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PREFACE 

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 belong to a promising area of 

organic chemistry. Donor-acceptor materials have found wide variety of 

applications such as dyes in dye-sensitised solar cells (DSSCs), organic 

photovoltaics, organic light emitting diodes, nonlinear optical devices, 

chemosensors, diagnostic probes and as therapeutic agents. Despite their 

use in such a wide range of applications, many fundamental properties of 

donor acceptor materials are still poorly understood. Even simple 

structural modifications can bring unexpected electronic and 

photophysical properties and wider understanding of the interaction 

between donor and acceptor is thus required. Furthermore, many such 

systems show diversity in properties in solution state or in their 

condensed state such as crystalline or amorphous forms. For example, 

some of these molecules show aggregation induced quenching or 

enhancement in emission in the solid state. Thus, structural motifs that 

facilitate intermolecular interaction via hydrophobic association, 

hydrogen bonding or electrostatic effects can lead to excellent control 

over their supramolecular functions. Some of the important structural 

types which used as donors are triarylamines,
 
carbazoles,

 
phenothiazine, 

fluorenes, thiophenes, and oligothiophenes. Strongly electron 

withdrawing groups or electron deficient heterocyclic systems such as 

oxadiazoles, diarylborons, quinolines, quinoxalines, thienopyrazines, and 

benzothiadiazoles, cyanoacetic acid, rhodanine-3-acetic acid,
 
barbituric 

acid, and thiobarbituric acid etc., have been used as the acceptors in the 



design of donor-acceptor systems. In this context, the thesis entitled 

“STUDIES ON THE PHOTOVOLTAIC AND METAL ION 

BINDING PROPERTIES OF A FEW HETEROCYCLIC DONOR-

π-ACCEPTOR SYSTEMS” portrays our attempt to expand the scope of 

D--A systems and their applications in photovoltaics and heavy metal 

ion sensing. 

The thesis is divided into five chapters, in which chapter one is an 

extensive review on -conjugated donor-acceptor systems and their 

applications. Chapter 2 discusses the design, synthesis and 

characterisation of the donor-–acceptor systems. The acceptors used 

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

the prepared dyes were compared with a widely used acceptor 

cyanoacrylic acid. The compounds were synthesised by a multi–step 

synthesis where carbazole or phenothiazine (donors) were alkylated 

using n-octyl bromide followed by formylation by Vilsmeier-Haack 

reaction. The carbaldehydes thus obtained were made to react with the 

acceptors by Knoevenagel condensation reaction. All the compounds 

were characterised by FT-IR, 
1
H NMR, 

13
C NMR, GC-MS and HRMS 

techniques. The electronic properties of the synthesised compounds were 

studied by UV-Vis absorption spectroscopy, diffuse reflectance 

spectroscopy, steady–state and time–resolved fluorescence spectroscopy.  

All the systems exhibited intramolecular charge transfer 

properties characterised by their absorption bands in the visible region of 

the electromagnetic spectrum. The thiobarbituric acid conjugate PTBA 

showed the maximum red shifted absorption band at 553 nm and 

cyanoacetic acid conjugate CCAA showed absorption maximum around 



400 nm commensurate with their respective electron affinities. A detailed 

theoretical study of the absorption and emission behaviour of CTBA was 

to account for the marked difference in its ground state and excited state 

properties.  

The third chapter deals with the photovoltaic application of these 

synthesized dyes. The acceptor moieties such as cyanoacetic acid, 

rhodanine-3-acetic acid, barbituric acid, thiobarbituric acid are acidic 

compounds which expected to bind to TiO2 either via deprotonation or 

through chelation. The n-octyl group at the N (9) and N (10) positions of 

carbazole and phenothiazine increase the hydrophobicity of the dye and 

expected to act as a barrier to prevent moisture as well as the electrolyte 

from reaching the semiconductor and thereby reducing the leakage of 

dark current. The HOMO and LUMO levels of the dyes were 

experimentally determined by cyclic voltammetry and verified by DFT 

calculations using GUASSIAN-09 programme. A prominent solar 

energy-to-electricity conversion efficiency (η) is achieved in a DSSC 

based on n-octylphenothiazine as donor and rhodanine-3-acetic acid as 

acceptor.  

Literature reports suggest that cyclic amides such as thiamine and 

uracil are potential ligands to metals. Tiziana Marino reported that Hg
2+

 

gets inserted between the base pairs via deprotonation in DNA and has 

been ascribed as the major reason for the genotoxic action of mercury. 

The thiamine and uracil have structure similarity to barbituric acid and 

thiobarbituric acid. Among the compounds synthesised, CBA showed 

high solid-state luminescence and CTBA showed dual emission 

characteristic. The high luminescence of CBA in the solid state is due to 



the aggregation induced emission and we expected a mercury insertion 

via deprotonation in CBA aggregates as seen in the DNA base pairs. In 

CTBA, the existence of emission from the local excited state and charge 

transfer state offer an excellent ratiometric response in the presence of 

heavy metal ions. In chapters 4 and 5, we narrated the results of metal ion 

binding studies of CBA and CTBA respectively. 

The fourth chapter deals with the investigation of interaction of 

the various mono- and bivalent metal ions with the carbazole-barbituric 

acid conjugate (CBA). CBA showed unusual selectivity for the Hg
2+

 ions 

among the various metal ions investigated. Our investigations revealed 

that the metal ion complexation involves the deprotonation of NH 

protons of barbituric acid moiety as characterized by 
1
H NMR spectral 

analysis. Upon Hg
2+

 binding, CBA molecules in 1:1 methanol water 

mixture gave a 150 fold an enhancement in emission. Similarly, a four 

enhancement in emission was also observed when CBA used in anionic 

SDS micellar solution. The binding stoichiometry, detection limit and 

association constants were determined by photophysical analysis. 

Addition of cysteamine hydrochloride resulted in decomplexation of 

CBA-Hg
2+

 complex through changes in the photophysical properties 

evidenced the reversibility of the complexation process. The proper 

arrangement of the donor acceptor units in the CBA molecule made it an 

ideal candidate as a chemosensor for the selective and sensitive detection 

of Hg
2+

 ions reversibly in aqueous medium. 

Finally, the fifth chapter report the results of our investigations on 

the metal binding properties of CTBA. We investigated the interaction of 

metal ions with CTBA in homogeneous media such as acetonitrile and 



9:1 THF/H2O and in micro heterogeneous media such as SDS surfactant 

solution in water. We obtained a ratiometric behaviour in the UV-Vis 

titration as well as in fluorescence titration in acetonitrile and 9:1 THF/ 

H2O respectively. Addition of mercuric ions to CTBA resulted in visual 

colour changes made it as colorimetric probe in aqueous medium. The 

colourimetry and fluorescence response was selective to Hg
2+

 and Cd
2+

 

ions and Hg
2+

 showed highest sensitivity. The CTBA-Hg complex can be 

reverted to free CTBA by the addition of cysteamine hydrochloride. The 

mechanism of binding was established through UV-Vis, fluorescence and 

1
H NMR spectroscopy.  

Since each chapter of the thesis has organized as an independent 

unit, the structural formulae, schemes, tables and figures are numbered 

chapter-wise. All new compounds are fully characterised on the basis of 

spectral and analytical data. Relevant references are included at the end 

of individual chapters. 
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 Chapter 1 

An Overview of Donor--Acceptor systems: Applications 

in Photovoltaics and Heavy Metal Ion Sensing 

 

1.1 Introduction 

 Organic molecules of push-pull type -conjugated structure with 

electron rich donor groups linked to acceptor groups having high electron 

affinity have attracted academic and technological research for decades. 

Even now this is an active area of research and novel molecules having 

interesting properties are reported regularly in the current literature. Such 

molecules are characterised by their low energy gap between the HOMO 

and LUMO levels. This is manifested in their long wavelength 

absorption maxima extending up to near-infrared region of the 

electromagnetic spectrum. These electronic transitions often possess very 

high molar absorptivity values often show high luminescence 

characteristics. These electronic transitions are due to intramolecular 

charge transfer (ICT) from donor (D) to the electron deficient acceptor 

(A) through the conjugated  bridge. In the last four or five decades, 

organic-systems have become a broadly investigated, growing area of 

organic chemistry, and have led to the development of extensive 

applications across various branches of current research. Some of the 

domains of the technological application of these systems are 

optoelectronics,
1-3 

photovoltaics
4,5

 field-effect transistors (OFET) for 

sensors,
6
 light-emitting diodes (OLED)

7
 and in nonlinear optics. The 

properties of these systems are largely depending on the donor and 

acceptor strengths, characterised by their individual redox properties. 
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Therefore, modifications in the structure of donor, as well as acceptor 

moiety, offer the possibility of tuning of their electronic properties. 

1.2  Electronic Structure of D--A Systems 

In “push-pull” D--A molecules, due to the electronic coupling 

between the donor (D) and the acceptor (A) group orbitals, a new set of 

low energy molecular orbitals (MO) are formed which usually result in a 

reduced energy gap between the HOMO and LUMO levels. This makes 

such molecules for absorbing light in the visible region of the 

electromagnetic spectrum and therefore push–pull molecules are 

generally coloured. These types of push–pull molecules or groups 

generally have intramolecular charge-transfer (ICT) character.
8-11

 

Nitroaniline is a typical example of a D--A molecule to demonstrate the 

ICT character. When compared to nitrobenzene and aniline which absorb 

light below 300 nm, p-nitroaniline has an absorption maximum at 350 

nm. The interaction between the nitro group and the amino group through 

the benzene -system is demonstrated in the resonance forms that are 

possible for p-nitroaniline
12   

(Scheme 1.1). The extent of ICT character 

depends on the strength of electronic coupling between donor and 

acceptor orbitals, which often lead to polarization of the molecule and 

creation of a permanent molecular dipole.  
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Scheme 1.1 p-nitroaniline as a D--A molecule and its resonance forms 

 

For a typical D--A system, electron donors (D) are usually the 

groups with +M/+I character such as OH, NH2, OR and NR2, 

heterocyclic moieties such as thiophene,
13 

carbazole, phenothiazine etc 

and proaromatic pyran-4- ylidines
14-15

 as well as some metallocenes. The 

electron acceptor groups (A) are generally having 
-
M/

-
I character such as 

NO2, CN, CHO, COOH and electron deficient heterocyclic compounds 

such as (di)azines,
16,17 

 benzothiazole,
18,19 

imidazole,
20 

oxadiazoles,
21 

cyanoacetic acid,
22 

 rhodanine-3-acetic acid,
22

 etc. The bridging group () 

is a -conjugated structure made of a combination of multiple bonds such 

as olefinic or acetylenic framework and aromatic
23,24 

or heteroaromatic 

spacers.
16,17

  

As reflected in the myriad of articles published on the subject, 

these class of molecules enjoy an elite status and finds diverse 

applications in the development of solvatochromic probes,
25-28 

chemosensors,
29-31

 nonlinear optics, electro-optics materials
32,33 

piezochromic materials,
34

 photochromic materials
35

 and as dyes and 

active layers in photovoltaics.   
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Being inherently polarised with permanent dipoles, these 

molecules respond profoundly to the environmental changes. This makes 

them an excellent choice for the development of solvatochromic probes. 

Depending on the structure, they show either negative solvatochromism 

ie., a hypsochromic shift to the absorption maximum with increased 

polarity of the medium or an inverse effect termed as positive 

solvatochromism.
36

 An example is the pyridinium betaine dye (Figure 

1.1) based on which the well-known ET-30 solvent polarity scale is 

developed.
37 

In nonlinear optics, the second- and third-order optical 

nonlinearities are mainly affected by the extent of the ICT of push-pull 

system and result in prepolarization of the -system.
32-34

 In push-pull 

system, the ICT embodies the HOMO–LUMO gap, so that the optical 

properties and NLO response can be tailored by (i) attaching different 

electron donors and acceptors and assuring efficient D–an interaction, (ii) 

extension and spatial arrangement of the -linker, and (iii) planarization 

of the entire molecule.
38-42

 Thus, in order to get better performance, we 

can tune the donor, linker and acceptor moiety. 

 

Figure 1.1 Structure of pyridinium betaine dye 

The present thesis work focuses on two major applications of donor-

acceptor systems, the photovoltaic and the heavy metal ion sensing 
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property. The preceding section is a review of the application of organic 

molecules in photovoltaics and heavy metal ion sensing systems. 

1.2.1 Donor-Acceptor Molecules in Photovoltaics  

The chemistry of organic D--A systems and their applications in 

photovoltaics (OPV) is a highly active area of research nowadays due to 

the versatile properties of organic materials. The diverse synthesis 

routines in organic chemistry offer the possibility of introducing mixed 

functionalities that are often required in the materials development, for 

example with appropriate structural modifications, their electronic 

properties, solubility, hydrophobicity or hydrophilicity, crystallinity or 

amorphous nature, coulombic properties etc. can be tuned. The major 

motivation for developing OPV is the drastic reduction of the cost and 

environmental impact during the production of solar cells compared to 

the established silicon technology. The area of organic photovoltaics 

includes polymer-based solar cells and DSSC. Although soluble 

conjugated polymers remain a major class of donor materials for single 

layered and multi-layered bulk heterojunction OPV cells.
43-46

 In recent 

years many research groups reported the use of small molecules as 

sensitizers for OPV owing to their well-defined chemical structures in 

terms of repeatable and scalable synthesis methods and ease of 

purification.
47-51

 After an innovative work published in 2005 by Roncali, 

J. et al., the design of soluble molecular donors has generated 

considerable research efforts
52-55 

and solution-processed bulk 

heterojunction (BHJ) cells with power conversion efficiency (PCE) of 

8.0–10% have been reported in 2013 and 2014.
53-55

 However, these 

results have been obtained with solar cells of small active areas. 
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Moreover, the active materials used have more complex chemical 

structures and can be prepared only through multi-step syntheses with 

low overall yield, high cost, heavy environmental impact and poor 

scalability. One of the crucial factors for the large-scale development of 

OPV technology lies in the substantial reduction of the cost with 

preparative routines having lesser environmental impact.
56-58

 In this 

context, rather than more focus on PCE, the development of OPV 

should consider high-yield, environmentally benign and scalable 

synthesis routines for the preparation of active materials.  

Dye-sensitized solar cells (DSSC), which are regarded as the new 

generation solar cells,
59-62

 were invented in 1991 by Grätzel and 

O'Regan. The DSSC, popularly known as Grätzel cell, is a complex 

system wherein three different components, namely, a nanocrystalline 

semiconductor, a chromophore and an electrolyte are brought together to 

generate electric power from light without suffering from any permanent 

chemical transformation (Figure 1.2) 

 

Figure 1.2 Schematic picture of a dye-sensitized solar cell 
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The nanocrystalline semiconductor is usually TiO2, although 

alternative wide band gap oxides such as ZnO and SnO can also be 

used.
63

 A monolayer of the chromophore, i.e. the sensitizer, is attached 

to the surface of the semiconductor. Photoexcitation of the 

chromophore results in the injection of an electron into the conduction 

band of the semiconductor (Figure 1.3). The chromophore is 

regenerated by the electrolyte, usually an organic solvent containing a 

redox couple, such as iodide/triiodide. The electron donation to the 

chromophore by iodide is compensated by the reduction of triiodide at 

the counter electrode and the circuit is completed by electron migration 

through the external load. The overall voltage generated by the cell 

corresponds to the difference between the Fermi level of the 

semiconductor and the redox potential of the electrolyte. The position 

of the TiO2 conduction band depends on the surface charge, which is 

affected by the electrolyte composition. Adsorption of negatively 

charged ions or Lewis bases shifts the conduction band edge to more 

negative potentials, and can be used to increase the efficiency of the 

solar cells, as it improves the open-circuit voltage. 

 

 

Figure 1.3 Schematic representation of the electron flow in the DSSC 
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The performance of a solar cell can be quantified with parameters such as 

incident photon to current efficiency (IPCE), short circuit photocurrent 

(Jsc), open circuit photovoltage (Voc) and the overall efficiency of the 

photovoltaic cell (ηcell). The efficiency of the DSSC is related to a large 

number of parameters. The present thesis will focus only on the synthesis 

of sensitizers and their photovoltaic properties; even so, it is important to 

have some general concepts in mind. 

1.2.1.1 Incident Photon to Current Efficiency (IPCE) 

 IPCE is also known as the “external quantum efficiency” and 

describes how efficiently the light of a specific wavelength is converted 

to current i.e. (electrons out) / (photons in). The IPCE can be calculated 

according to equation 

IPCE (%) = 1240
𝐽SC

𝜆 𝑖𝑛
 100 

Jsc is the short circuit current density, λ is the wavelength of the incident 

light and Фin is the intensity of the incident light. 

1.2.1.2 Open Circuit Photo Voltage (Voc) 

 VOC is the difference in potential between the two terminals in the 

cell under light illumination when the circuit is open. It depends on 

Fermi level of the semiconductor and the level of dark current. 

1.2.1.3 Short Circuit Photocurrent (Jsc) 

 Jsc is the photocurrent per unit area (mA/cm
2
) when an 

illuminated cell is short circuited. It is dependent on several factors such 
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as light intensity, light absorption, injection efficiency and regeneration 

of the oxidized dye. 

 

Figure 1.4 Illustration of current-voltage characteristics of a solar cell. 

Blue line: measured current-voltage curve. Area under Red line: Voc × 

Jsc; Area under Green line: Vmax × Jmax 

1.2.1.4 Fill Factor (FF) 

 The fill factor measures the quality of the device and is defined as 

the ratio of the maximum power output per unit area to the product of Voc 

and Jsc 

𝐹𝐹 =
𝐽𝑚𝑎𝑥.  𝑉𝑚𝑎𝑥

𝐽𝑠𝑐.  𝑉𝑜𝑐
 

 The overall solar energy to electricity conversion efficiency of a 

solar cell is defined as the ratio of the maximum output of the cell 

divided by the power of the incident light. It can be determined by the 

photocurrent density measured at short circuit (Jsc), the open circuit 



Chapter 1 

 

10 Department of Applied Chemistry, CUSAT 

 

photovoltage (Voc), the fill factor of the cell (FF), and the intensity of the 

incident light (in). 

𝜂 =
𝐽𝑠𝑐. 𝑉𝑜𝑐. 𝐹𝐹

𝜙𝑖𝑛
 

1.2.1.5 Sensitizers 

 The dyes, used in organic dye-based solar cells should satisfy 

some basic features for efficient conversion of solar energy to electrical 

energy, as follows: 

 The dye must absorb light in the visible region (400-700 nm). 

That means, the dye should possess an energy bandgap of about 

1.35 eV, which is essential for single-layer solar cells. 

  The dye must be strongly adsorbed on the surface of the 

semiconductor. 

 The excited state energy of the dye (LUMO) must be slightly 

above the energy of the conduction band of semiconductor and 

energy difference must be sufficient to permit the transfer of 

electrons. Also, ground state energy level of the dye (HOMO) 

must be slightly below the reduction-oxidation potential of the 

electrolyte used. This is necessary to obtain the efficient 

conversion of solar energy to the electric energy and to maintain 

minimum energy losses. 

 The electron transfer from the excited state of the dye to the 

conduction band of semiconductor must be very fast in order to 

avoid fluorescence and phosphorescence which may otherwise 

result in charge recombination.  
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 The dye adsorbed on semiconductor surface must remain stable 

for a sufficiently long time in the working conditions. i.e., there 

should be no interaction between the interface of the 

semiconductor and electrolyte. 

 The dye should be highly soluble in organic solvents and must 

contain an anchoring group to bind the surface of the 

semiconductor. 

  In a solar cell, light must be absorbed only by the dye molecule. 

If the other layers such as the semiconductor or the electrolyte 

absorb light, it may lead to side reactions and may adversely 

affect the stability and efficiency of the cell. 

 A wide range of dyes is used in organic dye-based solar cells 

(DSSC) such as porphyrins, phthalocyanines, poly pyridyls, coumarins, 

indoline, triphenylamines, conjugated polymers, perylenes,
63-74 

phenothiazines, carbazoles, etc. The highest efficiency still reported is for 

cells based on polypyridyl ruthenium derivatives
75,76

 (Grätzel cells). 

Although polypyridyl ruthenium dyes have the highest yield obtained 

until now, these are not desired category of dyes for the cell systems due 

to the tedious synthesis procedure, the requirement of high-cost starting 

materials, low molar absorption coefficients and a very narrow 

absorption range in the visible region. Organic dyes have higher molar 

absorption coefficient than ruthenium-based dyes and are amenable to 

chemical modifications, whereby, a variety of dyes can be synthesised 

which can absorb light in desired range of the spectrum.  
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Figure 1.5 Structure of ruthenium dyes N3 and N719 

1.2.1.6  Phenothiazine Based Dyes 

Metal-free organic dyes, as one of the key components of DSSCs, 

play an essential role in light harvesting and electron injection. Among 

the various species of organic dyes, 10H-phenothiazine based dyes hold a 

large proportion due to their easily tunable structures, low cost, and low 

environmental pollution. 10H-phenothiazine derivatives were first 

applied in DSSCs by Sun and co-workers
77

 in 2007. They got maximum 

efficiency of 5.5% for 1 dye in comparison with N3 dye (= 6.2%)  

 

Figure 1.6 Structure of substituted phenothiazine dyes 1, 2, 3 and 4 
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Hua et al. have reported a set of substituted phenothiazine based 

dyes having cyanoacetic acid as acceptor/anchoring moiety. For  dye 6, 

they obtained a maximum photoconversion efficiency of 8.18%.
78

  

  

Figure 1.7 Structure of substituted phenothiazine dyes 5, 6, 7 and 8 

When 4-alkoxyphenyl groups are fixed on N-10 and C-7 

positions of phenothiazine ring, the corresponding PCE values can 

become very high. Lin et al. in 2015 reported that sensitizer 11 has a 

solar-to-electric power conversion efficiency of 9.98%, which represents 

the maximum of all up to now investigated phenothiazine-based DSSCs. 

Its short-circuit current is extremely high and its open-circuit voltage 

reaches the theoretical maximum. They reported a series of 

phenothiazine dyes, their N-10 and C-7 positions of phenothiazine ring 

was substituted by simple O-bridged donor groups.
79
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Figure 1.8 Structure of substituted phenothiazine dyes 9, 10, 11, 12 and 

13 

1.2.1.7 Triphenylamine Based Dyes  

Triphenylamine is an excellent electron donor and widely used in 

organic photovoltaic functional materials. Yanagida and co-workers
80

 

first introduced the triphenylamine unit as an electron donor in organic 

dyes and obtained overall DSSC efficiencies of 3.3 and 5.3% for dye 14 

and 15, respectively in comparison with N719 (7.7%).  
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Figure 1.9 Structure of substituted triphenylamine dyes 14 and 15 

Dye 16 and 17 containing thienylenevinylene and bithiophene 

group, which was reported by Hagberg et al.,
81

 and Justin Thomas et 

al.,
82

 respectively, showed photoelectric conversion efficiency 6.9% and 

6.2% respectively. The presence of additional electron-donating methoxy 

groups in 16 is responsible for a better efficiency (6.9%) compared to 17 

(6. 2%). 

 

Figure 1.10 Structure of substituted triphenylamine dyes 16 and 17 

Zeng et al., in 2010 reported a triphenyl amine based Dye 18 

showing highest efficiency (10.0–10.3%) (Jsc = 17.94 mA cm
-2

, Voc = 

0.770 V, FF = 0.730) at the AM 1.5 irradiation (100 mW cm
-2

). In the 

range of 500– 540 nm the IPCE reached to 90%.
83
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Figure 1.11 Structure of substituted triphenylamine based dye 18 

1.2.1.8  Carbazole Based Dyes  

Carbazole-based organic materials have been widely employed as 

active ingredients in DSSC due to their unique charge transporting 

properties and pronounced thermal stability.  

Simple carbazole-based dyes (19, 20) containing carbazole as a 

donor and cyano acrylic acid as acceptor have been reported by Kim et 

al.
84

 They have systematically investigated the effect of a number of 

chromophores on the performance of the DSSCs. The short circuit 

current density (Jsc) of the dyes increased from 19 (1.29 mA cm
-2

) to 20 

(2.31 mA cm
-2

) due to the increase of molar extinction coefficient 

 

Figure 1.12 Structure of carbazole based dyes 19, and 20 

Grätzel and co-workers reported 
85

 two dyes containing carbazole 

or phenothiazine donors (21, 22). The dye 21, having 4,4-didodecyl- 4H-

cyclopenta[1,2-b:5,4-b′]dithiophene as a linker displayed longer 
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wavelength absorption band at 532 nm with a very high molar extinction 

coefficient (57500 M
-1

 cm
-1

). The carbazole dye 21 exhibited higher 

efficiency (7.50%) when compared to a similar dye 22 (7.00%) 

containing phenothiazine as a donor (46500 M
-1

 cm
-1

). Better 

efficiency of the dye 21 is due to the higher molar absorption coefficient 

which led to the larger photocurrent.  

 

 

Figure 1.13 Structure of substituted carbazole and phenothiazine based 

dyes 21 and 22 

Koumura, et al. reported
86

 that alkyl chains present on the 

thiophene unit and the nature of alkoxy phenyl fragment attached to the 

carbazole nucleus (scheme 1.12) significantly altered the Voc (0.71V) as 

well as Jsc (16 mA cm
-2

) of the device.
54

 Due to the optimized structural 

components, the dye 23 exhibited very high efficiency (8.10%) in DSSC. 

This is the highest obtained efficiency in the case of carbazole based 

dyes. 
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Figure 1.14 Structure of substituted carbazole based dye 23 

Cyanoacrylic acid unit is considered as a good acceptor as well as 

an efficient anchoring group for prospective binding of dye molecules on 

TiO2 thin films. Other major anchoring groups are pyridine,
87-97

 

phosphonic acid,
98-102

 tetracyanate,
103

 perylene dicarboxylic acid 

anhydride,
104-108

 2-hydroxylbenzonitrile,
109

 8-hydroxylquinoline,
110

 

pyridine-N-oxide,
111

 hydroxylpyridium,
112

 catechol,
113-117

 

hydroxamate,
118-120 

sulfonic acid,
121-125 

acetylacetanate,
126-128

 boronic 

acid,
129

 nitro,
130

 tetrazole,
131

 rhodanine
 132-140

 and salicylic acid
141-144

 

substituents. Several studies were conducted on the effect of anchoring 

groups
145

 on the overall efficiency of the DSSCs.  

Barbituric acid and Thiobarbituric acid are cyclic amides, which 

can also be very good electron acceptors and found to interact with donor 

group’s orbitals producing ICT states. However, their usages as 

anchoring groups in DSSC are limited. A few reports exist, where the N-

alkylated barbituric acid and thiobarbituric acid are used as acceptors in 

dyes for DSSC. In our study, we have used 9-octylcarbazole and 10-

octylphenothiazine as the donor moieties. Though these simple systems 

possess good optical and electrochemical properties, no report exist on 



Chapter 1 

 

Department of Applied Chemistry, CUSAT 19 

 

their application in DSSC. The present thesis reports the study on the 

application of these molecules in DSSC and is compared with 9-

octylcarbazole and 10-octylphenothiazine based dyes having 

cyanoacrylic or rhodanine-3-acetic acid anchoring/acceptor groups. 

  



Chapter 1 

 

20 Department of Applied Chemistry, CUSAT 

 

1.2.2 Donor-Acceptor Molecules as Sensor Systems for Heavy Metals 

A molecule containing conjugated electron donor (D) and an 

electron acceptor (A) usually undergoes an intramolecular charge transfer 

(ICT) upon electronic excitation. One of the major applications of the D-

-A system is as a chemo responsive unit in the development of sensor 

systems. Recently, many studies reported in the literature focuses on 

recognition of heavy metals using D--A systems. In most of such 

chemosensors, the acceptor part is the recognition site and upon binding, 

the ICT state get perturbed and the subsequent electronic effects are 

reflected as changes in the absorption as well as fluorescence spectra of 

D--A systems. 

1.2.2.1 Fluorescent sensors 

Fluorescent sensors consist of a fluorophore linked to a docking 

site for interaction with an analyte and if the docking site is an ionophore, 

such systems are termed as fluoro ionophores (Figure 1.15). In the case 

of fluoro ionophore, the ionophore is the recognition moiety whereas the 

fluorophore is the signaling moiety. The recognition and signaling 

moieties are the key components in the design of sensors. In a typical 

design, the signalling moiety can be integrated to the receptor via direct 

coupling or through a spacer. In both cases, the signalling moiety and the 

receptor are covalently attached via single or conjugated bonds. In the 

directly coupled systems, the MO’s show extensive delocalization over 

the signalling and receptor moieties, whereas in an uncoupled system i.e., 

through a non-conjugating spacer this delocalization is absent.
146

 When 

the analyte binds the probe, there is a change in the photophysical 
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characteristics of the fluorophore and the information is converted into an 

optical signal through changes in the fluorescence emission. The nature 

of the change in fluorescence depends on the mechanism of interaction 

between the analyte and the probe. The changes may manifest as increase 

or decrease of fluorescence quantum yield or fluorescence lifetime or in 

certain mechanism a complete quenching or a “turn-on” of a new 

emission. The mechanisms such as Photo-induced Electron Transfer 

(PET),
147,148

 Photo-induced Charge Transfer (PCT),
149

 Fluorescence 

Resonance Energy Transfer (FRET)
150

 and excimer/exciplex formation 

have been normally found operating in some of the reported fluoro 

ionophores.
151,152 

In addition to these mechanisms, a number of dynamic 

events with a bearing on fluorescence properties such as metal ion 

coordination inhibited excited-state intramolecular proton transfer 

(ESIPT) and aggregation-induced emission (AIE), have also been 

exploited in designing novel and selective probes.
153

 

 

Figure 1.15 Schematic representation of fluoro ionophore 
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1.2.2.1.1 Classification of Fluorescent Sensors 

1.2.2.1.1.1 Photoinduced Electron Transfer (PET) and Turn-on 

Probes 

One of the most commonly employed mechanisms for the design 

of fluorescence probes is PET.
148

 Standard PET probes for metal ions 

contain three parts: fluorophore, spacer, and ionophore (Figure 1.16). In 

this design Ionophores are usually electron donors such as a group 

containing amino nitrogen, while electron accepting fluorophores are 

made the signalling unit. Here, the electron occupied in the highest 

occupied molecular orbital (HOMO) of the fluorophore gets promoted to 

the lowest unoccupied molecular orbital (LUMO) upon light absorption. 

If the energy level of the ionophore HOMO is just higher than that of the 

fluorophore, a second electron transfer from the ionophore HOMO to the 

HOMO of the excited fluorophore and thus blocks the emission by 

radiative deactivation of the excited electron to the HOMO of the 

fluorophore. This PET quenching of fluorescence gets prevented once the 

ionophore coordinates with an appropriate metal ion. This metal 

coordination can affect the energy gap between the two HOMO orbitals 

in a manner that makes the PET quenching endergonic and thus the 

fluorescence of the probe gets recovered. This metal binding triggered 

enhanced fluorescence is also termed as metal chelation-enhanced 

fluorescence (MCHEF). 
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Figure 1.16 PET fluorescent probes for metal cations and their ‘‘turn-

on’’ sensing mechanism.
154

 

1.2.2.1.1.2 Photo-Induced Charge Transfer (PCT) and Ratiometric 

Probes 

Fluorophores of D--A type of intramolecular charge transfer 

(ICT) states normally exhibit large Stokes shift, visible light absorption 

and in the presence of metal ions and depending on the chelating ability 

of the donor or acceptor moiety show a metal coordination-induced 

emission changes. Choosing a chelating donor or acceptor is an effective 

strategy to develop ratiometric metal ion probes. The Figure 1.17 shows 

that metal coordination to the donor of an ICT fluorophore will decrease 

the HOMO energy level leading to a consequent red shifted excitation or 

emission maxima. If the metal coordination is at acceptor site, the reverse 

is observed. This type of sensing behaviours is desirable for ratiometric 

probes, whose self-calibration effect of its excitation/emission bands can 

remove the interference due to photobleaching, local probe 

concentration, and other experimental errors. Therefore, the PCT 

mechanism is an efficient strategy for the construction of ratiometric 

metal ion probes.  
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Figure 1.17 PCT fluorescent probes for metal cations and their 

ratiometric sensing mechanisms.
154

 

1.2.2.1.1.3 Excimer Formation and Ratiometric Probes 

An excimer is a dimer in an electronic excited state where the 

excitation energy is shared between the monomer units. They are usually 

formed by a - stacking interaction between an excited and ground state 

fluorophore.
155

 A typical design of an excimer-based probe consists of 

two identical fluorophore moieties spaced by a flexible ionophoric 

spacer. Upon metal ion coordination, the flexible spacer brings the two 

fluorophore moieties closer and often within van der Waals contact. This 

will result in the formation of an excimer and a consequent change in 

emission spectral profile with the appearance of a new red-shifted broad 

emission band. In most of the cases, both emission bands from the 

monomer and the excimer can be observed simultaneously. Hence, the 

metal coordination by the spacer ionophore controls the ratio between 
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monomer emission and excimer emission making the system a 

ratiometric probe for metal cations (Figure 1.18). The length and number 

of chelating sites can be changes to achieve the desired selectivity of 

metal binding in these cases.  

 

Figure 1.18 Excimer formation-based fluorescent sensing
154

 

1.2.2.1.1.4 Fluorescence Resonance Energy Transfer (FRET) and 

Ratiometric Probes 

Fluorescence resonance energy transfer, also known as F𝑜̈rster 

resonance energy transfer (FRET), is a non-radiative process in which 

the resonance energy transfers from an excited state of a donor 

fluorophore (D-F) to the ground state of an acceptor fluorophore (A-F) 

via a non-radiative ‘‘dipole–dipole coupling’’.
156

 The emission spectrum 

of D-F should have a certain overlap with the absorption spectrum of A-F 

and if the overlap is high, there will be more effective FRET. Moreover, 

FRET processes are distance dependant so that the distance between D-F 

and A-F should be in between 10 to 100 Å for an effective FRET (Figure 
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1.19).
156

 The FRET mechanism is commonly used for the design of 

ratiometric fluorescent probes with large pseudo Stokes shifts.  

 

Figure 1.19 Schematic diagram of the FRET process
154

 

1.2.2.2 Heavy Metals in the Environment  

Heavy metals
157

 are defined as metals of a density higher than 5 

g/cm
3
 and occur as pure metals, ions, and complexes. They are of natural 

origin and forms part of the earth’s crust. WHO lists about 10 heavy 

metals and their excessive presence in the environment as a major public 

concern. They are cadmium, mercury, lead, chromium, manganese, 

cobalt, nickel, copper, zinc, silver, thallium and metalloids such as 

arsenic, selenium, and antimony. Among this cadmium, mercury, lead, 

and antimony are the common concern due to their alarmingly increasing 

concertation and damages that cause to the ecosystem.  They enter the 

environment by human activities such as petroleum exploration, refining 

and their use, mining etc. For example, crude oil contains 3.4 ppm 

mercury and the firing of coal causes the worldwide emission of 2.4 x 

10
4
 t of lead per year.

158
 Among these heavy metals, mercury, cadmium 

and arsenic are deadly toxic and in accordance with the toxicity data and 

scientific studies, WHO (World Health Organization) recommended 

limits for the amount of heavy metals allowed in drinking water (Table 

1.1) 
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Table 1.1 Standards and guidelines for heavy metals in drinking water
159

 

Metal WHO allowed level 

(mg L
-1

) 

As 0.01 

Cd 0.003 

Hg 0.001 

Pb 0.01 

 

1.2.2.2.1 Arsenic Sensors 

The abundance of arsenic (As) compounds in the environment 

causes major health problems in biological systems. Arsenic 

contaminates drinking water sources and in water, it exists as arsenic acid 

(H3AsO4) and arsenous acid (H3AsO3). It is introduced into the habitat 

through mining of sulphide ores,
160

 industrial operations,
161

 and 

agricultural activities such as the use of an antimicrobial additive 

roxarsone.
162

 Arsenic oxidation states range from 
-
3 to 

+
5 and the 

trivalent As
3+

 state being the most toxic.
163

 In mammals, arsenic (III) 

compounds like H3AsO3 show a strong affinity for thiol biomolecules 

like cysteine and glutathione
164

  which lead to the distraction of vital 

enzymes such as pyruvate dehydrogenase
165

 and the arsenic (V) 

compound HAsO4
2−

 interrupts the Krebs cycle by acting as a phosphate 

mimic.
166

 Humans get affected by exposure to arsenic  through drinking 

water and contaminated food
167

 and can lead to an increased risk of liver, 

bladder, and lung cancer.
168

 The prolonged arsenic exposure causes a 

skin condition known as arsenicosis.  

Vivian C. Ezeh et al. developed
169

 very sensitive and selective 

fluorescent chemical probe 24, for the detection of As
3+

, which is the first 
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example of a chemosensor for As
3+ 

detection in organic solvents at 298 

K. The sensor exhibits a 25-fold fluorescence enhancement in the 

presence of As
3+

 at λem = 496 nm in THF, and displays a sub-ppb 

detection limit. 

 

 

Scheme 1.2 Turn-on fluorescent probe 24 for As
3+

 detection 

Debasis Das and co-workers reported
170

 a novel turn on 

fluorescence probe naphthalene–salicylaldehyde conjugate 25, for the 

selective detection of arsenate and can detect as low as 5 x 10
-9

 M 

H2AsO4
-
 in HEPES buffered EtOH : water (1 : 9, v/v, pH 7.4). Hydrogen 

bonding assisted CHEF and AIEE was responsible for the sensing. 

 

 Scheme 1.3 Probable mechanism for binding of H2AsO4
- 
with 25. 
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1.2.2.2.2 Lead Sensors 

Lead is another toxic metal in the earth’s crust and one of the 

important metal used in batteries, fuel additive and in pigments.
171

 Lead 

pollution is a long-lasting danger to human health because over 300 

million tons of lead mined to date are circulating mostly in soil and 

ground water.
172

 Even very little amount of lead exposure can induce 

reproductive, neurological, cardiovascular, and developmental disorders 

such as slowed responses, decreased IQs, and hypertension
173 

in children. 

Czarnik and co-workers reported a fluorescent chemosensor
 
26

174 

for Pb
2+

, which exhibited strongly quenched fluorescence due to the 

photo-induced electron transfer (PET). Complexation of the sensor with 

Pb
2+ 

induced a 13-fold fluorescence enhancement at pH 9, which can be 

attributed to the steric protection of the thiocarbonyl group by two peri 

hydrogens (Scheme 1.4). Even though there were few competitive metal 

ions such as Ag
+
, Co

2+
, and Hg

2+
, this is one of the earlier examples of 

fluorescent chemosensors for Pb
2+ 

 

Scheme 1.4 Probable mechanism for binding of Pb
2+

 with 25.
 

Chen and Huang reported a new chemosensor 27
175

 (Scheme 1.5) 

which can selectively detect Pb
2+

 and a 2:2 binding stoichiometry was 
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observed while Pb
2+

 binding. The sensor displayed 40-fold fluorescence 

enhancement for Pb
2+ 

due to the photo-induced charge transfer (PCT) and 

metal binding-induced conformational restriction.
 
 

 

Scheme 1.5 Proposed 2:2 binding mode of the 27 with Pb
2+ 

1.2.2.2.3 Cadmium Sensors 

Cadmium is also an extremely toxic and carcinogenic metal
176

 

and the main source of exposure is smoking and through food, but the 

most dangerous route is the inhalation of cadmium-containing dust. 

Cadmium can be found in electroplated steel, electric batteries, and 

pigments in plastics etc
177

 and high level of exposure is associated with 

increased risks of cardiovascular diseases, cancer, and also harmful to 

liver and kidneys.
178

 

Yoon et al. synthesized anthracene derivative
179

 28 bearing the 

iminomethyl diacetic acid moieties at 9, 10- positions for selective 

detection of cadmium (Figure 1.20). Fluorescence studies of 28 indicated 

a selective and large CHEF effect by a PET mechanism with Cd
2+

 at pH 
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10, in 0.1 M CAPS buffer, even though there was a relatively small 

CHEF effect with Zn
2+

. 

 

Figure 1.20 Structure of chemosensor 28 

Youn and Chang reported
180

 a di-substituted bis(anthrylmethyl) 

derivative of 1,8-dimethylcyclam, 29 (Figure 1.21), for the detection of 

Hg
2+

 and Cd
2+

 in aqueous MeCN solution. The water content of the 

aqueous MeCN solution can dominate the signaling type of the 

recognition of Hg
2+

 and Cd
2+

. An OFF–ON type signaling was observed 

for Hg
2+

 and Cd
2+

 ions in low water content solutions (MeCN : H2O = 90 

: 10, v/v ), whereas in 50% aqueous MeCN solution the signalling mode 

was reversed (ON–OFF) towards Hg
2+

 ions.  

 

Figure 1.21 Structure of sensor 29 
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1.2.2.2.4 Mercury Sensors  

In earlier days, mercury was used as an important component for 

various medicines such as diuretics, antibacterial agents, antiseptics, and 

laxatives. It was also a technologically important metal and was 

extensively used in thermometers, barometers, manometers, button cells 

and electronic devices. However, the adverse role of mercury in the 

biological system on prolonged exposure was realized over the years and 

now mercury is being considered as one of the most powerful 

neurotoxins for humans and mammals. The most dangerous form of 

mercury is organic mercury compared to two other forms of mercury, 

namely, elemental mercury and inorganic salts. Reports suggest that 

microbes in water bodies convert inorganic mercury to methylmercury 

which bioaccumulates in living aquatic organisms and enter into the food 

chain. Methylmercury is lipophilic and very well absorbed through 

biological membranes, such as skin, respiratory, and gastrointestinal 

tissues, which eventually damages the central nervous and endocrine 

systems. 

1.2.2.2.4.1 Colorimetric Sensors for Hg
2+

 Ion 

The colorimetric chemosensors of Hg
2+

 can be constructed 

through the proper combination of receptors and chromophores.
181-183

 

Here, we are discussing the recent developments and mechanisms of 

colorimetric sensors for Hg
2+

 according to their receptors. There are 

varieties of colorimetric sensors such as organic molecules, metal 

complexes, polymers and nanoparticle-based colorimetric sensors. 

Colorimetric response remains a popular technique due to the factors 
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such as low cost, naked eye detection, easy handling and inexpensive 

consumables. At this point, we are discussing the organic molecule based 

colorimetric sensors such as polyether, squarine, rhodamine etc based 

systems. 

1.2.2.2.4.1.1 Polyether Based Sensors 

The sensors, which derived from organic dyes, have attracted 

more attention because of their facile and scalable synthesis in addition 

to their tunable chemical and physical properties via the molecular 

design. Many types of organic materials with different structures and 

tunable optical properties have been effectively used as colorimetric 

chemosensors.
184–187

 Among the known organic sensors, polyether 

compounds having one or more amino nitrogen or sulphide groups can 

act as multidentate ligands and which effectively and selectively 

coordinate to different heavy metal ions especially Hg
2+

. 

 A water soluble Hg
2+

 chemosensor (30) based on hemicyanine as 

colorimetric reporting unit and dialkylaniine having Se and hydroxyl 

groups as the chelating unit was developed by Y. Lu and co-workers.
188

 

The chemosensor shows good selectivity to Hg
2+

 over other heavy metal 

ions. While Hg
2+

 binds to 30, the red colour of the chemosensor turned to 

colourless. The detection limit was estimated to be 5.0 x 10
-8

 M and 

which matches the regulatory requirements. The binding mechanism of 

Hg
2+ 

was attributed to the intramolecular charge transfer (ICT), through 

which the metal ionophore incorporated into the electron donor moiety of 

the chromophore. 
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N
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OH

OH

30  

Figure 1.22 Structure of the chemosensor 30 

A. G. Sykes and co-workers reported
189

 a terthiophene based 

colorimetric sensor, which was composed of linear -conjugated 

aromatic compounds and annular macrocycles. Upon Hg
2+ 

addition, the 

sensor showed an intense colour change from light yellow to red. This 

colour change is due to the interaction between Hg
2+ 

ions and the sulphur 

atoms of the terthiophene unit, which can lead to the formation of a 

charge transfer band as a result of the partial oxidation of the 

terthiophene unit. This simple mercury ion sensing mechanism 

considerably differs from other numerous photoinduced electron transfer 

(PET) sensors, which combine a selective receptor to the fluorophore. 

 

Figure 1.23 Structure of the chemosensor 31 
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Figure 1.24 Visual changes with addition Hg (II) to 31
189

 

1.2.2.2.4.1.2 Squaraine Based Sensors 

Squaraine is one of the most common classes of colorimetric 

molecular sensors. The rigid D––A––D conjugation provides the 

molecule with a strong absorption from red to the near-IR region. Many 

squaraine derivatives have been designed and applied for detecting heavy 

metal ions. For example, D. Ramaiah and co-workers
190

 reported a semi-

squaraine dye (32) (Figure 1.25) as a novel probe for the qualitative 

detection of Hg
2+ 

in the micellar medium .Upon the addition of Hg
2+

 to 

the solution of 32 colour changes from deep yellow to colourless. The 

high selectivity for Hg
2+

 is attributed to the soft acid nature and the size 

of the mercury ion. The interfacing oxygen atoms of the carbonyl groups 

in the 32 can exclusively coordinate with Hg
2+

 and result in an obvious 

colour change. 
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Figure 1.25 Selectivity of binding in 32
190

 

C. Chen et al. designed a squaraine-based colorimetric sensor
191

 

(33) using (phenylazanediyl)-bis-(ethane-2,1-diyl)-bis-diethyl-

carbamodithioate as the binding group by taking the advantage of the 

specific aggregation effect of squaraine molecules. Upon Hg
2+

 binding, 

the colour of the sensor solution is dramatically changed from purple to 

blue. The detection limit was calculated as 7.1x10
-9

 M and the colour 

change was attributed to the formation of the 1:2 binding stoichiometry 

of squaraine to Hg
2+

. The colour change was observed only for Hg
2+

 ions 

which can be attributed to the “H”-aggregate de-aggregation process as 

shown in Figure 1.26. 

 

 



Chapter 1 

 

Department of Applied Chemistry, CUSAT 37 

 

 

 

Figure 1.26 Metal ion sensitivity of 33 sensor
191

 

In 2013, S. Das and co-workers
192

 reported an unsymmetrical 

squaraine as a colorimetric probe (34) for the detection of Hg
2+

 ion in 

methanol medium. Hg
2+

 binding resulted in a colour change of the sensor 

solution from blue to violet with the lowest detection concentration of 

Hg
2+

 ion is 18.0 x 10
-6

 M. The sensor and Hg
2+

 ions showed a 1:1 

binding stoichiometry and the Hg
2+

 binds through the phenylsquarate 

carbon–carbon bond, as shown in Figure 1.27 

 

Figure 1.27 Binding mechanism of 34.
192
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1.2.2.2.4.1.3 Rhodamine Based Sensors 

Rhodamine and its derivatives have special photophysical 

properties and they are used as chemodosimetric sensors for various 

heavy metal ions.
193,194

 Rhodamine derivatives are non-fluorescent and 

colourless, but the ring-opening of the spirolactam moiety produces a 

strong fluorescent centre, which gives a clear signal for a colorimetric 

detection.  

J. Yoon and co-workers
195

 reported a reversible chemosensor (35)  

for Hg
2+

 detection derived from rhodamine B bearing mono and bis-

boronic acid groups as the binding sites. The addition of Hg
2+

resulted in 

a colour change from colourless to dark pink with a detection limit of 30 

M and the colour change is due to the opening of the non-fluorescent 

spirolactam ring to form a strongly fluorescent amide. This study 

successfully reveals that the boronic acid group can serve as a unique and 

novel ligand for metal ion identification. 

 

Figure 1.28 Fluorescent changes and colorimetric changes of 35 (30 M) 

with Hg
2+

 (50 equiv) in MeCN.
195
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1.2.2.2.4.1.4 Other Organic Molecular Sensors 

Z. Li and co-workers
196

 reported two colorimetric chemosensors 

(36 and 37) for Hg
2+

detection (Figure 1.29), in which the azobenzene 

moiety act as the electron donor and the aldehyde group act as the 

electron acceptor. Upon Hg
2+

 addition the sensors changed their colour 

from light yellow to deep red, which could be easily observed with the 

naked eye. The binding mechanism is the highly selective Hg
2+

-promoted 

deprotection of dithioacetal. The Hg
2+

 ions converted the protected 

aldehyde group back to the original aldehyde, and thus the D––D 

structures in 38 and 39 were converted into D––A structures, which 

accordingly increased the degree of ICT and resulted in a red shift of the 

absorption bands of the compound.  

 

Figure 1.29 Hg
2+

 sensing process of 36 and 37
196

 

K. Pitchumani and co-workers
197

 reported a colorimetric 

chemosensor for Hg
2+

 containing 5-(dimethylamino)-N-(2-
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mercaptophenyl)naphthalene-1-sulfonamide (38) via a twisted 

intramolecular charge transfer (TICT) mechanism. The sensor shows a 

colour change from colourless to gray upon Hg
2+

 binding (Figure 1.30). 

while adding Hg
2+

, TICT from the electron-rich group such as N,N’-

dimethylamino group to the electron withdrawing group such as 

thiophenol ring with sulphonamide group takes place because of the 

interaction between the probe molecule and Hg
2+

 with a binding 

stoichiometry of 1:1. The detection limit is as low as 5.0 x 10
-10

 M. 

 

Figure 1.30 Visual color change of probe 38(5.0×10
−5

 M) with different 

cations: Sensor, Hg
2+

, K
+
, Na

+
, Ag

+
, Mn

2+
, Ca

2+
, Ba

2+
, Fe

2+
, Zn

2+
, Pb

2+
, 

Cu
2+

, Sn
2+

, Cd
2+

, Ni
2+

 and Co
2+ 

(5.0×10
−5

 M)
197

 

 

Figure 1.31Illustration of sensing mechanism of mercury (II) ion by 

38
197
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1.2.2.2.4.2 Fluorescent Sensors and Ratiometric Detection 

Fluorescence based detection usually depends on the intensity 

change at a single wavelength and more sensitive compared to absorption 

spectroscopy, but the signal output could be easily overshadowed by the 

experimental errors and the background noise of the sample media. To 

overcome the above-mentioned drawback, ratiometric fluorescent 

sensing has been used to permit the measurement of relative fluorescence 

intensities at two different wavelengths and can serve as an internal 

reference for self-correction, therefore the reliability of the measurements 

is substantially enhanced. 

J. S. Kim and co-workers synthesized a novel tren-based tripodal 

“turn on” fluorescent chemosensor 39 bearing a rhodamine and two tosyl 

groups.
198

 The sensor served as a sensitive and selective detection of 

Hg
2+ 

in MeCN and 9:1 MeCN/ H2O with a pH scan of 3-6 and a 1:1 

binding stoichiometry was observed between the sensor and Hg
2+

 ions. 

 

Figure 1.32 Binding mechanism in chemosensor 39
198

 

X. Qian and co-workers reported
199

 a selective, ratiometric, ICT 

fluorescent Hg
2+

 ion sensor 40 by incorporating an o-phenylenediamine 

derived tetraamide receptor into a coumarin platform. The working of the 
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sensor is based on the ICT mechanism and could be used to selectively 

detect Hg
2+

 ions in a neutral buffered water solution with 100-nm blue 

shift in emission spectra. The 40-Hg
2+

 binding constant was 

comparatively low and was effective for Hg
2+

 ion concentrations only in 

the micromolar range. 

 

Figure 1.33 Structure and fluorescence response of 40 in the presence 

Hg
2+199

 

W. Wang and co-workers developed
200

 a novel ratiometric ICT 

fluorescent probe 41 for the detection of Hg
2+

. The probe displayed 

excellent sensitivity and selectivity towards Hg
2+ 

in aqueous buffer 

solutions. Especially, significant ratiometric fluorescent response with a 

large emission redshift was observed, which allowed suitable detection 

and quantification of the toxic metal ion in a complex system. 

 

Figure 1.34 Ratiometric detection of Hg
2+ 

by 41.
200
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K. Lee and co-workers reported a novel pyrene derivative sensor 

(42) based on amino acid and binding interactions with Hg
2+

 was 

investigated in water.
201

 After Hg
2+

 binding, the sensor exhibited a 

considerable excimer emission at 480 nm along with a decrease of 

monomer emission at 383 nm. Sensor allowed a selective and sensitive 

ratiometric detection of Hg 
2+ 

with a binding stoichiometry of 2:1  

 

Figure 1.35 Binding mechanism in 42
201

  

1.2.2.2.4.3 Other Fluorescent Hg
2+

 Sensors 

J. S. Kim and co-workers
 

reported a Nile blue based 

chemodosimeter (43), and its application for detection of the Hg
2+

 ion in 

100% aqueous solution was demonstrated.
202

 Upon the addition of Hg
2+ 

ion, sensor exhibited a considerable blue shift in its absorption and 

emission spectra, driven by a desulfurization reaction. Detection of an 

emission of 652 nm was extremely sensitive (less than 1.0 ppb), even in 

biological media such as blood plasma and albumin. 



Chapter 1 

 

44 Department of Applied Chemistry, CUSAT 

 

 

Figure 1.36 Mechanism of Hg
2+

 binding in chemodosimeter 43
202

 

An interesting tetraphenylethylene (TPE) compound bearing 

thymine moieties (44) for the selective detection of Hg
2+ 

was reported by 

D. Zhang and co-workers
 
reported.

203
 The sensor was found to be 

fluorescence “turn-on” chemosensors for Hg
2+

 by making use of the AIE 

feature of TPE motif and the specific binding of thymine with Hg
2+

 

 

Figure 1.37 AIE binding mechanism of TPE based sensor 44 with Hg
2+ 

203
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A “V” shaped 1,8-naphthalimides based sensor (45) for the 

selective detection of Hg
2+ 

via a chemodosimetric approach was reported 

by S. Mukherjee and P. Thilagar.
204 

The sensor was an AIE active 

molecule with the formation of fluorescent nanoaggregates with Hg
2+

 

binding. 

 

Figure 1.38 Mechanism of Hg
2+

 binding in chemodosimeter 45
204

 

M. Kumar and co-workers  synthesized 
205

 new pentaquinone 

derivative 46 having rhodamine moieties, which can undergo ‘through-

bond energy transfer’ (TBET) in the presence of Hg
2+

 ions among the 

various cations such as Cu
2+

, Pb
2+

, Fe
2+

, Fe
3+

, Zn
2+

, Ni
2+

, Cd
2+

, Co
2+

, 

Ag
+
, Ba

2+
, Mg

2+
, K

+
, Na

+
, and Li

+
 tested in 9.5:0.5(v/v) THF/ H2O. 

 

Figure 1.39 TBET on binding mechanism of pentaquinone sensor 46 

with Hg
2+

 ions
205
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 The present thesis reports the design, synthesis, and studies of a 

series of heterocyclic D--A systems. The design of the D--A in the 

present study was made with a view to developing potential dyes for thin 

film photovoltaic devices like dye-sensitized solar cells (DSSC) as well 

as chemosensors for toxic metal ion detection. With this in mind, we 

designed a series of carbazole and phenothiazine based D--A systems 

with a few heterocyclic electron acceptor groups. The electron acceptor 

groups are chosen such that they act as anchoring groups for binding to 

TiO2, the photoanode in the DSSC. A few of the acceptor groups selected 

are potential recognition sites for metal ion sensing.   

1.3 Objectives 

The main objectives are: 

 Synthesis, characterization and photophysical studies of the n-

octylcarbazole and n-octylphenothiazine based D--A systems 

 Study of photovoltaic properties of the n-octylcarbazole or n-

octylphenothiazine – cyclic amide conjugates.  

 Study of metal ion binding properties of selected n-octylcarbazole 

– cyclic amide conjugates  

The detailed discussion of the above mentioned objectives will be 

narrated in the second chapter. 
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 Chapter 2 

Synthesis and Photophysical Properties of Donor--

Acceptor Systems 

 

2.1 Abstract 

 Organic dyes comprising carbazole, or phenothiazine moieties as 

the electron donors, and cyanoacetic acid, rhodanine-3-acetic acid, 

barbituric acid and thiobarbituric acid moieties as the electron acceptors 

were synthesized and characterized. The influence of different 

heterocyclic acceptor groups on their absorption and emission properties 

were studied by photophysical and theoretical methods. 

2.2 Introduction 

 The present thesis reports the design, synthesis and studies of a 

series of heterocyclic D--A systems. The design of  D--A in the 

present study was made with a view to develop potential dyes for thin 

film photovoltaic devices like dye sensitized solar cells (DSSC) as well 

as chemosensors for toxic metal ion detection. The typical structure of a 

directly coupled D--A is an arylidiene derivative having a structure 

similar to -nitrostyrene (Figure 2.1).  
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Figure 2.1 The typical structure of D--A system 

In -nitrostyrene, the phenyl ring is in conjugation with nitro 

group, which is an acceptor. Dyes with a similar design are commonly 

used for solar cell applications (Figure 2.1). The following are some of 

the important considerations to be adopted while designing dyes for 

DSSC applications.  

 The electronic properties such as HOMO and LUMO 

energies should be conducive for an exergonic electron 

injection to the conduction band of the semiconductor and 

an exergonic regeneration of the dye by the redox 

electrolyte. For a DSSC based on TiO2 as semiconductor  

and Iodine triiodide as electrolyte, the LUMO and HOMO 

level of the dye should lie above -0.5 V and  below 0.5 V 

respectively.  

 The absorption spectrum of the dye should cover the 

visible region of the solar spectrum ie., 400-700 nm. 

 The dye should have sufficient solubility to allow good 

dye loading on the semiconductor surface.  

 The affinity towards semiconductor surfaces is an 

important factor for a better binding and subsequent 
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electronic interaction with the LUMO orbitals and the 

conduction band of the semiconductor. 

 The dye should have sufficient hydrophobicity to insulate 

the electrolyte from reaching the semiconductor surface. 

 The dye with long hydrocarbon chains is a necessary 

structure design to prevent aggregation of the dye on the 

semiconductor surface.  

Figure 2.1 lists the type of donor and acceptor moieties used in 

the design of D--A type of dyes. Triphenylamine, carbazole, 

phenoxazine and phenothiazine are typical donor moieties. However, 

cyanoacrylic acid is the most commonly used acceptor group, it has its 

own advantages and disadvantages such as greater affinity towards TiO2 

and the absorption spectrum haven’t sufficient overlap with the visible 

region of the solar spectrum respectively. Some of the alternative 

acceptor groups reported in the literature are rhodamine-3-acetic acid and 

its bis rhodanine derivative.
1
 These acceptors possess good affinity 

towards semiconductor surfaces due to their carboxylic acid groups and 

the dyes synthesised with these acceptor moieties have suitable LUMO 

levels for efficient electron injection. 

 Z. Li et al. reported
2
 a series of dyes 49, 50, and 51 with N-ethyl 

substituted thiobarbituric acid as the acceptor unit. DSSC device based 

on 51 showed the highest photoconversion efficiency (2%) and the 

lowest was for 49 (0.28%) (Figure 2.2). 
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Figure 2.2 Dyes containing N-ethyl substituted thiobarbituric acid as the 

acceptor unit 

In a report
3
 by Yen et al., the N-alkylated derivatives of 

thiobarbituric acid (Figure 2.3) have been used as the acceptor in a p-type 

DSSC device where the donor moiety was anchored to NiO via -COOH 

groups. The efficiency reported was very low (0.053%) 
 

 

Figure 2.3 Sensitizer with N-alkylated derivative of thiobarbituric acid 

as acceptor 
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The acceptor groups of the above mentioned dyes are alkylated 

cyclic amides. The noticeable thing is that, compared to cyanoacetic acid 

based dyes, the category listed above doesn’t have suitable anchoring 

groups at the acceptor site.  

In the present thesis, we propose the use of barbituric acid and 

thiobarbituric acid as acceptor groups, which can bring the excitation 

energy considerably down and thereby ensuring better overlap with the 

visible solar spectrum. This has been demonstrated by Ikeda and co-

workers
4
 in their study of push–pull aniline–cyclic amide conjugates 53–

56 (Figure 2.4). In these molecules, the DMA (dimethyl aniline) donor 

was linked to acceptors such as N-unsubstituted barbituric acid (53), 

thiobarbituric acid (54), hydantoin (55) and rhodanine (56). The optical 

absorption (max) was shifted by 30 nm from barbituric acid to 

thiobarbituric acid acceptors. On the other hand, the replacement of six 

membered BA derivative 53 by the five membered hydantoin derivative 

55 resulted in considerable hypsochromic shift. Compared to 55, two 

sulphur atoms in rhodanine derivative 56 shifted the CT-band by 90 nm 

and thus, the ring size and heteroatoms attached on the acceptor play an 

important role in the overall performance of the given heterocyclic 

acceptor. 



Chapter 2 

 

68 Department of Applied Chemistry, CUSAT 

 

 

Figure 2.4 The absorption maxima changes in push–pull dimethyl 

substituted aniline–cyclic amide conjugates 

A keto-imido tautomerization can be expected for barbituric acid 

and thiobarbituric acid acceptors and thus have a tendency to deprotonate 

and bind with the TiO2 surface (Scheme 2.1). The use of barbituric acid 

or thiobarbituric acid with free NH groups as the acceptor/anchoring 

group in photovoltaic applications was not reported so far to the best of 

our knowledge. With this in mind, we have designed a series of carbazole 

and phenothiazine based D--A systems with a few heterocyclic electron 

acceptor groups such as rhodanine-3-acetic acid, barbituric acid and 

thiobarbituric acid.  

The chosen donor moieties are carbazole and phenothiazine, their 

conjugates with cyanoacrylic acid show suitable HOMO levels for using 

with a Gratzel type solar cell. These are well studied cases and the results 

can be used to validate our studies. N-alkylation in these types of donors 

can generate better results as these groups make the semiconductor 

surface hydrophobic, which can prevent electrolyte from reaching the 

surface and reducing the leakage of dark current. They also prevent close 
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packing of the dye, a factor that reduces the power conversion efficiency 

in organic dye based DSSC devices.   
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     -incresed hydrophobicity
     -less aggregation on TiO2

     -improved solubility

  

Scheme 2.1 Proposed TiO2 binding sites of barbituric acid moiety.  

Barbituric acid and thiobarbituric acid are pyrimidine triones and 

are known to form metal complexes with Co, Ni, Cu, Pd and Pt. The 

nucleic acid base thymidine as well as DNA itself are known to interact 

with metal ions such as Ag
+
 and Hg

2+
. These cations deprotonate the 

amide NH and subsequently form divalent species of T-M-T type 

divalent metal organic structures. B. Ma et al. have successfully used this 

in the development of a ratiometric fluorescent sensor for biothiols and 

Hg
2+

 (Figure 2.5). The mechanism of binding involves the monomer–

excimer transformation of pyrene moieties.
5
 A 2:1 binding stoichiometry 

is formed between the pyrene based sensor and Hg
2+

 ions. In this method, 

the difference in the binding affinity between thymine–Hg
2+ 

and 

biothiol–Hg
2+

 was employed to understand the detection. This excimer–

monomer emission change affords the 57–Hg
2+

–57, a reversible and 

sensitive fluorescent ratiometric sensor for biothiols.  
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Figure 2.5 Mechanism of binding in 57 with Hg
2+ 

These reports motivated us to proceed with the current design of 

D--A systems which can be potential dyes for DSSC applications and as 

chemosensor systems for metal ion detection. These D--A molecules 

have inherent intramolecular charge transfer (ICT) character which is 

expected to respond to the electron distribution changes by metal ion 

binding. Thus, these acceptor groups are chosen, such that they act as 

anchoring groups for binding to TiO2, the photoanode in the DSSC. Few 

of these acceptor groups are also potential recognition sites for metal ion 

sensing. The general design principle is illustrated with a phenothiazine – 

barbituric acid conjugate in Scheme 2.1 and Figure 2.6 which show the 

D--A systems synthesised and studied in the present thesis. 
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Figure 2.6 Chart showing the D--A systems synthesised and studied. 
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2.3 Results and Discussion 

2.3.1 Synthesis  

 Knoevenagel condensation reaction was used for the synthesis of 

above mentioned dyes. Here, 9-octyl-9H-carbazole-3-carbaldehyde (58) 

or 10-octyl-10H-phenothiazine-3-carbaldehyde (59) was prepared by 

Vilsmayer formylation of respective n-octyl carbazole or n-

octylphenothiazine in acetic acid. These were refluxed with cyano acetic 

acid or rhodanine-3- acetic acid in the presence of ammonium acetate 

which resulted in the dyes CCAA, CRAA, PCAA and PRAA 

respectively in good yields (scheme 2.2 & 2.3) 

 

 

 

 

Scheme 2.2 Synthesis of CCAA and CRAA 

 

 

 

 

Scheme 2.3 Synthesis of PCAA and PRAA 
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 The other four dyes CBA, PBA, CTBA and PTBA were 

synthesised by refluxing 9-octyl-9H-carbazole-3-carbaldehyde (58) or 

10-octyl-10H-phenothiazine-3-carbaldehyde (59) with barbituric acid or 

thiobarbituric acid in ethanol (Scheme 2.4 & 2.5). 

 

 

 

 

 

Scheme 2.4 Synthesis of CBA and CTBA 

 

 

 

 

Scheme 2.5 Synthesis of PBA and PTBA 

All the prepared dyes were characterised by spectroscopic techniques 

such as FT-IR, 
1
H NMR, 

13
C NMR and ESI-MS/HRMS.  
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2.3.2. Photophysical Studies 

2.3.2.1 Absorption Properties of Carbazole Dyes 

 

Figure 2.7 Absorption spectra of carbazole compounds in CHCl3 

 

Figure 2.8 Absorption spectra of carbazole compounds in MeCN 

The absorption spectral properties of the four carbazole dyes have 

been investigated in different solvents. The absorption spectra of these 

dyes possess the characteristic features of a π-conjugated donor-acceptor 
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system with a prominent intramolecular charge transfer herein referred to 

as ICT absorption band. The absorption maximum due to this ICT state 

shifts to the visible region of the electromagnetic spectrum with increase 

in the electron affinity of the acceptor group. CCAA and CRAA show an 

ICT absorption band at λmax 399 and 448 nm respectively, while CBA 

and CTBA exhibited an absorption maximum at 452 and 482 nm in 

chloroform as shown in Figure 2.7. A red shift of 83 nm in the absorption 

maximum is observed as we change the acceptor from cyanoacetic acid 

to thiobarbituric acid. Based on the absorption maximum of the ICT band 

observed, the order of electron affinity of the acceptor groups is cyano 

acetic acid ˂ rhodanine-3-acetic acid ˂ barbituric acid ˂ thiobarbituric 

acid. The absorption spectra of these conjugates were found to be 

dependent on the polarity of the solvent medium. The absorption 

maximum of the ICT band in different solvents is summarized in Table 

2.1 and the absorption spectra of these dyes in acetonitrile is presented in 

Figure 2.7. As observed for typical D--A systems, the absorption 

spectrum is red shifted in a less polar solvent such as chloroform. In a 

highly polar solvent such as acetonitrile, the absorption maximum is blue 

shifted by 7 nm for CCAA, 10 nm for CRAA, 20 nm for CBA and 15 nm 

for CTBA. For CCAA and CRAA, the absorption maximum did not 

show much variation among Toluene, THF, acetone, methanol and 

acetonitrile. In toluene, the absorption maximum observed for CCAA and 

CRAA are blue shifted compared to that observed in chloroform and this 

is unusual for a less polar solvent like toluene. Similarly, the spectrum is 

further blue shifted in ethyl acetate which is slightly polar compared to 

chloroform and toluene and less polar than acetonitrile. For CBA and 
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CTBA, the response to polarity in chloroform and acetonitrile is as 

expected for a molecule having ICT character. However, no specific 

trend is seen among other solvents. This may be due to the fact that these 

molecules possess hydrogen bond donating and accepting sites in 

addition to the inherent dipolar nature due to the ICT character. 

Hydrogen bonding with the solvent along with dipole–dipole interaction 

may lead to complex solvatochromic responses in this type of systems. 

Molar extinction coefficients of carbazole dyes are calculated and listed 

in the Table 2.1. All these dyes show high molar extinction coefficients 

for typical ICT states in D--A systems. The dyes CCAA, CBA and 

CTBA show maximum molar absorptivity in toluene and CRAA has 

molar absorptivity maximum in ethyl acetate (Table 2.1).  

Table 2.1 Absorption spectral properties of n-octylcarbazole based D--

A systems. 

Solvent 

CCAA CRAA CBA CTBA 

λmax 

(nm) 

εmax 

cm-1M-1 

x 104 

λmax 

(nm) 

εmax 

cm-1M-1 

x 104 

 

λmax 

(nm) 

 

εmax 

cm-1M-1 

x 104 

λmax 

(nm) 

εmax 

cm-1M-1 

x 104 

Toluene 394 3.53 440 3.29 437 3.66 467 5.67 

CHCl3 399 2.97 448 2.77 452 3.23 482 4.54 

THF 391 3.19 438 3.34 428 2.85 460 4.93 

EtOAc 388 3.23 428 3.47 428 3.30 460 4.41 

MeOH 390 2.71 438 3.33 438 3.16 469 4.61 

Acetone 392 3.28 441 3.02 430 2.94 461 4.65 

MeCN 392 2.95 438 2.98 432 3.10 467 5.00 
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2.3.2.2 Emission Properties of Carbazole Dyes 

The emission properties of the four carbazole dyes have been 

investigated under different solvents. Figure 2.9 & 2.10 show the 

emission spectra of all the compounds recorded in chloroform and 

acetonitrile by exciting at 370 nm. In chloroform, the emission spectrum 

of these dyes shows carbazole type emission band in the range of 400-

440 nm having vibrational fine structure. CCAA, CRAA and CTBA 

show dual emission bands and in these molecules apart from the 

carbazole type emission, a broad and unstructured emission band is also 

observed which is assigned to the ICT state. These molecules thus 

possess two emissive states; one, a carbazole based excited state (CE) 

and an intramolecular charge transfer state (ICT). In the case of CCAA in 

chloroform, two states are not resolved very well and the fine structure 

expected for the CE state appear as small shoulders at 410 and 427 nm. 

The maximum at 497 nm observed in chloroform is primarily due to the 

ICT state. For CRAA and CTBA, the dual emission is well resolved and 

for CTBA, they are 170 nm apart from the observed ICT emission 

maximum at 600 nm. Since these compounds have overlapping 

absorption band in this region, the observed spectrum do not represent 

the actual intensity and emission spectral profile. The carbazole type CE 

emission intensity is lower in acetonitrile and the spectra is characterised 

by strong ICT emission band for all compounds. The large red shift in the 

ICT emission band in CTBA could be due to a highly stabilized CT 

excited state possible in such molecules possessing strong electron 

acceptor groups. The effect of solvent polarity on the relative intensity of 

the CE and ICT emission bands were compared and presented in Figure 
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2.11. The inset in the bar diagram shows the ratio of integrated intensities 

for the CE and ICT band and it is evident that, there is strong polarity 

dependence to the ICT emission. However, in methanol, though polar do 

have significant CE emission compared to that observed in acetonitrile. 

This may be due to the polar–protic character and hydrogen bonding 

interaction of the solvent with the carbonyl/thiocarbonyl groups which 

may facilitate a faster non-radiative deactivation and lower quantum 

yield of ICT emission.  

 

Figure 2.9 Emission spectra of carbazole compounds in CHCl3, ex = 370 

nm   
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Figure 2.10 Emission spectra of carbazole compounds in MeCN, ex = 

370 nm   

  

Figure 2.11 Fluorescence emission spectra of CTBA in different solvents 

(Normalized at the ICT emission maximum). Inset: Ratio of integrated 

emission intensity due to carbazole type emission (CE) and charge 

transfer excited state (ICT).  
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The fluorescence lifetime at 600 nm for CCAA, CBA, and CTBA 

were recorded in acetonitrile and the data were fitted well to a multi-

exponential equation. The lifetime values with >5% contribution are 

reported in the Table 2.2. CCAA and CBA emissions have a lifetime of 

0.019 ns whereas that of CTBA is long lived with a lifetime 0.58 ns. The 

fluorescence quantum yields (f) were also determined by relative 

actinometry using peryline bisimide as the reference. All compounds 

show weak emissions and CBA has the lowest quantum yield of 

fluorescence.  

Table 2.2 Emission spectral properties of n-octylcarbazole based D--A 

Solvent 
CCAA 

λmax 

(nm) 

CRAA 
λmax 

(nm) 

CBA 
λmax 

(nm) 

CTBA 
λmax 

(nm) 

Cyclohexane 425, 452 485 490, 564 427, 527 

Toluene 438 512 510 427, 564 

CHCl3 470 429, 500 429, 490 429, 600 

THF 455 495 491 424, 574 

EtOAc 453 527 491 425, 576 

MeOH 460 565 495 426, 608 

Acetone 478 545 513 424, 595 

MeCN 494 550 524 427, 604 

 (ns)* 0.019 -- 0.019 0.58 

f* 0.013 0.015 0.0015 0.01 

*Solvent: Acetonitrile 

 Since CBA and CTBA possess multiple hydrogen bonding donor 

and acceptor sites, they can form organised assemblies in the solid state. 

Such organized assemblies of carbazole derivatives were shown to have 

high luminescence properties in the solid state.
6 

CBA showed strong 
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solid state emission than CTBA when observed under UV illumination 

(Figure 2.12). This behaviour may be due to an aggregation induced 

emission arising from the close packing of molecules in the solid state. 

Such aggregation induced emission has been reported earlier for 

carbazole derivatives and the property has been used earlier in photonic 

applications.
7 
   

 

Figure 2.12 Photographs showing solid state emission of CBA and 

CTBA 

2.3.2.3 Intramolecular Charge Transfer in Carbazole Dyes 

   Mohamad-Ali, T. et al. in their report on the push-pull systems in 

photosensitized radical and cationic polymerization reactions using CBA 

and CTBA made some interesting observation related to their absorption 

and emission behaviour in various solvents.
8
 The authors suggested a 

zwiterionic form, which gets stabilized by hydrogen bond donating 

solvents causing a blue shift in the absorption spectrum and hydrogen 

bond accepting solvents like acetone or THF destabilizes the ground state 

and causing a red shift in the absorption spectrum (Scheme 2.6). This 

explanation lacks clarity and is contradictory to what is observed in 
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hydrogen bond donating solvents such as methanol and polar solvents 

like acetonitrile where a red shift in the absorption spectrum is observed. 

Similarly in hydrogen bond accepting solvents such as acetone and ethyl 

acetate, a blue shifted absorption spectrum is observed. In the case of 

CTBA, we have observed a weak shoulder like absorption around 500 

nm in all solvents and are more prominent in chloroform. (See Figures 

2.7 and 2.8) 

 

Scheme 2.6 (a) Formation of hydrogen bonded “dimers” in solution and 

(b) schematic representation of the different effects involved in the 

solvatochromic behaviour of CBA reported by Mohamad-Ali, T. et al.
8 

Major discrepancies were also observed in the emission 

properties reported by this group. They did not observe the dual emission 

property of these compounds and this may be due to choosing an 

excitation wavelength along the onset of the absorption band. We have 
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chosen an excitation wavelength of 370 nm, which may lead to 

population of both LE and CT states. According to this report, in 

acetonitrile, CTBA showed emission maximum at 557 nm whereas we 

have observed the emission maximum at 604 nm. This emission 

maximum was found to be less affected by the solvent polarity and the 

stokes shift values (st) obtained in different solvents were plotted against 

f, a function that was dependent on the dielectric constant () and 

refractive index (n) of the medium as described by the Lippert equation. 

9,10
 

st = 

2(𝜇𝑒−𝜇𝑔)2 ∆𝑓

ℎ𝑐𝑎3
+ 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

where e and g are the excited and ground state dipole moments, 

∆𝑓 = [
(∈−1)

(2∈+1)
] − [

(𝑛2−1)

(2𝑛 2+1)
], h is the Planck's constant, c is the speed of 

light and a is the radius of the solvent shell where the fluorophore 

resides. The slope (m) of a plot of st vs. f gives the value of 22
/hca

3
. 

For the carbazole derivative a is assumed as 4 A
0
  

Since these compounds in particular, CRAA, CBA and CTBA, 

possessing hydrogen bond donating and accepting functionalities showed 

mixed solvatochromic behaviour they did not give very good correlation 

with the Lippert model. Figures 2.13–2.14 show the Lippert–Mataga 

plots obtained for CCAA, CRAA, CBA and CTBA and Table 2.3 

summarises the experimental data and the estimated dipole moment 

difference () between the excited state and the ground states. All the 

compounds except CTBA showed ground and excited state dipole 
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moment differences typical for molecules with ICT. In the case of CTBA 

calculated was small indicating a highly polarised ground state 

leading to very little charge shift in the excited state.  

 

Figure 2.13 Lippert- Mataga plots obtained for CCAA and CRAA 

 

Figure 2.14 Lippert- Mataga plots obtained for CBA and CTBA 
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Table 2.3 Stokes shift values in different solvents, solvatochromic slopes 

(m), and  values for CCAA, CRAA, CBA and CTBA 

Compound/Solvent CCAA CRAA CBA CTBA 

S
to

k
es

 s
h
if

t,
 (

cm
-1

) 

Toluene 238095   103092 

CHCl3 151515 192307 63157 84745 

THF 156250 166666  87719 

EtOAc 153846 101010 158730 86206 

Acetone 116279 96153 149253 74626 

MeOH 142857 78740 78125 71942 

MeCN 98039 89285 108695 72992 

Slope, m (cm-1) 384348 647534 902372 101567 

D) 28.5 43.5 53.1 17.8 

 

This unusual behaviour of CTBA along with the marked 

difference in the absorption and emission characteristics prompted us to 

undertake a detailed theoretical study of this molecule.  

CTBA can exist in various forms such as the neutral form, a 

zwitterionic form, and in three different tautomeric forms (Scheme 2.7). 

Relative proportions of these forms depend on the nature of the solvents 

used. For example, zwitterionic form is more probable in polar solvents 

and tautomeric forms to get stabilized or destabilized by hydrogen 

bonding interactions. In order to get more insight into these aspects, we 

have carried out DFT and TD-DFT calculations at 6-311G (2d, p) 

level
11,12

 on a model N-methylated carbazole derivative considering the 

higher time required for the computational work on n-octyl substituted 
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derivative (CTBA). The calculations were carried out for acetonitrile 

medium by using polarizable continuum model (PCM). The results of the 

calculations are presented in the Table 2.4 and 2.5. Both CBA and CTBA 

molecules show a planar geometry in the ground state for the neutral 

form, zwitterionic form and the tautomeric form III. Scheme 2.8 shows 

two possible planar conformers for the neutral form. Here two important 

steric interactions raise the energy of the planar conformer. In conformer 

A, there is steric interaction between the H25 and carbonyl oxygen O19. 

Similarly in conformer B, the steric interaction is between H11 and O23. 

The atom numbering used was taken from the z-matrix used for the DFT 

calculations. The results of the DFT calculations show that, conformer A 

is the lowest energy one where the steric interaction is minimized by 

adopting a wide angle (angle C9-C12-C13~138
o
-139

o
) for the bridging 

sp
2
 hybridized methylene carbon.  
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Scheme 2.7 Different structural forms possible for CBA and CTBA 
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Scheme 2.8 The two planar conformers for the neutral form 

This wide angle is adopted by both CBA and CTBA in their 

neutral form, zwitterionic form and in the tautomeric form I and thus 

maintains a planar geometry. The tautomeric forms II and III adopt a 
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twisted geometry and thus relieve the excessive steric strain arising from 

the change of hybridization from sp2 hybrid O19 carbonyl oxygen to sp
3
 

hybrid enolic oxygen. The dipole moments calculated for the tautomeric 

form I and II were ~5 Debye units higher than that obtained for the 

neutral form. Moreover, the energy difference between the neutral and 

the tautomeric forms was ~16 kcal/mol making their inter-conversion by 

intramolecular proton transfer facile. This intramolecular proton transfer 

may occur even in the excited state via Excited State Intramolecular 

Proton Transfer (ESIPT) pathway reported for such systems where 

tautomeric forms are possible. Due to the higher dipole moment for the 

tautomeric form, they may get stabilized by polar aprotic or polar protic 

solvents.  

   The results of the calculations for both CBA and CTBA in their 

neutral and zwitterionic forms gave identical results and show no 

difference between the respective neutral and zwitterionic forms. Both 

forms gave identical energies, dipole moments and molecular orbitals. 

TD-DFT calculations also gave identical excitation energies and UV-Vis 

absorption transitions. CBA gave excellent correlation with the 

experimental absorption spectrum in acetonitrile. Since there is no 

difference in the electronic properties of neutral and zwitterionic forms, it 

is safer to assume a dipolar charge transfer model for the ground state 

molecule considering the solvatochromic responses of CBA. However 

calculated data obtained for CTBA showed marked deviation from the 

experimental values. In the case of CTBA, HOMO and LUMO are 

delocalized over carbazole and thiobarbituric acid moieties. HOMO has 

its largest coefficients contributed by carbazole and LUMO has major 
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contribution from thiobarbituric acid. HOMO-1 is less delocalized over 

thiobarbituric acid and mainly located on carbazole. LUMO+1 is also a 

carbazole centered orbital. The lowest energy electronic state calculation 

shows elelctronic transitions based on HOMO-1 to LUMO transition as 

well as between HOMO and LUMO. Based on the orbitals involved, this 

transition is having a -* character and involves a charge shift from 

carbazole to thiobarbituric acid typical for such molecules with ICT 

character.  

Table 2.4. Comparison of the electronic properties of various forms of 

CTBA obtained by DFT and TD-DFT calculations. 

Property 

N

N

N
O

O

S

R

H

H

 
Neutral Form 

N

N

N
O

O

S

R

H

H

 
Zwitterionic Form 

Heat of Formation -38.29 keV -38.29 keV 

Dipole moment, 

(Debye) 
12.5896 Debye 12.5907 Debye 

UV-Vis Absorption 
457.86 (0.8675, -*) 

422.41 (0.2640, -*) 

457.85 (0.8674, -*) 

422.41 (0.2640, -*) 

Emission 553.08 (0.5990, -*) 565.57 nm (0.4357, -*) 

Optimized Geometry 

(Ground State) 

  

Optimized Geometry 

(Excited State) 
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Property 

N

N

N
HO

O

S

R

H

 
Tautomeric Form I 

N

N

N
O

HO

S

R

H

 
Tautomeric Form II 

N

N

N
HO

HO

S

R  
Tautomeric Form III 

Heat of 

Formation 
-38.29 keV -38.29 keV -38.28 keV 

Dipole 

moment, 

(Debye) 

17.40 Debye 18.26 Debye 21.94 Debye 

UV-Vis 

Absorption 

(Oscillator 

Strength, 

nature of 

transition) 

512.99 nm  

(0.0000, -*) 

472.19 nm 

 (1.1633, -*) 

431.14 nm 

 (0.2356, -*) 

525.5 nm 

(0.0001, n-*) 

495.46 nm  

(1.1029, -*) 

456.55 nm 

 (0.2022, -*) 

646.87 nm 

(0.0001, n-*) 

510.97 nm 

(1.3213, -*) 

470.19 nm 

(0.1808, -*) 

Emission 

(Oscillator 

Strength, 

nature of 

transition) 

617.59 nm  

(0.0000, *-n) 

561.32 nm  

(1.5758, *-) 

492.16 nm 

 (0.1182, *-) 

432.71 nm  

(0.0104, *-) 

867.95 nm  

(0.0000, *-) 

602.3 nm 

(0.0000, *-) 

576.15 nm 

 (0.0000, *-n) 

425.44 nm 

 (0.7849, *-) 

 

Optimized 

Geometry 

(Ground 

State)    

Optimized 

Geometry 

(Excited 

State) 
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Table 2.5 MOs of N- methyl substituted CTBA 

HOMO/ 

LUMO 

(Orbital 

Number) N

N

N
O

O

S

R

H

H

 
Neutral Form 

N

N

N
HO

O

S

R

H

Tautomeric Form 1 

N

N

N
O

HO

S

R

H

Tautomeric Form 2 

LUMO+2 

(90) 

-0.0472 -0.0415 -0.0467 

LUMO+1 

(89) 

-0.0547 -0.0531 -0.0574 

LUMO (88) 

-

0.1127 -0.1166 -0.1221 

HOMO (87) 

-0.2245 -0.2234 -0.2243 

HOMO-1 

(86) 

-0.2391 -0.2325 -0.2360 

HOMO-2 

(85) 

-0.2461 
 

-0.2402 
 

-0.2400 
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Table 2.6 MOs of CTBA 

HOMO/LUMO(Orbital 

Number) 

N

N

N
O

O

S

n-Octyl

H

H

 
Neutral 

N

N

N
HO

O

S

n-Octyl

H

 
Tautomeric form 1 

LUMO+1 

 
-0.0472 

 
-0.0455 

LUMO+1 (89) 

 
-0.0547 

 
-0.0558 

LUMO (88) 

 
-0.1127 

 
-0.1193 

HOMO (87) 

 
-0.2236 

 
-0.2238 

HOMO-1 (86) 

 
-0.2386 

 
-0.2351 

HOMO-2 (85) 

 
-0.2461 

 
-0.2394 

 

Tautomeric forms also share similar orbitals as found in the 

neutral form or zwitterionic form. However, there is a reordering of 
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energy levels and in these forms; the HOMO-1 is now the non-bonding 

lone pair orbital on the thiocarbaonyl sulfur atom. In general, 

tautomerization leads to destabilization of the HOMO and stabilization of 

the LUMO in all tautomeric forms. This destabilization is partly due to 

the increasing twist angle between the Donor and acceptor moieties 

causing lesser overlap between  type orbitals. Table 2.4 and 2.5 shows a 

comparison of frontier orbitals of neutral form and the three tautomeric 

forms (I - III).  

TD-DFT calculations provided insights on how these forms 

contribute to the excited state properties of CTBA. Though 

computationally expensive, calculations at the 6-311G (2d, p) level gave 

better correlations with the experimental data.  The results show 

significant lowering in the excitation energy of the -* transitions in 

these forms along with significant involvement of a new a weakly 

allowed n-* transition at 525 nm. This n-* transition involve 

nonbonding sulfur lone pair orbital and LUMO in the twisted tautomeric 

form II. This becomes significant due to the increasing twist angle 

between the donor and the acceptor moieties in the tautomeric forms 

making the forbidden n-* transition allowed.  In terms of energy this 

transition further shifts to 646nm in form III.  In form II and III, twisting 

is due to the steric strain due to buttressing of sp3 hybrid enolic O-atom 

with the C-H on the carbazole ring.  In comparison to the planar forms in 

form II and III this this twisting is preferred between the carbazole and 

the thiobarbituric acid moiety rather than a widening of the C-C-C bond 

angle of the methylene bridge. Other transitions are also affected due to 

this twist and occur the reordering of energy levels. The charge transfer 
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transition of the -* type also shows progressive red shift in tautomeric 

form I-III. Based on these results and the observed experimental data, it 

can be assumed that the CTBA molecule adopts a tautomeric form 

preferably the form I or II in solution with slight twist making the n-* 

transitions weakly allowed. This explains the appearance of a shoulder 

around 510 nm and the absorption maximum at 567 nm in the 

experimental spectrum obtained for CTBA in acetonitrile. This also 

explains similar results obtained in other solvents. Additional evidence 

extists in the 
1
H NMR spectrum recorded in DMSO-d6. The spectrum 

shows evidence for the existence of tautomeric forms, as an additional 

peak at  12.23 ppm along with the peaks corresponding to the NH 

protons of thiobarbituric acid moiety (Figure 2.29)  

 The TD-DFT calculations with geometry optimization in the 

excited state gave a clearer picture on the allowed radiative transitions 

(emission) from the excited state. The optimized geometry obtained for 

the neutral form was a planar one and the lowest energy radiative 

transition calculated was at 553 nm. The optimized geometry for the 

zwitterionic form shows a twist between the carbazole and the 

thiobarbituric acid moiety and the calculated radiative transition is at 565 

nm, which is red shifted compared to that calculated for the neutral form. 

The tautomeric form I also shows a planar excited state and a strongly 

allowed emission at 561 nm. This form also showed a weak radiative 

transition around 617 nm and this transition is mainly between the 

LUMO and the orthogonal nonbonding orbital. In tautomeric form II, the 

excited state geometry is a 90
o

 twisted excited state, where the carbazole 

and barbituric acid moieties were orthogonal to each other. In this case, 
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four significant radiative transitions were noted. Three weakly allowed 

transitions at 867.95 nm (0.0000), 602.3 nm (0.0000) and 576.15 nm 

(0.0002) and a strongly allowed transition at 425.44 nm (0.7849).  All 

transitions except the one at 576 nm are between  type orbitals. The one 

calculated at 576 nm is between the LUMO and the nonbonding orbital 

on sulfur atom of the thiocarbonyl group. The average emission 

maximum observed for this transition in the intermediate geometries 

obtained was about 600 nm. This data correlate with the experimentally 

observed emission maximum in MeCN which was at 604 nm and similar 

maximum was observed in MeOH (608 nm) and CHCl3 (600 nm). 

Moreover, the theoretical radiative transition at 425.44 nm correlates 

with the experimentally observed higher energy band at 427 nm. These 

results further support the experimentally observed dual emission 

characteristics of CTBA in various solvents.  The emission band around 

427 nm was also found to be not affected by the solvent polarity ruling 

out any potential charge transfer nature. The orbitals involved in this 

transition are the more delocalized LUMO and the carbazole based  

type HOMO-3 orbital. The fine structure observed in this emission band 

further supports this argument. The second red shifted emission band 

responds to the solvent polarity and this is supported by the charge 

transfer character of this transition. This band is an envelope of 

transitions involving the  type delocalized LUMO to the delocalized  

type HOMO and an orthogonal nonbonding (n-type) orbital which are 

known to be stabilized by polar solvents causing prominent 

solvatochromic effects in emission. Thus, the theoretical data find 

agreement between the experimental absorption maximum (467 nm) with 
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a shoulder at 510 nm and the dual emission characteristics with bands at 

425 nm and the second red shifted emission maximum around 600 nm. 

The study points to the fact that, there exists a tautomeric pre-twisted 

ground state and a twisted excited state with a greater role of the non-

bonding lone pair orbital on thiocarbonyl group contributes in the 

photophysical properties of CTBA. The longer fluorescence lifetime 

(0.58 ns) and one order higher fluorescence quantum yield (0.01) 

observed for the 604 nm emission in acetonitrile further supports the 

twisted and a more stabilized excited state. Similar results due to twisting 

of geometry were observed in the case of cyanine and polymethine 

dyes.
13-16

 In summary, the absorption and emission behavior of 

CTBA depend on the relative orientation of the donor and the 

acceptor groups and possess two experimentally observable emissive 

states, which are carbazole based excited state (CE) and twisted 

intramolecular charge transfer state (TICT) involving radiative 

transition between the LUMO and nonbonding orbital.  
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2.3.2.4 Absorption Properties of Phenothiazine Dyes 

 

Figure 2.15 Absorption spectra of Phenothiazine compounds in CHCl3  

 

Figure 2.16 Absorption spectra of phenothiazine compounds in MeCN. 

Absorption spectra of phenothiazine dyes PCAA, PRAA, PBA 

and PTBA show similar ICT character as seen in the carbazole type dyes 

CCAA, CRAA, CBA and CTBA. The absorption spectrum was shifted to 

longer wavelength with increasing electron affinity of the acceptor 
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moiety. For example, the cyanoacetic acid conjugate, PCAA showed an 

absorption maximum of 450 nm in chloroform and the thiobarbituric acid 

conjugate PTBA at 553 nm. In a polar solvent like acetonitrile, all spectra 

showed a blue shift. The blue shift was about 10 nm for PCAA and 

PRAA whereas the spectra was shifted to blue region by 36 nm and 30 

nm respectively for PBA and PTBA. Similar to carbazole dyes, PCAA, 

PRAA, PBA and PTBA showed an unusual solvent dependent blue shift 

in hydrogen bond accepting solvents such as ethyl acetate compared to 

acetonitrile.    

 The broad absorption spectrum of PBA and PTBA overlaps well 

with the visible region of the solar spectrum. This is advantageous as 

these dyes can be used as sensitizers in solar energy harvesting 

applications. The extinction coefficients of the phenothiazine dyes were 

determined and the values were slightly lower than that observed for 

carbazole dyes. The absorption maximum and the molar extinction 

coefficients of all compounds are listed in Table 2.6. The next chapter 

discusses the results of our studies on the photovoltaic properties of both 

carbazole and phenothiazine based donor – acceptor systems.  
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Table 2.6 Absorption spectral properties of n-octylphenothiazine based 

D--A systems 

 PCAA PRAA PBA PTBA 

abs 

(nm) 

εmax 

(cm-1M-1) 

X 104 

abs 

(nm) 

εmax 

(cm-1M-1) 

X 104 

abs 

(nm) 

εmax 

(cm-1M-1) 

X 104 

abs 

(nm) 

εmax 

(cm-1M-1) 

X 104 

Toluene 438 1.94 465 2.0 490 1.31 525 1.33 

CHCl3 450 1.98 477 1.72 521 1.27 553 1.23 

THF 440 1.97 467 1.91 479 1.20 510 1.24 

EtOAc 440 2.15 462 2.01 478 1.28 510 1.27 

MeOH 432 1.76 467 1.94 490 1.25 525 1.25 

Acetone 441 2.20 467 2.06 481 1.27 518 1.27 

MeCN 439 1.93 467 2.17 485 1.15 523 1.29 

2.3.2.5 Emission Properties of Phenothiazine Dyes 

 All the compounds show weak emission spectra with negligible 

solid state luminescence except PCAA. The emission properties of the 

phenothiazine dyes were recorded in different solvents. PCAA and 

PRAA showed emission band around 600 nm with significant polarity 

dependence showing the charge transfer nature of the state involved. 

Figure 2.17 and 2.18 show the emission spectra of phenothiazine dyes in 

chloroform and acetonitrile respectively. PRAA, PBA and PTBA showed 

two emission bands as observed in the case of CTBA (Figure 2.9, 2.10 

2.11 and § 2.3.2.2). For PRAA this property was mainly observed in 

acetone and acetonitrile. For PBA the dual emission property was 

observed in nonpolar and hydrogen bond accepting solvents. PTBA 

showed dual emission properties only in cyclohexane. The observed data 

is insufficient to draw conclusions on the nature of the excited states of 

these molecules. Based on the results obtained in the case of CTBA, a 
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fair assumption is that, these molecules do possess two emissive states: 

one based on the phenothiazine and the other predominantly of charge 

transfer nature involving a delocalised LUMO and the nonbonding 

orbitals on the carbonyl or thiocarbonyl groups in the rhodanine, 

barbituric acid or thiobarbituric acid groups.    

 

Figure 2.17 Emission spectrum of phenothiazine compounds in CHCl3, 

ex = 440 nm   

 

Figure 2.18 Emission spectrum of phenothiazine compounds in MeCN, 

ex = 440 nm  
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Figure 2.19 Emission spectrum of PRAA in acetone, ex = 440 nm  

 

Figure 2.20 Emission spectrum of PBA in toulene, ex = 440 nm  
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Figure 2.21 Emission spectrum of PTBA in cyclohexane, ex = 440 nm  

Table 2.7 Emission spectral properties of n-octylcarbazole based D--A 

systems. 

 PCAA 

λmax 

(nm) 

PRAA 

λmax 

(nm) 

PBA 

λmax 

(nm) 

PTBA 

λmax 

(nm) 

Cyclohexane 558 557 475, 607 510, 641 

Toluene 600 602 511, 634 527 

THF 602 629 533, 627 495 

CHCl3 618 639 554 533 

EtOAc 604 627 527, 640 517 

MEOH 593 617 570 492 

Acetone 617 517, 646 524 529 

MECN 557 517, 645 544 531 

 (ns)* 0.458 

(47.68) 

4.71 

(52.32) 

 1.74 

(18.41) 

5.06 

(72.05) 

0.0238 

(9.54) 

 

f* 0.261 0.002 0.003 0.004 

* Solvent: acetonitrile. Values in parenthesis are contributions in % to the 

overall decay.  
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2.3.3. A Survey of Mercury Binding Studies of Carbazole and 

Phenothiazine Dyes 

In order to verify the metal binding capability as stated in the 

objectives, we have made a quick survey of the mercury binding 

properties of the barbituric acid (CBA & PBA) and thiobarbituric acid 

(CTBA & PTBA) conjugate compounds by UV-Vis spectroscopy. The 

spectra obtained in the presence of Hg (II) acetate in THF were compared 

with the spectra obtained in the absence of Hg (II) acetate. Figures 2.22, 

2.23, 2.24 & 2.25 show the effect of Hg (II) acetate on the absorption 

spectrum of CBA, CTBA, PBA and PTBA respectively. Except CBA, all 

compounds responded with a slight redshift in the absorption maximum 

with a broadened spectral profile along with visual colour changes. CBA 

however showed a slight blue shift in the absorption maximum in the 

presence of Hg (II) acetate. The interaction of the dye with the Hg (II) 

acetate is expected to be according to the acid-base equilibrium 

illustrated in Scheme 2.9 as barbituric acid and thiobarbituric acid are 

acidic enough to cause protonation of Hg (II) acetate.   

N

N

O

O

O

H

H

+ 2Hg(OAc)2
N

N

O

O

O

Hg-OAc

Hg-OAc

+ 2AcOH

 

Scheme 2.9 Proposed binding interaction of mercuric acetate with 

barbituric acid moiety 

Due to the presence of multiple binding sites, the proposed 

binding interaction may involve different stoichiometry. The exact 
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mechanism of binding and stoichiometry can be established through a 

systematic study of UV-Vis, Fluorescence and 
1
H NMR spectra in the 

presence of varying concentration of the Hg (II) acetate or other metal 

salts. We choose CBA and CTBA as the probes as their photophysical 

properties are well established by theory and supporting experimental 

data. The results of these studies are presented in Chapter 4 and 5.  

 

Figure 2.22 Evolution of absorption spectra of CBA in the presence of 

an aqueous solution of Hg (OAc)2 in THF ([CBA] = 35.6 μM, [Hg 

(OAc)2] = 0–25 μM) 
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Figure 2.23 Evolution of absorption spectra of CTBA in the presence of 

an aqueous solution of Hg (OAc)2 in THF ([CTBA] = 23 μM, [Hg 

(OAc)2] = 0–72 μM) 

 

 

Figure 2.24 Evolution of absorption spectra of PBA in the presence of an 

aqueous solution of Hg (OAc)2 in THF ([PBA] = 73 μM, [Hg (OAc)2] = 

0–55 μM) 
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Figure 2.25 Evolution of absorption spectra of PTBA in the presence of 

an aqueous solution of Hg (OAc) 2 in THF ([PTBA] =52 μM, [Hg 

(OAc)2] = 0–73 μM) 

  



Chapter 2 

 

Department of Applied Chemistry, CUSAT 107 

 

2.4 Conclusions 

 Eight D--A compounds having either N-octyl carbazole or N-

octyl phenothiazine as the donor and cyanoacetic acid, rhodanine-3-

acetic acid, barbituric acid or thiobarbituric acid as the acceptor units 

were synthesised and characterised. The intramolecular charge transfer 

nature of their excited states were characterised by UV-Vis absorption 

spectroscopy and fluorescence spectroscopy. Marked difference in the 

absorption and emission properties of CTBA was studied in detail by 

DFT calculations at the 6-311+ G (2d,p) level. Tautomerization and 

subsequent reordering of HOMO levels was attributed to the difference 

in the absorption spectral properties in comparison to CBA. The dual 

emission behaviour was attributed to a twisted excited state geometry for 

the tautomeric form. All barbituric acid and thiobarbituric acid 

conjugates showed affinity to heavy metal ion such as Hg
2+

. The suitable 

electronic properties and the metal ion binding behaviour make them 

suitable for photovoltaic applications or as chemosensors for heavy metal 

ion detection.  
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2.5. Experimental Section 

2.5.1 General Techniques 

 All reactions were carried out using oven dried glasswares. The 

solvents used were distilled and dried prior to use. All reagents and 

starting materials were purchased from either Sigma-Aldrich or 

Spectrochem Pvt. Ltd and were used as received. Progress of the reaction 

and chromatographic separations were monitored by dried and activated 

fluorescent silica gel TLC plates (Aluminium sheets coated with silica 

gel, E. Merck). Visualisation of TLC plates was made by exposure to 

iodine vapours or UV lamp. Separation and purification of compounds 

were done by column chromatography using silica gel (Spectrochem Pvt. 

Ltd, 60-120 mesh). The products were further purified by 

recrystallization from suitable solvent systems. Fractions collected in the 

column chromatography or in preparation steps were concentrated using 

IKA- RV-10B rotary evaporator. Melting points are uncorrected and 

were determined on a Neolab melting point apparatus. The 
1
H and 

13
C 

NMR spectra were recorded using 400 MHz Bruker Avance III FT-NMR 

spectrometer with tetramethylsilane (TMS) as internal standard. 

Chemical shifts (δ) are reported in parts per million (ppm) downfield of 

TMS. High resolution mass spectra of new compounds were obtained 

using a WATERS SYNAPTG2S spectrometer. Absorption spectra were 

recorded using Evolution 201 UV-visible spectrophotometer. 

Fluorescence spectra were recorded using a Perkin Elmer fluorescence 

spectrophotometer (model LS 45).  
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 9-octyl-9H-carbazole (93%, mp: 45 °C Lit: 46-47), 9-Octyl-9H-

carbazole-3-carbaldehyde (9, 84%, mp 55 °C: Lit: 54-56  °C), 10-Octyl-

10H-phenothiazine (90%, mp 48 °C: Lit: 48 °C) and 10-Octyl-10H-

phenothiazine-3-carbaldehyde (85%, mp 50 °C: Lit: 50-52 °C) were 

prepared according to reported procedures.
17-19

 

2.5.2 Synthesis of 2-cyano-3-(9-octyl-9H-carbazol-3-yl)acrylic acid  

(CCAA) 

A mixture of precursor 58 (0.5g, 1.6 mmol) and cyanoacetic acid 

11(0.69g, 8.14 mmol) in acetic acid (5 mL) was refluxed in the presence 

of ammonium acetate (0.62 g) overnight under N2 atmosphere. The 

product was filtered and washed with hot hexane and ether. Yield: 0.43g 

(70 %). mp 146°C; FT- IR (cm
-1

) 1628, 2217, 2856, 3437. 
I
H NMR (400 

MHz, DMSO-d6,)  (ppm): 0.80 (t, 3H), 1.16–1.25 (m, 10H), 1.77–1.80 

(m, 2H), 4.45 (t, 2H), 7.32 (t, 1H), 7.53 (t, 1H ), 7.70 (d, 2H), 7.80 (d, 

1H), 8.16 (d, 1H), 8.27 (d, 1H), 8.46 (s, 1H), 8.85 (s, H); 
13

C NMR 

(DMSO d6)  (ppm): 13.83, 21.95, 26.29, 28.39, 28.49, 28.59, 31.06, 

42.59, 98.30, , 110.29, 117.27, 120.34, 120.60, 121.94, 122.27, 122.48, 

125.50,126.91, 127.72, 140.73, 142.73, 155.26, 164.12, 179.19; HRMS 

(ESI MS) m/z: theoretical: 375.2073, found: 375.2058 ([M + H]
+
 

detected 

2.5.3 Synthesis of 2-(5-((9-octyl-9H-carbazol-3-yl)methylene)-4-oxo-

2-thioxothiazolidin-3-yl)acetic acid (CRAA) 

A mixture of precursor 58 (0.5g, 1.6 mmol) and rhodamine-3-

acetic acid 12 (0.307g , 8.14 mmol) in acetic acid (5 mL) was refluxed in 
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the presence of ammonium acetate (0.62 g) overnight under N2 

atmosphere. The precipitate was collected and washed with ether to yield 

0.48g (62 %). mp 218 °C; FT- IR (cm
-1

) 1235, 1448, 1708, 2990, 3434. 

I
H NMR (400 MHz, DMSO-d6,)  (ppm): 0.85 (t, 3H), 1.23–1.37 (m, 

10H), 1.83–1.89 (m, 2H), 4.13 (S, 1H), 4.29 (t, 2H), 4.94 (S, 2H), 7.29 

(m, 1H), 7.44 (t, 2H ), 7.52 (t, 1H), 7.59 (d, 1H), 8.00 (S, 1H), 8.10 (d, 

1H), 8.23 (s, H); 
13

C NMR (DMSO d6)  (ppm): 13.83, 21.95, 26.29, 

28.39, 28.49, 28.59, 31.06, 42.59, 98.30, , 110.29, 117.27, 120.34, 

120.60, 121.94, 122.27, 122.48, 125.50,126.91, 127.72, 140.73, 142.73, 

155.26, 164.12, 179.19; HRMS (ESI MS) m/z: theoretical: 481.1620, 

found: 481.1615 ([M + H]
+
 detected. 

2.5.4 Synthesis of 5-((9-octyl-9H-carbazol-3-

yl)methylene)pyrimidine-2,4,6(1H,3H,5H)-trione (CBA) 

  CBA was synthesized according to a reported procedure
8
 by 

Knoevenagel condensation between 9-octyl-9H-carbazole-3-

carbaldehyde and barbituric acid in ethanol. Yield: 85%. mp 268°C, FT- 

IR (cm
-1

) 1664, 2924, 3432. 
1
H NMR (DMSO d6)  (ppm): 0.80 (t, 3H), 

1.17–1.28 (m, 10H), 1.75–1.81 (m, 2H), 4.45 (t, 2H), 7.31 (t, 1H), 7.52 (t, 

1H), 7.65 (dd, 2H), 8.18 (d, 1H,), 8.53 (s, 1H), 8.60 (dd, 1H), 9.30 (s, 

1H)11.15 (s, 1H), 11.27 (s, 1H); 
13

C NMR (DMSO d6)  (ppm): 13.84, 

21.94, 26.34, 28.45, 28.51, 28.62, 31.08, 42.61, 109.24, 110.22, 114.06, 

120.42, 120.47, 122.18, 122.38, 123.43, 126.69,129.46, 133.27, 140.75, 

143.12, 150.23, 156.86, 162.37, 164.18; HRMS (ESI MS) m/z: 

theoretical: 418.2125, found: 418.2115 ([M + H]
+
 detected. 
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2.5.5 Synthesis of 5-((9-octyl-9H-carbazol-3-yl)methylene)-2-

thioxodihydropyrimidine-4,6(1H,5H)-dione (CTBA) 

CTBA was also synthesized according to a reported procedure
8
 

by Knoevenagel condensation between 9-octyl-9H-carbazole-3-

carbaldehyde and thiobarbituric acid in ethanol. Yield: 80%. mp 276 °C , 

FT- IR (cm
-1

) 1533, 1642, 2922, 3436. 
1
H NMR (DMSO d6)  (ppm): 

0.80 (t, 3H), 1.12–1.35 (m, 10H), 1.75–1.81 (m, 2H), 4.45 (t, 2H), 7.31 (t, 

1H), 7.56 (t, 1H), 7.70 (m, 2H), 8.20 (d, 1H,), 8.56 (s, 1H), 8.70 (m, 1H), 

9.36 (s, 1H), 12.27 (s, 1H), 12.36 (s, 1H); 
13

C NMR (DMSO d6)  (ppm): 

13.84, 21.94, 26.33, 28.44, 28.51, 28.62, 31.08, 42.61, 109.41, 110.34, 

114.02, 120.42, 120.47,120.64 122.18, 122.35, 122.93,123.62, 

126.82,130.05, 133.74, 140.78, 142.41, 143.56, 157.95, 160.14, 162.49, 

178.10; HRMS (ESI MS) m/z: theoretical: 437.2137, found: 437.1669 

([M + 4H]
+
 detected. 

2.5.6 Synthesis of 2-cyano-3-(10-octyl-10H-phenothiazin-3-yl)acrylic 

acid (PCAA)  

PCAA was synthesized according to a reported procedure 
20

 by 

Knoevenagel condensation between 9-octyl-9H-carbazole-3-

carbaldehyde (59) and cyanoacetic acid in the presence of ammonium 

acetate in acetic acid. Yield: 75%. mp-140 
o
C (Lit: 138-140 °C) . FT- IR 

(cm
-1

) 1671, 2233, 2854, 3432. 
1
H NMR (DMSO d6)  (ppm): 0.80 (t, 

3H), 1.30–1.38 (m, 8H), 1.70–1.77 (m, 4H), 3.80 (t, 2H), 4.48 (s, 1H), 

6.8 (m, 2H), 6.91 (dd, 1H,), 7.00 (t, 1H), 7.10 (t, 1H), 7.6 (s, 1H), 7.82 (d, 

1H), 8.00 (s, 1H),; 
13

C NMR (DMSO d6)  (ppm): 14.06, 22.59, 26.73, 

26.80, 29.12, 29.16, 31.70, 48.12, 114.96, 115.92, 123.31, 123.86, 
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124.77, 125.34, 127.59, 127.63, 130.45,131.86, 142.84, 150.27, 154.58, 

192.70,; HRMS (ESI MS) m/z: theoretical: 407.1793, found: 407.1785 

([M + H]
+
 detected 

2.5.7 Synthesis of 2-(5-((10-octyl-10H-phenothiazin-3-yl)methylene)-

4-oxo-2-thioxothiazolidin-3-yl)acetic acid (PRAA) 

PRAA was also synthesized according to a reported procedure 
21

 

by Knoevenagel condensation between 9-octyl-9H-carbazole-3-

carbaldehyde (59) and rhodanine-3-acetic acid in presence of ammonium 

acetate in acetic acid, Yield: 80%. mp 244 
o
C FT- IR(cm

-1
) 1248, 1458, 

1703, 2982, 3422. 
1
H NMR (DMSO d6)  (ppm): 0.79 (t, 3H), 1.18–1.2 

(m, 8H), 1.70–1.77 (m, 4H), 3.28(s,1H), 3.79 (t, 2H), 4.84 (s, 1H), 6.80 

(m, 2H), 6.90 (m, 1H,), 7.08 (t, 1H), 7.12 (t, 1H), 7.20 (s, 1H), 7.22 (d, 

1H), 7.56 (s, 1H),; 
13

C NMR (DMSO d6)  (ppm): 14.06, 22.59, 26.76, 

26.83, 29.13, 29.16, 31.70, 44.27, 47.92, 115.35, 115.79, 119.28, 123.47, 

125.51, 127.21, 127.58, 129.28, 130.94, 133.40,143.43, 147.83, 

167.07.27, 169.91, 192.70 ; HRMS (ESI MS) m/z: theoretical: 513.1340, 

found: 513.1380 ([M + H]
+
 detected 

2.5.8 Synthesis of 5-((10-octyl-10H-phenothiazin-3-

yl)methylene)pyrimidine-2,4,6(1H,3H,5H)-trione (PBA) 

9-Octyl-10H-phenothiazine-3-carbaldehyde (59, 2.21 g, 6.50 

mmol) and barbituric acid (0.83 g, 6.50 mmol) were refluxed in absolute 

ethanol (100 mL) for 8 h. After cooling, the precipitate was filtered off, 

washed several times with hot hexane and ether. The product was dried 

under vacuum to yield 2.19 g (75 %). mp-289 
o
C, FT- IR (cm

-1
) 1678, 
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2852, 3069,  
1
H NMR (CDCl3)  (ppm): 0.80 (t, 3H), 1.18–1.38 (m, 

10H), 1.72–1.79(m, 2H), 3.83 (t, 2H), 4.48 (s, 1H), 6.79 (m, 2H), 6.90 

(m, 1H,), 7.00 (t, 1H), 7.10 (t, 1H), 7.6 (s, 1H), 7.74 (d, 1H), 8.14 (s, 1H), 

8.15 (s,1H), 8.27 (s, 1H),; 
13

C NMR (DMSO d6)  (ppm): 14.06, 22.59, 

26.73, 26.80, 29.12, 29.16, 31.70, 48.12, 114.96, 115.92, 123.31, 123.86, 

124.77, 125.34, 127.59, 127.63, 130.45,131.86, 142.84, 150.27, 154.58, 

192.70; HRMS (ESI MS) m/z: theoretical: 450.1859, found: 450.1835 

([M + H]
+
 detected. 

2.5.9 Synthesis of (5-((10-octyl-10H-phenothiazin-3-yl)methylene)-6-

thioxodihydropyrimidine-2,4(1H,3H)-dione (PTBA) 

9-Octyl-10H-phenothiazine-3-carbaldehyde (59, 2.21 g, 6.50 

mmol) and thiobarbituric acid (0.94 g, 6.50 mmol) were refluxed in 

absolute ethanol (200 mL) for 8 h. After cooling, the precipitate was 

filtered off, washed several times with hot hexane and ether. The 

compound was dried under vacuum to yield 2 g (70 %). mp-293 
o
C. FT- 

IR (cm
-1

) 15412853, 2920, 3067, 3437. 
1
H NMR (DMSO d6)  (ppm): 

0.80 (t, 3H), 1.20–1.37 (m, 8H), 1.64–1.69 (m, 4H), 3.90 (t, 2H), 6.96 (m, 

1H), 7.08 (m, 2H,), 7.16 (m, 1H), 7.22 (t, 1H), 7.6 (d, 1H), 7.75(d, 1H), 

8.13 (s, 1H), 8.37 (s, 1H),; 
13

C NMR (DMSO d6)  (ppm): 13.89, 21.96, 

25.86, 26.06, 28.39, 31.03, 31.98, 48.22, 114.85, 116.79, 121.64, 123.82, 

125.34, 126.97, 127.59, 127.94, 133.27,137.39,138.12, 154.60, 178.58,; 

HRMS (ESI MS) m/z: theoretical: 466.1623, found: 466.1610 ([M + H]
+
 

detected. 
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Figure 2.26 
1
H NMR spectrum of CCAA 

 

Figure 2.27 
1
H NMR spectrum of CRAA 

 

Figure 2.28
 1
H NMR spectrum of CBA 
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Figure 2.29 
1
H NMR spectrum of CTBA 

 

Figure 2.30 
1
H NMR spectrum of PCAA 

 

Figure 2.31 
1
H NMR spectrum of PRAA 
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Figure 2.32 
1
H NMR spectrum of PBA in DMSO d6 CDCl3 

 

Figure 2.33 
1
H NMR spectrum of PTBA  
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 Chapter 3 

Application of Simple Phenothiazine and Carbazole based 

dyes in Dye-Sensitized Solar Cell. 

3.1 Abstract 

 A series of simple phenothiazine and carbazole based dyes have 

been applied as sensitizers in Dye-Sensitized Solar Cell (DSSC), where 

the sensitizers differ by their acceptor moiety, such as cyano acetic acid, 

rhodanine-3-acetic acid, barbituric acid, thiobarbituric acid. The dyes 

exhibit a distinct donor-π-acceptor behaviour comprising of carbazole 

and phenothiazine derivatives as electron donors and cyano acetic acid, 

rhodamine-3-acetic acid, barbituric acid and thiobarbituric acid as 

electron acceptors. A significant solar energy-to-electricity conversion 

efficiency (η) of 2.63 % was achieved for a DSSC based on n-octyl 

phenothiazine as a donor and rhodamine-3-acetic acid as acceptor.  

3.2 Introduction 

 Research in the direction towards the development of sources of 

clean, sustainable and cost effective energy has tremendously increased 

nowadays because of the depletion of fossil fuel resources and the rising 

expenses to meet such energy needs. In this context, development of 

more efficient and cost effective photovoltaic cells has attracted the 

attention of researchers worldwide. Photovoltaic cells or simply solar 

cells, include inorganic, organic, perovskite, etc., are electrical devices 

which convert light energy directly into electricity by the photovoltaic 

effect and some other physical and chemical processes.  
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 There are so many organic donor-π-acceptor (D-π-A) compounds 

have been studied experimentally and theoretically as sensitizers for solar 

cells. In the D-A systems, the hole injection and transport is done by 

donor moiety while the electron injection and transport by acceptor 

group. Carbazole is one of the best donor moieties, which has been 

widely employed as active ingredients in electronic devices such as 

organic light-emitting diodes (OLEDs)
1-3

 and DSSCs
4-6 

due to the unique 

charge transporting properties and distinct thermal stability. Carbazole is 

an attractive building block due to its efficient nuclear sites for functional 

group incorporation.
7,8

 Carbazole derivatives with different 

chromophores attached at C-2, C-3, C-6, C-7, and N-9 positions have 

applications in organic light- emitting diodes and photovoltaic devices. 

Mainly, carbazole has been used either as a peripheral donor or a π-linker 

in DSSCs. Carbazole can act as a good donor due to the presence of 

electron rich amine functionality and also can increase the donor capacity 

by suitable substitution of electron realising groups.
 9-13 

If the highly 

electron rich C-3 and C-7 positions substitute with any acceptor or 

anchoring group will result in a better overlap between HOMO and 

LUMO orbitals.
14

  

 Phenothiazine is a heterocyclic molecule with electron-rich 

nitrogen and sulphur atoms in the central ring and better donor than 

triphenylamine, tetrahydroquinoline, carbazole, and iminobenzyles. 

Phenothiazine ring is nonplanar with a butterfly conformation in the 

ground state, which can prevent the formation of intermolecular excimers 

by molecular aggregation. The N-substituted simple phenothiazines are 

colourless and cannot absorb visible light, however, the introduction of 
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electron withdrawing groups into aromatic rings can induce a shift of the 

absorption spectrum into the visible region. Lee et al. reported that 

simple phenothiazine-based dyes with a directly connected anchoring 

group showed an absorption band which can cover almost the visible 

region than typical donor-acceptor type dyes with additional π-

conjugated bridges.
15

 Phenothiazine derivatives are potential hole 

transporting material in organic devices
16-21

 as well as a promising 

organic sensitizer for DSSCs their excellent photoresponse in the visible 

region. Keeping all this in mind, we have designed and synthesized a 

series of metal free organic dyes composed of carbazole and 

phenothiazine as a donor and barbituric acid and thiobarbituric acid as 

acceptor. We are focussing the photovoltaic application of synthesised 

dyes in this chapter. The present chapter report the study on the 

application of these molecules in DSSC and are compared with 9-

octylcarbazole and 10-octylphenothiazine based dyes having 

cyanoacrylic, rhodanine-3-acetic acid. 

3.3 Results and Discussion 

 The carbazole dyes (CCAA, CRAA, CBA, and CTBA) and 

phenothiazine dyes (PCAA, PRAA, PBA and PTBA) contain an octyl 

group as the substituent on the donor group. Such long alkyl chains as 

substituents on the dye were reported to prevent aggregation of the dyes 

on the TiO2 semiconductor surface and thus to control the energy wasting 

back electron transfer during the operation of the cell. Moreover, the 

enhanced hydrophobicity due to the long alkyl chain is expected to act as 
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a barrier to prevent I3
-
 or moisture from reaching the semiconductor and 

thereby reducing the leakage of dark current. 
22

 

 

                            

                        

Scheme 3.1 Heterocyclic donor-π-acceptor systems 

3.3.1 UV−Visible Absorption Properties  

 The UV−Vis absorption spectra of all the dyes in CHCl3 solution 

(§ 2.3.2.1 and 2.3.2.4) as well as adsorbed on TiO2 films have been 

recorded (Figure 3.4), and the detailed spectroscopic data is presented 

earlier in chapter 2 (§ 2.3.2.1, 2.3.2.2, 2.3.2.4 and 2.3.2.5). All the dyes 

exhibited broad absorption bands in the range of 300−700 nm. They all 

possess high molar extinction coefficient (ε) with values greater than 2.7 

x 10
4
 M

−1
 cm

−1
, with relatively lower values for phenothiazine dyes 

which are similar or higher than that of reported standard ruthenium dyes 
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N3 and N719 (1.39 x 10
4
 and 1.4 x 10

4
 M

−1
 cm

−1
, respectively).

23
 When 

these dyes are adsorbed onto the nanocrystalline TiO2 films, the 

absorption bands display a slight red-shift with respect to those in 

solutions. 

 

Figure 3.1 Absorption spectra of the dyes adsorbed on TiO2 

3.3.2 Evaluation of the Binding Properties of the Dyes with TiO2  

3.3.2.1 Absorption Spectral Properties 

 From the absorption spectral studies of the sensitizers, we 

confirmed that the introduction of acceptors to the sensitizers resulted in 

the visible range absorption, thus satisfying one of the main requirements 

for the DSSC application. Binding between the sensitizers and the 

semiconductor TiO2 is another deciding factor for DSSC efficiency.
24

 It 

was reported earlier that the ‘COOH’ of cyanoacrylic acid and rhodanine 

-3-acetic acid bind with TiO2 involves prior deprotonation. Barbituric 

acid and thiobarbituric acid do possess strong acid character and is 

expected to interact with TiO2 by deprotonation of the amide 
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functionality. This is expected to serve as the main anchoring mechanism 

with TiO2. To study this, absorption measurements were carried out by 

adding colloidal TiO2 to the respective solutions of the dyes. Figure 3.2a 

shows the absorption spectrum of CCAA in the presence of colloidal 

TiO2. It was observed that with increasing the concentration of TiO2, the 

absorbance of CCAA increased with the appearance of an isosbestic 

point at 373 nm and a red shift of 20 nm. Similarly, the absorption 

spectrum of CRAA also changed with an isosbestic point at 440 nm and 

a 20 nm red shift (Figure 3.3a). These changes clearly indicate the 

binding interaction between the sensitizers and TiO2. Similar results were 

obtained for PCAA and PRAA (Figure 3.5 & 3.6). However, for CBA, 

CTBA, PBA and PTBA no significant changes were observed in the 

absorption spectrum (Figure 3.4 & 3.7). The spectrum remained 

unchanged even after adding a high concentration (334 μM) of TiO2. 

This clearly indicates the weak binding interaction between these dyes 

and TiO2. The binding constants (K) were calculated using the model 

described in (§ 3.5.3) and the results are tabulated in Table 3.1. 
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Figure 3.2 (a) Absorption spectrum of CCAA (24.8 μM) with TiO2 in the 

concentration range of (16.7μM - 300.6 μM) M in MeOH (b) 

Absorbance ratio (1/A-A0) as the inverse concentration of TiO2 in MeOH 

 

Figure 3.3 (a) Absorption spectrum of CRAA (19.3 μ M) with TiO2 in 

the concentration range of (16.7 μM – 334 μM) in MeOH. (b) 

Absorbance ratio (1/A-A0) as the inverse concentration of TiO2 in MeOH 
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Figure 3.4(a) Absorption spectrum of CBA (30.8 μM) and (b) CTBA 

(29.8 μM) withTiO2 in the concentration range of (16.7 μM – 334 μM) in 

MeOH 

  

Figure 3.5(a) Absorption spectrum of PCAA (43.9 μM) with TiO2 in the 

concentration range of 16.7 μM to 334 μM in MeOH. (b) Absorbance 

ratio (1/A-A0) as the inverse concentration of TiO2 in MeOH 
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Figure 3.6(a) Absorption spectrum of PRAA (34.8 μM) with TiO2 in the 

concentration range of 16.7 μM to 334 μM in MeOH. (b) Absorbance 

ratio (1/A-A0) as the inverse concentration of TiO2 in MeOH 

  

Figure 3.7(a) Absorption spectrum of PBA (64.9 μM) and (b) PTBA 

(122.6 μM) with TiO2 in the concentration range of 16.7 μM to 334 μM 

in MeOH. 
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Table 3.1 Calculated binding constants 

Dye Binding Constant 

(10
3 
M

-1
) 

CCAA 8.65  

CRAA 6.8  

PCAA 1.6  

PRAA 0.65  

 

3.3.2.2 Electron Transfer and Electrochemical Properties 

 Normally, when the sensitizers are photoexcited, an electron from 

the ground state of the sensitizers will transfer to its excited state. Hence 

it is essential to study the excited state interaction of the sensitizers with 

TiO2. Fluorescence quenching measurements have been commonly used 

to analyse the feasibility of electron transfer between the molecules in 

their excited state
25,26

 and TiO2. Figure 3.8 shows the emission spectrum 

of CCAA in the absence and presence of TiO2. The emission intensity of 

CCAA was significantly reduced by TiO2 at different concentrations 

(16.7 μM to 1 mM). Similar results were observed for CRAA, PCAA, 

and PRAA (Figures 3.9, 3.10 and 3.11). The decrease in fluorescence 

intensity of the sensitizers in the presence of TiO2 is usually attributed to 

electron transfer to the conduction band of semiconductor 

nanoparticles.
27
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Figure 3.8 Fluorescence quenching of CCAA (35.5μM; λex = 374 nm; 

λemi = 449 nm) in the presence of TiO2 (16.7μM to 1000 M) in MeOH 

 

Figure 3.9 Fluorescence quenching of CRAA (10 μM; λex = 440 nm; λemi 

= 532 nm) in the presence of TiO2 (16.7μM to 200 M) in MeOH 
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Figure 3.10 Fluorescence quenching of PCAA (24.5μM; λex = 390 nm; 

λemi = 590 nm) in the presence of TiO2 (16.7μM to 830 M) in MeOH. 

 

Figure 3.11 Fluorescence quenching of PRAA (18.8μM; λex = 400 nm; 

λemi = 623 nm) in the presence of TiO2 (16.7 μM to 233.8 μM) in THF. 

 In order to assess the feasibility of electron transfer 

between the excited sensitizers and TiO2, an energy level diagram has 

been constructed using HOMO and LUMO energy of the sensitizers. 

These energy levels were determined by square wave voltammetry 

measurements of the oxidation potentials. The oxidation potential was 
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determined against Fc/Fc
+
 was converted to potential against NHE (§ 

3.5) to obtain the HOMO energy (E (S
+
/S, V) vs NHE or HOMO in eV). 

Since oxidation is a single electron transfer, the value obtained in V is 

directly converted to eV. The values obtained for all the compounds are 

tabulated in Table 3.2. The energy of LUMO was obtained from the 

corresponding value of HOMO energy and HOMO-LUMO energy gap 

(E0−0) is estimated from the onset of the UV−visible absorption spectra 

by the equation 𝐸(0−0) =
1240

𝜆
,  where, λ is obtained from the 

intersection point of absorption and emission spectra or from the end of 

the absorption spectrum. The energy levels of the dyes are compared 

with the energy of the conduction band of the semiconductor and the 

redox level of the electrolyte and are given in Figure 3.12 and 3.13 for 

carbazole and phenothiazine dyes respectively. The analysis of the 

diagram reveals that the LUMO levels of all the dyes except CTBA are 

more negative than the conduction band edge (CB) of TiO2 (−0.5 V vs 

NHE), making the electron injection from the excited dye molecules to 

the conduction band of TiO2 exergonic (Figure 3.15 & 3.16). In the case 

of CTBA, the electron injection to the conduction band of TiO2 is 

endergonic and thus is not feasible (Figure 3.15). Similarly, the HOMO 

levels of the dyes are suitably placed to effect the regeneration of the dye 

by the electrolyte (iodide/triiodide) during the operation of the cell.  
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Figure 3.12 Square wave voltamogram of carbazole based dyes 

 

Figure 3.13 Square wave voltamogram of phenothiazine based dyes 
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Figure 3.14 Square wave voltamogram of PTBA 

 

Figure 3.15 Energy level diagrams of carbazole based dyes. 
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Figure 3.16 Energy level diagrams of phenothiazine based dyes. 

Table 3.2 Electrochemcial parameters and energy levels of dyes.  

Dye Eox vs. 

Fc/Fc+ 

(V) 

E(S+/S) 

vs 

NHE/V 

HOMO 

E0–0 

(eV) 

LUMO 

vs 

NHE/eV 

Egap/ 

V 

HOMO 

(IP)/eV 

LUMO 

(EA)/eV 

Vacuum 

CCAA 0.95 1.58 2.69 -1.11 0.61 -6.38 -3.69 

CRAA 0.84 1.47 2.43 -0.96 0.46 -6.27 -3.84 

CBA 0.94 1.57 2.38 -0.81 0.31 -6.37 -3.99 

CTBA 1.02 1.65 2.04 -0.39 -0.11 -6.45 -4.41 

PCAA 0.47 1.10 2.18 -1.08 0.58 -5.9 -3.72 

PRAA 0.42 1.05 2.02 -0.97 0.47 -5.85 -3.83 

PBA 0.39 1.02 1.94 -0.92 0.42 -5.82 -3.88 

PTBA 0.40 1.03 1.75 -0.72 0.22 -5.83 -4.08 
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3.3.4 Theoretical Calculations 

  In order to assess the directionality of charge transfer within the 

dye, we have calculated and mapped the HOMO and LUMO orbitals by 

Density Functional Theory (DFT). The structures of the dyes were fully 

optimized without constraints by using B3LYP exchange correlation 

functions and 6-311g (d, p) basis on GUASSIAN-09 programme.
28,29

 All 

the dyes showed HOMO orbitals centered on the donor and the LUMO 

on the acceptor group. The HOMO and LUMO surfaces of carbazole 

dyes are given in Table 3.3 and those of phenothiazine dyes are given in 

Table 3.4. 

Table 3.3 Frontier molecular orbitals of the HOMO and LUMO of 

carbazole based sensitizers calculated using B3LYP exchange correlation 

functions and 6-311g (d, p) basis on GUASSIAN-09 programme 

CCAA CRAA CBA CTBA 

 

LUMO 

 

LUMO 

 

LUMO 

 

LUMO 

 

HOMO 

 

HOMO 

 

HOMO 
 

HOMO 
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Table 3.4 Frontier molecular orbitals of the HOMO and LUMO of 

phenothiazine based sensitizers calculated using B3LYP exchange 

correlation functions and 6-311g (d, p) basis on GUASSIAN-09 

programme 

PCAA PRAA PBA PTBA 

 

LUMO 

 

LUMO 

 

LUMO 

 

LUMO 

 

HOMO 

 

HOMO 

 

HOMO 

 

HOMO 

 

3.3.5 Photovoltaic Performance 

In order to investigate the photovoltaic performance of the dyes, a 

series of DSSCs have been fabricated as described in the experimental 

section (§ 3.5.4) and tested under normal conditions (AM 1.5 G, 100 mW 

cm
−2

). The cell parameters of fabricated DSSCs with the dyes 

synthesised, i.e., Jsc, Voc, fill factor (FF), and PCE (η) are summarized in 

Table 3.2. The photocurrent−voltage (J−V) plots are shown in Figure 

3.17 & 3.18. The results obtained were compared with the standard dye 

N719, for which we got an efficiency of 6.18% (Jsc = 14.96 mA cm
-2

, 

Voc= 0.65V, FF= 60%). Among the synthesized sensitizers, the cell based 
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on PRAA exhibits the highest η of 2.63% (Jsc = 8.53 mA cm
−2

, Voc = 

0.775 V, FF = 0.689). For the sake of comparison of efficiencies based 

on acceptor moieties as well as anchoring groups, the efficiency of dye 

PCAA was also estimated under identical conditions, and we got an 

efficiency of 4.28% as against 4.87%, reported for the molecule.
30

 For 

the dyes CCAA and CRAA, the photo conversion efficiency is 0.3 and 

0.41%, respectively. Very low photoconversion efficiencies for the 

sensitizers which hold barbituric acid and thiobarbituric acid as acceptor 

groups are due to their weak binding affinities on TiO2, even though the 

absorption spectrum of these dyes covers the entire visible region. 

Table 3.5 Photovoltaic parameters of DSSCs under full sunlight 

illumination. 

Dye Jsc(mA cm-2) Voc (V) FF (%) η (%) 

N719 14.96 0.65 60 6.18 

CCAA 1.31 0.45 48 0.30 

CRAA 1.74 0.44 53 0.41 

PCAA 10.08 0.66 62 4.28 

PRAA 8.53 0.59 51 2.63 

PBA 0.48 0.42 46 0.055 

PTBA 0.11 0.19 58 0.012 
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Figure 3.17 Photocurrent−voltage (J−V) plots obtained with the 

sensitizers PCAA, PRAA, CCAA, CRAA  

 

Figure 3.18 Photocurrent−voltage (J−V) plots obtained with the 

sensitizers PBA and PTBA 

 Figure 3.19 shows the incident photon-current conversion 

efficiencies (IPCEs) for the sensitizers in DSSCs as a function of the 

wavelength of the light. The IPCEs of PCAA shows a broadband in the 

region 370-580 nm with values mostly > 60%, whereas, PRAA exhibits a 

broadband in the region of 400−650 nm with values > 40%. In the case 

of CCAA, the incident photocurrent conversion efficiency is only 10% 
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and CCAA exhibits a broadband activity in the region 340-460 nm. For 

CRAA the IPCE is above 18% and the spectrum shows a band in the 

region 370-510 nm. The curves show good correlation with the 

absorption spectrum of the dyes on TiO2. The low photo conversion 

efficiency is due to the less coverage of absorption spectra of carbazole 

dyes. 

 

Figure 3.19 Incident photon-to-current efficiency (IPCE) curves of 

DSSCs based on the new dyes  

3.4 Conclusions 

 A series of carbazole and phenothiazine based D-π-A systems by 

changing the acceptor moities were successfully synthesized and 

characterized by photophysical and electrochemical analysis. The dyes 

exhibit a distinct donor-π-acceptor behaviour comprising of carbazole 

and phenothiazine derivatives as electron donors and cyano acetic acid, 

rhodamine-3-acetic acid, barbituric acid and thiobarbituric acid as 

electron acceptors. Under simulated  AM 1.5 G irradiation, the PRAA 
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based DSSC exhibits a short-circuit photocurrent of 8.53 mA cm
−2

, an 

open-circuit photovoltage of 0.59 V, a fill factor of 0.51, corresponding 

to a power conversion efficiency (PCE) of 2.63%. The very low power 

conversion efficiency for the dyes which hold barbituric acid and 

thiobarbituric acid as acceptors is due to the weak binding affinities on to 

TiO2 surface. 
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3.5 Experimental Section 

3.5.1 Materials and Reagents 

 All solvents and reagents were purchased from Sigma-Aldrich 

Company and Spectrochem Pvt. Ltd., used as received without further 

purification. Dye cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-

dicarboxylato)-ruthenium-(II)-bis-tetrabutylammonium (coded as N719),  

iodide-based liquid electrolyte (DHS-E23) and TiO2 paste were 

purchased from Solaronix SA. 

3.5.2 Electrochemical Characterization 

 The square wave voltammograms (SWV) were measured with 

Bas W 50 electrochemical workstation using a normal three-electrode 

cell with a glassy carbon electrode, a Pt wire counter electrode, and an 

Ag/Ag
+
 reference electrode. The supporting electrolyte was 0.1 M tetra-

n-butylammonium hexafluorophosphate in acetonitrile solution. The 

potential of the reference electrode was calibrated using ferrocene after 

each set of measurements, and all potentials mentioned in the work were 

against the normal hydrogen electrode by using the following 

conversion: 

E (HOMO or LUMO) = [‐e (E1/2(x vs. Ag/AgCl) –E1/2(Fc/Fc
+
 vs. 

Ag/AgCl))] ‐ 4.80eV 

3.5.3 Determination of Binding Constants 

 The binding affinities between dyes and TiO2 were calculated 

using Benesi–Hildebrand (BH plot) equation.
27
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𝟏

(𝑨−𝑨
𝟎

)
 = 

𝟏

𝑲(𝑨−𝑨
𝒎𝒂𝒙

)[𝑻𝒊𝑶
𝟐

]
+

𝟏

(𝑨−𝑨
𝒎𝒂𝒙

)
 

where, K is the binding constant, A0 is the absorbance of the dye, A is the 

observed absorbance in the presence of TiO2 and Amax is the absorbance 

at saturation. The linear dependence of 
𝟏

(𝑨−𝑨
𝟎

)
 on the reciprocal of the 

[TiO2] concentration indicates the formation of a 1:1 binding 

stoichiometry between the dye and TiO2. 

3.5.4 Fabrication and Characterization of Cells 

 

 All the photoanode thin films for the DSSCs were made by 

following standard protocol, which is composed of a 12 μm thick 

transparent layer of TiO2 with an area of 0.16 cm
2
. TiO2 thin films were 

made from a titania paste by the doctor-blade technique. A layer of ∼6 

μm thick TiO2 paste was doctor bladed onto the FTO conducting glass 

and kept at room temperature for 3 min before heating to 150 °C and kept 

for 6 min; this procedure was repeated again by coating another ∼6 μm 

thick TiO2 paste to achieve an overall film thickness of ∼12 μm. The 
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electrodes were then slowly heated to 275 °C and kept at this temperature 

for 10 min, at 325 °C for 10 min, 400 °C for 10 min, 450 °C for 10 min 

and 500°C for 30 min to remove the binders present in the titania paste. 

The film thus formed is a three-dimensional TiO2 nanoparticle network. 

After cooling down to ∼80 °C, the electrodes were immersed into a 3 × 

10
−4

 M solution of the dye in MeOH. For the N719 dye, a solution in 

acetonitrile/tertbutyl alcohol (volume ratio, 1:1) was used. The films 

were kept in the dye solutions for 16 h in the dark. The dye-coated films 

were thoroughly washed with MeOH to remove the unadsorbed dye 

molecules and dried in air. Pt coated counter electrodes were prepared by 

painting platisol onto FTO followed by sintering at 500 °C. Two holes (1 

mm in diameter) were predrilled on the FTO glass used for coating Pt. 

These holes are meant for introducing the electrolyte. The dye-adsorbed 

TiO2 electrode and Pt-counter electrode were assembled into a sandwich 

type cell and sealed at about 100 °C with a hot-melt parafilm. The 

composition of the liquid electrolyte used was 0.1 M LiI, 0.05 M I2 in a 

mixture of acetonitrile and 4-tert-butylpyridine (1:1 volume ratio). 
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 Chapter 4 

A Carbazole Based “Turn on” Fluorescent Sensor for 

Selective Detection of Hg
2+

 in an Aqueous Medium 

 

4.1 Abstract 

 

 Developed a multimode Hg
2+

 selective sensor system based on 

carbazole-barbituric acid conjugate (CBA). It's colorimetric and fluorescent 

behaviour for Hg
2+

 ions in both aqueous methanol and fully aqueous 

(micelle) media were investigated. Upon Hg
2+

 binding, CBA exhibited a 

considerable aggregation induced absorption spectral changes along with an 

enhanced emission (AIE) at 593 nm in aqueous methanol. Job’s plot analysis 

of the complexation showed that CBA had a 2:1 binding stoichiometry in 

aqueous methanol medium, while in the micellar medium a 1:2 binding 

stoichiometry. In both the media, CBA exhibited a selective and sensitive 

detection of Hg
2+

 without any interference from the other metal ions. 
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4.2 Introduction 

 Heavy metals, which are toxic to the environment and ecosystem, 

have been dangerously accumulating in the biosphere as a result of human 

activity. They contaminate the food chain and cause persistent damages to 

the living beings. Hence, investigations on the mechanism of accumulation 

and transmission of toxic metals in the environment and precautionary 

measures thereby are active areas of research in these days. With the advent 

of sensitive optical imaging tools, which are capable of assaying heavy and 

transition metal ions in biological samples, there is a renewed interest in the 

development of selective and sensitive fluorescent chemosensors for the 

rapid identification of the toxic heavy metal ions, such as the Pb
2+

, Cd
2+

, and 

Hg
2+

.
1-3

 Among these, mercury contamination is found to be widespread and 

originates from a variety of natural as well as anthropogenic sources 

including volcanic eruptions, incineration of urban solid wastes, mining and 

improper management of e-wastes. Mercury ends up in the marine 

environment, by bacterial action gets converted into organic mercury 

(methylmercury), which is lipophilic and easily enters into the food chain 

and thus accumulates in higher organisms, in particular, large fishes. 

Mercury poisoning through food-chain and high dose exposure can result in 

several diseases, including acrodynia, Hunter-Russell syndrome, and 

Minamata disease.
4 

Studies carried out in patients inflicted with mercury 

poisoning have shown that mercury concentrates more in blood and brain, as 

seen in the case of certain patients with Alzheimer’s disease.
5
 The maximum 
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permitted level of mercury (II) ions in potable water prescribed by EPA is 2 

ppb.
6,7

 Detection and quantification of mercury are thus necessary for 

monitoring and preventing the contamination of the environment and the 

living world. 

 Fluorescent chemosensors of metal ions consist of a fluorophore and 

a receptor moiety. The fluorescence emission gets altered in terms of energy 

or intensity as a result of metal ion binding. Depending on the design of the 

chemosensor system, such changes in the fluorescence may be due to 

photoinduced electron/charge transfer, energy transfer, excimer/exciplex 

formation or dissociation or charge induced changes in the polarity of the 

environment etc.
8-11

 The commonly used fluorophores are 1,8-napthalimide, 

coumarin, pyrene, anthracene, BODIPY, squaraine, xanthanes, cyanine, 

rhodamine, fluorescein etc.
12-19

 As fluorescent chemosensors are 

hydrophobic in nature, most of them  require organic solvents for proper 

operation due to low solubility in aqueous medium. In recent years, 

hydrophilic biomolecules such as amino acids, peptides, and DNA have been 

used as receptors in the design of fluorescent chemosensors. These 

molecules and supramolecular assemblies of natural origin have potent 

binding affinities to specific metal ions, higher solubility in aqueous and 

other polar solvents and biological compatibility required for in vivo or in 

vitro tissue imaging applications and such chemosensors showed sensitive 

responses to heavy metal ions in aqueous solutions.
20

 For practical 

applications, two major requirements to avoid filter effects are, having a 

long wavelength emission maximum along with enhanced emission intensity 
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in the presence of the metal ion. A majority of fluorescent chemosensors 

show quenching of fluorescence due to the heavy atom effect. In 2013, S. Li 

and co-workers
21

 reported a barbituric acid derivative (AnB) having 

anthracene as the fluorophore which can selectively detect mercury cation, 

by spectrofluorometric method via the formation of Hg
2+

-AnB coordination 

polymers. We report for the first time a cost effective carbazole based 

chemosensor (CBA) which can detect Hg
2+

 ions with a high degree of 

sensitivity and selectivity in aqueous methanol medium, showing over 100 

fold enhancement in emission. 

4.3 Results and Discussions  

4.3.1 Photophysical Properties 

 

Scheme 4. 1 

The carbazole barbituric acid derivative (CBA) synthesized by 

Knoevenagel condensation between 9-octyl-9H-carbazole-3-carbaldehyde 

(1) and barbituric acid (2) in ethanol (Scheme 4.1) as reported elsewhere.
22
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 The absorption spectrum of CBA is characteristic of a π-conjugated 

Donor-Acceptor molecule with a prominent charge transfer band at 438 nm 

(εmax, 3.16 x 10
4 
cm

-1
 M

-1
) in methanol and is sensitive to solvent polarity. In 

order to assure an aqueous medium for the metal binding studies, a methanol 

water mixture of 1:1 (v:v) ratio was used. It was observed that as the water 

content increased, the precipitation of the dye resulted. The variation in the 

aqueous content during the addition of metal ions was kept at 0.19%. Blank 

experiments showed that no changes in the absorption and emission 

properties of the dye in the measured range. The absorption maximum 

observed for the dye in this solvent composition was at 452 nm. The 

observed emission was very weak and broad with a maximum at 533 nm 

(Figure 4.1). 

  

Figure 4.1 Absorption (a) and emission (b) spectra of CBA in 1:1 MeOH 

H2O, ex = 408 nm 
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4.3.2 Metal ion binding studies of CBA in 1:1 MeOH/H2O  

The interaction of CBA with an aqueous solution of mercury (II) 

acetate was investigated by spectrophotometric and spectrofluorometric 

titrations in aqueous methanol (Figure 4.2). During the photometric titration 

of mercury ions to CBA, the light yellow solution turned colourless along 

with a blue-shift of the long-wavelength absorption maximum from 452 nm 

to 438 nm. The isosbestic point at 408 nm indicates the formation of a 

complex with Hg
2+

 ions which is in equilibrium with the free ligand. No 

further change in the absorbance was observed after the addition of about 0.7 

equivalence of Hg
2+

 (Figure 4.2 inset). Since this value is less than one, it 

can be assumed that a 2:1 complex between CBA and Hg
2+ 

ie., CBA-Hg-

CBA by replacing two acetate anions is formed. The blue-shift in the 

absorption spectrum is indicative of the formation of an aggregate of CBA or 

the reduced the electron affinity of the pyramidine moiety due to 

complexation with Hg
2+

 ions. 
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Figure 4.2 Evolution of absorption spectra of CBA in the presence of 

increasing concentration of an aqueous solution of Hg (OAc)2 in 1:1 MeOH 

H2O ([CBA] = 30 μM, [Hg(OAc)2] = 0-19 μM). Arrows indicate the 

direction change in the absorbance. 

 

Figure 4.3 Evolution of fluorescence spectra of CBA in the presence of 

increasing concentration of an aqueous solution of Hg(OAc)2 in 1:1 MeOH 

H2O ([CBA] = 10 μM, [Hg(OAc)2] = 0-8 μM, λex= 408 nm). Arrows indicate 

the direction change in the fluorescence intensity.   
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We further investigated the emission spectral characteristics and its 

response to Hg
2+

 in aqueous methanol solutions. Fluorescence spectra were 

recorded by exciting optically matched solutions of CBA (1.0×10
-5 

M) at the 

isosbestic point (408 nm). This was done to rule out fluorescence intensity 

variation due to changes in the absorbance at the excitation wavelength. 

With increasing the concentration of Hg
2+

 ions, the weak fluorescence 

intensity of CBA was found to increase along with a red shift in the emission 

maximum to 593 nm (Figure 4.3). A dramatic 150 fold enhancement in the 

intensity is observed and this has reached a plateau after the addition of 

about 0.7 equivalents of Hg
2+

 ions (Figure 4.3 inset). This result agrees with 

the outcome of spectrophotometric titration and suggests that CBA showed a 

very strong affinity to Hg
2+

 ions. The colorimetric response as well as the 

fluorescence response under UV illumination of CBA to Hg
2+

 in 1:1 

methanol water solution, is visible even with the naked eye as shown in the 

photographs (Figure. 4.4).  

 

Figure 4.4 Photographs of CBA and CBA in the presence of Hg
2+

 ions 

under (a) normal light and (b) UV (365 nm) light. 



Chapter4 

 

Department of Applied Chemistry, CUSAT 159 

 

4.3.2.1 Stoichiometry and Reversibility of Complexation 

 The stoichiometry of the complex formed between CBA and Hg
2+

 

ions were analysed through Job’s plot analysis and the binding constant was 

calculated through nonlinear least square fit analysis. The CBA formed a 2:1 

complex in the presence of 0.5 equivalents of Hg
2+

 ions, the binding 

geometry is proved by Jobs plot. The maximum on the plot correspond to the 

stoichiometry of the two species in the complex and in the present study, the 

maximum is at the mole fraction of Hg
2+

 as 0.4 which confirms the 2:1 

binding stoichiometry (Figure 4.5). Nonlinear least square fit analysis gave 

spectrophotometrically an association constant, K of 2.45x10
13

 M
-2 

(Figure 

4.6) and spectrofluorimetrically an association constant, K of 8.73 x 10
13

 M
-2 

(figure 4.7) for 2:1 complex. A remarkably high value of 8.73x10
13

 M
-2

 (R
2 

= 0.996) is obtained, which shows the very high affinity of CBA to 

Hg
2+

ions. 

 

Figure 4.5 Job’s plot analysis of CBA with Hg
2+

 showing a 2:1 binding 

geometry. 
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To investigate the reversibility of the complexation of CBA with 

mercuric ions, cysteamine hydrochloride, (Cys HCl) was used as the 

complexing agent. To verify this, CBA-Hg
2+

-CBA solution was 

subsequently treated with excess cysteamine hydrochloride, which holds a 

thiol group, a strong ligand to Hg
2+

 ions. The strong fluorescence of the 

CBA-Hg
2+

-CBA was almost quenched and the absorption spectrum showed 

a red shift indicating a decomplexation and releasing of free CBA and thus 

demonstrating the possibility of using CBA as a reversible chemosensor 

(Figure 4.8 & 4.9). 

 

Figure 4.6 A plot of absorbance ratio (I-I0/Imax-I0) vs. concentrations of Hg
2+

 

in (1:1) MeOH/H2O. 
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Figure 4.7 A plot of fluorescence intensity ratio (I-I0/Imax-I0) vs. 

concentrations of Hg
2+

 in (1:1) MeOH/H2O.  

 

Figure 4.8 Absorption spectrum of CBA, CBA-Hg
2+

 complex and in the 

presence of cysteamine hydrochloride.  
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Figure 4.9 Emission spectra of CBA, CBA-Hg
2+

 complex, and in the 

presence of cysteamine hydrochloride. The excitation wavelength is 408 nm. 

4.3.2.2 Nature of Complexation 

 Completion of binding interaction at lower Hg
2+

 equivalents suggests 

a 2:1-CBA:Hg2
+
 stoichiometry for the complex formation. In a related work, 

Li and co-workers have identified the formation of a coordination polymer 

of Hg
2+

 ions with an anthracene-barbituric acid conjugate. According to this 

report, the polymer formation involved deprotonation of N-H protons of the 

barbituric acid moiety and the interaction was proposed to have a 1:1 

stoichiometry.
21

 Our study of spectrophotometric titration data by 

continuous variation of mole fraction of Hg
2+

 in comparison to CBA and the 

Job’s plot thus obtained, fitted very well with a model corresponding to a 2:1 

CBA-Hg
2+

-CBA complex. This result indicates a mechanism that involves 

deprotonation of NH protons of the barbituric acid moiety. The complex 
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formation could be a stepwise formation of the 1:1 complex CBA-Hg
2+

-OAc 

followed by the formation of the 2:1 complex CBA-Hg
2+

-CBA. In this 

mechanism two possibilities exists. In the first one, the two binding 

interactions occur with comparable rate constants and in the second mode, 

one of the binding interactions is very fast compared to the second binding. 

However, the observation of the well-focused isobestic point at 408 nm with 

a very small standard deviation (0.003 absorbance units) suggests the second 

mechanism. Here an apparent equilibrium between CBA and CBA-Hg
2+

-

CBA is involved and the formation of the 1:1 complex is not observed by the 

steady state UV-Vis spectroscopy.  

 In order to add further insight into the structure of the complex 

formed between the CBA and Hg
2+

 ions and the complexation mechanism, 

we have recorded 
1
H-NMR spectrum in DMSO-d6 in the presence of 

increasing concentration of Hg (II) acetate. Figure 4.10 shows 
1
H-NMR 

spectrum of CBA and mixtures of CBA and Hg (II) acetate at different ratios 

from 0 to 0.5 equivalents of Hg
2+

. The spectrum of free CBA is 

characterized by two distinct peaks corresponding to the two NH protons at 

11.15 ppm and 11.27 ppm. Analysis of the spectra evolved in the presence of 

Hg
2+

 acetate shows new resonance peaks at 12 ppm, 11.5 ppm, and 1.95 

ppm. The peak at 12 ppm is assigned to the –OH proton of acetic acid which 

is indicative of a mechanism of Hg
2+

 binding involving the deprotonation of 

NH of the barbituric acid moiety releasing a molecule of acetic acid. 

Moreover, the binding event led to deprotonation of N-H on CBA as 

indicated by the decrease in the peak area of two N-H protons and a 
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proportional increase in the area of the peak corresponding to the –OH 

proton of acetic acid. A careful look at these spectra reveals the appearance 

of a small peak at 11.5 ppm after the addition of Hg
2+

 acetate and this may 

be due to the 1:1 CBA-Hg
2+

-OAc complex. This is observed probably due to 

the relatively high concentrations used for the NMR experiments or the 

second reaction may be slow enough leaving some 1:1 complex to be 

observed on the time scale of the NMR experiment. When 0.5 equivalents of 

Hg(OAc)2 was added, the two NH protons completely vanished and the 

CBA-Hg
2+

-CBA complex precipitated which is undoubtedly seen in 
1
H-

NMR, ie, only acetic acid peaks and solvents peaks are seen in the resulting 

spectrum. 
1
H NMR of the precipitate was taken in THF-d8 was indicative of 

a symmetrical structure with one free NH proton (Figure 4.11). This further 

confirms the 2:1 binding stoichiometry.  

Further corroborative evidence for the mercury complex was 

observed in the MALDI-TOF mass spectrum which showed a mass peak at 

m/z=1082.0839 corresponding to [2CBA+Hg+2H+2Na-2H] fragment, 

where the calculated molecular weight is 1082.3584 and 1066.1122 

corresponding to [2CBA+Hg+MeOH-2H] fragment, where the calculated 

molecular weight is 1066.3917 (Figure 4.12 and Table 4.1). The results of 

the 
1
H-NMR titration and MALDI-TOF suggest a 2:1 binding stoichiometry 

of CBA with Hg
2+

. Such mercuration by deprotonation and insertion 

between T-T base pairs has observed in DNA double helices with a linear T-

Hg-T geometry.
23,24

 Similarly, in thiamine-graphene conjugates, a mercury 
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induced deprotonation and formation of a 2:1 complex with a bend structure 

has been reported.
25

 

 

Figure 4.10 The 
1
H-NMR spectra of the CBA and CBA in the presence of 

0.13, 0.25, 0.5 equivalents of Hg
2+

 acetate (400 MHz, DMSO-d6)  
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Figure 4.11 
1
H NMR of CBA-Hg-CBA in THF-d8 

 

Figure 4.11 MALDI- TOF mass spectrum of CBA –Hg complex. 
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Table 4.1 Fragment ions observed in MALDI-TOF. 

Peak No. Fragment Expected Mass Observed Mass 

1 HN

O

N

OH

NH

O

N

O

Hg

N

N

OHO

Na

Na

 

1082.3584 1082.0839 

2 HN

O

N

O

NH

O

N

O

Hg

N

N

OO

CH3OH

 

1066.3917 1066.1122 

3 
HN

O

N

O

NH

O

N

O

Hg

N

N

OO

H
H

 

923.2475 923.3328 

4 HN

O

N

O

NH

O

N

O

Hg

N

N

OO

Na
H

Na

 

855.0862 855.0875 

5 HN

O

N

O

NH

O

N

O

Hg

N

NH

OO

H
H

H

 

812.1296 812.4752 

6 NH

O

N

O

Hg

N

O

H
H  

507.0496 507.3012 
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 The observation of fluorescence enhancement is contrary to what 

generally reported. Usually, heavy metals quench the fluorescence of the 

molecules due to heavy atom effect. A plausible reason for the enhanced 

emission could be the aggregate formation or a CBA-mercury complex 

having a linear or bend geometry (Figure 4.12). Such geometries can lead to 

close interaction between two carbazole moieties. Further, an association of 

non-polar n-octyl chains assists in bringing two carbazole moieties closer 

favouring aggregation induced emission. 

 

Figure 4.12 Proposed geometry for the CBA-Hg-CBA complex. 

Most of the fluorescent organic dyes are reasonably highly emissive 

in the solution state and drop their emission in the solid state or in the 

aggregated structures as a result of aggregation induced quenching. 

Conversely, in recent times, Tang and co-workers
26-28

 and Park and co-

workers
29,30 

have individually presented that some flexible molecular 

systems with weak emission are capable of showing strong fluorescence at 

high concentration due to aggregation. This phenomenon finds applications 
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in numerous designs of fluorescent sensors and solid state lighting devices. 

Aggregation of barbituric acid or its derivatives via hydrogen bonding 

networks has been well documented in the literature.
31,32

 Aggregation 

induced emission enhancement (AIEE) results from the controlled 

movement of molecules in close-packed structures suppressing non-radiative 

relaxation pathways. To establish aggregation induced emission 

enhancement (AIEE) of a compound,
33,34

 its fluorescent behaviour is studied 

with a poor solvent added to a solution of the compound. As CBA is 

insoluble in water, increasing the water fraction in the mixed solvent can 

change its existing form from a solution state in pure MeOH to aggregated 

particles in mixtures with high water content. The emission spectra of CBA 

in the MeOH/H2O mixtures with different water contents are shown in 

Figure 4.13. Figure 4.12 is the absorption spectral changes observed as a 

function of water content. Here the absorption spectrum initially showed a 

red shift to 450 nm, typical for a charge transfer band that responds to 

increase in polarity. However, the addition of water above 50% lead to a 

blue shift to 435 nm for 70% of water and higher water content made the 

spectrum flatter and finally the dye gets precipitated. The fluorescence 

emission showed a sudden enhancement in the intensity for a 60% water-

methanol mixture along with a red shift to 600 nm. This enhancement in 

luminescence is due to the aggregation effects and it is clear that the 

aggregation can lead to such enhancement in emission with the possibility of 

such stacking between two CBA units is achievable in the CBA-Hg
2+-

CBA 

complex.  
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Figure 4.12 Changes in the absorption spectra of CBA in MEOH/H2O 

mixture as a function of solvent composition in percentage. 

 

Figure 4.13 Changes in the emission spectra of CBA in MeOH/H2O mixture 

as a function of solvent composition in percentage (λex = 408 nm). (Inset: 

Fluorescence intensity @ 604nm vs % water). 
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4.3.2.3 Determination of Lowest Detection Limit  

 The variation in the absorbance and the fluorescence intensity show a 

linear dependence with the Hg
2+

 in the concentration range 0-12 M and 0-6 

M respectively. Each of this response was plotted and the detection limit 

was calculated from the slope of the fitted curve.  The results show that CBA 

can be used to detect and quantify Hg
2+

 with a detection limit of 8.89 nM by 

fluorescence and 1.7 μM by absorption spectroscopy (Figure 4.14 & 4. 15). 

 

Figure 4.14 A plot showing a variation of Absorbance at 452 nm as a 

function of concentrations of Hg
2+

 in MeOH/H2O (1:1). 
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Figure 4.15 A plot showing a variation of Fluorescence intensity at 593 nm 

as a function of concentrations of Hg
2+

 in MeOH/H2O (1:1). 

4.3.2.4 Selectivity of Metal ion Recognition  

To demonstrate the selectivity of CBA for Hg
2+ 

ions, we have 

investigated the interactions of dyes CBA with other environmentally 

important metal ions such as Na
+
, Mg

2+
, Ca

2+
, Cd

2+
, Zn

2+
, Ni

2+
, Ba

2+
, Cu

2+
, 

Pb
2+

, Co
2+

, and Mn
2+

 ions in 1:1 MeOH/H2O. The influence of the addition 

of  acetate salts of Na
+
, Mg

2+
, Ca

2+
, Cd

2+
, Zn

2+
, Ni

2+
, Ba

2+
, Cu

2+
, Pb

2+
, Co

2+
, 

and Mn
2+

 on the absorption and emission properties of CBA was studied 

(Figure 4.16 & 4.17). No change in fluorescence intensity was observed for 

a metal ion concentration up to 35 μM except for the Hg
2+

 salts. The 

chloride, sulfate and perchlorate salts of mercury were also used and showed 

similar enhancement in fluorescence. The bar diagram in Figure 4.18 

illustrates the selectivity feature of CBA in the detection of Hg
2+

 ions.   
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Figure 4.16 Absorption spectra of CBA recorded in the presence of various 

metal ions (Metal ion concentration = 35μM, [CBA] = 26μM) in 

MeOH/H2O (1:1).  

 

Figure 4.17 Emission spectra of CBA recorded in the presence of various 

metal ions (Metal ion concentration = 35μM, [CBA] = 26μM, ex = 408 nm) 

in MeOH/H2O (1:1). 
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Figure 4.18 The bar diagram showing the metal ion binding selectivity of 

CBA. 
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4.3.3 Study of the Effect of Microheterogeneous Medium on the Metal 

Binding Properties of CBA  

 CBA showed unusual sensitivity and selectivity for Hg
2+

 ions and 

forms a 2:1 complex with mercury in 1:1 MeOH/H2O mixture. The 

calculated lowest detection limit was 8.89 nM by fluorescence. However, the 

range of detection is only up to 0.5 equivalents of Hg
2+

. To achieve a higher 

range of detection, a barrier to complexation can be introduced. 

Microheterogeneous medium such as micelles offers such a possibility, 

where the hydrophobic CBA molecule can be solubilized within the micelle, 

limiting easy access to metal ions. This is expected to control the 

stoichiometry of binding by choosing appropriate surfactant concentration.  

 A micelle is an aggregate of amphiphilic surfactant molecules having 

a polar head and non-polar tail groups dispersed in a liquid. A typical 

micelle in aqueous solution forms an aggregate with the hydrophilic "head" 

group in contact with surrounding water, sequestering the hydrophobic tail 

in the core of the aggregate. This type of micelle is known as a normal-phase 

micelle (oil-in-water micelle). Inverse micelles have the polar head groups at 

the core with the tail groups extending out (water-in-oil micelle). Micelles 

are approximately spherical in shape. Other phases, including shapes such as 

ellipsoids, cylinders, and bilayers, are also possible. The shape and size of a 

micelle is a function of the molecular geometry of its surfactant molecule 

and solution conditions such as surfactant concentration, temperature, pH, 

and ionic strength. Most commonly, surfactants are classified according 
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to the nature of their polar head groups. Non-ionic surfactants are neutral 

molecules with a polar head group. Ionic surfactants are charged molecules 

and carries either a positive or a negative charge. When the charge is 

negative, the surfactant molecules assemble in an aqueous medium to form a 

micelle with an anionic outer surface. Similarly, when the charge positive it 

forms a micelle with a positively charged surface.  

 

The critical micelle concentration (CMC) and aggregation number 

(Nagg) are two important parameters that describe a surfactant molecule. 

CMC is defined as the concentration of surfactants above which micelles 

form. The value of the CMC for a given surfactant in a given medium 

depends on temperature, pressure, and (sometimes strongly) on the presence 

and concentration of other surface active substances and electrolytes. For 

example, the value of CMC for sodium dodecyl sulfate in water (in the 

absence of other additives or salts) at 25 °C and 1 atm pressure, is 8 x 10
−3

 

mol L
-1

. The aggregation number (Nagg) is the number of surfactant 

molecules present in a micelle once the critical micelle concentration (CMC) 

is reached. 
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Types of Micelle 

 

Normal Phase Micelle  

 

Shapes of micelle 

 

 

 

 

 

 

Types of Surfactants 

 

 

 

Neutral Surfactants 

 

Anionic Surfactants 

 

CBA by nature is amphiphilic and is expected to get solubilised 

within the micelle with a topology that keeps the octylcarbazol in the 

hydrophobic core and the polar barbituric acid moiety aligned along the 

Cationic surfactant 

Inverse Phase micelle 
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surface. For a prospective binding of positively charged metal ions, it is 

better to use anionic micelles. The inherent negative charge on the surface of 

the micelle is also expected assist in bringing metal ions closer to the 

chelating groups on CBA. With this objective, we choose anionic surfactant 

sodium dodecyl sulphate (SDS) in this study. Of all the conditions 

examined, it has been observed that a 100 mM aqueous SDS micellar 

medium is very effective in the present case. 

4.3.3.1 Photophysical Properties of CBA in Micellar Medium 

 The absorption and emission spectrum of CBA in SDS micelle were 

recorded. The absorption spectrum showed a maximum at 448 nm which is 

10 nm red shifted in comparison to the maximum obtained in methanol and 

4 nm less than that observed in 1:1 MeOH/H2O mixture (Figure 4.19a). Thus 

the polar environment experienced by the CBA molecule is similar or 

slightly lesser to that of 1:1 MeOH/H2O mixture. This indicates that the 

topology of micellisation of CBA is one in which the polar pyramidine 

group aligned with the anionic surface of the micelle.  The fluorescence 

spectrum also showed a similar trend with maximum at 494 nm which is 39 

nm less than that observed in 1:1 MeOH/H2O mixture and same as that 

observed in methanol (Figure 4.19b). This further confirms the micellisation 

of CBA in SDS.  
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Figure 4.19 Absorption spectra (a) and emission spectra (b) of CBA in 

methanol, 1:1 MeOH/H2O and in 100 mM SDS.  The excitation wavelength 

is 408 nm. 

 

Figure 4.20 Cartoon showing the topology of micellisation of CBA in SDS 

micelles.  
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4.3.3.2 Metal ion binding studies of CBA in 100 mM SDS 

 

Figure 4.21 Evolution of absorption spectra of CBA in the presence of 

increasing concentration of an aqueous solution of Hg(OAc)2 in 100 mM 

SDS ([CBA] = 37.6 μM, [Hg(OAc)2] = 0–78 μM). The arrow indicates the 

direction change in the absorbance. 

Figure 4.21 shows the changes in the absorption spectrum of CBA in 

100 mM SDS with the addition of Hg
2+

 ions. As the concentration of Hg
2+

 

ions increased, we observed a decrease in the absorbance of the band at 448 

nm with a small blue shift of 7 nm. Less focussed Isosbestic points at 376 

nm and 511 nm indicate the formation of a complex of stoichiometry 

different from a 1:1 complex structure. A complete change in the absorbance 

required about 2 equivalents of Hg
2+

 (Figure 4.21). Inset in the Figure 4.21 

shows the response of absorbance at 448 nm against the equivalents if Hg
2+

 

used for the study. Similarly, with an increase in the concentration of Hg
2+
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ions, we observed a gradual increase in the fluorescence intensity of CBA 

(Figure 4.22). The addition of Hg
2+ 

ions up to 43.2 μM ie., 2.4 equivalents 

gave about 4-fold enhancement in the fluorescence intensity along with a 

hypsochromic shift of 20 nm. This enhancement in fluorescence is useful for 

the detection of Hg
2+

 ions in aqueous medium. The range of detection is now 

modified from 0.5 equivalents to 2.4 equivalents when used in the presence 

of 100 mM SDS.  

 

Figure 4.22 Evolution of fluorescence spectra of CBA in the presence of 

increasing concentration of an aqueous solution of Hg(OAc)2 in 100 mM 

SDS ([CBA] = 17.6 μM, [Hg(OAc)2] = 0–43.2 μM, λex = 376 nm). The 

arrow indicates the direction change in the fluorescence intensity.  

4.3.3.3 Stoichiometry and Reversibility of Complexation in Micellar 

Medium  

 In order to understand the stoichiometry of the complex formed, 

Job’s plot analysis was carried out. In micellar medium Job’s plot showed a 
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maximum at the mole fraction of Hg
2+

 as 0.65 which is an indicative of 1:2 

or 2:1 binding stoichiometry.  However, the association constant Ka was 

determined by a non-linear least square fit to a model described for 1:2 

complexation stoichiometry and hence we concluded that the stoichiometry 

of the complex formed between CBA and Hg
2+

 ions in SDS micellar was 

found to be 1:2 (Figure 4.23).The nonlinear least square fit analysis of the 

absorbance changes at 448 nm gave an association constant (Ka) of 1.15 x 

10
9
 M

-2 
(Figure 4. 24). Similarly, the fluorescence intensity change at 473 

nm was also fitted to a model corresponding to 1:2 binding stoichiometry 

resulting an association constant (K) of 10.6 x 10
9
 M

-2
 in micellar medium 

(Figure 4.25). 

 

Figure 4.23 Job’s plot analysis of CBA with Hg
2+

 showing 1:2 binding 

stoichiometry in 100 mM SDS. 
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Figure 4.24 A plot of absorbance at 448 nm vs. concentrations of Hg
2+

 in 

100 mM SDS. 

 

Figure 4.25 A plot of fluorescence intensity at 473 nm vs. concentrations of 

Hg
2+

 in 100 mM SDS. 

Cysteamine hydrochloride (Cys. HCl) was used as a competing 

chelating agent to explore the reusability of CBA in Hg
2+

 sensing. The 

weakly fluorescent CBA in 100 mM SDS was mixed with 2 equivalents of 
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Hg
2+

and about 5 equivalents of cysteamine hydrochloride (Cys. HCl) was 

added. The fluorescence spectrums of the solutions were recorded before 

and after the addition of cysteamine hydrochloride (Cys. HCl). While the 

addition of cysteamine hydrochloride, the enhanced fluorescence intensity in 

the presence of Hg
2+

 was restored to the initial intensity recorded for the free 

CBA in 100 mM SDS. This result demonstrated that CBA shows 

reversibility of the complexation in the presence of cysteamine 

hydrochloride in micellar medium (Figure 4.26). 

 

Figure 4.26  Emission spectra of CBA, CBA-Hg complex and CBA-Hg 

complex in the presence of cysteamine hydrochloride in 100 mM SDS. The 

excitation wavelength is 376 nm. 
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4.3.3.4 Nature of Complexation in Micellar Medium 

Distribution of Probes in Micelles 

Given the discrete number of micelles present at a given total 

surfactant concentration, introduction of probes leads to their solubilization 

in the available number of micelles. Knowledge of this distribution of probes 

among the micelles is essential for the interpretation of various exited state 

bimolecular processes such as fluorescence quenching, excimer formation, 

energy and electron transfer. 

Given the average number of solutes per micelle  𝑛̅  =
[𝐶𝐵𝐴]

[𝑀]
 where 

[CBA] is the total concentration of CBA introduced, [M] is the concentration 

of micelle.  

[𝑀] =
[𝑆𝐷𝑆]

𝑁𝑎𝑔𝑔
 

Where [SDS] is the concentration of surfactant, Nagg is the aggregation 

number
35,36

 

 The determination of the probability Pi of finding i probes in a given 

micelle can find out by several distribution laws such as geometric, binomial 

and Poissonian distributions.
35,36

 Poissonian distribution is the most widely 

used model for the distribution of probes in micelles. According to 

Poissonian distribution model for the distribution of probes in micelles the 
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following dynamic equilibrium of probe S with micelle can be represented 

as  

 

Where Sw is the probe molecule in water, Mi is the micelle assembly 

containing i number of probe molecules. The rate k is a second order rate 

constant which describes the rate of entry of probes in the micelles. The k’ is 

the exit rate of one probe and is assumed to be independent of occupation no 

i. The rate at which the probes leave the micelle containing several of them 

is assumed to be linearly dependent on the number of probes, ie., rate = 

(1+i)k’. There is no limit to the maximum number of probes that may 

occupy a given micelle. Writing equilibrium expressions for all values of i, it 

is easy to obtain the fraction of micelles that are occupied by i probes as  

[𝑀𝑖]

[𝑀]
=

𝑛 ̅𝑒−𝑛̅

𝑖!
 

This equation shows that the distribution of probes in micelles to be 

governed by a Poisson distribution. At a low value of 𝑛̅ = 0.1, most of the 

micelles are empty and only 10% of micelles contain one or more probes. 

When 𝑛̅ = 1, ie., there is equal concentrations of probes and micelles, 37% of 

micelles are still empty but about 26% of them contain two or more probes. 

In this type of distribution aggregation of probes and bimolecular self-

quenching of the excited states are possible. To avoid this 𝑛̅ should be much 
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less than 0.5. In our study, we used a surfactant concentration of 100 mM ie., 

concentration of micelle is 1.33x10
-3

 M and the probe concentration of ~10
-5 

M which makes the 𝑛̅ to have a value of 0.0132 which is << 0.1. Thus, the 

probe molecules are distributed in such a way that there is large excess of 

empty micellar assemblies ruling out multiple occupancies of probe 

molecules and thus aggregation effects (Figure 4.27).  

 

 

Figure 4.27 Cartoon showing the occupation of CBA in 100mM SDS 

micellar solution. 

4.3.3.5 Determination of Lowest Detection Limit in Micellar Medium 

 The variation in the absorbance and the fluorescence intensity show a 

linear dependence with the Hg
2+

 in the concentration range 10-50 M and 

0.2-1.66 M respectively. Each of this response was plotted and the 

detection limit was calculated from the slope of the fitted curve.  The results 

show that CBA can be used to detect and quantify Hg
2+

 with a detection 

limit of 44.5 nM by fluorescence and 2.3 μM by absorption spectroscopy 

(Figure 4.28 & 4. 29). 
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Figure 4.28 A plot showing a variation of Absorbance at 448 nm as a 

function of concentrations of Hg
2+

 in  100 mM SDS in water. 

 

Figure 4.29 A plot showing a variation of Fluorescence intensity at 473 nm 

as a function of concentrations of Hg
2+

 in 100 mM SDS.  
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4.3.3.6 Selectivity of Metal ion Recognition by CBA in SDS micelles 

 To verify the selectivity of metal binding by CBA for Hg
2+

ions, we 

have investigated the interactions of CBA with other metal ions such Na
+
, 

Mg
2+

, Ca
2+

, Cd
2+

, Zn
2+

, Ni
2+

, Ba
2+

, Cu
2+

, Pb
2+

, Co
2+

, and Mn
2+

 ions in 100 

mM SDS. Figure 4.30 & 4.31 shows the relative changes in the absorption as 

well as fluorescence intensity of CBA with the addition of two equivalents 

of different metal ions. As evident from the figure, the addition of other 

metal ions caused negligible changes in the absorption and emission bands 

of CBA. The bar-diagram in Figure 4.32 illustrates the selectivity feature of 

CBA in the detection of Hg
2+

 ions in 100 mM SDS.   

 

Figure 4.30 Absorption spectra of CBA recorded in the presence of various 

metal ions in 100 mM SDS. (Metal ion concentration = 78μM, [CBA] = 37 

μM)  
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Figure 4.31 Emission spectra of CBA recorded in the presence of various 

metal ions in 100 mM SDS. (Metal ion concentration = 44 μM, [CBA] = 

17.6 μM). ex = 376 nm.  

 

Figure 4.32 The bar diagram showing the metal ion binding selectivity of 

CBA in 100 mM SDS in water. 
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4.4 Conclusions 

 We have investigated the metal ion binding properties of CBA with 

various mono- and bivalent metal ions. CBA molecule, which contains a 

barbituric acid fragment having a cyclic amide structure act as a ligand for 

metal ions. CBA shows unusual selectivity for the Hg
2+

 ions among the 

various metal ions investigated. Our investigations revealed that the metal 

ion complexation involves the deprotonation of NH protons of the chelating 

site as characterized by 
1
H NMR spectral analysis. The unusual selectivity of 

the CBA for the Hg
2+

 ions may be due to the high affinity of pyrimidines to 

Hg
2+

 illustrated earlier for DNA double strands. Upon addition of Hg
2+

 in 

1:1 MeOH/H2O medium an enhancement in fluorescence emission was 

observed and the complex formed was having a 2:1 binding stoichiometry. 

The observed enhanced emission could be due to the formation of an 

aggregate or a complex having a linear or bend geometry. Such geometries 

can lead to close interaction between two carbazole moieties favouring 

aggregation induced emission (AIE). In a microheterogeneous medium such 

as 100 mM SDS an enhancement in the emission was observed in the 

presence of Hg
2+

 ions. However, this enhancement in emission was ascribed 

to a complex having 1:2 geometry. This result indirectly supports our 

argument that in 1:1 MeOH/H2O the observed enhancement in emission is 

indeed due to the aggregation or stacking of carbazole units possible in a 

complex with 2:1 binding stoichiometry. In both medium, we obtained 

comparatively high binding constant for Hg
2+

 binding. The chemosensor 



Chapter4 

 

192 Department of Applied Chemistry, CUSAT 

 

developed is very sensitive to Hg
2+

 with a detection limit of 8.89 nm which 

is less than 2 ppb, the EPA recommended maximum limit allowed for Hg
2+

 

in potable water.  
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4.5 Experimental Section 

4.5.1 General Photophysical Studies 

A stock solution of CBA with the concentration of 4.3×10
-3 

M was prepared 

in tetrahydrofuran (THF) and stored in a cool and dark place. This stock 

solution was used for all spectrofluorimetric titrations after appropriate 

dilution. Absorption spectra were recorded using Evolution 201 UV-visible 

spectrophotometer. Fluorescence emission spectra of the samples were 

measured using Perkin-Elmer Fluorescence spectrophotometer (model LS 

45). 

4.5.2 Determination of Association Constant for 2:1 Stoichiometry 

 

The association constant was calculated based on the absorbance or 

fluorescence titration curve of CBA with metal ions. Association constant 

was determined by a nonlinear least-squares fit of the data with the 

following equation as described elsewhere.
37

 

𝑦 =
𝑥

2𝑎𝑏(1 − 𝑥)2
+

𝑥𝑏

2
 

where x is I-Io/Imax-Io, y is the concentration of Hg
2+

 ions, a is the 

association constant K21, and b is the concentration of CBA. Here I is the 
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absorption or emission intensity at particular Hg
2+

 concentration, I0 is the 

initial absorbance or emission intensity and Imax is the final absorbance or 

emission intensity from the titration of CBA with Hg
2+

. 

4.5.3 Determination of Association Constant for 1:2 Stoichiometry 

 

 

 

The association constant was calculated based on the absorbance or 

fluorescence titration curve of CBA with metal ions. Association constant 

was determined by a nonlinear least-squares fit of the data with the 

following equation as described elsewhere.
38

 

𝐴 =
𝐴0 + 𝐴∞𝐾12[𝐺]2

1 + 𝐾12[𝐺]2
 

Where A is absorbance/fluorescence signal, 𝐴0 and𝐴∞ are the initial and 

final absorbance or fluorescence signal, [𝐺]  is total concentration of the 

metal ion. 

4.5.4 Job’s Plot by UV-vis Method 

A series of solutions containing CBA and Hg(OAc)2 were prepared 

to keep sum of concentration [Hg
2+

] ion and [CBA] a constant, whereby, the 

CBA + Hg2+          CBA-Hg2+

CBA-Hg2+ + Hg2+              Hg2+-CBA-Hg2+

K11

K12
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mole fraction (X) of Hg
2+

 was varied from 0.1 to 1.0. The Job’s plot is 

obtained by plotting the absorbance (A460 nm × XHg
2+

) at 460nm against the 

molar fraction of the Hg
2+

.
39

 The value of mole fraction corresponding to the 

maximum on the Job’s plot thus obtained was 0.4 indicative of a 2:1 binding 

stoichiometry.
15

 

4.5.5 Detection Limit Calculations Experimental Procedure 

The detection limit was calculated based on the fluorescence 

titration. To calculate the S/N ratio, the emission intensity of CBA in the 

absence of Hg
2+

 was measured 10 times and the standard deviation () of 

blank measurements was determined. Three independent duplication 

measurements of emission intensity at 600 nm in the presence of Hg
2+ 

and 

the average value of the intensities was plotted against the concentration of 

Hg
2+ 

for determining the slope (m). The detection limit is then calculated 

with the following equation.
 15

 

Detection limit = 3σ/m 
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 Chapter 5 

Highly Selective Ratiometric and Colorimetric Detection of 

Mercury (II) ions in Aqueous Medium with a Carbazole 

Thiobarbituric acid based Fluorescent Probe 

 

5.1 Abstract 

 

 Developed a multimode ratiometric Hg
2+

 selective chemosensor 

system based on carbazole-thiobarbituric acid conjugate (CTBA). Its 

colorimetric and fluorescent behavior for Hg
2+

 ions in both homogeneous 

and microheterogeneous media were investigated. A ratiometric mode of 

response in absorption as well as fluorescence in acetonitrile and 9:1 THF/ 

H2O medium was observed in the presence of Hg
2+

 ions. A dramatic colour 

change was detected visually on the addition of Hg
2+

 ions in both the media 
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made it an excellent colorimetric chemosensor for selective detection of 

Hg
2+

 ions. Similar results were observed with slightly higher detection limit 

and extended concentration range of detection when used in 

microheterogeneous medium such as anionic SDS micelles. Interestingly, 

the sensing mechanism is reversible and free CTBA can be regenerated in 

the presence of competing chelating agent such as cysteamine hydrochloride. 

The metal binding interaction is more selective with mercuric ions, while a 

less dramatic change observed for Cd
2+

. Other biologically and 

environmentally important mono- and divalent metal ions did not show any 

binding interaction. Job’s plot analysis of the complexation showed that the 

complex formed has a 1:2 binding stoichiometry.  

5.2 Introduction 

The demand for advanced detection methods of heavy and transition 

metal ions are growing nowadays. Especially, Hg
2+

 ion considered as one of 

the most toxic metal ions
1-4

 as it pollute the environment and cause major 

human health problems. In recent years, numerous efforts have been made to 

develop various chemosensors, particularly for Hg
2+

 ion detection.
5,6

 

However, some of the most sensitive analytical methods such as inductively 

coupled plasma mass spectrometry (ICP-MS), inductively coupled plasma 

atomic emission (ICP-AES) or atomic absorption spectrometry are very 

expensive or involved tedious sample preparation methods. The 

commercially available mercury analyzers use chemical reduction of Hg
2+

 

ions to metallic Hg. The volatile zero mercury in the gaseous form is then 
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analyzed by absorption spectroscopy. This method is less sensitive and often 

requires concentrating the samples to overcome the sensitivity limit of the 

technique. A modification of the method involves emission measurement 

where the gaseous Hg vapor is excited by UV light and by monitoring its 

characteristic emission bands in the UV or visible region. The later 

technique is more sensitive compared to the detection by absorption 

spectroscopy. All these techniques have inherent disadvantages that make 

them less effective in online monitoring of Hg pollution and limit field based 

detection techniques.
7,8

 Colorimetric or Turn-on fluorescence based 

chemosensors for Hg
2+

 ion are attractive in terms of their potential use in 

optoelectronic devices for online/real-time or filed based analysis of mercury 

pollution. Such methods offer simple detection with a naked eye, 

inexpensive instrumentation thus reducing the cost of environmental 

monitoring.
9-23

 The bioaccumulation of Hg
2+

 in living organisms including 

human population occur mainly through contamination of water. So, an ideal 

colorimetric chemosensors for Hg
2+

 ions should be usable in aqueous 

solutions and sensitively detect low levels of Hg
2+

 ions in aqueous solutions.
 

Such systems should have high thermal as well as hydrolytic stability. Most 

colorimetric chemosensors suffer from interference of other metal ions 

because of a low binding affinity for Hg
2+

 ions in aqueous solutions.
9-23

 In 

addition, effective colorimetric detection of Hg
2+

 ion in aqueous solution 

was typically achieved by chemodosimeters, however they irreversibly 

detected Hg
2+

 ions.
11–16, 23 
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 In fluorescent sensors, the method that most of the fluorogenic 

chemosensors depend on responses such as quenching, enhancement, or 

ratiometric changes in the fluorescence intensity.  Ratiometric sensing is the 

most desirable as it is sensitive as well as self-calibrating. However, 

chemosensors having ratiometric capability in fluorescence is rare.
24-32

 To 

date, the majority of mercury sensors detect Hg
2+

 by means of either through 

a turn-off response or by a turn-on response. Most of the ratiometric sensors 

of Hg
2+ 

known hitherto suffer from the interference of Ag
+
 or Cu

2+
 ions and 

low sensitivity.
25-31

 Hence, the development of new reversible colorimetric 

and ratiometric chemosensors for Hg
2+

 ions having high sensitivity and 

selectivity is a major challenge. Fluorescent chemosensors for heavy metals 

generally use peptides, cyclic amides and cyclic thioamides as the 

recognition sites.
32–44

 The present work employ a donor – acceptor molecule 

based on carbazole and thiobarbituric acid conjugate (CTBA) having 

intramolecular charge transfer property. Here, the thiobarbituric acid moiety 

acts as the recognition site and exploit the perturbation in the intramolecular 

charge transfer due to the presence of heavy metals as the signaling event.   

N

n-octyl

NH
HN

O

O

S

CTBA  

Scheme 5. 1 
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5.3 Results and Discussion 

5.3.1 Intramolecular Charge Transfer and Dual Emission in CTBA 

 

Figure 5.1 Absorption spectrum of CTBA in different solvents and in 100 

mM SDS.   

 

Figure 5.2 Emission spectrum of CTBA in different solvents and in 100 mM 

SDS.   



Chapter 5 

 

206 Department of Applied Chemistry, CUSAT 

 

Based on the experimental and theoretical studies on the excited state 

properties of CTBA presented in chapter 2 of the present thesis (§2.3.2.3) we 

have concluded that CTBA possess dual emission. This dual emission is 

attributed to a pre-twisted tautomeric form having a twisted excited state 

giving rise to a carbazole type emission (CE) around 425 nm and another 

long wavelength emission at around 600 nm due to a twisted charge transfer 

state. The CE emission maximum was found to be independent of solvent 

polarity and the ICT emission maximum was found to be solvent polarity 

dependent. However, this polarity dependence was not seen in the absorption 

spectrum of CTBA and is largely affected by hydrogen bond accepting 

nature of the solvents. Figure 5.1 and 5.2 show the absorption and emission 

spectra of CTBA in Toluene, THF, MeCN and in SDS micelles. Though we 

have assigned the dual emission in CTBA to the carbazole based CE 

emission and the ICT emission there exists a second possibility. In the 

structurally similar carbazole – barbituric acid conjugate CBA, a similar 

redshifted emission band is observed in the solid state and also in 60:40 

H2O:THF mixture. This emission is assigned to the presence of an aggregate 

formed possibly due to dimerization of two CBA molecules held through a 

two hydrogen bonds as showed in Scheme 5.2 In such assemblies, stacking 

of two carbazole moieties are possible and an aggregation induced emission 

is observed and is also feasible in CTBA. In order to rule out this, we studied 

the effect of micelles on the absorption and emission properties of CTBA. 

We choose 100 mM anionic SDS surfactant solution for the solubilisation of 

47 M CTBA. At this surfactant concentration the number of micellar 
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assemblies having multiple occupancies of CTBA is less probable (vide infra 

§ 4.3.3.4).  Figure 5.1 shows the absorption spectrum of CTBA in SDS 

which is 15 nm red shifted compared to that observed in MeCN. This 

illustrates that CTBA is micellised with a topology where the polar 

thiobarbituric acid unit closer to the anionic surface and the hydrophobic 

octyl carbazole in the core of the micelle. The emission spectra did not show 

any significant shift in the long wavelength emission band. Since we ruled 

out the possibility of multiple occupancy of CTBA in micelles, at this 

surfactant concentration and the concentration of CTBA, the observed 

emission band at 604 nm is solely due to the ICT excited state. As showed in 

Chapter 2 (vide infra § 2.3.3) that CTBA respond to the presence of Hg
2+

 

exhibiting changes in its absorption spectrum. The major objective of the 

present chapter is to study the effect of Hg
2+

 on the absorption and 

emission behavior of CTBA and to explore the possibility of using dual 

emission property of CTBA in ratiometric sensing of Hg
2+

 ions.  

N

N

O

O

O

N

N

N

O

O

O

N

n-C8H17
H17C8-n

H

H

H H
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O

O

N

N

N

S

O

O
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n-C8H17
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H

H H

CBA dimer CTBA dimer  

Scheme 5.2  
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5.3.2 Metal ion Binding Studies of CTBA in MeCN  

 The effect of Hg
2+ 

on the absorption and emission properties of 

CTBA was studied in MeCN solutions. During the photometric titration of 

mercury ions to CTBA, the orange solution turned dark brown along with a 

red-shift of the long-wavelength absorption maximum from 465 nm to 482 

nm (Figure 5.3). Not so well focused isosbestic points at 408 nm and 502 nm 

indicates the formation of a complex with Hg
2+

 ions which is in equilibrium 

with the free ligand. No further change in the absorbance was observed after 

the addition of about 2 equivalence of Hg
2+

. The red-shift in the absorption 

spectrum is indicative of the formation of an aggregate of CTBA or due to 

the changes in the electron affinity of the pyrimidine moiety due to 

complexation with Hg
2+

 ions. 

 

Figure 5.3 Evolution of absorption spectra of CTBA in the presence of 

increasing concentration of an aqueous solution of Hg(OAc)2 in MeCN 

([CTBA] = 14.4 μM, [Hg(OAc)2] = 0–26.4 μM). Arrows indicate the 

direction change in the absorbance. 
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The ratio of the absorbance at 375 nm and 470 nm and its change as 

a function of Hg
2+

 concentration in acetonitrile medium can be used for 

ratiometric determination of Hg ions. The ratiometric plot for the absorbance 

changes at 375 nm and 470 nm is depicted in Figure 5.4.  

 

Figure 5.4 A plot of absorbance ratio (A375/A470) vs concentrations of Hg
2+

 

in MeCN. 

We further investigated the emission spectral characteristics and its 

response to Hg
2+

 in MeCN. Fluorescence spectra were recorded by exciting 

optically matched solutions of CTBA (5.8×10
-6 

M) at the isosbestic point 

(408 nm). The evolution of the emission spectrum of CTBA as a function of 

Hg
2+

 show an interaction that lead to quenching of the fluorescence emission 

(Figure 5.5). This is manifested as a decrease in the emission intensity of the 

band at 604 nm. The decreased emission intensity was continued to be 

observed even after the addition of about 1.7 equivalents of Hg
2+

. As seen in 

Figure 5.6, the intensity at 604 nm decreases linearly as a function of the 
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concentration of Hg
2+

 ions. This result agrees with the outcome of 

spectrophotometric titration and suggests that CTBA showed a very strong 

affinity towards Hg
2+

 ions. The colorimetric response as well as the 

fluorescence response under UV illumination of CTBA to Hg
2+

 in MeCN is 

visible even with the naked eye as shown in the photographs as insets of 

Figures 5.3 and 5.5. 

 

Figure 5.5 Evolution of fluorescence spectra of CTBA in the presence of 

increasing concentration of an aqueous solution of Hg(OAc)2 MeCN 

([CTBA] = 5.8 μM, [Hg(OAc)2] = 0–9.8 μM, λex = 404 nm). Arrows indicate 

the direction change in the fluorescence intensity.  
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Figure 5.6 The fluorescence intensity changes at 604 nm as a function of 

Hg
2+

 concentration. 

 To get more insight into the mechanism of interaction of Hg
2+

 with 

CTBA, a Stern – Volmer analysis was performed. A plot of I0/I vs 

concentration of Hg
2+

 was not linear but showed an upward curvature 

(Figure 5.7.). However, a similar plot obtained by time–resolved 

fluorescence emission measurements yielded a straight line slope zero. Thus 

it is clear that the emission observed in the presence of Hg
2+

 is solely due the 

presence of free CTBA molecules and the CTBA-Hg
2+

 complex is non-

fluorescent. The upward curvature of the SV plot obtained by steady–state 

emission measurements could be due to enhanced quenching by a 1:1 

CTBA-Hg
2+

 and the added Hg
2+

. This behavior clearly indicates the 

formation of a 1:2 complex involving one CTBA molecule and two 

Hg
2+

ions.  
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Figure 5.7 Stern–Volmer plot obtained for the quenching of fluorescence of 

CTBA by Hg
2+

 ions by Steady–State fluorescence measurements and time 

resolved emission measurements. 

A similar fluorescence quenching process was observed for CTBA in 

methanol. In order to explore the possibility of using the chemosensing 

property in an aqueous medium, we studied the binding interaction in water- 

methanol or water-acetonitrile mixtures. No significant change was observed 

in comparison to the binding behavior in pure MeOH and MeCN.   

5.3.3 Effect of Water on the Emission Spectrum of CTBA in THF 

 The fluorescence spectrum of CTBA is a characteristic one where 

dual emission was observed. An emission corresponding to the local 

emission due to carbazole moiety at around 425 nm and the long wavelength 

emission was observed at 600 nm. With the addition of water, both these 

emission bands were found to enhance the intensity of emission along with a 
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25 nm red shift in the band due to the CT excited state. This red shift in the 

CT emission is due to the stabilization of the CT excited state in a more 

polar environment and the enhancement in both emission bands may also 

due to higher quantum yield of emission or due to an increase in the 

absorbance or  in this solvent composition.   

 

Figure 5.8 Evolution of the emission spectrum of CTBA in THF as a 

function of water content. ex = 360 nm 

5.3.4 Metal ion Binding Studies of CTBA in 9:1 THF/H2O  

To extend the present study of metal–CTBA interaction in aqueous 

THF, we choose 9:1 THF water mixture. As shown in Figure 5.2a, the 

solution of CTBA in 9:1 THF/ H2O was orange in colour and exhibited an 

absorption maximum at 458 nm. The absorption maximum is altered to 478 

nm with a concomitant decrease in the absorbance intensity is observed by 

the addition of Hg
2+

 (Figure. 5.9). The colour of the solution was also 
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changed from orange to light brown (Figure.5.9, inset). The unfocussed 

isosbestic point at 360 nm and at around 500 nm suggests that the complex 

formed between CTBA and Hg
2+ 

is not having 1:1 stoichiometry. The visual 

change in color of the solution makes CTBA in 9:1 THF/H2O an ideal 

system for naked eye detection of Hg
2+

.  

 

Figure 5.9 Evolution of absorption spectra of CTBA in the presence of 

increasing concentration of an aqueous solution of Hg(OAc)2 in 9:1 

THF/H2O ([CTBA] = 30 μM, [Hg(OAc)2] = 0–71 μM). Arrows indicate the 

direction of change in absorbance. 

The changes observed in the emission spectrum were more dramatic 

in this medium. With the addition of Hg
2+ 

ions, the intensity of the CT 

emission decreased along with an associated increase in intensity of the band 

due to carbazole based local excited state. The evolution of the emission 

spectra is characterized by an iso-emissive point at 535 nm (Figure 5.10). 
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This offers the possibility to use the CTBA in 9:1 THF/H2O as a ratiometric 

probe for Hg
2+

.   

 

Figure 5.10 Evolution of fluorescence spectra of CTBA in the presence of 

increasing concentration of an aqueous solution of Hg(OAc)2 in 9:1 

THF/H2O ([CTBA] = 30 μM, [Hg(OAc)2] = 0–51 μM, λex = 360 nm). 

Arrows indicate the direction change in the fluorescence intensity. 

The ratiometric behavior of CTBA in THF/H2O is illustrated in 

Figure 5.11. The upward curvature in the plot may be due to the highly 

emissive nature of the mercury-CTBA complex or due to an accelerated 

quenching of the CT emission of free CTBA molecules by Hg
2+

 as well as 

the 1:1 CTBA-Hg
2+

 complex. 
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Figure 5.11 A plot of fluorescence intensity ratio (I428/I600) vs concentration 

of Hg
2+

 in 9:1 THF/H2O, (λex = 360 nm) 

5.3.4.1 Stoichiometry of Complexation 

 The stoichiometry of the complex formed between CTBA and Hg
2+

 

ions was analyzed by Job’s plot, the method of continuous variation of mole 

fraction of interacting partners and its effect on the absorbance. Job’s plot 

showed a maximum corresponding to the mole fraction 0.65 which is an 

indication of 1:2 binding stoichiometry (Figure 5.12). The binding constant 

was determined by nonlinear least square fit analysis of the ratiometric 

response to Hg
2+

 by absorption and emission to a model corresponding to a 

1:2 CTBA:Hg complex. The result shows very good correlation with the 

model and this further supports the formation of a 1:2 CTBA:Hg complex. 

The results of the analysis also yielded the binding constant as 1.49 x 10
9
 M

-

2 
by absorption spectroscopy and 0.58 x 10

9
 M

-2 
by fluorescence 
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spectroscopy (Figures 5.13 and 5.14). Such a high value of binding constant 

shows that CTBA is very sensitive to Hg
2+

ions.  

 

Figure 5.12 Job’s plot analysis of CTBA with Hg
2+

 showing a 1:2 binding 

geometry in 9:1 THF/H2O 

 

Figure 5.13 A plot of absorbance ratio (A375/A470) vs concentrations of Hg
2+

 

in MeCN. 
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Figure 5.14 A plot of fluorescence intensity ratio (I428/I600) vs concentrations 

of Hg
2+

 in 9:1 THF/H2O. 

5.3.4.2 Reversibility of Complexation 

 For practical applications, reversibility, the ability to regenerate the 

free probes from the complex, is also an important parameter for fluorescent 

probes. To validate the reversibility of complexation of CTBA and Hg
2+

 in 

9:1 THF/ H2O, competing ligand such as cysteamine hydrochloride, having a 

thiol group was added. The absorbance of CTBA-Hg
2+

 complex increased 

gradually with a blue shift and an absorption spectrum which matches with 

the absorption spectrum of CTBA (Figure 5.15) was obtained. A similar 

effect was also observed in the fluorescence spectrum of the CTBA–Hg
2+

 

complex. The fluorescence at 428 nm turned off gradually and fluorescence 

at 600 nm was restored as in the emission spectrum of free CTBA (Figure 
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5.16). These results demonstrate that CTBA can serve as a reversible probe 

for Hg
2+

.
 
 

 

Figure 5.15 Absorption spectra of CTBA, CTBA-Hg
2+

 complex and CTBA-

Hg
2+

 complex in the presence of cysteamine hydrochloride in 9:1 THF/H2O. 

  

Figure 5.16 Emission spectra of CTBA, CTBA-Hg
2+

 complex and CTBA-

Hg
2+

 complex in the presence of cysteamine hydrochloride in 9:1 

THF/water. λex =360 nm 
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5.3.4.3 Mechanism of Complexation 

 To understand the nature of the complexation, we monitored the 
1
H 

NMR spectral changes of CTBA in the absence and presence of different 

concentrations of Hg
2+

 ions. We have recorded 
1
H-NMR spectrum in 

DMSO-d6 in the presence of increasing concentration of Hg (II) acetate. 

Figure 5.17 shows 
1
H-NMR spectrum of CTBA and mixtures of CTBA and 

Hg (II) acetate at different ratios from 0 to 2 equivalents of Hg
2+

. The 

spectrum of free CTBA is characterized by two distinct peaks corresponding 

to two NH protons at 12.25 ppm and 12.4 ppm. Analysis of the spectra 

evolved in the presence of Hg
2+

 acetate shows new resonance peaks at 12 

ppm, 12.3 ppm and 1.95 ppm. The peaks corresponding to two NH protons 

become one and appeared at 12.3 ppm by the addition of Hg
2+ 

ions initially. 

The peak at 12 ppm is assigned to the –OH proton of acetic acid which is 

indicative of a mechanism of Hg
2+

 binding involving the deprotonation of 

NH of the thiobarbituric acid moiety releasing a molecule of acetic acid. 

Moreover, the binding event led to deprotonation of both N-H protons on 

CTBA as indicated by the decrease in the peak area of the peak at 12.3 ppm. 

When two equivalents of Hg(OAc)2 was added, the resonance due to NH 

proton completely vanished and the Hg
2+

-CTBA-Hg
2+

 complex precipitated 

which is undoubtedly seen in 
1
H-NMR, ie. only acetic acid peaks and 

solvents peak are seen in the resulting spectrum. This further confirms the 

1:2 binding stoichiometry. 
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Figure 5.17 a) The 
1
H-NMR spectra of the CTBA and CTBA in the 

presence of 0-2 equivalents of Hg
2+

 acetate (400 MHz, DMSO-d6) b) 

Expanded spectrum in the aromatic region. 
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5.3.4.4 Determination of Lowest Detection Limit 

  

Figure 5.18 A plot showing variation of fluorescence intensity at 604 nm 

and 600 nm as a function of concentrations of Hg
2+

 in MeCN and 9:1 

THF/H2O respectively. 

The variation in the absorbance and the fluorescence intensity show a 

linear dependence with the Hg
2+

 in the concentration range 0-2.4 M and 0-

35 M respectively. Each of this response was plotted and the detection limit 

was calculated from the slope of the fitted curve. The results show that 

CTBA can be used to detect and quantify Hg
2+

 with a detection limit of 

13.35 nM by fluorescence in MeCN and 53.34 nM in 9:1 THF/H2O (Figure 

5.18). The results of the calculation by absorption emission and ratiometry 

are summarized in Table 5.1.  
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Table 5.1 Lowest detection limit obtained for CTBA in MeCN and 9:1 

THF/H2O 

Method Detection Limit 

MeCN 

Detection Limit 

9:1 THF/ H2O 

Fluorimetry 13.35 nM 53.34 nM 

Colorimetry 1.10 μM 2.62 M 

Ratiometry 2.23 μM (UV) 1.60 M (Fl) 

 

5.3.4.5 Selectivity of Recognition of Hg
2+

 Ions 

 In addition to Hg
2+ 

metal ion, binding studies were also carried out 

with Cd
2+

, Mn
2+

,Pb
2+

, Zn
2+

, Cu
2+

, Ag
+
, Co

2+
,
 
Na

+
, Ba

2+
, Mg

2+
 and Ni

2+
 ions 

in 9:1 THF/H2O at a CTBA concentration of 2.8 × 10
-5

 M. To study the 

selectivity of detection, other metal ions were also added and recorded the 

absorption and emission spectra of CTBA (Figure 5.19 & 5.20). All metal 

ions were studied except Hg
2+

 and Cd
2+ 

did not show any obvious change in 

the absorbance or fluorescence emission.  Cd
2+

 showed a weak quenching of 

emission band at 600 nm. The ratiometric fluorescence response (I428/I600) of 

CTBA was also unaffected by the metal ions other than Hg
2+

 and Cd
2+ 

(Figure 5.20.). Most of the reported ratiometric sensors for Hg
2+

 show cross-

sensitivities to heavy metal ions such as Ag
+ 

and Cu
2+

 whereas CTBA 

showed a very sensitive response to Hg
2+

 with a weak interference by Cd
2+

. 

The selectivity of CTBA to Hg
2+

 is illustrated in the bar diagram (Figure 
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5.21) plotted with the fluorescence intensity obtained for different metal ions 

at a concentration of 5.6 x 10
-5

M. 

 

Figure 5.19 Absorption spectra of CTBA recorded in the presence of 

various metal ions in 9:1 THF/H2O. (Metal ion concentration = 65 μM, 

[CTBA] = 30 μM) 

 

Figure 5.20 Fluorescence spectra of CTBA recorded in the presence of 

various metal ions in 9:1 THF/H2O. (Metal ion concentration = 65 μM, 

[CTBA] = 30 μM)  ex= 360 nm. 
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Figure 5.21 The bar diagram showing the selectivity of CTBA in the 

detection of Hg
2+

 ions 
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5.3.5 Detection of Hg
2+

 Ions in Aqueous Medium Containing Micelles 

 The CTBA was found to be sensitive for Hg
2+

 ions in MeCN and in 

THF/H2O. In order to explore the applicability of CTBA as a chemosensor 

to be used in aqueous medium its interaction with metal ions were studied in 

100 mM SDS micelles. The concentration of CTBA used for the study was 

~50 M and by Poissonian statistics the average occupancy of CTBA in the 

micellar assembles is ca. 0.0375 which is << 0.1. Thus, CTBA molecules are 

distributed in such a way that there is large excess of empty micellar 

assemblies ruling out multiple occupancies of probe molecules and thus any 

aggregation effects. By using such micro-heterogenous medium, one could 

also enhance the usable range as the micellisation of the probe introduce a 

barrier to free access of metal ions to CTBA.  The anionic surfactant, sodium 

dodecyl sulfate (SDS) is chosen for this study so that the positively charged 

metal ions will be assisted by the anionic micellar surface in its interaction 

with CTBA.  

 Figure 5.22 shows the changes in the absorption spectra of CTBA in 

100 mM SDS with the addition of Hg
2+

 ions. We observed similar changes 

in the absorption spectra as in homogenous media such as MeCN. As the 

concentration of Hg
2+

 ions increased, we observed a regular decrease in the 

absorbance of CTBA at 488 nm with a concomitant increase in absorbance 

at 338 nm and observed isosbestic points at 405 and 525 nm. Similarly, with 

an increase in the concentration of Hg
2+

 ions, we observed a gradual 
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decrease in the fluorescence intensity of CTBA (Figure 5.23). Addition of 

two equivalents of Hg
2+ 

ions gave quenching of fluorescence intensity.  

 

Figure 5.22 Evolution of absorption spectra of CTBA in the presence of 

increasing concentration of an aqueous solution of Hg(OAc)2 in 100 mM 

SDS ([CTBA] = 47.7 μM, [Hg(OAc)2] = 0–85.56 μM). Arrow indicates the 

direction change in the absorbance. 
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Figure 5.23 Evolution of fluorescence spectra of CTBA in the presence of 

increasing concentration of an aqueous solution of Hg(OAc)2 in 100 mM 

SDS ([CTBA] = 19.2 μM, [Hg (OAc)2] = 0–22.8 μM, λex = 405 nm). Arrow 

indicates the direction change in the fluorescence intensity.  

 The stoichiometry of binding was analyzed by the method of Job’s 

plot and obtained a curve that indicates a CTBA: Hg binding stoichiometry 

of 1:2 (Figure 5.24). The association constant Ka was determined by non-

linear least square fit of absorbance change at 486 nm and fluorescence 

intensity changes at 605 nm to a model described for 1:2 binding 

stoichiometry.  The data fitted well to the model with very good correlation 

(Figure 5.25 & 5.26). By spectrophotometry, an association constant (K12) of 

4.09 x 10
9
 M

-2 
and spectrofluorimetrically an association constant (K12) of 

9.58 x 10
9
 M

-2
 was obtained for the CTBA: Hg

2+
 with 1:2 binding 

stoichiometry in micellar medium. 
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Figure 5.24 Job’s plot analysis of CTBA with Hg
2+ 

showing a 1:2 binding 

stoichiometry in 100 mM SDS. 

 

Figure 5.25 A plot of absorbance at 486 nm vs. concentrations of Hg
2+ 

in 

100 mM SDS.  
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 Figure 5.26 A plot of fluorescence intensity at 605 nm vs. concentrations of 

Hg
2+

 in 100 mM SDS. 

The complex formed was found to react with cysteamine 

hydrochloride and released free CTBA establishing reusability of the 

chemosensor in practical applications (Figure 5.27). The lowest detection 

limit in the SDS micellar medium was also estimated by fitting the linear 

response region of the fluorescence intensity variation against concentration 

of Hg
2+

 to s straight line. A value of 133.5 nM was the detection limit 

calculated for CTBA mercury interaction in 100 mM SDS micellar medium 

(Figure 5.28). 
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Figure 5.27 Emission spectrum of CTBA, CTBA-Hg complex and in 

presence of cysteamine hydrochloride in 100 mM SDS in water. Excitation 

wavelength is 405 nm 

 

Figure 5.28 A plot showing variation of fluorescence intensity at 605 nm as 

a function of concentrations of Hg
2+

 in 100 mM SDS  
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We observed a similar response in selectivity as in homogeneous 

medium and the CTBA in SDS showed response to Hg
2+

 as well as to Cd
2+

 

with much higher sensitivity to Hg
2+

. The bar diagram showing fluorescence 

responses to different metal ions are given in Figure 5.29.  

 

Figure 5.29 The bar diagram showing the selectivity of CTBA in the 

detection of Hg
2+

 ions in 100mM SDS  

5.4 Conclusions 

We developed a reusable, ratiometric and fluorescence Turn-off 

carbazole thiobarbituric acid conjugate (CTBA) for selective detection of 

Hg
2+

 and Cd
2+

. Among the two metal ions CTBA is more sensitive to Hg
2+

. 

The complex formed between CTBA and Hg
2+

 has a stoichiometry of 1:2. 

The binding mechanism was established by 
1
H NMR, Jobs plot analysis and 

fitting the absorption and fluorescence responses to a model describing 1:2 



Chapter 5 

 

Department of Applied Chemistry, CUSAT 233 

 

stoichiometry. Clear visual colour changes on metal binding make it a very 

good indicator for naked eye detection of Hg
2+

 ions.  
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5.5 Experimental Section 

5.5.1 General Photophysical Studies 

A stock solution of CTBA with concentration of 6.9×10
-3 

M was 

prepared in tetrahydrofuran (THF) and stored in a cold and dark place. This 

stock solution was used for all spectrofluorimetric titrations after appropriate 

dilution. Absorption spectra were recorded using Evolution 201 UV-visible 

spectrophotometer. Fluorescence emission spectrum of a sample was 

measured using a Perkin Elmer luminescence spectrophotometer (model LS 

45). Metal ion stock solutions were prepared in the respective medium and 

used with appropriate dilution. 

5.5.2 Determination of Association Constant for 1:2 Stoichiometry 

 

The association constant
46

 was calculated based on the absorbance or 

fluorescence titration curve of CTBA with metal ions. Association constant 

was determined by a nonlinear least squares fit of the data with the following 

equation as described elsewhere. 

𝐴 =
𝐴0 + 𝐴∞ 𝐾12 [𝐺]2

1 + 𝐾12 [𝐺]2  

Where A is absorbance/fluorescence signal, 𝐴0 and 𝐴∞ are the initial and 

final absorbance/ fluorescence signal, [G] is total concentration of metal ion 
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5.5.3. Job’s Plot by UV-vis Method 

A series of solutions containing CTBA and Hg(OAc)2 were prepared 

and kept sum of concentration [Hg
2+

] ion and [CTBA] as a constant, 

whereby, the mole fraction (X) of Hg
2+

 was varied from 0.1 to 1.0. The Job’s 

plot
47

 is obtained by plotting the absorbance (Abs550 x XHg2+) at 550 nm 

against the mole fraction of the Hg
2+

. The value of mole fraction 

corresponding to the maximum on the Job’s plot thus obtained was 0.67 is 

an indication of a 1:2 binding stoichiometry.
42

 

5.5.4 Detection Limit Calculation’s Experimental Procedure 

The detection limit
42

 was calculated based on the fluorescence 

titration. To calculate the S/N ratio, the emission intensity of CTBA in the 

absence of Hg(II) was measured 10 times and the standard deviation () of 

blank measurements was determined. Three independent duplication 

measurements of emission intensity at 600 nm in the presence of Hg(II) and 

the average value of the intensities was plotted against concentration of 

Hg(II) for determining the slope (m). The detection limit is then calculated 

with the following equation. 

Detection limit = 3σ/m 

  



Chapter 5 

 

236 Department of Applied Chemistry, CUSAT 

 

5.6 Reference 

1.  Amendola, V.; Fabbrizzi, L.; Forti, F.; Licchelli, M.; Mangano, C.; 

Pallavicini, P.; Poggi, A.; Sacchi, D.; Taglieti, A. Coord. Chem. Rev. 

2006, 250, 273.  

2.  Valeur, B.; Leray, I. Coord. Chem. Rev. 2000, 205, 3.  

3. De Silva, A. P.; Gunaratne, H.Q.N.; Gunnlaugsson, T.; Huxley, A. J. 

M.; McCoy, C. P.; Rademacher, J. T.; Rice, T. E. Chem. Rev. 1997, 

97, 1515. 

4. De Silva, A. P.; Fox, D. B.; Huxley, A. J. M.; Moody, T. S. Coord. 

Chem. Rev. 2000, 205, 41. 

5.  Hutchinson, T. C.; Meema, K. M. Lead, mercury, cadmium and 

arsenic in the environment; Wiley: New York, 1987. 

6.  Scoullos, G. H.; Vonkeman, M. J.; Thorton, L.; Makuch, Z. In 

Mercury, Cadmium, and Lead: Handbook for Sustainable Heavy 

Metals Policy and Regulation (Environment & Policy); Kluwer 

Academic: Norwell, MA, 2001; Vol. 31. 

7. Lo, J. M.; Yu, J. C.; Hutchison, F. I.; Wai, C. M.  Anal. chem., 1982, 

54, 2536. 

8. Anderson, K. A. Mercury analysis in environmental samples by cold 

vapor techniques, in Encyclopedia of analytical chemistry, ed. R. A. 

Meyes, Wiley, New York, 2006. 

9. Kim, H. N.; Ren, W. X.; Kim, J. S.; Yoon, J. Chem. Soc. Rev. 2012, 

41, 3210. 



Chapter 5 

 

Department of Applied Chemistry, CUSAT 237 

 

10. Sareen, D.; Kaur, P.; Singh, K. Coord. Chem. Rev. 2014, 265, 125. 

11. Nolan E. M.; Lippard, S. J. Chem. Rev. 2008, 108, 3443. 

12. Jun, M. E.; Roy, B.; Ahn, K. H. Chem. Commun. 2011, 47, 7583. 

13. Kaur, K.; Saini, R.; Kumar, A.; Luxami, V.; Kaur, N.; Singh, P.; 

Kumar, S. Coord. Chem. Rev. 2012, 17, 1992. 

14. Prodi, L.; Bolletta, F.; Montalti, M.; Zaccheroni, N. Coord. Chem. 

Rev. 2000, 205, 59. 

15. Chen, X.; Pradhan, T.; Wang, F.; Kim, J. S.; Yoon, J. Chem. Rev. 

2012, 112, 1910. 

16. Cho, D.; Sessler, J. L. Chem. Soc. Rev. 2009, 38, 1647. 

17. Jiang, J.; Liu, W.; Cheng, J.; Yang, L.; Jiang, H.; Bai, D.; Liu, W. 

Chem. Commun. 2012, 67, 8371. 

18. Coronado, E.; Galan-Mascaros, J. R.; Marti-Gastaldo, C.; Palomares, 

E.; Durrant, J. R.;  Vilar, R.;  Gratzel, M.; Nazeeruddin, M. K. J. Am. 

Chem. Soc. 2005, 127, 12351. 

19. Zhu, M.; Yuan, M.; Liu, X.; Xu, J.; Lv, J.; Huang, C.; Liu, H.; Li, Y.; 

Wang, S.; Zhu, D. Org. Lett. 2008, 10, 148. 

20. Moon, S. Y.; Cha, N. R.; Kim, Y. H.; Chang, S. J. J. Org. Chem. 

2004, 69, 181. 

21. Yang, H.; Zhou, Z.; Li, F.; Yi, T.; Huang, C. Inorg. Chem. Commun. 

2007, 10, 1136. 

22. Park, J. Y.; In, B. G.; Neupane, L. N.; Lee, K. Analyst, 2015, 140, 

744. 

23. Yang, Y.; Yook, K.; Tae, J. J. Am. Chem. Soc. 2005, 127, 16760. 



Chapter 5 

 

238 Department of Applied Chemistry, CUSAT 

 

24. Coskun, A.; Akkaya, E. U. J. Am. Chem. Soc. 2006, 128, 14474. 

25. Wang, J.; Qian, X.; Cui, J. J. Org. Chem. 2006, 71, 4308. 

26.  Nolan, E. M.; Lippard, S. J. J. Mater. Chem. 2005, 15, 2778. 

27.  Tian, M.; Ihmels, H. Chem. Commun. 2009, 3175.  

28. Kim, J. S.; Choi, M. G.; Song, K. C.; No, K. T.; Ahn, S. D.; Chang, 

S. K. Org. Lett. 2007, 9, 1129. 

29.  Liu, B.; Tian, H. Chem. Commun. 2005, 3156.  

30. Yuan, M.; Li, Y.; Li, J.; Li, C.; Liu, X.; Lv, J.; Xu, J.; Liu, H.; Wang, 

S.; Zhu, D. Org. Lett. 2007, 9, 2313. 

31.  Zhang, X.; Xiao, Y.; Xuhong, Q. Angew. Chem., Int. Ed. 2008, 47, 

8025.  

32. Zhou, Y.; Zhu, C.; Gao, X.; You, X.; Yao, C. Org. Lett. 2010, 12, 

2566. 

33. Shults, M. D.; Pearce, D. A.; Imperiali, B. J. Am. Chem. Soc. 2003, 

35, 10591. 

34. White, B. R.; Liljestrand, H. M.; Holcombe, J. A. Analyst 2008, 1, 

65. 

35. Jang, S.; Thirupathi, P.; Neupane, L. N.; Seong, J.; Lee, H.; Lee, W. 

I.; Lee, K. Org. Lett. 2012, 18, 4746. 

36. Neupane, L. N.; Thirupathi, P.; Jang, S.; Jang, M. J.; Kim, J. H.; Lee, 

K. Talanta 2011, 3, 1566. 

37. Neupane, L. N.; Park, J.; Park, J. H.; Lee, K. Org. Lett. 2013, 2, 254. 

38.  Kim, D.; Seong, J.; Lee, H.; Lee, K. Sens. Actuators, B 2014, 196, 

421. 



Chapter 5 

 

Department of Applied Chemistry, CUSAT 239 

 

39.  Hatai, J.; Pal, S.; Jose, G. P.; Bandyopadhyay, S. Inorg. Chem. 2012, 

19, 10129. 

40. Kim, J.; Lohani, C. R.; Neupane, L. N.; Choi, Y.; Lee, K. Chem. 

Commun. 2012, 48, 3012. 

41.  Joshi, B. P.; Lohani, C. R.; Lee, K. Org. Biomol. Chem. 2010, 8, 

3220. 

42. Yang, M.; Thirupathi, P.; Lee, K. Org. Lett. 2011, 19, 5028. 

43.  Lohani, C. R.; Kim, J. M.; Lee, K. Tetrahedron 2011, 67, 4130. 

44. Li, Y.; Zhang, X.; Zhu, B.; Xue, J.; Yan, J. J. Fluoresc. 2011, 21, 

1343. 

45. Tehfe, M. A.; Dumur, F.; Graff, B.; Savary, F. M.; Gigmes, D.; 

Fouassier, J. P.; Lalevee, J. Polym. Chem. 2013, 4, 3866. 

46. Park, J.; In, B.; Lee, K. H.  RSC Adv. 2015, 5, 56356. 

47. Maity, D.; Govindaraju, T. Chem. Commun. 2010, 46, 4499. 



 

 

Summary and Conclusion 

The thesis entitled “STUDIES ON THE PHOTOVOLTAIC 

AND METAL ION BINDING PROPERTIES OF A FEW 

HETEROCYCLIC DONOR--ACCEPTOR SYSTEMS” embodies 

the results of the investigations carried out to study the heterocyclic 

donor–acceptor systems. The thesis launched with a review of the 

application of organic donor-acceptor systems in photovoltaics with 

special emphasis on applications in dye sensitised solar cells and D--A 

based sensor for heavy metal ions are outlined in chapter 1. 

A simple donor--acceptor strategy has used for the synthesis of 

BA and TBA based potential dyes. The direct covalent bonding between 

the donor and the acceptor moieties leads to an effective overlap between 

the HOMO and the LUMO energy levels which ensured wide absorption 

properties to the proposed dyes. In this thesis, eight D--A systems 

having either N-octylcarbazole or N-octylphenothiazine as the donor and 

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

thiobarbituric acid as the acceptor units were synthesised and 

characterised as described in chapter 2. We have selected barbituric and 

thiobarbituric acid as the acceptor groups, for bringing the excitation 

energy considerably down and thereby ensure better overlap with the 

visible solar spectrum. 

Appropriately architetured D-A moieties in the synthesised dyes 

leads to the substantial improvement in the absorption properties with 

elevated molar extinction coefficients are significant for typical ICT 
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states, which overlap well with the visible region of the solar spectrum is 

the subject matter of chapter 3. 

The prospective dyes having BA and TBA as acceptors showed 

suitable absorption characteristics and can be found to be useful as 

sensitizers in solar energy harvesting application. However, low power 

conversion efficiency was obtained for the barbituric acid and 

thiobarbituric acid based dyes due to their weak binding interaction with 

the semiconductor TiO2 surface. We can manipulate the binding mode 

and the interaction ability by suitably placing the NH group in BA and 

TBA systems with the aid of better anchoring moieties like COOH group 

(Scheme1). We did an attempt as described but the system couldn’t get 

stabilized and our group is still working on this to stabilise the modified 

system. 

 

Scheme 1 

All BA and TBA derivatives show affinity towards heavy metal 

ion, Hg
2+

 and the carbazole barbituric acid and thiobarbituric acid 

derivatives CBA and CTBA showed solid state emission under UV 

illumination whereas CTBA showed dual emission. Systematic metal ion 

binding investigations have been carried out and included in Chapter 4 
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and 5. In the fourth chapter, we presented the metal ion binding 

properties of CBA with various mono- and bivalent metal ions as well as 

their unusual selectivity for the Hg
2+

 ions. With increasing concentration 

of Hg
2+

 ion in 1:1 MeOH/H2O medium, almost 150 fold enhancement in 

fluorescence emission was observed and the analysis showed a 2:1 

binding stoichiometry of the complex formed between and Hg
2+

 ions. 

The enhanced emission intensity can be attributed to the formation of an 

aggregate or a complex with linear or bend geometry, thereby lead to 

close interaction between two carbazole moieties favouring aggregation 

induced emission (AIE). In a microheterogeneous medium such as 100 

mM SDS, an enhancement in the emission was observed with increasing 

concentration of Hg
2+

 ions. Furthermore, the enhancement in emission 

was ascribed to a complex having 1:2 stoichiometry between and ions 

evidenced that in 1:1 MeOH/H2O system, the enhancement in emission is 

indeed due to the aggregation or stacking of carbazole units in the 

complex with 2:1 binding stoichiometry. The main advantages of this 

sensor are  

 Naked eye detection 

 Very sensitive to Hg
2+

 ion with a detection limit of 8.89 

nm which is less than 2 ppb (the EPA recommended 

maximum limit allowed for Hg
2+

 ion in potable water).  

Investigation on the interaction of thiobarbituric acid based 

derivatives with various heavy metal ions forms the subject matter of the 

fifth chapter in the thesis. The successive addition of Hg
2+

 to a 9:1 

THF/H2O and fully aqueous solutions of thiobarbituric acid based dye 



Summary and Conlusions 

 

244 Department of Applied Chemistry, CUSAT 

 

showed a significant change in absorption with an almost 100% 

quenching of the ICT emission intensity. We obtained ratiometric 

behaviour during the absorption as well as fluorescence titration of 

CTBA with Hg
2+

 ions in acetonitrile and 9:1 THF/H2O medium. The 

analysis showed a 1:2 binding stoichiometry with a high binding constant 

as 1.49 x 10
9
 M

-2 
in all medium studied. Based on the detailed 

investigations we have developed a reusable, ratiometric and 

fluorescence turn-off sensor for the selective naked eye detection of Hg
2+ 

with a lowest detection limit as 13.35 nM. The molecule can be used as a 

sensor in both aqueous and organic media. 
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