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ABSTRACT 

The sensitizer or dye is an essential component of Dye-sensitized solar cells (DSSCs) which 

contains a light absorbing moiety and an anchoring group which helps it to bind to metal-

oxide semiconductor (TiO2) surface. Dye-TiO2 interface plays a vital role in power 

conversion efficiency (PCE) as it controls the charge injection and charge recombination 

process in DSSC. Considerable efforts have been devoted to developing new and efficient 

sensitizers to improve the performance of DSSCs. Several sensitizers, such as metal-organic 

complexes, metal-free organic dyes, Zn–porphyrin, and Zn–phthalocyanine dyes have been 

used successfully in DSSC. While most of the dye absorbs very well in the visible region, 

there are limited chromophores which absorb in near infra-red (NIR) region, which includes 

porphyrins, phthalocyanine, and polymethine. The absorption in NIR region is essential to 

harvest the maximum incident photons and improve the current density. 

Squaraine dyes are a subclass of polymethine dyes, which owing to its low band gap 

and strong absorption (ε >105 M−1 cm−1) in the far-red and NIR region have found application 

in dye-sensitized solar cells. While the squaraine dyes have excellent absorption in the far-red 

region, the exciton quenching by aggregation limits its overall performance in dye-sensitized 

solar cells. The aggregates form when the dipoles of the molecules interact with each other 

due to - interaction. When a molecule absorbs light and reaches excited state, the photo-

excited electron in the LUMO state hops between the neighboring molecules instead of 

injecting electron in the metal oxide semiconductor. Thus aggregation may hamper the 

efficiency of DSSC by quenching the exciton which leads to low electron injection on TiO2. 

Thus it is desirable to have such a design for dyes which can help in controlling aggregation 

and promote charge injection efficiency in squaraine dyes. It is also beneficial to shift the 

absorption of squaraine dyes further towards NIR to utilize maximum available photons. It 

can be achieved by extension of conjugation which can be done either towards the anchoring 

end or the non-anchoring end.  

Hence, we designed and synthesized squaraines based dye for DSSC with focus on 

modulating electronic and steric properties of dyes to enhance absorption in NIR region and 

avoid aggregation on TiO2 surface respectively. To achieve this, we used moieties like 

benzodithiophene (BDT), fused fluorenylindolenine and fused indenoquinalidne to enhance 



 

   

absorption and also several in-plane and out-of-the plane alkyl chains were integrated to 

control aggregation.  

Chapter 1 reviews the importance of NIR-responsive sensitizers for DSSCs; 

significance and synthesis of squaraine dyes; and squaraine based systems reported for 

DSSCs. It begins with the general description of dye-sensitized solar cells, its working 

principle, and parameters involved in measurement of it electronic, physical and photovoltaic 

properties. The role of sensitizers and effect of aggregation on the performance of DSSCs are 

discussed in details. This chapter concludes with the overview of scope and objectives of the 

thesis. 

Chapter 2 deals with the impact of alkyl chains and extension of conjugation on 

electronic, physical and photovoltaic properties. In this work, we have linked the 

benzodithiophene (BDT) to indole-based squaraine by direct arylation method to extend the 

conjugation towards anchoring group and substituted O-methyl and O-ethylhexyl side chain 

on the BDT to compare the effect of alkyl chains on aggregation. The optical, 

electrochemical and photovoltaic properties of the dyes were studied in meticulous detail. 

The photovoltaic performance was measured and compared. One of the dyes (RSQ2) showed 

the best photovoltaic performance with power conversion efficiency of 6.72% with 

panchromatic incident photon-to-current conversion efficiency (IPCE) response extending up 

to 775 nm. 

Chapter 3 describes a strategy to increase conjugation towards the non-anchoring 

side of squaraine dyes and to incorporate out-of-plane alkyl chains on the dye. A fluorene-

indolenine based fused donor, fluorenylindolenine was synthesized to induce planarity and 

increase absorption towards the non-anchoring end of the molecule, and the two sp3-carbon 

present on fluorenylindolenine were utilized to incorporate four out-of-plane branched chains 

on the dyes to avoid aggregation induced self-quenching. The fused donor was condensed 

with carboxyindolenine and carboxybenzindolenine based semisquaric acid towards 

anchoring side to give a series of dyes (XSQ1-4). XSQ2 gave the maximum PCE of 6.57% 

with IPCE onset up to 800 nm.  

Chapter 4 depicts the incorporation of quinaldine as a strong donor to fuse with 

fluorene to further shift absorption of squaraine dyes towards NIR. The sp3-carbon available 



 

   

on fluorene unit was used to install C-12 alkyl chain to control aggregation. The fluorene-

quinladine (indenoquinaldine) donor was condensed with carboxyindolenine, 

carboxybenzindole and quinaldine based semisquaric acid to give a series of NIR-responsive 

squaraine dyes (ISQ1-3). ISQ3 showed good IPCE response in the NIR region with onset up 

to 880 nm and showed the highest efficiency of 4.1 % in the presence of 10 equiv CDCA  

The molecular packing and the morphology of nanostructures play a vital role in 

determining the charge transport properties of small molecules and polymers respectively. In 

terms of small molecules, the solubility of semiconducting motif limits the unitization of 

solution processed methods. Hence thermal and chemical reaction initiated methods have 

been utilized to process the same. In an attempt to develop a photochemical reaction to afford 

a conjugated organic molecule, 3’-5’ dimethoxybenzoin ester capped phototrigger have been 

utilized as a soluble precursor, which could afford conjugated molecules upon photo 

irradiation. 

So in Chapter 5, we describe the design and synthesis of a series of benzoin based 

phototrigger with phenyl, furan, thiophene, bithiophene moieties. Smaller triggers formed the 

cyclized benzofuran derivatives when irradiated with UV light in acetonitrile solution. In case 

of extended phototrigger, only trace amount of cyclized product formation occurred, but the 

reactivity changed when the reaction was carried out in the presence of triethylamine. When 

1 equivalent of triethylamine (TEA) was added, the yield of cyclized product improved to 

over 60% and the deacetoxylated product was also obtained. Upon further addition of TEA, 

the yield of cyclized product diminished whereas the yield for the deacetoxylated product 

enhanced. The benzofuran capped cyclized product of extended trigger were used in Organic 

field effect transistor (OFET)  

Chapter 6 summarizes essential results from all chapters with respect to design and 

synthesis, as well as physical, electronic, and photovoltaic properties of squaraine dyes. 

Modulated photoreactivity of benzoin type extended phototriggers, and their possible 

application in organic electronic in chapter 5 is also summarized. This chapter also includes 

the future outlooks on the basis of the findings reported in the thesis work. 
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1.1. Global Energy Crisis  

The global population is increasing rapidly with 83 million additions per year.1 The currently 

accessible energy is not sufficient for a large fraction of people due to their poor economic 

status and weak development profile of their country. Even in today’s world 1.1 billion 

people do not have access to electricity and 85% of them live in rural areas.2 On the other 

hand, growth in income, dependence on technology and improved standard of the lifestyle of 

the urban population have skyrocketed their appetite for energy. With the economic growth 

of highly populated countries like India and China, the continuous access to the energy has 

become even more important in order to convert this growth into sustainable development. 

The energy demand is, therefore, increasing rapidly to meet the requirements of a growing 

global population and to support economic growth. Fossil fuels such as coal, oil, and gas have 

been fulfilling energy requirements of humans for ages; however, the unbridled exploitation 

of fossil fuels in the quest of energy has brought the world to face two major challenges, 

energy security, and climate change. It is, therefore, vital to invest in renewable energy 

sources such as wind energy, hydropower, solar energy, and geothermal for the benefit of the 

future generation. 

1.2. Solar Energy 

Renewable sources of energy are naturally restored without being exhausted from the earth 

and give us a chance to reduce the emission of greenhouse gases and control global warming. 

Among the renewables, the solar energy is the most promising source of energy due to its 

sheer abundance. The Sun emits energy at the rate of 3.8 ×1023 kW, out of which the earth 

receives approximately 1.8 × 1014 kW.3 In other words, the Sun provides the earth with as 

much energy in one hour as the whole humanity uses in one year. Thus, it is a great challenge 

as well as an opportunity for the mankind to tap into this huge energy reservoir for 

sustainable development. Due to increased technological advancement and computerization 

of machines electricity has become one of the key forms of energy. Whether it is the small 

household appliances like computers and refrigerators or heavy machineries like trains and 

electric vehicles, the electricity has become a preferable source of power for all purposes. The 

fact that photovoltaic cells are the only devices that directly convert sunlight into electrical 

energy gives great encouragement for solar electricity production.  
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Taking cognizance of the possible energy crisis in the future, governments around the 

globe have increased their solar energy production. In 2016, total global photovoltaic (PV) 

installed capacity has exceeded 300 GW. China was the biggest contributor to a total grid-

connected solar capacity of 77.9 GW (Figure 1).4 Recently, India has launched an ambitious 

strategy to target 174 GW of renewable energy capacity by 2022, which includes 100 GW of 

solar power. A total solar capacity of 20 GW had been achieved earlier this year (January 

2018).5  

 

Figure 1. Global annual solar capacity addition in leading international markets (India Solar 

Handbook 2017).  

1.3. Photovoltaics 

A photovoltaic (PV) cell is a device which converts light into electricity, and the 

phenomenon is called the photovoltaic effect. The photovoltaic effect was first discovered in 

1839 by a French scientist named Edmond Becquerel. Later, Charles Fritts, an American 

inventor, coated selenium with a thin layer of gold and created the first solar cell which 

achieved a solar-to-electricity conversion efficiency of 1–2%. In the 1950s, the Bell 

Laboratories invented the first practical solar cell by using silicon as it was more efficient 

than selenium. The rapid advance of silicon electronic industry further promoted the growth 

of the photovoltaic sector as we know it today. 

Several kinds of photovoltaic devices have been invented until today which can be 

classified broadly into three generations. 
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1.3.1. First Generation Solar Cells (Silicon Solar cells)  

The first generation solar cells are the most widely used photovoltaic technology. These cells 

use a thick crystalline film of semiconductor (mainly Si) and provide an excellent solar 

energy to current conversion efficiency. The primary working mechanism of silicon-based 

solar cells is demonstrated in Figure 2. Two layers of silicon semiconductor, one n-doped 

and other p-doped are fused together in direct contact. When the light falls upon the depleted 

region of the p-n junction, the excited electrons move towards the n-type region under in-

built potential bias. The electrons travel to an external circuit and pass through the load to 

arrive at the p-doped layer. There are two types of crystalline silicon which are commonly 

used: mono-crystalline and multicrystalline silicon. The solar cells based on mono-crystalline 

silicon are more efficient compared to the multi-crystalline silicon solar cells.  

 

Figure 2. The fundamental working principle of silicon solar cells. 

The crystalline silicon-based solar cells have an efficiency between 15-25%. Though the 

silicon is found in abundance of earth crust, the process to purify it into a usable form is 

expensive which results in its high cost. Thus next generations of solar cells deal with the 

reduction of cost while maintaining the good efficiency.  

1.3.2. Second Generation Solar Cells (Thin Film Technologies)  

The second generation solar cells were developed with the aim of reducing the cost of solar 

panels through the utilization of thin film technology. They are made from layers of 

semiconductor materials with a thickness of a few micrometers and hence require less 
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material which leads to the reduction in manufacturing cost. Based on the active materials, 

there are generally three types of solar cells that are considered in this category, amorphous 

silicon, and non-silicon materials based cadmium telluride (CdTe), and copper indium 

gallium diselenide (CIGS). While the cost issues associated with thick films were addressed 

in the second generation PV cell, the performance was poor compared to first generation PV 

cells. Hence even today, the first generation solar cells are the most popular for commercial 

purpose. 

1.3.3. Third Generation Solar Cells 

Third generation solar cells explore the application of alternative materials instead of silicon 

as a light harvester, and they are not directly related to the single p-n junction. The significant 

efforts were devoted to the understanding of the charge and energy transfer processes across 

the various interfaces and the respective methods to optimize charge collection, thereby 

increasing the energy harvesting within the solar spectrum. The major technologies in this 

generation include organic/polymer solar cells; quantum dots sensitized solar cells, dye-

sensitized solar cells, and perovskite solar cells. 

(a) Organic/ Polymer Solar Cells  

Organic solar cells utilized organic polymers or small molecules with semiconducting 

properties as charge transport materials. Analogous to silicon solar cells, p-type and n-type 

organic semiconductor with different HOMO-LUMO levels are used to create in-built 

potential at their interfaces. The p-type material (usually polymer based) is generally called 

donor, and the n-type material (usually fullerene-based) is known as acceptor. Upon 

irradiation, the excitons are generated which dissociates into electron and hole at the interface 

of donor and acceptor materials. Thus, the charge transports to the anode and cathode through 

bicontinuous networks of the donor (hole-transporting) and acceptor (electron-transporting) 

polymers. The efficiency up to 13% have been achieved with organic solar cells.6  

(b) Dye-Sensitized Solar Cells 

Dye-sensitized solar cells (DSSCs) have different mechanism and configuration compared to 

silicon solar cells. In DSSC light absorption and carrier generation occurs in separate medium 

i.e. dye, whereas the carrier transport occurs in a metal-oxide based semiconductors on which 

the dye is anchored. The major advantage of DSSC over other photovoltaic technology is that 
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it can generate charge carriers even in low light conditions due to high extinction coefficients 

of the dyes used in DSSCs. The low sensitivity to the incident angle of the light radiation 

makes them ideal for indoor power generation. DSSCs have successfully achieved efficiency 

up to 14%.7 

(c) Quantum Dot Sensitized Solar Cells 

Quantum dots sensitized solar cells (QDSSCs) have the working mechanism similar to DSSC 

in which semiconducting nanocrystals (Quantum dots) are used as sensitizers. The advantage 

of using quantum dots is that the bandgap of materials can be tuned by varying the size of 

nano-particles. Lead-sulfide is one of the commonly used materials to synthesize quantum 

dots. Quantum dot solar cells have accomplished an efficiency over 13%.8 

(d) Perovskite Solar Cells 

Perovskite solar cells are the latest entrant in the field of photovoltaic. It consists of three-

dimensional organic-inorganic hybrid perovskite structured compounds, such as 

methylammonium lead halides, as a light absorbing unit. While the kinetics and working 

principle of perovskite solar cells are still under investigation, it seems that perovskite 

behaves as a charge carrier as well as light harvesting material. The perovskite solar cells 

have generated huge interest in the photovoltaic circle due to their higher efficiency 

compared to other non-silicon solar cells, and for the lead-based perovskite cell, the record 

efficiency is over 20%.9 Despite the good photovoltaic performance, the poor stability and 

lead toxicity are some of the major hurdles in progress of perovskite solar cells.  

(e) Multijunction or Tandem Solar Cells) 

According to the Shockley-Queisser limit, a single p-n junction solar cell with a band gap of 

1.1 eV cannot attain efficiency greater than 33%, using air mass (AM) 1.5G solar spectrum. 

The third generation solar cells also focused on crossing the Shockley-Queisser limit by 

introducing the multijunction cell (tandem solar cells) where cells with materials of different 

bandgaps are arranged on top of each other to utilize the maximum portion of the solar 

spectrum. Recently, four-junction solar cells have been reported to give the efficiencies as 

high as 45%.10 
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Figure 3. Research Cell Efficiency Records, National Renewable Energy Laboratory (2017).  

1.4. Dye-sensitized Solar Cells 

In 1991, O'Regan and Grätzel invented a modern version of dye-sensitized solar cells by 

using ruthenium-based sensitizer and a mesoporous TiO2 as a semiconductor.11 This device 

produced power conversion efficiency of ca. 7% which was much greater than the previously 

reported efficiencies of photoelectrochemical solar cells.12–14 The discovery by Grätzel 

attracted as considerable attention in the scientific community and accelerated dedicated 

research in DSSCs.15  

 

Figure 4. The basic structure of the dye-sensitized solar cell. 
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A typical n-type liquid DSSC consists of photoanode which is made of a thin layer of 

transparent conducting oxide (TCO) is deposited on a glass substrate. Fluorine-doped tin 

oxide (FTO) is one of the most common transparent conducting metal-oxide that is used for 

this purpose (Figure 4). On the top of the FTO-glass substrate, a layer of mesoporous 

semiconducting metal-oxide of the wide bandgap (TiO2, SnO2, ZnO, etc.) is deposited. A dye 

or sensitizer binds to this metal-oxide layer with the help of anchoring groups (such as –

COOH or –PO3H) and forms a sensitized photo-anode. An FTO-glass coated with a thin layer 

of Platinum nanoparticles is generally used as a counter electrode. The two electrodes are 

sandwiched together with a spacer in between. A liquid electrolyte is filled between the two 

electrodes which complete the construction of DSSC.  

1.4.1. Operating Principle of Dye-sensitized Solar Cells 

The mechanism and operating principle of dye-sensitized solar cells are illustrated in Figure 

5. When the DSSC is exposed to light, the dye anchored on the surface of semiconducting 

metal-oxide goes over an electronic state change from the ground (S) to the excited state (S*) 

(eq 1). 

S + h→S*Photo-excitation)                        (1) 

The internal electric field of the metal-oxide nanoparticles helps the dye release the electron 

into the conduction band (ECB) of the semiconductor (eq 2).  

S* → S+ + e- injected (electron injection)            (2) 

This process is fast and takes place within 100 fs-100 ps. For effective injection of electrons 

into the semiconductor, the LUMO of the sensitizer should be above 0.2 V.16 After injection 

the electron diffuses through the mesoporous network of TiO2 particles and reaches 

conducting FTO surface. The electron injection leaves the sensitizer in the oxidized state 

which needs to be regenerated. The reduced iodide ion in the redox mediator refills the 

highest occupied molecular orbital (HOMO) of the dye and makes it ready to generate 

electrons again (eq 3). Thus, the device components do not experience any permanent 

physical or chemical damage. 

2S+ + 3I- → 2S + I3
- (Dye regeneration)                (3) 
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For efficient dye regeneration, the HOMO of the dye should be lower than the redox potential 

of the electrolyte. The offset ≥ 0.15 eV is considered adequate. The electron travels the 

through the external circuit and reaches Pt-coated FTO counter electrode. Here the platinum 

layer performs as an electrocatalyst for reduction and reduces the triiodide species in the 

electrolyte (eq 4). 

I3
- + 2e- → 3I-   (Electrolyte regeneration)        (4) 

 

Figure 5. Operating principle and processes involved in the dye-sensitized solar cell. 

The driving force for the charge movement in DSSC comes from the potential difference 

between the quasi-Fermi level of the working electrode when illuminated, and the redox 

potential of the redox species present in the electrolyte. There are some unfavorable processes 

(charge recombination) which can reduce the efficiency of DSSCs. These include the 

recombination of the injected electrons in the conduction band of the TiO2 back to the 

electrolyte (process 7, Figure 5) and the recombination of injected electrons with the 

oxidized dye before the dye is regenerated (process 6, Figure 5). The decay or quenching of 

the excited state of dyes before the electron injection into TiO2 may also lead to a loss in 

efficiency (process 8, Figure 5). For an efficient DSSC, the rate of forward (charge injection) 

reactions should be greater than the rate of backward (charge recombination) reactions. 

1.4.2. Key Parameters in DSSC 
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(a) Air Mass (AM) 

The Sun emits light of wide range of wavelengths with maximum intensity in the visible 

region. However, when the solar radiation travels through earth’s atmosphere, the intensity in 

some wavelengths decreases due to absorption by several gases and dust/particles present in 

the atmosphere. Also, the intensity of solar radiation reaching the earth surface varies with 

the locations. The air mass measures the reduction in the intensity of light as it passes through 

the atmosphere which describes the direct optical path length through the earth’s atmosphere.  
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Figure 6.  Spectral irradiance of AM 0 and AM 1.5 G. 

The air mass is defined as: 

            AM = 1/cos  

where θ is the angle between the Sun and the vertical, i.e., the zenith angle (z). The air mass 

becomes equal to 1 when the direction of solar radiation is normal to the surface of the earth. 

Since the intensity and spectrum of solar radiation varies with the time and location, a 

standard spectrum and power density is necessary to make a correct comparison between the 

solar cells measured at different times and locations. For this purpose, a standard solar 

spectral irradiance with air mass coefficient of 1.5 ( AM 1.5 G) is considered, which is 

derived from zenith angle () of 48.2o (the G stands for global) (Figure 6). 

(b) Incident Photon-to-Current Conversion Efficiency (IPCE) 
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The incident photon-to-current conversion efficiency is one of the important parameters of 

the solar cell which measures the efficiency with which the device converts the light of 

specific wavelength into photocurrent (Figure 7b). The IPCE is also called external quantum 

yield (EQE) and is defined by the eq 6. 

       (6) 

LHE is the light harvesting efficiency; Фinj is the quantum yield of charge injection into TiO2, 

ηreg is dye regeneration efficiency, and ηcc is the charge collection efficiency of DSSC.  

(c) Short-Circuit Photocurrent Density (Jsc) 

The JSC is the value of the photocurrent which is obtained when DSSC under irradiation is 

short-circuited. It is the maximum current that can be obtained from a solar cell its unit is 

milliampere per unit area (mA cm-2). JSC is the direct consequence of the IPCE and can be 

calculated by integrating IPCE spectra according to eq 7 

       (7) 

Where q is the charge of the electron and ϕ(λ) is the photon flux at wavelength under 

standard AM 1.5 simulated sunlight.  

(d) Open-Circuit Voltage (VOC) 

The difference between the electrical potential at the two terminal of a solar cell under 

illumination when no current is drawn is known as open circuit potential (VOC). Ideally, the 

VOC of the DSSC is dependent on the conduction band of the TiO2 and the electrochemical 

potential of the redox mediator which can be expressed by the eq 8. 

    (8) 

where e is the elementary charge, n is the number of the electrons present in TiO2, kB is the 

Boltzmann constant, T is the absolute temperature, NCB is the total number of effective 

density of states, and Eredox is the potential of the redox mediator. Thus, theoretically, the VOC 

of a DSSC is the difference between the conduction band energy level (ECB) of TiO2 and the 

energy level of the redox mediator (I3
-/I-) present in the electrolyte. However, the VOC 
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obtained from the working DSSC is always lower than the theoretical values due to several 

recombination losses. 

(e) Fill Factor (ff) 

The fill factor measures the quality of the device and can be estimated from the J-V curve. It 

is expressed as the ratio of the maximum power output (JmpVmp) to the product of JSC and 

VOC.  

        (9) 

The theoretically maximum obtainable value of fill factor is 1. However, such value cannot 

be realized in practical solar cells due to high inner resistances such as sheet resistances of the 

photoanodes and counter electrode, ion transport resistance, and the charge-transfer resistance 

at the counter electrode. The fill factors can be improved by decreasing the series resistance 

(Rs) and increasing the shunt resistance (Rsh). 

 

Figure 7. A typical a) J–V curve, b) IPCE curve of DSSC. 

(f) Solar Energy to Electricity Conversion Efficiency (η) 

 The overall solar energy to electricity conversion efficiency of a solar cell is determined by 

open-circuit voltage (VOC),  short-circuit current density (JSC), fill factor (ff), and incident 

solar radiation power (I0) (generally at AM 1.5 G, 100 mW cm-2)  

       (10) 
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Thus, to obtain high values efficiency, the JSC, VOC an ff should be as high as possible. The 

great improvements have been achieved in the efficiency of DSSC by significant 

development in sensitizer designing as well as device fabrication.  

1.4.3. Key components in DSSC 

(a) Semiconductor 

 Photo-anodes are generally made by depositing a mesoporous layer of metal-oxide 

semiconductor on transparent conducting oxide (TCO). TiO2 and ZnO are the commonly 

explored metal-oxide for DSSC but some other metal-oxide system such as SnO2, Nb2O3 

have also been tested.17–19 These metal-oxides have a wide band gap and usually does not 

absorb in the visible region. Hence a sensitizer is necessary to harvest the visible region of 

the solar spectrum and absorb the electron injected by the dyes. TiO2 has been the most 

efficient among all the semiconductors and used extensively in DSSC.20 TiO2 is a stable and 

non-toxic oxide which gives it an additional advantage over other metal-oxides. Two major 

crystal form of TiO2, i.e., rutile and anatase have been explored in DSSC. Though rutile is 

thermodynamically more stable than anatase, anatase has larger bandgap (3.2 eV) 20 and high 

conduction band edge (ECB) which makes it preferable to rutile. The metal-oxides such as 

ZnO and SnO2 have also been investigated. ZnO has a bandgap and conduction band edge 

similar to TiO2 and has better electron mobility which supports electron transport. The major 

disadvantage of ZnO is its chemical instability, and it dissolves rather easily compared to 

TiO2 in acidic and basic conditions which make them less preferable to TiO2. In a typical 

DSSC device, a paste of TiO2 particles is applied to deposit a nanocrystalline TiO2 film on 

FTO substrate by doctor blading or screen printing.21 The size of TiO2 particles is around 20 

nm. The TiO2 coated FTO substrate is sintered around 400-500 ºC which remove organic 

additives to induce porosity. The porosity is essential to increase the surface area to ensure 

higher loading of dye on TiO2. A layer of larger particles of TiO2 which is called the 

scattering layer is often applied on the top to enhance light absorption by reflecting light back 

into the cell.  

(b) Counter Electrode 

The counter electrode (CE) is essential to reduce the oxidized species of the redox couple 

present in the electrolyte. These are generally made by depositing a platinum layer on FTO 
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substrate by pyrolysis, sputtering, and vapor deposition. Platinum is very good electrocatalyst 

for dye regeneration due to fast reversible electron transfer with very low charge transfer 

resistance (~ 1 Ω cm2).22 However, Platinum is an expensive and scarce metal; as a result, the 

non-Pt materials have also been explored. The carbonaceous materials are the most 

researched Pt- free CE materials and the materials such as graphite,23–25 carbon black,26 

carbon nanotubes,26 activated carbon on FTO-glass and organic ion-doped conducting 

polymers of poly(3,4-ethylenedioxythiophene) (PEDOT) coated on TCOs, have been 

proposed as CEs in DSSCs. The highest PCE (14.3%) in DSSCs was obtained by counter 

electrode based on the FTO/Au/GNP (graphene nanoplatelet).7 

(c) Electrolyte 

The electrolyte is one of the vital components in DSSCs which helps in transporting the inner 

charge carrier between electrodes and continuous regeneration of the dye and itself during 

DSSC operation. A typical liquid electrolyte contains I3
-/I- couple in suitable organic solvent 

usually acetonitrile and some additives. The choice of solvent used in the electrolyte is 

critical. Several kinds of solvents such as alcohols, propylene carbonate, -butyrolactone, 

tetrahydrofuran, N, N-dimethylformamide,27–29 as well as different types of nitrile solvent30 

have been studied for the electrolyte in DSSC. However, acetonitrile has been the most 

successful so far due to its low viscosity and good solubility to dissolve electrolyte 

components. The power conversion efficiency (PCE) up to 12% has been recorded for an 

ACN-based DSSC.31,32 Acetonitrile is a volatile solvent (boiling point at 82 ºC) and hence 

liable to evaporation and leakage. Ionic liquids (ILs) possess high ionic conductivity with 

very low vapor pressure which made it a potential candidate for replacing the volatile organic 

solvents.32,33 However, due to their high viscosity and mass-transport limitation, they show 

low efficiencies and photocurrent. To counter the mass-transport limitations, binary mixtures 

of tetrahydrothiophenium-based ionic liquids with low viscosity have also been used to form 

stable DSSCs.34 

The iodide/triiodide based redox couple have an optimal redox potential and allows rapid dye 

regeneration and hence has been used extensively since the beginning of DSSC development. 

The couple also possesses several other advantageous features such as good solubility, high 

conductivity, and good penetration into the mesoporous semiconductor film.35 The redox 

potential of the I3
-/I- the couple is, however, much higher (less positive) than required 
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compared to the HOMO level of most sensitizers which can bring a significant loss in the 

open-circuit voltage (VOC) (Figure 8). Several iodine-free alternatives to redox mediator were 

explored. The bromide/tribromides,36–38 interhalogen systems39 and pseudohalogen 

system40,41 have redox potential lower than I3
-/I-, but high corrosion and toxicity of these 

electrolytes restricted further exploration.  

Cobalt(II/III) polypyridyl complexes have also been tested as an alternative redox 

couple due to their lower redox potential which can be tuned by modifying the ligands 

coordinated to Cobalt.42–45 Besides being noncorrosive and non-volatile, Cobalt complexes 

are generally less colored than iodine solutions and doesn’t interfere with absorption of the 

sensitizer. Co (II/III) polypyridyl based complex proved to be most successful redox couple 

after I3
-/I- and produced efficiency of over 12% with VOC approaching 1 V (0.965 V) in 

combination with porphyrin dyes as reported by Yella et al.32 Recently, the efficiency of 13% 

(VOC = 0.91 V) with was achieved, proving that the Cobalt based complex can become a 

viable alternative to tradition I3
-/I-- redox couple.46  

 

Figure 8. The redox potential of various electrolyte and effect on VOC. 

1.5. Sensitizers for Dye-sensitized Solar Cells  

A sensitizer or dye is the light harvesting component of DSSC and plays the crucial role in 

converting the incident light into photocurrent. It not only absorbs the light but also injects 

the electron in the TiO2 and thereby directly affecting the overall power conversion 

efficiency. Following properties are desirable in an ideal sensitizer: 
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i) It should have a high extinction coefficient (ε) with broad absorption covering a wide 

range of the solar spectrum to generate high photocurrent. 

ii) It should have anchoring groups such as carboxylates or phosphonates to attach itself 

to TiO2 surface. It also helps in electron injection by keeping the dye in close 

proximity to TiO2. 

iii)  The dyes must have LUMO level higher than the conduction band of the TiO2 for 

efficient electron injection, and HOMO levels should be lower than the 

electrochemical potential of the redox mediator for efficient dye regeneration. 

iv) It should possess long-term photostability along with thermal and electrochemical 

stability. 

The sensitizers are generally divided into two major groups−Metal complexes which 

include Ruthenium (II), Metal-porphyrin, Metal-phthalocyanine, and Metal-free dyes. 

Ruthenium complexes have been widely researched as photosensitizers at the beginning of 

DSSC due to their favorable photovoltaic properties such as broad absorption spectra, the 

longer exciton lifetime and chemical stability (Figure 9).47  

 

Figure 9. Ruthenium polypyridyl complexes used as sensitizers in DSSC. 
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These complexes have broad absorption, ranging from the visible to the near-infrared region 

of the solar spectrum, which originates from metal-to-ligand charge transfer. In Ru-

polypyridyl complexes, the HOMO is localized on the Ru and electron donating ligands, and 

the LUMO is spread over the polypyridyl ligand. Both the absorption and HOMO-LUMO 

levels can be tuned by suitable modifications in ancillary ligands such as bipyridine or 

terpyridine ligands. DSSCs based on ruthenium(II)- polypyridyl complexes as the light 

harvesting materials have achieved overall power conversion efficiencies over 11% under 

standard (AM 1.5G) illumination48,49. Zinc-porphyrins are another example of metal-based 

sensitizers and have been very successful recently.50–53 These sensitizers have excellent 

absorption in visible as well as far-red region due to Soret band and Q-band. Recently, a 

record efficiency of 13% was achieved by Zn-Porphyrin dyes sensitized DSSC in 

combination with Co(II/III) electrolyte.46 Zn-phthalocyanines are structurally similar to 

porphyrin and also show Soret and Q-band in the absorption spectrum. Unlike Zn-Porphyrins, 

the DSSC based on Zn-phthalocyanine have not been able to achieve high efficiency mostly 

due to excessive aggregation.54,55 Despite the high energy conversion efficiency of the metal 

complex dyes, the high costs, complicated synthetic routes, and the limited absorptivity has 

led the focus to metal-free dyes.  

 

Figure 10. High performance metal-free organic dyes used in DSSC. 
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The metal-free dyes have been widely explored for DSSCs due to their simple synthesis, 

good flexibility in molecular design, economical purification, easy large-scale production, 

and extremely high molar extinction coefficients.56 Metal-free organic dyes consists 

triarylamine,57 indolines,58 coumarins,59 and fluorene60, phenothiazine,61 hemicyanine62 dye, 

squaraine63, etc. as conjugated chromophores for light harvesting. The skeleton of most of the 

organic sensitizers consists of electron donor (D), a π-conjugated spacer (π) and electron 

acceptor (A) moieties, which is designated as  D–π–A configuration.64,65 Such molecules 

exhibit intramolecular charge transfer (ICT) from the donor to acceptor through π-conjugated 

space due to the push-pull structure. (Figure 10). Recently, the D-A-π-A configuration have 

also been investigated where an electron acceptor is placed between donor and p-spacer.66–68 

Substantial efforts have been dedicated towards modifying the different components of 

metal-free dyes to optimize the DSSC performance. Currently, several organic dyes have 

achieved efficiencies over 10%.69  

1.6. Near-infrared (NIR) Active dyes in DSSCs 

The absorption over a broad solar spectral range (panchromatic absorption) is one of the most 

desirable features in the dyes for DSSC.  

 

Figure 11. Solar light spectrum (blue) and calculated photocurrent (red) with an assumed 

IPCE of 100% integrated from 300 nm to the corresponding wavelength at the band gap. 
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Most high-performance DSSCs efficiently converts photons to electricity from 400-700 nm; 

however, a significant portion of energy available in the longer wavelength is lost due to lack 

of efficient absorber in NIR region (Figure 11). Porphyrin, Phthalocyanine, and squaraine 

based dyes are the major examples of NIR absorbing sensitizers in DSSC.  

1.6.1. Zinc-Porphyrins (Zn-Por) 

Porphyrins are the conjugated macrocycles which are instrumental in many bio-activities in 

animals as well as plants. Porphyrins have been considered potential sensitizers since the 

beginning of DSSC as they have broad and intense absorption between 400-450 (soret band ) 

and 500-700 nm (Q-band).70–72 However, the efficiencies of the earlier porphyrins based 

designs were low due to inefficient light harvesting around 500 nm and beyond 600 nm. 

Considerable efforts have been made to overcome this bottleneck by using push-pull structure 

and elongation of porphyrin π-conjugated system (Figure 12).  

 

Figure 12. Zinc-Porphyrin based dyes used in DSSC. 

In 2004, Grätzel and Officer used a zinc porphyrin dye (P2) which is a tetraphenylporphyrin 

with a -substituted styrylcarboxylic acid. The dye produced the efficiency of 4.8% 73 and a 
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year later the same group reported efficiency of 5.6% with Zn-3 which has -substituted 

cyanoacrylic acid as an anchoring group.74 Replacing cyanoacrylic acid with malonic acid 

group facilitated a stronger binding to the semiconductor surface which improved the 

efficiency to 7.1% with panchromatic IPCE up to 710 nm.75 These results opened a new 

avenue for the porphyrin-based sensitizer as a potential successor to ruthenium dyes. Yeh and 

Diau designed a promising YD2 which consists of an electron-releasing diarylamino group 

attached at the meso position of the porphyrin ring and the meso-substituted phenylethynyl 

carboxyl anchoring group at the opposite end. This push-pull porphyrin configuration gave 

efficiency up to 6.8% when co-adsorbed with CDCA.76 A set of fluorene/pyrene-modified 

porphyrin with aromatic substituents at the meso-position of porphyrin ring were synthesized 

by Lin and Diau. Fluorene-functionalized LD2277 featured an impressive efficiency of 8.1% 

whereas the pyrene-functionalized LD478 displayed efficiency up to 10.1% due to broad 

IPCE response from 300 to 800 nm. Further attempts to increase the absorption by extending 

conjugation by synthesizing dimeric porphyrin could not increase the efficiency due to self-

quenching induced by aggregation.79–83 To counter this the problem Imahori and co-workers 

reported ortho-substituted zinc porphyrins sensitizer with alkyl groups (methyl and ethyl) to 

reduce the dye aggregation for improved charge injection and suppress charge 

recombination.84,85 Hupp and co-workers reported porphyrin-based dyes with two phenyl 

groups attached at the 5,15-meso-positions of porphyrin ring, bearing dodecyl (–OC12H25) 

groups at the ortho-position of each phenyl group to restrict aggregation.86,87 Further work 

along this line improved the performance of DSSC constructed using a push-pull zinc 

porphyrin-based dye, YD2-OC8,32 which has four ortho-substituted octyloxy side chains in 

the each of the meso-phenyls of porphyrin. The particular molecular design helped greatly to 

control the aggregation and YD2-OC8 based device produced an efficiency of 11.9% under 

standard irradiation. The co-sensitization of YD2-OC8 with the previously reported organic 

dye, Y123, produced an efficiency of 12.3%. Recently, DSSCs based on similar designs of 

porphyrins, SM315 and GY50, exhibited exceptionally high efficiencies of 13% and 12.7% 

respectively with IPCE up to 775 nm.46,88  

1.6.2. Zinc-Phthalocyanines (Zn-Pc) 

Phthalocyanines (Pcs) are planar 18 π-electron macro-heterocycles which are structurally 

related to porphyrin but even more extended conjugation which results in the absorption in 

the far visible/near-IR region. The UV-Vis spectrum of metallophthalocyanines shows a 
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Soret band at 300–400 nm and a Q band centered around 650–700 nm which makes them 

potential panchromatic sensitizer (Figure 13). 

 

Figure 13. Zinc-Phthalocyanine based dyes used in DSSC. 

Earlier attempts to use phthalocyanine as the light harvester in DSSC fared poorly, and it 

could not surpass 1% overall efficiency. The main reason behind the low performance was 

the strong aggregation of the dye due to the extended planarity of phthalocyanine and absence 

of directionality of the symmetrical dyes in combination with the poor coupling of the LUMO 

with the conduction band of TiO2.
89,90 The first breakthrough came with the Zn-Pc sensitizers 

PCH00191,92 and TT1 where the periphery of the phthalocyanines was functionalized with 

bulky alkyl groups to suppress the aggregation. The difference in the two dyes was the 

number of carboxylic acid anchoring groups (PCH0001 with two carboxylic group and TT1 

with one carboxylic group), and the resulting PCEs were 3.05% for PCH001 and 3.5% for 

TT1. The greater performance of TT1 over PCH001 could be ascribed to attachment of 
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carboxylic acid directly to the conjugated skeleton which brought directionality in the charge 

movement flow from the dye to the TiO2, due to its “push-pull” nature, resulting in an 

outstanding IPCE of 80% at 700 nm. A number of modifications were done on PCH001 and 

TT1 which includes changes in bulky alkyl groups and linkage of carboxylic acid, but the 

efficiency could not be improved. Mori, Kimura, et al. used even bulkier 2,6-

diphenylphenoxy groups at the periphery which lie normal to the plane of Pc macrocycle, 

succeeding in suppressing the aggregation efficiently. Their dye PcS6 achieved an excellent 

efficiency of 4.6% with a 78 % IPCE at the Q-band maximum which extends up to ca. 750 

nm.93 Further exploration and modification of structural features of Pc macrocycle led to the 

synthesis of many more dyes with improved efficiency. TT40 which has carboxylic acid 

linked to the Pc ring through a triple bond (carboxyethynyl) with 2,6-diphenylphenoxy 

groups provided improved efficiency of 6.01%.94 Currently, the record of highest efficiency 

(= 6.4%) in Zn-Pc dyes is held by Pcs20 which has an n-butoxy chain on the 2,6-

diphenylphenoxy group to prevent aggregation.95  

1.6.3. Squaraine Dyes 

Squaraine dyes belong to the family of polymethine dyes and comprise of resonance-

stabilized zwitterionic structures. Due to strong absorption ( e > 10 5 M-1) in visible, far red 

and NIR region, squaraine dyes have found applications in wide range of areas such as 

imaging,96–99 ion sensing,100,101nonlinear optics,102,103 photodynamic therapy104,105, and 

photovoltaics.63,106 Squaraine dyes, in general, are synthesized by the condensation of 

electron-rich aromatic/heterocyclic compounds with squaric acid. Aromatic compounds such 

as N, N-dialkylanilines, indolenines, benzothiazoles, quinolines, phenols, azulenes, pyrroles, 

etc. have been used to synthesized squaraine based dyes.101,107 By choosing aromatic and 

heteroaromatic systems of varying donor strength, the squaraine dyes of diverse optical and 

electrochemical properties can be synthesized (Figure 14). 

The sensitization behavior of squaraine dye was investigated first time by Kamat and 

coworkers in 1993.108 They observed a very low IPCE for these dyes primarily due to high 

back electron transfer and low singlet fluorescence quantum yields. Zhao and co-workers 

synthesized indole-based symmetric squaraine dyes with sulphonic acid anchoring group 

which was attached to N-atom through propyl chain.109 The DSSC based on the dye gave the 

efficiency of 2.16% which initiated an extensive investigation of squaraine dyes for DSSCs. 
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Figure 14. The general scheme for the synthesis of a) symmetrical squaraine and b) 

unsymmetrical squaraine dyes. 

The same group later synthesized a series of aniline-based symmetric dye where they used 

carboxylic acid as an anchoring group which gave the efficiency of 3.4%.110 Several 

symmetrical squaraine based dyes were explored and synthesized, but no significant 

improvement in efficiency was observed. Yum et al. provided a breakthrough by developing 

an unsymmetrical squaraine dye where the carboxylic group is directly attached to the 

conjugated backbone.111Their unsymmetrical design brought the directionality of the charge 

movement within the molecule which was evident in the DFT calculation. Efficient charge 

separation and electron injection improved the IPCE and efficiency of 4.5% were obtained. 

Geiger et al. improved the above design by replacing indole with benz[e]indole moiety which 

further red-shifted the spectrum of dye.112 It gave rise to improved light harvesting and 

broadened IPCE spectrum which yielded the efficiency of 5.4%. A bulky spirobifluorene or 

hexyloxyphenyl motif was introduced into the squaraine framework by Choi et al. The large 

steric group helped to suppress dye aggregation efficiency and impressive overall efficiency 

of 4.2% was achieved.113 Shi et al. extended the conjugation of indoline base squaraine dye 

by covalently attaching the thiophene unit on end of the squaraine unit. Moreover, the 

carboxylic group was replaced by a stronger electron withdrawing cyanoacrylic acid 

anchoring group. This dye exhibited not only the extended absorption at longer wavelength 

but also an additional higher energy band. These features led to the significantly high 

efficiency of 6.74% with JSC of 14.8 mA cm-2.114This design strategy seems to be very 
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effective to achieve the red-shifted maximum as well as panchromatic absorption which 

inspired a significant improvement in performance of squaraine based DSSC. 

 

Figure 15. High-performance squaraine dyes in DSSC. 

Recently, Jradi et al. reported a squaraine dye DTS-CA, where squaraine unit is extended by 

DTS bearing out-of-plane ethylhexyl chain. This design effectively suppressed aggregation as 

well as generated panchromatic IPCE response which produced a high efficiency of 8.9%.115 

The detailed understanding of structure-property relationship has significantly improved the 

squaraine dyes based DSSC and efficiency up to 9% have been achieved till recently. 

However, the absorption of the successful squaraine dyes is still limited up to 750 nm. There 

are very few squaraine dyes which absorb beyond 750 nm, and the examples of such dyes are 

shown with their IPCE onset in Figure 16. Several modifications and molecular engineering 

were carried out to enhance the absorption of SQ dyes in NIR. The increase in conjugation 

was attempted by either attaching extra aromatic unit covalently to the squaraine structure or 

by including -extended fused heteroaromatic moieties as a donor instead of indole unit. Both 

the methods helped to push the absorption of SQ dyes and successfully increased the IPCE 

onset. However, the increased absorbance in the NIR region of squaraine dyes could not be 

translated into improved performance. Barring JK-217, DTS-CA, HSQ4, and YR6, no other 

dyes could achieve efficiency of more than 3%. The major challenge faced while reducing 

the band gap of dyes is to maintain the proper energy level of HOMO and LUMO. 
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Figure 16. NIR responsive squaraine dyes with IPCE onset greater than 750 nm. 

Extending the conjugation can either bring down the LUMO close to CB of TiO2 leading to 

poor injection, or it can push the HOMO upwards leading to poor dye regeneration. Another 

major problem is extensive aggregation on TiO2 surface. Attempts to increase absorption by 

including -extended moieties in the dyes also induced planarity in extended -backbone 
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which encourage the formation of aggregates. As a result, despite having very good 

absorption in the NIR region, these dyes failed to perform satisfactorily. 

1.6.4. Aggregation in DSSCs 

The aggregation of dyes is a common phenomenon in dye chemistry which can occur in 

solution or the solid state. It originates due to strong intermolecular van der Waals‐like 

attractive forces which brings the molecules together to self-assemble. Squaraine dyes also 

show strong aggregation properties in both in solution and solid form. The aggregates display 

characteristic changes in the absorption band in comparison to the monomeric species. The 

H-type aggregates are formed when molecules align in face-to-face (or head-to-head) fashion, 

and J-type aggregates are formed due to edge-to-edge (head-to-tail) alignment. These 

aggregates can be distinctly observed by UV-Vis absorption spectroscopy where H-

aggregates appears as blue-shifted band whereas the J-aggregates shows bathochromic shift 

compared to the monomer (Figure 17). Origin of the spectral behavior of the aggregates has 

been explained by Kasha's molecular exciton theory.116–118  

 

Figure 17. (a) Simplified schematic of exciton theory to explain the different absorption 

behaviors of H- and J-aggregates. (b) Formation of aggregates in squaraine dye (YR6) when 

adsorbed on TiO2 film (dotted) solution (adapted from reference no.114).  

According to molecular exciton theory when two monomer molecules interact to form a 

dimer, the energy of the excited dimer becomes non-degenerate due to the coupling which 

leads to exciton-splitting.  
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In general, aggregates hamper the performance of DSSC by exciton quenching. The 

early designs of dyes could not produce high efficiency despite strong absorption because of 

aggregate formation on the TiO2 surface.119 To explain the effect of aggregation on electron 

injection a time-resolved laser spectroscopy measurements were done by Ziółek et al.120 The 

study revealed that electron injection rate of monomer was quite higher compared to H-

aggregates, which show that H-aggregation hinders electron injection rate. Nevertheless, 

there are a few reports that show H-aggregation may extend the spectral range of absorption 

spectra with respect to the monomeric form, thus augmenting the light harvesting and device 

efficiency of the dyes.121,122. In comparison to H-aggregates, J-aggregates are considered 

helpful for light absorption due to their ability to capture low energy photons (far-red and 

NIR) which is more suitable for improving solar cell performance.123,124 However, numbers 

of such reports are quite few, and in major consensus, the aggregation is considered harmful 

for DSSC performance. Some methods have been developed to restrain the formation of dye 

aggregates which are discussed below. 

a) Addition of co-adsorbing agents. It is one of the most common methods of suppressing 

aggregation in which an optically transparent bulky molecule such as a chenodeoxycholic 

acid (CDCA) is co-adsorbed along with sensitizing dye on TiO2 surface. When TiO2 coated 

electrodes are dipped in a solution containing both the dye and co-adsorbent, both species 

contend for anchoring spaces on the TiO2 surface. This is one of the very effective methods 

to control aggregation, but the amount of CDCA that can be added is limited as high CDCA 

amount can reduce the dye loading on the TiO2 surface leading to low light harvesting 

efficiency. 

b) Modification in dye structure. Planarity of molecules induces the aggregation as it 

provides large π-surface to interact. Several reports suggested the twisting the conjugation to 

induces non-planarity in molecules which improved the PCE. However, these methods hinder 

conjugation restricts the absorption at longer wavelengths. 

c) Attaching alkyl groups and bulky substituents to the dye. Introducing long-chain alkyl 

groups stops the dye molecules to come close to each other and hence restricts the formation 

of aggregates. This is the best method so far as it allows the dyes to control aggregation at the 

molecular level without compromising on the planarity. Additionally, the performance of the 
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dyes can be tweaked by optimizing the chain length of alkyl groups. Jradi et al. obtained a 

PCE of 8.9% by introducing out-of-plane alkyl chain on squaraine dyes. 

d) Dye co-sensitization. In this method, two or more chemically different dyes are sensitized 

onto the surface of a TiO2 thin film. In contrast to optically transparent co-adsorber such as 

CDCA, co-sensitizing with a dye does not hamper light harvesting as both the components 

can absorb light.  By employing the dye with complementary absorption spectrum, the light 

harvesting can be improved efficiently over the broad spectral range.  

 

Figure 18. (a, b) Orientation of H- and J- aggregates, (c) suppressing aggregation by 

incorporating alkyl chains on the dyes (d) suppressing aggregation using CDCA.  

1.7. Objectives of the Thesis 

The extensive literature survey presented above shows the importance of sensitizers in dye-

sensitized solar cells. The photovoltaic performances of DSSCs have been improved over the 

years by applying new sensitizers, optimizing the device components and carrying out some 

fundamental studies. However, the absorption in the NIR region of the sensitizers still lacks 

which has created a bottleneck in the progress of DSSCs. Squaraines are one of the metal-free 

dyes, which have the potential to absorb in the NIR region with a very high extinction 

coefficient. The work in this thesis attempts the design and synthesis of NIR responsive 

squaraine based dyes and their application in dye-sensitized solar cells. The broad objective 

of the present work is directed towards increasing the pool of NIR responsive dyes, 

addressing the intricate problems associated with them such as aggregation; and ultimately, 

increasing the efficiency of squaraine based DSSCs. Also, this research assists to gain more 
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insight into the structure-property relationship of squaraine dyes, and the photovoltaic 

performance of DSSCs devices based on these squaraine based sensitizers. 

The specific objectives are as follows: 

1) To synthesize squaraine based dye with extended conjugation towards anchoring end by 

incorporating a π-spacer to increase absorption in longer wavelength, with variation in alkyl 

chain to understand the impact of the side chain on aggregation and recombination. 

2) To synthesize squaraine dyes with out-of-plane alkyl chains where conjugation is extended 

towards the non-anchoring end as well as towards anchoring end to understand the effect of 

the electronic and structural modification on photovoltaic parameters of DSSCs. 

3) To incorporate fused π-extended heterocyclic moieties in the squaraine unit to extend the 

absorption further into the NIR region.  

4) To fabricate dye-sensitized solar cells (DSSCs) using these dyes and study their 

photovoltaic and charge transport properties to establish a structure-property relationship in 

squaraine based materials. 

 

Figure 19. Various strategies to synthesize NIR absorbing squaraine dyes. 
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2.1. INTRODUCTION 

Sensitizers or dyes are one of the critical constituents of dye-sensitized solar cells (DSSCs) 

which absorb the light and inject electrons into the conduction band of the semiconductor. 

The persisting investigation on the structure-property relationship of the dyes has led to the 

synthesis of some high-performance dyes for DSSCs.1,2 Ruthenium (II) polypyridyl complex 

based dye CYC-B11 have achieved the PCE of 11.5% with I-/I3
- redox couple3 whereas 

Mathew et al.4 reported the highest efficiency of 13% for Zn (II)-porphyrin complex (SM-

315) in the presence of Co (II/III) redox couple. Among the metal-free organic dyes, 

tetrathienoacene based dye (TPA-TTART-A)5 gave PCE of 10.1% whereas N-annulated 

indenoperylene (C275) based dye6 produced the efficiency of 12.5% with Co(II/III) based 

electrolyte. Recently, an efficiency (PCE) of >14% was achieved by a metal-free organic dye 

bearing silyl anchoring group through co-sensitization.7 The metal-free D--A dyes even 

though are efficient, their photoresponse in far-red and near-infrared (NIR) region is still 

limited. NIR absorbing dyes are always desirable in DSSCs as it helps to utilize the 

maximum photons from the solar spectrum. 

Squaraine based dyes are among the few chromophores which can absorb in far red 

and NIR region with high extinction coefficient ( >105 M-1cm-1). However, these dyes have 

not been used up to their full potential as there is only a handful of squaraine based DSSCs 

which gives photoresponse over 750 nm. The preliminary results of the squaraine based 

DSSCs were poor due to lack of directionality and extensive aggregation on metal oxide 

surface.8–11 These dyes have a strong tendency to form aggregates on TiO2 surface which are 

known to reduce the photocurrent through self-quenching process and deactivation of the 

excited state.8,9,12. However, the aggregation may help in broadening the absorption spectra 

which can increase the light harvesting efficiency.13–15 These aggregates can be studied by 

UV-Vis spectroscopy as blue shifted peak (H-type aggregates) or red-shifted peak (J-type 

aggregates) with respect to monomer absorption peak. J-aggregates, in particular, are 

considered to be beneficial in DSSCs as it broadens the absorption towards the longer 

wavelength. 

Yum et al.16 brought the major breakthrough in the squaraine based DSSCs by 

reporting an indole-based unsymmetrical squaraine dye (SQ1) where the carboxylic group 
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was attached to the indolium group. The unsymmetrical nature of dye facilitated the 

unidirectional charge transfer from the excited dye to the conduction band of the TiO2 and 

increased the photocurrent. To further improve the performance of squaraine based DSSCs, 

several efforts have been made to increase the absorption in the far-red region as well as to 

avoid aggregation by tuning the structural design. Extending the conjugation by covalently 

attaching a -spacer followed by an acceptor such as cyanoacrylic acid, to indole-based 

squaraine, is one of the strategies to extend absorption in NIR region.17–22 A thiophene bridge 

with cyanoacrylic acid as an anchoring group was incorporated in squaraine dye (YR6) by 

Shi et al. to enhance the absorption in the NIR region.17 The dye displayed max at 659 nm 

with a ε of 2.79×105 M-1cm-1 and IPCE response up to 780 nm. The YR6-sensitized cell gave 

a JSC of 14.8 mA cm−2 and VOC of 0.642 V which led to an overall PCE of 6.74%. Delcamp 

and coworkers18 investigated various -bridges such as gem-di-n-hexyl-substituted CPDT, N-

(n-hexyl) dithienopyrrole (DTP), thiophene, benzene, ethynyl thiophene and ethynyl benzene 

groups with indole-based squaraine dyes. JD-10 with CPDT π-bridge exhibited the best 

performance and produced PCE of 7.3%, with JSC of 16.4 mA cm−2 and VOC of 0.635 V. The 

out-of-plane hexyl chains on CPDT helped to reduce dye aggregation as well as enhance the 

absorption towards NIR region with IPCE extending up to 780 nm. Taking inspiration from 

this design, Jradi et al.19 reported a dye, DTS-CA, comparable to JD-10, in which they have 

4-bis(2-ethylhexyl)-4Hsilolo[3,2-b:4,5-b]dithiophene (DTS) linked to a squaraine as a -

bridge. The two branched out-of-plane 2-ethylhexyl chains (on DTS) successfully avoided 

aggregation which led to high photocurrent with IPCE onset at 850 nm with the response of 

90% at 700 nm and 82% at 500 nm. The DSSC fabricated using the dye performed 

exceptionally well and gave JSC of 19.1 mA cm−2 and VOC of 0.682 V to yield efficiency of 

8.9%. These results suggest that dye aggregation and light harvesting ability can significantly 

influence the performance of squaraine dyes in DSSC, hence modulating these properties by 

suitable design is very critical.  

Benzodithiophene (BDT) based dyes in DSSC 

Benzodithiophene (BDT) is a heterocyclic structure in which two thiophenes are fused to a 

benzene unit. The BDT unit can be functionalized readily like thiophene, and it is also fairly 

easy to synthesize in large scale. BDT has an excellent charge transport ability and has been 

used extensively as a donor in Donor-Acceptor (D-A) copolymers and small molecules for 

organic electronics and photovoltaics23,24. BDT has been used in DSSC very rarely, but there 
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are few reports available where it is utilized as a -bridge in D--A type DSSC (Figure 1).25–

27 The first report of DSSC based on BDT is published by Hao et al.28 They incorporated 

BDT as -spacer with triphenyl amine as a donor and cyanoacrylic acid as an acceptor to 

design a novel dye (XS32).  

 

Figure 1. Examples of BDT based dyes used in DSSC.  

It has a broad absorption range from 400 nm to 700 nm with 89% maximum IPCE at 497 

which helped this dye to attain an efficiency of 5.68%. Longhi et al. synthesized CR29 dye26 

with BDT as rigid π spacer with PCE of 5.14%. Chen et al. used BDT as a donor in D--A 

type DSSC with bithiophene and EDOT as -bridge to synthesize a new dye CYF-1 which 

produced an efficiency of 8.01%.27 

In this study, we report the synthesis of squaraine based dyes (RSQ1 and RSQ2) with 

BDT as π-spacer to extend the conjugation for improved light absorption in the NIR region. 

BDT was chosen to extend the conjugation due to its fused structure which enhances 

conjugation. We incorporated methyl and ethylhexyl group on the BDT to understand the 

effect of alkyl chains on aggregation and device performance in these dyes. Squaraine unit 

was coupled to BDT with the help of palladium-catalyzed direct hetero-arylation instead of 

traditional C-C bond cross couplings like Suzuki, Negishi and Stille coupling (Figure 2). 

Although conventional C-C bond couplings are efficient and consistent, they involve the 

synthesis of organometallic intermediates like boronic acids derivatives and organotin 

compounds from the starting precursor, which takes additional synthetic steps. In contrast, 
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direct arylation can form a C-C bond directly to the activated carbon on aromatic or 

heteroaromatic compounds, and no additional organometallic components are required. 

Recently, direct arylation has emerged as a useful alternative to conventional cross-coupling 

and has been used to synthesize organic molecules for organic electronic and photovoltaic,29–

31 however, its application in squaraine based molecules are rarely reported. 

 

 

Figure 2. Reported squaraine dyes synthesized via the conventional method and RSQ dyes 

synthesized via direct (hetero)arylation method for DSSCs.  

2.2. RESULTS AND DISCUSSION  

2.2.1. Synthesis  

Synthetic route to RSQ1 and RSQ2 is depicted in Scheme 1. The precursors 1 and 5 were 

heated with hexyl iodide to give the corresponding N-hexylated indolenine derivatives 2 and 

6, respectively. The indolium derivative 2 was reacted with 3,4-dibutoxy-3-cyclobutene-1,2-

dione in the presence of triethylamine to give semi-squaraine, 3 which was then hydrolyzed 

with 2N HCl in acetone to give semi-squaric acid 4, quantitatively as a yellow solid. 
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Scheme 1. a) Synthesis of bromo-functionalized unsymmetrical squaraine, 7 and b) Synthesis 

of RSQ1 and RSQ2 dyes involving palladium catalyzed direct (hetero)arylation. 

The bromo-indolium derivative, 6 was condensed with the semi-squaric acid 4 in a mixture of 

n-butanol and toluene by azeotropic distillation of water employing Dean-Stark apparatus to 

afford bromo-functionalized unsymmetrical squaraine dye 7 in moderate yield as a blue solid. 

BDT derivatives 8a and 8b were reacted with POCl3 and DMF in 1,2-dichloroethane under 

Vilsmeier Haack formylation reaction conditions for 48 h to afford corresponding BDT based 

aldehyde derivatives 9a and 9b. Before this, the formylation of BDT has been carried out by 

lithiation of BDT derivative followed by quenching with DMF. However, this method needs 

the strict moisture free environment and affords low reaction conversion.25,32 We have 

optimized the Vilsmeier-Haack formylation conditions for the two 9a, and 9b derivatives, 
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without strict anhydrous conditions. Bromo functionalized unsymmetrical squaraine 

derivative, 7 was coupled with 9a and 9b via Pd(OAc)2 catalyzed direct arylation with 

Fagnou’s protocol,33 with PCy3 as a co-ligand and pivalic acid as an additive in PhMe to 

provide the corresponding aldehyde precursors 10a, and 10b in moderate yield as green solid. 

Knoevenagel condensation of the aldehyde precursors 10a and 10b with cyanoacetic acid 

afforded the final compounds, RSQ1, and RSQ2 respectively in moderate yields as green 

solid. The SQ-BDT dyes RSQ1 and RSQ2 are entirely soluble in chlorinated solvents such 

as CHCl3, CH2Cl2; RSQ1 is soluble in acetone and ethanol, in which RSQ2 is not soluble. 

All the synthesized compounds were duly characterized by NMR and mass spectrometry. 

2.2.2. Optical and Electrochemical Properties 

The UV-Vis absorption and emission spectra of RSQ1 and RSQ2 in CHCl3 solution are 

shown in Figure 3a-b. Both the dyes show identical absorption spectra in solution indicating 

that the side chain does not affect the energy levels. The dyes exhibit intense absorption band 

in the range of 500 nm to700 nm and have λmax at 664 nm corresponding to intramolecular 

charge transfer (ICT) transition, with a high molar absorption coefficient () of 2.18×105and 

2.39×105 M-1cm-1 for RSQ1 and RSQ2 respectively (Table 1). A low-intensity band 

stretching from 400 to 500 nm was observed for RSQ1 and RSQ2 with an extinction 

coefficient of 1.71×104 and 1.53×104 M-1cm-1 (at 455 nm) respectively. The presence of low-

intensity band had been observed previously when the squaraine units were electronically 

extended with -spacer18,19. Such spectral features help to absorb visible photons besides 

harvesting NIR photons.  

To understand the self-assembly of dyes on TiO2 film, the titania coated glass was 

immersed in a 0.1 mM dye solution for 30 minutes. The absorption spectra of dye anchored 

on TiO2 film displayed spectral broadening (Figure 3c) which generally occurs due to two 

major reasons— (i) interaction of carboxylic acid anchoring group (-COOH) with Ti center 

of TiO2 and (ii) formation of aggregates on the TiO2 surface due to the π-π stacking of dye 

molecules.34,35 In addition to the monomeric peak at 663 nm, peaks at 619 nm for RSQ1 and 

624 nm for RSQ2 were observed. The appearance of peaks at shorter wavelength indicates 

the formation of H-type aggregates on TiO2 film which has been reported for squaraine based 

dyes.36,37 In the case of RSQ2, the high energy aggregate peak was narrower and less 

prominent, suggesting the suppression of aggregation by branched alkyl chains. 
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Figure 3. (a) Absorption and (b) emission spectra of RSQ dyes in CHCl3 solution, (c) 

Normalized absorbance of RSQ dyes adsorbed at the surface of 6 m thick TiO2 film. (d) 

Light harvesting efficiency of RSQ dyes on TiO2 film  

The light harvesting efficiency (LHE = 1-10-A)38 was calculated by measuring 

absorption in transmittance mode of dye adsorbed film which was obtained by immersing the 

TiO2 film in the dye solution for an extended period of 6 h (Figure 3d). LHE of dyes 

anchored on TiO2 indicates the fraction of the light absorbed by dyes across the solar 

spectrum.  LHE profiles show that all the dyes are able to harvest the photons from visible as 

well as NIR region which makes these sensitizers suitable candidates for panchromatic 

absorption. Both RSQ dyes showed more than 90% LHE from 400 to 750 nm except for a 

small decrease around 540 nm. RSQ2 shows better light harvesting efficiency in the region 
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of 400 to 550 nm in comparison to RSQ1 but overlaps in the region 600-800 nm for both the 

dyes. 

To evaluate the feasibility of charge injection and dye regeneration process for RSQ1-

3 dyes, differential pulse voltammetry (DPV) was carried out in a CH2Cl2 solution with 

tetrabutylammonium perchlorate (TBAClO4) as electrolyte and ferrocene as an external 

reference (Figure 4). The differential pulse voltammograms of RSQ dyes exhibit two-

electron oxidation peaks, which is characteristic of squaraine dyes.  

 

Figure 4. a) Differential pulse voltammograms (DPV) of RSQ dyes measured in CH2Cl2. (b) 

Energy level diagram for RSQ1 and RSQ2 with DSSC device components  

For an effective electron transfer from excited dye to TiO2, the excited state potential 

(LUMO) of the dye should be more negative than conduction band (CB) edge (-0.5 V vs. 

NHE) of TiO2 (by at least 0.2 eV),39 whereas ground state potential (HOMO) of the dye 

should be more positive than the  redox potential (0.4 V vs. NHE) of iodide/triiodide (by at 

least 0.15 eV)40 to provide sufficient driving force for efficient regeneration of oxidized dye. 

The HOMO energy levels (EHOMO) were calculated from the first oxidation peak and found to 

be at 0.69 V and 0.68 V vs. NHE for RSQ1 and RSQ2 respectively, which are lower than the 

electrochemical potential of I-/I3
- to ensure the dye regeneration (Table 1 and Figure 4b). 

The LUMO energy levels (ELUMO) were calculated by subtracting E0-0 from EHOMO and are 
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found at -1.16 V for both RSQ1 and RSQ2. These values lie well above the conduction band 

edge of TiO2 which predicts efficient charge injection into TiO2. The optical bandgaps or 

excited state energies (E0-0) were calculated from the intersecting point of absorption and 

emission curve and found to be 1.84 eV and 1.85 eV for RSQ1 and RSQ2 respectively. 

Table 1. Optical and Electrochemical Data of RSQ dyes 

 

2.2.3. Computational Studies 

Optimized molecular geometries and electronic distribution of frontier molecular orbitals in 

RSQ dyes were computed by density functional theory (DFT) in Gaussian 09 using B3LYP 

functional with 6-31G** basis set41. The isodensity plots show the electron density 

distribution in the frontier molecular orbitals of the dyes under investigation (Figure 5a). The 

electron density in HOMO of both the dye is located mostly in central squaraine unit whereas 

the BDT unit is devoid of electron density. In LUMO energy level, there is a clear shift of the 

electron density from the squaraine unit towards anchoring group for both the dyes. Such 

electron distribution in HOMO and LUMO suggests the effective electron transfer from 

donor to anchoring unit which is significant for the facile charge transfer to ensure the 

Dyes 

abs 

/CH2Cl2 

(nm)a 

ε x104 

(M-1cm-1)a 

em 

(nm)a
 

abs/ 

/TiO2  

(nm)b 

Eg/DFT  

(eV) 

Eox/onset 

(V vs 

Ag/Ag+)c 

EHOMO 

(V vs 

NHE)c 

E0-0 

(eV)d 

ELUMO 

(V vs 

NHE)e 

RSQ1 
455, 

664 
1.71, 21.8 678 

619, 

663 
1.85 0.2154 0.69 1.85 -1.16 

RSQ2 
455, 

664 
1.53, 23.9 680 

624, 

664 
1.85 0.2050 0.68 1.84 -1.16 

aAbsorption spectra, emission spectra ( λexc = 580 nm), molar extinction coefficients (ε) were 

measured in CH2Cl2. 
b6 m transparent film was dipped in 0.1 mM of dye in CH2Cl2 for 30 

min. cThe oxidation potentials were measured in CH2Cl2 solutions with tetrabutylammonium 

perchlorate (TBAClO4) as supporting electrolyte, ferrocene/ferrocenium (Fc/Fc+) as an 

internal reference and converted to NHE by addition of 0.63 V. dOptical energy gaps (E0-0) 

were calculated  from the intersection of absorption and emission spectra, E0-0 (eV) = 1240/. 

eELUMO was calculated from ELUMO (V vs. NHE) =EHOMO- E0–0. 
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efficient injection of electrons from the excited dye molecule into the conduction band of the 

TiO2. 

 

Figure 5. (a) Isodensity surface plots of HOMO-1, HOMO, LUMO and LUMO+1 of RSQ 

dye (Hydrogen atoms and alkyl chains are removed for clarity) (b) DFT optimized structure 

of RSQ2. (c) Dihedral planes are shown as A, B, C and D on RSQ dye (alkyl chains are 

removed for clarification). 

 The optimized geometry of RSQ2 is shown in Figure 5b. The ethylhexyl chain 

around the RSQ2 extends up to 16.1 Å along the plane of the molecule and 6.9 Å in the out-

of-plane direction and is at the distance of about 8.4 Å away from TiO2. These structural 

features improve the charge injection by avoiding the dye aggregation and reduce the charge 

recombination by surface passivation due to hydrophobic alkyl chains near to TiO2. In 

general, the degree of conjugation in the molecule is dependent on the planarity of the 

molecule to some extent, which can be predicted from the dihedral angle between squaraine 

and BDT unit in this particular case. Dihedral angles for the dyes were calculated from the 

optimized ground state geometry for the planes between indolenine units and squaric acid 
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unit (A-Band B-C) and between BDT and SQ units (C-D) (Figure 5c). ∠A-B and ∠B-C 

show that squaraine unit is almost planar in itself whereas ∠C-D of 20.1º (RSQ1) and 25.5º 

(RSQ2) predicts that BDT is slightly out of the plane which shows slight restriction in the 

conjugation (Table 2). 

Table 2. Dihedral angles between dihedral planes of RSQs were calculated from the 

optimized ground state geometry. 

RSQ Dyes 

Dihedral angle (degree) 

∠A-B ∠B-C ∠C-D 

RSQ1 4.4 -2.9 -25.5 

RSQ2 1.8 -1.3 -20.1 

 

2.2.4. Photovoltaic Performance 

Photovoltaic characterization of the RSQ based dye-sensitized solar cells was carried 

out under an irradiance of 100 mW cm−2 simulated AM 1.5G sunlight. The current 

density−voltage (J−V) characteristics of DSSCs are shown in Figure 6a, and device 

performance data with and without co-adsorbent are summarized in Table 3.  
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Figure 6. (a) J–V curve and (b) IPCE spectrum (solid lines) and LHE spectrum (dotted lines ) 

of RSQ sensitizers without co-adsorbent. ([Dye] = 0.1 mM, in CH2Cl2, dipping time 5 h, TiO2 

active area = 0.22 cm2).  
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RSQ2 sensitized cells performed better than RSQ1 based cells in the absence of co-

adsorbent, and achieved an overall power conversion efficiency (η) of 6.72% with a JSC of 

18.53 mA cm−2, fill factor (ff) of 67.4% and VOC of 0.538 V. The efficiency (η) of 5.43% was 

obtained by RSQ1 sensitized solar cell with JSC of 19.03 mA cm−2, ff of 58.3% and VOC of 

0.490 V. The RSQ2 gave better performance due to the enhanced VOC and ff in comparison to 

RSQ1 which could be attributed to the controlled assembly of the dyes on TiO2 surface. 

Table 3. Photovoltaic data of RSQ dyes with CDCA and without CDCA under 1 sun 

illumination. 

SQ Dyes 
VOC 

(V) 

JSC 

(mA cm−2) 

ff 

(%) 



(%)a 

RSQ1 0.490 19.03 58.3 5.43 

RSQ1/CDCA (1:1) 0.488 18.25 59.4 5.29 

RSQ1/CDCA (1:5) 0.494 15.08 58.6 4.36 

RSQ1/CDCA (1:10) 0.495 9.47 58.5 2.74 

RSQ2 0.538 18.53 67.4 6.72 

RSQ2/CDCA (1:1) 0.539 18.77 67.7 6.84 

RSQ2/CDCA (1:5) 0.545 15.53 68.8 5.82 

RSQ2/CDCA (1:10) 0.539 14.14 68.5 5.22 

aPhotovoltaic performance of RSQ cells, thickness of electrode: 8+4 m (transparent + 

scattering) layer of TiO2, Electrolyte: 0.5 M DMII, 0.1 M LiI, 0.1 M I2 and 10 mM TBP in 

CH3CN. [Dye] = 0.1 mM in CH2Cl2, dipping time was 6 h, Active area of 0.22 cm2 and 

measurements were carried out under 1 sun intensity (100 mW cm−2). 

 

To understand the effect of aggregation on DSSC performance, the dye was co-

adsorbed in the presence of (3α,7α-dihydroxy-5β-cholanic acid, (CDCA). CDCA is an 

optically transparent molecule which is generally co-adsorbed on TiO2 along with dyes to 

boost the performance of DSSC by minimizing the aggregation. When 1 equiv of CDCA was 
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added, the efficiency of the RSQ2 dye improved to 6.84% with JSC of 18.77 mA cm−2 and 

VOC of 0.539 V, but for the RSQ1 it reduced to 5.29% with JSC 18.25 mA cm−2 and VOC of 

0.448 V (Figure 7a and 7c). Here, the difference in the PCE after addition of 1 equiv of 

CDCA appeared because of the slight perturbation in the dye assembly. Further addition of 

CDCA reduced the device efficiencies as shown in Table 3. PCE of RSQ1 depleted to 4.36% 

when 5 equiv of CDCA was added due to a decrease in short circuit current density (JSC = 

15.08 mA cm−2), and for RSQ2, PCE was decreased to 5.82% with JSC of 15.53 mA cm−2. 

PCE further decreased to 2.74% and 5.22% when 10 equiv of CDCA are added for RSQ1 

and RSQ2, respectively. This drop in performance could be the result of reduced adsorption 

of the dye on the TiO2 surface due to competitive adsorption of CDCA over dyes. To confirm 

the hypothesis, dye loading on TiO2 films were calculated by dye desorption study. The 

amount of dye loaded on TiO2 for RSQ1 and RSQ2 sensitized DSSC was found to be 2.07 × 

10-7 mol cm−2 and 1.21 × 10-7 mol cm−2 respectively. 

 

Figure 7. J–V curve and IPCE spectrum of RSQ sensitizers (solid lines) in the presence of 

CDCA. 
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A severe decrease in dye loading is observed for RSQ1 (1.09 × 10-7 mol cm−2) when 10 

equivalent of CDCA was added whereas in case of RSQ2 the decrease in dye adsorption 

(0.67 × 10-7 mol cm−2) was comparatively moderate. This differential adsorption of dye on 

the addition of CDCA could be attributed to the presence of bulky alkyl chains on RSQ2 

which can sterically hinder the adsorption of CDCA on TiO2.  

The variation in JSC can be explained from the IPCE spectrum of RSQ dyes as it is the direct 

consequence of IPCE and can be expressed as eq 1. 

                                                                        (1) 

If we compare the IPCE spectra of the two dyes without CDCA (Figure 6b), the RSQ1 based 

DSSC has better IPCE response in the region of 600 – 800 nm which corresponds to the 

absorption by monomers and aggregates whereas the RSQ2 compensates for this with greater 

IPCE between 400-560 nm, which corresponds to the absorption from the -spacer. 

Consequently, RSQ1 and RSQ2 have comparable JSC of 19.03 mA cm−2 and 18.53 mA cm−2 

respectively (Figure 6b). A steady decrease in IPCE is observed with increasing 

concentration of CDCA, due to competitive binding of CDCA on TiO2 (Figure 7b, 7d). 

When 5 equivalents of CDCA were added, the IPCE dropped to 46% and 49% at 600 nm for 

RSQ1 and RSQ2 respectively. Addition of 10 equivalents of CDCA further decreased IPCE 

due to the reduction in dye content which is particularly severe in case of RSQ1, as a result, 

IPCE is only 20% at 600 nm while it is 40% for RSQ2. Even though the de-aggregating 

effect of CDCA could be observed from the IPCE trace, any expected improvement in IPCE 

is negated by the huge decrease in the dye loading especially in RSQ1 sensitized devices. 

2.2.5. Electrochemical Impedance Spectroscopy (EIS) 

Since both the dyes exhibited similar JSC in the absence of CDCA, the greater PCE in 

RSQ2 sensitized device could be ascribed to the distinct improvement in VOC. In DSSC, 

changes in the Fermi level of electrons in the TiO2 and redox potential of electrolyte critically 

affect the VOC and JSC. As the device architecture and electrolytes; including fabrication 

conditions, are similar for all the cells, the factors that influence the VOC for a set of dyes can 

be estimated by evaluating the electron transport resistance (Rct) in the device across 

TiO2/Dye/electrolyte interface and lifetime of electrons injected in the conduction band of 
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TiO2 (ECB). To understand the correlation between the charge transfer processes at the 

interfaces (TiO2/dye/electrolyte) and the VOC, EIS analysis was carried out in the dark without 

perturbing the self-assembled monolayer of dyes. The Nyquist plots of the devices based on 

the RSQ1-2 dyes under an applied bias of −0.45 V are shown in Figure 8a.  

 

Figure 8. EIS data of RSQ1-2 dye cells. (a) Nyquist plot (applied bias of −0.45 V in the 

dark) and (b) Bode phase plot (electron lifetime is described as = 1/2f) 

The smaller semicircle in the high-frequency region is ascribed to the charge transfer 

processes at the interface of Pt electrode and electrolyte, whereas the larger semicircle in 

intermediate frequency region gives the information regarding charge recombination 

dynamics between dye-sensitized TiO2 and electrolyte.42,43 Larger the radius of the 

semicircle, larger is the resistance and hence smaller dark current. The radius of the larger 

semicircle for RSQ2 (12.73 Ω) is greater than RSQ1 (9.53 Ω), indicating greater electron 

recombination resistance at TiO2/electrolyte interface which correlates with the greater VOC 

(Table 4). This indicates that the bulky ethylhexyl group helped to passivate the TiO2 surface 

which reduced electron recombination in RSQ2 sensitized DSSC. The lifetime of electrons 

on TiO2 is calculated from the peak frequency of the low-frequency peak in Bode phase plots 

(Figure 8b). It is reciprocal of the peak frequency and hence lower the peak frequency longer 

is the lifetime. RSQ2 (8.97 ms) displayed longer electron lifetime compared to RSQ1 

( 6.35 ms) which further supports the higher VOC for RSQ2. 

 

Table 4. EIS data for RSQ dyes. 
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Dyes Rct (Ω) C (mF) f (Hz)  (ms) 

RSQ1 9.53 0.775 25.06 6.35 

RSQ2 12.73 0.833 17.74 8.97 

 

 

2.2.6. Open Circuit Voltage Decay Study (OCVD) 

The electron recombination kinetics of RSQ dyes based DSSCs were studied under 

simulated sunlight (AM 1.5G, 100 mW cm−2) by photovoltage decay method. Open-circuit 

voltage decay profile (OCVD) reflects the electron recombination kinetics after generating 

triiodide species at the proximity of TiO2/dye/electrolyte interface via regeneration of 

oxidized dyes on TiO2. The devices were illuminated under simulated light for 10 seconds, 

then the light was turned off using a shutter, and open-circuit voltage decay profiles were 

measured. RSQ2 displayed the slower voltage decay than RSQ1 (Figure 8). This further 

supports the strong ability of ethylhexylated BDT -linker to attenuate the charge 

recombination process and increase the VOC of RSQ2 which in turn resulted in the high PCE 

of 6.72%. 

 

Figure 9. OCVD profiles of DSSCs based on RSQ1-2 sensitizers and the experiments carried 

out under 1 sun intensity (100 mW cm−2). 

 

2.3. SUMMARY 
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In summary, squaraine-benzodithiophene (SQ-BDT) based dyes, RSQ1, and RSQ2, were 

synthesized in order to exploit the far red and NIR region of the solar spectrum for efficient 

DSSC. The direct heteroarylation method for C-C bond coupling was invoked to connect 

squaraine with BDT which helps to reduce the number of synthetic steps and chemical 

wastage. Both dyes exhibit good absorption in the NIR region and have favorable energy 

levels for efficient charge transfer. The UV-Vis absorption spectrum of dyes on thin TiO2 

films shows the formation of H-aggregates and RSQ2 has smaller aggregate compared to 

RSQ1 due to branched alkyl chains attached on BDT. DFT calculation showed delocalization 

of HOMO in central squaraine unit, and the LUMO is centered on BDT unit which predicts 

efficient electron transfer towards TiO2 and also supports the photophysical and 

electrochemical observation. RSQ2 sensitized DSSC gave the best photovoltaic performance 

with the PCE of 6.72%, without the addition of any co-adsorbents. The IPCE spectra 

exhibited a good response in the NIR region with onset at about 770 nm. The addition of 

CDCA led to significant reduction in dye loading on TiO2 and proved to be harmful to the 

device performance which was more severe for the DSSC based on RSQ1. EIS analysis 

associates higher VOC of RSQ2 with higher electron transfer resistance at TiO2/electrolyte 

interface. This is mainly due to the reduced aggregation and surface passivation by branched 

alkyl chain of RSQ2 based DSSC. RSQ2 sensitized devices exhibited greater electron 

lifetime on TiO2 which supports its higher VOC in comparison to RSQ1. 

2.4. EXPERIMENTAL 

2.4.1. Materials and methods 

All reagents and solvents were purchased from commercial sources unless otherwise noted. 

Solvents were dried and distilled by standard procedures immediately before use. The 

precursors, 5-Bromo-2,3,3-trimethyl-3H-indole (5)44, 4,8-dimethoxybenzo[1,2-b:4,5-

b']dithiophene45 (8a) and 4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b']dithiophene46 (8b) 

were synthesized according to the procedures known in the literature. 1H NMR and 13C NMR 

were recorded in, CDCl3, MeOH-d4 or DMSO-d6 on AV 200 MHz, AV 400 MHz and AV-

500 MHz Bruker NMR spectrometers. High-resolution mass spectrometric measurements 

were carried out using the ESI method and an ion-trap mass analyzer. Absorption spectra 

were recorded at room temperature in quartz cuvette using SPECORD®210/ PLUS, Analytik 

Jena UV−Visible spectrophotometer. The cyclic voltammetry analysis (CV) was carried out 
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in anhydrous dichloromethane solvent by using 0.1 M tetrabutylammonium perchlorate as a 

supporting electrolyte and Fc/Fc+ as an internal reference. The experiments were performed 

at room temperature in a nitrogen atmosphere with a three-electrode cell consisting of a 

platinum foil as a counter electrode, an Ag/Ag+ reference electrode, and a platinum wire as a 

working electrode.  

2.4.2. Solar cells Fabrication and Characterization 

FTO (F-doped SnO2 glass; 6 - 8 Ω /sq; Pilkington TEC 7) was cleaned with a diluted mucasol 

solution in water, deionized water, and ethanol, successively. To grow a TiO2 blocking layer, 

the substrate was immersed in freshly prepared 50 mM aqueous TiCl4 solution at 70 oC for 30 

min and washed with deionized water before drying at 125 oC for 10 min. A paste of TiO2 

nanocrystal (< 20 nm, Ti-Nanoxide T/SP, Solaronix) was deposited on the TiCl4 treated FTO 

substrate by the doctor-blade technique, to form a transparent layer of TiO2. It was kept in air 

for 5 min and then annealed at 125 °C in air for 15 min which resulted in 6-8 μm thick 

mesoporous TiO2 films. The annealed films were coated with scattering layer TiO2 paste 

(WER2-O, Dyesol) and again annealed at 125 °C in air for 15 min. The films were then 

sintered at 325 °C for 5 min, 375 °C for 5 min, 450 °C for 15 min and 500 °C for 15 min with 

a heating rate of 5 °C per min in air. After reaching the furnace temperature at 50 °C, sintered 

films were immersed in freshly prepared 50 mM aqueous TiCl4 solution at 70 oC for 30 min. 

After sintering the TiCl4-treated TiO2 films again at 500 °C for 30 min, they were 

immediately immersed in 0.1 mM RSQ dye solution in dichloromethane for 5 h, washed and 

dried at 80 ºC. In case of CDCA added experiments, different ratio of CDCA added to 0.1 

mM dye solution, and photoanode was dipped for 6 h. Sandwich type cell configuration was 

completed using platinum as a cathode, 0.5 M DMII, 0.1 M LiI, 0.1 M I2 and 10 mM TBP in 

CH3CN was used as an electrolyte and 25 m spacer. J-V characteristics of the cells were 

measured using Keithley digital source meter (2420, Keithley, USA) controlled by a 

computer and standard AM 1.5 solar simulator (PET, CT200AAA, USA). To measure the 

photocurrent and voltage, an external bias of AM 1.5G light was applied using a xenon lamp 

(450 W, USHIO INC, Philippines) and J-V plot was recorded. The IPCE measurements were 

carried out with a Newport QE measurement kit by focussing a monochromatic beam of light 

from 300W Xe lamp onto the devices. Electrochemical impedance spectra (EIS) were 

measured on the Biologic potentiostat, equipped with a FRA2 module, with an applied 

potential of -0.45 V in the dark. The frequency range of 1Hz to 1MHz was explored with an 
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ac perturbation of 10 mV. The impedance spectra were analyzed using an equivalent circuit 

model of R1+R2/C2+R3/C3. The loading amount of the dyes was assessed by UV-Vis 

spectrophotometry as follows: Photoanodes were sensitized in the same dye solutions which 

were used for photovoltaic characterization. The photoanodes were taken out, and dyes were 

desorbed by dipping in a 2M solution of HCl in EtOH. The resultant dye solution was used to 

evaluate the dye concentration by UV-Vis study which allows the determination of the 

amount of dye adsorbed in terms of a number of moles per unit area of the TiO2 film. 

2.4.3. Synthetic Procedure and Characterization data 

1-Hexyl-2,3,3-trimethyl-3H-indol-1-ium iodide (2). A mixture of 2,3,3- trimethylindolenine 

1 (2 g, 12.56 mmol) and n-hexyl iodide (3.2 g,15.07 mmol ) were stirred and heated at 100 oC 

for 12 h in a round bottom flask. The reaction mixture was cooled to room temperature after 

completion of the reaction. The contents were dissolved in minimum amount of 

dichloromethane and poured over 100 mL of diethyl ether and filtered under vacuum. The 

precipitate obtained was washed with diethyl ether (20 mL × 3) to give pure compound 2 (4.3 

g, 92%) as brown solid. Mp 135-137 C. 1H NMR (200 MHz, CDCl3) δ 7.71 – 7.49 (m, 4H), 

4.76 – 4.54 (m, 2H), 3.10 (s, 3H), 2.04 – 1.82 (m, 2H), 1.64 (s, 6H), 1.51 – 1.18 (m, 6H), 0.86 

(t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, MeOH-d4) δ 197.6, 143.4, 142.5, 131.2, 130.5, 

124.7, 116.6, 55.9, 49.5, 32.4, 28.9, 27.4, 23.5, 22.8, 14.3. HRMS (ESI) m/z: [M]+ Calcd for 

C17H26N
+ 244.2060: Found 244.2053. 

3-Butoxy-4-((1-hexyl-3,3-dimethylindolin-2-ylidene)methyl)cyclobut-3-ene-1,2-dione(3). 

To solution of compound 2 (3.5 g, 9.43 mmol) in 25 mL of n-butanol in a round bottom flask, 

3,4-dibutoxycyclobut-3-ene-1,2-dione (2.13 g , 9.43 mmol) was added. To the stirring 

mixture triethylamine (1.34 g, 13.2 mmol) was added dropwise. The resultant mixture was 

stirred at room temperature for 12 h followed by heating at 70 ºC for 1 h. Solvents were 

evaporated after the completion of the reaction, and the crude product was purified by 

column chromatography by silica gel to give compound 3 ( 2.9 g, 77%) as yellow solid. Mp 

85-87 C. 1H NMR (400 MHz, CDCl3) δ 7.31 – 7.24 (m, 2H), 7.12 – 7.00 (m, 1H), 6.88 (dd, 

J = 7.1, 1.4 Hz, 1H), 5.41 (s, 1H), 4.86 (t, J = 6.6 Hz, 2H), 3.87 – 3.75 (m, 2H), 1.93 – 1.80 

(m, 2H), 1.74 (d, J = 7.4 Hz, 2H), 1.63 (d, J = 4.5 Hz, 6H), 1.52 (dd, J = 15.0, 7.5 Hz, 2H), 

1.46 – 1.38 (m, 2H), 1.35 (ddd, J = 7.3, 4.5, 2.5 Hz, 4H), 1.01 (t, J = 7.4 Hz, 3H), 0.90 (t, J = 

7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 192.8, 187.7, 187.6, 173.7, 168.5, 142.8, 141.0, 
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127.8, 122.8, 122.1, 108.5, 81.4, 73.9, 48.1, 43.1, 32.3, 31.5, 27.1, 26.8, 26.4, 22.60, 18.9, 

14.1, 13.8. HRMS (ESI) m/z: [M+H]+ Calcd for C25H34NO3   396.2539; Found 396.2530.  

3-((1-Hexyl-3,3-dimethylindolin-2-ylidene)methyl)-4-hydroxycyclobut-3-ene-1,2-

dione(4). To a solution of compound 3 (2.45 g, 6.194 mmol) in 15 mL of acetone in a round 

bottom flask, 5 mL of 2N HCl was added. The resultant mixture was refluxed for 8 h, and 

solvents were removed under reduced pressure after completion of the reaction. The crude 

compound 1c (1.98 g, 94%), obtained as dark yellow solid, was used further without 

purification. Mp 170-172 C. 1H NMR (400 MHz, CDCl3) δ 10.01 (s, 1H), 7.31 (dd, J = 10.2, 

7.9 Hz, 2H), 7.13 (t, J = 7.4 Hz, 1H), 6.96 (d, J = 7.8 Hz, 1H), 5.68 (s, 1H), 3.91 (t, J = 6.6 

Hz, 2H), 1.82 – 1.74 (m, 2H), 1.67 (s, 6H), 1.43 (d, J = 6.1 Hz, 2H), 1.39 – 1.31 (m, 4H), 0.90 

(t, J = 6.8 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 189.9, 187.6, 176.9, 170.7, 142.5, 141.4, 

128.0, 123.6, 122.2, 109.2, 82.4, 48.7, 43.5, 31.5, 29.8, 27.0, 26.7, 26.6, 22.6, 14.0. HRMS 

(ESI) m/z: [M+H]+ Calcd for   C21H25NO3 340.1913; Found 340.1903.  

5-Bromo-1-hexyl-2,3,3-trimethyl-3H-indol-1-ium iodide (6). A mixture of 5-bromo-2,3,3-

trimethyl-3H-indole 5 (1 .7 g , 7.14 mmol) and n-hexyliodide (1.82 g , 8.56 mmol ) was 

heated at 100oC in a round bottom flask for 4 h. The reaction mixture was cooled to room 

temperature after completion of the reaction. The contents were dissolved in minimum 

amount of dichloromethane and precipitated by pouring in 100 mL of diethyl ether. The 

precipitate obtained was washed with diethyl ether (20 mL × 3) and dried under vacuum to 

give compound 6 (1.7g, 53%) as dark brown solid. Mp 208-210 C. 1H NMR (200 MHz, 

DMSO-d6) δ 8.20 (s, 1H), 7.96 (d, J = 8.5 Hz, 1H), 7.85 (d, J = 8.7 Hz, 1H), 4.43 (t, J = 7.4 

Hz, 2H), 2.84 (s, 3H), 1.80 (s, 2H), 1.55 (s, 6H), 1.30 (s, 6H), 0.86 (s, 3H). 13C NMR (101 

MHz, CDCl3) δ 198.1, 145.5, 141.7, 133.7, 128.3, 128.2, 125.3, 118.3, 56.1, 49.8, 32.4, 28.8, 

27.4, 23.5, 22.7, 14.3.  HRMS (ESI) m/z: [M]+ Calcd for C17H25BrN+ 322.1165; Found 

322.1160. 

4-((5-Bromo-1-hexyl-3,3-dimethyl-3H-indol-1-ium-2-yl)methylene)-2-((1-hexyl-3,3-

dimethylindolin-2-ylidene)methyl)-3-oxocyclobut-1-en-1-olate (7). A mixture of 

compound 6 (0.3 g, 0.88 mmol) and compound 4 (0.478 g, 1.06 mmol) in 16 mL of toluene / 

n-butanol (1:1) was refluxed in a two necked round bottom flask fitted with dean-stark 

apparatus for 24 h. After completion of the reaction, the solvent were removed under reduced 



Chapter 2                                                                                                                Experimental 

61 

pressure and crude product was purified by column chromatography by silica gel using ethyl 

acetate/dichloromethane as eluent to yield compound 7 (0.32 g, 56% ) as blue solid. Mp 172-

173 C. 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.28 (m, 4H), 7.17 (t, J = 7.4 Hz, 1H), 7.01 (d, 

J = 7.9 Hz, 1H), 6.82, (dd, J = 13.3, 8.4 Hz, 1H), 6.06 – 5.83 (m, 2H), 4.01 (d, J = 7.1 Hz, 

2H), 3.91 (s, 2H), 1.81 (s, 2H), 1.78 (d, J = 5.6 Hz, 12H), 1.72 (s, 2H), 1.45 – 1.28 (m, 12H), 

0.89 (t, J = 6.5 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 181.1, 171.2, 168.6, 142.5, 130.8, 

130.7, 128.0, 125.9, 125.8, 124.2, 122.5, 116.7, 116.2, 110.5, 109.8, 87.1, 86.9, 49.7, 49.2, 

44.0, 31.6, 31.6, 29.8, 27.3, 27.2, 27.1, 27.0, 26.9, 26.8, 22.66, 22.65, 22.6, 14.1. HRMS 

(ESI) m/z: [M+H]+ Calcd for C38H48BrN2O2 643.2899; Found 643.2885.   

4,8-Dimethoxybenzo[1,2-b:4,5-b']dithiophene-2-carbaldehyde (9a). In a two-necked 

round bottom flask fitted with reflux condenser, 8a (1.2 g, 5.20 mmol) was taken. It was 

dissolved in 20 mL of 1,2-dichloroethane and N,N-dimethylformamide (8  mL, 104 mmol) 

was added to the mixture. The flask was cooled to 0 oC, and POCl3 (9.5 mL, 104 mmol) was 

added to it dropwise and refluxed for 24 h. After completion of the reaction, the reaction 

mixture was poured into ice-cold solution of ammonium chloride and extracted with 

dichloromethane. The organic layer was dried over sodium sulfate, and solvents were 

removed under reduced pressure. The crude product was purified by column chromatography 

over silica gel with ethyl acetate/pet ether as eluent to afford 8a (1.2 g, 80%) as light yellow 

solid. Mp 140-143 C. 1H NMR (200 MHz, CDCl3) δ 10.10 (s, 1H), 8.23 (s, 1H), 7.52 (s, 

2H), 4.22 (s, 3H), 4.13 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 184.6, 148.0, 145.4, 143.0, 

135.1, 131.6, 131.3, 130.1, 129.6, 128.9, 120.4, 61.5, 61.2. HRMS (ESI) m/z: [M+H]+ Calcd 

for C13H11O3S2 279.0150; Found 279.0140. 

4,8-Bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b']dithiophene-2-carbaldehyde (9b). In a two-

necked round bottom flask fitted with reflux condenser, 8b (2.8 g, 6.27 mmol) was taken. It 

was dissolved in 20 mL of 1,2-dichloroethane and N,N-dimethylformamide (9.76 mL, 125.4 

mmol) was added to the mixture. The flask was cooled to 0 oC and POCl3 (11.7 mL, 125.361 

mmol) was added to it dropwise and refluxed for 48 h. After completion of reaction the 

reaction mixture was poured in ice-cold solution of ammonium chloride and extracted by 

dichloromethane. The organic layer was dried over sodium sulphate and solvents were 

removed under reduced pressure. The crude product was purified by column chromatography 

over silica  gel with ethyl acetate/pet ether as eluent to afford 8a ((2 g, 67% ) as yellow 
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viscous oil. 1H NMR (400 MHz, CDCl3) δ 10.10 (s, 1H), 8.17 (s, 1H), 7.49 (s, 2H), 4.27 (d, J 

= 5.4 Hz, 2H), 4.18 – 4.15 (m, 2H), 1.82 (dd, J = 12.0, 6.0 Hz, 2H), 1.75 – 1.65 (m, 2H), 1.62 

– 1.56 (m, 4H), 1.54 – 1.47 (m, 2H), 1.41 – 1.35 (m, 8H), 1.05 – 0.99 (m, 6H), 0.97 – 0.90 

(m, 6H). 13C NMR (101 MHz, CDCl3) δ 184.7, 147.4, 144.7, 142.7, 135.3, 131.9, 131.5, 

130.3, 129.9, 128.6, 120.6, 76.7, 76.4, 40.8, 30.5, 29.3, 24.0, 23.2, 14.3, 11.4. HRMS (ESI) 

m/z: [M+H]+ Calcd for C27H39O3S2 475.2341; Found 475.2333.  

General synthetic procedure for direct arylation of squaraine and BDT. 

In a Schlenk tube corresponding bromo-squaraine (7) and BDT aldehydes (9a and 9b) were 

taken. The Shclenk tube is evacuated and refilled with nitrogen three times. Pd(OAc)2 (5 

mol%), PCy3(10 mol%), PivOH (30 mol%) and K2CO3 (2.5 equiv) were added to it followed 

by 4 mL of anhydrous toluene. The mixture was stirred at 110 oC for 24 h. After completion 

of the reaction, the mixture was poured into water and extracted with dichloromethane. The 

organic layer was then washed with brine, dried over sodium sulfate and concentrated under 

vacuum. The crude product was purified by column chromatography to give of pure 

compounds.  

(Z)-4-((5-(6-Formyl-4,8-dimethoxybenzo[1,2-b:4,5-b']dithiophen-2-yl)-1-hexyl-3,3-

dimethyl-3H-indol-1-ium-2-yl)methylene)-2-(((Z)-1-hexyl-3,3-dimethylindolin-2-

ylidene)methyl)-3-oxocyclobut-1-en-1-olate (10a). From bromo-squaraine 7 (0.250 g, 0.388 

mmol) and aldehyde 9a (0.432 g, 1.55 mmol), the compound 10a (0.2g, 61%) was obtained 

as green solid. Mp 251-253 C. 1H NMR (500 MHz, CDCl3) δ 10.10 (s, 1H), 8.22 (s, 1H), 

7.71 (d, J = 1.7 Hz, 1H), 7.69 (s, 1H), 7.69 (s, 1H), 7.39 (d, J = 7.3 Hz, 1H), 7.33 (td, J = 7.8, 

0.9 Hz, 1H), 7.18 (t, J = 7.3 Hz, 1H), 7.02 (dd, J = 10.3, 8.5 Hz, 2H), 6.03 (s, 1H), 6.00 (s, 

1H), 4.26 (s, 3H), 4.18 (s, 3H), 4.06 – 4.01 (m, 2H), 4.00 – 3.94 (m, 2H), 1.88 (s, 6H), 1.81 

(s, 6H), 1.50 – 1.40 (m, 6H), 1.37 – 1.31 (m, 10H), 0.92 – 0.88 (m, 6H).13C NMR (126 MHz, 

CDCl3) δ 184.5, 181.3, 178.4, 171.4, 168.5, 147.6, 146.5, 145.0, 142.6, 142.4, 136.4, 131.8, 

131.6, 130.2, 129.0, 128.5, 128.0, 126.9, 124.3, 122.5, 120.6, 114.8, 109.9, 109.5, 87.2, 61.4, 

61.2, 49.8, 49.1, 44.1, 43.9, 31.63, 31.61, 29.8, 27.5, 27.33, 27.25, 27.13, 27.05, 26.9, 22.7, 

14.1. HRMS (ESI) m/z: [M+H]+ Calcd for C51H57N2O5S2 841.3709; Found 841.3701. 



Chapter 2                                                                                                                Experimental 

63 

(Z)-4-((5-(4,8-Bis((2-ethylhexyl)oxy)-6-formylbenzo[1,2-b:4,5-b']dithiophen-2-yl)-1-

hexyl-3,3-dimethyl-3H-indol-1-ium-2-yl)methylene)-2-(((Z)-1-hexyl-3,3-dimethylindolin-

2-ylidene)methyl)-3-oxocyclobut-1-en-1-olate (10b). From bromo-squaraine 7 (0.200 g, 

0.310 mmol) and aldehyde 9b (0.589 g, 1.24 mmol), 0.150 g of compound 10b (0.15 g, 46%)  

was obtained as green sticky gum. 1H NMR (400 MHz, CDCl3) δ 10.10 (s, 1H), 8.17 (s, 1H), 

7.69 (d, J = 8.3 Hz, 1H), 7.66 (s, 1H), 7.63 (s, 1H), 7.39 (d, J = 7.3 Hz, 1H), 7.33 (t, J = 7.6 

Hz, 1H), 7.18 (t, J = 7.4 Hz, 1H), 7.02 (dd, J = 7.5, 5.4 Hz, 2H), 6.03 (s, 1H), 6.00 (s, 1H), 

4.32 (d, J = 5.4 Hz, 2H), 4.21 (d, J = 5.2 Hz, 2H), 4.06 – 3.95 (m, 4H), 1.87 (s, 6H), 1.81 (s, 

6H), 1.73 – 1.53 (m, 10H), 1.47 – 1.39 (m, 14H), 1.36 – 1.25 (m, 10H), 1.05 (t, J = 7.3 Hz, 

6H), 0.97 – 0.89 (m, 12H). 13C NMR (101 MHz, CDCl3) δ 184.6, 181.3, 178.5, 171.3, 168.5, 

147.1, 146.1, 144.4, 142.4, 136.6, 132.0, 131.9, 130.3, 129.2, 128.7, 128.0, 126.8, 124.329, 

122.5, 120.6, 115.0, 109.9, 87.2, 76.6, 76.3, 49.8, 49.1, 44.1, 40.8, 40.8, 31.6, 30.6, 30.5, 

29.3, 27.4, 27.3, 27.13, 27.07, 26.9, 24.0, 23.3, 22.7, 14.3, 14.1, 11.5.  HRMS (ESI) m/z: 

[M+H]+ Calcd for C65H85N2O5S2 1037.5900; Found 1037.5876.  

General procedure for Knoevenagel condensation of aldehyde to cyanoacetic acid: 

Corresponding aldehydes (10a and 10b) were dissolved in 5 mL of chloroform and 5 mL of 

acetonitrile. To this 5 equiv cyanoacetic acid was added followed by 40 L of piperidine. The 

resultant solution was stirred at 80 oC for 12 h. Solvents were removed under rotavap after 

completion of the reaction and dissolved in 50mL of dichloromethane. The organic layer was 

washed with water followed by brine and dried over sodium sulfate. The solvents were 

removed under reduced pressure and purified by column chromatography by silica gel using 

MeOH/CHCl3 as an eluent. 

4-((5-(6-(-2-Carboxy-2-cyanovinyl)-4,8-dimethoxybenzo[1,2-b:4,5-b']dithiophen-2-yl)-1-

hexyl-3,3-dimethyl-3H-indol-1-ium-2-yl)methylene)-2-((-1-hexyl-3,3-dimethylindolin-2-

ylidene)methyl)-3-oxocyclobut-1-en-1-olate (RSQ-1). From 10a (0.15 g, 0.178 mmol) , 

pure compound RSQ1 (0.1 g, 62%) was obtained as dark green solid. Mp 281-283 C. 1H 

NMR (400 MHz, DMSO-d6 + CDCl3) δ 8.30 (s, 1H), 7.95 (s, 1H), 7.67 (d, J = 9.7 Hz, 2H), 

7.62 (d, J = 8.1 Hz, 1H), 7.33 (d, J = 7.3 Hz, 1H), 7.27 (t, J = 7.6 Hz, 1H), 7.11 (t, J = 7.4 Hz, 

1H), 7.05 (t, J = 8.4 Hz, 2H), 5.88 (s, 1H), 5.84 (s, 1H), 4.12 (s, 3H), 4.07 (s, 3H), 4.04 – 3.89 

(m, 4H), 1.75 (s, 6H), 1.69 (s, 6H), 1.40 – 1.16 (m, 16H), 0.81 (t, J = 6.5 Hz, 6H). 13C NMR 

(101 MHz, DMSO-d6 + CDCl3) δ 181.3, 180.1, 170.2, 167.7, 145.6, 145.1, 143.8, 143.1, 
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142.8, 142.3, 141.7, 141.5, 135.7, 134.4, 130.7, 129.2, 128.9, 128.4, 127.9, 127.5, 126.3, 

123.8, 121.8, 119.7, 117.6, 114.3, 109.6, 109.4, 86.3, 63.0, 60.7, 60.6, 48.9, 48.3, 43.1, 30.9, 

29.0, 26.7, 26.5, 26.3, 26.0, 21.9, 13.5. HRMS (ESI) m/z: [M]+ Calcd for C54H57N3O6S2 

907.3689; Found 907.3683. 

4-((5-(6-(-2-Carboxy-2-cyanovinyl)-4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-

b']dithiophen-2-yl)-1-hexyl-3,3-dimethyl-3H-indol-1-ium-2-yl)methylene)-2-((-1-hexyl-

3,3-dimethylindolin-2-ylidene)methyl)-3-oxocyclobut-1-en-1-olate (RSQ-2). From 10b 

(0.1 g, 0.097 mmol), compound RSQ2 (0.065, 61%) was obtained as dark green solid. Mp 

242-243 C. 1H NMR (400 MHz, DMSO-d6 + CDCl3) δ 8.38 (s, 1H), 8.08 (s, 1H), 7.63 (d, J 

= 7.0 Hz, 2H), 7.58 (s, 1H), 7.35 (d, J = 7.3 Hz, 1H), 7.28 (t, J = 7.6 Hz, 1H), 7.11 (dd, J = 

14.5, 7.6 Hz, 3H), 5.88 (s, 1H), 5.84 (s, 1H), 4.21 (d, J = 4.9 Hz, 2H), 4.13 (d, J = 4.2 Hz, 

3H), 4.05 – 3.93 (m, 4H), 1.77 (s, 6H), 1.70 (s, 6H), 1.65 – 1.43 (m, 10H), 1.42 – 1.32 (m, 

14H), 1.30 – 1.16 (m, 10H), 0.98 (dd, J = 16.7, 7.6 Hz, 6H), 0.91 – 0.87 (m, 6H), 0.83 (t, J = 

6.2 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 181.1, 180.2, 177.4, 170.2, 167.5, 145.4, 145.3, 

143.0, 142.9, 142.1, 141.7, 141.4, 135.1, 134.8, 131.3, 128.9, 128.3, 128.1, 127.5, 126.3, 

123.7, 121.7, 119.5, 116.0, 115.9, 114.3, 109.7, 109.6, 86.5, 86.3, 78.2, 75.9, 75.4, 49.5, 48.9, 

48.2, 43.2, 30.8, 29.9, 29.7, 28.6, 28.5, 26.6, 26.5, 26.3, 26.0, 23.2, 22.49, 22.46, 21.9, 13.7, 

13.5, 10.9. HRMS (ESI) m/z: [M+H]+ Calcd for C68H86N3O6S2 1104.5958; Found 1104.5946. 
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2.5. NMR Spectra 

1H and 13C NMR spectra of 2 
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1H and 13C NMR spectra of 3 
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1H and 13C NMR spectra of 4 
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1H and 13C NMR spectra of 6 
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1H and 13C NMR spectra of 7 
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1H and 13C NMR spectra of 9a 
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1H and 13C NMR spectra of 9b 
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1H and 13C NMR spectra of 10a 
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1H and 13C NMR spectra of 10b 
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1H and 13C NMR spectra of RSQ1 
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1H and 13C NMR spectra of RSQ2 
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3.1. INTRODUCTION 

In DSSCs, the near-infrared (NIR) responsive organic dyes are critically needed as they are 

capable of generating high current density which can improve the performance of the cell.1,2 

Several efforts have been made to improve the efficiency of squaraine dyes by increasing the 

absorption in the NIR region. Some research groups have successfully enhanced the 

conjugation by attaching a π-spacer to squaraine dye to increase the length of the molecule 

which increased the absorption towards longer wavelength.3–7 This approach was used in the 

previous chapter where we increased the absorption of squaraine dye by extending the 

conjugation towards anchoring group by using BDT based π-spacer. The branched alkyl 

chain on the RSQ2 helped in controlling the aggregation which produced an efficiency of 

6.72% without co-adsorbent. In another approach, the fused π-extended heterocyclic 

structures such as benz[e]indole,8–10 benzo[c,d]indole,11,12 and quinoline13–15 have been used 

as strong donors in place of indole to shift the absorption to NIR through strong 

intramolecular charge transfer (ICT). These structures, however, could not convert the 

increased NIR absorption into better performance due to excessive aggregation. The 

increased planarity of the molecules due to π-extended moieties makes the aggregation more 

facile, and hence more exciton deactivation occurs.  

The use of alkyl chains to counter aggregation is quite common in DSSCs. Due to their 

hydrophobic nature, the alkyl chains also help in suppressing recombination of electrons from 

TiO2 to the electrolyte. According to its nature of linkage to the conjugated back bone, the 

alkyl chains can orient either in in-plane direction or out-of-plane direction. The latter can be 

achieved when two alkyl chains are originating from the same carbon which is a part of a 

rigid molecular structure. The geminal out-of-plane alkyl chains have been proved to be more 

successful than in-plane alkyl chains in controlling aggregation as it avoids close π-π stacking 

of molecules. Several dyes have been reported where geminal out-of-plane alkyl chains are 

installed on sp3 carbon on the conjugated framework. The efficiency of 7.3% was obtained 

with the incorporation of cyclopentadithiophene (CPDT) as π-spacer in squaraine dye which 

utilized out-of-plane hexyl chains to control aggregation as well as enhance the absorption in 

NIR region through extended conjugation.6 The result indicates that both electronic and steric 

factors are important in dye design and a certain modification in structural features of the 

dyes may lead to the significant improvement in cell efficiency. An unsymmetrical squaraine 
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dye DTS-CA, which has a squaraine unit linked with silolodithiophene (DTS) π–spacer 

possessing out-of-the plane ethylhexyl chains, exhibits an efficiency of 8.9%.3 Based on these 

findings we investigated the possibility of increasing the conjugation in squaraine dye while 

maintaining the planarity of the molecule to enhance the absorption towards the NIR region, 

and also include out-of-plane branched alkyl chains to control aggregation on TiO2 surface. 

To this end, we explored a strategy to fuse fluorene moiety with indolenine, which can 

provide an opportunity to incorporate two sets of germinal out-of-plane alkyl chains on 

squaraine dye. 

Fluorene is an aromatic biphenyl compound, fused together in a rigid structure which makes 

it planar and increases aromaticity. The fluorene has active methylene CH2 center which can 

be functionalized easily with geminal alkyl chains using a strong base. Fluorene moiety with 

out-of-plane alkyl chains have frequently been used in DSSC as well as in other fields of 

organic electronics.16–21 Apart from fluorene, the indolenine unit of squaraine dye itself 

provides the opportunity of attaching out-of-plane alkyl chains as it also possesses sp3-C 

center. However, the protocol to include the out-of-plane chain on indolenine is quite 

different from fluorene. Recently, squaraine dyes based on indolenine unit having out-of-

plane C-8 and C-10 alkyl chain on the sp3-C were reported by our group. The dyes helped 

effectively in reducing aggregation and enhancing surface passivation which gave the 

efficiency up to 9.1%.22 Similar indolenine unit was used in core-unsymmetrical, 

heterotraingulene squaraine dyes which helped to obtain the efficiency of 6.73% without 

coadsorbent.23 In this chapter, we report the synthesis of a fused donor for squaraine dyes 

where fluorene moiety is fused with indolenine to give fluorenylindolenine donor. This donor 

provides two sets of out-of-plane alkyl chains, one centered on fluorene and other on 

indolenine, which extends in opposite directions. The fused structure also provides π-

extension which helps to increase conjugation in the molecule. Hence, utilizing this donor in 

squaraine dye can help to avoid to aggregation as well as extend the conjugation in NIR 

region. A series of four dyes, XSQ1-4, were synthesized using this donor. XSQ1 and XSQ2 

contained indole units towards anchoring side with N-methylated and N-hexylated 

fluorenylindolenine donor, respectively. XSQ3 and XSQ4 contain benz[e]indole unit towards 

anchoring side with N-methylated and N-hexylated donor, respectively to systematically 

investigate their effect on various electronic properties of dyes and DSSC parameters.  
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Figure 1. (a) Design of fused fluorenylindolenine based donor and (b) Unsymmetrical 

squaraine dyes XSQ1-4. 

3.2. RESULTS AND DISCUSSION 

3.2.1. Synthesis  

The synthesis of the dyes XSQ1-4 is illustrated in Scheme 1 and 2.  
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Scheme 1. (a) Synthesis of fluorenylindolium salts 6a and 6b, (b) semi-squaric acid P1, (c) 

semi-squaric acid P2. 

The precursor 1 was treated with n-butyllithium in anhydrous THF at -78 ºC followed by 

addition of dibutylazadicarboxylate (DBAD) which gave tert-BOC protected hydrazine 

derivative 2. The treatment of 2 with hydrochloric acid in dioxane and isopropanol mixture 

afforded the deprotected hydrazine derivative 3 in good yield. The compound 3 was refluxed 

with branched methyl ketone 4 in acetic acid to give fluorenylindolenine 5 in moderate yield 
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which was heated with methyl iodide and hexyl iodide in a sealed tube to afford the 

corresponding fluorenylindolium salts 6a and 6b, respectively. N-methylated 

carboxy[e]indolium iodide, 7 was treated with 3,4-dibutoxy-3-cyclobutene-1,2-dione in the 

presence of Et3N at room temperature overnight followed by reflux for 2 h to yield 

semisquarate 8. The compound 8 was refluxed with 2N HCl in acetone to provide 

semisquaric acid (P1) in quantitative yields. The carboxybenz[e]indole 9 was reacted with 

methyl iodide to give N-methylated carboxybenz[e] indolium salt 10 which gave the 

semisquaric acid P2 in the same fashion as described above. In the final step, the semi-

squaric acid P1 was refluxed with 6a in n-butanol/toluene mixture under azeotropic 

distillation of water employing Dean−Stark apparatus to give squaraine dyes XSQ1, whereas 

the dye XSQ2 was obtained by reacting P1 with 6b. Similarly, the dyes XSQ3 and XSQ4 

were obtained by treating semisquaric acid P2 with 6a and 6b, respectively. All the dye were 

thoroughly characterized by 1H-NMR, 13C-NMR, and mass spectrometric techniques.  

 

Scheme 2. Synthetic route to unsymmetrical squaraine dyes (XSQ1-4). 

3.2.2. Optical and Electrochemical Properties 

The UV-Vis absorption and emission spectra of XSQ1-4 in CH2Cl2 solution are shown in 

Figure 2a and 2b. All the dyes displayed intense absorption (ε ≥105 M−1cm−1) towards the 

far-red region in solution due to efficient ICT. XSQ1-2 exhibited the absorption spectra 

ranging from 545 to 698 nm with maxima (λmax) at 665 and 666 nm for XSQ1 and XSQ2 

respectively. XSQ3 and XSQ4 absorb majorly between 553 to 711 nm and showed λmax at 
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679 and 681 nm respectively which is red-shifted by ca.15 nm in comparison to XSQ1-2. A 

small shoulder peak due to vibronic coupling is also observed for each dye in their absorption 

spectrum.  
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Figure 2. (a) Normalized absorption spectra, (b) Normalized emission spectra excited at 600 

nm, (c) Normalized absorption spectra on TiO2, and (d) Light harvesting efficiency of XSQ 

dyes. 

In comparison to its parent squaraine dye SQ1 (λmax = 640 nm),22 the red shift of 25 nm was 

observed for XSQ1-2 due to the extended conjugation by fused fluorenylindolenine. In case 

of XSQ3-4, this shift increased to 40 nm due to the additional extension of conjugation by 

benz[e]indole moiety. To understand the assembly of XSQ1-4 dyes on TiO2, the bare TiO2 

electrodes were dipped for 15 minutes into the CH2Cl2 solutions (0.1 mM) of the dyes, and 

UV-Vis spectra were recorded (Figure 2c). The absorption spectra of dyes on TiO2 film 

showed peak broadening due to aggregation and interaction between TiO2 and carboxylic 
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group of the dyes. XSQ1-2 showed extended absorption on TiO2 ranging between 550 nm to 

715 nm whereas XSQ3-4 covered the spectral range from 550 nm to 730 nm. The λmax on the 

TiO2 film is slightly red-shifted to about 5 nm compared to the solution, and an additional 

peak at shorter wavelength appeared probably due to H-type aggregation on TiO2 which leads 

to dimer formation.  

Table 1. Optical and electrochemical data of XSQ dyes 

Dyes Absmax 

(nm)a 

Emimax 

(nm)b 

λmax/ 

TiO2 

(nm)c 

dimerA/ 

monoA 

ε 105 

(M-1cm-1)d 

Eg/DFT 

(eV)e 

EHOMO 

(V vs 

NHE)f 

E0-0 

(eV)g 

ELUMO 

(V vs 

NHE)h 

XSQ1 665 673 
625, 

670 
0.67 2.2 2.19 0.78V 1.85 -1.09 

XSQ2 666 674 
628, 

672 
0.60 3.0 2.19 0.75 1.85 -1.10 

XSQ3 679 686 
635, 

684 
0.70 2.4 2.18 0.67 1.82 -1.15 

XSQ4 681 687 
637, 

686 
0.69 3.5 2.17 0.66 1.81 -1.15 

aUV−Vis absorption in CH2Cl2. 
bEmission studies in CH2Cl2 (excited at 600 nm). cOn thin 

film of TiO2, thickness = 6 μm, dipping time = 15 min, and [XSQ] = 0.1 mM in EtOH. 

dMolar extinction coefficient ε. eBand gap calculated by DFT. fEHOMO of XSQ1−4 in CH2Cl2, 

Fc/Fc+ was used as the external standard and potential measured vs. Fc/Fc+ (eV) was 

converted to NHE (V) by addition of 0.63 V. gE0‑0 was deduced at the intersection of 

absorption and emission spectra using equation E0‑0 (eV) = 1240/λ0-0. 
hELUMO levels were 

measured by subtracting EHOMO from E0‑0. 

 

The ratio of the optical density of the monomer to the dimer (dimerA/monomerA) is given in 

Table 1, and it helped in concluding the extent of aggregation for each dye on the TiO2 

surface, which revealed that XSQ2 is the least aggregated in comparison to other dyes. Apart 

from the peaks at low energy region, there is low-intensity absorption of high energy (400-

550 nm) which suggests a good coupling of higher excited state orbitals with TiO2. The light 

harvesting efficiency (LHE = 1-10-A) was calculated by measuring absorption in 

transmittance mode of dye adsorbed film which was obtained by immersing the TiO2 film in 
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the dye solution for an extended period of 6 h. LHE expresses the ability of sensitizers to 

absorb photons on the TiO2 thin film across the visible-NIR spectrum of solar irradiation 

(Figure 2d). All the dyes showed more than 90% LHE between 560 nm to 730 nm, and 

XSQ3-4 showed 20 nm red-shifted onset compared to XSQ1-2. The LHE onset was found at 

ca. 750 nm for XSQ1-2 and 775 nm for XSQ3-4 which shows that dyes have potential to 

give a response in NIR region. The mixed LHE response was observed in the visible region 

between 400 to 550 nm where XSQ4 showed maximum intensity. 

0.0 0.5 1.0 1.5
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 XSQ1
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Figure 3. (a) Cyclic Voltammogram of XSQ dyes measured in CH2Cl2 (b) Energy level 

diagram for XSQ dyes with DSSC device components. 

In order to examine the feasibility of electron transfer at TiO2/dye/electrolyte 

interfaces, the redox potentials of XSQ dyes were measured by cyclic voltammetry (CV) in a 

CH2Cl2 solution with tetrabutylammonium perchlorate (TBAClO4) as electrolyte and 

ferrocene as an external reference. The cyclic voltammograms of XSQ dyes exhibit two-

electron oxidation peaks, which are characteristic of squaraine dyes (Figure 3a). The HOMO 

energy levels (EHOMO) of the dyes were calculated from the oxidation onset on the CV curve 

and found to be at 0.76 V (XSQ1), 0.75 V (XSQ2), 0.67 V (XSQ3) and 0.66 V (XSQ4) vs. 

NHE, which lie well below the electrochemical potential of I-/I3
- (0.4 V vs. NHE) to provide 

enough driving force (-∆Greg > 0.15 eV)24 for  dye regeneration (Table 1). The HOMO 

energy levels of XSQ3-4 were 90 mV above the XSQ1-2, which could be attributed to the 
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stronger electron releasing effect of carboxybenz[e]indole unit present on anchoring end of 

the XSQ3-4. The LUMO energy levels (ELUMO) were calculated by subtracting E0-0 from 

EHOMO and are found at -1.09 V (XSQ1), -1.10 V (XSQ2),-1.15 V (XSQ3),-1.15 V (XSQ4). 

These values lie well above the conduction band edge of TiO2 (0.5 V vs. NHE) which 

predicts efficient charge injection (-∆Ginj > 0.2 eV) into TiO2.
25  

3.2.3. Computational Studies 

To deeply understand the structural, electronic, and optical properties of XSQ dyes, quantum 

mechanical calculation were carried out using density functional theory (DFT) at B3LYP/6-

31G (d,p) level in Gaussian 09.26 The optimized geometry of XSQ2 and XSQ4 dye are 

shown in Figure 4. The distance between the lower branched chain and the terminal atom of 

the anchoring group (-COOH) was calculated to be at 14.7 and 16 Å for XSQ2 and XSQ4 

respectively. Since the dimension of CDCA molecule (14.2 Å) is slightly lesser than the 

distance between the lower branched chain and anchoring groups, there is a possibility that 

CDCA molecules can occupy the space under the dye molecules when co-adsorbed on TiO2, 

which may help to passivate the TiO2 surface more efficiently. The top view of these 

molecules shows that the alkyl chains are stretched up to 18 and 20 Å in out of the plane 

direction towards opposite side, effectively covering the π-surface which can help in 

controlling aggregation of dyes on the TiO2 surface.  
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Figure 4. Optimized geometry structure of XSQ2 and XSQ4 and CDCA a) lateral view b) 

top view. 

The suitable spatial distributions of the frontier molecular orbitals (FMO) are crucial 

for facilitating the electron-transfer processes. Ideally, the highest occupied molecular 

orbitals (HOMO) should be away from the TiO2, and lowest unoccupied molecular orbitals 

(LUMO) should be as close as possible to the TiO2 for efficient electron injection. The 

electron density distribution in the frontier molecular orbitals (HOMO and LUMO) of the 

dyes under investigation is shown by isodensity plots in Figure 5.  

 

Figure 5. Isodensity plots of XSQ2 and XSQ4 (alkyl chains are removed for clarity). 
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The HOMO of both indole (XSQ1 and XSQ2) and benzindole dyes (XSQ3 and XSQ4) is 

predominantly delocalized over central squaraine unit with a slight spread in 

fluorenylindolenine unit. The LUMO shows an apparent shift in the electron density from the 

fluorenylindolenine unit towards anchoring group for both the dyes which is significant for 

the facile charge transfer. It also ensures the good electronic coupling between the excited 

state dye and TiO2 due to the presence of sufficient electron density on the anchoring group 

which is important for the efficient injection of electrons from the excited dye molecule into 

the conduction band of the TiO2. However, looking at the optimized structure, it can be 

observed that benzindole based dyes (XSQ2-4) have more bent structure compared to XSQ1-

2. We suspect that this bending may lead to non-directionality in molecular dipole which was 

confirmed by comparing the calculated dipole moments of XSQ1 (10.0 D) and XSQ2 (10.6 

D) with XSQ2 (7.4 D) and XSQ4 (7.3 D) (Table 2).  

Table 2. Calculated dipole moments of the XSQ dyesa 

Dye Dipole components (Debye) 

µx µy µz Total 

XSQ1 -4.7 -2.0 8.7 10.0 

XSQ2 -4.3 -3.0 9.2 10.6 

XSQ3 5.6 0.3 4.7 7.4 

XSQ4 5.4 -0.2 4.9 7.3 

aThe z-axis corresponds to the TiO2 surface normal 

 

3.2.4. Photovoltaic Performance 

The photovoltaic measurements of the DSSCs fabricated using XSQ1-4 dyes were done 

under irradiance of 100 mW cm−2 simulated AM 1.5G sunlight. The current density-voltage 

(J-V) plots are shown in Figure 6, and the data are summarized in Table 3. In the absence of 

coadsorbent, all the dyes gave moderate DSSC performance, with XSQ2 dye exhibiting the 

maximum PCE of 4.12% with JSC of 9.22 mA cm−2 and VOC of 0.636 V whereas XSQ3 

showed the minimum efficiency of 2.36% with JSC of 5.51 mA cm−2, VOC of 0.618 V and ff of 

69.23%. XSQ1 and XSQ4 showed the efficiency of 3.34% and 3.98% respectively.  
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Figure 6. J-V plots and IPCE curve of a) XSQ1, b) XSQ2, c) XSQ3 and d) XSQ4 sensitized 

cells with varying CDCA equivalents. (Dipping time = 12 h, TiO2 active area = 0.22 cm2). 
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Though the VOC of these cells varies slightly, the significant variation in the 

performance of the dyes comes from the difference in their JSC. The gradual increase in the 

amount of co-adsorbent (CDCA) improved the performance of the cells, and all the XSQ 

dyes gave their best photovoltaic properties at 3 equiv CDCA. XSQ2 showed the highest 

efficiency among all the dyes with PCE of 6.57% mostly due to ca. 50% increment in JSC 

(13.99 mA cm−2) after addition of 3 equiv of the CDCA. The trends of JSC can be correlated 

to IPCE spectra of the cells (Figure 6, left). The IPCE spectra of the XSQ dyes showed a 

good response in the region of 550 nm to 700 nm with onset up to ca. 800 nm. IPCE spectra 

also shows a moderate response in the visible region between 400 to 550 nm. It was observed 

that, by increasing the concentration of CDCA up to 3 equiv, JSC was increased significantly 

without affecting the distribution of IPCE response from the aggregated state. This indicated 

that the formation of the larger aggregates was decreased and the smaller aggregates could 

effectively participate in the charge injection process. A moderate decrease in VOC and JSC 

upon further increasing the CDCA concentration indicated depletion of dye amount on the 

TiO2 surface.  

Table 3. Photovoltaic performance of XSQ dyes with and without CDCA (the results of best 

five devices for each dye with a deviation are summarized)a 

Dye 
V

OC
 

(V) 

J
SC

 

(mA cm−2) 

ff 

(%) 

η 

(%) 

Dye 

loading 

(mol cm−2)c 

XSQ1 0.621 + 0.003 7.20 + 0.11 70.1 + 0.13 3.21+ 0.13 8.68×10-8 

XSQ1/CDCA (1:1) 0.638 + 0.002 8.21 + 0.14 70.1+ 0.6 3.67 + 0.11 - 

XSQ1/CDCA (1:2) 0.64 1 + 0.002 10.30 + 0.15 70.3 + 0.2 4.63+ 0.1 - 

XSQ1/CDCA (1:3) 0.652 + 0.003 12.60 + 0.13 70.0 + 0.4 5.75 + 0.15 8.06×10-8 

XSQ1/CDCA (1:4) 0.641 + 0.002 11.88 + 0.11 70.5 + 0.5 5.36 + 0.13 - 

XSQ2 0.634 + 0.002 9.21 + 0.20 71.1+ 0.2 4.12+ 0.12 7.81×10-8 

XSQ2/CDCA (1:1) 0.647 + 0.003 10.70 + 0.21 71.2+ 0.3 4.92 + 0.11 - 

XSQ2/CDCA (1:2) 0.653 + 0.002 11.20 + 0.18 71.6 + 0.2 5.23 + 0.16 - 
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XSQ2/CDCA (1:3) 0.657 + 0.002 13.80 + 0.19 71.2 + 0.3 6.42 + 0.15 7.11×10-8 

XSQ2/CDCA (1:4) 0.653 + 0.003 11.11 + 0.2 71.3+ 0.4 5.17 + 0.14 - 

XSQ3 0.616 + 0.002 5.30 + 0.21 69.1 + 0.13 2.25 + 0.11 1.36×10-7 

XSQ3/CDCA (1:1) 0.618+ 0.002 5.95 + 0.15 70.0+ 0.23 2.57 + 0.12 - 

XSQ3/CDCA (1:2) 0.639+ 0.003 7.38 + 0.16 70.1 + 0.3 3.31+ 0.11 - 

XSQ3/CDCA (1:3) 0.643 + 0.002 8.98 + 0.20 70.2 + 0.2 4.05 + 0.14 1.10×10-7 

XSQ3/CDCA (1:4) 0.641+ 0.003 8.38 + 0.23 69.8 + 0.5 3.75 + 0.15 - 

XSQ4 0.591 + 0.002 8.30 + 0.21 68.9+ 0.4 3.38+ 0.16 6.27×10-8 

XSQ4/CDCA (1:1) 0.594+ 0.002 8.91 + 0.25 69.2+ 0.2 3.66 + 0.17 - 

XSQ4/CDCA (1:2) 0.602+ 0.003 9.7 1 + 0.17 68.7 + 0.3 4.01 + 0.12 - 

XSQ4/CDCA (1:3) 0.633 + 0.002 12.1 + 0.18 70.1 + 0.4 5.37 + 0.13 6.22×10-8 

XSQ4/CDCA (1:4) 0.608+ 0.002 10.21 + 0.21 69.4+ 0.5 4.31 + 0.14 - 

aPhotovoltaic performance of XSQ cells, the thickness of electrode: 8 + 4 μm (transparent + 

scattering) layer of TiO2, Electrolyte: iodolyte Z-50 from Solaronix. [Dye] = 0.1 mM in 

EtOH, dipping time = 12 h, Active area of 0.22 cm2 and measurements were carried out 

under 1 sun intensity (100 mW cm−2). cDye loading was calculated for cells without CDCA 

and with CDCA (3 equiv). 

 

Since all the dyes gave their best performance in the presence of 3 equiv CDCA, J-V 

and IPCE of these devices were studied in detail to explain the effect of CDCA on dye 

assembly (Figure 8). The dye loading amount was also calculated for all the devices, without 

CDCA, and with 3 equiv CDCA.  

In the presence of 3 equiv CDCA, XSQ2 exhibited the best IPCE profile with 76% 

IPCE at 620 nm and ca. 40% IPCE between 400-500 nm. XSQ1 and XSQ4 displayed similar 

IPCE trace, the result of which could be observed in their similar JSC values of 12.73 and 

12.28 mA cm−2 respectively.  
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Figure 8. (a) J−V curve and (b) IPCE spectrum of XSQ1-4 sensitized cells with 3 equiv 

CDCA. 

Due to greater IPCE in the region of 400 to 550 nm the XSQ2 surpassed other dyes and 

produced JSC of 13.99 mA cm−2. XSQ3 revealed the poorest response managing up to 40% 

IPCE only at between 600 to 720 nm and around 22% between 400-550 nm. It is interesting 

to note that the decrease in the amount of adsorbed dyes after addition of 3 equiv CDCA is 

very low, ca. 8-19%, whereas the increase in JSC is significantly high, 44-74%.For example, 

in case of XSQ2, the decrease in dye loading is only 8.9% after addition of 3 equiv CDCA 

whereas the increase in JSC is ca. 48%. Similarly, XSQ2 observed 74% increase in JSC in the 

presence of 3 equiv CDCA. It shows that CDCA is able to control aggregation without 

reducing the dye amount significantly. These observations can be explained if we take into 

the account the possibility that instead of replacing the dye, CDCA is taking up the void 

spaces between the dyes. The DFT calculations also support this observation which shows 

that the branched alkyl chains are stretching up to 20 Å in out-of-the plane direction and may 

create enough gap for CDCA molecule to anchor between dyes. The distance between the 

lower branch chain and the terminal oxygen atom of carboxylic acid (14.7 Å and 16 Å for 

XSQ2 and XSQ4 respectively) is also greater than the length of CDCA (14.2 Å). Hence, it is 

conceivable that CDCA molecule might just anchor between the dyes and the dye amount 

basically remains the same. Such preferential self-assembled monolayers of dyes act as a 

hydrophobic barrier layer, due to the presence of out-of-plane alkyl groups at sp3-C atoms 

and alkyl chains at N-atom, which avoids the charge recombination of electrons from TiO2 to 

the oxidized electrolyte. It is also noted that dyes with N-hexyl alkyl chains showed better 

efficiency than N-methylated dyes as XSQ1 showed the η of 5.90%, which is lower 
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compared to XSQ2. A similar trend was observed for benz[e]indole based dye where XSQ3 

showed η of 4.19% which is lower than the efficiency of XSQ4 (η = 5.5%) based cell. This 

observation suggests that N-hexyl chain could help the dyes assemble favorably on to the 

TiO2 surfaces besides passivating the surface. Additionally, the VOC values of indole based 

XSQ1-2 are slightly higher than XSQ3-4 ( VOC ≈ 10 mV) which can be attributed to the 

upshift in conduction band (CB) edge due to greater dipole moments of XSQ1-2 in the 

direction normal to the TiO2.
27,28   

3.2.5. Electrochemical Impedance Spectroscopy (EIS) 

To understand the charge transfer process and recombination dynamics inside the DSSCs, 

electrochemical impedance spectroscopy (EIS) was carried out in the dark at various applied 

potentials viz. -0.38, -0.41, -0.47 and -0.50 V (Figure 9).  

0.39 0.42 0.45 0.48 0.51
4

6

8

20

40

60

10lo
g

 R
c

t 
(o

h
m

)

Applied Potential (V)

  XSQ1  

  XSQ2

  XSQ3    

  XSQ4

(b)

0.39 0.42 0.45 0.48 0.51
0.5

1.5

2.5

3.5

1

2

3

4

lo
g

 C

 (

m
F

)

Applied Potential (V)

  XSQ1     

  XSQ2

  XSQ3     

  XSQ4

(c)

0.39 0.42 0.45 0.48 0.51
0

10

20

30

40

 
(m

s
)

Applied Potential (V)

  XSQ1     

  XSQ2

  XSQ3     

  XSQ4

(d)

 

Figure 9. Impedance analysis of XSQ dyes. (a) The Nyquist plot at an applied bias of -0.5 V 

(the inset shows the equivalent circuit), (b) log Rct vs. applied potential, (c) log Cμ vs. applied 

potential, and d) log τ vs. applied potential.  
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As the device architecture and electrolytes, including fabrication conditions, are similar for 

all the cells, any characteristic feature obtained in EIS is mainly due to the effect of dye 

interactions inside the cell. The Nyquist plots at an applied bias of 0.50 V are shown in 

Figure 9a. The smaller semicircle in the high-frequency region is ascribed to the charge 

transfer processes at the interface of Pt electrode and electrolyte. This semicircle provides the 

value of charge transfer resistance at counter electrode (RPt), equivalent capacitance (CPt) and 

series resistance (RS). The larger semicircle in intermediate frequency region gives the 

information regarding charge recombination dynamics between dye-sensitized TiO2 and 

electrolyte. The radius of the semicircle gives the recombination resistance (Rct), and the peak 

value provides chemical capacitance (Cµ) at this interface and hence sheds light on the effect 

of dyes on charge transfer dynamics inside the cell. The Rct values of XSQ sensitized cells do 

not vary significantly, and they have the approximately same Rct value at -0.50 V applied bias 

which could be expected as all the dyes have similar crowded branched chains resulting in 

equal surface passivation to TiO2 (Table 4). 

Table 4. EIS Parameters of XSQ dye cells at an applied potential of −0.5 V in the dark 

 

XSQ Dyes Rs (ohm) Rct (ohm) Cµ (mF) µ (ms) 

XSQ1 13.6 6.3 2.2 13.9 

XSQ2 13.9 6.1 2.4 14.6 

XSQ3 12.4 6.1 1.6 9.8 

XSQ4 13.1 5.9 1.7 10.0 

 

The trend in chemical capacitance (Cµ) is slightly different, and XSQ1-2 have the higher Cµ 

compared to XSQ3-4 which ultimately results in the longer lifetime (τ = Rct  Cµ) for XSQ1-

2 dyes than XSQ2-4. Generally, the electron lifetime on TiO2 affects open circuit voltage of 

DSSC, and the τ  values of XSQ dye based cell (without CDCA) follows the same trend as 

VOC, i.e., XSQ3 (9.8 ms) < XSQ4 (10.0 ms) < XSQ1 (13.9 ms) < XSQ2 (14.6 ms). The dyes 

XSQ1 and XSQ2 have higher dipole moments which may bring the conduction band slightly 

upward, allowing a higher concentration of electrons on TiO2 in comparison to XSQ2 and 

XSQ4 dyes which leads to greater electron lifetime in XSQ1-2 based DSSC.27,28 
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3.3. SUMMARY 

The electronic and steric factors in the molecular structure of dyes play a significant role in 

the performance of DSSCs. We have designed and synthesized a series of four donor-

acceptor-donor (D-A-D) unsymmetrical squaraine dyes, XSQ1-4, with the fused 

fluorenylindolenine based donor. The fused structure of fluorenylindolenine helped in 

extending the absorption in the far-red region, and the two sp3-C centers available on this 

donor were utilized to incorporate out-of-the plane alkyl chains in opposite directions to 

control the aggregation of dyes on the TiO2 surface. All the dyes showed good absorption in 

the far-red spectral region with the absorption of benz[e]indole based dyes, XSQ3-4, more 

red-shifted than indole-based XSQ1-2. Their HOMO and LUMO energy levels are suitably 

placed for efficient charge injection and dye regeneration processes. Due to extensive 

coverage of branched out-of-the plane alkyl chains on both side of the molecular plane 

aggregation was effectively controlled in all the dyes. DFT based calculations predicted 

efficient electron transfer towards TiO2 and showed higher dipole moments for XSQ1-2 in 

comparison to XSQ3-4. Owing to the higher short-circuit current density, XSQ2 showed the 

best photovoltaic performance with the PCE of 6.57% in the presence of 3 equiv CDCA. EIS 

analysis indicated higher electron lifetime on TiO2 for XSQ2 sensitized solar cell which 

explains its slightly greater VOC. 

 

3.4. EXPERIMENTAL  

3.4.1. Materials and Methods 

All reagents for dye synthesis and device fabrication were purchased from commercial 

sources and used without purification unless otherwise noted. Tetrahydrofuran and toluene 

were purified by standard procedures immediately before use. The precursors 9,9-di-n-octyl-

2-bromofluorene29(1), 5-carboxy-1,2,3,3-tetramethyl-3H-indol-1-ium23 (7) 1,1,2-trimethyl-

1H-benzo[e]indole-7-carboxylic acid10 (10), and 3-octyltridecan-2-one23 (4) were synthesized 

according to the procedures known in the literature.The synthesized compounds were purified 

by column chromatography over silica get (230-400 mesh) unless otherwise noted. 1H NMR 

and 13C NMR were recorded in, CDCl3, MeOH-d4 or DMSO-d6 on 200, 400 and 500 MHz 

NMR spectrometers. High-resolution mass spectrometric measurements were carried out 

using the ESI method and an ion-trap mass analyzer. Matrix-assisted laser desorption 
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ionization time-of-flight mass spectrometry (MALDI-TOF MS) were recorded and ABSciex 

5800 MALDI-TOF mass spectrometer, Absorption spectra were recorded at room 

temperature in quartz cuvette using a UV−Visible spectrophotometer. The cyclic 

voltammetry (CV) analysis was carried out in anhydrous dichloromethane solvent by using 

0.1 M tetrabutylammonium perchlorate as supporting electrolyte and Fc/Fc+ as an internal 

reference. The experiments were performed at room temperature in a nitrogen atmosphere 

with a three-electrode cell consisting of a platinum foil as a counter electrode, an Ag/Ag+ 

reference electrode, and a platinum wire as the working electrode. J-V characteristics of the 

cells were measured using Keithley digital source meter (2420, Keithley, USA) controlled by 

a computer and standard AM 1.5 solar simulator (PET, CT200AAA, USA). To measure the 

photocurrent and voltage, an external bias of AM 1.5G light was applied using a xenon lamp 

(450 W, USHIO INC, Philippines) and J-V plot was recorded. The IPCE measurements were 

carried out with a Newport QE measurement kit by focussing a monochromatic beam of light 

from 300W Xe lamp onto the devices. Electrochemical impedance spectra (EIS) were 

measured on the Biologic potentiostat, equipped with a FRA2 module, with an applied 

potential of -0.38, -0.41, -0.47 and -0.50 V in the dark. The frequency range was explored 

from 1Hz to 1MHz with an ac perturbation of 10 mV. The impedance spectra were analyzed 

using an equivalent circuit model of R1+R2/C2+R3/C3. 

3.4.2. Device Fabrication Procedure 

The preparation of TiO2 electrodes and fabrication of the cells for photovoltaic measurements 

were carried out according to the previously reported procedures by our group.22,30 FTO (F-

doped SnO2 glass;6-8 Ω/sq) was cleaned sequentially by mucasol (2% in water), deionized 

water, and isopropanol using an ultra-sonication for 15 min. To grow a blocking layer of 

TiO2, the cleaned FTO substrates was dipped in freshly prepared aqueous 0.05 M TiCl4 

solution at 70o C for 30 min, and washed immediately with deionized water, and followed by 

annealing in air at 125o C for 10 min. The mesoscopic transparent thin layer (6-8 μm 

thickness) of TiO2 was coated onto TiCl4 treated FTO using TiO2 paste (< 20 nm, Ti-

Nanoxide T/SP) by using doctorblade technique. The film was kept in air for 5 min and 

annealed at 125 °C in air for 15 min before coating scattering layer on it. Dyesol, WER2-O 

paste was used to coat a 4-6 μm thick scattering layer of TiO2, kept in air for 5 min and 

annealed at 125 °C in air for 15 min. The resulting 0.22 cm2 active area films were sintered at 

325 °C for 5 min, 375 °C for 5 min, 450 °C for 15 min and 500 °C for 15 min with heating 
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rate of 5 °C per min in air. After reaching the furnace temperature at 50 °C, the sintered films 

were treated in TiCl4 solution as described before and again sintered at 500 °C for 30 min. 

The films were allowed to cool down to 50 o C and immediately immersed in 0.1 mM XSQ 

dye solutions (with and without CDCA) in EtOH and kept for 12 h at rt. The dye loaded 

electrodes are washed thoroughly with EtOH, to remove physisorbed molecules. Finally the 

dye cell was assembled by joining the electrolyte (Iodolyte Z50) filled photoanode and 

platinum cathode using a 25 μm thick spacer. 

3.4.3. Synthetic Procedure and Characterization data 

Di-tert-Butyl 1-(9,9-dioctyl-9H-fluoren-2-yl)hydrazine-1,2-dicarboxylate (2). n-

Butyllithium (1.6 M, 4.8 mL, 7.7 mmol) was added slowly to a stirred solution of 9,9-di-n-

octyl-2-bromofluorene  (3.0 g, 6.4 mmol) in anhydrous THF (35 mL) at -78 ºC, under 

nitrogen. After stirring for 30 min, di-tert-butylazodicarboxylate (3.2 g, 14.1 mmol) dissolved 

in anhydrous THF (35 mL) was added to the reaction mixture. After stirring at -78 ºC for 2 h, 

the mixture was allowed to warm to room temperature and stirred further for 18 h. Glacial 

acetic acid (1.5 mL) was added slowly and the mixture stirred further for 4 h at room 

temperature. Ether (50 mL) and water (50 mL) were added. The aqueous layer was separated 

and extracted with ether (2 × 60 mL). The combined organic extracts were then washed with 

brine (60 mL), dried over sodium sulphate, filtered and the solvent completely removed. The 

crude material was purified by column chromatography over silica ( CH2Cl2/pet ether as) to 

give 4 as sticky gum (2.72 g, 68%). 1H NMR (200 MHz, CDCl3) δ 7.72 – 7.53 (m, 2H), 7.42 

– 7.25 (m, 5H), 1.93 (t, J = 8.0 Hz, 4H), 1.50 (s, 18H), 1.08 (d, J = 19.7 Hz, 20H), 0.81 (t, J = 

6.7 Hz, 6H), 0.73 – 0.47 (m, 4H). 13C NMR (100 MHz, CDCl3) δ 155.7, 154.0, 153.9, 151.0, 

141.6, 140.7, 138.9, 126.9, 126.9, 122.9, 119.7, 119.6, 82.2, 81.6, 55.2, 40.5, 31.9, 30.2, 29.4, 

28.3, 23.9, 22.7, 14.2. HRMS (ESI) m/z [M + H]+ Calcd for C39H61O4N2 621.4626, found 

621.4628. 

2-(9,9-Dioctyl-9H-fluoren-2-yl)hydrazin-1-ium chloride (3). A solution of concentrated 

hydrochloric acid (4.1 mL) in 1,4- dioxane (12 mL) was added to a solution of 2 (2.8 g, 4.5 

mmol) in 2-propanol (25 mL). The reaction mixture was heated at 85 ºC for 1 h. After cooling 

to room temperature, the solvent was completely removed to give 3 as pink sticky gum (1.85 

g, 90%), which was used directly to next step without purification. 
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3-Decyl-2-methyl-3,9,9-trioctyl-3,9-dihydroindeno[1,2-f]indole (5). The compound 3 (1.5 

g, 3.3 mmol) and 3-octyltridecan-2-one 423 (2.0 g, 6.6 mmol) were taken with 30 mL acetic 

acid in round bottom flask. The resultant mixture was heated for 3 day at 90 ºC. After 

completion of the reaction, the solvents were removed under reduced pressure. The residue 

was dissolved in dichloromethane and washed with 5% KOH solution. The organic layer was 

collected and dried over sodium sulfate and purified by column chromatography ( CH2Cl2/Pet 

ether) to give 5 as dark yellow oil (0.570 g, 25%). 1H NMR (200 MHz, CDCl3) δ 7.68 (d, J = 

7.6 Hz, 1H), 7.47 (s, 1H), 7.45 (s, 1H), 7.38 – 7.27 (m, 3H), 2.23 (s, 3H), 2.03 – 1.92 (m, 

4H), 1.75 (d, J = 35.2 Hz, 4H), 1.13 (dd, J = 30.5, 17.4 Hz, 46H), 0.80 (t, J = 6.6 Hz, 12H), 

0.61 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 186.6, 155.2, 151.3, 151.0, 141.6, 141.4, 138.4, 

126.7, 126.6, 122.9, 119.3, 114.3, 112.9, 62.5, 55., 40.7, 37.4, 32.0, 31.9, 30.2, 30.0, 29.9, 

29.7, 29.6, 29.4, 29.4, 29.3, 23.9, 23.8, 22.8, 22.7, 16.4, 14.2. MALDI-TOF (m/z) [M+H]+ 

calcd for C50H82N: 696.6447; found: 696.4977. 

3-Decyl-1,2-dimethyl-3,9,9-trioctyl-3,9-dihydroindeno[1,2-f]indol-1-ium iodide (6a). A 

mixture of 5 (0.150 g, 0.22mmol) and iodomethane (0.125 g, 0.86 mmol) in acetonitrile (5 

mL) was heated under nitrogen at 85 ºC for 24 h in a sealed pressure tube. The reaction 

mixture was cooled to room temperature and the solvent and excess iodomethane were 

completely removed under vacuum to give compound 6a (70%, 0.130 g) which was used 

further without purification. 

3-Decyl-1-hexyl-2-methyl-3,9,9-trioctyl-3,9-dihydroindeno[1,2-f]indol-1-ium iodide (6b). 

A mixture of 5 (0.150 mg, 0.22 mmol) and iodohexane (0.183 g, 0.86 mmol) in acetonitrile (5 

mL) was heated under nitrogen at 85 oC for 24 h in a sealed pressure tube. The reaction 

mixture was cooled to room temperature before the solvent and excess iodomethane were 

completely removed under vacuum to give compound 6b (65%, 0.130 g) which was used 

further without purification. 

(E)-2-((2-Butoxy-3,4-dioxocyclobut-1-en-1-yl)methylene)-1,3,3-trimethylindoline-5-

carboxylic acid (8). In a 50 mL round bottom flask, compounds 7 (1 g, 2.89 mmol) and 3, 4-

Dibutoxy-3-cyclobutene-1,2-dione (0.79 g, 3.47 mmol, 1.2 equiv) were dissolved in n-

butanol (15 mL). Anhydrous triethylamine (2 mL) was added to the reaction mixture and 

stirred for 24 hrs at room temperature, then refluxed at 70 ºC for 1 h. The solvent was 

removed under reduced pressure and the crude product was purified by column 
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chromatography (EtOAc/pet ether) to afford compound 8 (0.72 g, 67%). 1H NMR (400 MHz, 

DMSO-d6) δ 12.72 (s, 1H), 7.93 (s, 1H), 7.90 (d, J = 8.5 Hz, 1H), 7.25 (d, J = 8.4 Hz, 1H), 

5.39 (s, 1H), 4.80 (t, J = 6.5 Hz, 2H), 3.41 (s, 3H), 1.79 (dd, J = 14.5, 6.9 Hz, 2H), 1.57 (s, 

6H), 1.44 (dd, J = 15.0, 7.5 Hz, 2H), 0.94 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, DMSO-

D6) δ 192.00, 188.94, 187.47, 172.40, 167.99, 167.16, 146.89, 140.25, 130.30, 124.42, 

122.86, 108.58, 82.45, 73.62, 46.79, 39.52, 31.48, 30.05, 26.42, 18.17, 13.53. HRMS (ESI): 

m/z Calcd for C21H23NO5Na [M+ Na]+ 392.1468. Found: 392.1465. 

(E)-2-((2-Hydroxy-3,4-dioxocyclobut-1-en-1-yl)methylene)-1,3,3-trimethylindoline-5-

carboxylic acid (P1). In a 50 ml round bottom flask, compound 8 (1 mmol) was dissolved in 

acetone (15 mL). 2N HCl (2 mL) was added to the mixture and refluxed for 8 h. The solvent 

was removed under reduced pressure to afford product P1 and used without any further 

purification (0.28 g, 89%). 1H NMR (500 MHz, DMSO-d6) δ 7.81-7.93 (m, 2H), 7.16 (d, J = 

8.77 Hz, 1H), 5.53 (s, 1H), 3.36 (s, 3H), 1.57 (s, 6H). 13C NMR (100 MHz, DMSO-d6) δ 

192.6, 174.0, 167.3, 165.4, 147.3, 140.1, 130.3, 123.6, 122.8, 107.9, 83.5, 46.3, 29.8, 26.7. 

HRMS (ESI): m/z Calcd for C17H16NO5 [M + H] + 314.1023. Found: 314.1012. 

7-Carboxy-1,1,2,3-tetramethyl-1H-benzo[e]indol-3-ium iodide (10). The compound 9 (1 

g, 3.95 mmol), Iodomethane (2.8 g, 19.75 mmol) and 8 mL acetonitrile were taken in a sealed 

tube and heated at 150 ºC for 48 h. After completion of the reaction the contents were poured 

into 50 mL of diethyl ether and the precipitate obtained was filtered. The residue was washed 

with diethyl ether (3×20 mL) and dried under vacuum to give compound 11 (0.78 g , 50%). 

1H NMR (200 MHz, DMSO-d6) δ 8.87 (s, 1H), 8.52 (d, J = 6.3 Hz, 1H), 8.47 (d, J = 6.1 Hz, 

1H), 8.26 – 8.13 (m, 2H), 4.11 (s, 3H), 2.90 (s, 3H), 1.76 (s, 6H). 13C NMR (100 MHz, 

DMSO-d6) δ 197.3, 167.1, 141.3, 136.5, 132.4, 132.3, 132.2, 129.1, 129.0, 127.5, 124.0, 

114.9, 55.5, 35.3, 21.3, 14.2. HRMS (ESI) m/z [M] + Calcd for C17H18NO2
+: 268.1332, found 

268.1325. 

(E)-2-((2-Butoxy-3,4-dioxocyclobut-1-en-1-yl)methylene)-1,1,3-trimethyl-2,3-dihydro-

1H-benzo[e]indole-7-carboxylic acid (11). To a mixture of compound 9 (0.5 g, 1.26 mmol) 

in 20 mL of n-butanol, 3,4-dibutoxycyclobut-3-ene-1,2-dione (0.72 g , 3.16 mmol) was 

added. To the stirring mixture, triethylamine (0.38 g, 3.78 mmol) was added dropwise. The 

resultant mixture was stirred at room temperature for 12 h followed by heating at 70 ºC for 3 

h. Solvents were evaporated after the completion of reaction and crude product was purified 
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by column chromatography (MeOH/CH2Cl2) to give compound 11 ( 0.37 g, 70%). 1H NMR 

(200 MHz, DMSO) δ 8.63 (s, 1H), 8.23 (d, J = 9.1 Hz, 1H), 8.17 (d, J = 9.1 Hz, 1H), 8.00 

(dd, J = 8.9, 1.6 Hz, 1H), 7.69 (d, J = 8.9 Hz, 1H), 5.39 (s, 1H), 4.82 (t, J = 6.6 Hz, 2H), 3.52 

(s, 3H), 1.95 – 1.70 (m, 8H), 1.46 (dq, J = 14.4, 7.2 Hz, 2H), 0.96 (t, J = 7.3 Hz, 3H).  13C 

NMR (125 MHz, DMSO) δ 192.3, 188.1, 186.9, 172.1, 170.0, 167.4, 142.6, 132.5, 131.5, 

131.3, 129.8, 129.4, 126.6, 125.3, 122.3, 111.7, 81.4, 73.6, 48.9, 31.6, 30.3, 26.2, 18.2, 13.6. 

HRMS (ESI) m/z [M + H]+ Calcd for C25H26O5N 420.1805, found 420.1794. 

(E)-2-((2-Hydroxy-3,4-dioxocyclobut-1-en-1-yl)methylene)-1,1,3-trimethyl-2,3-dihydro-

1H-benzo[e]indole-7-carboxylic acid (P2). To a solution of compound 11 (0.35 g, 0.834 

mmol) in 10 mL of acetone, 1 mL of 2N HCl was added. The resultant mixture was refluxed 

for 8 h, and solvents were removed under reduced pressure after the completion of reaction. 

The crude compound P2 (0.286 g, 94%) was used further without purification. 1H NMR (200 

MHz, DMSO) δ 8.60 (s, 1H), 8.21 (d, J = 8.8 Hz, 1H), 8.12 (d, J = 8.9 Hz, 1H), 7.97 (d, J = 

8.5 Hz, 1H), 7.62 (d, J = 8.8 Hz, 1H), 5.56 (s, 1H), 3.47 (s, 3H), 1.83 (s, 6H). 13C NMR (100 

MHz, CDCl3) δ 192.7, 192.1, 191.6, 173.6, 167.7, 167.4, 142.9, 132.5, 131.3, 130.7, 129.9, 

129.0, 126.4, 124.9, 122.1, 111.4, 82.3, 48.4, 30.0, 26.3. HRMS (ESI) m/z [M + H]+ Calcd 

for C21H18O5N 364.1179, found 364.1170. 

(E)-2-(((E)-5-Carboxy-1,3,3-trimethylindolin-2-ylidene)methyl)-4-((3-decyl-1-methyl-

3,9,9-trioctyl-3,9-dihydroindeno[1,2-f]indol-1-ium-2-yl)methylene)-3-oxocyclobut-1-en-

1-olate (XSQ1). Compound 6a (0.200 g, 0.240 mmol) and P1 (0.156 g, 0.480 mmol ) were 

taken in flask fitted with dean stark apparatus. 20 mL of n-butanol/toluene (1:1) was added 

and the contents were refluxed for 24 hours. After completion of the reaction, solvents were 

removed under reduced pressure and residue was purified by column chromatography 

(MeOH/CH2Cl2) to give pure compound XSQ1 (0.165 g, 68%). 1H NMR (500 MHz, CDCl3) 

δ 8.12 (d, J = 8.3 Hz, 1H), 8.06 (s, 1H), 7.73 (d, J = 7.4 Hz, 1H), 7.58 (s, 1H), 7.38 – 7.28 (m, 

3H), 7.03 – 6.92 (m, 2H), 6.18 (s, 1H), 5.99 (s, 1H), 3.71 (s, 3H), 3.52 (s, 3H), 2.09 – 2.00 

(m, 4H), 1.98 – 1.92 (m, 2H), 1.85 (s, 6H), 1.21 – 1.16 (m, 6H), 1.14 – 1.01 (m, 40H), 0.83 – 

0.74 (m, 14H), 0.63 – 0.51 (m, 6H). 13C NMR (125 MHz, CDCl3) δ 170.6, 151.9, 150.7, 

147.7, 144.1, 142.0, 140.6, 139.1, 138.8, 131.3, 127.1, 124.1, 123.0, 119.7, 113.8, 108.0, 

88.3, 59.3, 55.4, 48.2, 40.7, 32.0, 31.9, 30.6, 30.1, 29.7, 29.6, 29.39, 29.35, 29.3, 29.2, 27.5, 



Chapter 3                                                                                                                Experimental 

104 

24.2, 23.8, 22.7, 22.7, 14.2.  HRMS (ESI) m/z: [M + H]+ calcd for C68H97N2O4: 1005.7448; 

found:1005.7446. 

(E)-2-(((E)-5-Carboxy-1,3,3-trimethylindolin-2-ylidene)methyl)-4-((3-decyl-1-hexyl-

3,9,9-trioctyl-3,9-dihydroindeno[1,2-f]indol-1-ium-2-yl)methylene)-3-oxocyclobut-1-en-

1-olate (XSQ2). Compound 6b (0.200 g, 0.220 mmol) and P1 (0.104 g, 0.330 mmol) were 

taken in flask fitted with dean stark apparatus. 20 mL of n-butanol/toluene (1:1) was added 

and the contents were refluxed for 24 hours. After completion of reaction, solvents were 

removed under reduced pressure and residue was purified by column chromatography 

(MeOH/ CH2Cl2) to give pure compound XSQ2 (0.150g, 60%). 1H NMR (500 MHz, CDCl3) 

δ 8.13 (d, J = 8.4 Hz, 1H), 8.07 (s, 1H), 7.73 (d, J = 7.4 Hz, 1H), 7.59 (s, 1H), 7.34 (td, J = 

14.5, 7.1 Hz, 3H), 6.96 (d, J = 7.7 Hz, 2H), 6.22 (s, 1H), 6.00 (s, 1H), 4.19 (s, 2H), 3.52 (s, 

3H), 3.11 (s, 2H), 2.04 (dd, J = 17.7, 9.7 Hz, 4H), 1.99 – 1.91 (m, 2H), 1.86 (s, 6H), 1.47 – 

1.38 (m, 2H), 1.35 – 1.24 (m, 6H), 1.20 – 1.15 (m, 6H), 1.12 – 1.01 (m, 37H), 0.86 (t, J = 7.0 

Hz, 3H), 0.83 – 0.74 (m, 15H), 0.70 – 0.45 (m, 8H). 13C NMR (125 MHz, CDCl3) δ 171.3, 

170.7, 168.0, 151.6, 150.7, 147.8, 143.8, 141.9, 140.6, 138.7, 131.3, 127.1, 124.1, 122.9, 

119.7, 113.8, 108.0, 104.7, 88.2, 59.3, 55.3, 48.2, 40.7, 40.4, 32.0, 31.93, 31.90, 31.7, 30.5, 

30.1, 29.7, 29.6, 29.4, 29.3, 29.2, 27.8, 27.5, 27.1, 24.2, 23.9, 22.7, 22.67, 22.65, 14.2, 14.1. 

HRMS (ESI) m/z: [M+H]+ calcd for C73H107N2O4: 1075.8231; found: 1075.8220.  

(E)-2-((E)-(7-Carboxy-1,1,3-trimethyl-1,3-dihydro-2H-benzo[e]indol-2-

ylidene)methyl)-4-((3-decyl-1-methyl-3,9,9-trioctyl-3,9-dihydroindeno[1,2-f]indol-1-ium-

2-yl)methylene)-3-oxocyclobut-1-en-1-olate (XSQ3). Compound 6a (0.180 g, 0.22 mmol) 

and P2 (0.156 g, 0.43 mmol) were taken in flask fitted with dean stark apparatus. 20 mL of n-

butanol/toluene (1:1) and 2mL of DMSO were added to solubilize the mixture. The contents 

were refluxed for 24 hours. After completion of reaction, solvents were removed under 

reduced pressure and residue was purified by column chromatography (MeOH/CH2Cl2) to 

give pure compound XSQ3 (0.110 g, 48%). 1H NMR (500 MHz, CDCl3) δ 8.74 (s, 1H), 8.36 

– 8.12 (m, 2H), 7.99 (s, 1H), 7.72 (d, J = 7.3 Hz, 1H), 7.57 (s, 1H), 7.39 – 7.27 (m, 4H), 6.95 

(s, 1H), 6.19 (s, 1H), 6.05 (s, 1H), 3.64 (s, 5H), 3.11 (s, 1H), 2.09 (d, J = 24.8 Hz, 6H), 2.06 – 

1.89 (m, 6H), 1.24 – 0.99 (m, 46H), 0.87 – 0.71 (m, 14H), 0.67 – 0.51 (m, 6H). 13C NMR 

(125 MHz, CDCl3) δ 170.8, 170.3, 151.7, 150.6, 144.2, 142.6, 140.8, 138.2, 133.7, 131.7, 

131.1, 130.1, 127.1, 126.9, 125.2, 122.9, 122.7, 119.5, 113.7, 110.8, 103.9, 88.6, 87.5, 58.9, 
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55.3, 50.7, 40.7, 40.4, 32.0, 31.9, 30.1, 29.8, 29.74, 29.70, 29.6, 29.42, 29.39, 29.35, 29.3, 

29.2, 27.1, 24.3, 23.8, 22.7, 22.69, 14.2. HRMS (ESI) m/z: [M+H]+ calcd for C72H99N2O4: 

1055.7605; found: 1055.7596. 

(E)-2-((E)-(7-Carboxy-1,1,3-trimethyl-1,3-dihydro-2H-benzo[e]indol-2-

ylidene)methyl)-4-((3-decyl-1-hexyl-3,9,9-trioctyl-3,9-dihydroindeno[1,2-f]indol-1-ium-

2-yl)methylene)-3-oxocyclobut-1-en-1-olate (XSQ4). Compound 6b (0.180 g, 0.22 mmol) 

and P2 (0.156 g, 0.43 mmol) were taken in flask fitted with dean stark apparatus. 20 mL of n-

butanol/toluene (1:1) and 2mL of DMSO were added to solubilize the mixture. The contents 

were refluxed for 24 hours. After completion of reaction, solvents were removed under 

reduced pressure and residue was purified by column chromatography (MeOH/CH2Cl2) to 

give pure compound (0.100 g, 54%). 1H NMR (500 MHz, CDCl3) δ 8.77 (s, 1H), 8.35 – 8.15 

(m, 2H), 8.01 (d, J = 6.1 Hz, 1H), 7.75 (d, J = 7.4 Hz, 1H), 7.60 (s, 1H), 7.40 – 7.29 (m, 4H), 

6.96 (s, 1H), 6.24 (s, 1H), 6.07 (s, 1H), 4.17 (s, 2H), 3.66 (s, 3H), 3.16 (s, 2H), 2.14 (s, 6H), 

2.10 – 2.01 (m, 4H), 2.01 – 1.94 (m, 2H), 1.92 – 1.85 (m, 2H), 1.49 – 1.43 (m, 2H), 1.36 – 

1.27 (m, 4H), 1.23 – 1.18 (m, 6H), 1.16 – 1.05 (m, 37H), 0.88 (t, J = 7.0 Hz, 3H), 0.85 – 0.75 

(m, 15H), 0.72 – 0.48 (m, 8H). 13C NMR (125 MHz, CDCl3) δ 170.5, 170.1, 151.5, 150.6, 

144.0, 142.6, 140.8, 139.0, 138.2, 135.4, 133.8, 131.6, 131.1, 130.1, 127.1, 126.9, 125.2, 

122.9, 122.7, 119.6, 113.7, 110.7, 104.4, 88.5, 87.3, 58.9, 55.2, 50.6, 40.7, 32.0, 31.96, 31.9, 

31.8, 30.1, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2, 27.7, 27.2, 24.3, 23.9, 22.7, 22.7, 22.4, 14.2, 

14.1. HRMS (ESI) m/z: [M +H]+ calcd for C77H109N2O4: 1125.8387; found: 1125.8378. 
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3.5. NMR Spectra 

1H and 13C NMR spectra of 2 
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1H and 13C NMR spectra of 5 
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1H and 13C NMR spectra of 8 
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1H and 13C NMR spectra of 9 
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1H and 13C NMR spectra of 8. 
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1H and 13C NMR spectra of 9 
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1H and 13C NMR spectra of 10 
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1H and 13C NMR spectra of XSQ1 
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1H and 13C NMR spectra of XSQ2 
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1H and 13C NMR spectra of XSQ3 
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1H and 13C NMR spectra of XSQ4. 
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4.1. INTRODUCTION  

Several sensitizers have been synthesized for DSSCs, and continuous exploration in 

their structure-property relationship has improved the efficiency up to 13%. Many of these 

dyes have very good IPCE (80-90%) in the visible light region (ca. 350– 600 nm) which 

helps them generate high photocurrent. However, most of these dyes lack absorption in NIR 

region, and a significant portion of incident photon remains uncollected. To utilize the low 

energy photons of the solar spectrum, it is necessary to develop NIR responsive dyes for 

DSSC. Among the NIR sensitizers, squaraine dyes are considered as one of the promising 

candidates because of their intense absorption, high photostability, and their ability to extend 

absorption to longer wavelengths. 

In the previous chapter, we fused fluorene with indolenine to enhance the absorption 

of squaraine dyes towards longer wavelengths and incorporated out-of-plane alkyl chains to 

avoid aggregation. The out-of-plane alkyl chain facilitated immensely in controlling 

aggregation which helped the XSQ3 to obtain 6.4% efficiency. However, the IPCE response 

could not be increased beyond 800 nm. To improve the photoresponse of squaraine dyes 

further into NIR region we explored the possibility of fusing fluorene unit with more π-

extended heterocyclic moieties instead of indolenine. Several fused π-extended heterocyclic 

structures have been incorporated in squaraine dyes as they can induce strong intramolecular 

charge transfer (ICT) as well as maintain planarity of the molecule. Benz[e]indole1,2 have 

been used as donor instead of indole to influence its absorption, and Park et al. managed to 

attain IPCE onset of ca. 750 nm with response up to ca 80% from 650 to 710 nm leading to 

efficiency over 6%.3 In order to further push the absorption beyond 750 nm, Li et al. used 

carboxylated quinoline unit towards anchoring group and triphenylamine towards non-

anchoring side to give the NIR-absorbing dye with IPCE onset up to 1050 nm4. Pyrylium and 

Thiopyrylium components were also explored in squaraine dyes, and IPCE onset at 800 nm 

was obtained. The best IPCE response of ca.45% was obtained at 700 nm which led to the 

best PCE of 2.63% for pyrylium based dye.5 Benzo[c,d]indolenine based squaraine dye by 

Maeda et al gave the IPCE onset at 1000 nm but with very weak response (max IPCE of 3%) 

which lead to PCE of only 0.32%.6 In another approach, dimeric squaraine dye BSQ017 was 

synthesized by Kuster et al. which showed IPCE onset at 800nm with the response of 18% 

leading to PCE of 1.3%. Maeda et al. improved upon this dimeric structure by modifying the 

donor at one end which improved the IPCE onset to 900nm with PCE of 2.26%.8 In their later 
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work, Maeda et al. extended the IPCE onset to ca. 1000 nm by synthesizing trimeric 

squaraine dyes but PCE ( = 2.13%) could not be improved due to low IPCE response and 

poor Voc. 
9 Despite the strong NIR absorption, the squaraine dyes based on fused extended 

heterocyclic structures have low efficiency (~ 1-3%) which is due to either dye aggregation 

on TiO2 or mismatched HOMO-LUMO levels. Thus, controlling the aggregation while 

maintaining good efficiency has been a major challenge in NIR absorbing dyes. In an attempt 

to overcome this shortcoming, we have designed and synthesized a series of unsymmetrical 

squaraine dyes (ISQ1-3) for DSSC consisting of a fused fluorene-quinaldine 

(Indenoquinaldine) based donor which can help in increasing the absorption in NIR region 

and also accommodates long alkyl chains at its sp3-C center to control dye aggregation on 

TiO2 surface. Quinaldine is chosen to fuse with fluorene as it has the ability to provide good 

absorption in NIR region in squaraine dyes.10,11 While all the dyes retained indenoquinaldine 

as a donor, carboxyindolenine (ISQ1), carboxybenz[e]indoleine (ISQ2) and 

carboxyquinaldine (ISQ3) were used towards anchoring group to systematically investigate 

their effect on various electronic properties of dyes and DSSC parameters.  

 

Figure 1. The molecular structures of ISQ dyes. 
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4.2. RESULTS AND DISCUSSION 

4.2.1. Synthesis 

The synthetic route for the dyes ISQ1-3 is demonstrated in scheme 1 and 2. The key steps are 

the synthesis of indenoquinaldinium salt 5 and semi-squaric acid derivatives of carboxyindole 

P1, carboxybenz[e]indole P2 and carboxyquinoline P3. Precursors, P1 and P2, were 

synthesized according to the procedure described in the previous chapter (Chapter 3). To 

synthesize indenoquinaldinium salt 5, 2-nitrofluorene (1) was functionalized with 12 carbon 

long chains by heating with dodecyliodide in aqueous NaOH and toluene. The resultant 

compound 2 was reduced to 2-amino-9,9-didodecylfluorene (3) by hydrazine hydrate in the 

presence of catalyst Pd/C.  

 

Scheme 1. Synthesis of compound a) indenoquinaldinium iodide 5, d) semi-squaric acid P3. 
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Scheme 2. Synthesis of indenoquinaldine donor based squaraine dyes (ISQ1-3). 

The amine derivative 3 was treated with crotonaldehyde in the presence of HCl and acetic 

acid under Skraup-Doebner-Von Miller reaction condition to afford indenoquinaldine 4. The 

compound 4 was subsequently heated with methyl iodide in a sealed tube to give N-methyl 

indenoquinaldinium salt 5. To obtain precursor P3, we synthesized carboxyquinalidine 7 by 

refluxing 4-aminobenzoic acid with crotonaldehyde in 6N HCl. The product was treated with 

methyliodide to give methylated carboxyquinaldinium iodide 8. This salt was treated with 

3,4-dibutoxy-3-cyclobutene-1,2-dione in n-butanol in the presence of triethylamine to give 

compound 9. The treatment of compound 9 with HCl in acetone afforded semi-squaraic acid 

P3 in good yield. In the final step, the semi-squaric acid derivative P1 was refluxed with 

indenoquinaldinium salt 5 in n-BuOH/PhMe mixture under azeotropic distillation of water 

employing Dean−Stark apparatus to give squaraine dyes ISQ1. Similarly, the dyes ISQ2 and 

ISQ3 were obtained by treating 5 with P2 and P3 respectively. All the dyes were carefully 

characterized by 1H-NMR, 13C-NMR spectroscopy, and high resolution mass spectrometric 

(HRMS) techniques. 

4.2.2. Optical and Electrochemical Properties 

The optical properties of ISQ1-3 dyes were investigated by UV-vis absorption and emission 

spectroscopy in CHCl3 solutions (Figure 2 and data are summarized in Table 1). ISQ dyes 

exhibited intense absorption band in the far-red region with high extinction coefficient (≥ 105 

M-1 cm-1) due to strong intramolecular charge transfer (ICT) process. Due to the strong 

donating effect of the indenoquinaldine unit, ISQ1 showed the absorption maximum (λmax) at 
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692 nm with onset at 734 nm. The red-shifted max at 715 nm with onset at 760 nm was 

observed for ISQ2 due to extended conjugation by carboxybenz[e]indole unit towards 

anchoring group.  
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Figure 2. (a) The absorption spectra of ISQ1-3 in CHCl3 ([dye] = 6 µM), (b) Normalized 

emission spectra ([dye] = 6 µM in CHCl3),  λexc = 600nm (ISQ1), 700 nm (ISQ2) and 720 nm 

(ISQ3) , (c) Normalized absorption spectra of ISQ dyes immobilized on TiO2, and (d) Light 

harvesting efficiency of the ISQ dyes. 

The presence of quinaldine on both ends of central squaraine unit caused the maximum 

bathochromic shift for ISQ3 and λmax was determined at 754 nm with onset at 800 nm. The 

same trend was observed in emission spectra of the dyes which displayed emission maxima at 

726 nm, 745 nm and 781 nm for ISQ1, ISQ2 and ISQ3 respectively (Figure 2b). Apart from 

the intense absorption in NIR region, a weak absorption (ε ≈ 103 M-1cm-1) in the visible 
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region was observed between 400 to 500 nm for ISQ1-3 which can be beneficial to absorb 

the high energy photons as well.  

The titania coated glass was immersed in 0.1 mM dye solution for 15 minutes, and the 

absorption spectra of dye anchored on TiO2 film were recorded to understand the interaction 

of dyes on TiO2 film. The spectra displayed peak broadening compared to the spectra in 

solution due to strong coupling of anchoring group (-COOH) with TiO2. and the formation of 

H-type (blue-shifted) aggregates prominently (Figure 2c). ISQ3 exhibited maximum 

broadening with high-intensity absorption ranging from 550 nm to 900 nm. Light harvesting 

efficiency (LHE = 1- 10-A) of dyes anchored on TiO2 represents the capacity of dyes to 

absorb the photons of various energy across the solar spectrum. LHE profiles show that all 

the dyes are able to harvest the photons from visible as well as NIR region with LHE ≥ 90% 

in 400-500 nm and 550-850 nm range which makes these sensitizers suitable candidates for 

panchromatic absorption. The dyes ISQ1, ISQ2, and ISQ3 showed LHE onset at 850 nm, 

880 nm, and 1000 nm respectively which lie well in the NIR region. 

Cyclic voltammetry was carried out in CH2Cl2 solutions to determine their redox 

potentials as well as to calculate the electron-injection (-∆Ginj) and dye regeneration (-∆Greg) 

driving forces (Figure 3). HOMO levels of the dyes ISQ1-3 were obtained from the first 

oxidation onset and calculated to be at 0.62 V, 0.55V, and 0.47 V respectively (Vs. NHE) 

(Table 1). The upward shift of HOMO in case of ISQ2 and ISQ3 can be attributed to the 

stronger donating effect of benz[e]indole and quinoline respectively compared to indole. 

ISQ1 shows high potential offset (-Greg = 220 meV) with respect to redox level of I-/I3
- (0.4 

V) which provides large driving force for effective dye regeneration whereas ISQ2 (-Greg = 

150 meV) and ISQ3 (-Greg = 70 meV) shows moderate driving force (Figure 3b). The 

LUMO levels were calculated by subtracting E0−0 from EHOMO and found to be at -1.13 V, -

1.15 V and -1.15 V (vs. NHE) for ISQ1, ISQ2, and ISQ3 respectively which gives enough 

energy offset (-Ginject ≈ 700 meV) for charge injection into the conduction band (CB) of 

TiO2 (-0.5 V). While the HOMO levels varied significantly, the LUMO levels were 

essentially the same for all the dyes. The band gap (E0-0) was calculated from the intersection 

of absorption and emission curve and found to be at 1.75 eV, 1.70 eV and 1.62 eV for ISQ1, 

ISQ2, and ISQ3 respectively. 



Chapter 4                                                                                                 Results and Discussion 

127 

      

Figure 3. (a) Cyclic voltammogram of ISQ dyes measured in CH2Cl2 (b) Energy level 

diagram for ISQ dyes with DSSC device components. 

 

Table 1. Optical and electrochemical data of ISQ dyes 

Dyes 

Absmax 

/CH2Cl2 

(nm)a 

Emimax/

CH2Cl2 

(nm)b 

absmax/ 

TiO2 

(nm)c 

ε 104 

(M-1cm-1)d 

Eg/DF

T  

(eV)e 

EHOMO 

(V vs 

NHE)f 

E0-0 

(eV)

g 

ELUMO 

(V vs 

NHE)h 

ISQ1 
462, 

692 
726 

645, 

690 
0.62, 12.9 2.09 0.62 1.75 -1.13 

ISQ2 
480, 

715 
745 

661, 

714 
0.56, 11.1 1.97 0.55 1.70 -1.15 

ISQ3 
487, 

754 
781 

620, 

753 
0.43, 13.5 1.77 0.47 1.62 -1.15 

aUV−Vis absorption in CHCl3. 
bEmission studies. cOn thin film of TiO2, thickness = 6 

μm, dipping time = 15 min, and [ISQ] = 0.1 mM in CH2Cl2. 
dMolar extinction 

coefficient ε. eBand gap calculated by DFT. fEHOMO of ISQ1−3 in CH2Cl2, Fc+/Fc was 

used as the external standard, and potential measured vs. Fc/Fc+ (eV) was converted to 

NHE (V) by addition of 0.7 V. gE0‑0 was deduced at the intersection of absorption and 

emission spectra using equation E0‑0 (eV) = 1240/λ0-0. 
hELUMO levels were measured by 

subtracting EHOMO from E0‑0. 
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4.2.3. Computational Studies 

To gain the additional insights into the structural properties, and the nature of excited states 

of ISQ dyes, quantum mechanical calculation were carried out using density functional 

theory (DFT) and time-dependent DFT (TD-DFT) at B3LYP/6-31G (d,p) level in Gaussian 

0912. Electron density distribution after structural optimization in the HOMOs and LUMOs of 

the dyes under investigation is shown in Figure 4. Isodensity surface plots of ISQ1-3 dyes 

show that HOMO are predominantly confined to central squaraine unit (Figure 4). The 

HOMO and LUMO overlap for the most part of ISQ1-3 dyes, however, there is slight 

delocalization of LUMO towards the anchoring group in case of ISQ3. This shift of electron 

density from the HOMO to LUMO level beneficial for the spontaneous charge transfer and 

the presence of electron density on the anchoring group also ensure the good electronic 

coupling between the excited state dye and TiO2. LUMO+1 and LUMO+2 are prominently 

delocalized towards anchoring group for the ISQ3 dye which suggests that it can exhibit 

better charge injection compared to ISQ1-2 and can counterbalance the effect of low driving 

force for dye regeneration.  

 

Figure 4. Isodensity surface plots of ISQ1-3 dyes (alkyl chains are removed for clarity) 
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The simulated absorption spectra were plotted using TD-DFT to understand the 

excited state nature of ISQ dyes (Figure 5).  

 

 

Figure 5. The simulated absorption spectra of ISQ dyes calculated by TD-DFT using B3LYP 

functional and 6-31G (d,p) basis set. 
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The simulated spectra were found to be consistent with the experimental ones, and by 

comparing the two spectra it can be predicted that the peaks of high oscillator strength (f ≈ 

1.7-1.9) at longer wavelength originates exclusively from HOMO-LUMO vertical energy 

transition (> 99% contribution) in all the dyes. In addition, the high energy peaks with low 

oscillator strength (f ≈ 0.1 – 0.2) between 350 and 500 nm were also observed which are 

associated with the transition to higher excited states, i.e. LUMO+1, LUMO+2 (Table 2). 

Table 2. Computed wavelengths and oscillator strengths (f) of the electronic transitions for 

ISQ dyes (H: HOMO, L: LUMO) 

Dye 
Computed λabs 

(nm) 

Oscillator 

strength 

(f) 

Composition 

ISQ1 

604.59 nm 

451.64 nm 

436.75 nm 

371.75 nm 

1.71 

0.17 

0.04 

0.09 

H → L+1 (99%) 

H → L+1 (93%) 

H → L+2 (97%) 

H-2 → L (53%), H-3→ L (23%) 

ISQ2 

632.41 nm 

453.14 nm 

373.72 nm 

1.94 

0.19 

0.11 

H → L     (99%) 

H → L+2 (96%) 

H-3 → L (70%), H→ L+4 (11%) 

ISQ3 

668.56 nm 

515.27 nm 

473.12 nm 

391.62 nm 

1.82 

0.04 

0.14 

0.20 

H → L     (100%) 

H → L+1 (84%) 

H → L+2 (80%) 

H-2 → L  (68%), H-4 → L (20%) 

 

4.2.4. Photovoltaic Performance 

The photovoltaic measurements of the DSSCs fabricated using ISQ1-3 dyes were done under 

irradiance of 100 mW cm−2 simulated AM 1.5G sunlight. The current density-voltage (J-V) 

plot and IPCE spectra of the best cells are shown in Figure 6 and data are summarized in 

Table 3. 
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Figure 6. J−V and IPCE curve of ISQ sensitized dyes with varying CDCA concentration in 

dye solution in CH2Cl2. (dipping time = 12 h, TiO2 active area = 0.22 cm2). 
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Table 3.  Photovoltaic parameters for ISQ1-3 sensitized DSSCs employing the I-/I3
- 

electrolyte under the optimized conditionsa 

Dyes 
JSC 

(mA cm−2) 

VOC 

(V) 

ff 

(%) 

η 

(%) 

Dye loading 

(mol cm−2)b 

ISQ1 8.99 0.544 68.4 3.34 2.33 × 10-7 

ISQ1/CDCA (1:5) 6.86 0.558 68.9 2.63 7.56 × 10-8 

ISQ1CDCA (1:10). 5.68 0.568 70.7 2.28 - 

ISQ1/CDCA (1:20) 5.36 0.578 70.7 2.19 - 

ISQ2 6.85 0.537 64.1 2.35 2.82 × 10-7 

ISQ2/CDCA (1:5) 9.62 0.558 68.7 3.68 1.22 × 10-7 

ISQ2CDCA (1:10) 5.89 0.562 69.0 2.28 - 

ISQ2/CDCA (1:20) 3.18 0.570 69.7 1.26 - 

ISQ3 5.23 0.538 65.7 1.85 2.54 × 10-7 

ISQ3/CDCA (1:5) 9.15 0.564 69.2 3.57 - 

ISQ3CDCA (1:10) 10.02 0.576 72.0 4.15 1.05 × 10-7 

ISQ3/CDCA (1:20) 6.95 0.578 70.9 2.84 - 

aPhotovoltaic performance of ISQ cells, thickness of electrode: 8 + 4 μm (transparent + 

scattering) layer of TiO2, Electrolyte: iodolyte Z-50 from Solaronix. [Dye] = 0.1 mM in 

CH2Cl2, dipping time = 12 h, Active area of 0.22 cm2 and measurements were carried 

out under 1 sun intensity (100 mW cm−2). bDye loading was calculated 

spectrophotometrically by desorbing dye-sensitized photoanode in 2M HCl in EtOH and 

CH2Cl2 (1:1). 
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The DSSC based on ISQ1 gave the PCE of 3.24% whereas ISQ2 and ISQ3 showed PCE of 

2.35% and 1.85% without using any co-adsorbent. The major difference in their cell 

performance comes from the variation in the short circuit current density (JSC) which is 

highest for ISQ1 (8.99 mA cm−2), followed by ISQ2 (6.85 mA cm−2) and ISQ3 (5.23 mA 

cm−2). The low short circuit current density could be ascribed to the reduced charge injection 

due to the strong aggregation of dye on TiO2 which is maximum in case of ISQ3. 

To minimize the negative effect of aggregation, the dyes were co-adsorbed in the 

presence of CDCA. All the ISQ dyes showed different response with the addition of CDCA 

(Figure 6 and Table 3). The efficiency of ISQ1 dyes reduced to 2.63% mainly due to a 

reduction in JSC (6.86 mA cm−2), even though the slight improvement in VOC was observed 

(0.558 V). In contrast, the performance of ISQ2 and ISQ3 sensitized cells improved when 

co-adsorbed with CDCA. ISQ2 achieved the maximum efficiency of 3.68% on addition of 5 

equiv CDCA with VOC of 0.558 V and JSC of 9.62 mA cm−2. ISQ3 achieved the best 

efficiency of 4.15% with JSC of 10.02 mA cm−2, VOC of 0.576 V, and ff of 72%, in presence 

10 equiv of CDCA. Further addition of CDCA led to a reduction in device efficiency of all 

the dyes, primarily due to substantial loss of JSC. It was suspected that the decrease in 

efficiency of ISQ1 on the addition of CDCA could be due to reduced adsorption of dyes on 

the TiO2 surface resulting from the competitive binding of CDCA. To validate our premise, 

the dye loading was calculated by desorption of dye-sensitized photo-anodes in the presence 

of 2M ethanolic HCl followed by spectrophotometric measurement of dye concentration. In 

case of ISQ1, the addition of CDCA as low as 5 equiv led to the drastic decrease of 68% in 

dye content. The dye loading of ISQ2 with 5 equiv CDCA (1.22 × 10-7 mol cm−2) was 

significantly higher than the dye content of ISQ1 devices with 5 equiv. CDCA (7.56 × 10-8 

mol cm−2). ISQ3 sensitized cells, even in the presence of 10 equiv CDCA, showed higher dye 

content (1.05 × 10-7 mol cm−2) compared to ISQ1 (5 equiv CDCA). It demonstrates that dye-

dye interaction is poor in case of ISQ1 compared to other dyes, and it can be replaced by 

CDCA on TiO2 rather easily (Figure 7). Thus, the variable effect of CDCA on the 

performance of DSSC could be ascribed to competitive binding of ISQ1-3 dyes and CDCA 

on TiO2. On the one hand, CDCA helps in improving JSC and VOC by reducing exciton 

quenching induced by aggregation on TiO2 surface, on the other hand, it may replace the dye 

molecules to reduce the effective dye content on the photo-anode leading to poor 

performance.13 
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The variation in JSC can be further explained through a detailed investigation of 

incident photon-to-current conversion efficiency (IPCE) spectra (Figure 6b, 6d, and 6f) ). 

ISQ1 showed best IPCE response with a maximum of 46% at 600 nm without CDCA, which 

is primarily contributed by the H-type aggregates. There is also a peak of low IPCE (12%) at 

810 nm which can be attributed to current generation from J-aggregates.  

 

Figure 7. Cartoon representation of the formation of dye aggregate and variation in dye 

loading in the (a) absence of CDCA and the (b) presence of CDCA. 

When CDCA is added, the aggregation was reduced effectively which can be observed as the 

disappearance of the peaks at 600 nm and 810 nm. The reduction in aggregation, though 

improved the VOC from 0.544V to 0.558 V in ISQ1 based cell, the severe decrease in dye 

amount led to low IPCE which in turn led to reduced JSC. In the case of ISQ2, the H-

aggregates (23% at 640 nm) and J-aggregates (25% at 790 nm) contributed almost equally to 

IPCE, however, the overall response was much lower compared to ISQ1. Similarly, for 

ISQ3, the IPCE response was very low with equal contribution from H- (16% at 660 nm) and 

J- aggregates (16% at 780 nm). The reason behind the low IPCE for ISQ2 and ISQ3 in the 

absence of CDCA could be the formation of tightly stacked large-sized aggregates which 

could not inject electrons into the TiO2. The extended π-surface of ISQ2 and ISQ3 due to 

benz[e]indole and quinoline moieties respectively, may induce such close intermolecular 

packing. The absence of two out-of-plane methyl group on carboxyquinoline group may 
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cause the ISQ3 to aggregate excessively. When CDCA was added, both ISQ2 and ISQ3 

showed improved IPCE response (Figure 8b). 
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Figure 8. J−V and IPCE curves of the best device for ISQ1-3 in the presence of CDCA. 

ISQ2, with 5 equiv CDCA, showed IPCE of over 30% in between 650 to 800 nm with three 

distinct humps on the curve which are contributed by the H-type aggregates (39% at 650 nm), 

monomer (40% at 710 nm) and J-type aggregates (34% at 800 nm). In the case of ISQ3 with 

10 equiv CDCA), the contribution by J- aggregates was more prominent with IPCE over 50% 

at 800 nm whereas IPCE of 30-40% was obtained in the range of 600-750 nm which was 

contributed mainly by the monomer and H-type dye aggregates on the TiO2 surface. The 

results indicate that for ISQ2 and ISQ3, the addition of CDCA facilitated the formation of 

smaller aggregates in a controlled fashion which helped to inject electron more efficiently 

while maintaining the broad spectrum in comparison to the devices without CDCA. 

Remarkably, a substantial IPCE response of over 40% in the visible region (400-550 nm) was 

also observed in case of ISQ3. The origin of this response can be traced to the high 

concentration of electron density on anchoring group in higher excited states (LUMO, 

LUMO+1, and LUMO+2) which led to strong electronic coupling and good charge injection 

into the TiO2 despite low oscillator strength. Hence, with the help of panchromatic IPCE, 

ISQ3 attained better JSC compared to other dyes and eventually higher efficiency. 

 

4.2.5. Electrochemical Impedance Spectroscopy (EIS)  
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To explain the slight difference in VOC values of ISQ sensitized cell electrochemical 

impedance spectroscopy (EIS) was carried out under dark conditions. Referring to the energy 

band diagram and the carrier transfer processes in Figure 3, the VOC is calculated from the 

potential difference between the quasi-Fermi level of TiO2 (EF) and the chemical potential of 

redox species (Eredox) in the electrolyte (eq1).14  

                                                                         (1) 

                                                             (2) 

According to eq 2 the variation in EF is linked to the number of electrons on the TiO2 

(nc) and conduction band (ECB) of TiO2, where kB is Boltzmann constant, and Nc is the 

effective density of state, T is the absolute temperature (293 K). Thus, VOC is intimately 

susceptible to shift in the TiO2 conduction band edge (ECB), which can be deduced from the 

chemical capacitance (Cµ) and fluctuation of electron density, which is associated to the 

electron lifetime(s) determined by the charge recombination rate.15,16 Typical EIS Nyquist 

plots for DSSCs based on the ISQ1-3 dyes were measured in the dark under applied bias 

−0.5, −0.47, −0.44 and −0.41 V are fitted using RS + RPt/CPt + Rct/Cµ circuit model. The 

larger semicircle at lower frequencies in Nyquist plots represents the interfacial charge-

transfer resistance (Rct) at the TiO2-dye/electrolyte interface (Figure 9a).  
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Figure 9.  (a) The Nyquist plot at an applied bias of 0.5 V(the inset shows the equivalent 

circuit), (b) Rct vs. applied potential, (c) Cμ vs. applied potential, and d) τ vs. applied potential.  

The fitted recombination resistance (Rct) value of ISQ sensitized devices (under an applied 

bias of -0.5 V) increases in the order of ISQ1 (7.25 Ω) < ISQ2 (10.08 Ω) < ISQ3 (13.13 Ω), 

which is consistent with the sequence of VOC values (Figure 9b and Table 5). Larger the Rct 

values, slower is the recombination of electrons from the conduction band of TiO2 to the 

oxidized I3
- species in the electrolyte. The capacitance values also followed the same trend 

(ISQ1 (0.33 mF) < ISQ2 (0.59 mF) < ISQ3 (0.78 mF)) which indicates the effect of dye on 

the conduction band shift. The electron lifetime(s) on TiO2 were calculated from RCT and 

chemical capacitance Cµ using τ = Rct × Cµ. The longer electron lifetime in ISQ3 sensitized 

cell further supports the higher VOC for ISQ3 (10.24 ms)  compared to ISQ1(2.39 ms) and 

ISQ2 (5.94 ms) based cells (Figure 5d and Table 4). 

Table 4. EIS parameters of ISQ dye cells at an applied potential of −0.5 V in the dark 

 Dyes RS (ohm) Rct (ohm) Cµ (mF) τ (ms) 

ISQ1 15.80 7.25 0.33 2.39  

ISQ2/CDCA (1:5) 14.56 10.08 0.59 5.94 

ISQ3/CDCA (1:10) 14.41 13.13 0.78 10.24 
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4.3. SUMMARY 

A series of NIR responsive unsymmetrical squaraine dyes (ISQ1-3) featuring a fused 

fluorenylquinoline as a π-extended donor have been successfully designed and synthesized. 

The sp3-C center available on the fluorene unit was employed to incorporate twelve carbon 

long out-of-plane alkyl chains to control dye aggregation on titanium dioxide (TiO2) surface. 

Indole (ISQ1), benz[e]indole (ISQ2) and quinoline (ISQ3) moieties were included towards 

anchoring group to increase the absorption in NIR region and systematically study the effect 

of the electronic modification on DSSC performance. All the dyes exhibit intense absorption 

(ε ≥ 105 M-1 cm-1) in the NIR region with onset at 820 nm for ISQ3 and spectra broadened 

after absorption on TiO2 surface which extends up to 1000 nm. The variable photovoltaic 

response was observed after addition of CDCA where the efficiency of ISQ1 dyes decreased 

in contrast to improvement in efficiency of ISQ2 and ISQ3 due to competitive binding of 

CDCA against the dye. The incident photon to current efficiency (IPCE) spectrum of the 

ISQ3 based device showed panchromatic response which ranges from 400 nm to 880 nm 

with IPCE up to 50% at 800 nm. The efficient electron injection by both H-type and J-type 

aggregates along with the monomers was observed. DFT and TDFT suggested the 

delocalization of LUMO+1 and LUMO+2 towards anchoring group which facilitated charge 

injection by high energy excitations as well especially for ISQ3 which results in IPCE 

response in the visible region. As a result, ISQ3 displayed the best photovoltaic properties 

among the dyes in the presence of 10 equiv CDCA with JSC of 10.02 mA cm−2, VOC of 0.58 V 

and ff of 72% which led to the PCE of 4.15%. Electrochemical impedance spectroscopy (EIS) 

analysis revealed attenuated charge recombination for ISQ3 based DSSC which attributes to 

its higher Voc in comparison to other dyes. The results present a useful approach for 

developing efficient and NIR responsive sensitizers for DSSC application.  

 

4.4. EXPERIMENTAL SECTION. 

4.4.1. Materials and Methods 

All reagents for dye synthesis and device fabrication were purchased from 

commercial sources and used without purification unless otherwise noted. 1H NMR and 13C 

NMR were recorded in, CDCl3, MeOH-d4 or DMSO-d6 on 200, 400 and 500 MHz NMR 

spectrometers. High-resolution mass spectrometric measurements were carried out using the 
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ESI method and an ion-trap mass analyzer. Matrix-assisted laser desorption ionization time-

of-flight mass spectrometry (MALDI-TOF MS) were recorded and ABSciex 5800 MALDI-

TOF mass spectrometer, Absorption spectra were recorded at room temperature in quartz 

cuvette using a UV−visible spectrophotometer. The cyclic voltammetry (CV) analysis was 

carried out in anhydrous dichloromethane (CH2Cl2) using 0.1 M tetrabutylammonium 

perchlorate (0.1) M) as supporting electrolyte and Fc/Fc+ as an internal reference. The 

experiments were performed at room temperature in a nitrogen atmosphere with a three-

electrode cell consisting of a platinum foil as a counter electrode, a non-aqueous Ag/Ag+ 

(0.01 M) reference electrode, and a platinum wire as the working electrode at the scan rate of 

50 mVs-1. The energy level of HOMO of ISQ1-3 was calculated from oxidation onset and 

converted to NHE (V) by addition of 0.70 V17 using the equation EHOMO (V vs. NHE) = [{ 

Eox/onset − E1/2 (Fc/Fc+)} + 0.7] V vs. NHE. LUMO was calculating by subtracting E0-0 from 

EHOMO. All the quantum mechanical calculations were conducted using the Gaussian 09 

software. The optimization of the ground-state geometry was carried out at the Density 

Functional Theory (DFT) level, using the B3LYP hybrid functional and the 6- 31G(d,p) 

atomic basis set. The computation of the 10 lowest excited states with time-dependent density 

functional theory (TD-DFT) was carried out using the same atomic basis set. J-V 

characteristics of the solar cells were measured using Keithley digital source meter (2420, 

Keithley, USA) controlled by a computer and standard AM 1.5 solar simulator (PET, 

CT200AAA, USA). To measure the photocurrent and voltage, an external bias of AM 1.5G 

light was applied using a xenon lamp (450 W, USHIO INC, Philippines) and J-V plot was 

recorded. The IPCE measurements were carried out with a Newport QE measurement kit by 

focussing a monochromatic beam of light from 300W Xe lamp onto the devices. 

Electrochemical impedance spectra (EIS) were measured on the Biologic potentiostat, 

equipped with a FRA2 module, with an applied potentials of −0.5, −0.47, −0.44 and −0.41 V 

in the dark. The frequency range explored was 1Hz to 1MHz with an ac perturbation of 10 

mV. The impedance spectra were analyzed using an equivalent circuit model of 

R1+R2/C2+R3/C3. 

4.4.2. DSSC Fabrication Procedure  

The preparation of TiO2 electrodes and fabrication of the cells for photovoltaic 

measurements were carried out according to the previously reported procedures from our 

group13,18. FTO (F-doped SnO2 glass; 6-8 Ω/sq) was cleaned sequentially by mucasol (2% in 
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water), deionized water, and isopropanol using an ultra-sonication for 15 min. To grow a 

blocking layer of TiO2, the cleaned FTO substrates were dipped in freshly prepared aqueous 

0.05 M TiCl4 solution at 70 ºC for 30 min, and washed immediately with deionized water, 

and followed by annealing in air at 125o C for 10 min. The mesoscopic transparent thin layer 

(6-8 μm thickness) of TiO2 was coated onto modified FTO using TiO2 paste (< 20 nm, Ti-

Nanoxide T/SP) by the doctorblade technique, then kept in air for 5 min and annealed at 125 

ºC in the air for 15 min. Dyesol, WER2-O paste was used to coat a 4-6 μm thick TiO2 

scattering layer, kept in air for 5 min and annealed at 125 ºC in the air for 15 min. The 

resulting 0.22 cm2 active area films were sintered at 325 ºC for 5 min, 375 ºC for 5 min, 450 

ºC for 15 min and 500 ºC for 15 min with a heating rate of 5 °C per min in air. After cooling 

the furnace temperature to 50 ºC, sintered films were again treated in TiCl4 solution as 

described before. The treated film was sintered again at 500 ºC for 30 min, allowed to cool to 

50 ºC, and immediately immersed in 0.1 mM ISQ dye solution ( with and without CDCA) in 

CH2Cl2 at room temperature for 12 h. The dye-loaded electrodes are washed thoroughly with 

CH2Cl2, to remove physisorbed molecules. Finally, the dye cell was assembled by joining the 

electrolyte (Iodolyte Z50) filled photoanode and platinum cathode using a 25 μm thick 

spacer. 

4.4.3. Synthetic Procedure and Characterization Data 

9,9-Didodecyl-2-nitro-9H-fluorene (2). 2-nitrofluorene (3.0 g, 14.20 mmol), 1-

iodododecane (12.6 g, 42.61 mmol) and tetrabutyl ammonium bromide (0.3 g, 0.710 mmol) 

were taken in 70 mL toluene in two-necked flask. 23 mL of 50% (in weight) aqueous solution 

of NaOH was added to the mixture rapidly with constant stirring. The resultant mixture was 

stirred at 60 ºC for 8 h under argon atmosphere. The reaction mixture was cooled to room 

temperature, and 1 M HCl (100 mL) was added to it followed by addition of 100 mL of 

water. The reaction mixture was extracted with ethyl acetate, washed with brine and dried 

over anhydrous sodium sulfate. Solvents were removed under reduced pressure, and the 

residue was purified by column chromatography (EtOAc-pet ether) to afford pure compound 

2 as pale yellow oil ( 5.13 g, 66%). 1H NMR (500 MHz, CDCl3) δ 8.26 (dd, J = 8.3, 2.0 Hz, 

1H), 8.20 (d, J = 2.0 Hz, 1H), 7.83 – 7.75 (m, 2H), 7.45 – 7.36 (m, 3H), 2.08 – 1.96 (m, 4H), 

1.27 – 1.12 (m, 24H), 1.08 – 1.00 (m, 12H), 0.86 (t, J = 7.0 Hz, 6H), 0.68 – 0.46 (m, 4H). 13C 

NMR (125 MHz, CDCl3) δ 152.5, 152.1, 147.8, 147.3, 138.9, 129.4, 127.5, 123.4, 123.436, 

121.32, 119.90, 118.38, 77.16, 55.82, 40.19, 32.03, 30.00, 29.72, 29.65, 29.63, 29.45, 29.35, 
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23.88, 22.81, 14.25. HRMS (ESI) m/z: [M+H]+ Calcd for C37H58NO2 548.4468, found 

548.4456 

2-Amino-9,9-didodecylfluorene (3). To a mixture of compound 2 (2.0 g, 3.65 mmol) in 30 

mL EtOH, 0.2 g of 10% Pd/C was added. The resultant mixture was stirred at room 

temperature under argon atmosphere for 15 minutes. Then hydrazine monohydrate (1 mL) 

was added dropwise over 15 min. The reaction mixture was stirred at 80 ºC for 10 h. The 

reaction mixture was cooled to the room temperature after the completion and filtered over 

celite to collect the filtrate. The solvents were removed to give the desired compound as 

white solid (1.8 g, 95%). Mp 55-57 ºC. 1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 7.5 Hz, 

1H), 7.47 (d, J = 8.4 Hz, 1H), 7.27 – 7.22 (m, 2H), 7.18 (d, J = 7.2 Hz, 1H), 6.69 – 6.62 (m, 

2H), 1.97 – 1.79 (m, 4H), 1.28 – 1.14 (m, 24H), 1.10 – 1.01 (m, 12H), 0.87 (t, J = 6.8 Hz, 

6H), 0.69 – 0.55 (m, 4H).  13C NMR (100 MHz, CDCl3) δ 152.8, 149.9, 146.0, 141.7, 132.7, 

126.7, 125.5, 122.7, 120.6, 118.4, 114.1, 110.0, 77.2, 54.9, 40.8, 32.1, 30.3, 29.8, 29.5, 23.9, 

22.8, 14.3. HRMS (ESI) m/z: [M+H]+ Calcd for C37H60N 518.4726, found 518.4718. 

10,10-Didodecyl-2-methyl-10H-indeno[1,2-g]quinoline (4). In a two-necked round bottom 

flask, compound 3 (1.9 g, 3.60 mmol), acetic acid (0.2 mL, 3.6 mmol) and 20 mL HCl (6 M) 

was added. The mixture was refluxed at 100 ºC for 1 h, followed by addition of iodine (42 

mg, 0.18 mmol), potassium iodide (60 mg, 0.36 mmol) and 4 mL toluene to it. Then 

crotonaldehyde (0.6 mL, 7.2 mmol) dissolved in 2 mL of toluene was added to the reaction 

flask dropwise over 30 min. The resulting mixture was refluxed for another 6 h and cooled to 

the room temperature after completion of the reaction. The ammonia solution 10 mL was 

added to neutralize the reaction. 50 mL water was added to the reaction mixture, extracted by 

ethyl acetate and the organic phase was dried over sodium sulfate. The solvents were 

removed under reduced pressure, and the residue was purified by column chromatography 

(EtOAc-Pet ether) to afford pure compound 4 as a dark brown oil (1.23 g, 60%). 1H NMR 

(400 MHz, CDCl3) δ 8.11 (d, J = 8.4 Hz, 1H), 8.01 (s, 1H), 7.95 (s, 1H), 7.82 (d, J = 4.5 Hz, 

1H), 7.41 – 7.33 (m, 3H), 7.27 (d, J = 8.5 Hz, 1H), 2.76 (s, 3H), 2.13 – 1.97 (m, 4H), 1.25 – 

1.07 (m, 23H), 1.07 – 0.98 (m, 12H), 0.85 (t, J = 6.9 Hz, 6H), 0.68 – 0.58 (m, 4H). 13C NMR 

(100 MHz, CDCl3) δ 158.3, 153.4, 151.4, 148.2, 140.2, 140.0, 136.5, 128.3, 127.2, 126.3, 

123.3, 122.2, 121.5, 120.5, 117.0, 55.2, 41.4, 32.0, 30.2, 29.8, 29.7, 29.7, 29.4, 29.4, 25.5, 

24.1, 22.8, 14.3. HRMS (ESI) m/z: [M+H]+ Calcd for C41H62N 568.4882, found 568.4877.  
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10,10-Didodecyl-1,2-dimethyl-10H-indeno[1,2-g]quinolin-1-ium iodide (5). The 

compound 4 (0.68 g, 1.2 mmol), Iodomethane (0.85g, 6 mmol) and 2 mL acetonitrile were 

taken in a sealed tube and heated at 100 ºC for 48 h. After completion of the reaction the 

solvents were removed to give compound 5 as yellow gum which was used without further 

purification (0.767 g, 90%). 1H NMR (200 MHz, CDCl3) δ 8.87 (d, J = 8.5 Hz, 1H), 8.39 (s, 

1H), 8.22 (s, 1H), 8.01 – 7.87 (m, 2H), 7.52 – 7.40 (m, 3H), 4.77 (s, 3H), 3.33 (s, 3H), 2.25 – 

2.07 (m, 4H), 1.22 – 1.02 (m, 35H), 0.85 (t, J = 6.4 Hz, 6H), 0.63 – 0.44 (m, 4H). 13C NMR 

(101 MHz, CDCl3) δ 161.65, 159.06, 151.30, 145.43, 143.87, 140.06, 137.42, 130.58, 128.78, 

128.06, 124.78, 123.60, 121.84, 119.39, 112.11, 57.01, 54.45, 41.58, 41.12, 32.01, 29.97, 

29.71, 29.65, 29.43, 24.69, 24.16, 22.79, 14.24. HRMS (ESI) m/z: [M]+ Calcd for C42H64N
+ 

582.5033, found 582.5031. 

2-Methylquinoline-6-carboxylic acid (7). 4-aminobenzoic acid (6) (5 g, 36.46 mmol) was 

taken in 6N HCl (35 ml) and refluxed for 2 h. Crotonaldehyde (5.1 g, 72.92 mmol) was added 

dropwise over 40 min. It was refluxed, and then once again crotonaldehyde was added and 

refluxed for further 24 h. The reaction mixture was cooled to room temperature after 

completion of the reaction. 50 mL of water was added and extracted with ethyl acetate. 

Aqueous ammonia solution was added to the aqueous layer to adjust the pH 7 and again 

extracted with ethyl acetate. The organic layers were combined, and the solvents were 

removed under reduced pressure. The residue was purified by column chromatography (ethyl 

acetate-pet ether) to give light brown solid (2.0 g, 29%). Mp 210-212 ºC. 1H NMR (400 

MHz, DMSO) δ 8.59 (s, 1H), 8.41 (d, J = 8.4 Hz, 1H), 8.17 (d, J = 8.7 Hz, 1H), 7.96 (d, J = 

8.7 Hz, 1H), 7.49 (d, J = 8.4 Hz, 1H), 2.68 (s, 3H).  13C NMR (125 MHz, DMSO) δ 167.12, 

161.35, 149.07, 137.45, 130.62, 128.79, 128.52, 127.82, 125.47, 122.97, 25.07. HRMS (ESI) 

m/z: [M+H]+ Calcd for C11H10NO2 188.0712, found 188.0701. 

6-Carboxy-1,2-dimethylquinolin-1-ium iodide (8). Compound 7 (1g, 5.34 mmol) and 1-

iodomethene (2.5g, 17.63 mmol) were taken with 5 mL acetonitrile in a sealed tube and 

heated at 150 ºC for 24 h. The reaction mixture was cooled to room temperature and the 

solvents were removed under reduced pressure. The precipitate was washed with ether (4×20 

mL) to afford the required compound as a green powder (0.6 g, 34%). Mp 265-267 ºC. 1H 

NMR (200 MHz, DMSO-d6) δ 9.26 (d, J = 8.6 Hz, 1H), 9.00 (d, J = 1.8 Hz, 1H), 8.69 (d, J = 

9.4 Hz, 1H), 8.55 (dd, J = 9.3, 1.9 Hz, 1H), 8.22 (d, J = 8.6 Hz, 1H), 4.47 (s, 3H), 3.11 (s, 

3H). 13C NMR (100 MHz, CDCl3) δ 165.76, 163.26, 146.46, 141.01, 133.89, 132.21, 130.67, 
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127.56, 126.07, 119.92, 40.16, 23.46. HRMS (ESI) m/z: [M]+ Calcd for C12H12NO2
+ 

202.0863, found 202.0857. 

2-((2-Butoxy-3,4-dioxocyclobut-1-en-1-yl)methylene)-1-methyl-1,2-dihydroquinoline-6-

carboxylic acid (9). To a mixture of compound 8 (1g, 3.04 mmol) and 3, 4-

dibutoxycyclobut-3-ene-1,2-dione (0.69 g, 3.04 mmol ) in 10 mL n-butanol, 0.5 mL (0.37 g,  

3.65 mmol ) triethylamine was added. The reaction mixture was stirred at room temperature 

for 12 h under nitrogen atmosphere. After completion of the reaction, solvents were removed 

under reduced pressure. The residue were dissolved in 100 mL of DCM, washed with 100 

mL of 2N HCl and the organic layer was dried over sodium sulfate. The solvents were 

removed under reduced pressure and crude product was purified by column chromatography 

(MeOH-CH2Cl2) to afford the required compound as an orange solid (0.22 g, 21%). Mp 170-

172 ºC. 1H NMR (200 MHz, DMSO-d6) δ 8.36 (d, J = 9.5 Hz, 1H), 8.18 (s, 1H), 8.06 (d, J = 

9.1 Hz, 1H), 7.72 (t, J = 9.7 Hz, 2H), 5.33 (s, 1H), 4.75 (t, J = 6.4 Hz, 2H), 3.70 (s, 3H), 1.89 

– 1.67 (m, 2H), 1.43 (dd, J = 15.4, 7.6 Hz, 2H), 0.94 (t, J = 7.2 Hz, 3H). HRMS (ESI) m/z: 

[M+H]+ Calcd for C20H20NO5 354.1341, found 354.1328. (13C NMR could not be obtained 

due to poor solubility.) 

2-((2-Hydroxy-3,4-dioxocyclobut-1-en-1-yl)methylene)-1-methyl-1,2-dihydroquinoline-

6-carboxylic acid (P3). Compound 9 (0.2 g, 0.57mmol) was dissolved in 10 mL acetone and 

refluxed for 15 min followed by addition of 1 mL 2N HCl. The resultant mixture was again 

refluxed for 12 h under nitrogen. The reaction mixture was cooled to room temperature after 

completion of the reaction and solvents were removed under reduced pressure to afford 

desired compound P3 as orange solid which was used without further purification (0. 161 g, 

95%). Mp 291-293 ºC. 1H NMR (200 MHz, DMSO) δ 8.42 (d, J = 9.6 Hz, 1H), 8.07 (d, J = 

1.6 Hz, 1H), 7.98 (dd, J = 9.0, 1.7 Hz, 1H), 7.58 (d, J = 4.4 Hz, 1H), 7.53 (d, J = 5.5 Hz, 1H), 

5.48 (s, 1H), 3.59 (s, 3H). 13C NMR (125 MHz, DMSO) δ 192.1, 174.6, 166.6, 148.9, 143.2, 

131.6, 131.4, 129.6, 124.3, 124.2, 122.6, 114.8, 88.5, 35.6. HRMS (ESI) m/z: [M+H]+ Calcd 

for C16H12NO5 298.0715, found 298.0702 

2-(((E)-5-Carboxy-1,3,3-trimethylindolin-2-ylidene)methyl)-4-((10,10-didodecyl-1-

methyl-10H-indeno[1,2-g]quinolin-1-ium-2-yl)methylene)-3-oxocyclobut-1-en-1-olate 

(ISQ1). Compound 5 (0.2 g, 0.28 mmol ) and P1 (0.105 g, 0.34 mmol ) were dissolved in 10 

mL of n-butanol/dry toluene (1:1) mixture in a two-necked round bottom flask and charged 
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with Dean-Stark apparatus. 1 mL of quinoline was added to the reaction mixture and refluxed 

for 24 h under inert atmosphere. The reaction mixture was cooled to room temperature and 

the solvents were removed under reduced pressure. The residue was purified by column 

chromatography (MeOH-CH2Cl2) to afford the required dye as dark green solid (0.165 g, 

67%). Mp. 200-202 ºC. 1H NMR (400 MHz, CDCl3) δ 9.57 (d, J = 9.3 Hz, 1H), 8.09 (d, J = 

8.4 Hz, 1H), 8.03 (s, 1H), 7.98 – 7.87 (m, 2H), 7.85 – 7.72 (m, 1H), 7.54 (s, 1H), 7.44 – 7.34 

(m, 3H), 6.87 (d, J = 8.4 Hz, 1H), 6.30 (s, 1H), 5.84 (s, 1H), 4.13 (s, 3H), 3.44 (s, 3H), 2.15 – 

1.96 (m, 4H), 1.83 (s, 6H), 1.24 – 1.02 (m, 36H), 0.84 (t, J = 6.9 Hz, 6H), 0.65 – 0.49 (m, 

4H). 13C NMR (100 MHz, CDCl3) δ 184.7, 181.8, 180.8, 170.5, 168.1, 165.4, 156.9, 153.7, 

150.6, 148.1, 141.6, 139.8, 138.9, 136.8, 131.3, 128.8, 127.6, 125.7, 125.6, 124.0, 123.3, 

123.2, 120.7, 119.2, 109.7, 107.3, 96.0, 87.8, 56.2, 47.5, 41.1, 37.8, 32.00, 30.4, 30.1, 29.7, 

29.6 29.4, 29.4, 27.6, 24.0, 22.8, 14.2. HRMS (ESI) m/z: [M]+ Calcd for C59H76N2O4 

876.5805, found 876.5793. 

2-((E)-(7-Carboxy-1,1,3-trimethyl-1,3-dihydro-2H-benzo[e]indol-2-ylidene)methyl)-4-

((10,10-didodecyl-1-methyl-10H-indeno[1,2-g]quinolin-1-ium-2-yl)methylene)-3-

oxocyclobut-1-en-1-olate (ISQ2). Compound 5 (0.2 g, 0.28 mmol) and P2 (0.101 g, 0.34 

mmol) were dissolved in 10 mL n-butanol/dry toluene (1:1) mixture in a two-necked round 

bottom flask equipped with Dean-Stark apparatus. 1 mL of quinoline was added to the 

reaction mixture and refluxed for 24 h under inert atmosphere. The reaction mixture was 

cooled to room temperature and the solvents were removed under reduced pressure. The 

contents were purified by column chromatography (MeOH-CH2Cl2) to afford the required 

dye as dark green solid (0.121 g, 50%). Mp. 180-182 ºC. 1H NMR (500 MHz, CDCl3) δ 9.54 

(d, J = 9.1 Hz, 1H), 8.70 (s, 1H), 8.19 (d, J = 11.0 Hz, 2H), 7.93 (d, J = 8.0 Hz, 1H), 7.87 (d, J 

= 12.9 Hz, 2H), 7.77 (d, J = 4.4 Hz, 1H), 7.49 (s, 1H), 7.38 (d, J = 6.1 Hz, 3H), 7.27 (s, 1H), 

6.25 (s, 1H), 5.89 (s, 1H), 4.08 (s, 3H), 3.55 (s, 3H), 2.10 (s, 6H), 2.06 – 1.97 (m, 4H), 1.23 – 

1.11 (m, 24H), 1.06 – 1.01 (m, 12H), 0.84 (t, J = 7.1 Hz, 6H), 0.64 – 0.55 (m, 4H). 13C NMR 

(126 MHz, CDCl3) δ 184.92, 181.91, 179.01, 168.78, 168.06, 156.57, 153.20, 150.61, 139.94, 

139.38, 139.02, 136.06, 133.68, 133.06, 131.44, 131.18, 129.68, 128.57, 127.58, 126.97, 

125.70, 125.41, 124.92, 123.17, 122.44, 120.56, 119.11, 110.51, 109.51, 95.40, 86.82, 56.14, 

49.88, 41.08, 37.57, 32.00, 30.53, 30.06, 29.70, 29.65, 29.42, 29.36, 27.14, 23.97, 22.78, 

14.23.. HRMS (ESI) m/z: [M]+ Calcd for C63H78N2O4 926.5962, found 926.5956. 
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(E)-2-(((E)-6-Carboxy-1-methylquinolin-2(1H)-ylidene)methyl)-4-((10,10-didodecyl-1-

methyl-10H-indeno[1,2-g]quinolin-1-ium-2-yl)methylene)-3-oxocyclobut-1-en-1-olate 

(ISQ3). Compound 5 (0.2 g, 0.28 mmol) and P3 (0.124 g, 0.34 mmol ) were dissolved in 10 

mL n-butanol/dry toluene (1:1) mixture in a two-necked round bottom flask equipped with 

Dean-Stark apparatus. 1 mL of quinoline was added to the reaction mixture and refluxed for 

24 h under inert atmosphere. The reaction mixture was cooled to room temperature and the 

solvents were removed under reduced pressure. The contents were purified by column 

chromatography (MeOH-CH2Cl2) to afford the required dye as dark green solid (0.156 g, 

60%). Mp 142-144 ºC. 1H NMR (400 MHz, DMSO-d6 /CDCl3 (1:1)) δ 9.29 (d, J = 9.3 Hz, 

1H), 9.05 (d, J = 9.5 Hz, 1H), 8.01 (s, 1H), 7.97 (s, 2H), 7.82 (d, J = 9.4 Hz, 1H), 7.75 (d, J = 

4.5 Hz, 1H), 7.69 (s, 1H), 7.41 (d, J = 8.9 Hz, 1H), 7.37 – 7.33 (m, 2H), 7.32 – 7.29 (m, 2H), 

5.84 (s, 1H), 5.57 (s, 1H), 3.97 (s, 3H), 3.64 (s, 3H), 2.08 – 1.96 (m, 4H), 1.17 – 1.05 (m, 

24H), 1.00 – 0.95 (m, 12H), 0.79 (t, J = 6.8 Hz, 6H), 0.52 – 0.45 (m, 4H). 13C NMR (100 

MHz, DMSO-d6 /CDCl3 (1:1)) δ 176.51, 170.77, 170.24, 156.07, 151.83, 150.50, 149.08, 

143.60, 140.18, 139.22, 138.53, 135.19, 132.00, 131.28, 129.85, 129.45, 128.28, 127.46, 

126.71, 125.00, 124.01, 123.12, 120.51, 119.09, 114.66, 110.30, 98.92, 94.50, 93.74, 79.15, 

55.97, 37.51, 36.11, 31.75, 29.72, 29.45, 29.37, 29.16, 29.08, 23.75, 22.55, 14.27. HRMS 

(ESI) m/z: [M]+ Calcd for C58H72N2O4 860.5492, found 860.5474. 

 

 

 

 

 

 

 

 

 

 



Chapter 4                                                                                                                NMR Spectra 

146 

4.5. NMR Spectra  

1H and 13C NMR spectra of 2 
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H and 13C NMR spectra of 3 
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1H and 13C NMR spectra of 4 
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1H and 13C NMR spectra of 5 
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1H and 13C NMR spectra of 7 
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1H and 13C NMR spectra of 8 
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1H NMR spectra of 9. 

{13C NMR spectrum could not be obtained due to poor solubility} 
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1H and 13C NMR spectra of P3. 
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1H and 13C NMR spectra of ISQ1 
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1H and 13C NMR spectra of ISQ2 
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1H and 13C NMR spectra (CDCl3 + DMSO-d6) of ISQ3 
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5.1. INTRODUCTION 

The deposition of the organic semiconductor on an organic electronic device is very 

important aspect along with the morphology of the formed film. The organic materials can be 

deposited by the various techniques. Vapor deposition is a thermal technique where molecule 

is evaporated and deposited on to the substrate under vacuum and/or high temperature. This 

technique is generally used when compound is insoluble in organic solvents.1-2 The major 

disadvantages of this method are the relatively high material consumption and high initial 

cost for equipment setup.3 In case of soluble organic semiconductors, solution-based 

processing methods are used. Solution-based methods of processing are more popular as they 

are easier and cheaper to carry out than vapor deposition. There are various methods by 

which a soluble organic semiconductor can be processed, e.g., drop-casting,4 spin-coating,5 

doctor blading,6,7 inkjet printing, etc.  

 

Figure 1. Processing by drop-casting (left), spin coating (middle), doctor blading (right) 

In order to solution process an organic semiconductor, the solubility is a very 

important factor. Generally, organic semiconductors are highly conjugated molecules, and as 

the conjugation increases, the solubility of these molecules decreases. In order to process 

such molecules by solution-based processing, it is necessary to convert them into a soluble 

form before processing. Incorporation of the solubilizing group to the conjugated back bone 

is one of the methods to make molecule solution processable. Solubilizing groups help in 

achieving easily controllable solution based processing, however, it may hamper the 

favorable orientation of the molecules and hinder the  stacking which helps in charge 

conduction through the material. So it is desirable to have a molecule which can be processed 

in its soluble form and can be converted to its required form in a post-processing step. There 



Chapter 5                                                                                                                  Introduction 

162 

are some examples in the literature where such methods have been used to process organic 

semiconductors  

Herwig and Müllen used a soluble derivative of pentacene to process the MISFET 

device.8 They synthesized the retro-Diels alder active pentacene precursor which was coated 

on the FET device which was heated at 180-200 ºC, and the improved mobility was observed 

as the precursor converted into pentacene (Scheme 1). The highest mobility of 0.2 cm2/Vs 

was obtained at a gate bias of -20 V. 

 

 Scheme 1. Soluble precursor heated at 200 ºC for 5 sec to form insoluble pentacene 

Aramaki et al. reported a tetrabenzoporphyrin based organic semiconductor for 

organic field effect transistors.9 It was to be derived from its soluble bicyclo precursor which 

formed an amorphous film on the substrate with poor morphology. It was heated at a 

temperature of 150-200 C in the post-processing step and converted into an insoluble 

crystalline semiconductor film quantitatively. (Scheme 2). Field-effect transistors showed the 

mobility in the order of 10-2 cm2/Vs.  

 

Scheme 2. Bicyclo derivative of tetrabenzoporphyrin is converted into planar and insoluble 

tetrabenzoporphyrin upon heating to 200 ºC. 
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Murphy et al. synthesized soluble sexithiophene derivative by strategically placing the 

solubilizing group at the terminal of the molecule.10 Sexithiophene has a very limited 

solubility in its original form, and it is generally vapor deposited on to a substrate which 

yields mobility as high as 1 cm2/Vs. In this work, they synthesized soluble sexithiophene 

derivative by attaching solubilizing chain via thermally cleavable ester link (Scheme 3). A 

film was deposited by spin-coating on the substrate, and the devices tested without annealing 

had low mobilities, in the order of 10-5 cm2/Vs. However, after annealing the substrates at 

180-200 ºC for 20 min improved mobility up to 0.05 cm2/Vs.  

 

Scheme 3. Thermolysis of the soluble precursor of sexithiophene at 200 ºC yields insoluble 

derivative. 

Krebs and Norrman used concentrated visible light to selectively heat the active 

material on the substrate to induce thermocleavage.11  

 

Scheme 4. The transformation of P3MHOCT to P3CT at ≈200 ºC and P3CT to PT at ≈300 

ºC. 

They used poly [3-(2-methylhex-2-yl)oxycarbonyldithiophene] (P3MHOCT) as a soluble 

polymer which upon heating eliminates an alkene to give poly (3-carboxydithiophene) 
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(P3CT), which is insoluble in organic solvents. Prolonged heating at higher temperature gave 

insoluble polythiophene (PT) (Scheme 4). 

5.1.2 Photo-assisted Solution based Processing 

The major drawback of the methods described above for the post-processing 

modification of the organic molecules is that the high temperatures are used, which are not 

always suitable for the organic molecules as it may lead to the decomposition. Photochemical 

approach to change the solubility of conjugated molecules gives the possibility of mild 

conditions and the advantage of spatiotemporal control. Such approaches have been explored 

in the processing of conjugated molecules which includes photo-oxidative cleavage of the 

conjugated polymer backbone,12 and photopatterning of a conjugated polymer,13 and 

photocleavage of solubilizing xanthate side chains.14 There has been a recent surge in the 

research related to the application of photocleavable groups to the design of light-responsive 

polymers and surfaces.15,16  

 

Scheme 5. Photolabile protecting groups: a) o-nitrobenzyl b) benzoin and c) phenacyl esters 

In this chapter, we made an effort to explore a photochemical method by which we 

can post process a molecule by photochemically cleaving the solubilizing group. The choice 

of suitable photo-triggers for this purpose is crucial. There are several photo-labile protecting 

groups which can be used to protect functional groups and can be deprotected by suitable 

light irradiation. 3, 4-dimethoxy benzoins, o-nitrobenzyl esters, phenacyl esters are some of 
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the commonly used photolabile protecting groups (Scheme 5). The attachment of these 

photolabile linkers to the conjugated backbone and connecting solubilizing group to the 

photolabile linker can open a possibility of photochemical post-processing of OPV and 

OFET. Recently, a thiophene-based conjugated polymer was reported where a solubilizing 

alkyl chain is attached to the conjugated poly(thiophene) backbone through photolabile o-

nitrobenzyl esters that cleave upon irradiation. The OFET device based on the polymer 

showed very little degradation in mobility when exposed to light, which shows that 

photolabile protecting groups can be used effectively as a processing tool in organic 

electronics (Scheme 6).17  

 

Scheme 6. The hole mobilities of o-nitrobenzyl linked polythiophene before and after 

irradiation.  

We targeted a methodology for light-induced cleavage of the solubilizing group attached to 

phototrigger which in turn is connected to the conjugated backbone. For this purpose, we 

believed that benzoin type linker would be most suitable over other linkers (such as o-

nitrobenzyl) as the benzoin do not cleave itself from the molecule and also enhance the 

conjugation through the formation of benzofuran (Figure 2a). We aimed to design a similar 

photo-trigger with heteroaromatic moiety attached carbonyl group as it can help to connect 

the conjugated backbone selectively to the trigger (Figure 2b). 



Chapter 5                                                                                                                  Introduction 

166 

 

  

 

Figure 2. (a) Two possible methods of photo release of the solubilizing group- with the 

removal of the trigger (top) and without removal of the trigger (bottom). (b) Proposed scheme 

for 3’,5’-dimethoxybenzoin linked photoactive triggers.  

3’,5’-Dimethoxy benzoin acetates (DMA) phototrigger 
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In 1964 Sheehan and coworkers showed that photoirradiation of benzoin acetate led to 

the formation of 2-substituted benzofuran with the release of acetic acid (Scheme 7).18 The 

high quantum yield of carboxylic acid release (=0.64) makes this reaction attractive for the 

protection of carboxylic acids.19  

 

Scheme 7. Photolysis of 3’,5’-Dimethoxybenzoin derivatives 

In terms of structures, substitutions at the benzylic ring can modulate reaction rate and 3’,5’-

dimethoxybenzoin acetate led to a fast and smooth cyclization upon photolysis whereas 

parent benzoin acetate, and 4,4’-dimethoxybenzoin acetate only gave  trace amounts of 

benzofuran.19 Suitable derivatives of 3’,5’-dimethoxybenzoin have been utilized to release 

inorganic phosphates,20 nucleotides,21 carboxylates,18,22 amines23, and alcohols which found 

its application in drug delivery,24 lithographic techniques25, biochip fabrication26,27, and 

modulating the protein folding.28,29 Releasing the targeted molecules accompanied with the 

fluorescent property of benzofuran unit has been used as a reporter for the photo-induced un-

caging event. Besides this superior chemical reactivity, mechanism of the formation of 

benzofuran and release of acid draws the attention due to the involvement of singlet excited 

state and different intermediates such as a carbocation,30 charge transfer complex,31 and 

diradical species.22 Mechanistic studies revealed that a clear difference between the 

photodeprotection pathways of parent benzoin and 3’,5’-dimethoxybenzoin acetate systems, 

as benzoyl-localized n-* triplet state initiate the deprotection–cyclization reaction for the 

former and n-* singlet state character pathways proceeding via various reactive 

intermediates have been proposed for the later, respectively.32–34 For 3’,5’-dimethoxybenzoin 

systems, cyclic cation produced by ring opening of bicyclic oxetane intermediate19 and C-X 

heterolytic cleavage of an intramolecular exciplex formed by dimethoxybenzylic ring to the 

carbonyl n*singlet state were speculated.31 Yet another cation intermediate, formed either 

by a direct heterolytic cleavage of the C-X bond was also postulated30,35. Further, a biradical 

intermediate is formed from a radical-based addition of the excited carbonyl oxygen to the 
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substituted benzylic ring further acetoxy migration, followed by re-aromatization provide the 

benzofuran product.22,36 Recently, visible light absorbing ruthenium complex catalyzed 

deoxygenation of benzoin esters indicated the involvement of electron transfer steps.37  

On the other hand, processing the organic molecules plays an important role in 

achieving the desired morphology for photovoltaic and optoelectronic applications. Such 

methods include side chain engineering which helps to solubilize the small 

molecules/polymers.38,39 Also, studies have been attempted with chemical, and 

photochemical methods for processing due to the insoluble nature of conjugated organic 

semiconducting materials.40–45 Owing to the semiconducting nature of poly heteroaromatic 

compounds, we have investigated a series of hetero-aromatic compound based benzoin type 

trigger molecules composed of (3’,5’-dimethylphenyl)heteroaryl acyloin for its capability of 

photocyclization reaction to afford the benzofuran unit capped conjugated hetero-aromatic 

compounds (Figure 3). Exploring these -extended triggers paves the way for developing 

visible light sensitive triggers for releasing the relevant biologically active compounds, and 

also developing a conjugated benzofuran derivative with modulated photophysical property 

with the semiconducting property. The present investigation is concerned about the 

photochemical reactivity of -extended triggers towards benzofuran capped derivatives and 

to make an effort towards exploring a photochemical method for solution-based processing. 

 

Figure 3. (3’,5’-Dimethylphenyl)heteroaryl acyloin based phototriggers. 
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5.2. RESULTS AND DISCUSSION 

5.2.1. Synthesis 

The synthetic route for (3’,5’-dimethylphenyl)heteroaryl acyloin based photo triggers is 

shown in Scheme 8.  

 

Scheme 8. (a) Synthesis of acyloin derivatives, 5a-d, (b) synthesis of extended acyloin 

derivatives 5e-f. 

The hetero aromatic furan, thiophene, and bithiophene based cross-acyloin derivatives were 

synthesized by following umpolung-based strategies that employ dithiane protected 

aldehydes (Scheme 2). 2-heteroaromatic aldehydes were protected with 1,3-propanedithiane 
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by treatment with 2-propanedithiol in the presence of catalytic amount of iodine. The 

heteroaromatic dithianes were reacted with n-BuLi at -78 °C and the corresponding lithiated 

intermediates were quenched with 3,5-dimethoxybenzaldehyde to afford the carbonyl 

protected unsymmetrical hetero-acyloin derivatives, 3. The acyloin derivatives (3a-d) were 

acetylated with acetic anhydride in the presence of DMAP as a catalyst. Dithiane protected 

O-acetylated derivatives were deprotected by using Hg(ClO4)2 to afford the unsymmetrical 

hetero-acyloin acetate derivatives, 5. To synthesize the photo triggers with extended 

conjugation on the arylketone side, the thiophene and bithiophene based protected 4c and 4d, 

respectively,  were subjected to palladium catalyzed direct arylation reactions. Coupling with 

iodoanisole and bromobenzene gave 5e and 5f respectively, which were exposed to 

Hg(ClO4)2 mediated deprotection to provide the -extended triggers such as 5e and 5f  in 

moderate yield. 

5.2.2. Photophysical and Photochemical Investigation 

The UV-Vis absorption and emission spectra of synthesized unsymmetrical acyloin 

derivatives were recorded in MeCN solution. The absorption spectra showed maxima (λmax) 

at 282 nm (5a), 277 nm (5b), 287 nm (5c), 359 nm (5d), 356 nm (5e) and 386 nm (5f) 

(Figure 4a and Table 1). The progressively red-shifted absorption in going from 5c to 5f is 

attributed to a gradual increase in the conjugation of these acyloin derivatives. The observed 

fluorescence spectra showed broad emission and exhibited a similar trend as the absorption 

spectra (Figure 4b and Table 1). In moving from 5c to 5f, the spectra showed gradual red-

shift in emission with maxima at 402 nm (5a), 387 nm (5b), 412 nm (5c), 435 nm (5d), 437 

nm (5e) and 576 nm (5f).  
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Figure 4. UV-Vis absorption (a, c) and emission (b, d) of 5a-f and 6a-f in MeCN 

Table 1. Photophysical properties of acyloin derivatives, 5 and benzofuran, 6 derivatives in 

MeCN 

 

Substrate 

max, Phototrigger (5) 
 

 

Substrate 

max of cyclized benzofuran 

derivative (6) 

Abs 

 (nm) 

Extinction 

coefficient 

(M-1cm-1) 

Emi 

(nm) 

Abs 

 (nm) 

Extinction 

coefficient 

(M-1cm-1) 

Emi 

 (nm) 

5a 

245 

282 

1.15×104 

2.6 × 103 
402 6a 

300 

 

2.42×10 4 

 
397 

5b 277 1.24×104 387 6b 302 2.1×104 384 

5c 

265 

287 

0.93×104 

0.92×104 
412 6c 315 1.58×104 409 

5d 359 2.1×104 435 6d 369 3.29×104 436 

5e 356 2.1×104 437 6e 361 3.2×104 427 

5f 386 2.0×104 476 6f 393 4.8×104 471 
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Photochemical reactions of acyloin triggers were carried out by irradiating under 

pyrex filtered UV light from a medium pressure mercury vapor lamp (Scheme 9).  

 

Scheme 9. Photochemical reaction of unsymmetrical acyloin derivatives 5a-f in MeCN. 

The compounds 5a, 5b, 5c, and 5d have converted efficiently into the corresponding 

benzofuran derivatives 6a, 6b, 6c, and 6d, respectively in quantitative yield upon photo-

irradiation in MeCN under a nitrogen atmosphere (Table 2). This transformation occurred 

with the red-shifted absorption in comparison to their parent photo triggers due to increased 

conjugation. The absorption maxima (max) of 6a, 6b, 6c, and 6d appeared at 300, 302, 315 

and 369 nm respectively (Figure 4c and Table 1).  

 

Figure 5. UV-visible absorption spectra of 5c formed upon irradiation at 360 nm under 100 

watt UV lamp in MeCN when recorded at 0, 1, 2, 3, 4, 5, 6, 8, 10, 14 and 20 min.   
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Figure 5 displays the change in the UV-Vis absorption spectra of 5c recorded after a series of 

defined periods of photoirradiation at 360 nm. The curve exhibited two isosbestic points (at 

249 and 280 nm) during the course of the reaction which is indicative of clean conversion to 

the benzofuran (6c). However, photo-irradiation of compounds 5e and 5f led to observe only 

trace amounts of the benzofuran derivatives besides photodecomposition of starting 

materials.  

It is interesting to note that while the absorption profile for the compounds 5d and 5e 

are almost the same, a striking difference in terms of photochemical reactivity is observed. It 

is well known in the literature that n-* and -* states of carbonyls have different reactivity 

towards photo-reduction of ketones due to very facile hydrogen abstraction step with n-* 

carbonyl triplet state.46 However, under electron transfer reaction conditions, both n-* and 

* states of carbonyls have same reactivities as the mechanism involves electron transfer 

followed by proton transfer.46 In the present work, the different photochemical reactivity of 

5d and 5e may have arisen from the change in the nature of the excited state that initiates the 

reaction. Hence, it was envisaged that addition of electron donor such as amines might 

predict whether the excited state nature of 5e and 5f plays any role for the observed result. 

To our delight, the addition of triethylamine (TEA) to 5e and 5f leads to quantitative 

conversion of starting materials within 1 h to the required benzofuran (6e and 6f) formation 

along with deacetoxylated product, 7e, and 7f (Scheme 9). The product ratio of benzofuran to 

deacetoxylated product is dependent on the equivalent of triethylamine. The bithophene 

based trigger 5d provides quantitative benzofuran derivative upon irradiation in MeCN, 

however, in the presence of triethylamine, about 46% of deacetoxylated product is formed 

along with cyclized product thus indicating the electron transfer pathway is also operated 

under the experimental conditions.  
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Table 2. Photochemical results of 5a-f in MeCNa 

Entry Substrate TEA 
Irradiation time 

(h) 

Cyclized 

product 

(%) 

Deacetoxylated 

product 

(%) 

1 5a - 1h 6a, 100b - 

2 5a 1 eq 1h 6a, 100c 0 

3 5b - 1h 6b, 80b - 

4 5b 1 eq 1h -d -d 

5 5c - 1h 6c, 90b - 

6 5c 1 eq 1h 6c, 70c 30c 

7 5d - 1.5h 6d, 80b - 

8 5d 1 eq 1h 6d, 54c 7d, 46c 

9 5e - 2.5h 6e, 15b - 

10 5e 1 eq 1h 6e, 60b 7e, 25b 

11 5e 2 eq 1h 6e, 45b 7e, 45b 

12 5f - 2.5h 6f, 15b - 

13 5f 1 eq 1h 6f, 65b 7f, 20b 

14 5f 2 eq 1h 6f, 50b 7f, 40b 

aprior to irradiation, the solution was deoxygenated with argon for 15 min and continuously 

deoxygenated during the irradiation, bisolated yield, cproduct ratio by 1H-NMR integration 

(see Figure 6). dthe reactant, 5b, was photo-decomposed in the presence of TEA. 

 

Product formation in photochemical reaction of 5d has been monitored by 1H-NMR, where 

the proton from cyclized benzofuran units appeared between 6.79 ppm as a singlet and the 

benzylic methylene for deacetoxylated product appeared at 4.1 ppm as a singlet (Figure 6 

and 7). 
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Figure 6. Stacked 1H NMR spectra of 5d (bottom), 6d (middle) and 6d + 7d mixture (top) 

 

Figure 7. 1H-NMR spectrum for the mixture of 6d and 7d obtained by the photochemical 

reaction of 5d in MeCN in the presence of Et3N (1 equiv) for 1 h and evaporated the solvent 

(Entry 8, Table 2).  

1 eq of TEA   

    mixture    
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The possible mechanisms for the formation of benzofuran and deacetoxylated 

products are provided in Scheme 10. The electron transfer by the amine to the excited state 

(either singlet or triplet) leads to the formation of the radical anion. The oxygen-centered 

anion can attack the 3′,5′-dimethoxybenzyl unit to provide the cyclic radical anion and 

triethylamine radical cation pair. The back electron transfer (BET) provides the diradical 

which further cyclized to benzofuran unit (Path a, Scheme 10).  

 

Scheme 10. Proposed mechanisms for the formation of benzofuran (6) and deacetoxylated 

(7) products.  

On the other hand, the formation of deacetoxylated product begins with the 

elimination of acetate anion to afford the -carbonyl radical intermediate. This intermediate 

is converted into -carbonyl anion upon SET from the second molecule of triethylamine 

followed by proton transfer which provides the deacetoxylated product (Path b, Scheme 10). 

This observation presents yet another possibility of the mechanistic route in the presence of 

an electron transfer reagent besides existing pathways in the literature.9,12,20-26 Such 
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photoinduced electron transfer based photoremovable protecting group has been 

demonstrated in phenacyl trigger where the electron donor is excited to initiate the triggering 

process.47 Recently, visible light absorbing ruthenium complex catalyzed deoxygenation of 

benzoin esters indicated the involvement of electron transfer steps.37 

To check the reactivity of triggers 5a-5c under photoinduced electron transfer reaction 

conditions, experiments on 5a-c with triethylamine have been carried out. Though the parent 

3’,5’-dimethoxybenzoin acetate (5a) provided the cyclic product exclusively (Table 2, Entry 

2), compound 5c provided cyclized (70%) and deacetoxylated (30%) products in the presence 

of triethylamine (Table 2, Entry 6). It is quite possible that the reactivity of the photo-excited 

5a towards cyclization is very fast compared to the electron transfer from TEA to the 5a*. 

Furyl based trigger, 5b, was decomposed under the photochemical experimental conditions in 

the presence of triethylamine.  

To test the feasibility of photoinduced electron transfer between phototriggers (A) and 

triethyl amine (D), the reduction potential of compounds 5d, 5e and 5f were calculated by 

cyclic voltammetry (Figure 8) and formulated into the to the Rehm-Weller equation (1). 

                                      -Get = E (A/A-) – E(D+/D) + E0-0 + e2/εa        (1) 

where -Get is the free energy change for forming the ion pair complex (D+A-) expressed in 

eV, E(A/A-) is reduction potential of acceptor in V, E(D+/D) is oxidation potential of donor 

in V, E0-0 is the excited state energy of the electron acceptor in eV and e2/εa is a coulomb 

energy term where a is the distance between D+ and A- ions in the complex.  

The thermodynamic for the photoinduced electron transfer reaction is shown in Table 3. The 

large values of -Get indicates that photoinduced electron transfer in compounds 5d-f is 

highly facile. 
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Table 3. Thermodynamics of the photoinduced electron transfer 

(A) 
E (A-/A) 

(V vs. SCE) 

E0-0 

(eV) 

-Get 

(eV) 

5d -1.29 V 3.12 0.94 eV 

5e -1.31 V 3.13 0.93 eV 

5f -1.17 V 2.86 0.80 eV 

E(D+/D) for triethylamine is equal to 0.98 V Vs. SCE.48 e2/εa is assumed 

to be 0.07 eV.49 E0-0 is calculated from the intersection point of 

absorption and emission curves. 
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Figure 8. Cyclic voltammogram (reduction scan) of 5d, 5e, and 5f measured in CH2Cl2  

5.2.3. Organic Field Effect Transistors (OFETs) Characteristics 

Small molecules based organic semiconductors have been used extensively in the 

fabrication of organic field effect transistors (OFETs).50,51 Thiophene and bithiophene end-

capped with benzofuran were reported to exhibit hole mobility of 1.9 × 10-4 and 4.4 × 10-3 

cm2/Vs respectively by vapor deposition method.52 A single crystal of a naphtho[2,1-b:6,5-

b′]-difuran small molecule was able to yield hole mobility up to 3.8 cm2/Vs. These reports led 

our interest to explore the cyclized products of extended triggers (conjugated benzofuran 

molecules) in field effect transistors. To this end, the electrochemical properties of 6d, 6e, 

and 6f were studied, and cyclic voltammograms were recorded in DCM solution with 

ferrocene as an external reference (Figure 9). HOMO energy levels were calculated from 

oxidation onset and found to be at -5.26 eV, -5.24 eV and -5.24 eV for 6d, 6e, and 6f 
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respectively. LUMO energy levels were calculated by adding E0-0 to HOMO levels and found 

to be at -2.18 eV, -2.09 and -2.37 eV respectively.  
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Figure 9. Cyclic voltammogram (oxidation scan) of 6d, 6e, and 6f measured in CH2Cl2. 

The charge carrier mobility of these molecules was measured in thin film form using 

the field effect transistor configuration. Bottom-gate bottom-contact field-effect transistor 

devices were fabricated by spin coating the molecules on top of SiO2 as gate dielectric that is 

patterned with gold source and drain electrodes. Heavily n-doped Si was the gate electrode. 

OFET measurements were performed by applying negative drain and gate voltage, and all the 

molecules showed hole transporting properties, hole mobility (µ) values, the threshold 

voltage (VT), and on/off ratio (Ion/off)  were calculated for as casted film and thermally 

annealed films are summarized in Table 4. Hole mobility of molecule 6d was found to be 

1.2×10-8 cm2/Vs, which increased by one order after thermal annealing at 50 ºC for 10 

minutes with the maximum hole mobility calculated as 1.3×10-6cm2/Vs (Figure 10). In the 

case of 6e, hole mobility was calculated to be 1.2 × 10-7 cm2/Vs (Figure 11), and the mobility 

values remain nearly similar for thermally annealed films. Highly extended 6f showed the 

hole mobility of 4.9 × 10-9 cm2/Vs for as casted film and 1.3 × 10-8 cm2/Vs after thermal 

annealing (Figure 12).  
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Figure 10. Output and transfer characteristics of 6d, without annealing (a) and (b), with 

annealing at 50 ºC for 10 min (c) and (d). (Channel length = 5 µm. 

 

Figure 11. Output and transfer characteristics of 6e, without annealing (a) and (b), with 

annealing at 50 ºC for 10 min (c) and (d). (Channel length = 2.5 µm). 
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Figure 12. Output and transfer characteristics of 6f, without annealing (a) and (b), with 

annealing at 50 ºC for 10 min (c) and (d). (Channel length = 2.5 µm). 

Table 4. Field effect transistor device parameters for the benzofuran capped products. 

Molecule 

OFET properties of thin film spin 

coated from chlorobenzene  

OFET properties of the thin film after 

annealing at 50 ºC for 10 min 

µh (cm2/Vs) 

(µmax) 

VT 

(V) 
Ion/off 

µh (cm2/Vs) 

(µmax) 

VT 

(V) 
Ion/off 

6d 
1.2×10-8 

(µmax = 1.7×10-8 ) 
-32 5×102 

7.1×10-7 

(µmax = 1.3×10-6 ) 
-34 104 

6e 
1.2×10-7 

(µmax = 4.2×10-7 ) 
-32 4×103 

1.7×10-7 

(µmax = 6.3×10-7 ) 
-33 4×104 

6f 
4.9×10-9 

(µmax = 6.7×10-9 ) 
- 18 40 

1.3 x 10-8 

(µmax = 1.7×10-8 ) 
-15 6×102 
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5.3. SUMMARY 

Photochemical reactivities of unsymmetrical (3’,5’-dimethylphenyl)heteroaryl acyloin based 

phototriggers have been studied to understand the formation of benzofuran derivatives upon 

extending the conjugation of aromatic ketone part of the acyloin derivatives. Unsymmetrical 

acyloin based triggers constituted with furan, thiophene, bithiophene moieties on the ketone 

part exhibited facile conversion of benzofuran derivatives, quantitatively. Whereas, 

photolysis of triggers with extended aromatic units on the ketone part showed decomposition 

of starting materials with the trace formation of benzofuran capped products. However, in the 

presence of triethylamine, the extended trigger derivatives showed a clean conversion of 

starting material to the formation of a mixture of benzofuran capped and deacetylated 

products. Such products formation in the presence of triethylamine indicates the possible 

photo-induced electron transfer process involved in the reaction. The mechanism that 

involves photo-induced electron transfer process is proposed for the extended acyloin 

derivatives which may emanate from the π-π* nature of the carbonyl excited state. 

Furthermore, solution processed OFET devices made out of benzofuran capped products 

showed the hole mobility in the range of 10-9-10-7 cm2/Vs. This study establishes the 

photochemical synthesis of conjugated benzofuran derivatives by photo-induced electron 

transfer method and its application in organic field effect transistors. The present method 

could be extended to visible and NIR active phototrigger by modulating the band gap of the 

chromophore, nature of the excited state and the choice of electron donors. Further 

investigation will focus on the mechanistic aspects and development of new triggers for 

biologically relevant molecules and for processing organic molecules for optoelectronics.  

5.4. EXPERIMENTAL 

5.4.1. Materials and Methods 

All the reagents and solvents were purchased from commercial sources unless otherwise 

noted. Tetrahydrofuran (THF) was dried and distilled over sodium/benzophenone still 

immediately before use. 1H NMR and 13C NMR were recorded in CDCl3 in 200 MHz, 400 

MHz, and 500 MHz NMR spectrometers. High-resolution mass spectrometric measurements 

were carried out using the ESI method and an ion-trap mass analyzer.  Absorption spectra 

were recorded at room temperature in quartz cuvette using a UV−Visible spectrophotometer. 
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The photochemical reactions were carried out by pyrex filtered medium pressure mercury 

vapour lamp (450 W) with pyrex filter (h > 300 nm). The cyclic voltammetry (CV) was 

carried out in anhydrous dichloromethane solvent by using 0.1 M tetrabutylammonium 

perchlorate as supporting electrolyte and Fc/Fc+ as an internal reference at the scan rate of 50 

mV s-1. The experiments were performed at room temperature in a nitrogen atmosphere with 

a three-electrode cell consisting of a platinum foil as a counter electrode, an Ag/Ag+ 

reference electrode, and a platinum wire as the working electrode. The reduction potentials of 

5d-f were calculated from the reduction onset and converted to SCE (V) by addition of 0.38 

V44 using the equation E(A-/A) = [{ Ered/onset − E1/2 (Fc/Fc+)} + 0.38] V vs SCE. The HOMO 

energy levels cyclized product 6d-f were calculated from oxidation onset following the 

equation EHOMO = – (Eox/onset - E1/2(Fc/Fc+) +4.8) eV. LUMO energy levels were calculated by 

adding E0-0 to HOMO levels. E0-0 for a compound is calculated from the intersection of 

normalized absorption and emission curves. 

5.4.2. Organic Field Effect Transistors (OFET) device fabrication 

Bottom-gate bottom-contact field-effect transistor substrates were purchased from 

Fraunhofer IPMS (interdigitated S/D electrodes, with channel lengths (L) 2.5, 5, 10 and 20 

μm and channel width (W) of 10 mm. Prefabricated FET substrates consist of SiO2 as a gate 

dielectric, heavily n-doped Si as a gate electrode, and gold as source and drain electrodes. 

FET substrates were cleaned with acetone followed by isopropanol and dried by heat gun. 

The device fabrication and measurements were done inside argon-filled glove box. Molecules 

were spin coated using chlorobenzene solution (concentration  10 mg/mL, 500 rpm for 100 

seconds).OFET measurements were performed on Agilent 4156 C semiconductor probe 

analyzer and semi probe station. Charge carrier mobilities were calculated using the standard 

linear regime quadratic model equation µ = IDS/(VGS-Vth)VDS × L/WCOX. 

5.4.3. Synthetic Procedure and Characterization data 

General procedure for the synthesis of dithianes (2a-2d) 

Heterocyclic 2-carbaldehyde (1a-1d) (10 mmol) was dissolved in 30 mL chloroform, 

Propane-1,3-dithiol (12 mmol) and iodine (1 mmol) were added to the above solution and 

stirred for 15 min at room temperature. The reaction mixture was quenched with sodium 

thiosulphate (20 % in water) and diluted with dichloromethane (100 mL). The organic layer 
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was extracted and subsequently washed with aqueous NaOH (10 % weight/volume, 100 mL) 

followed by water (3 × 200 mL). The resultant organic layer was dried over anhydrous 

Na2SO4, concentrated under reduced pressure and purified by column chromatography over 

silica by eluting with petroleum ether: EtOAc. 

2-Phenyl-1,3-dithiane (2a). White solid (1.8 g, 92%). Mp 66-68 ºC. 1H NMR (200 MHz, 

CDCl3) δ 7.52 – 7.40 (m, 2H), 7.39 – 7.26 (m, 3H), 5.16 (s, 1H), 3.20 – 2.80 (m, 4H), 2.24 – 

1.81 (m, 2H). 13C NMR (50 MHz, CDCl3) δ 139.2, 128.8, 128.5, 127.9, 51.6, 32.2, 25.2. 

HRMS (ESI) m/z [M+Na]+ Calcd for C10H12NaS2 219.0278, found 219.0272. 

2-(1,3-Dithian-2-yl)furan (2b). White solid (1.7 g, 89%). Mp 45-47 ºC. 1H NMR (400 MHz, 

CDCl3) δ 7.36 (d, J = 0.7 Hz, 1H), 6.42 – 6.36 (m, 1H), 6.34 (dd, J = 2.9, 1.7 Hz, 1H), 5.21 

(s, 1H), 2.99 – 2.89 (m, 4H), 2.24 – 1.87 (m, 2H). 13C NMR (50 MHz, CDCl3) δ 151.9, 142.4, 

110.7, 108.0, 42.1, 30.4, 25.4. HRMS calculated [M + Na]+ for C8H10NaOS2: 209.0071, 

found 209.0065. 

2-(Thiophen-2-yl)-1,3-dithiane (2c). White solid (1.6 g, 87%). Mp 78-80 ºC. 1H NMR (200 

MHz, CDCl3) δ 7.27 (dd, J = 4.7, 1.4 Hz, 3H), 7.16 (d, J = 3.5 Hz, 2H), 6.96 (dd, J = 5.1, 3.6 

Hz, 2H), 5.41 (s, 2H), 3.04 – 2.92 (m, 8H), 2.22 – 1.91 (m, 4H).13C NMR (50 MHz, CDCl3)  

ppm 25.00, 31.0, 44.7, 76.4, 77.6, 125.6, 126.2, 126.7, 142.5. HRMS (ESI) m/z [M-H]+ Calcd 

for C8H10NaS3 224.9842, found 224.9837. 

5-(1,3-Dithian-2-yl)-2,2'-bithiophene (2d). Yellow solid (2.4 g, 85%). Mp 60-62 ºC. 1H 

NMR (400 MHz, CDCl3) δ 7.20 (dd, J = 5.1, 1.2 Hz, 1H), 7.14 (dd, J = 3.6, 1.2 Hz, 1H), 7.06 

(dd, J = 3.7, 0.7 Hz, 1H), 7.03 – 6.98 (m, 2H), 5.34 (s, 1H), 3.02 – 2.89 (m, 4H), 2.20 – 1.86 

(m, 2H). 13C NMR (101 MHz, CDCl3) δ 141.8, 137.8, 137.3, 127.9, 127.1, 124.7, 123.9, 

123.4, 44.6, 30.7, 25.1. HRMS (ESI) m/z [M-H]+ Calcd for C12H11S4 282.9744, found 

282.9741. 

General procedure for the synthesis of chalcogenophene unsymmetrical acyloin (3a-3d). 

Dithiane (2a-2d) (10 mmol) was dissolved in 50 mL of anhydrous THF under N2 atmosphere 

and cooled to -78 ºC. n-BuLi (1.6 M in cyclohexane, 1.1 equiv) was added to the reaction 

mixture dropwise and stirred at -78 ºC for 1 h. To the resultant mixture, solution of 3,5-

dimethoxybenzaldehyde (1.1 equiv) in 10 mL of anhydrous THF was added dropwise and 
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stirred continuously at -78 ºC for another 1 h. The reaction mixture was brought to rt and 

stirred further for 5 h. The reaction mixture was cautiously quenched with saturated solution 

of NH4Cl and extracted with EtOAc. The organic layer was separated, washed with brine 

solution and dried over sodium sulfate. The solvents were removed under reduced pressure 

and crude product was purified by column chromatography by silica gel using EtOAc and pet 

ether as eluents. 

(3,5-Dimethoxyphenyl)(2-phenyl-1,3-dithian-2-yl)methanol (3a). Colorless sticky gum 

(3.2 g, 90%). 1H NMR (200 MHz, CDCl3) δ 7.72 (dd, J = 7.8, 1.7 Hz, 2H), 7.45 – 7.15 (m, 

3H), 6.29 (t, J = 2.2 Hz, 1H), 5.99 (d, J = 2.2 Hz, 2H), 4.93 (d, J = 2.0 Hz, 1H), 3.56 (s, 6H), 

3.05 (d, J = 2.9 Hz, 1H), 2.82 – 2.56 (m, 4H), 2.01 – 1.77 (m, 2H). 13C NMR (50 MHz, 

CDCl3) δ 159.5, 139.5, 137.6, 130.8, 128.2, 127.6, 106.1, 101.0, 81.1, 66.4, 55.2, 27.4, 27.2, 

24.9. HRMS (ESI) m/z [M+Na]+ Calcd for C19H22NaO3S2 385.0908, found 385.0901. 

(3,5-Dimethoxyphenyl)(2-(furan-2-yl)-1,3-dithian-2-yl)methanol (3b): Yellow solid (2.36 

g, 67%). Mp 98-100 ºC.   1H NMR (200 MHz , CDCl3)  7.47 (dd, J = 0.9, 1.8 Hz, 1H), 6.53 

- 6.43 (m, 1H), 6.38 (dd, J = 1.8, 3.3 Hz, 1H), 6.34 (t, J = 2.3 Hz, 1H), 6.15 (d, J = 2.3 Hz, 

2H), 5.01 (s, 1H), 3.67 (s, 6H), 2.86 - 2.69 (m, 4H), 2.08 - 1.83 (m, 2H), 13C NMR (101MHz , 

CDCl3)  = 159.7, 151.2, 142.7, 139.7, 113.2, 110.9, 105.2, 100.8, 79.8, 77.3, 77.2, 76.7, 

59.7, 55.2, 27.6, 27.3, 24.7; HRMS (ESI) m/z [M+Na]+ Calcd for C17H20NaO4S2: 375.0701, 

found 375.0695. 

(3,5-Dimethoxyphenyl)(2-(thiophen-2-yl)-1,3-dithian-2-yl)methanol (3c). White solid 

(3.13 g, 85%). Mp 122-124 ºC. 1H NMR (200MHz , CDCl3)  7.31 (dd, J = 1.4, 5.1 Hz, 1H), 

7.04 - 6.90 (m, 2H), 6.34 (t, J = 2.3 Hz, 1H), 6.14 (d, J = 2.3 Hz, 2H), 4.93 (s, 1H), 3.64 (s, 

6H), 2.98 - 2.69 (m, 5H), 2.10 - 1.82 (m, 3H), 13C NMR (50MHz , CDCl3)  = 159.6, 145.5, 

139.4, 130.2, 127.5, 127.1, 105.8, 101.0, 81.6, 77.6, 76.4, 62.0, 55.2, 27.8, 27.5, 24.7. HRMS 

(ESI) m/z [M+Na]+ Calcd for C17H20NaO3S3 391.0472, found 391.0467,  

(2-([2,2'-Bithiophen]-5-yl)-1,3-dithian-2-yl)(3,5-dimethoxyphenyl)methanol (3d). Yellow 

solid (3.61 g, 80%). Mp 138-140 ºC. 1H NMR (200 MHz , CDCl3)  7.21 (dd, J = 1.2, 5.1 

Hz, 1H), 7.12 (dd, J = 1.1, 3.7 Hz, 1H), 7.06 - 6.96 (m, 2H), 6.89 (d, J = 3.8 Hz, 1 H), 6.45 - 

6.31 (m, 1H), 6.24 (d, J = 2.3 Hz, 2H), 4.96 (d, J = 3.9 Hz, 1H), 3.64 (s, 6H), 3.10 - 2.77 (m, 

4H), 2.14 - 1.78 (m, 2H). 13C NMR (126 MHz, CDCl3)  = 159.9, 144.6, 139.5, 137.5, 131.3, 
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128.1, 124.8, 123.9, 123.7, 106.0, 101.4, 81.9, 77.5, 77.3, 62.3, 55.4, 29.9, 28.1, 27.8, 24.9. 

HRMS (ESI) m/z [M+Na]+ Calcd for C21H22O3NaS4 473.0349, found 473.0344.   

General procedure for synthesis of acyloin acetates(4a-4d). To the solution of 3a-3d (l0 

mmol) in anhydrous THF (25 mL), 1.5 mL of acetic anhydride (2.14 g, 21.1 mmol), 1mL of 

NEt3 (1.11 g, 11 mmol) and catalytic amount of DMAP (0.5 mol %) were added. The reaction 

mixture was stirred for 6 h at room temperature.  The reaction mixture was diluted with 

EtOAc (200 mL) and washed with water (3 × 100 mL). The organic layer was separated, 

dried (anhydrous Na2SO4), concentrated under reduced pressure and purified by column 

chromatography by silica gel to yield pure product. 

(3,5-Dimethoxyphenyl)(2-phenyl-1,3-dithian-2-yl)methyl acetate (4a). White solid (3.9 g, 

95%). Mp 98-100 ºC. 1H NMR (500 MHz, CDCl3) δ 7.77 (d, J = 7.5 Hz, 2H), 7.38 – 7.23 (m, 

3H), 6.32 (t, J = 2.2 Hz, 1H), 6.10 (s, 1H), 6.02 (d, J = 2.1 Hz, 2H), 3.59 (s, 6H), 2.75 – 2.58 

(m, 4H), 2.12 (s, 3H), 1.98 – 1.84 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 169.5, 159.6, 

137.3, 137.1, 131.1, 128.1, 127.7, 106.7, 101.1, 80.4, 63.4, 55.3, 27.4, 27.3, 24.8, 21.0. 

HRMS (ESI) m/z [M+Na]+ Calcd for C21H24NaO4S2 427.1014, found 427.1009. 

(3,5-Dimethoxyphenyl)(2-(furan-2-yl)-1,3-dithian-2-yl)methyl acetate (4b). Brown solid 

(3.68 g, 93%). Mp 95-97 ºC. 1H NMR (200 MHz , CDCl3)  7.47 (dd, J = 0.9, 1.8 Hz, 1H), 

6.52 (dd, J = 0.8, 3.3 Hz, 1H), 6.43 - 6.33 (m, 2H), 6.18 (d, J = 2.3 Hz, 2H), 6.11 (s, 1H), 

3.68 (s, 6H), 2.93 - 2.60 (m, 4H), 2.15 (s, 3H), 2.01 - 1.90 (m, 2H). 13C NMR (50 MHz, 

CDCl3)  = 169.4, 159.8, 150.9, 142.7, 137.1, 113.2, 110.9, 105.9, 101.0, 79.3, 77.6, 76.4, 

57.4, 55.2, 27.6, 24.6, 20.9. HRMS (ESI) m/z [M+Na]+ Calcd for C19H22O5NaS2 417.0806, 

found 417.0801. 

(3,5-Dimethoxyphenyl)(2-(thiophen-2-yl)-1,3-dithian-2-yl)methyl acetate (4c). White 

solid (3.69 g, 90%). Mp 115-117 ºC. 1H NMR (400 MHz ,CDCl3)  7.34 (dd, J = 1.4, 5.0 Hz, 

1 H), 7.03 (dd, J = 1.4, 3.7 Hz, 1H), 6.95 (dd, J = 3.7, 5.0 Hz, 1H), 6.35 (t, J = 2.3 Hz, 1H), 

6.15 (d, J = 2.3 Hz, 2H), 6.08 (s, 1 H), 3.64 (s, 6H), 2.97 - 2.68 (m, 4H), 2.15 (s, 3H), 2.02 - 

1.81 (m, 2H). 13C NMR (101 MHz , CDCl3)  = 159.6, 144.3, 139.3, 139.2, 137.2, 131.0, 

127.8, 124.5, 123.6, 123.4, 105.7, 101.1, 81.6, 77.3, 77.0, 76.7, 62.0, 55.2, 27.8, 27.5, 24.6. 

HRMS (ESI) m/z [M+Na]+ Calcd for C19H22O4NaS3 433.0578, found 433.0572.  
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(2-([2,2'-Bithiophen]-5-yl)-1,3-dithian-2-yl)(3,5-dimethoxyphenyl)methyl acetate (4d). 

Yellow solid (4.18 g, 85%). Mp 120-122 ºC. 1H NMR (200 MHz, CDCl3) δ 7.22 (dd, J = 5.1, 

1.2 Hz, 1H), 7.15 (dd, J = 3.6, 1.2 Hz, 1H), 7.02 (dd, J = 5.0, 3.7 Hz, 2H), 6.92 (d, J = 3.8 Hz, 

1H), 6.37 (t, J = 2.3 Hz, 1H), 6.25 (d, J = 2.2 Hz, 2H), 6.10 (s, 1H), 3.65 (s, 6H), 3.04 – 2.69 

(m, 4H), 2.17 (s, 3H), 2.08 – 1.85 (m, 2H). 13C NMR (101 MHz, CDCl3)  = 159.6, 144.3, 

139.3, 139.2, 137.2, 131.0, 127.8, 124.5, 123.6, 123.4, 105.7, 101.1, 81.6, 77.3, 77.0, 76.7, 

62.0, 55.2, 27.8, 27.5, 24.6. HRMS (ESI) m/z [M+Na]+ Calcd for C23H24O4NaS4 515.0455, 

found 515.0452. 

Synthesis of extended molecules: 

(3,5-Dimethoxyphenyl)(2-(5-(4-methoxyphenyl)thiophen-2-yl)-1,3-dithian-2-yl)methyl 

acetate (4e). In an oven dried schlenk tube, purged with nitrogen , 4-iodoanisole (0.5 mmol) 

was added to it followed by compound 4c (1 mmol) , anhydrous K2CO3 (2.5 eq.), 

Pd(OAc)2(10 mol%), PCy3 (10 mol%),, PivOH( 30 mol %) . DMAc was added to the above 

mixtutre and stirred at 120oC for 12 h. The mixture was poured in 200 mL of brine to remove 

DMAc and extracted by ethyl acetate (30 mL × 5) followed by final wash by brine solution. 

The combined organic layer was dried over anhydrous sodium sulphate and solvent was 

removed under reduced pressure. The mixture was purified by column chromatography by 

silica gel to give pure compound 4e as white solid (0.130 g, 50%). Mp 78-80 oC. 1H NMR 

(200 MHz, CDCl3) δ 7.50 (d, J = 8.8 Hz, 2H), 7.05 (d, J = 3.8 Hz, 1H), 6.98 – 6.86 (m, 3H), 

6.37 (t, J = 2.3 Hz, 1H), 6.25 (d, J = 2.3 Hz, 2H), 6.11 (s, 1H), 3.84 (s, 3H), 3.63 (s, 6H), 3.04 

– 2.68 (m, 4H), 2.17 (s, 3H), 2.05 – 1.78 (m, 2H). 13C NMR (50 MHz, CDCl3) δ 169.6, 159.8, 

159.5, 146.4, 142.9, 137.0, 131.7, 127.4, 127.0, 121.7, 114.5, 106.5, 101.4, 80.7, 59.6, 55.5, 

55.3, 27.9, 24.7, 21.1. HRMS (ESI) m/z [M+H]+ Calcd for C26H29O5S3 517.1177, found 

517.1172. 

(3,5-Dimethoxyphenyl)(2-(5'-phenyl-[2,2'-bithiophen]-5-yl)-1,3-dithian-2-yl)methyl 

acetate (4f). Follwing the same procedure as above, from 4d (1mmol) and bromobenzene  

(0.5 mmol) compound 4f was obtained as yellow solid (0.170 g, 60%). Mp 140-142 ºC. 1H 

NMR (200 MHz, CDCl3) δ 7.60 (d, J = 7.0 Hz, 2H), 7.46 – 7.27 (m, 3H), 7.23 (d, J = 3.8 Hz, 

1H), 7.13 (t, J = 4.3 Hz, 1H), 7.04 (t, J = 4.3 Hz, 1H), 6.93 (d, J = 3.7 Hz, 1H), 6.38 (t, J = 

2.0 Hz, 1H), 6.26 (d, J = 1.9 Hz, 2H), 6.11 (s, 1H), 3.66 (s, 6H), 3.13 – 2.61 (m, 4H), 2.18 (s, 

3H), 2.08 – 1.84 (m, 2H). 13C NMR (50 MHz, CDCl3) δ 159.9, 143.9, 143.5, 139.7, 136.8, 
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134.1, 131.6, 129.1, 127.8, 125.8, 124.6, 124.0, 123.3, 106.6, 101.5, 80.7, 61.9, 59.4, 55.4, 

27.9, 24.6, 21.1. HRMS (ESI) m/z [M-H]+ Calcd for C29H27O4S4 567.0792, found 567.0776. 

General procedure for deprotection of dithianyl acetates (5a-5f). 

To the solution of (4a-4f) (2 mmol) in 20 mL acetonitrile:water (9:1), mercury(II) perchlorate 

hydrate ( 2.2 mmol) was added. The solution was stirred for 15 min at room temperature and 

then filtered through filter paper. The filtrate was further treated with 50 mL of saturated 

sodium bicarbonate and extracted by 100 mL of DCM. The organic layer was dried over 

sodium sulphate and concentrated under vacuum. The crude product was purified by column 

chromatography to yield corresponding deprotected acetates (5a-5f) 

1-(3,5-Dimethoxyphenyl)-2-oxo-2-phenylethyl acetate (5a). White solid (0.540 g , 85%). 

mp 105-107 ºC. 1H NMR (200 MHz, CDCl3) δ 7.94 (d, J = 7.0 Hz, 2H), 7.59 – 7.32 (m, 3H), 

6.76 (s, 1H), 6.60 (d, J = 2.2 Hz, 2H), 6.42 (t, J = 2.2 Hz, 1H), 3.75 (s, 6H), 2.21 (s, 3H). 13C 

NMR (50 MHz, CDCl3) δ 193.7, 170.5, 161.3, 135.7, 134.7, 133.6, 128.9, 128.7, 106.8, 

101.3, 77.8, 55.5, 20.9. HRMS (ESI) m/z [M+Na]+ Calcd for C18H18O5Na 337.1052, found 

337.1039. 

1-(3,5-Dimethoxyphenyl)-2-(furan-2-yl)-2-oxoethyl acetate (5b). Yellow solid (0.396 g, 

65%). Mp 100-102 ºC. 1H NMR (400MHz , CDCl3)  = 7.57 (d, J = 1.4 Hz, 1 H), 7.27 - 7.22 

(m, 1 H), 6.70 (s, 1 H), 6.64 (d, J = 2.3 Hz, 2 H), 6.56 (s, 1 H), 6.50 (dd, J = 1.8, 3.7 Hz, 1 H), 

6.42 (t, J = 2.3 Hz, 1 H), 3.77 (s, 6 H), 2.20 (s, 3 H). 13C NMR (50 MHz, CDCl3) δ 182.4, 

170.4, 161.2, 150.6, 147.1, 135.4, 119.2, 112.6, 106.6, 101.4, 77.4, 77.2, 55.6, 20.9. HRMS 

(ESI) m/z [M+Na]+ Calcd for C16H16O6Na 327.0845, found 327.0838. 

1-(3,5-Dimethoxyphenyl)-2-oxo-2-(thiophen-2-yl)ethyl acetate (5c). Light yellow solid 

(0.448 g, 70%). Mp 88-90 ºC. 1H NMR (200 MHz, CDCl3) δ 7.77 (dd, J = 3.9, 1.1 Hz, 1H), 

7.63 (dd, J = 4.9, 1.1 Hz, 1H), 7.08 (dd, J = 4.9, 3.9 Hz, 1H), 6.65 (d, J = 2.2 Hz, 2H), 6.56 

(s, 1H), 6.44 (t, J = 2.3 Hz, 1H), 3.77 (s, 6H), 2.22 (s, 3H). 13C NMR (50 MHz, CDCl3) δ 

186.4, 170.3, 161.3, 140.6, 135.9, 134.5, 133.3, 128.3, 106.6, 101.4, 78.3, 55.5, 20.9. HRMS 

(ESI) m/z [M+Na]+ Calcd for C16H16O5NaS 343.0616, found 343.0604. 

2-([2,2'-Bithiophen]-5-yl)-1-(3,5-dimethoxyphenyl)-2-oxoethyl acetate (5d). Yellow solid 

(0.579 g, 72%). Mp 110-112 ºC. 1H NMR (200MHz , CDCl3)  = 7.65 (d, J = 4.2 Hz, 1 H), 
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7.31 - 7.21 (m, 2 H), 7.07 (d, J = 4.0 Hz, 1 H), 6.99 (dd, J = 3.7, 5.1 Hz, 1 H), 6.65 (d, J = 2.3 

Hz, 2 H), 6.54 (s, 1 H), 6.42 (t, J = 2.2 Hz, 1 H), 3.76 (s, 6 H), 2.21 (s, 3 H). 13C NMR 

(50MHz , CDCl3)  = 198.1, 194.0, 185.8, 179.0, 170.1, 161.1, 146.4, 143.7, 138.2, 135.8, 

134.1, 128.1, 126.7, 125.8, 124.2, 109.6, 106.4, 101.1, 98.3, 82.3, 77.8, 72.9, 70.2, 68.2, 55.3, 

48.3, 34.4, 32.1, 29.0, 22.5, 20.6, 3.9. HRMS (ESI) m/z [M+Na]+ Calcd for C20H18O5NaS2 

425.0493, found 425.0475. 

1-(3,5-Dimethoxyphenyl)-2-(5-(4-methoxyphenyl)thiophen-2-yl)-2-oxoethyl acetate (5e). 

Following the general procedure of dithiane deprotection shown above, from 4e (0.5 mmol), 

the compound 5e was obtained as yellow sticky gum (0.170 g, 80%). 1H NMR (200 MHz, 

CDCl3) δ 7.72 (d, J = 4.1 Hz, 1H), 7.54 (d, J = 8.9 Hz, 2H), 7.15 (d, J = 4.1 Hz, 1H), 6.91 (d, 

J = 8.9 Hz, 2H), 6.67 (d, J = 2.2 Hz, 2H), 6.57 (s, 1H), 6.44 (t, J = 2.2 Hz, 1H), 3.83 (s, 3H), 

3.78 (s, 6H), 2.22 (s, 3H). 13C NMR (50 MHz, CDCl3) δ 186.1, 170.4, 161.3, 160.7, 154.0, 

138.3, 136.2, 134.6, 127.9, 125.9, 123.2, 114.6, 106.6, 101.3, 78.0, 55.6, 55.5, 21.0. HRMS 

(ESI) m/z [M+Na]+ Calcd for C23H22O6NaS 449.1035, found 449.1019. 

1-(3,5-Dimethoxyphenyl)-2-oxo-2-(5'-phenyl-[2,2'-bithiophen]-5-yl)ethyl acetate (5f). 

Following the general procedure of dithiane deprotection shown above, from 4f (0.5 mmol), 

the compound 5f was obtained as yellow sticky gum (0.168 g, 70%) 1H NMR (200 MHz, 

CDCl3) δ 7.68 (d, J = 4.0 Hz, 1H), 7.59 (d, J = 6.8 Hz, 2H), 7.46 – 7.21 (m, 5H), 7.13 (d, J = 

3.9 Hz, 1H), 6.66 (d, J = 2.1 Hz, 2H), 6.55 (s, 1H), 6.45 (t, J = 2.0 Hz, 1H), 3.79 (s, 6H), 2.23 

(s, 3H). 13C NMR (50 MHz, CDCl3) δ 186.0, 170.4, 161.4, 146.7, 146.0, 138.4, 136.1, 135.2, 

134.4, 133.7, 129.2, 128.3, 127.0, 125.9, 124.3, 106.6, 101.4, 78.1, 55.6, 21.0. HRMS (ESI) 

m/z [M+Na]+ Calcd for C26H22O5NaS2 501.0806, found 501.0801. 

General procedure of photochemical irradiation of photo-triggers 

 (Method A): 0.5 mM solution of (1d-4d) (0.1 mmol) in HPLC grade acetonitrile was purged 

by nitrogen for 20 min and irradiated by UV light by mercury lamp fitted with Pyrex filter 

jacket. The reaction was monitored by TLC. After completion of reaction the solution was 

concentrated under reduced pressure and purified by column chromatography to give 

corresponding products. 

5,7-Dimethoxy-2-phenylbenzofuran (6a). White solid (0.025 g, 100%). Mp 88-90 ºC. 1H 

NMR (200 MHz, CDCl3) δ 7.85 (dd, J = 8.2, 1.3 Hz, 2H), 7.50 – 7.26 (m, 3H), 6.93 (s, 1H), 
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6.61 (d, J = 2.2 Hz, 1H), 6.44 (d, J = 2.2 Hz, 1H), 4.00 (s, 3H), 3.83 (s, 3H). 13C NMR (50 

MHz, CDCl3) δ 157.0, 156.6, 145.6, 139.6, 130.7, 130.5, 128.8, 128.6, 125.1, 102.0, 97.4, 

94.6, 56.3, 56.0. HRMS (ESI) m/z [M]+ Calcd for C16H14O3 254.0943 found 254.0935. 

2-(Furan-2-yl)-5,7-dimethoxybenzofuran(6b). White solid (0.020 g, 80%). Mp 85-88 ºC. 

1H NMR (200 MHz, CDCl3) δ 7.52 – 7.45 (m, 1H), 6.84 (s, 1H), 6.82 (s, 1H), 6.61 (d, J = 2.2 

Hz, 1H), 6.51 (dd, J = 3.4, 1.8 Hz, 1H), 6.45 (d, J = 2.2 Hz, 1H), 3.99 (s, 3H), 3.84 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 157.2, 148.9, 146.2, 145.5, 143.0, 139.1, 130.2, 111.8, 107.7, 

101.8, 97.4, 94.6, 56.2, 56.0. HRMS (ESI) m/z [M]+ Calcd for C14H12O4 244.0736 found 

244.0725. 

5,7-Dimethoxy-2-(thiophen-2-yl)benzofuran(6c). Light yellow solid (0.023 g, 90%). Mp 

62-64 ºC.  1H NMR (200 MHz, CDCl3) δ 7.49 (dd, J = 3.6, 1.0 Hz, 1H), 7.32 (dd, J = 5.0, 0.9 

Hz, 1H), 7.08 (dd, J = 5.0, 3.7 Hz, 1H), 6.79 (s, 1H), 6.58 (d, J = 2.2 Hz, 1H), 6.44 (d, J = 2.2 

Hz, 1H), 4.00 (s, 3H), 3.84 (s, 3H). 13C NMR (50 MHz, CDCl3) δ 159.6, 157.2, 152.1, 145.5, 

133.3, 130.6, 127.9, 125.8, 124.8, 101.9, 97.5, 94.5, 56.3, 56.0. HRMS (ESI) m/z [M]+ Calcd 

for C14H12O3S 260.0507 found 260.0497. 

2-([2,2'-Bithiophen]-5-yl)-5,7-dimethoxybenzofuran(6d). Light yellow solid (0.027 g, 

80%). mp 126-128 oC. 1H NMR (200MHz , CDCl3) = 7.39 (d, J = 3.9 Hz, 1 H), 7.28 - 7.18 

(m, 2 H), 7.14 (d, J = 3.8 Hz, 1 H), 7.03 (dd, J = 3.8, 5.1 Hz, 1 H), 6.78 (s, 1 H), 6.58 (d, J = 

2.3 Hz, 1 H), 6.44 (d, J = 2.1 Hz, 1 H), 4.00 (s, 3 H), 3.84 (s, 3 H). 13C NMR (50MHz, 

CDCl3)  = 157.0, 151.4, 145.3, 137.6, 136.9, 131.6, 130.4, 127.9, 125.2, 124.8, 124.3, 124.0, 

101.9, 97.4, 94.3, 56.1, 55.8. HRMS (ESI) m/z [M]+ Calcd for C18H14O3S2 342.0384 found 

342.0371. 

(Method B): To 0.5 mM solution of trigger (0.1 mmol) in HPLC grade acetonitrile was 

added 1 eq of TEA. The mixture was purged by nitrogen for 20 min and irradiated by UV 

light by mercury lamp fitted with Pyrex filter jacket. The reaction was monitored by TLC. 

After completion of reaction the solution was concentrated under reduced pressure and 

purified by column chromatography. 

Following method B trigger 5e was irradiate give two compounds 6e and 7e. 
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5,7-Dimethoxy-2-(5-(4-methoxyphenyl)thiophen-2-yl)benzofuran (6e). White solid (0.022 

g, 60%). Mp 160-162 ºC. 1H NMR (200 MHz, CDCl3) δ 7.55 (d, J = 8.8 Hz, 2H), 7.43 (d, J = 

3.8 Hz, 1H), 7.17 (d, J = 3.8 Hz, 1H), 6.93 (d, J = 8.8 Hz, 2H), 6.77 (s, 1H), 6.58 (d, J = 2.1 

Hz, 1H), 6.44 (d, J = 2.1 Hz, 1H), 4.00 (s, 3H), 3.84 (s, 6H). 13C NMR (50 MHz, CDCl3) δ 

159.7, 157.2, 152.0, 145.5, 144.8, 131.4, 130.7, 127.2, 126.9, 125.7, 122.9, 114.6, 101.6, 

97.4, 94.5, 56.3, 56.0, 55.5. HRMS (ESI) m/z [M]+ Calcd for C21H18O4S 366.0926 found 

366.0912. 

2-(3,5-Dimethoxyphenyl)-1-(5-(4-methoxyphenyl)thiophen-2-yl)ethan-1-one (7e). White 

solid (0.010 g, 25%). Mp 138-140 ºC. 1H NMR (200 MHz, CDCl3) δ 7.70 (d, J = 4.0 Hz, 

1H), 7.58 (d, J = 8.9 Hz, 2H), 7.20 (d, J = 4.0 Hz, 1H), 6.93 (d, J = 8.9 Hz, 2H), 6.48 (d, J = 

2.2 Hz, 2H), 6.36 (t, J = 2.2 Hz, 1H), 4.10 (s, 2H), 3.84 (s, 3H), 3.77 (s, 6H). 13C NMR (101 

MHz, CDCl3) δ 190.1, 161.1, 160.6, 153.5, 141.5, 136.9, 134.1, 127.8, 126.2, 123.1, 114.7, 

107.6, 99.2, 55.6, 55.5, 46.4. HRMS (ESI) m/z [M+H]+ Calcd for C21H21O4S 369.1161 found 

369.1156. 

Following method B trigger 5f was irradiated to give two compounds 6f and 7f. 

5,7-Dimethoxy-2-(5'-phenyl-[2,2'-bithiophen]-5-yl)benzofuran (6f). Yellow solid (0.027 

g, 65%). Mp 179-181 ºC. 1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 7.5 Hz, 2H), 7.39 (t, J = 

6.4 Hz, 3H), 7.31 (d, J = 7.3 Hz, 1H), 7.25 (d, J = 3.9 Hz, 1H), 7.18 (dd, J = 6.3, 3.9 Hz, 2H), 

6.79 (s, 1H), 6.59 (d, J = 1.8 Hz, 1H), 6.45 (d, J = 1.9 Hz, 1H), 4.01 (s, 3H), 3.85 (s, 3H). 13C 

NMR (101 MHz, CDCl3)) δ 157.2, 145.5, 139.3, 137.8, 134.1, 131.8, 129.1, 127.9, 125.8, 

125.5, 125.03, 124.4, 124.1, 102.1, 97.6, 94.5, 56.3, 56.0. HRMS (ESI) m/z [M]+ Calcd for 

C24H18O3S2 418.0697 found 418.0690. 

2-(3,5-Dimethoxyphenyl)-1-(5'-phenyl-[2,2'-bithiophen]-5-yl)ethan-1-one (7f). Yellow 

solid (0.009, 20%). Mp 136-138 ºC. 1H NMR (500 MHz, CDCl3) δ 7.66 (d, J = 4.0 Hz, 1H), 

7.60 (d, J = 7.6 Hz, 2H), 7.40 (t, J = 7.6 Hz, 2H), 7.32 (d, J = 7.3 Hz, 1H), 7.29 (d, J = 3.8 

Hz, 1H), 7.26 (d, J = 4.5 Hz, 1H), 7.17 (d, J = 3.9 Hz, 1H), 6.48 (d, J = 1.7 Hz, 2H), 6.36 (t, J 

= 1.7 Hz, 1H), 4.09 (s, 2H), 3.78 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 190.0, 161.1, 146.2, 

145.8, 141.6, 136.7, 135.5, 133.9, 133.7, 129.2, 128.3, 126.8, 125.9, 124.3, 124.2, 107.6, 

99.2, 55.5, 46.5. HRMS (ESI) m/z [M+H]+ Calcd for C24H21O3S2 421.0932 found 421.0921.
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5.5. NMR Spectra of Selected Compounds 

1H and 13C NMR spectra of 5a 

 



Chapter 5                                                                                                                NMR Spectra 

193 

1H and 13C NMR spectra of 5b 
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1H and 13C NMR spectra of 5c 
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1H and 13C NMR spectra of 5d 
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1H and 13C NMR spectra of 5e 
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1H and 13C NMR spectra 5f 
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1H and 13C NMR spectra of 6a 
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1H and 13C NMR spectra of 6b 
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1H and 13C NMR spectra of 6c 
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1H and 13C NMR spectra of 6d 

 

 



Chapter 5                                                                                                                NMR Spectra 

202 

1H and 13C NMR spectra of 6e 
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1H and 13C NMR spectra of 7e 
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1H and 13C NMR spectra of 6f 
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1H and 13C NMR spectra of 7f 
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6.1. Summary 

Due to unrestricted population growth and rampant urbanization, energy security and global 

warming have become a severe problem for the current and future generation. Photovoltaic 

devices or solar cells are one of the tools which can tap the solar energy for clean and 

sustainable energy supply. Dye-sensitized solar cells (DSSC) have shown great potential as 

an alternative to silicon-based solar cells for future demand of clean and renewable energy. 

Developments in the various key components have significantly improved the efficiency of 

DSSCs in past two decades. Sensitizers or dyes are one of the crucial components in DSSC 

which absorbs the light and helps in generating current. 

Among sensitizers, NIR-absorbing dyes are highly desirable in DSSCs to utilize the 

low energy photons. Squaraine dyes are among the few chromophores which have potential 

to absorb in NIR region. However, very few squaraine based dyes have absorption beyond 

750 nm. There are two major strategies to extend the absorption of squaraine dyes further into 

the NIR region, i) covalently linking an additional -spacer to squaraine dye (Chapter 2), and 

ii) modifying the donor flanking the central squaraine unit(Chapter 3 and 4). Increasing the 

conjugation of squaraine dyes also leads to increased aggregation which is detrimental to 

DSSC performance. Hence proper strategy to control aggregation is also vital for optimum 

cell performance. 

A series of squaraine based dyes (RSQ1-2) were synthesized in which BDT unit was 

appended to squaraine unit towards anchoring end (Chapter 2). BDT unit was functionalized 

with -OMe and -OEthylhexyl groups to compare and understand the effect of alkyl chains on 

aggregation of these dyes. Since both the dyes possess similar conjugated backbone, they 

have similar electronic properties which are evident from the identical absorption profile of 

both dyes in solution. However, the spectra on thin film show the greater aggregation of 

methyl substituted (RSQ1) dye compared to ethylhexyl substituted dye (RSQ2) which 

suggest the ability of branched ethylhexyl chain to restrict aggregation. It also provides 

surface passivation to TiO2 and restricts charge recombination which is supported by EIS 

studies. As a result, RSQ2 showed better VOC than RSQ1 which lead to the efficiency of 672 

% without co-adsorbent. The dyes showed good response towards NIR region with IPCE 

extending up to 770 nm. 
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The π-extended donors in squaraine dyes can significantly enhance the absorption in 

NIR region. However, the increased planarity also increases the aggregation by providing 

larger π-surface. Hence in Chapter 3, we discussed the design of a fused fluorene and indole-

based donor, fluorenylindoleine, which can accommodate four out-of-plane alkyl chains to 

control aggregation and can also increase absorption towards NIR region. A series of four 

dyes XSQ1-4 were synthesized using the donor. The out-of-plane alkyl chains helped to 

manage the aggregation efficiently, and the dyes showed IPCE onset up to 800 nm with best 

PCE of 6.57 %. We also systematically investigated the effect of branched alkyl chains on the 

performance of DSSC. The addition of 3 equiv CDCA gave significant improvement in JSC 

for all the dyes without considerable change in the dye loading. This suggests that excessive 

branched chains around the dyes create a void between dye molecules which can be occupied 

by CDCA. As a result, the dyes provide effective surface passivation and reduced self-

quenching of excition, without compromising the dye loading. XSQ3 showed IPCE response 

up to 800 nm with the highest efficiency of 6.57 %. 

To further extend the response of squaraine dyes in NIR region, we explored the 

possibility of fusing fluorene with donor stronger than indolenine such as quinaldine. So in 

Chapter 4, we described the synthesis and properties of fused fluorene and quinaldine based 

donor, indenoquinaldine, which was appended with two C-12 alkyl chain in the out-of-plane 

direction. Towards the anchoring end, the donor was changed to indoleine, 

benze[e]indolenine and quinaldine to form a series of squaraine dye ISQ1, ISQ2 and ISQ3 

respectively. Despite possessing long branched alkyl chains, the dyes showed extensive 

aggregation. The addition of CDCA exhibited a different response in different dyes. The 

efficiency of ISQ1 was decreased significantly due to a drastic decrease in dye loading 

whereas ISQ2 and ISQ3 showed improvement in efficiency with the addition of CDCA. The 

results suggest that the difference in the donor moieties towards anchoring end dictates their 

dye-dye and dye-TiO2 interaction. The formation of dye monolayer by ISQ1 on TiO2 is 

easily disturbed by adding the even slight amount of CDCA which was ascribed to weak dye-

dye interaction in ISQ1. Due to good panchromatic IPCE response with onset up to 880 nm, 

FSQ3 showed the highest efficiency of 4.1 % in the presence of 10 equiv CDCA. 

Apart from squaraine dyes for DSSC, we also explored the benzoin type phototriggers 

for their possible application in the photochemical solution-based processing in organic 
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electronics. The removal of solubilizing groups in the conjugated molecules in post-

processing step has shown promising results in organic electronics. However, these methods 

involve high temperatures in which compound may not be stable. Hence, we tried to explore 

the application of phototriggers in a photochemical method for removal of the solubilizing 

group in a post-processing step.  

Several phototriggers have been reported in the literature and have been used for the 

various application. However, their application in material processing, except photo 

patterning, is very limited. The known 3’,5’-dimethoxy benzoin acetate trigger cyclizes into 

benzofuran derivative upon irradiation with the release of carboxylic acid. Hence, it provides 

the advantage over other triggers in that it can extend the conjugation in addition to removal 

of the solubilizing group. We proposed that such benzoin type trigger can be included in the 

conjugated molecules which can help in photochemical processing. Thus in Chapter 5, we 

explored a photochemical method for solution based processing using benzoin type 

phtotriggers. For this purpose, we synthesized a set of heteroaromatic cross acyloin 

derivatives and tested their photoreactivity. The small conjugated phototrigger reacted as 

expected to give benzofuran derivatives in good yields but the phototriggers with extended 

conjugation did not give the desired product and most of the reactant decomposed. However, 

in the presence of triethylamine (Et3N), the extended triggers exhibited modulated 

photoreactivity. Addition of one equiv Et3N resulted in cyclization to benzofuran as major 

product and deacetoxylated derivatives as a minor product. Further addition of Et3N resulted 

in a change in the ratio of the two photoproducts, with an increase in deacetoxylated product 

and decrease in cyclized product. We also tested the cyclized photoproducts of extended 

triggers in organic field effect transistors and moderate mobilities in the order of 10-6-10-8 

cm2/Vs was obtained. 

6.2. Future outlooks 

Based on the finding of this work, several squaraine dyes with strong NIR absorption can be 

designed for efficient DSSC. The extended donors with out-of-plane branched chains can be 

condensed with various semi-squaric acid derivatives to form new dye that can control 

aggregation. As these dyes have strong absorption in NIR region, they can be co-sensitized 

with dyes having strong absorption in the visible region to form a panchromatic DSSC. Also, 

the absorption of XSQ type of dye can be further extended by attaching covalently linked π-
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bridge with cyanoacrylic acid as anchoring group. The HOMO levels of indenoquinaldine 

dyes are comparatively high which may restrict dye regeneration. Suitable modification and 

substitution, such as incorporating an electron withdrawing group towards anchoring group 

can help to rectify the issue. This research can also help in designing visible light responsive 

phototriggers for various applications.  
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