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ABSTRACT

In 1991, Michael Gratzel and co-workers developed a new photovoltaic cell known as
Dye Sensitized solar cells (DSSCs); these photovoltaic semiconductor devices convert
solar radiation directly into electricity [1]. Metal-free sensitizers such as organic dyes
and natural dyes have received attention as alternative DSSC applications and have
been extensively developed [2]. Two metal free dyes were reported. These dyes were

prepared through Schiff base synthetic methods, which are easy to follow.
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The dyes absorb light in the visible light region. The interaction with ionic other
species (sensing) properties were studied, with dye 11 (sensor A) and dye 12 (sensor
B) designations. These recognition properties towards various ions were investigated
firstly by naked eye observation and secondly by spectroscopic methods such as UV-
vis in water-soluble DMSO. As a result, the addition of mercury (Hg?") to sensor A
displayed a clearly visible “naked eye” detectable colorimetric activities (from yellow
to pale yellow), while the addition of fluoride (F") and cyanide (CN") to sensor B also
displayed "naked eye" detectable colorimetric activities (from pink to purple), in

DMSO at ambient temperature. Thus each dye possesses a duality function, as an



organic DSSC as well as a colorimetric sensors for discriminating specific ionic

species in a given environment.
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CHAPTER 1: INTRODUCTION

1.1 Background of the study

Owing to the increase in the world’s population and technological development, the
demand for fossil fuels has similarly been increasing. Therefore, the energy demand is
proportional to the increase in the world’s population, as forecasted by the
international energy outlook of 2018, that the energy demand will increase by 28%
between the year 2015 to 2040 [3]. Current research has been focused on finding a

reliable, clean and equitable substitute for finite energy resources.

World energy consumption by energy source (1990-2040)
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Figure 1. The world energy demand [3]

Owing to declining conventional non-renewable sources (coal, petroleum), research
efforts are currently directed towards this area with the aim to find possible alternatives
to substitute for the declining fossil fuels. This could be achieved by switching to
renewable resources such as wind power, hydropower and or solar energy. Therefore
harvesting solar energy from the sun would alternatively be a suitable solution, to
account for this problem. In addition, solar cell technology that will harvest this solar
energy should be developed. Moreover, these solar cells are expected to be reliable,

efficient and cost-effective to compete with conventional sources [4]. A solar cell is
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defined as a photonic device that converts photons with specific wavelengths directly

into electricity [5].

Consequently, the way forward to overcome this energy problem is by utilising solar
energy through the use of solar cells. However, over the past years, solar cells have
gone through significant development [7]. These solar cells are further divided into
generations: the first generation photovoltaic (PV) cells which are the most developed
set of solar PV cells and are currently dominating the market, an example is single-
crystalline (sc-Si) and multi-crystalline (mc-Si). However, this first generation solar
cells are very expensive to produce and are associated with low efficiency [8]. The
second-generation PV systems which are in their early stages of development, these
cells are slowly growing and occupying the markets. However the second generation
has lower efficiency compared to the first generation, even though their production
costs are lower [8]. The third generation PV systems consist of technologies, such as
concentrating PV (CPV) and organic PV cells that are still in the developing stage, as
they have not yet been extensively commercialised. These solar cells are the most
attention-grabbing in terms of low manufacturing costs. The dye sensitized solar cells
(DSSCs) are also considered to be part of the third generation cells [7]. In comparison
to silicon-based solar cells, the third generation solar cells are accompanied by the

advantage of staying functional even under diffuse light.

In 1991, Michael Gréatzel developed a new photovoltaic cell known as Dye Sensitized
solar cells (DSSCs), these photovoltaic semiconductor devices convert solar radiation
directly into electricity [1]. Dye-sensitized solar cells (DSSCs) have attracted research
interest owing to their capabilities to convert solar light to electricity at low cost, ease
of fabrication, can have different colour, and environmentally friendly as compared to

other conventional photovoltaic devices [9]. At the moment the conversion efficiency
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for the dye-sensitized solar cell is lower, but these types of DSSCs are forecasted as
having the potential to produce higher efficiency in the future [5]. Subsequently,
researchers are working with a focus on improving and understanding this technology
better in order to develop DSSCs with higher conversion efficiency. There has been
major progress in the DSSCs research fields having achieved a high conversion
efficiency of up to 11% based on ruthenium dye, 12% based on porphyrin dye [7] and

10.1 % based on organic dye [10].

1.1.1 Characteristics of a good sensitizer
In order to improve the photovoltaic performance of DSSCs, the ultimate sensitizers

should meet the following requirements [11-14]:

A sensitizer should possess certain unique characteristics such as a strong absorption
in the visible range [11-14], high stability in its oxidized, ground, and excited states;
suitable redox potential; good efficiency in the charge injection and regeneration
processes [15], the most significant characteristic of the dye is its ability in absorbing
the visible light spectrum from red to blue (as shown in figure 2) so that it can sensitize

the wide band gap semiconductor material. [16].
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Figure 2. The solar spectrum [16]



1.2 Statement of the problem

Thiophene-based metal free dye sensitizers have a potential of increased photon
harvesting. Their efficiency can be significantly improved if more research is focused
on manipulating their molecular structures to optimize their photon harvesting
properties at functional wavelengths. Generally, their synthetic methods are
environmentally friendly, cost effective and from readily available materials. Thus,
there is a great need to conduct research to improve the efficiency of these dyes, and
hence to contribute towards finding a solution to the high energy demands in societies

today.

1.3 Objectives of the study

The objectives of this study are:

(@) To design thiophene-based metal free dye sensitizers for solar cells

(b) To synthesize and characterize the thiophene-based metal free dye sensitizers

(c) To investigate the solvatochromic effect of the dyes towards their photo-
responses in the visible region

(d) To investigate their chemosensing properties in aqueous-soluble solvents.



1.4 Significance of the study

Thiophene-based dye sensitizers have the efficiency of about 11%, thus more research
is highly recommended to increase their efficiency for enhanced photon harvesting. In
addition, electricity demand is increasing in Namibia, internationally high oil and
commodity prices have had a current effect on the price of gas and coal. Yet there are
opportunities such as harvesting solar energy since Namibia receive enough sunlight,
solar energy is observed as one of the most ideal solutions to this, because of its

abundant supply and inherent inexhaustibility.

1.5 Limitation of the study

This study will not construct the solar cell.

1.6 Delimitation of the study
This study will only focus on synthesizing and characterizing thiophene-based metal
free dyes for DSSCs, their photo-response properties in the visible region, as well as

their chemosensing properties.



CHAPTER 2: LITERATURE REVIEW

In this scenario, sunlight is utilised to produce electricity through the dye-sensitized
solar cells (DSSCs), which has become the key solution to meet the energy demands.
The dye molecule in DSSCs is responsible for harvesting the solar light and injection
of electrons into the conduction band of the semiconductor [9]. In recent years, high
conversion efficiencies of the DSSCs over 11% based on zinc-porphyrin and
polypyridyl complexes of ruthenium have been achieved. However, the metal
complexes application in DSSCs was limited by their toxicity, high cost, and synthesis
difficult. In 2015, the best power conversion efficiency (PCE, 1) of 13.1% have been
attained for the DSSC based on a pure organic dye and is comparable to the metal-

complex sensitizers [17].

Figure 3: The Dithienopicenocarbazole dye with the PCE of 13% [17]

DSSCs are photovoltaic semiconductor devices that convert solar radiation directly
into electricity. These DSSCs are further divided into five components which are as
follows: (a). a conductive mechanical support, (b). a semiconductor film, (c). a
sensitizer, (d). a redox couple (electrolyte), and (e). a counter electrode. Careful tuning
of any of those two or three components above will end up in a DSSCs with increased
efficiencies [18]. When the dye is exposed to light, it interacts with photons and goes

to an excited state, which is sufficiently energetic to inject an electron into the TiO>
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conduction band. Therefore the electrons from the excited state of the dye enter the
conduction band of TiO». The electrons then flow through the nanostructured porous
TiO> to the transparent conducting oxide (TCO). This electron flow (or their kinetic

energy) depends on the incident intensity of the light [7].

The DSSC operates as outlined in figure 3. [19, 20]. In the first step, photon is absorbed
by the sensitizer that governs the promotion of an electron in the excited state. In the
second step, an electron is injected from the excited state into the conduction band of
the semiconductor and thereby leaving the sensitizer in its oxidised state. In step three
the injected electron penetrates through the mesoporous structure of the
semiconductor, this process driven by a chemical diffusion gradient and these electrons
are collected at the transparent conductive electrode and then transferred to the external
circuit. The fourth step shows that when the electron goes through the external circuit
it reaches the counter electrode, where it interacts with the redox mediator turning it
in its redox form. In the fifth step, the reduced state of the redox mediator finally
reduces the oxidized sensitizer, in thereby regenerating the original dye and

completing the circuit.
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Figure 4. The Architecture and working principle of a typical DSSC [19]

Research efforts should be focused on improving photon absorption and charge
injection into the conduction band. This can be achieved by manipulating the dyes’
molecular structure thereby tuning its electronic and optical properties, which either
increases the degree of absorption of incident photons within the functional

wavelength or extend the functional range within the near-infrared range [21].

The HOMO-LUMO gap which defined as the energy difference between the highest
occupied molecular orbital and the lowest unoccupied molecular orbital and it’s an
essential characteristic for analysing the performance of a dye-sensitized solar cell
[22]. The energy of the HOMO-LUMO gap can tell us about what wavelengths the

compound can absorb.

The HOMO-LUMO energy gap (EnL) of the dyes will be estimated by the intersection
point between its normalized absorption and emission spectra and it will be calculated

from the equation: Eni/eV=1240/(A /nm)=2.27 eV [23].



Owing to a unique combination of efficient electron transfer, a moderate HOMO-
LUMO gap, environmental stability, and structural versatility, thiophene-based m-

conjugated systems have progressively supplanted other classes of systems [24].

Xiao et al [25] studied the effect of substituting the position of photo electronic
properties of indolo[3,2-b]carbazole-based metal-free organic dyes. These dyes
showed intensive absorption spectra in the wavelength of 300600 nm and a narrow
band gap of 2.29 eV, this means that these dyes absorbed visible light and they are
suitable for use in solar cells. Their best power conversion efficiency (PCE) of 6.34%
is obtained by the dye D2 due to its wider absorption spectra and strong steric

hindrance, which can effectively suppress the undesirable dye aggregation [25].

Figure 5. Structure of D2 [25]



An organic dye sensitizer primarily consists of three units with the D-n-A
configuration (the donor-pi-acceptor configuration), the donor part is hydrophobic
electron rich, while the acceptor is hydrophilic electron deficient and it acts as the
anchoring site on the TiO2 photoanode [26]. Moreover, each unit in the configuration
has an influence on the overall efficiency of the cell, thus far, the modification of n-
spacer is more important because it can tune the absorption region as well as allow the
injection of the excited electrons into the conduction band of TiO, semiconductor [26].
The spectral features of D-n-A dyes are associated with the intramolecular charge
transfer (ICT) from the donor to the acceptor and which is helpful for the electron
injection into the conduction band of TiO2 semiconductor anode [9, 27-30]. The best
moieties for the n-conjugated bridge very frequently contain thiophene units, such as
oligothiophenes, thienylenevinylenes, or dithienothiophene because of their excellent
charge-transport properties, or phenylenevinylene [24]. The variation on the acceptor
side is rather small, and in most cases, a cyanoacrylic acid group is used, with the

anchoring carboxylic acid group elegantly incorporated into the acceptor moiety.

hy

n-bridge TiO,
Semiconductor
Sensitizer

Figure 6. Design principle of an organic dye for TiO2 photoanodes in DSSCs [31].
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Hosseinzadeh et al [26] investigated the relationship between the structure and
performance. The modification of the thiophene group near the donor group in dye T-
BT has been done. It has been shown that the existence of the electron-rich pi spacer
group is beneficial to enhance the intramolecular charge transfer (ICT) process owing
to their ability to reduce the energy gap of the organic dye sensitizers, and

consequently capturing more sunlight.

Three new 2D-n-A dyes (TK4, TK5 and TK6), composed of diarylamine donor
groups, a dibenzofulvenethiophene core as the m-bridge, and a cyanoacrylic acid
anchoring group as the acceptor, have been successfully designed, synthesized, and
characterized both experimentally and computationally by Capodilupo et al [32]. The
dye containing the octyloxy chains on the donor group and two thiophene ring as an
extension of n-bridge showed the best photovoltaic performance with a maximum of
solar energy-to-electricity conversion yield of 7.8% under AM 1.5 irradiation (100

mwW/cm?).

Zhou et al [10] synthesized Metal-Free Tetrathienoacene Sensitizers for High-
Performance Dye-Sensitized Solar Cells [10]. In which they used a thiophene-based n

bridge TPA-TTAR-T-A and have achieved an efficiency of 10.1%.
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Figure 7. The structure of TPA-TTAR-T-A [10].

Mehmood et al [9] the effect of temperature on the photovoltaic performances and
stability of solid-state dye-sensitized solar cells. Because the temperature is one of the

most important outdoor variables that could affect the performance of the DSSCs [9].

Cui et al [51] reported the new donor-r-acceptor organic sensitizers with pyridine ring
as anchoring group are designed and synthesized for p-DSSCs, their detailed
investigation demonstrates that carboxylic acid groups may have an effect on the
negative shift of the valence band edge of NiO induced by surface protonation, which
lowers the hole-injection process and the device photovoltage, while the pyridine ring

works effectively without this problem [51].

Yu et al [34] investigated the effect of anchoring groups on N-annulated perylene-
based sensitizers for dye-sensitized solar cells and photocatalytic Hz evolution [34]. In
which they found that the results showed that the sensitizer with cyanoacrylic acid
based DSCs showed a higher conversion efficiency of 7.58% under AML.5 solar
conditions. However, it was noteworthy to observe that the sensitizer with the
rhodamine as the electron acceptor or anchoring group sensitized Pt/TiO:
photocatalysts displayed a higher rate of Hz evolution under visible-light irradiation
with a wide absorption wavelength between 420 nm and 780 nm. The sensitizer with
cyanoacrylic acid uses the COOH to attach itself to the TiO2, while the rhodamine

sensitizer binds to the TiO2 using the NH and C=0 groups [34].

Moreover in this current study the sensitizers or the synthesized dyes in like the above-
mentioned rhodamine sensitizer are expected to bind to the TiO2 semiconductor using

the NH and C=0 groups in their respective structures.
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It has been discovered that the UV/Vis/near-IR absorption spectra of chemical
compounds are likely to be influenced by the surrounding medium and that the
solvents bring about a change in the position, intensity, and shape of absorption bands
[35, 36]. The term solvatochromism was primarily used to describe changes in UV
visible absorption band following a change in the polarity of the medium [36]. When
absorption spectra are measured in solvents of different polarity it is found that not
only the position but also the intensity and shape of the absorption band can vary,
depending on the nature of the solvent [37, 36]. The influence of solvents on the course
of chemical reactions has been studied for a long time, and efforts have been made to
correlate equilibrium constants, reaction rate constants, or positions of ultraviolet

absorption bands with ‘‘polarity’’ of the solvent.

Solvent polarity is very important considering the coulombic and dispersive
interactions between the charge distribution in the solubility and the polarizability of
the solvent. Furthermore, the electronic character of the substituent, as well as the

chemistry of the solvent, are the major factors for the solvatochromic behaviour [38].

Supramolecular chemistry was first termed “the chemistry of non-covalent bonds”,
these distinctive non-covalent bonding or more ion-dipole interactions, m-m*
interactions are considered as the factors that are controlling the supramolecular
chemistry that deals specifically with interaction of ions with various synthetic and
natural organic compounds [39]. However, these interactions have led to the
development of the guest-host chemistry that further employs selective receptors
(hosts) for recognition of various analyte (guest-cations, anions or biomolecules) [39,

40].
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Electron transfer mechanisms such as intramolecular charge transfer (ICT) [41,42] can
be employed for designing chemosensors as well as organic dyes for DSSCs.
Chemosensors and organic dyes are related by the internal charge transfer mechanisms
which are involved, which is the same phenomenon used in both applications. The

same system of D-pi-A in Organic DSSCs is used in Chemosensors.

The general term for the host is termed as chemosensor, which is defined as devices
that respond to a physical or chemical change upon its interaction with the analyte and
thereby produces a signal that results from its sensitivity [43]. A chemosensor typically
consists of two components; which are the binding component and the signalling
component [39]. The binding component binds or interacts with the analyte by means
of non-covalent interactions like van der Waals forces, hydrogen bonding etc. and this
leads to chemical changes or physical changes observable like colour. Changes in the
chemosensor properties can be measured using different instruments namely UV-Vis

spectrophotometer and or fluorescence spectrophotometer [22].

A chemosensor should be designed in such a way that it’s highly selective towards the
analyte under detection even in the presence of other interfering or competing for
analyte [40]. The selectivity of such chemosensor is commonly influenced by the
surrounding solvent molecules, size and structural complementarity and binding

strength [40].

| 7
\ N 1Ly B
R EY \
Signalling Binding Signallmg subunit Binding
subunit subunit subunit

14



Figure 8. Schematic diagram showing binding of an analyte (guest) by a chemosensor

(host), producing a complex with altered optical properties [14].

The chemosensor usually contains a chromogenic fragment and a neutral receptor with
selective interactions to the visualised ion [43]. Biologically and environmentally
important ions play an important role in a wide variety of organic systems, and their
use in sensing and ion transport has received considerable interest in the research world
[44]. Furthermore, anion chemosensor is designed in such a way that they involve three
main types of interactions, which include electrostatic interactions, reaction based
sensors, hydrogen bonding and metal-ligand interactions. However in recent years
research has been more focused on using hydrogen bonding due to their relatively high
energy, the significant availability of H-bonds donors and their strong and selective
binding with anions. The commonly used anion sensors that use hydrogen bond donors
with both high affinity and selectivity are amides, hydrazides, pyroles, urea and

thiourea [44].

There are four essential requirements for the selection of chemo-responsive dyes, the
dye should have an interaction centre that can interact strongly with the analyte, there
should be a colour change after the reaction, and the interaction centre of dye must be
strongly coupled to an intense chromophore, there are always a group of varied chemo-
responsive dyes that are cross-responsive in a sensor array [21], and the detection

results of the sensor group should be reproducible and dependable [45].

Signalling methods such as UV-visible spectroscopy, and fluorescent spectroscopy are
preferred owing to their high sensitivity, this also allows low concentrations of the

analyte to produce large changes in output [46]. Selectivity is considered the most
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important property of a sensor, therefore it is required that the chemosensor is designed

in such a way that it binds only with the desired analyte and no other competitors.

In literature, much has been done on cation and anion sensing. Cyanide [43, 33],
fluoride [47], mercury [48, 50] have already been reported in literature. Subsequently,
more research has been focused on urea and thiourea based anion receptors due to their
ability to form strong hydrogen bonds (H-bonds) with the highly electronegative

anions like fluoride [40, 32].

Zhang et.al, [33] designed a highly selective and sensitive chemosensor for instant
detection cyanide via different channels in aqueous solution. This sensor probe
displayed rapid response and high selectivity for cyanide over other common ions in
aqueous solution [33]. Cyanide (CN") being one of the most toxic anions, which is also
deadly to human beings as it affect many functions in the human body, which includes
the visual, central nervous, vascular, cardiac, endocrine and metabolism systems.
Therefore sensitive, simple and affordable sensors for cyanide are necessary and are
in demand. However up to date a large number of chemosensors for CN™ have been

developed [51].

Lee et al [48] reported the chemosensing properties and characteristics of squarylium-
based chemosensors for Hg?*. This dye was found to be only selective to the sensing
of mercury (Hg?"). However, earlier Lee et. al, [48] reported the synthesis and binding
properties of this dye chemosensor which exhibited high selectivity for cyanide anion
(CN°) among other anions. This clearly indicates the dual sensitivity of this particular

sensor.

Thiophene-based metal free dye sensitizers have already been reported in the literature

and they show promising efficiencies of about 10.5% [18]. However, sensing
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properties on this metal-free dyes for DSSCs have not yet been investigated. Even
though sensors containing thiophene has been previously reported [49]. So far these
sensors were also not tested for their DSSCs properties. However little or nothing has
been done regarding the chemosensing properties of the organic based DSSCs. Hence
in this area research is to be done. Therefore studies that are focused on investigating
both DSSC properties and chemosensing properties are vital and will be done in this

particular research.
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CHAPTER 3: RESEARCH METHODS

3.1 Research design

Two facile metal free dyes sensitizers were designed and synthesized. These dyes were
then characterised using UV spectroscopy, FT IR, *H-NMR and fluorescence, and their

optical, electronic and chemosensing properties were also studied.

3.2 Procedures

3.2.1 Materials

All starting materials and solvents used in this research were of analytical grade.

3.2.2 Organic dye 11

The organic dye 11 was synthesized by a simple Schiff base reaction. To a solution of
2-aminothiazole (2.0020g, 0.02 mol) in ethanol 60ml, a solution of Isatin (2.9425¢,
0.02 mol) in ethanol 20ml was added dropwise while magnetically stirring under reflux
for 5 hours. Mass of the product 5.2321g. Yield 73 %, IR (cm 1): 1300- 1550 , 1720-
1726, 3201.1, and *H NMR(400 MHz, CDCls), 8: 7.67 ppm ( s, NH), 6.97 ppm (d, 1H,
2-thiophene), 7.45 ppm (d, 1H, 3-thiophene), 7.57 ppm (m, 1H, ArH), 6.84 ppm (m,

1H, ArH), 7.06 ppm (m,1H, Ar-H), 7.50 ppm (m, 1H, ArH).

<
B/N

O
S Refux , 5 hrs
+ O >
[ /> —NH, N/ ethanol ©ig=0
N i N
H

11

Scheme 1. The synthetic route of Dye 11
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3.2.3 Organic dye 12

Organic dye 12 was synthesized in two steps

Isatin (2.0023g, 0.014 mol) hydrazine monohydrate (2.0048g, 0.014 mol) and a
catalytic amount of acetic acid (five drops of AcOH) were combined in 60 ml of
absolute ethanol. The solution was stirred under reflux for 4 hours. After cooling at
room temperature, a yellow precipitate was filtered, washed three times with hot

absolute ethanol. Mass of product 1.4536g.

_NH,

O + NH,"NH, Reflux,4hrs= 0
ethanol

TZ

N
H
Scheme 2. The synthetic route of dye 12 the intermediate step

Synthesis of dye 12

The product obtained in step 1 (1.0299g, 0.0062 mol), 2-hydroxy-1-naphthaldehyde
(1.0674g, 0.0062 mol) and a catalytic amount of H3sPO4 (3 drops) were combined in
absolute ethanol 60 ml. The solution was stirred under reflux for 5 hours. It was then
cooled at room temperature, and an orange precipitate was filtered off, washed three
times with hot absolute ethanol. The mass of the product 1.5130g. Chemical shifts are
reported in ppm relative to tetramethylsilane 6 units as the internal standard. Yield

77%, IR (cm 1): 3169-3800, 1290- 1524, 1720-1722.2, 3676.9

, and 'H NMR (400 MHz, CDCls), §: 14.35 ppm ( s, H), 7.02 ppm ('s, OH), 7.55 ppm

(s, NH), 9.7 ppm (dd, 1H, naphthalene-H), 8.2 ppm (dd, 1H, naphthalene-H), 7.9 ppm
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(m, 1H, naphthalene-H), 7.0 ppm (m, 1H, Ar-H), 6.9 ppm (m, 1H, Ar-H), 7.5 ppm (m,
1H,ArH ), 7.15 ppm (m, 1H, ArH), 7.8 ppm (m, naphthalene-H), 7.6 ppm (m,

1H,naphthalene-H), 7.25 ppm (m, 1H, naphthalene-H).

NH, O
N~ /
/ Reflux, 5 hrs HO

+ OH >

Z-2

° ethanol, H;PO,

=
o
=

TZ

12

Scheme 3. The synthetic route of dye 12 step 2

3.2.5 General procedures for the UV-vis titration experiments

All the UV-vis experiments were carried out in DMSO solution on a UV-vis
spectrophotometer. The changes in the UV-vis spectra of the synthesized dye were
recorded upon addition of tetrabutylammonium (TBA) salts of anions as well as the
cation salts of chlorides and nitrates. While keeping the concentration of the dyes
constant (1x10° M). In all experiments TBA salts of anions ( F-, CI", AcO", CN", Br,
N3, SO4% NO3’) as well as the chloride and nitrate salts of cations (Mn?*, Ba?*, Co?*,

Fe?*, Ag*, Fe*', Zn?*, AI**, Pb?*, Cu?*, Hg?", Cr**, Na*) were used.

3.2.6 General procedures for fluorescence spectra experiments

All fluorescence spectroscopy was carried out in DMSO solution on the fluorescence
spectrometer. Any change in the fluorescence spectra of the synthesized dye were
recorded on the addition of the TBA salts and as well as the salts of chloride and nitrate,
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while keeping the concentration of the dyes constant at (1*107° M). In all experiments
TBA salts of anions ( F, CI;, AcO", CN", Br, N3', SO+ NO3’) as well as the chloride
and nitrate salts of cations (Mn?*, Ba?*, Co?*, Fe?*, Ag*, Fe**, Zn?*, AP**, Pb?*, Cu?*,

Hg?*, Cr¥*, Na*) were used in a constant concentration of 0.3 M.

3.2.7 General preparation of the solvatochromism dyes

The dyes for solvatochromism were prepared in different solvents (methanol,
chloroform, tetrahydrofuran, acetone, dichloromethane, toluene, ethyl acetate, ethanol,
n-hexane and DMSO) while keeping the concentrations constant in both solvents

(1%10°5 M).
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 The photophysical properties of the dyes

Absorbance
Absorbance

350 400 450 500 550 600 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

(a) (b)
Figure 9. UV-Vis spectra of (a) Dye I1 (b) Dye 12 at a concentration of (1*10° M) in

DMSO

The absorption wavelength of Dye 11 is 340-550nm, Dye 12 is 350-550nm. Which is
recognized to be caused by the intramolecular charge transfer (ICT) of the dye. The
results of the absorption wavelength showed that the dyes solution in Figure 9 can be
used as photosensitizer for DSSC because they both have absorption bands that

appeared in the visible region of the absorption spectrum.
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4.1.2 HOMO-LUMO energy gap studies

Absorption
1.0 436 nm

Emission (at 390 nm)

Intensity
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Figure 10. The normalized absorption and emission spectra of dye 11

1.0 Absorption Emission (at 530 nm)

Intensity
(=)
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Figure 11. The normalized absorption and emission spectra of dye 12
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The HOMO-LUMO energy gap En.L of dye 11 and dye 12 were estimated by the
intersection point between their normalized absorption and emission spectra of the
dyes 11 and 12 as shown in figure 11 and 12 respectively, and it was calculated from
the following equation:
En-/ eV = 1240/ (\/nm)

In dye I1 the intersection wavelength is 438 nm, while for dye 12 the intersection
wavelength is 548 nm, therefore the HOMO-LUMO gaps for dye 11 and dye 12 were
calculated using the above equation and determined to be 2.84 eV and 2.26 eV
respectively. These dyes all have narrow HOMO-LUMO gaps which is less than 3 eV,
this means that these dyes are expected to capture more light in the visible region.
Since their band gap is narrow, thus lowest band gap of dye helps the electron move
fast from the valence band to the conduction band they are suitable for use in solar

cells.
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4.1.3 Structure elucidation

4.1.3.1 The FTIR studies

I11- The remarkable peaks in the FTIR spectra of 11 also occur at a wavenumber of
1300- 1550 cm™, 1720- 1726 cm™ and 3201.1 cm* which correspond to C=C aromatic,

and C=0 stretch vibration and N-H , respectively.

12- The wide vibrational range at a wavenumber of 3169-3800 cm™ corresponds to the
O-H stretching vibration. The remarkable peaks in the FTIR spectra of dye 12 also
occur at a wavenumber of 1290- 1524 cm™, 1720-1722.2 cm™ and at 3676.9 cm™
which correspond to, C=C aromatic, and C=0 stretch vibration, and N-H stretch

respectively.
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4.1.3.2 Interpretation of the 'H NMR results

Table 1. The *H-NMR results of dye 11

Chemical shifts (ppm) Multiplicity Integration
6.84 m 1H
6.97 d 1H
7.06 m 1H
7.45 d 1H
7.50 m 1H
7.57 m 1H
7.67 S NH
Table 2. The ! H-NMR for dye 12
Chemical shifts (ppm) Multiplicity Integration
6.9 m 1H
7.0 m 1H
7.02 S OH
7.15 m 1H
7.25 m 1H
7.5 m 1H
7.55 S NH
7.6 m 1H
7.8 m 1H
7.9 m 1H
8.2 m 1H
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9.7

14.35
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4.2 Solvatochromism

The solvatochromic effects of dye 11 were investigated in different solvents of different
polarity. The absorption spectra were recorded in nine different solvents of varying
polarities at room temperature. The solvatochromic effects on absorption spectra have
shown a hypochromic effect in DMSO solution as well as a bathochromic (red shifted).
Clearly, the absorption spectra of the dyes 11 in DMSO solution are red-shifted as
compared to the dye spectra in other solutions, indicating relatively strong guest-host
interaction between the dye molecules and the DMSO environment, while some
solvents such as acetone, chloroform, ethyl acetate, EtOH, MeOH, and THF showed a
hypochromic effect as well as a bathochromic shifts. However, this particular dye was
extremely hypochromic shifted in low polarity solvents like n-hexane, toluene and

DCM.

0.4 4

DMSO

—— Acetone

—— Chloroform
DCM

—— Ethyl acetate

0.2 — EtOH

—— MeOH

—— THF
Toluene

0.0 ~
T T T T ' I
400 500 600
Wavelength (nm)

Absorbance

Figure 12. Shows the solvatochromism effects of the solvents on dye I1.

The solvatochromic effects of dye 12 were investigated in different solvents of
different polarity. The absorption spectra were recorded in these nine different solvents

with increasing polarities at room temperature. The solvatochromic effects on
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absorption spectra have shown a hypochromic effect in toluene solution, while some
solvents showed such as EtOH, MeOH it shows a bathochromic (redshifted) shift,
while chloroform and DCM show hypochromic as well as bathochromic shifts. Effect
as well as a bathochromic shift. Moreover, ethyl acetate, DMSO, DCM, and acetone

only showed hypochromic shifts.

DMSO
— EtOH
Acetone
—— Ethyl Acetate
—— MeOH
— THF
—— Chloroform
— DCM
—— Toluene

Absorbance

T T
400 500 600
Wavelength (nm)

Figure 13. Shows the solvatochromism effects of the solvents on dye 12.
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4.3 Interaction studies of the sensors with analytes

The binding properties of the two dyes have been investigated by UV/Vis absorption
and fluorescence spectroscopy. The titration experiments have been carried out in
DMSO system at room temperature with 0.03 M to keep a constant ionic strength. The
chloride, fluoride and nitrate salts of Mn?*, Ba®*, Co?*, Fe?*, Ag*, Fe3*, Zn?*, A",
Pb?*, Cu?*, Hg?*, Cr®*, Na* as well as the TBA salts of the anions ( F-, CI", AcO", CN-

, Br,, N3, SO4% NO3") were used.

4.3.1 Interaction of Sensor A with anions and cations

The ability of sensor A to complex with various anions was studied by UV-vis
absorption. Upon addition of Hg?* into a DMSO solution of sensor A, is characterized
by two absorption band in the visible region, the weak and intense bands at 400 nm
and 496 nm, respectively. In contrast, other competing cations and anions such as
Mn?*, Ba?*, Co?*, Fe?*, Ag', Fe3*, zn?*, AI¥*, Pb%*, Cu?*, Cr¥*, Na* and F, CI, AcO,
CN-, Br, N3, SO+ NOs respectively are completely unresponsive. These results
indicated implied the selectivity and sensitivity of sensor A towards Hg?".
Corresponding colour response of sensor A with different cations was observed. In
addition to spectral changes when Hg?* was added to the solution of sensor A, it led
to a colour change from pale yellow to colourless which could be detected with the
naked eye. The interaction is suspected to be of the coordination nature involving
cationphilic neighbouring atoms (Sulphur and Nitrogen) and the Mercury ion (Hg?").
The UV-vis response of sensor A towards Hg?* was investigated in DMSO as shown

in figure 14.
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Figure 14. The titration of sensor A (1x10° M) in the presence of Hg?" cation (0. to

5.0 equiv.) in DMSO solution.

4.3.2 Interaction of Sensor B with anions and cations

As the CN™ concentration increases, the absorbance of sensor B at 450 nm decreased
significantly and a new absorption peak appeared at 560 nm with a sharp isosbestic
point formation at 500 nm, which indicates that only two species are present at the
equilibrium throughout the titration process. In contrast, upon addition of other
competing anions such as CI, AcO", Br,, N3, SO4% NOg and cations such as Mn?",
Ba%*, Co?*, Fe?*, Ag*, Fe3*, Zn?*, AI**, Pb?*, Cu?*, Cr¥, Na' no detectable changes
were observed. The corresponding colour response of sensor B with different cations
was also tested. When CN” was added to the solution of sensor B, it resulted in a colour
change from pale yellow to colourless which could be detected with the naked eye. It
is well known that the interaction of anions is with hydrazone moiety is through
hydrogen bonding with the NH proton, as well as the OH proton in the sensor B. The
UV-vis response of sensor B towards CN™ was investigated in DMSO as shown in

figure 15.
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Figure 15. The titration of sensor B (1 x 10° M) in the presence of CN" anion (0-5.0

equiv.) in DMSO solution.

To investigate the binding mode of sensor B with F, titrations were performed, upon
the addition of 0-0.5 equivalent. F", the absorbance of sensor B at 460 nm gradually
decreased, meanwhile, the absorbance of sensor B at 590 nm gradually increased. The
well-defined isosbestic points at 480 nm and at 670 nm clearly indicate the existence
of two distinct species at equilibrium during the titration process. In contrast, other
competing anions such as CI-, AcO-, Br,, N3’, SO4*, NOs™ and cations such as Mn?*,
Ba%*, Co?*, Fe?*, Ag', Fe3*, Zn?*, AP*, Pb?*, Cu?*, Cr**, Na* were completely non-
responsive and did not induce any significant or noticeable changes. When F~ was
added to the solution of sensor B it led to a colour change from pale orange to purple
which could be detected with the naked eye. The UV-vis response of sensor B towards

F~ was investigated in DMSO as shown in figure 16.
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Figure 16. The titration of sensor B (1 x 10®° M) in the presence of F~ anion (0-5.0

equiv.) in DMSO solution.
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4.4 The Fluorescence studies

4.4.1 Interaction of Sensor A with anions and cations

Fluorescence emission spectra were recorded upon excitation at 430 nm, the
fluorescence intensity steadily increased at 440 nm. The fluorescence of the sensor A
was enhanced by the introduction of Hg 2*, hinting that the sensor could be applied for
sensing Hg 2*. Further, the selectivity of the sensor for sensing mercury ions was
investigated, the addition of various anions such as CN-, CI", AcO", Br, N3, SO4*,
NOgs, F and cations such as Mn?*, Ba®*, Co?*, Fe?*, Ag*, Fe**, Zn?", AP**, Pb?*, Cu?",
Cr*, Na* exhibited no all small significant increase of the fluorescence. This results
indicated that the fluorescent probe had favourable sensitivity and selectivity for the

detection of Hg?*.

Intensity

450 500 550

Wavelength (nm)

Figure 17. Fluorescence spectra of Sensor A on the molar addition of a different

amount of Hg 2* in DMSO (from 0-5 equiv.).

34



4.4.2 Interaction of Sensor B with anions and cations

Fluorescence emission spectra were recorded upon excitation at 430 nm, the
fluorescence intensity steadily increased at 460 nm. The fluorescence of the sensor B
was enhanced by the introduction of CN-, suggesting that the sensor could be applied
for sensing CN". Further, the selectivity of the sensor B for sensing CN™ was
investigated, the addition of various anions such as CI-, AcO", Br, N3', SOs* NOs’, F
and cations such as Mn?*, Ba?*, Co?*, Fe?*, Ag*, Fe**, Zn?*, AI**, Pb?*, Cu®*, Cr®*, Na*
exhibited no significant increase of the fluorescence while F showed a significant
change on the fluorescence spectra. These results indicated that the fluorescent probe

had favourable sensitivity and selectivity for the detection of CN™and F.

450 500 550
Wavelength (nm)

Figure 18. Fluorescence spectra of Sensor B on the addition of a different amount of

CN"in DMSO (from 0-5 equiv.).

Fluorescence emission spectra were recorded upon excitation at 425 nm, the
fluorescence intensity steadily decreased at 450 nm. The fluorescence of the sensor B
was quenched by the introduction of F°, suggesting that the sensor can also be applied
for sensing F.
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Figure 19. Fluorescence spectra of sensor B on the addition of a different amount of

Fin DMSO (from 0-5 equiv.).
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4.5 The proposed binding mechanism of the sensors and the ions

4.5.1 Binding mechanism for sensing of Hg?* with sensor A

It is proposed that sensor A binds with Hg?* through the nitrogen and sulphur atom,
the interaction is suspected to be of coordination nature involving two intermediate
cationphilic neighbouring atoms (sulphur and nitrogen) and the Hg?* [52] forming a
1:1 reaction as shown in scheme 4. When Hg?* ions were added to sensor A, the sensor

changed colour from yellow to pale yellow.

) ”
o
=
= —
(@]

Scheme 4. Proposed binding Mode of sensor A with Hg?".

Scheme 5. The naked eye detectable change of sensor A with Hg?*.
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4.5.2 Binding mechanism for sensing of CN- with sensor B

It is proposed that sensor B binds with CN through the amine and hydroxide protons,
forming a 1:2 reaction as shown in scheme 8. Detectable colorimetric change were
observed with naked eye when CN™ions were added to sensor B, the sensor changed

colour from pink to purple as shown in scheme 8.

| O CN
CN°
(0)
N
H

CN°

z
=
o

\)

Scheme 6. The proposed binding mode of sensor B with CN".

It is proposed that sensor B binds with F~ through hydroxide protons, forming a 1:1
reaction as shown in scheme 8. The sensing of the CN™ anion was probably formed via
the H-bonding of the CN™ anion to the OH of the sensor B [33], which could as well
be via the H-bonding of the CN™anion to the NH of the sensor B [49]. Detectable
colorimetric change was observed with naked eye when Fions were added to sensor

B, the sensor changed colour from pink to purple as shown in scheme 8.
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Scheme 7. The proposed binding mode of sensor B with F.

Scheme 8. The naked eye detectable change of sensor B with CN and F.
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4.6 The Job plot studies

4.6.1 The interaction ratio of Hg?* with sensor A

To understand the binding stoichiometry between sensor A and Hg?* Job’s plot
experiment was carried out. As shown in figure 20, the profile indicates a 1:1
stoichiometry for the process, these results are in agreement with the proposed binding

mode of sensor A with Hg?*.
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Hg”* 1/ (1Hg" "1+ 1A])
Figure 20. The Job’s plot examined between Hg?" and sensor A indicating a 1:1

stoichiometry.

4.6.2 The interaction ratio of CN- with sensor B
As the expected nucleophilic attack on unsaturated bond groups of sensor B should
satisfy 1:2 probe and cyanide stoichiometry. The results obtained from the job’s plot

supports the formation of a 1:2 sensor B/ CN™ adduct as shown in figure 21.
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Figure 21. The Job’s plot examined between CN™ and sensor B indicating a 1:2

stoichiometry.

4.6.3 The interaction ratio of F with sensor B

The reaction between sensor B and F gave a 1:1 stoichiometric ratio, however it was
this reaction could also have resulted into a 1:2 stoichiometric ratio; because F~ can
either deprotonate the N-H and O-H fragments in which the anion takes a proton from
the receptor. So in this case, this 1:1 stoichiometric ratio could be due to the
deprotonation of one of the above-mentioned fragments. It is suggested that the high
selectivity might be attributed to the strong intramolecular N-H~O hydrogen bonding
of sensor B from which the hydrogen atom was fastened, and only the anion showing
the most electronegative property had the potential to form additional hydrogen

bonding [47].
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Figure 22. The Job’s plot examined between F~ and sensor B indicating a 1:1

stoichiometry
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

5.1 Conclusions

In summary, two facile, low cost, and efficient Schiff base dyes are reported. Dye 11
being a thiophene-based metal-free organic dye for DSSCs as well as dye 12 that was
used for comparison, which were synthesized through facile Schiff-base condensation
reactions. A thiophene dye was successfully synthesized and characterized, this dye 11
had very good characteristics of light absorption in the visible region with a broad
absorption band ranging from 340-550 nm. In comparison, another dye 12 was
synthesized. Solvatochromic effects of the dyes were carried out to find out the best
solvent to dissolve these dyes for analysis. To find this out, the absorption spectra were
measured in solvents of different polarity. It is found that not only the position but also
the intensity and shape of the absorption band can vary, depending on the nature of the
solvent. Since all the two dyes gave very broad peaks in the visible region of the
spectrum when dissolved in DMSO solvent, this solvent was used for the UV-vis and
fluorescence analysis. The HOMO-LUMO gap of these two dyes I1 and 12 were
determined to be 2.84, and 2.26 eV respectively. Since these calculated band gaps are
narrow, these dyes are expected to capture a reasonable amount of sunlight within the

visible region of the solar spectrum, and thus they are suitable for the use in DSSCs.

For structure elucidation, FT-IR was carried out to confirm the structure of the dyes,
as well as the 'H-NMR spectra’s. The insert shows the FT-IR and the H-NMR
spectra’s of both dye 11 and dye 12 respectively. The functional groups in the FT-IR
spectra were identified and thus they confirm the synthesized structures of the dyes.
Furthermore, their signals in the 'H-NMR spectra’s were also identified, and they also

further confirmed the speculated structures of these dyes.
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These dyes were tested for their chemosensing properties with dye 11 being sensor A
and dye 12 being sensor B. The sensor A showed very effective detection behaviours
of UV-vis absorption by the addition of Hg?* cation. This sensor A was only
responsive to Hg?" cation, thus it’s only specific for this particular ion which makes it
a very good sensor, since its highly selective towards the analyte (Hg?") under
detection even in the presence of other interfering or competing for an analyte. This
chemosensors that are selective for specific targets of metal ions are continuously in
demand. While sensor B was able to detect CN™ and F, thus sensor B is a dual-sensor
that detects two anions, this sensor B may contribute to the efficient dual-sensing
colorimetric chemosensors. Therefore these dyes can both be used as chemosensor as

they show a high potential in supramolecular chemistry.

The fluorescence results are in agreement with the UV-vis results, as they showed
sensor A showed fluorescence enhancement for Hg?*, while sensor B showed
fluorescence enhancement with cyanide (CN") and fluorescence quenching with

fluoride (F) anions.

In order to understand the binding modes of the ions, the jobs plot analysis were
obtained. Results indicate that for the reaction between sensor A and Hg?" ion, the
reaction ratio is 1:1 which is in agreement with literature that the interaction is
suspected to be of coordination nature involving two intermediate cationphilic
neighbouring atoms (sulphur and nitrogen) and the mercury ion [49]. While the
reaction between sensor B and CN™ ion is a 1:2 which implies that the sensing of the
CN- anion was probably formed via the H-bonding of the CN™ anion to the OH of the
sensor B [33], as well as via the H-bonding of the CN"anion to the NH of the sensor
B [44]. The reaction between sensor B and F gave a 1:1 stoichiometric ratio, which

evidences the fact that fluorine is an electronegative atom, and rightfully establishes
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the H-bond interactions, and it does so by deprotonation of the N-H and O-H fragments
in which the anion takes a proton from the receptor [43]. To sum up each dye possesses
a duality function, as an organic DSSC as well as a colorimetric sensors for

discriminating specific ionic species in a given environment.
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5.2 Recommendations
Solar cells based on the dyes in this study should be carried out to determine the

efficiency of these synthesized dyes.
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Figure 23. The FT-IR spectrum of Dye 11
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Figure 24. The FT-IR spectrum of Dye I2.
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Figure 25. The *H NMR spectra of Dye I1.
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