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CHAPTER |

INTRODUCTION

Nowadays, the energy crisis is the high potential problem due to increasing of
the global energy demand and limitation of fossil fuel. From the energy report, the
global will be confronted the energy crisis for the next few decades. Moreover, the
processes for the conversion of the fuel to the usable energy can generate the pollutant
into the environment. Hence, the renewable energies have become an important issue

for overcoming the exhaustion of fuel energy resources [1].

It is clear that access to economically viable renewable energy sources is
essential for the development of a globally sustainable society. Among all of the
renewable energy resources such as solar, wind, water, and bioenergy, solar energy is
the most attractive widespread attention due to a free huge amount of energy from the
sun to the earth about 3x10% J/year. Thus, if human can collect and convert the power
from the sun into electricity in period of 0.1% with 10% an efficiency of device from
the solar energy’s crust on earth, the global will never confront of energy crisis [2]. In
the other hand, the sunlight can convert to valuable electric power by photovoltaic
device or solar cell. Most photovoltaic cells are made from silicon or heavy metals
such as Indium, Copper and Cadmium but there are several disadvantages in using
these inorganic materials. Moreover, solar cell that made from silicon is very
expensive fabrication process and raw material and heavy metals are toxic and

environmentally hazardous [1-3].

Thus, the other kind of solar cell called dye sensitized solar cells (DSSC) have
been attracting widespread attention because of their high conversion of sunlight to
electricity, easy preparation, environmentally friendly, and economically viable
energy sources [4-7]. The best cells were investigated by Michael Gratzel and Brian
O’regan in 1991 and are also known as Gratzel cells and presenting conversion
efficiencies as high as 10-12% [1]. Although DSSCs cell showed the low efficiency
than conventional silicon semiconductor (25%), the ease of fabrication and



application for flexible solar cell is very attractive enough to take the efforts in the

development of this cell.

1.1 Dye-sensitized solar cells (DSSCs)

1.1.1 Introduction

The dye-sensitized solar cell (DSSC) is an alternative concept in solar energy
after 40 years of the invention of silicon solar cell. Because the silicon must be
extremely pure (99.9999%) and use a very high temperature for produce silicon from
silica (SiO3). This makes production of silicon solar cells very expensive. But the
dye-sensitized solar cell is made from lower cost materials (TiO;), easy to be
fabricated, friendly to the environment and efficient to converse and storage sunlight

to electricity. It is an efficiently concept to develop a solar cell [1].

1.1.2 Principle of dye-sensitized solar cells (DSSCs)

The dye-sensitized solar cells can be considered as a hybrid version of
photogalvanic cells and solar cells based on semiconductor electrodes. The cell
consists of 3 parts: dye-coated semiconductor electrode (anode), counter electrode
(cathode) and electrolyte containing a redox mediator. In general in DSSC, it consists
of 5 materials:

1) A fluorine-doped SnO, (FTO) conducting glass substrate

2) A nanocrystalline TiO; thin film as a semiconductor

3) A dye sensitizer

4) An electrolyte (redox mediator)

5) A platinum-coated glass substrate

On the anode, very porous layer of TiO, is constructed on the conducting
glass. On the particles of TiO,, a dye is adsorbed. Cathode is coated with Pt and (17/15

) is the redox mediator [8].



Anode Cathode
FTO TiO, Dye Electrolyte Pt/FTO

C.B.

Fermi level

Vope.ln circuit

Energy

V.B.

Figure 1.1 The principle of operation and energy level for the dye-sensitized solar

cells.

A schematic presentation of the operating principles of the dye-sensitized solar
cell is shown in Figure 1.1 When light falls onto the dye-sensitized solar cell, it is
absorbed by the dye (S°) with visible light and excite to an electronically excited state
(S*). Photo-excitation of the dye is followed by electron injection into the conduction
band of the TiO,. The oxidized dye (S*) is subsequently reduced back to the ground
state (S°) by the electron donation from the electrolyte (I'). Then, I is generated in
turn by reduction of I3™ at the cathode. Finally, the circuit is completed via electron
migration though the external circuit. The voltage generated under illumination
corresponds to the difference between the Fermi level of the electron in the solid and
the redox potential of the electrolyte. Consequently, the processes of electron
injection from S* to CB band of TiO, and regeneration of the oxidized dye (S*) by
electrolyte must be kinetically more favourable than the recombination between dye
S" and TiO, and also dark current in order to generate greater photocurrents and

photovoltages [8].



Summary of the processes taking place during the regenerative cycle in the
DSSCs.

Anode:
S%+hy — S* light absorption
S* —— S"+ e (TiOy) electron injection
28" + 3 ——»  25% + |y regenerate the dye
Cathode:
I37 + 268 — 3l regenerate the redox mediator

Other processes:
28" + e (OonTi0,) —— S%(0onTiO,)  recombination

I37 + e(OnTiO)) —— 5 3I dark current
1.2 Materials
1.2.1 Mesoporous metal oxide electrode

In 1991, the breakthrough efficiency of DSSCs was achieved by the use of
TiO, mesoporouse electrode coated on transparent conducting glass due to the high
internal surface area to attack the dye-sensitizer. Although, TiO, still retains the
highest efficiency, but other metal oxide such as ZnO, SnO,, Nb,Os and SrTiO3 etc.

have been investigated to improve the efficiency [9].

TiO, mesoporous electrode

TiO, mesoporous electrode is stable and nontoxic oxide, and is widely use in
several kind of industrial product such as paint, toothpaste, self-cleaning materials and

sunscreen etc. because of their high refractive index. Naturally, mesoporous TiO; can



be found in difference crystal structures: rutile, anatase, and brookite. Although rutile
is a most stable form but anatase is suitable in DSSCs application because it has
higher conduction band edge energy, E. (3.2 vs 3.0 eV for rutile) [10]. This leads to

the higher Fermi level and also higher open-circuit voltage in DSSCs application

The most common method to prepare TiO, nanoparticle is the hydrolysis of

titanium (1V) alkoxide in a present of excess water by using acid or base as a catalyst
followed by hydrothermal growth and crystallization. To deposit anatase particle onto

conducting glass, the corresponding TiO; particle is formulated in paste with polymer

additive. Deposition techniques can be doctor blading or screen printing. Finally, the
coated conducting glass is sintered at about 450°C in air to eliminate all organic
species and to make the electrical connection between the anatase particles [9].

1.2.2 Dye-sensitizers

The properties of dye-sensitizer should be achieved with some essential

characteristics:

1) The dye-sensitizers for DSSCs should absorb across the entire visible and
near-IR spectrum.

2) The dye-sensitizers must have at least one anchoring group for strongly
binding onto electrode surface, has been achieved through a number of functional
groups, such as carboxylic acid [11], sulphonic acid and phosphonic acid [12]. The
most widely used and successful up to date is the carboxylic acid and phosphonic acid
functionalities. The carboxylic acid group is easy to prepare, while ensuring efficient
adsorption of the dye on the surface. The possible binding modes of
chelation/derivatization was proposed by using IR and Raman spectroscopic data
showing that the modes are ranging from electric interaction, chemical bonding

(chelating or bridging mode) to H-bonding [9, 13-15] as shown in Figure 1.2.
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Figure 1.2 Possible binding modes for carboxylic acid group onto TiO, layer [14].

3) 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 excited state level of dye should be more negative than the conduction band
edge of semiconductor to achieve the sufficient electron transfer process of electron
from excited state of dye-sensitizer to the conduction band of semiconductor. In
addition, the HOMO of the oxidized state level of the dye (S*) should be more
positive than the HOMO level of electrolyte to achieve the sufficient electron

donation from the redox electrolyte.

4) The aggregation of dye-sensitizer on the semiconductor surface should be
avoided by structured design or adding the coabsorbate to prevent dye-aggregation.

5) Stability of the dye is required over many years of exposure to sunlight.

Since, several dye-sensitizers including metal and metal-free compounds have

been designed in several key criteria and applied to DSSCs.

1.2.3 Electrolyte

Nowadays, electrolytes have been applied and developed to fabricate DSSCs
in many publication. To improve the conversion efficiency, electrolytic system was
achieved by varying the redox electrolyte, the alternative solvent or adding

coadsorbents.



1) Redox electrolyte

The most basic electrolyte is iodide/triiodide in polar organic solvent.
Furthermore, lithium cation should be added to facilitate the electron transport in
titania film. The study showed that the higher positive charge of cation and higher
concentration in eletrolyte improve the dye absorption on semiconductor surface.
Moreover, this iodide/triiodide electrolyte still keeps the highest efficiency for all
DSSCs.

2) Additive

Since then a number of coadsorbents have been identified that increase the
Voc, the long term stability of the cell and/or suppress dye aggregation on the TiO,-
surface. There are two mechanisms by which the coadsorbent can alter the
photovoltage of the DSSC. Firstly it may change the recombination rate between the
TiO,-conduction band and the electrolyte. Secondly the coadsorbent may alter the
band edge position of the TiO,-conduction band [9].

Additives play a central role in the enhancement of photoelectrochemical
performance of DSSCs. Most additives are understood at a fairly phenomenological
level, and their effects are often attributed to modification of redox couple potential,
band shifts of the semiconducting electrode material, effects of surface blocking, or
surface dye organization. Most additives that have been reported contain an
electrondonating nitrogen heterocycle in a series of pyridine derivatives, such as 4-
tert-butylpyridine, 2-propylpyridineor, pyridine etc. 4-tert-butylpyridine (TBP) was
first applied in DSSC, demonstrating a remarkable increase in V. of these cells in

combination with Lil-based electrolytes.

1.2.4 Counter Electrode

For counter electrode, the platinised conducting glass has been candidate for

use as the material for efficient generation of I'. Platinum is technically the best



material to construct the efficient devices. Due to the cost of Pt, many counter
electrodes have been developed, including carbon cathode. Carbon cathodes have
been a considerable candidates which can be used in many forms such as carbon black

and carbon nanotube.
1.3 Efficiency measurement on solar cell performance

When the sun is directly overhead, the shortest path length between the sun and
the earth is called called the air mass (AM) and can be calculated by following this
equation; AM = 1/cos ©z, where Oy is the angle of elevation of the sun. The standard
solar spectrum of AM 1.5 G (global) is used as the standard energy for efficiency
measurements of solar cells, where is ©; = 42°. This spectrum is normalized so that
the integrated irradiance (the amount of radiant energy received from the sun per unit
area per unit time) is 100 mW/cm?. The spectrum is shown in Figure 1.3 as the

irradiance of the sun as a function of wavelength [9].
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Figure 1.3 Spectra of sunlight at AM 0.0 and 1.5 [9].



Quantitative assessment of the solar cell performance is given by two key

parameters: power conversion efficiency (y) and the incident photon-to-current
conversion efficiency (IPCE) for monochromatic radiation [8].

1.3.1 Overall conversion efficiency of the photovoltaic cell (7)

The power conversion efficiency under white-light irradiation, # is calculated
from the following equation:

n =FF x Js % Vello

Where the fill factor (FF) is defined as FF = Ppax / (JscVoc), Jsc 1S the short

circuit photocurrent density (mA/cm?), V. is the open circuit photovoltage (V) and I,
is the intensity of the incident light (mW/cm?).
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Figure 1.4 1-V Curve as function of light wavelength of solar cell tested under AM
1.5 conditions.
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1.3.2 Incident photon to current conversion efficiency (IPCE)

The IPCE values are calculated by normalizing the photocurrent values for

incident light energy and intensity for monochromatic radiation using:

IPCE (%) = 1240 x Jsc/(linc x wavelength)

Where J is the short circuit photocurrent density (mA/cm?), linc is the
incident light intensity (mW/cm?) and 4 (nm) is the wavelength of the monochromatic
light.

1.4 Literature reviews

1.4.1 Ruthenium as dye-sensitizers

Ruthenium complex come close to fulfilling their requirements for act as dye-
sensitizer in DSSC due to their broad absorption according to metal to ligand charge
transfer (MLCT) band in region of visible spectrum, bind strong to the semiconductor
surface, have a suitable the HOMO-LUMO energy level, long-excited state lifetime
and good stability. To date, the most successful DSSC is the commonly known
Gréatzel cell (1993) using Ru-polypyridyl based dyes adsorbed on nanocrystalline
films of TiO,. It has an overall solar light energy conversion efficiency () of 10.4%
under AM 1.5 conditions [16-17].

The Ru complexes with bipyridine ligands were functionalized by thiocyanate
to improve the electron injection into the TiO, conduction band and also reduced the
recombination of charge from the electrode to the dye molecule via the result of the
electron donating property of thiocynate ligand by shift the distribution of HOMO level
of dye cation away from TiO, energy level and reducing the charge recombination

process [18].



1"

In 1999, the ruthenium dye N719 has been developed by Nazeeruddin and
coworkers. The effect of protons on anchoring group was investigated by replacing 2
proton of N3 at a carboxylic position with 2 tetrabutylammonium ion and showed the
higher overall conversion efficiency of 11.18% resulting in a factor of the short circuit

photocurrent and the open circuit photovoltage of a DSSC [19].

COOH COOTBA COOH

7
HoOC - COOH HooC S\ | COOH TBAOOCU(%/COOTBA
|
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AN 21N it
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5//C 4 g e COOH 7 ” g "“cooTeA Sfc/ g \C\\s
I g g
N3 N 719 Black dye
(10.4%) (11.18%) (10.8%)

Figure 1.5 Ru-polypyridine photosensitizers used by Gréatzel and coworker [19].

Moreover, the extended conjugated dye of terpyridil-Ru" complex was
investigated in 2001. Its extended absorption in the near infrared significantly
enhances the overall conversion efficiency up to 10.4 % (1 cm? and 11.2 % for 0.26
cm?) and call it as “black dye”.

Since, the N3 and N719 have been used as a dye-reference and a building
block for design of other dye-sensitizer by changing an ancillary ligand to improve

the efficiency to convert sunlight to electricity.

(....) absorption spectra
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(—) emission spectra
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Figure 1.6 Absorption and emission spectrum of N3.

1.4.2 Porphyrin as dye-sensitizers

For light harvesting in DSSCs, porphyrins are one of the most widely studied
sensitizers because of their strong Soret band around 400-450 nm and moderate Q
bands around 550-600 nm [20-34]. Furthermore, the porphyrin-based dyes have
several intrinsic advantages, such as good photostability, their rigid molecular
structures with large absorption and their many reaction sites for functionalization by
variety of covalent or noncovalent compounds.

First time, DSSC based on Chlorophyll (Chl) derivatives and related
porphyrins were modified by Gratzel and coworker to obtain IPCE and 7 of 80% and
2.6% for a TiO, electrode sensitized [20].

Figure 1.7 Structure of Chlorophyll (Chl) derivatives [20].

Dabestani et al. investigated sensitization of the Zn tetracarboxyphenyl
porphyrin (ZnTCPP) on porous, nanocrystalline electrodes and obtained a maximum
quantum efficiency of 9.5% (surface coverage 1.7 x 10*° mol/cm?) and 27 % (surface
coverage 5.0 x 10 mol/cm? on an anatese TiO, and SrTiO, semiconductor

electrode, respectively [13].
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Figure 1.8 Structure of tetrakis(4-carboxyphenyl)porphyrins (ZnTCPP) [13].

In 2005, Gervaldo and coworkers synthesized a series of metalloporphyrin to
investigate the effect of metallation on porphyrins (Free-base (P), Zn(ll) (Pz,), Cu(ll)
(Pcu), PA(I) (Ppg), Ni(Il) (Pni), and Co(ll) (P¢o) 5-(4-carboxyphenyl)-10,15,20-tris(4-
methylphenyl)porphyrins). The study showed that P(Ni) and P(Co) do not exhibit a
photocurrent due to the HOMO level come close to VB of TiO, and lead to electron
recombination from TiO, to dye S*. In case of Free-base (P) and Zn(ll) (Pz,),

photocurrent were occurred [22].

M =2H (P)
[ ] M=2Zn(Pz,)
57 M=Pd(Ppg)
COOH M = Ni (Py;)
M = Cu (Pcy)
M = Co (Pcoi)
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Figure 1.9 Structure of a series of metalloporphyrin [22].

Four para- and meta- Zn(ll) tetra(carboxyphenyl)porphyrins [23] were studies
to determine the effect of the spacer length and anchoring group position. The results
from UV, IR, and solar efficiency suggest that the meta substitution favores a planar
binding mode to the oxide surfaces. Para substitution favores a vertical binding to
formation of H-aggregates. The greater efficiency of the shorter rigid planar meta-
substituted systems was explained in terms of a greater charge injection into the TiO,

semiconductor from rings that lie flat, and closer, to the surface.

E I i (4c,d.e) m-ZnTC(PEP)P

(3c,d.e) m-ZnTCP,P

—— (1) p-ZnTCPP-[S]
- - -~ (2e) m-ZnTCPP-[S]
-+++-+ (3e) m-ZNTCPP-[S]
—————— (4e) m-ZnTC(PEP)P-[S]

on TiO,/FTO

IPCE (%)

500 600 700 800
Wavelength (nm)

Figure 1.10 Model to determine influence of geometry binding and distance from

surface and photocurrent action spectra of tetra(triethylammonium) carboxyporphyrin

salts [23].
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In 2007, porphyrin sensitizer containing the linker and anchor unit
functionalized at the S-position has been developed by Campbell and coworkers [24].
The photovoltaic characteristics exhibited an excellent cell performance with a short-
circuit photocurrent density (Js ), an open-circuit voltage (Voc) and a fill factor (FF)
and conversion efficiency as 14.0 mA/cm?, 608 mV, 0.74 and 7.1%, respectively.

Figure 1.11 Structure and of porphyrin sensitizer [24].

In 2005, Hasobe et al. have synthesized quaternary self-organization of
porphyrin and fullerene units by clusterization with gold nanoparticles as three-
dimentional arrays onto nanostructured SnO,. The composite cluster electrode
exhibited an incident photon-to-photocurrent efficiency (IPCE) as high as 54 % and
broad photocurrent action spectra (up to 1000 nm). The power conversion efficiency

of the cluster reached as high as 1.5 % [25].

HEO—(CHo)—SH

M =Hy,Zn
500

Wavelength, nm

M = 2H : H,PCnMPC; (n = 5, 11, 15)
M = Zn : ZnPCnMPC; (n = 11, 15)
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Figure 1.12 Structure and absorption spectra of quaternary self-organization cluster
[25].

After the discovery of DSSCs, Donor-Acceptor system has become the subject
of designing the dye-sensitizer to improving and tuning the overall conversion
efficiency.

In 2009, Lee and coworker was success to synthesized novel meso-derivatized
porphyrin composing tert-butyl groups onto phenyl rings as electron donating group,
and decreasing of dye aggregation on semiconductor surface. The new dye showed
the broad spectrum and red shift of the Soret and Q-bands and exhibited a short-
circuit photocurrent density (Js.) of 13.6 mA/cm?, an open-circuit voltage (Voc) of
0.70 V, and a fill factor (FF) of 0.63, resulting conversion efficiency (7) 6.0% under
Air Mass (AM) 1.5 sunlight compared with N3 dye (Js. 12.1 mA/cm?, Vo 0.76 V, FF
0.67 and 7 6.1%) under same conditions. Furthermore, the theoretical calculation
from density functional theory (DFT) at the B3LYP/6-31G(d) of the dye showed
electron distribution over HOMO-tert-butylphenyl and LUMO-porphyrin moisties

due to electron push-pull system to increase the efficiency of power conversion [26].

LUMO LUMO=+1
-2.578 aV -2.278 oV

<<

HOMO HOMO-1
-4,818 eV 5316 eV

Figure 1.13 Structure and frontier molecular orbitals of meso-derivatized porphyrin
[26].

In recent year, Kang Deuk Seo and coworker [27] synthesized the novel zinc
porphyrin dyes which have a D-n-A system based on porphyrin derivatives containing
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a triphenylamine (TPA) as electron-donating group and a phenyl carboxyl as
anchoring group substituted at the meso position of the porphyrin ring, yielding the
push-pull porphyrins as the most efficient green dye for dye-sensitized solar cell
(DSSC) applications. A maximum photon-to photocurrent conversion efficiency of
3.36% was achieved with the DSSC based on HKK-Por 5 dye (Js., 9.04 mA/cm?, Vo
0.57 V, FF 0.66) under AM 1.5 irradiation (100 mW/cm?).

HKK-Por5

Figure 1.14 Structure and frontier molecular orbitals of HKK-Por 5 dye [27].

Novel zinc porphyrin dyes that have a D-n-A system based on porphyrin
derivatives containing a carbazole linked triphenylamine (TPA) electron-donating
group as the second electron donor and a meso-substituted phenyl carboxyl anchoring
group attached at the meso position of the porphyrin ring was synthesized. To
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increase the electron-donating ability of the D-n-A system based on porphyrin
derivatives. Under photovoltaic performance measurements, a maximum photon-to-
electron conversion efficiency of 5.01% was achieved with the DSSC based on the
dye HKK-Porl (Js. = 10.7 mA/cm? Vo = 0.67 V, FF = 0.70) under AM 1.5
irradiation (100 mW/cm?) [28].

- . HOMO-4

Figure 1.15 Structure and frontier molecular orbitals of HKK-Por 1 dye [28].

Recently, Liu et al. have shown that the intramolecular electron transfer from
the higher excited state S, of a Zn-porphyrin to a covalently linked ruthenium
complex was possible. The result indicated that a long-live charge separation state

was obtained in these assemblies [29-30].
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Figure 1.16 Structure of Zn-porphyrin connected ruthenium bipyridine complex by
Liu et al [29].

Figure 1.17 Structure of D23 dye [31].

In 2007, Jung and coworker synthesized new ruthenium sensitizers containing
styryl substituted bipyridine and antenna fragment (D23) for increase the extinction

coefficient of sensitizer and stability of device performance the dye D23 gave a short-
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circuit photocurrent density of 6.45 mA/cm?, an open-circuit voltage of 0.63 V, and a

fill factor of 0.73, corresponding to an overall conversion efficiency of 2.98% [31].

1.5 Objectives and scope of the thesis

Nowadays, the most successful dye-sensitizer, bipyridyl-4,4'-dicarboxylate
ruthenium(Il), gave 10-12 % yield conversion efficiencies under air mass. However,
the drawback of these ruthenium derivatives is hard to purify from the synthetic
mixture. Furthermore, most of organic sensitizers applied in DSSCs exhibit the
character with both the electron donor (D) and electron acceptor (A), which called the
D-A structure to improve the electron transfer processes. To further design and
develop the more efficient porphyrin dyes for DSSCs, the predominant light-
harvesting abilities in visible and near-IR light of dyes are important to get a larger
photocurrent response. Thus a combination of porphyrin and bipyridine complex as a
D-A system provides an ideal system for fulfilling an enhance light-harvesting

efficiency of photosensitized dyes.

Therefore, the objectives of this work are to synthesize bipyridylporphyrin
derivatives A5, A6, A7 and A8 for dye-sensitized solar cells (DSSCs) possessing a
Donor-Acceptor system (D-A) based on porphyrin moiety as the electron donor,
bipyridyl moiety as the electron-acceptor and . The photophysical and electrochemical
properties are investigated by absorption spectrometry and cyclic voltammetry.
Density functional theory (DFT) is employed to study electron distribution. The
conversion efficiency (7) and the incident photon-to-current conversion efficiency
(IPCE) for monochromatic radiation are performed by photovoltaic measurements

comparing to the reference dye (N719).
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Fugure 1.18 Structure of bipyridylporphyrin derivatives A5, A6, A7 and A8 as dye-

photosensitizers for dye-sensitized solar cells (DSSCs).



CHAPTER II

MATERIALS AND EXPERIMENTAL PROCEDURES

2.1 Materials and analytical instruments

2.1.1 Materials

All reagents as analytical grade were purchased from Fluka, Sigma-aldrich
and Merck and used as received without further purification. Commercial grade
organic solvents were distilled prior to use. DMF was dried over CaH, and freshly
distillation under nitrogen atmosphere. 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 silica
gel plates (Kieselgel 60 F2s4, Imm, Merck) using UV lamp. Fluorine-doped tin oxide
(FTO: purchased from Dyesol Industries Pty Ltd) coated glass slides were purchased
from Pilkington (Canada). Nanocrystalline titanium dioxide D/SP (Ti-Nanoxide D/SP,
purchased from Solaronix) and thin adhesive polymeric film were purchased from

Solaronix (Switzerland).
2.1.2 Analytical instruments

'H NMR and **C NMR measurements were carried out on a Varian Mercury
Plus 400 MHz (Varian Company, CA, USA) and Bruker 400 MHz NMR
spectrometry (Bruker Company, Germany) using CDCl3, DMSO-dg and Methanol-d,
as a solvents.

The ATR-FTIR spectra were measured using Nicolet 6700 FT-IR
spectrometer equipped (Fisher, USA) with Germanium crystal for contacting the
sample. The FT-IR spectrometer was equipped with Schwarzschild Cassegrain

infrared beam splitter and mercury cadmium-telluride (MCT) detector.
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Mass spectra were performed by a Bruker Microflex MALDI-TOF Mass
Spectrometer (Biflex Bruker Company, Germany) using 2-cyano-4-hydroxycinnamic
acid (CCA) as a matrix.

Elemental analysis was analyzed by a Perkin EImer CHONY/S analyzer PE2400
series Il (PerkinElmer Inc., USA).

UV-Vis and photoluminescence spectra were measured in a 1 cm path length
quartz cell at 25 °C with Julabo F3 temperature controller using a Shimadzu Varian
Cary 50 UV-Vis spectrophotometer and a Varian Cary Eclipse spectrofluorometer,
respectively.

The cyclic voltammetry was performed on a p-AUTOLAB potentiostat
(AUTOLAB, Netherland) using a glassy carbon working electrode, a Ag/AgNOs3
(Sat.) reference electrode and a Pt wire counter electrode for all experiments.

Photovoltaic performance data were obtained using a Sun-simulator model
67005 Newport (Oriel instruments, U.S.A) and 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 and calibrated with a Si-based reference cell (VLSI standards, Oriel
PN 91150V).
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2.2 Synthesis

2.2.1 Overall of synthetic pathways

The synthetic pathways of the bipyridylporphyrin derivetives for use as dye-
sensitizer were shown in Scheme 2.1. In the first step, porphyrin A3 was synthesized
from condensation between Al and A2. The pathway 1 started from
bipyridylporphyrin A3, which converted to zinc complex A4 after that coupling with
[Ru(p-cymene)Cl,], complex then compound A7 was occurred. The pathway 2, A3
was transformed the methyl group to carboxylic acid one of A5 and then metalation
with zinc acetate to obtained A6. The compound A8 was successfully after coupling

with [Ru(p-cymene)Cl,], complex.
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Scheme 2.1 Synthetic pathways of the bipyridylporphyrin derivetives.
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2.2.2 4'-methyl-2,2'-bipyridine-4-carboxaldehyde (Al)

=N — SeO,, Dioxane =N —

-

\ 7/ & )4

N reflux overnight N

Al

A mixture of 4,4'-dimethyl-2,2"-bipyridine (1.00 g, 5.43 mmol) and SeO,
(0.70 g, 5.97 mmol) in dioxane (28 mL) was stirred and refluxed under nitrogen
atmosphere for 24 hours. The solid material was filtered off, and the dioxane was
removed by a rotary evaporator. The obtained mixture was dissolved in
dichloromethane (50 mL) and extracted with 1 M Na,CO3 (2 x 50 mL) to remove
carboxylic acid residue and 0.3 M Na;S,03; (3 x 50 mL) to form the aldehyde
bisulfite. The combined aqueous layer was adjusted to pH 10 with Na,CO3; and
extracted with dichloromethane. The combined organic layer was dried over
anhydrous Na,SO, and filtered off. The solvent was removed to afford compound Al
as white solid (0.72 g, 3.94 mmol, yield 67%) [35].

Characterization data for Al:

'H NMR spectrum (CDCl3, 400 MHz,): §10.17 (s, 1H, CHO), 8.90 (d, J .4 = 0.9
Hz, 1H, BipyH), 8.83 (s, 1H, BipyH), 8.58 (d, Ju.u = 3.6 Hz, 1H, BipyH), 8.28 (s,
1H, BipyH), 7.72 (s, 1H, PyH), 7.20 (s, 1H, BipyH), 2.47 (s, 3H, CH3)
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2.2.3 Phynyldipyrromethane (A2)

CHO
H

N CF;COOH, RT

© W

Y

A2

Benzaldehyde (0.20 g, 1.00 mmol) and freshly distilled pyrrole (2.10 mL, 30
mmol) was stirred in a round-bottomed flask. The mixture was deoxygenated by
flowing nitrogen though the solution for 15 minutes. Trifluoroacetic acid (0.0081 mL,
0.10 mmol) was added by a syringe, and the mixture was stirred for 15 minutes at
room temperature. After removal of excess pyrrole, A2 was separated by column
chromatography (SiO,, EtOAc:Hexane:triethylamine = 20:80:1) as white solid (0.11
g, 0.51 mmol, yield 51%). The progress of the reaction was monitored by TLC with
bromine vapor, A2 showed as bright pink spot in TLC.

Characterization data for A2:

'H NMR spectrum (CDCls, 400 MHz): &7.87 (s, 2H, PyrNH), 7.46-7.31 (m, 5H,
ArH), 6.70-6.70 (d, Ju.4 = 0.8 Hz, 2H, PyrH), 6.31-6.29 (dd, Ju.y = 3.2, 2.4 Hz, 2H,
PyrH), 6.03 (s, 2H, PyrH), 5.48 (s, 1H, CH)
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2.2.4 5-(4’-methyl-bipyridine-4-yl)-10,15,20-triphenylporphyrin (A3)

CHO

Propionic acid/Toluene

Reflux, Air oxidation

Al A2 A3

Compound Al (1.20 g, 3.84 mmol), A2 (1.02 g, 3.84 mmol) and benzaldehyde
(0.78 mL, 7.68 mmol) were dissolved in toluene (80 mL) and propionic acid (80 mL).
The reaction mixture was stirred and refluxed in the open air for 3 hours. After the
reaction completed, the mixture was extracted with NaHCO3; and H,O. The organic
layer was dried over anhydrous Na,SO, and solid was filtered off. After removal of
the solvent, the product A3 was separated by column chromatography (SiO2, MeOH :
CH,ClI;, = 2:98) and recrystallized with CH,Cl,:MeOH to obtain A3 as a purple solid
(0.87 g, 1.23 mmol, yield 32%).

Characterization data for A3:

'H NMR spectrum (CDCls, 400 MHz): &9.30 (s, 1H, BipyH), 9.08 (d, Jy.n = 4.8
Hz, 1H, BipyH), 8.87 (d, Jy.» = 4.8 Hz, 8H PorphyrinH), 8.55 (s, 1H, BipyH), 8.50
(d, Jyn = 4.8 Hz , 1H, BipyH), 8.22 (m, 5H ArH), 8.18 (d, Jy.n = 4.8 Hz, 1H,
BipyH), 7.76 (m, 10H ArH), 7.18 (d, Ju-n = 4.8 Hz, 1H, BipyH), 2.55 (s, 3H, CH3), -
2.79 (s, 2H, PorphyrinNH).
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3C NMR spectrum (CDCl3, 400 MHz): & 155.94, 154.94, 151.58, 149.28, 148.32,
147.63, 142.14, 142.08, 134.68, 129.62, 127.90, 127.10, 126.83, 125.00, 122.61,
120.99, 120.65, 116.90, 21.36.

IR spectrum (KBr pellet (cm™)): 3315 (N-H st), 3053 (Aromatic C=H st), 3020
(Aliphatic C-H st), 1589 (N-H bend)

Elemental analysis:
Anal. Calcd. for C49H34Ns C, 83.26; H, 4.85; N, 11.89
Found C, 83.32; H, 4.86; N, 11.88
MALDI-TOF mass:
Anal. Calcd. for C49H34Ns m/z = 706.83

Found m/z = 707.2910 [M]
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2.2.5 5-(4’-methyl-bipyridine-4-yl)-10,15,20-triphenylporphyrinatozinc
(A4)

Zn(OAcC),
_—
CHCl4/MeOH, RT

A3 Ad

A mixture of compound A3 (0.50 g, 0.68 mmol) and Zn(OAc), (0.22 g, 1.02
mmol) in CHCI; (10 mL) and MeOH (10 mL) was stirred at room temperature for 24
hours. After removal the solvent under reduce pressure, the crude was dissolved in
CH,CI, and then the mixture was extracted with water. The organic layer was
separated and dried over anhydrous Na;SO,. The crude product was purified by a
column chromatography (SiO,, MeOH:CH,Cl, = 5:95) to afford the compound A4 as
a purple solid (0.497 g, 0.65 mmol, yield 95%).

Characterization data for A4:

'H NMR spectrum (CDCls, 400 MHz): §9.17 (s, 1H, BipyH), 8.92-8.97 (m, 8H,
PorphyrinH), 8.82-8.94 (d, Jy.n = 5.2 Hz , 1H, BipyH), 8.27 (s, 1H, BipyH), 8.23 (s,
5H, ArH), 8.22 (d, 1H, BipyH), 8.16-8.17 (d, Ju.n = 1.2 Hz, 1H, BipyH), 7.73-7.76
(m, 10H, PorphyrinH), 6.98-7.00 (d, J4. = 4.0 Hz, 1H, BipyH), 2.40 (s, 3H, CH3)

3C NMR spectrum (CDCls, 400 MHz): & 155.78, 154.43, 152.20, 150.43, 150.27,
149.11, 149.04, 148.14, 147.22, 142.76, 142.71, 143.50, 143.45, 132.58, 132.22,
132.12, 131.35, 129.25, 127.55, 127.02, 126.56, 124.73, 122.34, 121.71, 121.39,
117.64, 110.00, 21.22
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IR spectrum (KBr pellet (cm™)): 3635 (N-H st), 3048 (Aromatic C=H st), 3020

(Aliphatic C-H st), 1589 (C=N st)
Elemental analysis:
Anal. Calcd. for C49H32NgZn
Found
MALDI-TOF mass:
Anal. Calcd. for C49H32NgsZn

Found

C, 76.41; H, 4.19; N, 10.91

C, 76.10; H, 4.19; N, 10.92

m/z =770.21

m/z=770.371 [M ]
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2.2.6 5-(4'-carboxy-2,2'-bipyridine-4-yl)-10,15,20-triphenylporphyrin (A5)

SeO,, Dioxane

Reflux 5 days

A3 A5

A mixture of compound A3 (0.20 g, 0.28 mmol) and SeO, (1.65 g, 14.16
mmol) in dioxane (30 mL) was stirred and refluxed under nitrogen atmosphere for 5
days. The solid was filtered off. Dioxane was removed by a rotary evaporator.
Compound A5 was purified by column chromatography on siliga gel with
MeOH/CH,Cl; (5:95) as eluent and obtained as a purple solid (92.84 mg, 0.13 mmol,
yield 45%).

Characterization data for A5:

'H NMR spectrum (CDCl3, 400 MHz): & 9.63 (s, 1H, BipyH), 9.47 (s, 1H, BipyH),
8.91 (s, 1H, BipyH), 8.87-8.90 (m, 8H, PorphyrinH), 8.35 (s, 1H, BipyH), 8.22-8.23
(d, Jm = 6.0 Hz, 5H, ArH), 8.04 (s, 1H, BipyH), 7.76-7.78 (m, 10H, ArH), -2.78 (s,
2H, PorphyrinNH).

3C NMR spectrum (DMSO-d6, 400 MHz): & 194.00, 166.90, 150.14, 148.18,
141.09, 141.04, 134.22, 131.49, 129.38, 128.14, 127.00, 125.83, 123.65, 120.66,
120.31, 116.78

IR spectrum (KBr pellet (cm™)): 3422 (O-H st), 3310 (N-H st), 1713 (C=0 st), 1592
(N-H bend)



Elemental analysis:
Anal. Calcd. for C49H32NgO
Found

MALDI-TOF mass:
Anal. Calcd. for C49H3,NgO

Found
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C,79.87; H,4.38; N, 11.41

C, 79.88; H, 4.52; N, 11.58

m/z = 736.82

m/z = 736.984 [M]
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2.2.7 5-(4'-carboxy-2,2'-bipyridine-4-yl)-10,15,20-triphenylporphyrina-
tozinc (A6)

Zn(OAc),
R

CHCI3/MeOH, RT

A5 A6

A mixture of compound A5 (0.50 g, 0.68 mmol) and Zn(OAc), (0.22 g, 1.02
mmol) in CHCI; (10 mL) and MeOH (10 mL) was stirred at room temperature for 24
hours. The solvent was removed by a rotary evaporator and the residue was extracted
with water. The organic layer was separated and dried over anhydrous Na,SO4. The
crude product was purified by a column chromatography on siliga gel with
MeOH/CH,Cl, (10:90) as eluent to afford the compound A6 as a purple solid (0.52 g,
0.65 mmol, yield 95%).

Characterization data for A6:

'H NMR spectrum (DMSO-d6, 400 MHz): §9.15 (s, 1H, BipyH), 9.10 (s, 2H,
BipyH), 8.78-8.86 (dd, Jy.n = 4.8, 28.8 Hz, 4H, PorphyrinH), 8.77 (s, 4H, ArH),
8.53-8.54 (d, Ju.n = 4.4 Hz, 1H, BipyH), 8.25-8.26 (d, Ju-n = 3.2 Hz, 1H, BipyH),
8.20 (m, 6H, 1H-BipyH + 5H-PorphyrinH), 7.78-7.79 (m, 10H, ArH).

BC NMR spectrum (DMSO-d6, 400 MHz): &174.95, 167.39, 155.10, 154.07,
151.55, 149.53, 149.51, 149.41, 149.32, 148.89, 148.35, 147.62, 142.66, 142.63,
134.15, 132.11, 131.74, 131.63, 131.09, 129.19, 127.49, 126.58, 125.94, 123.86,
120.97, 120.91, 120.56, 117.17
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IR spectrum (KBr pellet (cm™)): 3363 (O-H st), 3051 (Aromatic C=H st), 2924

(Alipatic C-H st), 1599 (C=0 st)
Elemental analysis:
Anal. Calcd. for C49H30NgO22Zn
Found
MALDI-TOF mass:

Anal. Calcd. for C49H39NgO,Zn
Found

C, 73.55; H, 3.78; N, 10.50

C, 73.50; H, 3.79; N, 10.65

m/z = 800.19
m/z =799.1735 [M - H']
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2.2.8 Bipyridylporphyrin ruthenium complex (A7)

HOOC
1.) [RuCl,(p-cymene)],, DMF, 80-160 °C

NCS., | Ny

"R
2.) NH4SCN, DMF, 130 °C NCS"—I\sN N

N =
‘ N COOH

A4 A7

A mixture of [RuCl,(p-cymene)], (0.10 g, 0.17 mmol) and compound A4
(0.13 g, 0.17 mmol) was added to DMF (10 mL). The reaction mixture was heated at
80 °C under nitrogen for 6 hours and then 2,2'-bipyridyl-4,4'-dicarboxylic acid (0.04
g, 0.17 mmol) was added into the solution. The reaction mixture was refluxed at 160
°C for another 6 hours under dark condition to avoid light induced cis to trans
isomerisation. Excess of NH;SCN (0.14 g, 1.83 mmol) was then added to the reaction
and heated at 130 °C for further 6 hours. Water was added to the mixture reaction and
the water insoluble product was collected on a sintered glass crucible by suction
filtration, washed with distilled water and diethyl ether and dried. The crude product
A7 was purified by a Sephadex LH-20 column eluted with methanol. The red product
of A7 was collected (122.92 mg, 0.10 mmol, yield 58%).

Characterization data for A7:

'H NMR spectrum (DMSO-d6, 400 MHz): 9.42 (d, 1H), 9.12 (d, 1H), 8.96 (s, 1H),
8.83 (s, 1H), 8.82 (d, 1H), 8.76 (s, 8H), 8.60 (d, J = 4.8 Hz, 1H), 8.53 (d, J = 4.8 Hz,
1H), 8.38 (d, 1H), 8.36 (s, 1H), 8.21 (s, 1H), 8.05 (d, J = 7.8 Hz, 8H), 7.75 (d, 1H),
7.59 (d, J = 7.8 Hz, 6H), 7.50 (d, J = 8.7 Hz, 2H), 2.40 (s, 3H, CH5)
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IR spectrum: 3382 (O-H st), 3054 (Aromatic C=H st), 2924 (Aliphatic C-H st), 2850
(Aliphatic C-H st), 2102 (N=CS st), 1969 (N=CS st), 1610 (C=0 st)

Elemental analysis:
Anal. Calcd. for CesH41N190O4RUS2Zn C, 61.39; H, 3.35; N, 11.36
Found C,61.44;H,3.32; N, 11.46
MALDI-TOF mass:
Anal. Calcd. for C49H32NgO> m/z = 1232.65

Found m/z = 1233.91 [M + H™].
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2.2.9 Bipyridylporphyrin ruthenium complex (A8)

1.) [RuCly(p-cymene)],, DMF, 80-160 °C

2.) NH4SCN, DMF, 130 °C

A6 A8

A mixture of [RuCl,(p-cymene)], (0.001 g, 0.02 mmol) and compound A6
(0.01 g, 0.02 mmol) was added to DMF (10 mL). The reaction mixture was heated at
80 °C under nitrogen for 6 hours and then A6 (0.01 g, 0.02 mmol) was added to the
solution. The reaction mixture was refluxed at 160 °C for another 6 hours under dark
condition to avoid light induced cis to trans isomerisation. Excess NH4;NCS (0.03 g,
0.37 mmol) was added to the reaction mixture and heated at 130 °C for further 6
hours. Water was added to the mixture and the water insoluble product was collected
on a sintered glass crucible by suction filtration and washed with distilled water and
diethyl ether. After that the crude product was purified by a Sephadex LH-20 column
eluted with methanol. The red product of A8 was collected (190.59 mg, 0.01 mmol,
yield 52%).

Characterization data for A8:

'H NMR spectrum (DMSO, 400 MHz): & 9.08 (s, 2H), 9.06 (s, 2H), 8.83 (s, 2H),
8.71 (s, 2H), 8.35-8.52 (m, 16H), 7.70 (s, 2H), 7.30-7.42 (m, 12H) 7.25 (s, 2H), 7.14-
7.21 (m, 18H)
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IR spectrum (KBr pellet (cm™)): 3363 (O-H st), 3051 (Aromatic C=H st), 2924
(Alipatic C-H st), 2102 (N=CS st), 1969 (N=CS st), 1599 (C=0 st)

MALDI-TOF mass:

Anal. Calcd. for C100H61N140O4RUS2ZN5 m/z = 1818.63
Found m/z = 1819.73 [M + H']
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2.3 UV-Visible spectroscopy and Fluorescence spectrophotometry

The characterization of absorption properties were performed on a Varian
Cary 50 Probe UV-Visible spectrometer. The spectrum of all dyes were collected in
dried DMF at room temperature with the concentration between 10°-10° M. Their

absorbance were recorded extending from 350-800 nm.

The characterization of emission properties were investigated by Varian Cary
Eclipse spectrofluorometer. The spectrum of all dyes were performed in dried DMF at
room temperature with the concentration 10° M. Each dye was excited at the soret
wavelength absorption.

2.4 Electrochemical measurement

The cyclic voltammetry was performed on a u-AUTOLAB potential using a
glassy carbon working electrode, a Pt wire counter electrode and a Ag/AgNO3 (Sat.)
reference electrode at room temperature for all experiments. The supporting
electrolyte was 0.1 M TBAPF; in freshly distilled DMF and the concentration of
analyzes were 1.0 mM. The solutions were purged with nitrogen. All samples were
measured with a scan rate of 100 mV/sec.

2.5 Theoretical calculation

Geometry optimization and electronic structure calculations were optimized
by Density Functional Theory (DFT) calculations on the bipyridylporphyrin dyes
using the B3LYP functional and 6-31 G(d) or LanL2DZ as basis set methods in the
Gaussian 03 program package. Molecular orbitals were visualized by GaussView 3.0

software.
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2.6 Fabrication of DSSCs

The preparation of TiO, electrodes and the fabrication of the DSSCs were
performed by following the procedures previously reported by Gréatzel and co-
workers.

For preparation of the working electrodes, a transparent conducting fluorine-
doped tin oxide (FTO) coated glass plates were cleaned using an ultrasonic bath about
30 minutes for each step in detergent solution, water, agua regia solution, water,
ethanol and acetone, respectively. The FTO glass plates were immersed into a 40 mM
TiCl,4 solution at 70 °C for 30 minutes in the oven and washed with water and
ethanol. Two types of nanocrystalline-TiO, paste, nanocrystalline-TiO, 20 nm for
transparent layer and submicronanocrystalline-TiO, 70 um for light-scattering layer
were used as working electrode. A layer of nanocrystalline-TiO, paste were coated on
the FTO plate by screen-printing method, dried on the hotplate at 120 °C for 10
minutes and repeated this step for triple layer. A layer of submicronanocrystalline-
TiO, paste was coated by the same method for a single layer. Finally, the working
electrode was heated step by step at 325 °C for 5 minutes, at 375 °C for 5 minutes, at
450 °C for 5 minutes and at 500 °C for 30 minutes. The electrode was treated again
with 40 mM TiCl, solution and washed with water and ethanol and sintered at 450 °C
for 30 minutes. Before dipping into the dye solution, the working electrode was
heated at 80 °C to avoid the absorption of water on TiO, surface, then the electrode
was dipped into a dye solution (5 x 10 M in ethanol) and maintained under dark for
24 hours. The dye-coated electrode was rinsed with ethanol.

For a counter electrode, FTO plates were drilled (radius = 1 mm) and cleaned
by the previous method. After heating at 80 °C for 30 minutes, the Pt catalyst was
deposited on FTO by dropping of H,PtCl, solution (2 mg Pt in 2-methoxy
ethanol/acetylacetone), and the solvent was dried at room temperature for 12 hrs.

A sandwich cell was performed by assembly the counter Pt-electrode with the
dye-coated working electrode, which separated by thin adhesive polymeric film
sheets. The sandwiched electrodes were tightly held, and then heated around the thin
film sheets to attach the two electrodes. The electrolyte was introduced into the inter-

electrode space. Then, the cells were sealed with a cover glass to avoid leakage of the
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electrolyte solution. Pt foil was clipped onto the top of surface of the electrodes and

silver paint was covered onto the conductive side for correcting electron.

2.7 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 and calibrated with a Si-based reference cell (VLSI
standards, Oriel PN 91150V).

2.7.1 The photovoltaic properties of N719 in the various electrolytes.

The optimized conditions for all experiments were determined to be 5x10™ M
of N719 dye in dried ethanol. The TiO, working electrodes were dipped into the 25.0
mL of dye solution and maintained under dark for 24 hours. The various electrolytes
were filled into the sandwiched electrodes. For the electrolyte conditions, E1, E2, E3,

E4 and E5 were prepared according to Table 2.1.
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Table 2.1 Amount of components in various electrolytes for photovoltaic properties

studies.
Component El E2 E3 E4 E5
(M) (M) (M) (M) (M)
Lil 0.50 0.10 0.10 0.10 0.10
I, 0.05 0.05 0.05 0.05 0.05
TBP - 0.40 0.40 0.40 -
Pyridine 0.40 7 2 - 0.40
PMII - x 0.60 - -
TPAI - - - 0.60 0.60
Solvent 70:30; 50:50; 50:50; 50:50; 50:50;
GBL:NMP CH3CN: CH3CN: CH3CN: CH3CN:

Valeronitrile  Valeronitrile  Valeronitrile  Valeronitrile
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2.7.2 The photovoltaic properties of bipyridylporphyrin derivatives and
N719.

The dye solutions were prepared at concentrations of 5 x 10* M in dried
ethanol. The TiO, working electrodes were dipped into the 25.0 mL of dye solution
and maintained under dark for 24 hours. The optimized electrolyte E5 was filled into
the sandwiched electrodes for all conditions. The photovoltaic performances were

recorded at room temperature.

2.7.3 Solubility and dye adsorption on TiO,

2.7.3.1 Solubility test
Dissolve A6 in various solvent: EtOH, DMF, THF, CHCIl;, MeOH and
toluene in concentration of 5 x 10™* M. The mixture was stirred for 30 minutes, and

then solubility test of compound A6 was observed.

2.7.3.2 Dye adsorption on TiO;

Stock solutions of dye A6 with approximate concentrations of 5 x 10* M has
been prepared and dissolved in various solvent: EtOH, DMF, THF, CHCI3;, MeOH
and toluene. The TiO, working electrode was dipped into 25.0 mL of the stock
solution A6 in difference solvent for 3 hours under dark condition. After cleaning
TiO, working electrode with solvent and dried, observed the result on working

electrode’s surface.
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2.7.4 The effect of CDCA concentration on the photovoltaic performance.

The mixed dye-CDCA solutions were prepared from the A6 dye at
concentrations of 3 x 10* M in ethanol with addition of a variety of CDCA portions
according to Table 2.2. The TiO, working electrodes were dipped into 5.0 mL of
mixed dye-CDCA solution and maintained under dark for 24 hours. The optimized
electrolyte E6 was filled into the sandwiched electrodes for all experiments. The

photovoltaic performances were recorded at room temperature.

Table 2.2 Amount of CDCA in the stock solution of A6 for photovoltaic properties

studies.
Equivalent of Volume of A6 Equivalent of Weight of
A6 stock solution CDCA CDCA (9)
(mL)
CDCAO05 1.0 5.0 0.5 0.059
CDCA 10 1.0 5.0 1.0 0.118
CDCA 20 1.0 5.0 2.0 0.236
CDCA5.0 1.0 5.0 5.0 0.588

CDCA 10.0 1.0 5.0 10.0 1.177




CHAPTER Il

RESULTS AND DISCUSSION

This chapter showed the result and discussion of synthesis and
characterization of the bipyridylporphyrin derivatives and followed by their
photophysical and electrochemical properties. The photovoltaic performances of the
photovoltaic cells using the bipyridylporphyrin derivatives as photosensitizers are
presented at the final part of this chapter.

3.1 Design and synthesis of bipyridylporphyrin derivatives

The bipyridylporphyrin derivatives were designed and synthesized for use as
dye-sensitizer in dye-sensitized solar cells (DSSCs). Bipyridylporphyrin derivatives
composed of Donor-Acceptor system (D-A) based on porphyrin moiety as the
electron donor (D) and bipyridyl moiety as the electron-acceptor (A). All
bipyridylporphyrin derivatives composed of the carboxylic part in the compound
which act as the anchoring group to bind with TiO, surface on the FTO electrode, and
the thiocynate ligand was used to fine tune the energy level via the result of the
electron donating property of thiocynate ligand by shift the distribution of HOMO
level of the oxidized dye (S*) away from CB energy level of TiO; and reducing the

charge recombination process. Thus the designing of D-A system provides an ideal

system for fulfilling a light-harvesting efficiency of photosensitized dyes.

All compounds were synthesized according to Scheme 2.1. The compound
4,4'-dimethyl-2,2'-bipyridine was oxidized with SeO, in refluxing dioxane to afford
monoaldehyde Al. Bispyrrole A2 was condensed between freshly distilled pyyrole
with benzaldehyde in TFA using acid catalytic. Then bipyridylporphyrin A3 was
obtained from condensation reaction between Al, A2 and benzaldehyde in refluxing
propionic acid/toluene using air-oxidation and used as the porphyrin-based for
synthetic of the other bipyridylporphyrin derivatives in the next pathway. For the
pathway 1 started from bipyridylporphyrin A3, which converted to zinc complex A4
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via metalation after that coupling with [Ru(p-cymene)Cl,], complex and 4,4'-
dicarboxyl-2,2"-bipyridine, and then exchanged choro ligand with a large excess of
ammonium thiocyanate ligand to afford the bipyridylporphyrin ruthenium complex
AT.then compound A7 was occurred.

For the pathway 2, the methyl group of A3 was transformed to carboxylic acid
one of A5 using SeO, as oxidant in dioxane. Treatment of A5 with zinc acetate gave
zinc porphyrin complex A6. Finally, the bipyridylporphyrin was transformed to
bipyridylporphyrin ruthenium complex A8 by a reaction of [Ru(p-cymene)Cl;].
complex with A6.

Anchoring group :
-COOH

Electron acceptor :
Bipiridine unit

?D Electron donor :
Porphyrin unit

Figure 3.1 The molecular designing of D-A system in bipyridylporphyrin complex.
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3.1.1 Synthesis and characterization of 5-(4’-methyl-bipyridine-4-yl)-
10,15,20-triphenylporphyrin (A3)

The synthetic pathways of the 5-(4’-methyl-bipyridine-4-yl)-10,15,20-
triphenylporphyrin (A3) in Scheme 3.1 start with a preparation of compound Al and
A2. Al was provided by the oxidation between 4,4’-dimethyl-2,2"-bipyridine and
SeO;, in reflexing dioxane for 24 hours. The white solid of monoformyl-bipyridine Al
was occurred in 67% yield by extracted with Na,CO3 to remove the carboxylic acid
residue of 4,4’-dicarboxyl-2,2-bipyridine. The *H NMR spectrum of compound 1
showed characteristic peaks of formyl groups at 10.17 ppm and also the singlet proton
of CH3 at 2.47 ppm in 1:3 of proton ratio.

CHO CHO
SeOz Dioxane =N =
\
Reflux overnight 7 N %

Propionic acid/Toluene

H Reflux, Air oxidation

CHO
@ =
—_—
CF3COOH, RT

Scheme 3.1 Synthetic pathways of 5-(4’-methyl-bipyridine-4-yl)-10,15,20-triphenyl
porphyrin (A3)

Bispyrrole A2 was carried out by condensation between benzaldehyde and
excess pyrrole (30 equiv.) in the presence of TFA as acid catalytic for 15 minutes
according to conventional proceduce [36]. After purification by column
chromatography (SiO,, EtOAc:Hexane:triethylamine = 20:80:1) and the reaction was
monitored by TLC with bromine vapor, The bispyrrole A2 showed as bright pink spot
in TLC and gave the white solid in 51% vyield. The *H NMR spectrum of compound
A2 exhited characteristic peaks of pyrrole-NH as a broad singlet at 7.87 and the three
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signals of g-pyrrolic protons at signal of 6.70 (Jy.4 = 0.8 Hz), 6.31-6.29 (dd, Juy =
3.2, 2.4 Hz) and 6.03 ppm, respectively. The aromatic proton of phenyl group
appeared at 7.46-7.31 ppm. Additional, the singlet proton at 5.48 ppm showed that the
condensation between benzaldehyde and pyrrole was occurred.

Bipyridylporphyrin A3 was obtained from condensation between Al, A2 and
benzaldehyde in refluxing propionic acid/toluene using air-oxidation for 3 hours. A3
was separated by column chromatography (SiO,, MeOH : CH,Cl, = 2:98) and
recrystallized with CH,Cl,:MeOH to obtain product as a purple solid in 32% vyield.
The *H NMR spectrum of bipyridylporphyrin A3 showed characteristic peaks of -
pyrrolic protons in porphyrin ring at 8.87 (Jy.4 = 4.8 Hz), and the aromatic proton of
meso position at 8.22, 8.18 ppm, respectively. Furthermore, The upfield singlet proton
at -2.79 ppm showed the free base of porphyrin-NH due to the anisotropic effect of
porphyrin. The signals of bipyridine-H appeared at 9.30, 9.08 (d, Ju.4 = 4.8 Hz), 8.55,
8.50, 8.18 (d, Jy-4 = 4.8 Hz) and 7.18 (d, Jy.n = 4.8 Hz) ppm. The MALDI-TOF mass
analysis of bipyridylporphyrin A3 revealed signals of m/z = 736.984, correspondind to
the molecular ion [M] as the major signal (Anal. Calcd. m/z = 706.83).

In addition, the *H NMR spectra of the first 3 factions in the purple color from
column chromatography showed that the condensation between Al, A2 and
benzaldehyde provided at least 3 compounds of porphyrin with in the proposed

structures (Figure 3.1).

Figure 3.2 The proposed structures of porphyrin derivatives from condensation

reaction.
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3.1.2 Synthesis and characterization of 5-(4’-methyl-bipyridine-4-yl)-
10,15,20-triphenylporphyrinatozinc (A4)

Zn(OAc),
—_ >

CHCI3/MeOH, RT

A3 A4

Scheme 3.2 Synthetic pathway of 5-(4’-methyl-bipyridine-4-yl)-10,15,20-triphenyl
porphyrinatozinc (A4)

The  synthesis of = 5-(4"-methyl-bipyridine-4-yl)-10,15,20  triphenyl
porphyrinatozinc (A4) was accomplished by treating bipyridylporphyrin A3 with
Zn(OAc), at room temperature for 24 hours. After purification by a column
chromatography (SiO,, MeOH:CH,Cl, = 5:95), zinc compound A4 was successful to
afford as a purple solid in 95% vyield. The 'H NMR spectrum of zinc-
bipyridylporphyrin A4 showed characteristic peaks of g-pyrrolic protons in porphyrin
ring at 8.92-8.97 ppm, and the aromatic protons of meso position at 8.23, 7.73-7.76
ppm, respectively. The methyl group still appeared at 2.40 ppm. The upfield singlet
proton of the free base of porphyrin-NH in A3 disappeared from spectrum of A4. It
showed that the metalation of zinc complex was successful. In addition, the elemental
analysis and MALDI-TOF mass spectrum confirmed in good agreement of structure;
m/z = 770.371, correspondind to the molecular ion [M] as the major signal (Anal.
Calcd. m/z = 770.21).
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3.1.3 Synthesis and characterization of 5-(4'-carboxy-2,2'-bipyridine-4-yl)-
10,15,20-triphenylporphyrin (A5)

SeO,, Dioxane

Reflux 5 days

A3 A5

Scheme 3.3 Synthetic pathway of 5-(4'-carboxy-2,2"-bipyridine-4-yl)-10,15,20-
triphenylporphyrin (A5)

5-(4'-carboxy-2,2'-bipyridine-4-yl)-10,15,20-triphenylporphyrin ~ (A5)  was
synthesized by the oxidation of compound A3 with SeO, in dioxane under nitrogen
atmosphere for 5 days. The product was separated by column chromatography on
siliga gel with MeOH/CH,ClI, (5:95) as eluent to efford a purple solid in 45% yield.
The *H NMR spectrum of compound A5 showed the characteristic peaks of porphyrin
in position of S-pyrrolic protons in porphyrin at 8.87-8.90 ppm, and the aromatic
protons of meso position at 8.22-8.23, 7.76-7.78 ppm, respectively. The proton of the
methyl group disappeared in spectrum, and **C NMR spectrum also exhibited carbon
signal at 194.00 ppm. It is mentioning the methyl group should be transformed to
carboxylic acid one. From the IR spectrum of A5, it exhited the significant signal of
O-H stretching of carboxyl group at 3422 and C=0 stretching 1713,which assigned to
confirm in good agreement of carboxylic acid part.
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3.1.4 Synthesis and characterization of 5-(4'-carboxy-2,2'-bipyridine-4-yl)-
10,15,20-triphenylporphyrinatozinc (A6)

Zn(OAc),
_—
CHCI3/MeOH, RT

A5 A6

Scheme 3.4 Synthetic pathway of 5-(4’-carboxy-2,2'-bipyridine-4-yl)-10,15,20-
triphenylporphyrinatozinc (A6)

The synthesis of  5-(4'-carboxy-2,2’-bipyridine-4-yl)-10,15,20-triphenyl
porphyrinatozinc (A6) was performed by treating bipyridylporphyrin A5 with
Zn(OAc), at room temperature for 24 hours. After purification by a column
chromatography MeOH/CH,Cl, (10:90), zinc compound A6 was successful to afford
as a purple solid in 95% yield. The *H NMR spectrum of zinc-bipyridylporphyrin A6
showed characteristic peaks of S-pyrrolic protons in porphyrin ring at 8.78-8.86 (dd,
Ju-n = 4.8, 28.8 Hz) and 8.77 ppm, and the aromatic proton of meso position at 8.20,
7.78-7.79 ppm, respectively. The upfield singlet proton of the free base of porphyrin-
NH in A5 disappeared from spectrum of A4. It showed that the metalation of zinc
complex was successful. In addition, the elemental analysis and MALDI-TOF mass

spectrum confirmed in good agreement of structure.
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3.1.5 Synthesis and characterization of bipyridylporphyrin ruthenium

complex (A7)

HOOC
1.) [RuCl,(p-cymene)],, DMF, 80-160 °C

2.) NH4SCN, DMF, 130 °C

A4 A7

Scheme 3.5 Synthetic pathway of bipyridylporphyrin ruthenium complex (A7).

The complexation of A7 was followed the general procudure of heteroleptic
ruthenium complex [31, 37]. The first step, 5-(4-methyl-bipyridine-4-yl)-10,15,20-
triphenylporphyrinatozinc (A4) was reacted with dichloro(p-cymene)ruthenium(ll)
dimer with the ratio 1:1 equivalent in DMF at 80 °C under nitrogen for 6 hours
resulting in a mononuclear complex. The progress of the reaction was monitored by
TLC and then the heteroleptic dichloro complex was synthesized by reaction of the
mononuclear complex with 4,4'-dicarboxyl-2,2"-bipyridine at higher temperature
about 160°C over 6 hours under dark condition to avoid light induced cis to trans
isomerisation. In the last step, the choro ligand was exchanged with a large excess of
ammonium thiocyanate. From the highly hydrophobic complex, A7 can be separated
in the easy way by adding the water into the mix reaction and then the crude product
precipitated. The bipyridylporphyrin ruthenium complex A7 was purified by a
Sephadex LH-20 column eluted with methanol. The red product of A7 was collected
in yield 58%.
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3.1.6 Synthesis and characterization of bipyridylporphyrin ruthenium

complex (A8)

1.) [RuCly(p-cymene)],, DMF, 80-160 °C NCS.,, .
nos=—RU~
2.) NH4SCN, DMF, 130 °C | N™

A6 A8

Scheme 3.6 Synthetic pathway of bipyridylporphyrin ruthenium complex (A8).

The complexation of A8 was synthesized in one-pot synthesis. The first step,
5-(4'-carboxy-2,2'-bipyridine-4-yl)-10,15,20-triphenylporphyrina-tozinc ~ (A6) was
reacted with dichloro(p-cymene)ruthenium(ll) dimer with the ratio 1:1 equivalent in
DMF at 80 °C under nitrogen for 6 hours resulting in a mononuclear complex. Then
the heteroleptic dichloro complex was synthesized by reaction of the mononuclear
complex with another 1 equivalent of A6 at higher temperature about 160°C over 6
hours under dark condition. In the last step, the choro ligand was exchanged with a
large excess of ammonium thiocyanate ligand. From the highly hydrophobic complex,
A8 can be separated in the easy way by adding the water into the mix reaction and
then the crude product precipitated. The bipyridylporphyrin ruthenium complex A8
was purified by a Sephadex LH-20 column eluted with methanol. The red product of
A8 was collected in yield 52%.
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Elemental analysis data were obtained by the facility of Scientific and

Technological Research Equipment Centre (STREC) of Chulalongkorn University.
The data shown in Table 3.1

Table 3.1 Elemental analysis data

Compound Calculation Found

C% H% N% C% H% N%
A3 83.26 4.85 11.89 83.32 4.86 11.88
A4 76.41 4.19 10.91 76.10 4.19 10.92
A5 79.87 4.38 11.41 79.88 4.52 11.58
A6 73.55 3.78 10.50 73.50 3.79 10.65
A7 61.39 3.35 11.36 61.44 3.32 11.46
A8 66.04 3.38 10.78 - - -

3.3 ATR-FTIR spectroscopy

The ATR-IR spectra were performed by using Nicolet 6700 FT-IR

spectrometer with solid sample. Bipyridylporphyrin A3, A4, A5, A6, A7, A8 and
N719 show the significant signal at around 3300-3700 (broad), 3300, 2100 and 1500-

1700 cm™ which assigned to O-H stretching of carboxyl group, N-H stretching of

porphyrin, C=N stretching of thiocyanate ligand (cis-configuration) and C=0

stretching of carboxyl group, respectively.

From the spectra in Figure 3.3, A3 and A5 showed the significant signal of N-

H stretching on the porphyrin ring, which were not observed in other Zn-porphyrin
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compound A4, A6, A7 and A8. The carboxylic acid as anchoring group in the dye-
photosensitizers were also appeared the significant peaks of O-H stretching and C=0
stretching of carboxyl group in the dye-photosensitizers A5, A6, A7, A8 and N719.
Moreover, the C=N stretching of thiocyanate ligand were showed in the ruthenium
complexes of A7, A8 and N719, respectively.

—AS
— A4
—AS
—— A6
— A7
— A8
—N 719
N-H St |
O-Hst.
<.C=0S
O-Hst.
< =05
O-HSt. Cis=SC=N _ < C=0st.
W
T LA B B

| ! I . |
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3.3 Relative ATR-IR spectra of bipyridylporphyrin A3, A4, A5, A6, A7, A8
and N719.
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3.4 Physical properties

The absorption spectra of the bipyridylporphyrin derivatives exhibited 2 major
absorption bands of porphyrin. The Soret band around 420 nm, assigned to = - 7 *
transition to the second electronic exited state, and Q-bands around 500- 600 nm,
corresponding to 7 - x* transition to the first electronic exited state followed by
Figure 3.3. In addition, the strong absorption band at 300 nm is due to [Ru(bpy)s]*

moiety (bipy 7 - 7 *), referred as ligand-based charge transfer (LC) transition.

The main absorption bands of bipyridylporphyrin ruthenium complex A7 and
A8 display also a slight red shift and broad band, compared to the bipyridylporphyrin
derivatives A4-A6, suggesting some interactions between the intramolecular
porphyrin and [Ru(bpy)s]** moiety. In addition, the absorption spectra of Q-band in
case of A3 and A5 showed the 4 Q-band characteristic of free base porphyrin and the
absorption spectra of A4 and A6 also exhibited the 2 Q-band characteristic of Zn-
porphyrin in fugure 3.4 and 3.5. In the case of the reference dye N719, the ligand-
based charge transfer (LC) transition, MLCT | and MLCT Il were exhibited around
311, 382 and 535 nm, respectively.

From the absorption spectra of dye-sensitizers A5, A6, A7 and A8, the dyes
can absorb the light in the range of solar wavelength and near-IR region, and
considering that the dye-photosensitizer A5, A6, A7 and A8 could act like an antenna
in plant to absorb the solar light in solar cells [38-41].
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Figure 3.4 Normalized absorption spectra of bipyridyldiporphyrin derivatives and
N719 in DMF solvent.

The normalized emission spectra of all the bipyridyldiporphyrin derivatives
and N719 at in DMF are shown in Table 3.2. The emission spectra were performed by
using excitation wavelength at Soret wavelength of each porphyrin. All dyes showed
relatively strong emission with two emission maximum (em) in the range of 612-717
nm. According to the excitation wavelength was overlab in the n-n* transition band,

this emission band corresponded to the n*-n radiative decay.
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According to absorption spectra, the energy gaps (Eg) calculated from the
intersection between the absorption spectra and baseline (Aonset) to the following

equation.
Eg = 1240/ /Ionset.

The Aonset Can be converted to E4 (eV) which can further be used to define the

electronic properties of a compound.

l A onset

0.8 4

0.6 4

VS

Absorbance

w0\

Wavelength

Figure 3.5 Aonset Of dye-sensitizer.
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Table 3.2 The electronic absorption of the bipyridyldiporphyrin derivatives and N719

altogether with Eg4 of corresponding compounds.

(Amax/nm) (e/M™* cm™)

A3 417(92603), 514 (46146), 549 (25015), 653, 717 663 1.87
589 (18648), 644 (14220)

A4 426 (1764354), 559 (53672), 600 (25759) 612, 659 612 2.03

A5 418 (87285), 514 (39213), 547 (17410), 614, 660 662 1.87
592 (12343), 644 (7471)

A6 426 (59830), 559 (24328), 600 (11497) 622, 660 614 2.02

A7 424 (5419), 555 (398), 530 (223) 624,660, 651 1.90
723

A8 429 (5208), 560 (384), 535 (198) 626,660, 656 1.89
728

N 719 311 (69737), 382 (19723), 535 (21013) 721 608 2.04
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3.5 Electrochemical properties

All electrochemical data of bipyridyldiporphyrin derivatives and N719 were
collected by using the cyclic voltammetry on a u-AUTOLAB potential using a glassy
carbon working electrode, a Pt wire counter electrode and a Ag/AgNO; (Sat.)
reference electrode at room temperature. The supporting electrolyte was 0.1 M
TBAPF; in freshly distilled DMF and the concentration of analyzes were 1.0 mM.
The solutions were purged with nitrogen. All samples were measured with a scan rate
of 100 mV/sec.

The cyclic voltammogram of bipyridylporphyrin complex peaks showed the
first and second oxidation of porphyrin unit in the bipyridyldiporphyrin derivatives
A5, A6, A7 and A8, and the oxidation peak of Ru"/Ru" part in A7, A8 and N719,
respectively. For the cyclic voltammogram shown in Figure 3.7, the first oxidation
potential belongs at Enset 0f 0.16, 0.29, 0.25, 0.15 and 0.22 V corresponding to A5,

A6, A7, A8 and N719 as shown in Table 3.3.

From the cyclic voltammogram, the highest occupied molecular orbital
(HOMO) energy level calculated by using data provided by a cyclic voltammogram as
a parameter in Equation 1. First oxidation potential at E ot Can be obtained directly in
this equation by using ferrocene as reference. The lowest unoccupied molecular
orbital (LUMO) energy level can be calculated from the Equation 2 [42]. All
electronic properties from the experimental calculation of bipyridyldiporphyrin

derivatives and N719 are illustrated in Table 3.3.

Erowmo (V) - (B onset — E112 fer +4.8) Equation 1

ELumo (eV) Enomo + Eg Equation 2

Where E1/; fr in this experiment is -0.015 eV obtained from Ey, of reference

ferrocene couple [43].
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Figure 3.6 Cyclic voltammograms of bipyridyldiporphyrin derivatives and N719.
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Dye ononset (V) EHOMO (eV) Eg (EV) ELUMO (EV)
A5 0.16 -4.98 1.87 -3.10
Ab 0.29 -5.10 2.02 -3.08
A7 0.25 -5.06 1.90 -3.16
A8 0.15 -4.96 1.89 -3.07
N719 0.22 -5.04 2.04 -3.00
-2.0
] — LUMO
-2.5 4 — HOMO
-3.0 1 > VA _
i -3.5
S 40-
o -
~ ]
o -4.5
2 ] -
w 504 —_ L . —
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TiO, A5 A6 A7 A8 Iy

Figure 3.7 Energy diagram obtained from experimental.
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The Figure 3.8 showed energy diagram obtained from experimental
calculation. Considering the HOMO-LUMO energy level for use as dye-
photosensitizer, the HOMO level of all dyes have to be lower than redox couple (/15
) to accept the electron from electrolyte to regenerate the dye (S°) in system, and the
LUMO lever of the dye have to be higher than the conduction band of titanium
dioxide for suitable in the electron injection to the FTO electrode upon the
illumination. The results indicated that bipyridylporphyrin A5-A8 could be used as
photosensitizer for dye-sensitized solar cell application, due to the LUMO and
HOMO levels of all complexes are higher than the conduction band of TiO,, -4.2 eV,
and lower than HOMO level of redox couple (I'/137), -4.8 eV, in electrolytic system,

respectively [44].

3.6 Theoretical calculation

DFT calculations were employed to gain the equilibrium geometry and
electronic structures for the frontier orbitals of the bipyridylporphyrin derivatives.
Porphyrin generally showed two energetically degenerate LUMOs (LUMO+1,
LUMO) and two nearly degenerate HOMOs (HOMO-1, HOMO). The calculation
structure shown the electron distribution of A5 at the ground state before the light
irradiation (HOMO) and after light irradiation (LUMO) were delocalized mainly over
porphyrin moiety.

For A6, which is zinc complex is shown the electron density at HOMO level
over porphyrin moisty and at LUMO level, the electron density was moved to the
bipyridyl unit due to their injected electron from porphyrin moisty at the ground state

to the bipyridyl moisty on the excitate state.

For A7, The electron density located around only bipyridyl part for both
HOMO and LOMO levels. The characteristics of the dyes are shown in Table 3.4.
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Figure 3.8 Plots of LUMO+1, LUMO, HOMO and HOMO-1 orbital for A5, A6 and
A7, which optimized at B3LYP/6-31G(d) (A4 and A5) and LanL2DZ (A7) level

theory.
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Table 3.4 Molecular Orbital Energy Levels and energy gaps (in eV) of
bipyridylporphyrin dyes, which optimized at B3LYP/ LanL2DZ for all dyes.

Ab Ab A7 A8
LUMO+1 -2.57 -2.51 -3.37 -
LUMO -2.60 -2.53 -3.73 -
HOMO -5.23 -5.26 -5.61 -
HOMO-1 -5.61 -5.54 -5.97 -
E, 2.63 2.73 1.88 -
-1.0
15.] — LUMO +1
a —— LUMO
2.0 — HOMO
25 ] . i, — HOMO -1
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Figure 3.9 Energy diagram obtained from theoretical calculation.

The calculated LUMO levels are in range of -2.53 to —3.73 eV, which matched
well with the CB band of TiO, favoring electron jumping from dyes to TiO,. The
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calculated HOMO levels are in range -5.23 to -5.61 eV, which matched well with the
redox potential of the 1715 electrolyte favoring electron jumping from electrolyte to
dyes. This trend is supported with the photophysical and electrochemical HOMO-
LUMO levels.

3.7 Preparation of DSSCs
The process of dye sensitized solar cells fabrication is described as follows:

1. The F-doped SnO, (FTO, purchased from Dyesol Industries Pty Ltd) glass

was cut into 2x1.3 cm? size and then cleaned the surface by sonicated with the

surfactant, water, aqua ligia, water, ethanol and acetone for 30 minutes in each step.

2. Screen printing the TiO, on the FTO glass.

First of all, the FTO glass plates were immersed into a TiCl, solution to
prevent contact between the redox mediator in the electrolyte and the FTO. Two types
of nanocrystalline-TiO, paste, nanocrystalline-TiO, 20 nm for a light absorption layer
that provides a large surface area for dye-sensitizer adsorption and good electron
transport to the substrate, and submicronanocrystalline-TiO, 70 pm for light-
scattering layer were coated on corresponding glass electrode by using screen-printing
technique. The working electrode was heated step by step at 325 °C to 450 °C to

eliminate such as the solvent and the organic substances. Finally, the overcoating on
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TiO, electrode was treated again with 40 mM TiCl, solution and sintered by heat
treatment.

3. Dipping the FTO glass into the dye solution.

Before dipping into the dye solution, the working electrode was heated at 80
°C to avoid the absorption of water on TiO, surface, then the electrode was dipped
into a dye solution and maintained under dark for 24 hours.

FTO
Screening FTO _________  Dipinto dye solution
withTiO, layers 24 hrs.
—_— D —_—
Heating the FTO
Cleaning FTO

4. Counter electrode

For a counter electrode, FTO plates were drilled and cleaned by the previous
method. After heating, the Pt catalyst was deposited on FTO by dropping of H,PtClg
solution, and the solvent was dried at room temperature for 12 hrs.

FTO Electrolyte injection hole

Cleaning electrode

l

i Coat with H,PtCl,
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5. Attaching with Platinum electrode.

A sandwich cell was performed by assembly the counter Pt-electrode with the
dye-coated working electrode, which separated by thin adhesive polymeric film
sheets. The sandwiched electrodes were tightly held, and then heated around the thin
film sheets to attach the two electrodes. The electrolyte was introduced into the inter-
electrode space. Then, the cells were sealed with a cover glass to avoid leakage of the
electrolyte solution. Pt foil was clipped onto the top of surface of the electrodes and

silver paint was covered onto the conductive side for correcting electron.

Working electrode (FTO/TiO,/Dye)

Adhesive polymericfilmsheet

)i
E Counter electrode (Pt/FTO)

=
l

Electrolyte isfilled

|
i
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6. Measuring the photovoltaic performance of the cell 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.

3.8 Photovoltaic performance

The photovoltaic performances of all experiments were showed in a
relationship between current (mA/cm?) and voltage (V). The photovoltaic parameters:
short-circuit current density (Js.), open-circuit voltage (Vqc), fill factor (ff), and overall

conversion efficiency (#), were gained from experiments.

3.8.1 The photovoltaic properties of N719 with the various electrolytes

Fine tuning of the best electrolyte for using in all experiment in this thesis
were investigated on reference dye N719 and showed in Table 3.5.

First of all, the primary test was performed on DSSCs cell in difference
electrolytic system. E1 is general systematic of solvent, which optimized from The
National Nanotechnology Institute, Bangkok and E2 is general systematic of solvent
from Center for Organic Electronic and Alternative Energy, Ubon Ratchatanee
University. To find the best condition for all experiments, the result showed that E2

retained the conversion efficiency better than electrolyte E1 (n = 4.45 Vs 3.89%).
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Although electrolyte E1 gave the lower efficiency, but there was not optimize
condition. Hence, we intended to try to improve the condition of E1 in the future
work to get it better the conversion efficiency than the modified E2 electrolyte.

Next step, the comparison of ionic liquid effect as charge transfer intermediate
in electrolytic system to improve the Js. parameter in electron transfer process; E2 as
reference, E3 in a present of ionic liquid PMII and A4 in a present of ionic liquid
TPALI, there showed that electrolyte E4 perform the conversion efficiency better than
electrolyte E3 (77 = 4.61 of E4 Vs 3.66% of E3). The higher Js; parameter in E3 and
E4 presented that ionic liquid can be improved the electron transfer process in the
system.

Furthermore, TBP and pyridine were use as additive to improve V. in this
system. E4 (pyridine) and E5 (TBP) in a present of ionic liquid TPAI showed the
higher efficiency in E5 (7 = 5.97 Vs 4.61% of E4) due to the improvement of V. in
both cases.

The summary of this systematic variation of the electrolyte reflects the
conversion efficiency, which decreased from E5 (5.40%) > E4 (4.61%) > E1 (4.45)>
E2 (3.98) > E3 (3.66%) as difference effects. From of the observation, E5 (0.10 M
Lil, 0.05 M 1, 0.40 M pyridine and 0.60 M TPAI) was achieved the best performance
via adjustment with the ionic liquid and additive, and used as electrolyte in all

experiments.
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Figure 3.10 Photocurrent-voltage characteristics of representative TiO, electrodes

sensitized with N719 dye in the various electrolytes E1-Eb5.

Table 3.5 Photovoltaic performance of DSSCs based on N719 dye with the various
electrolytes E1-E5.

Electrolyte Voo (V) Js (MA/cm?) fill factor 1 (%)
(FF)
El 0.65 10.32 0.66 4.45
E2 0.72 8.13 0.68 3.98
E3 0.64 10.36 0.55 3.66
E4 0.68 10.18 0.67 4.61

E5 0.68 13.02 0.68 5.97
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3.8.2 Solubility and dye adsorption on TiO,

From the solubility test and the dye adsorption, EtOH solvent exhibited the
good properties for use as a solvent by accelerated diffusion of dye into TiO, surface
masked with more binding sites and dye adsorption was increased leading to increase

in photocurrent and conversion efficiency.
The primary test of dye’s solubility showed in this trend:
EtOH ~ DMF ~ THF > CHCI3 > MeOH ~ Toluene.
And the dye adsorption followed by:
EtOH > THF > MeOH ~ CHCI3 ~ Toluene ~ DMF

Table 3.6 Solubility and dye adsorption on TiO,.

Solvent Polarity Solubility Dye absorption on
TiO;

DMF 6.4 I /
EtOH 52 I I
MeOH 5.1 X X
CHCl; 4.1 I I
THF 4.0 7 I
Toluene 2.4 X X

* [/l = Good solubility, // = fair solubility, / = poor solubility, X = insoluble
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3.8.3 The photovoltaic properties of bipyridylporphyrin derivatives and
N719

The photovoltaic properties of the solar cells constructed from organic dye-
sensitized TiO; electrodes were measured under simulated AM 1.5 irradiation. The
optimized evaluation conditions for all dyes were determined to be 5 x 10 M of dye
in ethanol solution and used E5 (0.10 M Lil, 0.05 M 1, 0.40 M pyridine and 0.60 M
TPALI in 50:50 ; CH3CN:valeronitrile) as electrolyte. The photovoltaic performance of
the bipyridylporphyrin derivatives are summarised in Table 3.7. Current density—
voltage (I-V) characteristics and incident photon-to current conversion efficiencies
(IPCE) of devices are shown in Figures 3.11 and 3.12, respectively. The data A5 with
free base porphyrin showed the lower conversion efficiency, according to the result of
electron distribution from computational calculation over porphyrin at both HOMO
and LUMO level. The bipyridylporphyrin ruthenium A7 exhibited an excellent cell
performance with Jg, 1.33 mA/cm?, Vo 0.45 V, FF 0.64 and # 0.38% due to the
higher Js. of A7 over another bipyridylporphyrin dye, which showed that the D-A
system of A7 can be improved the electron injection in DSSCs cell. Although A8 was
the D-A system like the A7 dye but the cell performance of A8 was poorer than A7,
there might be reducing of efficiency due to the steric hindrance effect of A8 to cover
on TiO,. Moreover, the lower conversion efficiency of the porphyrin dye might be the

cause of the aggregation between porphyrin dyes onto the TiO, surface.
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Figure 3.11 Photocurrent-voltage characteristics of representative TiO, electrodes

sensitized with bipyridylporphyrin derivatives and N719 with the electrolyte ES5.

Table 3.7 Photovoltaic performance of DSSCs based on bipyridylporphyrin
derivatives and N719 dye with the electrolyte ES.

Dye Voo (V) Jsc (MA/cm?) fill factor n (%)
(FF)
A5 0.33 0.09 0.47 0.05
A6 0.48 0.83 0.70 0.28
A7 0.45 1.33 0.64 0.38
A8 0.37 0.26 0.51 0.05
N719 0.68 13.02 0.68 5.97
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According to incident photon-to-current conversion efficiency (IPCE) as a
function of wavelength for the DSSCs based on bipyridylporphyrin derivatives with
the electrolytes E5 in Figure 3.12, the Soret band showed the higher IPCE value due
to extinction coefficient of Soret band is frist order of magnitude larger than Q bands.

On the other hand, all bipyridylporphyrin derivatives showed the efficiency of
10-20% from 350 to 480 lower than IPCE of N719 with the maximum of about 65%
in range of visible light. The standard N719 provides the best conversion efficiency
because it can sufficiently harvest the light over the wide range of spectrum. The Jg
value of N719 indicated that the electron injection was preferred and lead to the
higher IPCE efficiency of N719 sensitizer.
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Figure 3.12 Incident photon-to-current conversion efficiency (IPCE) as a function of
wavelength for the DSSCs based on bipyridylporphyrin derivatives and N719 dye
with the electrolytes E5.
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3.8.4 The effect of CDCA concentration on photovoltaic performance

Chenodeoxycholic acid (CDCA) is used as a coabsorbate of the dye-sensitizer
on the TiO, surface to dissociate the n-stacked dye aggregation between adjacent
molecule. The ratios of the concentration of compound A6 and CDCA were 1:0.5,
1:1, 1:2, 1:5 and 1;10. A power conversion efficiency of 0.28% was obtained for the
DSSC based on A6 as dye-sensitizer, which was significantly improved to 0.35%
upon addition of CDCA into the A6 solution for TiO, sensitization. The best cell
performance of CDCA/Dye is for the cell ratio of 1:2. Coadsorption of CDCA
decreased the dye adsorption, but significantly improved both short circuit current
(Jsc) and open circuit voltage (Voc). The breakup of 7 stacked aggregates might
improve the electron injection yield and thus the increasing in Js. has also been
attributed to the reduction of the back reaction and the recombination of electrons

with electrolyte.

Figure 3.13 Structure of chenodeoxycholic acid.
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Table 3.8 Photovoltaic performance of DSSCs based on bipyridylporphyrin
derivative A6 with a variety of CDCA concentrations.

Equivalent of Voo (V) Jsc (MA/cm?) fill factor n (%)
CDCA/Dye (FF)
0.5 0.46 0.35 0.71 0.11
1.0 0.45 0.68 0.49 0.14
2.0 0.53 0.88 0.76 0.35
5.0 0.50 0.67 0.74 0.25
10.0 0.46 0.29 0.69 0.09
0.40
0.35 u
& 0304 \
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o0
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c
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Figure 3.14 Solar-to-electricity conversion efficiency of TiO, electrodes sensitized
with a variety CDCA concentrations.
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Figure 3.15 Incident photon-to-current conversion efficiency (IPCE) as a function of
wavelength for the DSSCs based on bipyridylporphyrin derivative A6 with a variety
of CDCA concentrations.



CHAPTER IV

CONCLUSION

Bipyridylporphyrin derivatives were designed and synthesized for use as dye-
sensitizer in dye-sensitized solar cells (DSSCs). Bipyridylporphyrin derivatives
composed of Donor-Acceptor system (D-A) based on porphyrin moiety as the
electron donor (D) and bipyridyl moiety as the electron-acceptor (A). The synthetic
pathways of the bipyridylporphyrin derivetives for use as dye-sensitizer started from
the compound 4,4'-dimethyl-2,2'-bipyridine was oxidized with SeO, to afford
monoaldehyde Al. Bispyrrole A2 was condensed between pyyrole and benzaldehyde
in TFA. Then bipyridylporphyrin A3 was obtained from condensation reaction
between Al, A2 and benzaldehyde in refluxing propionic acid/toluene using air-
oxidation and wused as the porphyrin-based for synthetic of the other
bipyridylporphyrin derivatives in the next pathway. For the pathway 1 started from
bipyridylporphyrin A3, which converted to zinc complex A4 via metalation after that
coupling with [Ru(p-cymene)Cl,], complex then compound A7 was occurred. For the
pathway 2, the methyl group of A3 was transformed to carboxylic acid one of A5
using SeO, as oxidant. Treatment of A5 with zinc acetate gave zinc porphyrin
complex A6. Finally, the bipyridylporphyrin was transformed to bipyridylporphyrin
ruthenium complex A8 after that coupling with [Ru(p-cymene)Cl,], complex. All
compounds were characterized and confirmed structures by NMR, IR, Mass
spectroscopy and Elemental Analysis. From the experimental and the theoretical
calculation, the HOMO and LUMO energy levels of all compounds are in range,
which match well with the CB band of TiO, favoring electron injection from the
exited dyes (s*) to TiO, and the redox potential of the I/lselectrolyte favoring
electron injection from the electrolyte to the cationic dyes (S*). Upon the studies of
the photovoltaic performance measurements, a overall solar-to-electric conversion
efficiency under AM 1.5 irradiation and use 0.10 M Lil, 0.05 M I,, 0.40 M pyridine
and 0.60 M TPAI as electrolytic system of 0.05, 0.28, 0.38 and 0.05 % was achieved
based on the bipyridylporphyrin dyes A5, A6, A7 and A8, respectively, which were
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lower than the efficiency obtained from the standard dye N719 (5.97%). From the
short circuit photocurrent density of the bipyridylporphyrin dyes A5, A6, A7 and A8,
showed lower than the standard dye N719, possibly due to poorer electron injection

from bipyridylporphyrin dyes onto the TiO; surface. In addition, the efficiency of the
dye was improved by adding chenodeoxycholic acid (CDCA) as the coadsorbant.
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Figure Al. H NMR spectrum of 4’-methyl-2,2'-bipyridine-4-carboxaldehyde (Al)
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Figure A2. H NMR spectrum of Phynyldipyrromethane (A2)
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Figure A3. H NMR spectrum of 5-(4'-mef:ﬁ§ﬂ-bipyridine-4-yl)-10,15,20-
triphenylporphyrin (A3)
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Figure A4. 13C NMR spectrum of 5-(4'-methyl-bipyridine-4-yl)-10,15,20-
triphenylporphyrin (A3).
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Figure A5. H NMR spectrum of 5-(4’-methyl-bipyridine-4-yl)-10,15,20-
triphenylporphyrinatozinc (A4).

13
Figure A6. C NMR spectrum of 5-(4'-methyl-bipyridine-4-yl)-10,15,20-
triphenylporphyrinatozinc (A4).
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Figure A7. H NMR spectrum of 5-(4’-carboxy-2,2'-bipyridine-4-yl)-10,15,20-
triphenylporphyrin (A5).
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Figure A8. C NMR spectrum of 5-(4'-carboxy-2,2"-bipyridine-4-yl)-10,15,20-
triphenylporphyrin (A5) in DMSO- 4.
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Figure A9. H NMR spectrum of 5-@Eggrboxy-2,2’-bipyridine-4-yl)-10,15,20-
triphenylporphyrina-tozinc (A6).
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Figure B1. Mass spectrum of 5-(4-methyl-bipyridine-4-yl)-10,15,20-triphenyl
porphyrin (A3).
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Figure B4. Mass spectrum of 5-(4'-carboxy-2,2'-bipyridine-4-yl)-10,15,20-
triphenylporphyrina-tozinc (A6).
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Figure C1. IR spectrum of 5-(4’-methyl-bipyridine-4-yl)-10,15,20-triphenylporphyrin
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Table D1. Molecular Orbital Energy Levels and energy gaps (in eV) of
bipyridylporphyrin dyes, which optimized at B3LYP/ LanL2DZ/6-31 G(d).

A5 A6 AT A8
LUMO+1 -2.29/ -2.56 -2.271-251 -3.37 -
LUMO -2.31/-2.60 -2.29/-2.53 -3.73 -
HOMO -5.02/-5.23 -5.12/-5.26 -5.61 -
HOMO-1 -5.30/-5.61 -5.34 /1 -5.54 -5.97 -

E 2.7112.63 2.83/2.73 1.88 -
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Figure D1. Plots of LUMO+1, LUMO, HOMO and HOMO-1 orbital for A5 and A8,
which optimized at B3LYP/6-31G(d) level theory.
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Figure D2. Plots of LUMO+1, LUMO, HOMO and HOMO-1 orbital for A5, A6 and
A7, which optimized at B3LYP/LanL2DZ level theory.



Molecular structures and total energies of A5, A6 and A7.

Compound: A5

Basic set: B3LYP/6-31 G(d) level

Total energy: -2365.45914479 A.U.

Alpha occ. Eigenvalues: -0.19485 and -0.18456

Alpha virt. Eigenvalues: -0.08508 and -0.08400
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Table D2. Cartesian coordinates (in angstrom) of A5 computed at the B3LYP/6-31

G(d) level.
Atoms X y z
C 4.62238200 0.86885000 0.28428600
C 5.06836500 -0.46162500 0.36120100
C 4.25550800 -1.60484400 0.20577700
C 4.77682400 -2.96696600 0.27371100
H 5.80855300 -3.24168000 0.43857400
C 3.71775000 -3.78954100 0.08870900
H 3.71007900 -4.86984100 0.08544600
C 2.55701600 -2.92621600 -0.10904500
C 1.25653800 -3.42713600 -0.33643400
C 0.10431600 -2.64428100 -0.51502800
C -1.21233500 -3.11579500 -0.83315700
H -1.47562000 -4.15521000 -0.95863200
C 5.39958100 2.04973000 0.52525200
H 6.44693400 2.04911200 0.78715600
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6.52613100
6.94925500
6.20592400
8.30633800
8.61468900
9.26436500
1.06880000
1.58870200
2.13030300
1.40972600
1.81618600
0.70732400
0.18450800
-0.36006400
0.36297900
-0.03891200
2.90917200
3.34316000
-1.25577800
-1.69610000
-0.88463300
-1.40511600
-2.43549500

-0.34656400

-0.65886600
-1.19391000
-1.46334900
-1.37390500
-1.78593600
-1.02165600
-4.91280900
-5.65222100
-5.13461600
-7.03441400
-7.58943400
-7.70123600
-6.97699800
-7.48790600
-5.59449500
-5.03395500
-1.60833900

1.29393000
-0.84743800

0.48369000

1.62933200

2.99198500

3.27071300

3.81406400

0.64917800
1.87607600
2.62112900
2.14573500
3.10303000
1.19314000
-0.40849500
-1.48244200
-2.26924000
-1.54948700
-2.39091400
-0.54380600
0.52895300
1.31869200
0.59515000
1.43469200
-0.03133100
0.00637500
-0.73581300
-0.82139300
-0.67239300
-0.74498700
-0.91228600

-0.55539800
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-0.33909200
0.81285000
2.11140400
3.26362200
4.57803300
4.83964800

-2.03474200

-3.08416800
2.29936300
3.01135900
3.41801600
3.18950900
3.73848200
2.66032400
1.95195400
1.54033400
1.77327300
1.22697500
0.45932100
0.02462500

10.32129800
0.56830000
2.79885300

7.49904800

4.89434200
2.95068400
3.45073200
2.66647900
3.13683800
4.17582800
-2.02994300
-2.03421100
4.93614300
5.61937000
5.06007400
7.00173100
7.51390700
7.72440200
7.05610900
7.60989200
5.67400600
5.15526000
1.63208500
-1.27076000
-1.16217100
-8.77775000
8.80086300

-0.30737600

-0.55270900
-0.35152500
-0.11899500
0.06305500
0.39091000
0.52357600
-0.96701400
-1.22042700
-0.04324900
-1.04151700
-1.87961100
-0.97224800
-1.75812500
0.09848100
1.09895700
1.93867500
1.02877100
1.81154900
-0.42965800
-0.46399300
1.40309800
-0.59606200
0.15303200

-0.29955200
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8.85649500

7.18385700

9.59468300
-3.15080100
-3.58048800
-4.13574400
-4.94811700
-2.86106300
-5.48675400
-3.87317900
-5.88991600
-5.30346800
-6.55564600
-6.16239700
-7.90611700
-7.09983100
-8.87442500
-8.18716000
-8.46751200
-6.74037500

10.31042800

-9.19017000
-11.14964700

-10.70978800

-0.48806900
0.10081600
-0.21553300
0.68257300
1.23791700
0.31723100
1.39850800
1.53296000
0.51741200
-0.11019200
1.05150200
1.82470800
0.14229900
-0.40109200
0.35435100
-0.74493000
-0.01027800
0.79387400
-0.57445000
-1.18035700
0.21904600
-0.86983800
-0.17380600

0.70143800

-0.03063000
-1.25590200
-0.78036200
-1.11487900
-2.32859100
-0.19104900
-2.55100800
-3.08593300
-0.50478900
0.76925500
-1.67110200
-3.48790300
0.46332500
1.62960000
0.15432800
2.51575500
1.08908700
-0.79432400
2.30305100
3.44642800
0.75155400
3.05453300
1.74236100

-0.28660800
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H -12.04982700
H 2.55817300
H 0.80994600

0.01893600

0.67749000

-0.65363400

1.42038000

-0.17884000

-0.28234700

Compound: A6
Basic set: B3LYP/6-31 G(d) level

Total energy: -4142.86814527 A.U.

Alpha occ. Eigenvalues: -0.19634 and -0.18810

Alpha virt. Eigenvalues: -0.08424 and -0.08327

Table D3. Cartesian coordinates (in angstrom) of A6 computed at the B3LYP/6-31

G(d) level.
Atoms X y z
C 4.49282800 0.83409700 0.32940700
C 4.95493700 -0.49182100 0.40079400
C 4.14856800 -1.63167400 0.23682100
C 4.62672500 -2.99851100 0.29804600
H 5.65008500 -3.29031000 0.46942700
C 3.55065900 -3.81626000 0.10106100
H 3.53788500 -4.89400500 0.09466400
C 2.39385200 -2.96746800 -0.10385600
C 1.08918900 -3.43443700 -0.34396700
C -0.03410000 -2.61123100 -0.53217100
C -1.36542300 -3.09152100 -0.84516500
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-1.63911900
5.31102100
6.35836000
6.41385600
6.83754500
6.09587400
8.19775200
8.50679100
9.15733500
0.88024600
1.41479400
1.97870800
1.21668600
1.63182800
0.48152700
-0.05519400
-0.62349100
0.14176900
-0.27059400
2.77999300
3.18686400
1.57080100
-1.35269500

-1.80967400

-4.12740400
2.00659200
1.99026400
-0.70418800
-1.26380600
-1.53720300
-1.45908800
-1.88720600
-1.09919500
-4.91942800
-5.67842500
-5.17700800
-7.06213300
-7.63113300
-7.71039600
-6.96623400
-7.46162400
-5.58241600
-5.00805500
-1.63419900
1.23135100
0.00524800
-0.82474200

0.50207000

-0.96275600
0.56711200
0.82159300
0.68196500
1.90211700
2.64579200
2.16429100
3.11280300
1.21079000
-0.40789400
-1.46596400
-2.24601900
-1.52349600
-2.34954700
-0.52405100
0.53306200
1.31413100
0.59037500
1.41375800
-0.01448900
0.05990600
-0.21267600
-0.75022000

-0.82907900
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-1.00510000
-1.48244800
-2.50451800
-0.40670600
-0.39400300
0.74897800
2.05207100
3.17539400
4.50469900
4.77681200
-2.17268600
-3.22231800
2.26124500
3.00467300
3.42078300
3.20139500
3.77311300
2.65962900
1.91973400
1.50050300
1.72179900
1.15419300
0.36164900

-0.04582500

1.64394100
3.01147500
3.30770300
3.82848900
4.90623100
2.97947900
3.44567000
2.62137400
3.10069000
4.13622900
-1.99854900
-1.98751100
4.93045000
5.59463500
5.02120300
6.97835600
7.47477700
7.72130100
7.07188200
7.63992400
5.68823700
5.18592900
1.64562400

-1.22027400

-0.67058300
-0.73534600
-0.90756300
-0.53484500
-0.52862800
-0.32492100
-0.08073900
0.11023100
0.43250000
0.55710200
-0.97880200
-1.22396400
-0.01372500
-1.00753600
-1.82969200
-0.94772500
-1.72565500
0.10769900
1.10286900
1.92749500
1.04275100
1.81953600
-0.41479900

-0.48673900
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10.21262200
0.32810500
2.81261300
7.38815100
8.74825700
7.07276500
9.48568200
-3.26535400
-3.69246500
-4.25081400
-5.06010900
-2.96974000
-5.60382800
-3.98845800
-6.00500300
-5.41795600
-6.67122000
-6.28158200
-8.02359200
-1.22462000
-8.99386100
-8.30011000
-8.59168700

-6.86451000

-1.25101800
-8.78395900
8.79484400
-0.34556800
-0.54214200
0.08070300
-0.26427700
0.71521700
1.29284200
0.34392100
1.47117300
1.58863600
0.55647300
-0.09879800
1.11444500
1.91024100
0.18010700
-0.38111900
0.39815500
-0.73639900
0.02468200
0.84793400
-0.55548100

-1.18023400

1.41429600
-0.56896900
0.15445800
-0.26852300
-0.00648300
-1.21547800
-0.75312400
-1.11553900
-2.32568900
-0.18778900
-2.55087400
-3.07754100
-0.49008900
0.76431500
-1.65983700
-3.47644900
0.46596800
1.63862800
0.16311700
2.53351200
1.09921800
-0.78117400
2.31279900

3.45539100
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-10.42039400
-9.32339400
-11.27283800
-10.84627700

-12.20238900

0.25642600
-0.85215400
-0.15481800
0.75995700

0.01821300

0.77396700
3.05233200
1.77916900
-0.27157500

1.51790100

Compound: A5

Basic set: BSLYP/LanL2DZ level

Total energy: -2365.06354028 A.U.

Alpha occ. Eigenvalues: -0.20616 and -0.19219

Alpha virt. Eigenvalues: -0.09564 and -0.09428

Table D5. Cartesian coordinates (in angstrom) of A4 computed at the B3LYP/

LanL2DZ level.

Atoms X y z
C 4.66084800 0.86292100 0.28445300
C 5.10997500 -0.47321000 0.36472500
C 4.28743600 -1.61584400 0.20984900
C 4.79750100 -2.99313500 0.27850200
H 5.82721100 -3.27261700 0.44417800
C 3.72542000 -3.82014300 0.08705300
H 3.71491700 -4.89982800 0.08468800
C 2.55356400 -2.95497200 -0.11332700
C 1.24747800 -3.45592200 -0.34129300
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0.09632000
-1.23471300
-1.50305800
5.45098700
6.49926900
6.57204000
6.99502100
6.25144600
8.36295100
8.67026000
9.33112000
1.05645700
1.59322000
2.14333000
1.40879600
1.82261000
0.68946600
0.15301600
-0.39975900
0.33191900
-0.07743600
2.91857600
3.36577600

-1.26918900

-2.65958500
-3.12994600
-4.16810900
2.05065200
2.04642000
-0.67889700
-1.22826000
-1.49684400
-1.41491400
-1.83223000
-1.06107100
-4.94622100
-5.69262000
-5.17751800
-7.08588300
-7.64293000
-7.75705800
-7.02292700
-7.53210000
-5.62850500
-5.06665500
-1.61692700
1.29344400

-0.84144700

-0.51813200
-0.82880700
-0.94983200
0.51603200
0.77235500
0.65152200
1.88352700
2.62978800
2.15531000
3.11137100
1.19540400
-0.41315200
-1.48706200
-2.27067300
-1.55677700
-2.39408800
-0.54871400
0.52682100
1.31284800
0.59086000
1.42698600
-0.03307300
0.01340100

-0.74153000




116

Z T O T O o T o T O O T O T O O o O T O T O O O

-1.71274800
-0.89219400
-1.40206000
-2.43045700
-0.33065000
-0.32067200
0.84037100
2.14446800
3.29632700
4.62572200
4.89257900
-2.06045600
-3.11066600
2.33519600
3.06315900
3.47541800
3.24119600
3.79611000
2.70056900
1.97805300
1.56079500
1.79450600
1.24195700

0.47416100

0.49523200
1.64030300
3.01842600
3.30300200
3.84467600
4.92433000
2.97936900
3.47947800
2.68183300
3.15087300
4.18851400
-2.03129600
-2.03346000
4.96943700
5.65628300
5.09813600
7.05048900
7.56336800
7.77988800
7.10418200
7.65754000
5.71111600
5.19247000

1.64050400

-0.82958900
-0.67679400
-0.74548100
-0.91149000
-0.54810000
-0.54278400
-0.34519400
-0.11266000
0.06449700
0.38268000
0.51170400
-0.96426600
-1.21253100
-0.03384600
-1.03228000
-1.86946900
-0.96183100
-1.74395200
0.11487600
1.11758200
1.95561200
1.04139100
1.82093100

-0.42921500
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0.02635900
10.38826100
0.54935900
2.83966100
7.55170200
8.91993000
7.23817400
9.65901600
-3.17056800
-3.59639700
-4.16558800
-4.97289100
-2.87314800
-5.52580700
-3.91338700
-5.92679600
-5.32658100
-6.59872900
-6.20959800
-7.95865000
-7.15900800
-8.93607100
-8.22719100

-8.53514200

-1.27010900
-1.20782700
-8.83419200
8.85690600
-0.32289900
-0.51606700
0.09015400
-0.24486200
0.70298500
1.27894600
0.32762400
1.44965400
1.57617100
0.53622100
-0.10945700
1.09108900
1.88529200
0.15388700
-0.41140900
0.37329700
-0.76920600
-0.00354300
0.82499500

-0.58767800

-0.47378000
1.40386300
-0.60065200
0.17161900
-0.30342300
-0.03645200
-1.25918500
-0.78669900
-1.12331600
-2.34189800
-0.19826800
-2.57737000
-3.09478400
-0.50943000
0.76087800
-1.68825000
-3.50821200
0.45160200
1.63032300
0.14289000
2.52562300
1.08089300
-0.80454400

2.30113800
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-6.80074500
-10.37161900
-9.26921300
-11.22237800
-10.80547000
-12.16028000
2.57290900

0.81923400

-1.21453500
0.22714500
-0.88593000
-0.19263400
0.73338100
-0.02641100
0.67757900

-0.65351500

3.44969000
0.75597700
3.04003600
1.77209400
-0.29104400
1.52578200
-0.15886600

-0.30409500

Compound: A6

Basic set: B3LYP/LanL2DZ level

Total energy: -2429.56006389 A.U.

Alpha occ. Eigenvalues: -0.20343 and -0.19337

Alpha virt. Eigenvalues: -0.09304 and -0.09220

Table D6. Cartesian coordinates (in angstrom) of A5 computed at the B3LYP/

LanL2DZ level.

Atoms X y z
C 4.51837700 0.84656600 0.32877000
C 4.98385500 -0.48838100 0.40572400
C 4.17520700 -1.63892100 0.24266000
C 4.65856200 -3.01220400 0.30804300
H 5.68391900 -3.30271800 0.48111000
C 3.57780300 -3.83735500 0.10639200
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3.56703300
2.41348600
1.10013400
-0.03366900
-1.37128700
-1.64321100
5.33922700
6.38711900
6.44548800
6.86891200
6.12589200
8.23673000
8.54402600
9.20470700
0.89427900
1.43442300
1.99695100
1.23627200
1.65233200
0.49994600
-0.03965100
-0.60646900
0.15301400

-0.26084300

-4.91695400
-2.98584600
-3.45728100
-2.63196800
-3.11802900
-4.15609100
2.02686500
2.01247400
-0.69816300
-1.25456900
-1.52420700
-1.44536100
-1.86717800
-1.08944000
-4.94576600
-5.70536300
-5.20155200
-7.09716500
-7.66389100
-7.75414500
-7.00704800
-7.50498300
-5.61422900

-5.04218900

0.10189400
-0.10121900
-0.34380100
-0.53335600
-0.84771200
-0.96699300
0.56726300
0.82739400
0.69135800
1.92000000
2.66660000
2.18995300
3.14407500
1.23071600
-0.40912500
-1.47197900
-2.25426800
-1.53471400
-2.36442300
-0.52966600
0.53537900
1.31861700
0.59195100

1.41884400
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2.80294400
3.20998800
1.57857200
-1.36242900
-1.82262300
-1.01616700
-1.49856000
-2.52241500
-0.41800500
-0.40703900
0.74515400
2.05683800
3.19082600
4.52604300
4.79612000
-2.18546600
-3.23627200
2.26300200
3.01022700
3.42839200
3.20270900
3.77360600
2.65715800

1.91515200

-1.64922500
1.24741100
0.00509700
-0.83779100
0.49802900
1.65063300
3.02476400
3.32000500
3.84909600
4.92868100
2.99738400
3.46802800
2.64152100
3.12655000
4.16419100
-2.01961400
-2.01119000
4.95626700
5.62599900
5.05498600
7.01870200
7.51777300
7.76447300

7.10626000

-0.01162300
0.05462600
-0.21640500
-0.75660300
-0.84008400
-0.68208800
-0.75188600
-0.92673200
-0.54745800
-0.54404900
-0.33441100
-0.08814100
0.10417200
0.42932900
0.55678100
-0.98429800
-1.23286500
-0.01939900
-1.01521200
-1.84065000
-0.95579500
-1.73535700
0.10718000

1.10720300
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1.49429000
1.71713300
1.15020000
0.35416900
-0.05306200
10.26178200
0.34869400
2.80794800
7.42522800
8.79322200
7.11168600
9.53216500
-3.28127000
-3.71256600
-4.27209800
-5.08996000
-2.99310700
-5.63338100
-4.01535800
-6.03969700
-5.44767300
-6.70208500
-6.30786600

-8.06360500

7.67194700
5.71455800
5.20979600
1.66009900
-1.23679700
-1.23896800
-8.83002300
8.84032100
-0.34054300
-0.53794700
0.07975100
-0.26401700
0.70864800
1.27819400
0.34345200
1.45124300
1.56782300
0.55444800
-0.08972000
1.10200500
1.88115600
0.18235900
-0.36639200

0.39432700

1.93517900
1.04150300
1.81997700
-0.42348600
-0.48946800
1.43755800
-0.57611900
0.15571800
-0.26286400
0.00178800
-1.21540100
-0.74763200
-1.12823600
-2.34770300
-0.19472900
-2.57684800
-3.10729500
-0.49921600
0.76492600
-1.67978300
-3.50885400
0.47050600
1.65532700

0.16338300
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-7.25360000
-9.03712100
-8.33620100
-8.63089300
-6.89130000
-10.47425000
-9.36188200
-11.32081800
-10.91288000

-12.25986800

-0.71504100
0.02716800
0.83304000
-0.54013700
-1.14750200
0.24977600
-0.83082600
-0.15875500
0.74099400

0.00152300

2.55810800
1.10921700
-0.78898000
2.33565000
3.48671300
0.78578300
3.08059000
1.81007300
-0.26638500

1.56422900

Compound: A7

Basic set: BSLYP/LanL2DZ level

Total energy: -3451.21872543 A.U.

Alpha occ. Eigenvalues: -0.21942 and -0.20615

Alpha virt. Eigenvalues: -0.13714 and -0.12397

Table D7. Cartesian coordinates (in angstrom) of A7 computed at the B3LYP/

LanL2DZ level.

Atoms X y z
C -7.36108600 1.18510300 0.22976300
C -7.95574800 -0.09995600 0.26416100
C -7.24367100 -1.32421600 0.21899000
C -7.85640300 -2.64404800 0.28019500
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-8.91505800
-6.84224700
-6.93208300
-5.58960100
-4.30550200
-3.08821600
-1.76945500
-1.57759300
-8.09968600
-9.17558100
-9.45455400
-10.21723600
-9.71165400
-11.62065300
-12.19298000
-12.28253700
-4.23073900
-4.56391500
-4.86898800
-4.48111200
-4.72770000
-4.07509900
-3.74717600

-3.43723300

-2.83471800
-3.56974000
-4.64540600
-2.83291400
-3.42968800
-2.71783000
-3.33373800
-4.39247400
2.44019700
2.52847000
-0.16902800
-0.67044800
-0.99817300
-0.72946500
-1.10871500
-0.29814100
-4.93045500
-5.63463300
-5.08177500
-7.03832000
-7.56370800
-7.76057100
-7.06804300

-7.61781300

0.37012100
0.21115800
0.21777400
0.12109900
0.03753700
-0.06678800
-0.06295300
0.02509000
0.20427100
0.20908200
0.35101400
-0.72855200
-1.63362500
-0.64851300
-1.49158400
0.51753500
0.07893000
1.25861000
2.14369200
1.30299800
2.22223400
0.16402700
-1.01758800

-1.90299800
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-3.81901500
-3.57035600
-5.85861400
-5.99297600
-4.47033700
-1.57994600
-0.98897400
-1.69494700
-1.08720600
-0.03352500
-2.10407400
-2.01569800
-3.35482100
-4.63483100
-5.85641300
-7.17654700
-7.36871700
-0.84378300
0.23052000
-4.71158400
-5.12404800
-5.37633600
-5.19127100

-5.49946300

-5.66330100
-5.13305300
-1.46556900
1.45682700
0.06466500
-1.06203500
0.22938900
1.45990200
2.78517500
2.99699600
3.70554900
4.78129300
2.96571500
3.55862500
2.84240900
3.45705000
4.51798300
-2.32087800
-2.42643900
5.05998200
5.76688200
5.21647800
7.17223500

7.70114600

-1.05741900
-1.97370000
0.12403500
0.17529200
0.02871400
-0.19545700
-0.22242800
-0.15827200
-0.22109200
-0.32423500
-0.14346600
-0.14561000
-0.05344700
0.03556900
0.12783800
0.14246600
0.08933700
-0.13954700
-0.10707800
0.02352900
1.17610300
2.07922300
1.16938400

2.06787400
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-4.85782800
-4.45279400
-4.19879800
-4.37568100
-4.06989100
-3.07647000
-2.94440500
-13.36671800
-4.01303200
-4.91207000
-10.12796000
-11.53063400
-9.55174800
-12.03223100
5.01307500
3.61579400
2.79822300
3.36601700
5.53022700
2.58167500
1.18413400
0.49759800
1.28546600

2.67669700

7.89192800
7.19578600
7.74249000
5.79090800
5.25812400
1.59475400
-1.32826500
-0.34778800
-8.84538100
8.97770900
0.26762900
0.19818500
0.64542700
0.52851700
-1.66158600
-1.81666400
-1.34926900
-0.75554700
-1.06458200
-0.21460400
-0.27894300
0.29447700
0.92556800

0.94532600

0.00549600
-1.14990400
-2.05474000
-1.13891900
-2.03613600
-0.06312300
-0.14053200
0.58150100
0.19786500
-0.00074400
1.51478800
1.60009100
2.35584900
2.50637900
-4.67027000
-4.82117800
-3.77324400
-2.63230800
-3.51631600
-1.50018300
-1.41324400
-0.31857500
0.67404500

0.55189100
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5.69655100
6.59435000
0.82142300
3.29761300
4.72737500
3.32099700
5.38806200
5.40043000
5.89372600
5.14680300
5.09852200
5.32502300
5.61915600
5.64767900
5.93699700
6.24239800
6.51632000
6.49349300
6.18277600
5.23610900
6.83197600
4.61106200
5.78186800

7.08027400

-1.99688000
-0.92478000
1.37123500
1.40950000
-0.62577200
0.38842000
0.34884800
-1.30273000
1.23561400
-2.58129400
-3.63992800
-3.38227500
-2.06727800
-1.03582600
0.37794100
0.85647300
2.22333400
3.08021100
2.55332800
-4.51823300
2.76684700
-5.57522800
-4.32073800

4.02629300

-5.44428100
-3.37274600
1.54658900
1.30738600
-2.51219500
-0.50719400
-0.77775700
0.47297500
1.04092800
0.07649600
0.98264900
2.35117900
2.75551800
1.80503600
2.11906000
3.40194300
3.58633200
2.46996700
1.21098100
3.36379100
4.97709700
2.97555600
4.50956600

5.06971800
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6.81400400
4.98588000
4.87553800
5.82374500
6.27612600
6.71506500
6.15403200
7.32002900
5.23794100
8.49465800
5.01134600
10.11316300
4.71623400
1.72110500
0.61041500
3.02767200
3.09434500
3.57176800

1.97308200

1.92548600
-2.73528500
-4.65303100
-1.88663800
0.20817400
4.13360700
3.16845400
0.10024100
2.07161000
-0.07294300
3.06119100
-0.31499500
4.44423400
-1.44360000
-0.75236900
-2.43691300
-1.73845900
-3.34484700

-2.69787500

5.95104400
-0.98312000
0.66557200
3.80500300
4.27129100
2.60522400
0.32060200
-1.15555900
-1.78972100
-1.32828500
-2.42838300
-1.59824000
-3.30064000
-3.85627600
-2.20071700
-6.06821700
-6.91361300
-6.35435600

-5.93350500
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