 10% are omitted
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Table 7.8 Direction and size of dipole moment of the complexes 

Complex B3LYP/6-31g(d,p)-vacuum μg (D) 

30a 

 

2.54 

30b 

 

1.54 

30c 

 

1.50 

19c 

 

4.80 

30d 

 

1.63 

It is also expected that the tethering groups on the benzothiadiazole unit, which have 

different electron densities over it, will affect the direction and size of the dipole moment of 

the complexes. Table 7.8 shows the direction and size of dipole moment of the ferrocene-

benzothiadiazole complexes calculated by TD-DFT with the B3LYP functional. Generally 
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the dipole moments of all the complexes except 19c directed from benzene ring (δ+) to 

thiadiazole (δ-). While in 19c, by the introduction of auxiliary acceptor vinyl pyridine the 

dipole moment is directed towards electron deficient pyridine ring (δ-) from ferrocene 

segment (δ+) and the value significantly enhanced. 

7.2.6 Thermal Properties 
Thermal stability has a significant impact on the device performance and an essential 

requirement of the organic/ organometallic material to serve in optoelectronic devices. So 

the thermal stability of the ferrocene-benzothiadiazole hybrids was evaluated by the 

thermogravimetric analysis (TGA) at a heating rate of 10 °C min-1 up to 900 °C under a 

nitrogen atmosphere (Figure 7.15). A summary of the thermogravimetric analysis data of the 

complexes are complied in Table 7.9. The results show that ferrocene-benzothiadiazole vinyl 

derivatives are relatively robust. The decomposition temperatures (Td) for compounds in 

nitrogen atmosphere are above 343 °C. The onset decomposition temperatures of the 

compounds lie in the range from 292 to 358 °C. Among all, the dye 30d possesses lower 

thermal decomposition temperature. The highest thermal stability is observed for derivative 

30a is 395 °C, indicative of excellent thermal stability. The higher decomposition 

temperatures observed for 30b and 19c are quite interesting. All the derivatives are thermally 

stable enough for the use in suitable optoelectronic device. 
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Figure 7.15 TGA plots for ferrocene-benzothiadiazole complexes 
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Table 7.9 Thermal properties of the benzothiadiazole-ferrocene complexes 

Complex Tonset,ºCa Td,º Cb 
30a 352 395 
30b 341 391 
30c 292 364 
19c 358 371 
30d 330 343 

a Temperature corresponding to 10% weight loss b Heating rate 10 °C/min in nitrogen. 

7.3 Conclusions 
In summary, we have been successfully designed and synthesized five new ferrocene-

benzothiadiazole based hybrid materials containing vinyl linkage with different tethering 

groups on benzothiadiazole. The ferrocene-benzothiadiazole complexes were synthesized by 

palladium-catalyzed Heck cross coupling reactions and characterized by NMR, UV-Vis 

spectroscopy, cyclic voltametry and thermo gravimetric analysis. NMR studies reveals that 

the substituents on benzothiadiazole have a significant effect on the electron density in the 

ferrocene termini, which could be monitored nicely by the 1H and 13C shifts. The structure of 

the 30a was further evaluated by single crystal XRD. The dyes were showing excellent light 

absorbing properties and stable in the ground state. The red shift in the absorption maxima is 

in agreement with an increase in the effective conjugation length and nature of the terminal 

group on the benzothiadiazole segment. It was demonstrated that the optical and electro 

chemical properties of the complexes are tuned by attaching an appropriate electroactive 

group on the benzothiadiazole unit. The photophysical and electrochemical properties 

reveals the presence of considerable electronic interaction between the BTD core and 

ferrocenyl termini (strong donor-acceptor interactions) of the complexes. The choice of vinyl 

linkage between BTD chromophore and ferrocene, found to benefit the optical properties 

when compared to the complex in which BTD and ferrocene were integrated by acetylene 

linkage. On the other hand phenyl, thiophene and furan analogues of 30d showed hypso 

chromic shift in the absorption and cathodically shifted oxidation potential of the ferrocene, 

which is attributed to the increased electron density on the ferrocene vicinity. The 

photophysical and energies of the frontier molecular orbitals were found to be in agreement 

with the theoretical hypothesis. The pyridine containing complex 19c showed highest dipole 

moment in the series. The thermal decomposition temperatures of complexes in nitrogen 

atmosphere are above 343 °C. Nevertheless, these new materials are stable enough to apply 

in suitable opto-electronic device for material chemistry like BHJs and nonlinear optical 

applications and so on. These results have been demonstrated the important implications for 
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the design and synthesis of new small molecule based low band gap conjugated iron-

complexes featured with benzothiadiazole for near IR absorption in the future.  

7.4 Experimental Section 
General methods are similar to those described in the earlier chapters 

 (E)-4-(2-ferrocenylvinyl)-7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazole (30a):  

In a 100 mL pressure tube mixture of 4-bromo-7-(piperidin-1-yl)benzo[c][1,2,5]thiadiazole 

(2a) (0.3 g, 1 mmol), vinyl ferrocene (18c) (0.212 g, 1 mmol), Pd(OAc)2 (2.245 mg, 0.01 

mmol), NaOAc (0.82 g, 10 mmol), and n-Bu4NBr (0.065 g, 0.2 mmol) was dissolved in 

degassed N,N-dimethylformamide (5 mL). The solution was kept under a nitrogen 

atmosphere at 100 °C for 24 h with stirring. The mixture was poured into water. The 

precipitate was filtered, washed with water, dissolved in dichloromethane, and dried over 

anhydrous sodium sulfate. After evaporation of the solvent, the residue was purified by 

column chromatography on silica gel, using a hexane/dichloromethane mixture as eluant. A 

dark red solid weighing 0.245 g (57%, 0.57 mmol) was obtained. m.p. 148-150 °C; IR (KBr, 

cm-1): 2943, 2913, 2851, 1623, 1545, 1493, 1387, 1281; 1H NMR (CDCl3, 500.13 MHz): δ 

3.48 (t, J = 5.0 Hz, 4H), 4.15 (s, 5H), 4.31 (s, 2H), 4.55 (s, 2H), 6.75 (d, J = 8.0 Hz, 1H), 

7.11 (d, J = 16.0 Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H), 7.58 (d, J = 16.0 Hz, 1H); 13C NMR 

(CDCl3, 125.75 MHz): δ 24.5, 25.9, 51.7, 66.8, 69.0, 69.2, 84.1, 112.2, 122.2, 123.2, 127.1, 

128.8, 143.6, 150.4, 154.6. MALDI-TOF MS m/z: calculated for C23H23FeN3S 

429.0962[M]; found: 429.0775 

(E)-4-(7-(2-ferrocenylvinyl)benzo[c][1,2,5]thiadiazol-4-yl)morpholine (30b): 

Complex 30b was prepared by following a procedure similar to that described above for 30a, 

by taking one equivalent of 4-bromo-7-morpholinobenzo[c][1,2,5]thiadiazole (2b). Dark 

orange solid; Yield = 62%; m.p. 130-132 ºC; IR (KBr, cm-1): 2951, 2854, 1642, 1545, 1491, 

1451, 1380, 1262; 1H NMR ( CDCl3, 500.13 MHz): δ 3.54 (t, J = 4.5 Hz, 4H), 4.00 (t, J = 4.5 

Hz, 4H), 4.16 (s, 4 H), 4.32 (s, 2H), 4.56 (s, 2H), 6.76 (d, J = 8 Hz, 1H ), 7.12 (d, J = 16.0 

Hz, 1H), 7.48 (d, J = 8.0 Hz, 1H), 7.61 (d, J = 16.0 Hz, 1H); 13C NMR (125.75 MHz, 

CDCl3): δ 50.5, 66.86, 66.90, 69.1, 69.3, 112.1, 121.9, 124.1, 126.7, 129.6, 142.3, 150.0, 

154.5; MALDI-TOF MS m/z: calculated for C22H21FeN3OS 431.0755 [M]; found: 431.1331 

(E)-4-(2-ferrocenylvinyl)-7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (30c): Complex 30c 

was prepared by following a procedure similar to that described above for 30a, by taking one 

equivalent of 4-bromo-7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (29). Black solid; Yield = 

71%; m.p. 145-147 °C; IR (KBr, cm-1): 2921, 2852, 1620, 1536, 1485, 1424, 1376, 1246; 1H 

NMR (CDCl3, 500.13 MHz): δ 4.82 (s, 10H), 4.38 (s, 2H), 4.61 (s, 2H ), 7.20 (m, , 2H), 7.44 
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(d, J = 5.0 Hz, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.80 (d, J = 16.0 Hz, 1H), 7.84 (d, J = 8.0 Hz, 

1H), 8.1 (m, 1H); 13C NMR (125.75 MHz, CDCl3): δ 67.3, 69.4, 69.6, 121.6, 124.8, 125.4, 

126.1, 126.3, 127.0, 127.9, 129.7, 132.9, 139.8, 152.8, 153.5; MALDI-TOF MS m/z: 

calculated for C22H16FeN2S2 428.0104 [M]; found 428.0066. 

4-((E)-2-ferocenylvinyl)-7-((E)-2-(pyridin-4-yl)vinyl)benzo[c][1,2,5]thiadiazole (19c): 

Complex 19c was prepared by following a procedure similar to that described above for 30a, 

by taking one equivalent of (E)-4-bromo-7-(2-(pyridin-4-yl)vinyl)benzo[c][1,2,5]thiadiazole 

(16). Dark black solid; Yield = 61%; m.p. 184-186 °C; IR (KBr, cm-1): 2924, 2847, 1622, 

1380, 1100, 965; 1H NMR (CDCl3, 500.13 MHz): δ 4.19 (s, 5H), 4.40 (s, 2H), 4.62 (s, 2H ), 

7.22 (s, 1H), 7.50 (s, 2H), 7.61 (s, 2H), 7.69 (d, J = 6.0 Hz, 1H), 7.75 (d, J = 16.0 Hz, 1H), 

7.84 (d, J = 16.0 Hz, 1H), 7.99 (d, J = 16.0 Hz, 1H), 8.60 (s, 2H); 13C NMR (125.75 MHz, 

CDCl3): δ 67.5, 69.5, 69.9, 83.0, 121.0, 121.5, 125.2, 126.8, 129.1, 129.2, 129.8, 131.2, 

134.0, 145.0, 150.2, 153.7, 153.9. MALDI-TOF MS m/z: calculated for C25H19FeN3S 

449.0649 [M]; found: 449.0623. 

4,7-bis((E)-2-ferrocenylvinyl)benzo[c][1,2,5]thiadiazole (30d):  

Complex 30d was prepared by following a procedure similar to that described above for 30a, 

by taking half equivalent of (E)-4-bromo-7-(2-(pyridin-4-yl)vinyl)benzo[c][1,2,5]thiadiazole 

(1). Red solid; Yield = 50%; m.p. ˃  300 °C; IR (KBr, cm -1): 2921, 2848, 1620, 1487, 1405, 

1242; 1H NMR (CDCl3, 500.13 MHz): δ 4.17 (s, 10H), 4.37 (s, 4H), 4.60 (s, 4H), 7.20 (d, J 

= 16.0 Hz, 2H), 7.55 (s, 2H), 7.77 (d, J = 16.0 Hz, 2H); 13C NMR (125.75 MHz, CDCl3): δ 

67.2, 69.4, 69.6, 83.5, 122.1, 125.9, 128.8, 132.0, 158.9. MALDI-TOF MS m/z: calculated 

for C30H24Fe2N2S 556.0359 [M]; found: 556.0328.  
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Chapter 8 
Summary 

In this thesis work, we aimed to design and synthesis the benzothiadiazole based 

functional materials and they were characterized by optical and electrochemical studies. We 

have developed several series of dipolar compounds for application in dye sensitized solar. 

We found that by modifying the molecular structure, both the photophysical and 

electrochemical properties of the molecules has been suitably altered. The success of the 

synthesis of the intermediates and target molecule is attributed to the judicious choice of the 

protocols such as Stille coupling, Vilsmeier-Haack reaction, Knoevenagel condensation, 

Witting reaction and Heck coupling. The structural compositions of the compounds were 

thoroughly established by 1H and 13C NMR and mass spectral methods. 

In Chapter 3, we have successfully designed and synthesized a series of dyes comprising 

piperidine/morpholine donor, benzothiadiazole and phenyl/thiophene/bithiophene units as a 

conjugated spacer. The compounds were successfully synthesized in good yields by the use 

of Stille-coupling and Knoevenagel condensation. It was observed that the optical and 

electrochemical properties of the compounds were highly dependent on the donor as well as 

the π-spacer. Extension of conjugation by coplanar structural arrangement led to red-shifted 

absorption and cathodic shift in the oxidation potential. A blue shift in the absorption profile 

of the compounds observed by the protonation of amine unit by addition of TFA and 

deprotonation of carboxylic acid moiety by addition of TEA. The best photovoltaic 

performance was achieved by the morpholine based compound 6b, resulting in an efficiency 

of 3.07% with JSC = 12.40 mA cm-2, VOC = 0.396 V, ff = 0.63. 

In Chapter 4, we have synthesized four new phenothiazine donor based sensitizers, 

comprising benzothiadiaozle/benzotriazole auxiliary acceptors and the cyanoacrylic acid unit 

as an electron acceptor. The effect of auxiliary acceptor and the π-linker on optical and 

electrochemical properties of the dyes was investigated. The absorption profile of the dyes 

was highly dependent on the nature of the auxiliary acceptor and π-bridge which connects 

the auxiliary acceptor and cyanoacrylic acid (acceptor) units. Incorporation of a 

phenothiazine donor group on the benzo(thiadiazole/triazole) conjugation segment 

bathochromically shifted the absorption wavelength. Due to the low LUMO energy levels 

benzothiadiazole sensitizers displayed lower band gap than benzotriazole sensitizers. Similar 

structures of auxiliary acceptors which differ only the hetero atom present on the 2-position 
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allowed, a systematic comparative investigations in choice of the auxiliary acceptors in D-A-

π-A dyes for DSSCs. The HOMO and LUMO energy levels of the four sensitizers are ideal 

to be promising material for DSSC devices. 

In chapter 5, by employing Heck-cross coupling reaction we synthesized pyridine 

terminal anchoring group sensitizers comprising different electron donating segments such 

as piperidine, morpholine, carbazole, phenothiazine and ferrocene on benzothiadiazole unit. 

The modulation of donor segment successfully leaded to structure-dependent optical, redox 

and photovoltaic properties. Using the benzothiadiazole group as exciton confinement 

center, we have extended the absorption onset into the long-wavelength range beyond 600 

nm in the pyridine anchoring sensitizers. The absorption maxima for all the dyes remain 

fairly constant by increasing the solvent polarity. These materials exhibited good thermal 

stability and their thermal-decomposition temperatures fell within the range 355-407 °C. The 

π-extended arylamine dyes achieved higher efficiency than the alkylamine dyes, due to the 

red shifted absorption profiles and high molar extension coefficients. The DSSC device with 

the phenothiazine based sensitizer 19b showed a power conversion efficiency of 1.97%, 

which is a promising efficiency with pyridine anchoring group under AM 1.5 G simulated 

solar light at a light intensity of 100 mW cm-2. The promising performance of the dye 19b is 

intriguing as it does not possess cyanoarylic acid anchoring/acceptor group. 

In chapter 6, we have successfully designed, synthesized a series of donor-acceptor 

compounds containing phenothiazine donor, benzothiadiazole acceptor by palladium-

catalyzed Heck cross coupling reactions. The compounds exhibited interesting 

photophysical, electrochemical properties which are highly dependent on the conjugation 

length and the donor attached to benzothiadiazole unit. All the dyes displayed one-electron 

quasi-reversible oxidation couple and an irreversible reduction wave in cyclic voltammetry, 

which are attributable to the oxidation of the sulphur atom in phenothiazine unit and 

reduction of benzothiadiazole unit. There is a reasonable correlation between the optical 

properties proposed by TDDFT and the experimental data. The decomposition temperatures 

of the dyes are quite good enough to apply in any opto-electronic device. Finally, in this 

work we established the structure-property relationships in the new phenothiazine-

benzothiadiazole dyes extended though vinyl spacer.  

In chapter 7, we have been successfully designed and synthesized five new ferrocene-

benzothiadiazole based hybrid materials containing vinyl linkage with different tethering 

groups on benzothiadiazole. It was demonstrated that the optical and electro chemical 

properties of the complexes are tuned by attaching an appropriate electroactive group on the 
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benzothiadiazole unit. The choice of vinyl linkage between BTD chromophore and 

ferrocene, found to benefit the optical properties when compared to the complex in which 

BTD and ferrocene were integrated by acetylene linkage. The photophysical and energies of 

the frontier molecular orbitals were found to be in agreement with the theoretical hypothesis. 

The pyridine containing complex 25d showed highest dipole moment in the series. The 

thermal decomposition temperatures of complexes in nitrogen atmosphere are above 343 °C. 

Nevertheless, these new materials are stable enough to apply in suitable opto-electronic 

device for material chemistry like BHJs and nonlinear optical applications and so on. 

The phenothiazine donor based sensitizers are under process for DSSCs fabrication for 

photovoltaic applications. Phenothiazine-benzothiadiazole conjugates and ferrocene-

benzothiadiazole conjugates under process for BHJs device fabrication, two photon 

absorption applications. In outlook, we believe that the excellent light absorbing properties 

of benzothiadiazole derivatives can be further utilized to develop promising electronic 

materials. Also, functionalization and utilization of 5,6-position of BTD systems are still 

unexplored and many opportunities and discoveries remain to be made to explore new 

possibilities.  
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