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ABSTRACT 

 

Natural photosynthesis inspired dye-sensitized solar cell (DSSC) has attracted huge attentions 

amongst next-generation solar cells owing to their transparency, vivid colors for aesthetic beauty, 

and very high photo conversion efficiency (PCE) under indoor light conditions. Besides, the cost 

of fabrication is also envisioned due to the utilization of the low-cost raw materials and processes 

not demanding for use of high energy. Amongst the next generation, solar cells DSSCs have 

entered into commercial ventures for the production of solar cell products aiming towards low-end 

applications. In the last three decades of research and development, DSSCs have witnessed not 

only very high photon harvesting quantum yield in the visible region (>90%) but also the photo 

conversion efficiency (PCE) of 12-14 % despite photon harvesting mainly in the 400 nm -700 nm 

wavelength region.  The visible region of the solar spectrum consists of only 45 % of the solar 

energy while 55 % is still available for energy harvesting. This offers good hope for the design 

and development of the novel near-infrared (NIR) dyes to have more photon flux harvested leading 

to further enhancement in the PCE. Besides this, the stability of the DSSCs is another bottleneck 

towards commercialization, which needs to be solved amicably.   

 

My research was started with the design and development of novel sensitizers with different 

anchoring groups and having the capability of photon harvesting in the far-red to near infra-red 

(NIR) wavelength region. To investigate the explicit role of the anchoring groups, the main p-

molecular framework of the dye was kept the same. Quantum chemical (QC) calculations utilizing 

the Gaussian G09 program has been used to design novel dyes suitable for DSSCs utilizing 

mesoporous TiO2 and iodine based redox electrolyte.  Several anchoring groups including the most 

commonly used carboxylic and cyanoacrylic acid were taken into consideration during QC 

calculations. Selection of the anchoring groups was made considering, mode of binding, the 

strength of binding, and control of dye aggregation behavior. QC calculation was conducted for 

the estimation of the energetics of dyes, charge distribution, electron density distribution in the 

highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbital (LUMO), 



 
 

and electronic absorption. A new approach was proposed to construct a theoretical energy band 

diagram for the sensitizers, which matches very well with the experimental band diagrams.    

 

Based on QC calculations, unsymmetrical squaraine dyes bearing different anchoring groups for 

their binding on the surface of mesoporous TiO2 were successfully synthesized, characterized, and 

subjected to photophysical investigations. Implications of the nature of the anchoring group on 

device performance and stability after DSSC fabrication were investigated in detail. Adsorption 

behavior of these dyes on the thin films of mesoporous TiO2 was investigated and results indicated 

that the rate of dye adsorption follows the order −COOH>-PO3H2>OH>SO3H. At the same time, 

dye desorption studies demonstrated that the stability of adsorbed dyes on the mesoporous TiO2 

follows the order -PO3H2> >OH>−COOH>–SO3H. Despite enhanced dye loading, very high 

binding strength, and favorable energetic cascade, SQ-143 bearing Phosphonic acid exhibited 

greatly hampered PCE (0.8 %) compared to that of SQ-138 with carboxylic acid anchoring group 

(4.1%)   

 

To address the poor photon harvesting issues of dyes with phosphonate anchoring group despite 

their very strong binding with TiO2, six unsymmetrical squaraine dyes with varying anchoring 

groups were rationally designed. A perusal of the binding strength on TiO2 corroborated that SQ-

162 bearing double anchoring groups of phosphonic and acrylic acid exhibited >550 times stronger 

binding as compared to dye SQ-140 bearing cyanoacrylic acid as anchoring group. SQ-140 

exhibited the best photovoltaic performance with very good photon harvesting mainly in far-red 

to NIR wavelength region with PCE of 5.95 % under 1 Sun solar irradiation. Newly designed dye 

SQ-162 not only solved the problem of very poor efficiency of dye bearing only phosphonic acid 

while keeping the high dye loading and extremely high binding strength opening the path of design 

and development of novel NIR dyes with improved efficiency and stability by further extending 

the π-conjugation of the main dye molecular framework. 
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1. Introduction 

The fast depletion of precious non-renewable energy resources owing to the speedy 

industrialization encompassing from developed nations to developing countries has brought us to 

the brink of global warming owing to the enhanced greenhouse gas emissions [1]. This has 

compelled us towards the utilization of renewable energy resources, amongst them solar energy is 

one of the plausible due to its huge availability as a gift from Mother Nature [2]. In this context, 

the utilization of solar cells to tap this immensely available solar energy is going to be a key player 

to circumvent the issues about the huge energy demands of the future. Even though solar energy 

is huge but it has to be implemented over a large area to provide sufficient usable energy imposes 

an obvious need for cost reduction to compete with the energy production cost of fossil fuels [3]. 

Owing to the utilization of cheap raw materials in combination with low-cost fabrication processes 

next-generation solar cells such as dye-sensitized solar cells, organic polymer solar cells and 

recently came in the limelight perovskite solar cells have got considerable attention. Amongst the 

next-generation solar cells, dye-sensitized solar cells (DSSCs) have attracted a good deal of 

attention of the material science community owing to the ease of fabrication, aesthetic variable 

color, transparency, and very high indoor light-harvesting capability [4].    
 

1.1 Futuristic energy problems and solar cell 

 

Scientists and many companies in all over the world are working on the high efficiency, stability, 

prolonging life time and replacing toxic materials of the solar cell. Lot of research and development 

has been going on the field of solar cell. Recently Perovskite solar cell comes in the picture and it 

is the good candidate of the PV technology. 

 

1.2 Next-generation Solar cell: an overview 

Next-generation solar cells are PV technology that are potentially able to overcome the Shockley–

Queisser limit of 31–41% power efficiency for single bandgap solar cells. This includes 

semiconducting p-n junctions ("first generation") and thin-film cells ("second generation"). 

Common third-generation systems include multi-layer ("tandem") cells made of amorphous 

silicon or gallium arsenide, while more theoretical developments include frequency conversion, 

(i.e. changing the frequencies of light that the cell cannot use to light frequencies that the cell can 

https://en.wikipedia.org/wiki/Solar_cell
https://en.wikipedia.org/wiki/Shockley%E2%80%93Queisser_limit
https://en.wikipedia.org/wiki/Shockley%E2%80%93Queisser_limit
https://en.wikipedia.org/wiki/Bandgap
https://en.wikipedia.org/wiki/P-n_junction
https://en.wikipedia.org/wiki/Thin_film_solar_cell
https://en.wikipedia.org/wiki/Amorphous_silicon
https://en.wikipedia.org/wiki/Amorphous_silicon
https://en.wikipedia.org/wiki/Gallium_arsenide
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use - thus producing more power), hot-carrier effects and other multiple-carrier ejection techniques. 

[5-8] 

Emerging photovoltaics include: 

 Copper zinc tin sulfide solar cell (CZTS), and derivates CZTSe and CZTSSe 

 Dye-sensitized solar cells, also known as "Grätzel cell" 

 Thin-film organic/polymer solar cells 

 Perovskite solar cells 

 Quantum dot solar cells 

 

1.2.1 Dye-sensitized solar cells 

A dye-sensitized solar cell (DSSCs) as the name suggested solar cell made by dyes means a colored 

molecule which is the "Heart of the solar cell". The principle of the Dye-sensitized solar cell is 

based on the combination of photosynthesis and electrochemistry. DSSC mimics the procedure of 

photosynthesis and with the help of electrochemistry, chemical energy converts into electric 

energy. Since its inception in 1991 by Grätzel and O-Reagan [9] 1991 demonstrating photo 

conversion efficiency (PCE) of 7.8 % ignited the field of DSSC research which is proliferating to 

date. Since then several optimization and improvisation in DSSC and their components like 

mesoporous TiO2 [10], redox electrolytes [11], counter electrodes [12], and last but not least 

sensitizing dyes [13] leading to the proposal of state-of-art DSSCs achieving the PCE of 10-13%, 

surpassing amorphous silicon solar cells [14-16]. Importance and the critical role of sensitizing 

dyes in the DSSC working cycle and controlling the PCE are undoubtedly un-questionable and a 

perusal of state-of-art DSSCs utilizing potential dyes have demonstrated the PCE of >13% despite 

the photon harvesting only in the visible reason (mainly 400-700 nm) with nearly quantitative 

photon harvesting [17]. This demonstrates that all of the components of such state-of-art DSSCs 

are functioning optimally. At the same time, this provides hope for further enhancement in the 

PCE by design and development of the near infra-red (NIR) sensitizers absorbing beyond 700 nm. 

Therefore, the logical design of efficient NIR sensitizers and their implementation with several 

already available efficient visible sensitizers for panchromatic photon harvesting utilizing hybrid 

and tandem device architecture are expected to further boost the achievable PCE [18-20]. 

https://en.wikipedia.org/wiki/Copper_zinc_tin_sulfide
https://en.wikipedia.org/wiki/Dye-sensitized_solar_cell
https://en.wikipedia.org/wiki/Organic_solar_cell
https://en.wikipedia.org/wiki/Perovskite_solar_cell
https://en.wikipedia.org/wiki/Quantum_dot_solar_cell
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Amongst the principal requirements for an optimal sensitizer of DSSCs such as energetic 

matching and high molar extinction coefficient, the presence of suitable anchoring is inevitable. 

Anchoring groups are involved in the fixation of the dye-molecules on the mesoporous wide 

bandgap semiconductor like TiO2, ZnO, etc. The nature of the anchoring group affects the PCE by 

controlling the electron injection from excited dye molecules to the conduction band of TiO2 

depending on the effectiveness of electronic coupling between the excited dye molecules and 

vacant d-orbitals of the TiO2 [21].  At the same time, they also control the stability of DSSCs by 

controlling the strength of binding with the mesoporous wide bandgap semiconductors [22].  

Therefore, anchoring groups are highly responsible for controlling the PCE as well the stability of 

the DSSCs, which currently intriguing issues for the commercialization of the DSSCs. A perusal 

of the nature of anchoring groups of the dyes reported so far imparting appreciably good PCE, 

carboxylic and cyanoacrylic acid have shown their dominance and are preferred anchoring groups 

utilized extensively [23]. Contrary to this, in terms of the stability of DSSCs and their binding 

strength on the mesoporous TiO2, they are far-behind the anchoring groups like silyl ester, silatrane, 

and phosphonic acids [24-26]. The extremely high binding strength of dyes bearing silyl ester 

anchoring group over the most commonly used carboxylic as well as cyanoacrylic acid functional 

group of sensitizers has been demonstrated by Kakiage et al and Higashino et al [27-28].  

 

1.2.2 Organic solar cells 

Organic photovoltaics (OPVs) has emerged as one of the potential alternatives of the photovoltaics 

considering the figure of merits like being solution processable, tunable electronic properties, 

fabrication at relatively low-temperature and low-cost raw materials. Many other PV technologies 

have higher efficiency as compare to OPVs but due to low material cost, low material toxicity and 

less environment impact OPVs are more useful technology. Their photoconversion efficiency have 

been surpassed 13%, which is higher than commercial amorphous silicon solar cells. [29-30]. An 

OPV cell is a type of solar cell utilizing organic semiconductors (OSC) – as photoactive layer 

typically either polymers or small molecules. Alternation of the bond i.e., conjugation is highly 

required for the material to be conducting. Conjugation in these materials leads to electronic 

delocalization over the entire length of the conjugated backbone. On the other hand, in the 

inorganic materials, these electrons are the part of the 'highest occupied molecular orbital' 
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(HOMO). Inorganic semiconductors, higher energy levels are empty and the first such orbital is 

known as lowest unoccupied molecular orbital (LUMO). The energy gap between the HOMO and 

LUMO of the OSC is known as the bandgap. Increase in the conjugation of the molecule there is 

lowering of the bandgap, which can ultimately become suitable for visible light to excite the 

electron from HOMO to LUMO. Similar to other PV technologies, OPV also generate electricity 

from light after absorbing photons followed by excitation of the electrons – from the HOMO to 

the LUMO leaving behind positively-charged 'hole'. These holes and electrons are bound together 

by Coulombic attractive force forming electron-hole pair, which are most commonly known as an 

'exciton'. Dissociation of these photogenerated exciton leads to generation of free electrons and 

holes, which migrate towards opposite side and this is actually responsible for the flow of the 

current in the external circuit.  

 

Exciton binding energy, (Eb) is the attractive energy responsible for binding the electron 

and hole, which is very small (approximately 26 meV) in the inorganic semiconductors owing to 

their relatively higher dielectric constant. On the other hand, dielectric constants OSCs are 

relatively lower resulting in to the Eb of 0.3-0.5eV, which makes difficulty in the exciton 

dissociation by simple thermal energy alone needing two or more OSCs (donor and acceptor 

molecules) in OPVs. Donor absorbs light followed by exciton generation, which then diffuse 

towards the interface with the acceptor leading to the exciton dissociation. Although the 

efficiencies of OPVs are increasing day-by-day after their inception, fundamental limits on their 

efficiency still remain. In the 1961 by Shockley and Queisser (SQ), [31] in his famous work 

concluded that for a general p-n junction solar cell, the maximum achievable efficiency is 30%, 

with an optimum bandgap of 1.1eV. Extension of this SQ models proposed in 1961 to OPVs has 

led to a range of proposed maximum efficiencies, varying from 15% [32] to beyond 20% [33].  

 

1.2.3 Perovskite solar cells  

Perovskites belongs to class of materials bearing crystal structure of CaTiO3 exhibiting interesting 

properties like superconductivity, magnetoresistance, etc. Perovskite is easy to synthesized are 

considered the most popular material for solar cells. Due to their unique structure and property it 

makes them perfect for realizing low-cost and highly promising next generation solar cells. 

Perovskite solar cells  are expected to play a dominant role in the next-generation electric vehicle 

http://www.perovskite-info.com/introduction
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batteries, sensors, lasers, and much more. One the organic/inorganic hybrid perovskite material 

CH3NH3PbI3 was first used as a sensitizer by Prof. Miyasaka research group in 2009 as inorganic 

sensitizer for DSSCs with a liquid electrolyte, which had then furnished an efficiency of 3.8 % 

[34]. Perovskite solar was reported by Nam Gyu Park group with 6.5 % efficiency, opened a new 

horizon for the development of efficient perovskite solar cells as the next generation low cost solar 

cells [35]. Lead (Pb) is the major atom of the perovskite solar cell. Nowadays major research has 

been focused on the substituting the Pb with other metals to make them stable, environment and 

human health friendly along with the low-cost for their commercialization. 

 

However, the perovskite CH3NH3PbI3 exhibits broad absorption up to 800 nm which is 

major factor for good light harvesting in the far-red region. Recently research suggest that by 

substituting the Sn by Pb not only widen the wavelength window up to 1060 nm but also provides 

the stability to the solar cell. [36]. Perovskites exhibit various properties like broad wavelength 

light absorption, fast charge carrier separation, long carrier diffusion length, long carrier lifetime, 

which make them very attractive for the solid-state solar cells. In spite of many existing challenges 

companies have already thinking about commercialization of this new kind of next generation 

solar cells. Currently the main target has shifted to improv the efficiency and lower the cost of 

solar energy harvesting. PbI is one of the biproducts of perovskite generated after decomposition, 

which known to be toxic and having adverse effect to the human health as well as the environment. 

Researchers Hebrew University of Jerusalem in Israel, have recently reported about the 

recoverable triple-oxide mesostructured perovskite solar cells aiming towards a "greener" future.  

 

1.3 Dye-sensitized solar cell 

1.3.1 Introduction  

The dye-sensitized solar cell is composed of by major components like electrodes made-up of 

mesoporous semiconductor oxide like Titanium oxide, sensitizing dyes, redox electrolytes, counter 

electrodes, and transparent conducting glass as substrate. Photo anode made by the dye adsorbed   

Titanium oxide, platinum coated counter electrode, and electrolyte consisted of I3
−/I− redox couple 

is sandwiched to fabricate the dye-sensitized solar cells. The operating mechanism of the solar 

cells is shown in Figure 1.  

http://www.perovskite-info.com/oxford-pv-raises-further-%C2%A344-million-perovskite-commercialization
http://www.perovskite-info.com/oxford-pv-raises-further-%C2%A344-million-perovskite-commercialization
https://www.perovskite-info.com/researchers-design-recoverable-triple-oxide-mesostructured-perovskite
https://www.perovskite-info.com/researchers-design-recoverable-triple-oxide-mesostructured-perovskite
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Figure 1. Structure and operating principle of dye-sensitized solar cells. 
 
Upon light irradiation, the dye molecules gets excited and ultra-fastly injected an electron into the 

conduction band of the semiconductor electrode, then the vacate place in the HOMO of the dye 

was filled by electron donation from the electrolyte, I3 −/I− redox system. The dye regeneration is 

facilitated via the redox reaction between and by the iodide and triiodide ions with the help of 

incoming electrons from the counter electrodes completing the circuit.  

 

1.3.2 State-of- art developments 
1.3.2.1 Nanocrystalline semiconductor film electrode 

Mesoporous semiconducting oxides TiO2, ZnO, SnO2, etc. used in DSSCs serve as not only the 

dye adsorption scaffold but also the carrier of the injected electrons from the sensitizer and transfer 

to the conducting substrate. Conducting substrate such as conducting glass, metal foil, and flexible 

polymer film are covered by Titanium dioxide films. There are two most commonly used 

deposition processes, called doctor-blading, and screen-printing for the preparation of photoanodes 

of the DSSCs. After deposition of the TiO2 on the conducting glass sintered the substrate at higher 

temperature. Two types of the TiO2 dispersions for making compact and mesoporous layer are 

being most widely used [37]. Compact layer is prepared by the sol-gel method using titanate as 

described by Grätzel et al. followed by the autoclaving at 4500C∼5000C. After coating this 

colloidal solution on the conducting substrate followed by its calcination, a few monolayers of 

TiO2 are formed. It can also be formed by the treatment with titanium tetrachloride aqueous 

solution followed by the sintering at 4500C∼5000C. This treatment performs the several roles such 
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suppression of back electron transfer from the conducting glass substrate and increasing the surface 

area at the mesoporous TiO2 layer leading to enhanced dye loading resulting in to enhanced short-

circuit photocurrent density (Jsc) as well as the open-circuit voltage (Voc). Preparation of 

mesoporous films is most commonly conducted utilizing commercial TiO2 (P25, Degussa AG, 

Germany) nanoparticle after making the printable ink. In order to prevent aggregate formation 

during making printable ink, the P25 powder is ground properly using a small amount of water 

and α-terpinol and other stabilizers.  

 

Towards commercialization efforts of DSSCs, novel approaches for making thin film of 

TiO2 on flexible substrates was taken in to the considering. Flexible polymer substrate using 

conventionally prepared TiO2 printable paste is un suitable for preparing the photoanode owing to 

the need for the high sintering temperature of 4500C∼5500C [38-43]. In this context, different 

methods have been proposed in the recent past to circumvent this issue. Such methods include 

sintering of the TiO2 at relatively lower temperature below 1500C [44, 45] and a compressing 

method [46, 47] to achieve an electrically connected TiO2 networks. Pichot et al. [44] reported the 

preparation of TiO2 photoanode using TiO2 without organic surfactant in order to lower sintering 

temperature around 1000C leading to the PCE of 1.2%. Hagfeldt et al. [47] demonstrated a 

mechanically compressed nanostructured TiO2 layer on a plastic film yielding PCE of 3.0%. 

Miyasaka et al. [48-49] demonstrated relatively high PCE up to 4.1% utilizing electrophoreticaly 

deposited TiO2 layer followed by chemical treatment and heating at 1500C for improved necking 

of the TiO2 nanoparticles. D¨urr et al. [50] proposed a lift-off method, in which pre-sintered 

mesoporous layers on a suitable substrate is transferred to a flexible substrate and shown a PCE of 

5.8% with flexible PET (polyethylene terephthalate) substrates. Kijitori et al. [51] prepared binder-

free coating paste by using TiO2 sol in acidic aqueous solution as the interconnection agent and 

coated the paste on ITO/polyethylene-naphthalate (ITO/PEN) film by doctor blading followed by 

heating at 1500C to make the photoanode and demonstrated PCE >6% by their plastic DSSCs. 

Grätzel group [52] developed the high efficiency (7.2%) flexible solar cells based on a Ti-metal 

foil substrate for photoanode and a Pt-electrodeposited counter electrode on ITO-PEN, which is 

the highest efficiency for flexible DSSC reported so far.  
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1.3.2.2 Dye sensitizers  

Dye sensitizers can be considered as “the Heart” of the DSSCs, being as the main absorber of the 

incoming light photons. It should strongly bound to the semiconductor surface and should be able 

inject the excited electrons efficiently to the conduction band (CB). They should make the 

favorable energetic cascade between the electron accepting wide band gap oxide semiconductor 

and redox electrode in order to have facile electron injection and the dye regeneration.  Finally, it 

should be sufficiently stable in order to withstand very high (>108 redox cycles) upon the exposure 

to natural light [53]. The sensitizers mainly used in DSSC were divided into two types: organic 

dye and inorganic dye according to the structure. Inorganic dye includes metal complexes, such as 

polypyridyl complexes of ruthenium and osmium, metal porphyrin, phthalocyanine, and inorganic 

quantum dots, while organic dye includes natural organic dye and synthetically organic dye. 

Polypyridyl ruthenium sensitizers were widely used and investigated for their high stability and 

outstanding redox properties. The sensitizers must possess a suitable anchoring group such as 

carboxylate or phosphonate etc. at the right position of the dye molecular framework, which is not 

only responsible for their attachment on the semiconductor surface but also enable the facile 

electron injection.  

 
1.3.2.3 Electrolytes 

Redox electrolyte is one of the major components for dye-sensitized solar cells. The properties of 

the electrolyte affect the conversion efficiency and stability of the solar cells. Electrolytes used in 

DSC are mainly divided into three categories: liquid electrolyte, quasi solid-state electrolyte, and 

solid electrolyte. Liquid electrolytes are divided in to again of two types i.e., first organic solvent 

electrolyte and secondly, ionic liquid electrolyte. Due to low viscosity, fast ion diffusion, high 

efficiency, ease to be designed, and high pervasion into nanocrystalline film electrode [54-57], 

organic solvent electrolytes were widely used. The composition of the electrolytes includes an 

organic solvent, redox couple, and additive. Organic liquid electrolytes consist of solvents nitrile 

such as acetonitrile, valeronitrile, 3-methoxypropionitrile, and esters such as ethylene carbonate 

(EC), propylene carbonate (PC), γ-butyrolactone. The major and traditional redox couple 

electrolyte contained I3
−/I− couple. SCN−/ (SCN)2 couple, SeCN− / (SeCN)2 couple were also 

shown in the literature [59-60]. Sapp et al [61] although reported the Cobalt (III/II) based redox 

couple  for DSSCs but PCE was far below the performance of that based on the I3
−/I− couple. Alkyl 
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imidazolium cation and lithium cations have been frequently used as the constituents of the I3
−/I− 

redox the couple in DSSC aiming towards forming the Helmholtz layer in order to restrict the 

direct contact of triiodide with semiconductor surface for hampering the charge recombination by 

back electron transfer leading to the improved fill factor and PCE. At the same time, high solubility 

of alkyl imidazolium cations in combination with high activity of iodide led to an increase in the 

light-harvesting efficiency and the stability of the sensitizer. 4-tert-butylpyridine (TBP) and N-

methyl benzimidazole (NMBI) have been frequently used as electrolyte additives in order to 

suppress the dark current and improve the PCE. TBP has been found to reduce the charge 

recombination between the CB electrons and oxidized species of the electrolyte leading to 

remarkable enhancement in the Voc, fill factor and PCE. Due to good chemical and thermal 

stability, ionic liquids have been found to be better electrolyte as compared to organic solvent-

based electrolyte. Kubo et al. [62] investigated the physical and physicochemical properties of 1-

alkyl-3-methylimidazolium iodides (alkyl chain: C3–C9). To improve the mobility of the redox 

couple in the electrolyte and the photovoltaic performance, various ionic liquids with low viscosity 

were developed [63].   

 

Apart from alkyl imidazolium cation, alkyl pyridinium salt and trialkyl methyl sulfonium-salt-

based ionic liquid have also been successfully used making the redox electrolytes of DSSCs. 

Paulsson et al. [64] reported a PCE of 3.7% for DSSCs based on (Bu2Me)SI ionic liquid containing 

1% iodine while a PCE of 2% was observed in the case of alkyl pyridinium cation-based ionic 

liquid [65]. Wang et al [66] reported an appreciably good PCE of 7.5% using solvent-free 

EMISeCN-based ionic liquid containing (SeCN)3
− /SeCN− electrolyte. The evaporation of the 

liquid electrolyte is one the serious problems towards the long-term operation and practical 

realization of DSSCs. Recently, efforts have been made to improve the long-term stability by using 

a p-type semiconductor [89, 90] or hole-transporting organic materials [91] to replace a liquid 

electrolyte. In general, quasi-solid-state ionic liquid electrolyte consisted of I3
−/I− couple such as 

1-methyl-3- propylimidazolium iodine (MPII) and metal-oxide framework materials were also 

implemented in DSSC aiming towards forming a liquid channel for the I3
−/I− diffusion. Some 

polymers, [68] low-molecular-weight gelator, and silica nanoparticles have also been used to 

solidify ionic liquid-based electrolytes in DSSC.  
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1.4 Squaraine dyes 
1.4.1 Introduction 

Relatively thinner mesoporous TiO2 electrodes are higher desired for DSSCs utilizing bulky and 

slow diffusing cobalt based redox electrolytes and transparent see-through solar cells. Therefore, 

there is a need for dyes with large molar extinction coefficient in order to tap sufficient photons in 

relatively thinner TiO2 layers. Efficient organic dyes with donor-π-acceptor (D-π-A) structure have 

been proposed, developed and utilized as sensitizers of DSSCs in the recent past. Typically, a 

suitable anchoring group is introduced in the acceptor part of dye molecules for their attachment 

on the wide band gap mesoporous TiO2 surface. The dye molecular structure plays a dominant role 

in controlling the overall DSSC performance. Good blocking behavior of dye molecules offered 

by introduction of multiple long alkyl chains as substituent is crucial for successful use in 

combination with the novel redox mediators based on cobalt redox shuttle-based electrolytes. 

Steric hinderance by alkyl groups can slow down the electron transfer between TiO2 and oxidized 

redox mediator or hole conductor. Amongst various sensitizing dyes, squaraine dyes have attracted 

a good deal of attentions owing to very large molar extinction coefficient, huge structural 

variability and tailoring the light absorption window from visible to infra-red (IR) wavelength 

region of the solar spectrum. The squaraine dye takes its name from its central moiety `squaric 

acid` which was first introduced by Schmidt in 1980. The main dye molecular structure of the 

squaraine dyes consists of the central electron-deficient and four membered rings with electron-

donating groups on either side and belongs to the class of polymethine Donor-π-Acceptor (D-A-

D) dye with zwitterionic structure.  

 

1.4.2 Background 

The credit of first report on squaric acid goes to Cohen et al and dates back in 1959. This dibasic 

acid was prepared by the aqueous hydrolysis of 1,3,3,-triethoxy-2-chloro- 4,4-difluorocyclobutene 

while presence of the acidic carbonyl group of this molecule  was verified since it does not respond 

to positively to the phenylhydrazine [69]. Synthesis of the first symmetrical squaraine dye was 

done by Treibs in 1965 by reaction between the squaric acid and pyrrole giving violet-red dye 

product [60].  Since then, a number of squaraine dyes with different donor groups aiming towards 

diverse applications in the area of electronics, optoelectronics and sensing came in to the light.  
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1.4.3 Synthesis and properties 

Condensation reaction between the electron deficient squaric acid electron-rich aromatic or 

heterocyclic compounds like N, N-dialkylanilines, benzothiazoles, phenols etc. easily produces 

squaraine dyes, which enables synthetic diversity of this squaraine class of dyes aiming towards 

tuning the dye molecular framework as per the needed applications. In order to synthesize 

symmetrical squaraine dyes, 2 equivalents of the donor species are reacted with the equivalent of 

squaric acid. On the other hand, in the case of synthesis of the unsymmetrical dye, squaric acid is 

first converted to its monoester followed by its hydrolysis, 2nd desired donor moiety is reacted get 

final desired unsymmetrical squaraine dye [58]. At the same time, condensation of squaric acid 

with more than one active place with the highly electron-rich donors results in to the high 

molecular weight dyes with even more narrow bandgaps [70, 61]. Typically, squaraine dyes are 

planer molecules with extended π-conjugation, which is responsible for shifting the optical 

absorption window towards the higher wavelength region. Squaraine dyes exhibit sharp and 

intense light absorption in far-red to NIR wavelength region very high molar extinction coefficient 

(>105 dm3 mol-1 cm-1), which is associated with the П- П* electronic transition. Squaraine dyes 

are highly prone to aggregation due to their rigid and planar structure. They exhibit two types of 

aggregated species such as H-aggregates and J-aggregates in solutions as well as solid-state. Face-

to-face to stacking of the dye molecules leads to the formation of the H- aggregates, while J-

aggregates are formed by the head-to-tail stacking of the dye molecules. Formation of the J-

aggregates leads lowering of the energy band gap as compared to the monomeric dye leading to 

the bathochromic shift in the absorption maximum [71]. On the other hand, H-aggregation results 

in to blue-shifted optical absorption as compared to that of dye monomer absorption. g properties 

Two-photon absorption (TPA) is another important physical characteristic exhibited by squaraine 

dyes. The squaraine with highly extended π-conjugation has been reported to show non-linear 

second-order optical absorption [63]. 

 

1.4.4 Applications 

i) DSSCs: Squaraine dyes are highly suitable for enhancing the efficiency of DSSCs due to the 

capability of the NIR light harvesting in combination with very high extinction coefficient, which 

approximately 10-100 times higher than most commonly used ruthenium complex-based 

sensitizers. This high molar extinction coefficient is also highly suitable for the solid-state DSSCs, 
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requiring thin layer of dye-adsorbed TiO2 layer. At the same time, NIR photon harvesting 

capability of squaraine dyes make them a desirable material candidate for smart windows and 

tandem DSSC applications [72]. 

ii) Organic Light-emitting diode (OLED) and transistor: NIR sensitive squaraine dyes have 

also shown their usefulness light sensitive OFETs and photodiodes. Apart from this, broad-band 

optical telecommunication and sensing are other areas of interesting applications for use of 

squaraine dyes might play an important role.  

iii) Biosensor and metal ion detector: Squaraine dyes can also be designed to exhibit very high 

fluorescence quantum yield and are highly suitable for the application in the area of biosensor as 

fluorescence probes. Tailoring the molecular structure of the squaraine dyes by introducing 

suitable ion capturing or ion-coordinating sites make them suitable for the selective detection of 

metals ions, which in turn can use the health and environmental pollution monitoring. 

iv) Photodynamic therapy: Squaraine dyes which are sensitive in the long wavelength NIR-IR 

region possess large penetration depth making them suitable for not only in-vivo bioimaging but 

also as a sensitizer to kill the living tumor cells. There are also some reports about singlet oxygen 

generation by squaraine dyes, which finds application in the area of cancer therapy [73-74]. 

 

1.5 Existing problems and research motivation 

Considering all acute needs of renewable energy shortly and also the depletion of the existing 

fossil fuel, low-cost energy harvesting especially from renewable resources is inevitable. In this 

context, DSSCs are one of the potential contenders amongst the next-generation solar cells owing 

to the low-cost raw materials, processes not needing a clean room, high energy-consuming 

processes, and Equipment. In the last three Cades, huge efforts have been made in the DSSC 

research leading to the demonstration of the PCE surpassing amorphous silicon and the start of 

some commercial ventures. Although, state-of-art DSSCs have achieved PCE 13-14 % despite 

efficient photo harvesting in the visible wavelength region (400-700 nm), which is far beyond its 

theoretical limit of 32 % for single-junction solar cells. Therefore, further improvement in the PCE 

is envisioned by the development of a suitable sensitizer's cable of efficient light absorption and 

photon harvesting in the far-red to NIR wavelength region, since the visible wavelength region 

only constitutes 45 % of the solar spectrum. At the same time, to compete with currently available 

silicon solar cells with the stability of about 20 years, the stability of the DSSCs has to be much 
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improved from the existing report of about 2.5 years. This motivated me towards the design and 

development of novel NIR dyes with improved binding strength with TiO2 leading to enhanced 

DSSC stability. 

1.5.1 Aim of the present research  

Aim for the research for my doctoral thesis to contribute towards enhancement in the PCE and 

stability of DSSCs by designing novel sensitizers owing to my chemistry background. Therefore 

I decided to take the challenge for design novel NIR dyes with narrow and intense light absorption 

as a sensitizer for DSSC for wide wavelength region photon harvesting in combination with 

potentially visible light-harvesting dyes developed so far. Development of the visible light 

sensitive dyes is rather easy owing to their relatively higher band gap, which make rather easy to 

play with the energetic control requirements of the sensitizer. At the same time, designing NIR 

dyes needs more careful considerations owing to their small bandgap and there are relatively 

narrow room to play with the energetics. Therefore, the design of NIR dyes as sensitizers for 

DSSCs is a challenging task but success leads to break the current PCE bottleneck of 14 %.  

Implementation of the multiple dyes for DSSCs utilizing hybrid and tandem device architecture 

has successfully demonstrated, therefore, even the development of NIR dyes with only 5-6 % may 

lead to the attainment of PCE beyond 15-18 %, utilizing current state-of-art device fabrication, 

potentially visible sensitizers developed and commercialized so far in combination with the 

tandem/hybrid device architecture. At the same time, the anchoring group of the sensitizers plays 

a dominant role not only in controlling the PCE but also the DSSC stability by controlling the 

strength of binding of the dyes with the mesoporous TiO2. Therefore, as a chemist not only I can 

make long-wavelength photon harvesting dyes but also judicious incorporation suitable anchoring 

group with strong binding. This may lead to the path for the development of stable DSSCs with 

improved PCE.  

 

1.5.2 Organization of the thesis 

The thesis consists of five chapters.  

The first chapter deals with the general introduction, which bears the introduction to solar cells 

with emphasis on the next-generation solar cells considering their need towards the futuristic 
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energy crisis. The main emphasis has been given to components, fabrication, working principle, 

and application of dye-sensitized solar cells.  

 

The second chapter comprises the technique used for quantum chemical calculations along with 

the synthesis/characterization of the novel sensitizers and fabrication of the dye-sensitized solar 

cells. In a nutshell, this chapter displays the general instrumentation, materials, and methodology 

adopted for the research theme.   

 

The third chapter deals with the design and development of novel sensitizers with different 

anchoring groups and having the capability of photon harvesting in the far-red to near infra-red 

(NIR) wavelength region. Quantum chemical (QC) calculations utilizing the Gaussian G09 

program has been used to design novel dyes suitable for DSSCs utilizing mesoporous TiO2 and 

iodine based redox electrolyte.  

 

Chapter four comprises the synthesis and photophysical characterizations of novel NIR dyes with 

varying anchoring groups along with their utilization as sensitizers of DSSCs. The implication of 

the nature of the anchoring groups on the dye adsorption behavior and their binding strength on 

the TiO2 and PCE has been discussed in detail.  

 

In chapter five, efforts have been taken to solve the bottleneck of poor PCE exhibited phosphonate 

anchoring group by rational molecular design utilizing combined experimental and theoretical 

approaches. It has been shown that newly designed dye with double anchoring groups consisted 

of acrylic acid and phosphonic acid exhibited not only very strong binding with TiO2 but also 

much improved PCE as compared to that dye with a single phosphonic acid anchoring group. 

    

Finally, the last chapter carries the overall conclusion of my research along with prospects of the 

work carried out. 
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2.1 Synthesis and characterization 

The production of a substance by the union of chemical elements, groups, or simpler compounds 

or by the degradation of a complex compound called synthesis. Electrons are involved in the 

formation of a bond. Bonds like a covalent bond, ionic bond, non-covalent bond like Vander-

wall interaction, London forces, and hydrogen bond play an important role in molecule 

formation [1]. Molecular computational designing is the first step for getting the idea about the 

molecule, its energy, and quantum states. Then the synthesis part comes into the picture. On the 

initial level of the characterization, synthetic molecule confirmed by chromatographic 

techniques like TLC and HPLC, etc. after the confirmation of the reaction, phase separation 

comes into consideration followed by purification by different techniques like Precipitation, 

crystallization, and chromatographic technique like HPLC, Column chromatography, etc. as 

shown in the figure-1. 

 

Figure-1. A Pictorial representation of the organic synthesis. MO calculation to the final product 
formation. 

 

2.1.1 Theoretical Molecular Orbital Calculations 

Wave-particle duality of electrons emanating from the combination of De-Broglie principle and 

Planks theory is one of the important discoveries in Physics. Later, concept of the wave function 

representing electron clouds [2] led Erwing Schrodinger to propose his famous 'Schrodinger's 

wave equation for a particle moving in the one-dimensional box, which was then extended to the 

motion in three dimensions. This equation describes the changes in wave function as a function of 

time and spatial position due to quantum effects. 
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The Hartree Fock method: This is an approximation proposed solve the Schrodinger wave 

equation for multi-electronic system. It is utilized to estimate the wave function and energy for 

electrons under consideration in molecular system consisted of the multiple number of electrons, 

which now most popular as the Self-consistent Field Method (SCF). In this method, Hartree 

proposed to solve the Schrodinger equation for Z/2 of one-particle in the potential zone contributed 

by the nucleus and the other electrons by charge density iteration in order to get the Z electron 

wave functions. Then from the potential of individual wave function contributed from both the 

nucleus and other electrons [3], the Z/2 Schrodinger equations are solved again. Fock then 

modified Hartree's method by the introducing anti-symmetry as required by fermions as well as 

Pauli's exclusion principle (Slater determinant) [1]. 

 

𝝐𝝐𝝐𝝐𝝐𝝐𝝐𝝐 (𝒓𝒓) = (−𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏+𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 (𝒓𝒓)) 𝜳𝜳𝜳𝜳 (𝒓𝒓) + Σ∫𝒅𝒅𝒅𝒅′𝒋𝒋|𝜳𝜳𝜳𝜳 𝒓𝒓′|𝟐𝟐|𝒓𝒓−𝒓𝒓′|𝜳𝜳𝜳𝜳 (𝒓𝒓) − Σ𝜹𝜹𝜹𝜹𝜹𝜹𝜹𝜹𝜹𝜹∫𝒅𝒅𝒅𝒅′𝒋𝒋𝒋𝒋𝒋𝒋 ∗𝜳𝜳𝜳𝜳 (𝒓𝒓′) 

|𝒓𝒓−𝒓𝒓′|𝜳𝜳𝜳𝜳 (𝒓𝒓)…… (𝟏𝟏) 

The first term represents the kinetic energy and electron-ion potential. The second term represents 

the “Hartree” term, which bears the electrostatic potential from the charge distribution of N 

electrons. The third term known as the “exchange” term, is implied only on electrons with the twin 

spin and is taken from the Slater determinant form of the wave function respectively. 

 

 
Figure-2. Gaussian program package utilized for the theoretical MO calculations 
 

Density Functional Theory (DFT): Density Functional Theory was introduced by Koch and 

Holthausen. This theory eliminates the multi-body electronic wave functions as implemented in 

the Hartree Fock method considering the fact that electron density is rather more relevant [2]. Here 

it was considered that distribution of the energy is dependent on the electron density, which adopts 

the minima for the ground-state. Therefore, a modified version of DFT, Time-Dependent (TDDFT) 

calculation determines the more reliable transition energy rather than the excited state's total 

energy [4]. The time-dependent Kohn–Sham equation is given by  
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[−𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏+𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗(𝒓𝒓,𝒕𝒕)]𝜳𝜳(𝒓𝒓,𝒕𝒕)=𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊(𝒓𝒓,𝒕𝒕)…..(𝟐𝟐) 𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗(𝒓𝒓,𝒕𝒕)=𝒗𝒗(𝒕𝒕)+𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗(𝒓𝒓,𝒕𝒕) 𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗(𝒓𝒓,𝒕𝒕) 

And 𝜳𝜳 (𝒓𝒓, 𝒕𝒕) are the potential and orbitals of an independent particle system where 𝜳𝜳 (𝒓𝒓,) yield 

the same charge density as in the interacting system. 𝒗𝒗 (𝒕𝒕) and 𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 (𝒓𝒓, 𝒕𝒕) is the applied field and 

the SCF field. In order to perform such mathematical calculations, a Gaussian program version 

G09 was used. In order to prepare the input file for calculation of the desired molecular structure 

and visualization of the calculated results, Gauss-view software (version-5) was used as graphical-

user interface [2].  

 

2.1.2 Electronic absorption spectra 

In the electronic absorption spectra, electrons are excited from their lower energy level to a higher 

energy level by the photon energy provided by the spectrophotometer. The absorption of the 

radiations like UV-vis, Near Infrared, is measured concerning wavelength [5]. 

We have used the Jasco V-530 UV-VIS spectrophotometer for the absorption spectra analysis. 

5µM ethanolic solution of the respective dyes in cell and glass substrate coated with TiO2 for the 

solid-state absorption spectra have been used.  

 
Figure -3. UV-Visible spectrophotometer used for measuring the electronic absorption spectra. 
 

In the measured absorption spectrum, one can see a peak associated with d-d or Metal to Ligand 

transition in the case of transition metal complexes, while and π- π* transition is more prevalent 

in the organic compound [6]. Upon the absorption of the photons by a molecule they undergo 

excited state followed returning to the ground state in the absence some electron acceptors. 

Efficiency of light absorption by a molecule can be represented in terms of its molar extinction 

coefficient and the absorbance using the following relation: 

A = logI0 /I  

Where I0 and I are the incident and transmitted light intensities, respectively. 
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A = εcl  

Or, ε = A/cl 

Where, A, ε, c, and l are absorbances, molar extinction coefficient, concentration, and length of 

the cell respectively. 

 

2.1.3 Fluorescence Spectroscopy 

Fluorescence comes under category of photoluminescence, where optical excitation leads to 

boosting electrons in a molecule from their ground state to the singlet excited state. In this excited 

state molecules loose some energy by vibration relaxations as well as molecular collisions and 

returns back to the ground state by emitting photons of relatively higher wavelength [7-8]. This 

why emission spectrum just a mirror image of the electronic absorption spectrum. The shift in the 

maxima of absorption and emission spectra is most commonly known as Stokes shift. Rigid 

molecules show very small stokes shift, while molecules having free rotating groups or flexible 

polymers exhibit relatively large Stokes shift. Emission spectrum of molecules in solution or solid-

state is measured by Fluorescence spectrometer and in my research I used a fluorescence 

spectrometer fluorescence and fluorescence lifetime measurement system (Quantarus Tau Model 

C-11370, Hamamatsu Photonics, Japan). Samples were excited by laser light source at wavelength 

of 470 nm and fluorescence was measured. 

 

Figure-4. Fluorescence and fluorescence lifetime measurement system. 
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2.1.4    Nuclear Magnetic Resonance 
2.1.4.1 1H NMR 

Many nuclei have a spin and all nuclei are electrically charged, if the external field is applied, an 

energy transfer is possible between the base energy to a higher energy level. The energy transfer 

takes place at a wavelength that corresponds to radio frequencies and when the spin returns to its 

base level energy is emitted at the same frequency.[9] NMR spectroscopy is an excellent method 

and tool for the precise structure characterization and elucidation of organic and bio-molecules. 

NMR is most suited for the analysis of the pure compounds so we can say this technique is used 

for quality control. NMR can be used to determine the molecular conformation in the solution as 

well as studying the physical properties at the molecular level like a conformational exchange, 

phase changes, solubility, and diffusion. 

 
Figure-5. The basic principle of the NMR spectroscopy. 

 

2.1.5 Mass Spectroscopy 

To estimating the mass-to-charge ratio of the ions, mass spectrometry is a very important tool in 

the field of chemistry. This results in a typical spectrum called mass spectrum which is the plot 

presentation of the ion signal as a function of the mass-to-charge ratio. To elucidate the chemical 

structure, isotopic or elemental identification of the molecules, and other chemical compounds 

characterization, these spectrums are used [10].  

 

2.1.5.1 Fast Atom Bombardment ionization mass spectrometer (FAB Mass spectrometer) 

The concept and design of the FAB mass involve the bombardment of a solid spot of the 

analyte/matrix mixture on the end of a sample probe by a fast particle beam (figure-6). The matrix 

(a small organic species like Dithiodiethanol etc.) is used to keep a homogenous sample surface. 
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Some species are ejected (sputtered) from the surface as secondary ions by this process. These ions 

are then extracted and focused before passing to the mass analyzer [11]. 

 

Figure-6. Principle of the FAB-Mass spectroscopy. 

 

In FAB, the particle beam is a neutral inert gas (Ar or Xe) at 4-10 keV. This is the 'soft' 

ionization method. Very little residual energy is possessed by the ions after desorption - making 

them particularly suited to the analysis of low volatility analytes [12]. The resulting spectra were 

obtained in the form of molecular species (e.g. [M+H] + and [M+Na] +) with some minor structural 

fragmentation. In the lower mass region of the spectra, matrix and matrix/salt cluster ions obtain. 

Fab mass techniques have been largely superseded by the superior techniques of electrospray 

ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI). 

2.1.5.2 Matrix-Assisted laser Desorption Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS) 

In mass spectrometry, MALDI-TOF also a soft ionization technique for the estimation of the mass-

to-charge ratio. This technique works on the laser energy absorbing matrix to create ions from a 

large molecule with small fragmentation [13] Matrix for this technique should be chemically inert 

and should not be decomposed under analysis. The mechanism of MALDI consist of three steps 

[14]: Firstly, Formation of a 'Solid Solution' is essential for the matrix to be in excess thus leading 

to the analyte molecules being completely isolated from each other.  

(ii) Matrix Excitation: The laser beam is focused on the surface of the matrix-analyte solid solution. 

The matrix chromophore absorbs the lase irradiation causing rapid vibrational excitation, bringing 

about localized disintegration of the solid solution.  
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(iii) Analyte Ionization: The photo-excited matrix molecules are stabilized through proton transfer 

to the analyte. Cation attachment to the analyte is also encouraged during this process. These 

ionization reactions take place in the desorbed matrix-analyte cloud just above the surface. For an 

experiment, the sample dissolves in any organic solvent-based on the solubility and mixes with 

the matrix. The mixture was then inserted on the MALDI-TOF plate which was then allowed for 

drying followed by inserted into the instrument and record the spectrum by running the program. 

 

2.1.6 Cyclic voltammetry  

Cyclic voltammetry (CV) is an important and widely used electroanalytical technique in the field 

of electrochemistry. CV is used for various purposes like redox processes, to determine the 

stability of reaction products, the presence of intermediates in redox reactions [15] electron transfer 

kinetics, [16], and the reversibility of a reaction [17]. Concentration is proportional to the current 

in a reversible, Nernstian system, the concentration of an unknown solution can be determined by 

generating a calibration curve of current vs. concentration. In the DSSC research CV is one of 

indispensable tool for characterization sensitizing dyes, redox electrolyte as well as counter 

electrodes. Apart from this, HOMO energy level of dyes can be easily estimated by CV from the 

1st oxidation peak. Bis (cyclopentadienyl) iron (II) or ferrocene, Fe (C2H5)2 is one of the most 

studied organometallic molecules. It bears a sandwich structure, where the iron sandwiched 

between two cyclopentadienyl rings (Figure-7). Additionally, it is a well-established [18] one-

electron donor (n = 1). The discovery of ferrocene by Pauson and Miller revolutionized the area 

of organometallic chemistry [19]. 

 

 

Figure-7. Structure of Ferrocene 
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It is well known that ferrocene easily undergoes one-electron oxidation to form ferrocenium cation 

in a reversible manner [20-22]. (Figure-8). 

 

 

Figure-8. Reversible one electron redox reaction of the ferrocene molecule.  

 

Thus, ferrocene has been widely used as the reference standard along with 

Tetrabutylammoniumhexaflourophosphate (NBu4PF6) as a supporting electrolyte for 

electrochemical characterization. Electrochemical characterization of the sensitizing dyes was 

carried out on an auto polarization system HSV-100, Hakuto Denko, japan as shown in (figure-9) 

by using 0.2 mM solution of the respective dye and Tetrabutylammoniumhexaflourophosphate 

NBu4PF6 )(0.1M) as a supporting electrolyte in Dimethylformamide against Ferrocene (0.2 mM) 

as the reference standard and Tetrabutylammoniumhexaflourophosphate (NBu4PF6 )(0.1M) as a 

supporting electrolyte in DMF.   

 

 

Figure-9. An auto-polarization system (HSV-100) used for the CV measurement in this work. 

Fe Fe
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CV measurement was carried out under different scan rates 100 mV/S or 20 mV/S. The 

concentration of the supporting electrolyte has been taken high as compare to dye to increase the 

conductivity in the solution. The first oxidation peak of the sample curve was considered as the 

HOMO value after calibration with the ferrocene. HOMO was estimated against the first oxidation 

peak of the ferrocene which is reported (-5.01) [23].  

 

Figure-10. Electrochemical cell used for the cyclic voltammetry 

 

The electrochemical cell for the cyclic voltammetry containing three-electrode, working electrode, 

the counter electrode, and the reference electrode is needed to dip in the analyte solution. In this 

work, Pt foil was used as working and counter electrodes, while saturated calomel electrode (SCE) 

has been used as reference electrode. 

Commonly used counter electrode is made up of platinum and graphite. The counter 

electrode is also known as the auxiliary or second electrode. The counter electrode can be any 

material that can conduct the current easily. The counter electrode does not react with the solution 

this is the only source of the electrons to complete the circuit depending on the reaction happening 

on the working electrode. Supporting electrolytes is generally an ionic solution, a high 

concentration of the supporting electrolyte is used because it provides high conductivity to the 

solution. Electrolyte plays a very important role in the estimation of the HOMO-LUMO due to its 

high conductivity behavior resulting minimizes the IR drop such as record potentials correspond 

to the actual potentials. 
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2.2 Fabrication of Dye-sensitized Solar Cells (DSSCs) 

Dye-Sensitized Solar Cell consists of three major components like photoanode (working electrode), 

a counter electrode, electrolyte and their optimum functioning is high desired for the fabrication 

of efficient DSSCs. Past three decades have witnessed the huge research and development on this 

aspects leading to modern state-of-art DSSCs surpassing the PCE of amorphous silicon solar cells. 

 

2.2.1 Preparation of photoanodes 

Fluorine-doped tin oxide (FTO) conducting glass substrate was first cut followed by washing in 

detergent and sonicated in distilled water, acetone, and isopropanol, respectively, for 10 minutes. 

UV-ozone treatment was ten performed for 10 min to clean the surface prior to dipping in 40 mM 

aqueous TiCl4 at 800C for one hour. Surface treated substrates thus obtained were rinsed by in 

distilled water and the sintered at 5000C for one hr. in a muffle furnace as shown in the Fig. 11.  

 
Figure-11. Photograph of the muffle furnace used to prepare TiO2 coated FTO glass substrate. 
 

TiCl4 surface treated substrates were then coated with the mesoporous TiO2 paste (Solaronix Ti- 

Nanoxide D/SP) by screen printing as shown in the Figure-12 using a metal mask of pre-defined 

area. After screen printing of the mesoporous TiO2 layer, it was baked in the muffle furnace at 

5000C in order to remove binder and solvents present in the printable paste leaving pore TiO2. The 

TiO2 coated FTO substrates after getting the desired thickness by repeated coating and baking 

process was finally subjected TiCl4 treatment followed by final sintering at 500oC for 30 min.  

TiO2 coated substrates thus obtained were taken out from the furnace and dipped in the dye solution 

while hot and then left at room temperature for the dye adsorption. After complete dye adsorption, 

the substrates are taken out and then rinsed in the respective solvent to remove the physically 

adsorbed dye molecules finalizing the working electrode. 
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Figure-12. Screen printer used for the preparation of the working electrode 
 

 

2.2.2 Preparation of photocathodes 

The photocathode, which is most commonly known as counter electrode of the DSSC receives 

electrons from the external circuit and passes it towards electrolyte for further process. In my 

experiment, we had used sputtered and spin coated Platinum on the FTO as the counter electrode. 

 
2.2.2.1 Sputtering 

Sputtering is a very simple and fast method of depositing thin films a material from its target on a 

suitable substrate at room temperature. This convenient method for coating film of such materials 

with high MP like Pt, W or metal oxides, which are rather highly cumbersome using physical 

vapor deposition. In the sputtering process, very high energy using either DC or AC voltage is 

applied between the two electrodes.  

 

2.2.2.2 Spin Coating 

Cleaned FTO substrates used to spin-coat hexachloroplatinic acid to make the Pt coated counter 

electrode. 50 μL solution of the hexachloroplatinic acid (1 mM)in 2-propanol was placed on the 

FTOs substrate and used for the spin coating ultrathin films using a spin coater  as shown in the 

Figure-13. It was then allowed to stand for 30 seconds and then spun for 400 rpm for 5 seconds 

and then 1400 rpm for 10 seconds. Finally, coated substrates were then sintered at 5000C leading 

to ultrathin Pt on the substrate which are in a few nm thickness range.  

 



34 
 

 
Figure-13. Spin coater for preparing counter electrode. 
 

 

2.3 Measurement and characterization 

Current-voltage characteristics 

The current and voltage (I-V) characteristics of a solar cell used to know solar energy conversion 

capability and photoconversion efficiency. I-V curves basically represent relationship between the 

current and voltage at the existing conditions the irradiated light intensity and temperature. It offers 

important information pertaining to the of a solar to electricity conversion close to its maximum 

optimal power point (MPP). The intensity of the incident sunlight controls the current (I), while 

the increases in the temperature of the solar cell reduce its voltage (V). 

 

Figure-14. Solar cell I-V characteristic curve 
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The I-V characteristics of the DSSCs was measured with a solar simulator (CEP-2000 

Bunko Keiki Co. Ltd, Japan) equipped with a xenon lamp (Bunko Keiki BSO-X150LC) as light 

source with irradiance of 1 Sun (100 mW/cm2), which has been shown in the figure 15. 

 
Figure-15. Photograph of the solar simulator utilized for photovoltaic characterization of the 
DSSCs fabricated in my research. 

 

Photoconversion efficiency of a solar cell is governed by the photovoltaic parameters like short 

circuit current density (Jsc), open-circuit voltage (Voc), and the fill factor (FF) with the relation: 

ɳ=𝐽𝐽𝐽𝐽𝐽𝐽 𝑋𝑋 𝑉𝑉𝑉𝑉𝑉𝑉 𝑋𝑋 𝐹𝐹𝐹𝐹/𝑃𝑃𝑃𝑃𝑃𝑃 

Where Pin is the intensity of the incident light. The standard AM 1.5 spectrum of sun falling on 

the earth surface have an intensity of 100 mW/cm2.  

 

Short Circuit Current Density (Jsc): It is basically the maximum current delivered solar cell, 

when solar cell is short circuited. Apart from this, charge injection and collection efficiency also 

make a significant contribution towards the finally observed Jsc.  

 

Open Circuit Voltage (Voc): It is the maximum voltage obtained, when there is no net flow of 

current in the solar cell. In the DSSCs, it is controlled by difference in the energy of the conduction 

band of the wide band gap semiconductor and the redox potential of the electrolyte. In the case 

DSSCs, utilizing TiO2 and iodine based redox electrolyte it is 0.9 V. Therefore, cobalt complex 

based redox shuttle with relatively deeper redox potential give higher Voc as compared to the most 

commonly used iodine based electrolyte. At the same time, it is also affected by charge carrier 

recombination due to back electron transfer, which lead to hampered Voc as well as Jsc. 
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Figure-16. A typical I-V curve obtained after simulated 1 sun illumination and under dark. 
 
 

Fill Factor (FF): It is basically the ratio of the maximum power output to the product of the Jsc 

and Voc. The FF can be calculated by the following relation: 

𝐹𝐹𝐹𝐹=𝑃𝑃𝑚𝑚𝑚𝑚x/𝐽𝐽𝐽𝐽𝐽𝐽 𝑋𝑋 𝑉𝑉𝑉𝑉𝑉𝑉 

Where, 𝑃𝑃𝑃𝑃𝑃𝑃x is the maximum power, whose values range from 0 to 1. The FF is controlled by 

the shunt and series resistances. In order to have high FF, shunt resistance should be as much 

higher as possible while a lower series resistance leads to the higher FF. 

 

Efficiency of the solar cell: The observed percentage photoconversion efficiency can be 

calculated by the following relation: 

ɳ=Jsc X Voc X FF/Pin 

Where, Pin is the input power, which 100 mW/cm2 for full bright 1 Sun irradiation. 

 

Photocurrent action spectrum 

Plot of the Incident photon conversion efficiency (IPCE) as function of the wavelength of light 

also known as photocurrent action spectrum gives the vital information about the efficiency of the 

conversion of photons in to electrons. Numerical value of IPCE is governed by several factors such 

as the efficiency of the photon harvesting, charge injection, and final charge collection. The 

equation which describes the IPCE can be mathematically represented as: 

IPCE (λ) = LHE (λ) × Φinj × ηc = LHE (λ) × APCE 
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The light harvesting efficiency (LHE) depends on the wavelength irradiated photons and can be 

estimated by the relation:  

LHE = 1 − 10−ε (λ) LnC 

Where ε (λ) is the molar extinction coefficient, C is the concentration (which is determined by the 

effective photoanode roughness) of the dye respectively and Ln is the diffusion length 

. 

 
Figure-17. A typical photocurrent action spectrum for the DSSC utilizing a squaraine dye. 
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3.1 Introduction 

Dye-sensitized solar cells (DSSCs) have currently become popular for the direct conversion of 

light into electricity with appreciably good efficiency at the same time, at relatively lower cost of 

production 1, 2]. In these cells, undoubtedly, sensitizing dyes that can also be considered as the 

“heart of the DSSCs” since it is directly involved in the absorption of light. The sensitizer dye, 

adsorbed on the TiO2 surface. Upon light illumination, dye molecules absorb a photon and undergo 

photoexcitation boosting electrons from the ground state also known as the highest occupied 

molecular orbital (HOMO) to an excited state also known as the lowest unoccupied molecular 

orbital (LUMO). In the excited state, these electrons from the LUMO are then injected into the 

conduction band of the TiO2 [3, 4]. The oxidized dye is subsequently returned to the ground state 

after reduction by the electron coming from the electrolyte via redox reaction. The electrons 

injected in to TiO2 passthrough these nanoparticles finally reaching to the counter electrode via 

external load. To achieve efficient electron injection from the excited dye molecules, they are 

needed to be in intimate contact with the wide bandgap semiconductor surface [5, 6]. To attain the 

high photoconversion efficiency (PCE), several factors/parameters such as panchromatic light 

absorption, relatively long-lived excited states with energies matching with the TiO2 conduction 

band, and redox energy level of the electrolyte along with the presence of a suitable anchoring 

group.  

 

Anchoring groups play a dominant role in the DSSC working cycle since their presence in 

the dye molecular framework leads to the attachment of these molecules to the wide bandgap 

semiconductor surface making an intimate contact by suitable chemical bond formation [7].  To 

have facile electron injection, there should be sufficient electronic coupling between the excited 

dye molecule and vacant 3d-orbitals of the TiO2. This can be ascertained by the presence of 

sufficient electron density in the LUMO of the dyes facilitated by intramolecular charge transfer 

(ICT). Therefore, the nature of the anchoring group is responsible for controlling the PCE by 

controlling the ICT and electron injection. By logical molecular design of organic sensitizers for 

DSSCs, Jia et al and Shivashimpi et al have demonstrated that the nature of the anchoring group 

has a profound influence on the PCE of the DSSCs and keeping the same molecular framework, 

only change in the anchoring group led to the drastically different PCE by controlling the electron 

injection [8-9]. At the same time, the nature of the anchoring group controls the stability of the 
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DSSCs by controlling the strength of binding of the dye molecules to the TiO2 surface. In an 

interesting report, Kakiage et al have demonstrated that silyl-ester makes very strong binding with 

the TiO2 surface, where, only less than 10 % dye molecules were removed from TiO2 surface in 

the water at 25oC after 2000 hours, while more than 60 % dyes bearing –COOH anchoring was 

removed in less than 20 hours under the identical experimental condition as well as dye molecular 

framework [10]. Utilizing the organic as well inorganic sensitizers of DSSC, it has been 

demonstrated that changing the anchoring group from the most commonly used carboxylic acid to 

the phosphonic and cyanophosphonic acid led to the remarkably enhanced DSSC stability [11-12].   

 

 The past three decades of DSSCs research has seen huge research and development 

activities about the DSSC components leading to state-of-art DSSCs surpassing PCE exceeding 

amorphous silicon. Report of PCE >13 % with efficient incident photon to current conversion 

efficiency (IPCE) exceeding 90 % with photon harvesting mainly in the visible wavelength region 

(400 nm-700 nm) [13]. For commercialization further enhancement in the PCE in combination 

with device stability inevitable. In this context, more focus is needed to develop novel near-infra-

red (NIR) sensitizers for panchromatic photon harvesting in combination with a suitable anchoring 

group to provide sufficient device stability. To design novel sensitizers for DSSCs, care should be 

taken about the required criteria such as high molar extinction coefficient, energetic band matching 

with wide bandgap semiconductor and redox electrolyte, presence of suitable anchoring group, 

and sufficient electronic coupling with excited dye molecule with TiO2. There are in-numerable 

structural possibilities that exist for the organic molecules and some of the potential dyes 

developed exhibiting PCE >12 % required multiple-step synthesis and need sufficient time and 

efforts of the synthetic organic chemists [14]. Therefore, prior and reliable prediction of the 

suitability of the designed dye molecules for DSSCs is highly desired to save the time and efforts 

of the chemists and accelerate the research and development activities. To circumvent this issue, 

state-of-art theoretical calculations have now become a necessary tool and being developed and 

improvised day-by-day. The main aim of such calculations lies in the accurate prediction of the 

properties and many calculation techniques and methodologies have been developed. 

Computational chemistry map utilizes the expertise and power of both the computer as well as the 

chemists, which has been shown in Fig. 1. 
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Figure. 1 Computational chemistry map exhibiting the roles of the chemists and computers 
 

Despite utilization of calculation methods based molecular mechanics based on classical 

physics like Amber and MM2 treating large molecules but the limited prediction of properties, 

electronic structure calculation methods based on quantum mechanics have become more popular 

owing to the versatility for not only the molecular size but also prediction for a huge number of 

properties under investigation. Since quantum chemical (QC) calculations are based on the 

solution of the Schrodinger wave equation and it is well known that the exact solution of this 

especially for multi-atomic and multi-electronic systems is impossible needing mathematical 

approximations. Keeping this in mind, several methods based on semi-empirical and ab-initio 

calculations were developed in the past. The ab-initio method is good in a sense that they are more 

accurate, there is no need of experimental parameters but require high computational cost. On the 

other hand, semi-empirical methods like Austin model-1 (AM1), Parametric model-3 (PM3) and 

modified neglect of differential overlap (MNDO), etc., which are a simplified version of Hartree-

Fock (HF) theory, although uses less computation cost but not only needs some experimental 

parameters but also predicted results are relatively less accurate as compared to that of ab-initio 

methods. In the various ab-initio methods, in terms different frequently utilized methods follows 

the order of (HF) < MP2 < MP4 < QCISD <<< Full CI in terms of the cost of computation and 

accuracy of the calculated results as shown in Fig. 2. Therefore, a judicious selection of a suitable 

basis set is highly desired since they basically represent atomic orbitals. In computation chemistry, 

density functional theory (DFT) has been most widely used as a reliable method for the prediction 

of the suitability of dye molecules as a photosensitizer [15]. On the other hand, Its time-dependent 

function, which is most widely known as (TD-DFT) is reported to give has been demonstrated to 
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give very reliable results pertaining to the excitation energies with the standard correlation 

functional and has been widely used in the DSSCs research [16].  

 

 
Figure. 2 Schematic representation for the correlation between the computational cost and 
accuracy of the calculated results. 

 
In this work, we have selected the squaraine class of sensitizers having the same mother 

core but varying anchoring groups. Selection for this class of dyes is based on their capability of 

intense light absorption with a high molar extinction coefficient and the possibility to tune the light 

absorption window from the visible to IR wavelength of the solar spectrum, which is highly desired 

for the panchromatic photon harvesting [17]. At the same time, utilization of various anchoring 

groups to explore the search for optimum anchoring group with facile electron injection by 

improved ICT aiming towards improved stability along with the PCE. For this purpose, we 

selected unsymmetrical squaraine (SQ) dyes having the same main molecular framework and 

different anchoring groups (R and R'), the structure shown in Fig. 3. These designed molecules 

were subjected to the theoretical MO calculations to explore their suitability as a sensitizer for 

DSSC applications. Based on theoretical predictions, some of the potential newly designed dye 

molecules were synthesized, characterized, and subjected to photophysical investigations 
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including fabrication and characterization of DSSCs, and discussed in detail in the coming chapters 

4 and 5.  

 
Figure 3. Chemical structure of the unsymmetrical squaraine dyes bearing different anchoring 
groups. R and R' represent different anchoring groups considered for theoretical investigations. 
 

 

3.2 Experimental 
Theoretical QC calculations were conducted on 6 core multi-processor Dell work-station using the 

Gaussian G09 program package [18]. Gauss View 5 was used as a graphical user interface to 

generate the initial molecular structure, preparation of Gaussian input files (gif), running the 

calculation using the G09 program, and visualization of the calculated results. Calculation was 

performed in the gas state and solution both utilizing the self-consistent reaction field polarizable 

continuum model (PCM) [19] and ethanol solvent. Selection of the ethanol solvent under PCM 

was made because an experiment about the optical characterization as well as DSSC fabrication 

using some of the potential sensitizers was done in the same solvent. Previous works have also 

clearly demonstarted that use of this solvent model give relatively better results for the calculation 

of the electronic absorption spectra [20].  



46 
 

In this work, 3D structural optimization in the ground state of the dye molecules was first 

conducted utilizing the 6-311G basis set and DFT in the presence as well as an absence of the 

PCM model. The energy of the HOMO and LUMO along with electron density distribution was 

then estimated after the structural optimization. Structural optimization in ground state was 

followed by excited-state TD-DFT calculation for the electronic structure calculations. In the 

Gaussian under the calculation by DFT, it is necessary to incorporate a suitable functional after 

the selection of the basis set. Different kind of functionals like exchange, correlation, standalone 

functionals, hybrid, and long-range corrected functionals are available under Gaussian program. 

Exchange functional of Becke and correlation functional of Lee, Yang, and Parr (B3LYP) is one 

of the most versatile functional utilized so far towards the structural optimization and calculation 

of the absorption spectra [21]. Other functionals like PBE, MPW1, and BPW91 have also been 

used for the calculation of visible light absorbing organic dyes for DSSCs [22]. Using combined 

theoretical and experimental approaches based on his model squaraine dye SQ-A, Yamaguchi et 

al demonstrated that even under a common basis set of 6-311G using DFT and TD-DFT, utilization 

of suitable function plays a dominant role for reliable prediction of energetics and absorption 

spectra [23]. They have clearly shown that functionals like Functional like B3PW91, MPWPW, 

B3LYP, and B3PW91are relatively better for predicting the HOMO energy level, while HCTH, 

LSDA, and B3PW91with PCM model are better for predicting the electronic absorption spectra. 

Including energy band gap, HOMO energy level, and absorption spectra, B3PW91 with PCM 

solvent model is the best for the reliable prediction of these parameters, which are relatively much 

closer to the experimental values. Similarly, using different symmetrical as well as unsymmetrical 

squaraine dyes, Pandey et al and Pradhan et al have also demonstrated the suitability of B3PW91 

with the solvent model under TD-DFT for the reliable prediction of HOMO energy level and 

electronic absorption spectra [24-25].  

 

3.3 Results and Discussion 
3.3.1 MO calculation using model squaraine dye   

3.3.1.1 Ground-state structural optimization  

First, a model unsymmetrical squaraine dye SQ-140 bearing Benzo indole-SQ-Indole as the main 

π-conjugated dye-molecular framework and cyanoacrylic acid as anchoring group with the 

molecular structure as sown in Fig. 4 was selected and subjected to 3D structural optimization 
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followed by MO calculation using Gaussian G09. The selection of cyanoacrylic acid as an 

anchoring group was made because carboxylic and cyanoacrylic acid has shown their dominance 

and is preferred anchoring groups utilized extensively for potential sensitizers of the DSSCs [7].  

In parallel to the theoretical calculation, this dye was also chemically synthesized and 

characterized to test the reliability of the theoretically calculated results. Structure optimization 

was done utilizing 6-311G as basis set and functionals like DFT and P3PW91 in combination with 

the PCM model utilizing ethanol solvent, where calculated results are shown in the Fig. 4.  

 
Figure 4. Molecular structure and theoretically calculated results about the optimized structure of  

SQ-140 along with the electron density distribution in HOMO and LUMO.  

 

It is clear from this figure that in the HOMO electron clouds associated with the π-framework of 

the dye are principally located on squaraine unit, while electron density in LUMO corresponding 

to the π* MO exhibit a dramatic reduction of electron density at the central squaric acid core and 

benzoindole unit along with the sufficient diversion of electron density at the cyanoacrylic acid 

anchoring group. Such a shift in the electron density distribution is associated with the 

intramolecular charge transfer (ICT) and the presence of the sufficient electron density at the 

anchoring group indicates the good electronic coupling between the photoexcited dye and vacant 

3d orbitals of the TiO2 upon the attachment of this dye leading to the facile electron injection. It is 

worth mentioning here that the theoretically calculated value of HOMO energy level was found to 
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be -5.21 eV, which matches very well with the experimentally determined value of this dye (-5.17 

eV) using cyclic voltammetry (chapter-4) validating the reliability of the theoretically calculated 

result.     

 

3.3.1.2 Calculations for electronic absorption spectra 

After successful structural optimization of the geometry in the ground state for SQ-140, which was 

then used for the excited-state calculation using TD-DFT at B3PW91/6-311G and PCM solvent 

model in ethanol to calculate the excitation energies from the ground state to the excited states. 

From the excited-state TD-DFT calculations, we can get several parameters such as electronic 

transitions, molar extinction coefficients, and oscillator strength along with the relative distribution 

of Mulliken charges as shown in Fig. 5. A perusal of the theoretically calculated electronic 

absorption spectrum of SQ-140 in ethanol solvent under the PCM model exhibited intense 

electronic absorption at 660 nm having oscillator strength of 1.7822 and a very high epsilon of 

about 7.2 X 104 associated with main π-π* electronic transition from the HOMO-LUMO. It can be 

seen from the experimentally measured electronic absorption spectrum of this dye (5 µM solution 

in ethanol) as shown in Fig. 4(b) also exhibiting a narrow and intense absorption mainly in the far-

red wavelength region with absorption maximum (λmax) at 670 nm with a very high molar 

extinction coefficient of 3.4 x 105 dm3.mol-1.cm-1.  This such a very small difference in the 

calculated λmax and epsilon values between the experimentally observed and theoretically 

calculated results indicates the potentiality of such methodology towards the theoretical prediction 

of absorption spectra for the design and development of novel NIR sensitizers. At the same time, 

charge distribution as shown in figures 4(c, d) exhibits more concentration of the negative charges 

towards the anchoring region responsible for pronounced ICT. Such analysis helps to compare the 

relative ICT depending on the nature of anchoring and helps to understand their relative adsorption 

behavior on to the TiO2.  
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Figure 5. Theoretically calculated (a) and experimentally measured (b) electronic absorption 
spectra of SQ-140 in ethanol. Mulliken charge distribution and its expanded version near the 
anchoring group have been shown in the (c) and (d), respectively.  

 

3.3.1.3 Construction of the energy band diagram for SQ-140 as a representative dye. 

Dye molecule adsorbed on the surface of TiO2 gets excited from their ground energy state to 

excited state upon light illumination resulting from the intramolecular π-π* electronic transition 

[20]. An energetic cascade between the conduction band of the TiO2, dye sensitizer, and electrolyte 

necessary for successful completion of the DSSC working cycle. Theoretical energy band diagram 

of the unsymmetrical squaraine dye SQ-140 along with the energy level of the TiO2 and (I-/I3
-) 

redox couple has been shown in Fig. 6. Redox energy level of I-/I3
- at -4.90 eV and conduction 

band energy of TiO2 having a value of -4.0 eV were taken from the reported literature [26-27]. In 

the most common practices of the construction of the experimental energy band diagram of a 

functional organic material, its HOMO energy level is generally estimated by either photoelectron 
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yield spectroscopy (PYS) and most commonly using cyclic voltammetry their 1st oxidation 

potential from its relative shift concerning the standard ferrocene (Fe/Fe+) redox peak measured 

under similar experimental conditions. LUMO energy level is then estimated using the relation 

LUMO = HOMO + Eg, where, Eg corresponds to the energy bandgap. In most cases, Eg is 

experimentally estimated from the optical absorption edge (Eopt) of electronic absorption spectra. 

As it can be seen from Fig. 4 that despite a very good match between the theoretical and 

experimental λmax of SQ-140, calculated absorption spectra are extremely broader as compared to 

that of the experimentally measured absorption spectrum.  

 
Figure 6. Theoretically calculated electronic absorption spectra (left) and energy band diagram 
(theoretical and experimental) of SQ-140 (right) along with the energy level of TiO2 and iodine-
based redox electrolyte.   

This poses an obvious question on taking the absorption edge of calculated spectra for the 

estimation of the Eopt. Therefore, energy corresponding to the full width at half maximum 

(FWHM) of the calculated absorption spectrum was considered to be a better way to define it as 

Erupt and estimate the calculated Eg. This calculated Eg has been used to construct the theoretical 

energy band diagram using this modified and Eg, which has been inspired from the experimental 

approach and has been named as modified theoretical energy band diagram.  Therefore, three types 

of energy band diagrams for SQ-140 such as purely calculated adopting TD-DFT calculated (SQ-

140 ST), purely experimentally measured (SQ-140 EXP), and using the newly proposed modified 

approach (SQ-140 MOD) were constructed as shown in Fig. 6. A perusal of the energy band 
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diagram of the SQ-140 reveals that although the calculated value of HOMO is very near to its 

corresponding experimental value, while calculated LUMO energy level is far from the 

experimental value. At the same time, utilization of our newly proposed modified method taking 

modified Eg via proposal of theoretical estimation of the Erupt seems to be a good and plausible 

strategy. This exhibits very close values of HOMO and LUMO energies along with the Eg 

compared to that of the experimentally determined value. Therefore, such a strategy for the 

prediction of the energy band diagram seems to be highly suitable for the design and development 

of novel NIR sensitizers. At the same time, this newly design dye seems to a potential NIR 

sensitizer compatible for DSSCs utilizing mesoporous TiO2 as a wide bandgap semiconductor and 

dye adsorbing scaffold in combination with iodine based redox electrolyte.    

 

3.3.2 MO calculation using unsymmetrical squaraine dyes with varying anchoring groups    
3.3.2.1 Ground-state structural optimization  

Encouraged from the very good match between the experimental and theoretically calculated 

values of HOMO for SQ-140, using DFT, 6-311G basis set and B3PW91 functional with PCM 

model, structural optimization of a series of unsymmetrical squaraine bearing different mono as 

well as bi-functional anchoring group were also conducted under similar conditions. To predict 

the explicit role of the anchoring group main p-conjugated mother core was kept the same (as 

shown in Fig. 3) for all of the newly designed dyes. Selection of anchoring group for the dyes 

under investigation was logically made taking their several advantageous futures as summarized 

in table 1.  

 

Table 1. Summarization of various anchoring groups used the design of novel unsymmetrical 
squaraine dyes for present theoretical calculations. 

Sensitizing Dye Anchoring group Reason for selection 
SQ-138 Carboxylic acid Most commonly used anchoring group 
SQ139 Acrylic acid Carboxylic acid extended π-conjugation 
SQ-140 Cyanoacrylic acid Extended π-conjugation with strong electron-

withdrawing effect 
SQ-141 Hydroxy Electron donating effect 
SQ-142 Sulfonic acid Multidentate ligation 
SQ-143 Phosphonic acid Multidentate ligation and strong binding with TiO2 
SQ-144 Silyl ester Very strong binding with TiO2 
SQ-145 Cyanophenol Strong binding and electron-donating effect 
SQ-146 Catechol Strong binding with TiO2 
SQ-147 Dicyano Strong electron-withdrawing effect 
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SQ-148 Cyanophosphonic acid Strong binding with electron-withdrawing effect 
SQ-149 Silyl ester and Cyano acrylic acid Double anchor, very strong binding with electron-

withdrawing effect 
SQ-150 Silyl ester and Cyano phosphonic 

acid 
Double anchor, very strong binding with electron-

withdrawing effect 
SQ-151 Phosphonic acid ethyl ester Strong binding with suppressed dye aggregation 
SQ-152 Ethyl phosphonate Strong binding with suppressed dye aggregation 
SQ-153 Hexyl phosphonate Strong binding with enhanced suppression of the 

dye aggregation 
SQ-154 Cyanoacrylic and phosphonic acid Double anchor, very strong binding with electron-

withdrawing effect 
SQ-155 Cyanoacrylic acid and ethyl-

phosphonate 
Double anchor, strong binding with electron-
withdrawing effect, suppressed aggregation 

SQ-156 Cyanoacrylic acid and hexyl-
phosphonate 

Double anchor, strong binding with electron-
withdrawing effect, much-suppressed aggregation 

 

Electron density distribution of these designed sensitizers in their respective HOMO and 

LUMO was calculated, which is shown in Fig. 7. It can be seen from this figure that electron 

density in the HOMO, mainly lies on squaric acid unit, while in the LUMO it is more diverted 

towards the anchoring group. This diversion of electron density from the central squaraine unit of 

HOMO towards the anchoring group in the LUMO indicates the possibility of ICT leading to the 

feasibility of facile charge separation upon the photoexcitation. It can be seen from Fig. 6 that 

electron density in the LUMO of the dyes SQ-138, SQ-139, SQ-140, SQ-142, and SQ-148, where 

anchoring groups not only lies in the same plane of the main molecular framework and exhibit 

good ICT but also diversion of sufficient electron density at the anchoring group. This suggests 

their suitability as a sensitizer of DSSC, provided that they exhibit sufficient driving force for 
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electron injection in the CB of TiO2, which will be discussed later. 

 

 



54 
 

 

 
Figure 7. Calculated electron clouds in the HOMO (top) and LUMO (bottom) for the various 
unsymmetrical squaraine dyes bearing different anchoring groups.   
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On the other hand, the other sensitizing dyes like SQ-141 and SQ-143, SQ-144, SQ-145, 

and SQ-146 lack prominent ICT and are expected to face hindrance in the electron injection due 

to the low electron density on LUMO. This could be attributed to the electron-donating nature of 

the anchoring group in the case of SQ-141, SQ-145, and SQ-146, while in the case of SQ-143 and 

SQ-144 non-planarity of the anchoring group restricts the diversion of electron density at LUMO. 

Interestingly,  the  introduction  of  electron-withdrawing  cyano  group  in  the  cyanophosphonic 

anchoring  of  dye  SQ-148  leads  to  sufficient  diversion  of  the  electron  density  at  LUMO  as 

compared to only phosphonic acid in the case SQ-143 suggesting their suitability as a sensitizer. 

More importantly, SQ-149, SQ-150, and SQ-154 bearing double anchoring groups appear to be 

potential dyes in terms of not only the enhanced ICT but also they are expected to exhibit strong 

binding with TiO2 to making them good sensitizer leading stable DSSCs.   

 

3.3.2.2 Calculations for electronic absorption spectra 

After successful structural optimization of the geometry in the ground state, all of the designed 

dyes were subjected to the excited-state calculation using TD-DFT at B3PW91/6-311G level of 

theory in combination with PCM solvent model using ethanol for the calculation of the electronic 

absorption spectra, which has been shown in Fig. 8. A perusal of the electronic absorption spectra 

reveals although all of the dyes under investigation exhibit intense light absorption in the far-red 

to NIR wavelength region associated with the -p* electronic transition with high epsilon values 

but there is a differential shift depending on the nature and extent of -conjugation associated with 

the anchoring group. There is a gradual red-shift in the calculated λmax values for the SQ-138, SQ-

139,  SQ-140,  and  SQ-148  bearing  carboxylic  acid,  acrylic  acid,  cyanoacrylic  acid,  and 

cyanophosphonic  acid  anchoring  groups,  respectively,  which  is  attributed  to  their  relative 

contribution of -electron density from the anchoring group to main p-molecular framework of 

dye mother core.  Amongst the dyes bearing phosphonic acid-based single and double anchoring 

groups, it can be seen that dyes with single phosphonate anchoring groups such as SQ-151, SQ-

152, and SQ-153 exhibit relatively blue-shifted compared to that of analogous dyes with double 

anchoring  group  SQ-154,  SQ-155,  and  SQ-156.  This  is  attributed  to  the  incorporation  of  the 

cyanoacrylic acid anchoring group having extended -conjugation along  with the phosphonate 

anchoring groups. It is interesting to note that in the case of the dyes bearing phosphonates and 

cyanoacrylic acid, calculated values of λmax are slightly blue-shifted as compared to that SQ-140 
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bearing single cyanoacrylic acid anchoring group, which is attributed to the fact that introduction 

of non-planer phosphonate anchoring group creates some overall non-planarity of the dyes by 

slight twisting leading to this observed blue-shift. Theoretically calculated values of the λmax 

obtained from the calculated electronic absorption spectra have been summarized in table 2.   

 
Figure 8. Theoretically calculated electronic absorption spectra of unsymmetrical squaraine dyes 
bearing different anchoring groups.  
 
Table 2. Summarization of various anchoring groups used the design of novel unsymmetrical 
squaraine dyes for present theoretical calculations. Values shown in the parentheses are 
experimentally determined values of some synthesized dyes. 

Sensitizing SQ-
Dyes 

Anchoring groups Calculated max  

(nm) 
Calculated HOMO 

(eV) 
SQ-138 Carboxylic acid 595 (654) -5.15 (-5.10) 
SQ139 Acrylic acid 616 (665) -5.11  (-5.08) 
SQ-140 Cyanoacrylic acid 660 (670) -5.17 (-5.21) 
SQ-141 Hydroxy 584 (660) -4.97 (-4.90) 
SQ-142 Sulfonic acid 601 (652) -5.24 (-5.22) 
SQ-143 Phosphonic acid 587 (652) -5.17 (-5.05) 
SQ-144 Silyl ester 586 -5.08 
SQ-145 Cyanophenol 591 -5.18 
SQ-146 Catechol 589 -4.98 
SQ-147 Dicyano 598 -5.26 
SQ-148 Cyanophosphonic acid 643 (666) -5.21 (-5.12) 
SQ-149 Silyl ester and Cyano acrylic acid 660 -5.24 
SQ-150 Silyl ester and Cyano phosphonic acid 649 -5.24 

SQ-151 Phosphonic acid ethyl ester 586 (652) -5.16 (-5.15) 
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SQ-152 Ethyl phosphonate 584 -5.14 
SQ-153 Hexyl phosphonate 585 -5.13 
SQ-154 Cyanoacrylic and phosphonic acid 647 -5.36 
SQ-155 Cyanoacrylic acid and ethyl-phosphonate 656 -5.27 
SQ-156 Cyanoacrylic acid and hexyl-phosphonate 656 -5.27 

 

A perusal of the results shown in table 2 about the λmax of the calculated absorption spectra 

and HOMO energy values after the TD-DFT calculation corroborates that introduction of electron-

donating anchoring group leads to an upward shift in the HOMO energy level contrary to the 

downward shift exhibited by the dyes with electron-withdrawing anchoring groups. Introduction 

of short or long-chain alkyl groups in the phosphonic acid anchoring group neither alters the λmax 

nor the HOMO energy values suggesting they can only control the dye aggregation without any 

detrimental impact on the Photophysical properties. It is interesting to note that the theoretically 

calculated results of the HOMO energy and λmax for some of the dyes, which have been already 

synthesized and characterized, there is only a difference of about ± 0.06 eV in the λmax and ± 0.05 

eV in the HOMO energy level validating the reliability of the theoretical prediction.   

 
3.3.2.3 Construction of the theoretical energy band diagram 

Energetics of dye sensitizer and its cascade formation concerning the conduction band energy of 

the wide bandgap semiconductor and energy level of the redox electrolyte plays a pivotal role in 

the proper functioning of the DSSCs. In this calculated energy band diagram, we have considered 

the most commonly used TiO2 as a wide bandgap semiconductor and I-/I3
- as redox electrolyte and 

explored the suitability of the newly designed sensitizing dyes for DSSCs using these systems. As 

discussed for SQ-140 in section 3.3.1.3 that owing to relatively much wider theoretically 

calculated absorption spectra, utilization of hybrid approach for energy band diagram of dyes 

considering defining Eg from Eopt at FWHM of the calculated electronic absorption spectra 

exhibits a very good correlation between the experimentally determined as well as theoretically 

calculated energy level of the dyes.  Utilizing this approach, the energy of the HOMO and LUMO 

for all the unsymmetrical squaraine dyes under investigation was calculated and has been shown 

in Fig. 9 along with the energy of the CB of TiO2 and energy level of the iodine-based redox 

electrolyte.    
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Figure 9. Theoretically calculated energy band diagram for unsymmetrical squaraine dyes bearing 
different anchoring groups. The energy of the conduction band of TiO2 and redox energy level of 
the iodine-based electrolyte are reported values taken from the literature.  

 It can be seen from Fig. 9 that except few proposed sensitizers, all of the dyes exhibit 

an energetic cascade concerning the energy level of the conduction band of the TiO2 and iodine-

based redox electrolyte necessary of the electron injection and dye regeneration, respectively. 

Sensitizing dyes SQ-141 and SQ-146 bearing electron-donating hydroxyl and catechol anchoring 

groups respectively shifts the HOMO energy too much upwardly making them difficult for dye 

regeneration after the photoexcitation. Similarly, dyes SQ-154, bearing cyanoacrylic and 

phosphonic acid double anchoring group may face difficulty in the electron injection owing to the 

very small driving force for the electron injection.    
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3.4 Conclusions 
Computational molecular design is a fast-growing area having potential applications in 

the area of drug design of pharmaceutical industries, materials discovery, and the design and 

development of functional materials for research and development. In the DSSC research, it has 

now emerged as a powerful tool for the development of sensitizers making speedy development 

of the novel materials and saving the precious time of the material scientists leading to the fast 

growth of this field. In this context, Gaussian has emerged as a powerful tool for the 

computational molecular design for the prior prediction of the various physicochemical properties 

of materials. It has been demonstrated that as a judicial selection of the computational cost and 

accuracy of the predicted results, 6-311G as a basis set, DFT for electron-pair correlation, and 

B3PW91 as functional using PCM solvent can reliably predict the energetics, electronic 

absorption spectra, and energy bandgap in the case of NIR dyes based on squaraine class of dyes. 

Using unsymmetrical squaraine dyes bearing varying functional group, it has been shown that 

there is an excellent correlation between the energy of the HOMO and absorption maximum with 

only a difference of ± 0.06 eV in the λmax and ± 0.05 eV in the HOMO energy level between the 

theoretically predicted and experimentally observed values validating the reliability of the 

theoretical prediction for the design and development novel functional dyes. 
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Chapter-4  

Influence of the Nature of Anchoring groups on 

photovoltaic Performances and stability 
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4.1 Introduction 

Day by day increasing world population and changing the life style encouraged the world’s 

researches and scientist to design and development of novel organic photo functional materials 

for the various electronic devices like field-effect transistors [1,2], sensors [3,4], and solar cells 

[5,6], etc. To avoid energy demands in the future, solar cells is the best alternate and has got an 

enormous attention amongst them [7]. Dye sensitized solar cell (DSSC) one of the strong 

candidates among all the Next-generation solar cells due to their relatively low-cost raw materials 

resulting low-cost of fabrication procedure, their esthetic color beauty, and transparency [8]. 

Functional dye molecules can be considered as the “heart of Dye-Sensitized Solar Cells” 

considering its prevalent role as a sensitizer in photon harvesting [9]. Efforts of various 

optimizations for different components of DSSCs and the design and development of novel 

efficient sensitizers in the last two decades resulted in the demonstration of power conversion 

efficiency (PCE) surpassing amorphous silicon [10-11]. Moreover, this PCE has been achieved 

for efficient photon harvesting (>90 %) by photon harvesting only in the visible region (< 700 

nm) of the solar spectrum [12-13]. A perusal of the solar spectrum reveals that about more than 

50 % of solar energy emanates from the photon flux beyond the visible wavelength region [14]. 

This provides hope for further enhancement in the PCE by the design and development of novel 

sensitizing dyes with the capability of light absorption beyond the far-red to near-infrared (NIR) 

wavelength region. Amongst various components involved in the construction of DSSCs, 

sensitizing dyes play a very important role not only in controlling the overall efficiency but also 

responsible for the stability of the solar cell. To function optimally in DSSC, sensitizing dyes 

must fulfill certain criteria. These dyes should energetically favorable concerning the conduction 

band of the wide bandgap mesoporous titanium dioxide semiconductor and iodine redox couple 

electrolyte for facile electron injection and dye regeneration respectively, after the photoexcitation. 

Apart from this, these sensitizers should also exhibit a high molar extinction coefficient and bear 

a suitable anchoring group at the right position of the main molecular framework. These anchoring 

groups not only responsible for the electron density in the LUMO after excitation of the dye 

molecule but also their nature decides the binding stability of DSSCs [8-10]. Ruthenium complex 

dye was the first reported dye for DSSC, which had exhibited 7% Photoconversion efficiency 

[11]. To avoids this, development of metal-free dyes owing to the fine-tuning of the energetics, 

ease of synthesis, and less toxicity comes into the consideration [12]. Dyes with extended π-



65 
 

conjugation based on triarylamine [13, 14], carbazole [15,16], indoline, etc., are the metal-free 

dyes exhibiting efficient photon harvesting in the visible spectral region to near-infrared (NIR) 

region. Huge structure flexibility and synthetic manipulation make unsymmetrical squaraine more 

promising as compared to other classes of squaraine. Due to unidirectional flow of electron from 

one donor to another through central acceptor unsymmetrical dyes possess intense and sharp 

absorption with in the NIR wavelength window with high molar extinction coefficient. [17, 18]. 

Besides, these sensitizers tend to aggregation and quenching of fluorescence in the emission 

spectra which can be seen by their shoulder peak in the absorption spectra [19]. In this work, six 

new unsymmetrical NIR squaraine dyes as shown in figure-1 having sharp and intense light 

absorption in the NIR wavelength region were designed, synthesized, and characterized. After 

successful synthesis, these dyes were subjected to their Photophysical, photovoltaic 

characterizations and investigation of their anchoring binding behavior on the mesoporous TiO2. 

Combined computational and experimental approaches have been applied to design these dyes 

keeping the same main π-framework with varying different anchoring groups.  

 

 

 

Figure-1. Chemical structure of the unsymmetrical squaraine dyes with varying anchoring groups 
used in the present investigation. 
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Figure-2 Device fabrication process 
 

4.2  Experimental 
Versatile application and tunable Photophysical properties of the Squaraine dyes make the 

research interesting of the squaraine chemistry and mainly of the unsymmetrical Squarine dyes. 

However, complicated synthesis of unsymmetrical dyes makes them more challenging as 

compare to the symmetrical dyes.[20]. 

 

4.2.1 Synthesis of unsymmetrical squaraine dyes 

Keeping the same π-conjugated mother core and varying different Anchoring groups, 

Unsymmetrical squaraine dyes and their corresponding intermediates were synthesized as per the 

route of synthesis as shown in scheme-1 and scheme-2. Starting compound 1, 1, 2-trimethylbenzo 

(e) indole [1] was purchased from Sigma-Aldrich and another Starting compound 4-Bromoaniline 

[5], 4-hydrazineylbenzonitrile hydrochloride [11] were purchased from Tokyo Chemical Industry 

and used without further purification. The intermediate 5-carboxy-1-ethyl-2, 3, 3-trimethyl-3H-

indolium iodide (i) was synthesized and characterized as per our previous publication [21]. 

 
4.2.1.1 Synthesis of 3-dodecyl-1,1,2-trimethyl-1H-benzo[e]indol-3-umiodide [2] 

5 g (28.7 mmol) of 1, 1, 2-trimethyl-2, 3-dihydro-1H-benzo[e]indole [1] was taken in a round 

bottom flask with Propionitrile (40 mL) as the solvent. Then 12 g (43 mmol) of 1-Iodododecane 

(1.5 equivalent) was added to it. The mixture was then subjected to reflux at 110 °C for 26 h. 
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Reaction monitoring was done by TLC in a 15 % ethyl acetate: Hexane solvent system. After the 

completion of the reaction, the reaction mixture was cooled to room temperature followed by 

solvent evaporation. After complete evaporation of the solvent, ample diethyl ether was added to 

it followed by thorough ether washing. The residue was collected as a light pink solid to give the 

titled compound in 78 % yield (11.2 g). FAB mass (measured m/z: 378.3164 [M] +; calculated 

m/z: 378.3161). 

 
4.2.1.2 Synthesis of (E)-4-((3-dodecyl-1,1-dimethyl-1H-3l4-benzo[e]indol-2-yl) methylene)-2-ethoxy-3-

oxocyclobut-1-en-1-olate [3] 

In a round bottom flask fitted with a condenser, 1 equivalent of compound [2], (5 g, 9.9 mmol) 

and 1 equivalent of 3, 4-Diethoxy-3-cyclobutene-1, 2-dione 1.6 g (9.9 mmol) was taken in 25 mL 

ethanol. To it, 5 equivalent of trimethylamine (7.0 ml) was added. The reaction mass was then 

subjected to reflux for 6 h, which soon turned to yellow color. Solvent was evaporated under a 

vacuum. Reaction mass was then extracted with ethyl acetate followed by thorough washing with 

distilled water and brine. The obtained ethyl acetate layer was subjected to vacuum evaporation 

and performed column chromatography with 10 % Ethyl acetate: Hexane. The solvent was 

removed to get the titled compound as a yellow powder in 77 % yield (3.8 g). FAB-mass 

(measured m/z: 502.0 [M+H] +; calculated m/z: 501.3). 

 
4.2.1.3 Synthesis of (E)-4-((3-dodecyl-1,1-dimethyl-1H-benzo[e]indol-3-ium-2-yl) methylene)-2-hydroxy-3-

oxocyclobut-1-en-1-olate [4] 

5 g (6.0 mmol) of compound [3] was dissolved in 15 mL ethanol in a 50 mL round bottom flask. 

To this solution 5 equivalent 4 N NaOH was added and refluxed for 2 hr. The reaction mixture 

was cooled and the solvent was evaporated under a vacuum. Reaction mixture was acidified by 

diluted HCl and extracted in chloroform and subjected to thorough washing by brine. The final 

hydrolyzed product was obtained as a red solid in 88 % yield (2.5 g). 

 
4.2.1.4 Synthesis of 1-ethyl-5-hydroxy-2,3,3-trimethyl-3H-indol-1-iumiodide (ii)  

The intermediate 5-hydroxy-2, 3, 3-trimethyl-3H-indole was synthesized following our previous 

work [22]. 1 equivalent 4 g (21.1 mmol) of 5-methoxy-2, 3, 3-trimethyl-3H-indole was dissolved 

in 20 mL dichloromethane. It was then cooled to 0°C. To the cooled solution, 4 ml (2 eq.) of 

Boron tribromide was added dropwise followed by the continuation of reaction at room 
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temperature. After 8 hrs. reaction progress was monitored by TLC. the reaction mass was 

quenched by sodium thiosulphate, and reaction mass was using ethyl acetate and thorough 

washing with distilled water followed by brine. The organic layer was evaporated under vacuum 

and the crude product was purified by column chromatography using 50 % Ethyl acetate: Hexane. 

The desired product was obtained in 72 % yield (2.66g). The obtained precursor 2.0 g (11.42 

mmol) was dissolved in 10 ml acetonitrile. Then 2 equivalent (1.8 ml, 22.8 mmol) of 1-Iodoethane 

was added to it. The reaction mixture was then refluxed for 18 hr. while monitoring the progress 

by TLC. On completion, the solvent was evaporated under vacuum and the product was 

precipitated out adding diethyl ether. It was then filtered and the titled compound was obtained 

as pinkish solid in 63 % yield (2.3 g). 

 
4.2.1.5 Synthesis of 5-sulfo-1-ethyl-2,3,3-trimethyl- -3H-indol-1-ium iodide (iii) 

The intermediate was synthesized following the report by Park et al. [23]. 5-Sulfo-2, 3, 3-

trimethyl-3H-indole was synthesized by the reaction of 4-Hydrazino-benzenesulfonic acid 

hemihydrate 4 g (21.3 mmol) with 5 mL of 3-methyl-2-butanone in 20 mL acetonitrile under 

reflux for 7 h. Reaction progress was monitored by TLC and upon completion of the reaction, the 

solvent was evaporated and performed column chromatography to give the product in 75 % yield. 

2.5 g (10.4 mmol) of this compound was dissolved in 15 ml of acetonitrile and 2 equivalents of 

1-Iodoethane (4 ml, 20.8 mmol) were added. The mixture was then refluxed for 12 h while 

monitoring the reaction progress by TLC. The solvent was evaporated under vacuum and product 

was precipitated by diethyl ether. which was filtered to get the titled compound as pinkish solid 

in 68 % yield (2.8 g). 

 
4.2.1.6 Synthesis of 5-(diethoxyphosphoryl)-1-ethyl-2,3,3-trimethyl-3Hindol-1-ium iodide (iv) 

After a slight modification in the procedure as reported by Archer et al. [24], compound (iv) was 

synthesized. To a solution of 4-Iodoindole (1 g, 3.5 mmol) in toluene was added Tetrakis 

(triphenylphosphine) palladium (0) (0.18 mmol), and trimethylamine (12.4 mmol) followed by 

the addition of Diethylphosphite (0.31 mmol), and the reaction mixture was refluxed for 12 h. 

Upon completion of the reaction as monitored by TLC, the solvent was evaporated. The product 

was extracted with ethyl acetate and washed with water and brine. Finally, purification was done 

by column chromatography giving desired compound diethyl (2, 3, 3-trimethyl-3H-indol-5-yl) 
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phosphonate as a colorless liquid. To a solution of this compound acetonitrile followed by ethyl 

iodide was added and reflux the reaction mass for 12 h. Upon completion of the reaction, the 

solvent was evaporated, and product was precipitated out by using diethyl ether. It was then 

filtered, washed with diethyl ether, and dried under vacuum to obtain the titled compound 5-

(diethoxyphosphoryl)-1-ethyl-2,3,3-trimethyl-3H-indol-1-ium iodide (iv). 

 
4.2.1.7 Synthesis of SQ-138 

To a 50 mL round bottom flask, 1 equivalent of 5-carboxy-1-ethyl-2,3,3-trimethyl-3H-indol-1-

ium iodide (i), (300 mg, 1.3 mmol), 1 equivalent (559 mg, 1.3 mmol) of hydrolyzed semi 

squaraine dye intermediate [4] were added in 30 mL of 1:1 toluene/n-butanol. The reaction 

mixture was refluxed for 12 h, which soon turned greenish. Reaction progress monitored by TLC, 

solvent was evaporated under vacuum after completion and purification was done by column 

chromatography using 5% methanol: chloroform solvent. Pure fraction afforded the titled 450 mg 

of the compound as a vibrant blue color in 51 % yield. Results of HR-FAB-MS (measured m/z: 

686.4114 [M]+; calculated m/z: 686.4084) and 1H NMR (500 MHz, CDCl3): δ/ppm = 8.15(dd,H-

44); 8.05(dd,H-41); 7.9(dd,H-8); 7.86 (dd,H-9); 7.55(dd,H-45); 7.41(t,H-6); 7.39(t,H-5); 7.27(d, 

H-7); 6.9(d,H-4); 6.08(s,H-33); 5.9(s,H-28); 4.14 (m,H-46); 3,98(t,H-16); 2.10(t,H-47); 

1.82(m,H-17); 1.77(s,H39 + 40); 1.56(s,H14 + 15); 1.40(m,H-18), 1.39 (m,H-19); 1.38 (m,H-

20),1.37(m,H-21), 1.34(m,H-22);1.33 (m,H-23); 1.31 (m,H-24);1.29 (m,H-25); 1.28(m, H-26), 

1.22(t,H-27) confirms the structural identity of this dye. 

 
4.2.1.8 Synthesis of SQ-141 

To a 100 ml round bottom flask, 1 equivalent of 1-ethyl-5-hydroxy-2,3,3-trimethyl-3H-indol-1-

ium iodide (ii) 300 mg (0.91 mmol) of and 1 equivalent (392 mg) of semi squaraine dye 

intermediate [4] was dissolved in 30 mL of 1:1 toluene/ n-butanol. The reaction mixture was 

refluxed for 18 h. After evaporation of the solvent under vacuum, crude product was purified by 

column chromatography by using chloroform methanol as the mobile phase to obtain a vibrant 

blue solid (285 mg) in 43 % yield. HR-FAB-MS (measured m/z: 658.4131 [M] +; calculated m/z: 

658.4134). 1H NMR (500 MHz, CDCl3): δ/ppm = 9.74.15(dd,H-43); 8.12(dd,H-41); 7.82(dd,H-

8); 7.79 (dd,H-9); 7.51(dd,H-44); 7.49(t,H-6); 7.48(t,H-5); 7.20(d, H-7); 6.8(d,H-4); 5.9(s,H-33); 

5.89(s,H-28); 4.02(m,H-45); 3.58(t,H-16); 2.10(t,H-46); 1.98(m,H-17); 1.78(s,H39 + 40); 1.50(s, 
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H14 + 15); 1.41(m,H-18), 1.40(m,H-19); 1.38(m,H-20); 1.37(m,H-21), 1.34(m,H-22); 1.32(m, 

H- 23); 1.31(m,H-24); 1.29(m,H-25); 1.28(m, H-26), 1.21(t,H-287).  

 

 
4.2.1.9 Synthesis of SQ-142  

400 mg (1.5 mmol) of 5-sulfo-1-ethyl-2,3,3-trimethyl-3H-indol-1-ium iodide and 1 

equivalent (646 mg) of semi squaraine dye intermediate [4] was dissolved in 30 mL of 1:1 

toluene/n-butanol in round bottom flask fitted by condenser. Reflux the reaction mass for 

18 hr. After evaporation of the solvent under vacuum, crude product was purified with 

column chromatography using chloroform methanol as mobile phase. 400 mg of the 

desired compound was collected as a blue solid in 40 % yield. HR-FAB-MS (measured 

m/z: 722.3759 [M] +; calculated m/z: 722.3753). 1H NMR (500 MHz, CDCl3): δ/ppm = 

9.73(dd,H-44); 8.12(dd,H-41); 7.81(dd,H-8); 7.79(dd,H-9); 7.50(dd, H- 45); 7.39(t,H-6); 

7.35(t,H-5); 7.19(d,H-7); 6.9(d,H-4); 4.04(s,H-33); 4.02(s,H-28); 3.67(m,H-46); 3.63(t,H-

16); 2.14(t,H-47); 2.06(m,H-17); 1.84(s,H39 + 40); 1.56(s, H14 + 15); 1.44(m,H-18), 

1.42(m,H-19); 1.39(m,H-20); 1.36(m,H-21), 1.34(m,H-22); 1.33(m,H-23); 1.31(m,H-24); 

1.29(m,H-25); 1.28(m,H-26), 1.27(t,H-27). 

 
4.2.1.10 Synthesis of SQ-143 

In a 100 ml round bottom flask, 315 mg of 5-(diethoxyphosphoryl)-1-ethyl-2, 3, 3-trimethyl-

3Hindol- 1-ium iodide (iv) and 302 mg of semi squaraine dye intermediate [4] was dissolved in 

1:1 toluene/n-butanol. The reaction mixture was then refluxed for 18 h. The solvent was 

evaporated and the crude product was purified by column chromatography using chloroform 

methanol as the eluting system. After the evaporation of the collected pure fraction, 220 mg of 

compound was obtained in the ester form as a blue solid in 54.3 % yield. Ester was hydrolyzed 

by using TMS-Br as per the report [25] in DCM at room temperature for 6−8 hrs. Reaction 

progress was monitored by TLC using Methanol chloroform as mobile phase and column 

chromatography was performed by using Methanol chloroform as mobile phase. After the 

evaporation of the collected pure fraction, 130 mg of the titled compound was obtained as a blue 

solid in 63.7 % yield. HRFAB- MS (measured m/z: 723.3938 [M+H] +; calculated m/z: 722.3849). 

1H NMR (500 MHz, CDCl3): δ/ppm = 9.73(dd,H-44); 8.07(dd,H-41); 7.85(dd,H-8); 7.82(dd,H-
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9); 7.53(dd,H-45); 7.40(t,H-6); 7.37(t,H-5); 7.29(d,H-7); 6.97(d,H-4); 6.43(s,H-33); 6.14(s,H-

28); 4.24(m,H-46); 3.9(t,H-16); 3.79(t,H-47); 3.45(m,H-17); 1.57(s,H39 + 40); 1.38(s, H14 + 15); 

1.26(m,H-18), 1.20(m,H-19); 1.18(m,H-20); 1.17(m,H-21), 1.15(m,H-22); 1.13(m,H-23); 

1.14(m,H-24); 1.04(m, H- 25); 1.03(m,H-26), 0.82(t,H-27). 
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Scheme-1. Synthetic scheme for the preparation of unsymmetrical squaraine dyes bearing 
different anchoring groups. (A) 1-Iodododecane, Propionitrile, Reflux/ 26 h. (B) 3, 4-Diethoxy-
3-cyclobutene-1, 2-dione, Triethylamine, Ethanol, Reflux/15 h. (C) 4 N NaOH, Ethanol, Reflux/2 
h. (D) n-Butanol: Toluene (1:1). (E) TMS-Br, DCM, RT. 
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4.2.1.11 Synthesis of intermediate (4-bromophenyl) hydrazine hydrochloride [6] 

To a round bottom flask, 5 g (29.0 mmol) 4-bromoaniline [5] was dissolved in 25 ml conc. HCl 

25 ml. after cooling the reaction mass at 00C, Sodium nitrite 2.4 g (35 mmol) was dissolved in 2 

V of water and added to the reaction mass slowly. Stirred the reaction mass at the same 

temperature for 30 min and then dissolved Tin chloride 13.74 g (72 mmol) in 3 V of water and 

added slowly. After complete addition, allow the reaction mass to room temperature and stirred 

overnight at the same temperature. Reaction monitoring was done by TLC. Thereafter filtered the 

reaction mass and dry under vacuum and Proceed for the next step. 5.8 g of the titled solid 

compound was collected as solid in 90.6 % yield. 

 

4.2.1.12 Synthesis of intermediate 5-Bromo-2, 3, 3-trimethyl-3H-indole [7] 

The compound was synthesized by the slightly modified procedure as reported by [26] (4-

bromophenyl)hydrazine hydrochloride [6] 5 g (22.5 mmol) and 3-Methyl-2-Butanone 5.5 ml 

(51.8 mmol) was dissolved in 30 ml acetic acid and reflux the reaction mass for overnight. 

Reaction monitoring was done by TLC. Dry the reaction mass by evaporating the solvent  the 

Thereafter solvent was evaporated and the crude was purified with column chromatography using 

ethyl acetate-hexane as a solvent system. 4.6 g of the titled compound was collected as a red liquid 

in 86.3 % yield. HRFAB- MS (measured m/z: 238.0221 [M+H] +; calculated m/z: 237.0153).  

 
4.2.1.13 Synthesis of intermediate ethyl (E)-3-(2,3,3-trimethyl-3H-indol-5-yl)acrylate [8] 

After sightly modification in the procedure as reported by [27] compound [8] was synthesized. 

Added 5-Bromo-2,3,3-trimethyl-3H-indole [7] 2 g  (8.4 mmol) in High pressure reaction tube 

with silicon gasket, to it 102 mg (0.33 mmol) of P(O-tol)3 and Pd(OAc)2 18 mg (0.084 mmol) 

were added, followed by 6 ml trimethylamine, ethyl acrylate 1.34 ml (12.6 mmol) and 20 ml DMF. 

The reaction was heated at 130 0C for 10-12 hrs. After the reaction mixture cool to room 

temperature, Reaction monitoring was done by TLC. Thereafter Ethyl acetate was used to extract 

the product. After evaporating the solvent, column chromatography was performed by using ethyl 

acetate-hexane as mobile phase. 1.2 g of the titled compound was collected as a solid in 52.1 % 

yield. HRFAB- MS (measured m/z: 258.1489 [M+H] +; calculated m/z: 257.1416).  
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4.2.1.14 Synthesis of intermediate (E)-5-(3-ethoxy-3-oxoprop-1-en-1-yl)-1-ethyl-2,3,3-trimethyl-3H-indol-1-

ium [9] 

To a round bottom flask fitted with a reflux condenser, 1.2 gm (4.66 mmol) of ethyl (E)-3-(2,3,3-

trimethyl-3H-indol-5-yl) acrylate [8] and 1.12 ml (14.0 mmol) of 1-Iodoethane was dissolved in 

20 ml Acetonitrile and the mixture was refluxed under nitrogen for 24 hrs. After the complete 

consumption of the starting material, confirmed by TLC. Solvent and the excess of 1-Iodoethane 

were removed by evaporation under vacuum. The residue was precipitated out in 

diethylether.0.900 mg of desired compound was obtained as red solid in 69.2% Yield. HRFAB- 

MS (measured m/z: 286.1809 [M+H] +; calculated m/z: 286.1802). 

 

4.2.1.15 Synthesis of intermediate (E)-4-((3-dodecyl-1,1-dimethyl-1H-benzo[e]indol-3-ium-2-yl)methylene)-2-

(((E)-5-((E)-3-ethoxy-3-oxoprop-1-en-1-yl)-1-ethyl-3,3-dimethylindolin-2-ylidene)methyl)-3-

oxocyclobut-1-en-1-olate [10] 

To a round bottom flask fitted with condenser, 900 mg (3.1 mmol) of tert-butyl (E)-5-(3-ethoxy-

3-oxoprop-1-en-1-yl)-1-ethyl-2,3,3-trimethyl-3H-indol-1-ium [9]  and 1.48 g (3.1 mmol) of (E)-

4-((3-dodecyl-1,1-dimethyl-1H-benzo[e]indol-3-ium-2-yl)methylene)-2-hydroxy-3-

oxocyclobut-1-en-1-olate intermediate [4] was dissolved in 30 mL of 1:1 toluene/n-butanol. The 

reaction mixture was then refluxed for 6-8 hrs. Reaction progress was monitored by TLC, 

Thereafter the solvent was evaporated and the crude was purified with column chromatography 

using chloroform methanol solvent as eluent. 1.2 g of the desired compound was collected as a 

blue solid in 52.1 % yield. HR-FAB-MS (measured m/z: 741.4626[M] +; calculated m/z: 

740.4553).  

 
4.2.1.16 Synthesis of Unsymmetrical Squarine dye SQ-139  

1.2 g (1.6 mmol) of (E)-4-((3-dodecyl-1,1-dimethyl-1H-benzo[e]indol-3-ium-2-yl) methylene)-

2-(((E)-5-((E)-3-ethoxy-3-oxoprop-1-en-1-yl)-1-ethyl-3,3-dimethylindolin-2-ylidene) methyl)-

3-oxocyclobut-1-en-1-olate [10] was dissolved in 20 mL ethanol in a 50 mL round bottom flask. 

To this solution 5 equivalent 4 N NaOH was added and refluxed for 2 h. Reaction progress was 

monitored by TLC, the reaction mixture was cooled to room temperature and the solvent was 

evaporated under vacuum. After complete evaporation, the reaction mixture was acidified by 
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diluted HCl and rection mass was then extracted in chloroform and chloroform layer was washed 

with brine. 400 mg of the desired compound was collected as a blue solid in 34.7 % yield. HR-

FAB-MS (measured m/z: 713.4318[M] +; calculated m/z: 712.4240). 1H NMR (500 MHz, 

CDCl3): δ/ppm = 8.22(s,H-4); 7.89(d,H-7); 7.79(d,H-8); 7.61(d,H-44); 7.60(d,H-9); 7.49(t,H-6); 

7.48(d,H-43); 7.45(s,H-41); 7.34(t,H-5); 6.96(d,H-45); 6.94(d,H-48); 6.46(s,H-28); 6.43(s,H-33); 

4.1(q,H-46); 4.03(d,H-16); 1.86(s, H-39 and H-40); 1.41(s,H-14-15), 1.39(m,H-17-26); 1.27(t,H-

47),0.88 (t,H-27).  

 
4.2.1.17 Synthesis of intermediate 2,3,3-trimethyl-3H-indole-5-carbonitrile [12]  

The compound was synthesized by the slightly modified procedure as reported [28] and reported 

by Pham et al [29]. To a round bottom flask fitted with a reflux condenser, 2 gm (11.79 mmol) of 

4-hydrazineylbenzonitrile hydrochloride [11] and 3.81 ml (35.3 mmol) of 3-methyl-2-butanone 

was dissolved in ethanol and the mixture was refluxed under nitrogen for 2 h. After the complete 

consumption of 4-cyano hydrazine hydrochloride, confirmed by TLC. Dry the reaction mass 

under vacuum. The residue was dissolved in 100 mL glacial acetic acid and refluxed for 12 h. 

After the completion of the reaction acetic acid was removed under vacuum and column 

chromatography was performed by using ethyl acetate and hexane as eluent.1.6 g of titled 

compound was obtained as red solid in 73.7% Yield. HRFAB- MS (measured m/z: 185.1083 

[M+H] +; calculated m/z: 184.1000). 

 
4.2.1.18  Synthesis of intermediate 5-cyano-1-ethyl-2,3,3-trimethyl-3H-indol-1-ium iodide [13]  

After slight modification in the procedure as reported by [28]. To a round bottom flask fitted with 

a reflux condenser, 1.6 gm (8.69 mmol) of 2,3,3-trimethyl-3H-indole-5-carbonitrile [12] and 2.09 

ml (26.08 mmol) of 1-Iodoethane was dissolved in Acetonitrile and the mixture was refluxed 

under nitrogen for 24 hrs. Reaction progress was monitored by TLC. Solvent and the excess of 1-

Iodoethane were removed by evaporation under vacuum. The residue was precipitated out in 

diethylether.1.55 g of titled compound was obtained as red solid in 86.1% Yield. HRFAB- MS 

(measured m/z: 341.0508 [M+H] +; calculated m/z: 340.0436). 

 
4.2.1.19 Synthesis of intermediate tert-butyl (E)-2-cyano-3-(1-ethyl-3,3-dimethyl-2-ethyleneindolin-5-

yl)acrylate [16]  
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After hydrolyzing 1.5 g (4.4 mmol) of 5-cyano-1-ethyl-2,3,3-trimethyl-3H-indol-1-ium iodide 

salt [13], using 16 ml of 2 N NaOH and toluene to its methylene base, the resulting base was 

isolated by extracting in toluene, drying, and evaporating to obtained 800 mg solid as 1-ethyl-3,3-

dimethyl-2-methyleneindoline-5-carbonitrile [14]. To a solution of methylene base [14] in 15 mL 

dichloromethane at 0 0C, was added slowly 4.4 mL (4.40 mmol, 1 M solution in THF) of DIBAL-

H. After stirring for 12 hrs under nitrogen atmosphere, the reaction mixture was quenched by 

dilute HCl (2 ml) and the reaction mass was refluxed for 30 min. The crude product was extracted 

into chloroform, washed with water, and dried over Na2SO4. After evaporating the solvent under 

vacuum, 700 mg (3.2 mmol, 86.3%) of 1-ethyl-3,3-dimethyl-2-methyleneindoline-5-

carbaldehyde [15] thus obtained was dissolved in 15 mL of acetonitrile. To this solution was 

added 0.9 mL (6.5 mmol) of tert-butyl-cyan acetate and 0.48 ml (4.8 mmol) of Piperidine. After 

refluxing the reaction mixture for 7-8 hrs, the solvent was evaporated and performed column 

chromatography by using hexane: ethyl acetate (6:1) as eluting solvent to obtain colored liquid 

desired compound in Yield 850 mg (77.2%). HRFAB- MS (measured m/z: 339.2078 [M+H] +; 

calculated m/z: 338.1994). 

  
4.2.1.20 Synthesis of intermediate (E)-2-(((E)-5-((E)-3-(tert-butoxy)-2-cyano-3-oxoprop-1-en-1-yl)-1-ethyl-

3,3-dimethylindolin-2-ylidene) methyl)-4-((3-dodecyl-1,1-dimethyl-1H-benzo[e]indol-3-ium-2-yl) 

methylene)-3-oxocyclobut-1-en-1-olate [17] 

To a round bottom flask, 500 mg (1.47 mmol) of tert-butyl (E)-2-cyano-3-(1-ethyl-3,3-dimethyl-

2-methyleneindolin-5-yl) acrylate [12] and 699 mg (1.47 mmol) of (E)-4-((3-dodecyl-1,1-

dimethyl-1H-benzo[e]indol-3-ium-2-yl) methylene)-2-hydroxy-3-oxocyclobut-1-en-1-olate 

intermediate [4] was dissolved in 30 mL of 1:1 toluene/n-butanol. The reaction mixture was then 

refluxed for 6-8 hrs. Thereafter the solvent was evaporated and product purification was done by 

column chromatography using chloroform methanol solvent as mobile phase. 650 mg of the titled 

compound was collected as a greenish solid in 55.5 % yield. HR-FAB-MS (measured m/z: 

794.4894 [M] +; calculated m/z: 793.4819).  

 

4.2.1.21 Synthesis of Unsymmetrical Squarine dye SQ-140  

600 mg (0.75 mmol) (E)-2-(((E)-5-((E)-3-(tert-butoxy)-2-cyano-3-oxoprop-1-en-1-yl)-1-ethyl-3,3-

dimethylindolin-2-ylidene) methyl)-4-((3-dodecyl-1,1-dimethyl-1H-benzo[e]indol-3-ium-2-yl) 
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methylene)-3-oxocyclobut-1-en-1-olate dye [17] was dissolved in 3 mL of trifluoroacetic acid (TFA) 

and stirred for 6-8 hrs at room temperature. Reaction progress was monitored by TLC, TFA was 

evaporated and performed column chromatography by using methanol: chloroform (1:9) solvent 

system as eluent to give 420 mg of targeted compound SQ-140 as greenish solid 75.4% yield. 

HRFAB- MS (measured m/z: 738.4273 [M+H] +; calculated m/z: 737.4193).1H NMR (500 MHz, 

CDCl3): δ/ppm = 8.28(s,H-43); 8.24(d,H-4); 8.06(d,H-7); 7.99(d,H-8); 7.94(d,H-9); 7.63(d,H-44); 

7.51(t,H-5); 7.46(t,H-6); 7.05(s,H-41); 6.99(d,H-45); 6.20(s,H-28); 6.05(s,H-33); 4.28(q,H-46); 

4.06(t,H-16); 2.97(s,H-39 and H-40); 2.83(s, H-14 and H-15); 1.88(t,H-47), 1.46(m,H-17-26); 

0.97(d,H-27).

Br

NH2

Br

NHNH2.HCl

Br

N N

O

O

N

O

O

I

N

O

O

O

O

N

N

HO
O

O

O

N

SQ-139

15
48

36

43 42 41
37 38

40
39

34
30

29
28 2 3

13 11

10
4

5

6

7

89

12

14

32
31

3335
46

47

45
44

27

2625

2423

2221
2019

1817

161

49

(E)
[5] [6] [7] [8] [9]

[10]

(A) (B) (C) (D)

(F)

N
C12H25

O OH

O

[4]

 



77 
 

NC

NHNH2.HCl

NC

N

NC

N
I

NC

N N

H

O

N

CN
O

O

N

CN
O

O

O

O

N

N

CNHO
O

O

O

N

[11] [12] [13]

[14] [15] [16]

[17]
SQ-140

15
48

36

43 42 41
37 38

40
39

34
30

29
28 2 3

13 11

10
4

5

6

7

89

12

14

32
31

3335
46

47

45
44

27

2625

2423

2221
2019

1817

161

49

(B) (D)

(I)

(E)

(H)

(J)

(G)

N
C12H25

O OH

O[4]

 

Scheme-2 Synthetic scheme for the preparation of SQ-139 and SQ-140 unsymmetrical squaraine 
dyes bearing different anchoring groups. (A) NaNO2, SnCl2, Conc. HCl, 00C, 12 hrs (B) 3-
Methyl-2-butanone, Acetic acid, Reflux, 12 hrs (C) Ethyl acrylate, Pd(OAc)2, P(O-tol)3, TEA, 
DMF, High Pressures reaction tube, 1300C, 10-12hrs (D) 1-Iodoethane, Acetonitrile, Reflux, 
24hrs (E) n-butanol, Toluene, Reflux, 6-8hrs (F) 4N NaOH, Ethanol, Reflux, 1hr (G) 2N NaOH, 
Toluene, RT, 2 hrs (H) DIBAL, DCM, RT, 12 hrs (I) Tert. Butyl cyanoacetate, Piperidine, 
Acetonitrile, Reflux, 7-8 hrs (J) TFA, RT, 6-8 hrs 

 

4.2.2 Structural elucidation 

Structure elucidation of the dye is the process of determining the chemical structure of a 

compound from the identification and characterization of the intermediates and the finished 

products. Nuclear magnetic resonance (NMR) spectroscopy is a very sensitive method for 

characterizing the stereo- chemical structure. Structure elucidation of the synthesized products 

has been done by nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry. In 

this work structural elucidation was performed, and the final dyes were analyzed in the deuterated 

chloroform (CDCl3) by NMR spectrometer (JEOL, 500 MHz) and the intermediates were 

confirmed by Matrix-Assisted Laser Desorption and Ionization (MALDI)-Time-of-Flight (TOF)-

mass or Fast Ion Bombardment (FAB)-mass spectrometry in the positive ion-monitoring mode. 
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4.2.3 Dye Adsorption behavior 

Dye adsorption behavior of the synthesized dyes was investigated using 4 μm thick PST-30NRD 

transparent TiO2 paste (1 cm2 area) coated on the non-conducting glass substrate. TiO2 coated 

glass substrate was then dipped in 0.1 mM ethanolic solution of the respective dyes and extent of 

dye adsorption was observed till saturation with respect to the time as shown in the figure-3 was 

monitored spectrophotometrically by measuring the absorbance of dyes at their absorption 

maximum (λmax). 

 

Figure-3. 4 µm thick and 1 cm2 area PST-30NRD TiO2 for the dye adsorption behavior (a) before 
dye adsorption and (b) after complete dye adsorption. 
 
 
4.2.4 Electrochemical characterization 

The electrochemical stability of the sensitizing dyes is an important criterion for the functioning 

of the solar cell.  Upon light irradiation electrons of the molecule excites from their Highest 

Occupied Molecular Orbital (HOMO) to the Lower Unoccupied Molecular Orbital (LUMO). For 

the best energy matching, LUMO should be higher than the conduction band of the semiconductor 

TiO2 and HOMO should be lower than the electrode potential of the redox electrolyte. 

HOMO was estimated from the first oxidation peak of the dye concerning the Ferrocene 

reference by the cyclic voltammetry method. Cyclic voltammetry (CV) technique is one of the 

widely used technique in DSSC research for electrochemical characterization and HOMO 

estimation. The estimation of the HOMO from this method is more reliable and all HOMO values 

are nearly similar to the theoretical HOMO values which were calculated by TD-DFT using 6-

311 G/B3PW91. Cyclic voltammetry of unsymmetrical squaraine dyes (0.2 mM concentration) 

was recorded in Dimethylformamide (DMF) solution along with ferrocene (0.2 mM 

concentration) reference standard using a similar electrode, tetrabutylammonium 
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hexafluorophosphate (0.1M) as the supporting electrolyte and scan rate, which is shown in the 

Figure-4. All the squaraine dyes bearing different functional group and introduction of electron-

withdrawing groups like −COOH (SQ-138), Acrylic acid (SQ-139), Cyano acrylic acid (SQ-140), 

–SO3H (SQ-142), and -PO3H2 (SQ-143) shifts the oxidation peak towards higher potential as 

compared to that of electron-donating −OH group (SQ-141) containing squaraine dye. This could 

be attributed to the stabilization of molecular orbitals upon the introduction of functional groups 

with an electron-withdrawing nature. In this work, 1st oxidation potential of the corresponding 

dyes has been used to estimate the HOMO energy level of dyes. A shift in oxidation potential of 

the dyes concerning the oxidation potential of Fc/Fc+ redox couple was used to calibrate the 

HOMO energy level of dyes concerning the vacuum level. To conduct the CV, 0.2 mM 

concentration dye were dissolved in Dimethylformamide (DMF) with 0.1 mM 

tetrabutylammonium hexafluorophosphate as the supporting electrolyte. The HOMO value of the 

dyes was calculated from the shift in the oxidation peak concerning the Fc/Fc+, whose value was 

taken as -5.01 eV as per the published by Su and Girault [30]. In the end, energy band diagram 

was constructed by calculating the HOMO value. 

 

 
 

Figure-4 Cyclic Voltammetry of the unsymmetrical squaraine dyes and ferrocene as a reference 
standard in DMF recorded using Pt working/counter electrode and saturated calomel electrode 
(SCE) as a reference electrode. 
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4.2.5 Dye adsorption stability 

The stability behavior of the dyes on the mesoporous TiO2 was estimated by UV spectrometry. 

0.2 mM respective dye and 20 mM of disaggregating agent CDCA were dissolved in dehydrated 

Ethanol. Dye was completely adsorbed on the glass substrate coated with mesoporous TiO2 paste 

D/SP (Solaronix) having a ~15 μm thickness and 6.25 cm2 area as shown in figure-5. The relative 

stability behavior of the dyes was estimated by putting the dye adsorbed TiO2 in Acetonitrile: 

water (1:1) ratio at room temperature and the extent of dyes desorbed from substrate in to the 

solution was record spectrophotometrically. Quantitation of the desorbed dyes after a defined time 

of dye desorption was carried estimated by spectrophotometry using standard calibration curves 

of the respective dyes. 40 mM NaOH solution in t-Butanol: Acetonitrile: Water: Ethanol solution 

taken in an equal ratio for the removal of the remaining dyes from the mesoporous TiO2 has been 

used.  

 

 

 

Figure-5. Mesoporous TiO2 for the dye adsorption stability (a) after complete dye adsorption and 
(b) after complete dye desorption. 
 

4.2.6 Device fabrication and characterization 

Photo anode (Working electrode) was constructed by Fluorine doped Tin oxide (FTO) glass 

substrate coated with D/SP mesoporous opaque 15-20 particles size TiO2 paste. D/SP was printed 

on a glass substrate by screen printing method followed by sintering at 500 0C for 1 hr. to obtain 

the optimum thickness (10-12 µm) as shown in the figure-6 double layer of D/SP was screen 

printed and baked at the same temperature. The substrate was then dipped into the solution of 0.2 

mM of the respective dyes and 20 mM de-aggregating agent chenodeoxycholic acid (CDCA) in 

dehydrated ethanol till complete adsorption. 
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Figure-6. Thickness of the theTiO2 paste working electrode 
 

A catalytic Pt sputtered or spin coated 50 µl Hexachloroplatinate (Plastisol T) on FTO glass was 

employed as the counter electrode. Iodine based redox couple electrolyte (I3
−/I−) containing 

composition LiI (0.5 M), iodine (0.05 M), t-butyl pyridine (0.5 M), 1, 2-dimethyl-3-

propylimidazolium iodide (0.6 M) in acetonitrile was used for solar cell fabrication and filled 

through the diagonal or the hole between the working electrode and counter electrode. The device 

was finally sealed by using a 25 μm hot melt spacer and epoxy resin by exposing UV light. 

Photoconversion efficiency of the solar cells was evaluated using a solar simulator (CEP-2000 

Bunko Keiki Co. Ltd, Japan) equipped with a xenon lamp (Bunko Keiki BSO-X150LC) used as 

a source of simulated solar irradiation at 100 mW/cm2, AM 1.5 G.) 

 

Figure-7. A dye-sensitized solar cell made in the lab. 

 

4.3  Results and discussion 
4.3.1 Optical characterizations 
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4.3.1.1 Electronic absorption spectra 
Electronic absorption spectra of the synthesized unsymmetrical squaraine dyes were performed 

in 5μM ethanolic solution as shown in Figure-9. It can be seen from this figure that these dyes 

exhibit very sharp, intense, and narrow light absorption mainly in the far-red (550 nm–700 nm) 

wavelength window of the solar spectrum. At the same time, these dyes show very high molar 

extinction coefficients (ε) in the range 1−3×105 dm3. mol−1. cm−1 and ε values of these dyes are 

about 10 times higher than the typical ruthenium complex-based dyes like N3 [31]. The reason of 

the appreciably high molar extinction coefficient might be due to the intramolecular charge 

transfer along with the extended π-electron donor network, π-π* electronic transition, and also 

due to the presence of central squaric acid moiety having a strong electron-withdrawing nature 

[32]. It can also be seen from this figure that dyes SQ- 138, SQ-139, and SQ-140 bearing 

carboxylic acid, acrylic acid, and cyano acrylic acid functional groups, respectively, exhibit 

relatively red-shifted absorption maximum (λmax) at SQ-138 (654nm), SQ-139 (664 nm) and 

SQ-140 (670 nm), which could be defend due to the extended π-conjugation of the anchoring 

group carboxylic acid to acrylic acid to cyano acrylic acid respectively, contributed from the S 

and P atoms of the anchoring groups. 

 

 
 

Figure-8. Solutions of the different dyes for Electronic absorption spectra and Fluorescence 
emission spectra 
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4.3.1.2 Fluorescence emission spectra 
Squaraine dyes exhibits strong fluorescence intensity. Fluorescence emission spectra of these 

dyes were also recorded in the 5 µm ethanol solution and shown in Figure-9 along with the 

summarization of optical parameters in Table 1. It can also be seen from the figure that emission 

spectra of the dyes are mirror images of their absorption spectra with narrow spectral width and 

emission maxima shifted to the longer wavelength region with the offset above 700 nm. The 

wavelength difference between absorption maximum and emission maximum (Stokes shift) was 

also calculated and shown in Table 1. A perusal of the Figure-9 and Table 1 reveals that small 

stokes shift of 12−17 nm depicts the conformational rigidity of the molecules in the excited state 

[33]. SQ-142 with sulphonic acid anchoring group possess the minimal stokes shift of only 12 nm 

signifying the highest conformational stability. 

 
Figure-9. Electronic absorption (solid line) and fluorescence emission (dotted line) spectra of 
unsymmetrical squaraine dyes in ethanol solution. 
 
Table-1. Optical parameters for unsymmetrical squaraine dyes in ethanol solution and on a thin 
film with dye adsorbed on TiO2. 
 
Sensitizing 
dyes 

Ɛ (dm3. Mol−1. 
cm-1) 

Absorption 
(solution) 
λmax (nm) 

Emission 
(solution) 
λmax (nm) 

Stokes 
Shift (nm) 

Absorption 
(TiO2) 
λmax (nm) 

Optical 
absorption edge 
(eV) 

SQ-138 3.1 × 105 654 668 14 654 710 nm (1.75 eV) 
SQ-139 4..8×105 652 664 12 656 710 nm (1.75 eV) 
SQ-140 3.4 x 105 670 684 14 678 740 nm (1.67 eV) 
SQ-141 2.4 × 105 660 674 14 670 725 nm (1.71 eV) 
SQ-142 1.8 × 105 652 660 8 652 700 nm (1.77 eV) 
SQ-143 4.8 × 105 652 664 12 656 710 nm (1.75 eV) 
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4.3.2 Theoretical molecular orbital calculations 

The recent past has witnessed that MO calculations is one of the best tool in the field of DSSC 

research aiming towards the design and development of novel sensitizers by prior prediction of 

their energetics and electronic absorption spectra. Due to reliable prediction of energies and 

electronic absorption spectra of functional molecules, Time Dependent DFT theory has been 

widely used [34]. Different basis set and hybrid functional like 6-311G B3PW91 respectively in 

combination with polarization continuum model PCM model as implemented Gaussian 09 based 

for the geometry of the squaraine dyes as per our earlier publications [35-36]. The optimized 

geometric structure along with the distribution of electron density in the HOMO and LUMO of 

unsymmetrical dyes is shown in Figure-10. It can be seen that electron clouds in HOMO for these 

dyes are mainly concentrated at the central squaric acid core and slightly extended to the π-

framework attached near to the core of the dye molecules. However, in the LUMO it exhibits 

relative reduction near the squaric acid core and dominance of electron density towards anchoring 

group bearing indole unit indicating the possibility of intramolecular charge transfer (ICT) upon 

photoexcitation. This is desirable for the sensitizer of DSSC ensuring sufficient electronic 

coupling between the excited dye molecule and vacant d-orbitals of the wide-bandgap 

semiconductor (TiO2 in present work). This also ensures the facile electron injection if the LUMO 

energy level of the dye is above the CB energy level of electron-accepting TiO2. Electron density 

distribution in HOMO of all four newly designed sensitizers is almost the same. On the other 

hand, electron density distribution in the LUMO of dyes bearing different anchoring groups varies, 

which is shown in Figure-10. It can be seen from the Figure-10 that electron density distribution 

in the LUMO unsymmetrical squaraine dyes SQ-138, SQ-139, SQ-140, and SQ-142 bearing -

COOH, acrylic acid, cyano acrylic acid, and -SO3H anchoring groups respectively not only 

exhibits ICT but also diversion of sufficient electron density at the anchoring group. This suggests 

their suitability as sensitizers of DSSC since both of them possess a sufficient driving force for 

electron injection in the TiO2 as shown in Figure-10. since these sensitizer dyes possess a 

sufficient driving force for electron injection in the CB of TiO2. On the other hand, the other two 

dyes SQ-141 and SQ-143 bearing −OH and –PO3H2 anchoring groups not only lack prominent 

ICT but also appear to face hindrance in the electron injection is due to the low electron density 

on LUMO despite sufficient driving force for the electron injection. This also explains the reason 
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behind the relatively lower photovoltaic performance of dyes bearing -PO3H2 anchoring groups 

as compared to that of their –COOH, acrylic acid, and cyano acrylic acid anchoring group 

counterparts [37, 38]. As discussed earlier, the energetics of the photo functional molecules play 

a dominant role in their utilization as sensitizers in the DSSCs, therefore, their prior accurate 

prediction is expected to accelerate the development of novel sensitizers. 

 

 

Figure-10. Theoretically calculated optimized structure, electron density distribution in the 
HOMO and LUMO respectively for the unsymmetrical squaraine dyes bearing different 
anchoring groups. 
 

4.3.3 Dye Adsorption behavior 

Sensitizing dyes are adsorbed onto the surface of wide bandgap semiconductors TiO2 via suitable 

chemical linkage and the nature of binding not only controls the electron injection but also affect 

stability behavior to the DSSCs. Therefore, optimal adsorption of sensitizing dyes on the 

mesoporous TiO2 is one of the most major steps for the fabrication of photo anode of DSSCs. 

Complete adsorption of the monolayer of sensitizing dyes on the TiO2 nanoparticle is sufficient 

for the optimal performance of the photo anode. In-sufficient dye adsorption not only leads to 

hampered photon harvesting but also results in back electron transfer from electrons injected in 

TiO2 and oxidized dye and electrolyte [39]. An excess amount of the adsorbed dye leads to 
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unwanted dye aggregation resulting in poor electron injection [40]. Structure of the dye, nature 

of the of the dye molecule, and the interaction of the dye molecule with TiO2 defines the 

adsorption behavior and binding strength of the sensitizer dye molecule with TiO2. 

In this work, an effort was also directed to investigate the adsorption behavior of NIR dyes 

bearing different types of functional groups involved for anchoring on the TiO2 nanoparticles. 

 

 
Figure-11. Normalized solid-state absorption spectra of squaraine dyes adsorbed on mesoporous 
TiO2. 

 

Figure 11 depicts the adsorption behavior of unsymmetrical squaraine dyes with different types 

of anchoring groups on TiO2. Adsorption of the squaraine dyes was conducted using 4 mm thick 

mesoporous TiO2 (PST-30NRD, Solaronix) from the 0.1 mM ethanolic solution of the respective 

dyes at room temperature. It can be seen that the nature of the anchoring group highly affects the 

dye aggregation behavior, SQ-140 bearing cyano acrylic acid and SQ-138 having carboxylic acid 

as an anchoring group are highly prone to the H-aggregation (92.02%) and (91.81%) respectively 

as shown in the figure-12 and table-2 as compare to the other sensitizers. This could be attributed 

to the enhanced dye aggregation due to H-aggregate formation associated with promoted 

hydrogen bonding interactions. Kim et al. have also emphasized that some squaraine surfactants 

easily form blue-shifted H-aggregates on TiO2 surfaces absorbing around 500 nm wavelength 

region [41]. 
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Figure-12. The extent of dye aggregation of squaraine dyes on mesoporous TiO2. 
 
 

Table-2. The extent of dye aggregation of unsymmetrical squaraine dyes on thin-film mesoporous 
TiO2. 
 

 

 

 

 

 

 

This also can be explained because contrary to the –COOH groups of both the dyes SQ-138 and 

SQ-140 lies in the same plane of the dye framework, additionally in the case of SQ-140 cyano 

group will also take the part in the H-bond formation resulting in high aggregation behavior. From 

the figure-12 and table-2, It is highly worth mentioning here that in-spite of sufficient electron 

density in the LUMO, the planner structure of the –COOH in the SQ-139 which bearing acrylic 

acid as an anchoring group exhibit less aggregation (74.21%) as compare to SQ-138 and SQ-140. 

On the other hand, SQ-143 containing Phosphonic acid as an anchoring group does not have good 

electron density in its LUMO but this dye shows less aggregation behavior (78.23) which might 

be good for its binding strength with Mesoporous TiO2. At the same, time SQ-142 bearing 

sulfonic acid anchoring group not only exhibit clear vibronic peak but also additional absorption 

shoulder peak in the 450 nm–550 nm, which is not present in the other dyes. Planarity of the 

sulphonic acid, highly prone to aggregation and presence of S=O bond, amongst all the dyes SQ-

143 tends to highly dye aggregation. 

 

Sensitizing dye Aggregation (%) 
SQ-138 91.81 
SQ-139 74.21 
SQ-140 92.02 
SQ-141 61.15 
SQ-142 65.92 
SQ-143 78.23 
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The rate of dye adsorption was estimated by monitoring the change in the peak absorbance 

of the respective dyes after different time intervals. Kinetics of dye adsorption was monitored by 

the absorbance at the λmax of respective dyes for different time intervals which have been shown 

in Figure 13. A perusal from this figure corroborates that squaraine dyes bearing acrylic acid (SQ-

139) adsorb more swiftly as compared to carboxylic (SQ-138), cyano acrylic acid (SQ-140) and 

phosphonic acid (SQ-143), adsorb more swiftly as compared to that bearing sulfonic acid (SQ-

142) and hydroxyl groups (SQ-141). And rate of dye adsorption follows the order Acrylic acid > 

carboxylic acid > cyano acrylic acid > phosphonic acid > hydroxyl > sulphonic acid. Adsorption 

of sensitizing dyes starts with activation of the OH groups on the TiO2 surface by functional group 

present on the dye via protonation followed by chemical bonding.  

 

 
Figure-13. Kinetics of dye adsorption by monitoring the absorbance at the λmax of respective dyes 
for different time intervals. 
 

As an industrial prospect, strong binding of the dye molecule and swift adsorption of the dye on 

the mesoporous TiO2 is highly desired. The implication of the nature of anchoring groups on their 

adsorption behavior on the thin films of mesoporous TiO2 was conducted by monitoring the extent 

of adsorbed dyes as a function of time spectrophotometrically as shown in figure-14.  
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Figure-14. Time-dependent dye adsorption of unsymmetrical Squaraine dyes. 
 
 
4.3.4 Dye Adsorption stability 

To evaluate the rate of dye adsorption of unsymmetrical dyes on mesoporous TiO2 was conducted 

on 4 µm thick and 1 cm2 are of TiO2 was dipped in the 0.1 mM dye solution and measured the 

absorbance with time spectrophotometrically. After the calculation of the slope with a maximum 

co-relation factor rate of dye adsorption evaluated as shown in figure-15. 

 

 

Figure-15. Rate of dye adsorption of squaraine dyes on mesoporous TiO2. 
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To evaluate the stability behavior of unsymmetrical squaraine dyes on the mesoporous 

TiO2, a dye desorption experiment was conducted. To estimate, total dye loading, 6.25 cm2 area, 

and a defined thickness of mesoporous TiO2 were dipped into the 0.2 mM dye and 20 mM CDCA 

in ethanol complete adsorption. After complete dye adsorption, the dye was completely desorbed 

from the surface using 40 mM sodium hydroxide in a solvent mixture of ethanol, acetonitrile, tert. 

Butanol and water in equal ratio. For relative dye stability studies, dye adsorbed TiO2 substrate 

of respective dye, was put in 1:1 (V/V) mixture of acetonitrile and water at room temperature and 

amount of dye desorbed after a defined time in each case was estimated spectrophotometrically. 

Results of dye desorption for the photoanodes fabricated using dyes bearing different anchoring 

groups are summarized in the figure-16 and table-3. A perusal of Table-3 corroborates that under 

identical conditions of dye desorption on TiO2 sensitizing dyes exhibit differential binding 

strength on the mesoporous TiO2 as estimated by the percentage removal dyes upon putting them 

into the acetonitrile-water mixture after a defined time. It is worth mentioning here that the 

weakest binding was exhibited by SQ-140 bearing cyano acrylic acid as an anchoring group 

(99.7 % removal) and SQ-142 (99.3 %) while SQ-143 bearing phosphonic acid anchoring group, 

exhibited the strongest binding (1.1 % removal). This suggested that SQ-143, which is containing 

the PO3H2 functional group exhibited the highest stability on the mesoporous TiO2 as compared 

to dyes bearing other functional groups. It is very important to notice here that SQ-139 bearing 

acrylic acid exhibits the second strongest binding strength (42.34 %) after SQ-143. SQ-143 

exhibited the highest dye loading (14.29 nmol/µm.cm2) as shown in figure-17 and table -3.   

 

 
Figure-16. Binding strength of squaraine dyes on mesoporous TiO2  
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Which is significantly higher than that of SQ-138 (1.90 nmol/µm.cm2) bearing the most 

commonly utilized −COOH functional group, SQ-140 (6.29 nmol/µm.cm2), bearing cyano acrylic 

acid and SQ-139 (4.89 nmol/µm.cm2) bearing acrylic acid which might be attributed to the 

presence of two −OH functionality of the phosphonic acid anchoring group. Based on dye 

desorption studies conducted under identical experimental conditions, relative binding strength 

from the figure-16 and table-3 on the mesoporous TiO2 follow the order Cyano acrylic acid < –

SO3H <−COOH<−OH< Acrylic acid <-PO3H2. (SQ-140 < SQ-142 < SQ-138 < SQ-141 < SQ-

139 < SQ-143). 

 

Figure-17. Amount of Dye loading on mesoporous TiO2 

 
Table-3. Dye adsorption, desorption behavior, and anchoring stability of unsymmetrical 
squaraine dyes on the mesoporous TiO2. 

Sensitizing 
Dye 

Slope 
Value 

Co-relation 
factor (%) 

Rate of dye 
adsorption 
(Abs/min) 

Total Amount of 
dye loading 

(nmol/µm.cm2) 

Rate of dye 
desorption 

(nmol/µm.min.cm2) 

% 
Removal 

SQ-138 0.042 97.40 4.2 × 10-2 1.90 0.0081 76.7 
SQ-139 0.054 98.96 5.4 × 10-2 4.89 0.012 42.34 
SQ-140 0.045 98.74 4.5 × 10-2 6.29 0.209 99.73 
SQ-141 0.010 99.88 1.0 × 10-2 0.39 0.001 47.5 
SQ-142 0.001 98.10 0.1 × 10-2 1.14 0.0062 99.3 
SQ-143 0.031 98.58 3.1 × 10-2 14.29 0.00089 1.1 
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Figure-18. Detailed calculation of the dye adsorption, dye desorption, and amount of dye 

loading 

4.3.5 Energy band diagram 

There should be an energy cascade between the HOMO and LUMO of the dye concerning the 

conduction band of TiO2 and electrode potential of the redox couple electrolyte for the function 

of the solar cell. As mentioned earlier, the HOMO energy level of the dyes was estimated from 

the CV, while the energy of the LUMO was estimated by the equation, LUMO=HOMO+Eg, 

where Eg is the optical band gap estimated from the optical absorption edge of electronic 

absorption spectra of dyes adsorbed on thin transparent films of TiO2. A perusal of the energy 

band diagram is shown in the Figure. 18 corroborates that LUMO of the sensitizers always should 

be above then the CB of the semiconductor TiO2 for the facile electron injection from its LUMO 

to CB of TiO2, at the same time HOMO should be lower than the electrode potential of the Iodine 



95 
 

redox couple electrolyte. As we can see in this work all dyes except SQ-141 bearing hydroxyl 

group as an anchoring group, are energetically favorable for the solar cell performance. In this 

regard, we can see that the dye SQ-142 and SQ-140 bear the lowest HOMO energy level, which 

could be attributed to the relatively strong electron-withdrawing nature of –SO3H and cyano 

acrylic acid anchoring groups leading to stabilization of molecular orbitals and is by CV results. 

On the other hand, SQ-141 with the −OH anchoring group seems to be a non-optimal sensitizer 

owing to its shallow HOMO energy level leading to difficulty in the regeneration of oxidized dye. 

A relatively upward shift of HOMO energy of this dye could be attributed to the presence of the 

electron-donating nature of the hydroxyl group.  To accomplish this, the CB energy level of TiO2 

and redox energy level of the electrolyte were taken to be -4.00 eV and -4.90 eV, respectively, as 

per the previous reports [42]. 

 

 

 

Figure-19. Energy band diagram for the unsymmetrical squaraine dyes under investigation. 
Values shown in the parentheses are theoretically calculated values by TD-DFT using 6-311 
G/B3PW91. 
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4.3.6 Photovoltaic properties 

Current-voltage (I–V) characteristics, and IPCE of DSSCs based on the same mother core but 

different anchoring groups unsymmetrical NIR squaraine dyes used in this work under standard 

global AM 1.5, 100 mW/cm2 simulated solar irradiation have been shown in Figure-20 along with 

their photovoltaic parameters deduced from the I–V characteristics as shown in Table 4. A perusal 

of Figure- 20 and Table 4 indicates that all of the designed squaraine sensitizers are capable of 

harvesting photons and exhibit photovoltaic behavior. In each case, 20 mM of CDCA was used 

as a co-absorber to prevent the dye aggregation along with 0.2 mM of respective dyes in 

dehydrated ethanol. All the unsymmetrical squaraine dyes having exactly similar molecular 

framework and alkyl chain length exhibit superior photovoltaic performance. Within the same 

framework, only the anchoring groups are different and we can see from the table that SQ-138, 

SQ-139, and SQ-140 bearing similar kinds of anchoring groups but the only change in the π-

conjugation of the anchoring groups affect the photovoltaic performances. SQ-138 bearing 

carboxylic avid as anchoring group showing photovoltaics behavior 12.49 mA/cm2 JSC, 0.60 V 

VOC, 0.53 FF and 4.07 % PCE with 68.6 % IPCE while the only introduction of the vinyl group 

impacts the photovoltaics SQ-139 which is having acrylic acid as anchoring group showing 11.56 

mA/cm2 JSC, 0.65 V VOC, 0.59 and 4.49% PCE with 62.5 % IPCE on the other hand SQ-140 

bearing cyano acrylic acid anchoring group shows the best photovoltaic performance with 5.95 

PCE and 83.6 % IPCE along with 14.28 JSC, 0.64 VOC, and 0.65 FF, these results could be 

because of the extended π-conjugation in the anchoring groups. While the poorest performance 

(PCE = 0.63) was observed in the case of DSSC based on SQ-141 bearing −OH anchoring group. 

One of the possible causes for the poorest performance exhibited by SQ-141 could be attributed 

to the energetic mismatch of this dye concerning the redox energy level of iodine-based 

electrolyte as shown in Figure. 19. A very small driving force for the dye regeneration leads to 

pronounced back electron transfer after the photoexcitation leading to hampering in both of the 

JSC as well as Voc. It is interesting to note that SQ-143 with phosphonic acid anchoring group 

exhibited much hampered photovoltaic performance with PCE of 1.03 % as compared to that of 

DSSC based on SQ-138 bearing –COOH, SQ-139 bearing acrylic acid anchoring group, and SQ-

140 bearing cyano acrylic acid as an anchoring group. Even though SQ-143 possesses several 

favorable conditions required for a sensitizer like high dye loading, binding strength (Table-3), 

and suitable energetic cascade for electron injection and dye regeneration Figure. 19. This could 
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be attributed to the tetrahedral nature of phosphonic acid as compared to that of planer carboxylic 

acid leading to a relatively small diversion of electron density at LUMO as shown in Figure- 10. 

This represents small ICT and hampered electronic coupling with the 3d orbitals of TiO2 leading 

to hampered electron injection ultimately resulting in very poor photovoltaic performance. 

 

Figure-20. Photovoltaic characteristics of the DSSCs fabricated using unsymmetrical squaraine 
dyes bearing different anchoring groups. 
 
 
Table-4. Short-circuit Photocurrent Density (Jsc), Open-circuit Voltage (Voc), Fill Factor (FF), Power conversion 
Efficiency (PCE, ɳ), and Maximum Incident-to-Current Conversion Efficiency (IPCEmax) for the fabricated DSSCs 
Employing I-/I3

- Redox couple electrolyte. 

 
Sensitizing 

dye 
Anchoring 

groups 
JSC 

(mA/cm2) 
VOC 
(V) 

FF PCE 
(ɳ, %) 

IPCE at 
λmax (%) 

Wavelength at 
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SQ-138 OH

O
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0.60 
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5.95 
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0.63 

 
- 

 
- 

 
SQ-142 HO

S
O

O
 

 
6.13 
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660 
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3.39 
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0.55 

 
1.02 

 
25.6 

 
560 
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Figure-21. Photocurrent action spectra of the DSSCs based on different squaraine dyes after monochromatic light 
illumination. 
 

Looking for the results shown in the Table-3 for the dye adsorption behavior and Table-4 for 

photovoltaic parameters, one can argue that there was a differential dye adsorption depending on 

the nature of the anchoring group and the amount of the dyes present on the photoanode have also 

good impact on controlling the overall PCE. Stability of the respective dyes SQ-138, SQ-141, 

SQ-142, SQ-143 can be seen form the Figure. 22. This data has been recorded for very short 

period of only 3 hr. and we found that there was a drastic decrease in the PCE of SQ-138 bearing 

−COOH, while there are many reports of sensitizers bearing −COOH group with fairly good 

stability. This is can be due to the fast evaporation of the volatile acetonitrile solvent under 

continuous 1 Sun solar irradiation resulting heating of the DSSCs. This the reason why, either 

electrolytes using high boiling solvents like Propionitrile, ionic liquids, or quasi-solid gel 

electrolytes have quite frequently used for long-term stability studies. Thus the observed trend of 

DSSC stability was the same as that of the anchoring stability of dyes on the mesoporous TiO2. 

Therefore, the trend of anchoring stability of the dyes on the mesoporous TiO2 gets directly 

translated into overall device stability. 
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Figure-22. Photovoltaic stability of the DSSCs under continuous 1 Sunlight (100 mW/cm2) irradiation fabricated 
using unsymmetrical squaraine dyes bearing different anchoring groups. 
 

4.4  Conclusion 
Finally, it can be concluded that we have designed and synthesized six novel unsymmetrical NIR 

squaraine dyes keeping the same main molecular mother core but bearing different anchoring 

groups such as carboxylic acid, acrylic acid, cyano acrylic acid, hydroxyl, sulfonic acid, and 

phosphonic acid along with excellent solubility in the majority of common organic solvent. After 

successful synthesis, characterization, and structural elucidation they have been subjected to 

photophysical investigation utilizing, electronic absorption spectroscopy, fluorescence emission 

spectroscopy, cyclic voltammetry, construction of energy band diagram, and theoretical MO 

calculation using Gaussian G09. Investigation of adsorption behavior of these dyes on 

mesoporous TiO2 revealed the rate of dye adsorption following the order SQ-139 > SQ-140 > 

SQ-138 > SQ-143 > SQ-141 > SQ-142, while desorption studies indicated that binding strength 

on the mesoporous TiO2 follows the order SQ-143 > SQ-141 > SQ-139 > SQ-142 > SQ-138 > 

SQ-140. Squaraine dye with phosphonic acid anchoring group exhibited the strongest binding 

strength as compared to other sensitizers. Theoretically predicted value of HOMO energy for all 

of the sensitizers is in very well agreement with the corresponding experimental values obtained 

by cyclic voltammetry. Theoretical MO calculation about the electron density distribution in 

HOMO and LUMO indicated good ICT and the possibility of strong electronic coupling with 

TiO2 for the dyes bearing −COOH (SQ-138) and –SO3H (SQ-142) functional groups, which is 

also supported by their relatively improved photovoltaic performance as compared to other 
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anchoring groups. The energy band diagram has indicated that except SQ-141 bearing hydroxyl 

anchoring group form energetic cascade concerning CB of TiO2 and redox energy level of I 3−/I−, 

which is responsible for its poorest photovoltaic performance. Despite very good dye loading, 

very high binding strength, and favorable energetic cascade, SQ-143 exhibited highly hampered 

photovoltaic performance as compared to that of SQ-138, SQ-139, and SQ-140, which was 

attributed to poor ICT and electronic coupling with TiO2 as indicated by theoretical MO 

calculations. SQ-140 is the champion sensitizer in the case of photoconversion efficiency but this 

dye is highly unstable on the mesoporous TiO2. From the above all results we can conclude SQ-

139 is the best sensitizer in the case of PCE and the term of stability. It is highly worth mentioning 

here that from the figure-21, SQ-143 exhibits the highest stability so if can tune and design some 

sensitizers which are more stable and efficient in the case of PCE there will be remarkable work 

for the future aspect. So keeping this ideology in our mind, we design some NIR dyes which are 

stable and efficient, discussed in the next chapter. 
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Chapter-5 

Fine-tuning of dyes with phosphonate anchoring group for 

improved stability and efficiency 
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5.1  Introduction 

The fast depletion of precious non-renewable energy resources owing to the speedy 

industrialization encompassing from developed nations to developing countries has 

brought us to the brink of global warming owing to the enhanced greenhouse gas emissions 

[1]. This has compelled us towards the utilization of renewable energy resources, amongst 

them solar energy is one of the plausible due to its huge availability as a gift from Mother 

nature [2]. In this context, the utilization of solar cells to tap this immensely available solar 

energy is going to be a key player to circumvent the issues about the huge energy demands 

of the future. Even though solar energy is huge but it has to be implemented over a large 

area to provide sufficient usable energy imposes an obvious need for cost reduction to 

compete with the energy production cost of fossil fuels [3]. Owing to the utilization of 

cheap raw materials in combination with low-cost fabrication processes next-generation 

solar cells such as dye-sensitized solar cells, organic polymer solar cells and recently came 

in the limelight perovskite solar cells have got considerable attention. Amongst the next-

generation solar cells, dye-sensitized solar cells (DSSCs) have attracted a good deal of 

attention of the material science community owing to the ease of fabrication, aesthetic 

variable colour, transparency, and very high indoor light-harvesting capability [4].    

 

Since its inception in 1991 by Grätzel and O-Reagan [5] 1991 demonstrating photo 

conversion efficiency (PCE) of 7.8 % ignited the field of DSSC research which is 

proliferating to date. Since then several optimization and improvisation in DSSC and their 

components like mesoporous TiO2 [6], redox electrolytes [7], counter electrodes [8], and 

last but not least sensitizing dyes [9] leading to the proposal of state-of-art DSSCs 

achieving the PCE of 10-13%, surpassing amorphous silicon solar cells [10-13]. The 

importance and the critical role of sensitizing dyes in the DSSC working cycle and 

controlling the PCE are undoubtedly un-questionable and a perusal of state-of-art DSSCs 

utilizing potential dyes have demonstrated the PCE of >13% despite the photon harvesting 

only in the visible reason (mainly 400-700 nm) with nearly quantitative photon harvesting 

[14]. This demonstrates that all of the components of such state-of-art DSSCs are 

functioning optimally. At the same time, this provides hope for further enhancement in the 

PCE by design and development of the near infra-red (NIR) sensitizers absorbing beyond 
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700 nm. Therefore, the logical design of efficient NIR sensitizers and their implementation 

with several already available efficient visible sensitizers for panchromatic photon 

harvesting utilizing hybrid and tandem device architecture are expected to further boost 

the achievable PCE [15-17]. 

 

Amongst the principal requirements for an optimal sensitizer of DSSCs such as 

energetic matching and high molar extinction coefficient, the presence of suitable 

anchoring is inevitable. Anchoring groups are involved in the fixation of the dye-

molecules on the mesoporous wide bandgap semiconductor like TiO2, ZnO, etc. The 

nature of the anchoring group affects the PCE by controlling the electron injection from 

excited dye molecules to the conduction band of TiO2 depending on the effectiveness of 

electronic coupling between the excited dye molecules and vacant d-orbitals of the TiO2 

[18].  At the same time, they also control the stability of DSSCs by controlling the strength 

of binding with the mesoporous wide bandgap semiconductors [19]. Therefore, anchoring 

groups are highly responsible for controlling the PCE as well the stability of the DSSCs, 

which currently intriguing issues for the commercialization of the DSSCs. A perusal of 

the nature of anchoring groups of the dyes reported so far imparting appreciably good PCE, 

carboxylic and cyanoacrylic acid have shown their dominance and are preferred anchoring 

groups utilized extensively [20]. Contrary to this, in terms of the stability of DSSCs and 

their binding strength on the mesoporous TiO2, they are far-behind the anchoring groups 

like silyl ester, silatrane, and phosphonic acids [21-22]. The extremely high binding 

strength of dyes bearing silyl ester anchoring group over the most commonly used 

carboxylic as well as cyano acrylic acid functional group of sensitizers has been 

demonstrated by Kakiage et al and Higashino et al [23-24]. Utilizing squaraine class NIR 

dyes, we have also recently shown that Phosphonic acid anchoring exhibited about 70 

times higher binding strength as compared to -COOH on the mesoporous TiO2, which was 

also translated into higher stability of DSSCs utilizing dye [25]. At the same time, PCE of 

DSSCs using phosphonic acid anchored dye was highly hampered owing to poor electron 

injection owing to their out-of-plane tetrahedral geometry [26].  
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Figure-1. Chemical structure of the unsymmetrical squaraine dyes with varying anchoring groups 
used in the present investigation. 
 

5.2  Experimental 
Tunable Photophysical properties and applications of the Squarine dyes make the research 

interesting of the squaraine chemistry and mainly of the unsymmetrical Squarine dyes. Difficult 

and complicated synthesis of squaraine dyes make them challenging dyes to synthesize [27]. 

 

5.2.1 Synthesis of unsymmetrical squaraine dyes 

Keeping the same π-conjugated mother core and varying different Anchoring groups, all the 

intermediates and final unsymmetrical squaraine dyes were synthesized as per the route of 

synthesis as shown in scheme-1. Starting compound 1, 1, 2-trimethylbenzo (e) indole [1] was 

purchased from Sigma-Aldrich and 4-hydrazineylbenzonitrile hydrochloride [6] and 6-

bromonaphthalen-2-ol [13] were purchased from Tokyo Chemical Industry and used without 

further purification. 
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5.2.1.1 Synthesis of 3-dodecyl-1,1,2-trimethyl-1H-benzo[e]indol-3-umiodide [2] 

In a 100 ml round bottom flask, 6 g (28.7 mmol) of 1, 1, 2-trimethyl-2, 3-dihydro-1H-

benzo[e]indole [1] was taken and added Propionitrile (40 mL). Then 12 g (43 mmol) of 1-

Iodododecane (1.5 equivalent) was added to it. The mixture was reflux at 110 °C for 26 h. 

Reaction progress was monitored by TLC in a 15 % ethyl acetate: Hexane solvent system. After 

the completion of the reaction, evaporated the solvent under vacuum and precipitated out the 

product by adding diethyl ether. Washed compound by diethyl ether. The residue was collected 

as a light pink solid to give the desired compound in 78 % yield (11.2 g). FAB mass (measured 

m/z: 378.3164 [M] +; calculated m/z: 378.3161). 

 
5.2.1.2 Synthesis of (E)-4-((3-dodecyl-1,1-dimethyl-1H-3l4-benzo[e]indol-2-yl) methylene)-2-ethoxy-3-

oxocyclobut-1-en-1-olate [3] 

1 equivalent of compound [2], (5 g, 9.9 mmol) and 1 equivalent of 3, 4-Diethoxy-3-cyclobutene-

1, 2-dione 1.6 g (9.9 mmol) were added 25 mL ethanol in followed by 5 equivalents of 

triethylamine was added in to the 50 ml round bottom flask. The reaction mass was reflux for 6 

h, which soon turned to yellow color. Cooled the reaction mass and the solvent was evaporated 

under a vacuum. Crude product was extracted with ethyl acetate followed by thorough washing 

with distilled water and brine. Combined ethyl acetate layer was evaporated under vacuum and 

performed column chromatography by using 10 % Ethyl acetate: Hexane. The solvent was 

removed to get the titled compound as a yellow powder in 77 % yield (3.8 g). FAB-mass 

(measured m/z: 502.0 [M+H] +; calculated m/z: 501.3). 

 
5.2.1.3 Synthesis of (E)-4-((3-dodecyl-1,1-dimethyl-1H-benzo[e]indol-3-ium-2-yl)methylene)-2-hydroxy-3-

oxocyclobut-1-en-1-olate [4] 

In a 50 mL round bottom flask, 3 g (6.0 mmol) of compound [3] was dissolved in 15 mL ethanol 

followed by 5 equivalent 4 N NaOH was added and refluxed for 2 h. The reaction mixture was 

cooled and the solvent was evaporated under a vacuum. After complete evaporation of the solvent, 

the reaction mixture was acidified by diluted HCl and acidified crude was then extracted in 

chloroform and subjected to thorough washing by brine. The final hydrolyzed product was 

obtained as a red solid in 88 % yield (2.5 g). 
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5.2.1.4 Synthesis of 5-(diethoxyphosphoryl)-1-ethyl-2,3,3-trimethyl-3Hindol-1-ium iodide (i) 

After the slight modification in a procedure as reported by Archer et al. [28]. To a solution of 4-

Iodoindole (1 g, 3.5 mmol) in toluene was added Tetrakis (triphenylphosphine) palladium (0) 

(0.18 mmol), and trimethylamine (12.4 mmol) followed by the addition of Diethylphosphite (0.31 

mmol), and the reaction mixture was refluxed for 12 h. Upon completion of the reaction as 

monitored by TLC, the solvent was evaporated. The product was extracted with ethyl acetate and 

washed with water and brine. Finally, product purification was done by column chromatography 

giving desired compound diethyl (2, 3, 3-trimethyl-3H-indol-5-yl) phosphonate as a colorless 

liquid. To a solution of this compound in acetonitrile was added ethyl iodide flowed by reflux for 

12 h. Upon completion of the reaction, the solvent was evaporated followed by precipitation using 

diethyl ether. It was then filtered, washed with diethyl ether, and dried under vacuum to obtain 

the titled compound 5-(diethoxyphosphoryl)-1-ethyl-2, 3, 3-trimethyl-3H-indol-1-ium iodide (i). 

 
5.2.1.5 Synthesis of SQ-151 

In a round bottom flask, 315 mg of 5-(diethoxyphosphoryl)-1-ethyl-2, 3, 3-trimethyl-3Hindol- 1-

ium iodide (i) and 302 mg of semi squaraine dye intermediate [4] was dissolved in 1:1 toluene/n-

butanol. The reaction mixture was then refluxed for 18 h. The solvent was evaporated and the 

crude was purified by column chromatography using chloroform methanol as the eluting system. 

After the evaporation of the collected pure fraction, 220 mg of ester compound was obtained as a 

blue solid in 54.3 % yield. Obtained ester was hydrolyzed by using TMS-Br as per the report [29] 

in DCM at room temperature for 6−8 hrs. Reaction progress was monitored TLC using Methanol 

chloroform as mobile phase. Purification was done by column chromatography by using 

Methanol chloroform as mobile phase. After the evaporation of the collected pure fraction, 250 

mg of the titled compound was collected as a blue solid in 65 % yield. HRFAB- MS (measured 

m/z: 751.4224 [M+H] +; calculated m/z: 750.4162). 1H NMR (500 MHz, CDCl3): δ/ppm = 

8.17(d,H-4); 8.16(d,H-7); 7.94(d,H-8); 7.89(d,H-9); 7.87(s,H-41); 7.83(t,H-5); 7.56(t,H-6); 

7.81(d,H-44); 7.52(d,H-45); 7.20(s,H-28); 6.01(s,H-33); 4.12(q,H-48); 3.96(q,H-46); 3.82(t,H-

16); 2.17(s,H-39 and H-40); 1.83(s, H-14 and H-15); 1.41(t,H-47), 1.38(t,H-49); 1.17(m,H-17-

26); 0.96(t,H-27). 
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5.2.1.6 Synthesis of intermediate 2,3,3-trimethyl-3H-indole-5-carbonitrile [7]  

Upon slight modification in the procedure as reported [30] and the method reported by Pham et 

al [31]. 2 gm (11.79 mmol) and 3.81 ml (35.3 mmol) of 3-methyl-2-butanone were dissolved in 

ethanol and the mixture was refluxed under nitrogen for 2 h in a round bottom flask fitted with a 

reflux condenser. After the complete consumption of 4-cyano hydrazine hydrochloride, 

confirmed by TLC. Solvent and the excess of 3-methyl-2-butanone were evaporated under 

vacuum. The residue was dissolved in 100 mL glacial acetic acid and refluxed for 12 h. After the 

completion of the reaction acetic acid was removed under vacuum and the crude product was 

purified by column chromatography using ethyl acetate and hexane as eluent.1.6 g of titled 

compound was obtained as red solid in 73.7% Yield. HRFAB- MS (measured m/z: 185.1083 

[M+H] +; calculated m/z: 184.1000). 

 
5.2.1.7 Synthesis of intermediate 5-cyano-1-ethyl-2,3,3-trimethyl-3H-indol-1-ium iodide [8]  

After slight modification in the procedure as reported by [30]. 1.6 gm (8.69 mmol) of 2,3,3-

trimethyl-3H-indole-5-carbonitrile [7] and 2.09 ml (26.08 mmol) of 1-Iodoethane was dissolved 

in Acetonitrile in a 50 ml round bottom flask fitted with a reflux condenser and the mixture mass 

was refluxed under nitrogen for 24 hrs. reaction progress was confirmed by TLC. Solvent and the 

excess of 1-Iodoethane were removed by evaporation under vacuum. The residue was precipitated 

out in diethylether.1.55 g of titled compound was obtained as red solid in 86.1% Yield. HRFAB- 

MS (measured m/z: 341.0508 [M+H] +; calculated m/z: 340.0436). 

 
5.2.1.8 Synthesis of intermediate diethyl (E)-(1-cyano-2-(1-ethyl-3,3-dimethyl-2-methyleneindolin-5-

yl)vinyl)phosphonate [11] 

After hydrolyzing 1.5 g (4.4 mmol) of 5-cyano-1-ethyl-2,3,3-trimethyl-3H-indol-1-ium iodide 

salt [8], using 16 ml of 2 N NaOH and toluene to its methylene base, the resulting methylene base 

was isolated in toluene, dried the reaction mass under vacuum and obtained 800 mg solid as 1-

ethyl-3,3-dimethyl-2-methyleneindoline-5-carbonitrile [9]. To a solution of methylene base [9] 

in 15 mL dichloromethane at 0 0C, was added slowly 4.4 mL (4.40 mmol, 1 M solution in THF) 

of DIBAL-H. After stirring for 12 hrs under a nitrogen atmosphere, the reaction mixture was 

quenched with 2 mL of dilute HCl, and the reaction mass was refluxed for 30 min. The crude 

product was extracted into chloroform, washed with water, and dried over Na2SO4. After 
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evaporating the solvent under vacuum, 700 mg (3.2 mmol, 86.3%) of 1-ethyl-3, 3-dimethyl-2-

methyleneindoline-5-carbaldehyde [10] thus obtained was dissolved in 15 mL of acetonitrile. To 

this solution was added 1.05 mL (6.5 mmol) of Diethylcyanomethylphosphonate and 0.48 ml (4.8 

mmol) of Piperidine. After refluxing the reaction mixture for 7-8 hrs, completion of the reaction 

as monitored by TLC, Solvent was evaporated and the crude product was passed through a small 

silica gel column using hexane: ethyl acetate (6:1) as eluting solvent to obtain colored liquid titled 

compound [11] in Yield 770 mg (64.2%). 

 
5.2.1.9 Synthesis of intermediate  (E)-2-(((E)-5-((E)-2-cyano-2-(diethoxyphosphoryl)vinyl)-1-ethyl-3,3-

dimethylindolin-2-ylidene)methyl)-4-((3-dodecyl-1,1-dimethyl-1H-benzo[e]indol-3-ium-2-

yl)methylene)-3-oxocyclobut-1-en-1-olate [12] 

770 mg (2.05 mmol) of diethyl (E)-(1-cyano-2-(1-ethyl-3,3-dimethyl-2-methyleneindolin-5-yl) 

vinyl) phosphonate [11] and 973 mg (2.05 mmol) of (E)-4-((3-dodecyl-1,1-dimethyl-1H-

benzo[e]indol-3-ium-2-yl) methylene)-2-hydroxy-3-oxocyclobut-1-en-1-olate intermediate [4] 

was dissolved in 30 mL of 1:1 toluene/n-butanol in a round bottom flask fitted with condenser. 

Refluxed the reaction mass for 6-8 hrs. Reaction progress was monitored by TLC, after 

completion, solvent was evaporated and the crude product was purified with column 

chromatography using chloroform-methanol solvent as eluent. 700 mg of the desired compound 

was collected as a blue solid 41.7 % yield. 

 
5.2.1.10 Synthesis of Unsymmetrical Squarine dye SQ-157  

After slight modification in the procedure as reported [29]. To a round bottom flask, 350 mg (0.42 

mmol) of (E)-2-(((E)-5-((E)-2-cyano-2-(diethoxyphosphoryl)vinyl)-1-ethyl-3,3-dimethylindolin-

2-ylidene)methyl)-4-((3-dodecyl-1,1-dimethyl-1H-benzo[e]indol-3-ium-2-yl)methylene)-3-

oxocyclobut-1-en-1-olate [12] and 0.027 ml (0.21 mmol) of Bromotrimethylsilane (TMS-Br) was 

dissolved in 10 mL of Dichloromethane (DCM). The reaction mixture was stirred at Room 

Temperature (RT) for 36 hrs. Reaction progress was monitored by TLC using 5% MeOH: 

chloroform as mobile phase. Quenched the reaction mass by MeOH and solvent was evaporated 

and the crude was purified with column chromatography using chloroform methanol solvent 

system. 205 mg of the titled compound was collected as a blue solid in 60.6 % yield. HRFAB- 

MS (measured m/z: 802.4361 [M+H] +; calculated m/z: 801.4271). 1H NMR (500 MHz, CDCl3): 
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δ/ppm = 8.17(d,H-4); 7.90(d,H-7); 7.58(d,H-8); 7.46(d,H-44); 7.40(d,H-9); 7.09(t,H-6); 7.04(s,H-

43); 7.02(s,H-41); 7.01(t,H-5); 6.99(d,H-45); 6.64(s,H-28); 6.21(s,H-33); 6.09 (s, H-49); 5.93 (q, 

H-50); 4.36(q,H-46); 3.34(s,H-39 and H-40); 1.77(s,H-14 and 15); 1.46(t,H-47); 1.20 (t,H-51); 

1.17(m, H16 to H-26); 0.96(d,H-27). 

5.2.1.11 Synthesis of Unsymmetrical Squaraine dye SQ-148 

After slightly modification in the procedure as reported by [29]. To a round bottom flask, 350 mg 

(0.42 mmol) of (E)-2-(((E)-5-((E)-2-cyano-2-(diethoxyphosphoryl)vinyl)-1-ethyl-3,3-

dimethylindolin-2-ylidene)methyl)-4-((3-dodecyl-1,1-dimethyl-1H-benzo[e]indol-3-ium-2-

yl)methylene)-3-oxocyclobut-1-en-1-olate [12] and 0.054 ml (0.42 mmol) of 

Bromotrimethylsilane (TMS-Br) was dissolved in 10 mL of Dichloromethane (DCM). The 

reaction mixture was stirred at Room Temperature (RT) for 12 hrs. Reaction monitoring was done 

by TLC using 5% MeOH: chloroform as mobile phase. Thereafter the reaction was quenched by 

MeOH and solvent was evaporated and performed column chromatography using chloroform 

methanol mobile phase. 220 mg of the titled compound was collected as a blue solid in 67.4 % 

yield. HRFAB- MS (measured m/z: 774.4027 [M+H] +; calculated m/z: 773.3958). 1H NMR (500 

MHz, CDCl3): δ/ppm = 8.17(d,H-4); 7.90(d,H-7); 7.58(d,H-8); 7.46(d,H-44); 7.40(d,H-9); 

7.09(t,H-6); 7.04(s,H-43); 7.02(s,H-41); 7.01(t,H-5); 6.99(d,H-45); 6.64(s,H-28); 6.21(s,H-33); 

5.41(s, H-49 and H-50); 4.36(q,H-46); 3.34(s,H-39 and H-40); 1.77(s,H-14 and 15); 1.46(t,H-47); 

1.17(m, H16 to H-26); 0.96(d,H-27). 

 

5.2.1.12 Synthesis of intermediate 6-bromonaphthalen-2-amine [14] 

The compound was synthesized by the slightly modified procedure as reported by [32].    . Added 6-

bromonaphthalen-2-ol [13] 3 g (13.4 mmol) in a High-pressure reaction tube with a silicon gasket, 

to it 6.99 g (67.2 mmol) of Sodium bisulfite and 70 ml of 28% Ammonia solution were added. 

The reaction was heated at 150 0C for 24 hrs. After the reaction mixture cool to room temperature, 

Reaction monitoring was done by TLC. Thereafter Ethyl acetate was used to extract the product. 

After evaporating the solvent the crude product was used for the next step. 2.2 g of the titled 

compound was collected as a solid in 73.8 % yield. HRFAB- MS (measured m/z: 221.9918 

[M+H] +; and 223.9894 [M+3H] +; calculated m/z: 220.9840).  
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5.2.1.13 Synthesis of intermediate (6-bromonaphthalen-2-yl)hydrazine hydrochloride [15] 

To a round bottom flask, 2 g (9.0 mmol) 6-bromonaphthalen-2-amine [14] was dissolved in 30 

ml conc. HCl 25 ml. after cooling the reaction mass at 00C, Sodium nitrite  0.749 mg (10.8 mmol) 

was dissolved in 2 V of water and added to the reaction mass slowly. Stirred the reaction mass at 

the same temperature for 30 min and then dissolved Tin chloride 4.26 g (22.5 mmol) in 3 V of 

water and added slowly. After complete addition, allow the reaction mass to room temperature 

and stirred overnight at the same temperature. Reaction monitoring was done by TLC. Thereafter 

filtered the reaction mass and dried it under vacuum and proceed to the next step. 1.9 g of the 

titled solid compound was collected as solid in 79.1 % yield. 

 

5.2.1.14 Synthesis of intermediate 7-bromo-1,1,2-trimethyl-1H-benzo[e]indole [16] 

The compound was synthesized by the slightly modified procedure as reported by [30] (6-

bromonaphthalen-2-yl)hydrazine hydrochloride [15] 1.9 g (6.9 mmol) and 3-Methyl-2-Butanone 

1.85 ml (17.2 mmol) was dissolved in 20 ml acetic acid and reflux the reaction mass for 12 hrs. 

Reaction monitoring was done by TLC. Thereafter solvent was evaporated and the crude was 

purified with column chromatography using ethyl acetate-hexane as a solvent system. 1.4 g of the 

titled compound was collected as a Solid in 70.0 % yield. HRFAB- MS (measured m/z: 288.0391 

[M+H] +; calculated m/z: 287.0310).  

 
5.2.1.15 Synthesis of intermediate ethyl (E)-3-(1,1,2-trimethyl-1H-benzo[e]indol-7-yl)acrylate [17] 

The compound was synthesized by the slightly modified procedure as reported by [33].Added 7-

bromo-1,1,2-trimethyl-1H-benzo[e]indole [16] 1.4 g (4.8 mmol) in High pressure reaction tube 

with silicon gasket, to it 58 mg (0.192 mmol) of P(O-tol)3 and Pd(OAc)2 10 mg (0.048 mmol) 

were added, followed by 4 ml trimethylamine, ethyl acrylate 0.84 ml (7.2 mmol) and 20 ml DMF. 

The reaction mass was heated at 130 0C for 10-12 hrs. under pressure. Cool the reaction mass to 

room temperature, Reaction progress was monitored by TLC. Thereafter Ethyl acetate was used 

to extract the product. After evaporating the solvent the crude product was purified by column 

chromatography with ethyl acetate-hexane. 900 mg of the titled compound was collected as a 

solid in 60.4 % yield. HRFAB- MS (measured m/z: 309.0507 [M+H] +; calculated m/z: 307.1572).  
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5.2.1.16 Synthesis of intermediate (E)-3-dodecyl-7-(3-ethoxy-3-oxoprop-1-en-1-yl)-1,1,2-trimethyl-1H-

benzo[e]indol-3-ium [18] 

900 mg (2.93 mmol) of ethyl (E)-3-(1,1,2-trimethyl-1H-benzo[e]indol-7-yl) acrylate [17] and 1.0 

ml (4.39 mmol) of 1-Iodododecane was dissolved in 20 ml Propionitrile and the mixture was 

refluxed under nitrogen for 48 hrs. in a round bottom flask fitted with a reflux condenser. After 

the complete consumption of the starting material, confirmed by TLC. Solvent and the excess of 

1-Iodododecane were removed by evaporation under vacuum. Product was precipitated out in 

diethyl ether. 710 mg of titled compound was obtained as solid in 51.07 % Yield. HRFAB- MS 

(measured m/z: 477.3660 [M+H] +; calculated m/z: 476.3523). 

 

5.2.1.17 Synthesis of intermediate (Z)-4-((3-dodecyl-7-((E)-3-ethoxy-3-oxoprop-1-en-1-yl)-1,1-dimethyl-1H-

benzo[e]indol-3-ium-2-yl)methylene)-2-ethoxy-3-oxocyclobut-1-en-1-olate [19] 

710 mg (1.49 mmol) of (E)-3-dodecyl-7-(3-ethoxy-3-oxoprop-1-en-1-yl)-1,1,2-trimethyl-1H-

benzo[e]indol-3-ium [18] and 1 equivalent of 3,4-Diethoxy-3-cyclobutene-1,2-dione 0.22 ml 

(1.49 mmol) was taken in 25 mL ethanol, followed by 5 equivalent of trimethylamine 1.04 ml 

(7.45 mmol) was added in a round bottom flask fitted with condenser. Reflux the reaction mass 

for 12 hrs., which soon turned to yellow color. Reaction monitoring was done by TLC. Evaporated 

the solvent under a vacuum. Extracted the crude product with ethyl acetate followed by 

thoroughly washing with distilled water and brine. Combined ethyl acetate layer was dried under 

vacuum and performed column chromatography with 20 % Ethyl acetate: Hexane. The solvent 

was removed to get the titled compound as a yellow powder in 76.1 % yield (680 mg). FAB-mass 

(measured m/z: 600.3679 [M+H] +; calculated m/z: 599.3611). 

 
5.2.1.18 Synthesis of intermediate  (Z)-4-((7-((E)-2-carboxyvinyl)-3-dodecyl-1,1-dimethyl-1H-benzo[e]indol-

3-ium-2-yl)methylene)-2-hydroxy-3-oxocyclobut-1-en-1-olate [20] 

To a 50 ml round bottom flask, 680 mg (1.13 mmol) of (Z)-4-((3-dodecyl-7-((E)-3-ethoxy-3-

oxoprop-1-en-1-yl)-1,1-dimethyl-1H-benzo[e]indol-3-ium-2-yl) methylene)-2-ethoxy-3-

oxocyclobut-1-en-1-olate [19] was dissolved in 20 ml ethanol followed by 5 equivalent 4 N NaOH 

was added and refluxed for 1 h. Reaction progress was monitored was by TLC, the reaction 

mixture was cooled and the solvent was evaporated under vacuum. After complete evaporation 
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of the solvent, the reaction mixture was acidified by diluted HCl and crude product was extracted 

in chloroform and washed by brine. 500 mg of the desired compound was collected as a yellow 

solid in an 81.1 % yield.  

 

5.2.1.19 Synthesis of Unsymmetrical Squarine dye SQ-162  

500 mg (0.92 mmol) of (Z)-4-((7-((E)-2-carboxyvinyl)-3-dodecyl-1,1-dimethyl-1H-

benzo[e]indol-3-ium-2-yl)methylene)-2-hydroxy-3-oxocyclobut-1-en-1-olate [20] and 298 mg 

(0.92 mmol) of 5-(diethoxyphosphoryl)-1-ethyl-2,3,3-trimethyl-3H-indol-1-ium (i)  synthesized 

by our previous work [34] was dissolved in 30 mL of 1:1 toluene/n-butanol in a round bottom 

flask fitted with condenser,. Refluxed the reaction mass for 6-8 hrs. Reaction progress was 

monitored by TLC, evaporated the solvent and the crude product was purified with column 

Chromatography using chloroform methanol solvent as eluent. 250 mg of the desired compound 

[26] was collected as a blue solid in 31.7 % yield. HR-FAB-MS (measured m/z: 849.4593 [M+H] 

+; calculated m/z: 848.4529). NMR (500 MHz, CDCl3): δ/ppm = 8.02(d,H-4); 7.89(s,H-7); 

7.85(d,H-8); 7.81(d,H-5); 7.47(s,H-45); 7.45(d,H-47); 7.39(d,H-9); 7.28(d,H-15); 7.23(d,H-48); 

7.16(d,H-14); 7.15(s,H-32); 6.90(s,H-37); 6.40(q,H-52 and H-54); 4.08(q,H-49); 3.88(t,H-20); 

3.67(s, H-43 and H-44); 3.65(s,H-18 and H-19), 2.29(t,H-50); 1.54(m,H-21 to H-30),1.19 (t,H-

53 and H-55), 0.79 (t,H-31). 

After the hydrolysis of, 250 mg (0.29 mmol) of intermediate  (Z)-4-((7-((E)-2-carboxyvinyl)-3-

dodecyl-1,1-dimethyl-1H-benzo[e]indol-3-ium-2-yl)methylene)-2-(((Z)-5-

(diethoxyphosphoryl)-1-ethyl-3,3-dimethylindolin-2-ylidene)methyl)-3-oxocyclobut-1-en-1-

olate [21] by using 0.038 ml (0.29 mmol) of Bromotrimethylsilane (TMS-Br) in 10 mL of 

Dichloromethane (DCM) in round bottom flask. The reaction mixture was stirred at room 

temperature (RT) for 12 hrs. Reaction progress was monitored by TLC using 10% MeOH: 

chloroform as a mobile phase. Thereafter the reaction was quenched by MeOH and solvent was 

evaporated and the crude product was purified with column chromatography using a chloroform-

methanol solvent system. 80 mg of the titled compound was collected as a blue solid in 34.3 % 

yield. 
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Scheme-1. Synthetic scheme for the preparation of unsymmetrical squaraine dyes bearing 
different anchoring groups. (A) 1-Iodododecane, Propionitrile, Reflux/ 26 h. (B) 3, 4-Diethoxy-
3-cyclobutene-1, 2-dione, Triethylamine, Ethanol, Reflux/15 h. (C) 4 N NaOH, Ethanol, Reflux/2 
h. (D) n-Butanol: Toluene (1:1). (E) TMS-Br, DCM, RT 36 hrs. (F) 3-Methyl-2-butanone, 
Ethanol, Acetic acid, Reflux, 12 hrs (G) 1-Iodoethane, Acetonitrile, Reflux, 24 hrs (H) 2N 
NaOH, Toluene, RT, 2 hrs (I) DIBAL, DCM, RT, 12 hrs (J) Diethylcyanomethylphosphonate, 
Piperidine, Acetonitrile, Reflux, 7-8 hrs (K) n-Butanol: Toluene (1:1). (L) Bromotrimethylsilane 
(1 eq.), DCM, RT, 36 hrs (M) Bromotrimethylsilane (0.5 eq.), DCM, RT, 36 hrs (N) NaHSO3, 
Liq. Ammonia, High pressure reaction tube, 150 0C, 24 hrs (O) NaNO2, SnCl2, Conc. HCl, 00C, 
12 hrs (P) 3-Methyl-2-butanone, Acetic acid, Reflux, 12 hrs (Q) Ethyl acrylate, Pd(OAc)2, P(O-
tol)3, TEA, DMF, High Pressures reaction tube, 1300C, 10-12 hrs  (R) 1-Iodododecane, 
Propionitrile, Reflux, 48 hrs (S) Diethylsquarate, TEA, Ethanol, Reflux, 12 hrs (T) 4N NaOH, 
Ethanol, Reflux, 1hr (U) n-butanol, Toluene, Reflux, 6-8hrs (V) Bromotrimethylsilane, DCM, 
RT, 12 hrs.  
 

5.2.2 Structural elucidation 

Structure elucidation of the dye is the process of determining the chemical structure of a 

compound from the identification and characterization of the intermediates and the finished 

products. Nuclear magnetic resonance (NMR) spectroscopy is a very sensitive method for 

characterizing the stereo- chemical structure. Structure elucidation of the squaraine dyes used in 

this work has been done by nuclear magnetic resonance (NMR) spectroscopy and mass 

spectrometry.  
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In this work structural elucidation was performed, and the final dyes were analyzed in the 

deuterated chloroform (CDCl3) by NMR spectrometer (JEOL, 500 MHz) and the intermediates 

were confirmed by Matrix-Assisted Laser Desorption and Ionization (MALDI)-Time-of-Flight 

(TOF)-mass or Fast Ion Bombardment (FAB)-mass spectrometry in the positive ion-monitoring. 

 

5.2.3 Dye Adsorption behavior 

4 μm thick PST-30NRD transparent TiO2 paste (1 cm2 area) was coated on the glass substrate for 

investigating the dye adsorption behavior. TiO2 coated glass substrate was then dipped in 0.1 mM 

ethanolic solution of the respective dyes and extent of dye adsorption as a function of time (until 

saturation) as shown in the figure-2 was monitored spectrophotometrically by measuring the 

absorbance of dyes at their absorption maximum (λmax). 

 

 

Figure-2. 4 µm thick and 1 cm2 area PST-30NRD TiO2 for the dye adsorption behavior (a) before 
dye adsorption and (b) after complete dye adsorption. 
 

5.2.4 Electrochemical characterization 

The electrochemical stability of the sensitizing dyes is an important criterion for the functioning 

of the solar cell.  Upon light irradiation electrons of the molecule excites from their Highest 

Occupied Molecular Orbital (HOMO) to the Lower Unoccupied Molecular Orbital (LUMO). For 

the best energy matching, LUMO should be higher than the conduction band of the semiconductor 

TiO2 and HOMO should be lower than the electrode potential of the redox electrolyte. 

HOMO was estimated from the first oxidation peak of the dye concerning the Ferrocene 

reference by the cyclic voltammetry method. Cyclic voltammetry (CV) has been widely used in 

DSSC research for electrochemical characterization and HOMO estimation. The estimation of the 

HOMO from this method is more reliable and all HOMO values are nearly similar to the 
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theoretical HOMO values which were calculated by TD-DFT using 6-311 G/B3PW91. In this 

work, CV of unsymmetrical squaraine dyes (0.2 mM concentration) was recorded in 

Dimethylformamide (DMF) solution along with ferrocene (0.2 mM concentration) reference 

standard using a similar electrode, tetrabutylammonium hexafluorophosphate (0.1M) as the 

supporting electrolyte and scan rate, which is shown in the Figure-3. This could be attributed to 

the stabilization of molecular orbitals upon the introduction of functional groups with electron-

withdrawing nature. In this work, a potential corresponding to 1st oxidation wave of the dyes has 

been used to estimate the HOMO energy level of dyes. The shift in oxidation potential of the dyes 

concerning the oxidation potential of Fc/Fc+ redox couple was used to calibrate the HOMO energy 

level of dyes concerning the vacuum level. To conduct the CV, the respective dyes (0.2 mM) were 

dissolved in dimethylformamide (DMF) with tetrabutylammonium hexafluorophosphate (0.1M) 

as the supporting electrolyte. The HOMO value of the dyes was calculated from the shift in the 

oxidation peak concerning the Fc/Fc+, whose value was taken as -5.01 eV as per the report by Su 

and Girault [35]. HOMO energy level of the dyes thus calculated was used to construct the energy 

band diagram of dyes. 

 
Figure-3. Cyclic Voltammetry of the unsymmetrical squaraine dyes and ferrocene as a reference 
standard in DMF recorded using Pt working/counter electrode and saturated calomel electrode 
(SCE) as a reference electrode. 
 

5.2.5 Dye adsorption stability 

4 μm thick transparent TiO2 paste (PST-30 NRD) of 1 cm2 area was coated on the glass 

substrate by screen printing followed by sintering at 500oC for the investigating the dye 

adsorption behaviour on mesoporous TiO2. TiO2 coated glass substrate was then dipped in 

0.1 mM solution of the respective dyes and the extent of dye adsorption as a function of 
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time (until saturation) was monitored spectrophotometrically by measuring the absorbance 

of dyes at their absorption maximum (λmax). Stability behaviour and amount of adsorbed 

dyes were investigated using glass substrate coated with mesoporous TiO2 paste (D/SP, 

Solaronix) having an area of 6.25 cm2 and thickness of ∼10 μm by screen printing followed 

by sintering at 5000C. TiO2 coated glass substrates were dipped in 0.2 mM ethanolic 

solution of the respective dyes until complete dye adsorption. The relative stability of these 

dyes on the TiO2 was studied by putting the adsorbed dye TiO2 substrate in the solvent 

mixture of acetonitrile and water (1:1) at room temperature and monitoring the extent of 

dyes desorbed from substrate to the solution after a definite time interval. Quantitation of 

the desorbed dyes was carried out spectrophotometrically using standard calibration 

curves of the respective dyes. The remaining dyes on the mesoporous TiO2 were then 

completely desorbed and quantitated using 40 mM NaOH solution in t-butanol, acetonitrile, 

Water, and ethanol solution were taken in the 1:1:1:1 volume ratio. 

 

 

 

Figure-4. Mesoporous TiO2 for the dye adsorption stability (a) after complete dye adsorption and 
(b) after complete dye desorption. 
 
 
5.2.6 Device fabrication and characterization 

Photo anode was prepared using Fluorine doped Tin oxide (FTO) coated glass as a 

transparent conducting substrate. FTO was coated with Anatase Titania nanoparticle (15-

20 nm, D/SP paste, Solaronix) by screen-printing followed by sintering at 5000C for 1 hr 

and this process was repeated to attain the thickness of the mesoporous TiO2 ~10 μm. After 

sintering the substrate was then dipped into the solution of 0.2 mM of the respective dyes 
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along with 20 mM of the de-aggregating agent chenodeoxycholic acid (CDCA) in 

dehydrated ethanol to preventing dye aggregation. Surface treatment of FTO and 

mesoporous TiO2 was conducted using 40 mM of Titanium chloride in water at 70oC for 

1 hour followed by sintering at 5000C for 30 min. A catalytic Pt sputtered FTO glass was 

used as the counter electrode. Iodine based redox electrolyte consisted of Lithium iodide 

(0.1 M), iodine (0.05 M), t-butyl pyridine (0.5 M), 1,2-dimethyl-3-propylimidazolium 

iodide (0.6 M) in dehydrated acetonitrile was used for the regeneration of the oxidized dye. 

Redox Electrolyte was injected through a diagonal hole between the photoanode and 

counter electrode, which was finally sealed using 20 μm hot melt spacer (Solaronix 

Meltonix 1170-25) and UV curing resin 3017 exposed under UV light. Photovoltaic 

Performance of the solar cells was evaluated using a solar simulator (CEP-2000 Bunko 

Keiki Co. Ltd, Japan) equipped with a xenon lamp (Bunko Keiki BSO-X150LC) used as 

a source of simulated solar irradiation at 100 mW/cm2, AM 1.5G. The light intensity of 

the solar simulator was calibrated with an amorphous silicon photodetector (Bunko Keiki 

BS-520 S/N353). During the photovoltaic measurement, the 0.25 cm2 active area was 

precisely controlled using a black metal mask. 

 

 
Figure-5. Thickness of the theTiO2 paste working electrode 
 

 

Figure-6. Dye-sensitized solar cells made in the lab. 
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5.3  Results and discussion 
5.3.1 Optical characterizations 

Electronic absorption spectra of unsymmetrical squaraine dyes in the ethanol solution have 

been shown in Figure-7 along with the summarization of the optical parameters after 

absorption and emission spectral investigations in table 1.  It can be seen from this figure 

that they exhibit intense and narrow light absorption with a high molar extinction 

coefficient (ɛ>105 dm3 mol-1 cm-1). This is associated with the π-π* electronic transition 

appearing in the wavelength window of 500 nm-700 nm with vibronic shoulders between 

600 nm-630 nm, exhibiting typical characteristics of the squaraine dyes. Normalized 

absorption spectra of dyes in ethanol solution as shown in the inset reveals that expect SQ-

151 bearing ethyl phosphonate anchoring group, all of the other dyes exhibited red-shifted 

absorption maximum (λmax). This is attributed to the extension of π-conjugation of dye 

molecules facilitated by the anchoring groups since the main dye molecular framework 

was the same in all the cases as can be seen from the molecular structure of the dyes shown 

in Figure- 1. Owing to the largest extent of π-conjugation dye SQ-148 bearing 

cyanoacrylate and SQ-157 anchoring group exhibited the largest bathochromic shift with 

λmax at 670 nm.  

 

It worth mentioning here about intriguing absorption spectral feature of dye SQ-

162 bearing phosphonic and acrylic acid double anchoring groups, where not only vibronic 

shoulder has been pronounced but also evolved as a clear peak indicating highly enhanced 

intermolecular interactions similar to that of typical dye aggregation observed after their 

adsorption on mesoporous TiO2 in the solid-state. The ratio of this shoulder versus the 

main peak associated with monomeric dye has been widely utilized to represent the extent 

of dye aggregation (aggregation index). This ratio has been found to increase upon their 

adsorption on the TiO2 and utilization of dye de-aggregating agent CDCA has been 

reported to suppress this ratio [36-37]. Apart from the electronic absorption spectral 

measurements, Fluorescence emission spectra of the dyes in the same ethanolic solution 

were also measured, which has been shown in Figure-7 as respective dotted lines along 

with the summarization of deduced parameters in table 1. 
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5.3.2 Fluorescence emission spectra 

Square dyes are also known to strong fluorescence intensity. Fluorescence emission 

spectra of these dyes were also recorded in the ethanol solution and shown in Figure-7 

along with the summarization of optical parameters in Table 1. A perusal of the emission 

spectra of the investigated dyes is not only the mirror images of their respective absorption 

spectra but also a very small Stokes Shift of only 3 nm-14 nm (305 cm-1 to 930 cm-1). Such 

a small Stokes Shift is also a typical characteristic of the squaraine dyes bearing a rigid 

molecular framework and represents their conformational stability in the excited state. 

This is further supported by the fact that introducing flexible moieties in the rigid 

molecular framework led to enhancement in the Stokes shift for a variety of organic dyes 

[38]. 

 
Figure-7. Electronic absorption (solid line) and fluorescence emission (dotted line) spectra of 
unsymmetrical squaraine dyes in ethanol solution. 
 

Sensitizing 
Dye 

ɛ (dm3.Mol-

1.cm-1)a 
Absorb 
(nm) 

Emmax
c (nm) Stokes 

shifted (nm) 
Absmax

e (nm) 
(On TiO2) 

Eopt
f (eV) 

SQ-151 1.36×105 652 nm 662 nm 10 nm 650 nm 687 nm (1.80 
eV) 

SQ-148 1.68×105 668 nm 676 nm 8 nm 680 nm 734 nm (1.68 
eV) 

SQ-157 2.02×105 668 nm 680 nm 12 nm 669 nm 705 nm (1.75 
eV) 

SQ-162 1.18×105 665 nm 668 nm 3 nm 664 nm 741 nm (1.67 
eV) 
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Table-1. Optical parameters for unsymmetrical squaraine dyes in ethanol solution and on a thin 
film with dye adsorbed on TiO2. a Molar extinction coefficient of dyes in ethanol solution. b 
electronic absorption maxima of dyes in the ethanol solution. c Fluorescence emission maxima of 
dyes in the ethanol solution. d Stokes shift was estimated from the separation between the 
absorption maximum and emission maximum. eAbsorption maximum of dyes adsorbed on a thin 
film (4 µm) of mesoporous TiO2. f Optical absorption edge (Eopt) was estimated from the onset 
wavelength of the solid-state electronic absorption spectrum of the respective dyes adsorbed on a 
thin layer of mesoporous TiO2. 
 

5.3.3 Theoretical molecular orbital calculations 

The recent past has witnessed the widespread utilization of density functional theory 

(DFT) under quantum chemical calculation for the development of novel sensitizing dye 

molecules of DSSCs aiming towards the prior prediction of the energetics and electronic 

absorption spectra [39].  The beauty of the DFT calculations lies in the fact that it considers 

the lone pair electronic correlation similar to the ab-initio method at relatively much 

computational cost like Hartree-Fock. The introduction of the Time-dependent (TD) as an 

improvisation of DFT has been reported to provide very reliable results of the electronic 

absorption spectra in the presence of standard correlation functional under the Gaussian 

program [40]. In this work, the first structural optimization of the unsymmetrical squaraine 

dyes under investigation was carried out using 6-311G basis set, DFT, and B3PW91 

functional by Gaussian G09 program. We have already demonstrated that utilization and 

B3PW91 and LSDA functional in a combination of polarization continuum model (PCM) 

[41] provided a very good correlation between the theoretically calculated and 

experimental values about not only the HOMO energy level but also the λmax of the 

electronic absorption spectra [42-43].   

 

It can be also clearly seen that theoretically calculated values of HOMO energy 

level shown in Figure-8 exhibit an excellent correlation with the experimentally 

determined valued utilizing CV further validating the reliability of the theoretical MO 

calculation. Electron density distribution in the HOMOs and LUMOs of the unsymmetrical 

squaraine after TD-DFT calculation are shown in the Figure. A perusal of this figure 

corroborates that electron density in the HOMO in all of the cases is mainly present on the 

squaraine core. On the other hand, in the corresponding Lumos, there is a clear shift of 
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electron density distribution from the central squaraine core to the outer indole ring bearing 

the different anchoring groups with the highest diversion of the electronic density 

especially in the case of dye SQ-148 bearing cyanophosponic acid and SQ-157 

cyanophosphonate anchoring group. Such a shift in the electron density from the HOMO 

to LUMO of a molecule is an indicator of the intramolecular charge transfer (ICT) and 

sufficient diversion of the electron density at the anchoring group ensures the good 

electronic coupling between the excited dye molecules and the 3d-orbital of the TiO2 

ensuring facile injection of electrons from the excited dye molecule to CB of TiO2. The 

strong electron-withdrawing nature of cyanophosponic as compared to that of Phosphonic 

acid favours the relatively enhanced ICT in the case of dye SQ-148 and SQ-157 as 

compared to that of SQ-151 indicating facile electron injection and better photon 

harvesting as a sensitizer of the DSSC. Similarly, SQ-162 bearing Phosphonic acid on one 

side and acrylic acid anchoring group on another side are expected to work as relatively 

better sensitizers as compared to that SQ-148 and SQ-157 bearing acrylic acid anchoring 

group owing to the enhanced ICT.  

 

Figure-8. Electron density distribution in the calculated HOMO (bottom) and LUMO (top) 
orbitals of the unsymmetrical squaraine dyes after structural optimization using B3PW91 
functional under the TD-DFT and 6-311G basis set. 
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5.3.4 Dye Adsorption behavior 

4 μm thick transparent TiO2 paste (PST-30 NRD) of 1 cm2 area was coated on the glass substrate 

by screen printing followed by sintering at 5000C for the investigating dye adsorption behavior 

on mesoporous TiO2. TiO2 coated glass substrate was then dipped in 0.1 mM ethanolic solution 

of the respective dyes and the extent of dye adsorption as a function of time (until saturation) was 

monitored spectrophotometrically by measuring the absorbance of dyes at their absorption 

maximum (λmax). Sensitizing dyes are adsorbed onto the surface of wide bandgap semiconductors 

via suitable chemical linkage and the nature of this not only controls the electron injection but 

also imparts stability to the DSSCs. Therefore, optimal adsorption of sensitizing dyes on the 

mesoporous TiO2 is one of the most important steps for the fabrication of photoanode of DSSCs. 

Complete coverage of monolayer of sensitizing dyes on the TiO2 nanoparticle is sufficient for the 

optimal performance of the photoanode. In-sufficient dye adsorption not only leads to hampered 

photon harvesting but also results in back electron transfer from electrons injected in TiO2 and 

oxidized dye and electrolyte [44]. An excess amount of the adsorbed dye leads to unwanted dye 

aggregation resulting in poor electron injection [45]. Structure of the dye molecules, nature of the 

anchoring group, and their interaction with the TiO2 defines the adsorption behavior and binding 

strength of the sensitizer dye on mesoporous TiO2. 

 

In this work, the effort was also directed to investigate the adsorption behavior of NIR 

dyes bearing different types of functional groups involved for anchoring on the TiO2 nanoparticles. 

The extent of the dye molecules and their interaction with TiO2 in the solid-state is responsible 

for the optimal functioning of the photoanodes of DSSCs. Normalized electronic absorption 

spectra of unsymmetrical squaraine dyes bearing different anchoring groups and adsorbed onto 

the thin film of the mesoporous TiO2 have been shown in the Figure-9 along with the 

summarization deduced optical parameters in table 1. It can be seen from this figure that upon 

adsorption to the TiO2, dyes exhibit not only a slight bathochromically shifted λmax but also the 

spectral broadening associated with the enhanced intermolecular interactions aggregation of dye 

molecules on to the surface depending on the nature of anchoring groups.  Extended broadening 

especially towards the lower wavelength region in combination with a higher ratio indicates a 

higher extent of dye aggregation [46]. In line with solution-based absorption spectra, dyes like 

SQ-148 exhibited red-shifted absorption owing to the overall extended π-conjugation. At the same 
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dyes SQ-148 bearing cyanophosponic groups, respectively, exhibited the highest dye aggregation 

with an aggregation index of about 0.91. The incorporation of alkyl substituent suppresses the 

dye aggregation, which has been reflected by the dye SQ-157, where the aggregation index was 

found to be decreased to 0.61 as compared to its non-alkyl substituted dye counterpart SQ-148 

(0.91). Interestingly, it is worth mention here that dye SQ-162 bearing double anchoring groups 

(acrylic and phosphonic acids) has not only exhibited narrow spectral broadening but also a highly 

diminished aggregation index of only 0.51. This could be attributed to the dual binding mode on 

the TiO2 via both of the anchoring groups simultaneously restricts the inter-dye interactions 

amongst themselves leading to hampered dye aggregation on the TiO2 surface. 

 

 
Figure-9. Normalized solid-state absorption spectra of squaraine dyes adsorbed on mesoporous 
TiO2. 

 

Figure-9 depicts the adsorption behavior of unsymmetrical squaraine dyes with a different type 

of anchoring groups on TiO2. Adsorption of the squaraine dyes was conducted using 4 mm thick 

mesoporous TiO2 (PST-30NRD, Solaronix) from the 0.1 mM ethanolic solution of the respective 

dyes at room temperature. It can be seen that the nature of the anchoring group highly affects the 

dye aggregation behavior, SQ-148 bearing cyano phosphonic acid and SQ-157 bearing 
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ethylcyano phosphonate as an anchoring group are highly prone to the H-aggregation (90.84%) 

and (61.08%) respectively as shown in the figure-10 and table-2 as compare to the other 

sensitizers. This could be attributed to the enhanced dye aggregation due to H-aggregate 

formation associated with promoted hydrogen bonding interactions. Kim et al. have also 

emphasized that some squaraine surfactants easily form blue-shifted H-aggregates on TiO2 

surfaces absorbing around 500 nm wavelength region [47]. 

 

 
Figure-10. The extent of dye aggregation of squaraine dyes on mesoporous TiO2. 
 

Table-2. The extent of dye aggregation of unsymmetrical squaraine dyes on thin-film mesoporous 
TiO2. 
 

 

 

 

 

This also can be explained because contrary to the cyano phosphonic acid groups of the dyes SQ-

148 and its corresponding ethyl ester analog sensitizer SQ-157 are highly prone to H-aggregation. 

From figure-10 and table-2. It is highly worth mentioning here that in-spite of sufficient electron 

density in the LUMO, SQ-162 which bearing acrylic acid and phosphonic acid dual anchoring 

group exhibit less aggregation (51.37 %) as compared to other sensitizers. On the other hand, in 

the previous chapter as we noticed, SQ-143 containing Phosphonic acid as an anchoring group 

does not have good electron density in its LUMO and the extent of dye aggregation in this dye 

was 78.23% whereas its corresponding analog sensitizer SQ-151 containing one –OH group 

exhibit less extent of dye aggregation.  

Sensitizing dye Aggregation 
(%) 

SQ-148 90.84 
SQ-151 46.8 
SQ-157 61.08 
SQ-162 51.37 
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Change in the absorbance peak of the respective dyes after different time intervals of the 

dye adsorption considered as the rate of dye adsorption. Kinetics of dye adsorption by monitoring 

the absorbance at the λmax of respective dyes for different time intervals which have been shown 

in Figure 11. A perusal from this figure corroborates that squaraine dyes bearing Cyano 

phosphonic acid (SQ-148) adsorb more swiftly as compared to ethylcyanophosphonate (SQ-157), 

ethyl phosphonate (SQ-151), and dual anchored sensitizer phosphonic acid and acrylic acid (SQ-

162). And the rate of dye adsorption follows the order Cyano phosphonic acid > 

ethylcyanophosphonate > ethyl phosphonate > dual anchored sensitizer phosphonic acid and 

acrylic acid. Adsorption of sensitizing dyes starts with activation of the OH groups on the TiO2 

surface by functional group present on the dye via protonation followed by chemical bonding.  

 
Figure-11. Kinetics of dye adsorption by monitoring the absorbance at the λmax of respective dyes 
for different time intervals. 
 

As an industrial prospects of DSSC, Swift adsorption of dye molecules on mesoporous wide 

bandgap semiconductor and strong binding is highly desired. The implication of the nature of 

anchoring groups on their adsorption behavior on the thin films of mesoporous TiO2 was 

conducted by monitoring the extent of adsorbed dyes as a function of time spectrophotometrically 

as shown in figure-12.  
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Figure-12. Time-dependent dye adsorption of unsymmetrical Squaraine dyes. 
 

5.3.5 Dye Adsorption stability 

Glass substrate was coated with mesoporous TiO2 paste (D/SP, Solaronix) having an area 

of 6.25 cm2 and thickness of ∼15 μm by screen printing followed by sintering at 5000C 

for investigating the stability behaviour and amount of adsorbed dyes. TiO2 coated glass 

substrates were dipped in 0.2 mM ethanolic solution until complete dye adsorption. The 

relative stability of these dyes on the TiO2 was studied by putting the dye adsorbed TiO2 

substrate in the solvent mixture of acetonitrile and water (1:1) at room temperature for 

define time. Quantitation of the desorbed dyes was carried out spectrophotometrically 

using standard calibration curves of the respective dyes. The remaining dyes on the 

mesoporous TiO2 were then completely desorbed and quantitated using 40 mM NaOH 

solution in t-butanol, acetonitrile, Water, and ethanol solution were taken in the 1:1:1:1 

volume ratio. To evaluate the rate of dye adsorption of unsymmetrical dyes on mesoporous 

TiO2 was conducted on 4 µm thick and 1 cm2 are of TiO2 was dipped in the 0.1 mM dye 

solution and measured the absorbance with time spectrophotometrically. After the 
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calculation of the slope with a maximum co-relation factor rate of dye adsorption evaluated 

as shown in figure-11. 

 

Results of dye desorption for the photo anodes fabricated using dyes bearing different 

anchoring groups are summarized in the table-3. A perusal of Table-3 corroborates that under 

identical conditions of dye desorption on TiO2 sensitizing dyes exhibit differential binding 

strength on the mesoporous TiO2 as estimated by the percentage removal dyes upon putting them 

into the acetonitrile-water mixture after a defined time. It is worth mentioning here that the 

weakest binding was exhibited by SQ-157 bearing ethylcyanophosphonate as an anchoring group 

(44.25 % removal) and SQ-151 (43.46 %) while SQ-162 bearing dual anchoring group 

phosphonic acid and acrylic acid, exhibited the strongest binding (0.182 % removal). This 

suggested that SQ-162, which is containing phosphonic acid and acrylic acid functional group 

exhibited the highest stability on the mesoporous TiO2 as compared to dyes bearing other 

functional groups. It is very important to notice here that SQ-162 bearing acrylic acid and 

phosphonic acid dual anchoring group exhibits strongest binding strength as compare to SQ-148, 

SQ-151, and SQ-157 figure-15 and table -3. 

  

Based on dye desorption studies conducted under identical experimental conditions, 

relative binding strength from the table-3 on the mesoporous TiO2 follows the order SQ-162 < 

SQ-148 <SQ-157< SQ-151.  

 

 
Figure-14. The binding strength of squaraine dyes on mesoporous TiO2.  
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Figure-15. Amount of Dye loading on mesoporous TiO2. 

 
Table-3. Dye adsorption, desorption behavior, and anchoring stability of unsymmetrical 
squaraine dyes on the mesoporous TiO2. 
 

Dye Rate of 
dye 
adsorption 
(Abs/min) 

Rate of dye 
desorption 
(nmol/µm.min.cm2) 

Total dye 
loading 
(nmol/µm.cm2

) 

Amount removed 
in 30 min 
(nmol/cm2) 
(@ 10 µm 
Thickness) 

Total dye 
loading 
(nmol/cm2) 
(@ 10 µm 
Thickness) 

% 
Removal 

SQ-148 3.5 × 10-2 0.0055 10.04 1.66 100.4 1.65 

SQ-151 0.53 × 10-2 0.056 3.92 17.04 39.2 43.46 

SQ-157 1.0 × 10-2 0.015 1.01 4.47 10.1 44.25 

SQ-162 Slope-
10.06×10-

2 Slope- 
20.5×10-2 

0.0011 19.27 0.352 192.7 0.182 
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Figure-18. Detailed calculation of the dye adsorption, dye desorption, and amount of dye 
loading. 
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5.3.6 Energy band diagram 

Energetics cascade amongst the wide bandgap semiconductor, redox electrolyte, and sensitizer is 

one the important requirements for the DSSC working cycle. Energy band diagram for the DSSC 

utilizing mesoporous TiO2 as wide bandgap semiconductor, unsymmetrical squaraine dyes under 

investigation and most commonly used iodine-based electrolyte (I-/I3
-) has been shown in the 

Figure-16. To construct this band diagram, the energy of conduction band (CB) of the TiO2 and 

energy level of (I-/I3
-) redox electrolyte was considered as -4.00 eV and -4.90 eV, respectively as 

the values reported in the literature [48-49]. HOMO energy level of squaraine dyes was estimated 

from the shift in 1st oxidation potential of the dyes concerning the ferrocene redox couple. It can 

be seen from this figure that all of the unsymmetrical squaraine dyes used in work possess 

favorable energetics about the CB of TiO2 and redox energy level of the I-/I3
- electrolyte indicating 

thermodynamically favorable conditions for electron injection of the photoexcited dyes along with 

the regeneration of the oxidized dye molecules by the redox electrolyte. A very good correlation 

of the theoretically calculated values of HOMO energy by TD-DFT calculations with that of 

experimentally observed values of HOMO energy estimated from cyclic voltammetry validates 

reliability theoretical calculations discussed in detail in the next section. 

 

 

Figure-16. Energy band diagram for the unsymmetrical squaraine dyes under investigation.  
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5.3.7 Photovoltaic properties 

The presence of the anchoring group, the high extinction coefficient of dyes, and their 

suitable energetic cascade with the CB of TiO2 and I-/I3
- redox electrolyte justified their 

suitability as sensitizers for the DSSC. To investigate the influence of the nature of 

anchoring on photovoltaic behaviour, they were used as sensitizers to fabricate the 

photoanode after their adsorption onto the mesoporous TiO2. Photoanodes were fabricated 

using unsymmetrical squaraine dyes under investigation keeping other variables such as 

dye concentration, the concentration of the CDCA, dye adsorption time, and redox 

electrolyte. Photovoltaic characteristics of DSSCs based unsymmetrical squaraine dyes 

after simulated solar irradiation of 100 mW/cm2 has been shown in Fig. 17(A) along with 

the summarization of the photovoltaic parameters such as short-circuit current density (Jsc), 

open-circuit voltage (Voc), fill factor (ff) and PCE in table 3.   

 

  

Figure 17.  Photovoltaic characteristics of DSSCs fabricated using squaraine dyes under 1 Sun 
simulated solar irradiation (A) and photocurrent action spectra of the same after monochromatic 
light illumination (B). 

 

It can be seen from this figure-17 and table-3 that DSSC fabricated using SQ-162 bearing 

dual anchoring groups i.e., acrylic acid and phosphonic acid shows the best performance 

with the PCE of 2.87% having Jsc of 8.28 mA/cm2, Voc of 0.56 V, and FF of 0.62. This 

high Jsc is associated with very good photon harvesting mainly in the far-red to NIR 

wavelength region with maximum incident photon to the current conversion efficiency of 
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55.2 % at 670 nm as reflected by the photocurrent action spectra shown in the Figure-17 

(B). This could be attributed to the good energetic matching (Figure-16) very good ICT and 

the highest diversion of the electron density clouds in LUMO (Figure-8). Apart from the 

good PCE SQ-162 which bearing dual anchoring groups shows very good stability on TiO2 

as well. Other sensitizers like SQ-148 (cyano phosphonic acid) and Phosphonate based 

(SQ-151 and SQ-157) anchoring group although exhibited very good and strong binding 

with TiO2 but relatively poor ICT and non-planer nature of the anchoring group, enhanced 

dye aggregation are bottlenecks of the facile electron injection leading to hampered photon 

harvesting. Although, alkyl substation in phosphonate anchoring group (SQ-151 and SQ-

157) resulted in suppressed dye aggregation leading to improved PCE supported by 

enhanced IPCE but their relatively slow rate of dye adsorption and hampered binding 

strength with TiO2 poses a question mark on the implementation of this concept for design 

and development of novel NIR dyes with improved efficiency and stability. 

 

 

 

 

 

Table-3 Photovoltaic parameters for DSSCs fabricated using various unsymmetrical squaraine 
dyes under 1 Sun solar irradiation. 

 

Unsymmetrical squaraine dye SQ-162 bearing acrylic acid and phosphonic acid as anchoring 

groups seems to be a good balance in terms of favorable ICT, relatively good electronic coupling 

with TiO2 for facile electron injection, and good binding strength with TiO2.  At the same time, it 

a good PCE of about 2.87 %, which is although higher than all other dyes considered in this work. 

TD-DFT calculations for this dye shown in Figure-8 also exhibited a slightly lower diversion of 

electron density in the LUMO as compared to that SQ-148, which is attributed to slightly hindered 

electron injection. SQ-162 bearing double anchoring group exhibited extremely high binding with 

TiO2, which >550 times stronger than cyano acrylic anchoring group. At the same time, observed 

PCE of about 2.87 % is highly boosted as compared to SQ-148 with free Phosphonic acids (0.9 %) 

and slightly lower than SQ-139 bearing single acrylic acid. Therefore, the design of SQ-162 offers 

Dye JSC (mA/cm2) VOC (V) FF PCE (%) 
SQ-151 5.38 0.57 0.57 1.77 
SQ-148 3.24 0.51 0.55 0.93 
SQ-157 6.25 0.58 0.56 2.07 
SQ-162 8.28 0.56 0.62 2.87 
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good hope for the further refinement of the molecular structure utilizing the main molecular 

framework with extended π-conjugation design and development of novel NIR sensitizers with 

further improvement in PCE while maintaining the stronger binding strength with TiO2 leading 

stable and efficient DSSCs.    

 

5.4  Conclusion 

In summary, novel unsymmetrical squaraine dyes bearing different anchoring groups with 

special emphasis on phosphonate anchoring groups were successfully synthesized, 

characterized, and subjected to Photophysical investigation utilizing, electronic absorption 

spectroscopy, fluorescence emission spectroscopy, cyclic voltammetry, construction of 

energy band diagram. Investigation of dye adsorption behavior on the mesoporous revealed 

introduction of ethyl substituent in the phosphonate anchoring group resulted in hampered 

dye adsorption rate. Estimation of adsorption rate under identical experimental conditions 

on mesoporous TiO2 exhibited the dye adsorption rate following the order of SQ-162> SQ-

148>SQ-157>SQ-151. Anchoring group-dependent binding strength indicated that these 

dyes exhibit binding strength following the order SQ-162>SQ-148>SQ-157>SQ-151. 

Newly designed dye SQ-162 bearing phosphonic acid and acrylic acid double anchoring 

groups highest binding strength at TiO2 surface, which is >550 times stronger than best-

performing dye SQ-140 bearing cyanoacrylic acid functional group. Finally, SQ-162 has 

emerged as one of the potential dyes with extremely high binding strength without having 

serious compromise at the cost of loss in PCE.     
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6. General Conclusions and Future Scope 

6.1 General Conclusions 

Design and development of novel NIR dyes with facile dye adsorption and strong binding on the 

wide bandgap semiconductors is highly desired for the development DSSCs with high PCE in 

combination with high device stability. Sensitizing dyes are one of the most important integral 

parts of DSSCs and can be regarded as the heart of this type of solar cell. It is well known that the 

nature of the anchoring groups of the sensitizing dye molecules not only controls the PCE by 

controlling the electron injection but also influences the device stability by controlling the strength 

of binding. Since many designed organic dyes involve multiple step synthesis and consume time, 

and there are huge structural possibilities, Quantum chemical calculations play a pivotal role in the 

design and development of novel dyes. They have been successfully utilized for the prediction of 

energetics, electronic coupling, and electronic absorption spectra and emerged as a potential tool 

for the development of novel sensitizers.   

 

For quantum chemical calculations, Gaussian has emerged as a powerful tool for the computational 

molecular design for the prior prediction of the various physicochemical properties of materials. 

It has been demonstrated that as the judicial selection of the computational cost and accuracy of 

the predicted results utilizing 6-311G as a basis set, DFT for electron-pair correlation and B3PW91 

as functional using PCM solvent can reliably predict the energetics, electronic absorption spectra, 

and energy bandgap in the case of NIR dyes. Using unsymmetrical squaraine dyes with varying 

anchoring groups, it has been shown that there is an excellent correlation between the energy of 

the HOMO and absorption maximum with only a difference of ± 0.06 eV in the λmax and ± 0.05 

eV in the HOMO energy level between the theoretically predicted and experimentally observed 

values validating the reliability of the theoretical prediction for the design and development novel 

functional dyes.     

 

After getting the feedback from QC calculations, six unsymmetrical NIR squaraine dyes keeping 

the same main molecular mother core but different anchoring groups such as carboxylic acid, 

acrylic acid, cyano acrylic acid, hydroxyl, sulfonic acid, and phosphonic acid were synthesized 
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characterized, and performed their photophysical and photovoltaic characterizations. Investigation 

of adsorption behavior of these dyes on mesoporous TiO2 revealed the rate of dye adsorption 

following the order SQ-139 > SQ-140 > SQ-138 > SQ-143 > SQ-141 > SQ-142, while desorption 

studies indicated that binding strength on the mesoporous TiO2 follows the order SQ-143 > SQ-

141 > SQ-139 > SQ-142 > SQ-138 > SQ-140. Squaraine dye with phosphonic acid anchoring 

group exhibited the strongest binding strength as compared to other anchoring groups. Theoretical 

MO calculation about the electron density distribution in HOMO and LUMO indicated good ICT 

and the possibility of strong electronic coupling with TiO2 for the dyes bearing −COOH (SQ-138) 

and –SO3H (SQ-142) functional groups, which is also supported by their relatively improved 

photovoltaic performance as compared to other anchoring groups. Despite very good dye loading, 

very high binding strength, and favorable energetic cascade, SQ-143 exhibited highly hampered 

photovoltaic performance as compared to that of SQ-138, SQ-139, and SQ-140, which was 

attributed to poor ICT and electronic coupling with TiO2 as indicated by theoretical MO 

calculations. SQ-140 bearing cyanoacrylic acid as anchoring group emerged as the champion 

sensitizer in terms of photoconversion exhibiting of about 6 % under 1 sun solar irradiation.  

 

To address the contrasting impact of the phosphonic acid anchoring group on the photoconversion 

and binding stability, novel unsymmetrical squaraine dyes bearing different anchoring groups with 

special emphasis on phosphonate anchoring groups were successfully synthesized, characterized, 

and subjected to Photophysical investigations. Investigation of dye adsorption behavior revealed 

that the introduction of ethyl substituent in the phosphonate anchoring group resulted in a 

hampered dye adsorption rate. Estimation of adsorption rate under identical experimental 

conditions on mesoporous TiO2 exhibited the dye adsorption rate following the order of SQ-162> 

SQ-148>SQ-157>SQ-151. Anchoring group-dependent binding strength indicated that these dyes 

exhibit binding strength following the order SQ-162>SQ-148>SQ-157>SQ-151. Newly designed 

dye SQ-162 bearing phosphonic acid and acrylic acid double anchoring groups exhibited the 

highest binding strength at TiO2 surface, which is >550 times stronger than the best-performing 

dye SQ-140 bearing cyanoacrylic acid functional group. Finally, SQ-162 has emerged as one of 

the potential dyes with extremely high binding strength without having serious compromise at the 

cost of loss in PCE.   
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6.2 Future Prospects 

Research conducted for this thesis has demonstrated the usefulness of QC calculations towards the 

design and development of novel sensitizers. Judicious selection of proper calculation parameters 

led to the very reliable prediction of the energy of HOMO and LUMO, electronic absorption 

spectra, and energy band diagram. This combined theoretical and experimental approaches for the 

design and development of sensitizing molecules with an excellent match between the theory and 

experimental results are very helpful for the fast development of novel dyes. 

It has been demonstrated that phosphonic acid as anchoring group binds >70 and >550 times 

stronger binding compared to that of most commonly used carboxylic acid and cyanoacrylic acid 

anchoring groups, therefore, utilizing double and multiple anchoring groups with different roles 

that one for strong binding and other of facile injection could be one of plausible solution for the 

design and development of novel dyes with improved PCE and stability. The design of novel dye 

SQ-162 bearing phosphonic acid and acrylic acid double anchoring groups with improved binding 

and electron injection is one of the demonstrations for this proof of concept. 

The recent past has shown that anchoring groups like silatrane and silyl ester bind even stronger 

than phosphonic acid on the mesoporous TiO2 and do not desorb for a very long time even after 

putting the dye adsorbed TiO2 in water. Therefore, utilizing such a concept of multiple anchoring 

group’s discrete and different roles could pave the way for further development of novel functional 

sensitizers with very stability while maintaining a good PCE. At the same time, utilization of the 

main dye mother core with more extended π-conjugation in combination with strong binding and 

efficiently injecting anchoring groups could pave the way for the realization of NIR dyes with high 

stability and high efficiency. 
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