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1.1. Introduction 

Organic molecules with π-conjugated scaffolds end-capped 

with electron donor and acceptor groups are widely investigated 

due to their immense application potentials and hence they belong 

to a promising area of organic chemistry. In these types of systems, 

the intra molecular charge transfer will occur from the donor unit 

(D) to the acceptor unit (A) (Figure 1.1). 
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Figure 1.1. Schematic representation of Donor-π-Acceptor molecule 

 

Due to the interaction between the donor unit and acceptor 

unit a set of new low-energy molecular orbitals (MO) are 

generated, which shift the absorption maximum to longer 

wavelengths in comparison to the individual uncoupled systems. 

Such systems are generally referred as charge-transfer 

chromophores.
1-4

 The interaction between the donor and acceptor 

can occur in a through bond or through space fashion. Stronger 

electronic coupling is observed when the donor and acceptor 

groups are in conjugation with each other. Such conjugated 

electron donor-acceptor (D-A) molecules are termed as “push-pull” 

systems. They have received increasing attention in the area of 

research focussing the development of organic materials for 

nonlinear optics,
5-10 

electro-optics,
11-12

 piezochromism,
13

 

solvatochromism
14-17

 and photovoltaics.
18-28

 In such D-A 

frameworks, HOMO and LUMO energies can be easily tuned by 

appropriate structural modifications. By careful optimization of 

structural motifs the morphology of the self-assemblies in the solid-

state can be tuned to the requirement of the application scenario. 

The extent of electronic coupling between the donor and acceptor 

groups govern the HOMO–LUMO energy gap and thereby control 

the first order linear optical properties and higher order nonlinear 

optical (NLO) properties. Some of the structural features that 
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control these properties are (i) ionization potential of the donor and 

electron affinity of the acceptor (ii) extent of D-A interaction, (iii) 

topology of -conjugation, (iv) degree of -conjugation and (v) 

planarity of the molecule structure. 

 

Mostly used electron acceptors (A) involve substituent’s 

with -M/-I effects such as NO2, CN, CHO and electron deficient 

heterocyclic systems such as diazines,
29-31

 benzothiazole
32-33

 

imidazole etc., Typical electron donors (D) involved in the 

construction of D-A systems are molecules which are suitably 

substituted with +M/+I effects such as, OH, NH2, OR, NR2, 

heterocyclic moieties such as, thiophene,
34 

carbazole, 

phenothiazine, phenoxazine, porphyrine, proaromatic pyran-4-

ylidines,
35-38

 metallocenes
39-44

 etc., whereas the π-spacers involved 

are phenyl, thiophenyl, furanyl etc., Some of the representative’s 

donors, acceptors and typical π-bridges are given in Chart 1.1. 
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Chart 1.1. Donors, Acceptors and typical -bridges 

 

The presence of a permanent dipole moment in the ground 

state makes these molecules to respond to the environmental 

changes especially the polarity changes in the medium. This 

property of these molecules finds application in the development of 

solvatochromic probes. Based on the electronic nature of the donor 

and the acceptor groups they either show negative solvatochromism 

ie., a hypsochromic shift to the absorption maximum with 

increased polarity of the medium or the opposite termed as positive 

solvatochromism. The well-known ET-30 solvent polarity scale is 

developed using the pyridinium betain dye (1) (Chart 1.2).
45
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Chart 1.2. Molecular structure of pyridinium betain dye 

 

The present thesis work focuses its attention on two major 

applications of donor-acceptor systems, the photovoltaic property 

and the nonlinear optical properties. The preceding section is a 

review on the application of organic molecules in photovoltaics and 

nonlinear optics.  

 

1.2. Donor-Acceptor molecules in photovoltaics 

The photoconductivity, the phenomenon that led to the 

discovery of photovoltaics is the increase in the electrical 

conductivity of an insulating molecule/material upon exposure to 

light.
46

 This property is generally exhibited by semiconductors and 

was first observed for Selenium by Smith in 1873.
47

 About 30 

years later, photoconductivity was observed in an organic 

compound such as anthracene, by Pottchono.
48

 In 1957, the first 

photoconducting polymer, poly (N-vinylcarbazole), was reported 

by H. Hoegl.
49

 In the same era, Bell laboratories developed the first 

crystalline silicon based photovoltaic device with efficiency about 
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6%, there by opening up an era of solar power generation and its 

further developments. Now the efficiency of photovoltaic cells has 

reached 24.4% which uses crystalline silicon and 19% for copper- 

indium-gallium-selenide (CIGS) thin films.
50-51

 One of the major 

drawbacks here is, the cost involved in the fabrication, which 

require high temperature and vacuum. Moreover, use of toxic 

heavy metals as components raises the concern of environmental 

damage. Therefore, researchers are in the search of new materials 

that are comparably less expensive with lesser environmental 

concern.
52 

 

First generation solar cells include conventional solar cells 

such as Silicon cells. The second generation cells involve thin film 

solar cells having one or more layers of photovoltaic materials such 

as cadmium telluride (CdTe), copper indium gallium diselenide 

(CIGS), and amorphous thin-film silicon on a substrate such as 

glass, plastic or metal. The third generation of emerging 

photovoltaic technology involve photoelectrochemcial cells such as 

dye sensitized solar cells, organic or polymer solar cells and 

perovskites solar cells. A recent development in solar cell research 

is the introduction of up conversion solar cells where the untapped 

near infrared (NIR) region of the solar spectrum is exploited to 

enhance the efficiency of an existing photoelectrochemical DSSC 

or bulkheterojunction device.  

1.2.1. Silicon based solar cells 

It is the most commonly known solar cell and is generally 

called as a p-n junction solar cell. It is formed by allowing the 
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diffusion of an n-type dopant on a p-type silicon wafer or vice 

versa. The photons of appropriate energy generate charge carriers 

by promoting a valence electron to the conduction band there by 

creating the electron hole pair or exciton. Photogenerated electrons 

migrate to the p-type side of the silicon and the holes migrate to the 

opposite side where the metal electrode collect them and route to 

an external load. The cost of the silicon solar cell technology has 

reduced significantly from US$76/Watt in 1977 to US$0.30/Watt 

in 2015. Today 90% of the solar energy conversions are made from 

silicon based devices. As far as the power generation efficiencies 

are concerned, cells employing silicon single crystals and bulk 

polycrystalline wafers reached efficiency up to 25% and 21.3 % 

respectively.
53

 

 

1.2.2. Organic and polymer solar cells 

 Organic and polymer solar cells are thin film cells made 

from organic molecules or semiconducting polymers based on poly 

(phenylene) vinylene, phthalocyanines, fullerenes, etc. A major 

advantage is the potential reduction in the cost of processing as 

these materials offer easy solution processing or fabrication by roll-

to-roll printing. Moreover, it is possible to manufacture 

mechanically flexible solar cell systems.
54 

Single layer devices
 

They are the simplest first generation organic photovoltaic 

cells. These devices are fabricated by sandwiching a layer of a 
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donor-acceptor type organic molecular or polymer material 

between two metallic conductors of different work function. 

Typically used conductors are indium tin oxide (ITO) with high 

work function and a layer of metals with low work function, such as 

aluminium, magnesium or calcium. The schematic representation 

of a single layer device is given in Figure 1.2. The power 

conversion efficiencies reported were poor (10
-3

-10
-2 

%) and a high 

value of 0.7% was achieved when merocyanine dyes were used as 

the active layer.
55

 

 

Figure 1.2.  

 

Bilayer heterojunction devices  

In this solar cell architecture, the electron donor material 

with hole transporting properties and an acceptor material with 

electron carrier properties are sandwiched between the two 

electrodes having different work functions. The photogenerated 

excitons are dissociated at the interface of acceptor layer and donor 

layer, after which, the electrons diffuse to the anode and holes 

towards the cathode.
56

 The device structure is illustrated in Figure 

1.3. About 1% power conversion efficiency has been achieved for a 

phthalocyanine based p-type materials in conjunction with an n-

type perylene derivative.
57 
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Figure 1.3.  

Bulk heterojunction 

The bulk heterojunction devices were introduced to 

improvise the efficiency of the bilayer heterojunction devices. In a 

bulk heterojuntion device, a blend of the donor polymer (p-type) 

and the acceptor polymer (n-type) in solution is spin coated 

forming a solid binary solution. Such binary solid solutions were 

also prepared by laminating two polymer types or by coevaporation 

and deposition.
58

 The schematic representation of bulk 

heterojunction device is given in Figure 1.4. A major advantage of 

this type of cells is the increase in the interfacial area between the 

donor and acceptor materials.
59

 Thus, the number of excitons 

generated is generally higher and expected to improve the overall 

efficiency. Highest efficiencies have been achieved when triads of 

type D-A-A based on merocyanine or triphenylamine dyes or 

oligothiophenes having Donor-Acceptor groups in conjunction with 

C60 and C70 derivatives were used as the acceptor.
60

 Efficiencies 

over 6% have been reported for this architecture
61-64 

whereas National Renewable Energy Laboratory (NREL) reported 
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efficiency upto 11.5 % for organic photovoltaic cells with a tandem 

architecture.
65

 

 

Figure 1.4.  

 

1.2.3. Perovskite solar cells 
 The perovskite solar cell is one of the latest introductions to 

the thin film photovoltaic devices and they are low cost technology 

for the future. In these type of cells, methylammonium lead halide 

(MAPbX3, X=halide) or mixed halides serve as the light harvesting 

layer which injects electrons to the conduction band of the 

semiconductor such as TiO2. The layered assembly of the cell 

consists of a bottom TiO2 blocking layer on a conducting FTO 

glass, the light harvesting MAPbX3 followed by the hole transport 

material (HTM) such as PEDOT-PSS, Spiro-OMETAD or simple 

electron rich organic compounds in contact with an external 

transparent FTO glass or noble metal electrode.
66-67

 The block 

diagram and the energy level diagram for a typical perovskite cell 

is shown in Figure 1.5. Efficiency of over 12% has been achieved 

for these types of cells.
68

 The major disadvantage is the lack of 

long term stability and the use of toxic metal ions in the 

construction of these types of cells. The future research in this area 

is directed towards development of alternate perovskite light 
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harvesting materials which is devoid of toxic metals, possessing 

long term stability and having higher efficiency. 

 

Figure 1.5. The schematic representation of perovskite cell 

 

1.2.4. Photoelectrochemical cells - Organic dye 

sensitized solar cells (DSSC) 

Dye sensitized solar cells are devices which generate 

electricity via a photoelectrochemical reaction wherein, a light 

harvesting molecule gets oxidised in the presence of a 

semiconductor and subsequent regeneration of the dye by an 

electrolyte of appropriate redox potential. The first dye-sensitized 

solar cell was introduced in 1991, by Grätzel et al. with an 

efficiency of 7.1-7.9% (under simulated solar light) using 

nanocrystalline TiO2 semiconductor coated with a trimeric 

Ruthenium complex as dye on a transparent conducting oxide layer 

along with a liquid redox electrolyte couple I
-
/I3

-
.
69-79

  

 

Dye-sensitized solar cells have attracted much attention in 

recent years due to their potential advantages of low cost, ease of 

production, flexibility, and transparency. Generally DSSC consists 

of a transparent conducting oxide, a mesoporous semiconductor, 
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photosensitizer dyes which can absorb radiations in the UV-Visible 

region, a redox couple electrolyte and a counter electrode. The 

photosensitizer dye is a key component of the DSSC since it is the 

one which harvests sunlight. On illumination, the dye molecule get 

photo-excited, whereby an electron transition occurs from its 

highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital (LUMO). This excitation energy 

corresponds to the energy difference between HOMO and LUMO 

of the dye molecule. The electron in the excited state of the dye 

(LUMO) is then injected into conduction band (CB) of TiO2. It is 

then transported through the semiconductor layer by diffusion, to 

reach the conducting layer, i.e., a transparent conducting oxide 

(TCO), such as, Fluorine doped Tin Oxide (FTO) on glass 

substrate. The regeneration of the oxidized dye molecule occurs 

due to a redox reaction taking place in electrolyte. Typically an 

electrolyte containing a redox couple such as I
-
/I3

- 
is used. In such 

cases, the iodide ion donates an electron to the oxidized dye (S
+
) at 

anode. The oxidized species of the electrolyte, i.e., the triiodide in 

iodide-triiodide complex, is reduced to iodide at the cathode. The 

above processes go in a cycle and consequently current flows 

through the external circuit as long as light is incident on the cell. 

The schematic diagram illustrating the working principle of a 

DSSC is given in Figure 1.6.  
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Figure 1.6.  
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Chart 1.3. Ruthenium based photosensitizer 
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Many ruthenium based complexes such as, cis-

dithiocyanatobis(4,4’-dicarboxy-2,2’-bipyridine)ruthenium(II) (N3 

dye, 2) and bis(tetrabutylammonium) cis-bis(thiocyanato)bis(2,2’-

bipyridine-4-carboxylicacid,4’carboxylate)Ru(II) (N719, 3) 

tri(cyanato)-2,2’,2’’-terpyridyl-4,4’,4’’-tricarboxylate)Ru(II) (black 

dye, 4), are reported as efficient photosensitizers used in DSSCs 

(Chart 1.3).
80-85 

The semiconductor material of choice has been TiO2 in the 

anatase form, however, many alternative wide band-gap oxides 

such as ZnO, SnO2 and Nb2O5 have also been investigated.
86-91

 

Nano-sized TiO2 powders are widely used as working electrode for 

dye sensitized solar cell as it offers higher surface area which 

results in faster electron transfer to the conducting substrate 

yielding higher efficiency than any other metal oxide 

semiconductors reported.
86

  

 

1.2.5. Solar cell parameters: Efficiency (η), fill factor 

(FF), short circuit current density (Jsc), open circuit 

voltage (Voc)  

The performance of a solar cell is studied by recording the 

current density-voltage curve both in the dark as well as under 

illumination. A typical current density-voltage curve (J-V Curve) 

for a functioning cell is given in Figure 1.7 where J is the current 

density and V is the voltage.
92
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Figure 1.7. Current density-Voltage characteristics of an organic solar cell 

 

The power conversion efficiency (η) is the key parameter to 

compare the performance of one solar cell with another. It depends 

on the solar spectrum absorbed and on the intensity of the incident 

sunlight as well as on other factors that vary according to the 

fabrication methods and materials used. Usually, for comparison 

purposes, cells are measured under AM 1.5 conditions at a 

temperature of 25
0
C. The power photo conversion efficiency(η)  is 

determined by three parameters, namely short-circuit current 

density (JSC), open-circuit voltage (VOC) and fill factor (FF).
92 

The 

efficiency of a solar cell is determined as the fraction of incident 

power which is converted to electricity and is given in equation 

(1.1) and (1.2).
93   

                    

 

(1.1) 

  
          

   
 

(1.2) 
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Where,  

Pmax is the power input 

Pin is the power maxima 

Voc is the open-circuit voltage 

  Jsc is the short-circuit current, FF is the fill factor 

  and η is the efficiency 

 

Open circuit voltage (Voc) 

The open-circuit voltage, VOC, is the maximum voltage 

accessible from a solar cell, that is, when there is no current passing 

through the cell. The open-circuit voltage corresponds to the 

amount of forward bias on the solar cell owing to the bias of the 

solar cell junction with the light-generated current. Open-circuit 

voltage is a measure of the amount of recombination in the device. 

In DSSC it is limited by the energy difference between the redox 

level of the electrolyte and the Fermi level of the semiconductor.  

 

Short circuit current (Jsc) 

The short circuit current JSC corresponds to the short circuit 

condition when the impedance is low and is calculated when the 

voltage equals zero (equation (1.3)).   

   at        sc (1. 3) 

JSC occurs at the beginning of the forward-bias sweep and is the 

maximum current value in the power quadrant. For an ideal cell, 

the maximum current value is the total current generated in the 

solar cell by photon excitation. 
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Fill factor (FF)  

The quality of the solar cell is determined by the term fill 

factor (FF). It is calculated by comparing the maximum power to 

the theoretical power (PT). 

 

1.2.6. Electrolytes used in DSSC 

Electrolytes facilitate the ionic conduction between the 

electrodes in electrochemical devices.
94

 In dye sensitized solar 

cells, the role of electrolytes is to allow the continuous passage of 

charge carriers between the photo anode and the counter electrode 

through the dye regeneration process. All the parameters which 

determine the efficiency of a DSSC such as, Jsc, Voc and FF are 

significantly affected by the nature of the electrolytes. Electrolytes 

should satisfy some characteristics in order to be applicable in 

DSSCs. 
95-97

 

 It should not react with the semiconductor or with the 

photosensitizer. 

 It should not absorb the radiation. 

 It should have the ability to transport the charge carriers to 

the anode and cathode. 

 The rate of charge diffusion should me maximum. 

 It should have a slightly lower redox potential than the 

oxidation potential (or HOMO level) of the dye for efficient 

regeneration of the dye. 
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 According to the physical state and composition, the 

electrolytes used in DSSC are classified into three major categories, 

namely, liquid,
98

 quasi solid
99

 and solid electrolyte.
100

 

 

Liquid electrolytes 

Liquid electrolytes are the most widely used charge 

transport medium in DSSCs and the maximum efficiency is 

obtained when liquid electrolyte is used in comparison to 

alternatives. The liquid electrolyte have some unique properties 

such as, ease of preparation, high conductivity, low viscosity and 

good interfacial contact with the electrodes.
101

 Liquid electrolyte 

consists of three components namely, solvents, ionic conductor and 

additives. However, the major disadvantage with liquid electrolyte 

is the leakage of the contents of the cell. Cells with liquid 

electrolyte have poor long term stability as the cell gets dried up on 

storage. This is usually overcome by appropriate sealing 

techniques. This also limits the large scale deployment of DSSC for 

solar power generation. The common electrolyte used, the iodide/tri 

iodide (I
-
/I3

-
) redox couple uses organic solvents.  Acetonitrile was 

considered as the best solvent due to its low viscosity, good 

solubility and high stability.
102

 A maximum efficiency of 13% is 

reported to be achieved for DSSCs with acetonitrile as the 

solvent.
103

 Nitriles containing methoxy group is another class of 

solvents used for DSSC application. Methoxyacetonitrile and 3-

methoxypropionitrile are also used as solvents for electrolytes by 

which 8% efficiency has achieved for metal free DSSCs.
104

 Some 

esters and lactones like ethylene carbonate, propylene carbonate, γ-
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butyrolactone and N-methyloxazolidinone have also been used. 

Often mixed solvents are used for optimum DSSC performance due 

to the fact that it is difficult for a single solvent to fulfil all the 

requirements simultaneously. For e.g., in the case of a DSSC with 

N3 dye, an efficiency of about 10% was reported, when the solvent 

used was a mixture of acetonitrile and N-methyloxazolidinone. In 

general, high boiling solvents such as, ethylene carbonate, 

propylene carbonate, γ-butyrolactone and N-methyloxazolidinone 

produce better results when mixed with low boiling solvents such 

as, acetonitrile.  

 

Ionic liquids 

Ionic liquids are salts in liquid state and are used in 

electrolytes as solvents due to their unique properties such as, 

flexible viscosity, high chemical and thermal stability, non-

flammability, good ionic conductivity and above all, extremely low 

vapour pressure, providing evaporation free and leakage free 

cells.
105-107 

Ionic liquids consists of organic cations such as 

imidazolium,  tetralkylammonium or tetralkylphosphonium salts
108 

and the counter anions are halides/pseudo halides, complex anions 

like borate  or triflate derivatives, etc.
108-109

 A number of reports are 

available in the literature, where DSSCs using ionic liquids as 

solvents exhibiting long term stability and high performance.
110-115

 

Even though ionic liquid is a promising alternative to organic 

solvents, they possesses few disadvantages such as, high viscosity 

and low ion mobility.
116 

 



Chapter-1 

                                                Department of Applied Chemistry, CUSAT                                                                                       20 

Iodide/triiodide electrolyte and bromide/tribromide 

(redox couple) 

 Iodide/triiodide is the most common electrolyte couple used 

in the preparation of DSSC, especially in the Grätzel Cell where N3 

or N719 dyes were used.
117

 This redox couple have key role in the 

dye sensitized solar cells to improve the efficiency of the solar 

cells. Regeneration of the excited dye to its reduced state occurs 

with the help of redox couple. That is, the redox couple (I
-
/I3

-
) 

provides the required electrons to the photo oxidized dye (D
+
) to 

regenerate the dye. The electron donation from reduced electrolyte 

(I
-
) to D

+
 should be sufficiently exergonic and fast to ensure 

efficient dye regeneration. Similarly, the reduction of the oxidized 

state of the couple (I3
-
) by valence electrons of the photoanode 

(TiO2) film should be slow and endergonic so as to make the dye 

regeneration as the sole step in completing the circuit. Therefore, 

the choice of the appropriate redox couple is crucial in the optimal 

performance of the DSSC. The I
-
/I3

-
 couple with a redox potential 

of 0.5 V vs. NHE satisfies energy level requirements when used 

with dyes having HOMO levels more positive than 0.5 V, and is 

the widely used redox couple in DSSC for standard dyes such as 

N3 or N719 and dyes with comparable oxidation potential. In 

addition, I
-
/I3

-
 couple possesses high stability, high solubility, less 

absorption of light and high diffusion property.  

 However, a major drawback of this electrolyte couple is the 

reduced open circuit voltage (~0.7 V). An alternative electrolyte to 

achieve higher Voc is the bromide/tribromide electrolyte which has 
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a redox potential of 1.1 V vs. NHE. This redox couple has been 

recommended for dyes having an oxidation potential more positive 

than 1.1 V.
118-119

 The drawback is often the stability of the dyes to a 

more aggressive bromine which is generated during the operation 

of the cell.  

 

Electrolyte additives 

Electrolyte additives are another important component of 

the liquid electrolytes which is employed for improving the overall 

efficiency of the device. The additives can alter the redox couple 

potential; conduction band edge, semiconductor surface 

morphology, recombination kinetics as well as the photovoltaic 

performance of the DSSCs. Grätzel et al. in 1993 reported the 

usage of 4-tert-butylpyridine (TBP) as additive in DSSC.
120

 A 

number of N-heterocylic compounds such as pyridine, 

alkylaminopyridine, alkylpyridine, benzimidazole, pyrazole, 

quinoline, etc., have been used as additives. Besides the TBP and 

nitrogen heterocylic compounds, cations such as Lithium ions 

(Li
+
), Guanidium ion [C(NH2)3

+
], etc., also can be employed as 

additives in electrolytes to improve the efficiency of the DSSC.
121-

123
 In many instances the excessive dye loading and subsequent 

aggregation of the dye limits the efficiency of the DSSC. Addition 

of chenodeoxycholic acid (3,7-dihydroxy-5-cholic acid) was 

found to reduce aggregation effects. 
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 Quasi solid electrolyte 

The drawbacks of liquid electrolytes such as, leakage and 

volatilisation of the solvent, photodegradation of the dye, corrosion 

of electrodes, desorption of the dye and sealing problems for long 

term stability, etc., can be addressed with using quasi solid 

electrolytes. In spite of the lower efficiencies of DSSCs, quasi solid 

electrolytes are good candidates for solving the above issues and 

can overcome difficulties in sealing and long term stability, 

simultaneously providing the advantages of the liquid 

electrolyte.
124-127

 The quasi solid electrolytes are generally 

classified into four groups based on their physical states and 

formation mechanisms, namely, thermoplastic polymer 

electrolyte,
128

 thermosetting polymer electrolyte,
129 

composite 

electrolyte, quasi solid ionic liquid electrolyte.
130 

 

Solid state electrolyte 

The long term thermodynamical stability of electrolytes 

cannot be fully solved even by quasi solid electrolytes. To 

overcome this, solid electrolytes are suggested which is useful in 

large scale fabrication of DSSCs. Solid state electrolytes include 

solid state ionic conductors,
131-134

 inorganic hole transport
135-138

and 

organic hole transport materials.
139-142 

An effective replacement of 

liquid electrolyte is an inorganic hole transport material, i.e., p-type 

semiconductors. 

 

The selection criteria for hole transporting materials are: 
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1. It must be able to transfer holes from the reduced dye after 

the electron injection to the TiO2 to the cathode and the 

upper edge of the valence band of this p-type material must 

be located above the HOMO level of the dye enabling 

regeneration of the dye.
141 

 

2. It must be able to be deposited within the mesoporous TiO2 

films.
143-144 

 

3. The hole mobility of HTM should be sufficiently high. 

 

4. It should be transparent in the visible range and cannot 

dissolve or degrade the sensitizer dye during the deposition 

process.
145 

 

 A limited number of inorganic hole transport materials are 

shown to be useful. Copper based HTMs such as CuI, CuBr and 

CuCN are widely investigated inorganic p-type semiconductors and 

among these CuI have good conductivity of 10
-2 

S cm
-1

.
146-148 

CuI 

used DSSC were first reported in 1998 with efficiency about 2.4 % 

by Tennakone et al.
149-150 

 

1.2.7. Organic dyes in DSSC 

Organic dyes have several advantages over metal 

containing photosensitizers:  
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(1)  They have efficient light harvesting properties due to larger 

absorption coefficients (attributed to an intramolecular π-π 

transition) than metal-complex photosensitizers (MLCT 

absorption). 

  

(2) The structures of organic dyes are flexible for modifications 

by appropriate synthesis methods and their  

-  Electronic properties such as HOMO and LUMO 

energies and absorption spectrum are tunable. 

 

-  Solubility and processability can be tuned according to 

the demands of the application scenario.  

 

-  Affinity to semiconductor surfaces can be tuned by 

introducing carboxylic acid groups or phosphoric acid 

groups during synthesis. 

 

(3) Unlike inorganic complexes, they are inherently cheaper as 

organic dyes do not contain noble metals such as, 

ruthenium. 
 

 

 They can be made in different forms as individual 

molecules, as dendrimers, oligomers and as polymers. In addition 

to well-known dyes such as eosin Y, methylene blue
 
etc.,

 
several 

donor-acceptor systems are reported as dyes for photovoltaic 

applications.
173

 Donor-acceptor type molecules provide the 

opportunity to design molecules with well-defined electronic 

properties to suit a particular semiconductor photoanode material. 
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There are conjugated (D--A) and non-conjugated (D-A) donor 

acceptor systems known in the literature. Often the acceptor group 

itself has the functionality that favour binding to the semiconductor 

surface.  

In a typical Donor--Acceptor system for DSSC a photo-

induced charge transfer from the electron rich donor moiety to the 

electron deficient acceptor moiety occur upon light absorption. In 

such molecules the HOMO is mainly located at the donor part of 

the molecule and LUMO is located at the acceptor part of the 

molecule. 5 is a typical organic dye which has yielded over 10% 

efficiency when used in DSSC along with TiO2 and I
-
/I3

-
. Figure 8 

shows the structure of compound 5 along with a comparison of the 

HOMO and LUMO levels with that of TiO2 and electrolyte. The 

HOMO and LUMO contours were also given in the figure. The 

directionality of charge transfer from donor to acceptor is evident 

in the HOMO and LUMO contours given for the compound 5 

which is a major requirement for the D-A dyes to show good 

photovoltaic properties.   
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N

S

N
S

N

HOOC

NC

C8H17

5  

Figure 1.8. Frontier molecular orbitals of  5 calculated at B3LYP level of 

theory (Illustration from ref. 152.)  

 

In structural modification of D--A system, for a given 

acceptor group, increase in the donor capacity reduces the HOMO-

LUMO gap and make the HOMO less positive.
153-158

 A similar 

effect is observed when length of conjugation increased in the  

bridge.
158-159

 When the acceptor capacity increased for a given 

donor group the LUMO level get lowered along with a decreased 

HOMO-LUMO energy gap. For an effective charge injection to the 

semiconductor by the dye, the dye should be anchored to the 

semiconductor. Several groups which show affinity to 
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semiconductor surface are known, for example carboxylic acids, 

pyridine, phosphonates, sulfonates, phenols, hydroxamates etc. 

These are commonly called as anchoring groups
 
in dyes (Chart 

1.4).
158

 A major requirement is that along with anchoring an 

efficient electronic coupling between the LUMO of the dye and the 

conduction band of the semiconductor has to be ensured. To 

facilitate this, the anchoring group should be a part of the acceptor 

moiety in the dye so that the LUMO will have proximity to the 

semiconductor surface. Cyanoacetic acid is the most promising 

acceptor/anchoring group in this category. 1,1-dicyanoethylene,  

rhodanine-3-acetic acid, bisrhodanineacetic acid, benzothiazole 

acetic acid are some of the acceptor/anchoring groups commonly 

used in the dyes for DSSC (Chart 1.5).
159-160 
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Chart 1.4. Anchoring groups 
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Chart 1.5.  Dual function Anchoring/acceptor groups 

 

 Chart 1.6 lists some of the well-known organic donor-

acceptor type dyes reported in the literature. Porphyrins are the 

good candidate for constructing DSSC due to the excellent 

absorption properties i.e., it exhibit strong soret band in 450-500 

nm region and moderate Q band at 550-650 nm region.
161

 The 

LUMO orbital energy level of these dyes are well above 0.5 eV and 

allows for efficient electron injection in to TiO2 and the energetics 

of regeneration of the dye is also favoured when I
-
/I3

-
 electrolyte. 

Cambell et al. reported porphyrin with conjugated dicarboxylic 

acid anchoring group the efficiency (η) above 7% when used with 

TiO2 and I
-
/I3

-
 redox couple.

162
 Bessho et al. also reported “push 

pull” porphyrin system with efficiency (η) about 11%
163 

Grätzel’s 

group showed Zinc-metalated porphyrines can be used with organic 

co-sensitizer and a Cobalt based electrolyte to achieve efficiency 

upto 12.3%.
164

 Wang et al. reported a porphyrin-based DSSC 

without co-sensitization, gave efficiency (η) above 10 %.
165-166 
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 Among organic dyes, D-π-A configuration is the common 

architecture for sensitizers used in DSSC. These D-π-A dyes were 

shown to possess high electron injection efficiency and power 

conversion efficiency. Most widely studied systems have triphenyl 

amine,
167-169

 carbazole
170-171 

or phenothiazine as donor,
172-174 

thiophene as linker and cyanoacetic acid as the anchoring group. 

Dyes 6, 8, 9 and 11 possess the simple design where the donor 

group is connected to the acceptor through one bond.
175-178 

Among this phenothiazine based dye gave the maximum 

efficiency. Extension of conjugation proved to improve efficiency 

in comparison to systems with one π-bridge as is the case with 6, 7, 

9 and 10.
179

  

 

 Another strategy used in the dye design is the use of multi-

branching where either more than one donor or acceptor are used to 

improve current as well as efficiency. Dyes 12 to 15 are examples 

of this design where the results showed improvements over 11. The 

results of the studies on these dyes also suggest the use of 

heteroaromatic -bridges as a strategy to improve the efficiency as 

seen in the case of 14 and 15.
180

 More than one acceptor/anchoring 

group is also a strategy to improve dye binding and electron 

injection to the semiconductor. Dye 16 is an example of this 

strategy.  

 

 Another strategy that proved to be beneficial is the 

introduction of one acceptor moiety in a D-A-A format. In this 

strategy, the HOMO of the dye will be made more positive due to 
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the stabilization of the MO’s centered on the donor moiety. This is 

one strategy in conjunction with an electrolyte having redox 

potential more than 1.1 V can yield higher Voc values. Dye 9 is an 

example where an efficiency of over 10% is reported in an 

optimized DSSC configuration which involves electrolyte additives 

such as chenodeoxycholic acid. In this work dye aggregation was 

found to limit the efficiency. A strategy used in the design of the 

dye is to include long chain or branched alkyl groups to increase 

the steric bulkiness as well as the hydrophobicity. Increased 

hydrophobicity screens photoanode from the electrolyte ions and 

prevents short circuiting. 
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Chart 1.6. Organic donor-acceptor type dyes reported in the literature 
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1.3. Organic materials for nonlinear optics 

The branch of Nonlinear Optics (NLO) deals with the 

interaction of light with matter under situations where, the principle 

of superposition breaks down. Principle of superposition states that 

for all linearly dependent systems the response caused by two or 

more stimuli equates to the sum of the responses obtained when 

each stimulus acts independently. In a nonlinear media, interaction 

of light and the response that it generates shows a nonlinear 

dependence i.e., the dielectric polarisation created in the medium 

respond in a nonlinear fashion with the electric field of the light.  

This is often manifested as harmonic generation, sum and 

difference frequency generation, the intensity dependence of 

refractive index, multiphoton absorption, etc. According to 

semiclassical theory, the electric polarisation vector (   ) caused by 

a light beam in a medium is defined as the sum of light field 

induced electric dipole moment vectors of all molecules in unit 

volume.
181

 In the case of weak incoherent light sources 

(monochromatic with angular frequency ), the        is linearly 

proportional to the applied electric field (   ).  

                           
              

 

(1.4) 

 

where                 is the first order polarisation vector,           the 

first order linear susceptibility of a given medium and    is the 

vacuum permittivity. The first order linear susceptibility         is 
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a complex parameter whose real part determines the refractive 

index of the medium and the imaginary part represents the linearly 

dependent light (one photon) absorption. Under the influence of a 

strong coherent monochromatic light of frequency the 

polarisation vector,         can be represented as a power series 

expansion in the electric field,        and the susceptibility  . 

(Equation (1.5)).  

                                    

                  
   (1.5) 

 

Where,          , etc., are the second order and third order 

susceptibilities, respectively. Second order susceptibility generally 

describes second harmonic generation and third order susceptibility 

describes the intensity dependent refractive index changes and third 

harmonic generation as well as multiphoton absorption 

characteristics of the medium.   

 

 The first report on the nonlinear optical property (NLO) 

was made by J. Kerr in 1875 as a change in refractive index of 

carbondisulphide (CS2) under an electric field.
182

 CS2 has long been 

used as a standard for the nonlinear refractive index measurements 

and it show a value of 3 x 10
–15

 cm
2
 W

–1
 for femtosecond laser 

pulses and 3.5 x 10
-14

 cm
2
 W

–1
 for laser pulses of nanosecond 

duration. It also shows two photon absorption behaviour with a two 

photon absorption coefficient of 5 x 10
-11

 cm W
-1

.
183 

The NLO 

property of CS2 is ascribed to both electronic and nuclear factors.
184

 

The electronic contribution comes from the second 
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hyperpolarizability of individual molecules with response time less 

than 1 fs. The nuclear factor is attributed to the molecular re-

orientation. CS2 being linear exhibits anisotropic polarizability and 

in the presence of strong electric field of the photons, a dipole is 

induced which results in a torque, forcing the molecules to align 

with the incident field.  

 

While choosing materials for nonlinear optical properties, 

the major criterion to be satisfied is the high value for the nonlinear 

susceptibility. Moreover, the desirable qualities for the material 

includes, high transparency to the wavelength range required for 

the application, high resistance to laser damage, high chemical 

stability and very fast nonlinear responses. A broad classification of 

NLO active materials puts them into two classes: second order 

materials and third order materials. A non-centrosymmetric crystal 

that lacks an inversion centre has non-vanishing second order 

susceptibility. Potassium dihydrogen phosphate (KH2PO4) is an 

example for such a material, which is widely used for harmonic 

generation in laser sources. Many organic molecules which are 

asymmetric have shown to possess large hyper polarizability (). 

One major requirement is the inherent asymmetry in electron 

density caused by the presence of an electron rich group or atom in 

conjugation with a relatively electron deficient group or atom. Such 

systems are generally termed as electron D-A systems or electron 

“push-pull” systems. These type of systems in the condensed phase 

are randomly oriented and do not yield a net effect in terms of NLO 
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activity. To bring about some kind of order, they are electrically 

poled to align the dipoles with a definite order, or use them in the 

crystalline form or as organised assemblies as seen in Langmuir – 

Blodgett films.  

 

Third order materials find wider applicability in comparison 

to second order materials. They are useful for third harmonic 

generation, multiphoton absorption, and intensity dependent 

refractive materials. The intensity dependent refractive index is the 

key property that is required for the nonlinear optical switching 

devices. This phenomenon is described by the following equation.  

                                          (1.6) 

 

Where,   is the intensity of the light and    the coefficient 

of the intensity dependent nonlinear refractive index. This is related 

to nonlinear susceptibility   by, 

   
           

  
                                               (1.7) 

 

The unit of      is in esu when energy of the light source is 

measured in W/cm
2
. A wide variety of inorganic and organic 

materials show third order nonlinear susceptibilities. For example, 

insulating materials such as Alumina (Al2O3) or glasses generally 

show     in the range of 10
-13

 to 10
-14

 esu. Semiconductors are also 

NLO active and show susceptibilities of 10
-10

 to 10
-13

 esu. This 

property of semiconductors largely depend on the energy of the 

light used and the band gap energy. Materials that show electron 
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redistribution upon light excitation, as seen in the semiconductors 

or push-pull systems, are also ideal candidates to be used as 

photorefractive materials (i.e., materials having nonlinear refractive 

index). BaTiO3, GaAs etc., are some of the semiconductors that 

show photorefractivity. Carefully synthesised polymers from 

donor-acceptor type monomers and polymers with dopants are 

excellent candidates as photorefractive materials.
185

 

  Organic materials are excellent in terms of fast temporal 

responses such as ultrafast response time, lower dielectric constants 

and the possibility to design and synthesise molecularly engineered 

systems with defined properties. Several such systems are reported 

in the literature. A well-known system is the case of 

polydiacetylenes (17, 18) having donor and acceptor groups as a 

side chain. In this case, the     obtained was in the range of 10
-10

 

esu.
186

 In a similar work, Chen et.al., reported a polyarylether 

having azobenzene as the side chain with a     of 1.15 x 10
-11 

esu 

(Chart 1.7).
187
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Chart 1.7. NLO active Polydiacetylenes and polyarylether 

Phthalocyanines are yet another class of molecules that 

show promising properties as photorefractive materials (19) (Chart 

1.8). They show diverse behaviour as a function of the structure 

and the central metal ion.
188 
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Chart 1.8.  Structure of Phthalocyanine (19) 
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Liquids containing donor-acceptor molecules also show 

optical nonlinearities. In liquids, nonlinearity in optical properties 

is a result of following three situations: (1) Systems having 

molecular orientation time scale of 1 ps and     in the range of 10
-

12
 esu, (2) Systems that show electrostriction with a time scale of 1 

ns and     in the range of 10
-13

 esu and (3) Intramolecular charge 

transfer in the femtosecond time domain with     in the range of 

10
-14

 esu.  

For example, carbondisulphide has a      value of 2.2 x 10
-

12
 esu which is much higher than CCl4 where     is only 8 x 10

-14
 

esu. It is clear that CCl4 being symmetric has limited electronic 

polarization than in the linear CS2 molecule which is known to have 

anisotropic polarisation.  Solutions of NLO active molecules also 

give such non linear susceptibilities. Kiran et al., have studied a 

series of substituted chalcones in DMF and reported a     of -2.11 

x 10
-13

 esu.
189

 

Multiphoton absorption is another third order nonlinear 

optical property which finds applications in optical limiters, 

multiphoton up conversion systems etc. In this phenomenon a 

molecule shows simultaneous absorption of two or more photons 

resulting into transition of the molecule to higher excited state other 

than the first excited state. These leads to nonlinear attenuation of 

the incident coherent light beam (optical limiting effect) or the 

medium can show nonlinear refractive index changes. Such 

molecules can undergo multiphoton excitation induced ionisation, 

dissociation and polymerisation reactions. Certain substances show 
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multiphoton induced surface photoelectric effect and enhanced 

conductivity as in the case semiconductors. 

  

A schematic diagram showing multiphoton excitation is 

shown in Scheme 1.1.  

 

Scheme 1.1. 

 

The attenuation of the intensity of a beam of light traversing 

through a medium is given by the following equation (1.8) 

     

  
                        η       (1.8) 

 

Where I(z) is the intensity of light passing through the axis 

z and  and  are the one, two, three and four photon 

absorption coefficients. When the wavelength of  

the incident light is not in the region of linear absorption of the 

molecules change in intensity can be simplified as, 

     

  
                                                 (1.9) 

 

The solution of this equation is,  
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                                  (1.10) 

 

, the two photon absorption coefficient is a parameter that 

depends on the wavelength of the incident light and the 

concentration of the absorbing medium.  is expressed as,    

        
         

               

 
 (1.11) 

        
          (1. 12) 

      

Where  is the two photon absorption cross section with 

units of cm
4
 s and also expressed in GM (Göppert – Mayer) where 

1 GM = 10
-50

cm
4 

s. NA is the Avogadro number and d0 is the molar 

concentration of the absorbing medium.  

An important structural requirement for organic molecules to show 

multiphoton activity is the presence of a strong  donor, a strong  

acceptor and a polarizable -bridge. Combinations of these 

structural motifs can lead to dipolar, quadrupolar and octupolar 

structures that show multiphoton absorption. Some of the typical 

acceptor groups that have been used are nitro groups, cyano groups, 

malononitrile, triflyl
 
etc., Many heterocyclic systems have been 

used as acceptor groups. For example, pyridyl and pyridinium ions, 

benzothiazole, triazole, oxadiazole and organoboron compounds 

have been reported as acceptor groups in molecular systems that 

show multiphoton absorption. Examples of typical donor 

chromophores are dialkyl or diaryl amino groups, N-susbtituted 

carbazoles, thiazines, pyrroles etc. The -conjugate bridges used 

were mainly phenylene, vinylene and its homologues, 2,7-fluorenyl 
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bridges, dihydrophenanthrene, phenanthroline, anthracene etc. 

Some of the typical two or multiphoton absorbing molecular 

systems is given in Chart 1.10. The two photon absorption 

coefficient () and the two photon absorption cross section () of 

the compounds listed in Chart 1.9 (20-27) are given in Table 1.1. 

 

S

S

NN

S

C10H21O OC10H21

Ph2N

N

C2H5 C2H5

20

22 23

21

N

C6H13C6H13

Ph2N

N

C10H21C10H21

Ph2N

 

N

Ph2N Ph2N

NC10H21 C10H21

24 25  

 



Chapter-1 

                                                Department of Applied Chemistry, CUSAT                                                                                       42 

N

N

SN

S

N S

26  

S

N

S

N

N

27

N S

 
 

 

Chart 1.9. Typical two or multiphoton absorbing molecular systems 
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Table 1.1. The two photon absorption coefficient () and the two photon 

absorption cross section (2) of the compounds listed in Chart 1.9 

 

Compound cmGW GM

20 0.2 490 

21 4.7 9700 

22 5.1 10610 

23 5.6 11560 

24 3.3 6840 

25 5.6 11560 

26 13.5 23800 

27 12.0 22800 

 

 

1.4. s-Triazine based D-A systems for OLED, NLO 

and photovoltaic applications 

1,3,5-Triazine (28) and its  derivatives have been 

recognized as synthons  for the preparation of  many 

pharmaceutical products, pesticides, dyestuffs, optical brightners, 

explosives and surface active agents. For example, 2,4,6-trichloro-

1,3,5-triazine (Chart 1.10) has been used as an anchoring unit in 

reactive dyeing of textiles.
190

 Triazine derivatives such as, amitole, 

atrazine, cyanazine, simazine, trietazine
 
are used as herbicides. The 

advantages of using triazine based herbicides are that, they 

hydrolyze rather fast under acidic or alkaline conditions, but remain 

stable at neutral pH. They get disintegrated by microbial action or 

photochemical de-halogenation.
191 

 In biomedical applications 
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triazine based scaffolds are used due to their antitubercular and 

antimicrobial activity.
192-195 

Several drug molecules having triazine 

structural units are used in antimalarial, antiviral, anticancer and 

estrogen receptor modulators.
196-200 

They have also been used as a 

bioselector in enantioselective chromatography of biological 

molecules.
201

 Another important material which contains triazine is 

melamine formaldehyde resin, a thermosetting resin used in the 

manufacture of surface coatings, laminates such as Formica and 

kitchen utensils.
202

 

N

N

N

Cl

Cl Cl

28  

Chart 1.10. 2,4,6-trichloro 1,3,5-triazine 

Recently, Peter Strohriegl and coworkers reported 

symmetrical triazine based blue fluorescent molecules (29-38) as 

host material for organic light emitting Diodes (Chart 1.11).
203-206 
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Chart 1.11. Symmetrical triazine based blue fluorescent molecules 

Organic Light Emitting Diodes 

 

Molecules with an asymmetric polarization are useful as 

nonlinear optical materials. Such molecules with high nonlinearity 

optical transparency and photochemical and thermal stability are 

the major requirements for NLO applications. Azobenzene and 
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stilbene dyes having conjugated Donor and Acceptor groups are 

widely studied nonlinear optical materials.
207-208 

Yoting et. al., have 

prepared a Zn complex with s-triazine derivative (39) which 

showed third order NLO properties in DMF solutions. The 

molecule is shown to possess a nonlinear refractive index of 1.25 x 

10
-13

 cm
2
 W

-1
 and a     value of 3.03 x 10

-11
 esu (Chart 1.12) 
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Chart 1.12. Zn complex with s-triazine based ligand 

 

D--A systems with triazine as the acceptor have been 

reported to have two photon absorption properties. For example 

compounds 40 to 42 have values 488, 1345 and 2523 

respectively. Tan et. al., reported a multi-branched donor 

substituted symmetrical triazine derivative (43-45) as a two photon 

absorbing material. The  and the  values reported for these 

compounds are one order higher than the values reported for typical 

D-A systems (Chart 1.13). 
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Chart 1.13. Molecular structure of two photon absorbing symmetrically 

substituted multi-branched triazine derivative 

 

s-Triazines having unsymmetrical substitution pattern are 

promising structural unit for the synthesis of Donor-Acceptor 

systems. The unique structure of s-triazine do not permit direct 

coupling between the donor and acceptor moieties and this has 
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been used as an effective tool for tuning HOMO and LUMO 

energy levels of such donor-acceptor molecules. Athanassios G. 

Coutsolelos and coworkers reported a triazine based D-A system 

having porphyrin as a donor and s-triazine as the acceptor moiety 

having glycine anchoring unit
 
for DSSC (Chart 1.14)

 
and reported 

power conversion efficiency of 3.61% and 4.46% respectively,
209 

for compounds 46 and 47. In another report, triphenylamine 

coupled to triazine via direct arylation has been used in conjunction 

with rhodanine-3-acetic acid as the acceptor as well as the 

anchoring unit (48, 49). DSSC devices fabricated with this design 

philosophy yielded efficiencies in the range of 0.35-1.81%. The 

same group in 2013 reported another series of novel D-A organic 

sensitizers with improved conjugation length (50-56) for 

photovoltaic applications with power conversion efficiency about 

2.70 - 3.69 % (Chart 1.14).
210
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Chart 1.14. Triazine based photosensitizers 

 

Some of the most efficient dyes reported for DSSC applications are 

based on inorganic complexes of Ruthenium and they are very 
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expensive. In this respect triazine based dyes offer the cost 

advantage as the starting material used for their synthesis is 2,4,6-

trichloro-1,3,5-triazine (Chart 1.10) which is a cheap synthon. This 

molecule can undergo facile aromatic nucleophilic substitution, as 

well as Suzuki coupling reactions which offers the possibility of 

making symmetrically and unsymmetrically substituted triazine 

derivatives. Based on this design philosophy, we designed 1,3,5-

triazine derivatives with diphenylamine as the donor and a series of 

heterocyclic cyclic amides as acceptors. The acceptor/anchoring 

groups were rhodanine-3-acetic acid, barbituric acid and 

thiobarbituric acid along with cyanoacetic acid for comparison 

(Chart 1.15). We expected a strong binding interaction with TiO2 

surface as these cyclic amides are also strong acids which can 

deprotonate and bind as observed in dyes with cyanoacetic acid as 

the anchoring unit.  

 Though triazine derivatives have been used as materials for 

NLO applications, molecules with the D-A-A configuration have 

not been studied for NLO applications. We, for the first time report 

the third order nonlinear optical properties of the proposed 

multibranched D-A-A systems with triazine as the core. 



Chapter-1 

                                                Department of Applied Chemistry, CUSAT                                                                                       54 

 

N
H

diphenylamine

N

n, n dioctyl aniline

S

thiophenephenyl

O

o-phenyl bridged

S
N

S

O
OH

O
HN NH HN NH
O O

O

O O

S

barbituric 
acid

CN

COOH

cyanoacetic 
acid

thiobarbituric
acid

rhodanine -3-
acetic acid  
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1.5. Objectives of the thesis 

The major objectives of the present thesis are: 

1. Synthesis and characterization of multibranched D–A–

A systems incorporating triazine as the internal spacer 

and cyclic amides as the acceptor. 

2. Study of the photovoltaic properties of the synthesized 

compounds. 

3. Study of the nonlinear optical properties of the 

synthesized compounds. 
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 Chapter 2 

Synthesis, characterization, photovoltaic and nonlinear 
optical studies of a series of O-phenyl bridged 
diphenylamine-s-triazine based Donor-Acceptor triads 
with different -Acceptor groups 

 
2.1. Introduction 

2.2. Results and discussion 

2.3. Conclusion 

2.4. Experimental 

2.5. References 

 

Abstract 

Novel Donor-Acceptor systems of starburst D-A-A type 

incorporating electron deficient triazine moiety as a non-

conjugating -spacer/acceptor with rhodanine-3-acetic acid 

(DTOP-RHA), barbituric acid (DTOP-BA) or thiobarbituric acid 

(DTOP-TBA) as anchoring/acceptor groups have been synthesized.  

diphenylamine is used as the donor moiety and the role of the 

anchoring group and the π-spacer are studied. These dyes are tested 

as sensitizers in the dye sensitized solar cells. The efficiencies 

obtained were low compared to the standard dye N719 under 

identical experimental conditions. This is attributed to less 

coverage of the absorption spectrum of the dyes in the visible 
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region of the solar spectrum as well as the large energy gap 

between the LUMO of the dyes and the TiO2 conduction band. Z-

scan measurements show that all compounds are NLO active with 

high nonlinear susceptibility and good two photon absorption 

properties. DTOP-BA possess the highest two photon absorption 

coefficient among the three compounds studied.  

 

2.1.  Introduction 

In recent years dye sensitized solar cells (DSSCs) have 

engrossed much interest due to their potential advantages like cost 

effective, flexible and straight forward device fabrication.
1-7

 DSSCs 

based on coordination complexes with heavy metal ions are 

considered as the most efficient devices, but cannot be used for 

large scale applications due to the limited resources and high cost.
8-

11 
The challenge is open to develop new systems using cost 

effective materials with promising photoconversion efficiencies. 

Use of organic D-π-A dyes is one such option which led to 

encouraging results. Most widely studied D-π-A
 
systems include 

triphenylamine as the donor and cyanoacetic acid moiety as the 

acceptor.
12-15

 Different π-spacers with planar geometry effectively 

improve the electron transportation from donor units to acceptor 

units and results in significant change in the overall photovoltaic 

performances
16-18

. 
 
Electron deficient heterocyclic structural units 

such as thiazole, triazine, cyano- and fluoro-substituted phenyl 

groups etc., have been used as the core in a starburst design to get 

triads of D-A-A systems. They exhibit several advantages over the 

straight D-π-A systems, with significant changes in the molecular 
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energy levels, absorption characteristics and finally the overall 

photovoltaic performance.
19-20 

1,3,5-triazine have been used as a 

building block for the synthesis of starburst D-A-A systems as dyes 

in DSSC.
21-22

 In recent literature triphenylamine or porphyrins have 

also been used in a similar solar cell design with cyanoacetic acid 

as the acceptor unit as well as the anchoring group.
23

 Here we 

report a series of dyes where diphenylamine as the donor unit and 

rhodanine-3-acetic acid, barbituric acid or thiobarbituric acid linked 

to 1,3,5-triazine core in a single donor two acceptor/anchoring 

group in a bipodal design.  

 

 In simple valence bond terms when there are two 

substituents on a benzene ring which are meta to each other the 

possibility of conjugation of π-orbitals of one with the other is not 

possible due to the absence of resonance form of the benzene ring 

supporting such conjugation with these substituents. This gives us 

the possibility of designing dyes having intra-molecular charge 

transfer states in which Donor and Acceptor moieties are separated 

in space and thus increase the length of the charge separation in 

comparison to directly coupled D--systems. But such charge 

separation is useful only when the life time of such intra-molecular 

charge separated state is long enough to permit subsequent electron 

transfer cascade when they are used as dyes and light harvesting 

systems in photovoltaic or photoelectrochemical systems. The 

lifetime of the ICT excited state depends on the free energy of the 

back electron transfer regenerating the ground state.
24-25 

 



Chapter-2 

                                                Department of Applied Chemistry, CUSAT                                                                                       72 

Keeping these ideas in mind we have designed dye 

molecules of starburst D-A-A type triads with 1,3,5-triazine as the 

first acceptor and as the core bridging π-unit. Donor moiety chosen 

was diphenylamine. Phenylydene derivatives of rhodanine-3-acetic 

acid, barbituric acid and thiobarbituric acid were chosen as the 

second acceptors bridged to triazine through an O-phenyl ether 

linkage with varying electron affinity and binding ability to TiO2 

surface. In the current chapter we report the synthesis, photo 

physical and photoelectrochemical properties of these three 

starburst D-A-A triads (Chart 2.1). 
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Chart 2.1.  
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2.2.  Results and discussion 

2.2.1.  Design and synthesis 
 

We have made use of the ability of cyanuric chloride to 

undergo nucleophilic substitution reactions with amines and 

alcohols. All the chlorine atoms of cyanuric chloride can be 

substituted by primary amines or alcohols at room temperature or at 

slightly elevated temperatures. However, mono-substitution by 

nucleophiles requires low temperatures and in the present synthesis 

mono-substitution by diphenylamine was ensured by carrying out 

the reaction at -10 
⁰
C using NaHCO3 as the base. The remaining 

chlorine atoms were substituted successfully at room temperature 

by the in situ generated phenoxide anion of 4-

hydroxybenzaldehyde with 10% NaOH in dichloromethane in the 

presence of a phase transfer catalyst tetrabutylammonium bromide 

(TBAB). The dialdehyde was made to react with two equivalents of 

rhodanine-3-acetic acid, barbituric acid or thiobarbituric acid to 

produce the corresponding starburst D-A-A type triads (Scheme 

2.1). All these were soluble in DMF and DMSO. Moderate 

solubility was observed in methanol and in acetonitrile. DMF was 

used as the solvent for photophysical as well as electrochemical 

studies.  
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Scheme 2.1. 

 

2.2.2. Photophysical studies 

Absorption spectra of all dyes show characteristic charge 

transfer absorption bands around 370 nm, with onset of absorption 

extending to 450 nm. The diffuse reflectance spectra of all the 

compounds in the powder form however show broad absorption 

spectra peaking at 400 nm and the onset of absorption extending to 
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500 nm (Figure 2.1). This red shift could be due to the stacking 

arrangement that facilitate intramolecular charge transfer.
26  

 

 
The ability of these dyes in binding with TiO2 thin films 

was probed by diffuse reflectance spectroscopy. TiO2 thin films 

were made from a paste of TiO2 by doctor blading followed by 

annealing at 450 
⁰
C in air. These films were immersed in respective 

dye solutions (~2 x 10
-2

 M) in DMF for 24 h for coating the dyes. 

Dye coated thin films showed light yellow for the DTOP-RHA, 

dark yellow for DTOP-BA and light orange for DTOP-TBA. The 

diffuse reflectance spectra obtained for these dye coated films were 

presented in Figure 2.2. Upon binding the dye DTOP-RHA showed 

red shift of 10 nm in the absorption maximum and the spectrum 

was broadened compared to that obtained in DMF. In the case of 

DTOP-BA and DTOP-TBA the spectrum obtained showed new 

bands at 486 nm and 523 nm respectively. The singlet excited state 

energy (E0-0) of these compounds was estimated from onset of the 

normalized absorption using the following equation (2.1). 

Photophysical properties of all the compounds are summarized in 

Table 2.1.  

      
    

      
 eV                                     (2.1) 
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Figure 2.1. Normalized absorption spectra of DTOP-RHA (a) DTOP-BA 

(b) and DTOP-TBA (c) A) DMF solution B) powder form   
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Figure 2.2. Diffuse reflectance spectrum of DTOP-RHA (a) DTOP-BA 

(b) and DTOP-TBA (c) adsorbed on TiO2 thin films 

 

 

Table 2.1. Photophysical properties of DTOP-RHA, DTOP-BA and 

DTOP-TBA 

Dyes 
λmax (Abs),  

nm 

max, 
mol

-1
 cm

-1
 

λonset, 

nm 

E0-0, 

eV 

DTOP-RHA 
370 

390* 
1.6 x 104 412 3.04 

DTOP-BA 
357 

375* 
1.4 x 104 421 3.01 

DTOP-TBA 
375 

380* 
8.0 x 103 425 2.92 

 
        *for the powder form 
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2.2.3. Tautomerism in DTOP-BA 

Interestingly, DTOP-BA showed sensitivity to the presence 

of water in the DMF solutions. Figure 2.3 is the spectrum of 

DTOP-BA obtained in ordinary DMF (blue trace) and dry DMF 

(black trace). The spectrum obtained in the dry DMF is 

characterised by a single absorption band at 350 nm. The spectrum 

obtained in ordinary DMF containing moisture has two bands one 

at 384 nm and a more red shifted band at 468 nm. Moreover, the 
1
H 

NMR also showed 3 types of proton resonances for the amide 

protons of the barbituric acid moiety. This observation prompted us 

to explore this in detail.  We recorded 
1
H NMR spectrum in the 

presence of D2O, which led to the disappearance of amide protons 

suggesting the presence of easily exchangeable protons from the 

amide or the enol forms of a mixture involving keto-imido 

tautomeric forms (Figure 2.4). The observation of the band at 468 

nm in moist DMF may be due to a deprotonated form as showed in 

Scheme 2.2 involving tautomeric and zwitterionic forms. The 

spectrum recorded in the presence of triethylamine (TEA) show a 

single red shifted band with maximum at 468 nm (red trace in 

Figure 2.3). IUPAC commission on electroanalytical chemistry in 

their report discusses the nature of dry DMF and its properties in 

the presence of water.
27

 In the presence of water DMF hydrolyses 

slowly generating formic acid and dimethylamine, which ionises 

and leads to a buffered solution containing formate anion and 

dimethylammonium cation with a basic character. Thus, the form 

of DTOP-BA responsible for the red shifted absorption maximum 

is the doubly deprotonated form.  
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Figure 2.3. UV-Visible spectrum of DTOP-BA in dry DMF (black), in the 

presence of 10 μL of TEA (red) and in normal DMF (blue) 

 

Figure 2.4. 
1
H NMR spectrum of DTOP-BA in a) DMSO and b) D2O 

2.2.4. Electrochemical properties 

The oxidation potentials of these dyes were determined from 

the square wave voltammograms. They exhibit characteristic 

oxidation potentials at 1.26 V DTOP-RHA and DTO-BA and 1.22 V 

respectively vs. NHE.
 
The results are summarized in Table 2.2. 

These values are lower than the redox potential of redox couples I
-

/I3
-
 and Br

-
/Br3

-
 the common redox couples used in the construction 

of DSSCs. The energy gap between the redox couple and oxidation 

potential of the dye is significant in determining the current as well 

b 

a 
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as the fill factor in DSSC. For the dyes used in the present study the 

energy gap obtained is very large for I
-
/I3

-
 (0.53 V vs. NHE) is 0.73 

V in comparison to Br
-
/Br3

-
 (1.09 V vs. NHE) which is 0.17 V which 

makes the regeneration of the oxidized dye thermodynamically 

favourable during the operation of the cell. The HOMO and the 

LUMO energies of these dyes referenced to NHE were calculated 

from the oxidation potentials of these dyes and their respective 

singlet energy. Estimations of HOMO and LUMO energies against 

vacuum continuum were also been made and all the values are 

presented in Table 2.2. The energy gap (Egap) between the LUMO of 

the dye and the conduction band of the TiO2 is also estimated .This 

value decides the exergonicity of electron injection from excited dye 

to the conduction band of the TiO2. The obtained energy gap shows 

that, the electron injection is facile and energetically favourable.  

Table 2.2. Electrochemical properties of dyes in DMF
28-31 
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E
g
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p
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V
 

DTOP-RHA 1.17 1.06 1.26 -1.74 1.24 

DTOP-BA 1.17 1.06 1.26 -1.74 1.24 

DTOP-TBA 1.13 1.02 1.22 -1.68 1.18 

 
EFOC = –0.11 V vs. Ag/AgCl the ground-state oxidation potentials E(S+/S) 

(HOMO) were measured in DMF containing 0.1 M tetrabutylammonium 

hexafluorophosphate as supporting electrolyte using a glassy carbon working 
electrode, a Pt counter electrode and a Ag/AgCl reference electrode; Egap is the 

energy gap between LUMO of the dye and the conduction band level of TiO2 

(−0.5 V vs. NHE); ionization potential: IP (eV) = -4.8-(Eonset (ox)-EFOC); electron 

affinity: EA = IP + E0-0 
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2.2.5. Theoretical study 

The optimized geometry of the dyes as well as the frontier 

orbitals and their energies are computed by density functional 

theory (DFT)
 
with B3LYP exchange-correlation functional

 32- 33 
and 

6-31G+(d) basis set. The stationary points are characterized by 

frequency calculation. To include the effects of solvation the 

polarization continuum model (PCM) for DMF has been used in 

the calculations. All calculations were performed with the 

GAUSSIAN 09 quantum chemistry package. The optimized 

geometry along with the frontier orbital representation and their 

respective energies against vacuum continuum is given in Figure 

2.6 along with the respective energy levels of the semiconductor 

TiO2 and redox couple. Contrary to our expectation the orbital 

coefficients of the HOMO for all compounds were found to be 

delocalized over the triazine core which is one of the acceptor units 

in the D-A-A triad. This delocalization extends over the terminal 

rhodanine-3-acetic acid acceptor unit in the case of the dye DTOP-

RHA. Delocalization of HOMO over the triazine has a profound 

effect in lowering of the HOMO energies as well as on the 

observed more positive oxidation potential. A similar dye without 

the triazine linker having cyanoacetic acid as the acceptor has a 

HOMO of 1.04 V vs. NHE which is high lying than that is 

observed for the HOMO of the dyes reported in the present chapter 

(~1.2 V vs. NHE).
34

 Thus it is clear that the introduction of triazine 

has a profound effect in lowering the HOMO of these dyes. This 

lowering is beneficial to obtain higher Voc values when DSSC were 



Chapter-2 

                                                Department of Applied Chemistry, CUSAT                                                                                       82 

constructed using redox electrolyte such as Br
-
/Br3

-
 whose redox 

level is 1.0 V.  Both electrochemical and theoretical data suggest 

that they are difficult to oxidize in comparison to oxidation of 

diphenylamine.  This also explains the higher excitation energy and 

thus lower coverage of the solar spectrum in the visible region. The 

dyes DTOP-BA and DTOP-TBA show better directionality of 

charge transfer as the HOMO and LUMO are localized on different 

regions of the molecule. This effect is evident in the more red 

shifted absorption spectrum obtained for these dyes. The 

theoretically calculated energy levels are also found to be matching 

with the experimental values obtained from electrochemical 

measurements (Table 2.3).  

 

 

Figure 2.6. Optimized geometries of the dyes computed using DFT 

theory at the B3LYP/6-31G + (d) level  
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Table 2.3. Comparison of experimental and theoretical frontier orbital 

energies of DTOP-RHA, DTOP-BA and DTOP-TBA  

 

Compounds Experimental Theoretical 

HOMO, eV
a 

 

LUMO, eV
b 

 

HOMO, eV LUMO, eV 

DTOP-RHA -6.64 -3.05 -6.50 -3.06 

DTOP-BA -6.63 -3.53 -6.52 -3.16 

DTOP-TBA -6.50 -3.64 -6.55 -3.35 

a
Ionization potential: IP = – 4.8 – (Eonset (ox)– EFOC); 

b
electron affinity: EA − E0-0 = IP 

2
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Figure 2.7. Schematic energy level diagram for compounds DTOP-RHA, 
DTOP-BA and DTOP-TBA along with the conduction band 

of TiO2 and the respective redox levels of electrolytes 
 

2.2.6.  Photoelectrochemical properties 

Under illumination by an AM 1.5 light source all the cells 

constructed gave Current vs. Voltage (I-V) characteristics typical 

for photodiodes. A few representative Current density vs. Voltage 
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(J-V) curves obtained for dyes DTOP-RHA, DTOP-BA and 

DTOP-TBA when Br
-
/Br3

-
 was used as the electrolyte are given in 

Figure 2.8. The solar cell parameters obtained from the 

photocurrent measurements were summarized in Table 2.4. The 

solar energy to electrical energy conversion efficiency () was 

calculated from open circuit voltage (Voc), short circuit current 

(Jsc), fill factor (FF) and the incident photon flux (Pin) by using 

equation,                      

in

OCSC

P

FFVJ
(%)                                           (2.2) 

 

Under our experimental conditions an efficiency of 3 % was 

obtained for the N719 dye when I
-
/I3

-
 was used as the electrolyte. 

The results show that the observed conversion efficiency are lower 

and are in the range of 0.01-0.06 % where the cell made from the 

dye DTOP-TBA with Br
-
/Br3

-
 was found to be the most efficient in 

the series. The data obtained for the cells with I
-
/I3

-
 as the 

electrolyte were very low in comparison to the data obtained for Br
-

/Br3
-
 in terms of Voc and This is due to the low potential 

difference between the Fermi level and the high lying redox 

potential of I
-
/I3

- 
in comparison to Br

-
/Br3

-
. The poor efficiency data 

observed could be due to a combined effect of lower coverage of 

the solar spectrum by the dyes as well as lower binding 

coefficients. Relatively better performance of DTOP-TBA may be 

the result of the high lying HOMO making regeneration of the dye 

efficient in comparison to other dyes and very large energy gap 

between the dye and conduction band of TiO2. Based on a similar 
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design strategy better performing dye sensitizers can be synthesized 

by incorporating better donor groups and groups that enhance 

conjugation at the acceptor site. 

 

Table 2.4. DSSC Performance data obtained for DTOP-RHA, DTOP-BA 

and DTOP-TBA 

Dyes Jsc, mA cm
-2

 Voc, mV FF, % η, % 

DTOP-RHA 
-0.160a*(±0.001) 

-0.078b*(±0.006) 

0.273a(±0.001) 

0.477b(±0.007) 

45a 

79b 

0.02a 

0.03b 

DTOP-BA 
-0.094a(±0.001) 

-0.124b(±0.005) 

0.210a(±0.002) 

0.580b(±0.004) 

50a 

62b  

0.01a 

0.04b 

DTOP-TBA 
-0.129a(±0.005) 

-0.215b(±0.00) 

0.182a(±0.008) 

0.475b(±0.004) 

42a  

58b 

0.01a 

0.06b 
 

a* I
-
/I3

- 
electrolyte. b* Br

-
/Br3

-
elctrolyte 
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Figure 2.8. Photocurrent density–voltage curves obtained for the 

compounds DTOP-RHA (
__

), DTOP-BA (
__

) and DTOP-

TBA (
__

) using Br
-
/Br3

- 
electrolyte 
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2.2.7. Nonlinear optical properties 
 

Recent years has seen a spurt in the research directed to the 

development of new materials for photonic applications. Organic 

molecules generally show large third order nonlinear optical 

properties such as nonlinear refractive index and multiphoton 

absorption. All the compounds reported in this chapter show 

asymmetry in the electron density due to the basic donor-acceptor 

nature of the structure. This is further confirmed by the DFT 

calculations. Figure 2.9 show the HOMO and LUMO orbitals of 

these compounds. In DTOP-RHA the HOMO is delocalised over 

the entire molecule whereas in the other two the HOMO is centered 

on the diphenylamine and the triazine core. In all the compounds 

the LUMO is centred on the O-phenyl bridge and both the acceptor 

moieties. These molecules were surveyed for their Nonlinear 

optical behaviour by Z-scan technique using 532 nm second 

harmonic of an Nd-YAG laser with a pulse width of 7 ns. A DMF 

solution of ~1 mM concentration was used for the experiment.
31

 No 

appreciable optical damages were observed after the Z-scan 

measurements. This is for the first time that a triazine based D-A 

systems without centre of symmetry has been studied for their 

nonlinear optical properties. All the triazine based donor-acceptor 

systems possess excellent nonlinear refractive property as well as 

two photon absorption coefficient and very high non linear 

absorption cross section.
36

 Experimentally the nonlinear behaviour 

is manifested in the observation of reverse saturable absorption 

(RSA), two photon absorption (TPA) and saturable absorption (SA) 
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depending on the variation (increase or decrease) in transmission of 

the sample with the intensity of the laser. For a molecule, decreased 

transmittance or increase in the light absorption for a given laser 

light due to an enhanced light absorption property of the excited 

state in comparison to the ground state is the result of TPA and 

RSA with increasing laser intensity.
37 

DTOP-RHA and DTOP-BA 

showed SA at lower fluences i.e., away from the focus and it 

switched over to RSA near the focus. Since the excitation 

wavelength 532 nm was at the edge of the ground state absorption 

of these molecules at lower fluences the molecules gets excited and 

may not have sufficient time to relax to the ground state leading to 

an increased transmittance. Such behaviour is common to many 

substances. At higher laser intensity i.e., closer to the focus, the 

excited state absorption becomes dominant and SA behaviour 

switches to RSA behaviour. DTOP-TBA however, showed RSA 

behaviour away from the focus and switched over to SA behaviour 

at the focus. This is due to the saturation of the excited state 

absorption which is responsible for the switching of RSA 

behaviour to SA behaviour. As evident from the solid lines in the 

Figures 2.9a-c, theoretical fit to the two photon absorption theory 

showed very good correlation. This shows that TPA is the main 

mechanism involved in the nonlinear absorption process for all 

these molecules. The nonlinear absorption coefficient () was 

determined by fitting the data obtained from the open aperture 

measurements to the equation      .
 The results are tabulated in 
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Table 2.5. The  value obtained for DTOP-BA is high compared to 

that of the other two compounds. 

    
 

    

        

 

  

    
                                   

   

Where q0 (z, r, t) = bI0(t) Leff and Leff = (1+e
-αI
)/α is the 

effective thickness of linear absorption coefficient α, I0 is the 

irradiance at focus. 

The nonlinear refractive index and nonlinear susceptibility 

of NLO active materials at high laser fluences can be measured in 

the Z-scan technique. Here, the transmittance is measured by 

varying the laser spot size at the plane of a finite aperture detector 

combination and is called the closed aperture method. The NLO 

active material will act as a thin lens with varying focal length as it 

moves along the optical axis of the Z-scan set-up. The transmission 

data obtained in the open aperture Z-scan is sensitive to nonlinear 

absorption only and the closed aperture scan involves both 

nonlinear refraction and absorption effects. In order to exclude the 

nonlinear absorption effects, the closed aperture data obtained were 

divided by the corresponding open aperture data. Figure 2.10a to 

2.10c show the normalized transmission data obtained for DTOP-

RHA, DTOP-BA and DTOP-TBA, respectively in the closed 

aperture scan. The nonlinear transmittance T(z) is related to on-axis 

nonlinear phase shift (0) and the ratio z/z0. This relation is given 

by equation      .38
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Typical peak valley pattern due to nonlinear refraction was 

observed for all the compounds and indicative of a negative 

nonlinear refractive (NLR) index due to self-defocusing (Figures 

2.10a-2.10c). The data were fitted to equation       and the 

nonlinear phase shift (0) is determined. The nonlinear refractive 

index (n2), the real (Re 

and the imaginary part (Im 


and thus 

the nonlinear susceptibility 

 were determined by using the 

following set of equations      –       .  

                                                                         
 

          
    

 
                                                         

 

     
   

     
                                                   

 

   
   

  
                                                   

 

         
   

   
                                                                         

 

          
    

  
                                                        

 

Where γ, the molecular cubic hyperpolarizability of 

polymer and k is the wave vector. The calculated values of 

nonlinear absorption coefficient (), the nonlinear refractive index 
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(n
2
), the third order susceptibility (


) and molecular cubic 

hyperpolarizability () are listed in Table 2.5. Among the three 

donor-acceptor systems studied, DTOP-BA shows the highest NLO 

activity. 
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Figure 2.9. Open aperture Z-scan profile of DTOP-RHA (A), DTOP-BA 

(B) and DTOP-TBA (C) in DMF   
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Figure 2.10. Closed aperture Z-scan profile of DTOP-RHA, DTOP-BA 

and DTOP-TBA in DMF   

 

2.2.8.  Optical limiting property 

The decrease in the transmittance of a material with higher 

light intensities is termed as the optical limiting property.
35

 Optical 

limiting property is due a combination of multi-photon absorption, 

excited state absorption, self-focussing, self-defocusing, etc., A 

major contributor to optical limiting is the nonlinear absorption. 

Among the three donor-acceptor systems studied, DTOP-BA 

showed the best optical limiting behaviour. Optical limiting 

behaviour was absent in DTOP-TBA due to the switching of RSA 

to SA at higher laser fluences.   
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Table 2.5. NLO properties of the compounds DTOP-RHA, DTOP-BA 

and DTOP-TBA 
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σ
2
 (

G
M

) 

DTOP-
RHA 

-0.12x10-9 -2.5x10-11 0.27x10-11 -3.77x10-12 0.37x10-11 7762 

DTOP
-BA 

-2.5x10-9 -2.5x10-11 5.4x10-11 -3.77x10-12 0.66x10-11 157029 

DTOP-
TBA 

0.04x10-9 -4.3x10-11 0.23x10-11 -6.48x10-12 0.65x10-11 5745 

 

2.3. Conclusion 

We have designed and synthesized three novel starburst D-

A-A systems with triazine core as the non-conjugating 

spacer/acceptor with rhodanine-3-acetic acid (DTOP-RHA), 

barbituric acid (DTOP-BA) or thiobarbituric acid (DTOP-TBA) as 

anchoring/acceptor groups.  Electrochemical, photophysical and 

theoretical studies show that they have properties suitable for use as 

dyes in dye sensitized solar cells. The applicability of these dyes 

for the DSSC was tested by constructing the sandwich model cell. 

However, the observed efficiency was lower than that obtained for 

N719 dye under similar experimental conditions. This is attributed 

to the low coverage of the solar spectrum, inability of the dyes to 

binding with TiO2 and large energy gap between the LUMO of the 
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dyes and the conduction band of the TiO2. The results suggest 

tuning of the LUMO energy by incorporating additional 

conjugating groups in the acceptor side of the design. The 

preceding chapter addresses this issue with design, synthesis and 

study of appropriate dye. All compounds are NLO active with 

nonlinear refractive index of ~10
11

 esu. Among the three 

compounds studied DTOP-BA showed the highest nonlinear 

absorption coefficient value.   

 

2.4. Experimental  

2.4.1. Electrochemical measurements 

The electrochemical properties of the dyes were 

investigated by cyclic voltammetric (CV) and square wave 

voltametry on a BAS 50W electrochemical workstation using a 

three-electrode configuration. A glassy carbon electrode was used 

as the working electrode, platinum wire was used as the counter 

electrode, and Ag/AgCl was used as the reference electrode. A 0.1 

M DMF solution of n-Bu4NPF6 was used as the electrolyte. The 

sample solutions were saturated with argon prior to measurements. 

Ferrocene was used as the reference to standardize the 

measurements and the corrected values are reported against 

standard hydrogen electrode (SHE).  

2.4.2. DSSC fabrication and characterization 

The photoelectrochemical properties of these dyes were 

studied by constructing photoelectrochemical cells using dye 
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adsorbed TiO2 as the photoanode, Pt coated Fluorine doped ITO as 

the cathode. The electrolyte used was either I
-
/I3

-
 containing LiI 

(0.4 M) and I2 (0.04 M) in anhydrous CH3CN or Br
-
/Br3

-
 containing 

LiBr (0.4 M) and Br2 (0.04 M) in anhydrous CH3CN. The 

preparation of the photoelectrodes and the fabrication of the DSSCs 

were carried out based on methods reported earlier. The rectangular 

shaped thin film TiO2 photoanode was made by doctor blade 

technique using a TiO2 paste (Ti-Nanoxide, Solaronix SA, 

Aubonne, Switzerland) followed by annealing in a muffle furnace 

for 30 min at 450 
⁰
C. The TiO2 thin films were exposed to dye 

solution for 24 h and washed successively with DMF, water and 

ethanol. Prior to cell assembly, the dye coated thin films were dried 

under vacuum in vacuum desiccators at room temperature. Pt 

coated FTO having drilled holes (1 mm) for injecting appropriate 

electrolyte was used as the cathode. The dye coated electrode and 

the Pt counter electrode were assembled in a sealed sandwich 

model cell using meltonix as the binder/spacer. The active area of 

the cell was 0.16 cm
2 

and the remaining area was masked with a 

black tape prior to cell characterization. Dark and illuminated I-V 

characteristics of the cell were measured using a Keithley (2420C) 

Source Measure Unit. The cell was illuminated using a 

Photoemission tech AM 1.5 solar simulator. 

2.4.3. Measurement of nonlinear optical properties by 

Z-scan technique  

NLO properties were measured by the single beam Z-scan 

technique using a Q-switched Nd:YAG laser system (Spectra 
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Physics LAB-1760) with a pulse width of 7 ns at 10 Hz repetition 

rate and 532 nm wavelength. Scheme 2.3 show an illustration of 

the experimental setup used.  

 

Scheme 2.3.  

 

A lens of focal length 200 mm was used to focus the laser 

beam. The sample was kept in the optical axis of the lens on a 

motorised sample stage. During measurements, the sample moved 

along the optical axis keeping focal point as the origin. The radius 

of the beam used is measured as 42.56 m. The Rayleigh length 

      
    , was calculated to be 10.69 mm, which was greater 

than the thickness of the sample cuvette (1 mm), an essential 

requirement for Z-scan experiments. The Z-scan setup was 

standardised using CS2 as the reference. The intensity ratio of the 

transmitted and the reference beam were measured in the form of 

energy by Joule meter (REJ 7620, Laser Probe Corp.) having two 

identical pyroelectric heads (RJP 735). The effect of fluctuations of 

laser beam is eliminated by the measurement of ratio of energies at 

the transmitted and reference detector. The data obtained were 

analyzed by the procedure described by Bahae et al.
39

 In this 
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method the nonlinear coefficients were obtained by fitting routine 

of the experimental Z-scan plot with a simulated plot obtained 

based on the theory. The experiments were repeated at least thrice 

prior to analysis for obtaining the nonlinear optical coefficients 

from the best fits. Two modes of experiments can be performed. 

One in which an aperture is placed before the detector that receives 

the transmitted light to prevent a part of light and only allows the 

core part of the beam. This method, known as closed aperture 

method where the data obtained is used for determining the 

nonlinear refractive index of the nonlinear optical material. In the 

open aperture method, no apertures are used and the entire 

transmitted light beam is received by the detector. The data 

obtained is used for determining the nonlinear absorption 

coefficient of the multiphoton absorbing nonlinear optical material.  

2.4.4. Synthesis and characterization 

2.4.4.1. Synthesis of 4,6-dichloro-N,N-diphenyl-1,3,5-

triazine-2-amine (3) 

A solution of cyanuric chloride (2, 100 mmol) in acetone 

(10 mL) was added slowly to an aqueous solution of NaHCO3 (100 

mmol) at -10 
⁰
C followed by diphenylamine (3, 100 mmol) in 

acetone (10 mL) and stirred for 2 h. The white precipitate obtained 

was filtered and washed with cold water to remove unreacted 

cyanuric chloride and dried in vacuum. Column chromatography of 

the dried precipitate over silica gel using hexane and ethyl acetate 

(4:1) and drying under vacuum gave colorless crystals of 4 in 63% 

yield. mp 145 
0
C. FT-IR (cm

-1
): 3049, 1489, 1333, 1240. 

1
H NMR 
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(400 MHz, CDCl3 δ ppm): 7.42-7.38 (m, 2H), 7.33-7.28 (m, 1H), 

7.27-7.24 (m, 2H); 
13

C NMR (100 MHz, CDCl3, δ ppm): 170, 165, 

141, 129, 127, 124. ESI (m/z): 316.2 (M-1) Anal. Calcd. for 

C15H10Cl2N4 (MW = 316. 17) C, 56.80; H, 3.18; Cl, 22.36; N, 17. 

66. Found C, 56.70; H, 3.10; N, 17.60.  

2.4.4.2. Synthesis of 4,4'-(6-(diphenylamino)-1,3,5-

triazine-2,4-diyl)bis(oxy)dibenzaldehyde (5) 

A solution of 4-hydroxybenzaldehyde (20 mmol) in 10 mL 

of dichloromethane was treated with aqueous NaOH (50 mL, 0.85 

M) at room temperature followed by a solution of compound 4 

(100 mmol) in dichloromethane (50 mL) and tetrabutylammonium 

bromide (TBAB) (20 mol %) was added slowly during 30 minutes. 

The mixture was stirred for 24 h and the organic layer was 

separated and washed well with 10% NaOH, followed by distilled 

water. The resulting solution was dried with anhydrous Na2SO4 and 

the solvent was removed under vacuum and recrystallization from 

ethyl acetate to yield 5 as a colorless solid (Yield 63%). mp. 169 

⁰
C. FT-IR (cm

-1
): 1697, 1582, 1375, 1261. 

1
H NMR (400 MHz, 

CDCl3, δ ppm): 9.95(s, 1H), 7.80-7.77 (d, 2H), 7.28-7.24 (m, 4H), 

7.19-7.16 (m, 3H) .
13

C NMR (100 MHz, CDCl3, δ ppm): 190, 171, 

167, 156, 142, 133, 130,129, 127, 126. ESI (m/z): 487.17 (M-1), 

Anal. Calcd. for C29H20N4O4 (MW= 488.49); C, 71.30; H, 4.13; N, 

11.47, Found: C, 71.20; H, 4.10; N, 11.37. 
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2.4.4.3. General procedure for DTOP-RHA (1a), 

DTOP-BA (1b)  and DTOP-TBA (1c) 

A mixture of aldehyde 5 (1 mmol) and of rhodanine-3-acetic acid/ 

barbituric acid/thiobarbituric acid (22 mmol) and ammonium 

acetate (19 mmol) were dissolved in 0.5 M glacial acetic acid 

heated 120 
⁰
C for 12 h. After cooling, the precipitated target 

product was washed with chloroform and methanol to remove the 

unreacted reagents and starting materials.  

DTOP-RHA (1a); Yellow powder. Yield 58%. mp. 250 
⁰
C 

(decomp.), FT-IR (cm
-1

): 3330, 1707, 1598, 1501, 1323, 1289. 
1
H 

NMR (400 MHz, DMSO, δ ppm): 7.81 (s, 1H) 7.62-7.60 (d, 2H), 

7.38-7.31 (m, 6H), 7.22 (m, 2H), 4.58 (s, 2H). 
13

C NMR (100 

MHz, DMSO, δ ppm): 185, 171, 131, 128, 127, 122. Anal. Calcd 

for C39H26N6O8S4 (MW= 834.92). C, 56.10; H, 3.14; N, 10.07; S, 

15.36, Found: C, 56.05; H, 3.10; N, 9.97; S, 15.30. 

DTOP-BA (1b); Yellow powder. Yield 68%, mp. 245 
⁰
C (decomp.) 

FT-IR (cm
-1

): 3325, 1603, 1390, 1115. 
1
H NMR (400 MHz, 

DMSO, δ ppm): 11.23 (s, 1H), 11.10 (s, 1H), 10.79 (s, 1H), 8.30-

8.21 (m, 4H), 7.31-6.88 (m, 5H). 
13

C NMR (100 MHz, DMSO, δ 

ppm): 163.0, 153.1, 150.1, 136.5, 132.6, 129.1, 127.7, 127.4. Anal. 

Calcd. for C37H24N8O8  (MW =740.77). C, 62.71; H, 3.41; N, 15.81; 

Found C, 62.65; H, 3.31; N, 15.75.  

DTOP-TBA (1c); Yellow powder. Yield 66%. mp. 225 
⁰
C 

(decomp.) FT-IR (cm
-1

): 3460, 1655, 1546, 1364, 1209, 1152. 
1
H 

NMR (400 MHz, DMSO, δ ppm): 12.36 (s, 1H), 12.25 (s, 1H), 
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8.16 (s, 1H), 8.13-8.11 (d, 2H) 7.29-7.22 (m, 6H), 7.14-7.10 (m, 

1H). 
13
C NMR (100 MHz, DMSO, δ ppm): 178, 170, 159, 154, 

142, 135, 130, 128, 127, 122, 121, 118. Anal. Calcd. for 

C37H24N8O6S2 (MW =708.64)  C, 59.99; H, 3.27; N, 15.13; S, 8.66, 

Found: C, 59.89; H, 3.20; N, 15.05; S, 8.60. 
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 Chapter 3 

Synthesis, characterization and studies on the 
photovoltaic and nonlinear optical properties of a 
series of phenyl bridged diphenylamine-s-triazine 
based Donor-Acceptor triads with different  -Acceptor 
groups 

 
3.1. Introduction 

3.2. Results and discussion 

3.3. Conclusion 

3.4. Experimental  

3.5. References 

 

Abstract 

 Novel Donor-Acceptor triads of starburst D-A-A type 

incorporating electron deficient triazine moiety as a non-

conjugating -spacer/acceptor with two acceptor/anchoring arms 

comprising of cyanoacetic acid (DTP-CYA), rhodanine-3-acetic 

acid (DTP-RHA), barbituric acid (DTP-BA) or thiobarbituric acid 

(DTP-TBA) linked to triazine core via a phenyl bridge have been 

synthesized. Diphenylamine is used as the donor moiety and the 

role of the -spacer on the absorption spectra and other electronic 

properties were studied. These compounds are tested as sensitizers 

in the compound sensitized solar cells. The efficiencies obtained 

C
on

te
nt

s 
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showed improvement compared to the compounds reported in the 

previous chapter under identical experimental conditions. The low 

efficiency obtained in comparison to standard dye N719 is 

attributed to the poor absorption coverage of the solar spectrum and 

to the larger energy gap between the LUMO of the dyes and the 

TiO2 conduction band. All the compounds were tested for their 

nonlinear optical properties and determined the nonlinear 

absorption coefficient () and nonlinear refractive index (n2) in 

DMF solutions.  

 

3.1.  Introduction  

Compounds in the DTOP series reported in the previous 

chapter feature an O-phenyl flexibile linkage of the 

acceptor/anchoring group on to the diphenylamine-triazine 

conjugate. This flexibility may lead to a less rigid geometry for the 

molecule where, the small average donor-acceptor distance of 

separation may lead to increased through space interaction between 

the donor and the acceptor moieties. The theoreticaly calculated 

optimal geometry for these compounds reveal a smaller distance of 

separation in these series of compounds. The less rigid structure 

makes increased non-radiative deactivation of the excited state thus 

reducing the excited state lifetime and reduced probability of 

electron transfer between the semiconductor and the dye. The 

relative orientation and disposition of HOMO and LUMO orbitals 

also play significant role in the rate of charge separation as well as 
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Chart 3.1. 

 
the rate of back electron transfer within the D-A-A triad under 

study.
1 

This orientation dependence on electron transfer has been 

studied in detail by R. A. Marcus and coworkers.
2-6

 Nature adopts 

proper orientation as a means to effectively reduce the importance 

of back electron transfer in natural photosynthetic systems.
7-9

 

Similar results have been reported for synthetic systems where 
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carefully designed sytems with reduced back electron transfer has 

been reported by Chang.
10-13 

 

In order to bring better control on the orientation of Donor 

and Acceptor groups, a series of new moleucles are designed where 

the bridging O-phenyl group was replaced by a phenyl group via 

direct coupling of phenyl and triazine units. Chart 3.1 lists the 

moleucles which are designed, synthesised and studied in this 

chapter. The present design is expected to improve through bond 

coupling between the donor and the terminal acceptor parts of the 

molecules resulting into a low energy intramolecular charge 

transfer absorption with high molar extinction coefficient.  

 

3.2.  Results and discussion  

3.2.1. Synthesis and characterization of Donor-π-

Acceptor systems  
 

Synthesis of the diphenylamine substituted triazine 

derivative 1 was carried out using previously reported procedure. 

The dialdehyde 3 was synthesized by a modified Suzuki coupling 

strategy for arylation of aromatic compounds. The dialdehyde (3) 

was subjected to knoevenagel condensation with cyanoacetic acid, 

rhodanine-3-acetic acid, barbituric acid or thiobarbituric acid 

respectively, in the presence of ammonium acetate in glacial acetic 

acid at 120 
⁰
C (Scheme 3.1). The product DTP-CYA, DTP-RHA, 

DTP-BA and DTP-TBA (4a-d) were obtained in 50-60% yield. All 
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the compounds were characterized by using 
1
H NMR, 

13
C NMR 

and FT-IR spectroscopy and elemental analysis. 

N

N

N

N

Cl Cl

N

N

N

N2
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B
HO OH

CHO

OHC CHO

N

N

N

N
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K2CO3

Dry Toluene

4a-d

A= S
N

S

O
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O
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O O

S

DTP-BA, 4c DTP-TBA, 4dDTP-RHA, 4b

CN

COOH

DTP-CYA, 4a

Pd catalyst,

A, NH4OAc, AcOH

°

 

Scheme 3.1.   

3.2.2.  Photophysical properties 

All compounds show very poor solubility in methanol, 

chloroform and acetonitrile and good solubility in DMF and 

DMSO. Absorption spectra of DTP-CYA, DTP-RHA, DTP-BA 
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and DTP-TBA were recorded in DMF and show characteristic 

intramolecular charge transfer (ICT) absorption band at 322 nm, 

388 nm, 345 nm and 380 nm, respectively. The onset of absorption 

for these compounds extends upto 450 nm except for DTP-CYA 

which ends at 400 nm (Figure 3.1). The diffuse reflectance spectra 

of all the compounds in the powder form showed broad absorption 

maximum peaking at 400 nm and the onset of absorption extending 

to 500 nm for DTP-CYA, 600 nm for DTP-RHA and DTP-BA. In 

the case of DTP-TBA, this absorption extends upto 650 nm (Figure 

3.2). This red shift could be due to the stacking arrangement that 

facilitate intramolecular charge transfer.
14

 Nano-crystalline TiO2 

thin films were made from a paste of TiO2, purchased from 

Solaronix SA, by doctor blading and annealing at 500 
⁰
C for 30 

minutes in a muffle furnace. The dye coated TiO2 thin films were 

prepared by immersing these thin films in respective dye solutions 

in DMF for 24 h followed by washing successively with fresh 

DMF, water and ethanol. The air dried dye coated thin films 

showed light yellow to light orange color and diffuse reflectance 

spectra obtained were presented in Figure 3.3. DTP-RHA showed a 

red shifted and broad absorption spectrum and DTP-BA and DTP-

TBA showed an additional weak band at 415 nm and 520 nm, 

respectively. The singlet excited state energy (E0-0) of these 

compounds was calculated from onset absorption using the 

following equation (3.1).
15

 

        

     
    

      
                                                   (3.1) 
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The absorption spectral properties of all the compounds 

were summarized in Table 3.1.  In comparison to the O-phenyl 

bridged compounds described in the previous chapter, DTP-RHA 

showed a red shift of 26 nm and DTP-TBA showed a red shift of 5 

nm. This shows that direct coupling of phenyl bridge between the 

triazine and acceptor moieties led enhanced electronic coupling 

between the donor and acceptor groups. Whereas, DTP-BA showed 

a blue shift of 9 nm in comparison to O-phenyl bridged dye (vide 

supra).  
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0.0

5.0x10
2

1.0x10
3

1.5x10
3

2.0x10
3

2.5x10
3

d

b

c

a

 

 

 

M

o
l-

1
 c

m
-1

Wavelength, nm  

Figure 3.1. Absorption spectra of DTP-CYA (a) DTP-RHA (b) DTP-BA 
(c) and DTP-TBA (d) in DMF 

0.0

0.2

0.4

0.6

0.8

1.0

300 400 500 600 700 

 

Wavelength, nm

N
o

rm
al

iz
ed

 a
b

so
rb

an
ce

, 
a.

 u
. 

d
c

b  

 

a

 

Figure 3.2. Diffuse reflectance spectra of DTP-CYA (a) DTP-RHA (b) 

DTP-BA (c) and DTP-TBA (d) in Powder form 



Chapter -3 

 

Department of Applied Chemistry, CUSAT                                                       109 

350 400 450 500 550 600
0.0

0.2

0.4

0.6

0.8

1.0

Wavelength, nm

N
o

rm
a
li

z
e
d

 a
b

so
rb

a
n

c
e

 

c

b

d

 

 

a

 

Figure 3.3. Diffuse reflectance spectra of DTP-CYA (a) DTP-RHA (b) 

DTP-BA (c) and DTP-TBA (d) adsorbed on TiO2 thin film  

 

Table 3.1.  Photophysical properties of DTP-CYA, DTP-RHA, DTP-BA 
and DTP-TBA in DMF 

Compound λmax (Abs), nm λonset, nm ɛmax , mol
-1

cm
-1

 E0-0, eV 

DTP-CYA 276, 322 (sh) 372 
2.8 x 104 

1.5 x 104 
3.45 

 

DTP-RHA 
388 465 1.6 x 104 2.85 

DTP-BA 345 439 6.9 x 103 3.07 

DTP-TBA 380 456 2.3 x 104 2.87 

 

3.2.3.  Electrochemical properties 

The oxidation potentials of these compounds were 

determined from the square wave voltammograms (Figure 3.4). 

They exhibit characteristic oxidation potentials at 1.25, 1.26, 1.13 

and 1.23 V respectively vs. NHE. The results are summarized in 

Table 3.2. These values lie at a higher potential than the redox 

potential of electrolytes I
-
/I3

-
 and Br

-
/Br3

-
, the common redox 

couples used in the construction of DSSC’s. The energy gap 

between the redox couple and oxidation potential of the compound 
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is significant in determining the current as well as the fill factor. 

For the compounds used in the present study, this energy gap is 

very large for I
-
/I3

-
 electrolyte whereas, for the electrolyte Br

-
/Br3

-
 

this gap is 0.16, 0.17, 0.04 and 0.14 V respectively, for DTP-CYA, 

DTP-RHA, DTP-BA and DTP-TBA. This energy gap makes the 

regeneration of the oxidized form of the compound 

thermodynamically favorable during the operation of the cell 

(Figure 3.5).
17

 Too high an energy gap may also be detrimental to 

efficient functioning of the cell as inverted region effect can reduce 

the rate of regeneration of the dye.
18-20 

The values of HOMO 

energy levels of these compounds referenced to NHE were 

calculated from the oxidation potentials of these compounds. The 

values are comparable to that observed for the O-phenayl bridged 

compounds except for DTP-BA. In this case the oxidation potential 

is less positive. The LUMO energy level was determined by adding 

the respective singlet state energies obtained from the onset of 

absorption spectra of respective compounds. Estimations of HOMO 

and LUMO energies against vacuum continuum were also been 

made and the calculated values are presented in Table 3.3. 
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Table 3.2. Electrochemical properties of DTP-CYA, DTP-RHA, DTP-

BA and DTP-TBA in DMF
16
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d
E

g
a

p
/ 

V
 

DTP-CYA 1.16 1.05 1.25 -2.2 -1.70 

DTP-RHA 1.17 1.06 1.26 -1.59 -1.15 

DTP-BA 1.04 0.93 1.13 -1.94 -1.44 

DTP-TBA 1.14 1.03 1.23 -1.64 -1.03 

a Observed reduction potentioan in DMF, bEFOC = –0.11 V vs. Ag/AgCl.  cThe 

ground-state oxidation potentials E(S+/S) (HOMO) were measured in DMF 

containing 0.1M tetrabutylammonium hexafluorophosphate as supporting 

electrolyte using a glassy carbon working electrode, a Pt counter electrode and a 

Ag/AgCl reference electrode.dE gap is the energy gap between LUMO of the 

compound and the conduction band level of TiO2 (−0.5 V vs. NHE). 
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Figure 3.4. Square wave voltamograms obtained for compounds DTP-

CYA (
….

), DTP-RHA (----), DTP-BA (
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) and DTP-TBA 

(
___

) in DMF  
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Figure 3.5. Schematic energy level diagram for a DSSC based on dyes 

coated nanocrystalline TiO2 film on conducting FTO 

 

3.2.4. Theoretical study 

The optimized geometry of the compounds as well as the 

frontier orbitals and their energies are computed by density 

functional theory (DFT)
 

with B3LYP exchange-correlation 

functional
23-24 

and 6-31+G(d) basis set. The stationary points are 

characterized by frequency calculation. To include the effects of 

solvation, the polarization continuum model (PCM) for DMF has 

been used in the calculations. All calculations were performed with 

the GAUSSIAN 09 quantum chemistry package. The optimized 

geometry along with the frontier orbital representation and their 

respective energies against vacuum continuum is given in Figure 6. 

Contrary to our expectation, the orbital coefficients of the HOMO 



Chapter -3 

 

Department of Applied Chemistry, CUSAT                                                       113 

for all compounds were found to be delocalized over the triazine 

core which is one of the acceptor units. Similar result was obtained 

in the case of O-phenyl bridged compounds. Delocalization of 

HOMO over the triazine has a profound effect in the lowering of 

HOMO energies as well as on the observed oxidation potential of 

all the compounds in comparison to the HOMO of Diphenylamine 

(-5.8 eV or 1 V vs. NHE). Both electrochemical and theoretical 

data suggests that they are difficult to oxidize in comparison to 

diphenylamine.The LUMO calculated for these series of compouds 

show extensive delocalisation over two arms of the compounds 

bearing acceptor groups. This extended delocalization has lead to 

the stabilization of the respective LUMOs in the case of DTP-RHA 

and DTP-TBA. All the compounds show better directionality of 

charge transfer on electronic excitation as the HOMO and LUMO 

are localized on different regions of the molecule. For DTP-RHA 

and DTP-TBA the theoretically calculated energy levels are in 

good agreement with the experimental values obtained from 

electrochemical measurements.  

 

Figure 3.6. Optimized geometries of the computed using DFT theory at 

the B3LYP/6-31G + (d) level  
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Table 3.3. Comparison of theoretical and experimental orbital energies of 

DTP-CYA, DTP-RHA, DTP-BA and DTP-TBA 
21-22

 

 

Compounds 

Experimental Theoretical 

a
HOMO  (IP), 

eV 

b
LUMO (EA),  

eV 

HOMO, 

eV 

LUMO, 

eV 

DTP-CYA 
-6.05 -2.61 

-6.29 -3.30 

DTP-RHA 
-6.06 -3.21 

-6.30 -3.56 

DTP-BA 
-5.93 -2.86 

-6.29 -3.43 

DTP-TBA 
-6.03 -3.16 

-6.24 -3.28 

aIonization potential: IP = – 4.8 – (Eonset (ox)– EFOC); belectron affinity: EA − E0-0 = IP 

 

3.2.5. Photoelectrochemical properties 

Under illumination by an AM 1.5 light source all the dye 

sensitised solar cells constructed using the dyes gave current-

voltage (I-V) characteristics for typical photodiodes. A few 

representative current density-voltage (J-V) curves obtained for 

DTP-CYA, DTP-RHA, DTP-BA and DTP-TBA when Br
-
/Br3

-
 

were used as the electrolyte
25

 are given in Figure 3.7. The solar cell 

parameters obtained from the photocurrent measurements were 

summarized in Table 4. The solar energy to electrical energy 

conversion efficiency ( ) was calculated from open circuit voltage 

(Voc), short-circuited current (Jsc), fill factor (FF) and the incident 

photon flux (Pin) by using equation (3.2).
26

  

in

OCSC

P

FFVJ
(%)                                             (3.2) 
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Under our experimental conditions an efficiency of 6.6 % 

was obtained for the N719 compound when I
-
/I3

-
 was used as the 

electrolyte and 3% for Br
-
/Br3

-
. The results show that the observed 

light conversion efficiency are lower and are in the range of 0.04- 

0.1.  Among these the cell made from the compound DTP-TBA 

with Br
-
/Br3

-
 as the electrolyte was found to be the most efficient.  

Low values of VOC were obtained for cells with I
-
/I3

-
 as the 

electrolyte in comparison to the data obtained for Br
-
/Br3

-
. This 

could be due to the low potential difference between the Fermi 

level and the high lying redox potential of I
-
/I3

- 
in comparison to Br

-

/Br3
-
. The poor efficiency data observed could be due to a 

combined effect of lower absorption coverage of the solar spectrum 

by the compounds as well as due to the larger energy gap between 

the TiO2 conduction band and the LUMO of the dyes. Relatively 

better performance of DTP-TBA may be the result of the suitable 

energy levels for electron injection and regeneration of the dye.  

Table 3.4. DSSC Performance data obtained for compounds DTP-CYA, 

DTP-RHA, DTP-BA and DTP-TBA  

Compounds Jsc, mA cm 
-2

 Voc , mV FF, % η, % 

DTP-CYA 
0.1586a* (±0.001) 

0.1853b* (±0.005) 

0.3388 a*  (±0.002) 

0.4995b*  (±0.005) 

48 

43 

0.02 

0.04 

DTP-RHA 
0.1612 a*  (±0.001) 

0.1057 b*  (±0.005) 

0.3761a*  (±0.002) 

0.4332b*  (±0.003) 

41 

43 

0.02 

0.02 

DTP-BA 
0.1599 a*  (±0.001) 

0.2127 b*  (±0.006) 

0.2776 a*  (±0.003) 

0.6012 ba*  (±0.006) 

56 

47 

0.02 

0.06 

DTP-TBA 
0.1374 a*  (0.001) 

0.3196 b*  (0.006) 

0.4469a*  (0.002) 

0.7033b*  (0.005) 

48 

44 

0.03 

0.10 
a* 

I
-
/I3

- 
 electrolyte  

b* 
Br

-
/Br3

-
 electrolyte 
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Figure 3.7. Photocurrent density–voltage curves of the compounds 

DTP-CYA (
__

), DTP-RHA (
__

), DTP-BA (
__

) and DTP-

TBA (
__

) using Br
-
/Br3

- 
electrolyte 

 

3.2.6.  Nonlinear optical properties 

Similar to the compounds reported in the previous chapter, 

all compounds show asymmetry in the electron density due to the 

basic donor-acceptor nature of the structure. This is further 

confirmed by the DFT calculations. One important difference 

between the DTOP series and the present compounds is in the 

geometry of the molecule where the phenyl -bridge and the 

triazine unit are coplanar with the arylidne acceptor unit. Moreover 

the molecule is more rigid and the difference in the electron 

distribution between the HOMO and LUMO is not as pronounced 

as it is seen in the DTOP series. Figure 3.6 show the HOMO and 

LUMO orbitals of these compounds. In all the compounds the 

HOMO is centered on the diphenylamine and the triazine core. The 

LUMO is delocalized over the phenyl bridge and two acceptor 

moieties. These molecules were tested for their Nonlinear optical 

behaviour by Z-scan technique using 532 nm second harmonic of 
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an Nd-YAG laser with a pulse width of 7 ns. A ~1 mM solution in 

DMF was used for the experiment.
26 

No appreciable optical 

damages were observed after the Z-scan measurements. 

 

 Experimentally the nonlinear behaviour is manifested in the 

observation of reverse saturable absorption (RSA), two photon 

absorption (TPA) and saturable absorption (SA) depending on the 

variation (increase or decrease) in transmission of the sample as a 

function of intensity of the laser. For a molecule, decreased 

transmittance or increase in the light absorption for a given laser 

light due to an enhanced light absorption property of the excited 

state in comparison to the ground state is the result of TPA and 

RSA with increasing laser intensity.
27

 DTP-RHA and DTP-BA 

showed RSA closer to the focus i.e., decreased transmittance as the 

excited state absorption become dominant. DTP-TBA however, 

showed SA behaviour, i.e., increased tranmittance closer to the 

focus. This is because, the excitation wavelength 532 nm was at the 

edge of the ground state absorption by these molecules at lower 

fluences the molecules gets excited and may not have sufficient 

time to relax to the ground state leading to an increased 

transmittance. Such behaviour is common to many substances. As 

evident from the solid lines in the Figures 3.8a-c theoretical fit to 

the two photon absorption theory showed very good correlation. 

This shows that TPA is the main mechanism involved in the 

nonlinear absorption process for all these molecules. The nonlinear 

absorption coefficient () was determined by fitting the data 

obtained from the open aperture measurements to the equation (3.3) 
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. The results are tabulated in Table 3.5. The  value obtained for 

DTP-BA is high compared to other two compounds. 

    
 

    

        

 

  

    
                              (3.3) 

 

Where q0(z,r,t) = bI0(t) Leff and  Leff = (1+e
-αI

)/α is the effective 

thickness of linear absorption coefficient α, I0 is the irradiance at 

focus. The nonlinear refractive index and nonlinear susceptibility 

of NLO active materials at high laser fluences can also be 

measured by the Z-scan technique. Here, the transmittance is 

measured by varying the laser spot size at the plane of a finite 

aperture detector combination and is called the closed aperture 

method. The NLO active material will act as a thin lens with 

varying focal length as it moves along the optical axis of the Z-scan 

set-up.  The transmission data obtained in the open aperture Z-scan 

is sensitive to nonlinear absorption only and the closed aperture 

scan involves both nonlinear refraction and absorption effects. In 

order to exclude the nonlinear absorption effects the closed 

aperture data obtained were divided by the corresponding open 

aperture data. Figure 3.9a to 3.9c show the normalized transmission 

data obtained for DTP-RHA, DTP-BA and DTP-TBA respectively 

in the closed aperture scan. The Nonlinear transmittance T(z) is 

related to on-axis nonlinear phase shift (0) and the ratio z/z0. 

This relation is given by equation (3.4).
28

              

       
     

             
                                             (3.4) 
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Typical peak valley pattern due to nonlinear refraction was 

observed for all the compounds and indicative of a negative NLR 

index due to self - defocusing (Figures 3.9a–3.9c). The data were 

fitted to equation (3.5) and the nonlinear phase shift (0) is 

determined. The nonlinear refractive index (n2), the real (Re 



and the imaginary part (Im 


and thus the nonlinear 

susceptibility 

 were determined by using the following set of 

equations 3.5 – 3.10.  

                     

                                                                  (3.5) 

 

          
    

 
                                                    (3.6) 

 

     
   

     
                                             (3.7) 

 

   
   

  
                                             (3.8) 

  

         
   

   
                                               (3.9) 

                                   

where γ, the molecular cubic hyperpolarizability of the compounds 

and k is the wave vector. The calculated values of nonlinear 

absorption coefficient ( ), the Nonlinear refraction index (  ), the 

third order susceptibility (  ), molecular cubic hyperpolarizability 

          
    

  
                                                  (3.10) 
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(  ), are listed in Table 3.5. Among the three donor-acceptor 

systems studied, DTP-BA shows the highest NLO activity but an 

order less than the DTOP-BA. This may be due to the lesser 

asymmetry in the electron density of the excited state in this 

category of molecules.         
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Figure  3.8. Open aperture profile of the DTP-RHA (A), DTP-BA (B) 

and DTP-TBA (C) in DMF (~4 x 10
-4
 M). 
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Figure 3.9. Closed aperture Z-scan profile of the DTP-RHA (A), DTP-
BA (B) and DTP-TBA (C) DMF (~4 x 10

-4
 M) 

 

3.2.7.  Optical limiting property  

Since all the studied molecules show third order nonlinear 

optical properties, these are suitable systems for optical limiting 

applications. The transmittance of a material with higher light 

intensities is termed as the optical limiting property.
29

 Among the 

three donor-acceptor systems studied, DTP-RHA showed the best 

optical limiting behaviour. A plot of normalised transmittance 

against the input intensity is given in Figure 3.10. The optical 

limiting threshold of DTP-BA is estimated as 1.7G W/cm
2
. 
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Figure 3.10. Optical limiting profile of DTP-RHA and DTP-BA 
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Table 3.5. Nonlinear optical properties of the DTP-CYA, DTP-RHA, 

DTP-BA and DTP-TBA 
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(G
W

/c
m

2
) 

DTP-

RHA 
0.8x10-10 4026 

-0.73x10-

10 

0.17x10-

11 
-1.09x10-11 1.10x10-11 

0.6 

DTP-

BA 
7.6x10-10 45581 

-2.78x10-

10 

1.64x10-

11 
-4.10x10-11 4.35x10-11 

1.7 

DTP-

TBA 
0.3x10-10 2618 

-0.60x10-

10 

0.06x10-

11 
-0.92x10-11 0.92x10-11 

- 

 

3.3. Conclusion 

We have designed and synthesised three tripodal novel 

starburst D-A-A systems with 1,3,5-triazine core as the non-

conjugating spacer/acceptor with two arms having cyanoacetic acid 

(DTP-CYA), rhodanine-3-acetic acid (DTP-RHA), barbituric acid 

(DTP-BA) or thiobarbituric acid (DTP-TBA) as anchoring acceptor 

groups. Electrochemical, photophysical studies and theoretical 

studies show that they have suitable properties for use as dyes in 

dye sensitized solar cells. The applicability of these dyes for the 

DSSC was tested by constructing the sandwich model cell. 

However, the observed efficiency was lower than that obtained for 

N719 dye under similar experimental conditions. This is attributed 

to the low absorption coverage of the solar spectrum and large 
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energy gap between the LUMO of the dyes and the conduction 

band of the TiO2. The results suggest tuning of the LUMO energy 

by incorporating a better conjugating bridging group such as 

thiophene on the acceptor side of the design.The synthesised 

molecules have also showed very good NLO properties. Among the 

three donor-acceptor systems studied DTP-BA shows the highest 

NLO activity but an order less than the DTOP-BA.  

 

3.4 .  Experimental 

DPA-T (1) was synthesized using a previously reported 

procedure
30 

 

3.4.1. Synthesis of DPA-T-PH (3) 

A solution 4-formylboronic acid (2, 200 mmol) tertakis 

(triphenylphosphene)palladium(0) (20 mmol) and K2CO3 (10 

mmol) and compound 3 (100 mmol) in dichloromethane (50 mL) 

were stirred under N2 atmosphere at room temperature for 24 h. 

The reaction mixture was treated with water (50 mL) and the 

organic layer was separated and washed with distilled water. The 

residue obtained was purified by column chromatography on silica 

gel. Elution with a mixture of (1:20) hexane and dichloromethane 

gave pale yellow powder of 3 in 60% yield. mp. 210 
⁰
C (decomp.)  

FT-IR (cm
-1

): 3348, 1703, 1584, 1370, 1199, 1108. 
1
H NMR (400 

MHz, DMSO, δ ppm): 10.10 (m, 2H), 8.48-8.46 (m, 4H), 8.06-8.04 

(m, 4H), 7.53-7.48 (m, 8H), 7.40-7.36 (m, 2H). 
13

C NMR (100 

MHz, DMSO, δ ppm):  192.92, 169.68, 142.85, 140.87, 138.67, 

134.46, 129.70, 129.17, 128.82, 128.33, 127.78, 126.76. ESI m/z:  



Chapter-3 

                                                Department of Applied Chemistry, CUSAT                                                                                       124 

455.49 (M-1). Anal Calcd.: C29H20N4O2: C, 76.30; H, 4.42; N, 

12.27., Found: C, 76.10; H, 4.22; N, 12.17. 

 

3.4.2. General procedure for DTP-CYA (4a), DTP-

RHA (4b), DTP-BA (4c) and DTP-TBA (4d) 

 
 A mixture of the dialdehyde 3 (1 mmol) and cyanoacetic 

acid/ rhodanine-3-acetic acid/ barbituric acid/thiobarbituric acid (22 

mmol) and ammonium acetate (19 mmol) were dissolved in 0.5 M 

acetic acid heated 120
0
C for 12 h. After cooling, the precipitated 

target product was washed with chloroform and methanol to 

remove the unreacted reagents and starting materials.  

 

DTP-CYA (4a): Yellow solid, Yield 58%, mp. 235 
⁰
C (decomp.); 

FT-IR (cm
-1

): 3381, 1522, 1370, 1185. 
1
H NMR (400 MHz, 

DMSO, δ ppm): 8.47-8.45 (m, 2H), 8.37-8.32 (m, 2H), 8.17-7.55 

(m, 3H), 7.43-7.41 (m, 1H), 3.08-3.06 (m, 2H), 
13

C NMR (100 

MHz, DMSO, δ ppm ): 179.43, 148.67, 142.99, 129.08, 129.04, 

128.63, 127.82, 118.42, 73.51, 37.78, 22.48., Anal. Calcd. for 

C35H22N6O4; C, 71.18; H, 3.75; N, 14.23. Found: C, 71.00; H, 3.65; 

N, 14.13.  

DTP-RHA (4b): Yellow solid, Yield 58%, mp. 245 
⁰
C; FT-IR (cm

-

1
): 3320, 2355, 1592, 1322, 1188, 1105. 

1
H NMR (400 MHz, 

DMSO, δ ppm): 8.40-8.38 (m, 2H), 7.98-7.88 (m, 2H), 7.79-7.77 

(m, 4H) 7.84-7.48 (m, 8H), 7.40-7.36 (m, 2H), 4.62 (m, 6H). 
13

C 

NMR (100 MHz, DMSO, δ ppm): 169.19, 166.46, 129.11, 128.9, 
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127.74, 124.17., Anal. Calcd for C39H26N6O6S4: C, 58.34; H, 3.26; 

N, 10.47; S, 15.97, Found: C, 58.30; H, 3.20; N, 10.40; S, 15.88  

 

DTP-BA (4c): Yellow solid, Yield 58%; mp. 224 
⁰
C; FT- IR (cm

-

1
): 3185, 2350, 1671, 1520, 1390, 1209, 1209. 

1
H NMR (400 MHz, 

DMSO, δ ppm): 11.42 (s, 1H), 11.26 (s, 1H), 8.32-8.30 (m, 3H), 

8.10-8.08 (m, 2H), 7.51-7.36 (m, 5H). 
13

C NMR (100 MHz, 

DMSO, δ ppm):163.07, 153.15, 150.15, 136.55, 132.60, 129.10, 

127.78, 127.48. Anal. Calcd. for C37H24N8O6: C, 65.68; H, 3.58; N, 

16.56., Found:  C, 65.58; H, 3.50; N, 16.50.   

 

DTP-TBA (4d): Yellow solid; Yield 58%. mp. 250 
⁰
C (decomp.) 

FT-IR (cm
-1

): 3320, 2360, 1623, 1572, 1514, 1396, 1198, 1115.  
1
H 

NMR (400 MHz, DMSO, δ ppm): 12.49 (s, 1H), 12.36 (s, 1H), 

8.35-8.23 (m, 3H), 8.18-8.08 (m, 2H), 7.54-7.48 (m, 5H). Anal. 

Calcd. for C37H24N8O4S2 C, 62.70; H, 3.41; N, 15.81; S, 9.05, 

Found: C, 62.60; H, 3.35; N, 15.79; S, 9.00.  
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Chapter 4 

Synthesis, characterization and studies on the 
photovoltaic and nonlinear optical properties of a 
series of thiophene bridged diphenylamine-s-triazine 
based Donor-Acceptor triads with different  -Acceptor 
groups  

 
4.1. Introduction 

4.2. Results and discussion 

4.3. Conclusion 

4.4. Experimental  

4.5. References 

 

Abstract 

A series of starburst D-A-A triads having 1,3,5-triazine as 

core and the terminal acceptor groups directly linked to triazine 

through a thiophene bridge were synthesised and their photovoltaic 

and nonlinear optical properties were studied. Diphenylamine was 

used as the donor in all the compounds and the acceptor/anchoring 

groups used were cyanoacetic acid, rhodanine-3-acetic acid, 

barbituric acid or thiobarbituric acid. The overall design uses a 

bipodal anchoring strategy to semiconductors in a potential DSSC 

construction.  The photophysical, electrochemical and theoretical 

studies showed that these molecules possess excellent electronic 
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properties for use as dyes in DSSC applicaitons. DSSC constructed 

using these molecules show significant improvements in the 

performance than the cells described in the previous chapters.  The 

inherent asymmetry in the electron density in the ground state and 

the excited state making them ideal for NLO applications and the 

experimental results suggest to use as potential optical limiters.   

 

4.1.  Introduction 

The rigid phenyl-triazine direct bridging has proved to be 

effective for DTP-RHA and DTP-TBA. However, the structural 

modification did not cause any significant improvement in the 

properties and warrant further modification in the design of the 

dye.
1
 Wan et al., have studied the effect of the structure of the -

bridge in a series of dyes 1-3 having the starburst design as in the 

triazine series of dyes in the present study. In their design they have 

studied the effect of phenyl, thiophene and furan as a conjugating- 

π-bridge in a series of dyes having two phenothiazine donors on a 

triphenylamine core with cyanoacetic acid as the single 

acceptor/anchoring group (Chart 4.1). This change in the π-bridge 

has resulted in a progressive decrease in the band gap and thus a 

red shift in the absorption spectrum and the electrochemical 

measurements show that with the change in the π-bridge the 

HOMO gets destabilized without affecting the LUMO energy level. 
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Chart 4.1.  

 

In another report, Teng et al., in a series of carbazol--

cyanoacetic acid dyes 4, 5 (Chart 4.2) studied the effect of the -

bridge by introducing a thiophene bridge along with an increase in 

conjugation.
2
 Here too the HOMO got destabilized along with a 

stabilization of the LUMO level leading to a red shifted absorption 

spectrum.
3-4

 Both the studies report improvements in the photo 

conversion efficiencies. A similar strategy has been adopted by us  
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Chart  4.3.  

and a series of dyes with thiophene as the -bridge were designed, 

synthesised and studied (Chart 4.3). The proposed structural 

modification is expected to lower the HOMO-LUMO gap and 

subsequently improve the photoconversion efficiencies. 
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4.2.  Results and discussion 

4.2.1.  Design and synthesis 

The starburst D-A-A 6a-d were synthesised by adopting the 

scheme illustrated in Scheme 4.1. By using the Suzuki coupling 

strategy the diphenylamine substituted 2,4-dichlorotriazine 7 was 

allowed to react with 8 in the presence of tetrakis 

(triphenylphosphine) palladium(0) and K2CO3 to prepare the 

dialdehyde (9). The dialdehyde (9) was subjected to Knoevenagel 

condensation with cyanoacetic acid, rhodanine-3-acetic acid, 

barbituric acid or thiobarbituric acid respectively, in the presence of 

ammonium acetate in glacial acetic acid at 95 
⁰
C.  The product 

DTT-CYA, DTT-RHA, DTT-BA and DTT-TBA (6a-d) were 

obtained with 50-60% yield. All the compounds were characterized 

by using 
1
H NMR, 

13
C NMR, FT-IR spectroscopy and elemental 

analysis. 
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4.2.2 Photophysical studies 

All the starburst D-A-A triads with the thiophene bridge 

have good solubility in polar aprotic solvents such as DMF and 

DMSO and possessed very poor solubility in common organic 

solvents such as methanol, acetonitrile or chloroform. The 

absorption spectra of all compounds were recorded in DMF (Figure 

4.1.) They all show characteristic absorption spectra for 

intramolecular charge transfer absorption at 422 nm, 496 nm, 480 

nm and 514 nm, with the onset of absorption extending to 500 nm 

for DTT-CYA, 570 nm for DTT-RHA, 600 nm for DTP-BA and 

700 nm for DTT-TBA. The diffuse reflectance spectra of all 

compounds in the powder form, show much broader absorption 

spectra with the onset of absorption extending to 750 nm (Figure 

4.1 B).This red shift could be due to the stacking arrangement that 

facilitate intramolecular charge transfer.
5
 Nano-crystalline TiO2 

thin films were made from a paste of TiO2 purchased from 

Solaronix SA by doctor blading and annealing at 500 
⁰
C for 30 

minutes in a muffle furnace. The dye coated TiO2 thin films were 

prepared by immersing these thin films in respective dye solutions 

(~2 x 10
-2

 M) in DMF for 24 h, followed by washing successively 

with fresh DMF, water and ethanol. The diffuse reflectance spectra 

obtained for these dye coated thin films show red shift in their 

respective absorption maximum compared to that observed in DMF 

solutions. Figure 4.2 shows the diffuse reflectance spectrum 

obtained for these dyes when adsorbed on TiO2 thin films. The 

singlet excitation energy E0-0 was calculated from the onset of the 
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respective absorption bands in DMF solutions.
6
 Photophysical 

properties of these compounds are summarized in Table 4.1. 

300 400 500 600 700

0.0

5.0x10
3

1.0x10
4

1.5x10
4

2.0x10
4

c d

b

,
 M

o
l-

1
 c

m
-1

Wavelength, nm

A)

a  

 

300 400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
al

iz
ed

 a
b

so
rb

an
ce

, 
a.

u
.

Wavelength, nm

d

c

b

 

 

B) a

 
 
Figure 4.1. Absorption spectrum of compounds DTT-CYA (a), DTT-

RHA (b), DTT-BA (c) and DTT-TBA (d), A) in DMF 

solution, B) in powder form 
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Figure 4.2. Normalized diffuse reflectance spectra of compounds DTT-

CYA (a), DTT-RHA (b), DTT-BA (c) and DTT-TBA (d) 

adsorbed on TiO2 thin film 
Table 4.1. Photophysical properties of the compounds DTT-CYA, DTT-

RHA, DTT-BA and DTT-TBA 

Compounds λmax(Abs), nm λonset, nm 
ɛmax, 

dm
3
mol

-1
 cm

-1
 E

0
-0

, 
V

 

DTT-CYA 422 480 1 x 104 2.6 

DTT -RHA 438, 496 (sh) 554 2 x 104 2.2 

DTT -BA 480 557 1 x 104 2.2 

DTT -TBA 514 600 1 x 104 2.0 
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4.2.3  Electrochemical properties 

The oxidation potentials of these compounds were 

determined from the square wave voltammograms of these 

compounds in DMF by using glassy carbon electrode as the 

working electrode, platinum counter electrode and 

tetrabutylammoniumhexafluorophosphate as the supporting 

electrolyte. The potential obtained were corrected by using 

ferrocene as an internal standard and referenced to NHE. The 

square wave voltammograms obtained are given in Figure 4.3.  

They exhibit characteristic oxidation potentials at 1.23, 1.29, 1.21 

and 1.29 V, respectively vs. NHE. These values are lower than the 

redox potential of the electrolytes I
-
/I3

-
 and Br

-
/Br3

-
 used in the 

construction of DSSC’s.
7
 The energy gap between the redox couple 

and oxidation potential of the dye is significant in determining the 

current as well as the fill factor. For the compounds used in the 

present study, the energy gap obtained is very large and in the 

range 0.68-0.76 V for I
-
/I3

-
. For Br

-
/Br3

-
, this difference ranges 

between 0.12-0.2 V. This energy difference is conductive for an 

exergonic regeneration of the oxidized during the operation of the 

cell (Figure 4.5).
8 

The values of HOMO energy levels of these 

compounds referenced to NHE were calculated from the oxidation 

potentials of these compounds. The values are comparable to that 

observed for the DTOP and DTP series of compounds. The LUMO 

energies were calculated by adding their respective singlet energy 

to the HOMO energies. Estimations of HOMO and LUMO 

energies against vacuum continuum have also been done and all the 
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values are presented in Table 4.2. An important feature of the 

present series of compounds is the lowering of LUMO levels 

achieved by incorporating the thiophene bridge in lieu of phenyl in 

the DTP series of compounds. For DTT-CYA, LUMO level has 

been lowered by 0.83 V and for DTT-RHA it is 0.74 V. For the 

barbituric acid conjugate DTT-BA and the thiobarbituric acid 

conjugate the lowering achieved was 0.95 V and 0.93 V, 

respectively. This dramatic effect could be due to the efficient 

electronic coupling between the donor and the acceptor moiety 

offered by thiophene bridge. Thus the use of thiophenyl bridge has 

proved as a viable strategy to properly tune the LUMO levels to 

match the conduction band of the TiO2 i.e., -0.5 V. As illustrated in 

Figure 4.4, the newly synthesised dyes possess the best electronic 

characteristics to be used as sensitizers in DSSC.   
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Figure 4.3. Square wave voltammograms obtained for compounds DTT-

CYA (
….

), DTT-RHA (----), DTT-BA (
_._._

) and DTT-TBA 

(
___

) in DMF  
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Table 4.2.  Electrochemical properties of the compounds DTT-CYA, 

DTT-RHA, DTT-BA and DTT-TBA in DMF
9-11 
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DTT-CYA 1.14 1.03 1.23 -1.37 0.87 

DTT -RHA 1.20 1.09 1.29 -0.91 0.41 

DTT -BA 1.12 1.01 1.21 -0.99 0.49 

DTT -TBA 1.20 1.09 1.29 -0.71 0.21 
 
EFOC = –0.11 V vs. Ag/Ag+ the ground-state oxidation potentials E(S+/S) (HOMO) 

were measured in DMF containing 0.1M tetrabutylammonium 

hexaflourophosphate as supporting electrolyte using a glassy carbon working 

electrode, a Pt counter electrode and a Ag/Ag+ reference electrode; the E0-0 value 

was estimated from the onset of absorption, Egap is the energy gap between 

LUMO of the dye and the conduction band level of TiO2 (−0.5 V vs. NHE) 
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Figure 4.4. Schematic energy level diagram for compounds DTT-CYA, 

DTT-RHA, DTT-BA and DTT-TBA along with the 
conduction band of TiO2 and the respective redox levels of 

electrolytes 
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4.2.4   Theoretical study 

The optimized geometry of the compounds as well as the 

frontier orbitals and their energies are computed by density 

functional theory (DFT)
12 

with B3LYP exchange-correlation 

functionaland 6-31+G(d) basis set.
13-15 

The stationary points are 

characterized by frequency calculation. To include the effects of 

solvation, the polarization continuum model (PCM) for DMF has 

been used in the calculations. All calculations were performed with 

the GAUSSIAN 09 quantum chemistry package. The optimized 

geometry along with the frontier orbital representation and their 

respective energies against vacuum continuum is given in Figure 4. 

5. As seen in the frontier orbital maps, a change from phenyl to 

thiophene did not affect much the delocalisation of HOMO and 

LUMO surfaces. As observed for DTOP and DTP series, HOMO is 

mainly localised on the diphenylamine and the triazine core. The 

LUMO is delocalised over two acceptor arms.  The theoretically 

calculated energy levels are also found to be matching with the 

experimental values obtained from electrochemical measurements 

(Table 4.3).The low HOMO-LUMO gap explains the red shifted 

absorption spectrum of these compounds in comparison to the 

spectrum obtained for compounds described in the previous 

chapter. Thus the present series of dyes ensure better coverage of 

the solar spectrum in the visible region.  
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Figure 4.5. Optimized geometries of the compounds DTT-CYA, DTT-

RHA, DTT-BA and DTTTBAcomputed using DFT theory 

at the B3LYP/6-31G + (d) level  
 

Table 4.3. Comparison of the frontier orbital energies of DTT-CYA, 

DTT-RHA, DTT-BA and DTT-TBA in DMF 

Compounds 

Experimental Theoretical 

HOMO
a
, eV LUMO

b
, eV HOMO, eV LUMO, eV 

DTT-CYA -6.03 -3.05 -6.24 -3.77 

DTT-RHA -6.09 -3.82 -5.89 -3.66 

DTT-BA -6.01 -3.67 -6.26 -3.48 

DTT-TBA -6.09 -3.93 -6.26 -3.52 
aIonization potential: IP = – 4.8 – (Eonset (ox) – EFOC); belectron affinity: EA − E0-0= IP 
 
 

4.2.5 Photoelectrochemical properties 

An AM 1.5 light source was used to illuminate the cells 

constructed using the DTT series of dyes. A few representative J-V 

curves obtained for compounds DTT-RHA, DTT-BA and DTT-

TBA when Br
-
/Br3

-
 was used as the electrolyte are given in  

Figure 4.6. 



Chapter -4 

 

Department of Applied Chemistry, CUSAT 141 

0.0 0.2 0.4 0.6 0.8
0.0

-0.1

-0.2

-0.3

-0.4

-0.5

-0.6

 Voltage, V

 

  

J,
 m

A
/c

m
-2

 

  

 

 

Figure 4.6.Photocurrent density–voltage curves of the compounds DTP-

CYA(
__

), DTP-RHA(
__

), DTP-BA(
__

) and DTP-

TBA(
__

) using Br
-
/Br3

- 
electrolyte 

 

 
Table 4.4. DSSC Performance data obtained forthe compounds DTT-

CYA, DTT-RHA, DTT-BA and DTT-TBA 

Compounds Jsc, mA cm
-2

 Voc,mV FF, % η, % 

DTT-CYA 0.1850 (±0.002) 0.4923 (±0.002) 43 0.04 

DTT-RHA 0.5112 (±0.001) 0.5966 (±0.003) 49 0.15 

DTT-BA 0.5178(±0.001) 0.6116 (±0.001) 47 0.15 

DTT-TBA 0.3133 (±0.002) 0.6923 (±0.002) 55 0.12 

 

The solar cell parameters obtained from the photocurrent 

measurements were summarized in Table 4.4. The solar energy to 

electrical energy conversion efficiency was calculated by the 

method described in the previous chapters. A photoconversion 

efficiency of 6.6 % was obtained for the standard dye N719 when I
-

/I3
-
 was used as the electrolyte and 3% when Br

-
/Br3

-
 as the 

electrolyte. Though lower the results obtained for the DTT series of 

compouds gave marked improvements in the photoconversion 

efficiency compared to DTOP and DTP series of compounds. The 
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cells prepared using I
-
/I3

-
did not perform well and cell parameters 

were very low to be measured.  Voc value upto 0.69 V was achieved 

in the case of DTT-TBA, where thiobarbituric acid was used as the 

acceptor/anchoring unit. However, the short circuit current density 

(Jsc) observed was lower than that of the cells fabricated with DTT-

RHA and DTT-BA. This could be due to a more exergonic electron 

injection from DTT-RHA and DTT-BA where the Egap between the 

TiO2 conduction band and the LUMO of these dyes were 0.4 V vs. 

0.2 for DTT-TBA. In this series of compounds DTT-RHA and 

DTT-BA gave better efficiency than the rest of the compounds. 

Overall the design of the dye adopted here gave much better 

efficiency when compared to dyes of DTOP and DTP series.  

Hence the present dye design with the thiophene bridge with a 

direct coupling to triazine is proved to have suitable LUMO levels 

to be used with a DSSC constructed with TiO2 as the 

semiconductor. The reduced efficiency in comparison to the 

standard dye may be due to other limiting factors such as 

regeneration of the dye via a back electron transfer from the 

conduction band of the semiconductor to the HOMO of the dye or 

short circuiting via a direct hole transfer to the electrolyte by the 

semiconductor.
16-17

 A good strategy to avoid the later is to 

introduce more hydrophobicity to the dye thus making dye 

adsorbed TiO2 surfaces more hydrophobic causing a barrier to the 

approach of ionic electrolyte to the semiconductor.  
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4.2.6 Non Linear optical properties 

Similar to the compounds reported in the previous chapters 

all compounds show asymmetry in the electron density due to the 

basic donor-acceptor nature of the structure. This is further 

confirmed by the DFT calculations. One important difference 

between the DTOP series and the present compounds is in the 

geometry of the molecule where the thiophene -bridge and the 

triazine unit are coplanar with the arylidne acceptor unit. Moreover 

the molecule is more rigid and the difference in the electron 

distribution between the HOMO and LUMO is not as pronounced 

as it is seen in the DTOP series. Figure 4.4 show the HOMO and 

LUMO orbitals of these compounds. In all the compounds the 

HOMO is centered on the diphenylamine and the triazine core. The 

LUMO is delocalized over the phenyl bridge and two acceptor 

moieties. These molecules were tested for their nonlinear optical 

behaviour by Z-scan technique using 532 nm second harmonic of 

an Nd-YAG laser with a pulse width of 7 ns. A ~1 mM solution in 

DMF was used for the experiment. No appreciable optical damages 

were observed after the Z-scan measurements. Experimentally the 

nonlinear behaviour is manifested in the observation of reverse 

saturable absorption (RSA), two photon absorption (TPA) and 

saturable absorption (SA), depending on the variation (increase or 

decrease) in transmission of the sample as a function of intensity of 

the laser. For a molecule, decreased transmittance or increase in the 

light absorption for a given laser light due to an enhanced light 

absorption property of the excited state in comparison to the ground 

state is the result of TPA and RSA with increasing laser intensity.
18

 

All compounds show RSA closer to the focus i.e., decreased 

transmittance as the excited state absorption becomes dominant. As 

evident from the solid lines in the figures (Figure 4.7), the 
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theoretical fit to the two photon absorption theories showed very 

good correlation. This shows that TPA is the main mechanism 

involved in the nonlinear absorption process for all these 

molecules. The nonlinear absorption coefficient () was determined 

by fitting the data obtained from the open aperture measurements to 

the equation (4.2). The results are tabulated in Table 4.4. The  

value obtained for DTT-RHA and DTT-BA are higher compared to 

other two compounds but one order less than the DTOP series.  

 

Where q0(z, r, t) = bI0(t) Leff and  Leff = (1+e
-αI

)/α is the 

effective thickness of linear absorption coefficient α, I0 is the 

irradiance at focus. 

The nonlinear refractive index and nonlinear susceptibility 

of NLO active materials at high laser fluences can also be 

measured by the Z-scan technique. Since the excitation wavelength 

532 nm was at the edge of the ground state absorption by these 

molecules, multiphoton absorption and the optical limiting 

behaviour lead to limited transmission of laser photons to obtain 

poor quality transmission data in the closed aperture Z-scan making 

the measurement of nonlinear susceptibility and nonlinear 

refractive index almost impossible. 
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Figure 4.7. Open aperture Z-scan profile of DTT-CYA, DTT-RHA DTT-

BA, and DTT-TBA in DMF  

Table 4.4. Nonlinear absorption of the compounds DTT-CYA, DTT-

RHA, DTT-BA, and DTT-TBA in DMF solution 

Compounds 
Nonlinear absorption 

coefficient (  ), mW
-1

 
σ2, GM 

Optical limiting 

threshold, GW/cm
2
 

DTT-CY 

DTT-RHA 

DTT-BA 

DTT-TBA 

0.17 x 10-10 

1.72 x 10-10 

2.57x10-10 

0.68 x 10-10 

795 

12425 

13727 

3313 

0.14 

0.03 

0.02 

0.13 

 

4.2.7 Optical limiting property 

Since all the studied moelcules show third order nonlinear 

optical properties these are suitable systems for optical limiting 

applications. The transmittance of a material with higher light 
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intensities is termed as the optical limiting property.
19

Among the 

donor-acceptor systems studied, all showed optical limiting 

behaviour with the DTT-BA and DTT-RHA showing a lower and 

early threshold value compared to other two dyes. A plot of 

normalised transmittance against the input intensity is given in 

Figure 4.8.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. Optical limiting profile of DTT-CYA, DTT-RHA, DTT-BA, 

and DTT-TBA 

4.3. Conclusion 

Four starburst  D-A-A triads with 1,3,5-triazine core as the 

non-conjugating spacer/acceptor with thiophene bridged 

cyanoacetic acid (DTT-CYA), rhodanine-3-acetic acid (DTT-

RHA), barbituric acid (DTT-BA) or thiobarbituric acid (DTT-
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TBA) as anchoring acceptor groups were synthesised. 

Electrochemical, photophysical and theoretical studies show that 

they have improved electronic properties for use as dyes in dye 

sensitized solar cells compared to dyes reported in the previous 

chapters. The applicability of these dyes for the DSSC was tested 

by constructing the sandwich model Photovoltaic cell. However, 

the observed efficiency was lower than that obtained for N719 dye 

under similar experimental conditions. Though the newly 

synthesised compounds show very good absorption coverage of the 

solar spectrum the lower efficiency obtained may be due to other 

efficiency limiting factors such as short circuiting and back 

electron transfer. The results suggest increasing hydrophobic 

character of the dye by appropriate structural modifications. All 

compounds show good threshold for optical limiting applications. 

4.4. Experimental 

4.4.1. DPA-T was synthesized using previously 

reported procedure
20

 

 

4.4.2. Synthesis of DTT (9) 
 

A solution 5-formyl 2-thienyl boronic acid (8) (200 mmol) 

tertakistriphenylphosphenepalladium(0) (20 mmol), K2CO3 (10 

mmol) and a solution of compound 7 (100 mmol) in 

dichloromethane (50 mL) were stirred under N2 atmosphere at 

room temperature for 24 h. The reaction mixture was treated with 

water (50 mL) and the organic layer was separated and washed 

with distilled water. The residue obtained was purified by column 
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chromatography on silica gel. Elution with a mixture of (1:20) 

hexane and dichloromethane gave pale yellow powder of 9 in 65% 

yield. mp. 255 
⁰
C 

 

FT-IR (cm
-1

): 3329, 2815, 1688, 1350, 1054. 
1
H NMR (400 

MHz, DMSO, δ ppm):10.01 (s, 1H), 8.13 - 8.12 (d, 1H) 7.85 - 7.84 

(d, 1 H), 7.69-7.63 (m, 5H); 
13

C NMR (100 MHz, DMSO, δ-ppm): 

192.9, 169.6, 142.8, 140.8, 138.6, 134.4, 129.7, 129.1, 128.8, 

128.3, 127.1, and 126.; Anal Calcd: C29 H20 N4 O2 :- C, 76.30; H, 

4.42; N, 12.Found: C, 76.10; H, 4.22; N, 11.10. 

 

4.4.3. General procedure for DTT-CYA (6a), DTT-

RHA (6b), DTT-BA (6c) and DTT-TBA (6d) 

 

  A mixture of aldehyde 9 (1mmol) and of rhodanine-3-acetic 

acid/ barbituric acid/thiobarbituric acid (22 mmol) and ammonium 

acetate (19 mmol) were dissolved in 0.5 M glacial acetic acid 

heated 120 
⁰
C for 12 h. After cooling, the precipitated target 

product was washed with chloroform and methanol to remove the 

unreacted reagents. 

 

OTT-CYA (6a): Orange red solid, Yield 58%, mp. 280 
⁰
C 

(decomp.), FT-IR (cm
-1

): 3320, 2915, 1588, 1390, 1105. 
1
H NMR 

(400 MHz, DMSO, δ ppm):  7.69-7.66 (m, 1H), 7.65-7.51, (m, 1H), 

7.48-7.44 (m, 1H), 7.35-6.08 (m, 1H); Anal. Calcd.for C35H22N6O4; 

C, 71.18; H, 3.75; N, 14.23; Found: C, 71.15; H, 3.63; N, 14.18. 
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OTT-RHA (6b): Purple, Yield 58%, mp. 287 
⁰
C (decomp.), FT-IR 

(cm
-1

): 3330, 2926, 2858, 1390, 1105. 
1
H NMR (400 MHz, DMSO, 

δ ppm): 8.17 (s, 1H), 7.82 -7.80 (d, 2H), 7.62-7.33 (m, 5H), 4.74 (s, 

1H) Anal. Calcd.for C39H26N6O6S4: C, 58.34; H, 3.26; N, 10.47;S, 

15.97; Found: C, 58.24; H, 3.14; N, 10.35;S, 15.90. 

 

OTT-BA (6c): Purple solid, Yield 58%, mp. 275 
⁰
C (decomp.); FT-

IR (cm
-1

): 3325, 2926, 1592, 1339, and 1105. 
1
H NMR (400 MHz, 

DMSO, δ ppm): 11.36-11.35 (d, 1H), 8.5 (s, 1H), 8.19-8.18 (1H, 

d), 7.85-7.84 (1H, d), 7.47-7.36) (m, 5H) Anal.Calcd.for  

C37H24N8O6; C, 65.68; H, 3.58; N, 16.56; Found: C, 65.55; H, 3.47; 

N, 16.49.  

 

DTT-TBA (6d): Purple solid, Yield 58%, mp. 280
 o

C (decomp.); 

IR (cm
-1

): 3336, 2920, 1588, 1385, 1245, 1115, 1063. 
1
H NMR 

(400 MHz, DMSO, δ ppm): 12.56-12.45 (d, 1H), 8.6 (s, 1H), 8.32-

8.22 (1H, d), 7.99-7.89 (1H, d), 7.65-7.4) (m, 5H); Anal.Calcd.for 

C37H24N8O4S2 C, 62.70; H, 3.41; N, 15.81; S, 9.05; Found: C, 

62.60; H, 3.31; N, 15.78; S, 9.00. 
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 Chapter  5 

Synthesis, characterization and studies on the 
photovoltaic and nonlinear optic properties of a series 
of phenyl and thiophene bridged Donor-Acceptor 
systems based on dioctylaniline-s-triazine-rhodanine-
3-acetic acid triad 

 
5.1. Introduction 

5.2. Results and discussion 

5.3. Conclusion 

5.4. Experimental  

5.5. References 

 

Abstract 

Two 1,3,5-triazine cored bipodal starburst D-A-A traids 

were designed and synthesized where octylaniline as the donor and 

a phenyl or thiophene bridged rhodanine-3-acetic acid as the 

acceptor/anchoring group. The photophysical and electrochemical 

studies showed that these molecules possess suitable electronic 

properties for use as dyes in DSSC applications. The photovoltaic 

properties of the DSSC devices constructed using TiO2 as the 

semiconductor gave up to 0.3% as the photoconversion efficiency. 

The marked improvement in the efficiency over DTT-RHA shows 

that the presence of hydrophobic n-octyl groups has a significant 

role in enhancing the efficiency of the cells. Both compounds have 

C
on

te
nt

s 
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good two photon absorption coefficients and are good optical 

limiters. 

 

5.1.  Introduction 

Through a systematic variation of the structure of starburst 

type dyes with 1,3,5-triazine as the core, diphenylamine as the 

donor and a series of acceptors with varying electron affinities we 

have demonstrated the importance of HOMO-LUMO energy levels 

in obtaining optimal photoconversion efficiencies in this class of 

D-A-A systems. Among these, the thiophene bridged system 

yielded best results. However, the overall photoconversion 

efficiencies were much lower than that obtained for standard dye 

such as N719 under identical experimental conditions. A major 

factor that controls the photoconversion efficiency is the back 

electron transfer within the dye as well as between the 

semiconductor and the electrolyte species.
1
 Koumura et. al., in their 

study of a series of carbazole-π-cyanoacetic acid dyes addressed 

this issue (Chart 5.1). They have identified the back electron 

transfer to the electrolyte as the efficiency limiting process in this 

type of dyes. To overcome this, they have introduced long alkyl 

substituents on the dye so that overall hydrophobicity of the TiO2 

surface increases upon adsorption of the dye. This increased 

hydrophobicity was acting as a barrier to the approach of the ionic 

electrolyte species to the semiconductor photoanode.
2-4

 Similarly 

Cheng-Yong Su reported the effect of long alkyl chains on a series 

of triphenylamine--cyanoacetic acid dyes
5
 (Chart 5.2). Here the 
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two phenyl rings on the triphenylamine bear alkyl substituents with 

varied chain length and the photo conversion efficiency improved 

from 4.99% for a methyl substituent to 6.04% for a nonyl 

substituent. We have employed this strategy in the design of dye 

reported in the present chapter. Here the donor group has been 

changed to a dioctylaniline and rhodanine-3-acetic acid as the 

acceptor on a 1,3,5-triazine core with either phenyl or thiophene as 

the acceptor/anchoring group (Chart 5.3).  

N

O S
C6H13

n

COOH

CN1

 

Chart 5.1.  

N
S

COOH

CN

R

R
R =

O

O

O

2

3

4 

 

Chart 5.2.  
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Chart 5.3.  

5.2.  Results and discussion 

5.2.1.  Design and synthesis 

The starburst D-A-A triads with triazine core and thiophene 

bridge or phenyl bridge were synthesised by adopting the synthesis 

scheme illustrated in Scheme 5.1. By using the Suzuki coupling 

strategy the octylaniline substituted 2,4-dichlorotriazine 8 was 

allowed to react with 9 or 10 in the presence of 

tetrakistriphenylphosphinepalladium(0) and K2CO3 to prepare the  
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Scheme 5.1. 
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dialdehyde (11 or 12). The dialdehyde 11 or 12 was subjected to 

Knoevenagel condensation with rhodanine-3-acetic acid, in the 

presence of ammonium acetate in glacial acetic acid at 120 
⁰
C.  The 

products 5 (OTP-RHA) and 6 (OTT-RHA) were obtained with 50-

60% yield. All the compounds were characterized using 
1
H NMR, 

13
C NMR, FT-IR spectroscopy and elemental analysis. 

 

5.2.2. Photophysical studies 

Absorption spectra of OTP-RHA and OTT-RHA show 

characteristic intramolecular charge transfer absorption band at 382 

nm and at 381 nm. In addition to the band at 381 nm, OTT-RHA 

showed two additional weak absorptions at 445 nm and 502 nm, 

with onset of absorption extending to 600 nm (Figure 5.1A). The 

diffuse reflectance spectra of all the compounds in the powder form 

however, show broad absorption spectra with maximum at 390 nm 

and the onset of absorption extending to 650 nm (Figure 5.1B). 

Both the compounds shows emission at 430 nm for OTP-RHA and 

409 nm for OTT-RHA at an excitation wavelength at 370 nm 

(Figure 5.2). The ability of these compounds in binding with TiO2 

was probed by diffuse reflectance spectroscopy of dye coated nano-

crystalline TiO2 thin films (Figure 5.3) prepared by immersing in 

respective dye solutions in DMF for 24 h. All films showed light 

red color and washed thoroughly with DMF, water and ethanol and 

dried in air prior to measurement
 
and the spectra obtained showed 

characteristic red shift in the absorption maximum.
6
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     The singlet excitation energy E0-0 was calculated from onset 

of the absorption spectrum obtained in DMF solution
. 

Photophysical properties of these compounds were summarized in 

Table 5.1.  
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Figure 5.1. Absorption and diffuse reflectance spectrum of compounds 

OTT-RHA (a), OTT-RHA (b) A) in DMF, B) in powder form 
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Figure 5.2. Fluorescence spectrum of OTP-RHA (        ) and OTT-RHA 

 (        ) in DMF (concentration ~1 X 10
-8

 M) 
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Figure 5.3. Diffuse reflectance spectra of OTP-RHA (a) and OTT-RHA 
(b) adsorbed TiO2 thin films  
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Table 5.1. Photophysical properties of OTP-RHA and OTT-RHA 

Compounds λmax (Abs), nm 

max, 

dm
3
mol

-1
 cm

-1
 

λmax  (Em) , 

nm 

E0-0, 

eV 

OTP-RHA 382 3 x 104 410 2.53 

OTT-RHA 
381, 445 (Sh1),  

502 (Sh2) 
1.35 x 104 430 2.18 

 

5.2.3.  Electrochemical properties 

The oxidation potentials of these compounds were 

determined from the square wave voltammograms of these 

compounds in DMF by using glassy carbon electrode as the 

working electrode, platinum counter electrode and 

tetrabutylammonium hexafluorophosphate as the supporting 

electrolyte. The potential obtained were corrected by using 

Ferrocene as an external standard and are referenced to NHE. The 

square wave voltammograms obtained were given in Figure 5.4.  

They exhibit characteristic oxidation potentials at 1.23 V and 1.24 

V vs. NHE respectively, for OTP-RHA and OTT-RHA.
 
These 

values are lower than the redox potential of the electrolytes I
-
/I3

-
 

and Br
-
/Br3

-
 used in the construction of DSSC’s. The energy gap 

between the redox couple and oxidation potential of the dye is 

significant in determining the current as well as the fill factor. For 

the compounds used in the present study the energy gap obtained is 

very large (0.73 V) for I
-
/I3

-
 and very low (0.14 V) for Br

-
/Br3

-
. This 

energy difference is conductive for an exergonic regeneration of 

the oxidized during the operation of the cell.
7
 The values of HOMO 

energy levels of these compounds referenced to NHE were 
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calculated from the oxidation potentials of these compounds. The 

values are comparable to that observed for the DTOP, DTP and 

DTT series of compounds. The LUMO energies were calculated by 

adding their respective singlet energy to the HOMO energies. 

Estimations of HOMO and LUMO energies against vacuum 

continuum have also been done and all the values are presented in 

Table 5.2. An important feature is the lowering of LUMO levels 

achieved when thiophene bridge is incorporated in lieu of phenyl in 

OTP-RHA. This dramatic effect could be due to the efficient 

electronic coupling between the donor and the acceptor moiety 

offered by thiophenyl bridge.
8-9

 Thus the use of thiophenyl bridge 

has proved as a viable strategy to properly tune the LUMO levels to 

match the conduction band of the TiO2 i.e. -0.5 V. A comparison of 

the energy levels of the dye, semiconductor and the redox couples 

were presented in Figure 5.5. As illustrated OTT-RHA possess the 

best electronic characteristics to be used as sensitizer in DSSC.   
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Figure 5.4. Square wave voltammograms of the of OTP-RHA (     ) and 

OTT-RHA (      ) in DMF (concentration 4 x 10
-5
 M) 
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Table 5.2. Electrochemical properties of OTP-RHA and OTT-RHA in 

DMF
10
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OTP-RHA 1.14 1.03 1.23 -1.30 0.80 

OTT-RHA 1.15 1.04 1.24 -0.94 0.74 

aObserved reduction potentioan in DMF, bEFOC= –0.11 V vs. Ag/AgCl. cThe 

ground-state oxidation potentials E(S+/S) (HOMO) were measured in DMF 

containing 0.1 mol tetrabutylammonium hexafluorophosphate as supporting 
electrolyte using a glassy carbon working electrode, a Pt counter electrode and a 

Ag/AgCl reference electrode. dEgap is the energy gap between LUMO of the 

compound and the conduction band level of TiO2 (−0.5 V vs. NHE). 
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Figure 5.5. Schematic energy level diagram for a DSSC based on dyes 
coated nanocrystalline TiO2 film on conducting FTO 
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5.2.4  Theoretical study 

The optimized geometry of the compounds as well as the 

frontier orbitals and their energies are computed by density 

functional theory (DFT)
11 

with B3LYP exchange-correlation 

functional and 6-31+G(d) basis set.
12-13

 The stationary points are 

characterized by frequency calculation. To include the effects of 

solvation the polarization continuum model (PCM) for DMF has 

been used in the calculations. All calculations were performed with 

the GAUSSIAN 09 quantum chemistry package. The optimized 

geometry along with the frontier orbital representation and their 

respective energies against vacuum continuum is given in Figure 

5.6. Delocalization of HOMO among the aniline moiety and the 

triazine has a profound effect in the lowering of HOMO energies as 

well as on the observed oxidation potential of these compounds. As 

seen in the DTP and DTT series, the LUMO is delocalised on both 

branches of the acceptor/anchoring part of the molecule. All the 

compounds show better directionality of charge transfer as the 

HOMO and LUMO are localized on different regions of the 

molecule. The theoretically calculated energy levels are also found 

to be matching with the experimental values obtained from 

electrochemical measurements Table 5.3. 



Chapter-5 

                                            Department of Applied Chemistry, CUSAT                                                                                       162 

 

Figure 5.6. Optimized geometries of the compounds computed using 
DFT theory at the B3LYP/6-31G + (d) level 

 

Table 5.3. Comparison of theoretical and experimental frontier orbital 
energies of of OTP-RHA and OTT-RHA 

Compounds 

Experimental Theoretical 

HOMO
a
 LUMO

b
 HOMO LUMO 

OTP-RHA -6.03 -3.50 -5.56 -3.09 

OTT-RHA -6.04 -3.86 -5.94 -3.27 
 

a
Ionization potential: IP = – 4.8 – (Eonset (ox)– EFOC); 

b
electron affinity: EA − E0-0 = IP 

 

5.2.5. Photoelectrochemical properties 

The DSSC devices constructed using dye adsorbed TiO2 thin 

films and a Pt counter electrode with either  I
-
/I3

- 
or Br

-
/Br3

-
 were 

illuminated by an AM 1.5 light source.
14-15

 J-V characteristics 

typical for photodiodes were obtained for both compounds. The J-

V curves obtained for OTT-RHA and OTP-RHA are given in 

Figure 5.7. The solar cell parameters obtained are summarized in 
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Table 5.4. Under our experimental conditions an efficiency of 6.6 

% was obtained for the N719 compound when I
-
/I3

-
 was used as the 

electrolyte and 3% for Br
-
/Br3

-
. The results show that the observed 

conversion efficiency of OTP-RHA was 0.12 and for OTT-RHA 

the efficiency was 0.3 when Br
-
/Br3

-
 was used as the electrolyte. 

The data obtained for the cells with I
-
/I3

-
 as the electrolyte were 

very low in comparison to the data obtained for Br
-
/Br3

-
 in terms of 

Voc and This is expected as the potential difference between the 

Fermi level of TiO2 and the redox potential of I
-
/I3

-  
is low compared 

to Br
-
/Br3

- 
redox couple. The improved efficiency obtained for 

OTT-RHA further proves the importance of thiophene as the 

bridging group in the design of the dye. The improved efficiency 

data observed to that obtained for dyes of DTT series reported in 

the previous chapter also signifies important role of increased 

hydrophobicity in reducing energy wasting short circuiting caused 

by the interaction of the electrolyte with the semiconductor. 

Relatively better performance of OTT-RHA suggests a similar 

design strategy for the synthesis of better performing sensitizers for 

DSSC applications.  
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Figure 5.7. Photocurrent density-voltage curves of the compounds OTP-

RHA (
__

) and OTT-RHA (
__

) using Br
-
/Br3

- 
electrolyte 

 

Table 5.4. DSSC Performance data for the compounds OTP-RHA and 

OTT-RHA 

Dyes JSC, mA cm
-2

 Voc, V FF, 

% 

η, % 

OTP-RHA -0.0543a (±0.002) 

-0.5373b  (±0.002) 

0.4190a (±0.002) 

0.4228b (±0.002) 

44a 

53b 

0.01a 

0.12b 

OTT -RHA -0.3818a (±0.003) 

-0.8424b (±0.002) 

0.4099a (±0.004) 

0.7081b (±0.002) 

45a 

50b 

0.07a 

0.3b 

a
 I

-
/I3

-
 electrolyte;  

b
 Br

-
/Br3

-
 electrolyte 

 

5.2.6 Nonlinear optical properties 

 The third-order NLO properties of compounds OTP-RHA 

and OTT-RHA were investigated by Z-scan technique using second 

harmonic 532 nm laser beam of the Nd:YAG laser. The open-

aperture (OA) Z-scan results and their fit to the two photon 

absorption theories suggest that these compounds are good NLO 

materials that show third order nonlinear optical properties in ~1 

mM DMF solutions.  The OA Z-scan data for both compounds are 

given in Figures 5.8a and 5.8b, respectively. The fitted curves 
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(solid lines in Figure 5.8a and 5.8b) to two photon absorption 

theory gave the  values as 0.22 x 10
-10

 and 0.64 x 10
-10

. The 

optical limiting thresholds were also determined (Figure 5.9) and 

the results are presented in Table 5.5. Attempts to perform the 

closed aperture scan were failed due to the overlapping absorption 

spectra of the compouds at the excitation wavelength, 532 nm.  
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Figure 5.8. Open aperture Z-scan profile of OTP-RHA (A) and OTT-

RHA (B) in DMF   
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Figure 5.9. Optical limiting profile of OTP-RHA and OTT-RHA in DMF 
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5.3   Conclusion 

Two starburst D-A-A triads with 1,3,5-triazine core as the 

non-conjugating spacer/acceptor with phenyl/thiophene bridged 

(OTT-RHA and OTT-RHA) with rhodanine-3-acetic acid  as 

anchoring/acceptor groups were synthesised. Electrochemical, 

photophysical and theoretical studies show that they have improved 

electronic properties for use as dyes in dye sensitized solar cells 

compared to dyes reported in the previous chapters. The 

applicability of these dyes for the DSSC was tested by constructing 

the sandwich model photovoltaic cell. However, the observed 

efficiency was lower than that obtained for N719 dye under similar 

experimental conditions. Though the newly synthesised compounds 

show lesser absorption coverage of the solar spectrum than the 

DTT series compounds, the improved efficiency obtained may be 

due to the effect of increasing hydrophobic character of the dye by 

incorporating alkyl chain on the dye structure. Both the compounds 

show good nonlinear optical properties and can be used as material 

for optical limiters. 

 

5.4 Experimental  

5.4.1. Synthesis of OCT-T (8) 

2,4,6-trichloro-1,3,5-triazine (1, 100 mmol) and N,N-

dioctylaniline (200 mmol) were refluxed at 70
0
C for 20h and 

treated with water (100 mL). The organic layer was extracted with 

chloroform. The extract was washed several times with water and 

dried over anhydrous sodium sulphate prior to evaporation under 
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vacuum in a rotary evaporator. The residue was purified by column 

chromatograpy using hexane-ethyl acetate (1:4) to yield 8 in 68% 

yield as an red viscous liquid. FT-IR (cm
-1

); 2910, 1195. 
1
H NMR 

8.3 (1H, d, J = 12 Hz), 6.3 (1H, d, J = 8 Hz), 3.36 (1H, t, J =16), 

1.64-0.87 (15H, m),
 13

C NMR (100 MHz, DMSO): 170.83, 153.18, 

132.42, 118.74, 111.11, 51.14, 31.78, 31.78, 29.39, 29.24, 27.27, 

27.04, 22.61, and 14.05. Anal. Calc. for. C25H38Cl2N4 C, 64.50; H, 

8.23; Cl, 15.23; N, 12.04, Found; C, 64.48; H, 8.17; Cl, 15.18; N, 

12.00. 

5.4.2. Synthesis of OCT-T-PH (11) or OCT-T-TH (12) 

A solution 4-formyl phenylboronic acid (9) or 5-formyl 2-

thienyl boronic acid (10) (200 mmol) tertakis(triphenylphosphene) 

palladium(0) (20 mmol) and K2CO3 (10 mmol) under N2 

atmosphere at room temperature followed by a solution of 

compound 8 (100 mmol) in dichloromethane (50 mL). The mixture 

was stirred for 24 h and the organic layer was separated and 

washed with distilled water. The residue obtained was purified by 

column chromatography on silica gel. Elution with a mixture of 

(1:20) hexane and dichloromethane gave pale yellow powder of 11 

(68 %) or 12 (65%). 

 

OCT-T-PH (11): FT-IR (cm
-1

): 3330, 2915, 2858, 1592, 1396, 

1105; 
1
H NMR (400 MHz, DMSO, δ ppm): 8.3 (1H, d, J = 9.2 Hz), 

6.63 (1H, d, J = 9.2 Hz 3.36 (1H, t, J = 8), 1.64-0.87 (15H, m); 
13

C 

NMR (100 MHz, DMSO):170.83, 153.15, 132.42, 118.74, 111.11, 

51.42, 31.78, 29.39, 29.24, 27.27, 27.04, 22.61, 14.05; MW= 604. 



Chapter-5 

                                            Department of Applied Chemistry, CUSAT                                                                                       168 

Anal. Calcd. for C39H48N4; C, 77.45; H, 8.00; N, 9.26; Found: C, 

77.25; H, 7.95; N, 9.16. 

 

OCT-T-TH (12): FT-IR (cm
-1

): 3330, 2915, 1598, 1103. 
1
H NMR 

(400 MHz, DMSO, δ ppm): 11.08, (1s, 1H), 7.99 (s, 1H), 6.7 (s, 

1H) 1.5-0.86 (m, 15H). 
13

C NMR (100 MHz, DMSO, δ PPM): 

178.46, 143.50, 110.72, 31.18, 28.78, 28.63, 22.03, 13.90.Anal. 

Calcd. for C35H44N4O2S2 C, 68.15; H, 7.19; N, 9.08; O, 5.19; S, 

10.40, Found: C, 68.10; H, 7.15; N, 9.00; O, 5.15; S, 10.35. 

 

5.4.3. General procedure for OTP-RHA (5) and OTT-RHA (6) 

A mixture of dialdehyde 11 or 12 (10 mmol) and of 

rhodanine-3-acetic acid (22 mmol) and ammonium acetate (19 

mmol) were dissolved in 0.5 M acetic acid and refluxed for 12 h. 

After cooling, the precipitated target products 5 or 6 were washed 

successively with chloroform and methanol to remove the 

unreacted reagents.  

 

OTP-RHA (5): Yield 60%, mp. 280 
⁰
C (decomp.); FT-IR (cm

-1
): 

3330, 2915, 1598, 1103. 
1
H NMR (400 MHz, DMSO, δ ppm): 

11.06 (s, 1H), 7.99-7.93 (m, 2H), 7.86-7.76 (m, 2H), 7.61-7.51(m, 

1H), 6.76-6.68 (m, 1H), 4.76 (s, 2H), 1.52-0.85 (m, 15H)
 
.
13

C NMR 

(100 MHz, DMSO, δ ppm): 180.87, 121.14, 106.74, 31.16, 28.82, 

28.68, 26.67, 20.14, 22.02. Anal. Calcd. for C49H54N6O6S4 -C, 

61.87; H, 5.72; N, 8.83; S, 13.48, Found: C, 61.75; H, 5.64; N, 

8.75; S, 13.40.  
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OTT-RHA (6): yield 68%, mp. 289 
⁰
C (decomp.) FT-IR (cm

-1
): 

3336, 2920, 1598, 1385, 1209, 711. 
1
H NMR (400 MHz, DMSO, δ 

ppm):10.61(s, 1H), 8.17 (s, 1H), 7.99 (d, 1H, J=8.8 Hz) 7.82 -7.80 

(d, 2H), 4.74 (s, 1H)  6.6 (s, 1 H), 3.28 (t, 5H, J=7.6 Hz), 1.84-0.80 

(m, 15H).
13

C NMR (100 MHz, DMSO, δ ppm): 178.95, 152.97, 

111.45, 31.78, 29.41, 29.26, 27.21, 27.05, 22.62, and 14.06. Calcd. 

for C45H50N6O6S6 - C, 56.11; H, 5.23; N, 8.72; S, 19.97, Found: C, 

56.08; H, 5.19 N, 8.65; S, 19.85. 
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PREFACE 

1,3,5-Triazine or s-Triazine and its  derivatives have been 

recognized as synthons for the preparation of  many pharmaceutical 

products, pesticides, dyestuffs, optical brighteners, explosives and 

surface active agents. Recently, triazine has been used as a core in 

starburst type blue fluorescent molecules for organic light emitting 

diodes. s-Triazines having unsymmetrical substitution pattern are 

promising structural unit for the synthesis of Donor-Acceptor 

systems. The unique structure of s-triazine donot permit direct 

coupling between the donor and acceptor moieties and this has 

been used as an effective tool for tuning HOMO and LUMO 

energy levels of such donor-acceptor molecules.  Such donor-

acceptor systems with acceptor groups which have affinity to 

semiconductor surfaces can be used as dyes for dye-sensitized solar 

cells (DSSC). Athanassios G. Coutsolelosand coworkers reported a 

triazine based D-A systems having porphyrin as a donor and 

triazine as the acceptor moiety having glycine anchoring unit
 
for 

DSSC. In another report, triphenylamine coupled to triazine via 

direct arylation has been used in conjunction with rhodanine-3-

acetic acid as the acceptor as well as the anchoring unit. DSSC 

devices fabricated with this design philosophy yielded efficiencies 

in the range of 0.35-1.81%. Some of the most efficient dyes 

reported for DSSC applications are based on inorganic complexes 

of Ruthenium and are very expensive to prepare. In this respect, 

triazine based dyes offer the cost advantage as the starting material 

2,4,6-trichloro-1,3,5-triazine is a cheap synthon. This molecule can 



undergo facile aromatic nucleophilic substitution, as well as Suzuki 

coupling reactions which offers the possibility of making 

symmetrically and unsymmetrically substituted triazine derivatives. 

Based on this design philosophy, we synthesized 1,3,5-triazine 

derivatives with diphenylamine as the donor and a series of 

heterocyclic cyclic amides as acceptors. The acceptor/anchoring 

groups used were rhodanine-3-acetic acid, barbituric acid and 

thiobarbituric acid along with cyanoacetic acid for comparison. We 

expected a strong binding interaction with TiO2 surface as these 

cyclic amides are also strong acids which can deprotonate and bind 

as observed in dyes with cyanoacetic acid as the anchoring unit. 

Such molecules with an asymmetric polarization also show 

nonlinear optical properties. These molecules with unsymmetrical 

substitution in a starburst form are expected to have high non 

linearity with transparency and stability which are the major 

requirements for such applications. A systematic study of structural 

factors that control efficiency of DSSCs constructed using these 

dyes and third order nonlinear optical properties were carried out. 

The results of these studies are embodied in the thesis entitled 

“Photovoltaic and nonlinear optical studies of a few Donor-π-

Acceptor molecules with s-triazine core”. 

 

 The thesis is divided in to 5 chapters which are presented as 

independent units and therefore the structural formulae, schemes, 

figures and references are numbered chapter wise. 

 Chapter 1 is a review on the D--A systems and 

photovoltaic and NLO properties followed by introduction to the 



chemistry and applications of s-triazine and the s-triazine cored 

donor-acceptor systems. The chapter is concluded with the 

objectives of the present work with a brief discussion on the design 

strategy adopted.  

 

 Chapter 2 describes the synthesis, characterization, 

photovoltaic and nonlinear optical properties of a series of starburst 

donor-acceptor systems having a s-triazine core with one 

diphenylamine unit as the donor and two benzylidene derivatives as 

acceptor moieties. The beznylidene acceptor units were linked to s-

triazine through an oxa bridge. Three such derivatives were 

synthesized by the knoevenagel condensation of p-

hydroxybenzaldehyde with rhodhanine-3-acetic acid, barbituric 

acid or thiobarbituric acid respectively. All these compounds were 

characterized by 
1
H &

 13
C NMR spectroscopy, FT-IR spectroscopy 

and elemental analysis. The photophysical, and electrochemical 

properties were studied and the experimental results were 

correlated to theoretical parameters obtained through DFT and TD-

DFT calculations. The energies of the frontier orbitals were 

compared with that of the conduction and valence band of TiO2 and 

the redox couples I
-
/I3

-.
and Br

-
/Br3

-.
used for the fabrication of the 

dye sensitized solar cells. All the compounds gave characteristic J-

V curve for a photovoltaic system and yielded efficiencies that can 

be correlated to the electronic properties of these molecules. 

nonlinear optical properties were also studied using Z-scan 

technique and DTOP-BA was found to have good nonlinear 

absorption coefficient and nonlinear refractive index.  



 

 Chapter 3 of the thesis reports four donor-acceptor 

molecules where the benzylidine units having cyanoacetic acid, 

rhodanine-3-acetic acid, barbituric acid or thiobarbituric acid 

acceptor/anchoring groups are linked to the s-triazine core through 

a Suzuki–Miyaura aryl coupling reaction of N,N-diphenyl-2,6-

dichlorotriazine. All the compounds gave characteristic J-V curve 

for a photovoltaic system and yielded efficiencies that can be 

correlated to the electronic properties of these molecules. Nonlinear 

optical properties were also studied using Z-scan technique. All the 

compounds were NLO active and among them DTP-BA was found 

to have good nonlinear absorption coefficient and nonlinear 

refractive index.  

 

 The absorption spectra of the compounds reported in 

chapter 2 and 3 showed the maximum only of 400 nm.  To further 

improve the electronic coupling between the diphenylamine and the 

acceptor groups we have introduced thiophenylidene bridge instead 

of benzylidine bridge. In chapter 4 we report the synthesis, 

characterization, photovoltaic and nonlinear optical properties of 

these compounds. As expected these compounds showed an 

extended absorption maximum of 516 nm in the case of 

thiobarbituric acid conjugate. With this, we could achieve a better 

coverage of the solar spectrum up to 650 nm. All these compounds 

show photoconversion efficiencies better than the compounds 

reported in the previous chapters. All the dyes showed good 

nonlinear absorption properties with two photon absorption 



mechanism and these compounds can be used as optical limiting 

materials in optoelectronic applications.  

 

 In the case of compounds reported in the previous three 

chapters the donor amine was linked to the s-triazine through the N 

atom of the amine. In chapter 5, to study the effect of electronic 

interaction between the donor and the triazine moiety as well as the 

effect of hydrophobicity of the dye in controlling the 

photoconversion efficiencies we have synthesized N,N-

dioctylaniline–2,6–dichlorotriazine conjugate via a Friedel-Crafts 

arylation reaction. This was coupled with 4-formylphenylboronic 

acid or 5-formyl-2-thienylboronic acid to obtain the dialdehydes. 

The dialdehyde was coverted to the respective compounds by 

knoevenagel condensation with rhodanine-3-acetic acid. 

Absorption spectrum of these compounds did not show any 

dramatic change upon this modification. However, the 

photoconversion efficiencies showed improvements which could be 

due to the increased hydrophobicity which control the back 

electron transfer to the electrolyte. Both compounds showed NLO 

properties and can be used as optical limiters in optoelectronic 

applications.  

 

A summary of the work is given towards the end of the thesis.  
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SUMMARY 

The thesis entitled “Photovoltaic and nonlinear optical 

studies of a few Donor-π-Acceptor molecules with s-triazine 

core” embodies the results of the investigations carried out to study 

unsymmetrically substituted s-Triazine cored starburst donor – 

acceptor systems with a bipodal acceptor/anchoring group design. 

The thesis opens with a review on the application of organic donor-

acceptor systems in photovoltaics with special emphasis on 

applications in dye sensitised solar cells. The review also briefly 

discusses the application of such systems in the development of 

nonlinear optical materials.  

The unique structure of s-triazine do not permit direct 

coupling between the donor and acceptor moieties and this has 

been used as an effective tool for tuning HOMO and LUMO 

energy levels of such donor acceptor molecules. The effect of 

nature of the -bridge and the acceptor groups on the photovoltaic 

properties was studied and the results are presented in chapters 2, 3 

and 4. Among the three types of -bridges studied, thiophene 

served as the best in terms of improving absorption spectral 

properties. Thiophene bridged dyes (DTT-CYA, DTT-RHA, DTT-

BA and DTT-TBA) showed better coverage of the solar spectrum. 

Photovoltaic properties of these dyes were studied by constructing 

sandwhich model dye sensitized solar cells with nanocryasalline 

thin film of TiO2 on FTO coated with the respective dye as the 

photoanode, I
-
/I3

-
 and Br

-
/Br3

-
 as the redox couple/electrolyte and a 

platinized FTO as the cathode. The cell parameters and the 
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photoconversion efficiency calculated show that the thiophene 

bridged dyes when used with Br
-
/Br

3-
 as the redox 

couple/electrolyte have the optimal performance.   

In chapter 5, the effect of hydrophobicity of the dye in 

reducing the back electron transfer to the electrolyte was studied by 

choosing di-octylaniline as the donor group. The long hydrocarbon 

chain can increase the hydrophobicity of the dye molecules. 

Among the two dyes synthesised and studied OTT-RHA with the 

thiophene π-bridge showed optimal performance. Though these 

dyes have poor coverage of the solar spectrum the measured 

photoconversion efficiencies were higher than the dyes in the 

DTOP, DTP and DTT series. This shows that the back electron 

transfer to the electrolyte is a major efficiency limiting process in 

these series of dyes. Based on the results presented better dyes can 

be designed and synthesised. A prospective design of the dye with 

optimal efficiency can be made with the following aspects in mind.  

 A bithiophene -bridge can be used for further lowering of 

LUMO energy and thereby achieving a better coverage of 

the solar spectrum  

 Diphenylamine donor group can be replaced with a bis (4-

alkoxy-phenyl)amine having long alkyl chains. This will 

introduce the hydrophobic barrier which will reduce the 

efficiency limiting back electron transfer to the redox 

couple. 

All dyes prepared were thermally and optically stable and 

studied for their nonlinear optical properties by Z-scan technique. 
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Among the acceptor groups studied barbituric acid based dyes 

show better NLO properties. In particular, DTOP-BA was found to 

have excellent third order NLO properties. The thiophene bridged 

dyes show very good optical limiting behaviour. The results of the 

study show that unsymmetrically substituted triazine is a good 

structural motif for the design of better NLO active materials.  
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