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CHAPTER1
INTRODUCTION

With both population and economic growth, increased energy demand has
become one of the top research problems. The energy consumption is made up of
about 88% fossil fuels, 6% hydroelectricity, 6% nuclear power and tiny fraction from
biomass and solar energy sources. Fossil fuels are causing environment pollution.
Nuclear energy from nuclear fission is considered very dangerous by most population
and limited due to lack of safety confidence. Therefore, renewable energy has become
an important topic for scientist and solar energy is one of the most popular choices.

The sun has shined huge amount of energy on earth and direct sunlight is
available from sunrise until sunset. Solar collectors and modules are designed to
capture the sun’s energy and change it into more usable forms such as heat or
electricity. Sunlight can be converted directly to electricity by a state of the art
technology called a photovoltaic cell or solar cell. Most photovoltaic cells are made
from silicon or heavy metals such as Cadmium, Gallium and Indium but there are
several disadvantages in using these inorganic materials. The big problem is cost,
solar cell that made from silicon is very expensive and heavy metals are toxic and
environmentally hazardous. Thus, the other kind of solar cell called dye sensitized
solar cells (DSSC) are attracting widespread interest for the conversion of sunlight
into electricity because of their low cost and high efficiency. These cells were
invented by Michael Gratzel and Brian O’regan in 1991 [1] and are also known as
Gratzel cells. Dye sensitized solar cells presenting conversion efficiencies as high as
10-12% [1] it is however still lower than the efficiency of solar cells that made from
silicon, therefore great efforts have been taken to improve the performance of the
DSSC.

The development of these new types of solar cells is promoted by increasing
public awareness that the oil reserves may run out during this century. As the energy
needs of the planet are likely to double within the next 50 years, solar cell is set for an
alternative energy reserve.” Fortunately, the supply of energy from the sun to the earth
is gigantic: 3x10* joules a year, or about 10,000 times more than the grobal

population annual consumption. In the other word, converting 0.1% of the sunlight



energy with solar cells with an efficiency of 10% would satisfy the needs. But to tap
sunlight energy into this huge energy reservoir remains an enormous challenge.
1.1 Dye sensitized solar cells

A dye sensitized solar cell (DSSC) can be considered as a hybrid version of
photogalvanic cells and solar cells based on semiconductor electrodes. The cell
consists of a dye-coated semiconductor electrode and a counter electrode arranged in
a sandwich configuration and the inter-electrode space is filled with an electrolyte
containing a redox mediator [3,4]. In several researches the researchers used a
polypyridine complex of Ru as the dye sensitizer, nanocrystalline TiO, as the
semiconductor and the I,/ I'5 solution as the redox mediator [5-7]. The reactions occur
in a dye sensitized solar cell are shown schematically in Fig.1.1 Optical excitation of
the dye with visible light leads to excitation of the dye to an excited state that
undergoes electron transfer, injecting electrons into the conduction band of the
semiconductor. The oxidized dye is subsequently reduced back to the ground state by
the electron donor present in the electrolyte. The electrons in the conduction band
collect at the electrode and subsequently pass through the external circuit to arrive at
the counter electrode where they effect the reverse reaction of the redox mediator

[3.4].
Principles of operation of dye-sensitized solar cell
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Figure 1.1 Schematic presentation of reactions taking place in a dye sensitized solar

cell.



1.2 Key components of the dye sensitized solar cells.

1.2.1 Dye sensitizer

The ideal sensitizer for a photovoltaic cell converting sunlight to electricity

should absorb all light from the sun. Many dyes have been investigated as the

sensitizer in DSSC. New dyes were synthesized and investigated photovoltaic

performance by comparing to the reference dye. At present, there are three dyes, N3,

N719 and black dye, commonly used as the reference (Figure 1.2) [3-5]. These dyes

gave high efficiency as shown in Table 1.1. Although exhibiting high efficiency, the

drawbacks of N3 are the lack of absorption in the red region of the visible spectrum

and also relatively low molar extinction coefficient [8,9]. Therefore, searching for

new dyes to improve the efficiency and increase molar extinction coefficient is an

ardent research topic.
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Figure 1.2 Structure of common reference dyes.
Table 1.1 Photovoltaic performance of reference dyes.
Complex Jie (mA/cm®) Voe (V) VA Efficiency (1)

N3 19.0 600 0.65 7.4

N719 16.0 730 0.70 8.2
Black dye 20.5 720 0.74 10.4




1.2.2 Molecular engineering of photosensitizers [3,4, 9-13]
1.2.3 There are several key criteria that are preferably for the dyes to
demonstrate as efficient photosensitizers in solar cells .

a) Spectral properties to ensure maximal visible light absorption.

The dye should absorb all of the visible and near IR photons of the sunlight
incident on earth. Many Ru complexes of three ligand systems exhibited strong
absorption bands in the spectral region of interest. Electronic transitions contributing
to molar absorbance are metal to ligand charge transfer (MLCT) and -7 transition.

b) Redox properties in ground and excited state.

Efficient charge injection from the excited state of the dye into the conduction
band of TiO, depends on the redox potential of the dye in the excited state. The
energy level of the excited state should be higher than conduction band of the TiO, to
minimize energetic losses during the electron transfer reaction. In addition, its
reduction potential should be sufficiently positive that it can be regenerated via
electron donation from the redox electrolyte.

c) The anchoring group

Dye sensitizer must carry attachment groups such as carboxylate or
phosphonate to firmly graft it on the semiconductor oxide surface. Figure 1.3 showed
different ways of anchoring of the dye via carboxylate onto the TiO, surface.

d) The counterions and degree of protonation (overall charge).

Counterions and degree of protonation are selected to ensure sufficient
solubility in organic solvents and control of proton and water content in the pores
during the loading of the dye.

e) Nanocrystalline titaniumdioxide

It was mentioned earlier that one component in dye sensitized solar cell is
oxide semiconductor such as titanium dioxide (Ti0O,). It’s a white pigment and the
most commonly used. It is a wide bandgap semiconductor with Ep, being ca. 3.2 eV.
The films are made of a network of nanocrystalline should produce a junction of huge
contact area to allow for efficient light harvesting by the adsorbed monolayer of the

dye sensitizer [3,15].
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Figure 1.3 Schematic presentation of the ways of anchoring of dye sensitizer on

nanocrystalline TiO, surface [3,15].

1.3 Measurements on solar cell performance

The solar cell performance is given by two keys parameters, the first is the
incident photon to current conversion efficiency (IPCE) for monochromatic radiation
and the other is overall white light-to-electrical conversion efficiency (n). The IPCE
value is the ratio of the observed photocurrent divided by the incident photon flux,
uncorrected for reflective losses during optical excitation through the conducting glass

electrode.

IPCE = no. of electron flowing through the external circuit

no. of photons incident

The IPCE value can be considered as the effective quantum yield of the device. It is
the product of three factors: (a) light harvesting efficiency (depend on the spectral and
photophysical properties of the dye), (b) the charge injection (depend on the excited
state redox potential and the exciton lifetime), and (c) the charge collection efficiency
(depend on the structure and morphology of the TiO, layer). The overall efficiency of
the photovoltaic cell can be obtained as a product of the short circuit photocurrent
density (Js), the open circuit voltage (V,.), the fill factor (ff) and the intensity of the
incident light (/s) according to the following equation.
n= JscVoc /15
Jsc and V. are determined from the photocurrent-photovoltage curve of the cell (Fig

1.4). The fill factor was calculated according to equation 1,

H=1V] Js Ve (1)



where I and V were determined from the point of the curve that the product of I and V

1S maximum.
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Figure 1.4 Photocurrent-photovoltage curve of the dye sensitized solar cell.

1.4 Photovoltaic performance stability

A photovoltaic device should remain serviceable for 20 years without
significant loss of performance. So, the stability of all the constituents of the
nanocrystalline oxide, the TiO, film, the conducting glass, the sensitizer, the
electrolyte, the counter electrode and the sealant are important.

For a pure dye sensitizer such as N3 dye, it should sustain 10® redox cycles
without loss of performance corresponding to 20 years of continuous operation in
natural sunlight.® Regeneration of N3 in photovoltaic cell should occur rapidly, i.e.
within nanosecond or microseconds to avoid the electron-hole recombination reaction.

In addition, other components of the device, such as electrolyte or sealing may
leak under long-term illumination. These were therefore replaced by a highly polar
nonvolatile solvent electrolyte which does not exhibit the undesirable property. Using
nonvolatile solvent electrolyte conjunction with dye, it gave 1000 hr. stability test at
80°C in a dye sensitized solar cell [14,16-18]. Room temperature molten salts based
on imidazolium iodides have revealed very attractive stability features. It can improve

the overall efficiency exceeding 6% because the diffusion coefficient of the triiodide



ions in the melt is increased [16,17]. Long-term light soaking tests on sealed cells
have also extensively studied over the last few years. These tests are very important,
as the redox electrolyte or the sealing, may fail under long-term illumination. A recent
stability test of a 12,000 h continuous full intensity light exposure has confirmed that

this system does not exhibit an inherent instability[17,18].

1.5 The electronic processes in the dye sensitized solar cells.

After the excitation by the sunlight, the electron from the chromophore or the
dye sensitizer is injected to the semiconductor surface, typically on an ultrafast time
scale. The electron movement in the dye-semiconductor system are involved in many
processes, and the important processes which will be discussed here are the optical
absorption, the electron migration, and the electron recombination. These processes
can influence on the photovoltaic performances of solar cells. Therefore, these factors
will be explained to understand the electronic processes in the solar cells.

1.5.1 The optical absorption.

The dye sensitizers are usually designed to consist of the conjugation unit in
the structure because they can displayed absorption bands that are intense and broad
due to the wave function overlap between the electronic ground state and the lowest
excited state and the geometry relaxations that occur in the excited state. The high
extinction coefficients of the organic dye over a wide wavelength range can exhibit an
efficient light harvesting to maximize electron excitation and lead to a high efficiency.
The dye with the long conjugated system show strong electron-vibration coupling,
when the electron was promoted to an electronic excited state, there might be the
relaxation down to the lowest excited state. From this process, there is an energy loss
in the system [19-21].

1.5.2 The electron migration.

The dyes that are used in the dye sensitized TiO, photovoltaic cell harvest
visible light and are selected to match the TiO, semiconductor energy levels and to be
photochemically and thermally stable. To generate charge carrier, the electron need to
migrate to the heterojunction between TiO, and dye sensitizer before decay back to
the ground state. [ 19-21].

The TiO, surface state that accepts the injected electron is localized within the

first surface layers. In some case, a single Ti atom can constitute 20% of the acceptor



state density. It indicates that the electron leaves the surface region and moves into the
semiconductor bulk on a 100 fs time scale. Generally, the delocalization process is not
uniform in space but rather exhibits preferential directions, which depends on the
symmetry of the photoexcited state [19-22].

1.5.3 The electron recombination.

Due to the high surface area of dye-sensitized TiO,, an electron delocalized in
bulk TiO, has a high probability of finding a surface. At the surface the electron can
interact with the dye that still positively charge after the electron injection and with
the electrolyte that has attached the surface. As the result, the open-circuit voltage
(Voc) will be decrease and also the efficiency. In this case, Schmidt-Mende and
coworkers improved the cell performance by attaching hydrophobic chains to the
pyridine rings and used as ligand for ruthenium complex (Figure 1.10) [33,34].The
hydrophobic chains act more effectively as a spacer and blocking layer between TiO,
and the hole conductor to avoid recombination processes. Therefore the dyes with
longer hydrocarbon chains gave higher efficiency values when used as a sensitizer in
solid-state dye-sensitized solar cells. With increasing chain length, the short currents
density (Jsc) and open-circuit voltages (V) is increased (Table 1.4) [19-23].

1.6 Polydiacetylene

Poly(diacetylene) (PDA) is one of polymers that has been extensively
investigated since 1969 due to its excellent optical, electrical, and sensing properties.
One of the important property of PDA arises from its mode of polymerization,
topological photopolymerization [24,25]. Upon UV irradiation at 254 nm, well-
aligned diacetylene (DA) can undergo 1,4-photopolymerization to form conjugate
polymer with alternating ene-yne backbone structure. The topological polymerization
is a polymerization of diacetylene monomers which were aligned within a suitable
position [26] (Figure 1.5). The resulting polymer is intensely colored, typically a
deep blue. PDAs show different phases such as well-known blue (Anax: ~640 nm) and
red (Amax: ~530 nm) phases. Moreover, the blue phase can change to the red phase
upon external stimuli, such as pH, temperature, solvent, mechanical stress and ligand-

receptor interaction [27].
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Figure 1.5 The topological polymerization of diacetylene monomer.

1.7 Cyclic voltammetry

This technique is widely used for acquiring qualitative information about
electrochemical reactions. In voltammetry, a potential was applied to an electrode
immersed in an electrolyte solution, and the current is measured. Voltammetry is
generally performed with a three-electrode cell, working electrode, reference
electrode and counter electrode. An analyte is measured in a solution which contains
the supporting electrolyte to maintain good electrical contact between the electrodes
and the analyte in the solution. When the voltage is applied, the current is observed
due to the reduction or oxidation of analyte solution. Figure 1.6 shows typical cyclic
voltammograms for three reducible analytes [28]. The solid curve is for a reversible
reaction. Point 4 is a cathodic peak, when the potential is first reversed (point B), the
current remains positive and is largely due to the diffusion controlled reduction of the
analyte. The potential C is reached at which the analyte is no longer reduced, the
current here is zero. With further positive changes in potential, oxidation of the
previously reduced species begins and proceeds until its concentration reaches zero
(the anodic peak D). The curve labeled quasireversible is the voltammogram for a
system which the electron transfer process is not instantaneous. The difference in
potential between the cathodic and anodic peaks provides a measure of the relative
rates of the reduction and oxidation reactions. The third curve is a voltammogram for
an irreversible electrode process, only a cathodic peak is observed because the analyte

is not reoxidized at a significant rate.
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Figure 1.6 Cyclic voltammograms of three different analytes.

1.8 Literature reviews

In 2003, Nazeeruddin et.al investigated the interaction between N3, N719 and
N712 sensitizers (Figure 1.7) with nanocrystalline TiO, film by ATR-FTIR
spectroscopy [29]. The results showed that these complexes anchored onto TiO,
surface in the bridging coordination mode using two of their four carboxylic acid
groups, which are trans to the NCS ligand. Moreover, the effect of protons on both
the short circuit photocurrent and the open circuit photovoltage of a dye sensitized
solar cells was investigated. As the results, the monoprotonated form of N3 dye
exhibited the highest conversion efficiency under AM 1.5 sun compared to the four,

three, two, and zero proton sensitizers, the datas were recorded in Table 1.2

Table 1.2 The photovoltaic performance of protonated and nonprotonated form of dye

sensitizer.
Complex No. of Jie (mA/cm?) Voe (MV) yia Efficiency
protons (M)(%)

N3 4 19.0 600 0.65 7.4
N719 2 17.0 730 0.68 8.4
N712 0 13.0 900 0.70 8.2
N3[TBA]; 1 16.8 770 0.72 9.3
N3[TBA] 3 17.0 700 0.65 7.7
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Figure 1.7 Structures of N3, N719 and N712

In 2004, Wang and coworkers synthesized a new heteroleptic polypyridyl
ruthenium complex with a high molar extinction coefficient (Z910) [30]. A new dye
demonstrated as a highly efficient and stable sensitizer for dye sensitized solar cells.
The short-circuit photocurrent density (Js), open circuit voltage (V,.), fill factor (ff")
and overall conversion efficiency (1) of the photovoltaic device with Z910 dye are
17.2 mA/em?®, 777 mV, 0.764 and 10.2%, respectively. For the stability test, a 3-
methoxypropionitrile-base electrolyte was used for the test under moderate thermal
stress and visible-light soaking at 100 mW/cm?, 55 °C. All the parameters of the
device (Js , Voo , ff, n) are stable during 1000 hr. accelerating test.

HO OH

Figure 1.8 Structure of Z910
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In 2004, Klein et al. synthesized amphiphilic ligand [31,32] 4,4-bis(1-
adamantyl-aminocarbonyl)-2,2'-bipyridine (L1), 4,4'-bis{5-{N-[2-(3/-cholest-5-en-3-
ylcarbamate-N- yl) ethyl] aminocarbonyl}}-2,2'-bipyridine (L2), 4,4'-bis{5-{N-[2-
(3B-cholest-5-en-3-ylcarbamate-N-yl)- propyl]aminocarbonyl} }-2,2'-bipyridine (L3),
and 4,4'-bis(dodecan-12-o0l)-2,2"-bipyridine (L.4) and their heteroleptic ruthenium(Il)
complexes of the type [Ru(IDLLI(NCS)2] (5), [Ru(IDLL2(NCS)2] (6),
[Ru(IT)LL3(NCS)2] (7), and [Ru(Il)-LL4(NCS)2] (8) (where L) 4,4'-bis(carboxylic
acid)-2,2"-bipyridine). The photovoltaic performance of complexes 5-8 as
photosensitizer in 12+4 pm thick nanocrystalline TiO,-based solar cells was studied
using an electrolyte having a composition of 0.6 M N-methyl-N-butyl imdiazolium
iodide, 0.05 M iodine, 0.05 M Lil, and 0.5 M tert-butylpyridine in a 50:50 (v/v)

mixture of valeronitirile and acetonitrile (Table 1.3).

Table 1.3 The photovoltaic data of complex 5-8

Complex Jie (mA/cm?) Voo (mV) VA Efficiency (1)
5 15.3 695 0.66 7.01
6 15.47 676 0.71 7.42
7 16.11 676 0.7 7.62
8 17.5 700 0.72 8.86
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Figure 1.9 Structures of complexes 5-8.

In 2004, Wang and coworkers reported a new amphiphilic polypyridyl
ruthenium complex (Z2955) [33]. The new dye consists of 4,4'-diphosphonic acid-2,2'-
bipyridine as the anchoring group instead of 4,4'-dicarboxyl-2,2'-bipyridine. The
device with Z955 dye exhibited the short-circuit photocurrent density (Js), open
circuit voltage (V,), fill factor (ff ) and overall conversion efficiency () 16.37
mA/cmz, 707 mV, 0.693 and 8.0%, respectively. Additionally, the device showed
excellent stability under light soaking at 55-60 °C during 1000 hr.
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Figure 1.10 The structure of Z955

In 2005, Schmidt-Mende and coworkers studied the influence of the
hydrocarbon chain length of amphiphilic ruthenium complexes on the device
performance in solid state dye sensitized solar cells [34,35]. They concluded that the
dye containing longer hydrocarbon chains gave higher efficiency due to higher
current density and open circuit voltage. The results were recorded in Table 1.4 and

the structures of dyes were shown in Figure 1.11.

Table 1.4 The photovoltaic data of C1, C6, C9, C13 and C18 dye.

Complex Jse (mA/cmz) Voe (mV) 1 (%) Efficiency
(M)(%)
Cl 54 714 59.7 2.3
Co6 5.8 712 60.5 2.5
C9 6.3 738 61.3 2.8
C13 6.3 744 66.0 3.1
C18 5.8 718 55.2 23
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Figure 1.11 Structure of C1, C6, C9, C13 and C18 dyes.

In 2005, a novel ligand 4,4'-bis(carboxyvinyl)-2,2'-bipyridine (L) and its
ruthenium (II) complex [Ru(I)L,(NCS),] (K8) was synthesized and used as dye
sensitizer by Klein et al. [36].The metal to ligand charge transfer band of K8 is red
shifted 20 nm and the molar extinction coefficient increased by 30% when compared
to N3 dye. For device fabrication, the cell gave current density of 18.0 mA/cm?, 640
mV open circuit voltage, 0.75 fill factor and yielding 8.64% conversion efficiency. It
gave the excellent efficiency results from its strong optical light absorbance the

visible spectrum and the ligand containing extended conjugation.

Figure 1.12 The structure of K8.
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In 2006, Jang and coworkers synthesized new oligophenylenevinylene
functionalized Ru(Il)bipyridine sensitizers (D5 and D6) for using in dye sensitized
TiO, solar cells (DSSC) [37]. D5 and D6 enabled about 12% and 17% enhancement
in solar-to-electricity conversion efficiency, respectively, compared to N3 (Table 1.5).
The enhancement are correlated with higher molar absorption coefficients of these
sensitizers which containing oligophenylenevinylene m-conjugated backbones with
one N,N'-dibutylamino moiety.

Table 1.5 The photovoltaic data of D5 and D6 dyes.

Complex Jse (mA/cmz) Voe (mV) 1 (%) Efficiency
(m)(%)
N3 9.80 0.63 0.66 4.1
D5 10.8 0.63 0.68 4.6
D6 11.7 0.63 0.66 4.8
0 0
HO _ OH D5:x=CH; Y=A
/—N\ \N / D6:x=Y=A
S:C:N/\RU/\N/_’\ X
/N/ \N/ i N\ O \ CiHe
é,C/ \_/ O N\C4H9

Figure 1.13 The structure of D5 and D6.

In 2007, Jung et.al. synthesized new ruthenium sensitizers containing styryl
substituted bipyridine and antenna fragment (D20-D23) for increase the extinction
coefficient of sensitizer and stability of device performance [38]. All complexes
exhibit a broad metal to ligand charge transfer band around 520-530 nm in DMF
solution. The photovoltaic data were collected in Tablel.6, from the results the

efficiengy of D23 is the lowest due to the decrease amount of dye molecule on TiO,

film.
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Table 1.6 The photovoltaic data of D20-D23 dyes.

Complex Jsc (mA/cmz) Voe (mV) 1 (%) Efficiency
(m(%)
N3 13.13 0.73 0.66 6.32
D20 13.31 0.64 0.68 5.81
D21 9.32 0.65 0.73 4.40
D22 6.45 0.63 0.73 2.98
D23 6.45 0.63 0.73 2.98

Figure 1.14 The structure of D20-D23.



18

In 2007, Nazeeruddin and coworkers synthesized tetrabutylammonium [Ru(4,-
carboxylicacid-4'-carboxylate-2,2'-bipyridine)(4,4'-di-(2-(3,6-dimethoxyphenyl)
ethenyl) -2,2'-bipyridine)(NCS)2] (N945) [39]. The new sensitizer anchored TiO,
films exhibit excellent power conversion efficiency ,the complex show a short-circuit
current density (Ji) of 18.84 mA/cm?, open-circuit voltage (Vo) 783 mV and fill
factor (ff) 0.73, resulting conversion efficiency (1) 10.82%, under Air Mass (AM) 1.5
sunlight. The dye sensitizer show the high efficiency because it’s extended m-system
with electron donor group, which is expected to increase molar extinction coetficient

and shows panchromatic response.

HO OH

Figure 1.15 The structure of N945.

In 2007, Kuang ef al. synthesized the newly designed high molar extinction
coefficient sensitizer (K77) [40]. The new dye gave the efficiency more than 10.5%
with a volatile electrolyte and 9.5% with a nonvolatile electrolyte. In addition, DSSC
using K77 as sensitizer exhibited long-term stability (1000 h) under both light soaking

and thermal stressing with a new nonvolatile organic-solvent-based electrolyte.



Figure 1.16 The structure of K77.
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In 2009, Cao and coworkers reported a new ruthenium sensitizer featuring a 2-

(hexylthio)thiophene conjugated bipyridine ligand (C106) [41]. The new heteroleptic

polypyridyl ruthenium complex exhibited a high molar extinction coefficient of 1.87 x

10* M'em™ and the DSSC using this dye gave high efficiency of 10.57%. They

fabricated photovoltaic device using C106 as dye sensitizer comparing to Z097 and

C101. The photovoltaic performances are shown in Table 1.7.

Table 1.7 Photovoltaic parameters of dye sensitized solar cells with Z907, C101 and

C106 dyes.
Dye Jse (mA/cmz) Voe (mV) yid Efficiency
(m) (%)
7907 17.13 730 0.724 9.05
C101 17.75 749 0.777 10.33
C106 18.28 749 0.772 10.57




Figure 1.17 Structures of Z907, C101 and C106
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In 2009, Gao and coworkers synthesized ruthenium complex featuring

electron-rich selenophene unit in its ancillary ligand (C105) [42]. The photovoltaic

performances of this new sensitizer were compared with Z907 amphiphilic dye and

the results are shown in Table 1.8. As the results, the device with C105 dye

demonstrated higher efficiency than Z907 because the new dye improved the optical

absorptivity of mesoporous titanium film.

Table 1.8 Photovoltaic parameters of dye sensitized solar cells with Z907 and C105

dye.
Dye Joe (mA/cm®) | Voo (mV) Vi Efficiency
(n) (%)
7907 16.37 767.2 0.717 9.00
C105 18.09 747.8 0.744 10.06
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Figure 1.18 Structure of C105.

In 2010, a new crosslinkable light sensitizer, Ru(2,2'-bipyridine-4,4'-
dicarboxylic acid)(4,4'-bis(11-dodecenyl)2,2'-bipyridine)(NCS), was synthesized by
Liu and cowokers [43]. The DSSC fabricated from this dye with
poly(methylacrylate)-gelled electrolyte system showed Ji, Voo, ff and m of 11.1
mA/cm?, 0.68 V, 0.67, 5.1%, respectively. Additionally, it also gave long life stability
at AM 1.5 illumination (100 mW/cm?).
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Figure 1.19 Structure of Ru(2,2-bipyridine-4,4'-dicarboxylic acid)(4,4'-bis(11-
dodecenyl)2,2'-bipyridine)(NCS),

In 2010, A new ruthenium sensitizer (T18) which consist of an electron rich
ketene thioacetal modified bipyridyl group was synthesized by Kisserwan and
coworkers [44]. The new sensitizer showed a red shift and larger metal to ligand
charge transfer absorption when compared to N719. The photovoltaic performance og

solar cell sensitized with T18 showed higher currents than N719 (Table 1.9).
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Table 1.9 Photovoltaic parameters of dye sensitized solar cells with T18 and N719

dye.
Dye Jye (mA/cm?) Voe (mV) yia Efficiency
() (%)
N719 16.2 0.60 0.67 6.5
T18 16.8 0.57 0.71 6.8

Figure 1.20 Structure of T18.

In 2010, Lee K. E. ef al. studied the adsorption mechanism of N719 dye on
TiO, films by using ATR-FTIR and confocal Raman imaging [45]. ATR-FTIR
spectroscopy of the high wavenumber region displayed Ti-OH/Ti-OH; bands before
and after N719 dye adsorption, indicating the N719 molecules interact via both
hydrogen bonding and covalent bidentate-bridging bonding. Additionally, the Raman
imaging distribution of COO™ on TiO, was used to show the covalent and hydrogen
bonding of N719 dye-adsorbed TiO; films and the scheme depicting the adsorption of
two N719 carboxylic groups onto TiO, is shown in Figure 1.21.

Figure 1.21 Proposed two adsorption modes of N719 molecules onto TiO,
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1.9 Objectives and scope of the thesis.

According to all literature reviews, most of ruthenium complexes consist of
the long conjugation or long alkyl chain at the para position of bipyridine ligand to
improve the phophysical properties and conversion efficiency. And the study of
electronic effect on the bipyridine ligand is not widespread. Therefore, the objectives
of this work are to synthesize bipyridine ruthenium complexes containing amide
groups to investigate the electronic effect on bipyridine ring on the photophysical
properties, electrochemical properties and photovoltaic performance by comparing

them to the reference dye (N3).



CHAPTER 11

Materials and Experimental Procedures

Materials: Reagent grade chemicals were purchased from Fluka (America)
and Sigma-aldrich (Switzerland) and used as received without further purification.
Commercial grade organic solvents were distilled prior to use. Column
chromatography was performed using Merck silica gel 60 (70-230 mesh). Sephadex
LH-20 was purchased from GE healthcare Bio Science. Thin layer chromatography
(TLC) was performed on Merk silica gel 60 (70-230 mesh) using UV lamp or a
potassium permanganate dipping solution, followed by heating on a hot plate to
approximately 350 °C for visualization. Fluorine-doped tin oxide (FTO) coated glass
slides were purchased from Pilkington (Canada). Nanocrystalline titaniumdioxide
D/SP (casual size) and thin adhesive polymeric film were purchased from Solaronix

(Switzerland).

Characterization: UV-Vis and photoluminescence spectra were measured in
a 1 cm path length quartz cell using a Shimadzu CPS-240A UV-visible
spectrophotometer and a Varian Cary Eclipse spectrofluorometer, respectively. 'H
NMR and “C NMR measurements were carried out on a Varian Mercury 400 MHz
and Bruker 400 MHz NMR spectrometry as CDCl;, DMSO-d¢ and Methanol-d4
solutions. The ATR-FTIR spectra were measured using Nicolet 6700 FT-IR
spectrometer equipped with Germanium crystal for contacting the sample.The FT-IR
spectrometer was equipped with Schwarzschild Cassegrain infrared beamsplitter and
mercury cadmium-telluride (MCT) detector. High resolution mass spectra were
recorded on an electrospray ionization mass spectrometer (MicroTOF, Bruker

Daltomics).
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2.1 Synthesis
2.1.1. Synthesis of 2,2'-bipyridine-N,N'-dioxide [46].

= /= m-CPBA = =
/ \
R AN Tc S A
stir 24 hr. 00

A solution of 2,2"-bipyridine (1.00 g, 6.41 mmol) in chloroform (40 mL) was
cooled to 0 °C in an ice bath and a solution of m-CPBA (4.81 g, 28.0 mmol) in
chloroform (40 mL) was carefully added. The mixture was stirred at room
temperature for 24 hr. and then extracted with deionized water (30 x 3 mL). The
aqueous phase was collected and then evaporated to give 2,2'-bipyridine-N, N'-dioxide
as a white solid (0.85 g, 71% yield). "H NMR (400 MHz, D,0) & (ppm): 8.31 (2H, d,
J = 6.4 Hz, H6, H6'), 7.69 (2H, t, J = 7.3 Hz, H3, H3"), 7.65-7.55 (4H, m, H4, H4',
H5, HS") (>170 °C decompose).

2.1.2. Synthesis of 4,4'-dinitro-2,2'-bipyridine-/N,/N'-dioxide [47].

O,N NO,

@_@ conc. HZSO4 _ __
\ Y

fumlng HNO; No N
reflux 20 hr ©0©

Concentrated sulfuric acid (3 mL, 56.3 mmol) was added to 2,2"-bipyridine-N,N'-
dioxide (0.50 g, 2.66 mmol). The mixture was first cooled in an ice bath and
cautiously added with fuming nitric acid (2 mL, 47.0 mmol). The resulting solution
was stirred at reflux (95-100 °C) for 20 hr before cooling to room temperature. The
acidic mixture was then poured onto ice. Initially, the solution became green with
liberation of N,O4 brown fume. After continued stirring, a bright yellow precipitate
formed. The slurry was subsequently filtered and the yellow precipitate was collected.
The solid was washed successively with water (3 x 25 mL) and allowed to air dry to
give the desired product as a yellow solid (0.27 g, 37% yield). '"H NMR (400 MHz,
DMSO-dg) 6 (ppm):=8.69 (2H, d, J = 3.2 Hz, H3, H3"), 8.59 (2H, d, J = 7.2 Hz, H6,
He6'"), 8.37 (2H, dd, J = 3.2 and 7.2 Hz, H5, H5'") (>200 °C decompose).
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2.1.3 Synthesis of 4,4'-diamino-2,2'-bipyridine [48].

O,N NO,

_ _ hydrazine, P10%d H:N NH;
Y, -
Ng N EtOH, reflux 17 hr. \ VAR

A suspension of 4,4'-dinitro-2,2'-bipyridine-N,N'-dioxide (1.11 g, 4.00 mmol) and
Pd/C 10% (0.24 g, 0.23 mmol) in ethanol (120 mL) was purged with N, gas. The
suspension was then heated to reflux under nitrogen and, after 4,4'-dinitro-2,2'-
bipyridine-N,N'-dioxide was completely dissolved, hydrazine hydrate (8.6 mL, 0.276
mol) in ethanol (30 mL) was added dropwise over a period of 1 hr. The resulting
solution was stirred at reflux for 15 hr. When completed, the mixture was
immediately filtered hot through a bed of celite and the pad was washed with boiling
ethanol (4 x 30 mL). After removal of the solvent, the yellow precipitate was
dispersed in water (80 mL) and left in refrigerator overnight. The yellow solid that
separated was vacuum filtered, washed with cold water and dried at ambient
temperature to give the desired product as a yellow solid (0.52 g, 69% yield). 'H
NMR (400 MHz, DMSO-de) 6 (ppm): 8.02 (2H, d, J = 5.5 Hz, H6, H6"), 7.52 (2H, d,
J = 2.2 Hz, H3, H3"), 6.44 (2H, dd, J = 2.2, 5.5 Hz, H5, HS'"), 6.03 (4H, s, NH>)
(>270 °C decompose).

2.1.4 Synthesis of N,N'-(2,2'-bipyridine-4,4'-diyl)diacetamide (L2) [49].

HoN NH, o) 0
= — )CL 35 °C, pyridine >\‘HN HN*/<
\ N\  + o m
overnight N N /

A solution of 4,4'-diamino-2,2"-bipyridine (0.103 g, 0.55 mmol) in pyridine (15
mL) was cooled in an ice bath and acetyl chloride (0.2 mL, 28.1 mmol) was added
slowly. The resulting solution was stirred at 35 °C overnight. After cooling at room
temperrature, the precipitate was filtered, and the solid was washed with methanol and
dried to obtain the desired product as a white solid (0.077g, 52% yield) '"H NMR (400
MHz, DMSO-de) o (ppm): 10.46 (2H, s, NH), 8.55 (2H, s, H3, H3'"), 8.50 (2H, d, J =
5.5 Hz, H6, H6"), 7.69 (2H, d, J = 7.4, H5, HS"), 2.11 (6H, s, CH3).
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2.1.5 Synthesis of 4,4'-dicarboxy-2,2'-bipyridine [50].

CrO; o) 0

— _ —  » HO OH
27—\ conc H,SO — —
\ N N % 2o \ N/ \

A solution of 4,4'-dimethyl-2,2"-bipyridine (1.00 g, 5.43 mmol) in concentrated
H,SO4 (45 mL) was cooled at 0 °C in an ice bath and CrOs (3.12 g, 31 mmol) was
added in small portions during 1 h. The mixture which turned blue-green was heated
to 75 °C and stirred for 3 h. The reaction mixture was cooled to room temperature and
stirred for 10 hours before being poured into a mixture of ice and water. The white
precipitate was separated by centrifugation and washed several times with water. The
powder was then suspended in water, and KOH was added under vigorous stirring
until the solution was basic. The blue insoluble residual solid was filtered off. The
aqueous filtrate was acidified with HC1 to precipitate the diacid which was filtered,
washed with water, methanol, and diethyl ether, and dried in vacuo to give the desired
product as a white solid (0.95 g, 72% yield). 'H NMR (400 MHz, D,0) & (ppm): 8.51
(2H, d, J =4.91, H6, H6"), 8.12 (2H, s, H3, H3"), 7.60 (2H, d, J = 4.04 Hz, HS5, HS").
2.1.6 Synthesis of diethyl 2,2'-bipyridine-4,4'-dicarboxylate [51].

o) o) o) o)
HO OH conc. H,SOq4 _\O O/_
— — — — —
p
\ N }\1 / EtOH, reflux 10 hr. \ r\f \N /

A solution of 2,2"-bipyridine-4,4'-dicarboxylic acid (2.02 g, 8.30 mmol) in a
mixture of concentrated sulfuric acid (21 mL) and absolute ethanol (45 ml) was
stirred at refluxed for 10 hr and was then allowed to cool to room temperature before
pouring on ice. Neutralization with 25% aqueous sodium hydroxide caused
precipitation of a white solid. The solid was collected by filtration, washed with water
and air dried. The solid was recrystallized in absolute ethanol to give the desired
product as a white solid (1.05 g, 42%yield). '"H NMR (400 MHz, CDCl3) & (ppm):
8.95 (2H, s, H3, H3"), 8.86 (2H, d, J = 5.0 Hz, H6, H6"), 7.88 (2H, d, J=5.0 Hz, HS,
H5"), 4.43 (4H, q,J = 7.1, CH,), 1.42 (6H, t,J = 7.1 Hz, CH3) (m.p. 160-162 °C).



28

2.1.7 Synthesis of 2,2'-bipyridine-4,4'-dicarboxamide (L1) [51].

0 o)
_\O O Q O/_ NH; HoN NH,
— _ —_— — =
\ rxf \N / EtOH, reflux \ N/ }\1 /
11 hr.

A suspension of diethyl-2,2'-bipyridine-4,4'-dicarboxylate(0.051g 0.17 mmol) in.
absolute ethanol (3 mL) saturated with anhydrous ammonia at 0 °C was heated in a
sealed tube for 11 hr at 90 °C. After cooling, the content of the tube was filtered, and
the solid thus obtained was washed with absolute ethanol and dried to afford a white
solid. The product was recrystallized in ethylene glycol to afford the pure product as a
white solid 0.028 g (67%yield). '"H NMR (400 MHz, DMSO-de) & (ppm): 8.84 (2H, d,
J=5.0 Hz, H6, H6'), 8.75 (2H, s, H3, H3"), 7.83 (2H, d, J=5.0 Hz, H5, HS").

2.1.8 Synthesis of N3 [52].

O O
5. >4 )5
v N7

6

A mixture of dichloro(p-cymene)ruthenium(Il) dimer (0.101g, 0.17 mmol) and
4,4'-dicarboxylic acid-2,2"-bipyridine (0.161 g, 0.66 mmol) were dissolved in DMF
(30 mL). The mixture was stirred at 140 °C for 4 hr under N, in the dark.
Subsequently, an excess of NH4NCS (1.03 g, 13.5 mmol) was added into the flask and
kept heating at 140 °C for additional 4 hr. The reaction mixture was then cooled down
to room temperature and the solvent was removed in a rotary evaporator under
vacuum. Water was added to cause precipitation. The pH was adjusted to 3 with
HNOs; (0.2 M) and the mixture was allowed to stand in the fridge overnight. The

resulting purple solid was filtered, washed with water and Et,O. Purification on
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Sephadex LH20 using methanol as an eluent afforded the desired complex as a dark
purple solid 0.181 g (100 % yield). "H NMR (400 MHz, methanol-ds) § (ppm): 9.58
(2H, d, J = 5.8 Hz, H6"), 9.03 (2H, s, H3'"), 8.87 (2H, s, H3), 8.30 (2H, d, J = 5.8 Hz,
H5"), 7.79 (2H, d, J=5.9 Hz, H6), 7.61 (2H, d, J = 5.9 Hz, HS5).

2.1.9 Synthesis of [Ru(Il)(L')2(NCS);] (Where L' = 2,2'-bipyridine-4,4'-
dicarboxamide (Dyel) [52].

A mixture of dichloro(p-cymene)ruthenium(Il) dimer (0.100g, 0.16 mmol) and
2,2'-bipyridine-4,4'-dicarboxamide (0.1600 g, 66 mmol) were dissolved in DMF (30
mL). The mixture was stirred at 140 °C for 4 hr under N, in the dark. Subsequently,
an excess of NH4sNCS (1.03 g, 13.5 mmol) was added into the flask and kept heating
at 140 °C for additional 4 hr. The reaction mixture was then cooled down to room
temperature and the solvent was removed in a rotary evaporator under vacuum. Water
was added to cause precipitation and the mixture was allowed to stand in the fridge
overnight. The resulting dark solid was filtered, washed with water. Purification on
Sephadex LH20 using methanol as an eluent to remove the impurity. The precipitate
on the top of sephadex column was collected and dissolved in methanol and small
amount of DMF. Again, purification on Sephadex LH20 using methanol as an eluent
afforded the desired complex as a dark solid 0.071 g (62 % yield). '"H NMR (400
MHz, DMSO-ds) J (ppm): 9.34 (2H, d, J = 6.0 Hz, H6'"), 9.18 (2H, s, H3"), 9.02 (2H,
s, H3), 8.32 (2H, d, J = 6.0 Hz, H5"), 7.77 (2H, d, J = 5.9 Hz, H6), 7.56 (2H, d, J =
5.9 Hz, HS).
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2.1.10  Synthesis of [Ru(ILL*(NCS);] (Where L= 4,4'-Dicarboxy-2,2’-
bipyridine and L:= N,N'-(2,2'-bipyridine-4,4'-diyl)diacetamide) (Dye2) [30].

A mixture of dichloro(p-cymene)ruthenium(Il) dimer (0.102g, 0.17 mmol) and
N,N'-(2,2'-bipyridine-4,4'-diyl)diacetamide (0.090 g, 0.33 mmol) were dissolved in
DMF (30 mL). The reaction mixture was stirred at 80 °C for 4 hr under N, in the
dark. Subsequently, 4,4’-dicarboxylic acid-2,2"-bipyridine (0.081 g, 0.33 mmol) was
added into the flask and the mixture was heated to 140 °C and the stirring was
continued for 4 hr. An excess of NH4sNCS (1.03 g, 14 mmol) was added to the
resulting dark reaction mixture while the stirring was continued at 140 °C for 4 hr
more. The reaction mixture was cooled down to room temperature and the solvent
was removed by a rotary evaporator. Water was added to give dark precipitate. The
solid was collected on a sintered glass crucible by suction filtration, washed with
water and dried in vacuo. The crude complex was dissolved in MeOH and purified on
a Sephadex LH-20 column using methanol as an eluent. The main band was collected
and dried in vacuo to give the desired product as dark purple solid (0.192 g, 100%
yield). "H NMR (400 MHz, methanol-ds) 8 (ppm): 9.48 (1H, d, J= 5.7 Hz, H6'), 9.21

(1H, d, J=6.2 Hz, H6"), 8.95 (1H, s, H3'), 8.81 (1H, s, H3), 8.78 (1H, s, H3"), 8.62
(1H, S, H3"), 8.17 (1H, d, J = 5.7 Hz, H5'),7.91 (1H, d, J = 6.2 Hz, H5"), 7.72 (1H, d,
J=5.9 Hz, H6), 7.55 (1H, d, J= 5.9 Hz, H5), 7.32 (1H, d, J=6.4 Hz, H6"), 7.26 (1H,
d,J= 6.4Hz, H5"), 4.62 (2H, s, NH), 2.29 (3H, s, H8 ), 2.14 (3H, s, HS)).



31

2.1.11  Synthesis of [Ru(INLL'(NCS);] (Where L= 4,4'-Dicarboxy-2,2’-
bipyridine and L'= 2,2'-bipyridine-4,4'-dicarboxamide (Dye3) [30].

0 0
H2N4’§7 - % NH;
_\ _\\

5 _(J, 5
g\?N\? N__'fénl
\/ 6.5 on
Y.
=L >
° N/ \N D
c -
S 6<\\__/>3
5 ‘}—_o
HO

Dye3 was synthesized by a procedure similar to Dye2 except L' (0.082 g, 0.33
mmol) was used in place of L% Yield = 0.11 g (96% yield). '"H NMR(400 MHz,
Methanol-d4) 6 (ppm): 9.62 (1H, d, J = 5.9 Hz, H6'), 9.45 (1H, d, J=5.7 Hz, H6"),
9.05 (H, s, H3"), 9.01 (1H, s, H3), 8.89 (1H, s, H3"™), 8.85 (1H, s, H3"), 8.22 (1H, d, J
=5.9 Hz, HY"), 7.78 (2H, d, J= 5.9 Hz, H5"), 7.63 (1H, d, J= 5.9 Hz, H6), 7.56 (2H, t,
J=6.74 Hz, HS).

2.1.12 Synthesis of 4,4'-diiodo-2,2'-bipyridine [53].

HN NH2 48% HBF, I I
/_\ \ - / \
N N NaNg, KI =N N

4,4'-diamino-2,2"-bipyridine (0.506 g, 2.7 mmol) was suspended in 48%
aqueous HBF4 (15 mL) and cooled to -10 °C. Then, sodium nitrite (0.800 g, 12 mmol)
was added portionwise over the course of about 1 hr. After an additional 15 min
stirring, the precipitate of diazonium salt was isolated by suction filtration. This was
then added to a cooled (-10 °C) solution of potassium iodide (3.09 g, 19 mmol) in an
acetone-water (2:3, 15 mL) portionwise over the course of about 30 min. The reaction
mixture was stirred for 30 min. Then, it was neutralized by adding aqueous sodium
carbonate and a saturated sodium thiosulphate solution (20 mL) was added to
decolorized the solution. Extraction with dichloromethane (4 x 25 mL) gave a yellow
solution, which was dried over anhydrous MgSO, and treated with activated carbon.

Following filtration through a bed of celite and the pad, the solvent was removed
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under vacuum to afford the white solid (0.376 g, 34%yield). 'H NMR (400 MHz,
CDCl) 6 (ppm): 8.80 (2H, s, H3), 8.31 (2H, d, J = 5.1 Hz, H6), 7.71 (2H, d, J = 5.1
Hz, HS).

2.1.13 Synthesis of 4,4'-diethynyl-2,2'-bipyridine [54-57]

\ / \ /
—Si Si—

Z
X

7 N\ — —Si
N

Cul, Pd(PPh3),Cly

DBU
2CO3 MeOH

The mixture of 4,4'-Diiodo-2,2'-bipyridine (0.103 g, 0.25 mmol),
Pd(PPhs;),ClI; (0.009 g, 0.012 mmol) and Cul (0.004 g, 0.021 mmol) was put together
in a round-bottomed flask, toluene (10 mL) was added and this then was purged with
N, gas 15 min. After that, 1,8-diazabicycloundec-7-ene (0.1 mL, 0.67 mmol) and
ethynyltrimethylsilane (0.1 mL, 1.0 mmol) were added. The reaction mixture was
stirred at room temperature overnight. Then, toluene was removed under vacuum and
the crude product was purified by column chromatography using 5% ethylacetate in
hexane as an eluent to get the product (0.023 g, 26%yield). Next step, methanol
solvent (20 mL) was added in 4,4"-bis((trimethylsilyl)ethynyl)-2,2'-bipyridine (0.066
g, 0.19 mmol), then K,COs (0.001 g, 0.007 mmol) was added. The reaction mixture
was stirred at room temperature 1 hr. After that, it was neutralized by adding 2 M
HCI and water (20 mL) was added. Extraction with hexane ( 3 x 20 mL) which was
dried over anhydrous MgSO,. The organic phase was collected and evaporated under
vacuum to afford the desired product (0.040 g, 100% yield). '"H NMR (400 MHz,
CDCl) o (ppm): 8.65 (2H, d, J = 4.9 Hz, H6), 8.48 (2H, s, H3), 7.38 (2H, d, J = 4.9
Hz, HS), 3.32 (1H, s, -C==CH).
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2.1.14 Synthesis of methyl hexynoate [51]

o H 0 H

/U\/\/ conc. Hy,SO4 W
72 72
HO = >0

MeOH

The methanol solvent (25 mL) and a few drops of conc. H,SO4 were added in
5-hexynoic acid (1.048 g, 9.35mmol). The mixture was refluxed for 3 hr, then it was
cooled to room temperature and the solvent was removed in a rotary evaporator under
vacuum. It was then extracted with Na,COs (1 M, 30 mL) and dichloromethane (3 x
25 mL), the organic phase was collected and dried over anhydrous MgSO,. The
solvent was removed under vacuum to get the ester product (1.43 g, 100%yield). 'H
NMR (400 MHz, CDCl3) ¢ (ppm): 3.62 (3H, s,OCHs), 2.40 (2H, t, J = 7.2 Hz, -
COCHy), 2.21 (2H, t, J=6.9, C=CCH»-), 1.9 (1H, s, -C=CH), 1.79 (2H, q, J =
7.2, -COCH,CH,CH,.).

2.1.15 Synthesis of iodo methyl hexynoate

WH I, morpholine j\/\/
\O ’ \O

toluene, 45 °C
3 hr.

A solution of morpholine (10 mL, 114mmol) in toluene (175 mL) was added
with iodine (4.49 g, 18 mmol), shielded from light and stirred at 45 °C for 3 hr. A
solution of methyl hexynoate (1.43g. 11.3 mmol) was gradually added and the
reaction mixture was stirred at 45 °C for 3 hr. Then, the reaction mixture was cooled
to room temperature and filtered to remove the by-product salt. The filtrate was
poured over a mixture of diethylether (200 mL) and saturated aqueous solution of
Na,S,03 (50 mL) and shaken until the organic layer was colorless. The organic layer
was separated, dried over anhydrous MgSQ,, filtered, concentrated and purified by
column chromatography with hexane and ethylacetate (8:2 v/v) as an eluent to afford
the desired product (1.84 g, 65%yield) The product was not stable that it should be

kept in a refrigerator, shielded from light or used as fresh as a starting material for the
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next synthetic step. 'H NMR (400 MHz, CDCls) § (ppm): 3.66 (3H, s,0CHs), 2.42
(4H, t,J = 7.9 Hz, -COCH,CH,CH>-), 1.82 (2H, quint, J=7.14, -COCH,CH,CH,-).

2.2. Fabrication of dye-sensitized solar cells [58]

A transparent conducting fluorine-doped tin oxide (FTO) coated glass slides
was screen printed with the nanocrystalline TiO, and sintered at 450 °C for 60 min.
Screen printing process of TiO, particles were repeated to produce TiO, layer of 19
pum thick measured by Dektak 6 M Stylus Profiler. The TiO, glass was dipped into a
dye solution (3 x 10™* M in methanol) for 48 hr. The dye-coated electrode was rinsed
with methanol and a platinum glass electrode was put on the dye-coated electrode
separated by thin adhesive polymeric film sheets (Solaronix, Switzerland). The
sandwiched electrodes were tightly held, and then heated around the thin film sheets
to attach the two electrodes. The electrolyte, consisting of Lil, I, TBP (tetrabutyl
pyridine) and MeEtImDCA (ethylmethylimidazolium dicyanamide) was introduced
into the inter-electrode space. Then, the cells were sealed with epoxy sealant to avoid

leakage of the electrolyte solution.

2.3 The preparation of polydiacetylene vesicle from 10,12 pentacosadiynoic acid
(PCDA monomer)

A known amount of PCDA was dissolved in chloroform and followed by
evaporated by nitrogen gas to remove the solvent. A volume of Milli-Q water was
added and the suspention was heated to 75-80 °C and sonicated in ultrasonic bath for
30 minutes. The solution was kept in refrigerature overnight. Then, the vesicle
solution was UV irradiated at 254 nm and filtered through a filter paper no.1 to give a

clear blue solution.

2.4 Preparation of dye sensitized photovoltaic cells by using polydiacetylene.

The fabrication of dye sensitized solar cell with an incorporation of
polydiacetylene vesicle is similar to the procedure described above. Only one step
was inserted in the procedure; after dipping TiO, glass in the dye solution for 48 hr
and dried by blowing with N, gas. The dye adsorbed TiO, was then immersed in 2
mM polydiacetylene vesicle for 48 hr.
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2.5. Cyclic voltametry measurements

The cyclic voltametry was performed using an AUTOLAB system
(u3Aut70834)All measurements were made at room temperature on sample solutions
in freshly distilled methanol with 0.1 M tetra-n-butylammonium hexafluorophosphate
as an electrolyte and the concentration of N3 and new dyes was 1.0 mM. The
electrolyte solution was degassed by nitrogen bubbling. A glassy carbon working
electrode, a platinum wire counter electrode, and a Ag/AgCl (Sat.) reference electrode
were used in all cyclic voltametric experiments.And the samples were measured with
scan rate 100 mV/sec.
2.6 Photocurrent-voltage measurement

Photovoltaic performance data were measured using a 1000 W ozone free
xenon light source that gives intensity at the cell surface of 100 mW/cm?” equivalent to

one sun at Air Mass (AM) 1.5



CHAPTER III

RESULTS AND DISCUSSION

The outline of this chapter starts with the results and discussion of synthesis
and characterization of the bipyridine ligands and their new ruthenium complexes
followed by the electrochemical and photophysical properties of the new ruthenium
complexes. The photovoltaic performances of the photovoltaic cells using the
ruthenium complexes as photosensitizers are presented at the final part of this
chapter.

3.1 Synthesis of bipyridine ligands

3.1.1 Synthesis of N,N'-(2,2'-bipyridine-4,4'-diyl)diacetamide 5

The synthesis of N,N'-(2,2'-bipyridine-4,4'-diyl)diacetamide S started with the
oxidation reaction of 2,2'-bipyridine 1 using meta chloroperbenzoic acid to afford
2,2"-bipyridine-N,N'-dioxide 2 as a white solid in 71% yield (Scheme 3.1) [46]. Next,
nitration of 2 with a mixture of concentrated sulfuric acid and fuming nitric acid
(H2SO4/HNOs3) under reflux condition gave compound 3 in 37%yield [47]. The nitro
groups of compound 3 were reduced by hydrazine and Pd/C as a catalyst to obtain
4,4'-diamino-2,2"-bipyridine 4 in 69% yield [48]. Finally, acetylation of the
diaminobipyridine 4 with acetyl chloride gave the corresponding diacetamide

compound 5, (N,N'-(2,2"-bipyridine-4,4'-diyl)diacetamide), in 52% yield [49].
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/
N }\l / 52%yield
Scheme 3.1 The synthesis of N,N'-(2,2'-bipyridine-4,4'-diyl)diacetamide (5)

The '"H NMR spectra of the bipyridine compounds synthesized are shown in
Figure 3.1. All signals can be assigned to all protons presenting in the corresponding
structures. The signals around 6.0-9.0 ppm correspond to aromatic protons of the
bipyridine rings. The 2,2'-bipyridine-N,N'-dioxide 2 showed three signals of the
aromatic protons. The doublet, triplet and multiplet signals at 8.3 ppm 7.7 ppm 7.6
ppm with an integral ratio of 1:1:2 correspond to Hg, Hs and the combination of Hj
and Hy, respectively. After the nitration, the three signals were shifted to appear within
the range of 8.0-9.0 ppm as a singlet, doublet and doublet signals with an integral ratio
of 1:1:1 corresponding to Hs, H¢ and Hs, respectively, agreeing well with the para
substitution on the bipyridine rings of nitro compound 3. When the nitro groups were
reduced to amino groups, the three signals shifted significantly down field to appear
within the range of 6.5-8.0 ppm and a new peak appeared at 6.0 ppm corresponding to
the amino protons. Upon acetylation, the amino groups were converted to the
acetamide groups which showed the proton signal at 10.5 ppm and the three aromatic
signals shifted downfield to 7.7- 8.5 ppm range. In addition, a singlet signal of methyl

group was observed at 2.1 ppm confirming the structure of 5.
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Figure 3.1 "H NMR spectra of 2,2'-bipyridine-N,N'-dioxide in D,O, 4,4'-dinitro-
2,2'-bipyridine-N,N'-dioxide in DMSO-dg, 4,4'-diamino-2,2'-bipyridine in DMSO-ds
and N,N'-(2,2'-bipyridine-4,4'-diyl)diacetamide in DMSO-dg.

3.1.2 Synthesis of 2,2'-bipyridine-4,4'-dicarboxamide 9

The synthesis of 2,2'-bipyridine-4,4'-dicarboxamide 9 was achieved in three
steps according to Scheme 3.2. Initially oxidation of 4,4’-dimethyl-2,2"-bipyridine
with chromium(VI) oxide (CrOs) in the present of concentrated sulfuric acid afforded
4,4'-dicarboxyl-2,2'-bipyridine [50]. The second step, carboxyl compound 7 was
treated with a mixture of absolute ethanol and concentrated sulfuric acid to form
diethyl 2,2'-bipyridine-4,4'-dicarboxylate 8 [51]. Finally, finished the synthesisof
2,2'-bipyridine-4,4'-dicarboxamide from condensation of the ester compound 8 and

NHj; gas using ethanol as solvent [51].
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Scheme 3.2 The synthesis of 2,2'-bipyridine-4,4'-dicarboxamide (9)

The '"H NMR spectrum of bipyridine compounds synthesized are shown in
Figure 3.2. The signals of dicarboxylic acid 7 showed signals of aromatic protons of
bipyridine ring as a doublet at 8.5 ppm, a singlet at 8.1 ppm and a doublet at 7.6 ppm
with an integral ratio of 1:1:1 corresponding to He, H3 and Hs, respectively. Upon the
conversion of 7 to diethyl ester 8, the three aromatic signals were shifted up field to
7.9-9.0 ppm range. The singet, doublet and doublet signals with an integral ratio of
1:1:1 correspond to His, Hs and Hs, respectively. In addition, a quartet and triplet
signals of ethyl group were observed at 4.4 and 1.4 ppm. After amidation of 8, the
signals of ethyl group disappeared and only the signal of Hs; was significantly shifted
from 9.0 to 8.8 ppm while the other two aromatic signals remained largely at the same

positions.
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Figure 3.2 '"H NMR spectra of 4,4'-dicarboxyl-2,2"-bipyridine, diethyl 2,2'-
bipyridine-4,4'-dicarboxylate and 2,2'-bipyridine-4,4'-dicarboxamide in D,O, CDCls
and DMSO-d¢ respectively.

3.2 Synthesis of Ruthenium complexes

The bipyridine compounds 5, 7, and 9 were used as ligands for the synthesis of
four ruthenium complexes, N3, Dyel, Dye2 and Dye3 (Scheme 3.3). N3 and Dyel are
the complexes consisting of the same bipyridine ligands. They were synthesized in
two steps from [RuCl,(p-cymene)], [52]. The first step involved ligand displacement
with 4,4'-dicarboxy-2,2'-bipyridine 7 for the synthesis of N3 and with 2,2'-bipyridine-
4,4'-dicarboxamide 9 for the synthesis of Dyel. In the second step, the last two
binding positions of the original ligand were displaced with two thiocyanate groups
by heating with a large excess of ammonium thiocyanate. In the synthesis of Dye2
and Dye3 [30], different bipyridine ligands were reacted with [RuCl,(p-cymene)], in
the synthesis sequence. The sequence of ligands 5 and 7 was used in the synthesis of
Dye2 while the sequence of ligands 9 and 7 was used in the synthesis of Dye3. Again,
two thiocyanate groups were incorporated in the last step. All the reactions were

carried out under dark condition to avoid light induced cis to trans isomerisation.
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Scheme 3.3 Synthesis of N3, Dyel, Dye2 and Dye3.

N3, Dyel, Dye2 and Dye3 were obtained from [RuCly(p-cymene)], in 100,62,

100 and 96% yield, respectively after purification on Sephadex LH20 column using

methanol as an eluent. All the dyes were obtained as the dark purple solids which
were characterized by '"H NMR, MS and ATR-IR. The 'H NMR spectra of N3 and
new ruthenium complexes (Dyel-Dye3) are shown in Figure 3.3.

N3 and Dyel contain two identical bipyridine ligands and two isocyanate
groups. Their "H NMR spectra showed six peaks of the bipyridine aromatic protons

[59] indicating that the isocyante groups were cis to each other, with C, point group,

as the more symmetrical trans isomer (D4 point group) would have only three

chemically inequivalent protons. There were four doublet signals corresponding to He,
Hg', Hs and Hs' and two singlet signals corresponding to Hs, Hs. All the signals were
observed in the range of 7.0-10.0 ppm. In addition, the 'H NMR spectrum of Dyel
showed more four singlet peaks (H7;, Hs, Hy and Hjo) in the range of 7.8-8.8 ppm
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corresponding to the N-H proton which will be exchanged when D,0 was added into
the DMSO-dg solution of Dyel, therefore the four singlet signals disappeared (Figure
3.3b) and only six peaks of aromatic protons remained in the spectrum.

Dye2 and Dye3 possessed two different bipyridine ligands and two thiocyanate
groups coordinating to Ru center. Their '"H NMR spectra showed twelve and eight
signals, respectively, suggesting that these complexes were also obtained as a cis
isomer. The cis isomer belongs to C; point group possessing twelve chemically
inequivalent aromatic protrons while the frans isomer belongs to C,, symmetry
possessing only six chemically inequivalent aromatic protrons. In the spectrum of
Dye2, there were eight doublet signals corresponding to He, He', Hs, Hs' of carboxyl
bipyridine ring and He", Hg, Hs", Hs of N,N'-(2,2'-bipyridine-4,4'-diyl)diacetamide.
The other four singlet signals were assigned to Hs, H3, Hs», H3». Moreover, the signals
of methyl group from 4,4'-diacetamido-2,2'-bipyridine ligand were also observed at
2.1 and 2.0 ppm. For Dye3, there were eight signals in aromatic region, four singlet
signals corresponding to Hs, Hs, Hs», H3» and the other four doublet signals with an
integral ratio of 2:2:2:2 corresponding to He, H¢' ,Hs, Hs, Hg, He, Hs', Hs In
addition, the amido N-H prontrons of Dye2 and Dye3 were also observed at 4.5 and
4.6 ppm, respectively.
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The high resolution mass spectrometra of N3, Dyel, Dye2 and Dye3 are
shown in Figure 3.4 to provide further characterization for the ruthenium complexes.
In positive ion mode of ESI-MS, N3 gave a molecular ion peak corresponding to
[M+Na]+ at m/z = 728.9411 (calculated mass for CysH1sNgNaOgRuS, = 728.9412)
and Dyel showed the molecular ion peak [M+Na]  at m/z = 725.0138 (calculated
mass for C26H20N10NaO4RuS, = 725.0052) Dye3 showed the molecular ion peak
corresponding to [M-2H+3Na]® at m/z 770.9327 (calculated mass for
Ca6H16NgNazOgRuS, = 770.9371) [60]. For Dye2, the molecular ion peak [M-H] was
observed in the negative ion mode at m/z 730.9986 (calculated mass for

C28H21N806RUSQ =731.0069.
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Figure 3.4 High resolution mass spectrometrum of N3, Dyel, Dye2 and Dye3.

3.3 ATR-FTIR Spectral data

46

The IR spectra of N3, Dyel, Dye2 and Dye3 acquired by ATR-FTIR

technique from powder samples are shown in Figure 3.5. The carboxylic O-H and

amido N-H stretching signals for appeared as broad absorption bands within the same

range of 2500-3700 cm™. The —C=N stretching signals of the thiocyanate groups were

found near 2100 cm™. The C=0 stretching signals of the carboxylic acid and amide

groups in the 1600-1700 cm™. The peak near 1200 cm™ is due to the C-O stretching.

The signals observed for these complexes were similar to those previously reported

for the similar complexes by C. Klein and coworkers [30,31].
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3.4 Synthesis of bipyridine ligands containing diacetylene.
3.4.1 Synthesis of bipyridine ligands containing diacetylene by Cadiot-

Chodkiewicz coulpling

The synthetic route of bipyridine containing diacetylene was proposed
in Scheme 3.4. The key step is Cadiot-Chodkiewicz coulpling between methyl 6-iodo-
5-hexynoate 12 and ethynyl bipyridine 15. The ester 12 was prepared from compound
11 by treating with I, in the present of morpholine and toluene. Ethynyl bipyridine 15
was synthesized by iodination of the diazonium salt generated from 4,4-diamino-2,2'-
bipyridine 4 with KI, NaN3 and hydrofluoroboric acid [53] followed by Sonogashira
coupling with ethynyltrimethysolane [54-57] and desilylation. Unfortunately,
attempts on Cadiot-Chodkiewicz coulpling [61] between diethynylbipyridine 15 with
iodomethylhexynoate 12 did not give diacetylene 16 but only the homocoupling
product of 12, diacetylene compound 17, was obtained.

W conc. HySO, W I, , morpholine j\/\/
————>® o

MeOH toluene, 45 °C 12
reflux 3 hr. 100%y|eld 3 hr. 65%yield
\ / \ /
—Si Si—
\ /
HaN NH Sl ——H A 2
7\ \—/ 48% HBF4 M . / \
=N N NaNO,, KI Cul, Pd(PPh3),Cly
4 DBU 14 26/ yield
34 A;yleld rt, overnight K»CO4
MeOH
H H
A Vi
7 N P
(@] P | =N N
\OW 15 , 100%yield
Cul, pyrrolidine

17

Homocoupling  93%yield

16 notobserve

Scheme 3.4 Synthesis of bipyridine ligand containing diacetylene.
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3.4.2 Synthesis of bipyridine ligands containing diacetylene by various
amide coupling agent.

Another pathway proposed for incorporating diacetylene units into the
bipyridine ligand is the condensation between diacetylene carboxylic and
diaminobipyridine 4 in which the attempts with various activating agents [62-65]
(Scheme 3.6) were all fruitless. Only the starting diamino bipyridine was recovered
indicating extremely poor nucleophilicity of the amino groups presumably due to the
electronwithdrawing effect from the bipyridine ring. Steric hindrance of the activated
carboxyl group might also another important factor attributing to this unsuccessful

condensation.

N\ _/
‘ =N N NH HN m
H actvating agent 4 H—= — — 0
[ m
A COOH - > \_/ N/
m N N

DCC
18 HOBt 19
HBTU | n X
NHS : I
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Scheme 3.5 Synthesis of bipyridine ligand containing diacetylene by using activating

agent
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3.5 Absorption and emission properties of N3, Dyel, Dye2 and Dye3.
Figure 3.5a showed absorption spectra of N3, Dyel, Dye2 and Dye3 at 50 uM in
methanol solution. All the dyes showed two absorption maxima, one in the range of

370-385 nm and the other in the range of 510-525 nm, corresponding spectrumto the
T-T transition of the bipyridine ligand and the metal-to-ligand charge transfer

(MLCT) transition, respectively [66,67]. The absorption bands of Dye3 appeared at
slightly longer wavelengths compared to N3 and Dye2. The cause of this reason might
be the amide group of Dye3 which is electron withdrawing group stronger than
carboxylic group and amide group of Dye2. For Dyel, eventhough, the bands of
MLCT and 7T-7t transition are the most red shift, the absorbance is the lowest. Among
four dyes, N3 gave the highest molar extinction coefficient of around 1 % 10* M'em™
(Table 3.1). The electronic absorption spectra of the dyes anchored on semiconductor
TiO, were also recorded. In solid state, the dyes also showed two broad absorption
bands similar to the solution spectra (Figure 3.7b). The absorption spectrum of N3
still exhibited the highest absorbance. The absorbance of Dye2 and Dye3 were close
to each other and the absorbance of Dyel was the lowest. According to the
absorbance in dye coated on TiO, surface and the molar extinction coefficient, the
relative surface coverage was calcutated and put in Table 4. The surface coverage is
the relative value of the number of dye molecule on TiO, surface compare to N3.
Therefore, the surface coverage of N3 is 1. As the results, the surface coverage Dyel
was only 0.3, it indicated that the small amount of Dyel can adsorb on TiO; surface
because there isn’t carboxylic group in the structure. The surface coverage of Dye2
and Dye3 were close to 1, it indicated that the numbers of dye molecules (N3, Dye2
and Dye3) on TiO, surface were quite the same and the dye layer should be

monolayer for the good electron transfer process.
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Figure 3.7 The absorption spectra of (a) N3, Dyel, Dye2 and Dye3 at 50 uM in
DMSO for Dyel and MeOH for N3, Dye2 and Dye3. (b) N3, Dyel, Dye2 and Dye3

anchored on 19 um nanocrystalline TiO,



52

Table 3.1 Absorption and emission properties of N3, Dyel, Dye2 and Dye3 0.05 mM
in DMSO for Dyel and methanol for N3, Dye2 and Dye3.

Dye | m-n (nm) | MLCT (nm) £ M- EMLCT | Aemiss (nm)
(M'lcm'l) (M'lcm'l)

N3 378 514 10,100 9,436 753
Dyel 394 537 6,012 5,656 769
Dye2 375 518 7,768 6,644 772
Dye3 381 519 8,596 7,968 775

Table 3.2 Absorption properties of N3, Dyel,Dye2 and Dye3 coated on 19 um TiO,
thickness

Dye n-w (nm) | MLCT (nm) | Absorbance at Relative surface
n-m transition coverage

N3 384 518 0.249 1.0

Dyel 404 517 0.040 0.3

Dye2 380 504 0.198 1.0

Dye3 384 518 0.194 0.9

The normalized absorption spectra and emission spectra of all the ruthenium
complexes at 50 uM in methanol and DMSO solution are shown in Figure 3.8. The
emission spectra were obtained by using excitation wavelength at MLCT wavelength
in each dye All dyes showed relatively weak emission with only one emission

maximum (Aey) in the range of 750-775 nm. Since the excitation wavelength is in the

T-T transition band, this emission band corresponds to the 7T -7t radiative decay.
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Figure 3.8 The normalized absorption and emission spectra of N3, Dyel, Dye2 and
Dye3 at 50 pM in DMSO for Dyel and MeOH for N3, Dye2 and Dye3.

3.6 Electrochemical data

The electrochemical behaviors of N3, Dyel, Dye2 and Dye3 were obtained using
glassy carbon working electrode and Ag/AgCl reference electrode in DMSO for Dyel
and methanol for the rest of the dyes with 0.1 M tetra-n-butylammonium
hexafluorophosphate as a supporting electrolyte. The electrolyte solution was
degassed by nitrogen bubbling. The cyclic voltammogram are shown in Figure 3.10
and the redox potentials of the dyes at a scan rate of 100 mV/s. The electrochemical
stability of all compounds was tested by four subsequent redox cycles. N3, Dye2 and
Dye3 were electrochemically stable (Figure 3.9). From the cyclic voltamogram, the
first oxidation is assigned to the Ru"/Ru"™ couple [68-72]. It is quasireversible. The
first oxidation of N3, Dyel, Dye2 and Dye3 displayed at 0.85, 0.85, 0.73 and 0.82 V,
respectively. The first oxidation of Dye2 is shifted cathodically by 0.12 V compare to
N3 due to the donor influence of N,N'-(2,2'-bipyridine-4,4'-diyl)diacetamide) ligand to
ruthenium metal [68].

The HOMO energy levels were calculated from the onset of oxidation potential
(Eonset) according to equation 1. Egnst in equation 1 is obtained from the cyclic
voltammogram and 4.44 constant number is used when Ag/AgClis applied as the
reference [73-75]. Eonset is the potential where the oxidative current starts to rise (the
example of Eqnser of Dyel was shown in Figure 3.9 b). E, in equation 3 is the lowest

absorption energy obtained from the absorption edge of the absorption spectrum (the
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example of wavelength from the absorption edge of Dyel was shown in Figure 3.7
a). The wavelengths from the absorption edge of N3, Dyel, Dye2 and Dye3 which
will be used in equation 3 are 622, 614, 589 and 621 nm, respectively. The LUMO
energy level was calculated by adding the HOMO energy level with the energy band
gap (E,). The results are shown in Table 3.3.
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Figure 3.9 Cyclic voltamograms of (a) N3, (b) Dye 1, (c) Dye 2 and (d) Dye3
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Table 3.3 Electrochemical parameters of Ruthenium complex sensitizer.

Compound | HOMO (eV) LUMO (eV) | Eg(eV) Eonset
N3 -5.19 -3.19 2.00 0.75
Dyel -5.15 -3.33 2.02 0.71
Dye2 -5.04 -2.93 2.11 0.60
Dye3 -5.11 -3.11 2.00 0.67

3.7 Preparation of dye sensitized photovoltaic cells.

The preparation of dye sensitized solar cell was shown in chapterll. There are
about four steps for DSSC fabrication, the last step is measuring the photovoltaic data
(Figure 3.11). And there are many factors effecting the photovoltaic performance of
the solar cell. Dye molecule is one of the most important factor which should be
considered in DSSCs. The molecular structure of the dye should consist of anchoring
group (carboxylic group) for attaching on TiO, surface otherwise, only small amount
of dye molecule can adsorb on TiO; surface. Therefore the surface coverage value is
low like Dyel in table 3.2, for this reason the photovoltaic data will give the low
value. The dye should also exhibit high extinction coefficient and wide absorption
range. And the dye should adsorb on TiO, surface as a monolayer for the electron
transfer process can efficiently occur. In addition, the LUMO level of the dye should
be higher than the conduction band of TiO, for the thermodynamically driving force
of the electron injection process. Figure 3.10 shows that the LUMO level of N3, Dye
1, Dye2 and Dye3, dyes are higher than the conduction band of TiO;, [76,77] So the
electron injection from the excited dye to TiO; electrode is possible.

In this work, we studied the electronic effect of the substitutents on the
bipyridine ligand. The bipyridine ligand of N3 is 2,2'-bipyridine-4,4'-dicarboxylic acid
in which the carboxyl group is an electron withdrawing group. Dye 1 consists of two
identical bipyridine ligand with weaker electron withdrawing groups, 2,2'-bipyridine-
4,4'-dicarboxamide. Dye2 consists of N,N'-(2,2-bipyridine-4,4'-diyl)diacetamide, a
bipyridine ligand with electron donating groups, and 2,2'-bipyridine-4,4'-dicarboxylic
acid, a bipyridine ligand with electron withdrawing groups. Dye3 consists of 2,2'-
bipyridine-4,4'-dicarboxamide, a bipyridine ligand with weak electron withdrawing

group and 2,2'-bipyridine-4,4'-dicarboxylic acid, a bipyridine ligand with stronger
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electron withdrawing groups. We assumed that the dye containing electron

withdrawing group will exhibit higher efficiency like N3.
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Figure 3.10 Energy level diagram of N3, Dyel, Dye2 and Dye3 compare to TiO..

1. Cleaning the FTO glass 2. Screen printing the TiO, 3. Dipping the Ti0, glass
on the 1O glass into the dye solution

4. Attaching with the platinum 5. Measuring the photovoltaic

electrode performance of the cell

Figure 3.11 The process of dye sensitized solar cell fabrication.
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3.8 Photovoltaic performance

The photovoltaic performances of the photovoltaic cells fabricated with the
ruthenium dyes as a sensitizer on nanocrystalline TiO, electrode were investigated
using an electrolyte concisting of 0.6 M ethylmethylimidazolium dicyanamide, 0.05
M iodine, 0.5 M Lil, and 0.58 M 4-tert-butylpyridine in acetronitrile. The
representative 1-V curve of the cell under illumination with simulated AM 1.5 solar
light are shown in Figure 3.12. The photovoltaic data obtained from the average of
three cells for each dye showed that the cells using Dyel, Dye2 and Dye3 as the
sensitizers exhibited significantly lower overall conversion efficiency (Table 3.4).
While the open circuit voltage (V,.) were only slightly lower, the photocurrent density
(Jsc) of Dyel, Dye2 and Dye3 is significantly lower compared to N3 which should be
the main contributor to the low conversion efficiency. Since the photophysical
properties of these dyes were quite similar to N3, the low photocurrent density is
likely caused by poor electron injection from the ruthenium dye to the TiO, electrode
upon photoexcitation of Dyel, Dye2 and Dye3 are lower than N3. And the
photovoltaic device with Dyel as sensitizer showed the lowest efficiency due to the
lowest molar extinction coefficient and there isn’t carboxylic group to anchore on
TiO, layer, therefore the small amount of Dyel can absorb on the semiconductor

surface and its photovoltaic data were poor.
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Figure 3.12 I-V curve of N3, Dyel, Dye2 and Dye 3
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Table 3.4 Comparison of Photocurrent density (Js.), Open circuit voltage (V.), Fill
factor, and the Efficiency (1) obtained using N3, Dyel, Dye2 and Dye3 on 19 pm
thick Ti0O, electrodes under AM 1.5 Sun

Complex Current density | Open circuit Fill factor Efficiency,
(mA/cm?) voltage (V) n (%)
N3 6.38 0.77 0.71 3.47
Dyel 1.51 0.54 0.59 0.48
Dye2 3.42 0.65 0.55 1.21
Dye3 2.94 0.64 0.55 1.03

3.9 Preparation of dye sensitized photovoltaic cells by using polydiacetylene.

Blue polydiacetylene, (poly(pentacosadiynoic acid) or P(PPCDA)), have UV-
vis absorption peaks at 586 and 635 nm corresponding to its vibronic coupled m-m*
transition. These absorption bands were expected to compliment with the ruthenium
dye absorption peaked at 586 and 635 nm which may in turn increase the conversion
efficiency of the DSSC. The DSSC fabricated from N3 and Dye2 with an extra layer
of polydiacetylene vesicle were evaluated. The photovoltaic performance of the cells
fabricated with polydiacetylene is shown in Table 3.5. As the result, the efficiency of
the cells using an extra layer of P(PCDA) displayed lower efficiency comparing to the
cells without P(PCDA). The lower efficiencies observed were due mainly to the
ruthenium dye removal from the TiO, upon immersion into the P(PCDA) aqueous
solution (Figure 3.13). N3 which consist of carboxyl groups on both bipyridine
ligands was removed from the nanocrystalline TiO, surface in greater extent than
Dye2 which consist of carboxyl groups on only one bipyridine ligand and the
efficiency of solar cell using N3/P(PCDA) is lower than the other.
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Figure 3.13 Dye sensitized solar cells using a) N3 and Dye2 as sensitizers and b)

using N3, Dye2 and P(PCDA) vesicle as sensitizers.
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Figure 3.14 1-V curve of N3/P(PCDA) and Dye2/P(PCDA).

Table 3.5 Comparison of Photocurrent density (Js.), Open circuit voltage (Vo), Fill

factor, and the Efficiency (1) obtained using N3, Dye2 with polydiacetylene.
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Complex Current density | Open circuit Fill factor Efficiency,
(mA/cm?) voltage (V) n (%)
N3/ P(PCDA) 0.34 0.45 0.59 0.09
Dye2/ (PCDA) 2.13 0.65 0.62 0.85




CHAPTER 1V

CONCLUSION

4.1 Conclusion

Three new ruthenium complexes containing amide groups (Dyel, Dye2 and
Dye3) were synthesized and studied as sensitizing dyes in dye-sensitized solar cells
(DSSC) in comparison to N3 dye. Dyel is a Ru complex consisting of two identical
bipyridine ligands, 2,2'-bipyridine-4,4'-dicarboxamide, and two thiocyanate groups.
Dye2 and Dye3 consist of two different bipyridine ligands and two thiocyanate groups
coordinating to Ru center. The bipyridine ligands of Dye2 are N,N'-(2,2'-bipyridine-
4,4'-diyl)diacetamide and 4,4'-dicarboxy-2,2'-bipyridine while those of Dye 3 are
2,2'-bipyridine-4,4'-dicarboxamide and 4,4'-dicarboxy-2,2'-bipyridine. The
performances of the photovoltaic cells fabricated with the ruthenium dyes as a
sensitizer on nanocrystalline TiO, electrode were investigated using an electrolyte
consisting of I /I3 . The photovoltaic data showed that the cells using Dyel, Dye2 and
Dye3 as the sensitizers exhibited overall conversion efficiencies in the range of 0.48-
1.21% significantly lower than the value 3.47% obtained from the cell fabricated from
N3. While the open circuit voltage (V,.) of Dye2 and Dye3 were only slightly lower,
the photocurrent density (Js) is significantly lower compared to N3 which should be
the main contributor to the low conversion efficiency. Since the photophysical and
electrochemical properties of Dyel, Dye2 and Dye3 are quite similar to N3. The low
photocurrent density maybe caused by either low surface coverage of the Dyel on
TiO, electrode or poor electron injection from the dye to the TiO, electrode upon
photoexcitation. For Dyel which showed the lowest conversion efficiency, the surface
coverage was found to be about 0.3% of that of N3 indicating that the primary amide
is a poorer anchoring group comparing with the carboxylic group. Therefore, the low
conversion efficiency of the photovoltaic cell fabricated from Dyel is probably
contributed by both low surface coverage of the dye and poor electron injection. As
the surface coverage of Dye2 and Dye3 on TiO, electrode were determined to be
relatively the same as N3, the lower conversion efficiency should derive mainly from

the poor electron injection.
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4.2 Suggestion for the future work

Further research should involve variation of the substituent on the 2,2'-
bipyridine with various electronic properties such as alkyl, amino, nitro or m-
conjugated chain. It is however necessary to incorporate at least one 2,2'-bipyridine
ligand containing carboxylic groups to maintain the high surface coverage on the TiO,
electrode. In addition, increase of absorption spectrum range by using mixture of

dyes, a dye cocktail, is also interesting.
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Figure Al 'H NMR spectrum of 4,4'-diiodo-2,2'-bipyridine.
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Figure A2 'H NMR spectrum of 4,4'-bis((trimethylsilyl)ethynyl)-2,2'-bipyridine.
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Figure A3 'H NMR spectrum of 4,4'-diethynyl-2,2'-bipyridine.
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Figure A4 '"H NMR spectrum of methyl hexynoate.
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Figure A5 "H NMR spectrum of iodo methyl hexynoate.



74

VITAE

Pagasukon Mekrattanachai was born on March 2™ | 1984 in Lampang,
Thailand. She graduated a Bachelor degree from Department of Chemistry, Faculty
of Science, Chulalongkorn University in 2007. After that she further stydied the
master degree majoring in organic chemistry, Faculty of Science, Chulalongkorn
University and completed the program in 2010. His address is 145 Phaholyothin
Road, Ban Pong, Ngao, Lampang, Thailand, 52110.



	Cover (Thai)
	Cover (English)
	Accepted
	Abstract (Thai)
	Abstract (English)
	ACKNOWLEDGEMENTS
	CONTENTS
	CHAPTER I INTRODUCTION
	CHAPTER II Materials and Experimental Procedures
	CHAPTER III RESULTS AND DISCUSSION
	CHAPTER IV CONCLUSION
	REFERENCES
	APPENDICES
	VITAE

