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ABSTRACT

Yi LIU. Synthesis and Characterization of Electron-Responsive Materials

(Under the supervision of Prof. Ryuichi Sugimoto)

As a new-type of photovoltaic devices, dye-sensitized solar cells (DSSCs)
have been the subject of intensive research activities over the last quarter
century. In DSSC devices, dyes play a key role in the conversion of solar
energy into electricity. Compared with other dyes investigated so far,
ruthenium poly(pyridine) complexes have been well-studied and found to be
most effective. The robust immobilization of dye molecules onto a
nanocrystalline semiconductor surface is critical to ensure effective electron
injection and device durability. Generally, hydrophilic groups, such as -
COOH, -POs;0H, -SH, and -OH, are indispensable in the rational design of
dyes for DSSCs. Up to now, dyes without these functional groups cannot be
candidates for dye research. This drawback has limited the development of
DSSCs. Therefore, the author made his endeavor to develop a novel
separated electrolysis method to graft a new ruthenium poly(vinyl-
substituted pyridine) complex onto a TiO; electrode surface and explored the
capability of the incident photon-to-electricity conversion of the resulting

Ti10> electrode in DSSCs. The author confirmed that the deposition of the



ruthenium complex onto a TiO: electrode was strongly influenced by
working potential, immobilization time and various solvents used as the
electrolysis solvent, washing solvent, and immobilization solvent.
Unfortunately, the DSSC fabricated with the resulting TiO; electrode just
presented inferior incident photo-to-electricity conversion efficiency (at 440
nm, 1.2%). To improve the capacity of incident photo-to-electricity
conversion of the resulting DSSC, sodium 4-vinylbenzenesulfonate was
introduced into the immobilization system to form a composite film. The
incident power conversion capacity of the composite film was sharply

enhanced to 31.7% at 438 nm.

On the other hand, a photocathode which collects external circuit electrons
and assists the regeneration of I from I* is also an essential component of
DSSCs. Commonly, Pt film, which is optimal in electro-conductivity,
catalytic activity of I*" reduction, is coated onto a fluorine-doped tin oxide
glass (FTO) to construct a photocathode. However, Pt is too expensive to
apply in a large scale in DSSCs. Recently, poly(3-alkylthiophene)s, which
are excellent in electro-conductivity, catalytic activity of I*" reduction, and
cost-effectiveness, have been employed to replace Pt to assemble a
photocathode of DSSCs. For the large scale application of poly(3-

alkylthiophene)s in DSSCs, it is essential that the polymerization of 3-



alkylthiophenes proceeds with a simple route and in high yield. To date, the
FeCl; oxidative method is the most popular in the synthesis of poly(3-
alkylthiophene)s. To the best of the author’s knowledge, details on their
synthesis is, however, still unavailable. Then, the author devoted his effort to
investigate the polymerization of 3-alkylthiophene. By monitoring the
progress of the polymerization of 3-hexylthiophene with FeCl; in CHCls, the
author successfully constructed the reaction profile and estimated the
activation energy of this polymerization reaction. The effect of solvent on
the polymerization of 3-hexylthiophene with FeClz was also studied. Other
than chlorinated methanes, aromatic solvents, especially benzene and
toluene, are applicable for the polymerization reaction. Different from the
chlorination of the resulting polymer obtained the FeCls oxidative method in
CHCIs, the incorporation of the solvent molecule(s) into the polymer was
observed when the aromatic solvents were used. The author also found that
the polymerization reaction proceeded by using TEMPO/FeCl3 combination
as the oxidant and discuss its reaction mechanism. Moreover, The
polymerization activity of brominated 3-hexylthiophene with iron(I1I) halide

was firstly established, even though the activity was rather low.
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Chapter 1 Introduction

1.1 General introduction to electron-responsive materials

Electron-responsive materials, which give response to electrical stimuli, are classified
into three categories: (1) conducting polymers, (2) coordination complexes, and (3) other
electro-responsive materials, such as metals, metal oxides, and alloys. Electron-
responsive materials are attracting a lot of attention, in view of their importance in
fundamental research and practical applications. As excellent electron-responsive
materials, coordination complexes (especially transition metal complexes)' and
conducting polymers (especially poly(3-alkylthiophene))* have been investigated and
applied in energy storage and conversion field (especially, in photon-to-electricity

conversion field) in the past twenty years.
1.2 General introduction to dye-sensitized solar cells (DSSCs)
1.2.1 General introduction to solar energy utilization

With the rise of newly industrialized countries, the solution of energy crisis is an
approaching challenge for the human society now. To date, fossil fuels, namely, coal, oil,
and natural gas, which were formed millions of years ago from the fossilized remains of
plants and animals are the main energy sources. However, the remaining reserves of these
three non-renewable fossil fuels are too limited to support the sustainable development of
human society. On the other hand, the tremendous consumption of fossil fuels has
resulted in serious environmental and social catastrophes, such as global warming,

extinction of species, and soil erosion. Thus, it is very urgent to explore alternative



energy sources. Several different clean and renewable energy sources like wind powder,

bio-energy, and geothermal and solar energies, have been utilized to relieve the energy

crisis.
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Scheme 1.2.1.1. Solar irradiance and photon flux at the AM 1.5G illumination®

Scheme 1.2.1.1 presents the solar irradiance and photon flux at the AM 1.5G illumination.
The spectrum of sunlight reaches to the ground of the earth is influenced by water, COz2,
N2, and dust particles etc. in the atmosphere. Comparing with other renewable energies,
solar energy possesses obvious advantages: (1) Solar energy (pure radiant energy) is
incredibly inexhaustible. Some theoretical calculations pointed out that the amount of
energy reaching the earth from the sun for less than 28 minutes can meet the energy
requirement of human in one year. (2) Solar energy is environmentally friendly.
Processes for solar energy utilization do not lead to greenhouse gas emission. (3) Solar
energy is available in anywhere, comparing with other sources. Generally, there are three
methods to convert solar energy into other energies; (1) photon-to-thermal conversion by
a solar heater, (2) photon-to-electricity conversion by a solar panel, and (3) conversion of

solar energy into chemical energy by green plants (photosynthesis). The conversion of



light energy to thermal energy by a solar heater is very popular, convenient, and
pollution-free. In view of the importance of electricity in real word, photon-to-electricity
conversion by a solar panel is more attractive than photon-to-thermal conversion by a
solar heater. A solar panel, which functions as a photon-absorber and a converter is the
key component in a solar cell. Since Bell Labs announced the invention of a modern
silicon-based solar cell in 1954, silicon-based solar cells have been becoming vital in
space vehicle and industry. Although up to now a silicon-based solar cell still affords the
highest photon-to-electricity efficiency (about 24% at 2012), the serious environmental

pollution in the purification of silicon crystals has inhibited its further development.
1.2.2 Development of dye-sensitized solar cells
1.2.2.1 Work principle of dye-sensitized solar cells

As a promising alternative to traditional silicon-based solar cells, dye-sensitized solar
cells (DSSCs) have been attracting much attention in the world in the last twenty years.*
The history of DSSCs began in 1972 with the finding that photo-current was generated
when a chlorophyll-sensitized zinc oxide electrode was exposed to light irradiation.’ In
the following years, a limited success was attained in the improvement of device
efficiency. Poor photon-to-electricity conversion efficiency was attributed to the low
photo-absorption ability of the sparse dye molecules on the flat semiconductor. Although
an improved photo-absorption was achieved by stacking dye molecules each other,
charge separation just occurred at the interface between a semiconductor and a dye
molecule contacting with the semiconductor directly. To solve the dilemma, porous ZnO
particles with a dramatically increased surface area were prepared and adopted to

fabricate a photoanode for DSSCs in 1976.6 The resulting DSSC devices outputted about
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2.5% overall photon-to-electricity conversion efficiency. A big breakthrough in overall
photon-to-electricity conversion efficiency of DSSCs came in 1991. Grézel and O’regan
improved the performance of DSSCs from 2.5% to 7.9% by the introduction of a
nanoporous TiO2 electrode and a ruthenium complex dye.” The performance
improvement of DSSCs was largely attributed to the high surface area of the nanoporous
TiO2 electrode and the ideal spectral characteristics of the applied ruthenium complex
dye. This achievement has triggered a boom of DSSCs research in the past 30 years. Now,
the performance of DSSCs has rose up to 15%, exceeding the power conversion
efficiency of traditional, amorphous silicon-based solar cells (13.4%).® The
industrialization of DSSCs will have a bright future, owing to its low cost, feasibility in
fabrication, pollution-free and colorfulness. Some real DSSC devices are exhibited in

Scheme 1.2.2.1.1.

Scheme 1.2.2.1.1. Real DSSC devices (Annual Meeting of the Society of Polymer
Science, Yokohama, May 29-31, 2012)
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Scheme 1.2.2.1.2 depicts the work principle of DSSCs. For DSSCs, solar energy is a
driving force. In a green leaf, chlorophyll molecules harvest solar energy to generate
electric charge, which are consumed by a redox reaction on a membrane to release
oxygen from water and to reduce carbon dioxide to carbohydrates.” In general, a dye
molecule, immobilized onto a transparent nanocrystalline semiconductor surface by an
electrostatic or chemical reaction, is converted to an excited state with the absorption of
incident light irradiation. The excited dye molecule sequentially injects an electron into
the conduction band of the semiconductor. After the electron injection, a ground-state dye
is regenerated with the reduced species of a hole-transport material, such as I, Cul, and
NiO. After the dye regeneration, the oxidized species of the hole-transport materials
appears. The injected electron diffuses towards a fluorine-doped tin oxide (FTO) glass
and moves out from a photoanode as electric current to produce work, then accumulates
at a photocathode, which was constructed with a FTO glass, coated with the film of Pt, a
conducting polymer or carbon, to reduce the oxidized hole transport material. As a result,
every material is revived, except for the conversion of light energy to a useful direct

current of electricity.



1.2.2.2 Research progress of dyes in DSSCs
1.2.2.2.1 Research progress of metal complex dyes in DSSCs

Dyes, which serve as a light-absorber, are one of critical components of nanostructured
DSSCs.!° The performance of these cells mainly depends on the properties of dyes
grafted on a TiO:2 surface, namely, the light response performance of cells is directly
dependent on the light absorption of dyes. To enhance this performance, matching the
absorption spectra of dyes with solar irradiation and extending the absorptions of the dyes
into a near-infrared region are required. The well-positioned HOMO and LUMO of
sensitizers are necessary to drive cell work well. To inject an electron, the LUMO level
of dyes must be more negative than the conducting band edge of semiconductor
electrodes. To accept an electron, the HOMO level of the dyes must be more positive
than the redox potential of electrolytes. Thus, the proper molecular design of dyes is

critical for DSSCs.

Dyes used in DSSCs can be divided in to two types, metal complex dyes and organic
dyes. Metal complex dyes include poly(pyridine) complexes of Ru, Os, Pt, efc, metal
porphyrin complexes, and metal phthalocyanine complexes, while organic dyes include
natural and synthetic organic dyes. Comparing with organic dyes, metal complexes have
higher chemical and thermal stabilities. In terms of their matched photo-absorption ability
and chemical stability, poly(pyridine) Ru complexes are the most important sensitizers by
far.!! The outstanding efficiency of the Ru complexes can be attributed to a broad
absorption range from visible to near-infrared region and to a directional electron
transition from the ruthenium center to the anchor group of the dye by MLCT (metal-to-

ligand charge transfer). Other than mononuclear ruthenium poly(bipyridine) complex
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dyes, typically such as N3, N719, and black dye, polynuclear ruthenium complexes also
have been investigated as dyes in DSSCs (Scheme 1.2.2.2.1)."? Comparing with
mononuclear ruthenium complexes, polynuclear ruthenium complexes possess higher
absorption coefficiency. However, these bulky sensitizers occupy a larger surface area of
Ti0z particles, resulting in the reduction of the concentration of dyes on the TiO: surface.
Therefore, the improved absorption coefficiency in a solution does not necessarily
enhance the photo-absorption ability of the resulting polynuclear ruthenium complex

dyes. Thus, it is proven that polynuclear ruthenium complexes are inefficient for DSSCs.

From a practical viewpoint, Ru, that is one of noble metals, is too expensive to be
employed in a large scale in DSSCs. Moreover, the tricky synthesis and purification of
Ru complexes are not suitable for industrial application. Similar drawbacks have been

mentioned for other metal complexes adopted in DSSCs.

N\ 7/ \ 7/
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Scheme 1.2.2.2.1. Chemical structure of K20 dye'

Big progress has been made in the investigation of noble metal-free complex dyes
(Scheme 1.2.2.2.2.2). Owing to their excellent photo-absorption ability in a range from

400 nm to 450 nm (Soret bands), as well as in a 500-700 nm region (Q bands), porphyrin



complexes have been extensively studied as molecular electronic and photo-electronic
devices."” Given their primary role in photosynthesis, the use of chlorophylls as light
harvesters in DSSCs is particularly attractive. Kay and Grézel have firstly reported the
utilization of copper porphyrin complexes as light absorbers in DSSC devices. The
resulting DSSCs shown the incident photon-to-electricity conversion efficiency (IPCE) of
up to 83%, along with the overall power conversion efficiency of 2.6%.!¢ Since then,
abundant attention has been focused on the preparation of optimal porphyrin derivative
dyes for the further improvement of the performance of DSSCs. In 2011, by the elegant
modification of a porphyrin dye and a tris(bipyridine)-based cobalt(II/III) redox
electrolyte, the performance of the resulting DSSCs was boosted up to 12.3 %.!” This is

the first time that a non-ruthenium complex dye outputted the highest cell performance.

Scheme 1.2.2.2.2. Common metal porphyrin complex dyes reported in literatures'*
1.2.2.2.2 Research progress of organic dyes in DSSCs

As metal-free sensitizers, organic dyes have been stimulating intensive research efforts
because of their advantages as photosensitizers in DSSCs. 1) They have higher molar
absorption coefficient than Ru complex dyes (for Ru complexes, £ < 20000 L mol”! cm'!

for the longest wavelength of a MLCT (metal-to-ligand charge transfer) transition, owing
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to an intramolecular ©- ©* transition, and have photo harvesting capability over a wider
spectral range of sun light. 2) The photophysical and electrochemical properties of
organic dyes, as well as their stereochemical structure can be easily tuned by facile
synthesis and modification. 3) They can be easily synthesized and purified by well-
established protocols. 4) There is no concern about resource limitation, because no metal
was contained in the organic dyes. In the last ten years, a considerable effort has been
made to synthesize various organic dyes to understand the relationship between the
chemical structure of the dyes and the performance of the resulting DSSCs. Recently, a
general design rule for organic dyes has been constructed: A donor-acceptor substituted
n-conjugation bridge has been proven to be vital for the successful design of organic dyes
(scheme 1.2.2.2.2.1).!"® Donor-acceptor m-conjugated dyes, possessing electron-donating
and electron-accepting moieties linked by a m “bridge”, have displayed broad and
intensive photo-absorption spectral features. The spectral features of D-n-A dyes are

associated with an intramolecular charge transfer (ICT).

Sensitizer

Scheme 1.2.2.2.2.1. Design principle of organic dyes for DSSCs

In D-n-A systems, electron-rich aryl amines, such as aminocoumarin, triphenylamine,
indiline, and (difluorenyl)phenylamine derivatives, are popularly utilized as a donor. For

n  “bridge”s, which function as an electron transporter, oligo(thiophene)s,



thienylenevinylenes, dithienothiophenes, etc. have been investigated. There are rather
small variations in acceptor moieties. So far, carboxylic acid, cyanoacrylic acid,
phosphoric acid, and rhodanine-3-acetic acid derivatives have been reported as an
acceptor moiety, as well as an anchoring group for the attachment of the dye molecule to
a TiOz surface. Other than hydrophilic materials such as carboxylic acid, phosphorous
acid, and cyanoacrylic acid derivatives, pyridine derivatives also have been reported as an
electron-withdrawing anchoring group in DSSCs. Pyridine moieties were confirmed to
coordinate with the Lewis acid sites (exposed Ti"") of a TiO:2 surface to efficiently

facilitate electron injection.!”

By the continuous optimization of D-n-A dyes in their photo harvesting ability, electron
communication between the dye and a TiO:2 electrode, and between the dye and an
electrolyte, and the molecular orientation and arrangement of the dye on a TiO2 surface,
the DSSCs devices based on D- m-A dyes (D205) afforded 9.52% overall power
conversion efficiency, comparable to those of ruthenium complexes.?’ D205 is a
derivative of indole (scheme 1.2.2.2.2.2). By substituting with an electron-withdrawing
moiety on the benzene ring and introducing an electron-donating moiety onto the
nitrogen atom, researchers could tune the properties of indole derivatives efficiently,

making them suitable dyes in DSSCs.

Besides indole derivatives, coumarin derivatives are one class of well-explored organic
dyes. coumarin is a natural compound, and can be found in not less than 24 plants
families such as melilot species, woodruff, orchids species, and sweet-clover (scheme
1.2.2.2.2.3). Coumarin dyes have been explored as a sensitizer in DSSCs recently.?!

Although electron injection from excited coumarin dyes to the conducting band of a TiO2
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electrode proceeds much faster than that of ruthenium complexes, DSSCs based on
coumarin dyes still present lower performance than that of DSSCs based on Ru

complexes.

\ Donor moiety

[l bridge

o |
V.
\/COOH R= CsH17, D205
O

C,Hs, D149 Indole

Acceptor moiety
Scheme 1.2.2.2.2.2. Indole-based D- n-A dyes reported in DSSCs

Everything has pros and cons. The principal disadvantage for DSSCs based on organic
dyes is their poor long-term stability and durability, comparing with those of inorganic
dyes. Therefore, it will be urgent to enhance the stability of organic dye-based DSSCs. In
addition, the shorter emission lifetime of excited-state organic dyes than that of Ru
complexes impairs electron injection from the LUMO of the dyes to the conducting band
of a TiO2 electrode. Lastly, organic dyes commonly have a sharp absorption band in a
visible region, which reduce the light harvesting performance of the dyes in whole solar

radiation.

11



N
n=1, NKX-2587
n= 2, NKX-2677 o O

n= 3, NKX-2697

Coumarin

Scheme 1.2.2.2.2.3. Coumarin derivative dyes utilized in DSSCs
1.2.2.2.2 Research progress of natural dye in DSSCs

Because DSSCs mimic the primary process of photosynthesis in nature, it is quite
fascinating to use natural dyes as a sensitizer in DSSCs. Owing to their low-cost, non-
toxicity, complete biodegradability, and availability in a large scale, natural dyes have
been actively studied and tested as sensitizers in DSSCs.?* These dyes, found in flowers,

leaves, fruits, can be collected by a simple extraction procedure.

0] 0]
900 Oy
0] ¢}
Anthraquinone from African rosewood Lawsone pigment from Henna leaves
Scheme 1.2.2.2.2.1. Natural dyes utilized in DSSC as a sensitizer

Several natural dyes have been used to prepare DSSC devices recently. However, DSSCs
based on natural dyes output less than 1% overall photon-to-electricity conversion
efficiency so far, due to poor grafting between natural dyes and a TiO:2 electrode, and
poor photo harvesting ability for whole sun radiation. Until now, DSSCs based on natural

dyes are exclusively used for an education purpose.
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1.3. Introduction to the applications of conducting polymers in dye-sensitized solar

cells

As the polymeric materials for third generation solar cells — “metallic polymers” defined
by Heeger in his lecture at the Nobel Symposium in 2000, conducting polymers,

t.23 Because they

especially poly(thiophene) derivatives, have been attracting much interes
are soluble in conventional solvents such as chloroform and even fusible at a relatively
low temperature, and have high thermal and environmental stabilities both in neutral and

doped states, poly(3-alkylthiophene)s have been found to be applicable to DSSCs

research and other research fields.
1.3.1. Application of conducting polymers as an electron transfer mediator in DSSCs

An electron transfer mediator, also referred as a hole transport material, presented in an
electrolyte plays a very critical role in the stable operation of DSSCs.?* It transports
electrons between the photoanode and photocathode of DSSCs by a redox reaction. After
electron injection from excited dyes to the conducting band of a semiconductor (typically
TiO2, Zn0O), the reduction of oxidized dyes to their neutral state by an electron donor in
an electrolyte (reduced species of a redox couple such as I') should occur as fast as
possible to continue the cycle of photon-to-electricity conversion. So there are some
requirements for the choice of an electron transfer mediator: (1) To regenerate dyes, the
redox potential of an electron transfer mediator should be more negative than that of a
ground-state dye. (2) To prolong the long-term lifetime of DSSCs, an electron transfer
mediator should be fully reversible. (3) To maximize the energy utilization in DSSCs, an
electron transfer mediator should not present a significant absorption in the work

wavelength range of a dye. (4) To revive an electron transfer mediator itself after the
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reduction of a dye, a high diffusion coefficient of electron transfer materials is expected.
So far, I*/I" is the most successful redox couple as an electron transfer mediator. This can
be attributed to the ultra-rapid regeneration (on a nanosecond scale) of a neutral dye from
the corresponding oxidized dye by the action of I'. Different from the mono-electronic
reduction of an oxidized dye by I', in the reduction of I*", multistep reactions are involved.
In other respects, the I’/I" couple is also imperfect: (1) I, produced from I*" under
equilibrium, is volatile, destroying the long-term stability of the resulting DSSCs. (2) To
catalyze the reduction of I** to I, Pt is needed. This results in the rise of cell cost. (3)
Darkly colored I*" limits the improvement of DSSCs in light harvesting performance. (4)
The corrosivity of the I’/I" couple towards metals leads to serious inhibition for the
industrialization of DSSCs. Recently, two classes of materials, coordination complexes
and conducting polymers, have been reported to replace the I*/I" couple as an electron

transfer mediator in DSSCs.

Scheme 1.3.1.1. Chemical structures of cobalt (II)/(III) and copper (I)/(II) electron

transfer mediators used in DSSCs

Ease in tuning properties of coordination complexes by the rational choice of a metal
center and a ligand may provide necessary flexibility to construct an electron transfer

mediator capable of meeting the kinetic requirements. To date, octahedral cobalt(I)*® and
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tetrahedral copper(I) complexes?® are the most successful alternatives to the conventional

I*/I" couple (scheme 1.3.1.1).

CgH17 W\
1oL 1031 o
S n S n Ill
H _
-4 +Ost:

Scheme 1.3.1.2. Common conducting polymers that present hole transport properties

Intrinsically, conducting polymers are well-known as hole transport materials in various
research fields (scheme 1.3.1.2). Conducting poly(thiophene)s and poly(pyrrole)s are
interesting candidates to replace the conventional I*/I" redox couple to construct solar
cells, in the light of their optimal electro-conductivity, thermal stability, and low-cost.?’
To some extent, electron transfer between a TiO:2 electrode and hole transfer materials
determines the power conversion performance of DSSCs. Some critical requirements for
conducting polymers that act as hole transport materials are listed below: (1) Conducting
polymers should be wettable to penetrate into the pores of TiO2, ensuring good contact
with adsorbed dyes. (2) Polymers should be transparent enough in the absorption range of
dyes. (3) The hole mobility of polymers should be high enough to prevent electron
recombination. Poly(thiophene) derivatives have been applied as hole transfer materials
successfully in DSSCs. Although the resulting solar devices have presented Jsc (short
circuit current density) of 450 uA cm and Voc (open circuit voltage) of 0.6 v at 80 mW
cm™, the overall performance of these DSSCs are quite inferior.?® Some researchers have
also reported the preparation and application of conducting poly(pyrrole)s as an electron
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transfer mediator in DSSCs. With an oxidized ruthenium complex dye produced by
electron injection on TiO2 as an initiator, poly(ethylenedioxypyrrole)s (PEDOP) have
been in situ prepared and grafted onto a ruthenium complex sensitized TiO:2 electrode
surface chemically.? The chemical bonding may be beneficial for electron coupling and
electron transfer rates between dye molecules and electron transfer mediators. However,
solar cells, assembled by the method mentioned above, just afford about 2.6% overall
photon-to-electricity conversion efficiency, due to serious electron recombination, dark
current and incomplete filling of TiO2 pores by the hole transport polymers. In fact,
undoped conducting polymers such as poly(thiophene)s and poly(phenylene-vinylene)s
have excellent light harvesting capability.® Thus, it is attractive to incorporate the

function of sensitizers and hole transport materials into conducting polymers in DSSCs.
1.3.2. Application of conducting polymers in counter electrodes of DSSCs

A counter electrode, which collects electrons from an external circuit and regenerate a
redox couple by catalyzing the reduction of I*" to I, is one of critical component of
DSSCs. Usually, a Pt film is vapor-deposited onto a conducting glass to construct a
platinized counter electrode of DSSCs. Owing to its high conductivity and catalytic
activity for the reduction of I’ to I', the platinized counter electrode has been extensively
studied in DSSCs.*! However, platinum is too expensive to apply in a large scale in
DSSCs. It is desirable to develop more economical alternatives to replace a Pt film.
Recently, carbon-based materials, including carbon black, carbon nanotube, graphite, and
mesoporous carbon, have been proposed as an alternative to Pt in DSSCs.*? In

comparison to Pt, carbon-based materials have poor catalytic activity towards a I*
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reduction reaction in DSSCs. In addition, the mechanical instability of carbon-based
materials on a conducting glass substrate is still in concerned.

Conducting polymers and conducting polymer/Pt composites are promising to replace Pt
and carbon-based materials to form a counter electrode of DSSCs, in view of their

excellence in conductivity and catalytic activity for the reduction of I> to I,

o/_\o ’

I\ < > H]L

S In SOy n SOy
PEDOT PSS PANI TSO

Scheme 1.3.2.1. Chemical structures of PEDOT, PSS, PANI and TSO
Poly(3,4-ethylenedioxylthiophene) (PEDOT) and poly(aniline) (PANI) have found
applications as the alternatives of Pt in DSSCs (scheme 1.3.2.1). In 1998, Johas et al have
reported the application of PEDOT as a counter electrode in DSSCs.>* They found that
PEDOT, prepared by electropolymerization, showed optimal conductivity, transparency,
and stability. PEDOT-poly(styrenesulfonic acid) (PSS) paste also have been prepared and
applied in DSSCs as a counter electrode.** The introduction of PSS into a PEDOT main
chain can improve the solubility and electrical conductivity of PEDOT. Hayase et a/
utilized PEDOT-PSS as a counter electrode in DSSCs, discovering that PEDOT-PSS
performed better than Pt in an ionic liquid electrolyte. Generally, 1% to 5% iron impurity
in PEDOT-TSO, prepared by a chemical oxidation method, leads to the loss of power
conversion efficiency of DSSCs.*® So, it is necessary to explore novel methods to prepare
PEDOT-TSO without iron impurity. PANI also have been explored as a counter electrode.

By a SEM analysis, the mesoporous structure of PANI has been found, which is
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preferable for catalytic activity.>* By a lot of optimizations, DSSCs based on a PANI
counter electrode output the overall photo-to-electricity conversion efficiency of up to
7.15%.%¢ Up to now, the stability of these DSSCs based on a conducting polymer counter
electrode is still unknown.

1.4 Statement on the problems of dye, electrolyte and counter electrode in dye-

sensitized solar cells

Electron-responsive materials are attracting a lot of attention from the viewpoint of their
importance in fundamental research and practical applications. As excellent electron-
responsive materials, ruthenium poly(bipyridine) complexes and poly(3-alkylthiophene)s
have been investigated and applied in dye-sensitized solar cells (DSSCs) in the past two
decades. Because of their premium photophysical and photochemical properties,
ruthenium poly(bipyridine) complexes have been extensively explored as sensitizers in
DSSCs. In most cases, ruthenium complex dyes were immobilized onto a semiconductor
surface (typically TiO2) by using a functional group in the complexes, such as carboxyl,
phosphono, and thio groups, to construct the photoanodes of DSSCs. Up to now, Ru
complexes without these functional groups cannot be candidates in DSSC research due to
impossibility of immobilization; this drawback has limited the development of effective
photosensitizers. On the other hand, poly(3-alkylthiophene)s have been used as an
feasible alternative of a Pt film in the photocathodes of DSSCs to assist electron
exchange between an electrolyte and the photocathode. For the large-scale application of
poly(3-alkylthiophene)s in DSSCs and other research fields, it is essential that the
polymerization of 3-alkylthiophenes proceeds with a simple route and in high yield. To

date, the FeCls oxidative method is the most popular in the synthesis of poly(3-
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alkylthiophene)s. Unfortunately, detailed knowledge on their polymerization mechanism

is still unavailable.

1.5 Objective of the project

In the light of these drawbacks pointed out above, the author initiated his effort to
develop a new method for immobilizing a ruthenium complex with vinyl groups onto a
TiO2 electrode surface and to measure the incident photon-to-current conversion
efficiency of a DSSC device fabricated with the resulting TiO:2 electrode. Moreover, the
author made his effort to carry out detailed investigation on the mechanism for the

polymerization of 3-alkylthiophenes.
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Chapter 2 General introduction to physical measurements

2.1 Cyclic voltammetry (CV)

As the most versatile electroanalytical technique, cyclic voltammetry (CV) has been
becoming very popular in many research fields associated with the study on redox
states.!> CV is carried out by cycling the working potential between an initial potential
and a switching potential. CV can be used to generate electroactive species in a positive
potential scan and to monitor its fate with a reverse scan. If the electroactive species in
the vicinity of an electrode are depleted by some components in the medium, CV will be

irreversible.

In general, CV is performed in one compartment equipped with a working electrode, a
counter electrode, and a reference electrode soaking in a solution containing a support
electrolyte, under argon atmosphere. To avoid possible decomposition, the peak potential

is usually lower than 2 v.
2.2 Gel permeation chromatography (GPC)

Gel permeation chromatography, also so-called size exclusion chromatography (SEC), is
a well-defined technology to ascertain the relative molecular weight and molecular
weight distribution of polymer samples.** Generally, a GPC system consists of a pump to
push an eluent passing through the instrument, an injection port to charge a sample
mixture onto a column, a column filled up with porous beads to separate the mixture, two

detectors (UV detector and refractive index detectors) to monitor components eluted out
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from the column, and a personal computer to control the instrument and to record spectra

(Scheme 2.2.1).
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Scheme 2.2.1. GPC system
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Scheme 2.2.2. Working principle of GPC
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The work principle of GPC is based on the size exclusion by beads in a column.’ Mostly,
polymers, dissolved in a solvent, coils up themselves to form ball-like architectures, of
which the diameters are fundamentally dependent on the molecular weights of the
polymers. On the other hand, a polymer is actually a mixture of many species with a
different molecular weight. Thus, when a polymer (mixture) solution travels down the
column, the polymeric species with a different size pass through the porous beads with
different pathways. When the sphere of a species is bigger than that of the biggest pore of
the beads, the species will bypass them instantly, resulting in elution firstly. When the
size of a species is smaller than that of the smallest pore of the beads, the species will
enter all of the pores of the beads leading to elution lastly. A species with an intermediate

size will occupy some pores of the beads (Scheme 2.2.2).

2.3  MALDI-TOF Mass
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Scheme 2.3.1. Graph of MALDI-TOF MS
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Matrix-assisted laser desorption/ionization time-of-flight mass (MALDI-TOF MS) is a
relatively new technology to measure the molecular weight of samples including simple

organic molecule, biomaterials,® and synthetic polymers.” Compared with GPC, which
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just gives the relative molecular weight and molecular weight distribution of a polymer

(Mn, Mw, Mz and PDT), MALDI-TOF MS has some distinguished advantages as below:
(1) The absolute molecular weights of polymers can be determined.

(2) MALDI-TOF MS has wider feasibility in the characterization of synthetic polymers.
Generally, the GPC analysis of rigid-rod polymers such as tetrahydropyrene and
homopolypeptides gives an overestimated molecular weight. However, MALDI-TOF

MS is a viable tool to analyze these polymers.

(3) MALDI-TOF MS can provide information not only about molecular weight of a
polymer, but also about the polymer structure such as the mass and composition of

repeating units and end group(s).

Os_OH
=
CN Os_OH
OH
OH HO
CCA DHB

Scheme 2.3.2. Chemical structures of CCA and DHB

A matrix, which coats an analyte uniformly on a target, can promote the generation of
sample ions by complex photoreactions between the excited matrix and the sample.®
Usually organic acids such as o-cyano-4-hydroxycinnamic acid (CCA), 2,5-
dihydroxybenzoic acid (DHB), which are excellent in ultraviolet-light absorption, are
used as the matrix. In some cases, alkali metal salts (LiCl, NaCl, KCl) and silver salts

such as silver trifluoroacetate (AgFTA) are utilized with a matrix to assist the ionization

26



of the analyte. In a positive mode, four type of sample ions, [M + H]', [M - H]", [M]",

and [M + Na or Ag]" are commonly observed.
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Chapter 3 Synthesis and Characterization of Di(isothiocyanato)bis(4-

methyl-4’-vinyl-2,2’-bipyridine)Ruthenium(II)

3.1 Introduction

The design of efficient transition metal complexes is the critical first step in the
development of novel materials for molecular-based devices, energy storage and
conversion, and catalysts. Two requirements for the design of functionalized transition
metal complexes lay in suitable bridging ligands and tuned transition metal ions.
Bridging ligands, which capture a transition metal ion stably and efficiently, are viewed
as the most important element in successful design. Bidentate ligands, 2,2’-bipyridine and
its derivatives, which have ease in chemical modification and excellence in coordination
ability towards central metal ions, are the most widely explored.! In recent years, these
ligands have been successfully incorporated into a huge diversity of supramolecular
inorganic architectures.? These investigations have expanded and enriched our knowledge
on the structure-properties relationship of functionalized transition metal complexes.
Other than outstanding coordination capability and facile structural modification, a large
portion of recent interests in these ligands arises from their very fascinating
photophysical and photochemical properties, exhibited by their transition-metal
complexes (ruthenium, osmium, iridium, cobalt, efc.), especially those of ruthenium.
Poly(bipyridine)ruthenium(II) complexes have been exploited in nanocrystalline TiO:-
based solar cells (dye-sensitized solar cells, DSSCs), biosensors, and molecular wires.>*>

Ruthenium, one element of platinum group metals comprising of ruthenium, rhodium,
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palladium, osmium, iridium, and platinum, has some intriguing properties such as high

catalytic activity, advantageous resistance to chemical reactions, and electrical stability.
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Scheme 3.1.1. Typical poly(bipyridine)ruthenium sensitizers adopted in DSSCs
The choice of ruthenium metal has a number of important reasons. 1) Because of the
octahedral complex geometry, specific ligands can be introduced in a controlled manner.
2) The photophysical, photochemical, and electrochemical properties of these complexes
can be fine-tuned in an expectable way. 3) Ruthenium possesses stable and accessible
oxidation states ranging from I to III. Grétzel and coworkers have developed efficient
photo-electrochemical cells by the use of sensitizers consisting of transition-metal
complexes deposited on nanocrystalline titanium dioxide electrodes (Scheme 3.1.1).
Dye-sensitized solar cells (DSSCs) have attracted widespread academic and industrial
interests for the conversion of sunlight into electricity, because of their low cost in
manufacturing, flexibility, and high-energy conversion efficiency. The additional
advantages of these cells are the availability and nontoxicity of the main component, that
is, titanium dioxide, which is used in paints, cosmetics, healthcare products, and so on.
The highest efficiency has been reported for nanocrystalline titanium dioxide coated with
bis(4,4’-dicarboxyl-2,2’-bipyridine)dithiocyanatoruthenium(Il) (N3 dye); the overall
solar to electrical energy-conversion efficiency of up to 10% have been reported.” The
high efficiency of this cell is owing to the significant overlap of the absorption spectrum

with the emission spectrum, rapid charge separation, and efficient dye regeneration.
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Scheme 3.1.2. Polymeric poly(bipyridine)ruthenium complex reported by Flore®
Iateresting Developments interesting from the viewpoint of polymer chemistry have been
reported in polymeric metal complexes (PMCs).” PMCs are a class of materials, which
feature with site-isolated metal centers in well-defined synthetic macromolecules.
Transition metals, especially d® transition metal ions, have been widely utilized in PMCs,
taking their premium properties into consideration (Scheme 3.1.2). The advantage of
polymeric ruthenium complexes over single- or di-nuclear ruthenium complexes is the
relatively stronger interaction between the ruthenium moieties in the polymeric
ruthenium complexes, giving much better photo-physical properties such as an improved
photo-absorption ability (extended responsive wavelength and increased molar extinction
coefficient), the prolonged life time of the excited state of the ruthenium complexes, and
processability. Polymeric poly(bipyridine)ruthenium(I) complexes also have been
reported to undergo energy transfer and light-harvesting as an antenna. The preparation
of polymeric ruthenium complexes has been investigated during the last two decades.
Sumi et al have reported the synthesis and photochemical and photo-physical properties
of a tris(bipyridine)ruthenium(II)-containing polymer in 1984 (Scheme 3.1.3).!° They
have demonstrated that a polymer with a ruthenium complex, modified with 4-methyl-4’-

vinyl-2,2’-bipyridine and 2,2’-bipyridine as ligands, can act as an efficient sensitizer in
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photochemical reactions. A similar ruthenium complex also has been prepared by an

electrochemical polymerization method, especially by applying cyclic voltammetry.'!

Scheme 3.1.3. Chemical structure of polymeric (bpy)2(4-methyl-4’-vinyl-2,2’-
bipyridine)ruthenium(II)

Another approach has been described by Schultze ef al.; they have reported a copolymer
consisting of functionalized coumarin and 2,2’-bipyridine moieties, onto which a
bipyridine ruthenium complex was coordinated.!?> Furthermore, the copolymerization of a
tris(vinyl-substituted bipyridine)ruthenium complex with a functionalized coumarin
monomer has been described. These new polymer systems display very high energy
transfer efficiencies and are therefore potentially interesting for applications in
photovoltaics devices,!? luminescence-based sensors for gases such as oxygen,'* and
PH,'" temperature!'® and metal ion sensors.!”

The polymeric films of electro-polymeriable ruthenium complexes with vinyl-substituted
bipyridines, which are excellent in photo-absorption, can be deposited on a TiO2
electrode surface to act as a dye in a DSSC device. To the best of our knowledge, there
are only a few reports on the application of the polymeric film of ruthenium complexes in

DSSCs as a sensitizer. So, the author embarked his efforts on the synthesis of a
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ruthenium complex with a vinyl-substituted bipyridine, and on the exploration of the

utility of its polymeric film in DSSCs as a sensitizer.

3.2 Experiment Section

OH
— — LDA, Paraforaldehyde — — NaOH — —
\ 7 Y Y, N\ / \
N N \ NN / \ KRN /

1) RuCly, DMF

2) NHsNCS

NCS,(mvbpy),Ru(ll) (m = methyl, v = vinyl, bpy = bipyridine)

Scheme 3.2.1. Synthesis of NCSz2(mvbpy )2Ru(IT)

All reactions were performed under argon atmosphere. All reagents were purchased from
Wako Pure Chemical Industries Ltd except for NH4SCN and sodium 4-
vinylbenzenesulfonate, which were purchased from Nacac Tesque, Inc. The reagents
were used as received, except for 4,4’ -dimethylbipyridine which was recrystallized from
methanol prior to use. Dry tetrahydrofuran (THF) was distilled over Na and
benzophenone. 2-(4'-Methyl-(2,2'-bipyridin-4-yl)ethanol'®!? and 4-methyl-4'-vinyl-2,2'-
bipyridine were synthesized according to the procedures in the literatures with some
modifications. Di(isothiocyanato)bis(4-methyl-4'-vinyl-2,2'-bipyridine)ruthenium(II) was
prepared by a method similar to that of bis(2,2'-

bipyridine)di(isothiocyanato)ruthenium(II).* Chromatographic purifications were carried
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out on neutral alumina gel, and thin-layer chromatography (TLC) was performed on

Merck alumina gel F2s4, otherwise noted.
2-(4'-Methyl-2,2'-bipyridin-4-yl)ethanol

4.4 -Dimethyl-2,2"-bipyridine (6.8 g, 36.91 mmol) was dissolved in dry THF (400 mL),
and the solution was cooled down to 0 °C by ice/water. Lithium diisopropylamide (20.3
mL, 2 M in THF, 40.60 mmol) was added dropwise to the solution. The purple solution
was stirred at O °C for 2 h, and then a large excess amount of dry paraformaldehyde (5.5 g,
183 mmol as formaldehyde) was added all at once to the solution. The mixture was
allowed to warm to room temperature and stir for 24 h. The color of the solution
gradually turned from purple to light yellow. The reaction was quenched with distilled
water (200 mL), and the solution was concentrated to about 50 mL under reduced
pressure. The residue was extracted with dichloromethane (350 mL), and the extracts
were concentrated under reduced pressure. The yellow viscous liquid remained was
purified on neutral alumina gel column chromatography; after washing off unreacted
4,4’ -dimethyl-2,2’-bipyridine with hexane/ethyl acetate (19:1, v/v), the yellow-colored
fraction eluted with hexane/ethyl acetate (2:1, v/v) was collected. The fraction was

condensed under reduced pressure to afford a light-yellow oil (2.27 g, 29%).

'H NMR (400 MHz, CDCl3) § (ppm): 8.56 (d, 1H, J = 5.0 Hz, PyH ), 8.50 (d, 1H, ./ = 5.0
Hz, PyH), 8.25 (s, 1H, PyH), 8.20 (s, 1H, PyH), 7.18 (dd, 1H, Ji= 5.0 Hz, > = 1.6 Hz,
PyH ), 7.13 (d, 1H, J = 4.9 Hz, PyH), 3.96 (t, 2H, J = 6.5 Hz, CH.CH:20H), 2.95 (t, 2H, J

= 0.4 Hz, CH2CH20H), 2.44 (s, 3H, CH3).

4-Methyl-4'-vinyl-2,2'-bipyridine (mvbpy)
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2-(4'-Methyl-2,2'-bipyridin-4-yl)ethanol (2.27 g, 10.7 mmol), 4-tert-butylpyrocatechol
(0.1 g, 0.6 mmol) and finely powdered sodium hydroxide (4.28 g, 107 mmol) were
successively added to benzene (5 mL). The blue mixture was then heated at 115 °C for 2
h under reduced pressure (<1 mmHg). The crude product was purified on silica gel
column chromatography by using dichloromethane/methanol (100:1, v/v) as an eluent.
The corresponding fractions were concentrated under reduced pressure to yield a

colorless solid (1.0 g, 48%).

'H NMR (400 MHz, CDCl3) & (ppm): 8.62 (d, 1H, J = 5.0 Hz, PyH), 8.55 (d, 1H, /= 5.0
Hz, PyH), 8.40 (s, 1H, PyH), 8.24 (s, 1H, PyH), 7.30 (dd, 1H, Ji = 5.1 Hz, > = 1.8 Hz,
PyH), 7.14 (d, 1H, J = 4.9 Hz, PyH), 6.80-6.73 (dd, 1H, /i = 14.32 Hz, J> = 6.8 Hz, PyH),
6.09 (d, 1H, J =17.7 Hz, CH=CH>), 5.53 (d, 1H, J = 10.9 Hz, CH=CH: ), 2.44 (s, 3H,

CHs).

Di(isothiocyanato)bis(4-methyl-4'-vinyl-2,2'-bipyridine)ruthenium(II)

[(NCS)2(mvbpy):Ru(Il)]

4-Methyl-4'-vinyl-2,2'-bipyridine (0.400 g, 2.04 mmol) was added to a solution of RuCls
(0.211 g, 1.01 mmol) in DMF (20 mL). After the mixture was refluxed for 8 h in the dark,
NH4NCS (6.367 g, 8.36 mmol) was added all at once at room temperature. The solution
was refluxed again for 12 h and cooled down to room temperature. Upon adding
methanol (200 mL) to the reaction mixture, a purple red powder was deposited, which
was collected by filtration over a G4 glass filter. The purple powder was thoroughly
washed with cold methanol (20 mL) and diethyl ether (15 mL), and dried for 12 h under

reduced pressure to give (NCS)2(mvbpy)Ru(1I) (0.24 g, 38%).
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vmax (KBr, cm™): 2104 (CN, s), 1400 (CH3, s).

MALDI-TOF MS: calculated for C2sH24NsS2Ru: [M]™ = 610.0548; found 610.0517 with

isotope peaks in agreement with those obtained by a calculation.

3.3 Results and discussion

CH, Li
7200 V2 LDAAT 7 N/ \
—N N=— =N N=

Intermidiate

Scheme 3.3.1. Lithiation of 4,4’-dimethylbipyridine
(CHZ CH, o CH,
P — 0 — 0 — o
=N Cy / =N N

Scheme 3.3.2. Electron-donating effect of the carbanion on the bipyridine ring

Upon adding lithtum diisopropylamide (LDA) into a THF solution of 4.4’-
dimethylbipyridine, a color change from colorless to dark purple was observed. This
phenomenon can be explained as follows: A strong base (pKa=40), LDA, eliminated the
methyl proton of 4,4’-dimethylbipyridine to form a carbanion (Scheme 3.3.1). The
carbanion can push electrons onto the bipyridine ring by a resonance effect to make the
energy gap between the m and n* smaller. As a result, the maximal absorption wavelength

(Amax) was shifted to a visible region (scheme 3.3.2).

The apparatus for the synthesis of 4-methyl-4'-vinyl-2,2"-bipyridine is demonstrated in

Scheme 3.3 .3.
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Scheme 3.3.3. Preparation of 4-methyl-4'-vinyl-2,2'-bipyridine in a kugelrohr bulb-to-

bulb distillation apparatus

When finely powdered sodium hydroxide particles were poured into a solution of 2-(4'-
methyl-2,2'-bipyridin-4-yl)ethanol and 4-tert-butylcatechol (TBC) in benzene, the
solution turned from colorless to blue. This color change may arise from the
deprotonation of TBC by NaOH. The phenoxide ions of the deprotonated catechol donate
electrons to the aromatic ring with the help of a resonance effect. As a result, the electron
density of the aromatic ring was increased, and the maximal ultraviolet-visible absorption

(Amax) was moved toward a longer wavelength (Scheme 3.3.4).

OH OH OH OH
OH (B_ o) o) o)
NaOH particles
P C © Q ©
Benzene

Scheme 3.3.4. Deprotonation of 4-tert-butylcatechol by NaOH powder
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Because sodium hydroxide (NaOH) has no solubility in benzene, the dehydration reaction
of 2-(4'-methyl-2,2'-bipyridin-4-yl)ethanol just occurred on the surface of NaOH particles.
To improve the yield of the dehydration, it was necessary to make very fine NaOH
particles by grinding NaOH pellets in a mortar with a pestle. Alternatively, the use of
methanol or ethanol as the solvent in place of benzene also worked well. In light of the
serious damage of benzene on researchers’ health (long-term exposure to benzene causes

a harmful effect on bone marrows and red blood cells), the alcohols are more favorable.

By dehydration, 4-methyl-4'-vinyl-2,2'-bipyridine was synthesized successfully. As we
know, most of organic compounds with vinyl group(s) easily polymerize via a radical

initiated polymerization mechanism, when exposed to light or heat, etc. (scheme 3.3.5).!

CH=CH, ‘{CH-CHZ%
| X

| Light or heat
N/ | AN > N/ | AN
N~ N~

Scheme 3.3.5. Possible polymerization of 4-methyl-4'-vinyl-2,2'-bipyridine

OH
OH OH
OH
hydroguinone 4-tert-butylcatechol(TBC)

Scheme 3.3.6. Chemical structures of hydroquinone and 4-tert-butylcatechol
]23

To overcome this drawback, an inhibitor like hydroquinone? and 4-tert-butylcatecho

(Scheme 3.3.6), which can eliminate radical species and prevent a polymerization process,
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is usually added into a reaction system. On the other hand, removal of desired organic
compounds with vinyl group(s) from a high-temperature reaction system is also critical.
With these two factors in mind, Kugelrohr sublimation is a wise choice for the

preparation of 4-methyl-4'-vinyl-2,2'-bipyridine.

Because our target ruthenium complex, di(isothiocyanato)bis(4-methyl-4'-vinyl-2,2'-
bipyridine)ruthenium(II), suffered from solubility in common organic solvents (only
soluble in DMF and DMSO), it was extremely hard to purify by recrystallization,
chromatography separation and other purification techniques. The solubility problem may
be attributed to the intimate intermolecular n-m stacking, which is a common
phenomenon for ruthenium complexes.?* Up to now, the author just could determine the
structure of this compound with IR, MALDI-TOF MS; NMR and X-ray crystallography
were unsuccessful. To get full characterization of the ruthenium complex, it is urgent to

explore a successful purification method.
3.4 References to Chapter 3

1. (a) Ramos Sende, J. A.; Arana, C. R.; Hernandez, L.; Potts, K. T.; Keshevarz-K,
M.; Abruna, H. D., Inorg. Chem, 1995, 34, 3339-3348.
(b) Gratzel, M., Inorg. Chem. 2005, 44, 6841-6851.
(¢) Yu, Z.; Najafabadi, H. M.; Xu, Y.; Nonomura, K.; Sun, L.; Kloo, L., Dalton
Trans. 2011, 40, 8361-8366.

2. (a) Robson, K. C. D.; Koivisto, B. D.; Yella, A.; Sporinova, B.; Nazeeruddin, M.
K.; Baumgartner, T.; Gritzel, M.; Berlinguette, C. P., /norg. Chem. 2011, 50,

5494-5508.

38



(b) Nazeeruddin, M. K.; Kay, A.; Rodicio, I.; Humphry-Baker, R.; Mueller, E.;
Liska, P.; Vlachopoulos, N.; Graetzel, M., J. Am. Chem. Soc. 1993, 115, 6382-
6390.

(c) Hanson, K.; Brennaman, M. K.; Luo, H.; Glasson, C. R.; Concepcion, J. J.;
Song, W.; Meyer, T. J., ACS Appl. Mater. Interfaces. 2012, 4, 1462-1469.

(d) Abruna, H. D.; Bard, A. J., J. Am. Chem. Soc. 1981, 103, 6898-6901.

. (a) Tetreault, N.; Gratzel, M., Energy Environ. Sci, 2012, 5, 8506-8516.

(b) Willinger, K.; Fischer, K.; Kisselev, R.; Thelakkat, M., J. Mater. Chem. 2009,
19, 5364-5376.

. Yang, H.; Wang, Y.; Qi, H.; Gao, Q.; Zhang, C., Biosensors and Bioelectronics.
2012, 35, 376-381.

. (a) Insung Choi.; Junghyun Lee.; Gunho Jo.; Kyoungja Seo.; Nak-Jin Choi.;
Takhee Lee.; Hyoyoung Lee.; Appl. Phys. Express. 2009, 2, 015001-3.

(b) VI Grosshenny.; A. Harriman.; M. Hissler.; R. Ziessel.; Platinum Metals Rev.

1996, 40, 26-35.

. Grazel, M.; Nature, 2001, 414, 338-344.

. O'Regan, B.; Gratzel, M., Nature, 1991, 353, 737-740.

. Fiore, G. L.; Goguen, B. N.; Klinkenberg, J. L.; Payne, S. J.; Demas, J. N.; Fraser,
C. L., Inorg. Chem. 2008, 47, 6532-6540.

. (a)Rivas, B. L.; Seguel, G. V.; Ancatripai, C., Polym. Bull. 2000, 44, 445-452.
(b) Raja Shunmugam.; Gregory N. Tew.; Macromol. Rapid Commun. 2008, 29,

1355-1362.

39



10.

13:

15.

16.

17

18.

Sumi, K., Furue, M. and Nozakura, S.-1., J. Polym. Sci. Polym. Chem. Fd., 1985,

23,3059-30067.

. (a) Aranyos, V.; Hjelm, J.; Hagfeldt, A.; Grennberg, H. Dalton Trans, 2001, 8,

1319-1325.
(b) Elliott, C. M.; Baldy, C. J.; Nuwaysir, L. M.; Wilkins, C. L., Inorg. Chem.

1990, 29, 389-392.

. Schultze, X.; Serin, J.; Adronov, A.; Fre'chet, Chem Commun. 2001, 1/3,1160-

1161.
Marin, V.; Holder.; E. and Schubert.; J. Polym. Sci. A Polym. Chem., 2004, 42,

374-385.

. Payne, S. J.; Fiore, G. L.; Fraser, C. L.; Demas, J. N., Anal. Chem. 2010, §2, 917-

921.

(a) Clarke Y.; Xu W.; Demas JN.; DeGraff BA.; Anal. Chem. 2000, 75, 3468-
3475.

(b) Jason M. Price.; Wenying Xu.; J. N. Demas.;B. A. DeGraff.; Anal. Chem.
1998, 70, 265-270.

Baleizdo, C.; Nagl, S.; Schaferling, M.; Berberan-Santos, M. r. N.; Wolfbeis, O.

S., Anal. Chem. 2008, 80, 6449-6457.

. (a) Heather M. Rowe, Wenying Xu, J. N. Demas, and B. A. DeGraff,; Applied

Spectroscopy, 2002, 56, 167-173.
(b) Schmittel, M.; Lin, H., J. Mater. Chem. 2008, 18, 333-343.
Furue, M.; Yoshidzumi, T.; Kinoshita, S.; Kushida, T.; Nozakura, S.-i.; Kamachi,

M., Bull. Chem. Soc. Jpn, 1991, 64, 1632-1640.

40



19

20.

21.

23.

24,

Terbrueggen, R. H.; Johann, T. W.; Barton, J. K., Inorganic Chemistry, 1998, 37,
0874-6883.

Yu, Z.; Najafabadi, H. M.; Xu, Y.; Nonomura, K.; Sun, L.; Kloo, L., Dalton
Transactions. 2011, 40, 8361-8366.

Bengough, W. I.; Henderson, W., Trans. Faraday Soc., 1965, 61, 141-149.

. Yassin, A. A.; Rizk, N. A.; Ghanem, N. A., Eur. Polym. J. 1973, 9, 677-685.

Usami Y.; Landau AB.; Fukuyama K.; Gellin GA.;.J THROMB THROMBOLYS.
1980, 6, 559-567.

(a) Ishow, E.; Gourdon, A., Chem. Commu. 1998, 17, 1909-1910.

(b) Reger, D. L.; Derek Elgin, J.; Pellechia, P. J.; Smith, M. D.; Simpson, B. K.,

Polvhedron, 2009, 28, 1469-1474.

41



Chapter 4 Immobilization of di(isothiocyanato)bis(4-methyl-4’-vinyl-
2,2’-bipyridine) Ruthenium(II) onto a TiO; electrode surface by a novel

separated electrolysis method

4.1 Introduction

Dye-sensitized solar cells (DSSCs) have been attracting abundant attention as technically
and economically credible alternatives to traditional silicon-based solar cells.!> As a key
component of DSSCs, photosensitizers that can absorb sunlight and inject electrons into
the conducting band of a nanocrystalline semiconductor (mostly TiO2 and ZnO) from
their excited state have been mainly focused in DSSC research. To design an optimal dye
for DSSC devices, there are two main requisites: (i) Dye molecules should present
excellent abilities of photo-absorption (broad light absorption band combined with high
molar extinction coefficient), and of transferring absorbed light energy towards a
molecular component center (an antenna effect). (ii) Dye molecules should be bound to a
semiconductor surface to facilitate electron injection from the dye in an excited state into
the semiconductor particle. The modification of a dye is an important strategy to improve
solar cell performance. Although abundant organic dyes and inorganic dyes based on
transition metals such as iron(Il), iridium(IIl) and copper(I) have been investigated in
DSSC research, ruthenium-based dyes are still highlighted in dye research. Ruthenium-
based photosensitizers having a general structure of Rul2(X)2, where L stands for

functionalized 2,2’-bipyridine such as 4,4’-dicarboxyl-2,2’-bipyridine (Scheme 4.1.1) and
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Scheme 4.1.1. Functionalized 2,2’-bipyridine ligands used in DSSCs
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Scheme 4.1.2. Six possible graft modes of a carboxylic group on TiO2 reported in
literatures

X presents halide, cyanide, thiocyanate, thiolate, thienyl or ancillary water, have been
extensively investigated as a photo absorber in DSSCs over the past two decades.®!3
RuL2(NCS): (L indicates 4,4’-dicarboxyl-2,2’-bipyridine), known as N3 dye, has
achieved a certified overall efficiency of more than 7%. The enhanced properties can be
attributed to the improved overlap of its absorption with solar irradiation spectrum, the
favorable positioning of both the ground-state and excited-state potentials of the dye
relative to a redox couple in a solution and to the TiO2 conduction band edge, and the

facile interfacial electron injection dynamics relative to the back-reaction rates in the
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Scheme 4.1.3. Immobilization of carboxylic dyes by an esterification reaction

Dyes are commonly immobilized onto a semiconductor (typically TiO2) surface with
functional group(s), such as carboxyl, phosphono or thio group in the dyes. These special
groups work as a linker between the semiconductor particles and the dye molecules, and
provide an electronic coupling between the conducting band of the conductor (conductor
CB) and the excited state of the dye molecules. It is well known that electron injection
kinetics is affected obviously by an electronic coupling between a dye and TiO2. The
efficiency of electron injection from the excited-state (approximately LUMO) of a
sensitizer to the conducting band (near to the Femi level) of a semiconductor is also
highly determined by two factors; (1) an energy gap between the LUMO level of the dye
and the Femi level of the semiconductor (the LUMO must be sufficiently negative with
respect to the conducting band of TiO2 to ensure electron injection effectively), (2) an
electronic coupling between the LUMO of the dye and the conducting band of TiO:2 (a
substantial and tight coupling improves injection efficiency).!> By far, a carboxylic acid
group is the most frequently employed for the attachment of sensitizers to a

semiconductor surface. There reported six binding modes for dyes, which were grafted
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onto TiO2 with carboxylic group(s) (-COOH) (Scheme 4.1.2). These modes can be
divided into two categories: chemical bonding (A, B, C, D) and hydrogen bonding (E, F).
Comparing with hydrogen bonding modes, chemical bonding modes are expected to
provide more robust linkages to semiconductor particle surfaces. By employing various
analytical techniques including an interface-sensitive transient triplet-state probe, X-ray
photoemission spectroscopy (XPS), and vibrational spectroscopy, as well as theory
calculation, researchers have confirmed that among these six binding modes, mode A is

.16 Moreover, some researchers have pointed out that the ester bond may be

predominant
formed by an esterification reaction between the carboxyl group of dye molecules and the

hydroxy group of TiO: particles as shown in Scheme 4.1.3.

TiO,

Ti Ti

Scheme 4.1.4. Possible graft mode for phosphoric acid dyes immobilized onto a TiO2

surface

Besides a carboxylic group, a phosphoryl group is also well-studied as a graft group in
DSSC research. A phosphoryl group is known to afford stronger bonds onto a metal
oxide surface than a carboxyl group.'”!® In 2001, Gillaizeau-Gauthier et al reported that
the adduct formation constant (Kadau) of a phosphoric acid-containing sensitizer

formulated as [Ru(bpy)2(4,4’-(PO(OH2):bpy))** is approximately one order bigger in
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magnitude (Kaddu= (4.9 + 0.8) x10° M™!) than that of the corresponding carboxylic acid
analogous complex (Kudauer =2.2 £ 0.1) x 10* M!], indicating that a phosphoric acid
moiety provide stronger and more stable linkages onto TiO:2 than a carboxylic acid
moiety does. Here, worth to note is that the rate of electron injection from
[Ru(bpy)2(4,4’-(PO(OH)2)2bpy)]** is just one half of that from carboxylic acid-anchored
[Ru(bpy)2(4,4’-(COOH)):bpy]]**. However, owing to the higher stability of the
phosphoric acid-anchored dye under actual operation conditions for DSSCs, compared
with that of carboxylic acid-anchored dye, phosphoric acid-containing dyes are still
expected to have a promising future in DSSC research. Unfortunately, compared with the
knowledge of carboxylic acid-containing dyes, the nature of phosphoric acid-containing
dyes immobilized onto a TiO: surface is less understood.'” Some researchers have
claimed that phosphoric acid-containing dyes may be grafted onto a titanium oxide
surface with ester bonds, similar to graft mode A for carboxylic acid-type dyes mentioned
above (Scheme 4.1.4).%°

Up to now, Ru(Il) complexes without these functional groups cannot be candidates in
DSSC research due to the impossibility of immobilization; this drawback has limited the
development of effective photosensitizers.

IPCE (incident photon-to-current conversion efficiency), sometimes referred to also as
external quantum efficiency (QCE), is one of key parameters to evaluate the performance
of DSSC devices.?!?? IPCE corresponds to the number of electrons measured as
photocurrent in an external circuit divided by monochromatic photon flux that strikes a

cell. This key parameter can be given by the following equation.
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| PCE(4) = LHE( )4, 7y Equation 4.1.1
LHE =1-T = 1-10" Equation 4.1.2

In Equation 4.1.1, LHE (1) indicates the light-harvesting efficiency for the photons of
wavelength 4, ¢inj is the quantum yield for electron injection from an excited sensitizer to
the conduction band of a semiconductor, and zcon is the efficiency of electron collection

at the back contact of a transparent conducting oxide (TCO).

IPCE also can be represented by the following equation:

J (1 Acm?)
A(nm) x 4 u Vem®)

| PCE(% = 124Q ev- nm) x 100 Equation 4.1.3

Where Jsc is the short-circuit photocurrent density for monochromatic irradiation, 4 is the

wavelength of monochromatic irradiation, and @ is the monochromatic light intensity.

Among solar cells developed so far, that fabricated with the N3 dye (cis-
(dcbpy)2(NCS)zruthenium(Il): dcbpy = 4,4'-dicarboxyl-2,2'-bipyridine) shows IPCE of
about 80% in a visible light region. The N3 dye responds to a light from 400 nm to 800
nm with high extinction coefficient. In the view of the loss of light due to substrate
absorption and light reflection, IPCE value of more than 90% is attained.

Electropolymerization, which can deposit conductive polymers on electrodes effectively,
has been applied in the fabrication of counter electrodes of DSSCs.?***% A counter
electrode is one of indispensable components in DSSCs. In general, a Pt film was
deposited onto conducting substrates to construct counter electrodes, which assist an
electron transfer between a counter electrode and an electrolyte solution with an excellent

electrocatalytic activity for the I’/I" redox couple. However, Pt as a noble metal is too
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expensive to be used in a large scale in DSSCs. Only limited success has been reported
for the replacement of Pt with carbon materials as cathode materials, due to their poor
electrocatalytic ability in the reduction of I** to I"?® Conducting polymers, especially
poly(3-alkylthiophene), are promising alternatives to Pt and carbon materials as coating
materials of counter electrodes, because of their excellence in low cost, high conductivity,
3 27,28

and high catalytic activity for the regeneration of I from

R C W

Scheme 4.1.5. Electropolymerization performed in a three-electrode cell (R: reference

electrode; C: counter electrode; W: working electrode)

In general, electropolymerization is performed in one chamber equipped with a working
electrode (Pt, TiO2, or carbon electrode), a counter electrode (Pt wire) and a reference
electrode commonly referred to a Ag/AgCl electrode (saturated calomel electrode (SCE),
normal calomel electrode (NCE) etc.). Working potentials applied are undoubtedly less
than the decomposition potentials of materials (commonly < 2 V). Upon the progress of
electrode scanning, polymers were substantially generated and deposited onto an
electrode surface. To some extent, the increase in scanning times results in the increase of
the quantity of the polymer formed. Although polymers, especially conducting polymers,

deposited on conducting substrates by electropolymerization, have been used as potential
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alternatives to Pt- and carbon materials-coated counter electrodes in DSSCs, there is no
report on the application of these polymers, deposited on semiconductor electrodes by
electropolymerization, as dyes in DSSC research, primarily attributable to their ease of

peeling off from the electrode surface.

To overcome these drawbacks in dye design, the author concentrated his efforts to the
explorations of a new, electrochemically induced film formation method, which can
immobilize di(isothiocyanato)bis(4-methyl-4'-vinyl-2,2'-bipyridine)ruthenium(Il), and of

a novel type of dye-sensitized solar cells with sufficient IPCE.

Scheme 4.1.6. Depositable ruthenium complex by a separated electrolysis method
4.2 Preparation of a TiO; electrode

Commercial conducting glasses, covered with fluorine-doped tin oxide (FTO, 7 Q cm™),
were employed as substrates for the fabrication of DSSCs. FTO glasses were firstly
cleaned with a detergent, followed by rinsing twice with deionized water, flushed with
acetone, and finally dried in air. The TiOz2 electrodes used for DSSCs were prepared by
coating FTO glasses with single layered TiO: nanoparticles. The diameter of the

nanoparticles was about 100 nm. The nanoparticles were spread on clean FTO glasses by
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the doctor-blade method using an adhesive tape as the spacer, followed by air-drying at
room temperature to obtain a transparent TiO2 film on the glasses, and then calcined at

420 °C for 4 h in a muffle furnace under air (Scheme 4.2.1).

glass rod
adhesive tape \Tioz paste 1.5cm

—» FTO glass

Scheme 4.2.1. Preparation of a TiOz film on FTO by the doctor-blade method
4.3 Immobilization

The immobilization of di(isothiocyanato)bis(4-methyl-4'-vinyl-2,2'-
bipyridine)ruthenium(Il) [(NCS)2(mvbpy)2Ru(Il)] was performed in three steps under

argon atmosphere. All solvents used were purged with argon for 15 min.

Step 1: The electrochemical treatment of an electrode was performed in a one-
compartment cell according to the three-electrode method (TiO2-coated, fluorine-doped
tin oxide (TiO2/FTO) as a working electrode, Pt wire as a counter electrode, and Ag/AgCl
as a reference electrode) by using a CH instrument 701 electrochemical analyzer. These
electrodes were dipped in an electrolytic solution containing 0.1 M of TBAP, and swept
between 0-n-0 V (n =2, 4, 6, 8, and 10) at a rate of 100 mV-s™' with bubbling with argon
during the electrolysis.

Step 2: After the electrolysis, the working electrode was soaked in a washing solvent for
several seconds to remove adsorbents on the TiO2/FTO surface.

Step 3: The electrode was dipped into a solution of (NCS)2(mvbpy)2Ru(Il) (1 mM) or the
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Ru complex/sodium 4-vinylbenzenesulfonate (1 mM and 1 mM) in DMF (30 mL), and
kept for appropriate hours in the dark under argon atmosphere. Then, the electrode was
taken out, washed with acetone (30 mL), and dried at room temperature in air to afford
the corresponding Ru complex film.

4.4 Measure of incident photon-to-current conversion efficiency (IPCE) of DSSCs

A fluorometer (Horiba Jobin Yvon-Spex fluorolog, Horiba Inc.) equipped with a xenon
lamp (Fluorolog instruments S.A., Inc.) was used in order to generate monochromatic
lights from 350 nm to 750 nm with a width of 5 nm. The photon number was counted by
an optometer (Photometer S370 UDT, Gamma Scientific Inc.). The electrical quantities
were measured with an electrometer (Keithley 6514 system electrometer, Keithley
Instruments Inc.). The DSSC was fabricated from TiO2/FTO coated with the Ru (II)
complex film (photoanode), FTO (photocathode), and Lil/lz (0.5 M/1.1x10 M) in

CH3CN (mediator).

4.5 Results and discussion

4.5.1 Formation of Di(isothiocyanato)bis(4-methyl-4'-vinyl-2,2'-
bipyridine)ruthenium(Il) film on the surface of a titanium oxide-coated, fluorine-

doped tin oxide electrode

Because the present Ru(Il) complex, di(isothiocyanato)bis(4-methyl-4'-vinyl-2,2'-
bipyridine)ruthenium(Il) [(NCS)2(mvbpy)2Ru(Il)], has no functional group reactive
with TiO2 such as carboxyl, phosphono or thio group, this complex cannot be
immobilized onto the surface of TiO2-coated, fluorine-doped tin oxide (TiO2/FTO)

electrode with conventional film formation methods that have been adopted in the
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fabrication of DSSCs.

Paying his attention to the fact that the Ru complex has vinyl groups, the author at first
tried to immobilize the Ru complex onto a TiO2-coated, fluorine-doped tin oxide
(TiO2/FTO) surface by the electrolysis of a solution of the Ru complex. However, the
attempt resulted in failure, most likely due to the decomposition of the Ru complex
during the electrolysis. After numerous trials, the author finally found a stepwise,
electrochemically induced film formation method to give a film-like deposit of the Ru
complex on the surface of TiO2/FTO. This method is composed of three steps: Step 1,
the electrolysis of a TiO2/FTO electrode only; Step 2, the washing of the electrode
with a solvent; Step 3, the immobilization of the Ru complex upon immersing the
washed electrode in a solution of the Ru complex. Scheme 4.5.1.1 schematically

represents the immobilization procedure.

9 q Working electrode transfer under Ar atmosphere

i o

Scheme 4.5.1.1. Schematic representation of the immobilization procedure

The immobilization was found to be very sensitive to the history of the potential
scanned onto a TiO2/FTO electrode (Step 1). Figures 4.5.1.2 and 4.5.1.3 show the
cyclic voltammograms during the electrolysis of the electrodes in ranges of 0-n-0 V (n

=2,4,6, 8, and 10) at a rate of 100 mV-s"! and the UV-vis spectra of the resultant

52



electrodes. As shown in Figure 4.5.1.3, an irregular trace in the cyclic voltammograms
was observed in a range of 1-3.5 V independent on the potential applied, which would
correspond to irreversible oxidation. Moreover, it is clear from Figure 4.5.1.3 that the
electrochemically initiated film deposition of the Ru complex took place only when

the electrode, potentially swept between 0-8-0 V at a rate of 100mV-s™!, was used.
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Figure 4.5.1.2. Cyclic voltammograms of TiO2/FTO electrodes at a scan rate of 100

mV-s!in Step 1
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Figure 4.5.1.3. Uv-vis spectra of the resultant TiO2/FTO electrodes

As shown in Figure 4.5.1.4, the electrode was colored after Step 3, undoubtedly
indicating the film deposition. Moreover, the film deposited was insoluble in any

53



solvents including aprotic polar solvents such as DMF and DMSO. These changes
strongly support the deposition of the Ru complex through some reaction. The
electrochemically initiated film deposition method was also affected by solvents used
in Steps 1-3. Different organic electrolyte solvents, namely CH2Cl,, CH3CN, and
CH3OH, were applied in the electrolysis process. As shown in Figure 4.1.5.5, the
solvent used in Step 1 influenced, to a considerable extent, the quantity of the Ru
complex which finally immobilized on the surface of a TiO2/FTO electrode; although
dichloromethane gave a better result than acetonitrile or methanol did, it was very hard
to maintain steady conditions for the electrolysis due to the evaporation of
dichloromethane upon bubbling argon during the electrolysis. Then, acetonitrile,

which was better than methanol, was used in Step 1.

Before film deposition After film deposition

Figure 4.5.1.4. Electrodes before and after film deposition. (The electrodes were

potentially swept between 0-8-0 V at a rate of 100 mVes-1 in Step 1)
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Scheme 4.1.5.5. Effect of electrolytic solvents on the formation of Ru complex deposit

The author speculated that some active species on a TiO: surface, originated from the
decomposition of the solvent, a trace amount of an impurity, and/or the TiO2 thin-film
on the electrode itself treated at an extremely high voltage, can initiate some reactions
with the ruthenium complexes to deposit the film onto the electrode surface. Some
factors, like the electrolyte solvent and the working potential, influenced evidently the
activity and quantity of active species, substantially the amount of the immobilized

ruthenium complex.
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Scheme 4.1.5.6. Effect of washing solvents on the formation of the Ru complex
deposit
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In Step 2, no film was formed on the surface of TiO./FTO, when the electrode was

washed with DMF instead of acetonitrile (Scheme 4.1.5.6).

Because the Ru complex is soluble only in DMF and DMSO among common organic
solvents, the immobilization, Step 3, was carried out by using DMF or DMSO. To our
surprise, the film was just formed on a TiO2/FTO surface, only when DMF was used
as the solvent (Scheme 4.1.5.7). Secondarily produced active species in DMF,
transformed from primary active species existed on a TiO2 surface, may also initiate

some reaction and deposit the ruthenium complex film onto a TiO2 surface
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Scheme 4.1.5.7. Effect of immobilization solvents on the formation of the Ru complex
deposit
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Figure 4.1.5.8. Dependency of the dipping time on the film deposition
Figure 4.1.5.8 shows the effect of the dipping time in Step 3 on the electrochemically
initiated film deposition. The absorption arising from the Ru complex on the surface of
TiO2/FTO increased continuously with prolonging the dipping time. In sharp contrast,
when a TiO2/FTO electrode without any electrochemical treatment was directly dipped
into a DMF solution of the Ru complex for 24 h, no absorption of the Ru complex was
observed, indicating that the film was not formed at all on the TiO2/FTO surface

without electrochemical treatment.

4.5.2 Active species generated on the surface of TiO2/FTO by the electrochemical

treatment

0.8+
—— Without TEMPO
— With TEMPO
N
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0.0 T b T
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Figure 4.5.2.1. Effect of TEMPO on the deposition of the Ru complex
In order to know the active species generated on the TiO2/FTO surface by the
electrochemical treatment (Step 1), 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), a
typical radical capture, was added to the washing solvent in Step 2 (acetonitrile); after the
electrolysis in Step 1, the electrode was soaked in acetonitrile containing TEMPO (50

mM) for 2 h in Step 2. Then, the electrode was immersed into a DMF solution of the Ru
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complex for 24 h (Step 3). As shown in Figure 4.5.2.1, the deposition of the Ru complex
was considerably inhibited by TEMPO. On the basis of this result, the author supposed
the formation of a radical species, which may react with the vinyl group in the Ru
complex. The radical formation would be consistent with the fact that irreversible
oxidation took place during the electrolysis of a TiO2/FTO electrode.

To study the surface condition of TiOz2 in the electrolysis, the quartz crystal microbalance
(QCM) method was used. QCM, which can monitor a small change of mass (down to 1
ng cm per Hz), has broad applications in polymer chemistry.>
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Fig 4.5.2.2. Quartz crystal microbalance (QCM) chart during the electrolysis (10°Hz = 1
ug cm?; scan rate, 100 mV s'; solution, CH3CN with 0.1M TBAP; F=8793775.1 Hz at
AF=0 Hz; electrode, TiO2 on Pt/Quartz)

As shown in Figure 4.5.2.2, from 3 V to 4 V, the mass of the electrode (TiO2-coated
Pt/quartz electrode) decreased evidently, but during 4-8-0 V, a constant mass was
maintained. This phenomena would be valuable for the explaination of the formation of
radicals during the electrolysis. Between 3V and 4V, some species (such as the adsorbed
solvent and/or the supporting electrolyte) attached on a TiO2 surface decomposed to give

oxidized species, so that the loss of mass was observed, and the quantity of the oxided
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species did not increse due to the saturation of the reaction. During 8-0 V, the current
flow direction was opposite to that from 0 V to 8 V. As a result, the oxidized species may
get electrons and would be reduced to neutral radicals. So, the obvious change of the
mass was not observed. The real character of the active species on the TiO2/FTO surface
and the reaction mechanism for the deposition of the Ru complex are not clear at present;

the author should continue to clarify them in a near future.

4.5.3 Incident photon-to-current conversion efficiency of the Ru complex film

Incident photon-to-current conversion efficiency (IPCE), which defines light to electricity
conversion efficiency at a certain wavelength (1), is one of important parameters for the
evaluation of a dye-sensitized solar cell (DSSC) performance. IPCE was plotted as a
function of the wavelength of incident light. Solar cells, sensitized with the present
ruthenium complex film deposited by the newly developed method, were fabricated to
measure their conversion efficiency of a monochromatic light to current (1.1 mM Lil/I2 in
CH3CN as a mediator, a platinized FTO glass as a photocathode, and the present

ruthenium complex film-coated TiO2/FTO electrode as a photoanode).

40+
—— With CH,=CHC H,SO Na

= = Without CH =CHC H,SO Na

304
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IPCE%
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Scheme 4.5.3.1. Spectral response curve of photocurrent for a DSSC consisting of the
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ruthenium complex film deposited without sodium 4-vinylbenzenesulfonate (---) and
with sodium 4-vinylbenzenesulfonate (—)

The maximum IPCE of the Ru complex film, obtained by the present method, was
disappointedly only 1.2% at 440 nm. The low efficiency would arise from a fast back
electron transfer. In general, electron transport through films takes place in association
with a successive electron transfer between neighboring redox centers.! After an electron
transfer from an excited dye to a neighboring ground-state dye, two kinds of charged
moieties, positively and negatively charged moieties, were formed. Strong electrostatic
interaction between the two charged dyes can accelerate electron recombination and

decrease the IPCE (Scheme 4.5.3.2).

Electron injection Electron injection

Electron recombination: fast Electron recombination: slow
(M= Ru) (M = Ru)

Scheme 4.5.3.2. Possible electron transfer process occurred in the film
Then, the author conversely considered that IPCE would be improved when the electron
recombination between the layers is blocked. On the basis of the consideration, the author
coexisted sodium 4-vinylbenzenesulfonate with the Ru complex for the immobilization
(Step 3) with an expectation that the sodium cations and the sulfonate groups would

partially stabilize electron-accepting dye moieties and electron-donating dye moieties,
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respectively. Composite films consisting of the Ru complex and sodium 4-
vinylbenzenesulfonate were similarly deposited by using a DMF solution containing the
Ru complex and sodium 4-vinylbenzenesulfonate (1:1 molar ratio) in the immobilization
(Step 3). Although the UV-vis absorption of the composite film decreased with the
addition of sodium 4-vinylbenzenesulfonate, the IPCE of the composite film was
dramatically increased to show maximum IPCE of 31.7% at 438 nm. The highly
improved IPCE would arise from the electronic neutrality of the composite even after
charge separation, which was secured by sodium 4-vinylbennzenesulfonate, that is,
sodium cations would neutralize electron-accepting dyes while sulfonate groups would
neutralize electron-donating dyes. Thus, the composite film could provide much higher
IPCE by the inhibition of a back electron transfer.

Until now, the cause of the ruthenium complex deposition and the nature of the
corresponding film are still unknown. So, tremendous efforts should be devoted to push

this research ahead.
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Chapter 5 Polymerization of 3-alkylthiophenes with transition metal

complexes

5.1 Introduction

Conducting polymers, which are distinguished in high strength-to-weight ratio,
toughness, ease of processing into a film and ease of the molecular design of desired
properties, are extremely attractive for applications in the area of solar energy collection
and storage,'? advanced communication,® robotic system* and so on. The synthesis and
properties of conjugated polymers have attracted significant interest over the past twenty
years.> Among various conducting polymers, poly(3-alkylhiophene)s are one of the
most thoroughly investigated linear conjugated polymers. Generally, the polymerization
of 3-alkylthiophenes can be carried out by many different methods. These methods can
be classified into three categories: (i) metal-catalyzed coupling reactions, (ii)
electropolymerizations, and (iii) chemical oxidative polymerizations. Yamamoto et a/
have reported the nickel-catalyzed polycondensation of 2,5-dibromothiophene to afford
2,5-coupled polythiophene in 1980.” Unfortunately, the extremely poor solubility and
infusibility of the unsubstituted poly(thiophene) obstructed its application. In the quest of
soluble and processable poly(thiophene)s, 3-alkylthiophenes were used as the monomer.
In 1985, Elsenbaumer and his co-workers synthesized a poly(3-alkylthiophene) using the
nickel-catalyzed polycondensation of a 2,5-harogenated 3-alkylthiophene to obtain a 2,5-
coupled poly(thiophene).® Electropolymerization is a widely used method for the
preparation of insoluble films of poly(3-alkylthiophene)s on an electrode surface.’

Usually, polycondensation and electropolymerization just afford poly(thiophene)s with
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low molecular weight. Contrarily, the FeCls oxidative polymerization of 3-
alkylthiophenes, reported by Sugimoto et al/ in 1986, produces much higher polymers
with polydispersity ranging from 1.3 to 5.!°

Poly(3-alkylthiophene)s have an orthorhombic crystal structure, and the conformation of
the alkyl chains is mostly transoid at RT.!' Regardless of poly(3-alkylthiophene)s being
crystalline polymers, practical poly(3-alkylthiophene)s consist of polycrystalline regions
and large amorphous regions which arise from the dissymmetry of the thiophene ring.
The dissymmetry of the thiophene ring resulting from the 3-substitution on the thiophene
ring leads to three different coupling modes along the polymer main chain; thereby three
types of dyads and furthermore four types of triads. The chemical structures of dyads and
triads are exhibited in Scheme 5.1.1.

Dyads
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Scheme 5.1.1. Coupling regiochemistry in the polymerization of 3-alkylthiophenes
Generally, both chemical oxidative polymerization and metal-catalyzed polycondensation

afford all types of dyads and triads presented above to form regio-random poly(3-
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alkylthiophene)s. The presence of 2,2’-dyad (HH coupling) and 5,5’-dyad (TT coupling)
in regio-random poly(3-alkylthiophene)s causes an increased twist between the thiophene
units (due to steric repulsion) with the concomitant loss of conjugation. This structural
feature results in an increased band gap energy between the bottom edge of the
conducting band and the top edge of the valence band (blue shift in absorption and
luminescence) to decrease electrical conductivity and to bring other undesired changes in

electrical properties.

R R R
1. LDA, -78°C 3. Ni(d Cl
Mccullough method I\ i(dppp)Cla, NI
S Br 2.MgBry-Et,O 4. CH30H S S n
HT content> 97%
R R R
1. R'MgBr, THF 2. Ni(dppp)ClI
Mccullough new method B ﬂ g ‘> BYS
7 B rt 3. CH3OH S s
HT contentr> 97%
R R R
1. Zn*, -78°C 2. Ni(dppe)Cl,
Rieke method Br— g7 TBr THF 3. CH3OH S S

n
HT content> 97%

h h
Cl Cl Cl Cl

Ni(DPPE)CI, Ni(DPPP)CI,

Scheme 5.1.2. The Mccullough and Rieke methods for the synthesis of regioregular HT-

poly(3-alkylthiophene)s
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Therefore, synthetic methodologies have been evolved to prepare regioregular poly(3-
alkylthiophene)s. Several approaches have been proposed to synthesize sterically least
congested HT-poly(3-alkylthiophene)s which have desirable physicochemical properties,
compared with those of other poly(3-alkylthiophene)s. Mccullough et a/ have developed
two approaches to efficiently synthesize poly(3-alkylthiophene)s with high HT
regioregularity. In these two methods, 2-bromo-3-alkylthiophen-5-ylmagnesium
bromides, generated by regiospecific metallation of 2-bromo-3-alkylthiopnenes with
lithium  diisopropylamide  (LDA) or  2,5-dibromo-3-alkylthiophene  with
methylmagnesium or vinylmagnesium polymerized in the presence of a small amount of
Ni(dppp)Cl2 applying the Kumada cross-coupling method to yield almost 100%
regioselective HT-poly(3-alkylthiophene).!! In the Rieke method, highly active “Rieke
Zinc” (Zn*) was utilized to form bromo-substituted thiophene-based zinc intermediates
which polymerized with a catalytic amount of Ni(dppe): to afford almost 100%
regioselective poly(3-alkylthiophene)s (Scheme 5.1.2).!?

Other than regioselectivity, molecular weight and molecular weight distribution (PDI) are
important parameters influencing the properties of poly(thiophene) derivatives. Although
the Mccullough methods, the Rieke method, and other newly developed approaches can
lead the formation of regioregular poly(3-alkylthiophene)s with relatively low molecular
weight, the complexity of these reactions and reaction conditions make the reactions
inapplicable in a large scale.

On the contrary, the FeCls oxidative method has advantages in relative simplicity of
experimental set-up and mild reaction conditions; this method has become extremely

prevalent for the laboratory- and industrial-scale syntheses of poly(alkylthiophene)s and
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their derivatives.

Andersson et al. found a high degree of regioregularity (HT content was 94 =2%) when

FeCls was added to the monomer mixture slowly.'?
Although three possible polymerization mechanism of 3-alkylthiophenes with FeCls in
CHCI: have been proposed (radical initiated polymerization,'* carbocation

4 and radical carbocation polymerization'®), its reaction mechanism is

polymerization,'
still remained under intense and controversial discussion. The heterogeneity of a reaction
for the polymerization of 3-alkylthiophenes with FeCls in CHCI3 makes studies on
reaction mechanisms difficult. Then, the author investigated the effect of oxidants,

additives, solvents etc. on the oxidative polymerization of 3-hexylthiophenes. The study

will provide beneficial insight on its reaction mechanism.

5.2 Polymerization and characterization of poly(3-alkylthiophene)s prepared by the
chemical oxidative method

Materials: 3-Hexylthiophene, 2-bromo-3-hexylthiophene, 2,5-dibromo-3-
hexylthiophene, FeCls and 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO) were used as
received from Tokyo Chemical Industry Co., Ltd. FeBrs was purchased from Sigma-
Aldrich Co., Ltd. CHCIs, benzene, toluene, xylene, mesitylene were dried by standing
over 4A molecular sieves 1 day and bubbled with argon for 15 min prior to use. The
weighing of dehydrated FeCls and FeBrs was performed in a dry vacuum box (UNICO
UN 650F) under argon. a-Cyano-4-hydroxycinnamic Acid (CCA) was purchased from
Tokyo Chemical Industry Co., Ltd and used as the matrix in the MALDI-TOF MS

measurement of oligo(3-hexylthiophene)s and oligo(2, 5-dibromo-3-hexylthiophene)s.
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Instruments: 'H (400 MHz) and *C NMR (100 MHz) spectra were recorded on a
Bruker Ascend 400 spectrometer. All chemical shifts are given in ppm downfield from
the signal of internal tetramethylsilane. Gel permeation chromatography (GPC) was
performed by using a system consisting of a Shimadzu LC-6A pump, Tow Shodex LF-
804 columns connected in series, a Jasco RI-2031 plus intelligent RI detector, and a
ChromNAV software to determine the molecular weight and distribution of the polymers
relative to polystyrene standards. The elution solvent used was tetrahydrofuran (THF),
and GPC was carried out with an injection volume of 100 pL at a flow rate of 1 mL min
!, The MALDI-TOF MS spectra were acquired on a Bruker autoflex speed-KE in a

reflector mode.

hex hex
Ar, stir
/N + FeCly ———> /\
S (4 equiv.) CHCl; S n

Scheme 5.2.1. Synthesis of poly(3-hexylthiophene) by using FeCls in CHCl3
Polymerization of 3-hexylthiophene with FeCl; in CHCI;: Poly(3-hexylthiophene) was
prepared by following the FeCls oxidative polymerization procedure in the literature with
some modifications. To a suspension of FeCls (0.65 g, 4 mmol) in dry CHClIs3 (6.5 mL), 3-
hexylthiophene (170 pL, 1 mmol) was added dropwise with a syringe under argon
atmosphere. Stirring of the suspension was continued for an appropriate time. Then, 30
mL of methanol was added all at once to the reaction mixture to quench the reaction.
After complete removal of the solvents under vacuum, the black residue was transferred
into a thimble filter and extracted successively with methanol (100 mL) and acetone (100
mL) for several hours by the continuous Soxhlet extraction method. The resulting black

purple solid was extracted with chloroform (100 mL) by using the same apparatus. The
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light-red chloroform extract was concentrated to dryness on a rotary vacuum evaporator
to afford poly(3-hexylthiophene). The methanol extract was also condensed to dryness.
The resulting residue was treated with a mixture of chloroform (50 mL) and distilled
water (50 mL), and then the chloroform solution was washed with distilled water (3 x 50
mL) to remove unreacted FeCls and other iron salts, dry over Na2SOa and filtered. After
removal of chloroform, the brown oil-like residue was purified by distillation using a
kugelrohr (103 °C, 7.5 mmHg). The acetone extract was concentrated to afford the
acetone-soluble oligomer.

Polymerization of 3-hexylthiophene with FeBr; in CHCls was performed with a
procedure similar to that mentioned above, except that the quench of polymerization was

realized by adding extremely cold methanol (-180°C) dropwise to the reaction mixture. It

is worthy to note that this polymerization should be stopped by the dropwise addition of
extremely cold methanol, in light of the release of a large amount of heat arising from the

decomposition of FeBr3 with methanol.

hex hex
Ar, stir
Z/ \g + FeCly, ————————~= /N
S (4 equiv.) Benzene S,

Scheme 5.2.2. Synthesis of poly(3-hexylthiophene) with FeCls in benzene
Polymerization of 3-hexylthiophene with FeCls in aromatic hydrocarbons: The
polymerization of 3-hexylthiophene in benzene was performed with a procedure similar
to that of the polymerization of 3-hexylthiophene with FeCls in dry CHCI3 mentioned
above, except for the replacement of CHCIs with benzene.

The polymerization of 3-hexylthiophene with FeCls in toluene, xylene and mesitylene

were conducted with a similar procedure performed above.
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Scheme 5.2.3. Synthesis of poly(3-hexylthiophene) with FeCls in the presence of
TEMPO

Polymerization of 3-hexylthiophene with FeCls in the presence of TEMPQO: To a
stirred suspension of FeCls (0.65 g, 4 mmol) in 6.5 mL of CHCIs, TEMPO (2,2,6,6-
Tetramethylpiperidin-1-yl)oxyl (0.12 g, 0.8 mmol) was added all at once, and then the
suspension was stirred for 1 h. A color change of the suspension from black to yellow
occurred, when TEMPO was added. 3-Hexylthiophene (0.17 g, 1 mmol) was added
dropwise to the yellow suspension, stirred for another 2 h under argon. The polymer was
precipitated upon adding the reaction suspension in CHCI3 into methanol (100 mL). Then,
the solvents were removed by a rotary evaporator to afford a black residue, which was
thoroughly filtered through a thimble filter. The polymer was further purified by
extracting with methanol (100 mL), acetone (100 mL), and CHCI3 (100 mL) by using a
Soxhlet extractor. The CHCIs extract was concentrated, dried under vacuum to give a
dark red solid with metallic luster.

Molecular weight of the CHCIs-soluble fraction of poly(3-hexylthiophene): Mn=138500;

Mw=1610800; PDI (Mw/Mn)=11

5.3 Results and discussion
5.3.1 Usefulness of Soxhet extraction in the isolation of poly(3-alkylthiophene)

prepared with FeClz in CHCl3
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Figure 5.3.1.1. GPC profiles of three fractions of poly(3-hexylthiophene) prepared by the

standard FeCls method (reaction conditions : 0°C, 2 min)

Soxlet extraction is a benchmark technique in the extraction of compunds with low
solubility in some solvents from the reaction mixtures.'® This method for separation relies
on the solubility characteristics of particular species involved. By rinsing with solvents
with the different polarity (in the present experiments, methanol was used to eliminate
unreacted FeCls, other iron salts and oligomer with low molecular weight; acetone was
utilized to remove oligomers with middle molecular weight; CHCIs was used to collect
polymer), poly(3-alkylthiophene)s can be separated into three fractions (methanol-soluble
fraction, acetone-soluble fraction, and CHCls-soluble fraction). The usefulness of Soxhlet
extraction has been was demonstrated by the GPC (gel permeation chromatography)
analysis of the three fractions of poly(3-hexylthiophene)s. From Figure 5.3.1.1, it is
clearly found that oligo(3-hexylthiophene) was effectively separated from poly(3-
hexylthiophene) and that oligomers collected from the acetone solution have a molecular

weight larger than that of oligomers recovered from the methanol solution.
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5.3.2 Solubility of poly(3-hexylthiophene) at room temperature

CCla O Benzene O Hexane A Diethyl A
ether

CHCL O Toluene O Cyclohexane Diisopropyl X
ether

CH2CL O Xylene O Pyridine A Acetone X

CH2CICHAC A Mesitylene O 1,4-dioxane Ethyl X

acetate
CH3COOH X 0 X DMSO X DMF X

Scheme 5.3.2.1. Solubility of poly(3-hexylthiophene) in common organic solvents at

room temperature (O): Soluble; A: Slightly soluble; X: insoluble)

As well-known, the low solubility of unsubstituted thiophene polymers in organic
solvents, resulting in poor processability and difficulty in structural characterization, has
limited their potential applications. The introduction of an alkyl group (typically, hexyl
and octadecyl) at the 3-position of the thiophene ring, breaking the symmetric structure of
the thiophene polymer backbone and increasing interplanar spacing, imparts a premium
solubility in common organic solvents such as CH2Cl., CHCls, and aromatic solvents
(benzene, toluene, xylene and mesitylene). The conformational difference of polymer
main chains in different solvents may be the origin of the color difference in these
solvents. The detailed study on the effect of solvents on the color of

poly(alkylthiophene)s has been reported by Sugimoto et al in 1987."
5.3.3 Influence of the molar ratio of 3-hexylthiophene to FeCl; on the polymer yield

The influence of the molar ratio of 3-hexylthiophene monomer to the oxidizing agent,

FeCls, on the polymer yield was investigated, and the results are summarized in Table
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5.3.3.1. When the ratio was reduced from 1:4 to 0.15:4, about two-fold increase in the
resulting polymer yield was evidently observed.
Table 5.3.3.1. Conversion of the monomer to the polymer at different monomer-to-

oxidizing agent ratios (All reactions were conducted at 0 °C).

Reaction Molar  Oligomer Polymer Gel Yield Total

B0ty pime (min)  Ratio  Yield (%) Yield (%) (%)  Yield (%)
1 2 1:04 3 16 0 19
2 2 0.15:4 5 31 0 36
3 3 1:04 2 22 0 24
4 3 0.15:4 5 46 0 51
5 5 1:04 3 30 0 33
6 5 0.15:4 6 62 0 68

*monomer versus FeCls

5.3.4 Effect of oxidants on the polymerization of 3-alkylthiophene

Other than FeCls, FeBrs and FeCl3-6H2O were also tried to use as the oxidant in the
synthesis of poly(3-alkylthiophene)s. However, FeCl3-6H20 did not work as the oxidant
in the polymerization of 3-hexylthiophene. On the other hand, FeBr3, an analogue of
FeCls, acted as the oxidizing agent for the polymerization of 3-alkylthiophene.
Comparing with FeCls, under standard reaction conditions, FeBr3 could offer poly(3-
hexylthiophene) with higher molecular weight but lower polymer yield (Table 5.3.4.1).
The covalent incorporation of the bromide atom(s) of FeBrs into the polymer backbone

was observed by MOLDI-TOF MS spectrometry (Scheme 5.3.4.2). Although FeBr3 is not
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as convenient as FeCls in usage, poly(3-alkylthiophene)s with bromine end group(s) are
more fascinating than their chlorinated analogues, because further functionalization of
brominated poly(3-alkylthiophene) is easy through the metallation of the bromo
functionality.'®

Table 5.3.4.1. Effect of oxidants on the polymerization of 3-hexylthiophene (the reaction
was conducted with a standard procedure described in the literatures!® (Reaction

temperature, 0 °C; reaction solvent, CHCl3; molar ratio of monomer/oxidant, 1:4)

Oligomer Polymer Gel Total MW of Polymer

Reaction
Run Oxidant Yield Yield Yield Yield
Time (h) Mn Mw
(%) (%) (%) (%)
1 16 FeCls 4 71 0 75 33800 145000
2 16 FeBr3 15 36 0 51 128900 297000
800001 & o1
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Scheme 5.3.4.2. MALDI-TOFF MS spectrum of the acetone-soluble fraction of poly(3-
hexylthiophene) prepared by the FeBrs oxidative method (reaction temperature, 0 °C;
time, 16 h; solvent, CHCI3).

5.3.5 Effect of additives on the polymerization of 3-hexylthiophene with FeCl3

76



Table 5.3.5.1. Effect of FeCl2 on the polymerization of 3-hexylthiophene with FeCls in

dried CHCls (star symbol indicates the molar ratio of FeCls/ FeCl2)

Temp Reaction Molar Oligomer Polymer
Run Oxidant
(0°C) Time (min) Ratio Yield (%) Yield (%)
1 0 5 1:4 FeCls 3 30
FeCl3 + FeClz
2 0 5 1:4 - 10
(20:1)*

Table 5.3.5.2. Effect of TEMPO on the polymerization of 3-hexylthiophene with FeCls

in CHCls (reactions were conducted at 0 “C in CHCI3 with a 3-hexylthiophene/FeCls ratio

of 1:4)
Yield for MW for polymer
Yield for Yield for
Run TEMPO acetone
polymer part gel Mn Mw
part
1 0 4.1% 67% 0 48400 161000
2 0.8 equiv. 4.6% 72% 0 138500 1611000

The effect of FeClz and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) as an additive on
the polymerization of 3-hexylthiophene with FeCls in dried CHCIs was determined. As a
result, it was found that the addition of FeCl: evidently decreased the monomer-to-
polymer conversion as shown in Table 5.3.5.1. However TEMPO brought a positive
effect on the polymerization of 3-hexylthiophene. When the polymerization was
performed in the presence of TEMPO, poly(3-hexylthiophene) was obtained in higher

polymer yield and with higher molecular weight (Table 5.3.5.2). Poly(3-hexylthiophene)
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synthesized in the presence of TEMPO showed a similar absorption spectrum to that of
poly(3-hexylthiophene) prepared by the standard FeCls oxidation, indicating the similar

planarity of the two polymers (Scheme 5.3.5.3).

1.0+

—— With TEMPO

0.8 = Without TEMPO

0.6+

0.4+

Absorbance

0.2+

0.0 . T . T 1
300 400 500 600

Wavelength / nm
Scheme 5.3.5.3. Uv-vis spectra of poly(3-hexylthiophene) prepared in the presence

(black solid) and absence (red solid) of TEMPO.
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Scheme 5.3.5.4. MALDI-TOF MS spectroscopy of the acetone-soluble part of poly(3-
hexylthiophene) prepared in the presence of TEMPO

To get more information about the effect of TEMPO on the resulting polymer, MALDI-
TOF MS spectroscopy, popular in the structural analysis of polymers, was adopted. As
shown in Scheme 5.3.5.4, only [H + CI]* and [H + H]" ion series could be identified,

different from the ion series of poly(3-hexylthiophene) synthesized in the absence of
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TEMPO (besides [H + Cl]"and [H + H]" ion series, [2CI]" and [nCl]"(n>2) were also
observed in the latter sample). This finding may be helpful for the understanding the role
of TEMPO on the polymerization, in view of serious deterioration of the polymerization
activity by the halogenation of 3-alkylthiophene monomer and the resulting oligomer."”

In the area of the metal-free catalytic oxidative transformation of alcohols to aldehydes,
TEMPO has emerged as a novel catalyst.!” The mechanism of TEMPO-mediated
oxidation of alcohols to aldehydes has been proposed as shown below (Scheme 5.3.5.5).%°
The secondary oxidants, such as bleach and FeCls-6H20, oxidize TEMPO into its
oxoammonium salt, which transform alcohols to the corresponding aldehydes as a
primary oxidant. The transformation results in the generation of the corresponding
hydroxylamine derivative that is oxidized to TEMPO by the secondary oxidant. Thus,

one catalytic cycle completes.

T
Primary oxidant >(Nj<

Oxoammonium salt b
0
X_

Secondary oxsdant T M‘ - Secondary oxidant

TEMPO radical

Hydroxyamine

Scheme 5.3.5.5. Catalytic cycle of TEMPO-mediated oxidation of alcohols to aldehydes
In a similar manner, a possible mechanism for the polymerization of 3-hexylthiophene in
the presence of TEMPO is proposed as shown in Scheme 5.3.5.6. As a mild oxidant,
FeCls oxidized TEMPO to its oxoammonium salt, which was evidenced by a color
change of a FeCls suspension in CHCls from black to yellow. After dropwise addition of
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the monomer to the yellow suspension, a color change of suspension occurred from
yellow to black, implying the polymerization of 3-hexylthiophene with the
oxoammonium salt of TEMPO proceeded. Along with polymerization, the
oxoammonium salt of TEMPO is reduced to its hydroxylamine, which subsequently is

oxidized to TEMPO radical by FeCls.

hexyl hexyl
/\ / \

Primary oxidant 7;:!:? J:NjL Hydroxyamine

Oxoammonium salt 1] |

o OH
cl
FeCJ\ 7:N:K /ecb
S g i
o) =
TEMPO

Scheme 5.3.5.6. A possible mechanism for the polymerization of 3-hexylthiophene in the

presence of TEMPO

5.3.6 Solvent effect for the polymerization of 3-alkylthiophene with FeCl;

5.3.6.1 Usefulness of Soxhet extraction in the isolation of poly(3-alkylthiophene)
prepared with FeCls in aromatic solvents

The solvent effect for the 3-alkylthiophene polymerization with FeCls was studied in
detail. Other than the reported chlorinated solvents (CH2Cl,, CHCIs and CCls), the
polymerization was found to proceed in aromatic solvents (benzene, toluene, xylene and

mesitylene) (Scheme 5.3.6.1.1).
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Scheme 5.3.6.1.1. Aromatic solvents adopted in this work

As described in 5.3.6.1.2, poly(3-hexylthiophene)s synthesized in aromatic solvents were
also isolated from solid masses by continuous Soxhlet extraction (methanol, acetone and
CHCIs in turn). The effectiveness of the extraction was verified by the GPC analysis of

the corresponding extracts (Scheme 5.3.6.1.2).
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Scheme 5.3.6.1.2. GPC of CH30H-soluble, acetone-soluble, and CHCIz-soluble fractions

of poly(3-hexylthiophene) prepared in toluene

5.3.6.2 Temperature dependency of the polymerization of 3-hexylthiophene in

aromatic solvents
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Scheme 5.3.6.2.1. GPC profiles of poly(3-hexylthiophene)s prepared in aromatic solvents

at 0 °C (as frozen at 5 °C, the polymerization of 3-hexylthiophene in benzene was

conducted at 6 °C)
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Scheme 5.3.6.2.2. GPC profiles of poly(3-hexylthiophene)s prepared in aromatic solvents

at room temperature

The reaction of aromatic solvents with FeCls has been reported by Wu et al.?! However,

the polymerization of 3-alkylthiophenes with FeCls in an aromatic solvent has not been

investigated. When conducting the polymerization reaction in aromatic solvents, rising

the reaction temperature from 0 °C to room temperature (23 °C) resulted in the definite

formation of oligomer in higher yield and that of polymer in slightly changed yield and

with lower molecular weight (except for benzene, oligomer yield was hardly changed
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when elevated the temperature), which is opposite to the observed results of the
polymerization of 3-hexylthiophene in CHCIs (Scheme 5.3.6.2.1 and Scheme 5.3.6.2.2).
These results suggest that the resulting oligomers formed in toluene, xylene and
mesitylene show low polymerization activity at a higher temperature. Likewise, the
solvent used imposes vast influence on polymer yield and polymer molecular weight. The
molecular weight of poly(3-hexylthiophene) obtained in the aromatic solvents follows the
following sequence: benzene > toluene > xylene. In mesitylene, only oligomer was
generated, independent of the reaction temperature. These results can imply the inhibition
of polymerization, due to the steric hindrance of the aromatic solvents, which increased
from benzene to mesitylene. Comparing with the reaction in CHCIs, the reaction in
benzene provided poly(3-hexylthiophene) with much higher molecular weight and
decreased polymer yield under the same reaction conditions.

5.3.6.3 Structure analysis of poly(3-hexylthiophene)s prepared in aromatic solvents

® & 9

CHCIs Toluene Benzene
Scheme 5.3.6.3.1. Photos of poly(3-hexylthiophene)s prepared in different organic
solvents at room temperature
As shown in Scheme 5.3.6.3.1, the appearance of poly(3-hexylthiophene)s synthesized in
benzene presented dark gray color and non-metallic luster, which are quite different from

those of poly(3-hexylthiophene)s synthesized in CHCIs, indicating the difference in the
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conjugation degree of the resulting polymer main chain between these two polymers.
Although the reaction in toluene output poly(3-hexylthiophene)s (P3HTs) with similar
appearance to that of P3HT produced in CHCI3, the use of xylene just provided brown-
colored, oily, low molecular P3HT.

1.2

Toluene
—— Xylene

o
{=-]

Absorbance
(=]
Y
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300 400
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500 600

Scheme 5.3.6.3.2. UV-vis spectra of poly(3-hexylthiophene)s synthesized in CHCIs,
benzene, Toluene, and xylene at room temperature for 2 h.

The difference of the color of poly(3-hexylthiophene)s synthesized in different solvents
were also recorded by UV-vis spectroscopy (Scheme 5.3.6.3.2). The blue shift of the
maximal absorption wavelengths of P3HTs, polymerized in aromatic solvents, was
clearly demonstrated, comparing with that of P3HTs obtained in CHCI3 (Amax(CHCl3) =
438 nm; Amax(benzene) = 415 nm; Amax(toluene) = 427 nm; Amax(xylene) = 355 nm). A
blue shift of up to 23 nm may explain the color difference between polymers synthesized
in benzene and CHCIs. The completely different UV profile of P3HTs obtained in xylene
may point out their nature of low molecular weight.

As a powerful tool for structural analysis, 'H NMR has been widely used to characterize
polymers. By comparing the '"H NMR of P3HT synthesized in CHCIl3 with that of P3HT

prepared in benzene, new peaks in a range from 7.7 ppm to 7.3 ppm were observed
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(Scheme 5.3.6.3.3), which were designated to the protons of benzene rings. This means
that benzene molecules may be incorporated into the polymer main chain by the

copolymerization with 3-hexylthiophene monomer in the presence of FeCls.

p3ht benzene chcl3 part.010.001.1r.esp

Normalized Intensity

7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6
Chemical Shift (ppm)

Scheme 5.3.6.3.3. '"H NMR of poly(3-hexylthiophene) prepared by the standard FeCls
oxidative method in benzene

MALDI-TOF MS (Matrix-assisted laser desorption-ionization time-of-flight mass
spectrometry) is becoming a vital tool for the analysis of many biopolymers and the
characterization of synthetic polymers.?’ Advantages of MALDI-TOF MS over GPC for
synthetic polymers can be summarized as follows:

(i) The absolute molecular weight of synthetic polymers can be determined as opposed to
the relative molecular weight by GPC.

(i1) The end group of synthetic polymers can be monitored.

The structure of the acetone-soluble poly(3-hexylthiophene) attained in benzene was
verified by MALDI-TOF MS by using a-cyano-4-hydroxycinnaminic acid (CCA) as the
matrix (Scheme 5.3.6.3.4). To our surprise, common end groups like [H+CI1]", [2CI]*, and
[H+H]*, which were presented in poly(3-alkylthiophene)s synthesized by FeCls in CHCl3
were not found in this sample. In contrast, the presence of three novel end groups ([Ph +

Cl], [Ph + H] and [2Ph]) were undoubtedly confirmed.
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The characterization of the acetone-soluble fraction of poly(3-hexylthiophene) obtained
in xylene was also conducted by MALDI-TOF MS. Different from the three end groups
in the acetone-soluble fraction of poly(3-hexylthiophene) prepared in benzene, only [2
xylene] was found as the end group (Scheme 5.3.6.3.5). For P3HTs attained in toluene

and mesitylene, similar results were obtained.
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Scheme 5.3.6.3.4. MALDI-TOF MS spectrum of the acetone-soluble fraction of poly(3-
hexylthiophene) prepared in benzene
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Scheme 5.3.6.3.5. MALDI-TOF MS spectrum of the acetone-soluble fraction of poly(3-

hexylthiophene) prepared in xylene.
Other than chlorinated methane and aromatic solvents, diethyl ether, diisopropyl ether,

and ethyl acetate were also adopted in the polymerization of 3-hexylthiophene with
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FeCls. The results are summarized in Table 5.3.6.3.6.
Table 5.3.6.3.6. Polymerization of 3-hexylthiophene with FeCls in diethyl ether,

diisopropyl ether, and ethyl acetate at 0 °C for 2 h

Yield of acetone Yield of Yield of Total Mn of

Solvent part oligomer (%) polymer (%) gel (%)  Yield (%) Polymer
Diethyl ether 0.6 0.6 0.2 1.4 17000
Diisopropyl 0.6 0 0 0.6 0
ether
Ethyl acetate 0.2 2.8 1.9 4.9 10600

As presented in Table 5.3.6.3.6, only a trace amount of oligomer and polymer with low
molecular weight were obtained, indicating a negative effect of the three solvents on
polymerization. This obstruction can be explained by the coordination of the solvents to
FeCls to form the corresponding Lewis acid/Lewis base salts, which could not initiate the
polymerization of 3-hexylthiophene, similar to that with FeCl3'(H20)s in CHCl3 as

mentioned in 5.3.4 (Scheme 5.3.6.3.7).

FeCl; + nR-O-R — FeCl3'(ORy), R= ethyl, isopropyl

FeCI3 + nCH3COOCQH5_> FeC|3'(CH3COOC2H5)n

Scheme 5.3.6.3.7. Possible coordinations between FeCls and several solvents
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Chapter 6 Kinetics of the polymerization of 3-alkylthiophene with FeCls

6.1 Introduction

The syntheses and properties of conjugated conducting polymers have attracted much
interest over a quarter of a century. Since the FeCls oxidative polymerization method has
been firstly reported by Sugimoto et al in 1986,' this method with advantages in relative
simplicity of experimental set-up and mild reaction conditions has become extremely
prevalent for the laboratory- and industrial-scale syntheses of poly(alkylthiophene)s and
their derivatives. Various types of substituted poly(thiophene)s prepared by the present
method have been extensively studied, and a number of intriguing applications also have
been proposed for these substituted poly(thiophene)s.>® Even though the importance of
poly(alkylthiophene)s as one of conducting polymers is well-known, systematic kinetics
studies on the polymerization of substituted thiophenes by using FeCls have not been
reported until now, except for a fragmental report by Olinga and Francois that the
polymerization of unsubstituted thiophene with FeCls followed a first order vs. monomer
at a very low initial concentration of the monomer.” In this chapter, the author describes
kinetics of 3-hexylthiophene polymerization initiated by FeCls and discusses the
mechanism of the FeCls oxidative polymerization. Although bromo-substituted 3-
alkylthiophenes have been explored as blocks in the synthesis of HT-regioregular poly(3-
alkylthiophene)s by metal-catalyzed polycondensation methods about twenty years ago,
the possibility of the directive polymerization of these halogen-substituted 3-

alkylthiophenes by chemical oxidative approaches has not been examined up to now. In
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this chapter, the author also describes studies on the polymerization activity of these

halogen-substituted 3-alkylthiophenes by chemical oxidative approaches.

6.2 Experimental section

Materials: 2-Bromo-3-hexylthiophene and 2,5-dibromo-3-hexylthiophene were
purchased from Tokyo Chemical Industry Co., Ltd. and used as received. CHCI3 was
dried over 4A molecular sieves for 12 h and bubbled with argon for 10 min prior to use.
To avoid hydrolysis, FeCls was weighed in a glove box. All experiments mentioned

below were conducted under argon atmosphere, unless otherwise noted.

hexyl hexyl
[+ ey 2020 (Y
S (4 equiv.) CHCl3 S =419

Scheme 6.2.1. Oligomerization of 2-bromo-3-hexylthiophene with FeCls in CHCl3
Oligomerization of 2-bromo-3-hexylthiophene with FeCl; in CHCls: To a stirred
suspension of FeCls (2.6 g, 16.2 mmol) in dry CHCI3 (15 mL), 1.00 g (4.1 mmol) of 2-
bromo-3-hexylthiophene was added dropwise under argon atmosphere at 34 °C. The
stirring was continued for 2 h, and then the suspension was poured into 100 mL of
methanol all at once to quench the polymerization reaction. Solvents were removed with
a rotary vacuum evaporator to afford a brown oil. The resultant was transferred into a
thimble filter by wiping with absorbent cotton, and then continuously extracted with
methanol (100 mL) to remove off unreacted FeCls and other iron salts. After the
extraction, the solvent in the thimble filter became colorless, and then the resulting

material in the thimble filter was extracted with 100 mL of acetone in a Soxhlet extractor.
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The yellow acetone solution was concentrated to dryness to give 0.4 g of a brownish
yellow oil. Yield: 39%.
The molecular weight of the acetone-soluble oligomer: Mn = 1100; Mw = 1300; PDI
(Mw/Mn) = 1.1
The oligomerization of 2,5-dibromo-3-hexylthiophene with FeCls in chloroform was
carried out in a similar manner, except for the reaction temperature (0 “C).
The molecular weight of the acetone-soluble oligomer: Mn = 1100; Mw = 1200; PDI
(Mw/Mn) = 1.1
R R R
M+ pen, OO i M@%
B s” B 4equv)  CHCl S - R
Scheme 6.2.2. Oligomerization of 2,5-dibromo-3-hexylthiophene with FeBrs in CHCI3

Oligomerization of 2,5-dibromo-3-hexylthiophene with FeBr; in CHCls: 2.5-
Dibromo-3-hexylthiophene (0.163 g, 0.5 mmol) was added with a syringe to a stirred
suspension of FeBr3 (0.591 g, 2 mmol) in dry chloroform (4 mL) under argon atmosphere
at 0 °C. The suspension was continuously stirred at 0 °C for additional 2 h. Then, the
suspension was cooled down to -78 °C by a dry ice/methanol bath, and methanol (100
mL) was added dropwise to the reaction mixture to quench the oligomerization reaction.
The solvents were removed by a rotary vacuum evaporator to afford a brown oil. The
brown oil was purified by washing with distilled water to remove unreacted FeBrs and
other iron salts, and then dissolved in chloroform (100 mL). The yellow chloroform
solution was dried over NaxSOu, filtered, and concentrated to dryness under reduced

pressure to afford a light-yellow oil.
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The molecular weight of the acetone-soluble oligomer: Mn = 810, Mw = 820, and PDI

(Mw/Mn) = 1.01.

6.3 Results and discussion

6.3.1 Kinetics study on 3-hexylthiophene polymerization with iron(IIl) chloride

The profile of 3-hexylthiophene polymerization by FeCls was obtained by monitoring the
progress of the reaction. From Figure 6.3.1.1, it is clear that under the mild reaction
conditions (0 °C), a high polymerization rate in the initial stage was realized, meaning
that the polymerization smoothly took place without any induction period. With 3-
hexylthiophene monomer being consumed during the polymerization, the rate of
polymerization (Rp) was found to decline exponentially with the reaction time. After 4 h,
Rp reduced to almost zero, implying the attainment of a stationary propagation stage. As
a result, the monomer-to-polymer conversion reached over 60% within 30 min, and the
increase of the polymer yield was significantly retarded along with the remarkable
reduction of Rp; the polymer yield was only 70% even after 16 h.

0.12-

0.08-

0.04

0 ' 240 ' 480 ' 720 ' 960
Reaction time / min

0.00

Figure 6.3.1.1. Time dependence of Rp (rate of polymerization).
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The dependency of the z average molecular weight (Mz) and the polydispersity index
(PDI = Mw/Mn) (Mw, weight-average molecular weight; Mn, number-average molecular
weight) of poly(3-hexylthiophene) on the reaction time was also investigated (Figure
6.3.1.2). The Mz was found to increase monotonically with the polymerization time in
the early stage of the reaction at 0 °C. After 4 h, the Mz was hardly changed, although the
prolonged reaction time resulted in the increase of the overall yield. Upon reflecting the
change in the Mz, the PDI was observed to rise from 2.9 to 3.9, when the reaction time
was prolonged from 2 min to 16 h. In a similar manner, the number-average chain length
of poly(3-hexylthiophene), calculated from Mn, changed from about 180 repeating units
in the early stage (within 2 min) to about 280 repeating units after 4 h and gradually set.
The author also confirmed that the regioselectivity did not change with reaction time. For
the diads, the regioselectivity of HT (head-to-tail) to HH (head-to-head) was kept to
about 4:1; for the triads, the ratio of HT-HT: HT-HH: TT-HH: TT-HT stayed about

6:1:1:1.

385000 A ! d ¥

350000
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315000
N

=
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Figure 6.3.1.2. Time dependency of molecular weight of poly(3-hexylthiophene) (Mz: z

average molecular weight)
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The change of the UV-vis spectra of poly(3-hexylthiophene)s prepared at different times

are shown

in Scheme 6.3.1.3. The maximal absorption wavelength of poly(3-

hexylthiophene) was shifted to longer wavelength from 434 nm to 440 nm, when

reactions were carried out for 2 min and 8 h, respectively, indicating that prolonged

reaction time resulted in the extension of the conjugation length of the resulting polymer

main chain.

This result is easy to understand, in terms of the rise in the polymer

molecular weight with the reaction time.
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Scheme 6.3.1.3. UV-vis spectra of poly(3-hexylthiophene)s prepared at different reaction

times
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Figure 6.3.1.4. First order kinetics at the initial stage of the polymerization.
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For the present polymerization of 3-hexylthiophene with FeCls in CHCls at 0 °C, the
author confirmed that in the initial stage (within 6 min) of the polymerization, the initial
reaction rate followed first-order kinetics (Figure 6.3.1.4). However, after 6 min,
significant deviation from first order kinetics was observed.

Polymerization initiated by FeCls was performed at temperatures from —45 to +50 °C.
The results are summarized in Table 6.3.1.5 A partially gelated polymer was obtained,
when the reaction was performed at >50 °C, probably ascribable to the cross-linking at
the 4-position of the thiophene ring in the polymer.

Table 6.3.1.5. Conversion and regioselectivity for the 3-hexylthiophene polymerization
for 0.5 h. The values in the parentheses indicate the conversion of the monomer to the
gelated polymer. The content of HT diad was determined by 'H NMR of poly(3-
hexylthiophene). RT indicates the reaction temperature. Reaction time, 30 min; molar

ratio of 3-hexylthiophene to FeCls, 1: 4

Polymer Diads Triads
Run (R(;l“) yield HH HT |HT-HT HT-HH TT-HT TT-HH
(“o) (%) (%) (“o) (“o) (“o) (“o)
1 50 76 (15) 24 76 60 14 13 13
2 30 90 (0) 19 81 65 13 12 10
3 0 45 (0) 19 81 69 11 10 10
4 -15 25 (0) 33 67 63 12 13 12
5 -45 10 (0) 44 56 49 17 16 18

As can be seen from Table 6.3.1.5, the catalytic activity (A) was not so low at low
temperatures; even when the polymerization was carried out at -45 °C, the polymer yield
of up to 10% was realized. Moreover, there was a linear correlation between the A values

and the temperatures over an entire range of temperatures. The yield of poly(3-
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hexylthiophene) per FeCls (in mol), the monomer (in mol) and time (in h) followed the
simple Arrhenius relationship (Figure 6.3.1.6). From Figure 6.3.1.6, the overall activation

energy for the polymerization was estimated to be 15.4 kJ mol™.
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Figure 6.3.1.6. Arrhenius plot of 3-hexylthiophene polymerization by FeCl; in CHCls.
The change of the regioselectivity with the reaction temperature in the polymerization of
3-hexylthiophene is also presented in Table 6.3.1.5. There is a general tendency that in a
temperature range from 30 °C to -45 °C, the content of HT decreases from 81% to 56%
with lowering the temperature, different from the results reported,® and the exception of
Run 1 is most likely due to the formation of a gel. Similar tendency is also found in HT-
HT part. A lower reaction temperature results in the decrease of the content of HT-HT,
from 69% at 0°C to 49% at -45°C. Because the 2-position is more reactive than the 5-
position of the thiophene ring in 3-hexylthiophene and because the HH coupling is
influenced by steric repulsion between two hexyl groups, the HH and HT couplings may
be kinetically and thermodynamically controlled reactions, respectively. Therefore, the
content of HT would decrease, when the polymerization was carried out at a low

temperature.
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To further understand the progress and mechanism of 3-hexylthiophene polymerization
by FeCl; in CHCl3, MALDI-TOF MS (matrix-assisted laser desorption/ionization mass
spectroscopy), which is a useful tool for the characterization of synthetic polymers, was
utilized.” The partial MALDI-TOF MS spectra of acetone-soluble oligo(3-
hexylthiophene)s by using a-cyano-4-hydroxycinnamic acid (CCA) as the matrix are
shown in Figure 6.3.1.7. The hydrogen end groups of the oligomer obtained by the
reaction at 0 °C for 8 h, are substituted with chlorine atoms, which is consistent with the
result reported by McCarley et al.!° In contrast, the end groups of the oligomer obtained
by the reaction at 0 °C for 3 min have no chlorine atom at all. This result indicates that no
chlorination took place for the terminal proton in the early stage of the polymerization

even though the molecular weight (Mn) reached to about 25,000.
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Figure 6.3.1.7. MALDI-TOF MS spectra of acetone-soluble 3-hexylthiophene oligomers
(CCA as the matrix). A, the oligomer obtained by the reaction at 0 °C for 3 min; B, the

oligomer obtained by the reaction at 0 °C for 8 h.
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In the MS spectrum of the oligomer, which was collected after the reaction at 0 °C for 8 h,
more than four ion series are presented: [166n] ¥, [166n + C1] ", [166n + 2C1] ", and [166n
+3CI]". This means that other than the substitution of terminal proton(s) with chlorine(s),
some proton(s) at the 4-position of the thiophene ring in the oligomer was also substituted
with chlorine(s) generated from FeCls. It is well-known that anhydrous FeCls is one of
chlorinating agents for aromatic compounds.'! The chlorination of the thiophene ring
likely occurs in a similar reaction mechanism.

To determine the change of the content of chlorine atom(s) in poly(3-hexylthiophene)
synthesized by using FeCls in CHCIs at different reaction times, energy-dispersive X-ray
(EDX) analysis, which is a novel technology to determine the elemental distribution of a

sample with several micrometers range,'*!3

was performed. As shown in Scheme 6.3.1.8,
the TEM (transmission electron microscopes) image of poly(3-hexylthiophene) showed a
rough surface. The EDX analysis indicated that the chlorine content in percentage in

poly(3-hexylthiophene)s increased from 0.06% (reaction time, 2 min) to 0.15% (reaction

time, 8 h) (Scheme 6.3.1.8 and 6.3.1.9) .

TEM of P3HT at 2 min C:90.02%
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Scheme 6.3.1.8. EDX of poly(3-hexylthiophene) obtained by using FeCls in CHCIs at

0 °C for 2 min
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hexyl

Scheme 6.3.1.10. Typical three types of oligomers possibly otained in the polymerization
of 3-hexylthiophene

As shown in Figure 6.3.1.7, three types of oligomers with different end-groups could be
identified in the progress of the polymerization (Scheme 6.3.1.10). On the basis of the
results on the identification of the end groups, the author speculated that in the early
polymerization stage, the propagation reaction exclusively yields the oligomer with
hydrogen end groups. With the reaction progresses, the content of the oligomer with
chlorine end group(s) increases, and the polymerization rate drastically lowers and
becomes extremely low. These phenomena would arise from the substitution of
hydrogen(s) with chlorine(s) at the terminus of the oligothiophenes. Thus, oligo(3-
hexylthiophene)s with hydrogen atom(s) at the terminus (Scheme 6.3.1.10: A-type and B-
type oligomer) can continue the polymerization by the reaction between the oligomers
and between the oligomer and the monomer. In contrast, in the case of the oligomer with
chlorine atoms at the termini (Scheme 6.3.1.10: C-type) the further propagation of the

oligomer would be prevented.

102



6.3.2 Polymerization of bromo-substituted 3-hexylthiophene with anhydrous ferric
halide (FeCl;z and FeBr3)

To confirm this hypothesis, bromo-substituted 3-hexylthiophene, which has bromine
atom(s) at one terminus or both termini, was polymerized by using FeCls or FeBr3 in
CHCI3, and the structure of the corresponding products were determined by MALDI-TOF

MS, '"H NMR, *C NMR, and gel permeation chromatography (GPC).
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Scheme 6.3.2.1. MALDI-TOF MS spectrum of oligo(2-bromo-3-hextlthiophene)
prepared with FeCls in CHCl3 at 0 °C for 2 h

As evidenced by the GPC analysis of the corresponding product (Mn=1100; Mw=1300;
PDI=1.1), 2-bromo-3-hexylthiophene was polymerized by the FeCls oxidative method to
just afford oily oligomer, implying its poor polymerization activity. From Scheme 6.3.2.1,
other than a Cl atom, oligomers were found to have more than two bromine atoms.
Taking the origin of bromine atoms into consideration, the author confirmed that the
bromine atom was released by the cleavage of the C-Br bond in the monomer and could
be reincorporated into the oligomer by a covalent band.

In the MALDI-TOF MS spectrum of oligo(2,5-dibromo-3-hexylthiophene), only tetramer
and pentamer, which contain two or more bromines, were observed (Figure 6.3.2.2). The
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existence of various ion series ([M+2Br]", [M+3Br]", and [M +4Br+H]" for the tetramer,
[M+4Br]", and [M+5Br]" for the pentamer) clearly indicates that some protons at the 4-
position of the thiophene ring in the tetramer and pentamer were substituted with
bromine(s), similar to the case of the 3-hexylthiophene oligomer obtained during the

polymerization of 3-hexylthiopnene by FeCls.

5000 -

n =35, 4Br

(4]
m
=

n=

1148.070

2500

Abundance
1223.945 &

0-
1100 1160 1200 1250

miz
Figure 6.3.2.2. MALDI-TOF MS spectrum of 2,5-dibromo-3-hexylthiophene oligomer
synthesized by employing FeBr3 (CCA as the matrix)
In the '"H NMR spectrum of the oligomer thus obtained (Figure 6.3.2.2), there were many
signals between 6.5 and 7.2 ppm, indicative of a mixture of isomers with various possible
bromine-substituted end groups (Scheme 6.3.2.3). The generation of the tetramer and
pentamer can be ascribed to the homo-coupling reaction of 2,5-dibromo-3-
hexylthiophene in the presence of FeBri. On the other hand, the formation of the 2,5-
dibromo-3-hexylthiophene oligomers shows that the C-Br bond of 2,5-dibromo-3-
hexylthiophene monomer can be cleavage by FeBr; and that the 3-hexylthiophene
oligomers with two bromines as terminal groups still can polymerize. The result of the
oligomerization of 2,5-dibromo-3-hexylthiophene strongly indicates that in contrary to

our hypothesis, the oligomer with chlorine atoms at the termini (C-type) is still reactive,
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although the polymerization activity is rather low. To date, the mechanism of the
chlorination of the terminal and 4-positioned protons in the chain of poly(3-
hexylthiophene) is still less understood. However, the author would like to propose one
possibility that the introduction of a chlorine atom to a polymer chain takes place by the
reaction of 3-hexylthiophene radical, produced by the action of FeCls, with Cl radical

from FeCls dissolved in chloroform.
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Scheme 6.3.2.3. '"H NMR of oligo(2,5-dibromo-3-hexylthiophene)

In conclusion, the reaction profile for 3-hexylthiophene polymerization with FeCls in
chloroform has been established. The highest rate of polymerization is obtained in the
initial reaction stage, and followed by a moderate decay to a stationary stage of
polymerization. The polymerization activity of 3-hexylthiophene remarkably increased
with elevating the reaction temperature. The overall activation energy for the
polymerization of 3-hexylthiophene with FeCls was calculated to be 15.4 kJ mol™!, which
was determined from the slope of the Arrhenius plot. 2,5-Dibromo-3-hexylthiophene was
oligomerized by FeBrs in chloroform. This result implied that oligomers with two
chlorine atoms as terminal groups still can propagate, even though the activity is
extremely low. The results will provide a fundamental insight for further study on the

syntheses of poly(alkylthiophene)s by using transition metal halides.
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Conclusion and Perspectives

Through the studies explained above, the follows are concluded.

I. A novel ruthenium complex, di(isothiocyanato)bis(4-methyl-4'-vinyl-2,2'-
bipyridine)ruthenium(Il) [(NCS)2(mvbpy)2Ru(Il)], was synthesized and immobilized

onto a TiO2 electrode surface by a newly developed method.

2. The Ru(Ill) complex film on TiO2/FTO thus obtained showed maximum incident
photon-to-current efficiency (IPCE) of 1.2%. In contrast, the composite film consisting of
the Ru(Il) complex and sodium 4-vinylbenzenesulfonate showed much higher maximum

IPCE of 31.7% at 438 nm.

3. In the studies on the kinetics of 3-hexylthiophene polymerization by FeCls, the

reaction profile and activation energy have been determined.

4. The effect of reaction time, temperature and solvent on the chemical polymerization of
3-hexylthiophene was investigated. When the polymerization reaction was conducted in
an aromatic solvent, the solvent molecule(s) was incorporated into the polymer main

chain.

5. TEMPO increased the molecular weight of P3HTs sharply. TEMPO-mediated

oxidation may produce halogen-free P3HTs.

6. Bromo-substituted 3-hexylthiophene was found to undergo chemical polymerization
with a very low activity. Based on this result, new polymerization methods may be

developed.
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