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ABSTRACT

TITLE : NOVEL RUTHENIUM COMPLEXES FOR DYE SENSITIZED
SOLAR CELL

AUTHOR : CHONCHANOK TALODTHAISONG

DEGREE : MASTER OF SCIENCE

MAJOR : CHEMISTRY

ADVISOR  : ASST. PROF. RUKKIAT JITCHATI, Ph.D.
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This thesis shows the study of ruthenium complexes for DSSCs which
are spitted into two parts. Part I is the study of synthesized N3s (N3-2 to N3-5)
compared with the commercial N3 (N3-1). For N3s characterization, the same
aromatic "H NMR spectra were observed. However, the different %weight loss below
100 °C (%WL,g0) in all N3s were confirmed from the thermogravimetric analysis
(TGA). The order of %WLjpy are N3-1 > N3-5 > N3-3 > N3-2 > N3-4 that
corresponds to OH/C=0 ratio determined from FTIR. The DSSCs power conversion
efficiencies (77) are varied from 4.54% to 5.92%. The order of the efficiency is in
agreement with the TGA and FTIR data. It was concluded that methanol and water
residuals in N3s improved the solubility that affected to the number of N3 molecules
on the TiO, surface leading to high efficiency. Part II is the study of new ruthenium
complexes with different alkyl chains length in the ligands of ruthenium complex,
which are methyl (CLC-C01), hexyl (CLC-C06) and octyl (CLC-C08). The DSSCs
efficiency for CLC-C01, CLC-C06 and CLC-C08 are 3.08%, 3.18% and 3.14%,
respectively, compared with standard N719 (7.80%). The hexyl and octyl chains of
new dyes show excellent long term stability (1000 h).
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CHAPTER 1
INTRODUCTION

1.1 Importance in research and development

One of the many challenges that we face today is the increasing energy
consumption. The power consumption is expected to double within the next 30 years.
Now a day, the main energy resource is the fossil fuels such as coal, oil and natural
gas. These types of energy are non-renewable energy source. They also are the main
reason to global warming and environmental pollution; for example, produce
greenhouse gases, generate air pollution, aid in acid rain and deplete the ozone.

To overcome these problems, the development of renewable and clean energy
sources is imperative common challenges for main future energy. Solar energy is one
of the best renewable energy because it granted from the sun, clean, non-polluting and
sustainable. Sun light can be converted directly to electricity which is call
photovoltaic cell or solar cell. To date, the common and commercial solar cells are

silicon-based which deploy solar-energy conversion efficiencies of about 18-25% [1].

However, the synthesis steps of this type require high-purity silicon and skilled
manufacturing techniques, which resulted in the construction and installation costs.
Therefore, widespread using in our life has been limited. To overcome this problem,
dye-sensitized solar cells provides a technically and economically credible alternative
concept to present day p-n junction photovoltaic devices. The dye-sensitized solar
cells (DSSCs) was invented by O’'Regan and Gritzel in 1991 [2] because it is easy to
fabricate. Low production cost, flexible and easy model, the designer can use for

decoration.

1.2 Dye-sensitized solar cells

The DSSC was first reported by O'Regan and Gritzel group. They reported the
solar harvesting device, yielding a solar energy conversion to electricity of 7%. Now a
day, the DSSC shows efficiency of 13 % based on a porphyrin dye [3]. The DSSC

contains several different components; a conducting glass substrate, a mesoporous



semiconductor film, a sensitizer, an electrolyte and a counter electrode, show in

Figure 1.1.

1.3 Compositions of DSSC

- Counter electrode

Spacer film

- Working electrode

Semiconductor

Figure 1.1 Schematic of the DSSC

1.3.1 Conductive glass
Conductive glass is optically transparent and electrically conductive glass.
The optoelectronic devices are widely fabricated from the glass doped metal oxides
which are indium tin oxide (ITO) and fluorine doped tin oxide (FTO) [4, 5]. The ITO
is high transparency and electrical conductivity at room temperature, the latter
property is severely spoiled under high temperature. Therefore, in DSSC popularly
used the FTO as a transparent electrode because it is stable under atmospheric
conditions, chemically inert, less expensive and stable at high temperature.
1.3.2 Semiconductor
Semiconductor oxides used in dye-sensitized solar cells include TiO,, ZnO,
SnO, and Nb,Os [6]. However, the most popular is TiO; nanoparticle. TiO; is a
stable, non-toxic oxide, the well-known minerals rutile, anatase and brookite. Rutile is
the thermodynamically most stable form. However, anatase form is the preferred
structure in DSSCs, because of its larger bandgap (3.2 eV vs 3.0 eV for rutile), and its
high conduction band edge. This leads to a high Fermi level and V,. (open-circuit
voltage, which is the difference between the semiconductor Fermi level and the redox

potential of the electrolyte).



1.3.3 Dye sensitizer

Dye sensitizers serve as solar energy absorbers in DSSC, which control the
light harvesting efficiency and the power conversion efficiency. An ideal sensitizer
should absorb all light below a threshold wavelength of about 920 nm. They firmly
grafted to the semiconductor oxide surface and inject electrons into the conduction
band with a steady rate. They can be regenerated rapidly via electron donation from
the electrolyte system and high stable in the oxidation state. There are many types of
dyes, for example organic dyes [7, 8], porphyrin dyes [9, 10] and ruthenium complex
dyes [11]. Molecular designs of dyes for DSSCs are as follows:

The structure dyes have one or more anchoring group (e.g., -COOH,
-SO3H, -POs;H,, -OH) for adsorption on the TiO, surface (see in Figure 1.2).
Especially, a carboxyl group can form an ester linkage with the TiO, surface to
provide a strongly bound dye and good electron communication between them.

The electrons from the excited dye can be injected to the conduction band
(CB) of the TiO,. The energy level of the lowest unoccupied molecular orbital
(LUMO) of the dye must be higher (more negative) than the conduction band of the
TiO, electrode. On the other hand, the ground state can receive electron back from
I;/I" redox couple in the electrolyte, the energy level of the highest occupied
molecular orbital (HOMO) of the dye must be lower (more positive) than the I3/

redox potential.

e Injection

Figure 1.2 Schematic representation of interfacial electron transfer following

light absorption for dye-sensitized



1.3.4 Electrolyte system

In 1991, M. Gritzel reported using organic liquid electrolyte containing
Lil/I;, which obtained an overall light-to-electricity conversion efficiency of about
7.1% under irradiation of AM 1.5, 1000 W. m> Later, many kinds of liquid
electrolytes containing iodide/triiodide redox couple and high dielectric constant
organic solvents such as acetonitrile (AcN), ethylene carbonate (EC),
3-methoxypropionitrile (MePN), propylenecarbonate (PC), y-butyrolactone (GBL) and
N-methylpyrrolidone (NMP) were investigated and some DSSCs with high
photovoltaic performance were obtained [2, 12]. Currently, two different kinds of
electrolytes have been used in real DSSCs.

The most commonly used is a liquid electrolyte such as I37/I" system in
acetonitrile (CH;CN) [13, 14]. This kind of electrolyte show rapid dye regeneration
process to keeping high efficiency of DSSCs. However, the limitations such as the
volatility of the electrolyte can lead to long term stability issues due to difficulties in
sealing the device.

Ionic liquids (IL) exhibit a negligible vapor pressure and a high electric
conductivity at room-temperature. Combined with the low-flammability and a wide
electrochemical window, ILs is a promising candidate to replace the liquid electrolyte.
At the moment derivatives of imidazolium salts are exclusively applied in DSSC [15].
However, pure IL usually give higher viscosity than that of organic solvent, which
limits the iodide/triiodide transport speed and the restoration of oxidized dye, so the
photovoltaic performance of these DSSCs is not as well as that of DSSCs using liquid
electrolyte-containing organic solvents [16].

1.3.5 Counter electrode

Counter electrodes in DSSCs are usually constructed of conducting glass
substrates coated with metal films. The roles of the counter electrode are to transfer
electrons arriving from the external circuit back to the redox electrolyte and to catalyze
the reduction of the redox couple. The popular metal which is platinum, the platinum
serves as an excellent electro catalyst for triiodide reduction. Other counter electrodes

such as carbon black and polymers have also been tested [8-9].



1.4 Principle of DSSCs
The principle working of DSSCs are shown in Figure 1.3.
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Figure 1.3 Schematic picture of working principle of DSSCs

From Figure 1.3, the dye sensitizer absorbs a photon (sun light) to generate the
photo excited state of the dye (1) and injects electrons into the conduction band (CB)
of TiO; (2). The injected electrons move through the network of interconnected TiO;
nanoparticles to arrive at the transparent conducting oxide (FTO). After that, the
electrons transfer through the external circuit to the counter electrode (Pt-coated
glass). At the same time, the oxidized dye is regenerated by iodide/triiodide couple
(3). The iodide is regenerated by the reduction of triiodide at the counter electrode (4)

through the donation of electrons from the external and then the circuit is completed.

TiOyJS + hv — TiO,|S absorption (1)
TiO,|S" — TiOyS* + & (cb) injection Q)
TiOz2S"™ + 31" — TiOy2S + 15~ regeneration 3)
I3 +2e (Pt) — 3I reduction 4
I;7+2e (cb) =3I dark reaction (5)
TiO,|S" + & (cb) — TiO,|S recombination (6)

However, there are undesirable side reactions: the injected electrons may

recombine either with oxidized sensitizer, (dark reaction (5)) or with the oxidized



redox couple at the TiO, surface, (recombination (6)), resulting losses in the cell
efficiency.
1.5 The performances of DSSC

The performances of the solar cell depend on these major parameters:

1.5.1 Incident Photon to Current Conversion Efficiency (IPCE)

IPCE is one of the basic measurements for DSSC performance. It is also

known as the “external quantum efficiency” and describes how efficiently the light of
a specific wavelength is converted to current, i.e. (electrons out) / (photons in). The

IPCE can be calculated according to equation (1).

1240 (eV nm) Jy. (mA cm’?)
IPCE (%) = X100 (1)

A (nm) I (mW cm?)

When J;. is the short-circuit photocurrent density for monochromatic
irradiation, A and I are the wavelength and the intensity of the monochromatic light,
respectively.

1.5.2 Photocurrent/Voltage Curve (I/V curve)

J,
14 4 s
N- /
e 12+
o J R
10 ~
R AV !
£ s |
")
5 :
= 1
T 44 !
£ :
3 24 Vosae : V.
e N, ¥
0 1 L L] T L 1 L ]
0 100 200 300 400 00 600 700 800

Voltage (mV)
Figure 1.4 The I-V characteristic curves of DSSC

Measurement of the I/} curve is useful method for the evaluation of the
DSSC performance. The parameters determine from the I/V curve:
Open-circuit photovoltage (V)
Short circuit photocurrent density (Js)
Fill factor (ff)



g = — )

1.5.3 Solar energy to electricity conversion yield or power conversion

efficiency (7)

The most discussed performance parameter of a solar cell is the power
conversion efficiency. It is defined as the percentage of incident irradiance (light
power per unit area) that converts into output power. Because the point where the cell
operates on the /-V curve changes depending on the load, the output power depends on
the load. For consistency, the maximum output power is used for calculating

efficiency. In equation form, efficiency is written as shown in equation (3).

Jie MA.cm™) Voo (V) ff 3)

I (mW.cm™)

1.6 Type of dye sensitizer
The sensitizers used in DSSCs are divided into three types, viz., organic dyes,
porphyrin dyes and organometallic dyes according to the structure.
1.6.1 Organic sensitizers
A common way to design organic dyes is the D-w-A strategy, where the
molecule is built up of an electron donor (D), a conjugated linker (), and an electron

acceptor (A), as illustrated in Figure 1.5.

Figure 1.5 D-n-A structures of organic dyes

Organic dyes with large m-aromatic system such as coumarin [17],
phenothiazine [18], benzothiadiazole [19], triphenylamine [20], thiophene [21], and
perylene, have been investigated as sensitizers in DSSCs.

The performances of DSSCs based on organic dyes have been greatly

improved by several groups. The first transient studies on a coumarin dye in DSSCs



coded as C343 (Figure 1.6) was reported in 1996 by Gritzel et al. The C343 has a
narrow absorption spectrum. So, the conversion efficiency of this specific compound
was low. NKX-2311 was developed for expanded absorption spectrum by increase
the n-system. which improved the conversion efficiency of 5.6% [22]. Next, NKX-
2677 was developed by extending the thiophene unit as w-linker. The NKX-2677
shows the power conversion efficiency of 7.4% and a high stability for DSSC [23].

~-COH

0" "0

C343 NKX-2311 NKX-2677

Figure 1.6 Chemical structures of C343, NKX-2311 and NKX-2677

An indoline dye which is D102 and D149 (Figure 1.7) were discovered by
Ito and co-worker [24]. They gave energy conversion efficiency of 6 and 9%,

respectively.

o )

D102 D149

Figure 1.7 Chemical structures of D102 and D149

The efficiency and stability of dyes were improved by triphenylamine or N,
“diphenylnaphthalen-1-amine moiety as the electron donor and cyanoacrylic acid
moiety as the electron acceptor; for example, 1P-PSP, IN-PSP, C219, XS29 and
HKK-BTZA4. Their structures are shown in Figure 1.8. They show the energy
conversion efficiency about 5 to 10% [16, 25-28].



QZ’H OO
o

1P-PSP IN-PSP

HKK-BTZ4

Figure 1.8 Chemical structures of 1P-PSP, IN-PSP, C219, XS29 and HKK-BTZ4

1.6.2 Porphyrin sensitizer
Porphyrin dyes are a highly colored compounds due to the 22 n-electrons
delocalized over the macrocycle. A number of naturally occurring pigments contain a
tetrapyrrol structure with various substituents at the eight f-positions of the pyrroles,
and the meso-positions between the pyrrol rings [29, 30]). The simplest porphyrin is
porphine, in which all positions on the periphery of the macrocycle are taken by

hydrogen atoms. Chemical modifications of the basic porphine structure can easily be
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performed by substitutions on the # and meso-carbons (Figure 1.9). The inner four
nitrogen atoms of the deprotonated free-based porphyrin can act as ligand and strongly

coordinate metal ions.

™~ SB-position

Meso-position

A B

Figure 1.9 A: Molecular structure of porphine, B: represents the generic

structure of a metallo-porphyrin

In 2004, Campbell synthesized meso-linkes porphyrin dye, Zn-1a (7 =
4.2%), in Figure 1.10. After that the various structure of Zn metal was developed; for

example, YDO (r = 3.5%) [31] and DTBC (77 = 5.2%) [32], as shown in Figure 1.11

[10, 33].
O
B
. Ul

0]

Figure 1.10 Chemical structures of Zn-1a dye
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YD-0

DTBC
Figure 1.11 Chemical structures of YD-0 and DTBC dyes

In 2010, T. Bessho and co-worker reported the D-n-A porphyrin dye,
which is YD2 (Figure 1.12). The YD2 show a power conversion efficiency of 11%

when used with iodide/triiodide redox electrolyte.

YD-2

Figure 1.12 Chemical structures of YD-2 dye
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1.6.3 Ruthenium sensitizer

Ruthenium (II) complexes dye are the most popular of organometallic
complex dyes, because they show high solar light to conversion efficiency and good
property for sensitizer such as absorb solar energy, transfer electron to metal oxide,
stability in the oxidation state and easily modify structure. The common and efficient
ruthenium sensitizers are cis-di(thiocyano)-N,N'-bis(4,4 -dicarboxy-2,2 -bipyridine)
ruthenium(Il) (N3) [2, 34], tri(thiocyanato)(4,4",4""-tricarboxy-2,2":6",2"-
terpyridine)ruthenium(Il) (black dye) [35, 36], di-tetrabutyl ammonium cis-
bis(isothiocyanato)-bis(2,2"-bipyridyl-4,4’-dicarboxylato)ruthenium(II) (N719) [37].
The three dyes show efficiency more than 10%. They have an intense and wide-range
absorption of visible light, mainly due to metal to ligand charged transfer (MLCT)
transition that moves the electrons from d orbital of ruthenium to the m orbital of

diimine which is directly attached to TiO,. The structures are shown in Figure 1.13.

HO._O 0.0 +N(C4H9)4

black dye

Figure 1.13 The molecular structures of N3, black dye and N719
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Recently, the Gritzel’s group reported the DSSCs with efficiencies of
11.3% [38] and 12.3% [39] containing the dyes C101 (Figure 1.14) and Z991
(Figure 1.15), respectively.

C101

Figure 1.14 The molecular structures of C101 dye

Figure 1.15 The molecular structures of Z991 dye
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This project studied the ruthenium complexes for dye sensitizer in DSSCs.
We started with the N3 which is well known as the standard dye. In addition, we
synthesized new dye sensitizers to study power conversion efficiency and long term

stability.

1.7 Objectives of thesis

1.7.1 To synthesize N3s

1.7.2 To synthesize new ruthenium dyes

1.7.3 To characterize the molecular structure of ligands and the target complexes
by 'H and 13C NMR, Fourier transform infrared spectroscopy (FTIR) and mass
spectroscopy (MS)

1.7.4 To study UV-Vis absorption

1.7.5 To study performance and stability of synthesized ruthenium complexes for

DSSCs



CHAPTER 2
LITERATURE REVIEWS

2.1 Literature reviews

Ruthenium complexes show effective charge separation at the metal to ligand
(Ru-bpy) and ligand to metal (SCN-Ru) absorption bands in the visible light region.
The DSSCs based on ruthenium dyes which is Z991 [39], produced solar energy to
electricity conversion efficiency of up to 12.3 %. The ruthenium complexes are
divided into 3 groups which are;

2.1.1 Homoleptic ruthenium complex

Over the last 15 years, the homoleptic ruthenium complex with 4,4'-

dicarboxylic acid-2,2'-bipyridine (dcbpy) ligands has been considered as the best
anchoring ligand in ruthenium sensitizers, reported by Gritzel and coworkers, such as
cis-dithiocyanatobis(4,4'-dicarboxylic acid-2,2'-bipyridine)ruthenium(II), (N3) (Figure
1.13). The carboxylic groups form a bond with the TiO, surface. The dye molecules
absorb photon via an excitation between the electronic states of the molecule. The N3
dye shows two absorption maxima in the visible region at 518 nm and at 380 nm.
The N3 showed power conversion efficiency of 10.4% [2, 40].

2.1.2 Heteroleptic ruthenium complex

Dyes attached to TiO, through carboxylic acid groups are susceptible to

desorption from the surface under the action of trace quantities of water, thus they are
serious consequences on the long-term stability of the resultant solar cells. In 2003,
P. Wang and co-worker presented a new amphiphilic heteroleptic dyes,
[RULL'(NCS),], (L=4, 4'-dicarboxylic acid-2, 2'-bipyridine, L'=4, 4'-dinonyl-2, 2’'-
bipyridine) in which the hydrophobic long chains referred to Z907 [41, 42] (Figure
2.1). The fact that more alkyl chains for Z907 lead to higher hydrophobicity in the
surface of dye-sensitized mesoporous TiO; because it can reduce the charged
recombination with the electrolyte. It can display an enhanced stability towards
desorption from TiO; induced by water in the liquid or gel electrolyte. A cell based on

7907 using a volatile electrolyte gives power conversion efficiency of 6.2 %
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Rectangle


16

under AM 1.5 G simulated sunlight. The device also showed excellent stability under
light soaking at 55 °C for 1,000 h.

Figure 2.1 The molecular structure of Z907 dye

The influence of the hydrophobic hydrocarbon chain length of amphiphilic
ruthenium dyes on the device performance was reported by L. Schmidt-Mende and
co-worker, in 2005 [43]. They varied the hydrocarbon chain length of an amphiphilic
ruthenium dye (Figure 2.2). The result shows that chain length of the dye lead to a
long distance between TiO, and the hole conductor. The dyes with a hydrophobic
chain on the other end, give more effectively as a spacer and blocking layer between
TiO; and the hole conductor to avoid recombination. A chain length between Cqg
(Z907) and C,;3 seems to be ideal for this system. It is assumed that, this is in general

for reducing the recombination in mechanism.

Figure 2.2 The molecular structures of the dyes with different chain lengths
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Although, the Z907 showed stable under prolonged thermal stress at 80 °C and
soaking with light. However, the molar extinction coefficient of this sensitizer is
somewhat lower than that of the standard N719 dye. Therefore, P. Wang and
coworker have developed a new ruthenium complex sensitizer with high molar
extinction coefficient by extending the m-conjugation. Enhancing the absorption of
sensitizers has been demonstrated to improve the photovoltaic performance of dye
sensitize solar cells. The molecular structure of ruthenium(4,4’-dicarboxylic acid-2,2’
bipyridine)(4,4’-di(3-methoxystyryl)-2,2'-bipyridine)(NCS),, coded as Z910 [44],
which is shown in Figure 2.3A. The MLCT absorption bands of new dye presented in
Figure 2.3B shows two maxima at 410 and 543 nm, which are about 20 nm red-shifted
compared to those of Z907 and its analogues. In addition, the molar extinction
coefficient of Z910 is higher than those of N719 and Z907, respectively. The power
conversion efficient of device based Z910 is 10.2% using liquid electrolyte.

Moreover, it shows higher stability after 1000 h of light soaking.

25-
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Figure 2.3 A: The molecular structure of 2910, B: Absorption spectra of Z910,
N719 and Z907 anchored on nanocrystalline TiO; film

Next year, P. Wang and co-worker synthesized the new an amphiphilic
heteroleptic polypyridyl ruthenium(Il) complex, ruthenium(4.,4’'-dicarboxylic acid-
2,2'-bipyridined)(4,4'-bis(p-hexyloxystyryld-2,2'-bipyridined)(NCS),, coded as K19
[45] (see Figure 2.4A). This dye is related to the analogous amphiphilic dye Z907 but

comprises additional stilbene units conjugated onto the hydrophobic ligand for
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enhanced harvesting of visible light. Consequently, this dye show higher molar
extinction coefficient than that Z907, as shown Figure2.4B. K19 also retains the high
stability to thermal stress and light soaking displayed which was attributed to the
hydrophobic spectator ligand. Furthermore, a cell based on the K19 sensitizer show
power conversion efficiency of 7% using liquid electrolyte and also shows excellent
stability under light soaking after 1000 h of light soaking at 60 °C, no drop in

efficiency was observed for cells covered with an ultraviolet absorbing polymer film.

25, B
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Figure 2.4 A: The molecular structure of K19, B: Absorption spectra of K19 and
the Z907 anchored on an 8 um thickness transparent nanocrystalline

TiO; film

In order to improve the power conversion efficiency and stability of DSSCs,
the research was focused on the synthesis of new highly efficient sensitizers. A new
sensitized dye name is ruthenium(2,2’-bipyridine-4,4’-dicarboxylic acid)(4,4'-bis(2-
(4-tert-butyloxy-phenyl)ethenyl)-2,2'-bipyridine)(NCS),, denoted K77 [46] (Figure
2.5). The DSSCs with more than of 10.5% photoelectrical conversion efficiency
were obtained utilizing the designed high molar extinction coefficient sensitizer
(K77) in conjunction with a volatile electrolyte. Highly efficient DSSCs (up to
9.5%) show unprecedented long-term stability (1000 h) under both light soaking

and thermal stressing.
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K77

Figure 2.5 The molecular structure of K77 dye

The ruthenium (II) complex, JK-92 ( = 6.22%) [47] was developed by
extending the m-conjugation of bipyridine ligand using phenyl triazole moieties and
endowing with alkoxy groups. The dioctyl 2,2'-bipyridine-4,4'-dicarboxylate moieties
of complex S8 (77 = 5.36%) [48] and 4,4'-bis(1-(4-(hexyloxy)phenyl)-1H-1,2,3-triazol-
4-y1)-2,2'-bipyridine moieties of JK-92 (Figure 2.6) improved the molar extinction
coefficient of sensitizers and furthermore to provide directionality in the excited state
by fine tuning the LUMO level of the ligands with the electron donating alkoxy group.
The JK-92 and S8 dyes have several advantages over the conventional N3 dye such
as, higher binding capacity onto the TiO; surface than N3 dye and hydrophobic group

in the complex increasing the stability of cells towards water induced desorption.

JK-92 S8

Figure 2.6 The molecular structure of JK-92 and S8
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The heteroleptic polypyridyl ruthenium complex dye, coded C101 with high
power conversion efficiency was reported by F. Gao and co-worker. The molecular
structure of C101 is shown in Figure 2.7. The C101 was developed with high molar
extinction coefficients by extending the m-conjugation of spectator ligands, with a
motivation to enhance the optical absorptivity of mesoporous titania film and charge
collection yield in a dye-sensitized solar cell. Along with an acetonitrile-based
electrolyte, the C101 sensitizer has already achieved a strikingly high efficiency of
11.0-11.3% [38].

Figure 2.7 The structure of C101 dye

In 2006, C.Y. Chen and co-worker reported the ruthenium photo-sensitizer,
CYC-B1 [49]. In which one of the debpy ligands in N3 was replaced with abtpy, a
bipyridine ligand substituted with alkyl bithiophene groups (abtpy). CYC-B1 shows
power-conversion efficiency at 10% higher than that of N3 under the same cell
fabrication and measuring procedures. The CYC-B1 enhances the absorption
coefficient by increasing the conjugation length of the ancillary ligand. Moreover,
the alkyl group on the abtpy ancillary ligand can prevent the complexes from water-
induced desorption of the dye molecules from the TiO, surface, exhibit good stability.
The structure of CYC-B1 is shown in Figure 2.8.
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CYC-B1

Figure 2.8 The structure of CYC-B1 dye

2.1.2 Homoleptic and heteroleptic ruthenium complex with ammonium salt

In 1993, Nazeeruddin and co-worker developed the ruthenium(Il) complex
based on structure of N3 sensitizer, two carboxylic acid groups of N3 were
deprotonated and replaced by two ammonium salt (Figure 1.13). The ruthenium
complex dye name is bis(tetrabutyl ammonium)-cis-di(thiocyanato)-N, N*-bis(4-
carboxylato-4'-carboxylic acid-2,2'-bipyridine)ruthenium(ll) (N719). The N719
shows high solubility in ethanol and high power conversion efficiency of 11% [50].

In 2009, Chen and co-worker studied the dyes by increases n-conjugate and
hydrocarbon long chain for increases the stability of the dye, which are B11 [51]
and B19 [52]. They contain hexylthio-bithiophene in ancillary ligand and the vinyl-
conjugation on anchoring ligand for B19. The molecular structures of the two
sensitizers are shown in Figure 2.9. The B11 using a volatile electrolyte gives power
conversion efficiency of 11.5% which higher than the B19, shows power conversion
efficiency of 8.4%. These results supported that the dye containing ammonium base
can improve the efficiency. In addition, they found that the extending n-conjugation
in ancillary ligand (B11) improved efficiency, whereas the extending m-conjugation on
anchoring ligand (B19) decreased the efficiency. This underway lead to the

improvement of varies new dyes.
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B11 B19

Figure 2.9 The molecular structures of B11 and B19 sensitizers

The high power conversion efficiency in the ruthenium complexes dye
system is Z991 dye, which achieved a conversion efficiency of 12.3% based using
liquid electrolyte. The Z991 was developed from CYC-B1 dye (Figure2.8) [49] by
adding ammonium base, reported in 2009 [39] by the Gritzel group. The molecular

structure of Z991 is shown in Figure 2.2.

7991

Figure 2.10 The structure of Z991 dye



3.1 Chemicals

CHAPTER 3
EXPERIMENTAL

All chemicals used in this project are shown in Table 3.1 and Table 3.2 for the

synthesis and the DSSC devices, respectively.

Table 3.1 Chemicals for the synthesis of new ligands and ruthenium complexes

Chemicals Formula Grade Manufacturer
Ammonium thiocyanate NH4SCN ACS reagent, 97.5% Acros
Anisole C7HO 99.7% Acros
I-bromooctane CsH,4Br 99% Acros
g;ﬁ;ﬁ;ieshyl‘z’z" CiHN, 99% Acros
Calcium hydride CaH, 93% Acros
Dimethylformamide Cs;HsNO Organic synthesis Acros
Diethyl ether C4H,00 PA-ACS-ISO Panreac
Ethanol C,HsO ACS-for analysis CARLO ERBA
Hydrochloric acid HCI 37%, for analysis | CARLO ERBA
Magnesium sulfate MgSO, Industrial Grade Panreac
Methanol CH,0 ACS-for analysis CARLO ERBA
Nitric acid HNO; 67%, for analysis CARLO ERBA
a-Phellandrene CioHje >85% GC SAFC
o-Phenanthroline Ci2HsgN; ACS-for analysis CARLO ERBA
Phenol Ce¢HcO Analytical Grade CARLO ERBA
iehorde rigdre | RUCHSHO | Hygrosopic | (O
Sulfuric acid H,S04 96% AR. Grade CARLO ERBA
Sodium hydroxide NaOH ISSI-I;X]SSSi;for CARLO ERBA
Tetrabuthyl ammonium C1cHyyNO 1 M solution in Actos

hydroxide

methanol




Table 3.2 Chemicals for DSSCs devices
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Chemicals Formula Grade Manufacturer
Acetonitrile C,H3N ACS-for analysis | CARLO ERBA
Bis(4,4'-dicarboxy-2,2'-
bipyridine)dithiocyanato C26H16NOsRuS; 95% NMR Sigma-Aldrich
ruthenium(II) (N3)

Chloroplatinic acid H,PtClg 40% Pt Acros
Di-tetrabutylammonium
cis-bis(isothiocyanato) -
bis (2,2'-bipyridyl-4,4'- di | CssHgsNgOsRuS, 95% NMR Dyesol
carboxylato) ruthenium(II)
(N719)
Ethanol C,H¢O ACS-for analysis | CARLO ERBA
Isopropanol C;H3O ACS-for analysis | CARLO ERBA
Iodine I ACS-for analysis | CARLO ERBA
99%, pure
Lithium iodide Lil Acros
analysis
3-Methoxy ethanol C3Hz0, 99.8% anhydrous | CARLO ERBA
Tetra propyl ammonium
Lo C12H23NI 98% Acros
iodine
Titanium
Titanium(IV) oxide TiO, nanoxide Solaronix
20T/SP, D/SP
o ) Ti-Nanoxide
Titanium(IV) oxide TiO; Solaronix
R/SP
o ) 0.09 M in 20%
Titanium tetrachloride TiCly Sigma-Aldrich
HCl

4-Tertbutyl pyridine

CoHi3N 96% Acros
(TBP)
Valeronitrile CsHgN 98% Acros
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3.2 Instruments and general chemical characterization techniques

3.2.1 General instruments

Table 3.3 Instruments for characterization techniques

Instruments

Model

Company

Fourier Transform Infrared
Spectrometer (FTIR)

Spectrum RX 1

Perkin Elmer

ALPHA FTIR Spectrometer

Diamond crystal ATR mode
for Mid-IR range

Bruker

Perkin-Elmer Spectrum two

Attenuated total reflectance

Perkin-Elmer

FTIR spectrometer (ATR)

UV-Visible Spectrometer V-650 spectrophotometer Jasco
Nuclear Magnetic Resonance Bruker AVANCE, Bruker
(NMR) 300 MHz

Mass Spectroscopy (MS) JMS-700 JEOL
?n‘:‘f)EQUIP MENT Buchi 530 |/ ting point TYPE-B-530 Buchi

Photocurrent voltage (I-V) and
incident photon to electron
conversion efficiency (IPCE)

Kiethley 2400

Oriel instruments

3.2.2 General chemical characterization techniques

The ruthenium complexes were purified by column chromatography

technique using a LH-20 Sephadex™ as stationary phase and using methanol as

eluent. The structural of ligands were characterized by 'H NMR, '*C NMR, melting

point, FTIR and MS techniques. The ruthenium(Il) complexes were characterized by

'H NMR, B¢ NMR, FTIR and MS techniques.

The optical properties of the

ruthenium(lI) complexes were characterized by UV-Visible spectroscopy.
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3.2.3 Fourier Transform Infrared Spectroscopy (FTIR)

The N3s dye were characterized by Fourier transform infrared spectrometer
(FTIR). The FTIR spectra were recorded on NaCl pellets technique (100 mg of dried
NaCl and 2 mg of samples) with a Perkin-Elmer Spectrum RX.I one Fourier transform
infrared spectrophotometer over the 4000 - 400 cm™ range, at the rate of 16 nm/s.
The FTIR spectra are reported as wavenumber (cm™).

The methanol and water residual in the N3s dye were measured by Alpha
FTIR spectrometer with diamond crystal, attenuated total reflectance (ATR) mode for
Mid-IR 4000 - 550 cm™ range (by broker optics), at the resolution of 4 cm™ and
number of scan at 64.

The FTIR spectra of ligands and ruthenium complexes dye were measured
with Perkin-Elmer Spectrum by ATR technique. The data are reported as wavenumber
(ecm™).

3.2.4 Thermal gravimetric analysis (TGA)

The thermal property of polymer was analyzed by thermal gravimetric

analysis (TGA) under a nitrogen atmosphere with a heating rate of 10 °C/ min.
3.2.5 UV-Visible spectroscopy

UV-Visible spectra were measured in a 1 cm path length quartz cell using a
V-650 spectra high resolution UV-Vis for ruthenium(Il) complex dyes. The samples
were dissolved in DMF and diluted to a concentration of 1x10™ M.

3.2.6 Nuclear magnetic resonance (NMR)

'H NMR and ®C NMR spectra were performed in CDCl;, DMSO-dg,
Acetone-dg or CD30D recorded on Bruker AVANCE 300 MHz spectrometer, using
TMS (0.00 ppm) as the internal reference. Data for NMR spectra are reported as
followed: chemical shift (8 ppm), multiplicity, coupling constant (J, Hz) and
integration.

3.2.7 Mass spectroscopy (MS)

Molecular weight of ruthenium(Il) complexes dye were measured on

Bruker micrOTOF II by electrospray ionisation techniques (ESI).
3.2.8 Melting point
Melting points was measured on Buchi 530 scientific melting point

apparatus in open capillary method and are uncorrected and reported in degree Celsius.
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3.3 Experimental section

This section describes the synthesis of ruthenium(Il) complexes and the
fabrication of the DSSCs. The organization of this thesis can be divided into two main
parts, which are; I) the study of N3 dyes and II) the study of a new ruthenium
complexes dye. From Figure 3.1, the experimental started from the synthesis of the
ligand and the di-u-chloro(p-cymene)chlororuthenium(Il) precursors before forming
the target ruthenium complex. Part I was divided into 5 steps. Step 1 is the synthesis
of N3 dyes. Step 2 and 3 are the characterization and physical studied of the N3s.
Step 5 is the photovoltaic performance studied of DSSCs. Part II was divided into
5 steps. Step 1 is the synthesis of CLC-C01, CLC-C06, CLC-C08 dyes. Step 2 and
3 are the characterization and electrochemical study. Step 4 and S are the photovoltaic

performance study and long term stability study of DSSCs using new ruthenium

complexes.
Ligands synthesis di-u-chloro(p-cymene)chlororuthenium(II)
(Ru-cymene) synthesis
|
l
[ I
Part I) the study of N3s dye Part II) the study of a new ruthenium

| complexes dye

Step 1. N3sdye |
I Step 1. CLC-C01, CLC-C06 and CLC-C08

Step 2. Structure I

characterized by 'H NMR, Step 2. Structure Characterized by'H NMR,

>C NMR and FTIR 13C NMR and FTIR *C NMR, FTIR and MS
| I

Step 3. TGA and FTIR Step 3. Optical and electrochemical study

Step 4. Photovoltaic performance study of

DSSCs

Step 4. XRD and AFM

Step 5. Photovoltaic Step 5. Stability test for long term during
performance study of DSSCs 1000 h for DSSCs

Figure 3.1 Experimental flowchart model of this work
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3.4 Ligands and di-u-chloro(p-cymene)chlororuthenium(Il) synthesis
3.4.1 Synthesis of di-u-chloro(p-cymene)chlororuthenium(Il)

N\ _dl
EtOH, reflux, 78 °C cl N

_ Cl
* \Ru/
RuCl, cr”
Ru(cymene)

Ruthenium(III) trichloride trihydrate (0.5 g, 2.41 mmol) was dissolved by
10 ml ethanol then a-phellandrene (2.6 ml) was added into round bottom flask.
The reaction mixture was refluxed for 1 h. The solvent was removed by rotary
evaporator then filtered and then washed the precipitate crude product with hexane.
The product was obtained as red solid (1.16 g, 76%); m.p. 190 °C (decomposed);
ESI-MS caled for CaoHzCsRu; (M — CI) 572.9186, found 576.9185; 'H NMR ( 300
MHz, CDCL): 5.49 (d, J = 6 Hz, 4H), 5.35 (d, J = 6 Hz, 4H), 2.93(q, J = 6 Hz, 2H),
2.71 (s, 6H), 1.29 (d, J = 6 Hz, 12H); °C NMR (CDCl; , 75 MHz): § 101.2, 96.7,
81.3, 80.5, 30.6, 22.1, 18.9; FTIR: (ATR) 3053, 2957, 2873, 2364, 1472, 1387,
878 cm™.

3.4.2 Synthesis of 4,4 -dicarboxy-2,2 -bipyridine ligand, (CR-1)

O 0]
HO OH
— HzSO4 / N32CT207 —
I I N
=N N =N N
CR-01

Na,Cr;07 (1.35 g, 8.69 mmol) was added to 25 ml of conc H,SO4 in 100 ml
round bottom flask. Then, 4,4'-dimethyl-2,2"-bipyridine (0.40 g, 2.17 mmol) was
added and stirred for 30 min (color changed from red to green) and then poured the
mixture solution into 200 ml ice water and kept at 5 °C for 1 h. The yellow precipitate
was filtered, then washed with ice water (10 ml x 3) and dissolved with 40% NaOH.

The 1nitial pH was adjusted to 2 by conc HCI and filtered again. The compound was
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obtained as white solid (0.45 g, 84%); m.p. > 250 °C; ESI-MS caled for C,HgN;04
(M + H") 245.0562, found 245.0779; 'H NMR (300 MHz, DMSO-dg): & 7.89 (d, J=6
Hz, 2H), 8.80 (s, 2H), 8.90 (d, J = 6 Hz, 2H); *C NMR (75 MHz, DMSO-de): 8 166.4,
155.9, 151.1, 140.0, 120.0, 119.8; FTIR: (ATR) 3413, 3108, 2448, 1717, 1456, 1368,
1292, 1068, 1011 cm’™.

3.5 The synthesis of bis(4,4'-dicarboxy-2,2'-bipyridine)dithiocyanato ruthenium(Il)

HO__O
0 ! OH
>QCI HO Y SN 70
Ru{ CROI  NH,SCN Nl NS
NN
Ll Tisoecsh  130°C,5h ANTLONYS
’Ru g® 0 ! _ OH
‘O g
$ 0
N3s

To a solution of Ru(cymene) (0.1 g, 0.15 mmol) in 25 mL dry DMF was added
CR-1 (0.15 g, 0.63 mmol) with stirring. The solution was heated at 160 °C under N,
for 8 h in the dark. After that, the NH4NCS (0.12 g, 1.57 mmol) was added and the
reaction mixture was further heated at 130 °C for 5 h. DMF was removed on a rotary
evaporator under vacuum to get a slurry mixture product. Then, the varied amount of
DI water (18-20 mL) was added to induce the precipitation. The resulting solid was
filtered off, washed with water and diethyl ether and dried under vacuum. The crude
product was dissolved in basic methanol (with NaOH) and further purified on the
sephadex LH-20 with methanol as an eluent. The main band was variously added
DI water (18-20 mL) and was precipitated with 0.01 M HNOj3 to obtain N3-2 (20%).
The N3-3, N3-4 and N3-5 were synthesized using similar procedure as used for the
synthesis of N3-2. The %yield of N3 product for each reaction are N3-3 (30%), N3-4
(18%) and N3-5 (22%) for third, fourth and fifth reaction set up, respectively;
m.p. > 250 °C; 'H NMR (300 MHz, CD;0D) & 9.44 (d, J = 5.7 Hz, 2H), 9.19 (s, 2H),
9.02 (s, 2H), 8.38 (d, J = 5.5 Hz, 2H), 7.80 (d, J = 5.6 Hz, 2H), 7.60 (d, J = 6.1 Hz,
2H); C NMR (75 MHz, CD;0D): & 165.9, 165.4, 159.0, 157.5, 153.4, 153.0, 140.6,
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140.0, 134.8, 126.6, 125.7, 123.3, 122.9; FTIR: (ATR) 3500, 2900, 2500, 2300, 1700,
1491 cm™.
3.6 The synthesized a new ruthenium complexes dye by using new ligands for
DSSC

3.6.1 The synthesized of 4,5-diazafluoren-9-one (MC-1)

1,10-Phenanthroline (3.0 g, 16.6 mmol) was dissolved by 0.2 M of KOH in
distilled water (100 mL). The reaction was refluxed until phenanthroline completely
dissolved. A hot solution of KMnQyj (6.6 g, 48.0 mmol) in distilled water (25 mL) was
added to the reaction mixture over 1 h. After that, the reaction mixture was further
refluxed for 10 min, and then the precipitate was filtered off. The filtrate was cooled
to ambient temperature and extracted with ethyl acetate. The combined extracted
organic solution was dried with Na;SO, anhydrous and was concentrated by rotary
evaporator. The residue was recrystallized by ethyl acetate: hexane to give MC-1
(1.21 g, 40%); m.p. > 250 °C; 'H NMR (300 MHz, CDCl3) & 8.82 (d, J = 4.7 Hz, 2H),
8.02 (d, J = 7.4 Hz, 2H), 7.38 - 7.26 (m, 2H); >*C NMR (75 MHz, CDCl;): & 183.5,
158.81, 156.8, 138.58, 133.85, 124.44; FTIR: (ATR) 3034, 2922 - 2853, 1713, 1555,
1397, 1259, 754 cm’.

3.6.2 The synthesized of 5,5'-bis(4-methoxyphenyl)-5H-cyclopenta

(1,2-b:5,4-b")dipyridine (CLC-01)

_ _ O conc H,S0, _ .
- ~

o / \Y
65°C, 5 h. N\ N7
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MC-1 (0.5 g, 2.8 mmol) and anisole (0.7 ml) were added to round bottom
flask. Conc H,SO4 (0.7 ml) was slowly added. After that, the reaction mixture was
heated at 65 °C for overnight. The reaction mixture was cooled to room temperature
and then water (20 ml) was added to the flask. The initial pH of the medium was
adjusted with 1 M NaOH to give white precipitate. The solid was collected by suction
filtration, washed with water and diethyl ether. This crude product was dissolved in
dichloromethane and dried with Na,SO4 and was concentrated by rotary evaporator.
The residue was recrystallized from EtOAc: hexane to give CLC-01 (0.52 g, 50%);
m.p. > 250 °C; ESI-MS calcd for CysHyoN20, (M + Na+) 403.1422, found 403.1408;
'"H NMR (300 MHz, CDCl3) & 8.87 - 8.59 (m, 2H), 7.86 - 7.67 (m, 2H), 7.37 - 7.22
(m, 4H), 7.17 - 6.96 (m, 3H), 6.90 - 6.66 (m, 3H), 3.77 (d, J = 1.2 Hz, 6H); °C NMR
(75 MHz, CDCl;): 8 158.9, 156.8, 149, 146, 135, 133.53, 128.89, 123.43, 113.91, 60,
55.23; FTIR: (ATR) 3074.32 - 3050.13, 3001.34, 2949.12, 2900.75, 2827.49, 1504.85,
1240.55, 1176.24, 811.28, 745.75 cm™.

3.6.3 The synthesized of n-hexyl phenyl ether (CL-06)

o

[ )/OH Bro "N ©/O

0.1 M methanolic NaOH (5 ml)
MeOH, reflux, 30 min. CL-06

A mixture of phenol (2 g, 21.25 mmol) was dissolved in MeOH (5 mL),
0.1 M methanolic NaOH (5 mL) and bromohexane (3 ml). The solution mixtures were
refluxed for 1 h in a round bottom flask. The completed reaction was followed by
TLC before extracted with ethyl acetate. The combined organic extracts were
concentrated on rotary evaporator and the residue was purified by column
chromatography using 3% ethyl acetate: hexane as eluent to get colorless liquid
product CL-06 (2.9 g, 82%); ESI-MS calcd for C,H;30 (M + Na") 201.1255, found
201.1257; '"H NMR (300 MHz, CDCl3) § 7.45 — 7.24 (m, 2H), 7.09 — 6.84 (m, 3H),
4.11 = 397 (m, 2H), 1.92 - 1.81 (m, 2H), 1.62 — 1.27 (m, 6H), 1.01 (dd, J = 8.9,
4.7 Hz, 3H); °C NMR (75 MHz, CDCls) 5158.9, 129.49, 120.55, 114.64, 67.94,
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31.80, 29.47, 25.94, 22.79, 14.16; FTIR: (ATR) 3037.38, 2929.05, 2860.01, 1599.44,
1495.63, 1035, 752.08 cm™.

3.6.4 The synthesized of 5,5'-bis(4-(hexyloxy)phenyl)-5H-cyclopenta
(1,2-b:5,4-b")dipyridine (CLC-06)

0] 0
o DES,
__ _ 0 conc H,S0, __'_
QA /Q\ )+ ©/\ 65°C. 5 h NNy
N N 5°C,5h. N N

CLC-06

A MC-1 (0.5 g, 2.8 mmol) and CL-06 (1.2 ml) were added to round bottom
flask. Conc H,SO4 (0.8 ml) was slowly added to the mixture with stirring. After that,
the mixture was heated to 65 °C overnight. The reaction mixture was cooled to room
temperature. Then, water (20 ml) was added to the reaction flask. The initial pH of
the medium was adjusted with 1 M NaOH to give the precipitate. The solid was
collected by suction filtration and washed with water. This crude product was
dissolved in ethyl acetate and dried with Na;SO4. The ethyl acetate was removed by
rotary evaporator. Next, crude product was purified by column chromatography on
silica gel using pure hexane as eluent to give solid product CLC-06 (0.55g, 38%);
m.p. = 232 °C; ESI-MS calcd for C3sHgN,0, (M + Na*) 543.2987, found 543.2967;
'H NMR (300 MHz, CDCl3) & 8.70 (d, J = 4.8 Hz, 2H), 7.73 (d, ] = 7.8 Hz, 2H), 7.42
—7.21 (m,4H), 7.07 (d, J = 9.1 Hz, 3H), 6.76 (d, J = 9.1 Hz, 3H), 3.90 (t, ] = 6.7 Hz,
4H), 1.95 — 1.65 (m, 6H), 1.60 - 1.32 (m, 8H), 1.12 (s, 2H), 0.90 (t, J = 7.3 Hz, 6H);
BC NMR (75 MHz, CDCl3) § 158.9, 156.9, 149.9, 146.8, 135.48, 133.55, 128.86,
123.40, 114.39, 67.99, 60.9, 31.54, 29.20, 25.70, 22.57, 13.99; FTIR: (ATR) 3061.84,
2928.35, 2866.95, 1605.10, 1505.76, 1396.67, 1243.71, 1161.92, 745.23 cm™.
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3.6.5 The synthesized of n-octyl phenyl ether (CL-08)

©/OH Br NN @/0

0.1 M methanolic NaOH (5 ml)
MeOH, reflux, 30 min. CL-08

Phenol (2 g, 21.25 mmol) was dissolved in of MeOH (5§ mL), 1 M
methanolic NaOH (5 mL) and bromohexane (3 ml). The solution mixtures were
refluxed for 1 h in a round bottom flask. Completing reaction was followed by TLC,
extracted with ethyl acetate. The combined organic extracts were concentrated on
rotary evaporator and the residue was purified by column chromatography using
hexane as eluent to get the colorless liquid product CL-08 (3.02 g, 68%); 'H NMR
(300 MHz, CDCls) 6 7.37 - 7.26 (m, 2H), 7.02 - 6.87 (m, 3H), 4.04 - 3.99 (m, 2H),
1.89 - 1.81 (m, 2H), 1.65 - 1.50 (m, 4H), 1.48 - 1.35 (m, 6H), 0.99 - 0.66 (m, 3H);
3C NMR (75 MHz, CDCl;) 6 158.9, 129.38, 120.44, 114.53, 67.90, 31.83, 29.33,
26.09, 22.66, 14.08; FTIR: (ATR) 2925, 2855, 1600, 1496, 1242, 751 cm™.

3.6.6 The synthesized of 5,5'-bis(4-(octyloxy)phenyl)-5H-cyclopenta
(1,2-b:5,4-b")dipyridine (CLC-08)

O\/\/\/\/
@ B
0] N~
1) CL-08 ’
:—i_ ?j_ WA
d\ 7\ 7/  2) concH,80,,65°C,5h O
* N N e T Z 10 M N
-1

CLC-08

0\/\/\/\/

MC

A MC-1 (0.5 g, 2.8 mmol) and CL-08 (1.2 ml) were added to round bottom
flask. Conc H2SO4 (0.8 ml) was slowly added to the mixture with stirring. After that,
the reaction was produced by using the same procedure as used for the preparation of
CLC-06, the CLC-08 solid product was obtained (0.22g, 13%); m.p. = 218 °C;
'H NMR (300 MHz, CDCl;) & 8.72 (d, J = 4.8 Hz, 2H), 7.75 (d, J = 7.7 Hz, 2H),
7.34 - 723 (m, 4H), 7.08 (d, J = 8.4 Hz, 3H), 6.76 (d, J = 8.3 Hz, 3H), 3.90
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(t, J = 6.4 Hz, 3H), 3.51 (s, 1H), 1.83 - 1.73 (m, 4H), 1.60 - 1.27 (m, 20H), 0.88
(t, J = 6 Hz, 6H); °C NMR (75 MHz, CDCl;) & 158.9, 158, 140, 146.9, 135.49,
133.53, 128.96, 123.39, 114.39, 67.98, 31.79, 29.32, 29.23, 29.20, 26.03, 22.63, 14.06;
FTIR: (ATR) 2932, 2852, 1509, 1399, 1218, 732 cm™.

3.7 The synthesis a new ruthenium complexes dye

3.7.1 The synthesis of tetrabutylammonium(4-carboxylate-4'-carboxy-2-
bipyridine)-5,5'-bis(4-(metyloxy)phenyl-5H-cyclopenta(1,2-5:5,4-b )dipyridine)
dithiocyanato ruthenium(II) (CLC-C01)

2 &
2

N N=
\
/@i c] CLC-01 CR-01 NHSCN (C4Hg),NOH S=C=N—/R<—N\ ~COOH

o Ny 80°C,4h 160°C, 4h 130°C, 5h Separation step N
~_ C/
Ru s’
cl .
COO N(C4H)s
CLC-Co1

CLC-01 (0.13 g, 0.32 mmol) and Ru(cymene) (0.1 g, 0.16 mmol) in
anhydrous DMF were heated at 80 °C for 4 h under nitrogen gas in the dark.
Subsequently, the reaction mixture was cooled to room temperature then CR-1
(0.06 g, 0.24 mmol) was added to the flask and further heated to 160 °C for 4 h.
The resulting solution was added by solid NH4NCS (0.12 g, 1.57 mmol) at room
temperature and the reaction mixture was further heated for 5 h at 130 °C. After that
DMEF was removed by a rotary evaporator under vacuum and water (20 ml) was added
to get the precipitate. The purple solid was filtered off, washed with water and diethyl
ether and dried in air. The solid mixture compound was dissolved in basic methanol
and purified on the sephadex LH-20, columns chromatography twice using methanol
as eluent. The first column chromatography was for roughly separation whereas the
second column chromatography was for thoroughly separation. The main band was

collected, concentrated, and precipitated with HNO3 to obtain pure CLC-C01 solid
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product (0.15 g, 44%); m.p. > 250 °C; ESI-MS caled for CssHgsN7,OgRuS; (M - H+)
1082.3257, found 1082.3480; 'H NMR (300 MHz, CD;0D) & 9.69 (d, J = 9.0 Hz,
1H), 9.03 (s, 2H), 8.92 (s, 1H), 8.24 (d, J = 9.0 Hz, 2H), 8.14 (d, J = 9.0 Hz, 2H),
7.84 - 7.80 (m, 2H), 7.78 - 7.70 (m, 1H), 7.44 - 7.36 (m, 1H), 7.21 (d, J = 7.7 Hz, 2H),
7.12 (d, J = 8.1 Hz, 2H), 6.88 (d, J = 7.5 Hz, 4H), 3.72 (s, 6H), 3.30 - 3.22 (m, 8H),
1.68 (s, 8H), 1.53 - 1.31 (m, 8H), 1.21 - 1.04 (m, 12H); >C NMR (75 MHz, CD;0D)
d 158, 157, 150, 147, 145, 136, 133, 132, 131, 128, 126, 125, 120, 114, 67, 58, 55,
29.44, 29.19, 28.93, 28.68, 28.42, 25, 24, 20, 14; FTIR: (ATR) 2925, 2873, 2103,
1251, 805 cm™.

3.7.2 The synthesis of tetrabutylammonium(4-carboxylate-4'-carboxy-2-
bipyridine)-5,5'-bis(4-(hexyloxy)phenyl-5H-cyclopenta(1,2-b:5,4-b")dipyridine)
dithiocyanato ruthenium(II) (CLC-C06)

S=C=
\Ru/Cl CLC-06 CR-01 NH,SCN (C,H,),NOH
Cl \Cl 80°C,4h 160°C,4h 130°C,5h Separation step N

\R/

u
(o] 1d S .
COO "N(C4Hy),
CLC-C06

CLC-06 (0.18 g, 0.32 mmol) and Ru(cymene) (0.1 g, 0.16 mmol) in
anhydrous DMF were heated at 80 °C for 4 h under nitrogen gas in the dark.

Subsequently, the reaction mixture was cooled to room temperature then CR-1
(0.06 g, 0.24 mmol) was added to the flask and further heated to 160 °C for another
4 h. The resulting solution was added by solid NH4sNCS (0.12 g, 1.57 mmol) at room
temperature and the reaction mixture was further heated for 5 h at 130 °C. After that
DMEF was removed by a rotary evaporator under vacuum and water (20 ml) was added

to get the precipitate. The purple solid was filtered off, washed with water and diethyl
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ether. The solid mixture compound was dissolved in basic methanol and purified
similar with CL.C-C01 process to obtain pure solid product CLC-C06 (0.15 g, 39%);
m.p. > 250 °C; ESI-MS calcd for CesHgsN70sRuS; (M + 2H,0 + Na*) 1282.4999,
found 1281.4573; '"H NMR (300 MHz, CD3;0D) § 9.65 (s, 1H), 9.06 - 8.89 (m, 3H),
8.22 (t, 2H), 7.71 - 7.69 (m, 3H), 7.46 (s, 1H), 7.17 - 7.07 (m, 4H), 6.84 (d, J = 8.7 Hz,
6H), 3.90 (s, 4H), 3.26 (s, 8H), 1.66 (s, 12H), 1.44 - 1.28 (m, 20H), 1.03 — 0.88 (m,
18H); FTIR: (ATR) 2892, 2803, 2100, 1500, 1250, 805 cm™.

3.7.3 The synthesis of tetrabutylammonium(4-carboxylate-4'-carboxy-2-
bipyridine)-5,5’-bis(4-(octyloxy)phenyl-5H-cyclopenta(1,2-b:5,4-b’)dipyridine)
dithiocyanato ruthenium(II) (CLC-C08)

d 0
/ \
N N=
\/ o~
S=C=N—Ra—N.
gy Cl CLC-08  CROL  NH,SCN  (CHg)NOH N
~ 17
CI_ XCI 80°C,4h 160°C,4h 130°C,5h Separationstep €
Ru S
cr
CLC-C08

The Ru(cymene) (0.1 g, 0.16 mmol) and CLC-08 (0.18 g, 0.32 mmol)
were dissolved in anhydrous DMF solution. The reaction was heated at 80 °C for 4 h
under nitrogen gas in the dark. Then, the reaction mixture was cooled and CR-1
(0.06 g, 0.24 mmol) was added to the reaction mixture. The reaction was heated at
160 °C for 4 h. After that, the reaction mixture was added by solid NH4NCS (0.12 g,
1.57 mmol) at room temperature and further heated for 5 h at 130 °C. When reaction
was completed, the DMF was removed by a rotary evaporator under vacuum. DI water
(20 ml) was added to get the precipitate. The purple solid was filtered off, washed
with water and diethyl ether. The crude compound was dissolved by basic methanol

and was purified with similar procedure as use for the purification of CLC-C01 to
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obtain pure solid product CLC-C08 (0.2 g, 50%); m.p. > 250 °C; ESI-MS calcd for
CeoHoiN7O6RuS; (M - H") 1278.5437, found 1278.5556; 'H NMR (300 MHz,
CD;0D) 8 9.69 (s, 1H), 9.03 (s, 2H), 8.91 (s, 1H), 8.24 (d, ] =9.0 Hz, 2H), 8.13 (d, ] =
9, 2H), 7.82 - 7.77 (m, 2H), 7.71-7.69 (m, 1H), 7.38-7.36 (m, 1H), 7.17 (d, ] = 8.7 Hz,
2H), 7.09 (d, J = 8.4 Hz, 2H), 6.84 (d, J = 8.7 Hz, 4H), 3.90 (s, 4H), 3.25 (s, 8H), 1.68
(s, 8H), 1.53 - 1.31 (m, 8H), 1.21 - 1.04 (m, 18H); FTIR: (ATR) 2923, 2853, 2100,
1249, 805 cm’™.

3.8 Fabrication of DSSC devices using N3s is sensitizer

Three layer for TiO, transparent

One layer for TiO, scattering

~

$ B
o < — 3
N
/31

redox couples
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o TOR

Pt metal

FTO

Figure 3.2 The picture of DSSCs based on N3s

3.8.1 Preparation of working electrode of N3 dyes [53]

Fluorine-doped tin oxide (FTO) conducting glasses (8 /sq, Solaronix)
were used for electrodes. The FTO conducting glasses were immersed in an aqueous
solution of 4 x 102 M TiCl, at 70 °C in water saturation for 30 min and then washed
with water and ethanol, respectively. The TiCls-treated-FTO were coated with
3 layers of a transparent (Ti-Nanoxide 20T/SP, Solaronix) and 1 layer of a scattering
(Ti-Nanoxide R/SP, Solaronix) TiO, layer by screen planning method, respectively.
Then, they were gradually sintered in stepwise at 325 °C for 5 min, at 375 °C for
5 min, at 450 °C for 5 min, at 500 °C for 30 min and was cooled to 80 °C. Prior to dye
sensitization, the TiO; electrodes were immersed in an aqueous solution of 4 x 102 M

TiCly at 70 °C in a water saturation atmosphere for 30 min. The TiO; electrodes were
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sintered again at 325 °C for 5 min, at 375 °C for 5 min, at 450 °C for 5 min, at 500 °C
for 30 min and then cooled to about 80 °C. The prompted TiO, electrodes are shown

in Figure 3.3.

Figure 3.3 The picture of burning electrodes

After cooling to about 80 °C, the electrodes were immersed in N3s solution

(3x10™* M in ethanol) in the dark at room temperature for 24 h as shown in Figure 3.4.

N3-1 N3-2 N3-3 N34 N3-5

Figure 3.4 The picture of N3s dye solution

Then, the electrodes were washed with water and ethanol. They were dried

on heater at 50 °C to completed the working electrodes as shown in Figure 3.5.

Figure 3.5 The picture of the completed the working electrod
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3.8.2 Preparation of counter electrodes
The counter electrodes were prepared by placing a drop of an HyPtClg
solution (18 microliters x 2 times) on an FTO conducting glasses. After that they were

heated at 375 °C for 30 min. The counter electrodes are shown in Figure 3.6.

ll 1
. .

Figure 3.6 The picture of counter electrodes

3.8.3 Preparation of electrolyte
The electrolyte solution was prepared from 0.05 M I, 0.1 M Lil, 0.4 M t-
butylpyridine (t-BPy) and 0.6 M tetrapropyl ammonium iodide (TPAI) in 85:15 v/v
acetonitrile/valeronitrile solvent.
3.8.4 Assembling of DSSCs
The working electrodes and the counter electrodes were assembled into a
sealed sandwich-type cell at 111 °C, 1.30 min (Figure 3.7) by heating a surlyn film as

a spacer between the electrodes.

-
. %
]

X '8 N
o

Figure 3.7 The heating step for device assembling
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Then the liquid electrolyte was filled through the predrilled hole by a

vacuum backfilling as shown in Figure 3.8.

Injection

Figure 3.8 Injection step of electrolyte into the cell

Finally, the space left for contacts on both electrodes was stuck with copper
film. Then, the cells were painted with silver paint that increased conductivity in the
solar cell. Both solar cell electrodes were contacted with copper wire by soldering

method to get the competed the cells (Figure 3.9).

&

Figure 3.9 The completed dye-sensitized solar cells

3.9 Fabrication of DSSC devices using N719, CLC-C01, CLC-C006 and

CLC-C08 as sensitizer [54)

3.9.1 Preparation of working electrodes

The working electrodes of N719, CLC-C01, CLC-C06 and CLC-C08

were prepared without TiCly-treatment. However, the FTO were coated with three
layers of transparent (Ti-Nanoxide 20T/SP, Solaronix) and two layers of scattering
(Ti-Nanoxide R/SP, Solaronix) TiO, which are slightly different from the preparation
of N3 (i.e., three transparent layers and one scattering layer). Then, they were
gradually sintered in stepwise as similar as the sintered step for N3 preparation
(see page 37). The dyes solution of N719, CLC-C01, CLC-C006 and CLC-CO08 are

shown in Figure 3.10.
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TN719  CLC-C01 CLC-C06 CLC-Co08

Figure 3.10 The dye solution of N719, CLC-C01, CLC-C06 and CLC-C08

The preparation procedure of counter electrodes, electrolyte and assembling
of N719, CLC-C01, CLC-C06 and CLC-C08 are similar to N3s (sections 3.8.3 and
3.8.4).

3.10 DSSCs characterization
3.10.1 Current-voltage (I-}) measurement
The current — voltage (/-V) measurement were carried out with an active
area of 0.16 cm” by a Keithley 2400 source meter unit under AM 1.5G global sun
simulated sunlight (100 mW. cm ) which was produced by a 150 W Xenon arc lamp
(6255 Newport) with an IR-cutoff filter (KG5-Newport).
3.10.2 Incident photon-to-current conversion efficiency (IPCE)
An incident light for IPCE measurement is given by a 150W Xenon arc
lamp (6255 Newport) fitted with a monochromator (1/8m Monochromator, 74000
Newport).
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 The study of N3s (N3-2 to N3-5) in DSSC as the dyes sensitizer

This section focuses on the synthesis and study, their optical and electrochemical
properties as well as the power conversion efficiency of N3-2 to N3-5 compared with
a cell fabricated using the commercial N3-1 (pure by 95% NMR, Aldrich).
The molecular structure of the N3 dye consists of two anchoring ligands (-COOH) for
connecting to the TiO, surface and two NCS for balancing the charge of the Ru metal.

The retrosynthetic analysis is shown in Figure 4.1.

HO
P N
ngand exchange

Niz".'\

/@)\ N

/ Ligand exchange Q | _

]l ———— HO = N

I/ \ cl. < D
RU ~Z N

NN C\lﬁ -

CR-1
Ru- cymene

Oxidation Dimerization

I\ /N RuCl; *
=N N=

Figure 4.1 The synthetic route for the preparation of N3s dye
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4.1.1 Synthesized of di-u-chloro(p-cymene)chlororuthenium(Il) (Ru-cymene)
The Ru-cymene was synthesized from the RuCl3.3H,0 and a-phellandrene

in ethanol solution (Figure 4.2). The product was obtained as the red solid in 76%

: i EtOH, reflux, 78 °C /@
\

+ Cl
Ru

RuCl;3H,0 c’
~

Cl/Ru

yield.

N\

Ru-cymene
Figure 4.2 The synthesis of Ru-cymene

The Ru-cymene was characterized by 'H NMR (Figure 4.3), *C NMR,
FTIR and MS (APPENDICES, Figure 1). The Ru-cymene is a symmetric molecule,
so 'H NMR spectra show only 5 signals. The protons signal corresponding to the
protons of phellandrene ring give a chemical shift at 5.49 (3H), 5.35 (3H) ppm.
The protons signal at 2.91 (2H), and 1.27 (12H) ppm are assigned to the isopropyl
group. The singlet proton at 2.15 (6H) ppm is metyl group.
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Figure 4.3 The '"H NMR of Ru-cymene in CDCl;
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4.1.2 Synthesized of 4,4’-dicarboxy-2,2'-bipyridine (CR-1)
The 4,4'-dimethyl-2,2'-bipyridine was oxidized by Na,Cr,O7 with H,SO4 to
get the white solid CR-01 in 84% yield (Figure 4.4).

O )

u 0O Q H HO OH
/ — H2SO4 / N32CI'2O7 / \ —
ey AYe 9
=N N -N N / =N N
CR-01

Figure 4.4 The synthesized of CR-01

The product was characterized by 'H NMR (Figure 4.5), °C NMR, FTIR
and MS (APPENDICES, Figure 2). The 'H NMR spectrum of CR-01 was shown in
Figure 4.6. The CR-01 is a symmetric molecule as only 3 signals were observed
without the proton of the carboxylic groups. The proton signals showed at chemical
shift 8.90 (2H), 8.80 (2H) and 7.89 (2H) ppm were assigned to 6 protons of the
aromatic pyridine ring. The structure was confirmed with MS at 245.0779 m/z.

223 L 53 g 8
N/ v b (.

o | 0Q
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=N : }\] /
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Figure 4.5 The 'H NMR spectra of CR-1 in CDCl;
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4.1.3 The synthesized and characterized of N3s dye
N3s were synthesized by the one-pot reaction via the reaction of cymeme
complex as shown in Figure 4.6 [55]. In the first step, the Ru(cymene) was reacted
with a CR-01 (2 eq.) in DMF with ligand exchange via intermediate 1 and 2. Then,
NH4SCN (excess) was added to get crude products. The mixture product was purified
by column chromatography with sephadex LH-20 and was methanol as an eluent.
The main band was variously added by DI water (18-20 mL) and precipitated with
0.01 M HNO; to obtain N3-2 (20%). The N3-3, N3-4 and N3-5 were synthesized
using similar procedure as used for N3-2. The product of each reaction set up was
obtained in moderate yield (N3-3, (30%), N3-4 (18%) and N3-5 (22%), respectively).
All N3s were characterized by 'H NMR which show exactly the same signals
compared with the commercial N3 (N3-1) (see Figure 4.7).
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/Ru /N\
Cl \ . Ru
N Ligand exchange a1
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X z F 0 0 X OH
HO | II\J N | NH,SCN (excess) [, pZ
/N\Ru/ N HO I A N , @)
r N\
AL ONS Nl
s & LA _on SRS
§ 0O ‘ = OH
N3-2 to N3-5 B 2 0 a

Figure 4.6 The synthetic route of ligand substitution reaction to N3s
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The N3s are a symmetric molecule, so only 6 signals of position on the
bipyridine ring were observed at chemical shift 9.44 (2H), 9.19 (2H), 9.02 (2H), 8.38
(2H), 7.80 (2H) and 7.60 (2H) ppm.

_.W,_)L*.JL..JL.JUL N3-5
U N ¥ W T -
S O | UV

A l l A ﬂ A N3-2
oo o N

T T T
7.0 Ppm

10.0
Figure 4.7 The aromatic "H NMR of N3s in CD;0D

4.1.4 The thermal gravimetric analysis (TGA) study of N3s
The TGA was employed to measure the crystallinity and the small
molecules that cannot identify by solution NMR technique. The different %weight
loss below 100 °C (%WL,q0) was observed (Figure 4.8). The varied %WL,y can be
explained by the evaporation of water and methanol residuals in complexes

(Table 4.1). The order of % WL ¢ are N3-1 > N3-5> N3-3 > N3-2 > N34.

8 &

% Weight loss

&

-1004

T T T T T

100 200 300 400 500 600
Temperature CC)

Figure 4.8 The TGA of N3s
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Table 4.1 % WL, of N3s from evaporation of water and methanol

Dye % WL
N3-1 12.42
N3-2 7.41
N3-3 8.20
N3-4 5.52
N3-5 9.59

4.1.5 The Fourier Transform Infrared study of N3s

The FTIR spectra were measured by Alpha FTIR spectrometer with

diamond crystal ATR mode for mid-IR range 4000-550 cm™. The main FTIR peaks of

N3-2 to N3-5 are the same as N3-1, previously reported in the literatures [37, 56]

(Figure 4.9). The results show that the higher intensities of hydroxyl to carbonyl ratio

in N3s was related to the higher in water and methanol residuals in the complex.

The parameters of FTIR are summarized in table 4.2. It was found that, the order of

the ratio between hydroxyl (-OH) and carbonyl (-C=0) are in agreement with TGA

data.

Absorbance

N3-5

N34

N3-1

(N33

4000 3500

T v T T T

3000 2500 2000 1500 1000

Wavenumber (cm'l)

Figure 4.9 The FTIR spectra for OH/C=0 ratio of N3s
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Table 4.2 FTIR data for OH/C=0 ratio of N3-1 to N3-5

Complex | OH area (3650-3128 cm™) | C=0 area (1756-1620 cm™) OIX :i::o
N3-1 25.10 22.52 111
N3-2 11.24 13.18 0.85
N3-3 10.37 11.82 | 087
N3-4 7.80 24.81 0.31
N3-5 15.07 15.66 0.96

4.1.6 Study of the crystallinity and the average roughness (R,) of N3s
We studied the crystallinity of N3-1 to N3-5 by XRD. The resuit shows
that a similar XRD pattern was observed in Figure 4.10A. The average roughness (R,)
of coated TiO; and bare TiO, were studied by AFM, shown in Figure 4.10B. The N3s
show similar roughness (~ 85 nm). From this result, it was indicated that the screen
printing laminated TiO; was good, which lead to the accurately data of DSSCs

efficiency.

A B

Intensity (Arb.Unit)
Z
w
%

1 i 1 A L : 1 " 1 A 1 2

5 10 15 20 25 30 35 40

s

20 N3-4 N3-5

Figure 4.10 A: XRD pattern of N3s, B: AFM of FTO coated on bare TiO; and
TiO; coated by N3s
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4.1.7 The power conversion efficiencies study of N3s
The power conversion efficiencies of N3s are shown in Figure 4.11 and

summarized in Table 4.3.

o= 14 _N31
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Figure 4.11 The I-V curves of N3s

It was found that, the N3s shows varied power conversion efficiency from
4.54% to 5.92%. The N3-1 give the highest efficiency, compared with synthesized
complexes (N3-2 to N3-5). Interestingly, the power conversion efficiency shows an
agreement with the TGA and FTIR data, higher water and methanol residue give better
efficiency. This results clearly showed that N3s have a different amount of water and
methanol contents which then affect the solubility in ethanol in devising step leading
to a varied dyes absorbed on the TiO, surface [57, 58]. Complexes containing more
methanol and water improve the N3s solubility that cause dyes molecule to absorb

more on the surface TiO; leading to high efficiency.

Table 4.3 Photovoltaic efficiencies parameter of the synthesized and commercial

N3 dyes

Sample | %n | Js (mA/cmz) Nid Voe (V) | OH/C=Oratio | % WL

N3-1 | 5.92 11.64 072 | 071 111 12.42
N3-2 | 471 9.94 0.73 | 0.65 0.85 7.41
N3-3 | 4.73 10.37 0.72 | 0.64 0.87 8.20
N3-4 | 4.54 10.16 0.73 | 0.61 031 5.52

N3-5 | 492 10.76 0.72 0.63 0.96 9.59
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4.2 Synthesis a new of ruthenium complexes dye using new ligands for DSSCs

This section focuses on the synthesis of new sensitizers with different alkyl
chain. The new complexes are named, tetrabutyl ammonium(4-carboxylic acid-4'-
carboxylate)-2,2'-bipyridine-5,5'-bis(4-(metyloxy)phenyl-5 H-cyclopenta-1,2 -b:5 ,4 -
b’-dipyridine)dithiocyanato ruthenium(Il) (CLC-C01), tetrabutyl ammonium(4-
carboxylic  acid-4'-carboxylate)-2,2’-bipyridine-5,5’-bis(4-(hexyloxy)phenyl-5 H-
cyclopenta-1,2-b:5,4-b'-dipyridine)dithiocyanato ruthenium(Il) (CLC-C06) and
tetrabutyl ammonium(4-carboxylic acid-4'-carboxylate)-2,2'-bipyridine-5,5'-bis(4-
(octyloxy)phenyl-5H-cyclopenta-1,2-b:5,4-b’-dipyridine)dithiocyanato ruthenium(II)
(CLC-C08) (Figure 4.12). We expected that the different amphiphilic long chains
could affect the hydrophobicity in the surface of dye-sensitized and improve DSSC
long term stability compared with standard bipyridine ligand N719 dye.

«— New ligands

:N(C4H9)4

CLC-C01,R = CH;,
CLC-C%, R= CH2CH2CH2CH2CH2CH3
CLC-C08, R = CH,CH,CH,CH,CH,CH,CH,CH,

Figure 4.12 The structures of new dyes

The synthetic route of CLC-C01, CLC-C06 and CLC-C08 were designed
synthesized process by retrosynthetic analysis as shown in Figure 4.13.
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Figure 4.13 The synthetic route of new dyes
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The new dyes can be synthesized form one-pot reaction via the reaction of
Ru-cymeme with CR-1 ligand, a new ligand and NH4SCN ligand, respectively.
The preparation of Ru-cymeme and CR-1 ligand were described in section 3.4.1 and
3.4.2, respectively.

4.2.1 The synthesis of 5,5'-bis(4-methoxyphenyl)-SH-cyclopenta(1,2-b:5,4-
b')dipyridine (CLC-01) ligand

CLC-01 can be prepared from the reaction of anisole with a 4,5-
diazafluoren-9-one (MC-1). The MC-1 was synthesized from the oxidation of 1,10-

phenanthroline as shown in Figure 4.14.

L O
GO e X
\_/ N7 KMnO, 7 N7/

Figure 4.14 The synthesis of CLC-01

The mechanism reaction of MC-1 was presented in Figure 4.15.
The reaction occurs via the formation of 1,10-phenanthroline-5,6-dione (2) as an
intermediate. Then, the molecule 2 was converted to molecule 3 by KOH. The carbon
dioxide was removed to get alcohol derivative, molecule 4. The final product 5 was

obtained from further oxidation.
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— — KMnO,
\ / KOH - C02
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Zs
z/

MC-1
Figure 4.15 The mechanism of MC-1

The chemical structure of MC-1 was confirmed by 'H NMR, 3C NMR,
FTIR and mass spectroscopy (APPENDICES, Figure 3).

The MC-1 is a symmetric molecule, which 3 signals of 6 protons were
assigned as the protons of aromatic ring. The signal at chemical shift 8.82 (2H), 8.02
(2H) and 7.35 (2H) ppm are attributed to the proton of o-position proton, m- position

proton and p-position proton, respectively (Figure 4.16).
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Figure 4.16 The 'H NMR of MC-1 in CDCl;
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The mechanism for synthesis of CLC-01 ligand is shown in Figure 4.17.
The CLC-01 was synthesized from the Friedel-Crafts reaction of MC-1 with anisole

in the presence of conc H,SO4.

-

CLC-01

Figure 4.17 The ﬁlechanism of CLC-01 synthesis

'H NMR spectrum of CLC-01 is shown in Figure 4.18. The CLC-01 is a
symmetric molecule, which 10 signals of 20 protons are observed at chemical shift
8.87 - 8.59 (2H), 7.86 - 7.67 (2H) and 7.37 - 7.22 (2H), 7.17 - 6.96 (4H) and 6.90 -
6.66 (4H) ppm assigned as aromatic position protons. The methyl protons show at

chemical shift 3.77 (6H) ppm.
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Figure 4.18 The "H NMR of the CLC-01 in CDCl;
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4.2.2 The synthesis of 5,5'-bis(4-hexyloxy phenyl)-SH-cyclopenta(1,2-b:5,4-
b’)dipyridine (CLC-06).

The synthesis procedure of CLC-06 was designed similar to CLC-01
ligand. However, the CLC-06 was synthesized from two steps. In the first step,
(hexyloxy)benzene (CL-06) was prepared by Williamson ether of bromehexane with
phenol under base condition. The mechanism reacts via the Sx2 shown in Figure 4.19.
The phenol was converted to phenoxide by methanolic NaOH. Then, the nucleophile
attacks to an alkyl group of bromohexane. After that, the mixture was purified by
column chromatography on silica gel using pure hexane as eluent to get colorless

liquid product.

/\ —/_—\

5- S B O

©/() H Na OH O Na rCNv O/ ~ NN
—_— —_—

CL-06
Figure 4.19 The mechanism for synthesis of CL-06
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The CL-06 was characterized by '"H NMR (Figure 4.20), *C NMR, FTIR
and MS (APPENDICES, Figure 5).

Figure 4.20 '"H NMR of the CL-06 in CDCl;

The signals 18 protons were observed. The protons on aromatic ring shows
at chemical shift 7.39-7.28 (2H) and 7.04 - 7.00 (3H) ppm. The chemical shifts at 4.06
to 0.98 ppm were attributed to 13 protons of alkyl long chain position protons.

The second step, the CL-06 reacts with the MC-1 by Friedel-Crafts
reaction under conc H,SO4 as shown in Figure 4.21. The mixture product was purified
by column chromatography on silica gel using 5% ethyl acetate: hexane as eluent to
obtain while solid product of CLC-06. The mechanism for synthesis of CLC-06 is
similar of CLC-01 (described in Figure 4.17). The CLC-06 was characterized by
'H NMR, ">C NMR, FTIR and MS (APPENDICES, Figure 6).

O\/\/v
O/\/\/\

CLC-06

Z
\/.\/

O~~~
©/ MC-1

N
H,80,4,65°C, 5 h. !
CL-06

Figure 4.21 Synthesis procedure of the CLC-06
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The CLC-06 is a symmetric molecule, so the 'H NMR spectrum shows 20
protons signal, as shown in Figure 4.22. The proton signals, corresponding to the
protons of aromatic position protons, appear at chemical shift 8.71 (2H), 7.73 (2H),
7.28 - 7.23 (2H), 7.05(4H) and 6.75 (4H) ppm. The signals at chemical shift 3.88 to
0.86 were attributed to 13 protons of alkyl long chain position protons.
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Figure 4.22 'H NMR of the CLC-06 in CDCl;

4.2.3 Synthesis of 5,5'-bis(4-octyloxy phenyl)-5H-cyclopenta(1,2-b:5,4-b")
dipyridine ligand (CLC-08)

The synthesis procedure of CLC-08 is similar to CLC-06 ligand. Starting
from the prepared (octyloxy)benzene (CL-08) that was synthesized from the
alkylation of phenol and n-bromo octane under methanolic NaOH. Then, the mixture
was purified by column chromatography on silica gel using pure hexane as eluent to
obtain colorless liquid product. The structure of CL-08 was confirmed by 'H NMR,
3C NMR and FTIR (APPENDICES, Figure 7). The synthesis procedure of CLC-08
is similar to CLC-06 via the Friedel-Crafts reaction of MC-1 with CL-08 in the
presence of conc H,SO4 as shown in Figure 4.23. The 'H NMR spectrum of CL-08 is
shown in Figure 4.24. The signals at chemical shift 7.37 - 7.26 (2H) and 7.02 - 6.87
(3H) ppm were assigned to aromatic protons. The chemical shifts at 4.04 to 3.99 ppm

were assigned to 17 protons of alkyl long chains. The chemical structure of CLC-08
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was confirmed by 'H NMR, “C NMR and FTIR (APPENDICES, Figure 8).
The 'H NMR spectrum of CLC-08 is shown in Figure 4.25. The CLC-08 is a
symmetric molecule, so only 24 protons signal were observed. The signals at
chemical shift 8.72 (2H), 7.75 (2H) and 7.34 - 7.23 (2H), 7.08 (4H), 6.76 (4H) ppm
were assigned to aromatic protons. The signals at chemical shift 3.90 to 0.91 ppm

were assigned to 34 protons of alkyl long chains.

NN
©/OH Br ©/O\/\/\/\/
1.0 M methanolic NaOH
) CL-08
MeOH, reflux, 30 min.
MC-1

H,S0,4,65 T,5h.

0\/\/\/v

=Z Z=
\/.\/

O /\/\/\/\
O
CLC-08

Figure 4.23 The synthesis of CLC-08
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Figure 4.24 The "H NMR of the CL-08 in CDCl;
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Figure 4.25 The "H NMR of the CLC-08 in CDCl;

4.2.4 The synthesis of tetrabutyl ammonium(4-carboxylate-4’-carboxy-2-
bipyridine)-5,5'-bis(4'’-(metyloxy)phenyl-5H-cyclopenta(1,2-5:5,4-b )(dipyridine)
dithiocyanato ruthenium(II) (CLC-C01)

The CLC-C01 was synthesized by the one-pot reaction via the ligands
exchange of Ru-cymene (Figure 4.26) {2]. First, the Ru(cymene) was reacted with the

CLC-01 ligand and CR-1 ligand in DMF solution, respectively. Then, NHsSCN
(excess) was added to get the crude products. This crude compound was dissolved in
tetra butyl ammonium base and further purified on the sephadex LH-20 column
chromatography with methanol as eluent. The main band was collected, concentrated,

and precipitated with HNOj3 to obtain CLC-C01.
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Ru-cymene

1) NH,SCN

2) Tetrabutyl ammonium base
was added for purified on
the sephadex LH-20

070 "N(C,Hy),
CLC-Co01

Figure 4.26 The synthesis of CLC-C01 dye

The CLC-C01 was characterized by '"H NMR, C NMR, FTIR, and MS
(APPENDICES, Figure 10). The 'H NMR spectrum is shown in Figure 4.27.
The signals at chemical shift at 9.69 (1H), 9.03 (2H), 8.92 (1H), 8.24 (2H), 8.14 (2H),
7.84 - 7.80 (2H), 7.78 - 7.70 (1H), 7.44 - 7.36 (1H), 7.21 (2H), 7.12 (2H), 6.88 (4H)
ppm were assigned to aromatic protons of CR-01 and CLC-01 ligands. The signals at
chemical shift 3.90 - 3.72 (6H) ppm was assigned to methyl group of CLC-01 ligand.
The proton signal corresponding to 36 protons of tetrabutyl ammonium base show at

chemical shift 3.30 to 1.04 ppm.
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Figure 4.27 The '"H NMR spectrum of the CLC-C01 in CD;0D

4.2.5 The synthesis of tetrabutyl ammonium(4-carboxylate-4'-carboxy-2-
bipyridine)-5,5'-bis(4"’-(hexyloxy)phenyl-5H-cyclopenta(1,2-b:5,4-
b’)(dipyridine)dithiocyanato ruthenium(II) (CLC-C06)

The synthesis procedure of CLC-C06 is similar to CLC-C01 by the one
pot reaction via the ligands exchange reaction. The Ru(cymene) was reacted with the
CLC-06 ligand and CR-1 ligand in DMF solution, respectively. Then, NH4SCN
(excess) was added to the reaction mixture. The mixture product was dissolved in
tetrabutyl ammonium base and further purified on the sephadex LH-20 column
chromatography with methanol as eluent. The main band was precipitated with HNO;
acid to obtain CLC-C06. The CLC-C06 was characterized by 'H NMR, FTIR and
MS (APPENDICES, Figure 11). The 'H NMR spectrums are shown in Figure 4.28.
The 20 proton signals of aromatic position protons on CR-01 and CLC-06 ligands
were observed at chemical shift at 9.66 (1H), 9.01 (2H), 8.90 (1H), 8.24 - 8.13 (4H),
7.81 (2H), 7.77 (1H), 7.38 (1H), 7.18 (2H), 7.10 (2H) and 6.86 (4H) ppm. The signals
at chemical shift 3.75 to 0.89 ppm were attributed to 62 protons of tetrabutyl

ammonium base and alkyl long chains of CL.C-06 ligands.
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Figure 4.28 'H NMR of the CLC-C06 in CD;0D

4.2.6 The synthesis of tetrabutyl ammonium(4-carboxylate-4'-carboxy-2-
bipyridine)-5,5'-bis(4"'-(octyloxy)phenyl-5H-cyclopenta(1,2-5:5,4-b )
(dipyridine)dithiocyanato ruthenium(II) (CLC-C08)

The synthesis procedure of CLC-C08 is similar to CLC-CO1.
The CLC-C08 was characterized by 'H NMR, FTIR and MS (APPENDICES, Figure
12). The 'H-NMR spectrum of CLC-CO08 is shown in Figure 4.29. The signals at
chemical shift 9.66 (1H), 9.03 (2H), 8.91 (1H), 8.24 (2H), 8.13 (1H), 7.77 (3H), 7.38
(1H), 7.15 (5H) and 6.87 (4H) were assigned to aromatic position protons of CR-01
and CLC-08 ligands. The signals corresponding to 70 protons position of tetra butyl
ammonium base and alkyl long chains of CLC-08 ligands were observed at chemical

shift at 3.91 to 0.94 ppm.
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Figure 4.29 The "H NMR spectrum of the CLC-C08 in CD;0D

4.3 Optical properties

The absorption spectra of the ruthenium complexes in ethanol solution are
displayed in Figure 4.30 and summarized in Table 4.4. From the result, it was found
that the CLC-C01 show two maximum absorption wavelength, from metal-to;ligand
charge transfer bands (MLCT) at 382 nm and 521 nm with a molar extinction
coefficient of 0.66 x 10* M cm™ and 0.60 x10* M™! em™, respectively. The MLCT of
CLC-C06 was observed at 379 nm, (¢ = 0.68 x 10* M cm™) and 521 nm, (¢ =0.65
x 10* M cm™) and CLC-C08 was found at 375 nm, (g = 0.63 x 10* M cm™) and
519 nm, (e =0.64 x 10* M cm™). When compare with the N719, the CLC-CO1,
CIC-C06 and CLC-C08 sensitizers show similar maximum wavelength as observed in
N719 with slightly blue-shifted (by 10 nm) due to the different of d to 7 affected to
the molar extinction coefficient. The standard N719 dye shows the absorption band

of MLCT at 392 nm, 1.47 x 10*M™ ¢cm™ and at 532 nm, 1.55 x 10" M ecm™", higher

than those about twice new ruthenium complexes.
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Figure 4.30 UV-Vis spectra of N719, CLC-C01, CLC-C06 and CLC-C08 in

ethanol solution

Table 4.4 The absorption of N719, CLC-C01, CLC-C06 and CLC-C08 in ethanol

solution
Dye Amax (nm) e M .em™)
N719 392, 532 1.47x10%, 1.55%x10*
CLC-C01 382, 521 0.66x10", 0.60x10*
CLC-C06 379, 521 0.68x10*, 0.65x10*
CLC-C08 376, 520 0.63x10%, 0.64x10*
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4.4 The photovoltaic performance characteristics of DSSCs

4.4.1 Incident photon to current conversion efficiency (IPCE)
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Figure 4.31 Incident photon to current conversion efficiency (IPCE) of N719,
CLC-C01, CLC-C06 and CLC-C08

The incident photon to current conversion efficiency (IPCE) of devices base on
N719, CLC-C01, CLC-C06 and CLC-C08 are shown in Figure 4.31. The N719 is a
high harvesting UV-Vis, therefore effect to high conversion photon-to-current lead to
high IPCE. All new dyes show similar IPCE values, the broad IPCE curve covers
almost the entire visible spectrum from 350 to 700 nm, reaching maximum of 18-20%
at 520 nm. Whereas, N719 show highest IPCE values, the broad IPCE curve covers
visible spectrum from 350 to 750 nm, reaching maximum of 46% at 540 nm. Due to
the twice lower in UV-Vis absorption spectra of new dyes, as expected, all new dyes

give twice lower in IPCE compare to that N719.
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4.4.2 The I-V characteristic (77) for DSSCs of N719 and new dyes
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Figure 4.32 The I-V curve of DSSCs based on N719, CLC-C01, CLC-C06 and
CLC-Co08

The I-V characteristic of the DSSCs is shown Figure 4.32. Overall performance
including Js., Vo, ff and 7 are summarized in Table 4.5. It was found that, CLC-C01,
CLC-C06 and CLC-C08 show efficiency of 3.08%, 3.18% and 3.14%, respectively,
compared with N719 of 7.80%. The higher efficiency of N719 can be explained from
its small molecule resulting more dye adsorbed on TiO, surface improving the J.
leading to high performance. However, the CLC-C06 and CLC-C08 containing of
alkyl long chains were found to increase the hydrophobicity in the surface of dye
sensitizers that reduce the charge recombination which then improved the V,. when

compare with CLC-C01.
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Table 4.5 The photovoltaic parameters of N719, CLC-C01, CLC-C06 and

CLC-C08
Dye %1 Jie (mA.cm™) Voe (V) ff
N719 7.80 15.59 0.71 0.70
CLC-C01 3.08 7.42 0.58 0.72
CLC-C06 3.18 7.37 0.61 0.70
CLC-C08 3.14 7.19 0.60 0.72

4.5 The photovoltaic performance characteristics for stability test of DSSCs

We studied long term stability (Figure 4.33) and photocurrent density
(Figure 4.34) based on CLC-C01, CLC-C06 and CLC-C08 compared with N719 for
1000 h.

104 ——N719
—— CLC-C01
84 —— CLC-C06
—— CLC-C08
6 .
X
4
| "\,—N
0 T T T T ¥ B T
0 200 400 600 800 1000
Time (h)

Figure 4.33 The efficiencies variations with aging time (1000 h) for the device
based on CLC-C01, CLC-C06, CLC-C08 and N719
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Figure 4.34 Photocurrent density variations with aging time (1000 h) for the
device based on CLC-C01, CLC-C06, CLC-C08 and N719

From long term stability, the cell based on CLC-C01, CLC-C06 and CLC-C08
sensitizer show an excellent photochemical stability when compared with the N719
sensitizer, measured during 1000 h. From stability test, the N719 show long lerm
stability up to 600 h, whereas the new dyes show long lerm stability up to 1000 h.
This can be explained by the decrease of efficiency (%#,ss) and photocurrent density
(%J),ss) of the DSSCs from each period (see Table 4.6). From 0 to 300 h, all new dyes
show small drop in 7 and J;. (% 710ss and %Jj,s5) less than that N719. From 0 to 600 h,
the N719, CLC-C01, CLC-C06 and CLC-C08 show slightly drop of %n ;s and
%Jjoss (less than 15%). After 600 h, the new dyes show higher stability than N719.
At 1000 h, the N719 show a large drop of %7 and %Jjs (more than 70%).
Whereas, the %705 and %Jj,5s of new dyes were found that about 36 - 63% and 28 -
49%, respectively. The effect of hydrophobicity was investigated. It was found that,
the CLC-C06 and CLC-C08 with the alkyl longer chain length compare to CLC-
C01, show %17;,5s and %oJjoss lower than that CLC-C01 (methyl), %7,,s about of 36 -
41% and %J,ss of 28 - 39%. These results can be explained as the alkyl chains
attached to the new dyes, then suppress the charge recombination. In addition, they
can inhibit the interaction between the electrolyte and the TiO, surface lead to the
reduction to desorption of dye on surface TiO, which enhanced long term stability in

DSSCs.
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Table 4.6 The photovoltaic parameters of N719, CLC-C01, CLC-C06 and
CLC-C08 for stability test during 1000 h

Time Parameters
Dye
(h) 1 (%) %o tloss | Jee (MA.em?) | %odjss
0 7.80 0 15.59 0
i 1 )
NT19 300 6.73 4 14.27 8
600 7.05 10 13.57 13
1000 233 70 3.82 75
0 3.08 0 7.42 0
CLC-CO1 300 2.72 12 6.76 9
600 2.76 10 6.84 8
1000 1.12 63 3.80 49
0 3.18 0 7.37 0
CLC-C06 300 2.76 13 6.72 9
600 2.90 9 6.63 10
1000 2.04 36 533 28
0 3.14 0 7.19 0
CLC.-C08 300 2.55 19 6.30 12
600 2.99 5 7.00 3
1000 1.86 41 4.40 39
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CHAPTER 5
CONCLUSIONS

Novel ruthenium complexes dyes for DSSCs were successfully synthesized from
one-pot reaction by ligand substitution reaction. The structural of ligands and
ruthenium complexes were characterized by using NMR, FTIR and MS.

First part, the synthetic N3s dye were studied compared with the commercial N3
dye. The N3-1 is commercial dye whereas N3-2 to N3-5 were synthesized from fourth
reaction set up. All N3 dyes show exactly the same 'H NMR in aromatic region.
The TGA and FTIR were used for measuring water and methanol residues in N3s.
From TGA, the order of % WL o9 are N3-1 > N3-5 > N3-3 > N3-2 > N3-4. This result
correspond to order of hydroxyl (-OH) to carbonyl (-C=0) ratio from FTIR. Then, the
N3s were fabricated and studied their power conversion efficiency. It was found that,
the power conversion efficiencies observed N3s are varied from 4.54 to 5.92%.
The order of power conversion efficiencies are in agreement with the TGA and FTIR
data, higher water and methanol residue give higher efficiency. These results clearly
seen that the water and methanol residual in the complexes dye show significantly
influence in the DSSC performances. The methanol and water containing in the
complex improve the N3s solubility that cause dyes absorption more on the TiO,
surface leading to high efficiency. Moreover, the crystallinity of N3-1 to N3-5 were
determined by PXRD. The result shows that all N3s give similar PXRD pattern.
The average roughness (R,) of coated TiO, and bare TiO, were studied by AFM
technique, the N3s show similar roughness (= 85 nm).

Second part, a new ruthenium complexes dye with different alkyl long chains,
which are methyl (CLC-C01), hexyl (CLC-C06) and octyl (CLC-C08) were
synthesized. It was found that, the CLC-C01, CLC-C06 and CLC-C08 show
efficiency of 3.08%, 3.18% and 3.14%, respectively, compared with standard N719
(7.80%). The lower power conversion efficiency of these new ruthenium complexes
compare to N719 due to their lower molar absorptions coefficient in visible absorption

affected from lower light harvesting leading to lower efficiency than of N719.
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However, in the long term stability tests, the new dyes show excellent
photochemical stability (1000 h) comparing to the standard N719. Furthermore, the
alkyl long chains on ancillary ligands of CLC-C06 (hexyl) and CLC-C08 (octyl)
enhance the hydrophobicity at the surface of TiO, reducing the charge recombination
and prevent the interaction between the electrolyte and surface of TiO,. As a result,
the desorption of dye molecules on TiO, surface are low, lead to the increasing of
DSSCs stability long term.

The photovoltaic parameters of ruthenium(II) complexes in this study are

summarized in Table 5.1 and parameters of stability test are summarized in Table 5.2.

Table 5.1 The photovoltaic parameters of ruthenium(II) complexes

Sample 17 (%) Jse (mA/cmz) Voec (V) Nid
N3-1 5.92 11.64 0.71 0.72
N3-2 4.71 9.94 0.65 0.73
N3-3 4.73 10.37 0.64 0.72
N3-4 4.54 10.16 0.61 0.73
N3-5 4.92 10.76 0.63 0.72
N719 7.80 15.59 0.71 0.70

CLC-Co01 3.08 7.42 0.58 0.72
CLC-C06 3.18 7.37 0.61 0.70
CLC-C08 3.14 7.19 0.60 0.72




Table 5.2 The photovoltaic parameters of N719, CLC-C01, CLC-C06 and
CLC-C08 for stability test during 1000 h

Time Parameters
Dye
() 0 Joe (mA.cm?) |V,
n (%) sc (MA.cm™) oc(V) ff
0 7.80 15.59 0.71 0.70
. 14. .67 .
N719 300 6.73 27 0.6 0.70
600 7.05 13.57 0.72 0.72
1000 2.33 3.82 0.79 0.77
0 3.08 7.42 0.58 0.72
2.72 6.76 0.57 0.69
CLC-C01 300
600 2.76 6.84 0.58 0.69
1000 1.12 3.80 0.53 0.55
0 3.18 7.37 0.61 0.70
CLC-C06 300 2.76 6.72 0.63 0.65
600 2.90 6.63 0.61 0.72
1000 2.04 5.33 0.61 0.62
0 3.14 7.19 0.60 0.72
CLC-C08 300 2.55 6.30 0.63 0.64
600 2.99 7.00 0.60 0.71
1000 1.86 4.40 0.64 0.66
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Figure 9 '"H NMR, C NMR in CD;OD and FTIR spectra of cis-di(thiocyano)-

N,N'-bis(4,4’-dicarboxy-2,2 -bipyridine) ruthenium(II) (N3)
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Comparison of the DSSC efficiency on synthetic N3 dyes
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Abstract. Cis-di(thiocyanato)-bis(4,4'-dicarboxy-2,2'-bipyridine) ruthenium(Il) (N3) has been used
as the standard complex in the dye-sensitized solar cells (DSSCs). This research studies the N3s
which are commercial (N3-1) and synthesized (N3-2 to N3-5) iu DSSC as the dyes seusitizer. We
found that the varied power efficiencies were observed from 4.54 to 5.92%. The TGA and FT-IR
techniques were employed to measure the small molecules that cannot identify by NMR spectra.
The results clearly seen that the N3s have a different content in water and methanol residuals which
affect the N3s solubility leading to the varied perfonnance in DSSCs.

Introduction

Energy is one of the most important factors to human life. Until now, the main energy source is
the fossil fuel which is a non-renewable energy source. It produces a global warming and
environmental pollution. To overcome these problewms, the renewable and clean energy sources have
been developed {1]. Silicon solar energy has been attracted which deploy power conversion
efficiencies about 18-25% [2]. However, the synthesis steps of this type require high-purity silicon
and skilled manufacturing techniques, which resulted in the construction and installation costs.
Therefore, dye-sensitized solar cells (DSSCs) mnvented by O’Regan and Grétzel in 1991 have been
interested as a new generation solar cells because of their low cost, easy preparation, high energy
conversion efficiency [3-4]. The ruthenium complexes have been known as the best attractive
materials {5-6]. The N3 has been accepted by the scientists around the world as the standard dye in
the DSSCs field [7-10]. To deeply understanding, herein, we studied the conunercial and synthetic
N3s with thermal gravimetric analysis (TGA), Fourier transform infrared spectroscopy (FT-IR), X-
ray diffraction (XRD), atomic forced microscopy (AFM) and power conversion efficiencies in
DSSCs.

Experimental

The N3s were synthesized according to a recently one pot synthetic protocol [11]. The mixture
product was purified by column chromatography with sephadex LH-20 and methanol. The main
band was added DI water and precipitated with 0.01 M HNO; to obtain N3-2. The N3-3, N3-4 and
N3-5 were synthesized similar method but they variously added DI water (18-20 nL). The 'H NMR
and ®C NMR in CD;OD results show that all synthetic N3s show exactly the same spectra
compared with commercial N3-1 (figure 1.).

The DSSC devices were fabricated following the literature [12). The transparent (Ti-Nanoxide
20T/SP, Solaronix) and a scattering (Ti-Nanoxide R/SP, Solaronix) TiO; layer were prepared by a
screen-printing method on a transparent FTO glass (8 Q/sq, Solaronix) and then sintered at 450 °C
for 30 minutes and cooled to 80 °C. The nanocrystalline TiO;, films were coated with the dyes by
dipping in 3x 10~* M solutions in ethanol overnight. The dye-coated TiO, electrode was incorporated
into a thin-layer sandwich-type cell with a Pt-coated FTO as counter electrode, a spacer film, and an
organic electrolyte solution to measure the solar cell performance. The Pt counter electrode was
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