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Courage is the price that life exacts for granting peace.

The soul that knows it not,

know no release from little things;

knows not the livid loneliness of fear,

nor mountain heights where bitter joy can hear the sound of wings

Amelia Earhart, Courage (1927)
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Preface

The miscellaneous nature of materials science is becoming increasingly prominent,
particularly in rapidly growing areas such as nanotechnology. Some of the key
words characteristics of this study are Electro- and Photo- chemistry, which play
an important role in a vast number of fundamental research and applied sphere of
nanotechnology.

Electrochemistry includes, but is not limited to, the exploration of new inorganic
and organic compounds, biochemical and biological systems, corrosion, energy

applications involving fuel cells and solar cells, and nanoscale investigations.*

Photochemistry pertains to electronically excited molecules which induce
reactions.

Therefore photochemistry finds a significant place in varied applications of science
and technology. The photophysical phenomena of fluorescence and
phosphorescence have found varied functions, for example in light-emitting
electrochemical cells (LEEC), photofunctional compounds?, laser technology, and

SO on.

A further impetus to the study of photochemical reaction has been provided by the
energy crisis. This has initiated researches into the conversion and storage of solar
energy, processes which plants carry out so efficiently. The fundamental study of
excited states of has led to the proper understanding of chemical reactions, modes

of energy transfer and the intricate structure of matter.®

At the end, photo-electrochemistry combines photochemical and electrochemical
methods for the study of the oxidation-reduction chemistry of the ground or
excited states of molecules or ions. In general, it is the chemistry resulting from the

interaction of light with electrochemical systems.



Chapter 1

1.1 Hybrid Materials

Since many years, the concept that a mixture of materials can show superior
properties compared to their pure counterparts is under scientists and engineers
investigation.

Composite materials which are formed by the incorporation of a basic structural
material into a second substance, the matrix, are one of the most successful
examples of this investigation.

On the other hand, decreasing the size of the structural building blocks which are
incorporated into the matrix to the same level as the matrix building blocks could
lead to more homogeneous materials that allow a further fine tuning of materials’
properties on the molecular and nanoscale level, generating novel materials that
either show characteristics in between the two original phases or even new

properties.

Therefore the term hybrid material is used, in materials science, to identify
something that is obtained by mixing components and that the interphase between
these components is increased compared to a composite material; in particular, the
high homogeneity of the hybrid materials suggests that the two moieties are
blended at the nanometer level. **

Otherwise, the hybrid material indicates a class of covalent bonding
organic/inorganic components, named class Il. In contrast with the class | of
composite materials where interactions between organic and inorganic components
are provided by hydrogen bonds, Van der Waals forces and ionic bonds, or are

electrostatic in nature.

Considering the industrial era, successful commercial hybrid organic—inorganic
polymers have been part of manufacturing technology since the 1950s°.

Some of the oldest and most famous organic—inorganic industrial representatives
are certainly coming from the paint industries, where inorganic nano-pigments are
suspended in organic mixtures (solvents, surfactants, etc.). While the name of
“‘hybrid’’ materials was not evoked at that time, the wide increase of work on
organic—inorganic structures was pursued with the development of the polymer

industry.



The concept of ‘‘hybrid organic—inorganic’” nanocomposites exploded in the
eighties with the expansion of soft inorganic chemistry processes’, and consisted

of inorganic and organic building blocks distributed on the molecular or nanoscale.

The modern concept of “organic-inorganic hybrid materials” emerged recently,
when the research turned to more sophisticated materials with a higher added
value, associated to the development of composites and molecular materials where
the organic and inorganic component interact at a molecular level.

As mentioned the first interest in the development of hybrid materials was mainly
based on the design of hybrid polymers with special emphasis on structural hybrid

materials.

The choice of the polymers is usually guided mainly by their mechanical and
thermal behavior. But, other properties such as hydrophobic/hydrophilic balance,
chemical stability, bio-compatibility, optical and/or electronic properties and
chemical functionalities (i.e. solvation, wettability, templating effect, etc.) have to
be considered in the choice of the organic component.

The organic in many cases allows also easy shaping and better processing of the
materials. The inorganic components provide mechanical and thermal stability, but
also new functionalities that depend on the chemical nature, the structure, the size,
and crystallinity of the inorganic phase (silica, transition metal oxides, metallic
phosphates, nanoclays, nanometals, and metal chalcogenides). Indeed, the
inorganic component can implement or improve electronic, magnetic and redox
properties, density, refraction index, etc.’

A variety of silicates or polysiloxanes modified with organic group or networks for
the improvement of mechanical properties were the first type of hybrid materials
investigated. The expectations for hybrid materials go further than mechanical
strength, thermal and chemical stability.

So, in addition to those structural materials and applications, many recent efforts
have centered on the design of other types of hybrid materials which explore other
fields as electronic hybrids, used in electronics (transistors, diodes), and functional

hybrids. Chemical activity is the main characteristic of functional hybrid materials.

The optical and electrical properties, luminescence, ionic conductivity, and
selectivity, as well as chemical or biochemical activity, giving way to materials

that can be applied for: sensors, selective membranes, all sorts of electrochemical
10



devices, from actuators to batteries or electrochemical supercapacitors, supported
catalysts or photo-electrochemical energy conversion cells, etc.

In these functional materials mechanical properties are secondary (still also
important) and the emphasis is on reactivity, reaction rates, reversibility or
specificity. The hybrid approach can also be useful in this context by combining
organic and inorganic species with complementary properties and reactivities.®*
Therefore, independently of the types or applications, as well as the nature of the
interface between organic and inorganic components, a second important feature in
the tailoring of hybrid networks concerns the chemical pathways that are used to

design a given hybrid material.

In recent years, the concept of functional nanostructures as hybrid materials has
received little attention.

For example, hybrid materials based on block copolymer templating inorganic
nanoparticles. The block copolymers are acting not only as nano-reactors to
control the size and size distribution of the nanoparticles but also direct the
assembly of the nanoparticles into well-defined structures.

Hence, is possible to fabricate a large diversity of functional nanostructures
including spheres, rods, and ring-like nano-objects as well as vesicles, whose core
can be loaded with different inorganic materials.

The possibility to graft organic functional groups on the walls pore of a porous
material allows to product a new class at high performances organic-inorganic
hybrid materials™®**.

Three pathways are available for the synthesis of porous hybrid materials based on
organosilica units:

i) the subsequent modification of the pore surface of a purely inorganic silica
material (“grafting”),

i) the simultaneous condensation of corresponding silica and organosilicas
precursors (“co-condensation”) and

iii) the incorporation of organic groups as bridging components directly and
specifically into the pore walls by the use of bis-silylated single-source

organosilica precursors (Periodic Mesoporous Organosilicas (PMO))*.

11



In this thesis work we will focus on both hybrid systems, the ionic transition metal
complexes incorporated into silica porous matrix, and classical organic/inorganic
hybrid materials for efficient dye-sensitized solar cells.*®
In fact active optical applications of hybrid materials might present a very
attractive field. Indeed, the exploitation of active optical properties of photoactive
coatings and systems is strongly emerging.

In particular, hybrid materials having excellent laser efficiency and good

1415 very fast photochromic response,'®very high and stable second

photostability,
order non-linear optical response!’, or being original pH sensors,®
electroluminescent diodes® or hybrid liquid crystals®® have been reported in the

past years.

12



1.2 Optoelectronic devices

Nowadays, the optoelectronic system research has been motivated by the potential
application of this class of devices in many areas of society. Optical excitation of
device leads to useful processes such as light-energy conversion in the form of
electricity in solar cells, optical sensors for detection of trace quantities of
chemicals, smart windows that on one hand can control the amount of light passing
through, or better this class of devices is useful from simple household appliances
and multimedia systems to communications, computing, and medical instruments.
Design of these devices requires ability to organize molecules on a nanometric
scale, with fine control on their arrangement: distribution, mobility, spectral and
redox properties.??#23242520.27 " gtryctural organization of these components by
controlled molecular engineering allowing synergistic effects is a major feature of
these systems.

Optoelectronic devices — from light-emitting diodes (LEDSs), solar cells to light-
emitting electrochemical cells (LEECs) — are specifically designed to optimize

the light absorption and emission, resulting in high conversion efficiency.

Central to realizing a high-performance and more useful optoelectronic device is
the development at the nanoscale that satisfies the trend of a more compact and
powerful systems. In the last two decades there have been intense efforts in
fabricating organized molecules on a nanometric scale, with a particular attention
to the control of their arrangement.

In the photosynthesis of a natural system, figure 1.1, we can find a perfect

Figure 1.1 Photosynthesis schematic process.

13



example of a device for light-energy conversion.

In the last two decades there have been intense efforts in the fabrication of a
similar efficient system because of lacks of knowledge on how to organize
molecules on a nanometric scale and to control their reaction efficiencies or
improve their structure. The main component, the chromophore, like electron
donor and acceptor, is assembled in a high organized structure, and assures a high
efficiency photon-to-electron conversion. In artificial systems, we aim for reaching
green plant light-energy conversion efficiency, using different sensitizers that
absorb light and engage in electron-transfer reaction with suitable electron donors
or acceptors. One of the most problematic limitations is the random distribution of
these components into the device structure, to achieve the control over the way the
components distribute themselves and diffuse towards one another, it is
fundamental to confine them in some host supports or matrices.

The term supramolecular is often used to represent such an assembly of several

molecules and molecular units,32%:3031

In natural systems, the efficiency of light energy conversion is achieved thanks to a
highly organized assembly of a chromophore, electron donor and electron
acceptor.

Therefore the optoelectronic devices, that involve a photo-sensitizer that absorbs
the light and engages in electron-transfer reaction with suitable electron donors or
acceptors, have to achieve a controlled spatial distribution, orientation and mutual
diffusion of all their components®?,

In this thesis work we investigated mesoporous semiconductor surface as the host
matrix support.

Major advances in the fields of Sol-Gel chemistry in the last two decades
33,34.3536,37:3839 now allow controlled fabrication of micro-, meso- and nano-sized
structures.®

Mesoporous materials offer pores that can be filled with a sensitizer and satisfy
optoelectronic device paradigm with a high contact between the chromophore and

the charged contact of the electric cell.

14



1.2.1 Dye-sensitized solar cells.

Global environmental concerns and the finite nature of fossil fuels have led to
increased interest in the development of renewable energy, and solar energy has
emerged as one of the best candidates in this respect. Though conventional
photovoltaic devices such as silicon-based solar cells, are promising for the direct
conversion of photons into electrons, the prohibitive cost of these cells is
uncompetitive with conventional power-generating methods.* Providing a cost
effective and affordable solar energy conversion technology is still a challenge
nowadays.*?

In a classical p-n junction solar cell a narrow bandgap semiconductor takes over
the function of the light absorber and the charge transport material. Figure 1.2
Interband excitation by absorption of a photon of h > Epanggap Promotes permits to
an electron to pass from the valence band to the conduction band, leaving a hole in

the valence band.

Potential

depletion layer

JEUI. SN S NN B,

n-type’ 'p-type
Si Si

Figure 1.2. Energy band scheme of a p-n junction for Silcon.

A migration occurs inside or close to the depletion layer of the p-n junction
because of the presence of the internal built-in field that split the electron-hole pair
and the two charges migrate in opposing direction towards the collecting electrode.
Also impurities and microscopic defects can act as recombination centres,

decreasing the device efficiency; thereby silicon solar cells are expensive due to

15



their high-energy consuming production methods that require extremely pure

starting materials in addition to sophisticated technical procedures.*®

Because of these physical limitations a lot of effort has been invested into the
search for new materials. Consequently interest in the prospect of producing cheap
alternatives to silicon types is still on the rise. In 1839 Becquerell** observed for
the first time a photovoltaic effect on an illuminated silver electrode, immersed in
an iodine/iodide electrolyte. In the 1873 the first sensitized semiconductor was
studied by Vogel for application in photography. About 15 years later Moser®
applied this study to a silver plate sensitized with an erythrosine dye, observing an
enhancement of photoelectric effect. But a systematic study of dye-sensitization
mechanism was developed by Tributsch and Gerischer in 1968.

Gerischer early studies were fundamental to understand electron-transfer processes
for a semiconductor in a redox electrolyte; the step forward was in combining the
performance of a porous matrix with the dye properties, increasing the amount of
absorbed dye in the semiconductor bulk. The concept of dye-sensitized solar cells,
introduced by O’Regan and Gritzel in 1991, was the first promising candidate as
an alternative to conventional solar cells.*®

The real achievement of Grétzel and his group was to create a 3 orders of
magnitude larger TiO; layer than a normal semiconductor device, consequently a
more efficient device.

The molecular engineering of organic sensitizer leads to a drastic improvement in
charge injection efficiency by the synthetization of new class of organic dye with
an anchoring group. Recently, thanks to these innovations, the performance of dye-
sensitized solar cells based on organic dyes has been remarkably improved and

achieved impressive efficiencies in the range of 8 ~ 9.7%.4" 484950, 51,52, 53,54

Dye-sensitized solar cells (DSSCs) are a non-conventional photovoltaic
technology that has attracted significant attention because of their high conversion
efficiencies and low cost.>® A typical DSSC contains five components: 1) a
conductive mechanical support, 2) a semiconductor film, 3) a sensitizer, 4) an
electrolyte, and 5) a counter electrode. The total efficiency of the dye-sensitized
solar cell depends on the optimization and compatibility of each of these

constituents.
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Therefore nowadays the new materials like organic molecules and polymers offer
several advantages compared to inorganic ones. The properties of a tailored system
and the inherent features of organic materials lead to an amazing potential in
tuning physical properties such as band gap, valance and conduction energies,
charge transport, solubility, morphological properties.

Furthermore organic materials present an easy large scale production and as a
consequence economic advantages compared to inorganic materials. Ease of
production, due to the small quantities needed for device preparation and the
purification, organic materials have furthermore an economic advantage compared
to inorganic material.

Basic difference between the conventional solar cells and the dye-sensitized ones,
are:

- Dye-sensitized solar cells separate the two functions provided by silicon in a
traditional cell design. Normally the silicon acts as both the source of
photoelectrons, as well as providing the electric field to separate the charges and
create a current. In the dye-sensitized solar cell, the bulk of the semiconductor is
used exclusively for charge transport, the photoelectrons are provided from a
separate photosensitive dye. Charge separation occurs at the surfaces between the
dye, semiconductor and electrolyte.

- Light adsorption and charge carrier transport are separated in dye-sensitized solar
cell, whereas both processes are established by the semiconductor in the
conventional cell.

The basic functional principle of a dye-sensitized solid-state heterojunction is

shown in Figure 1.3.

0
==

E,

> ®* o >

Figure 1.3. Simplified energy band schemes for dye-sensitized solar cells.
17



After the absorption of a photon the excited dye molecule inject an electron in the
conduction band of TiO,. The electron, by a percolation process, is diffused
through the porous TiO, matrix into the current collector like the conducting glass.
During this process the oxidized dye is regenerated by an organic solvent
containing a redox system that acts as an electron donor. The cycle is closed when

the counter electrode then regenerates the electron donor.

The choice of the electron donor is Kinetically crucial in order to avoid a
recombination of the oxidized dye with the just injected electron.

The characteristics of the electrolyte must also accommodate the wide range of
temperatures to which the cell is exposed in normal outdoor service.

Under long storage or exposure to open air, solvent exudation is unavoidable,
leading to low conversion efficiency.

Thereby the study of the photoinduced charges dynamics is fundamental. The
following energetic scheme is a time frames of the reaction for the interfacial
electron transfer processes after charge injection from the electronic excited state

S* of a dye-sensitizer to the conduction band (cb) of a semiconductor (SC).>’

Eqn. (1) Photoexcitation: S|SC }f S*|SC
—

Eqgn. (2) Charge injection: $*|SC — e~ (SC) + S*|SC < [20fs — 15ps]

Eqn. (3) Dye regeneretion: S*|SC + D — S|SC + D* [0.1 — 30]us

Eqn. (4-5) Charge recombination: S*|SC + e~ — S|SC [0.2 — 0.8]ms
D*+e” - D >[10ms]

E »
2) S/ st
ir
200fs ~1 ps
hy
cb e 15ns
~~~~ L ,
e N T s —
@ 64
S*/S
Dye Liquid
SC sensitizer Electrolyte

Figura 1.4. Energetic scheme. 18



1.2.2 Light-emitting devices

Over the past two decades impressive advances have been achieved in the field of
light-emitting devices, which are being developed for display and lighting
applications.

Light emitting diodes, commonly named LED, are the reverse of photovoltaic

cells®®. Figure 1.5.

Photovoltaic : Light emitting
mode S mode
Substrate / Transparent Substrate
_ | 5 electrode ™
output SRR _ [ "r_pevor

Meta electrode

Figure 1.5. Example of two different optoelectronic device operating
modes.

While in this last the light is used to produce an electrical voltage, in a LED a
voltage is applied to produce light®. Basically, the electroluminescence occurs
when a sufficiently large forward-bias voltage is applied across a p-n junction,
where minority carrier injection takes place and radiative recombination produces
a photon®.

When a p-type semiconductor is kept in contact with an n-type, electrons move
from the n- to the p-doped layer. At the thermodynamical equilibrium the energy
levels of the semiconductors are bent and two regions depleted of majority carriers
are formed in both sides of the interface.

In this situation, the p-semiconductor is depleted of holes, the n-semiconductor is
depleted of electrons and a potential barrier is formed, which hinders the current
flow though the interface. If this junction is forward biased, the potential barrier is
lowered and the injected electrons in p-type side recombine with the holes and the
injected holes in the n-type side recombine with the electrons®. This current flow
usually gives rise to an excitation, which results in a radiative recombination

process®.

All theoretical considerations about LED involve inorganic semiconductors

because of the pioneering works on light emission from GaAs p-n junctions.®*%4¢°
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Polymer-based light emitting diodes135, commonly called “polymer, PLED” or
“organic LED, OLED”, were studied in 1963, but the first work, was only
published in 1990.

The light emission process in such devices depends on several parameters, such as
charge injection, charge carriers mobility, electron-hole recombination with
radiative decay and emission. Charge injection is assigned to the efficiency that the
metallic electrodes inject carriers into the polymer film and depends on the Fermi
level of the metals. Thus, a hole-injector metal must have high work function, such
as: Au or ITO electrodes, and an electron injector metal must possess low work

function, such as alkaline or alkaline earth metals.

Polymer based LED present a series of interesting applications, when compared to
inorganic materials. The aim of using organic materials as electroluminescent
component in a LED, despite their poor light emission properties, results from the
difficulty of assembling large areas devices with inorganic semiconductors.
Additionally, the mechanical properties of conducting polymers open the
possibility of constructing flat panel displays.

Devices fabricated with these materials generally require a multilayer structure and
cathodes made of low work function metals in order to achieve high efficiencies
and low operating voltages. Recently, the efficiency of small molecule devices has
been further increased by employing phosphorescent dyes in the
electroluminescent layer since phosphorescent molecules emit from their triplet

state %57

That notwithstanding, the limited operating life of organic light-emitting devices
(OLEDs) is an important factor preventing their wide-scale commercial use in

various display applications.

In the mid-1990s Pei and co-workers showed that the properties of organic light-
emitting diodes (OLEDs) could be completely transformed by including high

concentration of mobile ions in the emissive layer.®®%"

The light-emitting electrochemical cell (LEEC) is an exciting device concept with
potential for various light-emitting applications, such as in thin-film displays,™
solid-state lighting,’® and injection lasers,” since its successful operation has been

demonstrated to be remarkably insensitive to electrode material selection and

20



active-material thickness, and since impressive power efficiencies have been

reported.”™

LECs generally require only a single emissive layer, which consists both electronic
and ionic conductors sandwiched between two electrodes; mobile ions contained in
the solution drift toward electrodes under a sufficient applied bias, cations and
anions induce doping (oxidation and reduction) of the emissive material close to
the electrodes, that is, p-type near the anode and n-type near the cathode,

respectively.

£ Figure 1.6. Light-emitting electrochemical cells
: (LECs) based on ionic transition-metal complexes are
among the simplest electroluminescent devices as
they use only one active component in a mono-or bi-
layer architecture, operate with air-stable electrodes
and are prepared using solution-based technologies.

The doped regions induce ohmic contacts with
the electrodes and consequently facilitate the injection of both holes and electrons,
which recombine at the junction between p- and n-type regions. As a result, a
single-layered LEC device have low electrical resistance and form ohmic contacts
with the metal electrodes, consequently can be operated at very low voltages with
balanced carrier injection, giving high power efficiencies. Furthermore, air-stable
metals, for example, Au and Ag, can be used since carrier injection in LECs is

relatively insensitive to work functions of electrodes.”®

One limitation in LEC performance comes from the low ionic conductivity of
polymeric electrolytes and the phase segregation occurring during LEC operation
between the electroluminescent polymer and the solid electrolyte. To improve the
ionic conductivity of the blend, Heeger and co-workers included a bifunctional

liquid additive to the electroluminescent layer””.
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Chapter 2

Luminescent mesostructured materials

Early-1990s was particularly rich period for nanotechnologies, with particular
relevance to the new materials synthesis, in addition to the preliminary LEEC
investigations, by Pei and co-workers, and the first studies on dye-sensitized solar
cell, by O’Regan and Graetzel, the discovery of surfactant-organized silicas and
silicates assured attractive applications as catalyst supports, optical materials,

sensors, membranes, and selective adsorbents.

As mentioned previously, hybrid materials are a mix of organic and inorganic

components at the molecular scale.

Mesoporous materials result from the combination of an organic template acting as
a structure-directing agent with an inorganic precursor. They are obtained from
hybrid materials by removing the surfactant template. Figure 2.1

Rod- Lyotropic liquid- I}lol‘gamc. Mesoporous
shaped crystalline phase DSOSt material MCM41 -
3 X solid/Organic
Micelle (2D hexagonal) SrTacnt no surfactant

Figure 2.1. Pathways for the formation of a mesoporous hybrid material. [Hoffmann et
al.. 20061

The liquid-crystal templating mechanism was used during this thesis work, to
fabricate mesostructured materials, in which the condensation of the silica
precursor is not the dominant factor for the formation of the mesoporous
structure’®. The amphiphilic molecules organize themselves in liquid crystal phases
independently of the inorganic crystallization, and the polymerization of the silica

precursor takes place around the self-assembled aggregate acting as a template’.
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The LCT is the dominant mechanism when the surfactant concentration is so high
that the liquid crystals are already formed when the inorganic precursor starts

organizing itself around them®.

Ordered mesostructured powders are generally functionalized with a dye through
two different methods: co-condensation (one-pot method) of an appropriate
inorganic source and the surfactant self-assembling species doped with an optically
active compound, or grafting post-synthesis, due to the presence of a high density
of silanol groups on the pore surface of mesoporous material to which guest
species may be attached®’.

Among the wide variety of films synthesis, thin mesoporous films were produced
by evaporation-induced self-assembly (EISA)*? method.®® The coating solution
was prepared by the sol-gel method, this process allows the preparation of highly
organized and porous layers.

The removal of the organic template is usually performed by calcination or solvent
extraction. The first way is cheaper, but can lead to structural problems depending
on the inorganic precursor used and on the eventual presence of functional groups,
if functional organic groups are present, then the calcination becomes very risky to
perform because the organic group could be destroyed by the high temperatures.
Silica is a very good precursor, being resistant and stable enough to maintain its
amorphous structure at the temperatures of calcination (500 — 600°C). Many other
precursors could crystallize at these temperatures, and this would create several
defects in the material because of the strong curvature of the pores, being best

compatible with amorphous wall structures®.

In the solvent extraction, the material is functionalized after the removal of the
template, that is, by grafting the organic groups into the channels walls during a
post-synthesis process.

There are different possible ways to classify porous materials. One is related to the
definition of pore size furnished by the International Union of Pure and Applied
Chemistry (IUPAC)®. According to the IUPAC, porous materials can be divided

into:
- microporous materials, if their pore size is below 2 nm,

- mesoporous materials, if their pore size is between 2 and 50 nm,
23



- macroporous materials, if their pore size is bigger than 50 nm.

Porous materials can also be classified according to their degree of order: fully
crystalline (zeolites); ordered on a mesoscopic length scale, but amorphous on the
atomic length scale (surfactant-templated materials); or fully disordered (silica
gels)’.

Some mesoporous materials are also mesostructured, because a monosized pore is
coupled with long range ordered voids. Mesostructures depend by chemical and
processing parameters, therefore a great number of characteristics can be tuned, as
well large active surface area, pore dimension, and pore shape®. In general
mesostructured materials are defined as mesoporous materials before calcination

or chemical extraction.

Mesostructured materials are highly versatile substrates for the formation of
functional materials, in particular silica at first and then titania mesoporous
materials have led to many promising applications in areas ranging from
photovoltaics and photocatalysis to photo-electrochromics and sensors. Many of
these applications depend not only on the properties of the TiO, or SiO, material
itself but also on the modifications of the object host, e.g., with inorganic and

organic dyes.

Photo-electronically functional molecules can form specific arrangements in
mesopore nanospace, possibly leading to novel functions, which cannot be

obtained in open space.

%
s

Oa!
0a®

Figure 2.2 Mesostructured hybrid materials, containing inside the cavities a
luminescent neutral cyclometallated Iridium(111) complex, using a one-pot method.
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2.1 Materials

2.1.1 Mesoporous powder and film

Ordered mesoporous silicates have attracted a great deal of interest in the past
decade because of their use in catalysis, separations, sensors, drug delivery, and
optical devices. Mesoporous silica nanoparticles were first synthesized in 1992,
through a hydrothermal sol-gel synthesis®’, by researchers working for the Mobil
Corporation. They had a uniform hexagonal array of pores which had sizes
between 20 and 100 Angstrom.® This material was named Mobil Crystalline of
Materials, or MCM-41.%° Discovery of the M41S family of materials ended the
long-standing pore-size constraint of zeolites.'*

Six years later, researchers at the University of California in Santa Barbara
announced that they had produced silica nanoparticles with much larger 20 - 300
Angstrom pores™. The material was named Santa Barbara Amorphous type
material, or SBA-15. These particles also have a hexagonal array of pores. At the
first these types of particles was used as molecular sieves.

Like zeolites, mesoporous materials are characterized by very large specific
surface areas, ordered pore systems, and well-defined pore radius distributions.

To enable practical applications of mesoporous materials, synthesis strategies have
been developed to form thin films. %

The sol-gel synthesis is a versatile solution process initially used for the
preparation of inorganic materials such as glasses and ceramics of high purity and
homogeneity.93 It involves the transition of a system from a liquid “sol” into a
solid “gel” phase and has been the subject of several books and reviews.'®** The
sol-gel process can ordinarily be divided into the following steps: forming a
solution, gelation, aging, drying, and densification. In the preparation of a silica
film, one starts with an appropriate alkoxide, tetraethyl orthosilicate (TEQS),
which is mixed with water and a mutual solvent, such as ethanol, to form a
solution, hydrolysis leads to the formation of silanol groups Si-OH. These species
are only intermediates as they react further, i.e. condense, to form siloxane Si-O-Si
groups. As the hydrolysis and condensation reactions continue, viscosity increases
until the “sol” ceases to flow and form the “gel”. There are several parameters
which influence the hydrolysis and condensation reactions (sol-gel process),
including the activity of metal alkoxide, water/alkoxide ratio, solution pH,

temperature, and nature of the solvent and additive.
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In this study, mesoporous silica powders are synthesized by reacting Tetraethyl
orthosilicate using two different surfactants. Figure 2.3. The selected surfactants
are the cationic Cetyltrimethyl ammonium bromide (CTAB, 99.8 wt%), purchased
from Alfa Aesar, formed by amphiphilic molecules with a polar head group and an
hydrophobic chain.
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e-c-0mrf-e-C-0-eFe-c-0- o E;CH‘ B
Wk R U AR
3 CH,

Figure 2.3 Chemical formula and shape of Pluronic 123 (left) and CTABr (right)
micelles.
The non-ionic triblock copolymer poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (P123), purchased from Sigma-Aldrich.
In one molecule ethylene oxide (EO), monomer blocks are separated by a block of
propylene oxide (PO),. The hydrophobic core of the micelles formed from such
polymers is composed of hydrophobic PO part, while hydrophilic EO blocks are

pointing outwards.

The result is an inorganic scaffold with a regular arrangement of pores. The
template can then be removed by washing with a solvent like ethanol®.

MCM-41 sample, obtained with CTABr surfactant, consists of amorphous silica
and shows the hexagonal symmetry of the pore ordering (space group: pém). The
pores can be tailored to diameters between d, = 1.5 and 20 nm, largest pores can
only be obtained with the addition of swelling agents. The pore walls are quite thin
with a thickness between 1 and 1.5 nm. The presence of these thin pore walls leads

to low chemical and hydrothermal stabilities® '

SBA-15 sample was obtained with Pluronic P123 surfactant, is a combined micro-
and mesoporous material with hexagonally ordered tunable uniform mesopores (4—
14 nm)*®%_ 1t consists of thick microporous silica pore walls responsible for the
high hydrothermal stability of SBA-15 compared to other mesoporous materials
with thin pore walls like MCM-41.

Both the materials show hexagonally arranged channels, large surface area [<
1000m?/g] and a characteristic long range ordered framework with uniform

mesopores. Figure 2.4.
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Figure 2.4. MCM-41 and SBA-15 materials with characteristic morphologies.
TEM images by V. Meynen et al. / Microporous and Mesoporous Materials 125 (2009)

I

n 1999, Brinker et al.’® reported a new approach, which resulted in highly ordered
mesostructured thin films, called ‘‘Evaporation Induced Self Assembly’” (EISA).
One of the most important advantages of this synthesis route is the short

mesophase formation (a few minutes).

Hybrid mesostructured silica films were prepared adding a surfactant, Pluronic
F127 (EO106-PO70-EO106), to a solution of tetraethoxysilane (TEOS), ethanol

101
dO

(EtOH), water, and chloridric acid (HCI). Then a spatially-patterned™" silica thin-

film mesophases is formed thanks to the preferential evaporation of alcohol that

accompanies the dip-coating deposition,'0%103104.105.106

2.1.2 lonic transition-metal complexes

For a long time people thought that the luminescent dyes used since the work of
Tang et al. are theoretically limited to an internal conversion efficiency of 25% %’
This factor arrives from quantum mechanics, where 75% of the charge wave
functions are of the non-emissive triplet case and only 25% of the singlet case,
allowing radiative recombination. Taken into account that only one-fifth of the
created photons can leave the device, the external quantum efficiency was limited
to 5% ', But, in contrast to this, the family of the so-called phosphorescent dyes
(triplet emitters) permits the opening of an additional radiative recombination
channel and harvesting of up to nearly 100% of the excited states to photon
creation. Responsible for this is the presence of heavy metal atoms such as 1'%

leading to a strong spin-orbit coupling**°.

Iridium(111) cyclometalated complexes are attracting widespread interest because

of their unique photophysical properties and applications in organic light-emitting

27



diodes (OLEDs). Neutral Ir cyclometalated complexes in OLEDs showed up to
19% external quantum efficiencies 1112113114

As mentioned in the previous chapter, an alternative to the OLEDs, which require
a complicated multilayered structure for charge injection, transport, and light

115,116,117,118,119

emission, is the light-emitting electrochemical cell (LEC) , In which

the use of ionic complexes facilitates electronic charge injection into the light-

emitting film®*12012%,

OLEDs and LECs require a tunable phosphorescence wavelength emitter with a
very high phosphorescent quantum yields.

A strategy to tune the emission color in Ir(l11) complexes relies on the selective
HOMO stabilization and/or LUMO destabilization of the complex. Mixed ligand Ir
complexes with C~N cyclometalating ligands, are particularly appealing in this
respect, since the two types of ligands can be almost independently functionalized
to obtain the desired color tuning *%.

In particular, electron-withdrawing substituents on the C*N ligands decrease the
donation to the metal and therefore stabilize the metal-based HOMO.
Electron-releasing substituents on the C~N ligand, lead, on the other hand, to
destabilization of the ligand-based LUMO, ultimately leading to increased
HOMO-LUMO gaps and emission energies.

On the other hand, the control of the factors that act in order to increase the
emission quantum vyields in mixed ligand complexes, is a daunting task. It is
indeed generally assumed that emission quantum yields should increase with
increasing emission energy, due to the increase of the radiative rate constant and
decrease of the non-radiative rate constants. These follow, respectively, the
Einstein law of spontaneous emission?® and the so-called energy gap law **, even

though exceptions to these rules are quite common.

Photophysical Properties

The photophysics of polypyridyl complexes of Ir can be understood with the aid of
an energy level diagram, as shown in Figure 2.5.

In these complexes there are three possible types of excited states: (a) metal-
centered (MC) excited states, which are due to promotion of an electron from tyq to
eg orbitals; (b) ligand-centered (LC) states that are z—=* transitions; (c) MLCT

states. An electronic transition from metal tyg orbitals to empty ligand orbitals
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without spin change is allowed, which is called singlet-singlet absorption. The

allowed transitions are identified by large extinction coefficients. The transitions
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Figure 2. Schematic and simplified molecular orbital diagram for an octahedral d6 metal
complex involving 2-phenylpyridine (C3 symmetry)-type ligands in which various
possible transitions are indicated.

with spin change are called singlet-triplet absorption, which are forbidden and

associated with small extinction coefficients.

However, the excited singlet state may be involved in spin flip, which is called
intersystem crossing (ISC), resulting in an excited triplet state. The radiative
process of a singlet and triplet excited state to a singlet ground state is termed
fluorescence and phosphorescence, respectively. The excited singlet states
associated with LC z—=* and MLCT transition can undergo ISC into the triplet
state efficiently in Ir complexes due to spin-orbit coupling, resulting in enhanced

phosphorescence quantum yields.

For the cyclometalated Ir complexes, the wave function of the excited triplet state,
responsible for phosphorescence, is principally expressed as a combination of the
LC and the MLCT excited triplet state. However, not all the complexes are highly

luminescent because of the different deactivation pathways?’.

Tuning of Phosphorescence Colors in Neutral Iridium Complexes

Neutral Ir complexes were obtained by an orthometalation reaction with ligands
that contain a benzene ring attached to a functional group containing a donor atom
such as 2-phenylpyridine (ppy)'?. The coordination of ppy ligands to metal is

analogous to that found in 2,2’-bipyridine except that nitrogen is replaced by
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carbon anion'?. In a typical example, three ppy ligands coordinate around Ir(111)
resulting in a neutral complex, in which the phenyl group carries a formal negative
charge due to loss of proton and subsequent orthometalation to Ir metal. The
HOMO in tris-phenylpyridine Ir(111) [Ir(ppy)s] is principally composed of orbitals
of the phenyl ring and the metal d orbitals. The pyridine is formally neutral and is
the major contributor to the LUMO in the [Ir(ppy)s] complex**.

The absorption spectra of [Ir(ppy)3] display strong ligand-to-ligand (LC, z—=*) and
MLCT transitions in the UV and the visible region, respectively.

The MLCT transition bands are lower in energy than the LC z—=z* transitions.

The excited triplet state shows strong phosphorescence in the green region at

around 515 nm, with an excited state lifetime of 2 ps'?®,

In order to tune the phosphorescence color of [Ir(ppy)s], Watts et al. synthesized
several substituted ppy-based neutral Ir complexes**#***°. The phosphorescence
lifetime of these complexes is in the range of 2-3 ps in nitrogen-saturated

acetonitrile at room temperature™.

Controlling Quantum Yields in Iridium Complexes

Orthometalated Ir complexes are known to have highest triplet emission quantum
yields due to several factors*"*%%:

« Ir has a large d-orbital splitting compared to other metals in the group.

» Strong ligand field strength of the ppy anionic ligand increases the d-orbital
splitting, leading to an enlarged gap between the ey orbitals of Ir and the LUMO of
the ligand.

* Close-lying 7—z* and MLCT transitions, together with the heavy atom effect,

enhance the spin-orbit coupling.

However, the mixed ligand cationic Ir complexes show appreciably lower quantum
yields compared to the tris-orthometalated Ir complexes because of the lower
LUMO orbitals of the 2,2’-bipyridine ligand ***3, One strategy to increase the
guantum vyields of Ir complexes is to introduce F and/or CF; substituents. This
results in a stabilization of both the HOMO and the LUMO. Since the HOMO
stabilization is larger than that of the LUMO, this leads to an increase in the gap
between HOMO-LUMO™*,
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Application
Introducing dye molecules, with appropriate energy levels for color tuning, in the
emitting layer of a light-emitting device, is an established way to improve the

optoelectronic device performance.

Besides this aspect, doping also leads to a change of the transport characteristics
and to a considerable increase of the lifetime and of the quantum efficiency.

The common way of device realization is to a mix small concentration of a highly
phosphorescent guest into a host material with suitable charge transport abilities.
Taking into account an unchanged out-coupling factor of one-fifth, the theoretical

external quantum efficiency for the triplet dyes jumps up to 20%'%.

As stated above, photochemical, photophysical and electrochemical properties of
Ir(111) cyclometalated phenylpyridine (ppy) compounds, has been intensively
investigated because of their potential application as light-emitting device and

solar cells?’.

Figure 2.6. Chemical structure of fac-isomer of the neutral
homoleptic tris-cyclometalated 2-phenylpyridine
Iridium(l1l) complex, fac-Ir(ppy)s where Hppy= 2-
phenylpyridine.

Luminescent iridium(I11) complexes are highly appealing due to their wider range
of emission energies, longer lifetimes, higher luminescence quantum yields, and
for their properties of being liquid crystal systems.

However, it is also noteworthy that the actual performances of these molecular
materials can be often severely limited because of the reduced emission efficiency

in the solid state, owing to a concentration-driven quenching.*

Although different approaches, such as the dispersion of the emitters in a
polymeric matrix or the introduction of sterically hindered substituents into the
auxiliary ligands™"*® have been explored to limit the concentration quenching
effect, at present none of them seem to sufficiently solve this problem. In this
context, mesostructured materials can be a useful way for the emitting Iridium(l11)

complexes dispersion, thus obtaining best performing Iridium(lIl)-based
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luminescent materials. In fact, an homoleptic tris-cyclometalated Iridium(Ill)
surfactant has been recently employed in the synthesis of an amphiphile/silica co-
assembled nanocomposite which was successfully used as active layer for organic
light-emitting diode. This provided a better performing device with respect to the

one based on the pristine solid.**

2.2 Materials preparation

The incorporation of functionalities, such as luminescent Iridium(I11) complex, can
generally be achieved in three ways. Grafting is a post-synthesis treatment of a
mesoporous material by which a subsequent attachment of functional molecules

onto a mesoporous silica matrix takes place. Figure 2.7.

Figure 2.7. Grafting (post-synthetic functionalization) for organic modification of
mesoporous pure silica phases with terminal organosilanes of type (R’O)3;SiR. R’=organic
functional group.

Through incorporation of condensable organosilane inside the pore wall of the
porous mesophase that lead to periodic mesoporous organosilicas (PMOs),
unlike in organic functionalized mesoporous silica phases obtained via grafting or
co-condensation procedures the organic groups in PMOs are direct parts of the 3D

framework structure, Figure 2.8.

Figure  2.8.  Periodic  mesoporous
organosilicas (PMOs).

Image copyright: http://www.uni-
giessen.de/cms/fbz/fb08/chemie/iaac/froeba
[research/pmo

{ Extraction / Calcination
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The co-condensation technique is a simultaneous reaction of condensable
inorganic silica species and silylated organic compounds (co-condensation is equal
to one-pot synthesis), the co-condensation synthesis often caused the loss of

ordering structure of mesoporous silica.

During this Thesis work we have investigated two methods, the impregnation
technique, a post-synthesis method similar to a grafting, which consists in the
soaking of mesoporous material into a dye solution, and a one-pot-like method, in

which new materials are formed by the co-

; condensation of a luminescent complex, with
° : R j}

. ’g'(’w 5 /35, the inorganic silica precursor in the presence
8 ﬂ of template. Co-condensation properties are

U}

simultaneous functionalization and structure

%%% formation, homogeneous distribution of dyes

% 2 ’ into the porous matrix and controlled final

stoichiometry similar to original solution

composition. Figure left.

The new materials described and discussed herein are obtained by a one-step
procedure, similar to that developed by Zhou et al.**!, co-assembling the neutral
luminescent Iridium complex with a surfactant, which acts as structure-directing
agent, and tetraethoxysilane (TEOS) as inorganic source. Moreover, because of the
negligible solubility of Iridium(111) complex in H,O, EtOH has been used as co-
solvent in order to increase, at least slightly, the Iridium(l11) complex solubility
and make easier its inclusion within the hydrophobic regions of the surfactant

during the template self-assembly process.

The silica-based luminescent materials prepared according to the above
summarized procedure, with the general formula SiO,([Ir]*CTAB) and
SiOy([1r]*P123), have been structurally and photophysically investigated.

The differences induced by i) the nature of the reacted surfactant with respect to
the neutral character of Iridium(l11) complex ii) the resulting structural differences
induced by the use of ethanol as co-solvent in the synthetic procedure and iii) the
resulting structural differences induced by the introduction of the Iridium(lll)

complex luminescent complex will be discussed.
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2.2.1 Co-condensation

The new ordered mesostructured materials, as mentioned above, were prepared by
co-condensation of an appropriate inorganic source and the surfactant self-
assembling species doped with an optically active compound, in particular the
chromophore is added to the reaction mixture, which was stirred at room
temperature for 5 h, then the SiO, precursor, TEQOS, is added.

Mesostructured materials with a geometrically regular inorganic skeleton have
been shown to be appropriate scaffolds for the confinement of dyes. 42143144145
The goal was to incorporate a highly luminescent species in a mesoporous material
preserving, at the same time, the ordered porosity and the high surface area of the

matrix.
Materials

Tetraethyl orthosilicate (TEOS, 98%), ammonium hydroxide (NH;OH, 29 wt%
NHs in water), poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) (P123), hydrochloric acid (HCI 37%), and absolute ethanol
(EtOH, 99.98%) were used as supplied by Sigma-Aldrich. Cetyltrimethyl
ammonium bromide (CTAB, 99.8 wt%) was purchased from Alfa Aesar. Water
was produced from a Milli-Q system. fac-Ir(ppy)s, [Ir], was synthesized according
to the procedure reported in the literature.

Synthesis

Preparation of mesostructured blank SiO,(CTAB)

SiO,(CTAB) was prepared using a procedure similar to the one described in the
literature."*’ Molar composition: 1 TEOS: 0.3 CTAB: 3.8 NH4OH: 153 H,0: 17.1
EtOH. The template solution was prepared by dissolving 1.09 g (0.003 mol) of
CTAB in 10ml (0.171 mol) of EtOH under magnetic stirring. Then, 27.5ml (1.53
mol) of H,0O and 2.49ml (0.038 mol) of NH,OH were added to this solution. After
5 min, 2.21ml (0.01 mol) of TEOS was added under rapid stirring. The mixture
was stirred for 3 days at room temperature, then filtered, washed with H,O and
dried at 343K overnight.
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Preparation of mesostructured blank SiO,(P123)

SiO,(P123) was prepared adapting the procedure described in the literature.*
Molar composition: 1 TEOS: 0.0174 P123: 6 HCI: 167 H,O: 17.1 EtOH. 1 g
(1.74-10° mol) of P123 was dissolved in 10ml (0.171 mol) of EtOH, under
vigorous stirring at room temperature. Then, 30ml (1.67 mol) of H,O and 1.83ml
(0.060 mol) of HCI were added to the solution. Finally, 2.21ml (0.01 mol) of
TEQOS were added under stirring. The resulting mixture was aged at 373K for 24h,
then filtered, washed with H,O and dried at 333K for 12h.

Preparation of mesostructured hybrid, SiO,([Ir]*CTAB)

Molar ratio: 1 TEOS: 0.3 CTAB: 3.8 NH,OH: 153 H,0: 17.1 EtOH: 0.0016
Iridium(I11) complex. CTAB (1.09 g, 0.003 mol) was dissolved in 10ml (0.171
mol) of EtOH; Iridium(I11) complex (0.01 g, 1.6-10° mol) was added to the
reaction mixture, which was stirred at room temperature for 5 h. The obtained
yellow suspension was filtered to remove the solid. Then 27.5ml (1.53 mol) of
H,0 and 2.49ml (0.038 mol) of NH,OH were added to the resulting solution. After
5 min, 2.21ml (0.01 mol) of TEOS were added under vigorous stirring. The
mixture was stirred for 3 days at room temperature, then filtered, washed with H,O
and dried at 343 K overnight.

Preparation of SiO,([Ir]sP123)

Molar composition: 1 TEOS: 0.0174 P123: 6 HCI: 167 H,O: 17.1 EtOH: 0.0016
[Ir]. An ethanolic solution (10ml, 0.171 mol) of P123 (1 g, 1.74-10™ mol) was
obtained under vigorous stirring. Then, 0.01 g (1.6-10° mol) of Iridium(l11)
complex was added. The resulting mixture was stirred at room temperature for 5 h.
Then the solid product was filtered and 30ml (1.67 mol) of H,O and 1.83ml (0.060
mol) of HCI were added to the solution. Finally, 2.21ml (0.01 mol) of TEOS were
added with stirring at room temperature. The mixture was aged at 373 K for 24 h,
then filtered, washed with H,O and dried at 333K for 12h.

Template extraction

The surfactant removal was performed using a chemical extraction with solvent. In
particular, for the materials obtained with CTAB as template directing agent,
EtOH (300 ml) and HCI (25 ml) were added to 1 g of the respective solids,
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SiO,(CTAB) and SiOy([Ir]*CTAB). The mixtures were subsequently stirred for 6 h
at reflux. The resulted inorganic scaffolds, named SiO,(CTAB) and
SiO(/Ir]*CTAB)" respectively, were dried at 343 K overnight.

For the other mesostructured materials, SiO(P123) and SiO,([Ir]*P123), the
removal of the neutral surfactant P123 was made by a chemical extraction using
only EtOH (300 ml), which was added to 1 g of solid sample. The resulting
mixture was stirred for 6h at reflux. The obtained solids, abbreviated in a similar
way to the other extracted materials SiO,(P123)" and SiO([Ir]-P123)

respectively, were dried at 343 K overnight.

2.2.2 EISA (Evaporation Induced Self-Assembly)

The film formation by EISA is a chemical performance that implies the
coordinated interaction of the following phenomena:

1) Sol-gel chemistry (shape, size, hydrophilicity and connectivity of the inorganic
or hybrid nano building blocks).

2) Self-assembly between template molecules, to form micelles, between micelles,
to form extended liquid crystalline domains, and between micelles and inorganic
or hybrid nano building blocks..

3) A “race towards order” in which the processes of gelling and order from phase
separation compete.

4) Mass transport, which controls the homogeneity of the processes (and thus the
mesostructure) along thickness.

One of the main parameters that govern the entire film-formation process is
evaporation.

As soon as a layer of the initial sol is deposited on the substrate, evaporation of
volatile components (ethanol, water, and hydrochloric acid) takes place at the
air/film interface. The evaporation leads to the fast and progressive (10-30s)
enrichment of the film in silica oligomers and template molecules. When the
surfactant concentration has reached the equivalent of the critical micelle
concentration (cmc) for the system, micelles start to form by hydrophobic
segregation of alkyl chains. An organized mesostructure with respect to the
physical-chemical properties of the surfactant molecule in the actual medium is

eventually formed.
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The evolution of an EISA system as a function of time (i.e., the kinetics of the
system) leads to plot diagrams containing the main phases of film formation®.

Figure 2.9

Figure 2.9. Formation of mesostructured thin film by dip-coating. Step 1: presence of
isotropic initial sol in which the condensation is slowed. Step 2: evaporation proceeds and
the micelles start to form above cmc. Step 3: evaporation is completed; the film is in
equilibrium with environment and the mesostructure is fixed by relative humidity (RH)
before inorganic condensation. Step 4: inorganic network is condensed; hybrid
mesostructure is stabilized. Lee et al., 2006 Phys.
Fluids 18, 052105

If the concentration of the inorganic and template species in the initial dilute
solutions is low, no liquid crystalline species will be formed; even micelle
formation is difficult under these conditions, because the critical micelle
concentration (cmc) of the template in the solvent (often a mixture of low weight
alcohols and lower water quantities) is relatively high.

When solvent evaporates, template self-assembly properties become evident, and

aggregation processes (i.e., micellization) begin to take place.

When higher concentrations are reached, a liquid crystalline phase is formed, due
to micelle aggregation. In the ideal case, micelles pile up in ordered structures and

the inorganic building blocks locate themselves in the outside (polar) fraction of
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the organic liquid crystal formed. A hybrid mesostructure (inorganic skeleton
surrounding an organic liquid-crystalline phase) is thus formed. EISA can thus be
described by competitive processes related to the kinetics of condensation versus
the Kkinetic of organization, both influenced by the kinetics of diffusion of the
volatile species. However, these processes are difficult to control and thus difficult

to predict if they occur successively or simultaneously during drying.

In-situ SAXS experiments coupled with interferometry shed light into these
complex assembly processes™*®°%**11%2 |n most of the cases, the mesostructure
appears after the drying line (i.e., when practically all the solvent is evaporated and

the film attains more or less its final thickness).

This multiplicity of mesophases upon mesostructure formation has been observed
by insitu X-ray reflectometry experiments on silica/cationic surfactant films grown
at the air-water interface’®®. In the case of nonionic templates, the formation of a
short-range order phase (often called a “wormlike phase”) precedes the formation
of an organized and well-oriented product mesophase. This kind of “disorder-to-
order” transition has also been observed in the initial stages of formation of thick

films or xerogels™*

. When a well-defined organization at the mesoscale is desired,
the system has to be designed to separate phases and organize completely before
the medium becomes rigid enough to “freeze” a disordered phase, or even to
“freeze” before any phase separation, leading to a non-mesoporous, or poorly

ordered film. In other words, the race towards order must be won*>°.

If the thermodynamic differences between ordered or disordered mesophase are

not significant at ambient temperature’*®

, the order phase can be formed if

1) the nucleation rate for an organized mesophase made upon the self-assembly of
micelles and inorganic counterparts (i.e., the Nano Building Blocks of the hybrid
mesophase) is high and

2) the medium is compliant enough to permit rearrangement of the nano building
blocks.

Some clues of the condensation kinetics can be obtained by applying in-situ
spectroscopic  techniques, such as ATR-FTIR spectroscopy®’, FTIR

ellipsometry™®, and IR synchrotron radiation.
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2.2.2.1 Dip-coating

Mesoporous films are typically synthesized by evaporation-induced self-assembly
(EISA), Figure 9, via dip-coating, using inorganic precursors such as alkoxides,
organo-alkoxides or chlorides, and organic templating agents such as amphiphilic
block copolymers %0181 ‘Nesoporous films show large surface areas up to 1000
m? g%, and pore volumes up to 1.3 cm® g™* 1%,

The thickness of the film is mainly determined by the rate of evaporation of the
solvent and the viscosity of the solution. When the velocity of substrate and the
viscosity of liquid aren’t very high, the thickness of film can be obtained from

Landau and Levich equation:
_ 0.94(nU)"73
V08 (og)"-
where U is the speed of extraction, n is the viscosity, y, v is the surface tension
liquid-vapor. It is important to observe that for polymeric systems the thickness of
film change with U*®. This equation assumes constant viscosity and Newtonian

behavior, without effects of evaporation. Landau and Levich equation is effective

for sol prepared in acid catalysis'?.

In this thesis work, we introduced a Iridium(l11)
complex as light emitting guest species into a
mesoporous silica film acting as host matrix.
The synthesis of the luminescent material has
been performed by a co-condensation approach,
similar to the one described above for the

powders.

The instrument used was a dip-coater fabricated
by workers of University of Calabria spin-off,

Figure 2.10. Dip-coater with CalTec s.r.l.(Calabria Liquid Crystals
temperature and humidity control

pannels Technology) Figure 2.10.
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Materials

Pluronic  F127 (OH(CH2-CH20)106(CHCH3-CH20)70(CH2CH20)106H),
tetraethyl orthosilicate 99% (TEQS), hydrochloric acid (HCI 37%), and absolute
ethanol (EtOH, 99.98%) were used as supplied by Sigma-Aldrich. Water was
produced from a Milli-Q system. fac-Ir(ppy)s, [Ir], was synthesized according to
the procedure reported in the literature.®® Quartz slides, with area=3cm?, were
employed as the substrates. The slides were accurately washed by distilled water,

ethanol and acetone before using.
Preparation of silica sol

A first solution, the template solution, was prepared by dissolving 1.3 g of Pluronic
F127 and 0.01 g (1.6-10™ mol) of Iridium(l11) complex in 15 ml of EtOH and 1.5
ml of HCI acid aqueous solution (5.7 x 10 M). The resulting mixture was stirred
at room temperature for 5 h. A stock solution was prepared by adding (in the
following order) ethanol, TEOS, water, and HCI in the molar ratios
TEOS:EtOH:H,0:HCI = 1:2.78:1.04:1.43x102. The sol was left to react under
stirring 75 min at room temperature. The final sol was obtained by adding 7.7 ml
of the stock sol to the solution containing the block copolymer. The final molar
ratios were TEOS:EtOH:H,0:HCI:PluronicF127:[1r]=1:16.3:5.4:1.88x102%:5x10"
%:0.0016 [Ir]. The sol was stirred at room temperature for 15 min and immediately

used for film deposition.
Preparation of silica films

The films were deposited on the substrates via dip-coating at room temperature.
The film depositions were performed at 24% relative humidity (RH), at the
withdrawal speed of 15cm min™. After the deposition, the films were dried at 60°C
for 12h. We obtained two kind of materials: a mesostructured SiOy([Ir]*F127) and
a mesostructured blank SiO,(F127), then calcined in air for 60min at 350°C.

At the moment silica films are subject to further improvements and investigations.
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2.3 Mesoporous characterization

Low angle X-ray diffraction (XRD) measurements were performed in the 26 range
of 1.0°-10.0° with a Philips 1730/10 diffractometer using Cu Ka radiation (A =
1.5416 A) at 40 kV and 200 mA and at-a-step width of 0.005°.

Nitrogen sorption isotherms were measured at 77 K on a Micromeritics ASAP
2010 porosimeter. The materials were outgassed for 12 h under vacuum at 423 K
before the measurements.

Specific surface areas were calculated by the Brunauer-Emmett-Teller (BET)

method and pore sizes by the Barrett-Joyner-Halenda (BJH) methods.'%%*%*

Scanning electron microscopy images (SEM) were obtained with FEI FP 2353/0X.
The thermogravimetric analysis (TGA) was carried out between 298 K and 1093 K
under an air flow and at a heating rate of 10 K/min in a Perkin Elmer

thermobalance.

Transmission electron microscopy (TEM) images of mesoporous materials were
obtained in the bright field mode on a JEOL 200C9 microscope equipped with a
tungsten cathode operating at 200 kV. Mesoporous powders were deposited on a

carbon-coated copper grid. Performed in the Laboratory of Materials Science and

Nanotechnologies, CR-INSTM, University of Sassari.

Steady-state emission spectra were recorded on a Horiba Jobin Yvon Fluorolog 3
spectrofluorimeter, equipped with a Hamamatsu R-928 photomultiplier tube.

The procedure involves in mesoporous materials characterization, are, primarily,
X-Ray powder Diffraction (XRD) which should be carried out at wide and low
angles. The XRD powder d spacings of well-prepared MCM-41 can be indexed on
a hexagonal and cubic lattice, respectively. XRD combined with other techniques,
such as HRTEM, electron diffraction, and lattice images, are key methods for the
characterization of these materials and identification of the phase obtained, i.e.
hexagonal (MCM-41).

Adsorption of molecules has been widely used to map the pore size distribution of
mesoporous solids. In this sense, the physisorption of gases such as N, O,, and Ar
have been used to characterize the porosity of M41S samples and more specifically
MCM-41.
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When adsorption was carried out on a MCM-41 sample, it was found that the

isotherm for N is type IV in the IUPAC classification, see
figure on the left, and no adsorption-desorption hysteresis

was found at the boiling temperature of N, (77.4 K). In the

case of Ar and O, the isotherm is also of type 1V, but they

exhibit well-defined hysteresis loops, figure gray line. These results can be
attributed to capillary condensation taking place within a narrow range of tubular
pores confirming the high degree of pore uniformity. Owing to the success of N,
and Ar adsorption in terms of the determination of the pore diameter, one can
combine the XRD results together with the pore size determined from gas

adsorption experiments to find the thickness of the wall.

Adsorption studies, besides their convenience for measuring the textural properties
of these materials, can also be used to study the interaction of molecules with the
walls of the pores, a feature of particular importance from the point of view of the
diffusion and catalytic properties of the material. In this sense, adsorption studies
of polar and no polar molecules can be quite useful for measuring the hydrophobic

and hydrophilic properties of M41S mesoporous materials.

By analyzing the multilayer physisorption and capillary condensation of a gas
within the pores, a plot of the adsorbed volume of gas versus the partial pressure
P/Po of gas is obtained. The mono and multilayer physisorption of the gas
observed at low P/Py can be plotted by the Brunauer-Emmett-Teller (BET)
equation:

P 1 +C—1P
n(Py—P) n,C n,C P,

It allows the determination of the surface area, with nn, being the number of
molecules needed to cover the accessible surface with a monolayer of molecules,
n, the number of molecules adsorbed at the partial pressure P/Py, and C, a
parameter characteristic of the net heat of adsorption of the molecule at the
surface™®®. The gas uptake observed at higher P/P, values, defined as capillary
condensation, is used for the determination of the PSD between 2 and 50 nm via
the Kelvin equation

RT1 (P)— VG
n Py B }/Lrp
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that describes the condition of appearance of the capillary condensation at a given
value of P/Py, with vy, the condensed liquid surface tension, V. the molar volume of
the liquid adsorbate, rp the radius of the pore, and G, a geometrical factor

characteristic of the liquid-air meniscus curvature (BJH model)*®’.

Another technique is differential scanning calorimetry (DSC) in which the
difference in the amount of heat required to increase the temperature of a sample
and reference are measured as a function of temperature. The main application of
DSC is in studying phase transitions, such as melting, glass transitions, or
exothermic decompositions. These transitions involve energy changes or heat
capacity changes that can be detected by DSC with great sensitivity. This curve
can be used to calculate enthalpies of transitions. This is done by integrating the

peak corresponding to a given transition.

Thermogravimetric Analysis (TGA) is a type of testing that is performed on
samples to determine changes in weight in relation to change in temperature. Such
analysis relies on a high degree of precision in three measurements: weight,
temperature, and temperature change. TGA is commonly employed in research and
testing to determine characteristics of materials such as polymers, to determine
degradation temperatures, absorbed moisture content of materials, the level of
inorganic and organic components in materials, decomposition points of
explosives, and solvent residues. For mesoporous materials, TGA allows to know
the amount of surfactant or other organic species, present into the structure and

water absorbed from the sample™®.

The emission quantum yields (@) of the samples were obtained by means of a
102 mm diameter integrating sphere coated with Spectralon® and mounted in the
optical path of the spectrofluorimeter using a 450 W Xenon lamp as excitation
source, coupled with a double-grating monochromator for selecting wavelengths.

® is a ratio of “number of photons emitted” to “number of photons absorbed”.

The number of photons absorbed is calculated by monitoring the scattered
excitation peak firstly with the blank sample in the sphere (La) and secondly with
the sample in the sphere (Lc). The differences in peak intensity between these two
measurements is caused by sample absorption and thus the number of absorbed

photons can be calculated as the differences of the integrated curves (La-Lc).
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The number of photons emitted is calculated as the difference of the integrated
luminescence of the sample (Ec) and of the blank (Ea) and therefore (Ec-Ea). As a
result, ® = (Ec-Ea)/(La-Lc). The experimental uncertainty on the @ is 5%. In
particular mesostructured SiO,(CTAB) and SiO,(P123) were used as blank
samples for the determination of @ of SiOy([Ir]*CTAB) and SiOy([Ir]*P123),

respectively.

Time-resolved measurements were performed using the time-correlated single-
photon counting (TCSPC) option on the Fluorolog 3. NanoLED at 370 nm, fwhm
< 200 ps, was used to excite the sample. Excitation sources were mounted directly
on the sample chamber at 90" to a single-grating emission monochromator (2.1 nm
mm-1 dispersion; 1200 grooves mm™) and collected with a TBX-04-D single-
photon-counting detector. The photons collected at the detector were correlated by
a time-to-amplitude converter (TAC) to the excitation pulse. Signals were
collected using an IBH Data Station Hub photon counting module and data
analysis was performed using the commercially available DAS6 software
(HORIBA Jobin Yvon IBH). Goodness of fit was assessed by minimizing the
reduced Chi squared function (c?) and visual inspection of the weighted residuals.

The average lifetimes were calculated as <t> = Z; (Ait;)/ ZiAi.

2.3.1 Photoluminescence properties

The chemistry of cyclometalated Iridium(l1l) complexes is a current topic of
investigations because they display unique photophysical properties such as good
photo- and thermal stability, high phosphorescence quantum efficiencies, relatively
short lifetimes and simple colour tuning through ligand structure and control, a set
of key  features for  molecular-based light emitting  devices

app| icatiOnS.169,170,171,172,173

Since several dyes undergo luminescence quenching phenomena at relatively high
concentrations, preventing advantageous applications, a possible way to overcome
this drawback is given by the mesostructured materials presented previously.
These materials present a well-defined organic-inorganic phase segregation at the
nanometer scale which may effectively prevent the aggregation and the related
luminescence quenching phenomena. Moreover, it is worth recalling further

excellent advantages, such as the increased mechanical stability and the shielding
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against chemical, thermal or photochemical degradation of the incorporated dye,

which are carried out by the scaffolds itself.

2.3.1.1 Emission spectra, phosphorescence quantum yield and

time-resolved luminescence

For Iridium(I11) complexes luminescence, the quantum yield in the solid state is a
function of aggregation. Aggregate formation often quenches light emission
limiting the development of photoluminescent materials that exhibit strong solid-
state emission properties.'’”* Nevertheless in some cases it has been demonstrated
that luminescence quantum yield of Iridium(l11) complexes in solid states such as
doped polymer films or powder state with suitable supramolecular organization of
the chromophores is higher than that in fluidic solutions.'” Specifically in the case
of [Ir] it has been shown that its photoluminescence efficiency can vary from 1%
in neat film to 40% in solution reaching a value of 90% in highly dispersed

polymeric matrix.'"

In order to investigate the photoluminescence properties of the new synthesized
mesostructured materials a full photophysical investigation including emission
spectra, phosphorescence quantum vyield and time-resolved luminescence were
performed for comparison on the two hybrid solids and on the pristine [Ir] powder.
The full photophysical results compared to the photophysical properties of [Ir]

176,177

complex in solution are summarized in Table 2.1.

Table 2.1 Photoluminescence properties

)vmax
. /(A) Trad | <T> Dcalc
Materials nm @ LA a
[ 1 [ns] [ns] | [ns] [ns]
[Ir]? 515 | 0.73 1090 1500 | - -
[1r]° - 0.91 1200 1300 | - -
1, = 0.1 (49%) _
[Ir]° 534 | 0.012 e - | 19 1.4%
. . 1, = 576 (27%) _
Si1O2([Ir]*CTAB) 509 0.3 121: 1077 (72%) - 931 2%
. . T, = 527 (25%) _
SIO([Ir]*P123) | 515 | 0.04 | ‘T 70 s | - | 983 | ~75%
T, =19 (2%)
SiO,([Ir]*F127) 517 - T, = 1254 (80%) - 11076 | ~83%
13 = 402 (18%)

2 Data concerning [Ir] in deoxygenated toluene solution taken from ref. 176,177. ® Data
concerning [Ir] in polystyrene matrix (1 wt%) taken from ref. 176. © [Ir] pristine powder.
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In figure 2.11 are reported the emission spectra of the mesostructured powders
SiOy([Ir]*CTAB) and SiOy([Ir]*P123) compared to the emission spectra of the
[Ir] powder. With reference to the emission spectra of both SiO,([Ir]*CTAB) and
SiO,([Ir]*P123) no red shift of the emission maxima is observed on moving from
solution to the two different mesostructured powders whereas a substantial red
shift is observed for pristine [Ir] solid. In figure 2.12 are reported the emission
spectra of the mesostructured films SiO.([Ir]sF127) and of the powder
SiOy([Ir]*P123) compared with the emission spectra of the [Ir] powder. With
reference to the emission spectra of SiOx([Ir]-P123) and SiO,([Ir]*F127), no red
shift of the emission maxima is observed on moving from solution to the two
different mesostructured powders whereas a substantial red shift is observed for

pristine [Ir] solid.

Since a significant red shift of the emission maxima is expected for aggregation
states which favour the occurrence of a high degree of interchromophore

contacts,'’®

the observed spectral features seem to indicate i) a substantial absence
of strictly interacting Iridium(l11) moieties in the mesoporous powders as a result
of a very good dispersion of the host in the matrixes and ii) the existence of a high

degree of interchromophore contact in the pristine solid.

3,20x10°
monomer—— aggregate
: - ==~ SiO,([Ir].CTAB)
g R A U SiO,([Ir].P123)
= — [
1,60x10°1
0,00 ’. r . : i : ' .""I"-_--_-_'"_"_';.__.__
500 550 600 650 700
Al nm

Figure 2.11. Emission spectra of SiOy([Ir]*CTAB) (dash line), SiOx([Ir]*P123) (dot
line) and emission spectra of [Ir] pristine powder (solid line).
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Figure 2.3 Emission spectra of SiO,([Ir]*P123) (solid red line), SiO,([Ir]*F127) (dash blue
line) and emission spectra of [Ir] pristine powder (solid black line).

Regarding phosphorescence quantum efficiency the [Ir] solid shows a considerably
reduced phosphorescence quantum vyield with respect both to solutions and

dispersed polymeric matrix (Table 2.1).

Moreover its luminescence decay turned out to be considerably fast and non-
exponential thus indicating the presence of additional non-radiative decay channels

caused by aggregation in the solid state.

Differently from the [Ir] solid, SiO([Ir]*CTAB), SiOy([Ir]eP123) and
SiOy([Ir]*F127) show much longer luminescence lifetimes, even if still non-
exponential. In particular both powder solids show a longer lifetime component of
~ 1100 ns, which account for most of the signal (75%) and a shorter one of ~ 500
ns accounting for the 25% of the total decay; mesoporous film shows a longer
lifetime component of ~ 1254 ns, which account for most of the signal (80%) and
two shorter ones of ~ 402 ns and ~ 19 ns accounting for the 18% and 2% of the

total decay respectively.

The longer luminescent lifetime component is comparable with that observed for
[Ir] highly dispersed in a polymeric rigid matrix (Table 2.1) which is usually
associated with the lifetime of the isolated rigid molecule. Therefore this

component could be attributed to a large fraction of non-interacting Iridium(l1I)
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moieties reasonably included in the interior of the micelle cores where the
chromophore is preferentially shielded from aggregation and consequently from

luminescence quenching phenomena.

Furthermore the faster lifetime component may result from a fraction of
Iridium(I11) chromophore whose luminescence can be quenched through exciton
migration quenching phenomena between closely packed Iridium(lll)
chromophores and/or iridium chromophores and impurity traps possibly present in

the materials.

Phosphorescence quantum yields of SiOx([Ir]*CTAB), SiO([Ir]-P123) and
SiO,([Ir]*F127) mesostructured solids were determined following the procedure
described in the experimental section. Different results were obtained for the two
powders (30% and 4% respectively) despite the very similar photophysical data
deriving from both steady state and time-resolved luminescence measurements. On
the other hand, due to the small mesostructured film thickness and since there is a
limit of instrument resolution, the phosphorescence quantum vyields  of
SiO,([Ir]*F127) cannot be reported. Moreover these values disagree significantly
with respect to the value reported for the [Ir] complex dispersed in polystyrene

matrix (Table 2.1) despite the similarity of the lifetimes values.

Therefore our measured phosphorescence quantum yields should be affected by
instrumental artefacts likely arising from important light scattering phenomena
typical of such materials and affecting substantially the calculated values of
absorbed photons. Nevertheless the phosphorescence quantum yields (®p) were
roughly estimated. When only one type of emitting species is present in the
sample, the phosphorescence lifetime () and @, values are related to the radiative

lifetime (t;) of the emissive state as:

T
¢p = ¢isc (_PJ
Tr

where @5 is the intersystem crossing quantum yield and it is assumed as unitary

value.t”’

Considering the value reported in the literature for [Ir] dispersed in a polystyrene
matrix as radiative lifetime and the medium values <t> calculated from
experimental data as phosphorescence lifetime, the phosphorescence quantum

yields obtained for SiO,([Ir]*CTAB) and SiO([Ir]sP123) are 72% and 75%
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respectively, for mesoporous silica film SiOy([Ir]*F127) the phosphorescence
quantum yields obtained is 83%. Moreover, the phosphorescence quantum yield of
the [Ir] pristine solid was calculated analogously obtaining a comparable result

with respect to that measured (Table 2.1).

The calculated luminescence quantum yield values suggest that the experimental
approach (technique, set-up) adopted for their determination suffers from a severe
limitation arising from the not negligible scattering phenomena displayed by the
investigated materials. However, the calculated values seem to be in agreement
with both XRD and porosimetric results, showing the [Ir] complexes mainly

included in the interior of the micellar aggregates.
2.3.2 Powder X-ray diffraction (XRD)

XRD patterns of all the synthesized mesostructured materials (hybrids and blanks)

were recorded (Figure 2.13).

Both SiO,(CTAB) and SiOy([Ir]*CTAB) exhibit XRD patterns similar to the ones
reported in the literature for analogous systems.?® In particular, the patterns consist
at small angle of three relatively broad reflections indexed as [100], [110] and

[200] characteristic of a hexagonal lattice.

The similar interplanar distances digo, and consequently similar hexagonal lattice
constants a (Figure 2.13a), indicate that the presence of the [Ir] did not affect the
self-assembly process during mesophase formation keeping the mesostructure
substantially unchanged. This phenomenon can be explained by the introduction of
the chromophore in between CTAB surfactant hydrophobic tails in a periodical
manner within a mesostructured channel.*”® However, the decrease of the intensity
of the diffraction peaks in the case of the hybrid material SiOy([Ir]*CTAB) may be
indicative of a more disorganized material compared with the blank one. In
addition both mesostructured materials containing CTAB show shrinkage of the d
spacings typically observed when, instead of pure H,O, a H,O/EtOH mixture is
employed in the synthesis.?®
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The XRD patterns of SiO,(P123) and SiO,([Ir]sP123) samples (Figure 2.13b)
consist of four peaks that can be indexed as [100], [110], [200] and [210]
associated with a hexagonal symmetry. These patterns are similar to the ones
exhibited by the analogues P123-template materials reported in the literature,?
with an expected shrinkage of the cell parameters because of the use of EtOH as
co-solvent.®Nevertheless the SiO,([Ir]+P123) sample shows an increase of the
interplanar distance and hexagonal unit cell length with respect to SiO,(P123)
blank (Figure 2.13 b).
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Figure 2.13. XRD patterns of (a) SiO,(CTAB) up and SiOy([Ir]*CTAB) down; (b) up-
Si0,(P123) and down - SiOy([Ir]*P123).
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This may be indicative of the placement of [Ir] complex in the interior of the
micellar aggregates, which consequently expands the micelles size.*® Furthermore,
on the contrary to the systems containing CTAB surfactant, the inclusion of the
Iridium(111) complexes seems to enhance slightly the order parameter of the hybrid
material SiO,([Ir]*P123), as the increase of the intensity of the reflection peaks

indicate when the patterns are compared with the blank SiO,(P123) one.

No significant changes were observed for the XRD patterns recorded several
weeks later for both CTAB and P123-template materials stored in air this

behaviour indicating a very stable structure.

While an X-ray diffraction method provides information about the structure of
silica mesoporous materials, porosimetry can give the size distribution of pores in

these materials.

2.3.3 N, sorption

Many techniques have been developed to characterize the porous structure of this
kind of solids. Among them the nitrogen adsorption technique is the most popular
one that can obtain the data on total pore volume, the BET surface area and the
pore size distribution.

According to the International Union of Pure and Applied Chemistry (IUPAC), the
majority of adsorption-desorption isotherms may be classified into six types*® as
shown in Figure 2.14.

The Type | isotherm is

I I I _ )
K’/’ typical of microporous

B solids and chemisorption
e isotherms. Types Il and
Il ive adsorption
v v /f Y| g P

/ isotherm on macroporous

adsorbent with strong and

weak affinities,

Figure 2.14. The six IUPAC standard adsorption respectively. Type IV

isotherms. and type V are typical of

mesoporous adsorbents strong and weak affinities, respectively. For lower

temperatures they show adsorption hysteresis, generated by the capillary
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condensation of the adsorbate in the mesopores of the solid. Finally, the rare type
VI step-like isotherm is shown by nitrogen adsorbed on special carbon.

Normally, in the adsorption-desorption isotherms, the desorption isotherms do not
retrace the adsorption ones but rather lie above them over a range of relative
pressure, which form a hysteresis loop before eventually rejoining the adsorption
isotherms.

Hysteresis appearing in the multiplayer range of physisorption isotherms is usually
associated with capillary condensation in mesoporous structures.

The specific surface areas (Sger), pore diameters (d,) and pore volume (V) of all

prepared materials were calculated by the BET method and BJH model,

respectively (Table 2.2).
Materials Seerim? g’ d,°/nm Vplem® gt
SiO»(CTAB) 1240 3.1 0.92
SiO,([Ir]-CTAB)" 1002 3.4 0.98
Si0,(P123)" 794 3.6 0.68
SiO,([Ir]-P123) 738 4.0 0.79

Table 2.2 Physicochemical parameters of mesoporous silica materials derived from
Nitrogen sorption measurements; @ Determined using the BET. "Determined by the BJH

algorithm using the absorption branch.

The adsorption/desorption isotherms of SiO,(CTAB)", SiO([Ir]*CTAB)",

Si0,(P123)"and SiO,([Ir]*P123)" were shown in Figure 2.15.
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Figure 2.15. Nitrogen adsorption and desorption isotherms for (a) SiO,(CTAB)" and (b)
SiOy(/Ir]*CTAB)" on the left and for (a) SiO,(P123)" and (b) (SiO, (/Ir/*P123)* on the
right.

The isotherms of all the extracted samples are type IV according to the IUPAC

classification, and typical of mesoporous materials with uniform size distribution.
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The porosimetric values dp, Sget, and V, determined for all the extracted samples
are coherent with that obtained for analogous synthesized materials.?®%
Nevertheless the values measured for SiO([Ir]«CT4B)" and SiO,([Ir]*P123)"
samples, including d, and V,, are slightly increased with respect to the
corresponding blank ones. Therefore, it is reasonable to assume that the self-
inclusion of [Ir] inside the micelles during the co-assembly process affect their
dimensions, thus leading to an enlargement of the resulted pore size and pore

volume values.

2.3.4 Scanning electron microscopy (SEM)

The surface morphology of the studied powders and films was investigated by
SEM.

Figure 2.16 shows representative SEM
micrographs of the [Ir] solid. In the solid state this
luminescent complex forms long fibres with a

hexagonal section and medium diameter of 2-5um.

Figure 2.16. Representative SEM image of [Ir].

Figure 2.17 shows SEM micrographs of all mesostructurated powders materials
synthetised.

The solids exhibit very different morphologies among them. Syntheses using H,O
and EtOH as co-solvent permit spherical particles with ordered mesopores to be
obtained. In fact, SiO2(CTAB) as SiOy([Ir]*CTAB) (Fig.17 a,b) consists of
medium-sized spherical particles of 800 nm and a homogeneous size distribution.
Si0,(P123) as SiO,([Ir]*P123) (Fig.17 c,d) samples exhibit larger and much more

monolithic aggregates with a minimum dimension of 5-8 um.
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Figure 2.17. Representative SEM image of SiO,(CTAB) (a), SiOy([Ir]*CTAB) (b),
Si0,(P123) (c) and SiO,([Ir]*P123) (d).

2.3.5 Transmission Electron Microscopy (TEM)

Figure 2.18 shows representative direct image of the deposited film. The snapshot
suggests that the mesostructure is a distorted cubic. This periodicity is compatible

with an orthorhombic Fmmm space group, Figure 2.19.

Figure 2.19. Fmmm mesophase.
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Figura 2.18. Bright field TEM image of the calcined mesoporous silica film

T

his organization is due to structure distortion during thermal shrinkage produced by
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calcination. The organized interconnected porous structure is very suitable for both

post-synthesis grafting of doping molecules or co-condensation.

Several examples are reported in literature and show that after incorporation, both
via physical adsorption or chemical bonding, the molecules maintain their activity

and are well entrapped within the matrix without significant leakage™®".

2.3.6 Thermogravimetric analysis (TGA)

The thermal decomposition behaviour of all mesostructured solids (hybrids and
blanks) was studied using TGA measurements.

In the range of 413+873 K, SiO,(CTAB) and SiO,(P123) samples exhibit a weight
loss attributed to the surfactant decomposition, of 44.8% and 36.5% respectively.
In the same range of temperature, SiO2([Ir]*CTAB) and SiOx([Ir]*P123) samples
exhibit a weight loss of about 48.3% and 39.7%, which probably corresponds to
the decomposition of [Ir] together with the surfactant. The detected similar weight
losses indicate similar behaviour despite the different templates used in the
synthesis. Nevertheless, the difference of weight loss resulting from a comparison
among the blank and the corresponding hybrid materials (approximately 3%)
cannot be attributed only to the presence of [Ir] chromophore, and it probably
arises from both the [Ir] decomposition and the intrinsic difference of weight ratio
between the surfactants and the inorganic scaffold due to a different degree of
order induced by the [Ir] co-assembling process. These results are supported also
by XRD measurements and nitrogen sorption analysis, indicating that the presence

of [Ir] in the micelles causes some variations of the surface parameters.
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Chapter 3

Solid state dye-sensitized solar cells.

Solid state dye-sensitized solar cell

condusting Ti0, cieotrolyte cathoge  COMES from the replacing of the liquid
olas electrolyte by an organic hole-
conduction band
e [ e e s transporting material (HTM) forms
woltage
e l - N organic/inorganic heterojunction.
w v red.t” Y5,
I 0.5— <
= A 182
g o ! mediator In 1988 Tennakone™ reported for the
w 10—
first time a solid-state dye-sensitized
— ' — heterojunction between TiO, and

CuSCN, however the flat structure of
the junction led to a low sensitized photocurrents. About 10 years later Hagen et
al.'®® reported on a solid-state device based on a molecular semiconductor, which
was applied to a Ru(dcbpy).(SCN), sensitized nanocrystalline TiO; electrode via
thermal evaporation. However energy conversion efficiencies were still low (IPCE
< 0.2%). The first solid-state dye-sensitized heterojunction of TiO, and a

semiconducting polymer was reported by Yanagida and co-workers, 1%

The charge transport mechanisms inside the cell are very similar to the dye-
sensitized using a liquid electrolyte, except for the electrolyte. In the liquid
electrolyte solar cell where there is a migration like a diffusion process, contrary to
the solid state solar cell where exists an hopping of charges through the solid
charge transport material,
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Figure 3.1. Principle of operation scheme of the solid-state dye-sensitized solar cell.
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The choice of organic/inorganic heterojunction joins the well know properties of
the former, such as flexibility, amorphous structure, almost unlimited chemical
tunability and easy processability and with the high charge mobility, and long-term

stability of the inorganic materials.

The main problem of these cells has been fast interfacial electron-hole
recombination, reducing the diffusion length of the conduction band electrons to a
few microns as compared to 20—100 microns for the electrolyte-based DSC*®.

As a consequence, the film thickness employed in these cells is restricted to only 2
microns, which is insufficient to harvest the sunlight by the adsorbed sensitizer,
thus reducing the resultant photocurrent. The dye monolayer itself blocks this back

reaction because it is electrically insulating™®’.

Another difficulty encountered has been the filling of the porous network with the
hole conductor. This impediment may be overcome by developing oxide films
having regular mesoporous channels aligned in a perpendicular direction to the
current collector. On the other hand, the Voc values obtained with solid state DSCs
are high, reaching nearly 1 V, due to a better match of the hole conductor work
function than that of the electrolyte with the redox potential of the sensitizer.

Hence, current efforts are being directed towards molecular engineering of the
interface to improve the compactness and order of monolayer and prevent in this

fashion the charge carriers from recombining.

Moreover the solid hole-conductor is the less efficient hole transport respect to the
liquid electrolyte as a result of the relatively low hole mobilities in organic
semiconductors. Low conductivities imply high resistance causing voltage losses,
in particular for high current densities. Slow charge transport generates
concentration gradients in the hole conductor matrix. The interfacial recombination
depends on the concentration gradient of holes in fact as a consequence of the
accumulation of holes inside the pores there is a holes-depletion effect in the bulk
organic semiconductor. This phenomenon is favored by a low distribution of the
solid charge transport material into the porous matrix, respect to the liquid
188,189,190

electrolyte that forms a perfect semiconductor/electrolyte junction

A schematic diagram of the solid sate DSC is shown in Figure 3.2.
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3.1 Materials

All reactions were carried out under an argon atmosphere. Solvents were distilled

from appropriate reagents. All reagents were purchased from Sigma-Aldrich.
3.1.1The substrate

The concept of using dispersed particles to provide a sufficient interface area for

192

dyes chemisorptions'®* emerged from 1970s'*?, and was subsequently employed

for photoelectrodes®*.

In the solid state solar cell there is a monolithic structure, the layer depositions are
made one by one from the bottom to the top of the cell.

Highly fluorine-doped transparent conducting oxide films deposited on glass
(SnO2:F) were purchased either from Pilkington (TEC15, USA), distributed in
Switzerland by Hartford. TEC15 displays a optimal thermal stability, it was
observed after two sintering treatments at 500°C for 10 minutes (heating rate 50
°C/min.) The Fluorine doped Tin Oxide (FTO) layer, was chosen for its low
resistance (15 Q cm) and the better thermal stability compared to Indium doped
Tin Oxide (ITO). The FTO layer should improve the mechanical and the electrical

contact with the porous semiconductor film.
Titanium dioxide was chosen as semiconductor for the photoelectrode.
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The choice of semiconductor is fundamental, it has to fulfill three functions.

- It has to be in a nanocrystalline form, its structure, with a mesoscopic particle
size (15-20nm), has to offer an optimal adsorption surface for the dye.

- It has to have a wide bandgap to accept the electrons from the excited dye.

- It has to be a good electron conductor to diffuse electrons toward the

conducting glass.

TiO,, used in its low-temperature stable form anatase (pyramid-like crystals), is a
good choice for photo-electrochemical applications, first of all for its energetic
properties (E= 3.2 eV, CB: -3.8 eV), also for its stability, due to the wide band gap,
the Lewis acidity of the surface, allowing attachments of dyes, the widely
available, low-cost and non-toxic and biocompatible conditions; of course TiO, is
an isolator which becomes conductive by electron injection of the adsorbed dye.
Furthermore the TiO, semiconductor has to have a porous structure to enhance the

light capture characteristic of dye respect to a flat surface.

Whether the solar cell is fabricated with just the nanocrystalline (porous) layer
between the back contact layer FTO and the hole-conductor material it is possible
that an ohmic contact appears and a short circuit reduces the dark current of the
device. Therefore a thin compact layer of a semiconductor material is deposited
under the nanocrystalline one. This compact layer improves the mechanical

adhesion of the porous film on the substrates.
3.1.2 Dyes

The history of the sensitization of semiconductors to light of wavelength longer
than that corresponding to the band gap is an interesting convergence of
photography and photoelectrochemistry®, both of which rely on photoinduced
charge separation at a liquid—solid interface’®. The silver halides used in
photography have band gaps of the order of 2.7-3.2

eV and are therefore insensitive towards much of the
N o visible spectrum, as are the metal oxide films now

used in dye-sensitized solar cells.

Initial photochemical studies employed a [Ru(4,4’-

dicarboxylic acid 2,2’-bipyridine ligand)s] sensitizer.
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Progress thereafter, until the announcement in 1991'® of a sensitized
electrochemical photovoltaic device with conversion efficiency of 7.1% under
solar illumination, was incremental, through the combining of a synergy of
structure, substrate roughness and morphology, dye photophysics, and electrolyte
redox chemistry. That evolution has continued progressively since then, with

certified efficiencies now over 11% %,

The dye is the sensitizer of the solar cell, absorbed by the semiconductor layer.

It is a photoactive element able to harvest the incident light for the photon-to-
electron conversion. To allow a rapid injection of excited electron into the CB of
TiO,, it is sufficient only a thin monolayer of dye by the wetting of the porous
film. The dye has to promote the separation and mobility of the charges within the
solar cell, therefore it must to fulfill some requirements, high light harvesting; high
molecular extinction coefficient; broad spectral response; no aggregation (“filter
effect””) on TiO,; absorb visible light of all colors (panchromatism), ideally, all
photons below a threshold wavelength of about 920 nm should be harvested and
converted to electric current. This limit is derived from thermodynamic
considerations, showing that the conversion efficiency of any single-junction
photovoltaic solar converter peaks at approximately 33% near a threshold energy
of 1.4 ev'¥"1%,

Also, the sensitizer should have suitable ground and excited state redox properties,
and interlocking groups for grafting the dye on the semiconductor surface. These
establish intimate electronic coupling between its excited state wave function and

the conduction band manifold of the semiconductor®®2%,

The photophysical and photochemical properties of 4d and 5d metal complexes
containing polypyridyl ligands have been thoroughly investigated over the last
three decades. The ground and the excited state electrochemical and photophysical
properties of these complexes play an important role in the charge transfer
dynamics at the interfaces. The choice of Ru(ll) polypyridyl complexes, in

nanocrystalline TiO,-based solar cells?*120%203.204

, Is of interest for a number of
reasons.
* Because of its octahedral geometry specific ligands can be introduced in a

controlled manner
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* The photophysical and electrochemical properties of Ru complexes can be tuned
in a predictable way

» The Ru metal center possess stable and accessible oxidation states from I to III
Electrochemical properties

The solar spectrum is centered in the visible light wavelength range (400nm-
900nm) therefore it is very important that the sensitizer absorbs the solar spectrum
in this wavelength range. The efficiency of electron injection from the sensitizer to
into the TiO, is in relation with the energy level of the sensitizer excited state, the
last has to be more negative in energy than conduction band level of TiOy; or in
other word the oxidation potential of the dye has to be more positive than the

oxidation potential of the electron donor (HTM).
Photophysical properties

In order to optimize the current density, the extinction coefficient of the sensitizer
has to be high at wavelengths different from the maximum absorption peak since
the white light harvesting efficiency is limited by the absorption in the weaker
absorbing regions, and for an efficient electron injection, the lifetime of the
excited-state (S*) has to be long enough to avoid the vibration relaxation of the
dye itself.

Chemical Properties

To have a good adsorption of the sensitizer onto the semiconductor layer, the dye
needs to be bond to the TiO, surface. For organometallic dyes, the carboxyl groups
are the anchoring group. With decreasing distance of the dye to the surface the
electron injection rate increases, it is very important to obtain only a monolayer of
dye onto the TiO, surface. However the electron injection rate can be accelerated
when the system of the dye in the excited state can be delocalized into the
semiconductor. Therefore it is fundamental that the substrate is soaked into the dye
solution. Generally the dye solution is based on an inert solvent which allows
reasonable amounts of dye to be dissolved and which does not interact with

semiconductor surface.
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Stability

One major issue that has been settled during this period is that the sensitizers
employed in the current dye-sensitized solar cell embodiments can sustain 20 years
of outdoor service without significant degradation.

However, as new and more advanced dye structures emerge, and in order to avoid
repeating these lengthy tests every time the sensitizer is modified, kinetic criteria
have been elaborated to allow prediction of long-term performance.

The dye must possess a long-term photovoltaic performance stability first the final
solar cell has to be reproducible and also because of the real-life applications

require cell lifetime of more than 20 years possess long-term stability.

Nowadays ruthenium complex cis- ;
[Rull(dcpby),(NCS),] (figure on the right) Sy I ®
is the best dye for the application in dye- N;RU'L\N
sensitized solar cells. This is mainly due O N O

HOOG O

to the good stability of the ruthenium
complex compared to other sensitizers. In
this work a short study about this dye is reported to verify the forthcoming
experimental data.

However, due to the precious metal and its rarity, metal-free organic dyes have
attracted considerable attention for practical applications. Recently, the solar-cell
performances of DSSCs based on organic dyes have been remarkably improved
and impressive efficiencies in the range 8-9.7% have been achieved®®. The main
factors responsible for the low efficiencies of organic dyes compared to the
ruthenium sensitizers are narrow absorption bands in the visible region and the
formation of dye aggregates on the semiconductor surface?®.

Therefore, many attempts have been made to design and construct organic dye
molecules with higher molar extinction coefficients and broader spectral
responses. Most of the efficient organic dyes contain a donor and acceptor bridged
by a p-conjugated linker (D-p-A). To enhance the molar extinction coefficient as
well as to realize panchromatic lightharvesting, tuning of the length and torsion

angle of the conjugated linker is important.

Recently, a successful approach was introduced in which a p-conjugated linker

such as a thiophene?®” or thienothiophene®® derivative was incorporated into an
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organic framework, thereby enhancing the efficiency and stability. Herein, we
report highly efficient organic sensitizers, coded as JK-112 and JK-113 (Scheme
1), which consist of a dimethylfluorenylamino-appended thienothiophene—
vinylene—thienothiophene unit with aliphatic chains that maintain the planar
geometry of the conjugated linker. This not only increases the extinction
coefficient of the sensitizer by extending the p-conjugation of the bridging linker,
but also augments its hydrophobicity, increasing the stability under long-term light

soaking and thermal stress.

3.1.2.1 2907

(cis-di(thiocyanato)-(2,2’-bipyridyl-4,4’-dicaboxylic acid)(4,4’dinonyl-2,2’-
bipyridyl)-ruthenium  (11)) were synthesized, according to published

209210211 "and were used as received from Prof. Graetzel co-workers Dr.

procedures
Nazeeruddin and Dr. Zakeeruddin. The dyes were dissolved in a 1:1 mixture of

acetonitrile:tert.-butanol and were used as received without further purification.

3.1.2.2 New organic dyes

JK-112%2

(2)-3-{5-[(E)-2-(5-{4-[Bis(9,9-
dimethyl-9H-fluoren-2-
yl)amino]phenyl}-
3,6-dihexylthieno [3,2-
b]thiophen-2-yl)vinyl]-3,6-
dihexylthieno [3,2-b]thiophen-
2-yl}-2-cyanoacrylic acid

A mixture of
(E)-5-[2-(5-{4-[Bis(9,9-dimethyl-9H-fluoren-2-yl)amino]phenyl}-3,6-di-
hexylthieno[3,2-b]thiophen-2-yl)vinyl]-3,6-dihexylthieno[3,2-b]thiophene-2-
carbaldehyde (0.16 g, 0.140 mmol) and cyanoacetic acid (0.024 g, 0.28 mmol) was
vacuum-dried and then dissolved in MeCN (60 mL) containing piperidine (0.012
g, 0.140 mmol). The solution was refluxed for 6 h. After cooling, the volatiles

were removed in vacuum. See section 5.2.
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(2)-3-{5-[(E)-2-(5-{6-
[Bis(9,9-dimethyl-9H-fluoren-
2-yl)amino]benzo[b]-

/)~ CP%H thiophen-2-yl}-3,6-
dihexylthieno [3,2-
b]thiophen-2-yl)vinyl]-3,6-
dihexylthieno [3,2-
b]thiophen-2-yl}-2-

3
s

cyanoacrylic acid

Compound JK-113 was synthesized by a procedure similar to that described

for JK-112, except that (E)-5-[2-(5-{6-[Bis(9,9-dimethyl-9H-fluoren-2-
yl)amino]benzo[b]thiophen-2-yl}-3,6-dihexylthieno[3,2-b]thiophen-2-yl)vinyl]-
3,6-dihexylthieno-[3,2-b]thiophene-2-carbaldehyde (0.21 g, 0.175 mmol) was

used. See section 5.2
3.1.3 Hole Transport Material

The main difference between the liquid electrolyte dye-sensitized solar cell and the
solid state one, is that the last makes use of an hole conductor, or Hole Transport
Material (HTM), to regenerate the oxidized dye after electron injection into the
semiconductor. The second function of the HTM is to transport the positive charge
into the counter electrode. Therefore to achieve these functions some requirements
have to be fulfilled.

Electrochemical Properties

The HTM has to be able to reduce the oxidized dye, the redox potential of the hole
conductor must be more negative than that of the oxidized dye. Since the
maximum photovoltage of the dye-sensitized solar cell depends on the HOMO
level of the HTM, this HOMO level should be as low as possible in order to
achieve a maximal device voltage under illumination. Furthermore, the hole-
conductor should not be able to quench the excited state of the dye, this
recombination reaction has to be much slower than the injection of the excited

electron into the semiconductor.
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For the regeneration of the dye, the hole conductor has to have a redox potential
higher than that of the oxidized species. In other words, the HTM has to have a
HOMO level higher than that of the oxidized dye. The difference between the two
potentials should be large enough to ensure a good driving force for the process.

It is important that the redox-couple must be reversible at the counter electrode,
while being inert to the TiO,. The reaction between HTM and dye has to be slower
than the electron transfer between the dye and the TiO,, the HTM oxidized form,

must not interact with the excited state of the dye and the TiO..
Photochemical Properties

The HTM should not have any significant light absorption in the visible domain, to

avoid an internal filter effects and a competition with the dye.
Morphological Properties

The hole conductor should be deposited on the substrates without damaging the
sensitized semiconductor, different techniques are used, in this work the HTM is
deposited by spin-coating. The HTM has to have an amorphous structure and it has
to be transparent to allow light to penetrate the device, stable and homogeneous.
The hole conductor has to penetrate the pores of the nanocrystalline network. This
limits the size of the molecules of the compound, as the pores have sizes in the
nanometer scale. The contact with the counter-electrode should have an ohmic
behaviour to minimize the internal resistance of the device. Finally, the HTM has
to be stable to a long storage and exposure to open air that lead to a lower

conversion efficiency.

Charge Transport Properties

The Dye/HTM system should be able to transport a current of a few mA/cm?

without diffusion losses or high resistance. The limiting current depends on the
thickness of the hole transport material, the number of charge carriers and the
mobility p, which is a material constant:

dn

J =uwk-T-—
dx

One of the solutions to this question, for enhancing the conductivity, is to doping

the HTM by oxidation, increasing the number of charge carriers. In other words,
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the Fermi-level shifts towards the transport states upon doping. Furthermore the
resistive losses can be reduced by adjusting the layer thickness of the hole

conductor.

Solid-state dye-sensitized solar cells (DSC) based on organic hole conductor,
2,2'7,7'-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene, spiro-
MeOTAD), have been investigated as an alternative to liquid electrolyte solar
celIs.213’214’215'216'217’218

The spiro-OMeTAD is the most successful p-type organic conductor (hole
transport material) employed. Its work function is about 4.9 eV and the hole

mobility 2x10™* cm?s™.

Spiro-OMeTAD was used as received from Dr. Spreitzer - Covion Organic
Semiconductor GmbH, Frankfurt/Germany (formerly Aventis, formerly Hoechst
AG). If not stated otherwise the purity was > 99.8 %, according to HPLC analysis.

ILCO OCH;3

The reduced form of
the hole conductor is
pale  yellow and
absorbs in the UV

(max=372 nm).

The spectrum of spiro-
MeOTAD" shows an
intense band at 511 nm

and a shoulder at 700

Figure 3.3. Structure of 2,2°,7,7-tretakis(N,N-di-p- nm. The spiro center
methoxyphenyl-amine)-9-9°-spirofifluorene (spiro- ) )
OMeTAD). connects two identical

molecule wunits in a
perpendicular arrangement and acts as an electronic barrier. Therefore the
spectrum of the spiro-MeOTAD?* is similar to the mono cation but with a doubled
extinction coefficient.

The comparison of similar molecules with and without spiro center revealed that
the spiro-concept leads to high morphologic stability, without deteriorating its

electronic properties.?*
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One of the limits of solid state DSSC is the TiO/spiro-OMeTAD thickness that
inhibits high light harvesting efficiencies. One reason for this limitation has been
identified in the shorter electron lifetime of the cells due to the fast recombination

220 Another reason, which has been cited

of electrons with holes in spiro-MeOTAD.
as preventing the use of thicker films, is poor pore penetration of spiro-MeOTAD
which is usually applied by spin coating from solution.??* In an unfilled pore, the
dye molecules can still inject electrons into the TiO, but they are not regenerated
and the oxidized dye molecules recombine with electrons from the TiO,.
Alternatively, if the HTM is not interconnected everywhere, then all dye molecules

can be regenerated but the positive charge cannot be transported out of the cell.
222,223

Another factor that limits the efficiency of these cells is the high rate of back
reaction of electrons with the oxidized spiro-MeOTAD. Improved open circuit
voltages are observed when tertiary butyl-pyridine (t-BP) is incorporated into the
hole transporting matrix.* Furthermore the un-doped spiro-MeOTAD is
insulating, however, when only Li(CF3SO,);N is added, the film becomes
conducting. The spiro-MeOTAD becomes slightly oxidized during cell preparation
in air, and the addition of the lithium salt shields the charges so that DC
conductivity is observed.

Respect to other hole transport materials, that exhibit an amorphous structure for a
short time, spiro-MeOTAD film can stay in the amorphous state for years. The
standard deposition technique is spin-coating of a solution of spiro-MeOTAD in

chlorobenzene onto the sensitized semiconductor surface.

Preparation of the hole-conducting matrix:
2,2°,7,7°-Tetrakis(N,N-dimethoxyphenylamine)-9,9’-spiro-bifluorene

(spiro - OMeTAD), (72 mg) was dissolved in C¢HsCl (420 mL) at 60°C.

Distilled 4-tert-butylpyridine (TBP) (7 ml) and 15 ml of a solution of Li
[(CF3S0O,)2N] (17 mg) in MeCN (100 ml) were then added to the solution.

3.1.4 Counter Electrode

The device was defined between the FTO anode and gold cathode. The gold

counter electrode is of advantage due to its higher reflectance and conductivity.
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Correspondingly best performance was observed for the thickest counter electrode
in a device series with gold layers varying between 20 and 100 nm. The enhanced
performance for thicker films was the result of increased short circuit currents.
However the deposition of thicker films requires longer evaporation times and thus
longer thermal stress for the devices. Gold films thicker than 100 nm become
mechanically instable and tend to peel off. Devices were therefore provided with a

gold counter electrode of 100 nm.
3.2 Device preparation

The solid state dye-sensitized solar cell technology developed at the EPFL
contains broadly five components:

1. Conductive glass substrate

2. Semiconductor film

3. Sensitizer

4. Hole-transport material

5. Counter electrode
3.2.1 TiO, layer

The structuring of the FTO on a glass substrate was done via a chemical etching
method. Zinc granulates were spread onto the glass (20 mg/cm2) followed by a
reaction with HCI 4M (1ml/cm2). Scotch® tape was used to mask the tin oxide
area needed to the back contact. The rapid reaction between HCI and Zn leads to
the removal of the SnO2. After two treatments of 3 min reaction time the SnO2 is
removed. The FTO glass structured is then cleaned by rubbing it with a paper
soaked in acetone / ethanol mixture, followed by scrubbing with a soft toothbrush
and Hellmanex® surfactant (2% in H20). The FTO glass was subsequently
purified by a UV/Ozone plasma treatment (UVO-Cleaner®, Model No. 256-220,
Jelight Company Inc.) for 20 minutes.

Thin  compact TiO, layers were prepared using as precursor
diisopropoxytitaniumbis(acetylacetonate) (TAA®, purchased from Aldrich). The
TAA solution, stored under argon, was diluted with ethanol to 0.02M prior to use,

as the solution changed color from yellow to orange in air.
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The smooth compact film of about 100 nm is deposited by spray pyrolysis onto the
conducting oxide glass with the solution of 0.02 M TAA, according to the
procedure described by Kavan?*. The sample (11x15 cm), partially etched
(removal of SnO,) was heated on a massive titanium plate (10x280x200 mm). The
temperature was set to 450°C and controlled by a NiCr/Ni thermopile. The
precursor solution was sprayed from a distance of around 20 cm using a
chromatographic atomiser (Glas Keller, K1596)*®. The sample surface was
partially masked with 1 mm thin float glass in order to avoid complete coverage of
the glass by the compact TiO, layer. For layers of approximately 100 nm
thicknesses on a surface of 11x15 cm, 8 ml of the precursor solution were sprayed
at intervals of 10 sec. This spraying technique corresponds to an overall precursor

solution consumption of about 0.05 ml/cm?.

In order to obtain complete transformation to TiO, and burn of all residual

organics, the sample was left 10 minutes on the hot-plate (at 450°C) following

deposition®?.

The TiO2 colloidal pastes were produced by P. Comte and R. Charvet, LPI, EPFL

following the procedure described by Barbé?*’:

1. precipitation (hydrolysis of Ti-alkoxides using 0.1 M HNO3)

2. peptisation (heating at 80 °C for 8 h) followed by filtering

3. hydrothermal growth (autoclave: 12 hours at 230°C)

4. sonification (ultrasonic bath, 400 W, 15 x 2 s)

5. concentration (rotavap: 45°C, 30 mbar)

6. Solvent exchange, ethyl cellulose and terpineol addition (flocculation,
sedimentation)

7. Homogenize paste (3-roll mill, 15 minutes)

8. Dilution with ethanol 3X (making paste more fluid)

The resulting TiO; particles consist of anatase or a mixture of anatase and rutile
depending on reaction conditions.
After removal of solvent, addition of a binder and dilution with ethanol, the sol is

now ready for deposition onto the thin compact TiO, layer.

The nanocrystalline TiO; layer was deposited using the “Doctor-blading” method.
The substrates were fixed on a glass support using Scotch® tape (60 um thick),

determining the deposition area and the layer thickness. The paste was deposited
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onto the substrate-plate using a spatula of the “doctor-blading machine” (speed:
30mm/s). This method leads to a optimal quality/reproducibility of the TiO, films.
After deposition, the layers were allowed to sit in a dust-free container during 30
min. The substrates were then sintered, this technique is used to form
interconnection between nanoparticles to improve the electronic contact; the
porous film is typically a few micron thick, transparent and mechanically stable.
The sintering was made according to a programmed sequence:

T=100°C for 10 min = T=150°C for 5 min, under normal atmospheric conditions
in order to evaporate all of the solvents

- T=325°C for 10 min - T=450°C for 10 min and finally - T=500°C for 30
min, in order to obtain reproducible grain growth and phase transformation of the

TiO;, particle.

This method avoids excessively fast burning-out of the organic compounds present
in the paste, which would form undesired carbon inclusions in the pores. The
maximum sintering temperature, which is typically 450-600 °C, is determined by
the physical properties of the substrate. The sintering program was carried out
under a constant oxygen flux, since firing the titanium dioxide in a reducing
atmosphere, such as hydrogen for example, may create oxygen vacancies, leading
to n-type doping %%,

A final post-treatment by a 40 mM aqueous TiCl, solution for 30 min at 70°C, was
then carried out. This treatment has been shown to increase the injection of
electrons into the TiO, and, thus, augment the delivered current. This effect has
been assigned to the enlarged surface area for dye adsorption as well as to the
formation of a surface TiO layer of higher purity™’.

Furthermore Ti complexes in TiCls solution are believed to condense at the
junction points of two particles increasing interparticle connection and, thus, the
electron transit from one particle to another. However, the treatment causes a
decrease in the average pore size and the porosity. The porosity was calculated,
using N adsorption experiments (BET), from the ratio of the cumulative pore
volume Vp to the total volume Viot, which is given by Vtot=Vp+5(TiO,)™?, with
density of anatase & (TiO,)=3.85 g/cm>. The particle size (PS) is approximate by
PS=6/(SS* 6 (TiO2)), SS: specific surface.
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Porosity = 66.2%, particle size = 20.0 nm, specific surface =
78.0 m*/g.

Upon dye uptake the effective porosity of the TiO, film is
reduced by about 25%%%°. Figure 3.4.

Figure 4. FTO coated glass with TiO2 film after sintering.

The devices are separated
(2.5 x 2.5 cm) and sintered
for a second time for 30
minutes at 450°C (ramp: 15
minutes) and allowed to
cool to 80°C immediately

Figure 3.5. Second sintering. prior to the sensitizer

application. Figure 3.5.
3.2.2 Sensitizer soaking

The Z907-dye sensitization of the nanocrystalline oxide films was obtained by
immersion of electrodes in a mixture of 1:1 acetonitrile / tert-butanol sensitized
solution (3x10™ M) at room temperature for 3hours in the dark.

For JK112 and JK113, TiO, electrodes were immersed in the dye solutions (3 mM
in THF) at room temperature in the dark for 3 h.

During that time the concentration and the assembly of the dye on the electrode
surface do not change significantly.

After 24 hours, the dye may spontaneously form a double-layer, increasing the
pathways for electron injection into the semiconductor. In order to avoid this
double-layer effect, the dye-sensitized electrodes were rinsed in acetonitile prior to
spin-coating of the hole-transport material.

3.2.3 Hole-transport material deposition

After rinsing the electrodes, a hole-conducting matrix (72 pl per 2.5x3 cm?
area)was applied.
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The HTM-matrix solution is deposited on the substrates and then, spun to fill the
pores and form a flat, uniform layer at the surface of the substrate.

It is well known that the spin-coating technique is used to improve the penetration
of the hole-conductor into the nanoporous layer.

The HTM is dissolved in dry chlorobenzene forming either a solution of 0.11 M.
Some additives, such as lithium triflate (13 mM) and tBP (0.13 M), were added to
the spiro-solution to increase the conductivity of the hole conducting layer and the
open circuit voltage of the cell.

The substrate is spun up to a speed of 2000 rpm for 30 s with an acceleration of
2000 rpm/s. Then is directly dried under a vacuum of 10°® mbar before application
the counter-electrode by evaporation.

The Spiro-OMeTAD film thickness on top of the sensitized-nanocrystalline
semiconductor is about 250-300 nm. This thickness acts as a spacer to avoid a
direct contact between sensitized-heterojunction and the counter-electrode, which

would lead to a short circuit.
3.2.4 Counter electrode deposition and the device sealing

A gold film of 100 nm was used as contact material.
This layer was deposited by thermal evaporation
under a vacuum of 5x10°® mbar using a Edwards

evaporator (Vacotec Auto 500). The evaporation

rate was approximately 0.2 nm/s. A metal mask was

used to define the contact areas on the sample

Figure 3.6. Metal mask for gold (Figure 3.6)
evaporation. g e

The thickness of the counter electrode used was
optimized with respect to the negative effects of
the thermal stress on the dye solar cell,
increasing with the evaporation time and the

benefit effect of the light reflectance and the
Figure 3.7. Solid state dye- conductivity, increasing with the thickness of
sensitized solar cells. the layer®®. The active area of each ssDSSC

was about 0.2 cm?. Figure 3.7.
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In order to measure the long-term stability of the solid-state dye-sensitized solar
cells, the devices were encapsulated with a 2 mm glass sheet and sealing with a
combination of the heat sealable Surlyn film and the epoxide Torr Seal, (Varian
Vacuum Products). This sealing is necessary to maintain long-term stability
devices and protect the active surface against mechanical stress and tBP

evaporation.

%
HTM

spiro-MeOTAD

Pt
CompactTiO,

Side-view of the solid state dye-sensitized solar cell.
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3.3 Photovoltaic characterization

Absorption and photoluminescence spectra were recorded on a Perkin—Elmer
Lambda 2S UV/visible spectrophotometer and a Perkin LS fluorescence

spectrometer, respectively.

For photovoltaic measurements of the solid state DSSCs, the irradiation source
was a 450 W xenon lamp (Osram XBO 450, USA), the power of which as an AM
1.5 solar simulator was calibrated using a Tempax 113 solar filter (Schott). The
output power of an AM 1.5 solar simulator was calibrated using a reference Si
photodiode equipped with a colour-matched IR cut-off filter (KG-3, Schott) to
reduce the mismatch in the region 350-750 nm between the simulated light and
AM 1.5. The measured IPCE values were plotted as a function of excitation
wavelength by using the incident light from a 300W xenon lamp (ILC Technology,
USA), which was focused through a Gemini-180 double monochromator (Jobin
Yvon Ltd.).

Photovoltaic devices are generally characterized by measuring current density
versus applied bias subjected to different intensities of illumination as well as in
the dark. In addition, the determination of photocurrent under low intensity
monochromatic light, i.e. incident-photon to electron conversion -efficiency
(IPCE), is often required.

3.3.1 Definitions*®231.282.233

Under light illumination solar cells are often considered to be equivalent to an
electrical circuit consisting of a current generation source in parallel with a diode
and a resistor (shunt resistance (Rsn)). There is also likewise a series resistance
associated with the device (R;), which describes the resistances of all of the
materials utilised in solar cells fabrication.

In Figure 3.8. The equivalent electrical circuit scheme of the dye-sensitized cell.
Ligh: represents the current generated from absorbed photons, lqak represents the
current which would flow, in the opposite direction, through the charge generation
regions in the dark (diode current). The diode characteristics are due to the

asymmetry within the device.
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Figura 3.8. Equivalent electrical circuit scheme of the dye-sensitized cell.

The current-voltage characteristics of the solar cell are in according to the

following mathematical form:
Va/ Va -
1= ligne =l (e o= 1) =22 [ma] ()
Rsh

Where 1 is the overall photo-current, Is is the saturation current of the diode and
Vi, the thermal voltage. lign: is assumed to be independent of the applied voltage

V,, which includes an element involving the series resistance.

V, =V + R4l [V] (i)
The thermal voltage, Vi, is defined as
Ve == [V] (i)

where n is the ideality factor (typically varies from 1 to 2.4), e, the elementary
charge and, k, Boltzmann’s constant.

In the equivalent circuit it is showed the dark current in a one-diode system and,
therefore, is only a simplified representation of actual dye solar cells. The real
structure of the device is more complex and corresponds to a multi-diode model
that takes into account the different charge transport processes within the cells.

The shunt resistance, Rg,, i1s normally much larger than the series resistance, Rs,

allowing simplification of the (i) equation:
Va
I'= Ligne — I (e Pen — 1) [mA] (iv)

The following parameters will be determined during the current-voltage
measurements:
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Figure 3.9. Representation of an IV curve (with ls, Vo, lopt and Vop) and the power
curve. PPP is the Point Peak.

Short-circuit current (l)

The measured current equals the short-circuit current (Figure 3.9) when the
applied bias potential is zero (V,=0). Equation (iv), thus reduces to:

lsc = liight (V)

The short circuit current is a function of the irradiance. The short circuit current
density (Jsc) is the short circuit current divided by the photoactive surface area of
the cell.

Open-circuit potential (Vo)
When no current is flowing through the cell, (1=0), thus V.=V, (Figure 3.8)

yielding
equation
VOC
igne =15 (e Ve = 1) [ma] (vi)
I, = Vy In (’“’Z’” +1)= Vy In (’”th) V] (vii)

demonstrating the dependency of V. on light intensity (irradiance).

Maximal power output (Pmax)

The power delivered from a solar cell at an applied potential, V,, is defined as the
product of the current (at V,) times the potential V,:

P=V-a-1I [mW] (viii)
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The point where the power delivered reaches a maximum, Pnax, corresponds to the
so-called Peak Power Point (PPP) for the IV curve (Figure 3.9). The current and
voltage corresponding to the PPP represent the optimal current (loy) and potential
(Vopt) conditions for the cell.

Prnax = Vopt "lope  [mW] (ix)

Fill factor (FF)
The fill factor (FF) measures the cell’s quality as a power source and, therefore, is
the ratio of the maximum power to the external short circuit current and open

circuit voltage.

FF = Vopt lopt _ Pmax (X)

Voc'Isc Voc Isc
To be considered as a “good” (performing) photovoltaic cell, the fill factor should
lie between 0.7 and 0.85. Fill factors values are influenced both by the series as
well as the shunt resistances. The former, representing the internal resistance of the
current source (depending on the resistivity of the materials and of the contacts
with electrodes), should be as small as possible, with the shunt resistance,
representing the resistance of the access to the core of the solar cell, as high as

possible (Figure 3.9).

Efficiency (1)
The efficiency, describes the performance of the solar cell and is defined as the
ratio of the maximum electrical power extracted (Pmax) to the incident light

intensity on the solar cell surface (Pip).

_ Pmax Voc Isc 'FF

n= = (xi)

Pin Pin

Standard conditions

In order to compare solar cells characterized in different laboratories world-wide,
photovoltaic cells are measured under standard test conditions. These conditions
specify that the temperature of the cell should be 25°C and that the solar radiation
incident on the cell should have a total power density of 1000 W/m? with a
spectral power distribution characterized as 1.5 AM. T The Air Mass is the path
length which light takes through the atmosphere normalized to the shortest
possible path length (that is, when the sun is directly overhead). The Air Mass

quantifies the reduction in the power of light as it passes through the atmosphere
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and is absorbed by air and dust. The Air Mass is defined as: AM = ﬁ. where 6 is

the angle from the vertical (zenith angle). When the sun is directly overhead, the
Air Mass is 1

An Air Mass distribution of 1.5 AM, as specified in the standard test conditions,
corresponds to the spectral power distribution observed when the sunlight comes

from an angle, 6= 48°.

Incident-Photon-to electron Conversion Efficiency (IPCE)
The measurement of the photocurrent under monochromatic illumination
conditions vyields the incident-photon-to-electron conversion efficiency (IPCE),
defined as the ratio of the number of electron/hole pairs (Nejectrons( A)) generated in
the external circuit of the solar cell to the number of photons (Nphotons( 1)) incident
on the photovoltaically active surface of the device at a fixed wavelength, A.

1),

Nelectrons O\) — _ I(}\) ) E
Nphotons o) Pin O\)/ A-Pn(A) v
h-v

ICPE() =

where I(A) is the current given by the cell subjected to light of wavelength, and
Pin(A) the incoming power at wavelength, A.

In general the IPCE is measured under short-circuit conditions. The spectral
sensitivity S(A) is the product of the IPCE(L) and the wavelength, If the spectral
irradiation intensity E(X), is known the short-circuit current I, as be found

utilizing:
I = fSO\)-E(}\)-dA

If the response (I-V curves) of the cell test is not linear, the IPCE will be a function

of the light intensity.
3.3.2 Experimental Data

JK-112 as a sensitizer and 2,2°,7,7’-tetrakis(N,N-dimethoxyphenylamine)-9,9°’-
spiro-bifluorene (Spiro-OMeTAD) as a hole conductor.

This device gave a Jic of 8.0 mAcm?, a Vo of 900 mV, and an FF of 60%,
corresponding to an overall conversion efficiency n of 4.3% under standard global
AM 1.5 solar conditions (Table 3.1).
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JK-113 as a sensitizer and 2,2°,7,7’-tetrakis(N,N-dimethoxyphenylamine)-9,9’-
spiro-bifluorene (Spiro-OMeTAD) as a hole conductor.

This device gave a Js. of 8.3 mAcm?, a Vi of 920 mV, and an FF of 60%,
corresponding to an overall conversion efficiency n of 4.3% under standard global
AM 15 solar conditions (Table 3.1). At lower light intensity, the power
conversion efficiency increased to 4.8%(JK-112), which is a remarkable value for
an ssDSSC based on an organic sensitizer. Of particular note are the high V.
values of the cells (both with JK-112 (900 mV) and JK-113 (920 mV)). This
stems from the thinner TiO, film, which retards the charge recombination
dynamics due to the higher absorption coefficient arising from extended

conjugation.

Table 3.1 J-V characteristics of JK-112- and JK-113-sensitized solar cells with solid-state
electrolytes under different light intensities. Comparison between organic and

inorganic(Z907) sensitizers.

Dye Intensity Jsc Voc FF n[%]
[%sun] | [mAcm™?] [mV] [%]
JK112 10 0.8 780 73 4.8
100 8.0 900 60 4.3
JK113 10 0.7 810 70 4.2
100 8.3 920 57 4.3
Z907 100 12.5 730 67 6.1

Accelerate aging under light soaking at full sun (1000W/m?).

Table 3.2 Stability-test results for JK-113.

After 24h @ 100% SUN
JK113 -8,169 683,62 0,559 3,13
After 72h @ 100% SUN
JK113 -5,005 670,09 0,537 1,80
After 168h (1week) @ 100% SUN
JK113 -2,60 614,26 0,45 0,72
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Figura 3.10. J-V characteristic of JK-112-sensitized solar cells with
solid-state electrolytes under 100%sun light intensities.
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Figure 3.11. J-V characteristics of JK-113-sensitized solar cells with
solid-state electrolytes under 100%sun light intensities.
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The incident monochromatic photo-to-current conversion efficiency (IPCE) of JK-
112 about 60% over the spectral region from 400 to 640 nm, reaching its
maximum of 60% at 475 nm (Figure 3.13, red line).For JK.113 the IPCE value is
about 50% over the spectral region from 400 to 640 nm, reaching its maximum of
50% at 465 nm (Figure 3.13, blue line)The band tails off toward 670 nm,

contributing to the broad spectral light harvesting.

[PCE [%]

y y ! y y |
400 500 600 700 800
A [nm]

Figure 3.13. IPCE of solid-state DSC with JK-112 and JK-113.

The high extinction coefficients of JK-112 and JK-113 derive from increased
electron delocalization over the conjugated system. Similar distortions have been
reported for other organic dyes.?****. Table 3.3.

Dye Amax [nm] e [Mcm™]
365 5x10*
JK112
489 7x10*
365 5x10*
JK113
490 9x10*

Table 3.3. Extinction coefficients for JK-112 and JK-113-
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Chapter 4.
Lighting devices — (LEEC)

Solid state lighting is an illumination technology based on the electroluminescence
phenomena. Its applications are, amongst others, LEDs (light-emitting diodes),
OLEDs (organic light-emitting diodes), and, sometimes considered as a sub-
category of OLEDs, the LEECs (or LECs, light-emitting electrochemical cells). In
this thesis, we present some observations of a preliminary study which examined

the fabrication and applications of a relatively new light-emitting device, the LEEC.

In 1962, N. Holonyak, working at the US company “General Electric”, gave the first
practical demonstration of LEDs?*. Over the course of the 1970’s, the physics of
LED illumination was explained in detail,**" and by the end of the decade, LEDs
had replaced incandescent bulbs for indicator lamps and Nixie tubes (small plasma
discharge vacuum tubes) for numeric displays®®. Starting in the mid- to late 1980’s,
a new type of solid state lighting source was developed based on organic

semiconductors?3%240,

The performance of these OLED devices improved
dramatically in the 1990’s until now, a consequence of worldwide efforts to develop
full-color, flat-panel displays. By the turn of the century, the performance of
OLEDs clearly showed that they had the potential for use in general illumination.
The 1990’s also saw two major breakthroughs in inorganic LED technology®*. The
performance of LED devices, like that of their organic counterparts, steadily
increased during the 1990’s. Since LEDs, in fact, SSL devices generally, can be
fabricated in all the primary colours, they will, in time, serve as a source of white

light for general purposes.

In recent years energy demands and environmental issues such as global warming
have led to the search for clean renewable energy sources and more efficient
technology, at least on an economical level. Lighting consumes up to 34 % of
electricity in the United States, (Worldwatch Institute, 2007) and the production of the
electricity costs more than $ 60 billion a year?®. It is obvious that lighting devices
producers promise to replace conventional light sources, such as incandescent and

fluorescent lamps, with more efficient devices.

Another important application of lighting technology is found in displays. The

development of organic light emitting devices as a potential replacement for liquid
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crystal displays (LCDs) has been the principal focus of much of the research in this

field over the past decade.

4.1 Device Architecture

An OLED, figure on the

I, - cathode

recombination

of the charge o) o) o left, consists of one or
::al'ri;r‘leq(rj;m‘ (:Ijg @ @ @ -— emitting film .
l::::ll;:z;::::n of . more organic |ayeI’S
® ® ® ~— lower hol i
® ® ® ® lower hole sandwiched between two
I, - o metal electrodes, one of

which must be transparent®*?

. The organic layers are typically undoped and
insulating molecules with a large m-conjugated system or polymers. These materials
have essentially no free charges. Hence, the charges that run through the OLED
during operation are injected into the organic layers from the electrode contacts.
The cathode, which injects electrons into the device, should have a low work
function (i.e. the minimum energy needed to remove an electron from an uncharged

solid), allowing its energy to be close to that of the LUMO of the chromophore.

A good energy match between the LUMO and the cathode means that not much
energy is lost when electrons are injected. Likewise, the anode should have a high
work function and an energy close to that of the HOMO. Typically, the cathode is
made of a reactive metal such as calcium, lithium, or magnesium, either singly or
alloyed with another metal, while the anode is formed from indium tin oxide (ITO),
a transparent conductor with a relatively high work function®3. Once electrons and
holes are injected into the organic layer, they drift under the influence of the applied

233 The electron and hole mobilities in the

field toward the opposite polarity contacts
disordered layer are low, so a high field is required for appreciable current. Thus,
the organic layers must be thin (on the order of 100 nm) for low-voltage operation.
As electrons and holes hop from site to site, they sometimes land in the same place

and form a neutral bound excited state, or exciton.

With properly chosen materials, a significant fraction of these excitons relax by
emitting a photon so as to generate light. The color of the emitted light and the
electrical characteristics of the OLED depend on the specific organic material and

details of the device design.
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On the other hand, the major technical problem for OLEDs is the limited lifetime of
the organic materials. Furthermore, as three different compounds for each of the
three colors red, green, and blue (RGB) are used, they all have differing stabilities

resulting in color shifts during the lifetime of an OLED display.

Although OLEDs are not yet widely used, there is already considerable research
into a possible successor, namely the light emitting electrochemical cells,
abbreviated LEEC or LEC. A LEEC has a significantly simplified architecture
compared to an OLED.

The principle of LEECs is essentially a simplified OLED structure. Figure 4.1
depicts the stack of layers used in a typical LEEC. They are usually composed of
two metal electrodes connected by (i.e. “sandwiching”) an emissive (“active”) layer
containing the chromophore. On the chemical side, the chromophore in the emissive

layer is not an uncharged compound (as in OLEDSs) but rather an ionic one.

The invention of the LEEC (based on a
conducting polymer) is attributed to the Nobel
laureate A. J. Heeger.2*'[120]

LEEC devices are insensitive to the work

function of the electrodes employed®??*,

Figure 4.1. LEEC structure.

This is due to the generation of a strong
interfacial electric field caused by the displacement of the mobile ionic species
toward the charged electrodes when an external electric field is applied over the

device?*

. Air-stable electrodes, such as gold, silver, or aluminium can be used.
Soon after the initial polymer-based LEEC by Heeger et al., single-component,
solid state light-emitting devices based on ionic transition-metal complexes have
been reported®*>%*. In this type of LEECs, the complexes perform all the necessary
roles to generate light:

(a) the decrease of injection barriers via the displacement of the counterions,

(b) the transport of electrons and holes via consecutive reduction and oxidation,
respectively, of the complex,

(c) the generation of the photons.

The metal complex is an intrinsic molecular semiconductor, in which the HOMO is

the tyy of the metal centre, and the LUMO is a « orbital of the ligands®’. On
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application of a bias in this LEEC, holes and electrons are injected from the anode
and the cathode, respectively, into the transition metal complex. These carriers are
transported towards the opposite electrode via hopping, and may recombine to
produce light emission with a characteristic color that corresponds to the energy gap
of the complex. Critical to the operation of these LEECs are the counter ions (e.g.
[PFe]), which are mobile in the film and at room temperature. Their redistribution
on the application of a bias assists the injection of electronic carriers®*!. However,
the detailed working principles, such as the electric-field distribution within a
device, are still debated,?**® although the internal device operation can be

observed directly®*.

As with OLEDs, the benefits of LEECs in lighting applications and their usage in
displays are numerous. Additionally to the advantages mentioned for OLEDsSs,

LEECs operate at very low voltages, yielding high power efficient devices?*®.

Furthermore, they are easy and cheap to produce as they can be fabricated using
spin-coating techniques rather than the chemical vapor deposition used for OLEDs.
This, together with their overall simpler architecture (no encapsulation of the
electrodes, fewer layers), LEECs represent a more economical

alternatiye?>02°1:252.253

Unfortunately, LEECs based on ionic transition-metal complexes have limited
stability. This has been attributed (in the case of a [Ru(bpy)s]**-based device) to a
water-assisted ligand exchange reaction of the excited state molecule (“exciton’)
and the subsequent formation of a new complex that functions as an efficient

luminance quencher®>*2%%2%¢

4.2 OLEDs vs. LEECs

Lifetime

Lifetime and reliability of OLEDs are major concerns in the practical application,
although the fabrication technology has matured during the last decade. Lifetimes
exceeding 10,000 hours have been shown®’. Typically, luminance decreases with
operation time and the higher brightness has the faster degradation. The lifetime
corresponds to the time in hours before the overall luminance has been decreased

below a given threshold value, often 50% of the initial luminance value.
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In OLEDs with poor power efficiency, a high current density is needed in order to
produce light. Only a few percentage of the power is applied to emit photons; the
rest is converted to heat. The heat developed in the device causes degradation of
the device. The increase of heat is proportional to the input current. The
development of more power efficient devices would yield a reduction of the
developed heat and a longer lifetime. The degradation process depends on colors
that the material emits. To emit a blue color, a material with a larger bandgap is
needed, which makes it harder to inject charge carriers and consequently more
energy is needed. The high amount of current density makes the device more
fragile and causes therefore a faster degradation for blue than for red and green
emitting materials.

The life time of OLEDs depends strongly on such elements as efficiency, charge
injection, mobility of carriers and so on. Charge carriers injected into organic
layers are partially trapped and accumulate with time, eventually causing
breakdown. This seems to be crucial for the OLED electrochemical long-term
stability.

It is possible to reduce the degradation process by finding more power efficient
organic materials. Doping the organic materials can result in a better power
efficiency and a longer lifetime®®.

The triplet excited states are enable to emit light instead of heat through
phosphorescent doping. This not only yields a better power efficiency, but also
reduces the time spent in the excited state. In the excited state the molecules could
be considered more reactive and can cause a degradation of emitting layer due to
unwanted chemical reactions. The reduction of triplet excited states would also
lead to less heat generated and consequently to a better lifetime of the device.
Better multilayer structures can also bring a longer lifetime®®, Depending on how
the different layers are designed and in which order they are placed, the lifetime
can be extended. The emitting layer plays a great role by affecting the lifetime.
The addition of a hole transport layer enhances the lifetime by serving as stabilizer
for the flow of holes and by increasing an overall power efficiency due to more
recombination. The both transport layers do not only function as transport medium
but also in some case function as buffers prevent humidity and oxygen to diffuse
into the active emitting layer.
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Unlike OLEDs whose operation is like diodes, LEECs can operate between
forward and reverse bias. It is helpful to increase the stability by charge
detrapping, which is similar to electronic devices; a reverse voltage pulse can be
employed to allow charge to be de-trapped™®.

An important factor that affects the lifetime is the encapsulation. An organic light-
emitting device exposed to air is degraded in hours due to the oxidation- an
encapsulation in an inert atmosphere has to be used in order to protect the device
from oxygen and humidity diffusing into the layers. The drawback of efficient

encapsulation is the increased weight and the reduced flexibility of the device.

Brightness

The operation of an organic light-emitting device is mainly observable through the
reduction of light intensity as a function of operation time, the higher brightness
leads to the faster intensity reduction. The brightness level is inversely
proportional to the lifetime. For organic light-emitting devices, the lifetime is
strongly linked to the power efficiency and thus to brightness level- high
brightness yields in a deteriorated lifetime and vice versa depending on the current
density. The achievable brightness level from an OLEDs have been reported to
have the lifetime of more than 100,000 hours when producing a luminance of 100
cd/m? which is equal to a desktop monitor®®®,

The difference of LEECs compared to conventional organic light-emitting diodes
(OLEDs) is a high brightness at very low operating voltages broadly independent
of the work functions of the electrodes™.

However, due to the electrochemical nature of operation, the operating voltage is
limited to the window of electrochemical stability of the materials used in the
device. This is a limiting factor in the maximum brightness that can be achieved
with LEECs**.

In Ru(bpy)s”*-based devices the highest brightness reported was 400 cd/m? in
blends with PMMA at 3V.42 However, higher brightness was achieved at higher

operating voltages at the expense of the device stability and efficiency?®.

Luminescent efficiency
In accordance with Snell’s law, when light passes from a medium of high
refractive index to one of lower index, there exists a critical angle of incidence, the

angle between the light propagation direction and the perpendicular to the surface,
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beyond which the light is totally internally reflected. Thus, a great deal of the light
generated by an organic light-emitting device is trapped inside and waveguided out
to the sides; this is normally about 80% of the total.

The efficiency of an organic light-emitting device is also affected by several
factors. The degree of balance of charge carriers injection, the efficiency of
recombination, and the efficiency with which the excited state emits light, the
photoluminescence efficiency?®®. Recombination efficiency is generally at or near
unity if two charges are guaranteed to annihilate. However, if the annihilation
process has no quenching, then quantum spin statistics dictate that only 25% of the
resulting excited states will be useful emissive ones if the state has a singlet
multiplicity.2%+2%

Although emission from the triplet state is spin forbidden in ordinary organic
molecules, the emission from transformation enabled by transition metal
complexes containing at least one atom of higher atomic weight, which facilitates
the triplet-singlet interchange called intersystem crossing. 266:26:268

In OLED, the conjugated polymers are considered to hold a better quantum
efficiency due to the formation of intra-chain singlet excitons®®®,

In LEECs, because there exists a balanced charge injection, the high efficiency can
be achieved. In Ru(bpy)s**-based devices, Ru(bpy)s”* complexes show a strong
absorption band at 452nm due to a metal to ligand charge transfer transition and
the excited triplet state can be populated from an excited singlet state by
intersystem crossing.”’%?"* Usually the efficiency of the electroluminescence is
proportional to the product of the photoluminescence quantum yield and the
efficiency of the production of excited states?’#?",

Therefore, these complexes have high external efficiency and make them eminent

candidates for application of organic light-emitting devices.

Power efficiency

The fundamental quantity important to the user is power efficiency, since this
determines how long the battery will last in a portable device. The definition of
power efficiency is the ratio between the power and the amount of emitted light.
For organic light-emitting devices, the power efficiency is of great concern due to
that an improved efficiency leads to a better lifetime. The power efficiency is
similar to the external quantum efficiency. The external efficiency includes the

internal efficiency but also takes the factors such as light emission from the side of
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the device and internal refraction into consideration. Internal quantum efficiency is
defined as the amount of emitted photons in comparison to the amount of electrons
injected into the emitting layer. The internal quantum efficiency for organic light-
emitting devices depends on the electron-hole recombination in the emitting layer,
where an increased amount of recombination leads to a better efficiency. It is
therefore important to choose a material with good recombination property.

Power efficiency is measured in lumens per watt. The lumen is a measure of
luminous power, scaled to the sensitivity of the human eye; thus there are more
lumens per watt at the sensitivity peak of 555nm than at a wavelength in either the
red or clue region. Incandescent light bulbs used in the home range from about 10-
15 lumens/watts; fluorescent bulbs can be as much as 80. Currently the best
OLEDs are achieving in excess of 20 lumens/watt, for green, although many
devices are well below this, often only a few lumens/watt®"*.

Progress in improving this number has been rapid during the last few years and
will doubtlessly continue; in fact, while it is a long range goal, the use of organic
light-emitting devices for general illumination may be proved feasible.

Power efficiency is affected not only by eth external quantum efficiency of the
device, number of photons out per electron in, but also by the voltage at which the
device operates. According to Ohm’s law, power is the product of current and
voltage. Thus, it is important to obtain low operating voltage which is related to
the charge injection barrier. Low voltage is also desirable to provide compatibility
with batteries. Voltages for the systems likely to see early application are around
3-6 Volts.*"”

To summarize, there are several important features that distinguish LECs from
conventional OLEDs:

(1) The “turn-on” voltage of LECs is close to the optical gap and is only very
weakly dependent on the film thickness.

(2) The quantum efficiencies of LECs do not depend on the electrode work-
function.

(3) LECs exhibit symmetrical current-voltage and light-voltage characteristics

(4) In the operation mechanism, the difference results from the mobile ions present

in LEECs and their redistribution during the device operation?’.
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4.3 Materials

New cationic Ir(l111) materials of general formula [Ir(ppy)2(Cnbpy)] PFs {H(ppy) =
2-phenylpyridine; Cn-bpy = 3,4,5-R-4,4’-benzoyloxymethyl-2,2’-bipyridine; n = 8,
R = OCgHi7} were synthesized in CEMIF.CAL laboratories and were used for a

_ LEEC prototype construction with

- C}\_QR ITO/Titania electrode®’’. Figure left.
|
N ~ © _ -
‘ N R These new materials show liquid-
||f<N/ PFs crystalline  behaviour and high
NG N | o R luminescence?®”®
g e

o - To reach the necessary experience and

improve the method in the LEEC

R=0CoHy [rppy)(CobpyIPFs fabrication, and also to test the
appropriate equipments to realize and investigate these new devices, a first LEEC
sample, with Ru(ll) complex, was fabricated, in order also to compare our results

with those shown in literature.
Treated substrates

In addition to polymer materials development, there have been improvements in the
injection of carriers at contacts. Poor injection from contacts results in inefficient
devices due to the higher drive voltage required to attain a given current and the
increased likelihood that the electron and hole currents are imbalanced. Such an
imbalance reduces efficiency because it implies that one charge carrier is hopping
all the way to the opposite electrode without forming a potentially light-emitting

exciton.

Conducting polymers such as PEDOT:PSS (poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate) have a Fermi level between that of ITO and the polymer
HOMO and thus greatly improve hole injection?”®. Thin PEDOT films have been
shown to reduce sensitivity to ITO treatment and balance the injection of carriers,
resulting in overall improvements in efficiency and yield. (PEDOT-PSS)-coated

indium tin oxide (ITO) glass was spun at 1500 rpm).

Indium-tin oxide (ITO)-covered glass (~20Qcm, Delta Technologies) was

thoroughly cleaned before device preparation by sonication, first in acetone for 15
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min, then for 20 min in a 20-30% (v/v) solution of acetonitrile in highly pure
Millipore water at ~60 °C, followed by several rinsing/sonication steps with pure
water at room temperature to remove traces of acetonitrile, and dried under a stream

of pure nitrogen.

Research in lighting devices continues to generate considerable interest in all its
aspects, i.e. cathode performance. Nanocrystalline metal oxides, such as TiO; films,
are known to be good electron-transporting materials and are attractive materials for
the development of electronic devices. Benefits of these materials include their
mechanical and electrical robustness, low cost, visible transparency, excellent
stability, ease of fabrication, solution processability, and the potential that exists for
controlling their film morphology and interface structure at the micrometer to
nanometer length scale employing well-established synthetic routes?®°. Furthermore,
these high-surface-area mesoporous films can be modified by the attachment of

molecular dyes, polymers, or biomolecules.
Device top contact

The effects of various top and bottom electrodes on [Ru(bpy)s]**(PF¢)2-device
performance were studied by Gorodetsky et al.”®*. Top electrode was composed of
gold, layers, and bottom contact was indium-tin oxide (ITO). As studied by Costa
et al.?®®, under forward bias, with the bottom electrode wired as the anode, the
steady-state device characteristics were independent of the electrodes used. For
devices having an ITO anode, cathode of Au gave identical currents and radiant
fluxes, taking into account the differences in reflectivities of the electrodes. These
results were interpreted by Costa and co-workers as a consequence of the ionic
space-charge effects, the (PFg)” ions redistribute in each case to effectively inject
both holes and electrons. However, this was not the case under reverse bias. For a
device having an Au top contact, reversed-bias operation yielded slower turn-on
times. Therefore the Costa and collaborators work demonstrated that, for
[Ru(bpy)s]**(PFe)2, air-stable electrodes are sufficient for efficient device

operation.
4.3.1 Active Layer

Transition metal complexes have emerged as some of the most promising materials

for efficient solid-state electroluminescent materials®®?.
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Motivated by the high efficiencies achieved in solution (which approach 25%)**, a

variety of small molecules and polymers have been synthesized and evaluated in
solid-state electroluminescent devices. Early attempts led to efficiencies that were

fairly low, typically below 0.1%.%7%¢®

Recently, however, Handy et al.>”*™ showed that efficiencies of the order of 1%
can be achieved in single layer devices made from [Ru(bpy)s]**, where bpy is 2,2’-
bipyridine. Further progress was achieved by dilution of this material into polymer
matrices, which led to devices with efficiencies of up to 3%2""®, approaching the
photoluminescence efficiency. [Ru(bpy)s]** and related complexes carry a net 2+

charge and are compensated by negative counterions such as PFg .2

However, a very long turn-on time of several hundred hours is indicative of a low
ionic mobility in the emissive thin film. To speed up the occurrence of the

electroluminescence, a higher ratio of ionic liquid in the active layer would help®*®,

286
d

or several short high-voltage pulses can be applied=™., or also a judicious choice of

the counterions can be reduced the turn —on time to a few seconds.?’90*

Current—voltage and capacitance—voltage measurements indicated an increase in
capacitance at the voltage associated with the onset of current and light emission.
This increase was larger for device films with BF4* and CIO,* counterions versus
PFe>. Transient measurements also revealed that the smaller counterions of BF,*
and ClO4%gave rise to a faster drop in film resistance and increase in capacitance
upon DC driving than did PFs®.However smaller counterions also negatively

influence lifetime 287:288.289.290

Ru(bpy)s(ClO4), was prepared by a metathesis reaction between commercial
Ru(bpy)sCl, (Aldrich) and excess sodium perchlorate. Ru(bpy)s(PFs), were
prepared using similar procedures with the appropriate sodium or ammonium salts.
The resulting crystals were recrystallized from acetonitrile/benzene and dried under
vacuum at ~100 °C for several hours.

The lonic Liquid used was 1-Butyl-3-methylimidazolium hexafluorophosphate
(BMIM][PFsT). Compared to the device without IL, which shows a ton of 11.5 h,
all the devices containing ILs are more than 1 order of magnitude, in fact 1
IMTC(ionic metal-transition complex): 1 IL results in a turn-on time t,,= 3.5 min.

21 The IL increases the average distance between the iTMC cations (density of the
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mobile ions) decreasing the self-quenching of the emission, therefore increase of the
device luminance and efficiency.

Mechanism

The Ru(bpy)s** LEECs and the mechanism of electroluminescence (EL) is based on
recombination of Ru(bpy)s>* (holes) and Ru(bpy).(bpy)* (electrons) species leading
to the appearance of the Ru(bpy)s”*" excited state, followed by light emission with a
maximum around 660 nm.

Ru(bpy)s solutions in acetonitrile were always filtered through 0.2um syringe filters
before use. In general, the Ru(bpy)s films (~100 nm) were spin-coated from a 4%
(m/v) acetonitrile (Aldrich) solution at 2000 rpm, onto clean PEDOT:PSS/ITO-
covered glass. After spin-coating, the device was dried under vacuum for at least 6 h
at 120 °C.

Figure 4.2.

LEEC:s realized with Ru(bpy)s complex on the left.
LEEC broken after preliminary measurements, its damage was probably due
to a not good film deposition.
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Chapter 5.

The results obtained along the above described experimental work have been

collected in Papers and Communications at national or international meetings.
5.1 Luminescent mesostructured material: results

The results obtained from the investigations described in Chapter 2 are

summarized in the following Paper and Communications.

5.1.1 Paper
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Self-incorporation of a luminescent neutral iridium(ir) complex in
different mesoporous micelle-templated silicas
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The neutral luminescent tris-cyclometallated 2-phenylpyridine iridinm() complex, (fac-Ir(ppy)s,
[Ix]) following a self-assembling procedure, has been successfully located in the cavities

of mesostructured silica materials through a surfactant-mediated process. Two different
structure-directing agents, the cationic cetyltrimethyl ammoninum bromide (CTAB) and the
non-ionic poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (P123)
were tested. The structural features induced by the metal complex incorporation can be explained
by comparing the newly synthesized hybrid mesostructured materials with the corresponding
undoped samples which were similarly prepared. X-Ray powder diffraction (XRD), nitrogen
sorption, scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and UV-Vis
spectroscopy were used to characterize the investigated materials. Medium-sized spherical
particles of 800 nm were obtained using CTAB as a structure-directing agent whereas larger
monolithic aggregates with a minimum dimension of 5-8 pm were obtained using P123.

The new hybrids showed the typical hexagonal symmetry of analogously prepared materials.
Moreover high luminescence quantum yield values were obtained for both hybrids as a result
of a very good dispersion of the chromophore in the mesostructured matrices, thereby avoiding
dramatic self-quenching phenomena. The approach described in this paper provides a simple

synthetic way to prepare new luminescent silica-based materials by the inclusion of neuntral
metal-containing luminophores into the pores of a mesoporous hosting skeleton.

Introduction

An important topic in photonic nanocomposite materials
science is the design and synthesis of functional materials,
which simultaneously allow satisfaction of the whole set of
characteristics required to achieve specific optical properties
and performances.

Currently, ordered mesostructured materials, prepared by
the co-condensation of an appropriate inorganic source and
the surfactant self-assembling species doped with an optically
active compound, have attracted a great deal of interest for
potential optical applications such as, for example, high
sensitive sensors,! # optical switches,>® solar cells,” frequency
doublers,® and solid-state laser materials.’

Mesostructured materials with a geometrically regular inorganic
skeleton have been shown to be appropriate scaffolds for the
confinement of dyes.'® ** Since several dyes undergo lumines-
cence quenching phenomena at relatively high concentrations,
preventing advantageous applications, a possible way to over-
come this drawback is given by the mesostructured materials,

@ Centro di Eccellenza CEMIF.CAL, CR INSTM,
Unita INSTM della Calabria, Dipartimento di Ingegneria
Chimica e dei Materiali, 87036 Arcavacata di Rende (CS), Italy
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87036 Arcavacata di Rende (CS), Italy.
E-mail: m.ghedini@unical.it; Fax: + 39 984 492066;
Tel: +39 984 492062

i.e., materials in which the organic template is not removed
from the cavities resulting from the synthetic process adopted.
These materials present well-defined organic-inorganic phase
segregation at the nanometre scale which may effectively
prevent aggregation and the related luminescence quenching
phenomena. Moreover, it is worth recalling further excellent
advantages, such as increased mechanical stability and shielding
of the incorporated dye against chemical, thermal or photo-
chemical degradation provided by the scaffold itself.

The chemistry of cyclometallated iridinm(im) complexes is a
current topic of investigations because they display unique
photophysical properties such as good photo- and thermal
stability, high phosphorescence quantum efficiencies, relatively
short lifetimes and simple colour tuning through ligand struc-
ture and control, and a set of key features for molecular-based
light emitting devices applications.' ' However, it is also
noteworthy that the actual performances of these molecular
materials can be often severely limited because of the reduced
emission efficiency in the solid state, owing to a concentration-
driven quenching.’®

Although different approaches, such as the dispersion of the
emitters in a polymeric matrix or the introduction of sterically
hindered substituents in the auxiliary ligands2°’2] have been
explored to limit the concentration quenching effect, at present
none of them seem to solve this problem satisfactorily. In this
context, mesostructured materials can be a useful tool for the
dispersion of the emitting iridium(rr) complexes thus obtaining
better performing iridinm(in)-based luminescent materials.
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Fig. 1 Chemical structure of [Ir].

In fact, a homoleptic tris-cyclometallated iridium(in) surfactant
has been recently employed in the synthesis of an amphiphile/
silica co-assembled nanocomposite which was successfully
used as an active layer for organic light-emitting diode. This
provided a better performing device with respect to the one
based on the pristine solid.*?

In this paper, selected as representative of neutral cyclo-
metallated iridium(in) emitters, the synthesis, characterization
and photophysical properties of new hybrid mesostructured
silica materials incorporating the highly luminescent fac-iso-
mer of the neutral homoleptic tris-cyclometallated 2-phenyl-
pyridine iridium(in) complex,” fac-Ir(ppy)s where Hppy =
2-phenylpyridine, which will then be labelled as [Ir] (Fig. 1),
are reported.

The new materials described and discussed herein are
obtained by a one-step procedure, similar to that developed
by Zhou and Honma?*, co-assembling the neutral luminescent
[Ir] complex with a surfactant, which acts as the structure-
directing agent, and tetraethoxysilane (TEOS) as an inorganic
source. The selected surfactants are the cationic cetyltrimethyl
ammonium bromide (CTAB) and the non-ionic triblock
copolymer poly(ethylene glycol)-block-poly(propylene glycol)-
block-poly(ethylene glycol) (P123). Moreover, because of the
negligible solubility of [Ir] in H,O, EtOH has been used as
co-solvent in order to increase, at least slightly, the [Ir] solubility
and facilitate its inclusion within the hydrophobic regions
of the surfactant during the template self-assembly process.

The silica-based luminescent materials prepared according
to the above summarized procedure, with the general formula
SiO([Ir]- CTAB) and SiO,([Ir]-P123), were structurally and
photophysically investigated. The differences induced by (i)
the nature of the reacted surfactant with respect to the neutral
character of [Ir], (ii) the resulting structural differences induced
by the use of ethanol as co-solvent in the synthetic procedure
and (iii) the resulting structural differences induced by the
introduction of the [Ir] luminescent complex will be discussed.

Experimental
Materials

Tetraethyl orthosilicate (TEOS, 98%), ammonium hydroxide
(NH4OH, 29 wt% NHj in water), poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) (P123),
hydrochloric acid (HCI 37%). and absolute ethanol (EtOH,
99.98%) were used as supplied by Sigma-Aldrich. Cetyltri-
methyl ammonium bromide (CTAB, 99.8 wt%) was purchased
from Alfa Aesar. Water was produced from a Milli-Q system.

Jfac-Tr(ppy)s, [Ir], was synthesized according to the procedure
reported in the literature.”

Methods used for characterization

Low angle X-ray diffraction (XRD) measurements were
performed in the 26 range of 1.0°-10.0° using a Philips 1730/10
diffractometer using Cu Ko radiation (4 = 1.5416 ;\) at40 kV
and 200 mA and at-a-step width of 0.005°. Nitrogen sorption
isotherms were measured at 77 K on a Micromeritics ASAP
2010 porosimeter. The materials were outgassed for 12 h under
vacuum at 423 K before the measurements. Specific surface
areas were calculated by the Brunauer-Emmett-Teller (BET)
method and pore sizes by the Barrett-Joyner-Halenda (BJH)
method.>*?” Scanning electron microscopy images (SEM)
were obtained with FEI FP 2353/0X. The thermogravimetric
analysis (TGA) was carried out between 298 K and 1093 K
under airflow and at a heating rate of 10 K min~' in a Perkin
Elmer thermobalance. Infrared spectra (FT-IR) were recorded
on KBr pellets using a Perkin Elmer Spectrum One FT-IR
spectrophotometer. Steady-state emission spectra were recorded
on a Horiba Jobin Yvon Fluorolog 3 spectrofluorimeter,
equipped with a Hamamatsu R-928 photomultiplier tube.
The emission quantum yields (@) of the samples were obtained
by means of a 102 mm diameter integrating sphere coated with
Spectralon™ and mounted in the optical path of the spectro-
fluorimeter using a 450 W Xenon lamp as an excitation source,
coupled with a double-grating monochromator for selecting
wavelengths. @ is a ratio between “‘number of photons
emitted” and the “number of photons absorbed™. The number
of photons absorbed was calculated by monitoring the scattered
excitation peak first with the blank sample in the sphere (L,)
and then with the sample in the sphere (L.). The differences in
peak intensity between these two measurements are caused by
sample absorption and thus the number of absorbed photons
can be calculated as the differences of the integrated curves
(L, — L¢). The number of photons emitted is calculated as the
difference between the integrated luminescence of the sample
(E.) and that of the blank (£,) and is therefore (E. — E,). As a
result, @ = (E. — E,)/(L, — L.). The experimental uncertainty
on the ¢ was 5%. In particular, mesostructured SiO»(CTAB)
and SiO,(P123) were used as blank samples for the determina-
tion of @ of SiO,([Ir]- CTAB) and SiO([Ir]-P123), respectively.
Time-resolved measurements were performed using the time-
correlated single-photon counting (TCSPC) option on the
Fluorolog 3. NanoLED at 370 nm, fwhm < 200 ps, was used
to excite the sample. Excitation sources were mounted directly
on the sample chamber at 90° to a single-grating emission
monochromator (2.1 nm mm ™" dispersion; 1200 grooves mm ')
and collected with a TBX-04-D single-photon-counting
detector. The photons collected at the detector were correlated
by a time-to-amplitude converter (TAC) to the excitation
pulse. Signals were collected using an IBH Data Station
Hub photon counting module and data analysis was
performed using the commercially available DAS6 software
(HORIBA Jobin Yvon IBH). Goodness of fit was assessed by
minimizing the reduced Chi squared function (7?) and visual
inspection of the weighted residuals. The average lifetimes
were calculated as (1) = > "i(4it)/>i4;.
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Synthesis

Preparation of mesostructured blank SiO,(CTAB). SiO(CTAB)
was prepared using a procedure similar to the one described in
the literature.”® Molar composition: 1 TEOS:0.3 CTAB:3.8
NH4OH :153 Hy0:17.1 EtOH. The template solution was
prepared by dissolving 1.09 g (0.003 mol) of CTAB in 10 mL
(0.171 mol) of EtOH under magnetic stirring. Then, 27.5 mL
(1.53 mol) of H,O and 2.49 mL (0.038 mol) of NH,OH were
added to this solution. After 5 min, 2.21 mL (0.01 mol) of
TEOS was added under rapid stirring. The mixture was stirred
for 3 days at room temperature, then filtered, washed with
H,0 and dried at 343 K overnight.

Preparation of mesostructured blank SiO,(P123). SiO(P123)
was prepared adapting the procedure described in the
literature.”® Molar composition: 1 TEOS:0.0174 P123:6
HCI: 167 H,0:17.1 EtOH. 1 g (1.74 x 10 ° mol) of P123
was dissolved in 10 mL (0.171 mol) of EtOH, under vigorous
stirring at room temperature. Then, 30 mL (1.67 mol) of H,O
and 1.83 mL (0.060 mol) of HCl were added to the solution.
Finally, 2.21 mL (0.01 mol) of TEOS was added under stirring.
The resulting mixture was aged at 373 K for 24 h, then filtered,
washed with H>O and dried at 333 K for 12 h.

Preparation of mesostructured hybrid, SiO,([Ix] CTAB).
Molar ratio: 1 TEOS:0.3 CTAB:3.8 NH,OH:153
H,0:17.1 EtOH :0.0016 [Ir]. CTAB (1.09 g, 0.003 mol) was
dissolved in 10 mL (0.171 mol) of EtOH; [Ix] (0.01 g, 1.6 x
10 ° mol) was added to the reaction mixture, which was
stirred at room temperature for 5 h. The obtained yellow
suspension was filtered to remove the solid (mixture of
undissolved [Ir] and CTAB). Then 27.5 mL (1.53 mol) of
H,0 and 2.49 mL (0.038 mol) of NH,OH were added to the
resulting solution. After 5 min, 2.21 mL (0.01 mol) of TEOS
was added under vigorous stirring. The mixture was stirred for
3 days at room temperature, then filtered, washed with H,O
and dried at 343 K overnight.

Preparation of SiO,([Ir]- P123). Molar composition: 1 TEOS:
0.0174 P123:6 HCl:167 H,O:17.1 EtOH:0.0016 [Ir]. An
ethanolic solution (10 mL, 0.171 mol) of P123 (1 g, 1.74 x
10 > mol) was obtained under vigorous stirring. Then, 0.01 g
(1.6 x 10 ° mol) of [Tr] was added. The resulting mixture was
stirred at room temperature for 5 h. Then the solid product
(mixture of undissolved [Ix] and P123) was filtered and 30 mL
(1.67 mol) of H,0 and 1.83 mL (0.060 mol) of HCI were added
to the solution. Finally, 2.21 mL (0.01 mol) of TEOS was added
while stirring at room temperature. The mixture was aged at
373 K for 24 h, then filtered, washed with H,O and dried at
333K for 12 h.

Template extraction. Surfactant removal was performed
using a chemical extraction with solvent. In particular, for
the materials obtained with CTAB as a template directing
agent, EtOH (300 mL) and HCI (25 mL) were added to 1 g
of the respective solids, SiO,(CTAB) and SiO,([Ir]-CTAB).
The mixtures were subsequently stirred for 6 h at reflux.
The resulted inorganic scaffolds, named SiO,(CTAB)*
and SiO,([Ir]- CTAB)*, respectively, were dried at 343 K
overnight.

For the other mesostructured materials, SiO,(P123) and
SiO5([Ix]-P123), the removal of the neutral surfactant P123
was carried out via chemical extraction using only EtOH
(300 mL), which was added to 1 g of solid sample. The
resulting mixture was stirred for 6 h at reflux. The obtained
solids, abbreviated in a similar way to the other extracted
materials, SiO,(P123)* and SiO,({I] P123)*, respectively,
were dried at 343 K overnight.

Results and discussion
Synthesis

The new mesostructured hybrid materials containing the
luminescent nentral iridium(ir) chromophore, SiOx([Ix]- CTAB)
and SiOy([Ir]-P123) were synthesized using a one-pot procedure,
via a modified synthetic strategy. In particular, the chromo-
phore [Ir] was incorporated into the micelles formed by two
different types of surfactants (cationic CTAB and non-ionic
P123), using a HyO/EtOH mix solvent system, which further-
more acts as structure-directing agents for the synthesis of
the final hybrid materials (Scheme 1). In order fo investigate
the differences induced by the use of ethanol as co-solvent,
their analogous blank materials without the luminescent
chromophore, SiO,(CTAB) and SiO,(P123) were also prepared,
characterised and discussed with reference to those reported in
the literature. >

Furthermore, to investigate the surface properties after
the inclusion of the luminescent iridinm(mr) chromophore,
the porosity producing templates were completely removed
(FT-IR evidences) by extraction with specific solvents.
Comparison of the two types of extracted solids, blanks and
hybrids was useful for understanding the surface effects in
terms of diameters and pore volumes.

Scheme 1 A possible schematic illustration of [Ir] incorporation into
the mesostructured silica materials.
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X-Ray diffraction investigations (XRD)

The XRD patterns of all the synthesized mesostructured
materials (hybrids and blanks) were recorded (Fig. 2). Both
SiO,(CTAB) and SiO,([Ir]- CTAB) exhibit XRD patterns
similar to the ones reported in the literature for analogous
systems.?® In particular, the patterns consist of small angle of
three relatively broad reflections indexed as [100], [110] and
[200], characteristic of a hexagonal lattice.

Similar interplanar distances d,gp, and consequently the
similar hexagonal lattice constant « (Fig. 2a) indicate that
the presence of [Ir] did not affect the self-assembly process
during mesophase formation, leaving the mesostructure
substantially unchanged. This phenomenon can be explained
by the fact that the chromophore was introduced between the
hydrophobic tails of the CTAB surfactant in a periodical
manner within a mesostructured channel.*® However, the
decrease in the intensity of the diffraction peaks, in the case
of the hybrid material SiO,([Ir]- CTAB), may be indicative of a
more disorganized material compared with the blank one. In
addition both mesostructured materials containing CTAB
showed a shrinkage of the d spacings typically observed when,
instead of pure H,O, a H,O/EtOH mixture is employed in the
synthesis.”®

8 SiO,(CTAB) a)
(=3
o &
b hkl d(A)
l l 348 100
S | 199 110
W 17,5 200
e a=402A
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Fig. 2 XRD patterns of (a) SiO»(CTAB) top and SiO(|Ir] CTAB)
bottom; (b) top—SiO»(P123) and bottom—SiO(|Ir]-P123).

The XRD patterns of the SiO,(P123) and SiO,([Ir]-P123)
samples (Fig. 2b) consisted of four peaks that can be indexed
as [100], [110], [200] and [210] associated with a hexagonal
symmetry. These patterns are similar to the ones exhibited by
the analogues P123-template materials reported in the literature,?”
with an expected shrinkage of the cell parameters because
of the use of EtOH as co-solvent.”® Nevertheless the
SiO,(|Ir]-P123) sample shows an increase in the interplanar
distance and hexagonal unit cell length with respect to
the SiO,(P123) blank (Fig. 2b). This may be indicative of the
placement of the [Ir] complex within the interior of the micellar
aggregates, which consequently expands the micelles size.*
Furthermore, contrary to systems containing the CTAB surfac-
tant, the inclusion of the iridium(ir) complex seems to enhance
slightly the order parameter of the hybrid material SiO,([Ir]-P123),
as the increase in the intensity of the reflection peaks indicates
when the patterns are compared with the blank SiO,(P123).

No significant changes were observed for the XRD patterns
recorded several weeks later for both CTAB and P123-template
materials stored in air, indicating that these structures were very
stable.

Nitrogen sorption

The specific surface areas (Sggr), pore diameters (d},) and pore
volume (V) of all prepared materials were calculated by the
BET method and BJH model, respectively (Table 1).

The adsorption/desorption isotherms of SiO,(CTAB)*,
SiO>([Ir]-CTAB)*, SiO>(P123)* and SiO»([Ir]-P123)* are
shown in Fig. 3 and Fig. 4.

The isotherms of all the extracted samples are type IV
according to the IUPAC classification, and typical of mesoporous
materials with uniform size distribution. The porosimetric
values d,, Spgr. and V,, determined for all the extracted
samples are coherent with that obtained for analogously
synthesized materials.*®?* Nevertheless the values measured
for SiO,([Ir]-CTAB)* and SiO,([Ir]-P123)* samples, including
dy, and V,, are slightly increased with respect to the corresponding
blank ones. Therefore, it is reasonable to assume that the self-
inclusion of [Ir] inside the micelles during the co-assembly process
affects their dimensions, thus leading to an enlargement of the
resulting pore size and pore volume.

Scanning electron microscopy (SEM)

Fig. 5 shows representative SEM micrographs of the [Ir] solid.
In the solid state this luminescent complex forms long fibres
with a hexagonal section and medium diameter of 2-5 pm.
Fig. 6a—d shows SEM micrographs of all mesostructurated
materials synthetised. The solids exhibit very different

Table 1 Physicochemical parameters of mesoporous silica materials
derived from nitrogen sorption measurements

Materials Sger’/m? g~} (I,,”,/nm V,,y’cm’ g !
SiO>(CTAB)* 1240 31 0.92
SiO>([Ir]-CTAB)* 1002 34 0.98
SiO,(P123)* 794 3.6 0.68
SiO>([Ir]-P123)* 738 4.0 0.79

“ Determined using the BET. ” Determined by the BJH algorithm
using the absorption branch.
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Fig. 3 Nitrogen adsorption and desorption isotherms for

(a) SiO>(CTAB)* and (b) SiO>([Ir]-CTAB)*.
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Fig. 4 Nitrogen adsorption and desorption isotherms for (c) SiO»( P123)*

and (d) (SiO ([Ir]-P123)*.

morphologies. Syntheses using H,O and EtOH as co-solvent
permit spherical particles with ordered mesopores to be obtained.
In fact, SiO,(CTAB) as SiO,([Ir] CTAB) (Fig. 6a and b)
consists of medium-sized spherical particles of 800 nm and a
homogeneous size distribution. SiO,(P123) as SiO,([Ir]-P123)
(Fig. 6¢c and d) samples exhibits larger and much more
monolithic aggregates with a minimum dimension of 5-8 pum.

Thermogravimetric analysis (TGA)

The thermal decomposition behaviour of all mesostructurated

solids (hybrids and blanks) was studied using TGA measurements.
In the range of 413-873 K, SiO5(CTAB) and SiO,(P123)

samples exhibit a weight loss attributed to a surfactant

Fig. 5 Representative SEM image of [Ir].

decomposition of 44.8% and 36.5% respectively. In the same
temperature range, SiO,([Irf]- CTAB) and SiO([Ir]-P123)
samples exhibit a weight loss of about 48.3% and 39.7%.,
which probably corresponds to the decomposition of [Ir]
together with the surfactant. The similar weight losses indicate
similar behaviours despite the different templates used in the
synthesis. Nevertheless, the difference of weight loss resulting
from a comparison among the blank and the corres-
ponding hybrid materials (approximately 3%) cannot be
attributed only to the presence of the [Ir] chromophore,
and it probably arises from both [Ir] decomposition and an
intrinsic difference of the weight ratio between the surfactants
and the inorganic scaffold due to a different degree of order
induced by the [Ir] co-assembling process. These results are
supported also by XRD measurements and nitrogen sorption
analysis, indicating that the presence of [Ir] in the micelles
causes some variations in surface parameters.

Photoluminescence properties

It is well known that for iridium(in) complexes, luminescence
quantum yield in the solid state is a function of aggregation.
Aggregate formation often quenches light emission limiting
the development of photoluminescent materials that exhibit
strong solid-state emission properties.®' Nevertheless, in some
cases, it has been demonstrated that the luminescence quantum
yield of iridium(i1) complexes in solid states, such as doped
polymer films or powder states with suitable supramolecular
organization of the chromophores, is higher than that in
solutions.? Specifically in the case of [Ir], it has been shown
that its photoluminescence efficiency can vary from 0.0098 in
neat film, to 0.7 in solution, reaching a value of 0.9 in highly
dispersed polymeric matrix.>

In order to investigate the photoluminescence properties of
the newly synthesized mesostructured materials, a full photo-
physical investigation including emission spectra, phosphores-
cence quantum yield and time-resolved luminescence was
performed for comparison of the two hybrid solids and the
pristine [Ir] powder. The full photophysical results compared
to the photophysical properties of [Ir] complex in solution™***
are summarized in Table 2.

In Fig. 7 are reported the emission spectra of the meso-
structured powders SiO,(JIr]-CTAB) and SiO,([Ir]-P123)
compared to the emission spectra of the [Ir] powder. With
reference to the emission spectra of both SiO,([Ir]- CTAB) and
SiO,(]Ir]-P123) no red shift of the emission maxima is observed
on moving from solution to the two different mesostructured
powders whereas a substantial red shift is observed for pristine
[Ir] solid.

Since a significant red shift of the emission maxima is
expected for aggregation states which favour the occurrence
of a high degree of interchromophore contacts,* the observed
spectral features seem to indicate (i) a substantial absence of
strictly interacting iridium(i) moieties in the mesoporous
powders as a result of a very good dispersion of the host in
the matrices and (i) the existence of a high degree of inter-
chromophore contact in the pristine solid.

Regarding phosphorescence quantum efficiency, the [Ir]
solid shows considerably reduced phosphorescence quantum
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Table 2 Photoluminescence properties

10 um

Fig. 6 Representative SEM image of SiO»(CTAB) (a), SiO»([Ir] CTAB) (b). SiO»(P123) (c) and SiO,([Ir]-P123) (d).

Downloaded by University of Calabria on 17 November 2010

from ref. 33. © [Ir] pristine powder.

Materials Jmax/NM P Tpp/(4;) ns Trad/NS (t)/ns Peate.

[Ir|* 515 0.73 1090 1500 —

[y’ 0.91 1200 1300

[Ir]* 534 0.012 7 = 0.1(49%) 19 ~0.014
7, = 38(50%)

SiOx(|Ir]- CTAB) 509 0.3 1, = 576 (27%) — 931 ~0.72
1, = 1077 (72%)

SiO,(|Ir]-P123) 515 0.04 7 = 527 (25%) 983 ~0.75
7 = 1120 (76%)

“ Data concerning [Ir] in deoxygenated toluene solution taken from ref. 33 and 34. " Data concerning [Ir] in polystyrene matrix (1 wt%) taken
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Fig. 7 Emission spectra of SiO(|Ir] CTAB) (dash line), SiO([Ir]-P123)

yield with respect both to solutions and dispersed polymeric
matrix (Table 2). Moreover, its luminescence decay turned out
to be considerably fast and non-exponential thus indicating
the presence of additional non-radiative decay channels caused
by aggregation in the solid state.

Differently from the [Ir] solid, SiO,([Ir] CTAB) and
SiO,(|Ir]-P123) showed much longer luminescence lifetimes,
even if still non-exponential. In particular both solids showed
a longer lifetime component of ~ 1100 ns, which account for
most of the signal (75%) and a shorter one of ~500 ns
accounting for 25% of the total decay.

The longer luminescent lifetime component is comparable
with that observed for [Ir] highly dispersed in a polymeric rigid
matrix (Table 2) which is usually associated with the lifetime of
the isolated rigid molecule. Therefore this component could be
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attributed to a large fraction of non-interacting iridiumfrr)
moieties reasonably included in the interior of the micelle cores
where the chromophore is preferentially shielded from aggre-
gation and consequently from the luminescence quenching
phenomena. Furthermore, the faster lifetime component may
result from a fraction of iridinm(mr) chromophore whose
luminescence can be quenched through the exciton migration
quenching phenomena between closely packed iridium(r)
chromophores and/or iridium chromophores and impurity
traps possibly present in the materials.

Phosphorescence quantum yields of SiO,([Ir]-CTAB) and
SiO,([Ix]-P123) mesostructured solids were determined following
the procedure described in the Experimental section. Different
results were obtained for the two solids (0.3 and 0.04 respectively)
despite the very similar photophysical data derived from both
steady state and time-resolved luminescence measurements.
Moreover, these values disagree significantly with the value
reported for the [Ir] complex dispersed in polystyrene matrix
(Table 2) despite the similarity of lifetimes values. Therefore,
our measured phosphorescence quantum yields should be
affected by instrumental artefacts likely to arise from impor-
tant light scattering phenomena typical of such materials and
affecting substantially the calculated values of absorbed
photons. Nevertheless, the phosphorescence quantum yields
(¢,,) were roughly estimated. When only one type of emitting
species is present in the sample, the phosphorescence lifetime
(7o) and ¢, values are related to the radiative lifetime (z;) of

the emissive state as:
- ]
by = b2

where ¢y is the intersystem crossing quantum yield and it is
assumed as a unitary value >

Considering the value reported in the literature for [Ir]
dispersed in a polystyrene matrix as the radiative lifetime
and the medium values () calculated from experimental data
as the phosphorescence lifetime, the phosphorescence quantum
yields obtained for SiOx([Ir] CTAB) and SiO([Ix] P123) are
0.72 and 0.75, respectively. Moreover, the phosphores-
cence quantum yield of the [Ir] pristine solid was calculated
analogously obtaining a result which was comparable to that
measured (Table 2).

The calculated luminescence quantum yield values suggest
that the experimental approach (technique, set-up) adopted
for their determination suffers from a severe limitation arising
from the non-negligible scattering phenomena displayed by
the investigated materials. However, the calculated values
seem to agree with both XRD and porosimetric results,
showing the [Ir] complexes to be mainly included within the
interior of the micellar aggregates.

Conclusions

These investigations were made in order to test a synthesis
protocol which can be beneficial for the preparation of new
emifting materials for optical applications. In particular, in
order to evaluate the possible effects induced by the different
electrostatic interactions that could take place between the
templating agent and the neutral [Ir] compound, mesostructured

materials containing a cationic or a non-ionic surfactant
have been prepared. The adopted approach allowed for the
incorporation of the [Ir] guest into a mesostructured matrix
host by a co-organizing process involving the two selected
surfactants: the cationic CTAB and the non-ionic P123. The
XRD and nitrogen sorption measurements of the obtained
materials evidenced the preferential inclusion of the iridium(r)
chromophore into the hydrophobic channels of the meso-
structure without any substantial changes to the typical
hexagonal symmetry, with respect to both the blank samples
and analogous synthesized materials. Nevertheless, XRD
measurements showed that when the cationic CTAB is used
as a structure directing agent, the [Ir] complex is preferentially
placed in between the hydrophobic tails of the surfactants. In
contrast, the non-ionic P123 directs the chromophore mainly
into the centre of micelle cores.

Moreover, the resultant hybrid materials exhibit the charac-
teristic emission of the [Ir] complex with a high luminescence
quantum yield originating from the effective good dispersion
of the chromophore within the mesostructured matrices.
Further investigations are currently under way in order to
extend the described approach to ionic chromophores.
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5.2 Solid state dye-sensitized solar cells: results

The results obtained from the investigations described in Chapter 3 are

summarized in the following Paper and Communications.

5.2.1 Paper

FULL PAPER

DOI: 10.1002/chem.200902197

High Molar Extinction Coefficient Organic Sensitizers for Efficient Dye-
Sensitized Solar Cells

Hyunbong Choi,"” Ines Raabe,™ Duckhyun Kim,™ Francesca Teocoli,"™! Chulwoo Kim,™
Kihyung Song,'! Jun-Ho Yum,™ Jaejung Ko,** Md. K. Nazeeruddin,*"" and
Michael Gritzel*™

Abstract: We have designed and syn-
thesized highly efficient organic sensi-
tizers with a planar thienothiophene—
vinylene—thienothiophene linker.
Under standard global AM 1.5 solar
conditions, the JK-113-sensitized cell
gave a short circuit photocurrent densi-
ty (J.) of 17.61 mAcm 2, an open-cir-
cuit voltage (V) of 0.71V, and a fill
factor (FF) of 72%, corresponding to
an overall conversion efficiency (7) of

Introduction

Energy demands and environmental issues such as global
warming have led to the search for clean renewable energy
sources in recent years.l'! In this context, dye-sensitized solar
cells (DSSCs) are attracting widespread interest due to their
low cost and high performance.”) Some polypyridyl rutheni-
um sensitizers achieve power conversion efficiencies in
excess of 11%P) and show good stability. However, due to
the precious metal and its rarity, metal-free organic dyes
have attracted considerable attention for practical applica-
tions. Recently, the solar-cell performances of DSSCs based
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91%. The incident monochromatic
photo-to-current conversion efficiency
(IPCE) of JK-113 exceeds 80% over
the spectral region from 400 to 640 nm,
reaching its maximum of 93% at
475 nm. The band tails off toward

Keywords: dyes/pigments » sensitiz-
1s « solar cells « solid-state electro-
Iytes - thienothiopenes

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

770 nm, contributing to the broad spec-
tral light harvesting. Solar-cell devices
based on the sensitizer JK-113 in con-
junction with a volatile electrolyte and
a solvent-free ionic liquid electrolyte
gave high conversion efficiencies of
9.1% and 7.9 %, respectively. The JK-
113-based solar cell fabricated using a
solvent-free ionic liquid electrolyte
showed excellent stability under light
soaking at 60°C for 1000 h.

on organic dyes have been remarkably improved and im-
pressive efficiencies in the range 8-9.7% have been ach-
ieved.') The main factors responsible for the low efficiencies
of organic dyes compared to the ruthenium sensitizers are
narrow absorption bands in the visible region and the for-
mation of dye aggregates on the semiconductor surface.l”’
Therefore, many attempts have been made to design and
construct organic dye molecules with higher molar extinc-
tion coefficients and broader spectral responses. Most of the
efficient organic dyes contain a donor and acceptor bridged
by a m-conjugated linker (D-n-A). To enhance the molar ex-
tinction coefficient as well as to realize panchromatic light-
harvesting, tuning of the length and torsion angle of the con-
jugated linker is important. Recently, a successful approach
was introduced in which a n-conjugated linker such as a
thiophenel® or thienothiophenel” derivative was incorporat-
ed into an organic framework, thereby enhancing the effi-
ciency and stability. Herein, we report highly efficient organ-
ic sensitizers, coded as JK-112 and JK-113 (Scheme 1),
which consist of a dimethylfluorenylamino-appended thieno-
thiophene-vinylene—thienothiophene unit with aliphatic
chains that maintain the planar geometry of the conjugated
linker. This not only increases the extinction coefficient of
the sensitizer by extending the m-conjugation of the bridging
linker, but also augments its hydrophobicity, increasing the
stability under long-term light soaking and thermal stress.
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Scheme 1. The structures of JK-81, JK-112. and JK-113.

Results and Discussion

The organic sensitizers have been efficiently synthesized by
the stepwise synthetic protocol illustrated in Scheme 2.
Compound 2 was prepared from 1 by a McMurry reaction
and was then converted into 3 by lithiation with n-butyllithi-
um and subsequent quenching with pinacol borate. Suzuki
coupling reactions of N,N-bis(9,9-dimethylfluoren-2-yl)-4-
bromoaniline™! and 6-[bis(9,9-dimethylfluoren-2-yl)amino]-
2-bromobenzo[b]thiophene!" with 1.2 equivalents of 3 yield-
ed 4 and 5, respectively. Suzuki coupling reaction of N,N-
bis(9,9-dimethylfluoren-2-yl)-4-bromoaniline ~ with  2-(3,6-
dihexylthieno[3,2-b]thiophen-2-yl)-4,4,5,5-tetramethyl-1,3.2-
dioxaborolane led to 8. Bromination of 8 with Br, gave 9.
Compound 10 was prepared from 9 with 2-(3,6-
dihexylthieno[3,2-b]thiophen-2-y1)-4.4,5,5-tetramethyl-1,3,2-
dioxaborolane by a Suzuki reaction. The thienothiophene—
vinylene-thienothiophene derivatives 4 and 5 and the dithie-
nothiophene derivative 10 were converted into their corre-
sponding carbaldehydes 6, 7, and 11 by Vilsmeier-Haack re-
actions. Reactions of the aldehyde derivatives with cyano-
acetic acid in the presence of piperidine in acetonitrile pro-
duced the dyes JK-81, JK-112, and JK-113, respectively.

The visible absorption spectrum of JK-112 displays two
absorption maxima at 480nm (e=73800m 'cm') and
365 nm (e=51800m 'cm '), which are due to the n—n* tran-
sitions of the conjugated system. Under the same conditions,
the dye JK-113 exhibits absorption bands at 490 nm (e=
85000M 'em™') and 365 nm (£=50400m 'cm™'), as shown
in Figure 1. Such high coefficients can be expected to permit
a reduction in film thickness in solar-cell applications, which
should increase the open-circuit voltage and overall efficien-
cy. The slight blueshift in the absorptions of JK-112 com-
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pared to those of JK-113 can be
readily understood from molec-
ular modeling studies
(Figure 2). The ground-state
structures of JK-112 and JK-
113 have twist angles of 51.0°
and 46.6°, respectively, between
the aminophenyl or -benzo[b]-
thiophenyl moieties and the
thienothiophene units, indicat-
ing that the latter has a more
planar geometry due to a small-
er torsion angle. On the other
hand, the dye JK-81 exhibits a
further blue shift to 372 nm due
to the wide dihedral angle
(64.7°) of the two thienothio-
phene units, which gives rise to
a twisted nonplanar geometry.
For JK-112 and JK-113, the di-
hedral angles of the thienothio-
phene-vinylene-thienothio-
phene bridged units are 1.8°
and 0.8°, respectively. Accord-
ingly, the higher extinction co-
efficients of JK-112 and JK-113 relative to that of JK-81
and the associated redshifts derive from increased electron
delocalization over the conjugated system. Similar distor-
tions have been reported for other organic dyes."™*!

When JK-112 and JK-113 arc excited within their m-m*
bands, they exhibit strong luminescence maxima at 632 nm,
with E; , transition energics of 2.28 and 2.24 ¢V, respectively
(Table 1). The excited-state oxidation potentials (E*,,) of
the dyes (JK-112: —1.15V; JK-113: —1.18 V vs. NHE) are
much more negative than the conduction band of TiO,, lo-
cated at —0.5 V versus NHE, allowing efficient electron in-
jection from the LUMO of the dye to the conduction band
of TiO,.

Molecular-orbital calculations have indicated that the
HOMOs of JK-112 and JK-113 are spread over the fluore-
nylamino unit through the phenyl or benzo[b]thiophene
groups and that the LUMOs are located on the cyanoacrylic
units and extend to the thienothiophene moieties (Figure 3).
Examination of the HOMOs and LUMOs of these dyes in-
dicates that HOMO-LUMO excitation moves the electron
from the phenyl- or benzo[b]thiophene unit to the cyanoa-
crylic acid moiety. The change in local electron density dis-
tribution induced by photoexcitation results in efficient
charge separation.

The incident monochromatic photo-to-current conversion
efficiency (IPCE) of JK-113 exceeds 80% over the spectral
region from 400 to 640 nm, reaching its maximum of 93 % at
475 nm (Figure 4, top). The band tails off toward 770 nm,
contributing to the broad spectral light harvesting. Under
standard global AM 1.5 solar conditions, the JK-113-sensi-
tized cell gave a short circuit photocurrent density (/) of
17.61 mA cm 2, an open-circuit voltage (V,) of 0.71 V, and a

Chem. Eur. J. 2010, 16, 1193-1201
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Scheme 2. Synthetic routes to JK-112, JK-113, and JK-81.

fill factor (FF) of 72 %, corresponding to an overall conver-
sion efficiency (1) of 9.1 %. Integrating the IPCE curve for
JK-113 over the standard AM 1.5 global solar spectrum re-
sults in a short circuit current of 17.4 mAcm 2 in good
agreement with the measured photocurrent of the device.
To the best of our knowledge, this is the highest efficiency
ever reported for a DSSC based on an organic sensitizer
without using 3a,7a-dihydroxy-5p-cholic acid as a co-ad-
sorbent. Using a TiO, electrode stained with 0.15 mm JK-
113 in the presence of 1 mM tetrabutylammonium deoxy-
cholic acid salt (DCA-TBA) in THF, the cell displayed a J
of 14.9mAcm % a V.. of 810 mV, and an FF of 79%, corre-
sponding to an 7 of 9.5% when the spectra were measured
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two days after cell fabrication (Figure 5). Reproducible effi-
ciencies of 9.2-9.5% were obtained with the solar cell based
on JK-113. Using a solvent-free ionic-liquid electrolyte com-
posed of 0.2m I,, 0.5M N-methyl benzimidazole (NMBI),
and 0.1M guanidinium thiocyanate (GuNCS) in 1-methyl-3-
propylimidazolium iodide (PMII)/1-methyl-3-ethylimidazoli-
um thiocyanate (EMINCS) (13:7), the JK-113 sensitizer dis-
played a strikingly high conversion efficiency of 7.9%,
which is comparable to the highest values hitherto achieved
for solvent-free DSSCs based on ruthenium sensitizers.*?!
Devices based on JK-113 using ionic liquid electrolytes
showed excellent long-term stability under accelerated light
soaking at 60°C. Figure 6 shows stability data for JK-112
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Figure 1. Absorption {left scale) and emission (right scale) spectra of JK-
81 (black solid line}, JK-112 {blue solid line}, and JK-113 {red solid line})
in THE. The absorption spectra as anchored sensitizers on TiO, film of
JK-81 {black dotted line}, JK-112 (blue dotted line), and JK-113 (red
dotted line} are also included. The emission spectra were obtained using
the same solutions by exciting at 370, 480, and 490 nm for JK- 81, JK-
112, and JK-113, respectively, at 298 K.

446°

64.7°

JK-81 JK-112

Figure 2. Optimized structures calculated by TD-DFT using the B3LYP functional and the 3-21G* basis set for

JK-81, JK-112, and JK-113.

Table 1. Optical, redox, and DSSC performance parameters of JK-81,
JK-112, and JK-113.

JK-81 JK-112 JK-113
oo [nm] 372 (55800) 365 (S1800), 365 (S0400),
(e M em™)) 480 (73800} 490 (85000)
Era® [V] 1.06 113 1.06

Eqy 1 [V] 271 228 224

E* O [V] —165 ~115 -118

T [mAem™)| 94 157 176

V,, [mV] 710 690 710

FF[%] 75 74 72

7 [%] 5 80 9.1

[a] Absorption spectra were measured in THF solution. [b] Redox poten-
tials of the dyes on TiO, were measured in CH,CN with 0.1m [{n-
C,H,)N][PF;] as supporting electrolyte at a scan rate of 50mVs™ (vs.
NHE). [c] E, ; was determined from the intersection of the absorption
and emission spectra in ethanol. [d] E*,, was calculated as E* 4, — Eq o
[e] Performances of the DSSCs were measured with 0.18 em? working
area. Electrolyte 1: 0.6 M DMPImI, 0.05M I,, 0.1m Lil, and 0.5M terz-butyl-
pyridine in acetonitrile.
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and JK-113 during long-term accelerated aging. After
1000 h of light soaking, the V. of JK-113 had decreased by
54 mV, but the loss was compensated by a slight increase in
the short-circuit current density from 16.5 to 16.7 mAcm
and in the fill factor from 68 % to 69 %. The initial efficien-
cy of 7.9% slightly decreased to 7.4% during the 1000 h
light-soaking test.

An all-solid-state dye-sensitized solar cell (ssDSSC) was
constructed, employing JK-112 as a sensitizer and 2,2,7,7-
tetrakis(N,N-dimethoxyphenylamine)-9,9'-spiro-bifluorene
(Spiro-OMeTAD) as a hole conductor. This device gave a
J. of 80mAcm % a V,, of 900 mV, and an FF of 60%, cor-
responding to an overall conversion efficiency 7 of 4.3%
under standard global AM 1.5 solar conditions (Table 2). At
lower light intensity, the power conversion efficiency in-
creased to 4.8%, which is a remarkable value for an
ssDSSC based on an organic sensitizer. Of particular note
are the high V. values of the cells (both with JK-112
(900 mV) and JK-113 (920 mV)). This stems from the thin-
ner TiO, film, which retards the charge recombination dy-
namics due to the higher absorption coefficient arising from
extended conjugation.

AC impedance spectra of the
cells were measured to check
for any changes in the electric
circuit elements of the DSSC
during aging. Figure 7 shows
the AC impedance spectra of
the DSSCs measured in the
dark and under illumination
(bottom). In the dark under for-
ward bias (—0.68 V), the semi-
2 circle in the intermediate fre-
quency regime reflects mainly
the recombination impedance
caused by electron loss from
the conduction band of TiO, to
L ions in the electrolyte™” A
larger radius of the semicircle
in this intermediate frequency
regime implies a lower rate of electron recombination at the
TiO,/dye/electrolyte interface. In the dark at 0.68 V forward
bias, the radius of this semicircle increases in the order JK-
112 (50.0 Q) < JK-113 (60.7 Q) < JK-81 (6851 ), in
accord with the trends in the values of V.. Upon illumina-
tion under open-circuit conditions (100 mWcm ?), the
radius of the intermediate-frequency semicircle in the Ny-
quist plot decreased in the order JK-81 (24.1 Q) > JK-112
(12.0Q) > JK-113 (11.7 Q), indicating improved electron
generation and transport. These results are in good agree-
ment with the trends observed in the overall efficiency.

JK-113

Conclusions

In summary, we have designed and synthesized three highly
efficient organic sensitizers with a planar thienothiophene-

Chem. Eur. J 2010, 16, 1193-1201
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Figure 3. Isodensity surface plots of the HOMO and LUMO of {(a) JK-112 and {b) JK-113.

FULL PAPER

vinylene-thienothiophene
linker. Solar-cell devices based
on the sensitizer JK-113 in con-
junction with a volatile electro-
lyte without the tetrabutylam-
monium salt of deoxycholic
acid DCATBA, with
DCA'TBA, and a solvent-free
ionic liquid electrolyte gave
high conversion efficiencies of
91%, 9.5%, and 7.9%, respec-
tively. A JK-113-based solar
cell fabricated using a solvent-
free ionic liquid electrolyte
showed excellent stability under
light soaking at 60°C for
1000 h. We believe that the de-
velopment of highly efficient
organic dyes comparable to
ruthenium dyes is possible
through meticulous molecular
engineering of organic dyes,
and work directed towards this

100 aim is NOw in progress.
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Figure 4. IPCE spectra {top) and J-V curves {bottom) of JK-81 {black
lines), JK-112 (blue lines), and JK-113 (red lines). Dark current-bias po-
tential relationships are shown as dotted curves.
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Figure 6. Evolution of solar-cell parameters with JK-112 {a) and JK-113
(m) during visible-light soaking (AM 1.5 G, 100 mWem™2) at 60°C. A
420 nm cut-off filter was placed on the cell surface during illumination.
Ionic liquid electrolyte 2: 0.2m iodine, 0.5M NMBI, 0.1m GuNCS in
PMIIVEMINCS (13:7).

Table 2. J-V characteristics of JK-112- and JK-113-sensitized solar cells
with solid-state electrolytes under different light intensities.

Dye Intensity § Vi FF n
[% sun] [mAcm™] [mV] [%] [%]

JK-112 10 0.8 780 73 48
100 8.0 900 60 43

JK-113 10 0.7 810 70 42
100 83 920 57 43

Experimental Section

General: All reactions were carried out under an argon atmosphere. Sol-
vents were distilled from appropriate reagents. All reagents were pur-
chased from Sigma-Aldrich. N,N-Bis(9,9-dimethylfluoren-2-yl)-4-bro-
moaniline,™"  6-[bis(9,9-dimethylfluoren-2-yljamino]-2-bromobenzo[b]-
thiophene,"™ and 3,6-dihexylthieno[3,2-b]thiophene™® were synthesized
using modified procedures based on those in the previous references. 'H
and *C NMR spectra were recorded on a Varian Mercury 300 spectrom-
eter. Elemental analyses were performed with a Carlo Erba Instruments
CHNS-O EA 1108 analyzer. Mass spectra were recorded on a JEOL
JMS-SX102A instrument. Absorption and photoluminescence spectra
were recorded on a Perkin-Elmer Lambda 28 UV/visible spectrophotom-
eter and a Perkin LS fluorescence spectrometer, respectively.
3,6-Dihexylthieno[3,2-b]thiophene-2-carbaldehyde (1): nBuLi {2.85 mL,
2.5M solution in hexane) was added to a solution of 3,6-dihexylthieno-
[3,2-b]thiophene (2 g, 648 mmol) in dry THF {50mL) at 0°C under
argon. After 1h, DMF (1 g, 6.48 mmol) was added dropwise at 0°C
under argon. The solution was washed with 5% HCI and dried with
MgSO,. The solvent was evaporated. The pure product 1 was obtained in
90% yield by silica gel chromatography {eluent CH,Cl,/hexane, 1:1, R;=
0.5). M.p. 140°C; "H NMR (CDCL}): 6=10.09 {s, 1H), 7.26 {s, LH}, 3.09
{t, /=78 Hz, 2H), 2.72 {t, /=72 Hz, 2H), 1.72 (br, 4H), 1.36 (m, 12H),
0.89 (t, J=6.8Hz, 3H), 086ppm (t, J=6.8Hz, 3H); “C{'"H} NMR
{CDCL): 6=182.1, 142.1, 141.5, 137.5, 135.6, 131.1, 121.3, 31.7, 31.6, 30.5,
30.0, 29.4, 292, 28.9, 285, 28.0, 22.7, 14.3, 14.2 ppm; MS: m/z: 336 [M*];
elemental analysis caled (%) for CgH,08,: C 67.81, H 8.39; found: C
67.21, H 8.19.
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Figure 7. Electrochemical impedance spectra measured in the dark and
under illumination {1 sun, bottom) for cells with different adsorbed dyes
{i.e. JK-112 {blue line}), JK-113 (red line), and JK-81 {green line)).

(E)-1,2-Bis(3,6-dihexylthieno[3,2-b |thiophen-2-yl)eth @: Tl
{1.95 mL, 17.82 mmol) was added to a suspension of Zn powder (1.165 g,
17.82 mmol) in dry THF (50 mL} at 0°C under argon. After 1h, a solu-
tion of compound 1 (2 g, 5.94 mmol) in THF (10 mL) was added drop-
wise at 0°C under argon. The mixture was stirred at 70°C for 10 h, then
cooled to room temperature, quenched with H,O (30 mL), and extracted
with BtOAc (3x30 mL). The organic layer was separated and dried over
MgSO;. The solvent was removed in vacuo. The pure product 2 was ob-
tained by chromatographic work-up {eluent CH,Cl,/hexane, 1:3, R;=0.4}
as a yellow solid in 60% yield. M.p. 182°C; "HNMR (CDCl): 6=7.06
(s, 1HD), 6.95 (s, 1H), 2.80 (t, J=72 Hz, 4H), 2.70 {t, /=72 Hz, 4H), 1.72
(br, 8H), 1.34 {m, 24H), 0.89 ppm (m, 12H); *C{"H} NMR (CDCl;): 6=
1377, 135.6, 134.5, 1336, 121.5, 119.8, 31.7, 31.6, 30.5, 30.0, 29.9, 294,
288,285,281, 22.7, 143, 14.2 ppm; MS: m/z: 640 [M*]; elemental anal-
ysis caled (%) for CygHyS,: C 71.19, H 8.80; found: C 70.98, H 8.69.
(E)-2-{5-[2-(3,6-Dihexylthieno[3,2-b |thiophen-2-yl)vinyl]-3,6-dihexyl}-
thieno[3,2-b]thiophen-2-yl}-4,4,5,5 hyl-1,3,2-dioxaborok 6):
nBuli {024 mL, 2.5M solution in hexane) was added to a solution of
compound 2 {0.35 g, 0.55 mmol) in dry THF (30mL) at —78°C under
argon. After 1h, 2-isopropoxy-4.4,55-tetramethyl-1,3,2-dioxaborolane
{0.121 g, 0.655 mmol) was added dropwise at —78°C under argon. The
mixture was stirred at 20°C for 1 h, then quenched with H,O (30 mL}
and extracted with EtOAc (3x30 mL). The organic layer was separated
and dried over MgSO,. The solvent was removed in vacuo. The pure
product 3 was obtained by chromatographic work-up {eluent CH,Cl,/
hexane, 1:1, R;=04) as a yellow solid in 60% yield. Mp. 162°C;
IH NMR (CDCly): 6=9.82 (s, 1H), 7.65 (t, /=63 Hz, 2H), 7.09 (s, 1H),
7.08 (s, 1H), 695 (s, 1H), 2.97 (t, J=7.8 Hz, 2H), 2.81 (m, 4H), 2.70 1,

Chem. Eur. J. 2010, 16, 11931201

110



Organic Sensitizing Dyes for Solar Cells

J=78Hz, 2H), 173 (m, 8H), 1.35 (m, 24H), 089ppm (m, 12H);
BC{*H} NMR (CDClL): 6=1462, 146.0, 140.9, 140.2, 1384, 1382, 137.7,
1364, 135.6, 133.6, 133.2, 125.9, 122.0, 121.3, 83.9, 31.7, 31.6, 30.5, 30.0,
29.9, 294,288,285, 281,229, 22.7, 142, 14.1 ppm; MS: miz: 766 [M*];
elemental analysis caled (%) for C,,H5BO,S,: C 68.89, H 8.80; found: C
68.12, H 8.32.
{E)-N-(4-{5-[2-(3,6-Dihexylthieno[3,2-b]thiophen-2-yl)vinyl]-3,6-dihexyl-
thieno[3,2-b]thiophen-2-yljphenyl)-N-(9,9-dimethyl-9H-fluoren-2-yl)-9,9-
dimethyl-9H-fh 2 {4): A stirred mixture of N,N-bis(9,9-dime-
thylfluoren-2-yl)-4-bromoaniline  (0.138 g, 0.25mmol), 3 (0.191g,
0.25mmol), K,CO; (0.20g, 1.5mmol), and Pd{PPhs), (0.029g,
0.025 mmol) in THF (50 mL) and H,O (5mL) was refluxed for 12 h.
After cooling the solution, H,O (10 mL} and brine {10 mL} were added.
The organic layer was separated and dried over MgSO,. The solvent was
removed in vacuo. The pure product 4 was obtained by chromatographic
work-up {eluent CH,Cly/hexane, 1:3, R,=04) as a green solid in 70%
yield. M.p. 178°C; "H NMR (CDCL): 8=7.65 (t, J=7.8 Hz, 2H), 7.63 (d,
J=82Hz, 2H), 740 (d, J=82Hz, 2H), 7.35 (t, J=7.8 Hz, 2H), 7.33-
7.25 (m, 6H), 724 (s, 2H), 7.16 (d, J=7.6 Hz, 2H}, 7.13 (s, 1H), 7.10 s,
1H), 7.00 (s, 1H), 2.82 (t, J=7.8 Hz, 2H), 2.81-2.71 (m, 6H), 1.85-1.71
{m, 8H), 1.43 (5, 12H}, 1.34-1.24 (m, 24 H)}, 0.89 (t, /=6.8 Hz, 3H), 0.88—
0.86 (m, 6H), 0.85 ppm (t, J=6.8 Hz, 3H); *C{'"H} NMR (CDCL): 6=
1552, 153.6, 147.6, 1472, 1404, 139.3, 139.0, 136.8, 135.5, 135.3, 134.6,
1323, 132.1, 132.0, 1313, 130.8, 130.1, 129.7, 1288, 1287, 128.5, 1271,
1267, 125.6, 123.6, 123.3, 122.6, 120.8, 119.6, 119.0, 47.0, 31.8, 31.7, 31.6,
31.5, 305, 30.4, 30.0, 29.8, 29.6, 29.4, 29.3, 292, 29.0, 28.9, 287, 285, 28 3,
28.0,27.8,27.6,27.1, 22.7, 143, 142, 14.1 ppm; MS: m/z: 1115 [M™*]; ele-
mental analysis caled {% ) for C,,HgNS,: C 79.5%, H 7.67; found: C 79.18,
H7.43.
{E)-2-{5-[2-(3,6-Dihexylthieno[3,2-b]thiophen-2-yl)vinyl]-3,6-dihexyl-
thieno[3,2-b]thiophen-2-yl}-N,N-bis(9,9-dimethyl-9H-fluoren-2-yl)ben-
zo[b]thiophen-6-amine (5): Compound 5 was synthesized by a similar
procedure to that described for 4, except that 6-[bis(9,9-dimethylfluoren-
2-ylyamino]-2-bromobenzo[b]thiophene {0.16 g, 0.261 mmol) was used in
place of N,N-bis(9,9-dimethylfluoren-2-yl)-4-bromoaniline. Yield: 51%.
M.p. 187°C; "HNMR (CDCL): 6=7.64 (d, J=9.0 Hz, 1H), 7.59 (d, J=
8.1Hz, 2H), 7.58 (t,/=8.1Hz, 2H), 7.56 (s, 1H), 7.39 (t, /=81 Hz, 2H),
7.36 (d, J=9.0Hz, 1H), 7.32-7.28 (m, 4H), 7.25 (s, 2H), 7.19 (s, 1H),
743 (s, 1H), 711 (s, 1H), 7.10 {(d, J=8.1Hz, 2H), 2.82 (t, /=78 Hz,
2H), 2.81-2.71 {m, 6H), 1.85-1.71 {m, 8H), 1.43 (s, 12H), 1.34-124 {m,
24H), 0.89 (t, J=6.8 Hz, 3H), 0.88-0.86 {m, 6H), 0.85 ppm (t, J=6.8 Hz,
3H); *C{"H} NMR (CDCly): 6=155.3, 153.7, 147.5, 146.5, 1454, 143.7,
1422, 141.1, 139.0, 1384, 137.5, 136.5, 1352, 134.8, 1344, 134.1, 133.9,
1338, 132.8, 132.3, 1312, 130.9, 129.8, 128.7, 127.1, 126.7, 126.5, 126.3,
1232, 122.7, 1208, 119.5, 1186, 116.7, 47.0, 31.8, 31.7, 31.6, 31.5, 30.5,
30.4, 30.0, 29.8, 29.6, 29.4, 29.3, 29.2, 29.0, 289, 287, 28.5, 28.3, 28.0, 27.8,
276, 271, 227, 143, 142, 141ppm; MS: m/z: 1117 [M*]; elemental
analysis caled (%) for C;HgNSs: C 77.83, H 7.31; found: C 77.38, H
Fi23.

{E)-5-[2-(5-{4-[Bis(9,9-dime thyl-9H-fluoren-2-yl}amino |phenyl}-3,6-di-
hexylthieno[3,2-b]thiophen-2-yljvinyl]-3,6-dihexylthieno[3,2-b]thiophene-
2-carbaldehyde {(6): The Vilsmeier reagent, which was prepared from
POCI; {0.06 mL) in DMF (0.1 mL}, was added to a cold solution of 4
{0.37 g, 0.33 mmol) in dry DMF (10 mL} at 0°C. The mixture was stirred
at 70°C for 4 h, then cooled to room temperature, quenched with 10%
aqueous NaOAc solution (30mL), and extracted with EtOAc (3x
30 mL}. The organic layer was separated and dried over MgSO,. The sol-
vent was removed in vacuo. The pure product 6 was obtained by chroma-
tographic work-up {eluent CH,Cly/hexane, 1:1, R;=04) as an orange
solid in 85% yield. M.p. 176°C; "H NMR (CDCL): =10.05 {s, 1 H}, 7.65
(t, /=72 Hz, 2H), 7.62 (d, /=82 Hz, 2H), 7.36 {d, J=82Hz, 2H), 7.35
(t, J=72Hz, 2H), 7.33-725 {(m, 5H), 724 (s, 2H), 7.19 (d, J/=15.6 Hz,
1H), 7.13 (d, J=8.1 Hz, 2H), 7.06 (d, F/=15.6 Hz, 1H), 6.98 (s, 1H}, 3.08
{t, /=78 Hz, 2H), 2.82-2.81 {(m, 4H), 2.71 (t, /=78 Hz, 2H), 1.85-1.71
{m, 8H), 143 (s, 12H), 1.34-1.24 (m, 24H), 0.89 (t, /=6.8 Hz, 3H), 0.88-
0.86 {m, 6H)}, 0.85 ppm {t, J=6.8 Hz, 3H); *C{'H} NMR (CDCL}: =
1812, 155.4, 153.2, 1473, 147.1, 1404, 139.3, 139.0, 136.8, 135.7, 135.3,
1346, 1334, 1323, 1321, 132.0, 130.8, 130.3, 130.1, 129.7, 1288, 1287,
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128.5,128.1, 127.7, 126.6, 124.6, 123 4, 122.6, 120.8, 120.6, 47.0, 31.8, 31.7,
31.6, 31.5, 30.5, 304, 30.0, 29.8, 29.6, 29.4, 29.3, 29.2, 29.0, 28.9, 287, 28 5,
283, 280, 27.8, 27.6, 27.1, 22.7, 143, 142, 14.1 ppm; MS: m/z: 1143 [M*
]; elemental analysis caled (%) for C;sHgNOS,: C 78.69, H 7.48; found:
C7828 H7.13.
{E)-5-[2-(5-{6-[Bis(9,9-dimethyl-9H-fluoren-2-yljyamino|benzo[ b ] thio-
phen-2-yl}-3,6-dihexylthieno[3,2-b]thiophen-2-yl)vinyl]-3,6-dihexylthieno-
[3.2-b]thiophene-2-carbaldehyde (7): Compound 7 was synthesized by a
procedure similar to that described for 6, except that 4 (03 g,
0.249 mmol) was used in place of 5. Yield: 51%. M.p. 186°C; '"H NMR
{CDCLy): 6=10.05 (s, 1H), 7.64 (d, J=9.0Hz, 1H), 7.59 (d, J=8.1Hz,
2H), 7.58 (t, J=81Hz, 2H), 7.61 (s, 1H)}, 7.39 {t, J=8.1Hz, 2H), 7.36
{d, J=9.0 Hz, 1H), 7.32-728 (m, 4H), 7.25 (s, 2H), 7.19 (d, J=15.6 Hz,
1H}), 7.10 (d, J=8.1 Hz, 2H), 7.06 (d, /=15.6 Hz, 1H}, 6.98 (s, 1 H}, 3.07
(t, J=7.8 Hz, 2H), 2.96 (t, J=7.8 Hz, 2H), 2.82 (t, J=7.8 Hz, 4H), 1.85-
171 {m, 8H), 143 (s 12H), 1.34-1.24 (m, 24H), 0.89 {t, /=6.8 Hz, 3H),
0.88-0.86 (m, 6H), 0.85 ppm (t, J=6.8 Hz, 3H); *C{"H} NMR (CDCL):
0=180.8, 155.6, 154.7, 148.5, 147.5, 145.3, 1437, 1422, 141.1, 139.0, 138 4,
137.5, 136.5, 136.2, 134.8, 1344, 134.1, 133.9, 1338, 133.4, 132.8, 1323,
131.8, 131.2, 130.8, 1295, 1285, 127.1, 126.7, 126.5, 126.3, 123.2, 1227,
120.8, 119.5, 47.0, 31.8, 31.7, 31.6, 31.5, 30.5, 30.4, 30.0, 29.8, 29.6, 294,
29.3,29.2,290,289, 287,285,283, 28.0,27.8, 27.6, 27.1,22.7, 143, 142,
141ppm; MS: mfz: 1199 [M?]; elemental analysis caled (%) for
CHgNOS;: C 77.02, H 7.13; found: C 76.98, H 7.03.
N-[4-(3,6-Dihexylthieno[3,2-b |thiophen-2-yl)phenyl]-N-(9,9-dimethyl-9.H-
fluoren-2-yl)-9,9-dimethyl-9H-fluoren-2-amine (8): »BuLi (1.78 mL, 1.6m
solution in hexane) was added to a solution of 3,6-dihexylthieno[3,2-
b]thiophene (0.8 g, 2.59 mmol) in dry THF at —78°C under argon. After
1h, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane {0578 g,
3.108 mmol) was added dropwise at —78°C under argon. The mixture
was stirred at 20°C for 1h, then quenched with H,O (30 mL) and ex-
tracted with EtOAc {3 x30 mL}. The organic layers were combined and
dried over MgSO,. The solvent was removed in vacuo. The pure product
2-(3,6-dihexylthieno(3,2-bJthiophen-2-y1)-4,4,5 5-tetramethyl-1,3,2-dioxa-
borolane was obtained by chromatographic work-up (eluent CH,Cly/
hexane, 1:3, Rg=04). A stirred mixture of N,N-bis(9,9-dimethylfluoren-2-
yl)-4-bromoaniline (0.5 g, 0.89 mmol), 2-(3,6-dihexylthieno[3,2-b]thio-
phen-2-yl}-4,4,5 5-tetramethyl-1,3,2-dioxaborolane  (0.39g, 0.89 mmol),
NaHCO; (023 g, 2.69 mmol), and Pd(PPhs), (0.051 g, 0.045 mmol) in
THF (50 mL) and H,0O (5 mL) was refluxed for 12 h. After cooling the
solution, H,O (10 mL) and brine {10 mL) were added. The organic layer
was separated and dried over MgSO,. The solvent was removed in vacuo.
The pure product 8 was obtained by chromatographic work-up {eluent
CH,Cly/hexane, 1:3, R;=0.4) as a yellow solid in 70 % yield. M.p. 178°C;
"H NMR (CDCL): 6=7.65 (t, J=7.5Hz, 2H), 7.63 (d, J=8.7Hz, 2H),
740 (d, J=87 Hz, 2H), 7.35 (t, J=7.5 Hz, 2H), 7.29-7.25 {m, 6H), 724
(s, 2H), 7.15 (d, J=72 Hz, 2H), 6.94 (s, 1H), 2.82 (t, J=7.8 Hz, 2H),
273 (d, J=7.8 Hz, 2H}), 1.72 (br, 4H), 143 (s, 12H), 1.34-1.24 (m, 12H),
0.89 (t, J=6.8Hz, 3H), 0.86 ppm (t, J=6.8 Hz, 3H); “C{'"H} NMR
{CDCLy): 6=1552, 153.7, 147.5, 147.2, 1407, 139.0, 138.9, 136.8, 1355,
134.5, 130.9, 130.1, 129.1, 127.1, 126.7, 123.5, 123.3, 122.6, 120.8, 1202,
119.6, 119.0, 47.0, 31.7, 31.6, 30.5, 30.0, 294, 29.2, 28.9, 285, 28.0, 272,
227, 143, 142 ppm; MS: m/fz: 783 [M*]; elemental analysis caled (%)
for Cs,Hs;NS,: C 8271, H 7.33; found: C 82.10, H 7.28.
N-[4-(5-Bromo-3,6-dihexylthieno[3,2-b]thiophen-2-ylyphenyl]-N-{9,9-di-
methyl-9H-fluoren-2-yl)-9,9-dimethyl-9H-fluoren-2-amil 9y n»BuLi
{0.50 mL, 1.6Mm solution in hexane) was added to a solution of 8 {0.53 g,
0.67 mmol) in dry Et,0 under argon. After 3h, bromine (0.12g,
0.74 mmol) was added dropwise at 0°C under argon. The mixture was
washed with 5% aqueous KOH solution and dried with MgSO,. The sol-
vent was evaporated. The pure product 9 was obtained in 80% yield by
silica gel chromatography {(eluent CH,Cly/hexane, 1:3, R,=05). Mp.
181°C; '"H NMR (CDCL): =7.64 (t, J=81 Hz, 2H), 7.62 {(d, J=8.7 Hz,
2H), 7.39 {d, J=8.7 Hz, 2H), 7.33 (t, J=8.1 Hz, 2H), 7.30-7.23 (m, 6H),
720 (s, 2H), 7.14 {d, J=78 Hz, 2H)}, 2.92 (t, /=78 Hz, 2H)}, 2.72 (d, J =
7.8 Hz, 2H), 1.72 (br, 4H), 1.42 (s, 12H), 1.34-1.24 (m, 12H), 0.89 (t, /=
6.8 Hz, 3H), 0.86 ppm (t, J=6.8Hz, 3H); “C{'"H} NMR (CDCL): =
1552, 153.6, 147.6, 147.1, 140.5, 139.0, 1387, 136.8, 135.5, 134.6, 130.9,
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130.0, 129.1, 1284, 1271, 1267, 123.6, 123.2, 1226, 120.8, 119.6, 119.1,
47.0, 317, 31.6, 30.5, 30.1, 29.5, 29.2, 289, 285, 28.0, 272, 22.7, 143,
142 ppm; MS: miz: 863 [MT]; elemental analysis caled (%) for
C5HsBINS,: C 75.15, H 6.54; found: C 74.98, H 6.48.
N-(9,9-Dimethyl-9H-fluoren-2-yl)-9,9-dimethyl-N-[4-(3,3',6,6'-tetrahexyl-
2,2"-bithieno[3,2-bthiophen-5-yl)phenyl]-9H-fluoren-2-amine (10): Com-
pound 10 was synthesized by a similar procedure to that described for 8,
except that 9 (0.5 g, 0.58 mmol) was used in place of N,N-bis(9,9-dime-
thylfluoren-2-yl)-4-bromoaniline. Yield: 67%. Mp. 182°C; 'MHNMR
{CDCl): 6=7.65 (t, J=7.8 Hz, 2H}, 7.63 (d, /=82 Hz, 2H), 740 (d, /=
8.2Hz, 2H), 7.35 (t,/=7.8 Hz, 2H), 7.33-7.25 (m, 6H), 7.24 (s, 2H), 7.16
{d, 7=7.6Hz, 2H}, 7.00 (s, 1H), 2.82 (t, /=78 Hz, 2H), 2.81-2.71 {(m,
6H), 1.81-1.71 {m, 8H), 1.43 (s, 12H), 1.34-1.24 {m, 24H), 0.89 {t, J=
6.8 Hz, 3H), 0.88-0.86 (m, 6H), 0.85 ppm (t, J=6.8 Hz, 3H); ®C{'H}
NMR {CDCL): 6=1552, 153.6, 147.6, 1472, 1404, 1393, 139.0, 136.8,
1355, 135.3, 134.6, 1323, 132.1, 132.0, 130.8, 130.1, 128.8, 128.7, 1285,
1271, 12677, 125.6, 123.6, 1233, 122.6, 120.8, 119.6, 119.0, 47.0, 31.8, 31.7,
31.6, 31.5, 30.5, 30.4, 30.0, 29.8, 29.6, 29.4, 29.3, 29.2, 29.0, 28.9, 287, 28 5,
28.3, 280, 27.8, 27.6, 27.1, 22.7, 143, 142, 14.1 ppm; MS: m/z: 1090 [M*
]; elemental analysis caled {% ) for C»HgNS,: C 7929, H 7.67; found: C
78.98, H 7.43.

5-{4-[Bis(9,9-dimethyl-9H -fluoren-2-yl)amino]phenyl}-3,3',6,6"-tetrahexyl-
2,2"-bithieno[3,2-b|thiophene-5'-carbaldehyde (11): Compound 11 was
synthesized by a procedure similar to that described for 6, except that 10
{05 g, 0.58 mmol} was used in place of 4. Yield: 83%. Mp. 172°C;
HNMR {CDCL): 6=10.1 (s, 1H)}, 7.65 {t, J=8.1Hz, 2H), 7.64 {d, J=
8.7Hz, 2H), 7.40 (d, /=87 Hz, 2H), 7.33 (t, /=8.1Hz, 2H), 7.30-7.25
{m, 6H), 722 (s, 2H), 7.16 {d, J=8.1Hz, 2H), 3.11 (t, /=78 Hz, 2H),
2.83 (t, J=7.8Hz, 2H), 2.71-2.68 {m, 4H), 1.81-1.71 (m, 8H), 1.43 (s,
12H), 1.34-1.24 {m, 24H), 0.88 (t, /=67 Hz, 3H)}, 0.88-0.86 (m, 6H),
0.83 ppm {t, J=6.7 Hz, 3H); ®C{"H} NMR (CDCl;): 6=182.6, 1553,
153.6, 147.7, 147.1, 1455, 1453, 140.8, 139.3, 139.0, 1382, 137.2, 137.0,
1357, 134.6, 130.7, 1301, 1292, 1285, 1279, 1271, 1267, 123.6, 1232,
122.6, 120.8, 119.6, 119.1, 47.0, 31.8, 31.7, 31.6, 31.4, 30.5, 30.4, 30.1, 29.9,
29.7,295,293,292,29.0,288, 287, 285, 28.3, 280, 27.8, 27.6,27.1, 22.6,
143, 14.2, 14.1 ppm; MS: m/z: 1118 [M*]; elemental analysis caled (%)
for C;HgNOS,: C 78.37, H 7.48; found: C 7818, H 7.33.
(Z)-3-{5-[(E)-2-(5-{4-[ Bis(9,9-dimethyl-9 H-fluoren-2-yl}amino |phenyl}-
3,6-dihexylthieno[3,2-b |thiophen-2-yl}vinyl]-3,6-dihexylthieno[3,2-b]thio-
phen-2-yl}-2-cyanoacrylic acid (JK-112: A mixture of 6 (0.16g,
0.140 mmol} and cyanoacetic acid {0.024 g, 0.28 mmol) was vacuum-dried
and then dissolved in MeCN {60 mL) containing piperidine {0.012 g,
0.140 mmol}). The solution was refluxed for 6 h. After cooling, the vola-
tiles were removed in vacuo. The pure product JK-112 was obtained in
51% yield by silica gel chromatography (eluent CH,Cl,/MeCH, 2:1, R;=
0.6). M.p. 221°C; "HNMR ([D,]DMSO): 6=820 (s, 1H), 7.77 (t, J=
8.1Hz, 2H), 7.50 {d, /=87 Hz, 2H}), 742 {(d, /=87 Hz, 2H), 732 {t, /=
8.1Hz, 2H)}, 7.30-725 (m, 6H)}, 7.24 {s, 2H), 721 (d, /=15.6Hz, 1H),
7.13 {d, J=84Hz, 2H), 7.10 (d, /=15.6 Hz, 1H), 7.08 {d, /=84 Hz,
2H), 319 (t, /=7.8 Hz, 2H), 2.93 (t, J=7.8 Hz, 2H}), 2.71-2.68 {m, 4H),
1.81-171 {m, 8H), 1.37 (s, 12H), 1.34-1.24 (m, 24H), 0.82-0.79 ppm {m,
12H}; BC{'H} NMR {CDCL): 6=166.1, 1558, 154.9, 153.2, 152.1, 150.1,
1477, 146.4, 145.5, 1453, 140.8, 139.8, 139.0, 1384, 1372, 137.0, 1357,
1346, 1334, 132.1, 1307, 130.1, 1294, 1285, 1278, 127.1, 1268, 123.6,
1234,122.6, 1203, 119.5, 119.1, 46.4, 31.8, 31.7, 31.6, 31.4, 30.5, 304, 30.1,
29.9,29.7,295,29.3,292, 290,288, 287,285,283, 28.0, 27.8,27.6, 27.1,
22.6, 143,142, 14.1 ppm; MS: m/z: 1210 [M*]; elemental analysis caled
{%) for CgHgN,0,S,: C 77.31, H 7.15; found: C 77.14, H7.01.
(Z)-3-{5-[(E)-2-(5-{6-[ Bis(9,9-dimethyl-9 H-fluoren-2-yl)amino |benzo[ b]-
thiophen-2-yl}-3,6-dihexylthieno[3,2-b]thiophen-2-yl}vinyl]-3,6-
dihexylthieno[32-b]thiophen-2-yl}-2-cyanoacrylic acid (JK-113): Com-
pound JK-113 was synthesized by a procedure similar to that described
for JK-112, except that 7 (0.21 g, 0.175 mmol) was used in place of 6.
Yield: 53%. M.p. 197°C; "THNMR (CDCL): =819 (s, 1H), 7.77 {d, J=
9.0Hz, 1H), 7.69 (d, /=81Hz, 2H), 7.61 (t, /=81Hz, 2H), 7.58 (s,
1H), 7.39 {t, /=8.1 Hz, 2H), 7.36 {d, J="9.0 Hz, 1 H), 7.32-7.28 (m, 4H),
7.25 {s, 2H), 722 {d, J=15.6 Hz, 1H}, 7.16 {d, J=15.6 Hz, 1H), 7.13 {d,
J=81Hz, 2H}), 7.10 {s, 1H), 3.07 (t, /=78 Hz, 2H), 2.96 (t, /=7.8 Hz,
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2H), 2.82 (t, J=7.8 Hz, 4H), 1.85-1.71 {m, 8H}, 1.43 (s, 12H), 1.34-124
{m, 24H), 0.89 (t, /=6.8 Hz, 3H), 0.88-0.86 (m, 6H), 0.85 ppm (t, /=
6.8 Hz, 3H); C{'"H} NMR (CDCl): =1662, 1562, 155.6, 154.7, 14835,
1475, 146.5, 1453, 1437, 142.2, 141.1, 139.0, 1384, 137.5, 136.5, 1362,
1348, 134.4, 1341, 133.9, 133.8, 133.4, 132.8, 132.3, 131.8, 131.2, 13038,
1295, 128 5, 1271, 126.7, 126.5, 126.3, 123.2, 1227, 1208, 119.5, 47.0,
31.8, 317, 31.6, 31.5, 30.5, 30.4, 30.0, 29.8, 29.6, 29.4, 29.3, 29.2, 29.0, 28.9,
287,285,283, 28.0, 27.8, 27.6, 27.1, 22.7, 14.3, 142, 14.1 ppm; MS: m/z:
1266 [M*]; elemental analysis calcd {% )} for CouHgEN,O,8s: C 75.78, H
6.84; found: C 75.34, H 6.67.

(Z)-3-(5-{4-[ Bis(9,9-dimethyl-9H-fluoren-2-yl}amino Jphenyl}-3,3',6,6 - tet-

rahexyl-2,2'-bithieno[3,2-b]thiophen-5-yl)-2-cyanoacrylic acid (JK-81):
Compound JK-81 was synthesized by a procedure similar to that de-
scribed for JK-112, except that 11 {0.04 g, 0.036 mmol} was used in place
of 6. Yield: 83%. M.p. 172°C; '"HNMR {[D¢DMSO}): 6=820 (s, 1H}),
777 {t, I=8.1Hz, 2H), 7.50 {d, /=87 Hz, 2H), 742 (d, /=87 Hz, 2H),
732 (t, J=8.1Hz, 2H), 7.30-7.25 (m, 6H), 7.24 (s, 2H), 7.13 (d, J=
84 Hz, 2H), 7.08 {d, =84 Hz, 2H), 3.21 {t, /=78 Hz, 2H), 2.93 (t, /=
78 Hz, 2H), 2.71-2.68 {m, 4H), 1.81-1.71 {m, 8H)}, 1.37 {5 12H), 1.34-
124 (m, 24H), 0.82-0.79 ppm {(m, 12H); *C{'H} NMR (CDCL): 6=
166.1, 154.9, 1532, 1477, 1464, 145.5, 1453, 1408, 139.8, 139.0, 1384,
1372, 137.0, 1357, 134.6, 130.7, 130.1, 1294, 1285, 127.8, 127.1, 12638,
123.6, 123.4, 122.6, 1203, 119.5, 119.1, 464, 31.8, 31.7, 31.6, 31.4, 305,
304, 301, 29.9,29.7, 29.5, 29.3, 29.2, 29.0, 28 8, 28.7, 28.5, 28.3, 28.0, 27.8,
27.6, 27.1, 22.6, 143, 142, 14.1 ppm; MS: m/z: 1184 [M*]; elemental
analysis caled (%) for CigHgN,O,8,: C 76.98, H 7.14; found: C 76.54, H
7.03.

Device preparation (DSSC using liquid electrolyte): Photoanodes com-
posed of nanocrystalline TiO, were prepared according to a previously
reported procedure.') A paste composed of 20 nm anatase TiO, particles
for the transparent nanocrystalline layer was coated onto fluorine-doped
tin oxide {FTO) glass plates (Nippon Sheet Glass, 4 mm thickness} pre-
treated with TiCl, (40 mm) by repetitive screen printing to obtain a thick-
ness of 8 um. Then, a paste for the scattering layer containing 400 nm
anatase particles {CCIC, HPW-400) was deposited onto the transparent
nanocrystalline layer. The resulting layer had a thickness of around 5 pm.
The TiO, electrodes were gradually sintered according to a programmed
sequence: at 325°C for 5min, at 375°C for 5min, at 450°C for 15 min,
and finally at 500°C for 15 min. The TiO, electrodes were further treated
with TiCl, at below 70°C for 30 min and then sintered once more at
500°C for 30 min. Thereafter, they were immersed in dye solutions
{0.3mmM in THF) at room temperature for 16-18 h. The dye-adsorbed
TiO, electrode and a thermally platinized counter electrode were assem-
bled into a sealed sandwich-type cell with a gap of a hot-melt ionomer
film (Surlyn, thickness 25 pm, DuPont). Two different electrolyte solu-
tions were used for the redox couple: electrolyte 1: 0.6 M 1,2-dimethyl-3-
propylimidazolium iodide {DMPImI}, 0.05M I, 0.1m Lil, and 0.5M zert-
butylpyridine in acetonitrile; electrolyte 2: 0.2m iodine, 0.5 NMBI, 0.1M
GuNCS in PMIIVEMINCS (13:7). An anti-reflection and UV cut-off film
{h <380 nm, ARKTOP, Asahi Glass) was attached to the DSSC surface.
To reduce scattered light from the edge of the dyed TiO, layer of the
glass electrodes, a light-shading mask was placed on the DSSCs so that
their active area was fixed at 0.159 cm®.

Device preparation (ssDSSC): Details of the construction process for the
solid-state solar cell have been described previously." The cell consisted
of an FTO glass substrate (15 Qem ™, Pilkington) onto which a compact
layer of approximately 100 nm TiO, had been deposited by spray pyroly-
sis. A nanoporous layer (film thickness ~2.1 pm} of 20 nm diameter
TiO"9 was coated by screen printing. After the TiO, layer had been
gradually sintered according to a programmed sequence {at 100°C for
10 min, at 150°C for 5 min, at 325°C for 10 min, at 450°C for 10 min, and
finally at 500°C for 30 min), the film was treated with 40 mm aqueous
TiCl, solution for 30 min at 70°C. The TiO, electrodes were immersed in
the dye solutions {unless mentioned otherwise, 3mm in THF) at room
temperature in the dark for 3 h. After rinsing the electrodes, a hole-con-
ducting matrix {see below) was applied by spin-coating (72 pL per 2.5x
3 cm? area, spinning for 30 s at 2000 rpm). Fabrication of the device was
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completed by evaporating a 100 nm gold electrode on the top surface.
The active area of each ssDSSC was about 0.2 em?>

Prep ion of the hol ducting matrix: 2.2°,7,7"-Tetrakis(N,N-dime-
thoxyphenylamine)-9,9 -spiro-bifluorene (spiro-OMeTAD) (72 mg) was
dissolved in CsHsCl (420 pL)} at 60°C. Distilled 4-tert-butylpyridine
(TBP) (7pL) and 15 pl of a solution of Li[{CF;80,),N] {17 mg) in
MeCN (100 pL) were then added to the solution.

Device measurements: For photovoltaic measurements of the DSSCs, the
irradiation source was a 450 W xenon lamp (Osram XBO 450, USA}, the
power of which as an AM 1.5 solar simulator was calibrated using a
Tempax 113 solar filter {(Schott). The output power of an AM 1.5 solar
simulator was calibrated using a reference Si photodiode equipped with a
colour-matched IR cut-off filter (KG-3, Schott) to reduce the mismatch
in the region 350-750 nm between the simulated light and AM 1.5. The
measured [PCE values were plotted as a function of excitation wave-
length by using the incident light from a 300 W xenon lamp (ILC Tech-
nology, USA), which was focused through a Gemini-180 double mono-
chromator {Jobin Yvon Ltd.).

T q

p ts: AC impedance measurements were made
under illumination (1 sun) and in dark conditions using an impedance an-
alyzer (1260 A, Solartron, UK).

Cydic voltammetry: Cyclic voltammetry was carried out with a BAS
100B apparatus (Bioanalytical Systems, Inc.). A three-electrode system
was used, which consisted of a gold disk, a working electrode, and a plati-
num wire electrode. The redox potentials of the dyes on TiO, were mea-
sured in CH,CN with 0.1m (nC,H,),N-PF; as supporting electrolyte at a
scan rate of S0 mV's ! {vs. Fe/Fet).
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Chapter 6

Conclusion
Hybrid mesoporous materials have been prepared., Chapter 2.

These investigations were made in order to test a synthesis protocol which can be
beneficial for the preparation of new emitting materials for optical applications.

In particular, in order to evaluate the possible effects induced by the different
electrostatic interactions that could take place between the templating agent and the
neutral [Ir] compound, mesostructured materials containing a cationic or a non-ionic

surfactant have been prepared.

The adopted approach allowed for the incorporation of the [Ir] guest into a
mesostructured matrix host by a co-organizing process involving the two selected
surfactants: the cationic CTAB and the non-ionic P123.

The XRD and nitrogen sorption measurements of the obtained materials evidenced
the preferential inclusion of the iridium(lll) chromophore into the hydrophobic
channels of the mesostructured without any substantial changes to the typical
hexagonal symmetry, with respect to both the blank samples and analogous

synthesized materials.

Nevertheless, XRD measurements showed that when the cationic CTAB is used as a
structure directing agent, the [Ir] complex is preferentially placed in between the
hydrophobic tails of the surfactants. In contrast, the non-ionic P123 directs the

chromophore mainly into the centre of micelle cores.

Moreover, the resultant hybrid materials exhibit the characteristic emission of the
[Ir] complex with a high luminescence quantum yield originating from the effective
good dispersion of the chromophore within the mesostructured matrices. Further
investigations are currently under way in order to extend the described approach to

the mesoporous film as host matrix for the same Iridium chromophore.

In Chapter 3 we investigated a solid state dye-sensitized solar cell realized with two
highly efficient organic sensitizers with a planar thienothiophene—vinylene—

thienothiophene linker. Solar-cell devices based on the sensitizers JK-113 and JK-
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112 in conjunction with a solid electrolyte, Spiro-OMeTAD solution gave high
conversion efficiencies, 4.33% and 4.31% respectively, high extinction coefficients
and good IPCE, up to 59%.

A JK-113-based solar cell fabricated using the solid electrolyte showed a poor
stability under light soaking at 60°C for 1000 h, this parameter will be subject to
rigorous investigations. We believe that the development of highly efficient organic
dyes comparable to ruthenium dyes is possible through meticulous molecular

engineering of organic dyes, and work directed towards this aim is now in progress.

In Chapter 4 we show a Ruthenium-LEEC prototype as testing ground for a serial
production with more interesting luminescent materials, like the Ir(l11) complex

showing high quantum efficiency and a characteristic liquid-crystalline phase.

More in general we introduce also the possibility to produce lighting devices with a
new concept of electrode, over and above the traditional ITO; in particular the
mesoporous Titania matrix production connects our experience in mesoporous
electrode fabrication with the potential applications of Titania in electronic devices,

and so on.
Just some additional remarks about the lighting devices:

A LEEC is cheaper to produce due to its simpler architecture respect to OLED and
is much more robust. LEECs are easy to fabricate, but currently, the main problem
similar to OLEDs is the short lifetime of the cells. These range from only a few
minutes of luminescence to a few thousand hours. At present, research is focused on
increasing the range of colors and improving the lifetimes with the aim of applying

LEECs in, for example, computer screens, TVs, room lighting®®, etc.
Perspectives

Mesoporous materials with their good surface and structural properties and
versatility can be synthesized in different morphologies (thin films, fibers,
membranes, etc.) and represent excellent host matrices, highly functional and with
great potentials for advanced applications, including separation technology
(chromatography), catalysis, nanoelectronics, sensors and optoelectronics.
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Suitably functionalized hybrid mesoporous silicates are promising candidates for
optical applications, including lasers, light filters, sensors, solar cells, pigments,
optical data storage, photocatalysis, and frequency doubling devices**. Huo et al.
demonstrated that mesoporous silica fibers can function as optical waveguides®®*.
Modification of the mesoporous fibers by incorporation of appropriate dyes would
allow tuning of the optical properties. A number of dyes have been integrated in

mesoporous solids.

The interest in mesoporous thin films originates from the appreciation of their
technological potential as OLEDs, for example, in fact these applications require

the ordered material in the form of thin film.

Mesoporous thin film can be used as emitting layers in which coordination
complexes with luminescent properties for OLED preparation are grafted. OLEDs
are electro-optics devices based on luminescent organic compounds with
significant advantages with respect to the more common and widely used
inorganic based devices (LEDs)?**: low production cost, easy color modulation
obtained through suitable structural modifications, possibility of multicolor
emission, high resolution, easy processing, possibility of making wide and flexible

panel displays *°.

The rapid progress in efficiency and performance demonstrated by lighting
technology over the last decade has caused many companies to consider OLEDs,
first and then LEECs, as potential solid-state light sources for lighting applications.
In terms of application potential, OLEDs nicely complement inorganic LEDs, and

LEECs show a simpler architecture.

In particular, LEECs are more bright and intense, in contrast to OLEDs that show a
diffuse light and so are naturally suited to large area general-lighting and signage
applications™’.

Another attractive feature of LEECs technology for the lighting industry is the
potential for extremely low cost “newspaper-like” processing, since all the LEEC

parts can be produced from liquid solutions.

LEEC devices promise to replace conventional light sources, such as incandescent
and fluorescent lamps, and to become an important application in display
technology. With the success of flat screen displays at the end of the 20th century,
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the demand for even thinner, foldable, more power efficient models, and displays
showing a larger colour gamut, has risen. LEEC devices, promise to deliver these
demands as they can be “printed” onto substrates in contrast to the inorganic
devices like LEDs, and with a theoretically lower cost than LCDs or plasma
displays.

In conclusion, we introduce briefly in chapter 4 and in the conclusion the
importance of a nanostructured electrode in organic light-emitting devices.

A mesoporous nanocrystalline metal-oxide film, i.e. TiO,, as an electron-injecting
cathode is a very promising candidate for both light-emitting devices and solid

state dye-sensitized solar cells.

In fact, whether for photovoltaic or light-emitting operating mode, critical factors

for cell efficiency are:
* Incomplete wetting of the dye covered TiO, surface.
* Incomplete filling of the pores with the hole-transport material.

Therefore, in general, the device performance can be enhanced by using a
nanostructured charge-injection electrode compared to more conventional planar

electrodes.
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