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Abstract

Photocatalytic processes are of widespread interdshong different types of
photocatalytic material TiQis the generally considered amongst the best du#st
favourable physical and chemical properties. bent decades, photovoltaic devices have
been widely studied to provide alternative route®mnergy and reduce dependency upon
fossil fuel. Solar photovoltaic are cells capabfeharvesting of sunlight into electrical
power. This technology is one of the most promigiogtes in the search for sustainable
and renewable sources of energy. The study prabsentehis thesis relates to the
preparation and characterization of a range okbfit materials which can be applied in
photocatalytic processes and for photovoltaic descic

The photocatalysis work has been focused mainly upodification of the various phases
of titanium dioxide. This has been undertaken wgaidg with nitrogen by treatment with
ammonia at different temperatures. In addition, @ascontaining Al, Co and Cu dopants,
as well as their N doped counterparts, have beepaped, characterized and tested. The
photocatalytic activity was screened by followingopocatalytic decomposition of an
aqueous solution of methylene blue using a lightr@® containing various components in
the UV and visible regions. For selected samplé® photocatalytic activity for
polymerization of methyl methacrylate and styremas been determined with the aim of
producing composites.

In terms of potential photovoltaic materials, thathesis of novel viologen compounds
and polymerization via electrochemical and chemioaans has been undertaken.
Different viologen monomers have been synthesizil various moieties in conjugation
to a phenanthroline core to afford novel push-pystems. These compounds have
incorporated both TCNE and TCNQ moieties as stelegtron acceptors and hence yield
chromophore with large dipole moments. In additinayel ruthenium complexes were
prepared featuring bipyridine and phenanthroligarids. The optical and redox properties
of these materials have been investigated. DSS@s lbeen fabricated form some of these

systems and their properties have been compareygkt@19.
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Chapter- one: Introduction

1 Photochemistry

1-1 The nature of photochemistry

It is well known that the life of human being o tbarth is dependent completely on solar
energy™. Radiation energy from the sun is a crucial faftothe existence of life on our
planet, some deep sea ecosystems based entirggotmermal energy. Green plants can
utilize this energy in the production of carbohydsand oxygen by photosynthesis. The
main subject of photochemistry is the study ofriat&ion of light with matter. In some
cases, this interaction can result in chemical ghann the absorbing specifs However,

in other cases light may be released from phottexapecies without any chemical
change. Photochemical processes encompass boéhtha®ccur via absorption light and
the chemical processes that produce light.

Generally, some processes involve absorption os®am of light without overall chemical
change such as fluorescence and phosphorescengetaede processes light is emitted
from the chemical species, which absorbed it ilytiithout any chemical change.
However, when a molecule or an atom absorbs a pladtlight with a suitable energy, its
electronic structure changes and produces an efecally excited state. This then reacts
in different ways with other species, and undesé¢hgrcumstances, the energy that is
initially absorbed from light can result in photechical change. In some cases, this
process leads to photochemical change in spedies thtan initial absorbing species as in
photosensitization processes. In addition, enefglyeoexcited species can be released as
thermal energy (heat) or as a lower energy lightiwhesults in return the excited state to
its ground state. Each type of chemical speciealtherent affinity toward these
mechanistic routes. For example, some species are pnone to fluorescence rather than
chemical chang®’.

The first law of photochemistry, the Grotthuss- per law states that light must be
absorbed for photochemistry to occur. Accordinthte law, light must be absorbed by a
desired species for a chemical change to occur.ederythis process requires absorption
of light of a particular wavelength otherwise, rfefpchemistry occurs.

The second law of photochemistry, the Stark- Eindtev states that for each photon of
light absorbed by a chemical system, only one nubdeis activated for each photon. So
that, each molecule absorbs one photon, and hexbephoton can activate only one
molecule for a photochemical reaction to occursTaw is valid only for systems of
normal light intensity. For higher light intensgisuch as in lasers, two photons absorption
can occur by absorbing molecule, which resultshigher energy state in comparison with

the first case as follows:



A+ 2hvu »  AX* 1-1
According to the Bunsen-Roscoe law of the recipiyostiates that, the overall

photochemical effect is directly proportional te tiotal amount of energy absorbed by the

system, irrespective of the time which is requiredain this amount of energy

1-2 The nature of light

Light is a type of energy which possesses both wawve particle properti€d It is
composed of electric and magnetic component fieMdsch propagated in space at right
angles to one othéP. Both the electrical and magnetic fields are shawthe following

figure:

Electrical field

M%nm

Figure 1-1: Schematic description of waves of electromagnetitatior®.

The electromagnetic spectrum propagates in a btrige in space with a speed in vacuum
of around 3x1Bm s'. This spectrum comprises of different wavelengthisght with

different photon energies as shown in the followfiggre:
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Figure 1-2The spectral regions of electromagnetic specffum

James Clerk Maxwél showed that light is a type of electromagnetidatioh and its

wave properties result from the transverse osidhabf both electric and magnetic fields
as illustrated in Figure 1-1. These fields are @né=d in planes that are perpendicular with
each other and with respect to the direction oppgation of light in space. Many of the
intrinsic properties of light can be explained adoag to wave theory such as reflection,
refraction, polarization and interference. On theeohand, light has some other properties
that can't be explained according to the aboverthesach as black body radiation and the
photoelectric effect. According to these propsttlght has both wave properties and
particle properties. Einstein's investigation @& ghotoelectric effect proved that radiation
can be considered as a stream of particles or phetih an energy which is dependent on
the frequency of radiatiét The interaction between photons of a particutergy and
matter can be visualised by assuming that the tiadiaan be considered as a stream of
particles with quantized enery. Upon interaction between radiation and matteotq

of light can interact with one atom or moleculdhe absorbing system, so that the energy
which would be available for the reacting specsethe energy of that photon (E & h

where h is a Planck's constant and the frequency of the radiation). The intensityight

is related to the number of the incident photonsupé time. Generally, each photon has a
fixed amount of energy, increasing intensity ofidient light increases the number of
excited species with same excitation enétyyver the wide range of electromagnetic
radiation, the regions of interest for photochemngiate the visible and ultraviolet regions.
These regions can cause electronic transitionseimbsorbing species, while longer
wavelength regions such as infrared light causeatitimal excitation. Higher energy
radiation (shorter wavelengths) such as X- rays reaylt in the ionization of the

absorbing speciés.



1-3 Absorption and emission of radiation

Generally, each chemical species has particulantqueal energy levels, meaning that each
species can exist only in discrete energy statesowlingly, a molecule can only transfer
energy between any of these two separated enatpssDue to the quantization of energy
levels, for each individual species only a partac@nergy with a characteristic wavelength
(hv) can be absorbed or emitted by the chemical spedbsorption of radiation of
photons with a sufficient energy, normally in th&disible region can lead to transitions
between the ground state of the absorbing speEiginfo the excited state (E*) as

illustrated in the following scheme:

My

0
E

Scheme 1-Bxcitation of a molecule by absorbing light
with a particular energy)th

Beside electronic transitions, chemical speciesptmsess other types of quantized energy
such as rotational and vibrational. However, thgpes of transitions occur only for
absorption of radiation of longer wavelength in thierowave and infrared regions
respectively. In contrast to absorption, in emission processeited chemical species
relax from excited state (higher energy state) theoground state (lower energy state).
Generally, there are two types of emission procasaulated emission that results when
excited species interact with radiation and spatas emission. The emission of radiation
from excited chemical species occurs via fluoresegphosphorescence and
chemiluminescend®. In these processes, excitation energy is lost feacited species
without any net chemical change. However, accorthbrifpe selection rules electronic

transitions between same atomic orbitals are hatvab.



1-4 Molecular electronic excitation

1-4-1 Molecular spectroscopy and photochemistry

As stated previously, matter absorbs or emits timsian discrete quanta and upon
absorption excitation occurs. Rotational transgiogequire absorption radiation in the
microwave region or absorbing lower energies infénenfrared radiation. Changes in the
vibrational energy levels of the molecules requirgher energy than that which is
sufficient for the rotational transitions (about100 more) and this occurs by absorption
of radiation in the infrared regidfl.

Electronic transitions require higher energy ans émergy is about 1000 times than that
required for rotational energy transitions. Howeadsorption radiation of energy in the
wavelength range 290 -800 nm can promote elecirotige absorbing species into high
energy levels and in some cases, this may residhination or even reach bond
dissociation energies. The energy of one mole of@is of a wavelength of 250 nm can
be calculated by applying the Planck relationshig is around 480 kJ nidf® as follows:
E=Nhv = NhCA = 6.02 x16% 6.62 x10** x3x10/ 250 x10°= 480 kJ mot

By comparing this energy with that required fortzar- carbon bond dissociation which is
approximately around 347 kJ rfoiit can be envisaged that irradiation with Ughli in
this range can in principle lead to breakage of Be@ds. However, not all absorbed
radiation can lead to chemical changes as sonteedxcitation energy may be lost by
other photophysical processes such as thermalfloesgescence and phosphorescence
processes and molecular collisions. According éoGlnotthuss-Draper law, only radiation
that absorbed by a molecule can result in chercltahges. These processes can be

summarized according to the Jablonski diagram ewstbelow®:



|

S, SC > )
Vibrational
renergy levels

Absorption Fluorescence

h c |
< ISC T,
Phosphorescence
IC
v

v
Electronic energy level

Figure 1-4:Jablonski diagram summarizing electronic and vibret energy
leveld®. S is ground electronic state; iS first singlet excited state; ¥ first
triplet excited state, IC is internal conversionl 48C is intersystem crossing.

The above diagram illustrates the main routesdaatiead to loss of excitation energy
from excited molecules. Generally, radiative preessnvolve initially absorption of light
to give electronically excited state of absorbinglecule. The excited molecule can follow
two routes to lose its energy, these involve radkaind non- radiative processes. The
radiative processes involve loss of excitation gnérom the excited molecule as light.
This type of relaxation involves fluorescence ahdgphorescence. In fluorescence, the
excited molecule loses excitation energy as a tiadidy transition between two states of
the same spin multiplicity, while in phosphoresaerdissipation of the excitation energy
as light occurs by transition between states dédght spin multiplicity. On the other
hand, non-radiative processes occur by loss oéxldation energy to the surroundings as
heat. If this process occurs by transition betwatates of the same multiplicity, this
process is known internal conversion (IC). Whentthasition occurs between states of
different multiplicity, this leads to loss excitai energy as heat and the process is known
as an intersystem crossing (1)

Generally, electronic transitions can be descrémmmbrding to the type of the orbitals
involved. Molecular orbitals based upon linear bamation of atomic orbitals can be
considered to give corresponding bonding and amding molecular orbitalss( o* and

w, 7*). The possible electronic transitions are summarizede following scheme:



T-T* o—0

Energy| N

(¢
Scheme 1-3eneraldiagram of the energy levels of molecular orbftals

Upon electronic excitation, one electron in the esale can be promoted into a higher
energy level. From above figure it can be seentti@transfer electrons fromto c*
requires higher energy in comparison witto 7* transitions. The transitions of most
interest arer to * and n tor*, n to 6*, electronic transitions can lead to two different
electron arrangements in the excited state defitiagpin multiplicity. When the spins are
paired, this gives a singlet excited state (S)wahen the spins are unpaired (parallel) this
state gives the triplet excited state (T). The textmultiplicity can be calculated according
to the following relationship:

M= 2%s +1, whereM is the spin multiplicity, s is the spin quantunmnber, eitherr% or

- % . Generally, singlet excited states halieggher energy than triplet states and triplet
states have longer lifetimes than singlet statestdspin inversion. However, electronic
transitions occur much faster (about'18ec) than molecular vibrations (about‘i6ec).
According to the Franck-Condon Principle, when &tatc transitions occur the relative
nuclear positions are unchanged. The propertiéiseoéxcited molecule can be seen from
potential energy diagrams (Franck- Condon diagr&m$he diagram below shows the
potential energy curve for the electronic grourades{3) and the first electronic excited
state (9) of a diatomic molecule as a function of nucleamfgyuration. These curves
sometimes are called potential wells, the horizdimtas of each curve refer to the
vibrational levels of each electronic state. Elagit transitions between electronic levels
according to Franck-Condon principles are showthénfollowing figure:
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\ a- Absorption
Iy v/ b- Fluorescence

\@/ c- Phosphorescence

Internuclear distance

¥

Figure 1-@Relative nuclear positions at various electroritest according
to the Franck- Condon principte S is electronic ground state; i singlet
excited state and;Ts triplet excited state.

Electronic excitation raises the vibration enemyel of the excited molecule for a short
time (10° sec). Electronic transitions can be classified irgrious categories which are
either allowed in case of transitions between daffie orbitals or forbidden for transitions
between same orbitals. Following the principlegwintum mechanics, transitions which
involve conservation of spin are favourable. Traoss, which involve a change in the
spin multiplicity for excited molecule from singletto triplet (SO to T1), are strictly
forbidden. In addition transitions between stalted have the same symmetry are allowed
such ast ton* ando to o*, while transitions between states of differenthsyetry are
forbidden.

1-4-2 Molecular excitation and de-excitation events

After excitation, molecules in their excited stptessess properties that differ from those in
the ground state. For example, singlet spin ex@tatks have diamagnetic properties while
those in the triplet states exhibit paramagnetiperties. Generally, excited molecules can
lose excitation energy by chemical reactions tédygenew product reaction, by radiative

and/or non- radiative energy loss in which theneasiet chemical change occurs in the



absorbing molecule. The following scheme showsthe routes that can be followed by

excited molecules to lose excitation endrgy

Chemical changes
A

Intersystem crossing (ISC)
Fluorescence
Radiation M* Radiationles

«— M —
processes processes

Phosphorescence Internal conversion (IC)

v
Quenching

Sensitization Physical quenching

Scheme 1-7The possible routes for energy loss from excitetemde (M*)®.

As can be seen in this diagram one route to logx@fation energy is through chemical
reaction. Additionally, excitation energy can bstlby dissipation between two excited
states of same spin multiplicity (8 &) by radiative energy loss results in emission of
excitation energy as light (fluorescence). On ttieephand, radiative loss between two
states of different spin multiplicity (o $) results in phosphorescence, this process has
longer lifetime in comparison with fluorescencetwét lower energy. Also due to involve
spin change in this process it probability is lown fluorescenc®. In addition to these
two routes, excitation energy can be lost by tramsfg between Sto T, or T; to § by

non- radiative processes (thermal process), tldalied intersystem crossing (ISC).
However, according to this route excited molecabas dissipate excitation energy as heat
and return to the ground state by internal coneerdiC). The rate of each of these loss
processes depends on the concentration of theedbsiitglet state'l1*) state and the rate

constant for each process where M is a moleculitegkby absorptiof?.

1-4-3 Intramolecular energy transfer

When a photoexcited molecule interacts with othelecules in their ground state, loss
excitation energy by various routes can occur.example, collisions can induce loss
energy as heat, and this process is called phygigaichind®. Energy may also be
transferred into the ground state of another mdéettwough electron transfer or by



another means (energy transfer). The transfer efggrbetween the excited molecule (M*)
and the quencher (Q) can be represented by tlewiall equation&’:

M* + Q » M+ Q + heat physical quenching 1-2
M* + Q » M+ Q* energy transfer 1-3
M* + Q > M"+Q electron transfer 1-4

Sensitization route plays a significant role ia fhotochemistry of different organic and
inorganic species. For example, in the organidqatieemistry of olefins, it isn’t possible
to form triplet excited states by direct absorpt@these compounds don’t absorb light
effectively. In this case, energy transfer from ¢éixeited states of other molecules into the
ground state of olefin molecules can use altereatiethods. In this case, the excited
molecules behave as photosensitizers, while tHeslmolecules are quenchers. In
another example, methane does not absorb lighteglengths more than 170 nm.
However, methane can be excited by sensitizatiaterosing mercury vapour under
irradiation with light {= 253 nm). The transfer of excitation energy tolhmat can lead to

dissociation of methane as folloWs

CH,+ hu (253 nm) » NO reaction 1-5
Hg* + CH, » CH3+H + Hg 1-7

In some cases result of reaction under senstizaidifferent from that under direct
absorption. For example, direct absorption by tth@spentadiene results in a
photoisomerization product which differs from thiader sensitized photoisomerization as

shown in the following scherfté

direct photoisomerization

L

e Yo N hu 3-methylcyclobut-1-ene

- /T

sensitized photoisomerization 5.1 3-pentadiene

trans-1,3- pentadiene

Scheme 1-8Schematic description for isomerization of trar3-pentadien®.

In sensitization processes, energy transfer idoatig meaning that spin is conserved in
the interaction between the sensitizer and the cheamolecules. Generally, there are

different types of compounds that can be used atoplnsitizers and important examples
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of organic photosensitizers are ketone compounusthis reason in photochemistry,
ketone compounds can be used to transfer energgdny others, accepted compounds
that can’t produce triplet excited state by diie@tdiation and have triplet energies lower
than those of carbonyl triple‘fé This is an important phenomenon in photochemissry
the producing triplet state for some compoundsilgctiabsorption is impossible. For

example, olefin compounds don’t produce this typexaited state by direct irradiation.

1-5 Chemical change

1-5 1 Types of chemical reaction

After excitation processes, excited species cdaviathe pathways mentioned earlier.
Chemical reaction is one of these possible ro@eserally, photodissociation is the most
interesting type of chemical change, and it carupapon absorption of radiation with a
sufficient energy to break the absorbed speciesdifterent fragments. Different
fragments can be produced by photodissociatioheékcited species. In some cases and
upon absorption with high energy radiation suchaa®)V and X-ray radiation, ionization
of the absorbing species occurs which is knowrhasagionizatiorf?. Beside that
absorption light by photocatalytic semiconductans tead to excite these materials
producing active species (electrons and holes)sd Bpecies can then participate in other
reactions, such as photocatalytic decompositiocticeess and photocatalytic

polymerization reactions.

1-5-2 Optical photodissociation

Optical photodissociation of photoexcited molecuas be explained by the following
potential energy diagram Figure 1-9 for the excgipdcie. Generally, this diagram is
predominately applied for diatomic molecules. Apation this phenomenon for more
complex molecules is more complex. However, fotafiac molecules, this can be
explained by following the relationship betweengmial energy and internuclear distance
for a diatomic molecule. According to this mechamislissociation can occur when the
excited species gain energy that is greater thatnatitheir own dissociation energies.
Additionally, dissociation may occur when absorptaccurs to the unbound repulsive
state of the absorbing molecules. Optical dissmriadccording to these two possibilities is

shown in the following schemes:

11



f\
. Excited state
\,,%_______
%ﬂ Absorption /
=}
i
3 \ /
g \ yd Ground state
i \ 7/
M
Internuclear distance
Scheme 1-Bbsorption to an energy state at greater thanahat
dissociation energy legdin dissociatiof?.
A
4
Excited state
ey
[=11]
bl
a
w
o
g
15
£y
Ground state

Internuclear distance
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The potential energy curve for excited state relatgh the excited state products that
relates with the excited product (A+ B)* that capending to S$to §. If this excited state
doesn’t possess a sufficient, then (A+B)* prodwst break up to form ground state
(A+B). In this case, excitation energy is lost aatheither IC or ISC radiationless loss and
this process is known as a predissociation. Omtiher hand when (A+B)* possesses an
energy that is greater than the dissociation energfyexcitation occurs to t repulsive
state. This process can lead direct dissociatioth b@nd breaking then occurs within very
short time (133-10™ sec{V. In this case, vibrational energy levels beconsseko each
other. After the dissociation point, any excesggyenay be transferred into the resultant
fragments as translational energy. As this enesgyt quantized, so that the spectrum of
these fragments beyond the dissociation point besaontinuous. If the excitation energy
is sufficient this can lead to removal of electroospletely from the excited molecule

which results in ionization as shown below:
M+h) —— M* ——» M*+e 1-8

This type of photodissociation occurs in the upgderosphere under far UV radiation,
resulting in removal of electrons from the avaiéabhemical species. An important
example of photoionization is the ionization ofigioxide in the upper atmosphere by UV
light from the su”). However, despite the fact that the discussigphotodissociation
mainly focuses on diatomic molecules, it can als@pplied to some extent to polyatomic
molecules, but in this case, it is expected todyitfferent fragments of productfs

Important examples of this type of dissociationlaydrocarbons and carbonyl compounds.
For example, methane absorbs at arodsdld4 nm) resulting i to o* transitions.
However, the expected result of photodissociaiomethane is hydrogen removal as

follows:

CH, + hvu » CH3+ H 1-9
In case of irradiation of methane at shorter wawglhs X< 96.7 nm) this can results
photoionization. For unsaturated hydrocarbons, t@mergy transitionst(to «*) occur at
higher wavelengths. However, in this case diffefeagments can be formed as a result of
photodissociation as shown below for ethyléhe
—— > H;+ HC=CH

hu
CH2=CH2 » 2H+ H2C:C' 1-10

——» 2H + HC=CH
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Aromatic hydrocarbons absorb light in the near @yion with high efficiency,

absorption in this region results in emission dfiation from the excited species, and the
result of the photodissociation of benzene in the ghase are polymeric species, carbon
and traces of some volatile prodittsGenerally, irradiation with photons of high energ
(in far UV region) can result in ionization or fragntation of the absorbing species. For
this reason, this spectral region of solar specisunot suitable in photocatalytic reactions,

and normally this type of reaction carried out iM-Usible region of the spectrum.

1-6 Photochemistry in nature
1-6-1 Atmospheric photochemistry

Atmospheric chemistry is a branch of atmospherienae which focuses on the study of
the Earths atmosphere. Studying both the composition andhikeistry of the
atmosphere is important due to the mutual intevadbetween living organisms on the
Earth and the atmosphere. Generally, the composifithe atmosphere changes
continuously, arising from natural processes s@chodcanoes, lightning and activities due
to humankind. However, some of these changes mawtmeful to human health and that
of other living organism?. Important examples of these effects that areeelem some
photochemical changes in the composition of theoaphere. These changes occur due to
reaction between different components of the atmespafter initiation by absorption of
solar spectrum. The result of some of these reasttan be seen in acid rains, ozone
depletion, photochemical smog, and global warmigny changes in composition of
atmosphere may occur due to photochemical reacti@tsre initiated by absorption of
light from solar radiation in the atmospheric la/ddpon absorption, light in visible region
of the spectrum N@species can decompose by two routes dependingeonavelength of
the absorbed light, as shown belBl

NOs + hy —22°2MM _ No,+0 111

594.5 nm
NOs;+ hu » NO+ O, 1-12

NO species play a catalytic role in the destructbozone in the atmosphere and they can
also be produced by photolysis of Ni@ the atmosphere. NGs one of the most
important species in atmosphere, it can absorfatiadiand dissociate as folloWs

NO,+hu — » NO+O 1-13

Generally, there are many other photochemical imactan affect the composition of
atmosphere as these reactions produce atoms oafltieals and these species are more
reactive in comparison with the parent moleculacggs. According to the above reaction,
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photodissociation of nitrogen oxide produces atomiggen. This can react with the
oxygen in the air producing ozone as shown below:

0+0,+M O3+ M 1-14

According to this equation M is a third body whitlay be molecular nitrogen, ozone is an
important constituent of some regions of the ssjpih@re which is known as the ozone
layer. Generally, ozone is a strong oxidizing agemt it can react with other chemical
compounds to form some toxic oxides. Also the ozmeeluced may dissociate upon

absorption of light as follov3:

O3+ hu O*orO+ 0 1-15

At a higher altitude levels, there is a high leseUV radiation with low Q concentration.
High concentrations of £xan be found at high atmosphere levels. Absorpigbr of
wavelength less than 315 nm can produce oxygensaitotheir triplet excited state,
whereas oxygen in the ground state is produced apsarption of light with longer
wavelength. The ground state oxygen may recombitfeasmolecular oxygen forming
ozone again. The excited oxygen atom may loseatiait energy and return to its ground
state by radiative processes. On the other haodniteact with available water molecules

producing hydroxyl radicals as folloWs

O* + H,0 20H 1-16

Hydroxyl radicals (OH produced by reaction of excited oxygen atomsailytformed by
photodecomposition of ozone also can react withil€C@&mosphere. This process results in

the production of hydrogen atoms and hydroperogiceds as follows$:

OH + CO CO, + H 1-17
OH+0 ——— O+H 1-18
OH+O0+ M ——mm™ > HOZ + M 1-19
OH + 03 . H02 + 02 1-20
H+0+M HO, + M 121

Generally, these reactive species play importaetirothe reactions that occur between
different gases in the atmosphere. As these spameso reactive, they are only found in
trace concentration in the Earthatmosphere. Ammonia can also react with thesealad
and this route is responsible for Bl¢moval from atmosphere. The resulting species can
participate in other subsequent reactions as faliow
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NH; + OH ——— NH,+ H,0 1-22
NH, + 0 ——— HNO +H 1-23
HNO + O, NO + HO, 1-24

The produced NO according to this route can beipaitito NQ, this can react with OH
radicals to produce nitric acid. The produced oiéicid can be removed from the

atmosphere by dissolution in rainwater to produgid gin as follows:

NO, + OH » HNO; 1-25
HNO; +H,O ——— > HNOy/H,0 1-26

In addition hydroxyl radicals can react with carbboanoxide in the atmosphere to

produce carbon dioxide and hydrogen radils

CO + OH CO, + H 1-27

Methane is one of the important species whichleased into atmosphere from many
human activities especially the oil industry. Metean the Earts atmosphere is an
important greenhouse with global warming. Excessewats of this gas from landfill and
other natural products of Gtre burned producing carbon dioxide to the atmespiThis
can participate in the global warming. Also, in Himmosphere, methane can be oxidized by

OH radicals producing methyl radicals and watefioilsws:

CH; + OH ———— > CH3+ H,0O 1-28

The resultant CHspecies can participate in the methane cycle imatim®sphere to form

CHs0O', as shown below:

CH'3 + 02+ M CH30'2 + M 1-29

CH30O'; reacts with hydroperoxy radical in the followingnmer:

CH30'2 + H02 > CH3COOH + Q 1-30

In the presence of some suitable molecular spéigshydroxyl radicals may react with
each other to for hydrogen peroxide:

OH +OH + M » H,O, + M 1-31

Hydroperoxy radical may be a more efficient routethe formation of hydrogen peroxide:
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HO'2 + H02+ M

H,0, + O, + M 1-32

H.O; is a highly water-soluble and a strong oxidiziggiat so it probably plays an
important role in oxidation processes within watesplets in the atmosphere. This can
lead to produce hydroxyl radicals, reaction of éhedicals with N@can lead to formation

of acid rains as mentioned earlier.

1-6-2 Photosynthesis

Photosynthesis is one of the most important ph@wital processes in nature. In this
process green plants, algae and photosynthetierdastynthesise carbohydrates from
sunlight, CQ and HO as follows™

hu

nCG; + nH,0 » (CH,0)n +nQ 1-33

In this process, sunlight provides photochemicargythat is used in the reduction of

CO, and in splitting of water, resulting in evolutiohoxygen. However, some
intermediate compounds with high potential enemgyfarmed and these play an important
role in the driving synthetic sequence. The reaatemuires a large amount of light
energy. The standard energy that is required tocee@@ into glucose is about + 478 kJ
mol?, and in this case photosynthesis can be represaati®llows?:

6CO, +12H,0 — MW o CoHy,0p+ 60+ 6H,0  1-34

Formally, conversion of C£nto carbohydrates is a reduction process, whigblves
rearrangement of covalent bonds between carbompbgd and oxygen. The above
reaction is impossible thermodynamically withoghli, as formation of one mole of
oxygen requires the transfer four moles of eledyamd additionally another four moles of
electrons must be supplied to reduce one mole gf@@ollows:

2H,0 > O,+ 4e + 4H 1-35

4e + 4H + CO, (CH0) + H,0 1-36

Photosynthetic processes in all green plants and otheg lbrganisms, which involve
reduction of CQinto carbohydrate with removal of electrons from, watet @volution of
oxygen is known as oxygenic photosynthesis. Accordinggisoprocess, water is oxidized
by a multisubunit protein which is found in the photosyntheiembrane (the photosystem
Il reaction centré}. The other type of photosynthesis is known as an-oxygenihvihi
used by other organisms, in which light energy is used taabdtectrons from molecules
other than water. However, only small portions of sunlighth the earth, which can be
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absorbed by green plants and other synthetic asgeniThese species then convert light
energy into chemical free energy in a stable fommch can be stored or used in different
ways to release this energy for different applarai

Generally, photosynthetic process in green plactsits in small organelles (chloroplasts).
This process involves two stagdhe light reaction and the dark reactiohe light
reaction involves electrons and proton transfectreas, which occur in a complex
membrane system, which is called the photosyntimegicmbrane. This membrane has a
complex structure of protein complexes, electramieas, and lipid molecules. It is
surrounded by water, which can pass through toggaate in photosynthesis. Dark
reactions involve the biosynthesis of carbohydfiaten CO,. The first step in the light
reaction is the conversion of a photon to an edadectronic state of an antenna pigment
molecule that is present in the antenna systemamtenna system contains many types of
pigment molecule (chlorophyll) connected to pragefiorming the reaction centre. The
electronic excited state of these pigments is gddpy the reaction centre protein. Excitons
that were trapped by reaction centre protein pmtn energy, which is necessary to
initiate the primary photochemical reaction of gisyinthesis and the transfer of electrons
between donor and acceptor molecules in the syatsgsttem. The overall result of these
reactions is the transfer of electrons from watkictv leads to the reduction of NADP

into the NADPH which then patrticipate in the redoictof CO,.. Generally, the net effect

of light in this series of reactions is the conwansof light into the redox free energy as
NADPH and the phosphate group, which transfer gniettg the form of ATP. In this
context, photosynthesis process is a direct essaqplication of photochemistry. In
addition to this process, photochemistry can bdieghpn many other fields in both
research field and industrial processes.

1-7 Solar energy storage

Photosynthesis produces around 2 ¥ kg of solid carbon in various forms annually and
accordingly solar energy is the main source offélssil fuels. It contains mainly coal,
petroleum and natural gases. This huge amountrbboaas been decomposed and
transformed over long geological time scales t@oforms of energies such as oil, coal
and natural gas. Concern about potential depleti@mergy sources in the future has led
to interest in the use of solar light in the praitue of fuel that is know clean fuel such as
hydrogen and methane. Photoelectrochemical praeessesunlight to drive chemical
reactions that can lead to produce this type dftfyeutilization from water and carbon

dioxide to produce hydrogen, methanol and metfi3n€he photochemical processes
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involve formation of electronically excited stated)ich are used in the production of the
final compounds. The final products are energy campounds in comparison with their
starting materials. Chemical reactions that areded by solar energy can be classified as
thermochemical and photochemical types. Differgpés of fuel can be produced using
artificial photosynthesis, for example, multielectrcatalytic reactions can be used in the
formation of carbon based fuels such as in theyrtooh of methanol by reduction of GO

In addition, hydrogen can be produced from protmisg water as a source of electrons as

shown in the following equatiorts:

2H,0 > O,+ 4e + 4H 1-37

4H* + 4¢ ——— > 2H, 1-38

Production of hydrogen is a promising area in soteamical research. Photosplitting of
water under solar energy is not possible as watesmt absorb visible light. Additionally,
photosplitting of water into Hand OH is not easy as this process requires absorption o
high energy radiatiori(= 240 nm). Generally, the relative intensity listwavelength in
AM 1.5 solar spectrum is very low and it is notfsiént to initiate this reaction. On the
other hand, the ionic redox mechanism requirestearof four electrons that corresponds
to energy of photons of wavelength around 1000Asrthis range of wavelength can be
obtained effectively from solar radiation, multipbo redox fission of water seems to be a
good approach towards photosplitting of waters ot easy to run both oxidation and
reduction process with the same redox pair. Herdystem, using an external electron
source as a sacrificial electron donor would beatife to regenerate ground state of used
sensitizer. At the same time, a suitable electomegtor must be used with photooxidation
process to harvest the electrons from the systegen®ral description for this system is

shown in the following schen’g:

E\hu

5 s O\ A 1/2H, + OH

X S*
D S*J A H,0

Scheme 1-1Photosplittingof water using sacrificial species with a
photosensitizer.
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For this system, colloidal platinum can be usedraslectron trap for electron-reduced
species. In this system S is a photosensitizes, aielectron acceptor which works as an
electron relay between the Pt{®ireactant and the photosensitizer, D is an electomor
and Pt refers to platinum particles which trap &tets from one electron- reduced
specie?’. In this process, sunlight can play a key rolprimduction of new fuels in the
future to replace expected depletion of classigel. fin addition to above, system water
splitting can occur on titania electrode by usihgtpelectrochemical cell (PEC) under
irradiation with UV light to produce hydrogen aethnode of this cell. Doping titania can
absorb light in visible region and hence insteadshg artificial UV light in operation of
PEC in case of electrode of neat titania. Probabiyil be possible to run this cell under

normal solar spectrum by using an electrode of ddpania.

1-8 Photochemistry in synthesis

The first step in photochemical synthesis is theogtion of photons by the reactant
species to form excited state this then undergbemizal change to give final prodfitt
Photons can be absorbed directly by reacting speciby photosensitizer, which absorbs
photons and then transfers the energy to the meacf@hotochemical reactions can be used
in the synthesis of organic and materials. Thig typalternative synthesis route has
important applications in the synthesis in chemiedustry. Generally, it can be viewed as
a green alternative to thermal proce$5&sThe main source of activation energy in this
type of reaction is the photon that is completeffedent from other activating agents or
catalysts.

A major advantage of this approach is that higplgc#fic reactions can be carried out
using light, so that a desired product can be nbthwhich is not produced by normal
thermal reaction$**®) However, in this route two important factors slidee considered
environmental effects and economical E8stCurrently, photochemical methods are used
in the synthesis of four- membered rings, inter @tcmolecular cycloaddition reactions,
halogenation reactions, photochemical additiontreas, photoisomerization reactions and
crosslinking reactions of polymers. In additionpfdchemical methods offer routes for the
reaction of compounds thermodynamically unsuitémehermal methods. The most
important application of photochemistry is its apalion in industrial synthesis such as
chlorination of hydrocarbons and toluene. Photogbahprocesses always yield products
with high yield and purity. Photochemical processas be initiated by a chain mechanism
(radical chain carriers). For example, chain readiare applied on an industrial scale in

the chlorination of hydrocarbons as shown in thiefdng equations®:
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Cl, + hy ——— 2Cl 1-39
Cl+ RH ——— R +HCI 1-40
R+Clhb —— » RCI+Ct 1-41

Another example of a photochemical reaction ispihetoximation of cyclohexane to
produce caprolactam that is a starting materigtiénproduction of nylon‘8. The last
product is an important material that is used imynadustrial applications. Formation of

caprolactam is shown in the following equati&fs

NOCI + hu » NO +CI 1-42

O + Cl ~ HCI+ O 1-43
NO

NO NOH
NH
1-45
RS (o
Caprolactam
NH
0 —INH(CH2)sCOl;— 1-46

Nylon-6

Irradiation of the reaction system with visiblehtgesults in the cleavage of NOCI
producing reactive radical species, which readhwie cyclohexane ring producing
oxime, which then converts into caprolactam. Tkection is used in an industrial scale to
produce a widely used material polycaprolactamaimg)®. This polymer used in wide

range of products that required materials of higéngth.

1-9 Photopolymerization

Polymerization reactions are an important typehanaical reactions that used in the
synthesis of different types of polymers. Amondatiént types of these reactions are
chemical polymerization, electrochemical polymeticgaand photopolymerization.
Photopolymerization is defined as a process whelighyis used to induce the conversion
of monomer to polymer. According to this processpeganic photosensitizer absorbs light
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and then splits to produce imitating radicals. ph&cess can be summarized as follows
(14).

| hv . R 1-47
R +M - RM 1-48
RM- + nM ————  R(M) M- 1-49

Where, | is the initiator molecule, R the free radical and M is the monomer molecule.
The active centres (RM must have the ability to grow quickly. The nataf the primary
active centres depends upon the nature of bothatmitand monomer. Photoinitiation
processes can be classified as two general typeiajn reaction polymerization of the
monomer molecules is carried out by photoiniti@edescribed above and (ii)
photografting and photocrosslinking processeshénsecond type, photoinitiation is
carried out by pre- existing polymer in the preseotthe monomer, which could be
photoactive to formation active free radicals upbsorption light with sufficient energy
9 Generally, the photoinitiators that are usephntopolymerization are compounds
capable of generating active free radicals thatldorthe monomer molecules to form
active centré&®). The free radicals can be produced photochemicaltjiermally and

there are a wide variety of photoinitiators that ba classified into different types: organic
such as (carbonyl compounds and azo compoundsganic such as ( peroxide and metal
oxide) and organometallic compounds such as tiansnetal carbonyls and transition
metal chelaté¥®). Free radical polymerization was initially demwaged by Taylor and
Johnes*”in 1930. They studied polymerization of ethylen¢He gas phase by the
thermal decomposition of diethyl mercury organortietaompounds Hg(E$) Taylor and
Bates® suggested a free radical mechanism for the poligatésn of ethylene in the

vapor phase. Free radical polymerization by pmmitiaied process has played an
important role in developing of polymer chemistifree radical polymerization has some
important advantages over other types of polymgaras this type of polymerization can
take place in the liquid, the solid, and in theegas phases. Additionally, it takes place in
different conditions such as bulk, solution, ensiand in suspension solutid&
However, free radical polymerization initiated loyhtt has some disadvantages such as low
yield of polymer (low conversion percentage), andlso requires a relatively expensive
photolysis system. On the other hand, photoiniteat@ave two advantages in comparison
with thermal initiators, it can be achieved at asmbitemperatures without need to heat
reaction mixture. In addition it is possible to tmhconcentration of active radicals by
adjusting intensity of radiatiét?.
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1-9-1 Photochemical initiation of polymerization

The initiators that are used in polymerization @mpounds that are capable of producing
active free radicals which interact with monomeirexales to form active centres.
Photoinitiators have two main advantages over themitiators. The first is the ability to
control radical concentrations by adjusting ligitensity. The second is that the initiation
of polymerization may be carried out at ambientgerature™®.

There are several groups of organic photoinitiatdrech can be applied such as organic
carbonyl compounds; organic peroxides, azo comp®and halogen containing organic
compounds. Inorganic photoinitiators include ioir pamplexes, transition metal halides,

inorganic solid salts and oxides, as well as hyeinggeroxide.

1-9- 2 Organic photoinitiators

As stated there are several groups of organic phté&tors:

A- Organic carbonyl compounds

The carbonyl group is capable of absorbing UV ligisults in the cleavage of the adjacent
C-C bond to produce radicals that as follows:

R-C-FJ —— > RC + R 1-50

Generally, there are many types of carbonyl comgsthat have been used as

photoinitiators such as acetone, benzophenoneyaohexanoné?.
B- Organic peroxides

The organic peroxides decompose under light (or) heaield free radicals due to

cleavage of the relatively weak O-O bdfidas follows:

COO

i -
Or-toob- s J—efJrco 1

Important example of this type of photoinitiatosgért-butyl peroxide. This type of

photoiniators used in vinyl polymerization of virgtetate and tert-butyl acryl&te
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C- Azo compounds

This type of compound decomposes photochemicatlth@mally) to produce free
radicals and nitrogen gas. An important exampliisftype of compound is,a-
azobisisobutyronitrile (AIBN) which absorbs ligrt265 nm, photodecomposing to

produce cyano isopropyl radical by cleavage of telatively weak C-N bonds as follows
(22).

o o o
h
HyC—C=N=N-C—Ch I 2HC=C +N, 1.5
CH;  CHj CH,

D- Halogen containing organic compounds
Halogen containing organic compounds is light damsiPhotolysis of these compounds

produces halogen atoms and alkyl radicals thaateipolymerization as followé>

CHCl; ho » CHC, + CI 1-53

1-9-3 Inorganic photoinitiators
Inorganic photoinitiators involve the followingpgs:
A- Inorganic solid salts and oxides
There several inorganic solid salts and oxides whre used as photoinitiators such as
HgBr, AgX, ZnO, CdS and Ti§??" Thesecompounds can be used to initiate
polymerization reactions by generation of activecsgs by absorbing radiation with a
sufficient energy. These species participate iotrea with monomer molecules to form
propagation active radicals with monomer moleculkgh results in formation of the final
polymer. Titanium dioxide used as a photoinitidgrphotopolymerization. This process
is initiated by absorption radiation with suitakleergy to produce electron/ hole pair in
titania. These species then participate in reaatidim monomer molecules to yield a
polymer.
B- Hydrogen peroxide
Hydrogen peroxide absorbs light and decomposesllasvé to produce hydroxyl radicals
which could initiate polymerizatiofi®

hu

H202 20H 1-54

|
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1-10 Kinetics of free radical polymerization

The conversion of monomer to polymer accordindite inechanism involves three main
stepst®. The first step is the initiation which involvesamposition of the initiator either
thermally or by light to generate a primary fredical. Generally, this step is slow and it
can be carried out by either irradiative initiatmnby thermal initiation. The initiation step
is followed by a rapid propagation reaction betwker radicals and monomer molecules.
This stage continues until the termination stefsincThe final step is the termination step
which involves either combination between two padymadicals to produce one polymer
molecule or by disproportionation of the two polymadicals to yield two polymer

molecules.

A: Initiation step
This step involves decomposition of initiator malkss to produce active radicals, which

then react with monomer molecules to produce pymeadicals as follow&®

hu o R.C

I =~

1-55

R+ M > RM 1-56

where, | is the initiator molecule, Rs the primary free radical produced from |, tthien
reacts with monomer molecule such as methyl meytaterand RM- is the radical of

initiator and monomer produced from initiation stepfollows:

S
R, + o—\ > 0O 1-57
- oO——

O

B: Propagation step
The propagation step is the continuation of therkaction, in which R(RcM’) that is
produced from the first step reacts with anothenomeer molecule to generate Bnd so

on. The monomer molecule is added in one step:

R, + M RM (R 1-58

R, +M RM:- (Ro) 1-59

Generally, the propagation step can be represeastéallows:

R, +M RM- 1-60
Where, R represents a polymer radical containing (r) momomolecule$®. The

polymer growth chain may contribute to the chaamsfer reaction. In this reaction
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unimolecular atoms can be transferred from anylabvi@ molecule in the reaction system
such as the solvent, the initiator, the monomer piblymer or the chain transfer agent to
the propagated radical to produce a polymer moéesuth as alkyl halide ¢8sCl). This

process can be represented by equation:

RM: + Y-Z RMZ +Y: 1-61

C: Termination step

This process involves reaction of two growing podyrahains. In this step termination can
proceed by two mechanisms depending on the polyyperand other reaction conditions.
Termination mechanisms involve combination andrdigprtionation. Termination by
combination occurs by coupling of two active chamils producing one long chain of

polymer. This process can be represented as fallows

RM- + R M: R(M),R, 1-62
Termination by disproportionation occurs when anmratransfers from one chain end to
another chain. This process producing a polymdr witerminal unsaturated group and a
polymer with a terminal saturated group. In moshown cases hydrogen or halogen atom

is abstracted from one chain to another and titisgss is controlled by steric effétts

1-11 Photocatalytic polymerization

In photocatalytic polymerization, both compositépalymers and inorganic nanopatrticles
can be obtained. This type of polymer can be switkd via mixing andh-situ
polymerization. In thén-situ polymerization, the monomers are polymerized usiggnic
initiators®®. In photocatalytic polymerization, polymer fornmatiis initiated by the

excited nanopatrticles by absorption radiation witfficient energy (h> Eg). When TiQ

is irradiated with radiation of energy that is elqweaor greater than bandgap, produced
conduction band electrons and valence band holesseTspecies then interact with
monomer molecules producing polymer on the surfdi¢ke catalyst. Photocatalytic
polymerization, not only offers a new applicatidrsemiconductor photocatalysis, but also
provides a strategy to fabricate composites ofpels and inorganic nanoparticfés

Since the nanoparticles are retained during phtabdes polymerization, polymers and
the composites can be obtained simultane&isIphotocatalytic polymerization offers a
simplified process to prepare polymer/inorganicatamposites. This method has a
promising future in fabricating photo-cured filnlgterojunction composites, and
protective coatings on semiconductSts Considering that many modified bandgap

semiconductor nanoparticles are able to perforniqaadalysis under UV and visible light
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irradiation such as Ti®) ZnO and CdS, one can take advantage of solaggteproduce
the nanocomposit€4. Generally, these nanoparticle photocatalysts saatinitiate
photopolymerization. According to band theory, ssmductors have a completely filled
valence band and empty conduction band at absodute Irradiation particles of the
photocatalyst produce conduction band electroig)(and valence band holes'(p).
These species can diffuse through the solid foltbimetheir trapping or recombination. A
photocatalytic reaction is only efficient if elemtis and holes are present on the surface in
order to react with adsorbed species. Charge gafsim the bulk to the surface is
possible only if it is thermodynamically alloweddanas a sufficient lifetim&®).

The photogenerated electrons and holes upon itrawliaf the photocatalyst can initiate
polymerization, when reacting with adsorbed monomelecules on the surface. This is
distinguished from normal photopolymerization ihigh organic or inorganic
photosensitizes are activated due to absorptidigltfwith a sufficient energy to produce
initiating free radical€*®®. In the last few years, composite materials ratracted
considerable attention due to their interestingpproies. Titanium dioxide has frequently
been employed to prepare composites with these typpolymers. For instance, Wang
and co-workers studied polymerization of MMA owéatia under irradiation with UV
light from mercury lamp. They reported formatiorottypes of polymers, extracted and
grafted polymer with titanic surfa@®. In another study Hong and co-workers studied
polymerization of MMA over ZnO. They reported faation a composite material of
PMMA/ZnO®"). Damm and co-workers studied photocatalytic polyzagion of MMA
over titania that was prepared by different methdtiey found that activity of
polymerization was affected by particle size andsghof titani&®. In further study
Damm and co-workers studied the photocatalytic pelyzation of acrylate using iron
doped TiQ. For this type of reaction, the photocatalyti¢iation occurs upon irradiation
with UV light and the following mechanism was susjgel®®:

A- Initiation step

TiO, + hu —— TiO,(e,h") —€¢cp + " yp 1-63

TIOJ/FE" L hy — » TiO/FE* + h* 1-64
+ - -

Fe* + e > Fett 1-65
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B- Photocatalytic formation of initiating radicals:

M+h— > M*"—— > M+ H* 1-66
A+ g — A° 1-67
AT+ H—» A 1-68

In above equations, M is a monomer molecule amslah electron acceptor

A- Chain growth:

M-or A+ nM —— > (M)nM - or (M)nA 1-69
According to this mechanisimadiation of Fe/TiQ with light of a sufficient energy
promotes electrons from the valence band of fitémithe conduction band. ¥eoped
TiO; can form interband below conduction band of titaifiitis can lead to the generation
of additional holes (B as shown in equation (1-64). On the other hagtf, fay act as an
electron trap as shown in equation (1-65). Poslinies in the valence band can oxidize
monomer molecules as in equation (1-66), whichltesuformation of a radical cation.
The radical cations can donate protons to the lydligroup on the surface, leading to
production of a monomer radical as shown in equatle66). Transferring electrons from
the conduction band to the electron acceptor preslwadical anions as shown in equation
(1-67).This radical anion can accept protons te givadical as shown in equation (1-68).
The radicals of both monomer and electron accepgmgnitiate chain growth as shown in
equation (1-69). Termination may occur by direclical combination or by
disproportionatior®®. Generally, it is possible to initiate polymeripat over titania under
irradiation with suitable light of suitable enerdgyormally this process is achieved under
irradiation with UV light. The important challengethis manner is to initiate this type of
polymerization under visible light or solar speatriHowever, photoresponse of titania
towards visible light can be performed by surfaaaification by doping with metals and

non-metals.
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1-12 Aims of Thesis

The present work reports an investigation of thalsysis of new materials that can be
used in photocatalysis, electrochromic materiadslinear optics materials, catalytic
materials, and photovoltaic devices. In terms aftpbatalysis processes, attention have
been directed towards using neat and doped titadioride. Doping was undertaken with
nitrogen and some metal ions such a& ACd** and C3*. Doping titania samples with
nitrogen species was achieved at three differenpégatures 400 °C, 500 °C and 600 °C.
Doping titania with metal ions was performed usm@regnation method in which a
required amount of titania powder is suspendedjueaus solution of metal salt.
Photocatalytic activity of neat and doped samplas investigated by following
photocatalytic degradation of methylene blue ineaqs solution. In addition,
photocatalytic polymerization of methyl methacrglé@MA) over neat, nitrogen doped
titania and co- doped titania. In addition, photgpwerization of MMA and styrene (ST)
has been investigated under irradiation with UVWtligt different conditions. In terms of
photovoltaic materials, some of novel viologen nmoees have been synthesized. These
were targeted to synthesize due to some potemjmications such as electrochromic
devices and redox active materials. Attention diescted towards study polymerization
of these compounds. These compounds and/ or tbklyimpric forms can be used in some
potential applications in terms of photovoltaic kggtions. In addition, some novel push-
pull compounds have been synthesized. These cordpdiave some potential
applications. Additionally, some novel rutheniummgexes were targeted to synthesize as

these compounds have different potential applioatess photovoltaic materials.
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Chapter-two: Modification of the photocatalytic activity of titanium dioxide by

doping with nitrogen

2-1 General introduction

Semiconductors are considered an important typatadyst used in modern industry, due
to their physical and chemical properties, whicht#e them to catalyze many reactidhs
About forty years ago, a new field of applicatidrheterogeneous photocatalytic systems
was initiated when Fujishima and Hortlaliscovered photocatalytic splitting of water
over TiQ,.. Environmental clean up has been one of the mgsdrtant applications for
these systems. Photocatalysts are an importaatafypatalyst as they can be used in
advanced physicochemical proceséésand can be applied to the destruction of
hazardous chemical wastes. Photocatalysis potigraiddws the use of sunlight for the
destruction of many environmental pollutants. Systénave been applied for the total
destruction of organic compounds in polluted ai, and wastewater and generally
pollutants are decomposed into water, carbon deaitd other volatile inorganic species.
In addition to this, photocatalytic systems carubed for selective synthetically useful
redox transformations of specific organic compoumaisproduction of clean fuel
(hydrogen), and for the conversion of sunlightlextical powef® ),

Among the different types of semiconductors whidhwsed as photocatalysts, titanium
dioxide is the most important due to its excell@mgsical and chemical properties. These
include photoactivity, high thermal and chemicabdlity, low cost, non- toxicity and high
reproducibility. Consequently, it has been usecatalyze a wide spectrum of chemical
reactions such as oxidation / reduction reactioasgensation reactions and
polymerization reaction®.

However, the interest in these types of systentestagarly, with the use of titanium
dioxide in a photocatalytic reaction being firstrigereported in 192%. Most
investigations have been focused on the use ofiptype semiconducting oxides as
photocatalysts as these semiconductors have stedigtion power which enable them to
catalyze many reactiofis The main problem with titania, it has high bamul¢a 20 eV),
this means that it can be excited only in UV regithe spectrum. This makes titania
inactive photocatalyst in visible region. So thiis necessary to extend photorespone of
titania towards visible region to enhance photdgataactivity in visible region. This
process can be achieved by modification titanifaser Generally, in recent years many
efforts were directed towards the modificationt# tatalytic properties of titanium
dioxide by metal and non-metal dopit%'® Generally, photocatalysis on both pure and
modified titanium dioxide is initiated by absorptiof light with an energy that is equal to,

or greater than the bandgap (Eg). This process liageneration of conduction band
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electrons, and valence band holes, since elecai@ngromoted from the valence band
(VB) to the conduction band (CB). When an elecisophotoexcited from the VB to the
CB it can diffuse into the surface and then undetgarge transfer with an adsorbate or
can become trapped by electron traps within theldpapi*®. When these processes don't
occur, deactivation of the electron- hole pair asawith the release of energy as heat or
photons. The probability of recombination reacti@tween electron- hole pairs is directly
influenced by charge separation and the mobilitthefelectrons and the holé3.

Doped metals or non-metals assist in the separatiphotoelectrons and photoholes,
which may otherwise recombine within the semicomolugarticles®. Among possible
supported metals and non-metals dopants are thesking iron (F€"), silver (Ag),
copper (C@"), nickel (NF"), nitrogen, carbon and sulphur which result ighieir
photocatalytic activity for titanium dioxié ?°) In the last few decades, photocataltytic
reactions have played an increasingly significateé m the search for new types of energy.
In the presence of catalysts, photoreactions eamsbd for the development of new
systems that can be used in the production of lggr@and in photoelectrochemical cells

for storage and conversion of solar enéf§g®),

2-2 General properties of titanium dioxide

2-2-1 Morphology of titanium dioxide

Titanium was discovered in England in 1791 by \&iti Gorger, while titanium dioxide
(TiO,) discovered in Germany in 1795 by Klapf6th Titanium dioxide, also called titania
is formed naturally and it's a main source forrtitan. It can be used as a pigment that is
called titanium whité®®. Generally, titanium dioxide is found as an oreearth, forming
about 0.6% of the earthcrust. The main ores related to titania are iitegreTiQ) and
rutile which is one of the three crystalline forofditania. As the metal titaniundi), is

the second element in the d- block and has fouatreles in its valence shell and its
electronic configuration is [Ar] 43d%. Ti (IV) is the most stable oxidation state. The
amount of energy that is required to remove elastfoom the 3d and the 4s orbitals is 6.1
and 5.6 eV respectively. i compounds are generally coval&ht There are three main
forms of titania: rutile, anatase and brookite.iRutas a density of 4.25 g cfrand melts

at 2130 K?®. Anatase has a density of 3.84 g%and melts at 2108 Krookite has a
density of 4.17 g ciand it melts at 2098 Kthe rutile form is more stable than anatase,
which transforms irreversibly and exothermally wdile in the temperature range of 880-
1000 K@, Generally, titania is insoluble in water andutil acids, but it dissolves slowly

in HF and concentrated,80, ©*

33



2-2-2 Crystal forms of titania

As mentioned above, titanium dioxide has three rogystal structures: anatase, rutile and
brookite. Anatase is found to be more stable atteiperatures and converts into rutile
above 850 K. Both anatase and rutile have a taetielgructure while brookite has an
orthorhombic structure. Among these polymorphs ath@tase form is used in
photocatalytic processes more than the other twadalue to its excellent catalytic
propertie§** The two main catalytic forms of titania, anatase rutile have some
structural and functional differences and both Havge bandgap. Development of titania
materials for use as a paint pigment has led taisleeof mixed phase titania preparations
such as Degussa P25 which is comprised of 25 %as@mand 75 % rutilé®. These mixed
phase materials have used widely as pigments,haydcan show higher photocatalytic
activity in comparison with pure phases aléfie

Generally, the structure of both rutile and anatasebe described in terms of chains of
TiOg octahedra in which oxygen ions are in a distogi@dngement. The difference in the
structure of anatase and rutile arises from the iwayhich octahedra are linked together.
In anatase, each octahedron shares four of itsseslitje other octahedra, whereas in rutile
each one shares two of its edges with other octahd®lutile, anatase and brookite have
six coordinated titanium. According to this struetueach T species is surrounded by six
O” species, whereas each @ surrounded by three"fispecies. Therefore, titania has a
coordination of (3:6) with the presence of Tin the centre of the céfi”’. It is found that

the length of the Ti- Ti distances in anatase gaeater than those for rutile (3.70-3.04 A
vs 2.57-2.96 A respectively), while the Ti- Ondadistances for anatase are shorter than
those for rutile (1.934-1.980 A and 1.949-1.986e8pectively). Also in rutile, each
octahedron is in contact with ten neighbouring betha, whereas in anatase each
octahedron is in contact with eight neighbouringnThere is a considerable difference
in dimensions of the unit cell of the three fornisitania: for anatase a is 3.785 A and c is
9.510 A, for rutile they are 4.593 A, and 2.961Apectively while for brookite a is 5.456
A  bis9.182 A, and c is 5.143%® . Czanderna and co- workers applied X- ray
diffraction (XRD) to follow the conversion of anatinto rutile. They found that the
conversion was slow at temperatures less than §23Bi&they suggested that this
conversion depends on time as well as the tempefatli Bard and co-workers prepared
impure anatase containing rutile by heating andtaseight hours at 1373 K, and they
found that the preparation of pure rutile to reguneating of anatase for 26 hours at 1373
K“9. Promet and co-workers studied conversion of aeatmrutile under a vacuum
atmosphere. They reported that heating anatase57@o 673 K under this atmosphere

results in the dehydration of surface hydroxyl greurhey found that about half the OH
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groups were left behind as identified by their Barption at 3675 and 3715 ¢if),
Titanium dioxide with a high purity was prepared®@zanderna and co-workers by
dissolving titanium metal powder in a solution 68 H,O, at pHs more than 11.
According to the XRD pattern, the resultant oxideswanged between Tigsto TiO, 011N
stoichiometry. Non-stoichiometry commonly occursaagsult of crystal defects which are
responsible for some of the physical and chemicapgrties*?. Straumains and co-
workers showed that reduced Fi€an be produced by losing about 0.034 of oxygas io
for each unit cell and to reduce charge deficieaoyequivalent quantity of Tf reduced

to Ti " “®. The surface of rutile has been studied by usifrgied spectroscopy (IR) and it
was found that the outer surface of rutile crystaitains molecules of water as ligands,

which are coordinated with T species in addition to hydroxyl grouf8.

2-2-3 Electronic and conductance properties of Ti@

Both the photoconductivity and the semiconductiweityitania can be explained by using
band theory. According to this theory, semicondisctan be defined as a type of material
with electronic conductivity lying between thataifnductors and insulators. Intrinsic
semiconductors at 0 K are characterized by a filddnce band and an empty conduction
band. Generally, semiconductors have a band steicharacterized as a series
energetically closely spaced energy levels asstiaith covalent bonding among atoms
composing the crystallite (valence band) along witeecond series of spatially diffuse
energetically similar levels lying at higher enesapgociated with conduction (conduction
band). The magnitude of the fixed energy gap batwaéence and conduction bands is
known as the bandgap (Eg), which can be vieweteawavelength sensitivity of the
semiconductor toward irradiatiéf?. Titanium dioxide absorbs light in the ultraviolet
region. Irradiation with light ok < 400nm promotes electrons from valence bandeo th
conduction band. This process produces positiveshiiyg) in the valence band and

electrons (écg) in the conduction band as folloWs"

TiO, + hu » TiO,(e/h") 2-1

The photogenerated electrons in the conduction bamdapidly trapped through
equilibrium localization at traps, followed by resbination with photogenerated holes at
the surface of Ti@ Titanium dioxide has a continuum of interbandestavhich assist in
the recombination of these species. When theseespaie separated from each other and
transferred across interfaces, they can contritautiee oxidation or reduction of adsorbate

substrate&
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h+VB +D > D'+ 2-2

€cg +A > A 2-3
2-4

€cg + hfyg—— ho
When Hyg reach the Ti@surface they can react with adsorbates by intiaifatectron
transfer if these adsorbates have a redox poteg@bpriate for a thermodynamically
allowed reaction. Thus adsorbed electron donorsé)be oxidized by transferring
electrons to the hole, while adsorbed electron@oce (A) can be reduced by accepting
electrons from the surface of TiOlt is evident that the recombination reaction viahic
commonly occurs between conduction band electrodssalence band holes, determines
the efficiency of the semiconductor as a photoygat&l”. It has been found that
modification of semiconductor surfaces by dopingwiiansition metals, non-metal
elements and combination with other semiconduatanslead to reduced recombination
rates and enhanced the activity of the photocatalgaction in visible region of the
spectrurft®. Generally, valence electrons in semiconductadaralized in the bands and
the Fermi level (FL) is half the distance betwdemtivo bands in the pure intrinsically
semiconducting crystal. The relationship betweerFgreni level and the bandgap is
therefore given by the relationship: €%z Eg)“*®. For defective crystals, the position of
the FL changes according to the type of the sendigctor. For p-type semiconductors, it
lies at the half distance between valence bandla@dcceptor level. For n-type it lies at
the half distance between conduction band anddherdevel. When these two types of
the semiconductors have direct contact, a doutdegehlayer is generatét. The process
of the capture of electrons and holes in the suspes of neat titania occurs within 30

picoseconds as in the following equatftit

TiO, _w TiO, (€ ,h")——> €ca ™ h+ VB 2-5
generation separation
€ cg+h've > €y +h'y 2-6
lattice or surface trapping
€ cg+ h\yg — recombination—— heat or light 2-7
e,+h"y, —— recombination—— heat or light 2-8

Where e+, are the trapped electrons as'Tiand Hy are the holes trapped as OH

radicals. Generally, electron traps are oxygen veiea in the lattice of TigQor Ti'V
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species®. All the forms of titania absorb the light in thear ultraviolet region of the
solar spectrum. Anatase, rutile and brookite ababf23, 3.01 and 3.26 eV respectively.
The presence of oxygen on the surface plays anrtaniaole in electron capture. The
ability to capture electrons is negatively affectdten reducing titania surface by thermal
treatment at 973 K for 15 mins or by the irradiatad light for 10 hours and reacting with
CO to produce CE&*®. This probably arises from losing some oxygen ivos the
surface due to thermal treatment that affects negjgton capturing of electrons. The
active sites on the surface of titania have beatiexi using electron spin resonance

spectroscopy (ESR) and "fispecies were shown to be the electron donatinge=E.

2-2-4 Electronic excitation of semiconductors

In heterogeneous photocatalytic systems, photoedluwlecular reactions occur at the
surface of the catalyst. Photocatalysis can beldd/into two types, in the first type, initial
photoexcitation occurs in adsorbate molecules wtiieh interact with a ground state
catalyst substrate and this type is referred @ eetalyzed photoreaction. For the second
type, the initial excitation occurs in the catalysbstrate, which then transfers electrons or
energy into the ground state adsorbed moleculesséltypes of reactions are refered to as

photocatalytic reactiorfs®. These processes can be explained in the follofiguge:

I: Initial excitation of adsorbate molecules

a- Insulators

CB—x

v
@,
\4

Eg

777

Eg is bandgap of the photocatalyst, VB is valeraedh CB is conduction
band, D is a an electron donor, A is an acceddrjs an excited state of the

donor, D oxidized state of donor, Ais reduced state of electron acceptor

According to above figure, the incident photonsabsorbed by the reactant species that
pre-adsorbed on the catalyst. Then the excited staidsorbed species donate electrons to

the adsorbed acceptor species on the surface.

37



b- Semiconductors

hv
CB €
Eg > >
A A A

CTTTT |

Figure 2-1: a,b Photoexcitation initial excitation of adsorbatelecules. In this case,
energy level of D is higher than CB of the catglgsid energy level of A is higher than

that of VB of catalyst.

II: Photoreaction initial excitation of the solid photocatalyst

a- Semiconductors or Insulators
o
CB A A
hv
EA%A Y2 VoV S
D D"

VB m
Y/
In this case, photoexcitation occurs in photocataly generate (e-,h+) pair , the electron is

captured by adsorbed acceptor (A), while positiwke laccepts an electron from adsorbed

donor (D).

b- Metals

‘e’
'A

hv

In case of metal, energy level depends on the trid@otential of the metal.

Figure 2-2: a,b Photoreaction initial excitation of the s&ft
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When excitation occurs in the bandgap, there isfficient lifetime (which is about 18 -
10"s) for the production of {es, h'vg) pairs, which are then transferred to adsorbed
species on the surface of the cataf&tThe following figure shows excitation of a
photoelectron from the valence band to the condndiand initiated by absorption of light
of energy that is equal to or greater than the bapcenergy of titania, which is 3.23 eV for
anatase and 3.01 eV for rutile. Photoexcitatiothétitanium dioxide particles followed

by dexcitation events is shown in the followinguiig:

Surface recombination

Figure 2-3Photoexcitation in solid Ti©followed by dexcitatiorevents.
D is an electron donor and A is an electron ace€pto

The fate of (g&g/ h'vg) separation can follow several pathways. Recontiin@an occur

at the surface, which gives surface recombinatiath( A),or recombination of electrons
and holes occurs in the bulk of semiconductor ginggs bulk recombination (path B).
Electron transfer is more efficient if the speaes pre adsorbed on the surface of the
catalyst (path C). The surface of titania can t®eectrons to reduce electron acceptors
e.g. oxygen aerated solutions. Holes can migratieetgurface where electrons from a
donor can combine with them resulting in oxidizedace donor species (path®)
Titanium dioxide is a reducible oxide, so that Wlaéence of Ti ion can change from stable
tetravalent TlY specieso the trivalent state T specieshat has (39 electronic
configuration as has been detected by ESR; €Kbibits evidence of T{ with ESR even
when treated under oxidized conditions. Irradiafie@, with light (hv> Eg) can produce
conduction band electrons and valence band hdldgede species are not consumed
rapidly redox reactions, energy of excitation wodétapitate as a heat and/or light as

follows ©8
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TiO, + hU ——— TiO,(e, ") — » ecg+ Mg 2-9

€cs +h'vg » heat or light 2-10

In order to reduce the rate of recombination reastiwhich commonly occur in neat
titania and to enhance photocatalytic activitys ihelpful to modify its surface. Generally,
surface modification can be performed by diffenmethods such as surface sensitization,

the use of composite semiconductors and also bglraetl non-metal dopiftd.

2-3 Surface modification
For high photocatalytic activity, recombination(ets/ h*vg) pairs must be reduced by
using a suitable charge carrier trap to preventeéhembination reaction and increase the
lifetime of the separatedsg and Hyg species to > 13 s. About 90% of excitation energy
is lost by this route which is commonly occurs @anhphotocataly$P. Generally, electron
states are charge carrier traps. These electrtessiee surface defect sites, which depend
on the chemical methods used in the preparatidheophotocatalyst surfal®. There are
several methods used to modify the surface. Tha piaipose of this modification is the
reduction of back electron transfer, enhanced seigcto desired products, enhanced
stability of the photocatalyst under illuminatioonditions and increasing the absorption in
the visible region of the spectrd®Y. For example, CdS has a small band gap and ibean
photoexcited with visible light, but it is unstat@vards light and is photodegraded after a
period of irradiation as folloW)

CdS + hu » Ck'+S 2-11

Titanium dioxide is a quite stable photocatalysi, ibhas high badgap (3.2 eV), which
means that it can be excited in UV region of thecsium and it is inactive in visible
region of the spectrum. Consequently, much effast lheen focused towards increasing its
photoresponse in to visible light and accordinglyieous modification processes have been
undertaken. Many benefits of surface modificatiamenbeen reported such&&
1. Inhibition of the rate of recombination reactimnincreasing charge separation, which
leads to increased efficiency of photocatalyticogsses,
2. Increasing the range of the wavelength photamespinto the visible region of the
spectrum,
3. Changing selectivity for desired products,
4. Enhancement of surface properties such as isiaggaurface area, photoactivity, and
photoconductivity, and
5. Increasing the stability of the semiconductademirradiation conditions.
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Generally, surface modification can be performeadising different methods such &

1. Surface sensitization,

2. Application of composite semiconductors,

3. Metal deposition and

4. Non-metal doping.

From these methods, in our plan to modify titanidace by doping nitrogen as a non-
metal dopant. Also to dope titania with some mieta$ and then co-doped with nitrogen.
The resulted modified titania samples will testarms of photoactivity in comparison with

neat titania.

2- 3-1 Non-metal doping

The term doping can be defined as an intentioneddiiction of impurities into the
catalysf®. In photocatalysis the ideal dopant must increasence band edge position,
which leads to reduction of the bandgap of catalydtout lowering the conduction band.
One of the most effective methods that have beed tssimprove the photoactivity of
TiO, is doping with species such as N, C, S, P, anthe improved behavior of nitrogen
doped TiQwas reported by Sato in 1988. After calcining commercial Ti(OH)the
resultant TiQ exhibited improved photocatalytic activity in thisible region. When the
original sample was subjected to analysis, it veasfl to contain NECI, which was an
impurity resulting from the hydrolysis of TigWith NH,CI. It was found that preparation
of Ti(OH), in the absence of Ni&I led to TiQ which after calcination did not exhibit any
absorption bands in the visible range unlike theoNtaining sample. From this
observation Sato concluded that the existencetadigen species originating from NEI
enhanced visible light activif§?. Sato found that high calcination temperaturesopfed
TiO, reduced visible light absorption. It was suggesied loss of the photoactivity in
visible region resulted because the dopant wagikek high temperature and long
calcination time. Sato was not the first to worikhWN/TiO,.

About fifteen years earlier, Che and Naccache elskea paramagnetic species which was
detected by electron paramagnetic resonance (Ef&R)rescopy for Ti@samples which
were prepared by treating titanium samples witheags ammonia prior to calcination at
300 to 450 °®%. They attributed EPR signals in these sampleset@xistence of N§&
radical species adsorbed only on the surface anditton the lattice of titania. They
based on their identification of these radicalstenmagnetic parameters of BfQvhen it
was adsorbed on the surface of other metal oxitleas been reported that similar
parameters were observed for adsorption and ogitlafi NG> on the surfaces of MgO

and ZnO. In 2001 Asahi and co-workers proposedaamethod for the modification of
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TiO,, which depends on the introduction of nitrogero ithte TiQ matrix, leading to
increased photocatalytic activity. It was foundttti@ping nitrogen into Ti@reduces its
bandgap, which leads to a considerable shift inbsorption spectrum from the ultraviolet
into the visible region by about 3%). The main theories suggest that, nitrogen species
exist interstitially, substitutionally or a combtren of both. Nitrogen can be found as
interstitial NQ, and other species such as N and,&h also be involved. There are many
approaches which have been used to identify tineg@n species such X- ray
photoelectron spectroscopy (XPS), which is usedaasure the nature of the N (1s)
binding energy ,which corresponds to its chemicairenment®.

2-3-2 ldentification of doped nitrogen species

Until now the location and the type of the dopedagien species in the titania lattice is
still contentious. There are many theories, butntiaén theories suggest that doped
nitrogen species are present as interstitial ostdubional species or in other cases, as a
combination of these two states. In one study, Safygested the presence of N3
interstitial species within the lattice of Ti®". In addition, there were shown to be other
species such as Nivhich can exist as substitutional spe€fésin order to identify
nitrogen species, several methods have been entphIXRS has been used to measure the
N(1s) binding energy, which gives an indicationtsfchemical environment. N(1s)
binding energies at 402, 399 and 396.7 eV werergbdeand the attribution of these three
energies is also still contentidt/d Samples of titania prepared by hydrolysing Ti§B0O
with aqueous ammonia solution exhibited strondd \R bands at 3145 and 1400 ¢m
even after sample calcination at 320 °C. Whemhéu increasing the calcination
temperature to 450°C, these bands disappearedeanflands appeared at 1529, 1398,
1265 and 1171 cr, assigned to N§ NO and NH species. In addition, EPR
spectroscopy was applied, and it showed two dispatamagnetic nitrogen species,

attributed to neutral NO and N® radical specie$®.

2-3-3 Mechanism of photoresponse for doped Tin visible light

In terms of photoresonse for nitrogen doped titathiere are two theories in this field; the
first one is the mixing of 2p states of the dopérbgen species with the O 2p states of the
host oxide, and the second one, is the existenaa ®olated N 2p narrow band lying
above the O 2p valence band. The evidence foothisal mixing is obtained from XPS
data®). Asahi and co- workers calculated electron derssfoe N doped Ti@(both
substitutional and interstitial positions), in agre TiO, unit cell of the anatase phase.

They reported that the substitutional N doped;Ti® 2p) band overlapped with the (O 2s)
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state and they concluded that the bands were migedhef®”. Hashimoto suggested that
nitrogen doping resulted in a unique band aboveréihence band of neat T3On the
mineralization of isopropyl alcohol, when reactiwas carried out by UV- light irradiated
doped TiQ, the quantum yield was higher than when the ddp@d was exposed to
visible light. Hashimoto argued the existencends tistinct bands, so that illumination
with UV light caused excitation from both bands,ilelvisible light caused excitation only
from the higher lying band. He proposed that tffisot would not occur if the N 2p band
overlapped with the valence band of Ti&nd thus doped nitrogen forms a single higher
lying band®®. Despite contention about nature of nitrogen ddjiadia, but the existence
of red shift in absorption of nitrogen doped titagives an indication to the presence of
isolated N2p states located above O2p states.c@hisead to reduce bandgap of titania

and enhance the absorption in visible region ofstietrurff®.

2-3-4 Methods of doping

There many different methods are reported in tieediure for introducing nitrogen species
into TiO,. Generally, they can be divided into two categgrchemical and physical
methods. Chemical methods involve sol- gel synthdsidrolytic synthesis methods,
annealing titania powder under high temperaturésarpresence of Nf-yas, direct
alkylation of ammonium salts and oxidation of titan nitride’?. Physical methods for
doping nitrogen into titania, include ion implaat’"), magnetron sputtering, plasma
enhanced vapor deposition and pulsed laser deposiRioping titania by this method in

most cases results in anatase titania films wiitogeén doping in the range of 2.0 - 4.4 wt
% (72,

2-4 Adsorption on the TiO, surface

For heterogeneous photocatalytic systems, theysaialpresent in a different phase
(solid) from the rest of the reaction medium. Mayyyes of reactions occur on the surface
of the photocatalyst, so that surface area, parside and chemical composition of the
surface play a major role in its efficacy as algataCatalytic activity occurs when
reactant species are adsorbed on the active sittesurface. This activity plays a major
role in the formation of intermediate species ttiasociate to give the final product. These
intermediates are formed as a result of interadietween adsorbed species and defect
sites on the surfac¢&”. Generally, heterogeneous photocatalytic reactiansbe defined

as reactions in which at least one of the followsteps is isothermally enhanced by the

absorption of light with suitable energy by the fuatalyst. These steps a8
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1. Adsorption of the reaction species,

2. Reaction of the adsorbed species and

3. Desorption of the products.

Adsorption on the surface may be physical or chahircnature and it depends on the
temperature, pressure and pretreatment of theceuofethe catalyst. Also it depends on the
interaction between active groups in the adorbandsthat of the surface. The later

interaction determines nature of the adsorption.

2- 5 Results and Discussion.
2-5 -1 Parent and nitrogen doped titanium dioxide

Titania samples treated in a flow of dlat 400 °C, 500 °C and 600 °C are denoted as
titaniaN400, titaniaN500 and titaniaN600 respedyivEhe nitrogen and hydrogen
contents of the parent and nitrogen doped sampdes getermined by elemental analysis
and the data are presented in Table 2- 1. Frond#tgs it can be seen that ammonia is
effective for the introduction of nitrogen into tkamples, as expected from the yellow
colouration of the samples that was observed teldpwpon NH treatment.

Furthermore, the level of nitrogen dopant increasekis substantial after treatment at
600°C. In addition, hydrogen is observed to begme nearly all samples. BET surface
areas have been measured for the three sets ofesaamal the results are presented in
Table 2-2, where it can be seen that the surfaeze @frthe anatase materials is roughly
constant upon Niitreatment for the 400 and 500 °C samples, althausjgnificant
decrease upon reaction at 600°C is apparent. Aant&crease is also observed for rutile.
However, in case of the P25 samples, it appeatshibaurface area is slightly enhanced
upon NH treatment. In all cases, powder XRD indicatesrétention of the original
crystal phase upon reaction. The UV-visible diffosiection spectra of doped and
undoped samples are shown in Figures 2-4 to 2e6.alFdoped samples, there are
considerable shifts of the absorption shouldestiné visible light region. The absorption
shoulder in the range 400- 550 nm is related wighpresence of doped nitrogen with these
samples and it increased with increasing in nitnogentent. Additionally, these samples
after they have been doped, were pale- yellow lawd>"®and the colour deepened
gradually with elevation in doping temperature.

It has been reported that the colour of the N dpgamples partially results from bulk
reduction. This probably arises from existence ofett N2p states with O2p states or
isolated N2p states lying above valence B4ht. The presence of the visible absorption
band in the electronic spectra for the doped sasmievides a possible indication that

44



nitrogen may has changed the electronic structitiania effectively’’®. Normal
absorption in titania is due to an electronic titéms from the valance band to the

conduction band which commonly occurs in the ultiet region of the spectruff8-)

2-5-1-1 Elemental analysis
The results of nitrogen and hydrogen contents éat and doped Tisamples are shown
in the following table:

Table 2-1Elemental analysis for doped Ti@easured by CHN
microelemental analysis.

N wt% N/H
H wt% atomic ratio
Catalyst +0.03% | £ 0.02%
anatase parent 0.31 0.00 | -
anataseN400 0.28 0.35 0.09
anataseN500 0.24 0.48 0.14
anataseN600 0.21 1.80 0.61
rutile parent 0.88 0.00 |  -----
rutileN400 0.50 0.22 0.03
rutileN500 0.38 0.36 0.07
rutileN600 0.35 1.46 0.30
P25 parent 0.31 0.00 |  --—---
P25N400 0.18 0.32 0.13
P25N500 0.00 0.48 0.00
P25N600 0.00 1.52 0.00

These results showed that the ratio of nitrogenesurfor the nitrogen doped titania
samples was increased with increase in the dopimgératures. Additionally, from the
stoichometric values for atomic ratio of H/N foetoped nitrogen species, it can be seen

that the expected doping species don’t correspmnplyto NH; and NH residues.
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2-5-1-2 BET Surface area measurements
BET surface area results for neat and doped sarapteshown in the following table:

Table 2-2: BET measurements for parent and dopedTparticle size
was measured using Scherrer equation.

BET surface area| Particle size(nm)

Catalyst name | (m?/g) + 1 from XRD

anatase parent 112 16.5
anataseN400 113 16.1
anatase N 500 116 15.6
anataseN600 89 17.1
rutile parent 148 12.5
rutileN400 158 12.2
rutileN 500 160 11.8
rutileN 600 142 13.2
P25 parent 50 18.5
P25N400 52 17.8
P25N500 58 17.4
P25N600 65 17.3

Specific surface areas have been measured fonithe $ets of samples and the results are
presented in Table 2-2, where it can be seenlieaturface area of the anatase materials is
relatively unchanged upon Nkreatment for the samples doped at 400 °C andG00
although a significant decrease upon reaction @t®@ apparent. In all cases, powder
XRD indicates the maintenance of the original alyphase upon reaction. Generally,
specific surface area is mainly independent ofatneunt of doped nitrogen. The XRD
patterns for the doped and undoped samples arkasiand their patterns did not differ
significantly except for slight variation in thetémsity and broadening of their peaks.
Generally, samples that doped at 400 and 500 °€ vedaitively broader than that doped at
600 °C. The Scherrer equatiifl was used in the estimation of the particle sizenémt

and doped samples. When the size of crystallitesssthan 100 nm, appreciable
broadening of the x-ray diffraction reflections ocs This may be related to the actual size
of the crystallites, in this case the observed tirmadening can be used in the estimation of
the average particle size. For application for dggation, the following assumptions must
be made: negligible broadening caused by theumsnt, negligible broadening due to
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R%

strain disorder and when working from a singleaetibn coherent diffraction domain size
is isotropic. In the simplest case where the gagiare free from strain, the size of the

particle can be estimated from a single diffracpeak.

2-5-1-3 UV-visible spectra for nitrogen doped titara

The UV-visible diffuse reflectance spectroscopygarent and modified TiQrutile,

anatase and P25 are shown in the following figures:

1004
a anatase neat
0~ anataser 400
- anatasers00
it anataser G0

I:I : * : T T T T 1
200 300 400 500 ao0 700 800

wavelength (nm)

9

anatase neat anataseN400 anataseN500 anataseN600

Figure 2-4: UV-visible diffuse reflection spectra for neat aNddoped anatase, change
in colour for N doped samples is shown from leftigit.
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Figure 2-5: UV- visible diffuse reflection spectra for neat addaloped rutile,
change in colour is shown for N doped samples.
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Figure 2-6UV- visible diffuse reflection spectra for neat axdioped P25,
change in colour is shown for N doped samples.

The UV-visible diffuse reflection spectra were maasl for parent and doped forms of
TiO,. These spectra are shown in the Figures 2.4F2o8n these results, it was observed
that, there is red shift in the band edge absargifahe doped samples (TiQNy). This
means that, the photoresponse of these samplesiwitesl towards the visible region of
the spectrum. It was reported that nitrogen coeltbladed in the lattice of titania.
Generally, the extension of the absorption spectfrom UV light to the visible range
arises from contribution of both doped nitrogemagand oxygen vacancies in the lattice
of TiO,. That is because the interstitial nitrogen atorosld/induce the local states near
the valence band edge and the oxygen vacanciesagehecal states below the conduction
edge®®. Generally, doped nitrogen atoms induce locaéstelose to the valence band,
while oxygen vacancies induce local states bel@ictnduction band. These local states
can enhance light harvesting for the catalyst it Itlee near UV and visible region of the
spectrum. Oxygen vacancies induced by doping Téd act as colour centres. The
electrons that leave oxygen vacancies may inteviilstthe adjacent T4 species to
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generate T species as colour centres. The presence of thém centres in titania can

increase the absorption of visible light for theldped titanid®?.

2-5-1-4 XRD patterns for parent and doped TiQ Samples

XRD patterns for parent and doped 7Math nitrogen are shown in the following figures:
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Figure 2-7: XRD patterns for neat and nitrogen doped P25.
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Figure 2-8XRD patterns for neat and nitrogen doped anatase.
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Figure 2-9XRD patterns for neat and nitrogen doped rutile.

The XRD patterns for neat and doped samples of @geR5, anatase and rutile are shown
in the above figures. These samples possess sififfi@ction peaks without significant

(3 In addition, doping of

changes in the positions of these peaks occurfteg @oping
both anatase and rutile at 600 °C gives slightiyhar intensity with sharper peaks, which
indicates that well crystallized materials withetatively large particle size can be
produced at 600 °C by nitrogen doping. For the dag@enples, there is not evidence for
the occurrence of any phase transformation. Fararesgtase and that doped with nitrogen,
there is a residual peak aroun@£27) which arises probably for rutile phase. & baen
reported that, when replacing @n titania by nitrogen species by doping minimal
structure change occurs, although the radius eohitiogen ion (0.171nm) is larger than
that for the oxygen ion (0.132nfiy. Hence, the expected change in the structuréadue

doping nitrogen in this range of concentrations Mdoe relatively minof®®).

2-6 Determination of the point zero charge for nitogen doped titania (PZC)

The PZC is an important parameter for the catalysts can be correlated with the acid -
base behaviour of solid materials and their abibtinteract with species for surface
adsorption. The point of zero charge of metal oXm¢pzc) can be defined as the pH at
which the net surface charge is z&3F%. The PZC is important for many applications of
oxides, for example if the oxide is used as a stppdhe preparation of supported

catalysts. Several methods can be used to detetherfeZC for an oxide. Potentiometric
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titration (PT), the mass titration technique (MTHidahe immersion technique (IT) have all
been reportef” ) Among these methods, PT is more suitable thamther methods,
because IT is low accuracy and MT requires a largeunt of oxide suspension
consequently, PT is the method of choice. Howeherreliability of this method may be
affected by ionic strength, which can affect thiiity of different acidic/ basic groups
on surface of the oxid& °@ The pH of solution has to some extent a roldérate of
reaction metal hydroxides have amphoteric behaviotireir solutions as follow€® %%

M-OH + HY —— >  M-OH," 2-12

M-OH —> M-O +H" 2-13

As a result of this amphoteric behaviour, metatlexgurfaces are net positively charged
below the PZC, and negatively charged above the FBEse considerations have obvious

implications in adsorption of species.

2-6-1 Evaluation of PZC for titania doped with nitrogen

Generally, the PZC for catalyst can be evaluatepdientiometric titration as stated
above®®9 Results of the titration are plotted as a volwhthe added acid against pH of
the mixtureand the PZC is taken as the point of intersectih thie blank pH curve as

shown in the following figures:

Table 2- 3ZC values for neat and doped titania.

rutile (pH) anatase (pH) | P25 (pH)
Catalyst +0.10 +0.10 +0.10
neat titania 5.50 6.20 6.00
titaniaN400 6.20 6.65 6.40
titaniaN500 6.90 7.35 7.10
titaniaN600 7.80 8.35 8.10
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Figure 2-10PZC values for neat and nitrogen doped titanicatherage
error bar was + 0.1.
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Figure 2-11:Potentiometric titration for neat anatase, the agererror bar +0.1.
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Figure 2-12: Potentiometric titration for anataseN400, the agerarror bar = 0.10.
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Figure 2-13: Potentiometric titration for anataseN500, the agierarror bar + 0.10.
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Figure 2-14: Potentiometric titration for anataseN600, the agierarror bar + 0.10.

The values of PZC for neat and doped titania arergin Table 2-3, and are plotted in
Figure 2-10. Initially the pH of the all sampledtriactionally increased by the presence of
TiO,, which could be related to the adsorption 6fidm the solution on the surface of
titania, that leads to protonated basic sites ersthiface. When equilibrium is reached in
the titania suspension, adding the base gives mdlafion lower than that for the blank
solution (KNQ). In this case, the added hydroxyl groups wowdtralize hydrogen ions
in the solution and remove hydrogen ions from itesn the surface creating basic sites
on the surface of titania. In the titration witiNB3 at pH higher than the PZC, hydrogen
ions added to the suspension are consumed to hzeitngdroxyl ions in the solution and
neutralize the basic sites on the surface of &t&hi®® So that, titration curves for blank
and suspension of titania approach each otherraadcsect at a certain pH value (the PZC).
After this point, the pH of suspension is highearttihat for the blank solution that gives
evidence to the PZC point. At values of pH lowarthhe PZC, adding further acid would
lead to the creation of acidic surface groupschvkeads to consumption of a portion of
the hydrogen ions added by titration with HNO

From these results, it was observed that the valtidse PZC for the doped titania were
higher than that for neat titania and the valuehefPZC were increased with increase in
the concentration of nitrogen in the doped sampldss is probably due to the

contribution of the adsorbed ammonia and the atlievgen species on the surface.
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Increasing percentage of doping would increasdésecity of the surface with the
increase in the amount of doped nitrogen speciess€juently, this causes increasing in

the basic behaviour of the surface, which leadsraatgly to increase in the PZC values.

2-7 Photocatalytic activity for neat and doped tiania
2-7-1 Photocatalytic decoloration of methylene bluever parent and nitrogen

doped TiO,
Photocatalytic activity of the parent and dopeahitim dioxide forms was investigated by
photocatalytic decomposition of methylene blue (MBhotocatalytic activity was
determined by measuring change in the absorbare® & x 10° mol dni® aqueous
solution of MB®?. Reactions were performed by stirring a suspensi®.01 g of
material in 100 mL of MB solution at 20 °C in aliO, samples were stirred in the dye
solution for 10 minutes prior to starting reactlmnirradiation with UV light from middle
pressure mercury lamp (125 watt), with continudusirsg for one hour in air. In the
photocatalytic reactions, catalytic activity occuisen reactant species are adsorbed on the
active sites on the surface, when all these asttes are saturated with the adsorbed
molecules, equilibrium is achieved. In order@move the contribution of adsorption on
the photocatalytic degradation of MB, Ti€amples were suspended in MB solution with
continuous stirring without irradiation for ten rates. The initial pH of the reaction
mixture was kept at 7 by adding NaOH solution fenmence all the measurements to
neutral pH as MB solution is slightly acidic. Safjgently, the reaction vessel was
illuminated and periodic sampling was performedétermine the degradation of MB
(measured as the change in absorbance at 655 hothdatalytic decomposition of MB
was investigated in a suspension of titania arabsence of titania with irradiation with
UV light under same conditions. The results of Miompositions are shown in the

following figure:
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Figure 2-15 MB decoloration over a suspension of titania, afttiout
titania under UV irradiation.

2-7-2 MB decoloration over nitrogen doped rutile

The photocatalytic decomposition of MB over neat aitrogen doped titania was

followed by measuring the absorbance of the dye.ddctomposition curve is shown in
Figure 2-16. Generally, there is enhancementarddtomposition over doped rutile at
400°C and 500 °C. Photocatalytic activity for tbése has been observed in the following
order (rutileN500> rutileN400> rutile neat > rutl600). Hence, photocatalytic activity
for N doped rutile generally increased with N contélowever, for the rutile samples
doped at 600 ° C with a higher nitrogen contentegalower activity in comparison with
that doped at 400 °C and 500°C as shown in theviitig figure:
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Figure 2-16VIB decoloration over nitrogen doped rutile.

The rate of the photocatalytic decoloration of M&pdoped rutile was calculated by
assuming photocatalytic decomposition of MB oveartia is first order kinetic§? %),
Plotting log (Abs) at 655 nm against irradiatiomei the slope gives the rate constant (k,
min ™). The rate of decomposition of MB over titania watculated as follows:

Rate of reaction = Rate constant x Initial concatian of MB.

Rates of decoloration of MB over doped rutile dreven in the following figure:
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Figure 2-17:Rate ofMB decoloration over nitrogen doped rutile.
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Eate x 10°f mol Il g7t

Rates of MB decoloration over doped rutile are samzed in the following table:

Table 2- 4: Rates of the photocatalytic decoloration of
MB over doped rutile.

Rate of decoloration
Catalyst x10®%+0.12 mol. t. s*
rutile neat 0.91
rutileN400 1.17
rutileN500 1.34
rutileN600 0.75
light only 0.53

The relation between photocatalytic decoloratioMé&f and the PZC values for doped

rutile is shown in the following figure:
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Figure 2-18The relation between PZC and rate of decoloratfdvi® over neat
and doped rutile.

As mentioned previously, the surface of metal oxsdgredominantly has a net positive
charge below the p¥ic and negatively charged above that. In this strate, of
decomposition increased with increasing the PZQeshAnd a maximum rate occurred
around PZC 7.5. Rate of decomposition decreasBd@thigher than this value. The value

of the PZC affects on the net charge of the surtiaataffects on the adsorption of MB
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molecules on the titania surface. This adsorptaomlze considered as electrostatic
interaction where positively charged species fBare more likely to be adsorbed at the
negative sites on the titania surface. It is wathikn that adsorption of reacting species is
an essential step in photocatalytic reaction. &sREC value becomes high for doped
titania rutileN600, the surface has a net positivarge at high pH values. That may affect
negatively in adsorption of MB on the surface, whisay give a low rate of reaction.

The surface area normalized the rates for neatlapdd rutile is given in the following
table:

Table 2-5:Normalized rates for photocatalytic decoloration of
MB over doped rutile.

Surface area normalized
Catalyst BET (nf/g) | rate x 10% mol. I*. s*. m?

rutile neat 148 0.61
rutileN400 158 0.74
rutileN500 160 0.84
rutileN600 142 0.53

From these results, it was found that, while tlveas increase in the rate of the reaction
with the increase of surface area of the cataBtface area normalisation showed that the
effect was not solely dependent upon this paraméibereasing the surface area of the
catalyst in heterogeneous photocatalytic reactiansimprove the activity of the catalyzed

reaction that is probably due to increase the alslladsorption sites on the surf&ée

2-7-3 MB decoloration over nitrogen doped P 25

MB decoloration over neat P25 and that doped witlogen at 400 °C, 500 °C and 600 °C
was investigated by using the same procedure thatused with rutile. The results for the

photocatalytic decoloration of MB over P25/N arewh in the following figure:
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Figure 2-19B decoloration over nitrogen doped P25.

The rate of the photocataltic decoloration of ME2oueat and doped P25 is shown in the
following table:
Table 2-Rates of photocatalytic decoloration of

MBover P25N.
Rate of decoloration

Catalyst x 10+ 0.10 mol . . s*
P25 neat 1.42
P25N400 1.73
P25N500 1.92
P25N600 1.61

light only 0.53

From these results, the activity of the photocaialyecomposition over neat and doped
P25 was as follows: P25N500> P25N400 > P25N6@prieat The surface area

normalized the rates for neat and doped P25 aengivthe following table:
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Table 2-Mormalized rates for photocatalytic decoloratiorMi

over P25N.
Surface area normalized rate
Catalyst BET (nf/g) | x 10° mol. I'*. s*. m?
P25 neat 50 2.84
P25N400 52 3.33
P25N500 58 3.31
P25N600 65 2.48

2-7-4 MB decoloration over nitrogen doped anatase

MB decoloration over neat anatase and that dopgdmtrogen at 400 °C, 500 °C and 600
°C was investigated by following the same procediat was used with rutile and P25.

The photocatalytic decoloration profiles of MB owratase/N are shown in the following

figure:
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Figure 2-20MB decoloration over nitrogen doped anatase

The rate of the photocatalytic decoloration of MBoneat and doped anatase is shown in

the following table:
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Table 2-8: Rate of photocatalytic decoloration of MB over
doped anatase.

Surface area normalized
Catalyst BET (nf/g) | rate x 10% mol. ', s1.m?
anatase neat 112 0.98
anataseN400 113 1.35
anataseN500 116 1.583
anataseN600 89 0.94

From these results, the activity of the photocaimlyecomposition over neat and doped
anatase was as follows: anataseN500> anataseNd@&tase neat> anataseN600. The

surface area normalized rates for neat and dopadsais given in the following table:

Table 2-9Normalized rates for photocatalytic decoloratiorMiB
over doped anatase.

Rate of decoloration
Catalyst x10®%+0.11 mol. t. s*
anatase neat 1.10
anataseN400 1.52
anataseN500 1.77
anataseN600 0.84
Light only 0.53

The photobleaching of MB sensitized by Fi@ aqueous solutions was studied by many
researcher$?®* The vast majority of these studies which invdWB as a reactant with
the presence of titania as a sensitized photosatilly mainly into two categorid&® ™. In
the first category, for reactions performed undeegobic conditions, MB is reduced to
colourless form of MB, which is called the leuconfo(LMB). This reaction is a reversible
process and upon addition of oxygen into the armesystem, LMB is oxidized back to
MB. The second category involves mineralizatiohdd into inorganic species and this
reaction occurs in aerobic conditions and it isversible®® %)

From the above results of the photocatalytic deamsitipn of MB over neat and doped

63



anatase, rutile and P25, it can be seen that tesea notable enhancement in the
photocatalytic activity for the doped samples @ 40 and 500 °C. Generally, the activity
for the photocatalytic reaction for anatase anertdll in the order: titaniaN500>
titaniaN400> titania neat> titaniaN600, while f&F the activity falls in the order:
P25N500> P25N400> P25N600> P25 neat. The improremehotocatalytic activity

for these samples probably arises from the incrgagee absorption intensity in the near
UV region and in the visible region with the incsean nitrogen content. Additionally,
these samples have a higher surface area withesrpailiticle size, producing a higher
photocatalytic activity®®. Generally, doped nitrogen atoms induce locakstalose to the
valence band (N 2p), while oxygen vacancies indocal states below the conduction
band. These local states can enhance light hamgefsii the catalyst in both the near UV
and visible region of the spectrum. As mentionadier, oxygen vacancies induced by
doping TiG can act as colour centres. The electrons thaéleaygen vacancies may
interact with the adjacent 'fito generate T as colour centres. The presence of these
colour centres in lattice of titania can incredsedbsorption of the visible light for the N
doped titania. However, improvement in the photalgéit activity for samples that were
doped at 400 °C and 500 °C may be due to excitéitiahoccurs from N2p local states
above the valence band of the doped titSfialn addition to this, doping samples using
NH3 gas may lead to decomposition intpathd N gas, with the possibility of causing
reduction of TV to Ti"". Ti" may contribute in the enhancement of the photttata
activity for these samplé¥®. In contrast to the above results, anataseN660 an
rutileN600 samples showed a lower activity in congman with undoped parent. These
samples with higher nitrogen content have a gregisken colour and the high nitrogen
content in this case may assist in formation obnelgination centres close to the valence
band of the catalyst. These recombination centatesrcrease rate of the recombination
reaction, which leads to reduction of photocatalgtitivity of the materidf?.

Additionally, these samples have a relatively seradpecific surface area with relatively
larger particle size in comparison with their uneldparents. These two factors also have a
negative effect on the photocatalytic activity l¢ photocatalyst. For the neat samples of
titania, the best photocatalytic activity was olbsdrwith P25, while rutile showed a lower
activity. This probably due to higher photocatalydctivity that arises from mixed phases

titania (P25) in comparison with the pure phase.
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2-7-5 Proposed mechanism for the photocatalytic demposition of MB over titania

Dyes are a source of environmental pollufidiThese compounds are used widely in
modern industry as dying materials or as reagemsany chemical industries, especially
in the textile industry. The problem with dyeshatt most of them to some extent are toxic
(9.100) \MB is considered as a good model as test reaftiothe modification of the
photocatalysts. Upon excitation conduction, baedtebns and valence band holes are
produced. As a result of the presence of oxygehameaction solution, electrons can be
trapped by @ while the holes can oxidize the adsorbed dye MBhe surface. In

addition, electrons and holes may react wit®rnd oxygen in the solution, producing
some active species such as'@rtl Q . These species can also participate in

decomposition of dye molecules as folldWs%2

h'vg +Hz0 > OH 4+ H'ag 2-14
h*yg +dye » products 2-15
OH 445+ dye » products 2-16
€t O > O;7 g 2-17
€cp+ 120, + 2HO—— Hy0 44+ 20H" 4 2-18
O, 7aqt+ dye » products 2-19

The expected products of decomposition of MB arbaadioxide, ammonium ions and
nitrate ions, which are not serious environmentdupants. In this manner, photocatalysis
can be used in environmental clean-up. It has beorted thaf’ °®) if photocatalytic
decomposition of MB was carried out in anaerobiceditbtons colourless leuco form
(LMB) is produced. This can be reoxidized in thegamce of oxygen to MB in a reversible
process. Complete mineralization to inorganic sggecan occur in aerobic conditions in an
irreversible procesS’ °®) However, in our work, decomposition of MB wasiartaken in
air atmosphere and the blue colouration was natseblished upon standing. Hence, it is
suggested MB decomposition proceeded accordingetsécond mechanism as was
confirmed by subjecting the resultant reaction omgtin air overnight. Generally, from the
results that obtained for photocatalytic decolaratef MB over neat and doped titania,
samples doped at 400 and 500 °C showed enhancenmm@mitoactivity of doped titania.
In opposite to that samples that doped at 600°@/sti@a negative photoactivity in
comparison with neat titania samples. The nextystonblves investigation photoactivity
of nitrogen doped titanic in terms of photocatayolymerization of MMA in comparison
with use neat titanic samples.
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2-8Photocatalytic polymerization over neat anatase

Excitation of titania particles by absorption @i of a suitable energyvh Eg) leads to
production of conduction band electrons and valdrarel holes, which can be used for
photocatalytic polymerization when reactions witbmamer molecules ocdif’. Radical
species due to reaction of monomer molecules Wigh Yields primary radicals which
participate in polymerization reactidt’. To investigate photocatalytic polymerization
over neat anatase a series of experiments weretakele at different reaction conditions
using methyl methacrylate (MMA) and styrene (SThasiomers in an agueous
suspension of titania under irradiation with UVhlidrom a middle pressure mercury lamp

(125 Watt). Different parameters were investigated.

2-8-1 Characterisation of the polymer

Polymer formation was characterized by using FTgBcsroscopy, NMR spectroscopy,
GPC, SEM and TGA analysis for the bound and exthpblymer.

2-8-1-1 FTIR spectra
The FTIR spectra for PMMA extracted and PMMA grdfsmatase are shown in the
following figures:
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Figure 2-21FTIR spectrum for the extracted PMMA.
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Figure 2-22FTIR for composite PMMA grafted anatase.

Both extracted and grafted PMMA on the anatase sholaracteristic sharp band at
1730-1736 cni. This sharp peak indicates the presence of théeegr@MMA on the
anatase and the formation of the PMMA/anatase csitgd-or the extracted PMMA, the
broad band around 3010 ¢his related to free Chibrations in the PMMA. The band at
1000-1460 cni* can be assigned to the C-O-C stretching mode ef bsnd in PMMA.

The other bands at 750-950 Care due to the bending of C-H boktf8. For PMMA
grafted anatase, the broad band at 2900-310bismiue to the stretching vibrations of —
OH groups on the titania surface. In addition,FA#R spectrum of PMMA grafted anatase
shows another characteristic peaks at 1450, 1225 and 1160 cif. These are assigned
to the C—H, -CHand C-O-C band of PMMA. It seems that the;@Hbration mode for
PMMA grafted anatase at 3000-3100 ¢raverlaps with the stretching vibration of OH
group®?. Generally, this type of polymerization requiresarption of monomer
molecules on the surface of solid catalyst and thersolid particles are excited by

absorption radiation energy.

2-8-1-2'H NMR spectroscopy

Further investigation for the extracted polymemniroomposite materials of PMMA/
anatase was undertaken by measutihtyMR spectra for MMA and extracted PMMA as

shown in the following figures:
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Figure 2-23'H NMR spectrum for MMA in CDGlL
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Figure 2-24:"H NMR spectrum for the extracted PMMA in CRCThis type
of polymer was extracted from titania using THFRJ éimen it was precipitated
with excess of methanol

The most interested thing in these spectra isthigapeaks ai = 5.5, and 6.0 which are
assigned to the (€= C-CH)- in MMA (Figure 2-23) are completely absent irtrexted
PMMA as shown in Figure 2- 24. The main feature$9NMR spectrum for the
extracted PMMA, is the presence of a peak whichesponds to the methoxy protons at
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6= 3.57-3.64'%) It is observed that, the extracted PMMA was simib PMMA that is

synthesized by normal chemical polymerization.

2-8-1-3 Scanning electron microscopy (SEM)

Morphological studies for each of neat anatasdiegtavith PMMA, extracted PMMA
have been undertaken using Scanning Electron Mioms(SEM), and the resultant

micrographs are shown in the following figure:
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Figure 2-25:SEM images for (A) neat anatase and (B) graftedaaeavith PMMA.

From these figures, the change in the morphologh®turface after grafting with the
polymer can be seen. PMMA grafted anatase exhliiigh dispersion on the surface and
anatase nanoparticles are aggregated severelgedféng with PMMA. That may result

from a high surface energy when PMMA was graftedhensurfacé™®?.

2-8-1-4 Thermal gravimetric analysis (TGA)

The grafted polymer was further investigated byrtted gravimetric analysis TGA that
was performed under both air and nitrogen atmogshend the identical data was
obtained for the different atmospheres. From thisdthere is an evidence for the
formation of the grafted polymer on anatase dudeaharacteristic mass loss about 12%
in the 300- 500 °C temperature range. The most itapbpoint here is that polymer-
grafted anatase begins to decompose at differergearature than that for the traditional
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PMMA (extracted polymer). This is interpreted asuléng from the interaction between
polymer chains and anatase nanopartf®sThis interaction occurs betweerf*Tand
TiOH surface species with electron donating atamBMMA (oxygen atoms). TGA for

the composite anatase/PMMA in air is shown in tiwing figure:
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Figure 2-26TGA for neat and grafted anatase with PMMA in BRhlom TGA

result, the conversion percentage of grafting 13.6%
2-8-1-5 X-ray diffraction patterns (XRD)

In order to investigate the effect of grafting loé tpolymer on the crystalline structure of
anatase, X- ray powder diffraction studies of asmataefore and after grafting was carried

out and the results are presented in the follovioues:
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Figure 2-27XRD patterns for neat and grafted anatase with PMMA
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Figure 2-28XRD pattern for the extracted PMMA.

From these patterns, it can be seen that the dkastic diffraction signals of the PMMA
grafted anatase samples were almost the samesasdhthe neat anatase samples. This

indicates that the grafting doesn’t affect the talfme structure of Ti@nanoparticles.
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XRD patterns for the extracted PMMA shows diffusattires at lower values od.2These
patterns are typical of amorphous matefi&fs This probably arises from high steric effect
of methoxy groups in PMMA. Methoxy groups in PMM#e not aligned sufficiently

around the backbone of the polymer, which resaltni amorphous structure for this
material®®”,

2-8-2 Optimization weight of the TiG, used

In order to find the optimal weight of anatase pleatalyst, a series of experiments was
performed using different masses of the cataly#t thie reaction mixture containing 2 mL
of purified MMA. Experiments were carried out & ZC in air with irradiation for two
hours. These results were repeated three timée irahge of 0.001 to 0.300 g, and the
average of the results are plotted in Figure 2420 average error bar for the results was

+ 0.25%. From these results, it was found that @.25 TiO; is the optimum weight for
this system.
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Figure 2-290ptimization weight for the photocatalytic polyngiion over TiQ,
the average error bar for these results £ 0.25%
The experiments of using different loading of titkahave shown a considerable variation
in product formation. Initially there was increaseonversion percentage with increase of
used titania weight. After this weight, any increas titania amount doesn’t increase

reaction rate significantly. After this step, usimgher weight of titania results in
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reduction rate of reaction. According to theselltssthere is an optimal weight of
anatase, which should be used to give the besbphiaiytic activity. In this system, the
optimal weight is 150 mg/100 mL. Lower weights thhis give a direct proportionality
between weight and photocatalytic activity. Usinghler weights leads to negative results
in comparison with the optimum weight of titanidelexplanation for this is that when
using a low mass suspension of anatase the nurhbtmea particles are few in
comparison with the number of the incident photityag reach into the reaction mixture
(198) - According to the second law of photochemistagheatom or molecule absorbs one
photon. So that, the absorbed photons will be tbig,gives a direct proportionality
between the used weight and photocatalytic acti¥ity more dense suspensions of
anatase (more than 150 mg), the particles fornmaerifilter which absorbs a high
proportion of the incident photons and scattersother part of the light, leading to a
reduced number of active photons for the reaclibwerefore, it is necessary to find a

determined weight of titania which absorbs a higtipn of the incident photorf¥®).

2-8-3 Effect of exposure time
The effect of radiation exposure time was studigidg 0.150 g of anatase suspended in

100 mL of distilled water containing 2 mL of pual MMA under air for various
durations at 20C. The results were repeated twice for a periothfB0 to 210 minutes.
The average error bar was + 0.30%, and the aveesgéts are shown in the following
figure:
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Figure 2-30: Effect of time exposure on the photocatalytic patyrmation of MMA
over TiO,.
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From this study, it can be seen that there is psxive increase in conversion of monomer
into polymer with the time of reaction and keepatger reaction conditions constant.

The conversion percentage was increased fromlistage of polymerization until up to
two hours of exposure. After this point, there wwassignificant increase in the conversion
percentage. Initial increase in conversion withasype time is probably due to formation
more radicals that contribute to polymer formatidfier higher exposure time (more than
two hours), there was no significant increase imveosion with the time. That is may be
due to termination of growing grafted chains witke hewly formed primary radicals on

the surface of titania.

2-8-4 Effect of the amount of the used monomer

To investigate effect of the amount of the used onoer for this system, different amounts
of MMA from 0.25 to 3.00 mL were used with 0.15fgamatase in 100 mL of distilled
water and irradiation under air for two hours at’@0 The average error bar was + 0.21%,

the results are shown in the following figure:
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Figure 2-31Effect of the amount of MMA on photocatalytic polgnezation
over TiQ.
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When using small amounts of the used monomer liyitiais clear that the rate of
reaction was progressively increased but beyoreftain point, conversion was constant.
In this type of reaction, the rate of reaction ahdtedepend mainly on the concentration of
the reactants, but it depends on the surface afdatadyst. Initially, the small amount of
MMA would adsorb on the surface and participatéhenreaction progressively with the
increase for MMA until a certain point. Beyond tpisint, any further increase amount of
MMA becomes ineffective on the rate of reaction.

2-8-5 Effect of temperature on the reaction

The effect of the temperature on the photocatapytigmerization was carried out by
following the conversion of MMA into PMMA at diffent temperatures with all of the
other parameters of the reaction being fixed alL.2MiMA, 0.15 g of anatase with 100 mL
of distilled water and irradiation for two hoursair. The results showed enhancement in
the rate of reaction with increasing temperatufres &rror bar was + 0.42%, These results
are shown in the following figure:
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Figure 2-32Effect of temperature on the photocatalytic polyixegron.

From these results, it can be seen that, increaspdrature of reaction in this range results
in an increase of rate of reaction. This probabises from effect of temperature on the

adsorption and desorption processes on the suHmeeever, photoreactions are not very
75



sensitive toward minor changes in the temperatfife However, some reaction steps are
potentially dependent on temperature such as atifso@nd desorption. Generally, an
increase in the rate of reaction with an incredsbetemperature may be attributed to the
effect of temperature on these steps on the Fitfacé™'?. These steps involve
adsorption of monomer molecules on the surfacéaofif, then producing active radicals

due to reaction of monomer molecules with electrol® pair.

2-8-6 Activation energy for photocatalytic polymeization over titania

The activation energy for the photocatalytic polyiretion reaction can be determined by
applying the Arrhenius equation after measurinig odi the reaction at least three
temperatures, and rate constant can then be dalddtam the relation between rate of
the reaction and initial concentration of MMA. Thiey plotting 1/T on the x- axis and In(k
on the y-axis, the gradient can be used to fiedaittivation energy as shown in the

following figure™*®:
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Figure 2-33Arrehenius plot for the photocatalytic polymeripatiover anatase.

From plot, gradient = -2630 K
-E = gradient x R = -2630 x 8.31 = 21865.82 J thol
E = 21.87 kJ mof
Generally, photoreactions are not too sensitiveatd& minor variation in temperature. The

steps that are potentially dependent on reactimpéeature such as adsorption and
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desorption are not the rate determining stepsigtype of reaction. However, this value
of activation energy is similar to that found irethther photocatalytic reactions over
titania such as photocatalytic oxidation of alcshmber TiQ 21 However, this
amount of activation energy is higher than thatinegl to transfer electron from valence
band to the conduction band (3.20 eV). This amofiattivation energy is probably

related to adsorption/desorption processes onutiace.

2-8-7 Effect of atmosphere on the polymerization m@ction

The effect of air and inert atmosphere was stubiederforming a series of experiments
under a flow of nitrogen in comparison with air.dach experiment, 150 mg of anatase
was suspended in 2 mL of purified MMA in 100 mLdistilled water. The mixture was
stirred for 10 minutes prior to starting the reatby irradiation with UV light at 20 °C
with stirring for 150 minutes. The results of th@ymerization under nitrogen showed a

higher activity in comparison to the air. The agera&rror bar was + 0.55%. These results
are shown in the following figure:
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Figure 2-34Effect of atmosphere on photocatalytic polymerizatf MMA
over anatase.

From these results, the rate of reaction undeogetn can be seen to be higher than that
under normal atmosphere, probably due to reacfiaxygen with the propagating
radicals, this reaction may result in reductionriite of propagating radicdfs®. In

addition to that, this observation exhibits an im@ot difference between this type of
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polymerization and other types of chemical polymation, which require inert
atmosphere and are completely inhibited by norrimabaphere. Generally, oxygen inhibits
free radical polymerization due to oxidation of frepagating radicals by oxygen, which
leads to the production of more stable radicalé siscperoxides. These species have a
lower reactivity toward monomer molecules as fobdt ")

R + O, » R— OO 2-20
stable radical

2-8-8 Effect of the monomer type on the photocatatlig polymerization over anatase

The effect of the monomer used on the rate of gladé&bytic reaction was investigated by
comparing MMA and ST as two monomers. The polynagian of both was carried out
under the same conditions at 20 °C. In each exyt, 2 mL of each monomer was
suspended with 150 mg of anatase in 100 mL ofli@édtwater. The mixture was then
stirred under air for 150 minute. The average efaflror bar was * 0.32%, the results are
shown in the following figure:
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Figure 2-35Photocatalytic polymerization of MMA and ST overasase.

From these results, the rate of polymerization wiieing MMA is a little higher than that
for ST under the same conditions of the reactidms Type of polymerization is free
radical polymerization. Radical species which aapced during the initiation and

propagation steps in case of ST monomer are mabéesthan those for MMA!®. That is
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probably due relative stability of propagating cads in case of styrene as these radicals
are relatively stabilized by resonarft®, while in case of MMA the radical is more

active.

2-8-9 Effect using E4N on the photocatalytic polymerization

To investigate effect of addition of an electromdoon the photocatalytic polymerization
of MMA, 2mL of MMA was suspended with 0.15 g of &se with mixing and irradiation
for two hours at 20 °C under normal atmosphere wsihg various amounts of
triethylamine additive (EN). The average error bar was * 0.34%, and thesdtseare
shown in the following figure:
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Figure 2-36:Effect of using BN on the photocatalytic polymerization.

From these results, a maximum conversion of ar@dfd was obtained using 0.5 mL of
EtsN. This result is probably due to facile formatimiithe radicals on the surface of
anatase with the presence ofNEtBeyond this volume of Bl the conversion was
reduced. That is expected as polymerization smi¢hse becomes controlled by initiation
with EtsN mainly. Initiation with E4N would be expected to be less effective in
photocatalytic polymerizatiofi*®.

The number averaged molecular weights)(Mr the extracted PMMA when use anatase
and anatase/ B were 62,000 and 35,000 respectively. From theselts, using anatase

alone affords a higher molecular weight, while gsamatase/ B gives lower molecular
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weight and higher conversion percentalgese observations are probably due to the
relation between rate of polymerization and theagity of polymerization mixturé®”.
High viscosity would give low rate of polymerizatiglow conversion percentage), while
low viscosity would give high rate of polymerizati¢high conversion percentage). At
high viscosities, the chain growth propagation tieas and chain termination reactions

become diffusion controlled?®,

2-8-10 Effect of exposure time on grafting

Progressive increase in reaction time can leaddease the rate of polymerization
reaction on the surface. This increases the rapeapfagating chains, which yield a high
percentage of grafted polymer with the time. THeafof exposure radiation time on the

grafting can be calculated by the equation:

weight of grafted catalyst - weight of original alyist
Grafting (%) = : — x 100%
weight of original catalyst

For each case, 0.15 g of anatase was suspend@@ mllof distilled water with 2 mL of
the monomer in air at 20 °C. The mixture was difiad ten minutes prior to start reaction
by irradiation with UV light for different reactioperiods. The average error bar was *

0.26%, the results are shown in the following fegur
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Figure 2-37Effect of exposure time on the grafting PMMA oveatase.
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From the above results, it can be seen that teeae increase in grafting with reaction
time up to a certain level time. This is probablygdo formation of more active
propagating radicals on the surface of anataseselaetive radicals then contribute in
formation of grafted polymer on the surface. Thatiation of grafting at a certain limit is
due to increase termination process at high coratgnt of these radicals and then
termination of growing grafted chains by excesmpry radicals that are formed in the
reaction mixture with increase in the reaction tf8.

2-8-11-Effect of the amount anatase on grafting

To study the effect of the amount of the used igt@m the grafting percentage, different
amount of anatase were used under the same reaotiditions. For each case, the
grafting percentage was calculated. In each exgerina required amount of anatase was
suspended with 2 mL of purified MMA in 100 mL ofstilled water. The mixture was
stirred for ten minutes prior to initiating the céian by irradiation from the lamp. The
reaction mixture then was stirred at 20 °C undefagitwo hours. The average error bar

was + 0.22%, the results are shown in the followiggre:
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Figure 2-38Effect of the amount of anatase on the grafting PAMM
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From the above results, it can be seen that, ligitiaere was an increase in conversion
percentage of monomer to polymer with increasingamof the anatase used. This
proportionality continues until a certain concetitna of the used catalyst of about 150 mg.
After this no further increase in conversion petaga occurred, probably due to formation
inner filter in dense solution. This filter absotgh portion of incident photons and
prevents the other photons to reach other anatasielgs. This produces a negative effect
for the reaction at high concentrations of thelgataised. On the other hand, applying
high concentrations of catalyst could produce & leigncentration of radicals that could

terminate growing grafted chaift§®).

2-8-12 Photocatalytic decoloration of MB over PMMAgrafted anatase

The photocatalytic activity of the parent and PMIgrafted anatase was investigated
photocatalytic decoloration of methylene blue. Bbatalytic activity was determined by
measuring the loss of absorbance of a 2.5 X ol dni® aqueous solution of methylene
blue. Reactions were performed by stirring a susipanof 0.01 g of material in 100 mL of
MB solution and the samples were stirred in thesblation at 20 °C for 10 minutes prior
to the start of irradiation. Then reaction vessas Wuminated and periodic sampling was
performed to determine the conversion of methyldne (measured as the change in

absorbance at 655 nm). These results are shove iimowing figure:

1.2
—@— anatase neat
—X— grafting 1%
1 —X— grafting 3%
—— grafting 5%
—&— grafting 7%
0.8 A
£l
©
~ 0.6
%)
o)
< \
X X
04 T \
X
0.2 A
0 T T T T T T
0 10 20 30 40 50 60 70

Irradiation time (min)

Figure 2-39:MB decoloration over PMMA grafted anatase.
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Table 2-1Bate of decoloration of MB over PMMA
grafted anatase.

Rate of reaction
Catalyst x 10®+0.10 mol. . s*
anatase neat 1.12
anatase G1% 131
anatase G3% 1.46
anatase G5% 0.96
anatase G7% 0.83

The photocatalytic decoloration of MB dyes usingtrend PMMA grafted titania was
followed by measuring the absorbance at 655nm. Fhenabove results, it can be
observed an enhancement in the decomposition oaéed titania with low grafting
percentage (1%G and 3%G) in comparison with neattar. For samples, with higher
grafting percentage (G%5%), there is a negative effect on the photocttaly
decoloration of ME'??. Relative enhancement in the activity of reacfmmnthe samples
with low grafting is probably due to enhancememtdltivity of titania by doping with
PMMA, which could possibly act as a photosensiti?ék High grafting percentages of
PMMA, can lead to an increase in the rate of redoattmn between conduction band
electrons and valence band holes. This can aftagatively the efficiency of the

photocatalytic reaction.

2-9 Photocatalytic polymerizations over N dopedtania

2-9 -1 Photocatalytic polymerization over N/ TiQ

In order to investigate effect of doping nitrogenthe activity of anatase in the
photocatalytic polymerization of MMA a series ofpeximents have been undertaken
using neat anatase as a reference in comparisoratase modified by N doping at 400 °C,
500 °C and 600 °C. The previous procedure wasvi@tbin the modification of the
catalysts, and the same characterization was appheddition, the same technique was
used in the photocatalytic polymerisation for Tiflx samples.

2-9-2 Characterisation of the polymer

Polymer formation was characterized by using FTgBcsroscopy, NMR spectroscopy,

SEM and TGA analysis for the two types of polyngratted and extracted).
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2-9-2-1 FTIR spectroscopy
The FTIR spectra for PMMA extracted and PMMA grdfteith nitrogen doped anatase

are shown in the following figures:
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Figure 2-40FTIR spectra for composite PMMA/anatase.

FTIR spectra for PMMA grafted nitrogen doped amatatiow a characteristic sharp band
at around 1738cntwhich is assigned to the C=0 vibration mode, therp peak indicates
the presence of the grafted PMMA on the anatasefNtze formation of
PMMA/anatase/N composite material. The broad baadral 3000 cil is due to the
stretching vibrations of —OH groups on the titagaface™ ).

FTIR spectra of PMMA grafted anatase shows anatharacteristic peaks at 1450, 1365,
1218 and 1152 cil. These are assigned to the C—H, ,@Hd C-O-C bands of PMMA.
The band at 2955 cfhis assigned to the GHtretching vibration mode for PMMA
grafted anatase. The sharp peak around 70bismelated to the grafted anatase with
PMMA and it confirms the presence of grafted PMM#dtase.

2-9-2-2'H NMR spectroscopy

Further investigation for the extracted polymer wagormed byH NMR spectroscopy

for extracted PMMA as shown in the following figure
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Figure 2-41:*H NMR spectrum for the extracted PMMA in CRCI

The most interesting thing in the above spectruthasthe peaks at= 5.50, and 6.05
which are assigned to the®kE C- in MMA as it was seen in Figure 2-24, werenptetely
absent in PMMA as shown in Figure 2- 41. In additio that the peak &t 3.57- 3.64
which arises to —OC#tonfirms formation of PMMA. However, this spectrusrsimilar to

that of PMMA that is synthesized by common cheminathodg%310%)

2-9-2-3 Scanning electron microscopy
Morphological studies for PMMA grafted doped anathave been undertaken using SEM

and the results are shown in the following figure:
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Figure 2-42SEM images for neat anatase neat (A), anataseNg)00 (
anataseN500 (C) and anataseN600 grafted with PMMA (
From these results, it can be seen that thereme sthvange in the morphology of the
surface upon grafting with the polymer. Anataseopanticles after grafting are aggregated
with the polymer. The apparent roughness of sufi@cBEMMA grafted TiQ is relatively
increased. In addition, when PMMA was grafted angbrface it can lead to a relatively

compact interfacial structuf&.
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2-9-2-4 Thermal gravimetric analysis

The bound polymer was further investigated using\ E@&alysis for PMMA grafted

anatase doped with nitrogen. The results are showre following figure:
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Figure 2-43: TGA for PMMA grafted nitrogen doped anatase.

From the above results, there is an evidence &fdimation of the grafted polymer over
anatase due to a characteristic mass loss abo@B%2of the weight in the temperature
range of 300- 500 ° C. In addition to that, andvas mentioned earlier, the polymer
grafted titania (PMMA/anatase) begins to decom@asifferent temperature than that for
the traditional PMMA (extracted polymer). This i®opably due to interaction between
polymer chains and the surface of anatase nanoieatfi®. In addition to that, the higher
percentage mass loss can be seen with anataseMai®the lowest percentage loss
occurs with anataseN600. So that the grafting p¢age follows the order: anataseN500>
anataseN400> anataseN600, and the grafting pegeefdathese samples were 25%, 22%

and 12% respectively.
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2-9-2- 5 X-ray diffraction (XRD)

In order to investigate the effect of grafting polyr on the crystalline structure of the
doped anatase, XRD of doped anatase after grafteng carried out. These patterns are

shown in the following figure:
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Figure 2-44XRD patterns for PMMA grafted anatase doped withogien.

From the above patterns, it can be seen that tacteristic reflections of the PMMA
grafted doped anatase were almost the same asahtigeneat anatase. The patterns for
the samples after grafting are almost having tineesaeak positions in comparison with
samples before grafting. This indicates that gngftlioesn’t affect the crystalline structure

of the TiQ.

2-9-3 Photocatalytic polymerization over nitrogerdoped anatase

To investigate the effect of doped nitrogen in pleatalytic polymerisation of MMA, a
series of experiments were undertaken. In each@h80 g of doped anatase suspended in
100 mL of distilled water with 2 mL of MMA underrdior a durations of two hours at

20 ° C. The average error bar was + 0.28%, thdtseare shown in the following figure:
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Figure 2-45Photocatalytic polymerization over anatase doped mitrogen.

From these results, it can be seen that therehsneement in the photocatalytic activity
for the doped samples, anataseN500 and anatase¢h&tQfives relatively higher
conversion percentage for the formation of PMMAmWese catalyst in comparison with
the neat anatase under the same conditions. Ggnénal activity for the photocatalytic
polymerization for these catalysts fall in the ordaataseN500> anataseN400> anatase
neat> anataseN600. The improvement in photocatagtivity for these samples, as
mentioned previously, probably arises from theease in the absorption intensity in the
near UV region with the increase in nitrogen cont@dditionally, these samples have a
relatively higher surface area with smaller pagtisize and the decrease in particle size
with the increase in surface area produces a higiheocatalytic activit®®. In contrast,
anataseN600 exhibits a lower photocatalytic agtivitcomparison with neat anatase. In
this sample, that has higher nitrogen content agieégish green colour, the high nitrogen
content may assist in formation of recombinationties close to the valence band of the
catalyst. These recombination centres can incredsef recombination leading to
reduction photocatalytic activity*”. The number averaged molecular weights) fior

the extracted PMMA for anatase neat, anataseN#@@aseN500, and anataseN600 were
62,000, 55,000, 52,000, and 63,000 respectietyn these results, the highest molecular
weight was obtained with a lower conversion peraget while a lower molecular weight

89



was obtained with a higher conversion percentages. may be as a consequence of the
relation between rate of the polymerization reactad the viscosity of the polymerization
mixture *%. High viscosity would result in a low rate aflpmerization (low conversion
percentage), while low viscosity would result inigh rate of polymerization (high
conversion percentage). At high viscosities, thartigrowth propagation reactions and
chain termination reactions become diffusion cdhedd**°.

2-9-3-1 Effect of temperature on the reaction

The effect of temperature on the photocatalytiyp@rization was investigated by
following the conversion of MMA into PMMA at diffent temperatures with the other
parameters of the reaction being fixed, 2 mL MMAI @150 g of anatase doped with
nitrogen and 100 mL of distilled water with irratiican for two hours in air. The results
showed enhancement in the rate of reaction witteasing temperature. The average error
bar was + 0.32% and these results are shown ifollogving figure:
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Figure 2-46:Effect of temperature on the photocatalytic polyixegion over
anatase doped with nitrogen.

From these results, it can be seen that, therdii®et proportionality between rate of
polymerization and temperature. As was mentionedipusly, photoreactions are not very
sensitive toward minor changes in the temperatfife However, some reaction steps are

potentially dependent on the temperature such sarjpiion and desorption. These

90



processes are not rate determining steps forythesdf reactions. The rate determining
step is electron transfer from valence band offititéo the conduction bafd®. Generally,
an increase in the rate of reaction with an inaedgdhe temperature may be attributed to

the effect of temperature on the above steps oifitbgsurface.

2-10 Non-photocatalytic photopolymerization

2-10-1 Photopolymerization of styrene and methyl ntkacrylate

Photopolymerization of styrene and methyl methateyand was performed by using’'2,2
azo-bis(isobutyronitrile) (AIBN) as a photoinitiatonder inert atmosphere. Reaction was
carried out at 20 °C for two hours under irradiatwth UV light. A required amount of
purified monomer was degassed to exclude oxygehtathis a required quantity of
AIBN was added. The reaction materials were mioggther with the solvent (toluene)..
Then the reaction was started by irradiation thetuné with UV light from the middle
pressure mercury lamp (125 watt) with continuousiisty and nitrogen flushing. At the
end of reaction, the produced polymer was predgitdy adding methanol. The results

are presented as the conversion percentage ageaalsation time.

2-10-1-1 Characterization of the polymer
The polymer formed was characterized by FTIR, N§fpiectroscopy and GPC and the
yield of the polymerization reaction was calculatéesdhe percentage of conversion of the

monomer into the corresponding polymer.
2-10-1-2'H NMR spectroscopy

The characterization of the formed PST and PMMA persormed byH NMR
spectroscopy as shown in the following figures:
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Figure 2-47:*H NMR spectrum of polystyrene produced by photopolyragion using
AIBN as a photoinitiator under irradiation with Ulht in N, atmosphere.
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Figure 2-48:*H NMR spectrum of PMMA produced by photopolymeriaatusing AIBN
as a photoinitiator under irradiation with UV lightN, atmosphere.

From Figure 2-48 the peak&t 3.57- 3.64 which arises to —Ogt¢bnfirms formation of
PMMA. However, this spectrum is similar to thatRWIMA that is synthesized by
common chemical metho#8>. The®H NMR spectrum of PST is shown in Figure 2-47.
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This spectrum shows four bands which are correspgrid the protons of PST. The
bands ab= 1-2 are assigned to the three vinyl protonspther two bands &t 6- 7.5 are

assigned to the five aromatic protons in pheny fiff".
2-10-1-3 FTIR spectroscopy
The FTIR spectra for the formed PMMA and PST aeaghin the following figures:

100

% ) 1955
308 2855

90 - 3027 1603
2927

85

80

T%

758

75

70 -

65 1 692

60 T T T T T
3100 2600 2100 1600 1100 600
wavenumber (cf)

Figure 2-49FTIR spectrum for PST produced by photopolymerarati
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Figure 2-50:FTIR spectrum for PMMA produced by photopolymeriaat
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The FTIR spectrum for PST is shown in Figure 2-A8s spectrum shows peaks related to
the PS, the peaks at 692 and 758 carne related to the singly substituted phenyl group
The peaks at 1452, 1492, and 1603 tare assigned to the vibration of C-C bonds in the
phenyl group. In addition to that, the peaks inrdrege of 3000- 3090 chand the weak
peaks from 1063- 1995 cthare corresponding to C-H modes in the phenyl! ity FTIR

of PMMA is shown in Figure 2-50, this figure shomsain peaks which are characteristic
peaks for this polymeThe characteristic sharp band at 1728 Gmassigned to C=0 in
PMMA®, n addition, FTIR for PMMA, the broad band arou@ll0 cm® is related to
free CHvibrations in the PMMA. The bands at 1000- 1455 toan be assigned to the C-
O-C stretching mode of the ester bond in PMMA. tteer bands at 766- 1000 ¢rare

due to the bending of C-H bonds.

2-10-1-4 Kinetics of polymerization

To study the effect of irradiation time on the pipdlymerization, a series of experiments
were undertaken. In each, 2 mL of ST and MMA usedawnixed with 0.02 g of AIBN as
an initiator with 100 mL of toluene at 20 °C. Thé&tare was flushed with nitrogen for 5
minutes prior to irradiation with the middle pressmercury lamp (125 watt) to exclude
the oxygen from the solution. The reaction wasatet! by irradiation of the mixture with
continuous stirring and nitrogen flushing. At thedeof reaction, the produced polymer
was precipitated by adding methanol with vigoraursisg, and the resultant polymer was
dried overnight. The yield of polymerization wapoeted as the percentage of conversion.

The average error bar £ 0.36% and the resultslateg in the following figure:
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Figure 2-51:Effect of exposure time on the photopolymerizawdMMA and ST.

From these results, it is clear that, there isdasing yield of polymerization with
increasing of exposure time. This can be attribtefdrmation more radical species that
contribute to the growth of the formed polymeratidition, the results showed that the
yield of PMMA is higher than that for PST as wasnt@ned previously, that could be
expected as styrene radicals more stable than MAdials due to resonance effect in ST
phenyl ring**®. Thus, MMA can polymerize faster than PS. Tteilts of GPC for PS
and PMMA were PS (I 56,000, and for PMMA (M= 52,000).

2-10-1-5 The effect of the amount of the monomer ad

To study the effeadf using different amounts of the monomers undersidime reaction
conditions, a series of experiments were undertakerhich a required amount of the

used monomer was mixed with 0.02 g of AIBN and @fl0of toluene at 20 °C with
flushing nitrogen over reaction mixture prior te@ tstart of irradiation. The reaction was
initiated by illumination from the middle pressuaenp for two hours. The results are
presented as percentage of conversion for both MKMAST. The average error bar was *

0.22% and these results are shown in the folloigwge:
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Figure 2-52:Effect amount of the monomer on the photpolymeidorat
of MMA and ST.

The results showed that, there is a progressivease in the yield of reaction with the
increase amount of the used monomer under the seaogon conditions. This is probably
due to the increased number of active centresinittease for monomer that can lead to
high rate in the growth of polymer chaih®. This can lead to increase the rate of
polymerization reaction, which gives high convenspeercentage. Also from these results,
it can be seen that conversion of MMA into PMM#Aigher than that for conversion ST
into PST. This probably arises from relatively mstable radicals of styrene that are

further stabilized by resonance structure with le@ezing in styrene.

2-10-1-6 Effect of inert atmosphere on the rate akaction

In order to investigate the effect of the atmosplaar the photopolymerization, a series of
experiments had been performed under flowing nénoifush and the normal atmosphere
of air. In this case, 2 mL of the used monomer mased with 0.02 g of AIBN in 100 mL

of toluene with initiation a nitrogen atmospher@@t°C. Reaction was initiated by
irradiation with continuous stirring for two houiBhe formed polymer was precipitated by

adding an excess of methanol, the polymer thenseparated and dried. The average error
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bar was + 0.30%. The results are presented inahdéeT2-11 and plotted as percentage of

conversion versus irradiation time for the two in the following figure:

Table 2-11:Effect of atmosphere on the photopolymerizatio®®fand MMA.

MMA ST
Conversion(%) Conversion(%)| MMA ST
Time | £0.04% +0.04% Conversion (%) | Conversion(%)
(min) | N, atmosphere N, atmosphere| air atmosphere | air atmosphere
30 8 6 Nil Nil
60 14 10 Nil Nil
90 18 13 Nil Nil
120 26 18 Nil Nil
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Figure 2-53Effect of atmosphere on the photopolymerizatio®®fand MMA.

From these results, it was found that no polymes feamed under an air atmosphere.

This is probably due to the termination of the podyization reaction by oxygen, which

inhibits polymer formatioff®>. Molecular oxygen can combine directly with thgiee

radicals that are formed by excitation of initiatoolecules by light. The radicals which
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are produced from oxygen and the radicals of it@itiare mainly peroxide radicals, and

this type of radical is not active in formationa@ymer due to low reactivit§>® 2"

2-10-1-7 Effect of the reaction temperature on thphotopolymerization

In order to investigate the effect of temperaturdle photopolymerization, a series of
experiments was performed. In each experiment, Dfthe used monomer was mixed
with 0.02 g of AIBN in 100 mL of toluene with nitgen flowing over reaction mixture.
Reaction was started by irradiation with UV radiatfrom the middle pressure mercury
lamp with continuous stirring for two hours. Theeeage error bar was * 0.40%, and the
results are presented in the following figure:
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Figure 2-5Effect of the reaction temperature on the photopelyzation of ST
and MMA.

From these results, it is clear that there wassitige effect for temperature on the
efficiency of the reaction at temperatures up toX00and at higher temperatures (>100
°C), there was a negative effect for the tempeeatur the rate of polymerization. At low
temperatures, an increase in temperature of reacéio enhance the formation of the
active radicals from the initiator molecules toaye high concentration of the radicals that
enhance the formation of the polymer chains. &hbar temperatures (>100 °C), it may be
that the concentration of the radicals becomesigio*2®*2°) which can lead to an

increased termination rate of the radicals whidhhits the formation of the polymer
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chains under these conditions. In addition togased reaction rate with temperature, it
may cause an increase in the viscosity of the wimik¢ure, which negatively can affect
the mixing of reaction components leading to intindioi of the reaction at higher
temperatures.

2-10-2 Thermal polymerization of ST and MMA

To make a comparison between thermal and photatioii of polymerization, a series of
experiments were undertaken using 2 mL of each menavith 0.02 g of AIBN and 100
mL of toluene under flowing nitrogen for two hotios each experiment. These
experiments were performed at different temperatwand the results are represented as a
conversion percentage as a function of the reatdimperature. The average error bar was

+ 0.28%, and these results are shown in the foligvigure:
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Figure 2-55Thermal polymerization of MMA and ST.

From these results, it was found that, under themitéation of polymerization no

polymer was formed at low temperature (< 40 °C) thad at temperatures higher than 40
°C, there was a positive effect of temperaturehaenrate of polymerization up to 100 °C.
At temperatures higher than 100°C, there was ativegeffect on polymerization. These
observations can be explained by the effect of exatpre on the formation free radicals
from the used initiator. With temperatures loweart#0°C free radicals are not produced
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from the initiator, and at temperatures greaten #@°C, the concentration of the free
radicals increases with elevation in temperatutdeMperatures greater than 100 °C, the
high concentration of the radicals formed may esbdarmination steps, resulting in a
negative effect on the polymerization reaction.ddynparison of these results with those
obtained under photoinitiation, it can be seen, fhladtoinitiation was more efficient than
thermal initiation. This is due to formation of goier at ambient temperature, while

thermal initiation requires high temperatures toup&2% 12

2-11 Proposed mechanism for the photocatalytic pahyerization

Generallythistype of polymerization involves adsorption of themomer molecules on
the surface of the photocatalyst. Then the pagiofehe catalyst are excited by absorbing
a light with a suitable energy in order to initigielymerization so that it is known as in
situ polymerization. The proposed mechanism forgeeeration of free radicals on the
titania particles can be represented as followadiation of titania with a light of a

suitable energy can generate conduction band efectmd valence band hof&€*

TlOZ + hu > T|02 + éCB + h+VB 2-21
Then photocatalytic formation of initiator radicaksn occur when monomer molecules
(M) are oxidized by valence band holes, producadjaal cations which can produce
radical of the monomer by losing a proton, coriducband electrons are captured by an

electron acceptor (A) as follows:

M+ h'yg - M7 2-22
M- > M- +H 2-23
A+€cp = A 2-24
A+ H* - A 2-25

Then chain growth with monomer molecules can oesuiollows:

M- +nM = (M)nM- 2-26
A +nM > (M)nA- 2-27

The termination of chains can occur by radical cowaton or by disproportionati(S]rJf2 )
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2-12 Proposed mechanism for the photopolymerization

Conversion of monomer molecules into polymer by fradical polymerization involves
three main steps, initiation which involves decosipon of the initiator by absorbing light
to generate primary free radicals, which is relgiwslow. The initiation step is followed
by rapid propagation reaction between free radi@atsmonomer molecules. This step
continues until the termination step occurs. Thalfstep is the termination step, which
involves either combination between two polymeiigald to give one polymer molecule,

or by disproportionation of two polymer radicalsgive two polymer molecul&4°1©)

A: Initiation step: Generation of radicals by absorbing light fromtiator molecules (1)

reaction with monomer molecules (M) as follows:

| +ho » R 2-28

Yy

R + M RM - 2-29
B: Propagation step

This step involves further reaction of the polymaaticals with the monomer molecules as

follows:
RM -+ M > RM, 2-30
RMy + nM —————— R(M) 45 2-31

The last step represents polymer radical contaith)g..of the monomer molecules, in
this way the polymer chains are built up with achtmatail arrangements of polymer
molecules. In this step, the growth polymer chanasy contribute to chain transfer
reaction, which involves unimolecular atom trangfem any available molecule in the
system, such as solvent, monomer and initiatortimgpropagated radical to produce a
polymer molecule and at the same time donor madscebnvert into free radicals. This

process can be represented as follows:

R(M)n+2 +AB > R(M)n2A + B 2-32

In above equation, AB is a donor molecule in thetey

C-Termination step
This step involves reacting of two growing polyneaeains and this proceeds according to
the termination mechanism by coupling of two praagy chains to give the final

saturated end polymer as folldW&:

101



2R(M),, > Ry(M)2, 2-33

In addition, termination could occur by disproponation mechanism, in this case
hydrogen or other atoms transfer from end of orancto another chain. This process
gives two types of polymer, one with saturated and the other with unsaturated end as

follows0

R(CH,)NCH,CHy 4+ R2(CH)MCH,CHy —» R(CH)NCH=CH, + R2(CH)MCH,CH;  2-34

Generally, free radical polymerization for MMA cha represented in the scheme below.
In this mechanism R is a photoinitiator that absdight to give initiation free radicals(R
This then coupled with the monomer e.g. MMA to gaative propagating radicals from
initiator molecule and the monomer. This procesiginued to form propagating chains

until termination occurs as mentioned above. Thee@ss is represented in the following

scheme:
R + hu > R 2-35
R
R + o0 > 0 2-36
o— oO—
>. > R
O +O —>O «\ O «\ 2'37
o— -
o o) o)
>' > R R
n
o \ o \ > - - 0 2-38
o— o—— o—

Scheme 2-5B8roposed free radical photopolymerization of MMA.
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2-13 Conclusions

In this chapter doping titanium dioxide with nitesgwas performed at three different
temperatures, 400 °C, 500 °C and 600 °C. It iebetl that doped nitrogen species within
titania may exist as interstitial species or substinal species or a combination of both
these states. It was found that doping titani&a witrogen doesn't alter its structure, as the
XRD patterns for the doped samples were simildhése of the non-doped counterparts.
In addition, doping titania with nitrogen generagda®d shift in its absorption spectrum,
possibly as a result of mixing of 2p states ofdbped nitrogen species with the O 2p
states as suggested in the literature. Doping kesnap 400 °C and 500 °C results in higher
BET specific surface areas. The photocatalytitviagtfor the various samples was
investigated by measurements of the photocatadg@omposition of MB. In addition,

the photocatalytic polymerization of styrene andhylemethacrylate was undertaken for
selected titania samples. It was found that, dppgitania at 400 °C and 500 °C resulted a
higher photocatalytic activity in comparison witarpnt undoped titania, while doped
samples at 600 °C showed lower photocatalytic &gtiVhe improvement in

photocatalytic activity for titaniaN400 and titaNi®00 probably arises from the increase in
the absorption intensity in the near UV and visitglgion with increase in nitrogen content.
Additionally, these samples have a higher surfaea with smaller particle size resulting

in higher photocatalytic activity. While photocatiad polymerization has been reported
elsewhere in the literatUté®>*3? the influence of the modification of titania higrogen
doping for this process does not appear to hage lmvestigated in detail.

A limitation of the current study is the applicatiof a non-monochromatic light source,
which was middle pressure mercury lamp (125 watie lamp give a wide rang of
radiation ranged from UV to visible region of th@estrum. This aspect should be
investigated in future studies, with particular éragis upon wavelengths in the visible

region.
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Chapter-three: Modification of the photocatalytic activity of titanium dioxide by

metal doping

3-1 Introduction

The anatase polymorph of Ti@& the most commonly used photocatalytic matewhich
can be used as an anti-bacterial agent due tegghsaxidation activity. One disadvantage
of this materiaf" is its high bandgap energy, which is 3.2 e\¢aning that the absorption
edge of TiQ occurs at about 390 nm. Consequently, the spiestsum cannot be
efficiently used in heterogeneous photocatalytiactiens with this materid?. The nature
of the surface properties of titania play a siguifit role in its photocatalytic activity. The
activity of the doped metals depends on some facioch as oxidation state and the type
of defects that can be created within the latticne semiconductor. Metal-doped titania
has been studied widely in photochemical and pladébgtic systems, but the results of
such studies are often conflictify In some cases, metal doping titania leads to a
reduction in activity of the photocatalysed reactmd the type and the amount of the
doped metal can play a significant role. Generalhgtocatalytic processes performed
using the solar spectrum would be more econonigad tising artificial UV light.
Importantly, in relation to this, it has been fouhdt doping titania with trace amounts of
some metals can shift its absorption to the visibtgon®. Much effort has been directed
to modify the spectral properties of titania to eoa wide- range of the spectrum. One way
to do this is spectral sensitization of }ising dyes such as perylene derivatives,
phthalocyanines, porphyrins or Ru(ll)-complekes the long-term stability of sensitized
TiO, photocatalysts may be limited by self- degradatibthe sensitizing dyes on the
catalyst surfad®. Doping TiQ with transition metal ions may be a good altexeatd

dye sensitisation. It was found that doping JI® metal ions with a valence higher than
4+ increases the photoactivity of Ti®. Study of the photoelectric properties of the
photocatalyst combined with photocatalytic activégts is a good tool to gain an
improved understanding of doping effe@ts It has been found that doping Fi®ith

Mo", CP* or F€" leads to reduction of the charge carrier lifetiméhe surface of the
modified catalyst because the dopants occupy dasites and can act as recombination
centres leading to inhibition the photocatalytitiaty of the catalyst® . Generally,

doping low concentrations of some metals can extiea@dbsorption of the photocatalyst
toward the visible region of the spectrum. In addit some metals of group (VIII), such as
Pd and Pt can improve the photocatalytic activitithe doped cataly$t The study of
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metal deposition on the surface of titania relédethe properties of metal/ metal oxide
interface. This can affect the properties of bbthetal and the semiconductor. For
example, doping titania with small particles ofdj@ns can enhance the photocatalytic
activity of titania, while silver gives a differeattivity 78 Generally, reactive metals e.g
Fe, Al, Mg, Cu and Zn can reduce titania and becormdized, which facilitates their
deposition in the lattice of titania. Growth of tthleped metallic particles can occur in two
dimensions and starts on the top of the interfdaiar that is composed of both reduced
titania and oxidized metal. On the other hand, detjgm of non- reactive metals such as
silver, platinum, copper and gold does not resuteduction of titania and these metals
can be deposited by three dimensional crystal tfdwit has been found that deposition
of titania with chromium result in strong interaxctibetween the metal and the substrate
and gives two-dimensional growth leading to therfation of an interfacial layer with
titania, composing reduced titania and oxidized*®r Deposition of titania with Cr can
induce two states within the band gap region ataBeMleV below the Fermi level,
reflecting both partially filled Cr 3d and Ti 3dases. The character of these states was
studied using resonant photoemission and it has ¢@ecluded that the state at -3 eV is a
Cr 3d state and the -1 eV state is a Ti 3d $t&teDiebold and co-workers reported a
distinguishable gap state for iron doped titanmal #hey suggested a weaker interaction for
this case in comparison with Co and Cr dop&ftsThe same result was reported by Shao
and co-workers when they studied the propertid¢gasfia supported by cobalt metal and
cobalt oxide, where they proposed a weak interadigween Co and titarit2).

Generally, doping titanic with some metals can ioverphotocatalytic activity of many
reactions. In this context, photocatalytic deconitpms of some pollutants in wastewater
can be performed over these systems.

The photodegradation of organic and inorganic patits on the surfaces of the
semiconductors has become a major subject of s&4t®. For example, textile and
other factories produce different types of orgatyie. These are considered as an
important class of aquatic pollutants and are béegm major source of environmental
contamination. For this reason, many researchesuthve been focused on the treatments
of coloured wastewater. However, because of theptmity and variety of dyestuffs that
are used in the dying processes, it is difficulfind a suitable treatment procedure that
completely covers the effective elimination oftgpes of dyes. Biochemical oxidation
methods particularly suffer from significant limtitans because most of the dyes that are
commercially available have a high resistance tdvegrobic microbial degradation.
Furthermore, these dyes may be converted to taxdarinogenic compounds’. On the

other hand, using physical methods such as flottonland adsorption on activated
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charcoal are not effective and merely transfempiblutant to other media, thus causing
secondary pollutioft”. Due to all these potential problems, semicondsctnd

especially titanic are the most effective and comiystudied systems for organic dye
degradation. The heterogeneous photocatalyticadegjon of a large number of organic
pollutants in water has been widely studied appiyare and doped titania and in almost
all cases this route was found to be effective feanenvironmental and cost point of view.
Both the surface as well as intrinsic propertiestahia can play a key role in influencing
the photocatalytic activity in these proces‘é%‘%l). In addition to use titania in the
treatment of pollution of air and soil, there aoeng other materials can be used in this
process such as solid acid catalysts. For solil atialysis processes, doping small
concentrations of transition metals can enhanceadheity of semiconductors. This is
dependent on some considerations that must belimete are metal concentration, the
energy level of the dopants, available oxidati@test and the type of defects that can be
created in the lattice of the semiconductor. Despitlespread study, there is still a degree

of disagreement in the literature relating to metgded titani&>2®. .

3-2 Band structure of semiconductors

In the case of small crystallites, it can be comgd that there are an infinite number of
atoms within the structure of the solid so thag, dlrerlapping of the individual atomic
orbitals and electronic states can lead to the &ion of a continuous electronic band
structure in the solid. This can lead to the cowatif a valence band and a conduction
band, and the difference between energy levelsaset two bands determines the
photoactivity and excitation energy for semicondust For a semiconducting transition
metal oxide such as titanium dioxide, these leasetsdetermined by bonding and anti-

). However, the

bonding characteristics of the electrons in theemalar orbitals (MOs
combination of these MOs produces the VB, whicfillesd by electrons at 0 K. At the
same time, antibonding MOs combine to form the @Bich for d transition metal oxide
such as Ti@that comprises Tis empty at 0 K?®. The energy separation between VB
and CB is referred to as the bandgap. Electronsfieafrom VB into the CB by absorption
of photons of sufficient energy. For a semiconduntaterials of transition metal oxide at
0 K, all the energy states down to the FL are faltgupied with electrons which relates to
the HOMO level at the same time

all energy states above Fermi level are empty wietdtes to the LUM®&®. The position

of Fermi level within the bandgap of the semicontdudepends on some factors such as
temperature, and whether the semiconductor issitrior extrinsic. For n-type

semiconductors, Fermi level lies closer to the Gilevin case of p-type semiconductors,
111



Fermi lies closer to the VB. The position of FLimrinsic semiconductor, p-type and n-
type is shown in the following figure:
CB

FL

VB
Intrinsic semiconductor p-type n-type

Figure 3-1 Fermi level position in an intrinsic, p-type amdype semiconductor.

3-3 Deposition of metals on TiQ

Several methods have been used to load metaltoiatiincluding photodepositiéi?,
impregnatiorf®” and ion-exchangé®. The photodeposition method involves using UV
light irradiation for a suspended powder of the isemductor in a solution containing a
metal salt as well as an electron donor such aetb acid or ethanal. Kraeutler and Bard
first used this method in 1978 who reported prejaraf Pt/ TiQ, comprising highly
dispersed small clusters of the metal formed adiation with UV light at low
temperature, which minimised surface diffusionte metal atom$®. Dunn and Bard
studied the effect of pH on the deposition of Ptitamia and reported that the higher
deposition rate was in the pH range 5-6. They skiaat photodeposition of Pt can occur
even in the absence of ethanoic acid, singe &tcted as an electron donor being oxidized
with lower efficiency®®. In another procedure, Gratzel and co-worf&i8 and Mills®”
found that metal ions can be reduced by condutt@omd electrons that are produced upon
excitation of titania by UV light, and the resultaphotoholes contribute to the oxidation
of methanal and methanol. In the impregnation watpowder semiconductor is
impregnated with an aqueous solution of metalatadtdesired temperature, then separated
and washed with water and calcinined at high teatpez to remove unreacted salts from
the catalyst. The salts that are commonly usetheraitrate salts of the met&l®.

Dybowski and co- workers prepared titania dopedh Wwih by using Rh(N¢), with a small
amount of aqueous ammonia. Using aqueous ammani@caase the pH of the mixture
forming a rhodium/ammonia complex. This technigesuited in a high dispersion of the
Rh on the titani&®. In the ion-exchange method, Pt doped,Té@n be prepared by
dropwise addition of hexachloroplatinic acid,4Cl) to a stirred agueous suspension of
titania . Then the resultant slurry is dried anentheduced in a flow of hydrogé&?. It has
been found that ion exchange with Pt@YOH), can result in a doped catalyst with

platinum particles more highly dispersed than thekeh result from the impregnation
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method and ion exchange usingCk “°). In 2000, Anpo reported a new preparation
route towards doped titania photocatalysts whislega good response to light absorption
in the visible region. This modified titania wagpared by an advanced high voltage ion
implantation method™. According to this technique, the electronic mies of titania
were modified by bombarding them with high energatahions. lons of metals such as Cr
and V were injected deep into the bulk of titanyauking high acceleration energy,
following which samples were then calcined in 4i#80 °C. The resultant doped titania
was used effectively in the photocatalytic decontpmsof NO to N, and Q under
illumination with visible light*Y. The same technique has been used for doping other
transition metals such as Fe, Ni and Mn, for whighresultant titania exhibited
photoactivity in the visible regiofl?. Titanium dioxide doped with iron has been
synthesized by a hydrothermal method, in whichntiten (IV) tetra-tert-butoxide and
FeCk were mixed in octanol alcohol and heated at 23@f@ hours in the presence of
water. The powder formed was then rinsed, driedcahdned at 560 °C. The resultant
Fel/TiO, was photocatalytically efficient for the photodadmtion of some dyes under
illumination in both the UV and the visible regiofi. In another study, a series of
vanadium doped titania samples were prepared byrtodified sol-gel methods, in the
first one, vanadyl acetylacetonate was dissolvdzutanol alcoholand then mixed with
titanium butoxide by water resulting in esterifioat of acetic acid and butanol. The
solution was then dried 150 °C and calcined at“4D0rhe second method involved the
slow addition of the solutions of vanadium chloridéhanol and titania into cooled acidic
solution at 0 °C. The final product then was diaed calcined to give V/Ti®Q This

modified catalysts showed activity in the visibbgion“.

3-3-1 Bandgap modification by metal doping

There are many methods that can be used to depétivith metals. For example, the
implantation technique is a better alternative ttienchemical sol-gel technique when
used for doping of transition metals ions into @, lattice. Using this method results in
a significant red shift in the absorption edgeitafid*>*®. However, some metals such as
Fe, V, Cr, Mn, Co, N and Cu have been doped iredilik of titania substituting i
species in the lattice using the ion implantaticetimd“”. Doping titania with these
metals causes a red shift in the absorption edgjeaafa, which may result from the
overlap between Ti 3d levels and the d levels e§¢hmetal§*“". It has been reported
that, Fe doping in the titania by chemical routesdpces impurity states within its
bandgap*®°%. This leads to a red shift in the bandgap oftitas a result of substitution

of Ti" sites by F&. When increasing the amount of Fe dopant, vidigte: absorption
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was increased but higher visible light activity veafiieved at lower Fe content. This effect
may be related to the role of these species itrédpping and transfer of both
photogenerated electrons and holes to the surfadama. For high dopant
concentrations, these ions act as recombinatiome=etinat give lower photocatalytic
activity “® 4951 |n another study, it was reported that VV dopifitjitania films by a dip
coating technique resulted in a higher photocatafdtivity under day light irradiation and
visible light irradiation simultaneousfi?”. Both these observations can be explained in
terms of bandgap narrowing which is caused by dpfhiarse metals within the titania
lattice, resulting in a higher activity for the dampsamples in comparison with the neat
titanid®> *>¥ Pt can be doped into titania by the photodejuosinethod as metallic
particles on the titania surface, and can be uséus manner to scavenge photogenerated
electrons due to its suitable Fermi level energsitimn ©* °°) It was reported that doping
Pt on titania induced visible light activity as @obPt can introduce intergap impurity
states which assist valence band electrons abgpvisible light. These states did not act
as recombination centres as indicated by improvémdroth the UV and the visible light
activity for Pt doped titanf&. Other transition metals such as Zn, Ag, anchiamitles

with ionic radii greater than that of ficannot substitute at the Ti sites in the titaniide
(58-60) For example, Zii was found to be dispersed in the form of ZnO elsson the
surface of titania forming a coupled semicondusiatem®®. It was found that the

content of the surface oxygen vacancies in thaiitaurface was increased with increasing
dopant content. This generated some energy statssto the conduction band of titania
and therefore interfacial coupling between ZnO @i@,. These effects lead to the
narrowing of the band gap of titania, which resiliite photocatalytic activity under
irradiation with visible Iighf58). Another study reported that doping Ag didn't nfipdine

band gap of titania, but the resultant material a@s/e in the photocatalytic degradation
of rhodamine 6G under illumination with the visillilght as a result of dye sensitization.
For this system, irradiation with visible light widdead to quick scavenging of the

photogenerated electrons by Ag that inhibits cargeombinatior{®”.

3-3-2 Mechanism of photoactivity of neat and doped titara

The mechanism for photoexcitation of the photogatalis initiated by absorption of light
with a sufficient energy (h> Eg). Upon excitation a conduction band electrath \zadence
band hole are generated on the surface of theysat®hotoexcitation events can be
presented in the following figure:
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Figure 3-2Photoexcitation events over neat and doped titéwicbare titania,
hv, doped with non-metal, andhdoped with metal.

When pure titania is excited by absorption of atligith a suitable energyh Eg), an
electron is transferred to the conduction bandjitepa positive hole in the valence band
as in the path ¢h). There are several paths for the electron anel. Aidley may recombine
again, which leads to dissipation of their energy¥ight and/or thermal energy. In addition,
they can be trapped on surface sites or reactedgitiron donors/ acceptors that are pre-
adsorbed on the surface of the catalyst or withsthheounding charged particles that may
be present in the electrical double layer. Readtietween electron donor species and
holes can occur, species can be produced whickegsss a high oxidizing potential. These
reactive species e.g. OH radicals, CH,O, and Q can play an important role in the
mechanism of the photocatalytic react{th Visible light photocatalytic activity for
example, metalized titania (Pt/ TiOesults from the new energy levels that are predu
within the bandgap, so that electrons can be axéitem the VB to these defect states
below the CB by absorption light with suitable agye¢hvs). This can lead to excitation of
the photocatalyst in the visible region. In additithe dopants can improve trapping of the
excited electrons leading to reduction of the ddthe recombination reaction. These two
factors can lead to enhance the photocatalytivigctf the doped titanf& %)
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3- 3-3 The aim of the project

The aim of this project is to investigate both pi@toreponse and the photocatalytic
activity for titania upon doping with Al, Ci** and C8*. The metal-doped samples were
also doped with nitrogen to produce co-doped sasngfi¢itania. The photocatalytic
activities of the doped samples were investigabedhfe photocatalytic degradation of
methylene blue. In addition, the doped and co-d&aedples were used in photocatalytic
polymerization of methyl methacrylate.

3- 4 Results and Discussion

3-4-1 Doping titania with metal

Doping titanium dioxide (anatase, rutile and P28hwluminium, copper and cobalt was
performed by the impregnation method. The weightgr@age of the dopants introduced
was determined using atomic absorption. The reavétshown in the following table:

Table 3-T'heweight percentage of the dopants metal

ions doped titarsagples.
Co wt% Cu wt% | Al wt%
Catalyst +0.10 +0.10 +0.12
anatase 1.25 1.32 1.40
rutile 1.30 1.26 1.31
P25 1.28 1.22 1.30

3-4-1-1 XRD patterns for metal doped titania

XRD patterns for titania doped with Al, Co and Ga almost similar to those of the pure
TiO, parent. For the doped anatase, the main peakatdsaremained ab 2 25.5° and

all the peaks for anatase doped with copper, calpataluminium were slightly broader
than that of the parent sample. For rutile, thenpaaks for its doped form with Al, Cu
and Co were reduced in intensity compared to thiwped form, but the position of these
peaks also did not change. For P25 doped with @@r@d Al the reflections were lower
intensity than those for the undoped one. Generddiging titania with metal ions in this
range didn’t affect its crystalline structure. Td@herent diffraction domain size of titania
was apparently decreased upon doping and/or disordee lattice was increased.

Characteristic reflections of the dopant metalmetal oxides were not evident in any of
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these samples. If this was apparent it would hasieated that the metal ions had formed
a segregated pha$e ®”. The XRD patterns for the neat and metal-dopediti samples

are shown in the following figures:
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Figure 3-5: XRD patterns for neat and Al, Cu and Co dopedeutil

3-4-1-2 UV-visible spectra for doped titania with A Co and Cu
The UV- visible spectra for parent and metalize@;[{rutile, anatase and P25) are shown

in the following figures:
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Figure 3-6UV-visible diffuse reflection spectra for metal gmpanatase.
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Figure 3-8UV-visible diffuse reflection spectra for neat anétal-doped rutile.

From these figures, it can be seen that all tipedsamples with metal have extended
absorption within the visible region of the spentrin comparison with the parent titania
samples. The red shift in the absorption of metgded titania (M/TiQ) is probably due to

the narrowing of the bandgap and charge transdesition that occurs between d electrons
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of the dopant metal ions and the conduction bandience band of titan{&®. The doped
metals may form dopant energy levels within thgiagl band gap of titania below the
conduction band. These impurity levels can causa &hift in the absorption spectra of
the doped samples so that, when excitation ocguaborption of light with sufficient
energy. Electronic transitions occur from the VBitd#nia to these dopant levels, and then
from these dopant levels into the conduction bdrtiamia®®’®. This can lead to
enhanced absorption and cause a red shift in #arspof the doped samples. Generally,
these samples showed a variation in their shifatde visible region. For anatase, Al
doped anatase showed higher shift while Co dopathae showed lower shift. For doped
rutile, higher shift can be seen with anatase dppiith copper while lower shift can be
seen for Al doped rutile. For metal-doped P25, éighift was found for Al doped P25
and lower shift for Cu doped P25. This variatios@iption edge for these samples arises

from formation of different interbands with dopétnia.

3-4-1-3 Specific surface area (BET)

The specific surface areas for the metal doped ksmmypere measured by the BET method.
The patrticle sizes were calculated from XRD patidan neat and doped samples using the
Scherrer equation assuming that they were isotrapicthat there was no contribution of
lattice disorder to reflection widths. The spectiaface areas for the doped samples are

shown in the following table:

120



Table 3-BET specific surface areas for metal-doped titahiee
average particle size was determined by applyidge®8er equation.

BET (nf/g) | Particle size by

Catalyst +1 XRD (nm)
anatase neat 112 16.5
anatase/Al 120 16.4
anatase/Co 116 16.2
anatase/Cu 116 16.3
P25 neat 50 18.5
P25/Al 55 18.4
P25/Co 54 18.3
P25/Cu 52 18.2
rutile neat 148 12.5
rutile/Al 154 12.3
rutile/Co 152 12.4
rutile/Cu 152 12.3

From these results, it can be seen that the suaf@eefor the metal-doped samples was
apparently increased slightly in comparison with parent samples although the changes
may be within experimental error. The reason fag i possibly that loading these metals
prevented aggregation of the powder and prevemietiat growth when calcining the

metal-doped samples at 300 “&.

3-5Point of zero charge of the metal doped titania

The point of zero charge (PZC) for the doped taamith metals was evaluated by
potentiometric titratio?. Results of the titration are plotted as a volwhthe added

acid against the pH of the mixtuamd the PZC is taken as the point of intersectith w
the blank pH curve as shown. These results are suised in Table 3-3, and Figures (3-9)
- (3-11).
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pH

Table 3-BZC values for metal doped titania.

PZC (pH)
Catalyst +0.10
anatase neat 6.20
anatase/ Co 6.60
anatase/Cu 6.65
anatase/Al 6.75
P25 neat 6.00
P25/ Co 6.55
P25/ Cu 6.45
P25/Al 6.65
rutile neat 5.50
rutile/Co 6.20
rutile/Cu 6.15
rutile/ Al 6.30
12
—s— blank
—x— P25 neat
—— P25Al
10 - P25Co
—x—P25Cu
8 |
6 |
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Figure 3-9PZC values for neat and metal-doped P25 samplesvierage error

bar +0.1.
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The PZC values for neat and doped titania with leete@ shown in the above figures.
From these results it can be seen that there \whgta increase in the value of the PZC for
the doped samples in comparison with parent titaamples Slightly increase in PZC
value for metal doped samples probably arises frontribution of metal dopants in

acidic-basic behaviour of the surface.

3- 6 Photocatalytic activity for neat and metal dopd titania

3-6-1 Photocatalytic decoloration of MB over metatioped titania

To investigate the photocatalytic activity for ddpmend neat titania, a series of experiments
was carried out to follow photocatalytic decolavatof MB as a model of a common dye.
For comparison, neat titania was used under the samditions. The decoloration of MB
was followed by measuring the absorbance at 655l results are shown in the

following figures:
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Figure 3-12: MB decoloration over metal-doped anatase.

From the above results, the rate of the photodatadgcoloration of MB over metal-doped

anatase for one hour is shown in the followingeabl
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Table 3-4:Rates of decoloration MB over metal-doped anatase.

Rate of reaction Surface area normalized rafe
Catalyst x 10%+0.14 / mol. *.s* | x 10®/ mol. I*. s'. m?
anatase neat 1.12 1.00
anatase/Cu 1.44 1.24
anatase/Al 1.68 1.40
anatase/Co 1.46 1.26

From the above results, the surface area normaliz@sty for the photocatalytic
decoloration of MB over neat and metal-doped aeatass found to be in the following
order:

anatase/Al > anatase/Co> anatase/Cu > anatase neat

The results for the photocatalytic decolorationranetal-doped P25 are shown in the

following figure:
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Figure 3-13: MB decoloration over metal-doped P25.

The rate of the photocatalytic decoloration of M&ometal-doped P25 is shown in the

following table:
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Table 3-5:Rates of MB decoloration over metal doped P25.

Rate of reaction x T0 | Surface area normalized rafe
Catalyst |+ 0.10/ mol. 1. s* x 108/ mol. I*. s*. m?
P25 neat 1.42 2.84
P25/Al 1.74 3.16
P25/Co 1.62 3.00
P25/Cu 1.58 3.04

From the above results, the activity for the phatalytic decoloration of MB over neat
and metal doped P25 fell in the order:

P25/Al > P25/Co> P25/Cu > P25 neat.

The results for the photocatalytic decoloratiotMid over metal-doped rutile are shown in

the following figure:
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Figure 3-14v1B decoloration over metal-doped rutile.

The rates of the photocatalytic decoloration of MEr metal-doped rutile are shown in

the following table:
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Table 3-6: Rates of decoloration MB over metal-doped rutile.

Rate of reaction Surface area normalized rate
Catalyst x 10+ 0.10/ mol. . s* | x 10%/ mol. I'". s*. m?
rutile neat 0.94 0.63
rutile/Al 1.55 1.01
rutile/Cu 1.28 0.84
rutile/Co 1.35 0.89

From the above results in Figures (3-12)- (3-14) &ables (3-4)- (3-6), it can be found
that the rate of photocatalytic decomposition of MEr metal doped titania, anatase,
rutile and P25 was higher than that for the undag@adples. That is probably due to the
enhanced surface properties of the doped cat@hsiersion of metal ions in the lattice of
the catalyst can reduce the recombination reati@ween gg and Hyg as these ions can
act as electron trap§"®. In addition, the particle size for the doped ptE® were slightly
smaller than that for the neat titania and sincg@datalytic activity increases with a
decrease in the particle size a higher activity tmagnticipated. For the neat samples, P25
showed the highest activity while rutile showed ltheest activity in the photocatalytic
decomposition of MB. This arises from higher adyifor the mixed phase titania as
established in often studies. However, for alldbeve the three sets of samples that were
doped with Al, Co and Cu showed a better photdyataactivity with respect to their
parent samples. As mentioned previously, condudiaond electrons and valence band
holes that are produced upon irradiation of putania may recombine directly in back
electron transfer. This represents a main energgtigastep as about 90% of the species
recombine again and this normally occurs in the cd®xcitation of pure titania. On the
other hand, if the charge separation is maintaimedels can react with surface bound
species (KO or OH), leading to formation of active radicals on toieface (OH).
Conduction band electrons can capture by adsorkggea producing superoxide radical
anion (Q") and these species play a major role in the platabgic reaction’®.

Generally, doping titania with metals can redude od the rate of the recombination
reaction, as these species are important eleatps for the CB electrofi$™®,
Enhancement in the photocatalytic activity in tieeamposition of organic pollutants over
metalized titania have been studied by many rekess¢”"%%% |t is believed that general
improvement in the activity for M/Ti@is probably due to the difference in the
concentration of both (&, h'vg) pairs. That is caused by direct oxidation of aded

electron donors by {hs) and reduction of adsorbed electron acceptorgby) (2.
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However, as discussed in the previous chaptetpphtalytic decomposition of MB in
aqueous suspensions of titania can follow two maishas. In the first mechanism,
reaction is can occur under anaerobic conditiomist@ result of this mechanism is the
reduction of MB into colourless form that is knowlIB. This reaction is a reversible
process and LMB can be oxidized back into MB in lircontrast to this, second
mechanism involving complete mineralization of MBa inorganic species in an
irreversible proces$However, in the current study it believes thataeposition of MB
occurs according to the second mechanism as the disBot oxidized back into MB in

air overnight.

3-6-2 Photocatalytic polymerization of methyl metharylate over metal doped anatase
Photocatalytic polymerization of MMA over metal-ampanatase was carried out under
irradiation with UV light from an immersion type dule pressure mercury lamp (125
Watt) for two hours. The product was then separbjecentrifugation and the resultant
solid then washed with water to remove unreactedamer and dried in a vacuum. The
crude product was then dissolved in THF with vigrstirring and the mixture was
separated by centrifugation. The solid was founcotttain bonded polymer and the liquid
contained extracted polymer. The extracted polywas precipitated by adding methanol

to give the final solid polymer.

3-6-3 Characterisation of the polymer
The formed polymer was characterized by using FS&ctroscopy, NMR spectroscopy,
SEM and TG analysis for the both bonded and exdagblymer.

3-6-3-1 FTIR spectroscopy
The FTIR spectra for PMMA extracted and PMMA grdfteetal-doped anatase are shown

in the following figures:
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Figure 3-16FTIR spectrum for the extracted PMMA.

100
95 C
a

90 - b

350C 300C 145
85

125(

80 | a-anatase/Cu/PMMA

b-anatase/Al/PMMA 172¢ 1157

c-anatase/Co/PMMA
75 851 |
70 T T T T T T !

3600 3100 2600 2100 1600 1100 600

wavenumber(1l/cm)

Figure 3-17:FTIR spectra for PMMA grafted metal-doped anatase.

Both extracted and grafted PMMA on the anatase shoharacteristic band at 1728 ¢m
that can be assigned to the stretching vibratiozadbonyl group, and this sharp peak
indicates the presence of the grafted PMMA on tiease. Also the band at 2990- 3000
cm™ isrelated to free CHVibrations and the band at 1157 &ntan be assignetb the -
C-C-O- stretching mode, which is not present in MR?. The broad peak at 3350- 3450

cm ™ belongs to the stretching vibration mode of OHugon the surface of titania
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nanoparticles. Both extracted and grafted PMMAmnanatase show a characteristic band
at 1728 cm’* and this sharp peak indicates the presence agreMMA on the anatase.
In addition, the band at 2990- 3000 dris related to the free Ghtibrations®?.

3-6-3-2'H NMR spectroscopy
Further investigation for the extracted polymer wadertaken by measuring thé NMR

spectra for MMA and extracted PMMA as shown infibleowing figures:
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Figure 3-18:'H NMR spectrum for MMA in CDGl
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Figure 3-19: *H NMR spectrum for the extracted PMMA in CRCI

The most interesting aspects of these spectraangsaks ai = 5.50, and 6.05 which are
assigned to the &= C(CHy)- in MMA, Figure 3-18 are completely absent inraxted

PMMA as shown in Figure 3-19. The main featurebNMR spectrum for the extracted
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PMMA, is the presence of the peak which correspdodise methoxy protons &t 3.57-
3.64. It was observed that the spectrum of extdaletdMA was similar to PMMA that is
synthesised by normal chemical polymerizatféh

3-6-3-3 Scanning electron microscopy
Morphological studies for metal-doped anatasedhafted with PMMA were undertaken
using SEM. These images are shown in the folloviongye:
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Figure 3-20: SEM images for (A) neat anatase, (B) anatase/CuPM@A
anatase/CoPMMA and (D) anatase/AIPMMA.

From these images, it can be found that therengesthange in the morphology of the

surface of anatase after grafting with the polynteras found that anatase nanoparticles
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are aggregated after grafting with the polyﬁq@rWhen PMMA was grafted onto the
surface it showed a better dispersibility.

3-6-3-4 TGA analysis

The grafted polymer was further investigated byrttad gravimetric analysis. This was
performed under air and nitrogen atmospheres andame results were obtained for both
cases. The TGA profiles for PMMA grafted metal-dda@atase are shown in the

following figure:
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Figure 3-2IFGA for neat and grafted anatase with PMMA under ai
atmosphere.

From these results, it can be seen that, therelesaa evidence for the formation of the
grafted polymer within metal-doped anatase duédacharacteristic mass loss about 12-
18% of the weight of composite materials. Theatt#hce in decomposition temperature
for these materials (PMMA grafted metal-doped asgtéhan that of traditional PMMA
(extracted polymer) probably arises from the inteom between polymer chains and
anatase nanoparticlt® Conversion percentage of grafting for anataselAftase/Co and
anatase/Cu was 20.5%, 14.9%, and 14.3% respectively
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3-6-3-5 X-ray diffraction patterns (XRD)

In order to investigate the effect of the graftofghe polymer on the crystalline structure
of the metal-doped anatase, X- ray powder diffaacttudies of metal-doped anatase
before and after grafting were carried out. Thegpas for the extracted PMMA and that

grafted with the metal-doped anatase are showmeifiallowing figures:
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Figure 3-22XRD patterns for the extracted PMMA.
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Figure 3-23XRD patterns for neat and grafted PMMA over metal-dopeatase.
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From the above patterns, it can be seen that tHe paterns of extracted PMMA is the
same as that of extracted PMMA produced over rénadpped anatase as shown earlier in
Figure 2-28. In all cases, grafting polymer ovesitase doesn't alter its crystallite structure
as the patterns XRD for PMMA grafted anatase isatthe same as for pure anatase as
shown in Figure 2-27.

3-6-4 Photocatalytic polymerization over metal dope anatase

Photocatalytic polymerization of MMA was performeder metal-doped anatase and for
comparison photocatalytic polymerization was alsdgrmed over neat anatase. The
reaction was carried out under an air atmospheatauaimg irradiation with UV light from
an immersion type middle pressure mercury lamp.réhaetion was then initiated by
irradiation with light from the mercury lamp witkirsing at 20 °C and the reaction was
continued for two hours under irradiation with Udtration. The extracted polymer was
precipitated by adding methanol to give the fir@idspolymer. The yield of the reaction
was calculated as a percentage of conversion aghtr@mer in to the polymer. The
average error bar for conversion percentage oethesults was + 0.24% . The results are
presented as irradiation time against conversioogmeage as shown in the following
figure:
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Figure 3-24Photocatalytic polymerization of MMA over metal-ampanatase.
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The order of activity falls in the sequence andtsdse anatase/Co > anatase/Cu > pure
anatase. From these results, it was found tha¢ ieeelative enhancement for the
efficiency of photocatalytic polymerization for theetal-doped anatase in comparison with
the neat sample. These observations may be a#ddlatan improvement in the activity of
the catalyst by increasing its specific surfaceaaed decreasing the particle size by
doping metals, as the activity of the catalyst eclea with increasing surface area and
reduction in the particle siZz&’. In addition to that, the presence of metal s the
lattice of the catalyst may reduce the rate of balektron transfer and reduce the
recombination reaction between conduction bandrele@nd valence band hole.
Generally, for all the above three sets of samihlesloped samples showed better
photocatalytic activity with respect to the neahgée. The number averaged molecular
weights (M) for the PMMA formed over parent anatase, anatakedrfatase/ Co and
anatase/ Cu were 60,000, 50,000, 54,000, and 568pectivelyFrom these results, it
can be concluded that the highest molecular weigist obtained with a lower conversion
percentage, while a lower molecular weight wasiabthwith a higher conversion
percentage. This probably arises from the reldtietaveen rate of polymerization reaction
and viscosity of the polymerization mixture. Higiscosity results in a low rate of
polymerization, which gives a low conversion petage. For a mixture with a low

viscosity high rate of polymerization occurs whigald a high conversion percentdffe

3-6-4-1 Proposed mechanism for polymerization ovenetal doped titania

Redox reaction between excited photocatalyst pest@nd monomer molecules is an
essential step for photocatalytic polymerizatiddonomer molecules (M) donate electrons
to the positive hole producing radical cations frii@ monomer molecule. These radical
cations contribute to chain growth to give the ffipalymer, and the proposed general
mechanism for polymerization over metal-doped iéas as follow<®®

The first step is the excitation of titania by atisiog light with a sufficient energy
producing (&g, h'vg) pairs as follows for undoped titania

TiO, + hu > TiO, (h*yg + €cp) 1

For the doped titania with metal species (m) ftlewing processes are suggested:

TiO,/m™ + hu » TiO,/ m™1* + h'yg 3-2

n+

m™ + €cp > mni* 3-3
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Recombination reaction betweeggeand Hyg may occur as follows:

e-CB + h+VB > hU 3-4

The formation of the initiating radicals from monameolecule (M) would occur as

follows:
M+ht\yg ———> M "— M+ H 3.5
A+ e-CB = A 3-6
A+ H - A 3-7

The chain growth can occur via reaction of a rddd€séhe monomer or a radical of the
electron acceptor (A) with the monomer, as shown:
3-8

M- + nM > (M)nM-
A +nM > (M)nA 3-9

Chain termination occurs by radical combinatiomgdisproportionation.

3-7 Modification metal doped anatase by doping nimgen

3-7-1 Characterization of the modified samples

Characterization of nitrogen doping metal-dopedasewas carried out by using different
methods such as XRD powder diffraction, BET measerd, UV- visible spectroscopy

and microelemental analysis.

3-7-1-1 Microelemental analysis
The microelemental analysis was used to followetkistence of nitrogen species in the
nitrogen doped metalized samples. The results afi¢HN contents for neat and co-doped

TiO, are shown in the following table:
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Table 3-7CHN analysis for Hand N contents for co-doped TiO

H/wt% | N/ wt%

Catalyst +0.01 |£0.02 N/H atomic ratio
anatase/Co 0.30 0.00
anatase/Co/N400| 0.27 0.31 0.08
anatase/Co/N500| 0.25 0.43 0.12
anatase/Co/N600 | 0.21 1.72 0.59
anatase/Cu 0.31 0.00
anatase/Cu/N400 | 0.28 0.36 0.09
anatase/Cu/N500 | 0.24 0.40 0.12
anatase/Cu/N600 | 0.20 1.63 0.58
anatase/Al 0.30 0.00
anatase/Al/N400 0.26 0.22 1.06
anatase/A/N500 | 0.23 0.34 0.11
anatase/Al/N600 0.22 1.58 0.51

From these results, the ratio of nitrogen contentlie metal-doped anatase was increased
with increase in the doping temperatures. In tesfregoichometric values for atomic ratio

of H/N for the doped nitrogen species, it can bectuded that the expected doping species
don’t correspond simply to Nd-and NH species.

3-7-1-2 Specific surface area (BET) measurements

The surface areas of the co- doped;ls@mples were determined using the BET method.
Table 3-8 shows the results of surface area faniamnd co- doped TiG&amples. From
these results, it can be seen that there was aaerim the surface area of the doped
anatase at 600 °C, which arises from sintering whitses from annealing titania powder
at this temperature. Average particle sizes forcthveoped samples were estimated using
the Scherrer equation. However, the same assursg®mentioned in Chapter 2 were

applied. The results of BET are shown in the follaystable:
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Table 3-8ET surface area for nitrogen doped metalized aeata

BET (nf/g) | Particle size(nm)

Catalyst +1 from XRD
anatase/Co 116 16.2
anatase/Co/N400 120 16.1
anatase/Co /N500 124 15.9
anatase/Co/N600 86 16.3
anatase/Cu 116 16.1
anatase/Cu/N400 122 15.9
anatase/Cu/N500 126 15.8
anatase/Cu/N600 84 16.4
anatase/Al 120 16.0
anatase/Al/N400 122 16.0
anatase/Al/N500 128 15.8
anatase/Al/N600 88 16.2

From these results, it was found that for the damhat were doped with nitrogen at 400
°C, and 500 °C there was a slight increase in pleeiic surface area for all samples. In
addition, in accordance with this, these samplesvsld a slight decrease in the apparent
particle size. For the samples that were doped miitbgen at a higher temperature (600
°C) there was a significant decrease in the surdaea. This probably due to the sintering
of the catalyst due to the effect of the tempegatun all cases, powder XRD indicates the
maintenance of the original crystal phase uponrdppinder these conditions as shown

next.
3-7-1-3 XRD patterns for the samples

XRD patterns for the co-doped anatase were irgegstil by using a powder X-ray
diffractometer. These patterns are shown in tHewahg figures:
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Figure 3-26XRD patterns for co-doped anatase.
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Figure 3-27: XRD patterns for co-doped anatase.

From these patterns, it can be observed that titerpa of the co-doped anatase are almost
the same as those of the parent samples. Theoecisamge in the main peaks upon co-
doping which indicates that doping titania doesiftér the phase composition. In addition,
reflections for the samples treated at 400 °C &W°® are slightly boarder than for the
parent samples while for doping at 600 °C, the pesik slightly sharper with relatively
higher intensity. This indicates a relatively sraalparticle size and/or greater degree of
disorder for the co-doped samples at 400 °C and®600he apparent particle sizes for co-

doped samples at 400 °C and 500 °C were relatsrabller than that for the metal-doped

samples.

3-7-1-4 UV-visible spectra for co-doped anatase
The UV- visible spectra for the co-doped samplesevmeeasured and are shown in the

following figures:
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Figure 3-28UV-visible diffuse reflection spectra for co-dopaaatase/ Cu.
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Figure 3-29UV-visible diffuse reflection spectra for co-dopadatase / Co.
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Figure 3-30: UV-visible diffuse reflection spectra for co-dopaaatase/Al.

From these figures, it can be seen that there ex@mnsion in absorption band edge of
these samples towards the visible region. The sidarnn the absorption into visible
region was increased by increasing the amounttajgen content for the doped samples.
Nitrogen co- doping can narrow the bandgap of i@dny mixing of N2p and O2p states
because they have a similar endfgy® The dopant metal ions & Cu?* and Cc?* can
provide a dopant energy level, which is locatealwethe conduction band of titania. This
impurity level can result in a red shift in the alygtion spectra of the co-doped samples.
Hence for co-doped samples the presence of twonddpzels within the bandgap energy
of titania has been suggeste® Wei and co-worker€” reported electronic transitions
for co-doped samples of titania. They suggestezktpossibilities for electronic
transitions: excitation from the nitrogen levekih@ metal ion levels, excitation from the
VB level of titania to the metal ion impurity, aeécitation from nitrogen level to the CB
level of titania. The co-doped samples show a bptietoresponse over wide spectral
range in comparison with the parent samples, dimatering of the band gap and the

occurrence of multiple electronic transitidfis™
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3- 8 The PZC of co-doped anatase

Determination of the PZC values for co-doped amatess achieved by using
potentiometric titratio?. According to this method, thebtained results are plotted as a
volume of the added nitric acid against the pHheftesulting mixture. The PZC value is
taken as the point of intersection with the blakktgration curve as discussed previously

.These results are shown in the following table amdplotted in the following figures:

Table 3- he PZC values for co-doped anatase.

PZC (pH)
Catalyst +0.10
anatase/Al 6.75
anatase/Al/N400 7.20
anatase/Al/N500 7.35
anatase/Al/N600 8.20
anatase/Co 6.60
anatase/Co/N400 6.65
anatase/Co/N500 7.40
anatase/Co/N600 8.25
anatase/Cu 6.65
anatase/Cu/N400 6.90
anatase/Cu/N500 7.65
anatase/Cu/N600 8.35
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Figure 3-31Titration curve for co-doped anatase/Al/N, the average é@ot: 0.10.
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Figure 3-32: Titration curve for co-doped anatase/Co/N, the ayererror bar + 0.10.
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From the above results, it was observed that theegaf the PZC values for the co-doped
anatase were higher than that for the metal-dopathse and the value of the PZC was
increased with increase in the concentration @bgén in the doped samples. This could
possibly be due to the presence of the adsorbedarmrand the other nitrogen species on
the surface of the doped titania. These adsorbedespcould contribute to the acid- base
interaction on the surface of doped titania. Hemo&@easing the percentage of doping
would increase the basisty of the surface withinlbeease in amount of the doped nitrogen
specie$®”. Consequently, this causes increasing in thetissiaviour of the surface,
which leads accordingly to the observed increagbarPZC values. Comparison these
results with that for nitrogen doped anatase shasligttly increase in the PZC values for

co-doped samples. This probably arises from adsorpf ions on the surface of titania.

3-9 Photocatalytic activity of the co-doped anatas

To investigate the photocatalytic activity of ceped antase (Ti&ZM/N), photocatalytic
decoloratiobn of MB dye was used as a test readieaction was carried out by
irradiation with UV light from the middle pressumeercury lamp at 22 °C. Decoloration

of MB was followed by measuring absorbance at 655Fmese results are presented in the

following figure:
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Figure 3-34Photocatalytic decoloration of MB over anatase opedl with
N and Al.

The rate of the photocatalytic decoloration of MEoco-doped anatase/Al is shown in

the following table:

Table 3-9: Rateof decoloration of MB over co-doped anatase/Al.

Rate of reaction x Surface area normalized rate
Catalyst 10%+ 0.10/ mol. *.s* | x 10% mol. I*. s*.m?
anatase/Al 1.68 1.40
anatase/Al/N400 1.82 1.52
anatase/Al/N500 1.96 1.53
anatase/Al/N600 1.48 1.68

From the above results, the activity for the phatalytic decoloration of MB over co-
doped anatae/Al fall in the order:

anatase/Al/N500 >anatase/Al/N400 > anatase/Al *aaedAl/N60O.

The results for the photocatalytic decoloratiotMid over co-doped anatase/Co are shown

in the following figure:
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Figure 3-35: Photocatalytic decoloration of MB over anatase opedl with

N and Co.

in the following table:

Table 3-10Rateof decoloration of MB over co-doped anatase/Co.

Rate of reaction

Surface area normalized rate

Catalyst x 10%+ 0.10/ mol. *.s* | x 10% mol. I'*. s*. m?
anatase/Co 1.48 1.27
anatase/Co/N400 1.62 1.35
anatase/Co/N500 1.74 1.41
anatase/Co/N600 1.36 1.58

147



From the above results, the activity for the phatalytic decoloration of MB over co-
doped anatase/Co fell in the order:

anatase/Co/N500 >anatase/Co/N400 > anatase/Cdasafao/N600.

The results for the photocatalytic decoloratiotMis over co-doped anatase/Co is shown

in the following figure:
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Figure 3-36Photocatalytic decoloration of MB over anatase opedl with
N and Cu.

The rate of the photocatalytic decoloration of M&oco-doped anatase/Cu is shown in
the following table:

Table 3-11: Rate of decoloration of MB over co-doped anatase/Cu

Rate of reaction x 19 | Surface area normalized rate
Catalyst +0.08 / mol. }. s* x 108/ mol. I*. s*. m?
anatase/Cu 1.44 1.24
anatase/Cu/N400 1.58 1.30
anatase/Cu/N500 1.71 1.36
anatase/Cu/N600 1.32 1.57

148



From the above results, the activity for the phatalytic decoloration of MB over co-
doped anatase/Cu fell in the order:
anatase/Cu/N500 >anatase/Cu/N400 > anatase/Cuasaf@au/N600.

From these above results, it was found that thagawgeneral improvement in the
photocatalytic activity for the co- doped sampléamatase that was initially doped with
Al, Co and Cu and then doped with nitrogen at 40@fAd 500 °C. Photoactivity
increased with an increase of nitrogen contenalidhe samples of the three metals, the
increase activity is probably related to the presesf the metal ions which can act as
electron traps for conduction band electrons impigthe charge separation betweésye
h*vg) pairs. The co- doped samples which were dopéul miitogen at 600 °C and which
had higher nitrogen contents showed poorer phatbydat activity in comparison with
those doped at 400 °C and 500 °C and also witkdah#ples singly doped with metal ions.
This negative effect is probably due to relativieigh nitrogen concentrations with these
samples. For this case nitrogen impurities mayae recombination centres foic(g

h*vg) pairs. Generally, improvement in the photoatfifor the co-doped samples at 400
°C and 500 °C is related to the formation of aagén dopant level above the valence band
of titania for the substitutional nitrogen. In atilol, doping metals would lower the
conduction of titania, both these two factors wauatgrove the photoactivity of the co-

doped sample&®.

3-9-1 Photocatalytic polymerization of methyl metharylate over co-doped anatase
Photocatalytic polymerization of methyl methacrglaver co- doped anatase was
investigated under illumination with UV light frothe middle pressure mercury lamp (125
watt, immersion type) for two hours at 20 °C.

3-9-2 Characterization of the polymer
Polymer formation was characterized by using FTgBcsroscopy, NMR spectroscopy,
SEM and TG analysis for both the bound and theaete¢d polymer.

3-9-2-1 FTIR spectra

The FTIR spectra for MMA, PMMA extracted and PMM#Aafied co-doped anatase are

shown in the following figures:
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Figure 3-37:FTIR spectra for PMMA grafted co-doped anatase/Co/N
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Figure 3-38:FTIR spectra for PMMA grafted co-doped anatase/Al/N
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Figure 3-39:FTIR spectra for PMMA grafted co-doped anatase/Cu.

FTIR spectra for both extracted PMMA and grafted\®AVon the co-doped anatase show
a characteristic sharp band around 1735'cmhich indicates the presence of the grafted
PMMA on the anatase and the forming of a PMMA/ metadoped anatase composite.
For the extracted PMMA, the broad band around 301.d is related to free CH
vibrations in the PMMA. The band at 1000- 1460 toan be assigned to the C-O-C
stretching mode of the ester bond in PMMA. Theeotiands at 750- 950 crare due to
the bending of C-H bond®¥). For PMMA grafted anatase, the broad band at-384%

cm’ is due to the stretching vibrations of-OH groupghe titania surface. In addition, the
FTIR spectrum of PMMA grafted anatase shows otharacteristic peaks at 1450, 1370,
1225 and 1154 crit. These are assigned to the C-H, -@Hd C-O-C band of PMMA. It
appears that the Ghibrational mode for PMMA grafted anatase at 33200 cm'*
overlaps with the stretching vibration of 4. These features are consistent with the
presence of PMMA grafted to the surface of titaiiae FTIR spectra for PMMA grafted
co-doped anatase are similar to those for grafteglysdoped anatase with nitrogen and
metal shown earlier. Both extracted and grafted PV the anatase showed a
characteristic band around 1735 ¢nthis sharp peak indicates the presence of tHeedra
PMMA on the anatase. Also the band at 2990- 3000 cis related to free CH
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vibrations and the band at 1135 roan be assignetb the -C-C-O- stretching mode

which is not present in MM%.

3-9-2-2'H NMR spectroscopy

Further investigation for the extracted polymer wadertaken usintH NMR
spectroscopy. The spectrum was similar to thatiobtafor PMMA that extracted from
metal-doped anatase (Figure 3-19). THAMR spectrum of the extracted PMMA from
co-doped anatase showed an identical spectrurhdbektracted from singly doped titania
with nitrogen and metal alone. This spectrum comdithe formation of the polymer. From
the above figure, it can be observed that the patks 5.50, and 6.05 which are assigned
to the (HC= C(CHp)-) in MMA was absent in PMMA as shown in Figur8s {8) - (3-

19). In addition théH NMR spectrum for the extracted PMMA, showed akpehich is
related to the methoxy protonsdat 3.57-3.64%%).

3-9-2-3 Scanning electron microscopy

Morphological studies for co-doped anatase graitiédl PMMA were undertaken using
SEM, and the results are shown in the followingifeg
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Figure 3-40:SEM for anatase/AINAOOPMMA(A), anatase/AINSOOPMMB) (
anatase/CoN400PMMA (C), anatase/CoN500PMMA (D) reeat anatase (E).
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From the above images, it can be see that the ralog¥ of the surface after grafting with
the polymer was chang&. Upon grafting with the polymer, nanoparticlegit#nia are
aggregated together. When PMMA was grafted ondhface, it showed a better
dispersion and the aggregation of nanoparticlesimameased in this case.

3-9-2-4 TGA analysis
The bound polymer was further investigated by tlamgnavimetric analysis and the

results are shown in the following figures:

105
a- anatase/CoN400
b- anatase/CoN400PMMA
c- anatase/CoN500PMMA
d- anatase/CoN600PMMA
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\
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Figure 3-41: TGA for PMMA grafted co-doped anatase/Co in airn@rsion percentage
of grafting for anataseCoN400, anataseCoN500, aathaeCoN600 were 17.%, 19.8%
and 13.6% respectively.

154



110

a-anatase/AIN400
b- anatase/AINAOOPMMA
c- anatase/AINSOOPMMA
d- anatase/AIN6OOPMMA
100 -
a
S 90
= d
b
80 C
70 T T T T T T
50 150 250 350 450 550 650 750

Temperature/ °C

Figure 3-42: TGA for PMMA grafted co-doped anatase/Al in air.n@ersion percentage
of grafting for anataseAIN400, anataseAIN500, amatase AIN600 were 13.6%, 24.4%,
and 12.4% respectively.
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Figure 3-43: TGA for PMMA grafted co-doped anatase/Cu in airn@arsion percentage
of grafting for anataseCuN400, anataseCuN500, aatheeCuN600 were 17.4, 20.1% and
14.3% respectively.
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The above figures confirmed the formation of thé/per within the composite PMMA/
anatase due to the mass loss about 12-22% of tightvwe the range 300- 450 °C.

In addition, the grafted PMMA was decomposed tiedint temperature than that for the
traditional PMMA®®). This arises from strong interaction between tars of the grafted

polymer and the surface of titania particles.

3-9-2-5 X-ray diffraction patterns
The XRD patterns for the extracted PMMA and graftecco-doped anatase were
investigated to study the effect of the graftingtioa crystal structure of titania. The XRD

patterns are shown in the following figures:
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Figure 3-44:XRD pattern for extracted PMMA.
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Figure 3-45XRD patterns for grafted PMMA with co-doped anatasél.
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Figure 3-46XRD patterns for grafted PMMA with co-doped anat@s¢N.
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Figure 3-47XRD patterns for PMMA grafted co-doped anatase/Cu/N

From the above figures, it can be seen that the XRtiern of the extracted PMMA was
identical with that obtained via photocatalytic ypokrization over nitrogen and metal
doped titania. This pattern is typical of an amogshmaterial. Additionally, the XRD
patterns for anatase grafted with PMMA are sintitaethat of the parent anatase. This
indicates that grafting of the polymer over titasiaface doesn't alter its crystalline

structure.

3-9- 3 Photocatalytic polymerization of methyl methcrylate over co-doped anatase
Photocatalytic polymerization of MMA was undertal@arer nitrogen co-doped anatase.
The reaction was performed by irradiation with Ught at 22 °C for two hours for each
experiment under normal atmosphere. The averagelsr was + 0.30%. The results are
presented as a percentage of conversion agaiagiation time in minutes as shown in the

following figures:
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Figure 3-48Photocatalytic polymerization of MMA over anatasedoped with
Al and N.
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Figure 3-49Photocatalytic polymerization of MMA over anatasedoped with

Coand N.
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Figure 3-50Photocatalytic polymerization of MMA over anatasedoped with
Cu and N.

From these results, it was found that there isreeige improvement in the photocatalytic
activity for the co- doped samples of anatasewleseé initially doped with Al, Co and Cu
and then doped with nitrogen at 400 °C and 500Pt@toactivity was increased with an
increase of nitrogen content for all samples ofttliee metals, the increase in the activity
probably related to the presence of the metalwdmsh can act as electron traps for the
conduction band electrons, this can improve thegehaeparation betweeridg h'vg)
pairs®®% |n addition to, enhancement in the photoactifdtythe co-doped anatase at 400
°C and 500 °C for the three metals doped (Al, Cdi@n) is probably due to the relative
increase in the specific surface areas for theetheenples when loaded with nitrogen at
400 °C and 500 °€°1%Y There was a relative decrease in the partizke fsir these
samples. It is well known that these two factons icaprove photoactivity of the
photocatalyst. That can lead to enhanced yielg®lyimerization in comparison with the
metalized photocatalysts at the same reaction tondi Generally, improvement in the
photoactivity for the co-doped samples at 400 %@l °C can be related to the formation
of a nitrogen dopant level above the valence bdnithoia. In addition, doping metals
would lower the conduction of titania. Both thésetors would improve the photoactivity

160



of the co- doped sampl&€821%®) On the other hand, co-doped samples, which wepedi
with nitrogen at 600 °C with a higher nitrogen anis, showed poorer photocatalytic
activity in comparison with those doped at 400°@ &00 °C and with the samples singly
doped with metal ions. This negative effect is pitaip due to a relatively high nitrogen
concentration in these samples. For this casegatr impurities may act as a
recombination centres for¢g, h'vg) pairs, there was a significant decrease in tleeifip
surface area with an increase in the particle size,to the sintering effect which normally
occurs when subjecting a catalyst to high tempezafi?* 1°® Generally, the activity of
the catalyzed reaction decreases with the reductidgs specific surface area, beside that
the amount of the doped nitrogen increases witvadélen in temperatures. Furthermore,
high levels of dopants also have a negative effedhe reaction because it may generate
recombination centres within the lattice of theabgt, these centres increase rate of the
recombination reaction between conduction bandrele@nd valence band hole.
Recombination plays a major role in the reductibotpcatalytic activity of the
photocataly$t®®1°”) Generally, improvement in the photoactivity foetco-doped samples
at 400 °C and 500 °C is related to the formatioa oftrogen dopant level above the
valence band of titania for the substitutionalogen. In addition to that, doping metals
would lower the conduction of titania, both these factors would improve the
photoactivity of the co-doped samples. Generattynfprevious results for metal doped
and co-doped titanic, it can be found that there arehanced in the photoactivity of titanic
for metal doped titania and co-doped samples aba#@dB00 °C. In opposite that samples
co-doped at 600 °C showed negative activity wigpeet to the neat titania samples. These

results seem to be similar to that were obtaingdhapter 2.
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3-10 Conclusions

This chapter describes modification of titania lopithg A®*, Co** and CG*. Then metal-
doped samples were also co- doped with nitrogdid@t’C, 500 °C, and 600 °C. Doping
was not observed to affect the crystalline structfrthe various phases investigated.
Samples doped with metals and nitrogen at 400 Y580 ° C showed slightly higher
BET surface area in comparison with the parent $ssnp contrast, co-doped samples at
600 °C showed a lower BET surface area. The PZhfowariously doped samples was
measured by potentiometric titration. The metgetbsamples and co-doped samples
showed relatively higher PZC values, and the PZGevaas increased with increase of
the treatment temperature. The photocatalytic &gtdf these samples was investigated by
following the photocatalytic decomposition of mdténe blue and the photocatalytic
Polymerization of methyl methacrylate.

Generally, samples doped with*AICd™* and CG" aloneshowed better photocatalytic
activity in comparison with the parent samples.sipossibly due to the improvement in
the absorption of these samples inuiséble region and reduction the rate of
recombination reaction between conduction bandrele@nd valence band hole in the
parent samples. Co-doped samples at 400 °C antib60Bowed higher photocatalytic
activity. However, the co-doped samples at 600@\&d a lower activity in comparison
with the neat samples. This may be attributed éadaduction in the BET surface area of
these samples. Additionally, these samples havghartitrogen content, which may
enhance recombination betweeixgeh’vg) pairs reducing activity. Aluminium has not
been widely reported as a dopant in the litergwesiously, despite the fact that it may be
expected to produce interesting effects in the, By&tem since the ionic radii of Tiand
Al*3are reasonably close (0.75 A and 0.68 A) respdgti®and the charges are
obviously different. The use of these co-doped dasnpf titania in photocatalytic
polymerization has not been reported widely inlitegature, to the best of the author’'s
knowledge. The consideration/ concerns relatingpécssource used in this work as
outlined in Chapter 2, also apply here. Future watrbuld be directed towards elucidating
the photocatalytic polymerization activity of thesevel doped and co-doped systems
using more well defined light sources. This caratleieved by using a source of light,

which emits radiation in either UV, and or visibégion of the spectrum.
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Chapter- four: Towards synthesis of novel viologemcceptors for photovoltaic devices
4- 1 Introduction

Viologen based compounds are formed\balkylation reactions of bipyridal systems to
form 1,1- disubstituted- 4,4 bipyridilium salts. The general structure of hbipjnim salts

is shown in the following figure:

Figure 4-1General structure of viologen compounds.

In this thesis the ternviologen will be used to mean all compounds with & 4,4
bypyridine or a 1,10-phenanthrazoline core. Tharabal and physical properties of these
compounds are to some extent affected by the pressrthe counter anion (XY,

The common name "viologen" was firstly derived bichaelis®®, who reported a violet
colour for a solution that formed when 1 dimethyl- 4,4- bipyridinium (Bipm) was
reduced by a one electron reduction to form a ainatdical (as a dimer) with a violet
colour. Initially, the term viologen was applieddmlogical systems, whereas in other
cases it was used to refer only to the bipyridinnawtical cation species. Currently, the
name viologen is used to refer to all diquaterni¢gdbipyridine cores without the
constituents. For this class of the compounds taer¢hree redox forms as shown in the

following figure:

@/ \ —/\® — —/\®
RZ_N \ /N_Rl RZ_N . \ /N_Rl
— — ©

o

Figure 4-2 Redox forms of viologen compounds: (a) Bipyridimi dication, (b)
Bipyridinium radical cation and (c) Fully reducegbyridinium.
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4-1-1 Bipyridinium dication (Bipm %%

This redox form of viologen compound is the moab of the three-redox states. It was
reported that the positive charges on the bipyiidimcore are mainly located on the
nitrogen atoms and to some extent the charge &rategl over the entire molectleThe
ionic character imparted to the salts is due tgtiesence of these two positive charges,
viologen dications are usually found as solid powae crystals. In some cases, they can
be found as liquid crystals especially for viologevith long chain constituents. The pure
state was found to be a colourless if there idmétrge transfer with the counter it
When Bipnt* is hydrogenated, this causes the addition of dityeh across (C=C and
C=N) bonds of the pyridine rings. This leads tosslof aromaticity, after that another
hydrogen molecule can react directly and the nopradluct is a mixture of 44

bipyridine and pyridine- piperidine compounds. law of this process, viologen can be
used to catalyse hydrogenation reactions thatenfernmed over the surfaces of noble
metals such as Pt with the presence of hydroge fdsorption of viologens on the
surface is a key step in this type of reacffdorlso the methyl viologen dication can be
destroyed by the presence of strong bases in golutith methanol, due to the strong
basicity of hydroxide in comparison with 4ipyridine and it can react as shown in
Figure 4-3".

€] —
® / —\® 7 ®
H3C—N/\:\>—<\://\N—CH3 OH N/;\>—<\://\N—CH3 + MeOH

2X X

Figure 4-3: Bipyridinium dication reacting with a bd8e

Generally, viologen dications possess a relatil@hythermal stability, for example if
Bipm?* 2CT is heated at over 180 °C it will reduce by twosibke routes. The first route
results in Bipm* being reduced into Bipfm and the source of electrons is the oxidation of
chloride counter anions yielding 1/26). The second route is demethylation to yield a

mixture of 4,4- bipyridine and methy! chlorid®.
4-1-2 Bipyridinium radical cation (Bipm™)

The second redox state for viologen compoundseisadical cation. This is formed by one

electron reduction of the respective dication, (@&opn 4-1):
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RZ_N - \ /N_Rl

Figure 4-4Structure of bipyridinium radical cation.

Bipm?* + € » Bipm™ 4-1

It may also be formed by one electron oxidatiothefrespective BipfhReduction can be
performed by using different sources for the redgapecies such as electrodes, in
electrochemical reduction, or by using chemicalistidn with ziné”. The radical cations
have high stability, which is uncommon in companmiso other classes of chemical radicals
that are normally unstable under ambient conditiGRise stability of Bipritis due to high
delocalization of the radical cations throughth&amework of the bipyridyl nucleus
with theN,N’ substituents which bear some of the ch8kge

4-1-3Fully reduced dipyridinium compounds (Bipm’)
This form redox state of viologen is not comfi®n It is formed by one electron reduction

of the respective radical cation as shown in thievieng figure:

RZ_N N_Rl

Figure 4-5: Structure of the fully reduced compound.

Formation of fully reduced Bipfcan be represented in the following equations:

Bipm* + e- > Bipm° 4-2

Bipm?* +2¢ > Bipm° 4-3
This redox form sometimes called the bi-radical and dits teactivity, it is considered a
powerful reducing agent and is found as coloured compdtindThe solubility of these
redox forms of viologen compounds plays an importantiroteeir redox behaviour and
in their some potential applications. Generally, thelsbity of viologen compounds
depends on the solvent, the counter anion, the redox statineasubstituent groups.
Radical cations that have relatively large counter ansuth as N©, BF,, ClIO, and Pk
are soluble in common organic solvents such as MeOH, MeCsifd If the counter

anion is small such as CF, Br, I, PQ,*and SQ°, the radical cation containing
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compounds will not be soluble in organic solvemtd they dissolved in aqueous solvents.
The presence of nitrate as a counter anion in geicsalts can impart high solubility in

aqueous and non- aqueous solvéfts

4-2 Adsorption of viologen compounds

Adsorption of viologen compounds in all three redtates plays an important role in their
application in different types of reaction. For eyae, methyl viologen can be used in the
production of hydrogen gas. This reaction is cakadyby noble metals and the viologen
molecules are adsorbed on the surface of the sat@lifferent spectroscopic methods
have been used to study this adsorption includyejccvoltammetry and UV- visible
spectroscopy. These methods have been used toteridgsorption of different viologen
compounds on platinum, gold or their mixtuf&s'® Obeng and Bard® studied the
process of adsorption of viologen compounds thee Isarrfactant substituents and they
reported the formation of a Langmuir adsorptioriheom as determined using cyclic
voltammetry. This arises from chemical or physadgorption of these compounds on the
surface of the electrode forming monolayer. Thes®x active species can result in a
broadening of the voltammetric waves. By repetibbthe scan several times, the values
of rate constant (k) altlEp can be calculated for each monolayer thickn#ssA plot of

In (k) against (d) gives a linear relationship.

Kobayashi and co-workef5? have studied the adsorption of methyl viologemicury,
and they reported strong adsorption of bulk Bipemd Bipri- on the surface. It has been
found that the methyl viologen dication can be aosd more strongly on the surface of
the electrode at positive potential than at thefpai zero charge. On the other, hand
Bipm® adsorbed in a vertical orientation on the surfafdfie electrode under a more

>1* redox couple§”

negative potential than that of normal redox patéwf the Bipm
It has been reported that adsorption of methylogieh dications and other bipyridinium
dications on electrodes having positive chargethsas occurs due to- electron

interaction between the adsorbed viologen dicatiand the electrode double 1d}8r

4-3 - Electron transfer reaction in viologens

Reduction of the viologen dication is a common etehemical reaction that can be
performed on inert electrodes. In this processelbctrode used acts as an electron
sourc&?. If both reduced viologen dications and the prodadical cation are soluble in
the system, then the process of reduction willdversible according to the Nernst
equation. However, there would be some irreveigbit a redox system if either reactant

or the product of reduction is not soluble to s@xtnt. In general, for viologens that have
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aryl or long chains of alkyl substituent, the expdaadical cation that is produced via
reduction is insoluble in water, and it can formeakin film of coloured radical cation salt
on the outer surface of the working electrodehla tase, the reaction is expected to occur
in two processes (Equations 4-4, and 4-8)

Bipm %, + € electrode ———— Bipm™ (5 4-4

Bipm™ (aq) + X > [Bipm™ X] solid 4-5

This reaction was suggested by some researchtakdaglace on the electrode, followed
by film growth in three dimensior®. The value of the formal redox potential for tirstf
electron reduction of bipyridinium dications wasifal to be dependent upon the
substituent alkyl groups in the aqueous solutiam.this case, the respective radical
cations in general have the same colour whereathdacases in which the substituents are
aryl groups, the formal redox potentials are maeable and may be positive with respect
to the standard hydrogen electrode (SHE). For ei@nk° for aqueous cyanophenyl
viologen is + 0.10 V for the chloride salt, whitenas - 0.69 V for the alkyl substituent for
the same saft’. The value of E° for these systems is associattdtiie counter anion.

The effect of counter anion is related to the sititylof the viologens in aqueous solution.
The solubility of bipyridinium dication salts anddical cations and their redox potential

are also dependent on the counter anion &7be

4-4 Organic conducting polymers

In the recent decades, conjugated polymers hayegia significant role in the generation
of new materials that can be used in many poteagiplications such as electronic and
optical device§®. Among the different types of polymer, polythiepies are an important
type of conjugated polymer due to their good sditydin common organic solvents, their
thermal stability and low pollution effects. Thewsaterials can be applied in electrical
conductors, polymer light-emitting diodes (PLE[8) transistor€®, anti-static coatings,
sensor§®, batteries, electromagnetic shielding materiatsy types of memory devices,
nanoswitches, optical modulators and valves, intagiaterial$’”, polymer electronic
interconnectors, and nanoelectronic and opticaices{?®. Among the different organic
compounds 1,10-phenanthroline derivatives are dtlgeamost important organic
functional intermediates due to their physical ahdmical properties and they have found
widespread application in many areas such as awetrdn chemistry, materials chemistry
analytical chemistry, as well as in redox materidldat is due to their strong chelating
ability and conjugated system$®® 3% Modification of 1,10-phenanthroline can be
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performed by introducing halogen substitution #edent positions in the first synthetic
step when modifying the 1,10-phenanthroline rihgthe last few decades, there have
been several reports on the synthesis of 3-bron8g8sdibromo-1,10-phenanthrolifi&.
After introducing halogen into the framework of phathroline, the conjugatedsystem

of 1,10-phenanthroline can be extended by introdydifferent organic functional groups,
so that the energy levels of the resulting mokeswln be tuned according to the
introduced group. The most important structurechgeeaof the 1,10- phenanthroline core
occurs with the 3 and 8 position, so that incregasonjugation along this axis can
enhance physical and chemical properties. Aftention of 3,8- dihalogenated
phenanthroline, ther conjugated system can be extended by introdudffeyeht

functional groups into the framework. For exampiphene groups can be introduced at
the 3- and 8-positions of 1,10- phenanthroline logi@don-carbon cross-coupling reaction
starting from 3,8-dibromo-1,10-phenanthrofife Thex conjugated systems of
poly(arylenes) have been investigated by many ersfk’). In addition, the chemistry of
7 chelating ligands such as 2 Bipyridine and 1,10-phenanthroline and their meta
complexes have been studied by many researchedgfErent potential applications such

as photovoltaic and optical devidés 3",

Scheme 4-6,10-phenanthroline (a), and 1,10-phenanthrdirsstituted
at positions 3 and 8.

4-4-1 Conjugated polymer for organic solar cells

In the last few years, as a result of concerng ghadal warming, it has become apparent
that classical fuel based energy will need to ipéaced by new energy systems using
novel technologies. In addition, the classicaldgich as oil, coal and natural gas will be
consumed in the near future as well as the dettimheffects of these fuels on the
environment. All these reasons have led to a focuenewable energy sourc¢&& Solar
photovoltaic cells may be good candidates to pleglain the generation of energy in the
future. Recently, much attention has been focusetth® study and development of this
system and by using solar cells, it is possiblestavert sunlight into electrical pow€P.

The research in this field has been dominated maant decades by technologies that

mainly depend on the solid-state p-n junction desi€Controlled conversion of solar
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energy can play a key role as one of the technesotliat can replace classical fuels in the
generation of energy that is suitable for mass e$&g

Solar photovoltaic cells are capable of generatiegtrical power from sunlight, and these
devices have some advantages in comparison witerdunorganic materials. They are
relatively cheap in production and purificationgahey can be used on flexible substrates
and can be shaped to suit architectural applicatf®h The most important and effective
components of the solar cell are organic polym@rganic polymers having delocalized
electrons can absorb sunlight with a high efficiefithe bandgap and energy levels of the
HOMO and LUMO of these polymers influence the perfance of the photovoltaic
devices. Extending the conjugated system in thekaners can be performed by blending
an electron donor and an acceptor in the main abfaime polymer, within the long
conjugation system resulting a low bandgap polyfiterThe polymer that used in solar
cells, the polymers should absorb light with a hefficiency at a wavelength in the
infrared region. Donor units that are used in tlemdb should show high ionization
potential, whereas the acceptor units should haughaelectron affinity. In addition, the
blend should also show high charge carrier chariatitss to increase photocurrent, good
solubility and low cost processifft)’. In this context, configuration of polymer
photovoltaic cells falls into two types: bilayensd heterojunction devices. The most
commonly used is bulk heterojunction (BHJ) devideghis type, the active layer is
composed of a blend of both electrons donatingugatigd polymer with an electron
accepto®, while in bilayer devices electron donating matisrand accepting materials
are existing in two separated layers. Bilayersateérojunction devices are shown in the

following figure:

Electrode 1 Electrode 1
(ITO, metal) (ITO, metal)

Electron donc

Dispersed heterojunctior
Electron acceptor

Electrode 2 Electrode 2
(Al,Mg,Ca) (Al,Mg,Ca)
Bilayer devices Heterojunction devices

Figure 4-7: Bilayer and heterojunction used in photovoltaicides™®.
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When molecular semiconductors absorb light withitable energy, the semiconductor
produces excitons or electron-hole pairs. Photaiad electron transfer between donor
(D) and acceptor (A) molecules with significantifferent HOMO/LUMO energy levels
can be used effectively providing a general pathteayore efficient organic photovoltaic
cells“?. Many studies have been undertaken on polymezebaisotovoltaic cells, and
some of these studies have focused on blends ocomposites of donor polymer with
acceptor materials such as fullerenes, CdSe; i@opatrticles, carbon nanotubes,
acceptor polymers and small acceptor moleéillesPhotovoltaic cells that are made from
polymer fullerene blends showed power conversifiniehcies of about 2-3% using light
from the solar spectruf’. Composites of poly (3-hexylthiophene) and CdSenads
have been used to demonstrate photovoltaic powesrecsion efficiencies as high as 1.7%
under illumination with sunlight at intensity of @0 mW/cnf 2. The main problem with
these systems is the reduction of charge carridilityoof polymer blends in comparison
to the component materidfé. A good alternative approach to avoid this probtem be
achieved by using polymeric semiconductors for nigahotovoltaic solar cell showed an
efficiency around 84%%. However, there are many reported carrier mgfiifitconjugated
polymers being used in solar cells. This rises flogh sensitivity of the morphology of
the polymer film. Higher charge carrier mobilitythie polymer can increase the efficiency
length of electrons and holes that are producexijir photovoltaic process. So that
improving the charge transfer efficiency from tlendr polymer to the acceptor normally
phenyl- C61-butyric acid methyl ester (PCBM), caiprove the efficiency of solar cell.

In terms of the donor polymer for PV solar celblack of conjugated copolymer
assemblies with covalently tethered or physicadguestered fullerenes and
homopolymers with tethered fullerenes and altengationor-acceptor copolymers can be
applied®?. These systems can be used as an alternativesappimavoid some of these
problems. It has been found that a layered doncefsor heterojunction is an attractive
system to achieve efficient polymer solar cells.uBing a suitable donor and acceptor
polymer, semiconductors having complementary edeatrand optical properties can be
developed*®. Under these conditions, both the electrons aneshare confined to the
acceptor and donor sides of the interface respagtivi hat can facilitate transport to the
collecting electrodes and at the same time miniroiBage recombination reaction
between electron- hole pairs. Recently, Yang andiarkers“? reported a BHJ solar cell
using poly(3,4-ethylenedioxythiophene) with Ag nares as an anode. This system
showed low bandgap energy of the polymer (1.7 eM)exhibited power conversion
efficiency of 2.5-2.8% under sunlight intensitylad AM. For efficient contact at the

polymer/metal interfaces, the HOMO level of the diopolymer must match the anode
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energy level, such as that for indium tin oxided)Twhich is 4.8 eV and the LUMO level
of the acceptor polymer must match the cathodeggrievel such as aluminium (Al)
which is 4.3 eV. There have been few studies omphwtovoltaic properties of
polymer/polymer donor/acceptor heterojunctions,olvhs probably due to the lack of
acceptor-conjugated polymers that have high electffinities*?. The general
mechanism for the conversion of light into eledtyiby photovoltaic cell can be
demonstrated in the following figure:

1- Absorption of light: electron donor or an electamteptor absorbs photmom the

light and forms excited state as follows:

4 N /[ )
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2- Charge separation: exciton diffusion at theriiaice between the electron donor (D),

and the electron acceptor (A) as follows:

4 N )
[ 1// .
_h
A
( ] i
- 2N J
Donor D' Acceptor A

Figure 4-8Mechanism for the conversion of light into eledtsiavith a
photovoltaic cell.
A typical conjugated polymer with bandgap aroun® €V) can absorb photons of
wavelength up to 600 nm which about 25% of totédrsenergy. Increasing the length of
conjugation of the polymer can shift absorptionaoss higher wavelengths up to 1000 nm
for a polymer of lower bandgap (1.2 eV). This camer about 70-80% of total solar

energy, this can result in high efficiency in thificiency of the solar céft?.
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4-4-2 Conducting polymers comprising viologen

Conducting polymers that contain viologen unitséneacently received much attention
regarding their preparation and the study of thhyrsical and chemical properties. This
type of polymer can be used in many modern apjdicat Polymers containing viologen
groups within their structure are attractive owiagheir good catalytic properties, as well
as their electrochromic properties. This probabbuits from their redox states which
involve Bipn?'/ Bipm® - and Bipni/ Bipm®. Various types of viologen polymer can be
synthesized®>*®. Generally, polymers featuring the viologen miefetre attractive
research area due to their catalytic and electomgiar properties. This arises from their
respective redox states from the BijhBipm* and Bipni/ Bipm®° redox reactions.
Therefore developing electroactive polymers withlagen redox centres becomes more
interesting as these materials can be formed osléutrode surface as thin filfts *°)
Kelaidopoulou and co-workef® reported the synthesis and electropolymerizatidche
indol viologen. They found that this type of violgcompound can give an electroactive
thin films of poly(indol) with pendant methyl viajen groups. Structure of this compound

is shown in the following figure:

SV e Ve

_ N\

Figure 4-9: Indol viologen synthesised by Kelaidopoulou andaokers™.

Nambu and co- workef¥” synthesised some of viologen polymers with théogien
structure in the main chain or as a pendant grobpy used photochromic films modified
electrode, it was reported one electron reducddrcaadicals Bipn existing in a dimer -

monomer equilibrium. Structures of these polymeesshiown in the following figure:

60-C; f{&z%
HZC_@NQ@mﬂ_CHs

Figure 4-1(olymers featuring viologen unfts.

Nambu and co- workers used photochromic film mediilectrodes, and it was reported

one electron reduced cation radicals Bipexisted in a dimer-monomer equilibrium.
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Saika and co-workef&) reported the synthesis and electropolymerizatforiatogen
monomers. These compounds formed polyviologen fdmsglectrodes by cathodic
electrolysis of bis(4-cyano-1- pyridine) derivasvender weak acid conditions. This

process is shown in Figure 4-11.

H,
_~8.C ~CN N7 | H,
| | 3ne-, -2nCN X c;\
N N~ P N n
NC c'e oxidation | NG
H2 — \C
H,

Figure 4- 11:Polymer with viologen unit synthesised by Saika emdvorker§?.

Generally, developing different types of polymeatthontain electroactive viologen
centres is very important as it can give rise taouss types of viologen polymers as
electroactive polymer films on electrode surfaddsere are many potential applications
for viologen polymer modified electrodes such assses, electron transfer, phase transfer
catalysis, and many photoelectrochemical deVi@sAmong these applications,
electrochromic devices are probably the most ingmirtElectrochromic materials

normally exhibit redox states with different electic UV-visible absorption spectra upon
switching the redox states, generating a new agiyion bands. The change in colour
between two redox states, oxidized form (Ox) wittoar (1) and reduced form (Re) with
colour (2) is the basic principle for this devicelahis process is shown in (Equation 4-6)

(54)

Ox + ne » Re 4-6
colour (1) colour (2)

Most viologen compounds are considered as beewrechromic as they have two redox
states with different electronic speétfh Platt was the first to report the term
electrochromism when he investigated a changeamradtour of the electrode when
studying redox reactions of some viologen compotitissenerally, electrochromic
devices can be classified into two main groupldis and shutters. Display devices
normally work in the reflective mode and shuttemkun the transmission mode. The
electrodes in the electrochromic display deviceohbees coloured as a result of current
flow, the intensity of the colour depending on #mount of species that are formed
electrochemically. On the other hand, these coloansbe bleached by applying a
potential with opposite polari§”. Generally, preparation of thin films from thjgeé of

polymer can be performed in two steps. The firgp sthvolves synthesis of the polymer by
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electrochemical polymerization followed by coatthg electrode with the film of the

polymer®®).

4-5 Electrochemical polymerization

Polymerization reactions can be performed eithech®mical or electrochemical methods.
Electrochemical polymerization can be achievedva ways, the cathodic route and the
anodic rout€”. The polymer that is formed by electrochemicatestin its neutral form
leads to a reduction of electrical conductivity efhprevents the electrode from causing a
reduction of further molecules of the monomer ia $blution, so that the polymer will
form only thin films on the electrode which caretthandled easil§”. Oxidative
electropolymerization is more common, this can &égsmed without using a catalyst and
the polymer can be produced as thick films on theteode, and it is possible to control
the thickness of the film using appropriate reactionditions such as scan rate and
concentration of the used mononfTét Most studies in this respect have been carried out
with polypyrroles and have assumed the same mexhaas for other heterocyclgs.

The proposed mechanism is similar to that whichuocwith aromatic coupling and
according to this mechanism, the heterocycle idie&d to form a radical cation. The
radical cation then reacts with another to formnaed by losing two protons. The
heterocycle then regains aromaticity, which isiginlg force to lose a proton, and this
process continues and the polymer eventually famthe electrod®”. This mechanism
can be represented in the following scheme:
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Scheme 4-12Proposed mechanism for electropolymerizatian Oxidation of monomer
molecule produces radical cation, this then coupligh other radical cation to generate

dication which then loss two protons to yield a éinThis process continues until
formation of insoluble thin film of the polymer @he electrode.

However, according to this mechanism, the raterdeteng step is not clear and it is

proposed that the coupling of the radical catiothésrate determining stép. There is it
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mechanism proceeds by radical cations reactingttiresith the neutral monomer
molecule§®. It has been assumed that if the applied potéatiet high enough to
oxidize monomer molecule and is just sufficienoxidize only the polymer, so that
polymerization doesn’t occur, as the produced pelymould dissolve upon cycling of
scan rat@’*® There is an alternative suggestion relating éortite of the oligomers in this
mechanism and it was proposed that thiophene wrladd on the surface of the electrode,
indicating the occurrence of the polymerizationtlos electrode surface. This implies that
the oligomer formed in the solution would be unljk® react with the other oligomésrg).
However, this idea was not completely true, as wiwgpmerization was performed under
same conditions between chemically synthesizedwlay and thiophene monomer, the
formed polymer has different properties. Theretieoevidence reported from actual
material properties and it was found that the mihimmphene polymer was formed as a film
on the electrode that can be easily removed franstinface. For another polymer, which
was prepared from bis- and tris- thiophene, a Hairypolymer was formed and it was
covered with a thick and brittle powder. From thebservations, it is concluded that
formation of the oligomers is not necessary forftrenation and growth of a good quality
conducting polymerSs®.

4-5-1 Doping and bandgap

Many of the physical properties of the polymer bammodified by doping with electron
donors or acceptors. The electrical propertieb@fiolymer such as conductivity can be
modified. For example, polythiophene has differgittrical properties according to
whether it is doped or n6Y. The conductivity for the undoped polythiophend @™ -10
105 cnit, whereas for the system doped with iodinate timelgotivity is much greater
than 0.1 S cn. A general scheme for the synthesis of undopegtiiophene is shown in

the following scheme:

S

Br@Br Mg Br\gs—?/MgBr Ni(bipy)Cl, (T

Ether

Scheme 4-13Chemical synthesis of undoped polythiophétiks

The doping process can be used intentionally tatereome impurities or defect sites
within the polymer structure to improve or tune soof its electrical properties. This
process can be undertaken either chemically otreldemically. In general, there are two
types of doping, p-type and n-type. The first tgbeloping withdraws electrons, while the
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secondn pushes the electrons toward the dopedyétémportant examples of p-type
dopants are;] Ask and HSO, and electrochemical oxidation on the anode can be
undertaken. The n-type dopants can be alkali medalsathodic reduction for
electrochemical meth&§. Doping by the electrochemical method is preferegder than
the chemical method as the doping process canrb@med and controlled more easily
©1). polyacetylene is a good exampleaimple conjugated polymer and its electrical
conductivity has been widely studied with particukgard to bond alternatiifr ¢
Generally, polyacetylene (PA) can be producedwftrmstrans andcis. Structure of
polyacetylene is shown in the following figure:

///////;

Figure 4-14: Structureof polyacetylene (ayans and (b)cis.

In a study, Ito and co- workef¥) have reported the synthesis flexible conjugatdyfp.
This polymer can be doped with electron donors stscNa or with electron acceptors
such as bromine and iodine to give an n-type ofpe-tonductive materials. It was found
that the bond alternation model is more stable thamregular model for both isomers.
Bond alternation in therans isomer is related to the energy gap between thl&@nd

the LUMO, the value of bandgap depending on themoflbond alternatioff®. Doping

PA can give rise to a significant increase in caigty and Raman spectra for PA doped
with bromine or iodine indicated the presence oheos in the structure of the crystalline
polymer. The source of the electron that is attddbeX;” seems to be from the polymer as
a result of charge transfer. In this case, polyoh@ins are acting as polycations with the
presence of X species. Generally, in the doped materials thetreles transfer from the
top of the valence band into the acceptor spebieging with iodine brings the
unoccupied part of the HOMO into contact with thegrki level and this effect imparts
metallic properties to the doped materials. Dogtgwith electron donors such as Na
transfers electrons from the donor into the LUM@datate of PA with PA acting as a
polyanion, and Naspecies are formed. In this case, Fermi levebsiinto the LUMO
band generating n- type semiconducting matefiflldntroducing defects into the polymer
produces radical cations called polarons, whendixnbese radical cations are combined

together they produce a bipolar8f as shown in Figure 4-15:
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Figure 4-15: Dopingpolymer: (a) neutral polymer,
(b) polaron awjl lfipolaron.

For conducting polymers;, orbitals overlap to generate the valence bandewthit”

overlap to form the conduction band. In this systeamduction occurs by electron transfer
after getting a sufficient energy in the form obptns or heaf®. For the doped polymer,
p-type polarons can be formed via distortion ingtracture of the local band, introducing
two states in the bandgap that are bonding andlzoniding formed by removing an
electron. Bipolarons can be formed by removingtedes from the previously formed
polarons. In terms of energy consideration, onelaipn is more stable than two polarons.
The energy level of bipolaron is always higherthknce band, leading to a reduction in
the bandgap and as a result facilitating the tearsffelectrons. For example, with doped
polyparaphenylene the bonding state is 0.20 eVh@polaron and 0.56 eV for the
bipolaron and for the bipolaron the bonding statempty and so it carries no spin. The
concentration of the bipolarons would increaseatliyevith the amount of dopants and
interaction between bipolarons can lead to banadbion. Due to fact that the bipolaron
dosen’t have any spin, application of an electriieddl can lead to movement which would

produce conductivity along the structure of theypar©®.

4-5-2 Viologen and solar energy conversion

The photochemistry of viologen compounds was firgestigated by Ebbesen and Ferraud
©®)\who studied the photochemistry of Biginin methanol and water. They reported that
photochemistry occurred only by charge transfewben ground state Bigfthand the
counter ion. The photoexcited state can follow ohivo routes, either charge

recombination within the ion pair or the ions candissociated from the solvent cage.
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In the case of water, the radical pair Biprtl,” was formed with a quantum yield of 0.2,

and rate constant about 6. These processes are represented in the folloszingme:

Secondary processes

Scheme 4-16Reaction of photoexcited charge transfer compleRgsn is a
viologen acceptor and D is an electron donor. Sgagnprocesses involve reaction
with the solvent molecules, and ionization.

The kinetics of both formation and decay of thacaldspecies are dependent on the pH. If
this process was carried out in methanol, therelfierent radical species. The product of
photochemistry was found to be Biprel with a radical pair of Biprh Cl. These species
are an intermediate in the formation of {&LHfrom MeOH®?. Viologen compounds have
been used in the construction of molecular archutes on metal, and on semiconductor
surfaces. This gives an efficient technique fordasign of a new class of nanomaterials
("9 Formation of an acceptor- photosensitizer-daaonplex can be used with
photoactive materials. These types of systems earséd in different applications such as
photosynthesis. However, this system is composedlynaf two parts of the acceptor and
donor systems. It has been found that throughanotem between the photoactive system
and the surface, a new field of photonic molecafat photovoltaidevice would emerge
("D, Formation of self-assembled monolayers (SANRpf organic and organometallic
compounds on the surfaces of metal and the semictord is a very effective technology
for constructing densely packed and well-orderetenmeals on conducting and
semiconducting surface§he formation of viologen molecule layers on theface of tin-
doped indium oxide (ITO) by using the acceptor pkensitizer system were successfully
achieved on the surface of the If® This system was further applied to a molecular
photovoltaic system with a good quantum yield. ldver, the performance of SAMs as
molecular devices is dependent to some extent@dehree of SAM formation and their

properties”.
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4-5-3 General aim

The general aim of this chapter is the synthessoaie viologen monomers. These are
compoundd, 2, 3, 4,5 and6. These compounds may be used in their monomedica
polymeric state in some potential applications saglelectrochromic materials, catalysts,
electroactive materials and as acceptors for ploddtic devices.

4-6 Results and Discussion

Compoundd, 2, 3, 4, 5and6 were targeted for synthesis as these compoundoatitir
polymers or other derivatives are potentially us&fusome potential applications as
mentioned above. Generally, the main building blotthese compounds is the
phenanthroline core, and after polymerization tivegeld have polythiophene chains with
the viologen unit in the central core of the phehesline. The structure of these

compounds is shown in the following figure:

2PF
6

Figure 4-17Structures of the target compounds
4-6-1 Synthesis of target compound 1
The scheme for the synthesis of compolistiarts with commercially available 2,5- di-
bromopyridine, which was converted to 5-(thiopheyh22-(5-(thiophen-2-yl) pyridin-2-
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yl) pyridine by Stille coupling. This compound wi&en alkylated with 1,2- dibromoethane
to give a viologen salt with bromide as a counteom. Then the ion exchange reaction
using an aqueous solution of KRieuld be performed to convert the @mpound into a
viologen with hexafluorophosphate as a counterraimstead of bromide. It was through
that this would improve the solubility of the vigien compound in organic solvent. The

synthesis steps are presented in the followingraehe

Pd(PPhgz),4
N ”
Br—/ A\ Br hexamethylditin — __ <
= Br—\ /) /B, sn(Bu)s
toIHene, N, 70% N N /
reflux
8
PdCl,(PPhg),
|S T _ Sl CzH4B|’2
THF,reflux,N, 7005 L/ N\ |\T }\1 7N\ i e
9
S — — S s _ _ S
KPF
VaWaYa ° - o\ 7 )
aN N H,0 35% SN N
/@ \ @,@
281 2PFg
10 1

Scheme 4-18Proposed synthetic route of target compoiind

Synthesis of compourlwas performed from commercially available 2,5-
dibromopyridine. This was achieved by reactingl#ter in toluene using commercially
available hexamethylditin and Pd(RRhThe product which was purified by column
chromatography affording the final product in 708l¢"¥. Compound was synthesized
applying the Stille coupling reaction using 2.5aé@-tributylstannylthiophene. The crude
product was further purified by column chromatodmafo afford9 as a yellow/orange
powder in 72% yield®. CompoundLO was synthesized via an alkylatigh reaction to
yield the viologen (Bj) and this was converted into viologen hexafluoagghate salt to

enhance the solubility”.
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4-6-1-1 Analysis of compound 1

The UV- visible spectrum of compoufdvas recorded in acetonitrile. This compound
shows two peaks at 346 nm, and 434 nm. The olytidatermined bandgap was
calculated from the onset of UV-visible spectrunib&o2.52 eV. This compound absorbs
strongly in the UV region of the spectrum (346nnhjeh is related to the- 7* transitions.
The high intensity of this peak is probably duedojugation between the thiophene and
the pyridinium rings. The other peak in the visildgion (434 nm) is related to an
intramolecular charge transfer complex (€% This transfer could occur between
counter anion and phenanthroline core. The UVblesspectrum is shown in the

following figure:
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Figure 4-19UV-visible spectrum for compountl Recorded in acetonitrile
(1x 10* M).

4-6-1-2 The voltammogram of compound 1

The voltammogram of compourddvas recorded in MeCN. Monomer oxidation of this
compound shows two peaks, one irreversible at \¢.48d the other quasi reversible at
1.55 V (Figure 4-20). A dynamic electrochemical was performed between the two

values applying a variable potential with scan odt200 mV §. The estimated HOMO

level energy of compountiwas calculated to be -5.93 eV based on the oiiseéo

185



oxidation peak of the ferrocene (0.24 V) and itblizhed value of (4.80 eV)*%? The

voltammogram for the oxidation of compouhd shown in the following figure:

Current/nA

00 03 06 09 12 15 18 2.1
Potential’ WV vs Fo/Fc™

Figure 4-20:The voltammogram for oxidation of compouhdecorded using a glassy
working electrode, an Ag wire as a reference electrodead?idwire as a counter
electrode. Recorded at a concentration of I0n MeCN with TBAPF (0.1M) as a
supporting electrolyte. Scan rate 100 mV. s

The reduction of compourdshowed two reversible peaks at - 0.65 V and aB-v.0

(Figure 4-21). LUMO level of compouridwas found to be - 4.30 eV based on the onset of
the oxidation peak of the ferrocene (0.24 V) asgitblished value of (4.80 eV/§%. The
electrochemically determined bandgap for this commglas 1.63 eV. The first reduction
peak is probably correlated with conversion of Bifirto Bipm*. The second reduction

peak can be assigned to the further reduction (Bgm" to Bipn?). However, the

difference in this value from than that estimatexhT optically determined probably arises
from the contribution of air and humidity as wedl @xperimental conditions Generally,
reduction of viologen dications can be performedviy mechanisms as mentioned earlier
in equations 4- 4 and 4%). The voltammogram for the reduction of compourisl

summarised in Figure 4-21.
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Figure 4-21: The voltammogram for reduction of compouhtecorded using a
glassy carbon working electrode, an Ag wire adexreace electrode and a Pt wire as

a counter electrode. Recorded at a concentratidmd* M in MeCN with TBAPFR
(0.1M) as a supporting electrolyte. Scan rate 180st.

Current/ le-5A

4-6-1-3 Polymerization of compound 1

Many attempts were made to polymerize this monamsolution by electrochemical
method using different parameters. Successive baigaand reduction sweeps were
performed. However, no evidence for polymerizati@s displayed. It is believed that the
presence of the positive centres in the core dbgen monomer probably prevents chain
growth and polymer formation (see compo@)dTherefore, we decided to synthesise

compound? in the hope that this molecule might produce paym

4-6-2 Syntheses of targeted compound 2

The scheme for synthesis of compo@wtarts with 1,10- phenanthroline. This was
converted to 3,8- dibromo-1,10- phenanthrolinedsction with a mixture of bromine,
sulphur monochloride, and pyridine using 1-chloamat as a solvent and and heating under
reflux. This compound was then converted to 3,8diphen-2-yl)-1,10-phenanthroline by
Stille coupling. The last compound was alkylatethvili,2- dibromoethane to give viologen
salt with bromide as a counter anion. The bronodevas replaced by

hexafluorophosphate by ion exchange reaction wsiegss aqueous KRH his reaction
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introduced’Fs as a counter anion instead of Brimprove the solubility of the viologen

compound. The synthetic steps are presented in the follgwrheme:

- NiClx(dppp)
— —\ Brs, S,>Cl,,pyridine — — . . .
\ \ Br \ 4 \ Br 2-Thienylmagnesiumbromide
N N 1-chlorobutane 35% N N
11

0,
reflux THF dry, N,, reflux 62%

/2 A N/ S i U WaWaV
12 @ \__)%

DCM: reflux 450

o
2Br
13
KPFg | S — — S |
HO  35% 7\ ,\f N—? N\
oN_A
o

2PF6

2

Scheme 4-2Zhe synthetic route of target compoud

The starting material 1,10-phenanthroline is adgit electron deficient aromatic
compound, so this compound can be brominatedslbkan shown that bromination of
phenanthroline with Brin chloroform without other additives resultedaityellow
precipitate of phananthroline dibromide intermegli@nd when this was heated at 190 °C
and 260 °C there was not any sign of carbon bratmeimalf thermolysis was performed
with an excess of Byrit afforded a mixture of both 3-bromo-1,10-phehaoline, and 3,8-
dibromo-1,10-phenanthrolirie poor yields of about 15 and 5% respectiV&y Direct
bromination was not shown to be efficient to achiavgood yield for this reaction. It has
been found that the yield can be increased sigmflg when used with pyridine and
sulphur chloride with reaction mixtUf&. The reaction was shown to proceed smoothly in
a chlorinated solvent such as 1-chlorobutane. Bngpound 3,8-dibromo1,10-
phenanthroline is an important compound as its&eing material for liquid crystalline
compounds and conjugated polymer&® 8.

Compoundl2 was synthesized by an Ni-catalyzed cross- coupkagtion of 3,8-
dibromo-1,10-phenanthroline with a Grignard reag€&hts reaction was effective and a
good yield of 62% was achiev&®. Compoundl3 was synthesised by the alkylation
reaction with 1,2- dibromoethane. It was then cor@gkto compoun@ by an ion

exchange reaction with an aqueous solution of&BEive compoun@ ", This

compound was obtained as a yellow/ orange powd&s% yield.
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4-6-2-1 Analysis of target compound 2

The UV- visible spectrum of compoudvas recorded in acetonitrile. Compouhshows
four peaks at 269 nm, 321 nm, 369 nm and 452 nm.optically determined HOMO-
LUMO bandgap was calculated to be 2.44 eV. Thimmaound absorbs strongly in the
UV-vis region of the spectrum and this absorpt®related to the- =* transitions. The
high intensity of this peak is probably due to cmation between the thiophene and the
pyridinium rings. There is another that peak osdarthe visible region (452 nm) which is
related to intramolecular charge transfer complé@?ésThe UV-visible spectrum is shown
in the following figure:
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Figure 4-23UV- visible spectrum for compouril Recorded in MeCN
(1x 10* M).

4-6-2-2 The voltammogram of compound 2

To investigate electropolymerization of the compb@ncyclic voltammetry was
performed in acetonitrile. Monomer oxidation of quaand2 shows two irreversible peaks
atat 1.79 V and 1.33 V. A dynamic electrochemiacal was performed between the two
values by applied potential with a scan rate of a30s’. The estimated HOMO level for
this compound was determined to be - 6.13 eV basdte onset of the oxidation peak of
the ferrocene (0.24 V) and its published valuetdd@ eV)!"*%. The voltammogram for
the oxidation of compoun®is shown in the following figure:
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Figure 4-24The voltammogram for oxidation of compouRdecorded using a
glassy carbon working electrode, an Ag wire adexreace electrode and a Pt
wire as a counter electrode. Recorded at a coratimtrof 1x10* M in MeCN
with TBAPF; (0.1M) as a supporting electrolyte. Scan rate m®0s™.

Reduction of compound showed two peaks; the first peak at -0.67 V an80-Y. The

first peak is probably related to the conversioBipim * to Bipm'", while the second peak
may be assigned to reduce Bipno Bipnf. The estimated LUMO level of this compound
was - 4.23 eVbased on the onset of the oxidatidarabcene (0.24 V) and it's published
HOMO value of 4.80 eV%%_ The electrochemically determined bandgap wamatgd

to be 1.90 eV. The voltammogram for reduction ahpound2 is shown in the following

figure:
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Figure 4-25: The voltammogram for reduction of compouhrecordedising a glassy
carbonworking electrode, an Ag wire as a reference ebeletrand a Pt wire as a
counter electrode. Recorded at a concentratiorxaf@* M in MeCN with TBAPR
(0.1M) as a supporting electrolyte. Scan rate 180st.

4-6-2-3 Polymerization of compound 2

Many attempts were made to polymerize the abovlegem monomer using different
polymerization parameters and conditions. Successidation and reduction sweeps
were performed many times. However, polymerizatimhnot occur, probably due to the
same reasons that were mentioned previously inafasenomerl. Therefore, it was
decided to synthesize compouditb investigate whether this molecule produces pelym

upon electropolymerization.

4-6-3 Synthesis of target compound 3

The synthesis of compourstarted with 3,8-dibromo-1,10-phenanthrolfffé”. This

was converted to compound by the reaction witiN-bromosuccinamide (NBS). The
resulting compound was alkylated with 1,2- dibrothaee to yield the viologen (bromide)
salt. Using an ion exchange reaction with an agsisolution of KPE, this compound was
converted into hexafluorophosphatate salt to imgrie solubility of the viologen

compound3. The synthetic steps are presented in the follgwrheme:
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Scheme 4-26The synthetic route of target compousd

Compoundl4 was synthesized frod2 by reaction with NBS in a one-pot reaction. This
reaction proceeded smoothly under reflux in DMEhia dark to givel4in a yield of 58%
®7). This was then converted into compolfby anN- alkylation reaction with 1,2-
dibromoethane to afford viologen compourgwhich was then converted into viologen
hexafluorophosphate salt by reacting with an agsaolution of KPEto give the target
compound3 "), This compound was obtained as an orange powdts%nyield.

4-6-3-1 Analysis of compound 3

The UV- visible spectrum of compouRdvas recorded in acetonitrile. This compound
shows four peaks at 276 nm, 308 nm, 331 nm andhd65The optically determined
bandgap was calculated to be 2.25 eV. The firdt pe276 nm, and the two weak peaks at
308 and 331 nm are related to ther * transitions. The broad peak in the visible regab
465 nm is related to intramolecular charge transtenplexes (CTY®. The UV-visible

spectrum is shown in the following figure:
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Figure 4-27UV-visible spectrum for compourl Recorded in MeCN
(1 x 10* M).

4-6-3-2 The voltammogram of compound 3

The voltammogram d@ was studied in acetonitrile. This compound shooseel
irreversible reduction peak at - 0.61 V. The estedd. UMO level of this compound was -
4.19 eV based on the onset of the oxidation obtemne (0.24 V) and it's published value
of 4.8 eV"® 8% The presence of one reduction peak for this @amg is probably due to
reduction of the viologen in a single step (Bffito Bipnt) Y. It also shows an oxidation
peak (negative current) at +1.21 V, the HOMO ldwelthis compound was - 6.01 eV and
the corresponding HOMO to LUMO bandgap was 1.71 BWt this compound, there is
one reduction peak, which is probably due to the step two electron reduction of the
viologen monomef™). The voltammogram for this compound is shown iftilowing

figure:
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Figure 4-28: Thevoltammogram of compourirecorded using a glassy carbon
working electrode, an Ag wire as a reference aebeletrand a Pt wire as a counter
electrode. Recorded at a concentration of IXMdn MeCN with TBAPF (0.1M)
as a supporting electrolyte. Scan rate 100 MV s

4-6-3-3 Polymerization of compound 3
The chemical polymerization of viologen monor3avas performed as shown in the

following scheme:

Pd(PPh3),

0
S — — s Br O’Q B, j K2COs
/20 NIV N/ N IS ©
N N Qé CeHys toluene,ethanol
= CeHis N,, reflux,3days

Scheme 4-28chematic polymerization of compoud
Compound3 and dioctylflurorene-2,7-diboronic acid were dissd and degassed in

ethanol: toluene 1:1 mixture. To this mixture tekimtriphenylphosphine Pd(PBhand
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K,CO; were added. The whole mixture was then degasseteated under reflux at 85
°C in the dark for three day®), with a nitrogen flush and continuous stirring foree
days. The obtained solid was dissolved in chlorofdiltered off and the orange solid
polymer was dried overnight.

The' H NMR spectrum for the viologen polymer showeaigsting broad peaks for the
polymer. However, characterization of the polymgiG#PC didn't give a sufficiently high
molecular weight, probably due to the presencepadlar positive viologen centre in the
structure of the polymer. The presence of thisregmtobably retards the elution polymer
molecules from the column of the GPC, so that,ltesusignal in the region of low
molecular weight (M= 3796, M, = 3893, PDI =1.03).

The UV- visible spectrum of the poB)(was recorded in CHgIThe electronic spectrum
of the polymer shows three peaks at 282 nm, 31@mona broad peak at 473 nm. The
optical HOMO to LUMO bandgap was calculated to HO2V. The last peak in the
polymer is shifted to higher wavelength in compamisvith the monomer, probably as a
result of more delocalization of electrons in tledymer. The UV-visible spectrum is

shown in the following figure:
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Figure 4-30UV-visible spectrum of viologen polymer. RecordaddHCk
(1x10* M).
The emission spectrum of the polymer was measuretloroform. The emission
spectrum for the polymer showed features in thibksegion as shown in the following
figure:
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Figure 4-31: Emission spectrum of the p@B), excitation wavelength 450 nm.
Recorded in CHGI(1x10° M).

The voltammogram of the polymer was recorded iom@ibrm by using cyclic
voltammetry. Polymer redox reaction showed an diodgpeak at 0.82 V, and the
estimated HOMO level with respect to the publisheldie for oxidation of ferrocene was

-5.62 eV. The voltammogram of po8j(is shown in Figure 4-32.
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Figure 4-32The voltammogram for polg] recorded using glassy carbon
working electrode, an Ag wire as a reference edeletrand a Pt wire as a counter
electrode. Recorded at a concentration of T0n CHsCl with TBAPF; (0.1M) as
a supporting electrolyte. Scan rate 100 rifV s

4-6-4 Synthesis of target compound 4

Viologen monomer& and2 did not polymerize by electrochemical route. Tprigbably
arises from the presence of positive charges icdhe of viologen compound with the
presence of thiophene ring in conjugation with @mhroline core. So that it was aimed to
replace thiophene ring with EDOT ring as it mohrelectrons. For this reason, we decide

to synthesize compourd The proposed route for the synthesis of targetpound4 is
shown in the following scheme:
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Scheme 4-3Broposed synthetic route of target compodnd

The target compoundsand?2 didn't polymerize which may be due to poor elattro
density in the central core for both of these coomais. It was decided to replace the
thiophene ring in these compounds by 3,4-ethylengthiophene (EDOT) as it is more
electron rich in comparison with the thiophene rilhgvas aimed to synthesise target
compound4 as a viologen monomer for electropolymerizatioime Starting material for
this monomer was compoudd, whichwas synthesized by the Stille coupling in a yield
of 60%®%. This compound was heated under reflux with 1liBrainoethane to give
compoundl8. This compound was then converteditby ion exchange reaction with

potassium hexafluorophosphate to give compauas an orange powder in 40% yield.

4-6-4-1 Analysis of compound 17

The UV-visible spectrum of compoudd was recorded in DCM. The absorption spectrum
of this compound showed four peaks at 225 nm, 29862 nm and 381 nm. These
absorption peaks are related to #hea* transitions. The red shift in the absorption of
compoundLl?is probably due to conjugation between EDOT rind phenanthroline core.
This indicates the presence of charge transfelachkarin the electronic absorption for this
compound. The optically determined bandgap wasutzakd to be 3.06 eV. The UV-

visible spectrum is shown in the following figure:
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Figure 4-34JV- visible spectrum of compourtd7. Recorded in DCM
(1 x10* M).

The voltammogram for this compound was recorddd@M. The voltammogram of
compoundlL7 shows an irreversible oxidation wave at +1.02 KisTpeak probably related
to oxidation of EDOT ring in this compound. The tashmogram for oxidation this
compound is shown in the following figure:
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Figure 4-35:The voltammeogram for oxidation of compoulitirecorded using a
glassy carbon working electrode, an Ag wire adereace electrode and a Pt wire as a
counter electrode. Recorded at a concentratiorxdOf M in DCM with TBAPF; (0.1

M) as a supporting electrolyte. Scan rate100 MV s
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The voltammogram for reduction compoutidishows an irreversible peak at -2.15 V. This

peak probably related to the reduction of phenaltitier core. This voltammogram is
shown in Figure 4-36.
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Figure 4-36The voltammogram for reduction of compoutition a glassy
carbon working electrode, an Ag wire as a referaeetrode and a Pt wire
as a counter electrode. Recorded at a concentraftibxl0* M in DCM with
TBAPFs (0.1 M) as supporting electrolyte. Scan rate df &/ s™.

The electrochemically determined HOMO-LUMO bandgapompoundl7 was

calculated from the difference in the onset offttet oxidation and reduction processes
and the data are shown in the following table:

Table 4-1:Electrochemical data for compoudd.

Onset of HOMO / eV Onset of LUMO HOMO-LUMO
oxidation / V reduction / V leV bandgap /eV
+0.90 -5.70 -2.03 -2.77 2.93

The difference between the HOMO and LUMO valuesegav electrochemical HOMO-
LUMO bandgap of 2.93 eV, which is slightly loweaththe calculated optically
determined HOMO-LUMO bandgap that was 3.06 eV.
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4-6-4-2 Electrochemical growth of poly(17)

The electrochemical growth of poly{) was undertaken from 0 to 1.14 V under 300

segments with using a high concentration 1X MO Thefollowing figures showed

polymer growth of polyl7) under repeated cycling. Repeated cycles fomtmsomer

showed growth in current (also growth of the shegl@t potential lower than the first

oxidation of the monomer can lead to the formatarelectroactive film of the polymer

®9 The growth of poly(7) is shown in the following figures:

Curet/ pA
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Figure 4-37The voltammogram of growth of poly[) recorded using a glassy
carbon working electrode, an Ag wire as a referaeetrode and a Pt wire as a
counter electrode. Recorded at a concentratiox &0f M in DCM with
TBAPFs (0.1 M) as a supporting electrolyte. Scan raterh®0s * over 300
segments. This figure shows polymer growth on teetede increasingly with
repeating cycling.
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Figure 4-38The voltammogram of growth of polyT) recorded using an ITO
as a working electrode, an Ag wire as a referetexdrede and a Pt wire as a
counter electrode. Recorded at a concentratioa.afx10* M in CH,Cl, with
TBAPF; (0.1 M) as a supporting electrolyte. Scan rat@m¥ s* over 300
segments. ITO used in this process was transpanentonductive.

4-6-4-3 The voltammogram of poly(17)

The voltammogram of pol§{) showed an irreversible oxidation peak at + 0.79Ms
peak may be attributed to the oxidation of the mwlaand the bipolaron states. The

reduction process shows an irreversible peak @5-Y. The voltammogram of pol{() is
shown in the following figure:
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Figure 4-39The voltammogram of oxidation (a) and reductiondfopoly(17)
recorded using a glassy carbon working electrod&gwire as a reference

electrode and a Pt wire as a counter electrodeor@ed in monomer-free DCM
with TBAPF; (0.1 M) as a supporting electrolyte. Scan rat&0sf mV s,

The electrochemically determined bandgap for tHgrmper was calculated to be 2.07 eV

and the electrochemical data for pdly(is summarized in the following table:
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Table 4-2: Electrochemical data for poly compou¢id).

Onset of | HOMO / eV Onsetof | LUMO | HOMO-LUMO
oxidation / V reduction/ V| eV bandgap /eV

+ 0.56 -5.36 -1.51 -3.29 2.07

The UV-visible spectrum of pol§{) was investigated as a thin film on ITO glass. The
optical bandgap of the polymer was calculated loyvgrg the polymer onto a piece of ITO
coated glass slide. The polymer was grown by cgdiietween 0 and 1300 mV vs Fc/Fc
then de-doped between (-700 and -500 mV). The pbearspectrum for this polymer is
shown in the Figure below. The spectrum showg.apeak of 382 nm for the polymer, so
thern-n* transition has a bathochromic shift comparech®rmonomer. The natural form of
poly(17) showed an interband transition at 500 nm whialelsted to the red of poly
(EDOT). This red shift arises from the alternatttanor/ acceptor structure. The optical
bandgap for the polymer grown on ITO was 2.01 ewiigh lower than the band gap
determined for the monomer. This probably arisemfhighly conjugation in the polymer

backbone. The UV- visible spectrum for pdly)is shown in the following figure:

Abs/an

-0.08+

400 500 600 700 800 900 1000
wavelength (nm)
Figure 4-40Absorption spectrum of pol¥{) as a thin film on ITO glass.
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4-6-4-4 Analysis of compound 4

The UV- visible spectrum of the compouavas recorded in acetonitrile. The spectrum of
this compound shows three peaks at 281 nm, 341naB@6 nm and a shoulder at 525
nm. The optically determined HOMO-LUMO bandgap wakulated to be 1.97 eV. This
value is lower than the optical HOMO-LUMO bandgagompound.7 (3.06 eV). The

first and second absorption peaks relate torthe* transitions. The third broad

absorption peak in the visible region of the speutrs related to the charge transfer
complexes that commonly occur with viologen compisuresulting in broad banf®.

The UV- visible spectrum of this compound is shawthe following figure:

Abs/an

0.1, . . . . . . .
300 400 500 600 700 800 900 1000
wavelength (nm)

Figure 4-41V- visible spectrum of compountl Recorded in MeCN
(1 x10* M).

The voltammogram of compouddwvas undertaken in acetonitrile. The voltammogram o
compound4 shows an irreversible peak at + 0.61 V. The radngirocess shows an
irreversible peak at -1.84 V. The electrochemicdbyermined HOMO-LUMO bandgap of
compound4 was calculated from the difference in the onseheffirst oxidation and the
reduction and it was calculated to be 2.24 eV. fitesence of one reduction peak for this
viologen monomer suggests that the reduction dbgin occurred fully in one stéf’
(from Bipn?* to BipnT). The voltammogram of this compound is shown mftiilowing

figures:
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Figure 4-42The voltammogram adxidation (a) and reduction (b) of compound
4 recorded using a glassy carbon working electradd @ slide working
electrode, an Ag wire as a reference electrodeadPidwire as a counter
electrode. Recorded at a concentration of ca. TX#dn MeCN with TBAPR
(0.1 M) as a supporting electrolyte. Scan rateQsf thV s™.
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The electrochemical data for this compound aremsarised in the following table:

Table 4-3:Electrochemical data for compousd

Onset of HOMO / eV Onset of LUMO HOMO-LUMO
oxidation / V reduction/V | /eV bandgap /eV
+0.52 -5.32 -1.72 -3.08 2.24

The difference between the HOMO and LUMO valuesegawv electrochemical determined
HOMO-LUMO bandgap of 2.24 eV, which is higher trlihe optically determined
HOMO-LUMO bandgap (1.97 eV). Compouddvas subjected to many attempts at
electropolymerization by using several solventhsagdichloromethane and acetonitrile.
Also changing the experimental conditipimcluding using different potentials, substrate

concentrations and number of cycles didn’t resufjrowth of the polymer.

4-6-5 Synthesis of target compounds 5 and 6

The lack of evidence for polymerization of compodrgpurred us to develop compound
and6. The proposed route for the synthesis of targetpmundss and6 is shown in the

following scheme:
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Br Br S Sn(Bu)
S — — S
| / N \ | . OM ° PdCl,(PPhs),
N N \\/O

DMF dry 42%
reflux,N,

14 16

Q  C,H4Br,
\) refluxe 2\ 35%

KPFg
MeOH  30%

Scheme 4-43The synthetic route of compoun8snd®6.

Compoundb was designed to incorporate bifunctionalized phémaline featuring
thiophene and EDOT rings. It was hoped this compaguld be used as a monomer for
polymerization, and as a chelating compound, sbitlsan be used effectively in synthesis
of conducting polymers and in the formation of eliéint chelating complexes with some
active metal$®. Synthesis of compourfl was undertaken by Stille coupling of
compoundL4 with compoundL6 to give compoun® in 42% yield®®. This compound has
a high electron rich density due to the presendhaethiophene, and the EDOT rings. This
probably facilitates its ability toward electrochieal polymerization, producing a good
polymeric film over the working electrode. Compouriwas synthesized from compound
5 by anN- alkylation reaction with 1,2-dibromoethane. Theget compoun@ was
synthesized from compourd® by an ion exchange reaction with potassium
hexafluorophosphate in MeOH to give compoérat a black/ blue powder in 18% vyield.
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4-6-5-1 Analysis of compound 5

The UV-visible spectrum and voltammogram of commbbimvere recorded in DCM. The
absorption spectrum of this compound shows threkgpat 263, 314, and 415 nm, which
are related to a-n* transition, with a high intensity red shifted pgarobably arising from
the highly conjugated system due to thiophene / ERi6gs. This feature can cause a high
conjugation in this compouri??°?. The optically determined HOMO-LUMO bandgap at a
higher wavelength of 465 nm was 2.66 eV. This |l@alue of optical bandgap arises from
conjugation between donor (EDOT/ thiophene) rings the acceptor. The UV- visible for
this compound is shown in the following figure:

0.94

0.6

Abs/an

0.3

0.0+

300 375 450 525 600 675 750
wavelength (nm)
Figure 4-44JV- visible spectrum o€ompounds. Recorded in DCM

(1 x10*M).
4-6-5-2 The voltammogram of compound 5

The voltammogram for this compound shows an irglér an oxidation waves at + 0.60
and + 0.75 V, a reduction process shows an irréMerpeak at -1.98 V. The

voltammogram is shown in the following figure:
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Figure 4-45Thevoltammogram obxidation(a) and reduction (b) of compound
5 recorded using a glassy carbon working electradédg wire as a reference
electrode and a Pt wire as a counter electrodeori®ed at a concentration

monomer of 1x10" M in DCM with TBAPR; (0.1 M) as a supporting electrolyte.
Scan rate of 100 mV's
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The electrochemically determined HOMO-LUMO bandgapompound was calculated
from the difference in the onset of the first oxida and reduction and the data is
summarised in Table 4-4.

Table 4-4:Electrochemical data for compoubd

Onset of HOMO / eV Onset of LUMO HOMO-LUMO
oxidation / V reduction / V leV bandgap /eV

+0.53 -5.33 -1.88 -2.92 2.34

The difference between the HOMO and LUMO valuesegav electrochemically
determined HOMO-LUMO bandgap of 2.34 eV, whichlighdly lower than the calculated
optical HOMO-LUMO bandgap (2.66 eV). However, thiference probably arises from
contribution of air and humidity in the UV- Visibspectrum.

4-6-5-3 Polymer growth of poly(5)

The electrochemical growth of pol§)(was obtained by the electrolytic oxidation of the
monomer under use of successive scans. Repeatihiggegver this peak results in typical
polymer growth. The polymer growth as a thin filepadsited on glassy carbon electrode is

shown in the following figure:
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Figure 4-46The voltammogranoef growth of poly 6) recorded using a glassy
carbon (a) and ITO slide (b) on ITO as working &lete, an Ag wire as a
reference electrode and a Pt wire as a countetretiec Recorded at a
concentration of monomer-free 1x481 in DCM with TBAPR; (0.1 M) as a

supporting electrolyte. Scan rate 100 mVaver 300 segments. Polymer growth
increasingly developed on the electrode with rapgatycling.

The voltammogram of pol$f was recorded in monomer -free electrolyte. The
voltammogram of polyg) showed a broad reversible peak almost at + G:@463 V. This

peak may be related to the oxidation of the polamay or bipolaron states. The polymer
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reduction shows two peaks the first small reveesgdak at -1.89/-1.78 V and the second

at -2.13 V. The voltammogram of poby(is shown in the following figure:

a
60+

30—

Current/ pA
o

-30 -

-60 -

T
-0.2 0.0 02

0.6 0.8 1.0
Potential / V vs Fc/Fc'
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Current/ pA

-150

200 -1.89

-250

-2.5 ' -2l.0 ' -ll.5 ' -1l.0 ' -0.5 ' 0.0

Potential / V vs Fc/Fc”
Figure 4-47: The voltammogram afxidation (a) and reduction (b) of
poly(5) recorded as a thin film on a glassy carbon waylalectrode, an Ag
wire as a reference electrode and a Pt wire asiateoelectrode. Recorded

at a concentration in monomer-free of 1 X1 in DCM with TBAPFK;
(0.1 M) as a supporting electrolyte. Scan rate rh®0s .
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The electrochemical HOMO-LUMO bandgap of the [§6)yare summarised in Table 4-5.
Table 4-5: Electrochemical data for poB).

Onset of HOMO / eV Onset of LUMO HOMO-LUMO
oxidation / V reduction / V leV bandgap /eV
+0.30 -5.10 -1.64 -3.16 1.94

The difference between the HOMO and LUMO valuesegav electrochemical HOMO-
LUMO bandgap of 1.94 eV, which is lower than thiegkted electrochemical HOMO-
LUMO bandgap of the monomer (2.34 eV). Howevess thiference probably arises from
contribution of air and humidity in the UV- Visibspectrum.

The oxidation stability of pol) under oxidation was investigated by repeatindicgc

over the first redox active peak as shown in thiefong figure:

increasing sca

Current/nA
=
|

02 00 02 04 06 08 10
Potential/ V vs Fo/'Fe

Figure 4-48he voltammogram of oxidation stability of pdby(recorded using a
glassy carbon working electrode, an Ag wire adexreace electrode and a Pt wire
as a counter electrode. Recorded at a concentiatimonomer free of 1x 1bM in
MeCNwith TBAPF; (0.1 M) as a supporting electrolyte. Scan ratgm¥s ‘over
100 segments.

The voltammogram of pol$j showed a slight decrease in the amount of exathng

charge. This means that this polymer has a godulistaipon cycling. Redox stability is
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an important factor for essentially all potentipplcations of this type of materials such as
optoelectronic and electrochromic devices.

The peak currents of the thin film of pdby(deposited on the electrode were recorded in a
free electrolyte solution. This showed that curnaries linearly with change of the
electrochemical scan rate increased from 25 rtd500 mV3'. This behaviour is due to
the strongly adsorbed electroactive species of(pplyhe scan rate graph of pdy(n

monomer free MeCN at different scan rates is shioglaw:
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Figure4-49: Scan rate graph of poB)in monomer free MeCN at varying scan
rates: 25-500 mV's

A plot of peak currentgersus scan rate provides a straight line confignaitinear
relationship between peak current and scan ratetabdity of the polymer at the
electrode /electrolyte interface. The scan raténagj@aeak current maxima for pob)(
showed a good linearity as shown in the followiiggife:
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Figure 4-50The scan rate versus peak current plot for @aply(

The UV-visible spectrum of doped and de-doped @l a thin film was performed on
the ITO glass as it highly conductive and transpiaeéectrode. The optical bandgap of the
polymer was calculated by growing the polymer anfmece of ITO coated glass slide.
The polymer was grown by cycling between 0 and 1H80vs Fc/F¢ then de-doped
between -500 and -300 mV. The absorption spectaurthfs polymer is shown in Figure
below. The spectrum shows.g.x peak of 530 nm therefore the polymer, has a 11%eaun
shift compared to the monomer. Another small psapparent at 436 nm. The optically
determined bandgap was calculated to be 1.85 d¥t i$ a little lower than the
electrochemically determined bandgap 1.94 eV.

After doping, the intensity of this interband traios decreases with the appearance of two
new absorption peaks at higher wavelengths. Icdise of high level of doping the
spectra exhibited peaks at higher wavelength retiret IR region of the spectri#l. The
reason for this is probably due to the alternatietween donor (EDOT/ thiophene) and the
acceptor in the polymer chain. In addition to tlchiange in the optical absorption
confirms protonation of the deposited polymer upgitlative polymerization. Protonation
of the deposited polymer may result due to the petdn protons upon electrochemical

polymerization. The UV- visible spectra are showmhe following figure
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Figure 4-51Absorption spectrum of de-doped (a) and dopedf(pply(5) as a

thin film on ITO glass.
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4-6-5-4 Spectroelectrochemistry of poly(5)

The spectroelectrochemistry of pdy{vas recorded on ITO electrode as a thin film is
shown in the following figure:

_ :\{{\\\\\\@\le”% ~
A

Absorbance /a.u
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i ; 4
s .‘- .@,,s&:- /

Figure 4-52The spectroelectroelectrochemical plot of p-dopag(p) deposited on
ITO glass using an Ag wire as a reference electamdla Pt wire as a counter

electrode. Experiments were run in monomer-free NlsGlution and in the
presence of BINPF; (0.1 M).

The spectroelectrochemistry of pdyfs shown in the above figure. A spectral series o

poly(5) at various applied potential ranging from thetreypolymer to the fully oxidized
states of the polymer. The neutral polymer shovg®@dtion band at around 500 nm,
which is due to donating ability (EDOY¥: °>) This would give lower energy charge
transfer absorption with the initial oxidation dktpolymer. Upon increasing applied
potential, the peak disappeared at about 1.5 VoBe¥yhis value it was absent and a new
sharp peak at 550 nm that may be related to trerqoktates appeared. Further increase in
the applied potential into 2.0 V leads to the appeee of a new absorption tail at around
950 nm with low intensity. This absorption may b&ted to the bipolaron states.

The change in optical absorbance at 750 nm for(polvas studied on ITO glass as a
function of switching rate between - 0.70 and +1V3%at varying times: 10.00, 5.00, 2.50,
1.25, 0.50 and 0.25 seconds. The results are shothie following figure:
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Figure 4-53: Change in optical absorbance at 750 nm for paly( ITO glass
as a function of switching rate between - 0.70 -ah@5 V at varying times.

The ability of the polymer to switch between colstates was tested by measuring the
absorbance at 750 nm and switching the potenttaldsn - 0.70 V and +1.35 V at

different rates, as shown in the above figure. §lgching times used for these
measurements were 10.00, 5.00, 2.50, 1.25, 0.50.2&dkeconds. The percentage change

in absorbance for each experiment is shown in Téitle
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Table 4-6: Switching times and % change in absorbance for(pply

Switching time( s) (% ) Change
10.00 59.28
5.00 55.94
2.50 45.35
1.25 31.81
0.50 12.75
0.25 5.92

4-6-6 Analysis of compound 6

4-6-6-1 UV-visible spectrum and CV of compound 6

The UV-visible spectrum of compouidvas recorded in MeCN. The spectrum of this
compound shows that there are three absorptiors@®90 nm (weak peak), 426 nm
(broad peak) and at 560 nm (broad peak). Thetfirstpeaks are related to ther*
transitions. The broad peak at 426 nm in the \asibgion is probably a consequence of
the highly conjugated nature of the system. Thedaak at 560 nm appears to be related to
the charge transfer complexes, which commonly oadtir viologen compound&®. The
optically determined HOMO to LUMO bandgap for th@mpound was 1.90 eV. The UV-

visible spectrum for this compound is shown inftiiwing figure:
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Figure 4-541JV- visible spectrum of compourl Recorded in MeCN (1x10M).

220



4-6-6-2 The voltammogram of compound 6

The electrochemistry of this compound was recordegtetonitrile. The voltammogram of
compounds shows two reversible oxidation waves at + 0.58/58 V and + 0.99/ + 0.91
V and the reduction process shows an irreversigdk at -1.87 V. The peak at -1.12 V is
possibly from traces oxyg€R. The presence of one reduction peak suggestfuthat
reduction of the viologen (from Bipthto Bipnf) occurred in a single step. The

voltammogram for this compound is shown in thedieihg figure:
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Figure 4-55The voltammogram adxidation (a) and reduction (b) of compouhd
recorded using a glassy carbon working electrodé@gwire as a reference
electrode and a Pt wire as a counter electrodeori®ed at a concentration of 1x
10* M in MeCN with TBAPF (0.1 M) as a supporting electrolyte. Scan rate of
100 mV s*.
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The electrochemical data of compourid summarised in Table 4-7

Table 4-7:Electrochemical data for compou6d

Onset of HOMO / | Onset of reduction LUMO | HOMO-LUMO
oxidation / V eV IV leV bandgap /eV

+0.39 -5.19 -1.78 -3.02 2.17

From these results, bandgap energy of compeéuadelatively low this probably arises

from conjugated system in this compound due tgtkesence of thiophene and EDOT

rings in conjugation with phenanthroline core.

4-6-6-3 Electrochemical polymerization of compoun®

The electrochemical growth of poBj(was achieved by the electrolytic oxidation of the

monomer under use successive scans in the rang@ tad+ 1.20 V. The voltammogram

of the monomer showed that it was oxidized revérsibaround + 0.55 V in MeCN. The

polymer growth by cycling over this peak that résuthe growth of the polymer as a thin

film deposited on the glassy electrode. The polygrewth is shown in the following

figure:
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Figure 4-56The voltammogram of growth of poB)recorded using a glassy
carbon as working electrode, an Ag wire as a refexelectrode and a Pt wire
as a counter electrode. Recorded at a concentreftican 1x10* M in MeCN

with TBAPF; (0.1 M) as a supporting electrolyte. Scan raterh®0s *over
300 segments.
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The oxidation and the reduction of pd@yEn ITO electrode, shows a reversible broad
oxidation peak at + 0.42/ + 0.39 V. This peak maatiributed to the oxidation of the
polaron and/ or bipolaron states. Reduction of {@lghows an irreversible peak at -2.12

V. The voltammogram of polgf is shown in the following figure:
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Figure 4-57The voltammogram of oxidation (a) and reductiongbpoly () as a
thin film recorded using a glassy carbon workingcélode, an Ag wire as a
reference electrode and a Pt wire as a countetretiec Recorded in monomer-free
DCM with TBAPF; (0.1 M) as a supporting electrolyte. Scan rat&0ff mV s™.
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The electrochemical data of pdby(s summarised in the following table:
Table 4-8: Electrochemical data for pol).

Onset of HOMO / eV Onset of LUMO HOMO-LUMO
oxidation / V reduction / V leV bandgap /eV

+0.13 -4.93 -1.85 -2.95 1.98

Oxidationstability of poly@) in monomer- free DCM at a scan rate of 100 iidtger 100
segments is shown in the following figure:
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Figure 4-58Thevoltammogranfor oxidation stabilityof poly(6) recorded
using a glassy carbon working electrode, an Agas a reference electrode and
a Pt wire as a counter electrode. Recorded inromen free DCM with TBAP§
(0.1 M) as a supporting electrolyte. Scan raterb®0s * over 100 segments.

Repetitive cycling over the first redox active peagted the stability of the polymer
towards oxidation. The polymer is highly stablatwmdic conditions, with only a 5.3%
decrease in the current response over 100 segmidmsnfluences of scan rate of pdy/(

in monomer fre®©CM at varying scan rates: 25- 500 m\is shown in the following

figure:
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Figure 4-59Scan rate graph of pol)Xin monomer- free DCM at varying
scan rates: 25- 500 m\#s

A plot of scan rate against peak current maxima#éy(6) showed a good linearity as

shown in the following figure:
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Figure 4-60The scan rate versus peak current plot for [©ly(
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The above results show a linear relationship betwee peak currents and the scan rate,

and confirm that the electroactive species werdiwed on the surface.

The growth of poly§) on ITO coated glass slide was performed by ngctietween

0.0and 1.3 V vs. Fc/Fc The polymer growth is shown in the followingig:
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Figure 4-6T-he voltammogram ajrowth of poly@) recorded using
ITO slide as a working electrode, an Ag wire asfarence electrode and
a Pt wire as a counter electrode. Recorded at @eotration of ca 1x10
M in MeCN with TBAPF (0.1 M) as a supporting electrolyte. Scan rate
100 mV s over 300 segments.

The absorption spectrum of de-doped and dopeditiiia of poly(6) was investigated on

ITO glass. The spectrum showsqax peak of 430 nm. The optically determined bandgap

of 1.44 eV is lower than the electrochemically deieed bandgap of 1.98 eV. The

absorption spectra are shown in the following fegur
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Figure4-62Absorption spectrum of de-doped (a) and dopedf(bply(6) as a
thin film on ITO glass.

The optical bandgap of the polymer was calculatedrbwing the polymer onto an ITO
coated glass slide. The polymer was grown by cgdiietween 0 and 1300 mV (vs FclfFc
electrolyte free monomer then de-doped between aBd0-300 mV in monomer free-
DCM.
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4-6-6-4 Spectroelectrochemistry of poly(6)

The spectroelectrochemistry of a thin film of p@y{vas investigated at various applied
potentials ranging from neutral polymer to fullyidized polymer. The spectrum shows an
absorption band at around 430 nm for the neutaéé¢ stUpon oxidation of polgf this peak
disappears gradually until the applied potentiathes 1.7 V. Beyond this, peak was
absent and new two peaks at 600 and 875 nm apjithaa \Wower intensity. These two
peaks may be related to the oxidation of polarati@rbipolaron speci€g* *® The

spectroelectrochemistry of poB)(is shown in the following figure:
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Figure4-63: The spectroelectroelectrochemical plot of p-dopalgl(s) deposited on
ITO glass using an Ag wire as a reference electamdla Pt wire as a counter

electrode. Experiments were performed in monones-BCM solution and in the
presence of BINPF; (0.1 M).

228



4-7 Conclusions

This chapter describes the synthesis of novel gerospecies- 6, 10, 13, 15, 18nd19

and the synthesis of bifuctionalized phenanthrotiopounds. The main building block
for these compounds is 1,10- phenanthroline. Géyggtiae above compounds were
targeted for synthesis as they may have potergjaications as materials for producing
electrochromic devices, catalysts, and photovotlaimices. Many attempts were made to
polymerize viologen monomefisand2, however, all attempts were unsuccessful. The
possible reason for this is the presence of th#gipegentres in the viologen core, which
may prevent growth of the polymer. In monomean EDOT ring replaced the thiophene
ring, as it is more electron rich than thiophere ttould facilitate the polymerization.
Many attempts were made to polymerize this monohmsever, none was successful.
Gratifyingly the chemical polymerization of compal®was achieved together with the
electropolymerization of compoun8saand6. From these results, it was found the presence
of electron rich moieties in conjugation with phettaoline core is necessary for

polymerization to occur successfully.
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Chapter- five: Towards the synthesis of some novpush-pull systems for potential
applications as nonlinear optical materials

5-1 Introduction

In the last few decades, there has been muctlestter dipolar chromophores of the form
(D- n- A), where D is a strong electron donor and A strang electron acceptor withta
conjugated bridge linking with both moietie®. These compounds are interesting due to
many potential applications in electro- optical idegassociated with large second and
third-order nonlinear optical effedfd Thus, highly efficient molecular materials can be
produced by appropriate choice of both donor aeé@tor units to create sensitizer for
dye sensitized solar cells (DSSCs), light-energyecsion, optical devices and sen§ars
In addition, these types of material with (D-A) stituted conjugated molecules are highly
polarized and can be considered as intermolechkmge transfer compounds. This
property can be used in the construction of lowedisional organic nanostructures. They
can also be used in the fabrication of well-definadostructures with desired controlled
morphology. Low dimensional supra-molecular miand/ar nanostructures can be
synthesized from low molecular weight (D-A) suhged with intermolecular charge
transfer compounds and this type of design deperaisly on the (D-A) dipole-dipole
interactiof®"). For this type of push-pull material, it has béamd that molecules
possessing large molecular second order nonliyeéng hyperpolarizabilityf) can be
increased directly by increasing donor and accegitengths and increasing tire
conjugation of the spacer ufflt In order to optimize thg value for these compounds,
many conjugated units can be used. Polyenes ae ofimmonly used asconjugated
spacers. This can provide a high efficiency forgbalelocalization between donor and
acceptor units, as the neutral and charge-sepastetss consist of similarsystems of
alternating single and double boridsHowever, much effort has been focused upon the
development of the synthesis of effective nonlirgatics (NLO) chromophores, which
contain conjugated triene segments, for examphegitt bonds incorporated into a 6-
membered ring system. This can enhance thermalitstalb the resulting system in
comparison with simple triene analog{f8s Some chromophores containing conjugated
triene segments are presented in Figure 5-1.
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Figure 5-1 The structure of some chromophores containingvghe conjugated
triene segment¥,

In previous work particular attention has been $&clion optimizing the second-order
nonlinear optical response of the ground-staterjzaition of molecules by using different
systems of electron donors (D) and electron acegif) with « -conjugated spacef’s*?,

In this context, Alain and co-workéefd reported the synthesis of some heterobimetallic
complexes, which contained ferrocenyl donors withedal carbonyl moiety as acceptors
that were connected byra conjugated system. They measured the NLO resgdongigese
complexes using the Hyper Rayleigh Scattering (Hie&)nique and they found that all
the prepared complexes have high second ordemmamity. It has been found that among
these complexes, the chromium carbonyl contaireng€enyl ligand Fc-(CH=CH)
CsHs-{Cr(CO)3} showed a higher 3 value. This probably arisemfstrong electronic
communication between donor/ acceptor moietiekimgystent™®.

In another study, Das and co-work&fsreported the synthesis of some organic acceptors
of anthraquinone linked to ferrocene donors by fbblaise linkages. They investigated the
synthesis of symmetrical and asymmetrical substituionor- acceptor. They measured the
microscopic second order nonlinearity in the solutising the HRS technigifé. The

structures of some of these compounds are shote ifollowing figure:
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Figure 5:-Btructureof anthraquinone acceptors in conjugation with
Schiff base and ferrocene moiett&s

Generally, using systems with delocalized five-merald heteroaromatic rings, such as
thiophene, furan and thiazole instead of benzemgerasults in an enhanced molecular
nonlinear response as quantified through theristecula3 > 1 Although a large
variety of donors, acceptors and spacer groups bese used for the design of NLO
chromophores, the use of pyrrole as a conjugateddand/or as a strong donor moiety
has rarely been reported in the NLO literatife®® which is probably due to the difficulty
of their synthesis. The first hyperpolarizabilitefspyrrole-containing NLO chromophores
with potential application as nonlinear optical eils have been report&d 2%

Lastly, some methods have been used to enhangedperties of these push- pull systems
and use them as NLO materials. These systemsvmwusing a series of 1-(4-(thiophene-
2-yhphenyl)-H-pyrrolesas efficient push-pull systems bearing pyrrole dsr@or group

and dicyanovinyl, rhodamine, thiobarbituric acidlandanonedicyanovinyl as acceptor
moieties linked through an arylthiophene spacees€lsystems have high efficiencies with
relatively higher hyperpolarizability valué¥. In our work, we are aimed to synthesize of
push-pull chromophores with highly conjugation lsyng different donor/ acceptors
moieties in conjugation with phenanthroline spabBere to high conjugation in these

chromophores it hopes to give good NLO response.
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5-2 Push-pull systems and nonlinear optics

The NLO responses induced with various types demdes, either in solution or in the
solid state are of great interest in many fieldseskarclf?. Generally, NLO behaviour
occurs if the optical properties of the moleculemterest change in the presence of strong
external electrical fields such as high-energyrlbgams. Many attempts have been made
to incorporate organic molecules into various dewithat can be used for different
purposes, such as optical communication, compuaimbdata storage and image
processind’®. As mentioned earlier, among different types atemial which can be used
as NLO materials, organometallic complexes arargortant class as they complexes can
exhibit a good NLO response with easily fabricatgdgration into composite materials.

To investigate these compounds in terms of thestgatics applications, their accurate
molecular must be measured. Normally HRS is used for thisgs<?*? as it can be

used in evaluating the molecufam solution. According to this technique, light is
scattered at the second harmonic wavelength becddisetuations in the molecular
dipoles, which is monitored as a function for tlk@@entration of the interested
chromophore. Generally, this technique is suitabli@vestigate the quadratic

polarizability of different types of molecul&8). Most HRS studies have used an
interference filter in order to detect second harim¢ight coming from background
scattering. At the same time, fluorescence asémee wavelength of the second harmonic
light can’t be removed completely. Hence, the mesiwill be higher than the real
value®. Flipse and co-workef€® reported two-photon fluorescence (TPF). This then
was followed by fluorescence in a series of doramceptor spacer conjugation systems
such as 4- dimethylamino-ditrostilbene and 4-methoxy-ditrostilbene at a wavelength

of 1064 nm. This wavelength was then used as intidght for the study of second
harmonic generation (SHG). They suggested that®® at 1064 nm was not used in the
measurement of the first hyper- polarizability floe above compounds which showed TPF
at this wavelength. The structure of some of tleesepounds is shown in the following

figure %°
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These compounds have a good TPF, this probablysdiiem strong electronic
communication between donor/ acceptor moieties aitltonjugated space unit.
Blanchard and co- workéf8 reported a large quadratic hyper-polaraizabilfty o
compounds with ferrocene as an electron donor laadityanovinyl group as an acceptor
at the two ends of a polyene chain. The structofeeme of these compounds are shown

in the following figure:
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Figure 5-4Compounds with ferrocene as an electron donotlzand
dicyanovinyl group as an acceptor at the two eridspolyene chaff”.

In another study, Barlow and co-work&® reported a largB, which was related to
metallocenes bridge acceptor complexes. They suggested a simpdke| of orbitals to
explain the observed nonlinear behaviour. Otheodoacceptor complexes have been
synthesized and their optical properties were stlidither in the solution or in the solid
state®. Generally, symmetrical types such as (D-A-DJ éd-A-D-A) are more
important than asymmetrically substituted D-A typhis probably due to the nature of the
charge distribution from the terminal point in t@njugated system to the middle point in
the system. Therefore, this type would be expeidrhve a large two photon absorption

cross- section and then a substantial TPF quanieioh§?.
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5-3 TCNE and TCNQ incorporating push- pull system

Generally, there are different types of push- puieties, among these, the electroactive
group tetracyanoethylene (TCNE) is used in manyiegtjons in this field as a strong
electron acceptor and 7,7,8,8- tetracyanoquinodiamet (TCNQ) is commonly used as a
strong electron acceptor. These units are commgs®y in the fabrication of optical
devices, electrical recording devices, sensorseteatrochromic, energy, data storage and
magnetic device§?. These two compounds and their derivatives foomdgcomplexes
and salts with charge transfer properties. In amldisome of these compounds were found
to give good electronic conductivity and possessignagnetic properti€s’. Both of
TCNE and TCNQ react with electron-rich alkynes edfog [2+2] cycloaddition with good
yield . Generally, these strong electron acceptors eazombined with many electron
donor groups such as N,N-dimethylanaline and bémediaizole or nitro groups which
function as the acceptor. Hence, linking TCNE and@©NQ with these donor units with
good conjugated- spacer units can produce materials with gooctapéind electrical
properties®. It has been reported that the reaction of TCNEEEBNQ with alkynes was
dependent on the relative energies of both the HG¥M®the LUMO and also on the
frontier molecular orbital coefficient at tifigoosition when para-anilino-substituted
alkynes linking with an electron withdrawing grosych as CN are applied. This would
lower the energies of the HOMO and the new HOMQ@nbeing further in its energy
from the LUMO of both TCNE and TCNQ leading to redd interaction between donor-
acceptor moietie$>. When TCNE and TCNQ are linked in a conjugatiothvstrong
donors, the resulting push-pull chromophores wialde good interamolecular charge
transfer (CT) interactions with high third-ordertiopl nonlinear behaviod.

For these materials, electrochemical studies bijacyoltammetry and rotating disc
voltammetry showed that their electron-acceptinggrovas dependent on the effect of
TCNE or TCNQ on the electrical properties of themeserial$¥. Structures of TCNE and

TCNQ are shown in the following figure:

CN CN NC —— CN
—( \C@c:/
NC CN NC/ — \CN
a b
Figure 5-5Structure of strong electron acceptors: (a) TCall (b) TCNQ.

In our study, these two compounds will be incorpentan conjugation with both anilino

groups as a good donating group and phenanthrodires It hopes these dipolar
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chromophores to yield a significant absorptionisible region and even up to near IR. In
addition to that, it is expected to show good NleSponse due to strong electronic

communication between donor/ acceptor moietiekese¢ compounds.

5-3-1 Symmetrical push-pull system with phenanthrohe core

For the push-pull systems, there are two main ggosyggmmetric and asymmetric
depending on the arrangement of the donor- accgpbaips in the dipolar molecules. It
has been reported that symmetrically substitutewdacceptor-donor systems e.g. (D-A-
D) or (D-A-A-D) exhibit a better nonlinear opticasponse in comparison with
unsymmetrical substituted donor-acceptor-donor (D¥system&®. The first type of
system is expected to show large two photons absorwith a good TPF quantum yield
@9 This is probably due to the symmetric natureheftharge distribution from the
terminal position into the middle of the conjugasydtems. As mentioned earlier, TCNE
is a strong electron acceptor, which can be effelstiused in the fabrication of optical and
electrical devices, so that, incorporation of TCNiEh a symmetric conjugated framework
may give a good approach to achieve a good opesalonse with a reasonable stability
for this system. Among different types of conjgghframework, 1,10-phenanthroline
seems to be a good candidate. Due to the rigideweork and its ability to coordinate to
different metals and cations, 1,10-phenanthrolare provide an attractive framework for
the development of dipolar systems. The chargeratgghexcited state of 1,10-
phenanthroline is polarized along the 3-8 axishefgthenanthroline cof&. It is believed
that increasing the conjugation along this axis @tabilize the charge-separated excited

state in the visible region.

5-4 General aim

The general aim of this chapter is the synthelssome novel push-pull materials
containing a phenanthroline core as a goocdonjugated spacer. A stable electron acceptor
such as TCNE and TCNQ has been linked with anremdonor resulting in push-pull
chromophores. These chromophores possess an @ffitiermolecular charge transfer
interaction that gives high NLO response. Gener#higse materials may be used in some

potential applications in nonlinear optics and phottaic devices.
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5-5 Results and Discussion

The compound®0, 21, 22, 23, 24 and25 have been targeted for synthesis as these
compounds and/or their derivatives can be potéytised as materials for nonlinear
optics and photovoltaic devices. Generally, themaiilding unit of these compounds is
the phenanthroline core. Structures of these congare shown in the following figure:

CH;
/
H3C_N
— — CHs CN
\ ,\1 \ / c=C N\CH _ _ C:C/
® 'E-!D 3 / \
/ N\ 7N\ C. CN
2PF@ N /C—CN
6 NC
20 21

Figure 5-6Structures of the target compounds.

5-5-1 Synthesis of target compound 20

The synthesis of compourad starts with commercially available 1,10-phenantheo
hydrochloride monohydrate which was converted tyd@no-1,10-phenanthroline. This
then was reacted with 4-ethynyl- N,N- dimethylberer@ine. The last compound was then
alkylated with 1,2- dibromoethane to give viologeomide29 and by using an ion
exchange reaction with an excess of an aqueousmsohf KPF; afforded compoun@0

The last compound was converted into viologen Wwekafluorophosphate as a counter
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anion instead of bromide to improve the solubilityyommon organic solvents. The

synthesis steps are presented in the followingraehe

Brz
_ —. PhNO, — —
\_/ N/ NHyHO  35% \ ,\f \N Vanal +HCEC@N(CH3)2

HCl H-O reflux
, F2
(PPh3)2PdC|2 , Cul CQ} N(CH ) C2H4Br2
3)2 Y
Et;N, MeOH, N, 45% N C DCM 35%
sonication reflux
Q /Q\ )—C= C@N(CH3)2_>< /Q\ )—C= CQN(CHs)z
\ é\l @ / H,O 30%\ /
287 2PF6
29 20

Scheme 5-7Synthetic route of target compoufd.

The synthesis of compou2d was achieved from a mixture of 1,10-phenanthroline
monohydrochloride monohydrate with bromine andobiénzene under reflux. Then the
mixture was cooled to room temperature, treatetd Whs/H,O, and then extracted with
DCM to afford a final product as a yellow powder3% yield®®. Compoun®8was
synthesized from a mixture of 3-bromo-1,10-phenantite with Cul and a bis
(triphenylphosphine) palladium dichloride. Anotmeixture of 4-ethynyl- N,N-
dimethylbenzenamine in (4/ MeOH, 2:1) was mixed together under ad¥mosphere
flush and sonication at room temperature for faaurk to yield 28) as an yellow/orange
powder with 45% yiel®". Compound9 was synthesized by an alkylation reaction
between compoun®8 and 1,2- dibromoethane. For compo@3cdhs the counter anion
(bromide) is relatively small rendering the compauarely soluble in common organic
solvents. To improve solubility the bromide anisrreéplaced by hexafluorophosphate by
adding an excess of an aqueous solution ofgk®lkield a viologen with
hexafluorophosphate counter ion in a good solyhilitcommon organic solvent in a yield
of 30%.

5-5-2 Analysis of compound 20
The UV-visible spectra of compoun@6 and28 were recorded in MeCN and DCM
respectively. The spectrum of compow&ishows two peaks at 280 nm and 380 nm.
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These peaks are related to the* transitions. The optically determined HOMO to LM
bandgap for this compound was 2.75 eV. Compd@shows three peaks at 294 nm, 345
nm and a broad peak at 560 nm. The first two paekselated to the-n * transitions. The
last broad peak at 560 nm is related to the intoégoular charge transfer compléX.
Viologen compounds form charge transfer compleses i@sult of electronic transitions
between the counter anion 9Fand the positive viologen centf®. This appears as a
broad band in the visible region of the spectruhre dptically determined HOMO-LUMO
bandgap for this compound was 1.68 eV. This comg@losorbs strongly in the UV
region of the spectrum (294 nm and 345 nm). Thiglated to the-z* transitions. The
high intensity of these peaks probably due to thgugation between the phenyl and the
pyridinium ring systems. The UV-visible spectra foese compounds are shown in the
following figure:

2
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Figure 5-8:UV- visible spectra for compoun@® and28. Recorded in MeCN and
DCM respectively (1 x 16Mm).

The voltammogram of compour2® was recorded in MeCN. The voltammogram of this
compound shows two quasi reversible reductiolkkpat-0.61 V and the other
irreversible at -1.28 V and one oxidation peak 8t59 V. The first reduction peak at - 0.

61 V is probably related to the first electron retien of the viologen from Bipf to

Bipm™. The second reduction peak may be assigned toitier reduction of the

viologen (from Bipni to Bipn?) . The LUMO energy for compour2D was estimated to
be - 4.25 eV. The estimated HOMO energy for tbhimpeound was -5.30 eV and the
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electrochemically determined bandgap was 1.05 é&¥.vbltammogram of this compound
is shown in the following figure:
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Figure 5-9:The voltammogram of compoura® recorded using a glassy carbon
working electrode, an Ag wire as a reference ebeletrand a Pt wire as a counter
electrode. Recorded at a concentration of I%10n MeCN with TBAPF (0.1M) as
a supporting electrolyte. Scan rate of 100 m¥ s

5-6 Synthesis of target compounds 21 and 22

The synthesis of compoun@& and22 started with compoun®28. Then this compound
was converted int@1 by [2+2] cycloaddition with TCNE. This reaction svpresumed to
occur by initial bond formation between the alkyw@tom in the position to the aniline
donor, and th@-C atom of the C=C(CN)moieties of each TCNE. This compound then
was converted int82 via a &2 alkylation reaction. The synthetic steps areqmes] in

the following scheme:
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Scheme 5-18ynthetic route of target compourisand22.

Compound21 was synthesized from compou28by reaction with 1.5 equivalents of
TCNE. The mixture was dissolved in THF, and themas heated under reflux in the dark
with continuous stirring. The crude product wasifa by column chromatography to
afford a final product as a black/ brown powdetwiB8% yield***Y. Synthesis of
compound30 started fron21 by reacting with 1,2-dibromoethane. This then was
converted int®@2 by ion exchange reaction with potassium hexaflpbosphate to give
compound22. However, the last compound was characterized &gsrapectrometry,
which confirmed formation of this compound. Manieatpts were made to purify it such
as washing, recrystallization and column chromatplgy using silica gel with (MeOH/
H,O/ NH,Cl in 6:3:1), but unfortunately high purity @2 could not be obtained. This
probably arises from decomposition of this compoumithe column.

5-6-1 Proposed mechanism for [2+2] cycloaddition

Reaction of TCNE and TCNQ with alkyne substitutest®on-donating groups (EDG) can
proceed by [2+2] cycloaddition. It has been repbthat an anilino donor can react with
TCNE and TCNQ at room temperature in T#f This reaction was presumed to occur by
initial bond formation between the alkyne C-atonthia} position to the aniline donor,

and the3-C atom of the C=C(CN)moieties of each TCNE and TCNQ. This interaction

would give a resonance that is stabilized by zwatec or diradical intermediate. These
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transformations would involve the HOMO of the cyalkgnes and the LUMO of the
acceptors, Recombination of the charges or unpaiesdrons would occur to give the
cyclobutane. This would undergo electrocyclic ramgning, this process leads to the final

butadiené*”. The general steps of this mechanism are showheifollowing scheme:

NC CN
NC  cn
R—C=C— EDG >i< - ) Cc—EDG or C" EDG
NC 7 CN NC g NC R
CN R CN
CN R _R
— NC—
NC _ﬂ - ’\:\“H ———» NC A~~~ CN
J— N N
NC—I—>epg cN  EDG CN EDG

CN

Scheme 5-1Proposed [2+2] cycloaddition mechanism for the tolaliof
TCNE and TCNQ. EDG is any electron donating grawghsas amino group.

5-6-2 Analysis of compound 21

The UV-visible spectrum of compour2d was recorded in DCM and two absorption peaks
at 353 nm, and 460 nm are evident. From this sypectit is clear that there is a
remarkable red shift in the absorption of compoRhth comparison witl28 as shown in
Figure 5-7. This is probably due to the presendb@highly conjugated system for the
compound after incorporation of TCNE within the emlle“?). The CT peak at 460 nm
reflects the (D-A) strong interaction in this compd, that can result in high delocalization
for the electrons and result in a red shift ing¢hextronic spectrum of the molecule.

The optically determined HOMO to LUMO bandgap 2drwas 1.98 eV, which was
reduced significantly in comparison with that2Z&probably due to the strong effect of the
CT interaction that becomes more efficient aftérducing cyano groups and increasing
the strength of the acceptor moieties in this caimplo The UV- visible spectrum is

shown in the following figure:
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Figure 5-12UV-visible spectrum of compouriiL and 28 Recorded in DCM
(1 x 10Mm).

The voltammogram of compour2d was measured in DCM. The voltammogram of this
compound shows two reversible reduction peak9a&4 V and at -1.17 V with respect to
ferrocene redox . This compound shows one reversiidation peak at + 0.88 V. The
reduction of this compound showed two one-electeatuction steps with respect to
ferrocene redox. The first reduction occurs at40/8and the second at -1.17 V, the
electron capture occurs on the acceptor moiefié® observed one electron oxidation step
at + 0.88 V occurs probably due to oxidation of@indine donor moiety. The LUMO
energy of compoundl is estimated to be - 4.05 eV. The estimated HOMIQHis
compound was -5.25 eV and the electrochemicallgrdghed bandgap was 1.20 eV.
However, this value of bandgap was different fréwa tvas obtained from UV-visible
spectrum (1.98 eV). This probably arises from dbatron of air and humidity when run
the spectrum. The presence of cyano groups hesaatic effect on the redox properties
of this compound. In this case, CT interactiondmees more efficient due to the
increasing strength of the acceptor. The voltamiamgof this compound without

ferrocene is shown in the following figure:
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Figure 5-13: The voltammogram of compourad recorded using a glassy carbon as a
working electrode, an Ag wire as a reference ebeletrand a Pt wire as a counter
electrode. Recorded at a concentration of I°¥#0n DCM with TBAPF; (0.1M) as a
supporting electrolyte. Scan rate of 100 mV. s

5-7 Synthesis of target compounds 23 and 24

The synthesis of compoura® starts with28 by reacting with TCNQ using THF as a
solvent. The mixture was heated under reflux oggniAt the end of reaction, the mixture
was purified by column chromatography to yield compd23. Then this compound could
be alkylated with 1,2 -dibromoethane to give vi@ndgromide31 and by using an ion
exchange reaction afforded thegP$alt24. The last compound was characterized by mass
spectrometry, which confirms formation of this caaopd. Despite many efforts made to
purify it such as washing, recrystallization, amtLienn chromatography using silica gel
with (MeOH/ HO/ NH,Cl in 6:3:1), it could not be obtained in a purenfio This probably
arises from decomposition of this compound in thlemmn. The synthetic steps for these

compounds are presented in the following scheme:
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Scheme 5-14Schematic synthesis of compourBsand24.

Compound®3was synthesized from compou8and using 1.5 equivalents of TCNQ in
the dark. The mixture was dissolved in THF and th&ras heated under reflux in the dark
with continuous stirring. The crude product wasfped by column chromatography to
yield the final product as a black/ green powdeh88% yield“?. Synthesis of
compound31l started fron23 by reacting with 1,2-dibromoethane. This thenvested to

24 by an ion exchange reaction with an excess ofjae@us solution of potassium
hexafluorophosphate. Then the mixture was filtexeand the precipitate washed with
water many times to remove any remaining startiagenmls. The resulted powder then

dried in vacuum overnight.

5-7-1 UV-visible spectrum of compound 23
The UV- visible spectra of compoun@8 and28 were recorded in DCM. The spectrum of
compound3 shows four absorption peaks at 280 nm, 350 nmn®@nd 705 nm. It was
found that there was a significant red shift in @fssorption o3 in comparison witl28
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probably due to the highly conjugated nature of tampound after incorporation of
TCNQ “?. The spectrum of this compound showed a signifioesh shift in comparison
with compound1 (Figure 5-12). This probably arises from highlyhgmated system in
this compound due to incorporate TCNQ moiety is tompound rather than TCNE in
compound21

The CT peak at 705 nm tails far into near infraregion and the end absorption was
observed close to 972 nm. However, this long wangtleabsorption reflects strong D-A
interaction in this compound that can give a higlodalization for the electrons and make
a red shift in the electronic spectrum of the molecThe optically determined HOMO to
LUMO bandgap fo23was 1.32 eV. The optical bandgap 23&was reduced significantly
in comparison with that &8. This probably arises from the strong effect & @T
interaction that becomes more efficient after idtrcing cyano groups and increasing the
strength of the acceptor moieties in this compoding. UV-visible spectra for these

compounds are summarized in the following figure:
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Figure 5-15UV-visible spectra for compoun@s3 and28. Recorded in DCM
(1 x 19 M).

5-7-2 The voltammogram of compound 23

The voltammogram of compou2® was performed in DCM. The voltammogram of this

compound shows two reversible reduction peak®9d&5 V and - 0.77 V and one
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oxidation peak at + 0.39 V with respect to ferrczeedox . The two one-electron
reduction steps at - 0.65 V and - 0.77 V with respe ferrocene redox. The observed one
electron oxidation step at + 0.39 V is presumabigation of the aniline group. The
estimated LUMO energy of compou8 was calculated to be - 4.15 eVhe estimated
HOMO energy for this compound was -5.19 eV andellbetrochemically determined
bandgap was 1.04 eV. The presence of cyano graga dramatic effect on the redox
properties of this compound. In this case, CT axtBon becomes more efficient due to the
increasing strength of the acceptor; which alsecsfthe oxidation potential. The

voltammogram of this compound without ferrocenshiewn in the following figure:
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Figure 5-16:The voltammogram of compour2® recorded using a glassy carbon
working electrode, an Ag wire as a reference ebeletrand a Pt wire as a counter
electrode. Recorded at a concentration of I°%¥#dn DCM with TBAPF; (0.1M) as
a supporting electrolyte. Scan rate of 100 m¥ s

In the previous part, we investigated synthessoofie asymmetrical chromophores
containing donor/acceptor moieties in conjugatiotin\whenanthroline core. Both optical
and redox properties for these compounds have siadied. In the next part, we aimed to
synthesize of a symmetrical chromophore based T@NEanilino groups from two-side

addition in conjugation with phenanthroline core.
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5-8 Synthesis of target compound 25

The synthesis of the target compo@idvas started from 3,8-dibromo-1,10-
phenanthroline. This was then converted to comp@&lray reaction with 4-ethynyl-N,N-
dimethylbenzenamine. CompouBi reacted with TCNE to give the target compo@sd
The synthetic steps for compound are summariséteifollowing scheme:

(PPhg),PdCl,
Br—\ /2~ ,Br+ HCEC@N(CHQZ cul >
N N EtsN,MeOH 4804

sonication,N,

3
@c D= O
THF 35%

reflux

NC.__CN H,C. _CH
|CN % 3 3
Cs .C

NC C =~ "N
N ! N
]
§ _C.__CN
G ¢
N _C._ CN
HsC™ “CHg NC” " CN
25

Scheme 5-17The synthetic route of compouié.

The synthesis of compoui®d was achieved by reacting a mixture of compoiihd
(PPh),PdCL and Cul. This mixture added to another mixturd-ethynyl- N,N-
dimethylbenzenamine (2.5 equivalentsa@impoundll) and E{N/MeOH (2:1). The

final mixture degassed and sonicated at room teatyer. The crude product was purified
by column chromatography to affoBd as an orange powder in 48% vi€fdl

Compound5 was synthesized from compouBtiusing 2.5 equivalents of TCNE in the
dark. The crude product was purified by column atography to affor@5 as a brown
powder with 35% yield”,

5-8-1 Analysis of compound 25

The UV-visible spectra of compoun@S and31 were recorded in DCM. The UV-vis
spectrum of compoung8ll shows three peaks at 248 nm, 293 nm and 400 neselpeaks
are related to the-n* electronic transitions for this compound. Theiogity determined
HOMO to LUMO bandgap for compour8d was calculated to be 2.75 eV. The UV-
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visible spectrum for compouritb shows three absorption bands at 283 nm, 360 nm and
460 nm. From this spectrum, it can be seen tha¢ tisea significant shift in the absorption
for 25in comparison witl81 towards visible region of the spectrum. This ishably due

to the highly conjugated nature for this compound tb the incorporation of TCNE within
the moleculé*?. The CT peak at 458 nm indicates there to becagtinteraction between
(D-A-A-D) in this compound. This can result in ghidelocalization for the electrons and
provide a red shift in the electronic spectrumhaf nolecule. The optically determined
HOMO to LUMO bandgap fo25 was calculated to be 1.96 eV. The optically deteech
bandgap fo25 was reduced significantly in comparison with tbbtompound1. This is
probably due to the strong effect of CT interactihich becomes more efficient after
introducing cyano groups and thus increasing ttength of the acceptor moieties in this

compound. The UV-visible spectra for these compsuwaré shown in the following figure:
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Figure 5-18UV-visible spectra of compoun@$ and31. Recorded in DCM
(1x 10* M).

5-8-2 The voltammogram of compoun®5

The voltammogram of compour2® was recorded in DCM. The voltammogram of this
compound shows two reversible reduction peak®a82 V and at -1.16 V and one
oxidation peak at + 0.85 V with respect to ferraceedox. The two one-electron reduction
steps in reduction wave are due to reduction TCNketies. The observed one electron

oxidation step at + 0.85 V occurs on the anilinoaamoiety with respect to ferrocene
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redox. The estimated LUMO energy of compo@ddvas found to be -3.98 eV. The
estimated HOMO for this compound was found to b85®V and the electrochemically
determined bandgap was 1.67 eV. However, the diftex in value of bandgap that
calculated from electrochemistry than that from U¥ible spectrum for compourzb

(1.96 eV) is probably arises from experimental ¢ools, the presence of cyano groups
has a dramatic effect on the redox propertiesiefdbmpound. In this case, CT interaction
becomes more efficient due to the increasing stheofgjthe acceptor. This also can affect
the oxidation potential. The voltammogram of thesnpound without ferrocene is shown
in the following figure:
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Figure 5-19:The voltammogram of compour2® recorded using a glassy carbon
working electrode, an Ag wire as a reference ebeletrand a Pt wire as a counter
electrode. Recorded at a concentration of I#Gn DCM with TBAPF; (0.1M) as
a supporting electrolyte. Scan rate of 100 m¥ s
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5-9 Conclusions

This chapter describes the synthesis of some mtpelar compound20-25,and30.

These compounds were targeted for synthesis asriagye used in applications such as
nonlinear optics and photovoltaic devices. Both ECihd TCNQ were incorporated

within structure of some of these compounds as #éneyonsidered as strong acceptors
and may therefore significantly increase the pugsh+#ature of these systems. An
asymmetric dipolar system was also synthesizeddreaside addition for TCNE and
TCNQ to afford compound®l and23. A symmetric push-pull system was synthesized by
symmetrical addition of TCNE in compou@8. These compounds showed significant
absorption towards the near-IR region, which preshlgnarises from increased electronic

communication between donor/ acceptor moietiekese¢ compounds.
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Chapter- six: Synthesis of some novel ruthenium l complexes as luminescence
materials and for use in dye sensitized solar cells

6-1 Introduction

During last few decadesyuch effort has been focused towards the developaien
materials that can be used as light-emitting maefor solid-state lighting applicatioH%
Polymer light-emitting diodes (PLEDs) have beerlsd extensively since 1990 when the
first fabrication of a functioning diode using anjugated polymer as an
electroluminescence device material was repdft8dThis has some attractive properties
such as mechanical strength, processibility, fidigitand relatively low cosf. In spite of
the good progress that has been achieved in #igs there are still some problems with
this system. These include low quantum yield, kditifetime and poor colour purity. Itis
not easy to produce a high colour purity from orgguolymer materials as a result of
broad emission peaks Consequently, and as a result of all these drekghafforts have
been focused toward use some lanthanide ions tsabe emissive moieties with
conjugated polymers when applied as PLEDs. Indhs®, the energy of the excited states
can be harvested into excited orbital states ofahthanide ions, causing high emission.
Additionally, lanthanide metal ions give sharpigsion bands as a result of the shielding
of the 4f orbitals by the 5s and 5p sH&ll§he covalent coupling between lanthanide
complexes and the backbone of the polymer canrgime effective compositions,
possessing a higher efficiency for energy transésause covalently bound systems are
more efficient as a result of the close proximitylee two components. However,
conducting polymers with lanthanide complexes canded in many potential
applications such as electrical conductors, batiegensors and memory devices
Generally, development of molecular devices regussamthesis of functional materials and
1,10-phenanthroline derivates are an important ofpeganic building block. These
derivatives can be used with many potential apfpioa in coordination chemistry,
materials chemistry, analytical chemistry and adbps of redox processes as a result of
their strong chelating ability and highly conjugitesystem®. In this type of derivative,
halogen substitution at different positions is fin& synthetic step in the modification of
the 1,10-phenanthroline ring. The most importabssituents in the modification, are the
synthesis of 3- bromo and 3,8-dibromo-1,10-phemnaiitte by different routes and with
various yieldS). After introducing bromide in the framework of @;phenanthroline, the
resultant conjugated system can be extended by introducing differenttional groups.
Hence, the energy levels of the resulting molecctésbe modified accordingly. For
example, oligothiophenes can be introduced aBttied 8 positions of phenanthroline ring
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via carbon- carbon cross-coupling reactions stgmiith 3,8- dibromo-1,10-
phenanthrolin€®. In addition, thei- H atom of the thiophene ring is active for thettier
coupling, polymerization, and substitution reacsid. Structures of some phenanthroline

derivatives are shown in the following figure:
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Figure 6-1Structures of some of phenanthroline derivatives.

6-2 Ruthenium chelating compounds

The need for redox active chromophoric materiatstbecome a subject of research arising
from the ability of these materials to achieve piraduced charge separatidh. When

some metal ion complexes are linked with organdoxechromophores, the resultant
compositions would be expected to possess new raddifectrochemical and
photochemical properties arising from the abilaytune charge separation between both
ligand and metal centré%. In the last ten years, polynuclear bipyridyl Ru¢omplexes
linked with some redox-active bridging spacers ehlagen reported to show some
interesting photophysical and electrochemical behawmaking them excellent
candidates for potential applications as new edeatrand photoactive devices . The

structures of some of these complexes are shoveviyet:
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Figure 6-2Structures of some bipyridal Ru(ll) comple%&s

As a result of their good electrochemical and ptiséonical properties, ruthenium (11)
polypyridal complexes have been used effectivetherdevelopment of photoactive
molecular systems. In this context, many deriesgiof ruthenium complexes with
bipyridines and 1,10-phenanthroline have been peeiyd. It has been reported that
conjugated 1,10-phenanthrolines which are substtutith arylenes at the position 3 and 8
have excellent properties for luminescence andaterials chemistiy”. These derivatives
exhibited good photophysical properties due to leigictronic delocalizatidh*®. In

another study, many ruthenium (11) polypyridal cdexes have been synthesized and
excellent photophysical and electrochemical progetiave been reportéd. Suzukiand
co-workerd™® synthesized some derivatives of ruthenium (Il) ptexes with 1,10-
phenanthroline ligand derivatives and these congdeskowed excellent electrochemical
and photophysical properties. The 3,8- disubstiitd 0-phenanthroline derivatives were
synthesised by the Pd catalyzed C-N coupling readietween 3,8-dibromo-1,10-
phenanthroline and diphenylamine or with heteroataampounds with an N-H bond.

The redox properties of these compounds can befieddhy coordination with Ru(ll)
generating multi- redox systems. These electroctemesponsive chelating ligands can
play a main role in the development of new senandsthey can also be used in many
potential applications as photoactive devit8sDue to good electrochemical properties of
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ruthenium complexes in their monomer forms, theeefesearch was directed towards

polymerization of Ru(ll) complexes using both cheahiand electrochemical routes.

6-3 Conducting polymer of Ru(ll) complexes

Metal containing polymers have emerged as a newraeckesting class of composite
materials that combine some of the redox propedifié®th conducting polymers and the
metal iond!”. Many of these polymers showed unusual opticaled@ctrochemical
properties™®. Generally, metal-containing conducting polymeas be classified into three
types*”: In the first type, the polymers have the metalig tethered to the conjugated
backbone with a linker group e.g. alkyl group.Hhistcase, the polymer acts as a
conductive electrolyte, while the metal ions actedbered groups present within the
polymer matrix, in this type the interaction betweawretal groups and polymer backbone
occurs through the linking groups, (ii) In the seddype, the metal is directly coupled to
the polymer matrix or is coupled to the backboreeasconjugated linker group, and

(i) In the third type, the metal group is ditlgcncorporated with the conjugated
backbone. For this type of conducting polymer,rian properties of the polymer depend
mainly on the metal group”. These three types of metal containing condugiisigmer

are shown in the following figure:

Metal group

JITTT

Conjugated backbone

Type-I

Metal group

—H Conjugated backbone Hn—

Type-ll

Metal group

—+ F—W— —W3

Conjugated backbone

Type-lll

Figure 6-Metal containing conducting polymer types, in thewe figures
M is a metal group.
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These types of conducting polymer can be syntheédiyalifferent methods such as
condensation and electropolymerization. The secoutd is more common method that
can be used in the synthesis of type | and Il pelgnand it normally yields an insoluble
thin film of the polymef". The advantages of electropolymerization arettithin film
can be produced easily with tuneable thicknesstanghme extent, controlled morphology
via adjustment of the conditions such as curresitage and deposition tint&.

Additionally, the electrochemical properties of tiesulting polymer can be investigated
in-situ. This enables the polymer to switch between dfféstates e.g. from the
conducting state into the insulating state. Theetgf polymer is a candidate to be used in
a number of applications such as for sensors aatysts™®. Generally, modified
electrodes have become of great interest as & mdquitential applications in electrolysis
processes. The use of polymers as supports fomaogisome metals at the electrode-
solution interface is widespre&®. The conjugated backbone would give electron feans
between metal complex and the electrode. The catgddinkages in many conjugated
polymers can participate in electron transfer betwhe metal centres and electrétf&d),
Zotti and co-workers reported that the rate of tetectransfer between metal centres that
incorporated in substituted polythiophenes contgimendant ferrocene groups was

improved when using conjugated linkages as showherollowing figuré®*:

Figures-4: Structures of substituted polythiophenes contaipieigdant
ferrocene group¥’.

In another study, Cameron and Pickip™>investigated of some ruthenium complexes
with conjugated polybenzimidazole. They reportedmd electron transfer between the
metal centres and the conjugated moieties. Thaydftiat although there was rapid
electron transfer, there was no increase in theénescence of the Ru(ll) moiety. This is
probably due to the energy-electron transfer paysvitamm the excited state of Ru(ll)
complex to the conjugated groups in the polyfffet”. In another study, good

luminescence was reported for {Ru(bighy) moieties when covalently bound with a
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poly(4-vinyl-pyridine) backbone with a separatidatence of order about 50 A was
reported?®. Metallopolymers with { Ru(bpy)>* increase the rate of charge transport
between metal centre and ligands due to physitfalsthn as well as thee conducting
properties of the matrix of the composite in thase&. These properties can be used in the
development of diagnostic devices requiring lumtess properties of the analyzed
materials such as proteins and nucleic &éfsOxidation of guanine bases in DNA by
{ Ru(bpy:(PVP)q?** produced electrochemically as a thin film genexe
photoexcited state of {Ru(bp}f*". This excited state can then relax to the groats
which can be used in the detection of the dama@NA that caused by styrene oxitlé
Hogan and co- workef&?® reported the production of light as a result @f teaction of
Ru(ll) metal centres with oxalate. The authors reggbthat {Ru(bpyd} >* would oxidize in
the presence of a solution of the oxalate as shiowire following equation&°*%

{Ru(bpy)s}** > {Ru(bpy)s} 3% +¢€ 6-1
{Ru(bpy)g}3* + C,04 {Ru(bpy)s}?* + CO,+CO,” 6-2
{Ru(bpy)s}®* + CO {Ru(bpy)}™  + co, 63
{Ru(bpy)s}** +{Ru(bpy)s}* ——= {Ru(bpy)s}** + {Ru(bpy)s}** 6-4
{Ru(bpy)st ** + co,” > {Ru(bpy)}*” + co, 6.5
{Ru(bpy)s}*” = {Ru(bpy)}?* + hu 6-6

Scheme 6-8Dxidation of ruthenium complex in a solution contag oxalate
producing electrochemiluminescence.
The above processes occur for metallopolymer filmas were deposited on the metallic

electrodes in the presence of pendant {Ru@@pyrentres®).

6-4 Dye sensitized solar cells

In the last few decades, there has been greaestter the development of new sources of
energy because classical fuels such as oil maph&umed in the next few years.
Furthermore, use of such classical fuels also caligg levels of the pollution. The
conversion of solar energy into electrical powanldglay a major role as one of the most

important technologies that can replace fossil.fliek currently used inorganic solar cells
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made from traditional inorganic semiconductorsraresuitable for mass usage due to high
cost®Y. Generally, photovoltaic devices are based ongehseparation at the interface
formed between two different materials with diffiereonduction mechanisms. This
concept can be applied to the generation of etadtpower using photovoltaic devices.
Dye sensitized solar cells (DSSCs) seem to be gandidate types of organic

photovoltaic cell arising from their high efficigngrocessibility and relatively low cost in
comparison with inorganic silicon panel c€fls The properties of the photosensitizer used
with DSSCs plays an important role in their effrezgg. Some poly pyridine Ru(ll)
complexes have been used as efficient photosesrsitas these complexes showed intense
metal to ligand charge transfer ( MLCT) transitiamshe visible region of the
electromagnetic spectrum. In addition, these corgsare relatively stable in both
oxidized and reduced states. Also, their spectratqphysical and electrochemical
properties can be tuned easily by the introduatioappropriate ligand®.

Initially, the best reported efficiency for DSSCaswfor the cell developed by Gratzel and
co-worker§?. They used cis-dithiocyanatobis(4 dicarboxy-2,2bipydine) ruthenium(ll)
(coded N3) which showed a broad absorption barlkarvisible region. This system gave
a maximum reported efficiency in conversion of sleéar energy into electrical power of
11% using a nanostructured titania electrode waitfinie solution as a redox electrol§té

In DSSCs there are two types of ligand that ateeinwith Ru(ll), these are termed anchor
ligands and the ancillary ligands. The anchomae responsible for grafting the dye

onto the surface of semiconductor titania and plesielectronic coupling between the
excited state of the dye and the conduction bardapfia. The ancillary ligand is
responsible for the spectral properties of the dem>. For rapid and efficient electron
transfer between the excited state of the dye lmaddnduction band of titania, the LUMO
of the dye must be higher than conduction bandanfia. In order to regenerate the ground
state of the dye, the HOMO must be lower than thdation potential of the redox
mediator. So that, modification of the dye is a keint to improve the performance of
DSSCS§®. One way to find new metal complex sensitizer wijh conversion efficiency
was performed via the introduction ofta&onjugated moiety into the ancillary ligand of

the dye.

6-4-1 Operation principle of the Gréatzel dye sensited nanocrystalline solar cell

Dye sensitized solar cells are composed of a dg#oghnsitizer which is bound to the
surface of TiQ via anchor ligands. The dye should adsorb effettion the surface to
provide good electronic communication between exic#ttate of the photosensitized dye

(S*) and the conduction band of titania. In additithe dye should absorb light in the
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visible region of the solar spectrum to harveslighheffectively. The surface of titania
should be penetrated by the redox solution elgg&abhich is normally iodine solution.

The general design for DSSC is shown in the foltmufigure®®

S+

s
_
\

Redox electrolyte

i

VB [TiO>

LA— _J
Conducting glass Cathode

Figure 6-®rinciple of operation of the proposed DSSC.

When the dye absorbs light it converts into antexicstate (singlet or triplet), which then
injects electrons into the conduction band of tdaand then regeneration of the ground
state of the dye via reduction with redox electi®kJ/I3) to provide the required charge
separation. After the excitation process, chargeetion would occur and electrons are
transferred and collected at the transparent cdimdpelectrode, while holes are collected
at the Pt electrod@”. The first researchers in this field of photoviitapplication were
Gratzel and Regdff’ who further developed this system extensively piynoization of

the design the cell, the redox electrolyte are dpd, the inorganic semiconductor. The
efficiency of this device was around 11% for theteyn using iodine as a redox
electrolyte. However, this system has some drakgsgch as long- term stability and
complexity in manufacturé®. Production of this system for commercial massyess

not possible due to several reasons. For exaitt@eresence of the volatilgdnd

volatile solvent require suitable sealing and #dox electrolyte (f 13) is corrosive for the
cell electrodes. For these reasons, alternative eslploying different redox systems have
been investigated. These redox systems invaligih the solid or gel phas® *? ionic
liquids “?), plastic crystal€® and small organic molecul€4. However, the efficiency for

the cell when using this redox system was lowen ttie6. This is probably as a result of
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the reduction of hole mobility, low rates of elestrtransfer and weak communication
between the dye and redox system. Recently, Gréatekto-worketé® developed an
alternative DSSC by replacing the ruthenium-iodigstem with two metal containing
porphyrin dyes as co-sensitizers with the use of"'Ctris(bipyridal) as a redox electrolyte
instead of (¥13) in conjugation with a co-sensitizer of two porphyriyed with zinc. This
system can improve absorption of high portion afligint and increase electron exchange
that results in improvement efficiency of the corsien of sunlight into power to 12.3%.
This power conversion was achieved under irradiatidh solar light intensity of 1000
W/m? at 298K.

6-4-2 General design of dyes for DSSCs

Much effort has been focused on improving the efficy of DSSCs by optimization of the
dye photosensitizer used to harvest the light. @veent of the dye has involved
modification of the metal and the ligands as welbther subsistent groups used in the
photosensitizer complé® *®. This has involved both mononuclé&! and polynuclear
dyes with different metals e.g. Ru(ll), Os(l1)(IBt Re(l), Cu(l) and Fe(1f*% %% |n
addition to metal-complex dyes, some organic plesteizer dyes such as coumarin,
squaraine, indoline, and other molecules of coripgydonor/ acceptor organic dyes have
been investigateld’ ®Y. Generally, the dye and the photosensitizer us&@SSCs must
have some essential design properties as mentearédr to achieve high efficiency for
harvesting light and conversion of this light irfectrical powef°?. Common complexes
include {{(4,4 -COH ),}bipy} ;RU(NCS}}, coded as (N3) and the doubly deprotonated
analogue which is coded (N719). Ru complex witpygadal ligands produced an anionic
Ru-terpyridine complex system that is called bldgk, which provides good efficiency of
the incident monochromatic photon- to- current @sion efficiency (IPCE) in the range
of 400- 700 nm with cell efficiency more than 10%his dye is used as a reference dye in

this system and the efficiencies of other dyesharenally referenced to {* %

6-4-3 Methods of attaching dye to semiconductor iBSSCs

Acidic groups, mainly carboxylic acid groups, onsgimes phosphonic acid linkers attach
most of the dyes to the surface of inorganic sendactor®). There are other types of
moieties can be used in the linkage between thedgéitania, but these types are not
commonly used in DSSCG¥ ®©) Carboxylic acid groups form ester bonding with t

titania surface generating strong contact betweenratd the surface and as a result of this

good electronic communication between dye andhfase is achieved. Although high
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efficiency DSSCs uses this type of linker betwdesé two parts in the cell, the main
disadvantage of this relates to the stability ef¢kll. Dye attached to titania by carboxylic
acid groups may be desorbed from the surface iprisgence of traces of water, which
consequently impact seriously on the long termiktyabf the cell. However, this effect
can be reduced by the introduction of hydrophoborigs in the dye which can enhance
stability of the dye towards desorption inducedhwsy presence of traces of water in the
liquid or gel redox electrolyte. It was reportedttiised a polymer gells” electrolyte
instead of aqueous redox electrolyte and the systeawed a good stability towards both
prolonged thermal treatment and light soaking sintib expected outdoor conditions for
solar cell€®”). A significant loss mechanism that involves recaration of electrons from
the conduction band of titania with the redox efagte, called the dark current, can also
be inhibited by using dyes with hydrophobic groafiached. These dyes would form a
hydrophobic network preventing the interaction kestwthe surface of titania and |
effectively this 1os§®”. In another study, DSSC with phosphonic aciddiskshowed
efficiency greater than 8% for a non-carboxylicddaaker. However, this type showed
some characteristic changes in comparison withitstetype, such as blue shift in the

absorption region, enhanced stability and a redtiglower rate of charge recombination
(64)

6-5 Ruthenium complexes for dye sensitized solarlte

DSSCs in comparison with traditional silicon-basethr cells have received much
attention as promising candidates for new technotogroduce renewable energy from
sunlight. This arises from their relatively low nudacture cost, and impressive
photovoltaic performance. Photosensitizers ardritdl two categories: Ru-base
photosensitizer complexes and metal free orgaritaseensitizet€® ¢®. Ru(ll) complexes
used widely as photosensitizes for solar cellsesehcomplexes have been used effectively
due to their intense transition in visible lighttkvhigh molar extinction cofficient for metal
to ligand charge transfer (MLCT). In addition, reiium photosensitizer solar cells
showed relative stability in both reduced and medistates and their absorption spectrum
can be tuned easily via incorporation an approptigand’®"®. Introducings-

conjugated groups with ancillary ligands and suiistig one of the Ftoms of the
carboxylic group in the bipyridal moiety of the &oc ligand with a highly conjugated
group can result in an increase of the extinctefficient to higher values. This would
result in an increase in the photocurrent dendithe® DSSC§*"® Nguyen and co-
worker$’” reported the synthesis of some heteroleptic Ra@ifplexes with conjugated

bipyridine ligands. Maximum power conversion effiecy 14% was obtained in reference
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to dye N3 under the same cell fabrication and nreasent procedure. It is believed that
this higher efficiency was related to the enhanagroéthe molar extinction coefficient
that can facilitate charge generation cascade et @ame time reduce charge

recombination. Structures of these dyes are showimei following figuré’”:

Figure 6-7:DSSCs of Ru(ll) complexes containing conjugatedtiiine ligand§ .

6-6 The general aim

The aim of the work described in this chapter esgiinthesis of some Ru (Il) complexes
with a phenanthroline core due to their excelldwiating properties. These types of
compounds and their polymeric derivatives can lael s many potential applications

such as luminescence and materials chemistry dssvdlye sensitized solar cells.

6-7Results and Discussion

The compound82- 36 have been targeted for synthesis as these companddsr their
polymeric or other derivatives are potentially usédr application as photoactive and
electroacitve molecular systems, luminescence deyjhotovoltaic materials, and in

coordination chemistry. The structures of thesamaunds are shown in the following

figure:
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Figure 6-8Structures of the targeted compounds.

6-7-1 Synthesis of compound 32
The proposed synthesis of compow@d&sktarts with compoundl7. This would react with
dichloro-bis(2,2bipyridyl) ruthenium(ll) (Ru(bipy)Cl,). The synthesis is shown in the

following scheme:
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Ru(bpy),Cl, NH4PFg, H,O

EtOH, reflux 25%

17

32
Scheme 6The synthetic route of compouBa.

Stoichiometric reaction of compoudd with Ru(ll) complex followed by the addition of
NH4PFs afforded compoun82 as an orange powder.

6-7-1-2 Analysis of compound 32

Crystals suitable for X- ray crystallography wet#ained by slow evaporation of a 1:1
mixture of acetonitrile/ diethyl eth&®. The molecular structure of compoud@was
confirmed by X-ray crystallography. The compBX(Cs4H32F12NeO4PF12SRuU, M=
1163.40), has a monoclinic space group C2/c, tltecah dimensions of which are a=
12.1077(7) A, b= 27.6852(18) A, ¢ = 29.0080(2) 5= 90°, p =101.665(6)°y = 90°.

The crystal volume was 9522.6(11J.AThe complex has distorted octahedral geometry
and Ru-N bond lengths [1.570(6) A] of bpy and [Z.@) A]. The X- ray structure of

complex32 as determined by X- ray crystallography is showthe following figure:
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Figure 6-10X- ray crystal structure of compoud@, hydrogen atoms,
PF anion and solvated MeCN and diethyl ether aretenhifor clarity.

6-7-1-3 UV-visible spectrum of compound 32

The UV-vis spectrum of compourd® was measured in MeCN. The absorption spectrum
of this compound exhibitthree absorption peaks at 287 nm, 390 nm and 4ldntha
shoulder at 468 nm. The optically determined HOM@MO bandgap at higher
wavelength is 2.36 eV. The first peak is due tothe* transitions between donating
moiety such as EDOT group and the accepting maistieh as phenanthroline and bpy
ligands. The peak at 390 nm is related to the etaemsfer transition between electron
donating group (EDOT) to the electron- acceptingugr(1,10-phenanthroline). The band
at 390 nm is related to the charge transfer tnansitoetween the electron donating group
(EDOT) and electron accepting group (1,10-phenalitie)’*%%. However, the complex
32 shows ruthenium complex bands at 287 and 414 speotively, assigned to the
characteristic bpy 7*) transitions, and Rl(dr) to the bpy(p*) and to the phen(g)
charge transfer transition. The broad peak at #l4srelated to the metal- ligand charge
transfer transitions. This transfer normally ocaarthe range of 400- 500 nm. Generally,
presence of a red shift in the absorption spectifithe complex is related to the effect of
Ru(ll) complex coordination on the conjugatesystenf™. In addition, there is a weak
band at 350 nm which could be assigned to a dasittans and which may be hidden in
the case of more intensen* bands neard§?. The UV-visible spectrum for this

compound is shown in the following figure:
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Figure 6-113V- visible spectrum of compourP. Recorded in MeCN
(1x10* M).

6-7-1-4 The voltammogram of compound 32

The voltammogram of this compound was recorded@CM. In the oxidation region,
Ru(ll) complex showed two characteristic oxidat@muples at 0.25 V and 0.75 V which
can be assigned to RURU' ®. This complex showed three reversible redox cauate
1.40V, -1.65V and -1.88 V. These peaks are reélatehe reduction of the chelating
ligands in the complex. The assignment of the redngeaks is not trivial, and the
reduction process at -1.40 V is believed to be@atsd with the monoelectronic reduction
of the phenanthroline ligand. The other peaks &5-and -1.88 V can be assigned to the
successive monoelectronic reductions of each lyyd®®. The voltammogram of

compound32is shown in the following figure:
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Figure 6-12:The voltammogram of compour32, oxidation (a) and reduction

(b recorded usin@ glassy carbon working electrode, an Ag wire ggsaudo

reference electrode and a Pt wire as a countetretiec Recorded at a concentration of
1 x 10*M in MeCN with TBAPF (0.1 M) as a supporting electrolyte. Scan rate of
100 mV s,

The electrochemical data of this compound are suisetiin the following table:
Table 6- 1:Electrochemicatiata for monomer comple32.

Onset of HOMO / eV Onset of LUMO /eV HOMO-LUMO
oxidation / V reduction / V bandgap /eV

+0.71 - 4.87 -1.35 -3.45 1.42
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6-7-1-5 Electrochemical polymerisation of compoun@d2

Many attempts were made to electropolymerize com@8a by varying experimental
conditions. However, successive oxidation/ reductaeeps were undertaken. For
polymerization to proceed new peaks should be gbdaat roughly 0.2 V. The magnitude
of the increment that would be expected to incredtethe number of scafs). However,
polymerization didn’t occur, in spite of some nexidation waves which developed under
repeated cycling. However, these waves did noteas® in intensity upon repeated redox
cycling. This suggests that the molecule being peced is not sufficiently larger than the

initial monomer molecule or at most is a dimer.

6-7-2 Synthesis of target compound 33

To provide a candidate that was more likely to ugdeslectrolpolymerization we decided
to synthesize compour88. The proposed synthesis38 was to start with compouri
which would be reacted with the dichloro-bis(hbyridyl) ruthenium(ll) complex. The

reaction scheme is shown below:

Ru(bpy),Cl,  NH,PFg, H,O
reflux, EtOH 20%

Scheme 6-IBe synthesis of compourd3.

Compoundb and the ruthenium (II) complex were mixed andaligsd in EtOH, the
mixture was heated under reflux in air. Then thisture was treated with NAPF; to

afford compound@3 as an orange/ red powd&?.
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6-7-2-1 Analysis of compound 33

The UV- visible spectrum and the voltammogram @& tompound were measured in
acetonitrile. The absorption spectrum of this coomubexhibitghree peaks at 241 nm,
286 nm and 450 nm. Coordination of {Ru(bgyyith the phenanthroline core should
affect the electronic properties of the phenantheoting which may affect the degree of
the conjugation between EDOT/ thiophene and phénalnte ring. This compound
showed ruthenium complex bands at 286 and 450 imcjwvould be related to the
characteristic bpyrf 7*) transitions and Rl(dr) to the bpy (p*) and to the phen )
charge transfer transitidfi’® The band at 241 nm may be related to the ERQF
transition. Additionally, the broad peak at 450 also can be related to MLCT transition.
This transfer normally occurs in the range of 4809 nm®#®). Generally, presence of red
shift in the absorption of the complex is relatedhte effect of Ru(Il) complex
coordination on the conjugatedsystent?. The optically determined HOMO-LUMO
bandgap is 2.32 eV. The UV- visible spectrum issgh the following figure:
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Figure 6-14UV-visible spectrum of compour2B. Recorded in MeCN
(1x10*M).

The voltammogram of compourd3 was recorded in MeCN. In the oxidation region, the
Ru(ll) complex showed two characteristic oxidatamuples at 0.82, and 1.16 V. It has
been reported that these are assigned to tHé Ru' processe$®. In the reduction

region, this complex showed reversible reductiompbes at -1.30 V, -1.60 V, -1.80 V and
-1.90 V. These reduction couples are related toatiaction of the chelating ligands in the

complex. The reduction process at -1.30 V is belieto be associated to the
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monoelectronic reduction of the phenanthrolinedyarhe other peaks at -1.60 V, - 1.80
V and -1.90 V could be assigned to the successtmoriectronic reductions of each bpy

ligand$®®. The voltammogram of this complex is shown infthiowing figure:
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Figure 6-15The voltammogram of compourd®, oxidation (a) and reduction (b)
recorded using a glassy carbon working electrodé&gwire as a pseudo reference
electrode and a Pt wire as a counter electrodeor@ed at a concentration of
1x10“ M in MeCN with TBAPF (0.1 M) as a supporting electrolyte. Scan rate of
100 mV §*,

Electrochemical data of monomer concentration TX#0of compound33 are summarised
in the following table:
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Table 6-2:Electrochemical data for monomer comp&

Onset of HOMO / Onset of LUMO HOMO-LUMO
oxidation / V eV reduction / V leV bangap /eV
+0.75 -5.55 -1.34 -3.46 2.09

6-7-2-2 Electropolymerization ofcompound33

The electropolymerization of compouB8d@ was performed in C¥CN to form poly@3) as
shown below. The CV of compoui3® in the scan range of 0.10 to 1.20 V (vs F¢)Fc
showed evidence of polymer growth. Repeat scaresyalthis range results in polymer
growth as a thin film on the working electrode. dance for polymer growth of pol3®)
on the electrode is shown in the following figure:

increasina sce

Current / pA

04 ' 0.6 ' 08 ' 10
Potential / V vs Fc/Fc®

Figure 6-16 The voltammogram of growth poB®) recorded using a glassy
carbon working electrode, an Ag wire as a referezleetrode and a Pt wire as a
counter electrode. Recorded at a concentratiox &0f M in MeCN with
TBAPFs (0.1 M) as a supporting electrolyte. Scan rateQsf thV s* over 300

segments.
The voltammogram of polg@) as a thin film was performed on a glassy carbeatede.
The CV exhibited two reversible processes in timgea0.0- 1.0 V) at 0.40 V and 0.75 V.
These peaks may be related to the oxidation dfghad and to the RtY RU' processes

respectively. On the reverse scan the reductiok pegy be related to the reduction of the
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oxidized electrochemically generated species of(38). The bandgap for pol$8) was
determined by using cyclic voltammetry to find tHOMO and LUMO levels. This can
be done by undertaken by substracting the oxidatis®t and reduction onset from the
HOMO and LUMO levels of ferrocene. The calculatatidigap for the polymer was 1.78
eV. The voltammogram of polg8) is shown in the following figure:
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Figure 6-17The voltammogranof oxidation (a) and reduction (b) of poBg)
as a thin film recorded using a glassy carbon wayldlectrode, an Ag wire as a
reference electrode and a Pt wire as a countetretiec Recorded in monomer-
free DCM with TBAPFK (0.1 M) as a supporting electrolyte. Scan rateQ&f VvV

st
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The electrochemical data for padg) is shown in the following table:
Table 6-3:Electrochemical data for poly8).

Onset off HOMO / eV Onset of LUMO /eV HOMO-LUMO

oxidation / V reduction / V bangap /eV

+0.27 -5.07 -1.51 -3.29 1.78

The peak currents of the thin film of pddg) deposited on the electrode was recorded in
electrolyte- free solution. This showed that curnaries linearly with change of the rate
of electrochemical scan ranged from 25 m\te 500 mV &. This behaviour is related to
the strongly adsorbed electroactive species inrimefilm on the electrode. The scan rate
graph of poly83) in monomer-free DCM at varying scan rates issshin Figure 6-18.

A graph of peak current versus scan rate of 3@yh monomer- free DCM is shown in
Figure 6-19.
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Figure 6-18Scan rate graph of po38) in monomer free dichloromethane
at varying scan rates:25- 500 mVs
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A plot scan rate against peak maxima@y(33) is shown in the following figure:
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Figure 6-19The scan rate versus peak current maxima of p8ly(

From this figure, it can be seen that, there iaeal relationship between the peak
currents, and the scan rate indicating the electiraaspecies is confined on the surface of
electrode. The oxidation stability of paBg&) in monomer- free dichloromethane at a scan

rate of 100 mV $ over 100 segments is shown in the following figure
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Figure 6-20The voltammogranfor oxidation stability of poly83) recorded using a
glassy carbon working electrode, an Ag wire asfarence electrode and a Pt wire

as a counter electrode. Recorded in monomer- ff&le With TBAPF; (0.1M) as a
supporting electrolyte. Scan rate of 100 mYaver 100 segments.

The UV-visible spectrum of doped and de-doped &f(383) as a thin film was performed
on ITO glass. The UV- visible spectrum of p@$%) showed a..x peak at 434 nm. The
optically determined bandgap of 1.90 eV is sliglhigher than the electrochemically
determined bandgap in the polymer (1.78 eV). Howebhe film showed absorption bands
in the visible region at 585 and 493 nm. These baaa be assigned to Rio the
polypyridine and thiophene/ EDQt n* transitions. The UV- visible spectrum of the film

is shown in the following figure
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Figure 6-21bsorption spectra of de-doped light brown (a) doded
dark yellow (b) of poly83) as a thin film on ITO glass.

6-7-2-3 Spectroelectrochemistry of poly(33)

The spectroelectrochemistry of pd%®j is shown in Figure 6-22. The spectrum of
poly(33) recorded at different applied potentials (frora tieutral polymer to the fully
oxidized states of the polymer). The neutral polystews absorption band at around 400
nm, this is due to the-r* transitions of poly (EDOTY". This may result in lower energy
charge transfer absorption with the initial oxidatof the polymer. By increasing applied
potential this peak continued until applied potainttaches 1.20 V, then it decreased at
higher potential. Beyond this value there is a walasorption peak at potential of 1.5V,
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this peak appears at higher wavelengths with aarptisn tail at around 950 nm. This

absorption peak may be related to the bipolaraestdhe spectroelectrochemistry of
poly(33) is shown in the following figure:

a-u

=
[=1]

AhngbaﬂEE-r

Figure 6-23pectroelectroelectrochemical plot of p-doping @8y performed
as a thin film deposited on ITO glass recordedhgisin Ag wire as a reference
electrode and a Pt wire as a counter electrodeerirpnts were run in
monomer-free DCM solution and in the presence QNB.

6-7-3 Synthesis of target compounds 34 and 40

The proposed synthesis of compowdd starting from compoun®@7 as shown in the
following scheme:
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Scheme 6-Z3ynthesis of compourgy.

The synthesis of compoudd@ was achieved from compoud@ and compound6. Then
this compound was reacted with ruthenium (1) (bfYy, the resulting mixture was treated

with an aqueous solution of NP to afford34 as the 2Pgsalt"®.

6-7-3-1 Analysis of compound 40

The UV- visible spectrum of compoud@ was recorded in DCM. This spectrum shows
three bands at 234 nm, 283 nm and 340 nm. Theiicspeaks are related to ther*
transitions. The last peak at 340 nm is relatati¢a-n* transitions between the EDOT
ring and the phenanthroline core. The opticallyedatned bandgap was found to be 3.10

eV. The UV-visible spectrum is shown in the folloifigure:
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Figure 6-24UV- visible spectrum for compourtD. Recorded in DCM
(1x 10* M).

6-7-3-2 The voltammogram of compound 40

The voltammogram of this compound was undertakddG. The voltammogram of this
compound shows two reduction peaks at -2.02 V &h@8*% V. In addition, it shows an
oxidation peak at + 1.07 V. The estimated HOMO gwnéevel for this compound was -
5.87 eV, and the estimated LUMO energy was -2.78Té¥é electrochemically determined
bandgap was found to be was 3.09 eV. The voltamamo@f this compound is shown in

the following figure:
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Figure 6-25:Thevoltammogram of compountd recorded using a glassy carbon
working electrode, an Ag wire as a refeeealectrode and a Pt wire as a counter
electrode. Recorded at a concentration of I Win DCM with TBAPF; (0.1 M)
as a supporting electrolyte. Scan rate of 100 MV s

6-7-4 Analysis of compound 34

Many efforts were made to purify compouBdisuch as washing, and recrystallization.

addition column chromatography using an eluent mnexof MeOH, HO and NHCI

(6:3:1) was applied. However, the product couldb®bbtained in high purity.

6-8 Synthesis of dye sensitized solar cells (DS$Cs

The material85 and36 were targeted for synthesis for application in BSSBoth of

these dyes were synthesized in one reaction petsyihthetic route for dy85is shown in

the following scheme:
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Figure 6-26: Synthesis of compoungb.

The synthesis of compourd started from compountil. Compoundtl was synthesized
by reacting of compountll with a mixture oPH-carbazole, Cul, KCO3;, 18-crown-6 and
DMPU. This mixture was heated under reflux in sainosphere, and after purification
with column chromatography yielded compoutidas a yellow powdéef®. This
compound was then used as a starting materiakisyththesis of compourgb by reaction
with a mixture RuGlp-cymemne) dimer, 2;2bipy-4,4-dicarboxylicacid and an excess
of NH;SCN. The resultant crude was purified using Sepkadlumn to afford compound
35as a brown/ red powder in a yield of 26% The synthetic route of compouBé is

shown in the following scheme:

RuCl,(p- cymene) dimer | S _ _ S |
S S 2,2°-bipy- 4,4-dicarboxylicacid Y \ 7 N\ /) \
N N
N N DMF, reflux 15% (7 NVR[\’"NCS
NNCS
HOOC
COOH
36

Figure 6-28ynthesis of compourb.

Compound36 was synthesized from compoub®using RuCJ(p-cymemne) dimer, 2,2
bipy- 4,4-dicarboxylicacid and an excess of MMCN. The crude product was purified

using sephadex column to afford compo@6dis a brown powder in a yield of 1583.
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6-8-1 Analysis of compound 35

The UV-visible spectrum of compoui3® was recorded in DMF and that of compourid
was recorded in DCM. The electronic spectrum ofjgound41 shows three peaks at 288
nm, 340 nm and 365 nm. The spectrum of comp@fnehows four peaks at 312 nm, 335
nm (very weak), 400 nm and 525 nm. For compothdhe peaks at 288 nm, 340 nm,
and 365 nm are assigned to the* transitions between carbazole and phenanthroline
core. The optically determined bandgap for compotihdas 3.02 eV. For compour3,
the three bands at 312 nm, 335 nm and 400 areddathe intraligand-n* transitions of
dicarboxylic-bipyridal and phananthroline- carba&zlijand. The band at 525 nm may be
related to the metal to ligand charge transfersitams of the Rlicomplexe$®®. The
absorption peak at 525 nm is a characteristic@MhCT transitions, and it is an
important factor for the determination efficiendytioe dye to be used as a photosensitizer.
The optically determined bandgap for this compowad calculated to be 2.07 eV. The

UV-visible spectrum is shown in the following figur
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Figure 6-28UV- visible spectra for compoun®®. Recorded in DMF
(1x 10* M) and compoundl. Recorded in DCM (1 xI0M).
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6-8-2 The voltammogram of compound 35

The voltammogranof compound5 was recorded in DMF and showed one irreversible
oxidation peaks at + 0.77 V. The first peak istedl to the oxidation of the metal centre
and the second may be related to the oxidatioheofigand. The oxidation peaks are
irreversible as the oxidation potential of the tiyianate is close to that of B(F®. The
HOMO energy was estimated to be 5.57 eV. The temtupeak for this compound is
similar to that of water, which is a possible cangnce of the ambient atmosphere
experimental conditions. However, the voltammogsrows two reduction peaks at -1.28
V and -1.65 V. The estimated LUMO energy level w82 eV. The electrochemically
determined bandgap for this compound was calculatée 2.05 eV. The voltammogram

is shown in the following figure:
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Figure 6-29The voltammogram of compourdb recorded using a glassy carbon
working electrode, an Ag wire as a reference ebeletrand a Pt wire as a counter
electrode. Recorded at a concentration of IX ¥Din DMF with TBAPFR; (0.1 M)
as a supporting electrolyte. Scan rate of 100 AV s

6-8-3 Analysis of compound 36

The UV- visible spectrum of compoué was recorded in DMF and that of compour&d
was recorded in DCM. The spectrum of compoliBdhows two absorption bands at 285
nm and 360 nm. These bands are related te-tiferansitions between the thiophene ring
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and the phenanthroline core. The optically deteeshipandgap for this compound was
3.10 eV. Compound6 shows three main absorption bands at 304 nm, 8vV&nd 530

nm. The bands at 304 nm and 376 nm are relatdgbtimtraligandt-n* transition of
dicarboxylbipyridal and phenanthroline-thiophergahd. The absorption band in the
visible region (530 nm) may be due to the metahrid charge transfer compl&%. This

is a characteristic peak of the MLCT transitionsassidered as an important factor in the
efficiency of the dye to be used as a photosemsitithe optically determined bandgap for
this compound was calculated to be 2.07 eV. Thevi$ible spectra are shown in the

following figure:
2
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Figure 6-30UV- visible of compound86. Recorded in DMF (1 x1d M) and
compoundL2. Recorded in DCM (1x ItM).

6-8-4 The voltammogram of compound 36

The voltammogram of compourd® was recorded in DMF he CVof thiscompound
shows an oxidation wave at + 0.46 V. This peaklated to the oxidation of the metal
centre. The HOMO energy was estimated to be -5/28 ke reduction of this compound
shows to reduction peaks at - 1.60 V, and -1.80h& estimated LUMO energy was -3.20
eV. The electrochemically determined bandgap fisr¢bmpound was found to be 2.06

eV. The voltammogram is shown in the following figu
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Figure 6- 31:The voltammogram of compourd® recorded using a glassy carbon
working electrode, an Ag wire as a reference ebeletrand a Pt wire as a counter
electrode. Recorded at a concentration of IX WDin DMF with TBAPR; (0.1 M) as a
supporting electrolyte. Scan rate of 100 mY s
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6-9 Dye sensitization over TiQ

The UV- visible spectra for the adsorbed d$8sind36 on a TiQ film were investigated

in comparison with the reference d§&9 (Figure 6-32). The adsorption process was
achieved by immersion Tidilms in solution of the dye (0.5 mM) for 24 houfhis
process gives an indication about the amount oflylee which adsorbed effectively on the
titania film. Before adsorption, electronic speaifalyes35 and36 showed three main
bands around 304 nm, 376 nm, and 530 nm. Wheep thgss adsorbed on titania they
show a main feature band in the range of 380- $80Trhis band is related to the MLCT
transition between metal centre and the ligantiése dyes. The UV- visible spectra for

these dyes and the reference dye are shown ind=&388.
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Figure 6-33UV- visible spectra for adsorbed dy&5 36 and the reference
dye719o0n a TiQ film.

6-10 Current-voltages for photovoltaic devices

The following figure shows the photocurrent densitytage characteristic curves of
reference dy@19 dyes35and36. The detailed devices parameters are summarized in
Table 6-1. Under illumination density of 1.5 AMetSSC o35 showed a photocurrent
density (d) of 1.36 mA/ cm, and an open circuit potential £Y of 0.490 V with a fill
factor (FF) of 0.45 which yielded a power efficigraf 0.26%. The DSSC @6 showed a
Jsc of 1.22 mA/ cf Ve of 0.429 V and FF of 0.41which yielded a powenasion
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efficiency of 0.19%. The low efficiency of theseotdyes is probably due to the very low
photocurrent density, which is related with thdigbof the dye to harvest light. The short
circuit current densities of the device with @fand dye36 were 1.36 mA/ crhand 1.22
mA/cn? respectively. However, these values are lowertttattfor the device with dye
719 (reference dye). This is probably associated thighmolar extinction coefficient of
MLCT in solution, which was higher for dye9in comparison with these dyes. In
addition, the open circuit voltage for devices witres35 and36 were lower than that of
the reference dye. It has been reported that the opcuit photovoltage of DSSCs is
dependent on the Fermi level (FL) of Bi®Y. The Fermi level in this device is affected
by the concentration of protons on the surfacétafiia. However, high concentration of
H* on the TiQ surface reduces the FL, and the low concentrati¢fi” gives a high titania
FL. So that difference in number of protons inesl§5 and36 in comparison with
reference dye can affect on their efficiency inv@rsion of solar radiation into electrical

powef*?. These results are shown in Table 6-4 and Figi84.6

Table 6-4:Photocurrent density {J, open- circuit voltage () for dyes35 and
36 with reference dy&19.

Dye J.mA/ Cnf Vod V FF Efficiency%
Dye 719 1.93 0.551 0.64 1.77
Dye 35 1.36 0.490 0.45 0.78
Dye 36 1.22 0.429 0.41 0.56

However, these results are low in comparison wathrence dye, in addition to that the
efficiency of dye719is low in comparison with the efficiency of thigadin other reported
studies. This dye showed efficiency around 10% uAd4 1.5 solar radiation of 1000 W/
m? ®%. We believe the reason for that probably relatetthé solar radiation system that

was used in testing of these dyes

293



I/ mA/ em?® x 1073

I:l_[:l T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
E/'V

Figure 6-34:Current density-voltage of photovoltaic devi@sand36 with respect to
the reference dy@19under irradiation of 1.5 AM simulated sunlightkf00 W / .
Concentration of all dyes solution 0.5 mM.

6-11 Conclusions

This chapter describes the synthesis of novel nitine complexe82-36. These
compounds and/ or their polymeric analogues magiplysbe used for many potential
applications spanning photo-and materials chemistany attempts were made to
polymerize compound2 by electrochemical polymerization applying diffier@arameters
but unfortunately, it did not polymerize. Compl@Xelectropolymerized easily and
showed good polymer growth on an electrode sunjading a thin layer of poly3).
Compounds35 and36 are new ruthenium complexes that were synthesized
incorporating carbazole and thiophene moiety intgl®-phenanthroline core. The
synthesised dye35 and36 were used in the fabrication of solar cells. Toeviy of these
dyes as DSSCs was tested in comparison with teearefe dy@19as a reference dye.
However, these dyes showed lower PV characterigticemparison with the reference
dye. This probably arises from poor stability oedynder illumination conditions. This
can affect negatively on their ability to harveght and poor electronic communication

between the adsorbed dye and titania surface.
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Chapter- seven: Suggestions and further work

Chapter: two

In terms of modification of titania surface by doginitrogen, it was found that doping
titania samples with nitrogen at 400 and 500 °Gagtbimprovement in the photoactivity
of doped samples in comparison with neat sampldsle\oped titania with nitrogen at
600 °C gave negative activity. In addition, the Padint for neat and doped samples was
measured, and it was found that, PZC value wasased with increase of doping
temperature for these samples. Further researdd cwlude doping titania with various
non-metal species and investigate which of themstanmv better activity in photocatalytic
reactions. The most important point here is totteste systems under visible light or even
under normal solar radiation, as this would be nu@srable from an economical point of
view. Additionally, these materials could be apglie the treatment of industrial

wastewater.

Chapter: three

In this chapter, modification of titania samplessvpeerformed by doping some metal ions.
In addition, for selected samples of titania co-@bpith nitrogen at three temperatures
400, 500 and 600° were investigated. Generally ptegrthat were doped with metal ions
and that were co-doped at 400 and 500 °C showérbhghotoactivity in comparison with
neat titania samples. Samples that were co-dop@dCdtexhibited lower activity with
respect to the neat samples. However, in all depedco-doped cases, doping did not alter
crystalline structure of titania samples. The mdtgded and co-doped titania seems to
provide efficient catalysts that can be used ietugieneous photocatalytic processes.
Important further work would be to irradiate thisgem using visible light and other
higher wavelength regions of the solar spectrunstaed above. Furthermore, the study
of the activity of these materials as a functiothef amount of doped metal within the
titania would be beneficial.
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Chapter: four

This chapter represented synthesis of some nowklgen monomers in conjugation
with1,10-phenanthroline core. These compounds eampblied in some potential
applications especially as electroactive and caislyaterials. Both of chemical and
electrochemical polymerization routes were appinetthe polymerization of these
monomers. However, unfortunately, some of thenndidpolymerize, this probably arises
from lack of long conjugation system. So thatréasing the extent of conjugation by
introducing different moieties at the 3- and 8-fioss of the 1,10-phenanthroline core
before quaternization reaction could increasetgtoh polymerization and increase
absorption within the near-IR region; a propertyich is thought to be important in
developing high efficiency photovoltaic materidisaddition, it should be possible to
incorporate more electron rich moieties (such agptiene) to the phenanthroline core as
this may facilitate electropolymerization of thegstems. The resulting polymers could
show interesting electron accepting propertiesraayg find applications in PV devices.

Chapter: five

This chapter described synthesis of some novel-pulthromophores featuring 1,10-
phenanthroline core. Some of these compounds weoegorated with TCNE and TCNQ
as electron acceptors and with anilino group aslectron donor. These compounds are
expected to be used in some potential applicasaonk as NLO materials and
telecommunication materials. These compounds shavggghificant absorption shift
towards near-IR region of the spectrum. This prbpalises from strong electronic
communication between donor/ acceptor moietieese¢ compounds. Further work could
involve the synthesis of symmetrical push-pull chophores featuring a phenanthroline
core. The opposing nature of the dipole momenthade materials could provide systems

with interesting optical and NLO properties.

Chapter: six

This chapter described synthesis of some novellRudinplexes that featuring
phenanthroline core. Some of these compounds vaedyenprized by electrochemical
polymerization. These complexes can be used in gmt@ntial applications such as
coordination chemistry and PV devices. In additibese compounds and/ or their
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polymeric forms can be used as electroactive nadsefrurther research focusing on the
synthesis of the next generation of ruthenium dewgs featuring increased absorption in
the near-IR by increasing conjugation within thel@sale and adjusting the electronic
characteristics of the dye so it overlaps bettéh wWiat of the titania and the electrolyte
within the DSSCs are clearly important further go&l more detailed investigation of the
physical properties of the electropolymerized ratben complexes could well lead to this
material finding applications as a donor systenthtierfabrication of BHJ photovoltaic

devices.
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Chapter- eight: Experimental
8-1 Doping of titanium dioxide with nitrogen

8-2 Doping reactor

The ammonolysis reactor was used for doping titaniioxide with nitrogen. The gases
used in the doping in this unit were ammonia (BO&lg N3.8), and nitrogen (BOC
oxygen free, 99. 998%). These gases were passmaytha vertical quartz glass reactor
with a sintered disc at the half distance alongtibe. The flow of the gas through the
tube was controlled by a series of Brooks 5850 TdRsrilow controllers. The effluent gas
of the unit was passed through a sulfuric acickflasorder to neutralize any remaining
NHs. The whole unit was placed in controlled ventitaieme cupboard. Heating was
achieved utilizing a Carbolite furnace fitted wéteurotherm temperature controller. In
each experiment about 0.8 g of the material was ined vertical quartz glass reactor and
subjected to a flow of N&(92 mL. mir'). The ammonolysis reactor is shown in the

following photograph:

Ammonia
cylinder
Gas inlet
Thermal reacto
Gas outlet
Programmable
heating system
Gas flow
meter

Figure 8-1A photograph of ammonolysis reactor unit used faypidg samples
with nitrogen.
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8-3 Doping TiO, with Nitrogen

Doping nitrogen was performed by using 0.8 -1.6f@natase titanium (V) oxide
nanopowder, purity from supplier 99.7% anataselsegh by the Aldrich Company,
titanium (IV) oxide nanopowder 99.5% rutile supgligy the Aldrich company, and P25
titania hydrophilic fumed metal oxide supplied bgwrence Industries. The reaction was
carried out by flowing ammonia under heating, #maperature ramp rate was’y min,
and the ammonia flow rate employed was 92 mL /fhne reaction was run at the final
temperature for three hours. Doping was undertakémree different temperatures 400,
500 and 606C. After three hours, the NHlow was stopped, and then samples were
cooled to ambient temperature under.dlbw. The resultant modified materials (TiO
«Nx) were characterised with different spectroscopit analytical methods such as UV-
visible spectroscopy, XRD, BET analysis and micgagdntal analysis. This general

procedure was also employed for other modified, §@mples.

8-3-1 Samples characterization

8-3-1-1 Elemental analysis

Micro elemental analysis (CHN) was employed to dyanitrogen species in the doped
samples by using CHN elemental analysis (EAI EAmalytical CE-440 Elemental
Analysis).

8-3-1-2 BET Surface area measurements
The surface areas of the samples were determiogdtfre adsorption of nitrogen at -196

°C according to the BET method. Surface areas ofaiheples were calculated from the
linear part of the BET plots (in the range p/po =3). The measurements were

undertaken by using a Micrometrics Gemini Il 25&face Area Analyser.

8-3-1-3 UV-visible Spectra for nitrogen doped titara
The UV- Visible spectra for parent and modified pés were measured using a Cary 500,
UV-Vis-NIR Spectrophotometer. The powders were gedsn the sample compartment to

obtain a uniform surface.

8-3-1-4 Powder X- ray diffraction (PXRD) for the sanples

X-ray powder diffraction was measured with a SiemBB000 Diffractometer at room
temperature using CueKradiation with wavelength of 1.5148 (40 kV, 40 mA). The
patterns were collected using a step scan of @@2Ver a range of 5° to 859 2vith a
counting time per step of 0.08 seconds. Typicalger (PXRD) experiments were

undertaken by irradiation the samples from a mogimgrce and a moving detector which
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measures measured the intensity of the diffractexhys. All measurements were carried
out in the Bragg- Brentano geometry using a flatggsample. The Scherrer equation was

applied to selected reflections to obtain crydmbizé®.

8-3-1-5 Evaluation of PZC for titania doped with ntrogen

The PZC for catalysts was measured by potentiocrt@tation. In this method, ionic
strength was maintained using a solution of KX®D03 M, 100 mL ) to which NaOH
(1M, 1.0 mL) was added. The resultant solution thas titrated with HN@(0.10M) and
the pH curve recorded. Following this a mixturel60 mL of KNG with 0.20 g of titania
was stirred for 24 hours, then 1.0 mL of NaOH wadded and titrated with HNOand the
resultant pH curve recorded as for the blank gmutThe same procedure was followed
with all the other samples of titania. Resultsha titration are plotted as a volume of the
added acid against pH of the mixture and the PZE€taleen as the point of intersection
with the blank pH curv@.

8-4 Photochemical reactor

Thereaction unit was supplied by Photochemical Readttd (Quartz Immersion Well
Reactor RQ400). It comprised a cylindrical flas&atton vessel with a flattened bottom
for stirring and heating. This was fabricated frbarosilicate glass. The irradiation lamp
was effectively surrounded by the reaction mixtdiiee lamp was held within a double
walled immersion well, which was made of quartipwing the passage of water during
reaction for cooling. In addition, this unit hadystem for changing gases and withdrawal
of samples during the reaction. The unit was predidith a 125-Watt power supply
(Model 3110). The whole unit was surrounded by adem box to prevent any interaction
with stray light from the laboratory environmentan contain the UV light generated by
the lamp. The lamp was a medium pressure lamp\(i&t5, model 3010), immersion type.
This lamp produces radiation which predominantlthie 365-366 nm wavelength region.
Additionally, it produces a significant amount aflration in the visible region of the solar
spectrum at 405-408 nm, 436 nm and 546 nm, and/ab39 nm. The whole reaction unit
is shown in the following photograph:
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Wooden protective
box

Water inlet/ outlet

Mercury lamp- 125 Wa Gas inlet/ outlet

Sample withdrawing
point

Thermocouple holde

Reaction vesse

Magnetic stirrer
hot plate

Figure 8-2: A Photograph of reactor configuration diagram & th
photoreaction unit.

8-5 Photocatalytic activity for nitrogen doped tiania

8-5-1 Photocatalytic decomposition of MB over parerand nitrogen doped TiO,
Photocatalytic activity was investigated for phatiatytic decomposition of methylene
blue, by measuring the loss of absorbance of & 2G> mol dm® solution of methylene
blue. Reactions were performed by stirring a susipanof 0.01 g of material in 100 mL of
methylene blue solution at 20 °C in air. In ortteaccount for the effects of adsorption of
the dye, TiQsamples were stirred in the dye solution for 1Ghutes prior to an aliquot
being withdrawn and analysed (the dark reactionps8quently, the reaction vessel was

iluminated and periodic sampling was performedétermine the degradation measured
as the change in absorbance at 655 nm.
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8-5-2 Photocatalytic polymerization

8-5-2-1 Preliminary experiments

To investigate photocatalytic polymerization ovtartia a series of experiments were
undertaken using purified methyl methacrylate (MMAgr titania (anatase) under
irradiation with UV light at room temperature afidos:

1- In this experiment, 2.0 g of MMA (99.95%) and @.Bf neat anatase were suspended
with 25 ml of distilled water using a normal coniflask (Pyrex glass) under irradiation
with UV light and stirring at room temperature taree hours. Then the solid was
separated by centrifugation, washed with wateetoave free monomer, and then dried
overnight. The solid was washed thoroughly with Tidlissolve free chains of the
polymer if it was formed (extracted polymer). Tienaining polymer on the catalyst is the
bound polymer. The extracted polymer was analyze@®C andH NMR. The bound
polymer was investigated by thermal gravimetriclgsia (TGA) and FTIR spectroscopy.
The'H NMR spectrum exhibited some peaks of the polyfoethis case

2-This experiment was similar to the first one exagpng nitrogen doped anatase instead
of neat anatase. The same procedure as above Neagefdin this part, and it gave a
polymer as in the above step.

3-This experiment was similar to that in part onéwithout light, and no polymer was
formed in this case.

4-This experiment was similar to the procedure @psine but without the presence of

titania, and there was no evidence for polymer &irom in this case.

8-5-2-2 Photocatalytic polymerization over anatase

Photocatalytic polymerization over anatase waseazhout as follows: 0.15 g titanium
dioxide (anatase, 99.7%) was suspended in 100 rdistified water and to this, a required
amount of the monomer was added. The mixture trenstirred for ten minutes under
normal atmosphere prior to irradiation with UV ltghom the middle pressure mercury
lamp. The product then was separated by centrifugathe solid then washed with water
to remove unreacted monomer, dried in a vacuum.ciinde product then dissolved in
THF with vigorous stirring. Then the mixture waparated by centrifugation. The
extracted polymer was precipitated by adding argxof methanol with stirring to give
the final solid polymer that is the extracted podymrhe results of photocatalytic
polymerization were represented as a conversiom agginst irradiation time and the

conversion ratio was calculated according to thievieng relation:
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Conversion% = 1o~ Wt X100%
WO

W, is the weight of the used monomer
W; is the weight of the produced polymer

8-5-3 Polymer Characterization

8-5-3-1 FTIR spectroscopy

The FTIR spectra for MMA, PMMA extracted and PMMAafied anatase were recorded
in a Fourier Transform Infrared Spectrometer (FTBR00S, Shimadzu)nfrared spectra
were obtained using a silver gate apparatus iataiosphere.

This gate was provided with a position to hold bexthd and liquid samples. FTIR spectra
were performed by measuring percentage of transnaiét against wavenumber in the
range of 600- 4000 cfh No of scans; 20- 30 and resolution Ztm

8-5-3-2'H NMR spectroscopy

Further investigation for the extracted polymer wasducted usintH NMR
spectroscopy for MMA and extracted PMMA using Bruké& X 400 spectrometer with
chemical shift values in pprelative to residual chloroforndy= 7.26) as standard fOr
NMR.

8-5-3-3 Scanning electron microscopy (SEM)

Morphological studies for each of neat anatasegaafied with PMMA and extracted
PMMA have been undertaken using Scanning Electrarddcopy (SEM)(Philips

XL30E Scanning Electron Microscop@én acceleration voltage of 25 kV was used. A
double sided adhesive carbon tape supplier mownrted0.5 aluminium SEM stub was
used for loading of samples. The samples were cagsied a Polaron SC7640 Auto/
Manual High resolution Sputter Coater with a galdtinum target. All the samples were
coated with gold or platinum prior to run SEM to imope the bulk conductivity of the
sample.

8-5-3-4 Thermal gravimetric analysis (TGA)

The polymer was further investigated by thermal gnatric analysis (TGA) were
performed under both air and nitrogen atmosphesega TGAQ500 Instrument. The
average weight of the samples was 4-5 mg using®iyere used to hold the samples.

The flow of air and Mat a rate of 50 mL/ min and heating rate of 10r@1 were used.
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8-5-4 Photocatalytic decomposition of MB over PMMAgrafted anatase

The photocatalytic activity of the parent and PMMgrafted anatase was investigated for
the photocatalytic decomposition of methylene blB&otocatalytic activity was
determined by measuring the loss of absorbanc€d & 10~ mol. dm® aqueous
solution. Reactions were performed by stirring spgmsion of 0.01 g of material in 100
mL of MB solution. Samples were stirred in the dpéution at 20 °C for 10 minutes prior
to start irradiation. Then reaction mixture wagminated with radiation from middle
pressure mercury lamp and periodic sampling wa®peed to determine the conversion
of methylene blue (measured as the change in aosoetat 655 nm). The results were

recorded as loss absorbance against irradiatian tim

8-5-5 Photocatalytic polymerization of MMA over nitrogen doped anatase
Photocatalytic polymerization was conducted ovetase doped with nitrogen at 400 °C,
500 °C and 600 °C. In each experiment, 150 mg dériez was suspended in 100 mL of
distilled water and to this 2 mL of MMA was adddthe mixture then was stirred for ten
minutes under a normal atmosphere prior to irraghawith UV light from a middle
pressure mercury lamp with continuous stirring@t@ for two hours. The product then
was separated by centrifugation, the solid therhegdsvith water to remove unreacted
monomer and then dried in a vacuum overnight. Thdecproduct was then dissolved in
THF with vigorous stirring and the resulted mixtwas separated by centrifugation. The
solid obtained was found to contain bound polynmer the liquid to contain extracted
polymer. Characterization of polymer was perforrhgadising same methods that were

used in case of polymerization over neat anatase.

8-5-6 Effect of temperature on the polymerization wer nitrogen doped anatase

The effect of temperature on photocatalytic poly@ation over nitrogen doped anatase
was investigated by following the conversion of MNM#&o PMMA at different
temperatures with the other parameters of theimgabeing fixed. In each experiment,
2 mL of MMA and 0.15 g of material were suspended0 mL of distilled water. The
reaction was conducted by stirring the mixtureankdor ten minutes prior to start
irradiation with UV light from a middle pressure rery lamp and continuous stirring
under air atmosphere for two hours at differenttiea temperatures. The results were
recorded as conversion % of the used monomer todiresponding polymer. The

conversion percentage was calculated from diffexém¢he weight of the resulted polymer
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and it corresponding polymer. Then this value veg®rded as a function of the reaction

temperature.

8-6 Photopolymerization

8-6-1 Photopolymerization under UV irradiation

A required amount of purified monomer was degassekclude oxygen, and to this a
required quantity of 2,2azo-bis(isobutyronitrile) (AIBN), (99% Sigma Ath) was
added. The initiator was weight and kept in thé&kdaravoid any interaction with stray
light in the lab. The reaction materials were rdixegether with the solvent, the mixture
then was purged with nitrogen gas for about fivautes prior to the start of irradiation to
provide a nitrogen rich environment. The reacti@swstarted by irradiation with UV light
from the medium pressure mercury lamp. Photopolyragon of styrene (99.95%, Sigma
Aldrich) and MMA (99.95% Sigma Aldrich) were camieut by using AIBN as an
initiator under inert atmosphere. Reaction wasiedrout at 20 °C for two hours under
irradiation with UV light. To determine the effeatirradiation time on
photopolymerization a series of experiments wekediaken at 20 °C in which 2 mL of
the used monomer was mixed with 0.02 g of AIBN m#éiator with 100 mL of toluene.
The mixture was flushed with,Nor 5 minutes prior to the irradiation with UV hgfrom
the middle pressure mercury lamp to exclude thgemryrom the solution. Then the
reaction was started by irradiation the mixturehvaibntinuous stirring and nitrogen
flushing. At the end of reaction, the produced paty was precipitated by adding

methanol with vigorous stirring and the resultetiypeer was dried overnight.

8-6-2-1 Kinetics of polymerization

To study the effect of irradiation time on photopuoekrization, a series of experiments
were undertaken at different times (from 30 to frf#iQute). In each experiment, 2 mL of
MMA(99.5%) and ST(99. 5% )was mixed with 0.02 gdBN and suspended in 100 mL
of toluene at 20 °C. The mixture was flushed withogen for 5 minutes prior to

irradiation with middle pressure lamp to exclude tixygen from the solution. The
reaction then was initiated by irradiation of thixture with continuous stirring under
nitrogen flushing for tow hours. At the end of réaw, the produced polymer was
precipitated by adding methanol with vigorous stgrand the resultant polymer was dried
for overnight. The yield of polymerization was rejgal as the percentage of conversion

against irradiation time.
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8-6-2-2 The effect of the amount of the used monome

To study the effeadf using different amounts of monomer under theesagaction
conditions on the conversion of monomer to theesgonding polymer. A series of
experiments were undertaken in which a requiredusnnof the used monomer was mixed
with 0.02 g of AIBN and the resulting mixture waspended in 100 mL of toluene at 20
°C. The mixture was stirred in dark for ten minuypesr to irradiation with UV light. The
reaction was initiated by illumination from the rdid pressure mercury lamp for two
hours with continuous stirring in &Nush. The results are presented as percentage of

conversion for both MMA and ST against irradiattone.

8-6-2-3 Effect of inert atmosphere on the rate ofgaction

In order to investigate the effect of the atmosplar photopolymerization, a series of
experiments were performed under flowing nitrogareach experiment, 2 mL of MMA
(99.5%) and ST (99.5%) was mixed with 0.02 g of WIBhis mixture then was
suspended in 100 mL of toluene with initiation undaitrogen atmosphere at 20 °C.
Reaction was initiated by irradiation and was ammius stirred for two hours. The same
procedure was followed in conducting experiment®eting to above conditions under

normal atmosphere.

8-6-2-4 Effect of the reaction temperature on thelpotopolymerization

In order to investigate the effect of temperaturgobotopolymerization a series of
experiments was performed. In each experiment, DIMIMA (99.5%) and ST (99.5%)
was mixed with 0.02 g of AIBN. The mixture was seisged in 100 mL of toluene with
nitrogen flush over reaction mixture. Reaction waated by irradiation and continuous

stirring for two hours at different reaction temgieires was undertaken.

8-6-2-5 Thermal polymerization of ST and MMA

To make a comparison between thermal and photatioiti of polymerization a series of
experiments were undertaken. In each experimentxtre of 2 mL of MMA (99.5%),
ST (99.5%) and 0.02 g of AIBN was suspended inhQ0of toluene under flowing
nitrogen for two hours. These experiments were gotadl at different temperatures by
controlled heating a reaction mixture and the tesale represented as a conversion
percentage as a function of the reaction temperatur

311



8-7 Maodification titania by doping metals

Doping titanium dioxide (anatase, rutile and P2&hwluminium, copper and cobalt was
performed by the impregnation method. Accordinthte method a required amount (3%)
(of the used titania) of nitrate salts of each INBIANO 3)3 (89%), Cu(NQ), (99%) and
Co(NG;)2 (98%) was mixed with 100 mL of an agueous suspansi titania. The mixture
was stirred at 70 ° C for five hours, and then e@sed to room temperature and dried at
110 ° C, washed with distilled water and dried ougint. The resulting powder was then
calcined at 300 ° C for 12 hours. These samples wlearacterized using UV-visible
spectroscopy and XRD patterns. The weight percenththese metals in the doped

samples of titania was determined using atomic rgiiso technique.

8-7-1 Atomic absorption

The weight percentage of aluminium, copper and ltaogpants introduced was
determined using atomic absorption spectroscopikiiP&lmer Analyst 400). Titania
samples were digested under heating in concentsatptiuric acid. In each experiment,
0.135 g of metal-doped titania sample was dissoivé&f) mL of concentrated sulphuric
acid under heating at 60 °C for two hours. Thenllafneach sample was diluted to 20 mL
with distilled water. Standard solutions of eachtah@Al**, Cd** and Cd") were used to
find a calibration curve for each element. For ealelment, absorption was performed by
using a desired lamp that fits with the elemenerthe concentration of each element in
the doped samples was determined using calibratethod with standard solutions of

each metal.

8-7-2 Photocatalytic polymerization over metals dogd anatase

Photocatalytic polymerization over metal-doped asatwas carried out as follows: 0.15 g
of material was suspended in 100 mL of distilledexand to this 2 mL of the monomer
was added. The mixture then was stirred for terutesunder normal atmosphere prior to
starting irradiation with UV light from a middle ggsure mercury lamp. The product was
then separated by centrifugation, and then wasligdwater to remove unreacted
monomer and dried in a vacuum for overnight. Thelerproduct was then dissolved in
THF with vigorous stirring and the mixture was sgpad by centrifugation. The solid was
found to contain bound polymer and the liquid corgaxtracted polymer. The extracted

polymer was precipitated by adding an excess ohametl with vigorous stirring.
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8-8 Experimental of organic materials
8-8-1 General notes
In this work, all the reactions were carried outl@ina nitrogen atmosphere unless
otherwise noted. In addition, the reagents andiisgamaterials were obtained from
commercial sources and were used as received stss. Solvents were obtained from
commercial sources and used as received, and sbieeints were obtained from the
solvent purifier system (SPS). Reactions thasaresitive towards air or moisture were
performed in the oven dried glassware. Purificabborude materials was performed by
flash column chromatography using Fisher Matriicaib0. Macherey-Nagel aluminium
backed plates pre-coated with silica gel 60(UV29%4)e used for thin layer
chromatography (TLC) and visualized using ultrdetidight (UV). Purification of the
dyes (35) and (36) that were synthesized to be iséygke sensitized solar cells (DSSCs)
was carried out by flash column chromatographygiSiephadex (Sigma Aldrich).
'H NMR and**C NMR spectra were recorded using a Bruker DPXsH#ttrometer with
chemical shift values in ppm with reference totiégteamethylsilane (TMS). The residual
chemical shifts for the standard solvents appliedevas follows: for chloroforndg =7.26,
dc=77.20), acetonitriledy =1.94,6c=1.32 and 118.26), dimethyl sulfuoxid®;=2.52,5¢
=39.47), acetonsH= 2.05,6C= 29.85, 206.26) and;D (54 =4.80). For'H NMR, J
values were recorded in Herttl NMR signals in the NMR spectra were recorded as
singlets (s), doublets (d), triplets (t), quariegfs multiplets (m).
Mass spectra were recorded using a JMS-700 instrukicro elemental analysis was
employed to quantify of N, C and H in the doped gl@s using CHN elemental analysis
(EAI Extra Analytical. CE-440 Elemental Analysis).
For the electrochemical studies, the electrochdiyidatermined bandgap was calculated
from the relation between HOMO and LUMO energy IsVer the corresponding
compound as follow?:

Eq= LUMO - HOMO

LUMO = - 4.8 - Eequction

HOMO-= - 4.8 - Eyidation

The optically determined bandgap was calculateah fth/-vis spectroscopy and the onset
wavelength of the spectrum by applying Planck- imsrelationship as follov&:

E =hv = hch

Eg(eV) = 1240hym

Where, h is a Planck constant, c is light veloditis the wavelength onset at a higher

absorption, and Eg is the optical bandgap enengthtocorresponding compound.
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8-8-2 Synthetic experimental

5,5- Dibromo-2,2-bipyridine (8) ¥

Pd(PPhy),

N - — —
Br—/ \ Br hexamethylditin > Br N/ N Br
— toluene, N, 70% N N

reflux 8

A mixture of a commercially available 2,5-dibromoigyne (supplied by Sigma Aldrich )
(0.80 g, 3.38 mmol), tetra-kis(triphenylphosphipa)ladium (0.08 g, 0.07 mmol) and
hexamethylditin (0.55 g, 1.69 mmol) were dissoliretbluene (50 mL). This mixture was
degassed and heated under reflux for three degydNsratmosphere. The mixture then was
cooled to room temperature and mixed with 20 mtiethyl ether. It was then filtered to
give the crude product. The crude product was @&unplurified using column
chromatography silica gel using chloroform/ metHg@6.9: 0.1) as an eluent solution.
The final product was then concentrated and drieteuvacuum overnight to yield a white
powder (0.74 g, 70%).

Mp: 222- 224 °C (Lit 225-226 °€) ; 'H NMR (CDCk, 400 MHz),5= 8.71 (2H, dJ) =

2.3), 8.30 (2H, dd, J= 2.27 8.5), 7.94 (2H,dd)= 2.3, J= 8.5). MS (FAB) GHeBr2N,",
314.12.

5,5-Bis(thiophene-2-yl)-2,2bipyridine (9)®

B B sn(B > |l |

rw " M (B THF,reflux,N, 72% \ |\1 \N 7N\
9

5,5- Dibromo- 2,2 bipyridine (0.30 g, 0.96 mmol), 2- tributylstaritihjophene (0.89 g,

2.50 mmol) and Pd@IPPh)4 (0.03 g, 0.07 mmol) were dissolved in dry DMF (40).

This mixture was degassed with &hd then heated under reflux under,ahinosphere

for 36 hours with continuous stirring. The mixtuvas then cooled to room temperature
and the solvent was evaporated under vacuum td thielcrude product. This then was
further purified by silica gel column chromatogrgphbsing an eluent mixture of DCM:
PET (8:2) to afford (9) as a yellow powder (0.277§%).

'H NMR (CDCl, 400 MHz)5= 8.95 (m, 2H), 8.43 (dI= 8.3, 2H), 8.0 (dd}= 8.4,J= 2.4,
2H), 7.40 (m, 4H), 7.16 (m, 2H). MS (FAB)#&1:1.N,S;", 320.20. Anal. Calc. for
CisH12N2S,, Caled: C, 67.46; H, 3.75; N, 8.75. Found: Z36; H, 3.82; N, 8.66.
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5,5-Bis(thiophene-2-yl)-2, 2-bipyridinium-2,2 '-dibromide (10)

|S/ \_/ \_/ \S| CoMaBr =|S/ e \SI
N N reflux 40% \ N %

5,5 - Bis(thiophene-2-yl)-2,2bipyridine (0.20 g, 0.63 mmol) was dissolved DCM (20
mL) and to this a mixture of 1,2-dibromoethane (5 mvas added. This mixture was
heated under reflux in air with continuous stirrfing two days. The mixture was then
cooled to room temperature and the product wasréidt. The solid was washed with DCM
(5 x50) to remove unreacted starting material. flied product was then dried under
vacuum overnight yielding compouid@ as a red/ yellow powder (0.10 g, 30%).

MP: 218- 220 °C*H NMR (DO, 400 MHz)5= 9.82 (s, 2H), 9.14 (di= 4.8, 4H), 8.19 (d,
J= 4.8, 2H), 8.08 (dJ= 4.8, 2H), 7.44 (t)= 8.5,J= 4.6, 2H), 5.35 (s, 4H);

13 CNMR (100 MHz, DO) 8= 52.5, 127.7, 129.9, 130.1, 132.4, 134.5, 1364%,1, 142.0,
143.14; MS (FAB) GoH16N,S,**, 348.25; Anal. Calc. for £H16N>S,Br, Calcd: C,
47.21; H, 3.15; N, 5.51. Found: C, 46.98; H83.}, 5.37.

5,5 - Bis(thiophene-2-yl)-2,2bipyridinium-2,2 '-bis hexafluorophosphate (1)

7N >
V20 WA W/ W b 7\ N 7N

N 25%
®\__/® ®\_/@
28° 2PFS

1

Compoundl0 (0.20 g, 0.40 mmol) was dissolved in distilled @gd0 mL). This solution
was added dropwise to 40 mL of an aqueous solafiéiPF (0.30 g, 1.63 mmol). The
resulting mixture was then left for three houretsure complete precipitation. The solid
formed was filtered and washed with distilled wgtex 50 mL). The product was dried
under vacuum overnight to yield compouhds a red powder (0.07 g, 25%).

MP: 185 °C decH NMR (400 MHz, CRCN) & =9.25 (s, 2H), 8.94(dl= 8.4, 4H), 8.73
(d, J=8.4, 2H), 7.95 (ddJ= 9.4,J= 3.30, 2H), 7.41 ()= 9.4, J= 3.3, 2H), 5.17 (s, 4H);
3CNMR (100 MHz, CRCN) 8= 52.2, 117.8, 127.2, 129.8, 132.2, 134.2, 13845,
141.9, 142.9; MS (FAB) £H1eN.S,**, 348.25; Anal. Calc. for H16N2SP.F1, Calcd:
C, 37.59; H, 2.51; N, 4.39. Found: C, 37.45;2H2; N, 4.50.
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3,8-Dibromo-1,10-phenanthroline (11§’

— — Bry, S,Cly,pyridine B {Q?B
» Br r
\ I\f }\l / 1-chlorobutane 35% \ l\f \N /

reflux

11

1,10- Phenanthroline ( 5.0 g, 27.8 mmol) was dis=sbin 1- chlorobutane (200 mL). A
mixture of bromine (14.0 g, 88.0 mmol), pyridinel(q, 90.0 mmol) and sulfur
monochloride (12.3 g, 91.0 mmol) were added tditsemixture. The resulting mixture
was heated under reflux in air for 18 hours and ttwoled to room temperature. The solid
formed was separated and subsequently treatecawmitixture of NaOH (1M, 20 mL) and
chloroform (20 mL), stirring for 30 minutes. Theude product then extracted and passed
through a short column of silica gel using chloraicas an eluent and the solvent was
evaporated under vacuum to give the crude prodihet.crude product was further purified
by recrystallization from 1,1,2,2- tetrachloroetbaa afford compoundl as a white
powder (3.10 g, 33%).

MP: 223-225 °C. (Lit 221- 222 °CJH NMR (CDCk, 400 MHz)3= 7.73 (s, 2H), 8.39 (d,
J=2.2, 2H), 9.17 (d}= 2.2, 2H). MS (FAB) &HeN,S," = 338.15. Anal. Calc. for
Ci12HgN2Br,, Caled: C, 42.58; H, 1.77; N, 8.28. Found: C482.H, 1.87; N, 8.34.

3,8- Di(thiophene-2-yl)-1,10-phenanthroline (159

— = s NiCl,(dppp) e
MgBr > 7\
Br—\ VAW, Br+ U P THE dry, Ny, reflux 6296 7 N0 W N

12

A solution of 3,8- dibromo-1,10- phenanthroline5®g, 1.48 mmol) and [Nigldppp)]
(0.02 g, 0.04 mmol) dissolved in dry THF(10 mLdena N atmosphere at 0 °C. Then
2- thienylmagnesium bromide reagent (0.77 mL) wded carefully at this temperature.
Then reaction mixture was warmed up to room tenpegaand held for two hours before
being heated under reflux inbMvernight. Then reaction was cooled to room teiupee
and quenched with a saturated solution of,8IH20 mL), extracted with chloroform (4
x100), and washed with aqueous NaCl (3 x 50 mL§ ditude product was purified by
column chromatography, silica gel using an eluemture of DCM: PET (8:2) yielding
12 as a yellow powder (0.32 g, 62%).

'H NMR (CDCk, 400 MHz)8= 9.45 (d J= 2.3, 2H), 8.36 (dJ= 2.3, 2H), 7.84 (s, 2H),
7.60 (ddJ=3.6,J= 1.7, 2H), 7.45 (dd}=5.1,J= 1.2, 2H), 7.21 (t)=8.7,J= 3.7, 2H).
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MS (FAB) GoH12N2S,", 344.15. Anal. Calc. for £H12N,S, Caled: C, 69.73; H, 3.49; N,
8.14. Found: C, 69.62; H, 3.58; N, 8.20.

3,8-Di(thiophene-2-yl)-1,10- phenanthroline-1,10-pyridiniumbromide (13)

| IS — — S | C,H4Bry | S o o > |
) \ = / \
7 N N/ 7 bow reflux 4% 7 N Wl N

@\ __/®
o
2Br

13

3,8- Di(thiophen-2-yl)-1,10- phenanthrolif@30 g, 0.87 mmol) was dissolved in DCM
(30 mL) and to this mixture 1,2-dibromoethane (5)mias added. The mixture then was

heated under reflux in air for two days. Followihgs, the mixture was cooled to room
temperature and left for five hours before beiltgrfed. The precipitate formed was
separated and washed with DCM (5 x 50 mL) to remowveacted startingnaterial. The
final product was then dried under vacuum to yethpoundl3 as a red/ orange powder
(0.21 g, 45%).

Mp: 290 °C dec;'H NMR(400 MHz, BO) 6= 9.85 (d,J= 1.9, 2H), 9.42 (d)= 1.9, 2H),
8.50 (s, 2H), 7.94 (dd= 5.9,J= 0.9, 2H),7.80 (ddJ=5.9,J= 0.9, 2H), 7.25 (tJ)= 5.6, J=
0.9, 2H)), 5.64 (s, 4H)*CNMR (100 MHz, D0) 6= 52.2, 126.9, 129.5, 129.8, 129.9,
131.6, 131.7, 134.3, 134.9, 140.5, 145.7;, MS (FQ&)—IleNzSQZJ', 372.20; Anal. Calc.
for C,oH16N2SBrr, Caled: C, 49.60; H, 3.00; N, 5.26. Found: C5%9H, 2.96; N, 5.18.

3,8-Di(thiophene-2-yl)-1,10-phenanthroline, 1,10-piyridinium -
bis(hexafluorophosphate) (2)

9 \S | £ > | S} D \S |
N7 H,0 35% \ N—7

® /e

r o

=

Ve
@‘@
2B 2PF6

2

Compoundl3 (0.20 g, 0.38 mmol) was dissolved carefully irtidesd water (20 mL).
This solution was added dropwise to an aqueousisnlaf potassium
hexafluorophosphate (0.20 g, 1.09 mmol) in air. Tésailting mixture was kept in air for

three hours and then it was filtered. The solid washed with water (5x 50 mL) to
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remove any remaining starting materials, and wesldmder vacuum overnight yielding
compound? as a red powder (0.10 g, 39%).

Mp: 210°C dec;*H NMR (400 MHz, CRCN) & =9.68 (dJ=2.11, 2H ), 9.48 (dI=

2.11, 2H), 8.57 (s, 2H), 8.10(dd, 5X; 0.9, 2H), 7.94 (ddJ= 5.9,J= 0.9, 2H), 7.44 (t)=
5.8,J=0.9, 2H), 5.50 (s, 4H}’C NMR (100 MHz, CBCN) & = 51.9, 117.0, 126.7,
129.5, 129.7, 131.3, 131.9, 133.7, 134.8, 140.8,614MS (FAB) G:H1N»S,?*, 372.20;
Anal. Calc. for GoH16N2S,PoF12, Calcd: C, 39.86; H, 2.42; N, 4.23. Found: C/739H,
2.54; N, 4.10.

3,8-Bis(5-bromothiophen-2-yl)-1,10-phenanthroline 14)®
S — — S Br Br
s = — S
L) 8 QRS - |
N N DMF, reflux 58% /7 N\ |\f }\I 7N\
14

3,8-Di(thiopne-2-yl)-1,10- phenanthroline (0.501g45 mmol) was dissolved in DMF ( 30

mL) and to this mixture N- bromosuccinamide (0.58.@0 mmol) was added . The

mixture was heated under reflux in air overnighteit it was cooled to room temperature
and the mixture was filtered and the resultingdswlas washed with methanol (6 x 50
mL). The solid then was dried under vacuum overniglafford compound4 as a yellow
powder (0.38 g, 52%).

Mp: 253-255 °C. (Lit 251- 253 °€); 'H NMR (400 MHz, d-DMSO} =9.42 (d J=2.4,
2H), 8.71 (dJ= 2.4, 2H), 8.07 (s, 2H,), 7.77 (@3.4, 2H), 7.44 (dJ= 3.4, 2H). MS
(FAB) CooH10BroN,S,", 501.74.

3,8-Bis(5-bromothiophen-2-yl)-1,10-phenanthroline-1L0-bipridiniumbromide (15)

Br Br
Br Br S — — S
| S — — S | CoH,4Brs _ | p \ 7 \ N |
77N\ 7N /N » > NN
N N reflux @ \ 2
€]
2Br
15

Compoundl4 (0.20g, 0.30 mmol) was mixed with 1,2- dibromoet#&10 mL). The
mixture was heated under reflux in air overnighte Teaction was cooled to room

temperature and kept in air at room temperaturéghfee hours. The mixture was then
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filtered, and the obtained solid washed with DCM®® mL) to remove unreacted starting
material and then dried under vacuum overnighietycompoundl5 as an red/ yellow
solid (0.10 g, 48%).

Mp: 292 °C dec;'H NMR (400 MHz, d- DMSO} =10.26 (s, 2H), 9.71 (s, 2H), 8.63 (s,
2H), 8.10 (dJ= 4.2, 2H), 7.63 (dJ= 4.2, 2H), 5.57 (s, 4H); MS (FAB) 26H14BroN,S,%,
530.10; Anal. Calc. for £5H14N2S,Bry4, Calcd: C, 38.26; H, 2.03; N, 4.06. Found: C,
38.10; H, 2.21; N, 4.22. For compoutl it was impossible to obtailiC due to poor
solubility of this compound. However, Carbone siaiefor this compound was confirmed
by 1*C of it respective compoun@8)as it has same Carbone skeleton and just différein

counter anion.

3,8-Bis(5-bromothiophen-2-yl)-1,10-phenanthroline-1L0-bipridinium-
bis(hexafluorophosphate) (3)

Brls — — SlBr Br S — — S Br
KPF
/7 N\ 7 N /7 N\ 0 | 7\ |
N A N R %/ \
®\_/
©

2Br 2PFg

Compoundl5 (0.20 g, 0.29 mmol) was dissolved carefully intidesd water (20 mL). This
solution was added drpowise in air to 20 mL of gnesus solution of KRK0.16 g, 0.88
mmol). The mixture was then filtered and the resglsolid washed with water (5x 50
mL), and then dried overnight to yield compouds an orange powder (0.12 g, 45%).
Mp: 240 °C dec;*H NMR (400 MHz, d- acetoney =10.34 (dJ= 1.9, 2H), 9.81 (d,
J=1.9, 2H), 8.85 (s, 2H), 8.01 (@ 4.1, 2H), 7.55 (dJ=4.1, 2H), 6.08 (s, 4H)=*C

NMR (100 MHz, CQCN) 6= 52.0, 117.0, 118.3, 129.9, 130.2, 131.4, 13138,0, 136.3,
140.40, 145.5; MS (FAB) GH1.Br.N,S,**, 530.10; Anal. Calc. for
C22H14BroNoSPoF15, Caled: C, 32.20; H, 1.71; N, 3.41. Found: £03; H, 1.82; N,
3.53.
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Chemical polymerization of compound (3

Br IS S— S— S Br /O Pd(PPh3)4
| | B\ K2CO3 o
AT o IO
©) ©) i 1 c toluene,ethanol

o o CgHps CoMis N,, reflux

Viologen monomes (0.400 g, 0.488 mmol) and 9,9- dioctylfluroren&-8jboronic acid (
0.700g, 1. 460 mmol) were dissolved and degasseéd3®imL of ethanol: toluene (1:1
mixture). To this mixture tetra-kis triphenylphospd (0.030 g, 0.025 mmol) and8O;
(10 mL, 2M) were added in darkness. The whole metusas then degassed and heated
under reflux at 85 °C in the dark with nitrogenstuand continuous stirring for three
days$'®. The reaction was cooled to room temperaturesohesnt left to evaporate, and
the obtained solid was then dried under vacuumnThis solid was dissolved in THF (50
mL) with continuous stirring and then an excesMefOH (300 mL) was added to the
mixture with vigorous stirring. No precipitate wiasmed upon adding methanol. Water
(100 mL) was then added to that mixture with sigrio obtain a precipitate. The
precipitate was then filtered and then dried un@deuum overnight to yield an orange
solid (0.13 g, 19%).

Mp: 185 °C dec; GPC, M- 3796, Mw = 3893, PDI=1.035;"H NMR (400 MHz,
CDCl;) 6 =8.28- 8.10 (m), 8.05 (s), 7.92- 7.88 (m), 7.802(m), 7.75- 7.60 (m), 7.39-
7.28 (m), 6.92- 6.78 (M), 2.95 (s), 2.10-1.85 (120- 0.95 (m), 0.72-0.50 (m).

2-(Tributylstannyl)- 3,4-(ethylenedioxythiophenef*") (16)

IS n- butyllithium S
tributtyltinchloride
L/g v _ [ )—sneus
O THF dry, N,, -78°C 27% O
\\/O YT \\/O

16
Commercially available 3,4-(ethylenedioxythiophe(®&p0 g, 14.01 mmol) was dissolved

in dry THF (60 mL). This mixture was cooled to -8 using a mixture of (dry ice/
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acetone), then n- butyllithium 1.6 M (10 mL, 16:2@nhol) was added dropwise at this
temperature under aldtmosphere. The resulting mixture was stirrecbfee hour at -78
°C, and then tributyltin chloride (5.95 g, 18.80 oijrwas added dropwise under a N
atmosphere with continuous stirring for anotherrh@then the resulting mixture was
allowed to warm to room temperature overnight. friveture was then diluted with
diethyl ether (100 mL), extracted with diethyl etii® x 100 mL), washed with NaHG@3
x 100 mL), and then washed with water (3 x 100 nilbe organic layer was dried with
MgSQOy. The mixture then filtered and the solvent wastreanoved under reduced
pressure to afford compoud® as a yellow oily liquid (1.60 g, 27%).

'H NMR (CDCk, 400 MHz):8= 6.54 (s, 1H), 4.12 (s, 4H), 1.60- 1.48 (m, 6H}8t 1.32
(m, 6H), 1.10 (t, 9H), 0.90 (q, 6H).

3,8- Bis(3,4-(ethylenedioxy) thien-2-yl)-1,10-phemthroline (17)™?

S
PdCl,(PPhy), _ _
- - MSﬂ(BU)3 n-butyllithium | S S |
Br—\ 7\ / Brig > 7N\ 7N /N
N N \\/O THFdry, reflux, N, 60% o N N o

17

A solution of PdAGJ(PPh), (0.04 g, 0.06 mmol) in dry THF (5 mL) was cooted78 °C
using a mixture of dry ice/ acetone. To this migtar BuLi (1.6 M, 0.5 mL) was added
carefully. Then mixture was stirred at -78 °C undé, atmosphere for 20 minutes, and
then warmed up to room temperature for about hatit this mixture was turned into a
dark blue solution. Then this solution was added solution of 3,8- dibromo-1,10-
phenanthroline (0.40 g, 1.18 mmol) and 2-(tribugmsyl)-3,4-(ethylenedioxythiophene)
(2.30 g, 3.02 mmol) in dry DMF (40 mL). The resuit mixture then heated under reflux
in N2 overnight. The reaction then was cooled to roampierature and DCM (100 mL)
was added. Washing with saturated /8H(3 x 50 mL) and then with an aqueous solution
Na(EDTA) (3 x50 mL) and finally HO (4x 50 mL) was undertaken. The organic layer
was separated and collected and the solvent leftdporate. The crude product then
dissolved in ethyl acetate (100 mL) and the saitnied was separated by flirtation. This
solid was washed with diethyl ether (3 x 50 mL) #meh further purified by silica gel
column chromatography, using a DCM/ PET mixtur@)as an eluent. The fractions were
collected and the solvent was evaporated and fieedseed under vacuum overnight to
yield compoundL7 as a yellow powder (0.32 g, 60%).
MP: + 300 °C;*H NMR (CDCk, 400 MHz):8= 9.46 (d J= 2.4, 2H), 8.48 (d)= 2.4, 2H),
7.77 (s, 2H), 6.45 (s, 2H), 4.42 (m, 4H), 4.31 4H). MS (FAB) G4H16N204S,", 460.26.
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Anal. Calc. for G4H16N204S,, Caled: C, 62.57; H, 3.48; N, 6.08. Found: C,482 H,
3.60; N, 6.15.

3,8-Bis(3,4-(ethylenedioxy) thien-2-yl)-1,10-phendnroline-1,10-bipyridinium
bromide (18)

< <
Y 77N \
o \ N N / o reflux,

L0 N

3,8- Bis(3,4-(ethylenedioxy) thien-2-yl)-1,10- plagrhroline ( 0.30 g0.65 mmol) was
mixed with 1,2- dibromoethane (10 mL). The mixturas heated under reflux overnight in
air. Then the reaction was cooled to room tempegafitered and the obtained solid
washed with DCM (5x 50 mL) to remove unreacted mtel he solid was dried under
vacuum overnight to afford (18) as a red/ brownds(.14 g, 36%).

Mp: 244 °C decH NMR (DMSO, 400 MHz)5= 9.92 (s, 2H), 9.53 (s, 2H), 8.68 (s, 2H),
7.22 (s, 2H), 5.70 (s, 4H), 4.56 (s, 4H), 4.404[); *°C NMR (DMSO, 100 MHz)}=

145.0, 143.4, 142.4, 137.8, 131.9, 130.5, 129.8,31208.9, 105.5, 65.7, 64.2, 52.3; MS
(FAB) CoeH20N»04S,%*, 488.20; Anal. Calc. for gH.0N,04S,Br,, Calcd: C, 48.13; H,
3.09; N, 4.32. Found: C, 47.96; H, 3.20; N, 4.45

3,8- Bis(3,4-(ethylenedioxy) thien-2-yl)-1,10-phemhroline-1,10-bipyridinium-
bis(hexafluorophosphate (4)

Compoundl8 (0.20 g, 0.30 mmol) was dissolved in distilled g5 mL). The resulting
solution was added dropwise to another solutio250mL of an aqueous solution of
NH4PF; (0.15 g, 0.92 mmol) in air. The mixture was kapair for three hours and then the
solid was formed filtered and then washed with wéiex 50 mL) and dried in vacuum

overnight to afford compoundl as a red powder (0.10 g, 42%).
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Mp: 196 °C dec:*H NMR (CDsCN, 400 MHz):3= 9.68 (d,J= 1.8, 2H), 9.35 (d)= 1.8,
2H), 8.48 (s, 2H), 6.95 (s, 2H), 5.46 (s, 4H), 488 4H), 4.42 (M, 4H);"*C NMR (d-
acetone, 100 MHZ)= 146.2, 145.1, 143.9, 139.2, 134.4, 132.6, 13(28,4, 109.9,
106.4, 66.8, 65.3, 54.1; MS (FAB)¢H-0N-0,S,**, 488.20; Anal. Calc. for
CoeH20N204S,P,F15, Caled: C, 40.08; H, 2.57; N, 3.60. Found: C939H, 2.71; N,
3.44.

3,8-Bis( thiophen- 2- yl)-3,4- bis(ethylenedioxyhien-2-yl)-1,10-phenanthroline (5)

S
| 27—\ | + o DMF dry  42%
7\ N N /N O reflux,N,

A mixture of 3,8- bis(5-bromothiophen-2-yl)-1,10gnanthrolin€0.20 g, 0.40 mmo)R-
(tributylstannyl)- 3,4- (ethylenedioxythiophene)300 g, 1.18 mmol), and trans-
dichlorobis(triphenylphosphine)palladium(i1)( 0.630.04 mmol) were dissolved in dry
THF (30 mL). This mixture was degassed undep atihosphere and then heated under
reflux in N, for 24 hours. Then it was cooled to room tempeeatsolvent evaporated to
yield a crude product. This then was further padfby silica gel column chromatography,
using an eluent mixture of DCM/ PET (8:2) to yielmmpound as an orange powder
(0.11g, 40%).

Mp: 220 °C dec;'H NMR (CDCk, 400 MHz):8= 9.42 (d J= 2.1, 2H), 8.31 (dJ= 2.1,

2H), 7.79 (s, 2H), 7.51(d= 3.8, 2H), 7.28 (dJ= 3.8, 2H), 6.30 (s, 2H), 4.42 (m, 4H), 4.30
(m, 4H); **C NMR (CDCE, 100 MHZ)8= 147.7, 144.7, 141.9, 138.1, 138.0, 136.3, 130.8,
129.4,128.4,127.1, 125.0, 123.9, 111.9, 97.2,68!.6; MS (FAB) GH20N204S;,

624.20; Anal. Calc. for £H20N20,S, Caled: C, 61.52; H, 3.21; N, 4.49. Found: C,
61.45; H, 3.32; N, 4.62.
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3,8-Bis( thiophen- 2- yl)- 3,4-bis(ethylenedioxyhien-2-yl) 1,10-phenanthroline-1,10-
bipyridiniumbromide (19)

A mixture of compound (0.20 g, 0.32 mmol) and 1,2- dibromoethane (10 ma3

heated under reflux with continuous stirring undierfor two days. This mixture was then
cooled to room temperature and maintained at émgperature for five hours. The mixture
was filtered and the obtained solid washed with DEGM 50 mL) and then dried under
vacuum overnight to afford compout@ as a black solid (0.10 g, 35%).

Mp: 295 °C dec;'H NMR (d-DMSO, 400 MHz)5= 10.26 (s, 2H), 9.42 (s, 2H), 8.42 (s,
2H), 7.42 (dJ)= 3.6, 2H), 7.26 (dJ= 3.6, 2H), 6.65 (s, 2H), 5.78 (s, 4H), 4.43 (m,4H)
4.31 (m,4H); MS (FAB) @H.4N-0,S:**, 652.10; Anal. Calc. for4zH24N-04S:Br,
Calcd: C, 50.21; H, 2.95; N, 3.45. Found: C, 30H, 3.08; N, 3.60.

3,8-Bis( thiophen- 2- yl)- 3,4-bis(ethylenedioxyhien-2-yl) 1,10-phenanthroline-1,10-
bipyridinium-bis(hexafluorophosphate) (6)

KPFg
MeOH  18%

Compoundl9 (0.10 g, 0.12 mmol) was dissolved in methanolr(8) and the resulting

mixture was filtered. The eluent solution was addexpwise in air to a 25 mL of an

aqueous solution of KR MeOH (0.20 g, 1.09 mmol). The resulting mixtuas left in
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air for five hours and then it was filtered. Theaabed solid washed with methanol (5 x 50
mL) and then was dried under vacuum overnight étdytompound as a black/ green
solid (0.03 g, 18%).

Mp: 285 °C dec;'H NMR (CDsCN, 400 MHz):3= 9.57 (d,J= 1.9, 2H), 9.25 (dJ= 1.9,

2H), 8.44 (s, 2H), 7.90 (d= 4.1, 2H), 7.45 (d)= 4.1, 2H), 6.55 (s, 2H), 5.46 (s, 4H), 4.47
(m, 4H), 4.33 (m, 4H); *C NMR (CD:CN, 100 MHz)5= 54.5, 64.5, 65.8, 97.1, 117.2,
122.6,124.1, 126.9, 128.9, 129.9, 131.2, 136.8,51339.1, 141.6, 144.1, 148.2; MS
(FAB) CssH24N»0,S%, 652.10; Anal. Calc. for §H»4N,0,SP5F1,, Caled: C, 43.30; H,
2.55; N, 2.97. Found: C, 43.18; H, 2.66; N3

3-Bromo-1,10-phenanthroline (27}

Brz
— Br
\ I\f \N / NH4/H,O 3506 \ l\f S

N
HCI, H,0 reflux o7

A mixture of commercially available 1,10- phenaothre hydrochloride monohydrate
(5.00 g, 21.50 mmol), and nitrobenzene (20 mL) webeed together and heated under
reflux at 140 °C. To this mixture, a solution obbrine (3.3 mL) and nitrobenzene (9.3
mL) was added dropwise over a period of one hole. fihal mixture was maintained
under reflux at 140 °C in air for a further fouruns. Then it was cooled to room
temperature, treated with an aqueous solution of (180 mL), extracted with DCM (4
x100 mL) and washed with water (3 x100 mL) andlfyndried over MgSQ. The solution
was filtered and the solvent was evaporated uretkroed pressure and the remaining
suspension dissolved in DCM (20 ml). The crude pobavas further purified by silica gel
column chromatography, using an eluent mixture 6M» MeOH (9.5:0.5)The obtained
fractions were collected and the solvent was ewpdrand the resultant solid then was
dried under vacuum overnight to yield compo@idas a white/yellow powder (2.20 g,
40%).

Mp: 166- 168 °C (Lit 164- 167 °C$? H NMR ( CDCk, 400 MHz),5= 9.20 ( dd,)=
4.4,J=1.5, 1H), 9.19 (dJ=2.2, 1H), 8.40 (dJ=2.2, 1H), 8.26 (ddJ=8.1,J= 1.5, 1H),
7.83 (d,J= 8.8, 1H), 7.72 (dJ= 8.8, 1H), 7.65 (ddJ= 8.1, J= 4,4, 1H). MS (FAB)
Ci12H7N2Br, 259.21.
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4-(2-(1,10-Phenanthroline-8-yl)ethynyl)-N, N-dimetlylbenzenamine (28)

— — (PPh3)2PdC|2 , Cul
N\ 7\ Br + HCEC@N(CHg)Z >
N N Et;N, MeOH, N,

\, M 45%
sonication

{ _/:<\_ >—CEC4©7N(CH )
\ VanY / 3)2
28

A mixture of 3- bromo-1,10 -phenanthroline (0.2@®0 mmol), Cul (0.03 g, 0.16 mmol)
and PdCJ(PPh), (0.07 g, 0.10 mmol) was degassed undeg atdhosphere. Another

mixture of 4-ethynyl-N,N-dimethylbenzenamine (0ga.40 mmol) with triethylamine/
methanol (24/12) mL was degassed undes atidosphere. This mixture was added into
the first mixture-using syringe under addmosphere. The resulting mixture was sonicated
at room temperature for four hours, after whichais then dissolved in DCM (200 mL)
washed with water (4 x 100 mL) and then dried dMg60,. The mixture was filtered and
the solvent was evaporated under vacuum to yietd@e material which was further
purified by silica gel column chromatography, usameluent mixture DCM/ EtOAC (7:3)
to yield compoun@8as a yellow/ brown solid (0.12 g, 42%).

Mp: 208-210 °C; 'H NMR (CDCk, 400 MHz):6= 9.25 (d,J= 2.1,1H), 9.15 (dd}= 6.8,
J=1.9, 1H), 8.30 (dJ= 2.0, 1H), 8.22 (dd}= 9.2,J= 2.0,1H), 7.75(m, 2H), 7.61 (dds
9.1,J= 4.3, 1H), 7.45 (dJ= 4.3, 2H), 6.69 (dJ= 4.3, 2H), 3.02 (s, 6H)**C NMR (CDC},
100 MHz)6= 40.1, 60.4, 84.7, 95.5, 108.9, 111.9, 120.7,0,226.1 ,127.1, 127.9,
128.7,133.0, 136.0, 136.9, 144.2, 146.1; MS (FEBBH1/N3, 323.10; Anal. Calc. for
CooH17N3, Caled: C, 81.68; H, 5.26; N, 13.00. Found: C581 H, 5.40; N, 13.10.

4-(2-(1,10-Phenanthroline-8-yl)ethynyl)-N,N-dimethijbenzenamine-1,10-
bipyridinimbromide (29)

<_:_>—czc N(CHg),C2HaBr2 ¢ Q — @
\'\1 \N/ @( B—2 A2 = SoM 35%\ ,)—C=C N(CHs),

reflux

ZBr
29

Compound8 (0.20 g, 0.62 mmol) was dissolved in DCM (20 mhyanixed with 1,2-
dibromoethane (10 mL) and the mixture heated ureflrx in air overnight. The mixture

was then cooled to room temperature and maintah#ds temperature for five hours.
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The precipitate that formed was filtered and waskigkd DCM (5 x100 mL) and then was
dried under vacuum overnight to yield compo@8ds a dark/ blue powder (0.11 g, 35%).
Mp: 290 °C dec;'H NMR (D0, 400 MHz):5= 9.72 (s,1H), 9.53 (dl= 7.2, 1H), 9.45 (d,
J=7.2, 1H), 9.32 (s,1H), 8.54 (m, 1H), 7.98Jd,7.5, 2H), 6.96 (dJ= 7.5, 2H), 6.87 (d,
J=7.5, 2H), 5.61 (s, 4H), 3.05 (s, 6H); MS (FAB)H.:Ns**, 351.2; Anal. Calc. for
Co4H21N3Brr, Caled: C, 56.34; H=4.11; N, 8.22. Found: C]186 H, 4.24; N, 8.38.

4-(2-(1,10- Phenanthroline-8-yl)ethynyl)-N,N-dimetllbenzenamine-1,10-
bipyridinim-bis(hexafluorophosphate) (20)

Q /:< >— @N(CHs)z KPFe —5 : —C= CO—N CH
\@')\l H,0 30%\l\1 \ / (CH3),

ZBr
2PF6

20
Compound9 (0.20 g, 0.39 mmol) was dissolved in distilled g5 mL). This was then
added dropwise in air to 25 mL of an aqueous smutif KPF (0.20 g, 1.09 mmol). The
resulting mixture was maintained in air for fiveuns, and then filtered and washed with
water (5 x50 mL), and then dried under vacuum agétrto yield compoun@0 as a
black/ blue solid (0.07 g, 30%).
Mp: 220°C dec;'H NMR (CDsCN, 400 MHz):6= 9.46 (s,1H), 9.38 (di= 8.3, 1H), 9.33
(d,J=8.3, 1H), 9.27 (s,1H), 8.53(m, 1H), 8.05{d,9.1, 2H), 7.61 (dJ= 9.1, 2H), 6.80
(d, J= 9.2, 2H), 5.50 (s, 4H), 3.10 (s, 6H)'C NMR (CDsCN, 100 MHz)5= 39.0, 51.8,
52.0,52.2,110.6, 111.7, 117.0, 127.0, 127.1,2,229.4, 130.0, 130.3, 131.2, 131.52,
133.67, 145.50, 147.68, 147.75, 148.40; MS (FEBH:Ns*", 351.2; Anal. Calc. for
Co4H21N3PF15, Caled: C, 44.92; H, 3.28; N, 6.55. Found: C;784H, 3.44; N,6.72.
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2-(4-(Dimethylamino)phenyl)-3-(1,10-phenanthroline8-yl)buta-1,3,4,4-

tetracarbonitrile (21)

CHs
H3C_N

§ ; 2 —c 4@, " TeNE Q
T THE  a3% CN
Hz  reflux 43% — — C:C/
/ \
/ \ C CN
\ N N % ‘c-cN

NC

21

A mixture of compoun@8 (0.20 g, 0.62 mmol) and TCNE (0.14 g, 1.10 mma}psw
dissolved in THF (25 mL). This mixture was heateder reflux in air overnight, after
which it was cooled to room temperature and theesulleft to evaporate. The crude
product was further purified by silica gel colummamatography, using an eluent mixture
of DCM/ PET (7:3) to yield compourll as a brown/ dark powder (0.12 g, 43%).

Mp: 174- 176 °C;*H NMR (CDCk, 400 MHz):8= 9.31(d,J= 2.4, 2H), 9.20 ( dd}=
5.80,J=1.4, 2H), 8.67 (dJ= 1.4, 1H), 8.32 (ddJ= 9.5,J= 1.6, 1H), 7.93 (d)= 1.6, 1H),
7.85 (dd J=12.4,0=4.3, 1H), 7.74 (ddJ= 12.4,J= 4.4,1H), 6.74 (dJ= 4.5, 2H), 3.18 (s,
6H); °C NMR (CDCE, 100 MHZ)8= 40.3, 89.4, 110.8, 111.6, 112.5, 113.6, 114.11,
117.4,124.7, 126.5, 127.1, 127.5, 128.9, 130.2,6,336.4, 137.4, 145.2, 148.1, 148.3,
151.2, 154.7, 161.8, 169.3; MS (FAB)gB:/N;, 451.19; Anal. Calc. for £gH;7Ns3,
Calcd: C, 74.47; H, 3.77; N, 21.72. Found: C284.H, 3.90; N, 21.86.

2-(4-(Dimethylamino)phenyl)-3-(1,10-phenanthroline8-yl)buta-1,3,4,4-
tetracarbonitrile -1,10-bipyridiniumbromide (30)

CHs
/CH3 H3C_N
CN
CN CaH4Br> o _ C:C/
— — C=C reflux \ C \CN
N /N /& CN @B\I %/ —CN
N N C—-CN \_/
/ NC
NC ZBr
30

Compound?1 (0.20 g, 0.45 mmol) was dissolved in DCM (25 mhydhen it was mixed
with 1,2- dibromoethane (5 mL). The reaction migtwas heated under reflux for two

days after which it was cooled to room temperatiiitered off and the resulting solid
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washed with DCM (5 x100 mL) and then dried undexwen overnight. The compound
was purified by recrystallization and by silica gelumn chromatography, using an eluent
mixture of MeOH/ HO/ NH4Cl ¢4 (6:3:1). However, this compound could not be otsdi

in a pure form. This probably arises from decomipasiof this compound in the column.
Mass spectrometry showed a signal for this compawiecdude material, MS (FAB)
CaoH21N7** = 482.20.

3-{7,7,8,8-Tetracyanoquinodimethane}-1,10-phenantioiine (23)

— — CHs
N\ / \ CEC@—N\ TCNQ -
N N CH; THF

38%
reflux

A mixture of compoun@8 (0.20 g, 0.62 mmol) and TCNQ (0.18 g, 0.88 mmapsw
dissolved in THF (25 mL) and heated under reflugraight. Then the reaction was cooled
to room temperature and the solvent was evapotatgwe a crude product, which was
further purified by silica gel column chromatogrgpbsing an eluent mixture of DCM/
PET (7:3). The fractions were collected and thalfproduct was dried under vacuum to
yield compound3 as a black/ green powder (0.13 g, 38%).

Mp: 220 °C dec;'H NMR (CDCk, 400 MHz):6= 9.18 (dd,J= 8.7,J= 3.2, 1H), 8.67 (d,
J= 3.2, 1H), 8.30 (ddJ= 8.5, 3.2, 1H), 7.90 ( m, 2H), 7.70 (d¢;, 11.5,J= 4.3, 1H), 7.52
(dd,J=11.5,J=4.3, 1H), 7.29 (m,4H), 7.18 (dds 11.3,J= 1.9,1H), 7.07 (dd}= 11.3,
J=1.9, 1H), 6.69(dJ= 2.0, 2H), 3.12 (s, 6H);

13C NMR (CDCE, 100 MHz)8= 40.2, 89.4, 111.9, 112.7, 114.5, 123.3, 124.5,6,2
125.9, 126.3, 127.5, 128.7, 130.3, 132.9, 1340,5] 135.8, 136.3, 137.0, 149.0, 150.3,
151.2, 153.0, 153.8, 169.4; MS (FAB)48,1N7, 527.30; Anal. Calc. for £H,:N-,
Calcd: C, 77.38; H, 3.98; N, 18.59. Found: C, 77.B04.13; N, 18.72.
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3-{7,7,8,8-Tetracyanoquinodimethane}-1,10-phenantimine-1,10-
bipyridiniumbromide (24)

C,H,4Br,
reflux

24
Compound3(0.20 g, 0.38 mmol) was dissolved in DCM (25 mhyldhen 1,2-

dibromoethane (5 mL) was added to the mixture. Tthermixture was heated under reflux

for two days. The reaction was then cooled to reemperature, filtered and the resulting
solid washed with DCM (3 x 100 mL) and then driedier vacuum. The crude product
was purified by silica gel column chromatographsing an eluent mixture of MeOH/
H2O/ NH4Clsa:(6:3:1). However, this compound couldn't be olgdim pure form. Mass
spectrometry showed a signal for this compoundude material, MS (FAB), &H2sN7>*

= 555.3.

3,8-Bis[p-(dimethylamino) phenylethynyl]- 1, 10-pheanthroline (31)*¥

(PPhs),PdCl,
Br—{ B HC‘C@—N(CH) cul
r r + = »
\ /" 32 Et;N,MeOH 48%

sonication N,
HsC \_/ N7 CHs
31

A mixture of 3,8- dibromo-1,10-phenanthroline (02®.60 mmol), PAG(PPh), (0.04 g,
0.06 mmol) and Cul (0.02 g, 0.10 mmol) was degassel@r a Natmosphere. Another

mixture of 4- ethynyl-N,N-dimethylbenzenamine) 209, 1.80 mmol) was dissolved in
EtsN/ MeOH (24: 12) mL. The second mixture was addedien N into the first mixture,
and the resultant mixture was sonicated at roonpéeature under Nor four hours. Then

it was dissolved in DCM (100 mL), washed with wgtgx 100 mL) and then treated with
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an aqueous solution of N&DTA)sa: (100 mL) and dried over MgSOThen it was
filtered and the solvent was evaporated to giveudesproduct which was further purified
by silica gel column chromatography, using an dueinture of DCM/ PET (7:3) to yield
compound31 as an orange powder (0.13 g, 46%).

Mp: + 300 °C; 'H NMR (CDCk, 400 MHz):6= 9.24 (dJ= 2.1, 2H), 8.31 (d)= 2.1,

2H), 7.75 (s, 2H), 7.50 (d= 8.9, 4H), 6.70 (dJ= 8.9, 4H), 3.04 (s,12H). MS (FAB)
CaoHoeN4", 466.42. Anal. Calc. for SHo6N4, Caled: C, 82.33; H, 5.57; N, 121.01.
Found: C, 82.24; H, 5.66; N, 12.11.

Bis[ 3-(4-dimethylamino)buta-1,3-diene-1,1, 4,4- teacarbonitrile]-1,10 -
phenanthroline (25)

(PPh3),PdCl,
B - - B HC“C‘@*N(CH ) cul
r V/2ER\\ r+ = 3)2 >
\ N N / Et3N,MeOH 48%

sonication N,

HsC — — CHs
N@—CEC W CEC@—N TCNE -
HaC N N CcH, THF 32%

reflux
NC. _CN H3C. _CHs
CIZN (IZI N
NC™ ~C ~ "N
™ ! N
|
N .C. .CN
G ¢
/N\ -~ ~ CN
HsC™ “CHy NC™~CN

25

A mixture of compoun@1(0.20 g, 0.43 mmol) and TCNE (0.16 g, 1.25 mmolywa
dissolved in THF (30 mL). This mixture was heateder reflux overnight in air. Then the
was cooled to room temperature, and the solvergarated and the crude product was
further purified by silica gel column chromatogrgphbsing an eluent mixture of
DCM/PET (8:2) to yield compoun2b as a brown powder (0.10 g, 32%).

Mp: 278 °C dec;H NMR (CDCk, 400 MHz):8= 9.23 (ddJ= 8.6,J= 2.3, 2H), 8.71 (dJ=
2.3, 2H), 8.47 (dJ= 2.4, 2H), 7.85 (dJ= 9.3, 4H), 6.77 (dJ= 9.3, 4H), 3.20 (s, 12H}*C
NMR (CDCl, 100 MHz)é=40.3, 112.5, 124.6, 126.4, 128.5,128.6, 128.9,0,3.32.0,
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132.2, 132.6, 136.3, 137.3, 148.2, 151.3; MS (FAB4H2¢N12, 722.28; Anal. Calc. for
CasH26N12, Calcd: C, 73.10; H, 3.60; N, 23.26. Found72.98; H, 3.72; N, 23.38.

Bis(2,2-bipyridine)- 3,8- (EDOT)- 2', 2-yl)-1,10-phenanthroline) ruthenium (I1)[
Ru(bpy)(DTEDOT)] (PFe)2 (32)

— — S

| / \_//
Ru(bpy)2C|2 NH4PF6 Hzo (@]

» g
Y Wan Wan U sl AT R YA
o N N O EtOH, reflux 25% / N\RU
0 SN
—N
\ /

2PF6

32

Compoundl7 (0.17 g, 0.37 mmol) and Ru(bp&), ( 0.18 g, 0.37 mmol) were dissolved in
ethanol (50 mL). This mixture was heated undeuseith air for five hours and the
solution was cooled to room temperature, filtered e filtrate concentrated under
reduced pressure. Then 50 mL of an aqueous solotibiH,PF; (0.24 g, 1.48 mmol) was
added. The precipitate formed was filtered and wdstith water (5 x 50 mL) and then
washed with diethylether (5 x 50 mL). The solveasvevaporated under vacuum to yield
compound32 as an orange solid (0.11 g, 25%).

Mp: 286 °C dec; 'H NMR (d-DMSO, 400 MHz)5= 8.95 (d,J=8.2 , 2H); 8.86 (dJ=8.2,
2H), 8.70 (dJ=1.8, 2H), 8.37 (dJ= 1.8, 2H), 8.32 ()=15.7, 8.0, 4H), 8.13 (§= 15.7,
J=17.9, 2H), 7.98J= 5.3, 2H), 7.82 (dJ= 5.3, 2H), 7.67 (t)= 13.3,J= 6.6, 2H), 7.39 (t,
J=13.3,J= 6.6, 2H), 6.91 (s, 2H), 4.20 (m, 4H), 4.10 (m,)4H

3C NMR (CDCB, 100 MHz)8= 64.0, 64.9, 101.5, 110.9, 117.0, 123.8, 127.7,2,2
128.0, 129.4, 130.3, 131.6, 137.5, 137.6, 141.9,31444.7, 148.5, 151.8, 152.0, 156.6,
157.2; MS (FAB) G4H3:NsS,04RUPY, 873.20; Anal. Calc. for gH3NsS,04RUPF5,
Calcd: C, 45.38; H, 2.75; N, 7.22. Found: C, 8512, 2.90; N, 7.32.
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3,8-Bis( thiophen- 2- yl)- 3,4- bis (ethylenedioxythien-2-yl) 1,10-phenanthroline
ruthenium (I1)[ Ru(bpy) 2(DTEDOT)] (PFe)2 (33)

Ru(bpy),Cl, NH4PFg, H,O
reflux, EtOH' 20?/0

33

A mixture of compound (0.23 g, 0.37 mmol) and Ru(bp@), ( 0.18 g, 0.37 mmol) were
dissolved in ethanol (50 mL). The mixture was heabeder reflux in air for five hours and
then was cooled to room temperature, filtered &ed¢sulting filtrate was concentrated
under vacuum. The last solution was added to 5@fan aqueous solution of NAFR;
(0.24 g, 1.48 mmol). The resulting precipitate thes filtered and washed with water (5 x
50 mL) and then with diethylether (5 x 50 mL),adtiunder vacuum overnight to yield
compound33as a red solid (0.10 g, 20%).

Mp: 280 °C dec; *H NMR (CD:CN, 400 MHz):6= 8.71 (d J= 6.8, 2H), 8.60 (dJ= 8.3,
2H), 8.25 (dJ= 8.3, 2H), 8.19 (ddJ= 8.3,J= 1.10, 2H), 8.18 (s, 2H), 8.07 (@ 7.7, 2H),
8.04 (t,J=15.8,J= 7.7, 2H), 7.96 (& 5.5, 2H), 7.80 (dJ= 5.5, 2H), 7.55 (t)= 12.2,J=
6.6, 2H), 7.34 (d)= 6.6, 2H), 7.30 (d)= 6.6, 2H), 7.24 (d)= 6.7, 2H), 6.45 (s, 2H),
4.43 (m, 4H), 4.32 (m, 4H)**C NMR (CDsCN, 100 MHz)5= 64.3, 65.04, 98.3, 116.1,
117.0,117.0, 123.6, 124.0, 124.1, 127.0, 127.8,31228.4, 130.4, 130.7, 132.2, 135.0,
137.6, 137.9, 142.2, 145.6, 148.6, 152.0, 15568,7, 157.4; MS (FAB)
CszH3sNeSiO4RUPY, 1037.6; Anal. Calc. for §H3gNsS40sRUPF1,, Caled: C, 47.01; H,
2.71; N, 6.33. Found: C, 46.86; H, 2.87; N, 6.44.
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3-(2,3- Dihydrothieno[3,4-b][1,4]dioxin-7yl)-1,10-menanthroline (40)

S Sn(Bu)s
— — \ | PACI,(PPhs),
\_ /N /T O DMF, N 38°=/
N N O\) , N2 0

reflux

40

A mixture of 3- bromo-1,10-phenanthroline (0.4A g4 mmol), 2-(tributylstannyl)-3,4-
(ethylenedioxythiophene) (0.82 g, 1.90 mmol) an@R&PHh). (0.05 g, 0.08 mmol) was
dissolved in dry DMF (50 mL)This mixture was then degassed and heated undiex ref
a N, atmosphere overnight. The reaction was cooleddmrtemperature and the solvent
was evaporated to give a crude product. The cruoidupt was then was further purified
by silica gel column chromatography, using an dueinture of DCM/ PET (8:2) to yield
compound40 as an orange/ yellow powder (0.17 g, 38%).

Mp: 163- 165 °C; *H NMR (CDCh, 400 MHz):6= 9.50 (dJ= 2.4, 1H), 9.18 (d)= 2.7,
1H), 8.53 (dJ= 2.7, 1H), 8.23 (dd}= 9.73,J= 3.6, 1H), 7.80 (dJ= 3.6, 2H), 7.61 (dd)=
8.3,J= 3.6, 1H), 6.46 (s, 1H), 4.42 (m, 2H), 4.32 (m)2H
13C NMR (CDCB, 100 MHz)8= 64.5, 65.0, 99.6, 113.8, 122.7, 126.7, 126.9,0,2I28.3,
128.50, 131.2, 135.9, 139.9, 142.4, 144.1, 14613,11 150.4;

MS (FAB) CigH12N2SO,, 320.7; Anal. Calc. for {gH:2N2SO,, Calcd: C, 67.35; H, 3.74;
N=8.73. Found: C, 67.14; H=3.90; N, 8.83.

3-(2,3-Dihydrothieno[3,4-b][1,4]dioxin-7yl)- 1,10-penanthroline
ruthenium (I1)[ Ru(bpy) 2(DTEDOT)] (PFe)2 (34)

— — s
NN
_ _ Ru(bpy),Cl,  NH,PF N\ /“ o
s 4PFe o
\_ /" N7 NN TEon H,0 4 \N\RU\N// \)
o reflux — /\ \
o__J =N\,
\ /7 ¢
o \—=
2PF
34

Compound40 (0.12 g, 0.37 mmol) and Ru(bp®), ( 0.18 g, 0.37 mmol) were dissolved in
ethanol (50 mL), then was heated under refluxrifoa five hours. The mixture was then
cooled to room temperature, filtered and the resyfiltrate was concentrated by vacuum.
The last solution was added to 50 mL aqueousisalof NH;PF; (0.24 g, 1.48 mmol).
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The resulting precipitate then was filtered andhveaiswith water (5 x 50 mL) and then
with diethylether (5 x 50 mL), dried under vacuuwemight to yield34. However, this
compound could not obtain in pure form despiteafgaurification methods such as

washing, recrystallization and column chromatogyaph

3,8-Di(9H- carbazol-9-yl)-1,10-phenanthroline (41§

Cul

K,CO3
18- Crown-6-ether
- - DMPU - -

Br\/\N/Br+H—N N\/\/N

N O reflux, N, 55% O N N O

41

A mixture of 3,8- dibromo-1,10-phenanthroline (0Q.50 mmol)9H-carbazole (0.59 g,
3.50 mmol), Cul (0.03 g, 0.15 mmol), 18-crown-6eztf0.01 g, 0,05 mmol), DMPU (0.11
g, 0.84 mmol) and ¥CO; (0.83 g, 6.00 mmol) were mixed and degassed umder
atmosphere.The mixture was then heated under reflax\, atmosphere overnight. The
reaction was cooled to room temperature and queneite HCI (1M, 50 mL). The solid
was then filtered and washed with an aqueous solati NH3 (10%, 100 mL) and then
with water (3 x100 mL). The solvent evaporated dedcrude product was purified by
silica gel column chromatography, using an eluenture of DCM/ PET (8:2) to yield
compound41 as yellow solid (0.42 g, 55%).

'H NMR (CDCl, 400 MHz):8= 9.53 (d,J= 2.4, 2H), 8.55 (d}= 2.4, 2H), 8.22 (dJ= 7.6,
4H), 8.02 (s, 2H), 7.56 (d= 7.6, 4H), 7.49 (t)= 7.6, 4H), 7.39 (t, 7.6, 4H). MS (FAB)
for CsgH22N4, 510.20. Anal. Calc. for 4gH22N4, Caled: C, 84.66; H, 34.31; N, 10.98.
Found: C, 48.56; H, 4.43; N, 11.06.
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[ Ru(dcbpy)- 3,8- di(9H- carbazol-9-yl)-1,10- phenathroline(NCS),] (35)

RuCl,(p- cymene) dimer O O
_ _ 4,4 -dicarboxylicacid 2,2™-bpy N—l NN
/ \
v ) ) NH,SCN . \_ " 7
O N N O DMF, reflux O = ) O
e N

Compound41(0.36 g, 0.71 mmol), Ruégllp-cymene) dimer were dissolved dry DMF (50
mL), degassed and then heated under reflux aE86r four hours under aiN
atmosphere. Then 4.4licarboxylic acid- 2,2 bipyridine (0.17 g, 0.71 mmol) was added
to this mixture and the resultant mixture was hetateder reflux at 160 °C for a further
four hours. Then an excess of NN (0.40 g, 5.25 mmol) was added to the reacting
mixture and also heated under reflux at 130 °Giterhours. Then mixture was cooled to
room temperature, the solvent was evaporated andittained solid was separated by
filtration, washed with water (4 x 100 mL), andnhgith diethyl ether (4 x 100 mL) and
then dried in air. The crude product was then divesbin a MeOH/ NaOH (20 mL), and
passed through a column of Sephadex (methanol elment). The main band then was
collected and concentrated under reduced pres&desv drops of nitric acid (0.01 M)
were added to precipitate the product to yield conmpl35 as a brown/ red powder (0.11
g, 18%).

Mp: 284°Cdec;*? H NMR (DMSO, 400 MHz)5= 9.90 (s,1H), 9.61(dl= 5.30, 1H),
9.38 (s, 1H), 9.14 (s, 1H), 9.05 @ 8.80, 2H), 8.57 (dJ= 8.80, 1H), 8.46 (d}=8.80,

1H), 8.40 (dJ= 8.80, 2H), 8.23 (m, 4H), 7.95 (m, 4H), 7.62 (H)47.41 (m, 4H), 7.32
(m,4H); MS (FAB), 972.10; Anal. Calc. forsf30NsS,04Ru, Calcd: C, 61.72; H, 3.09;
N, 11.52. Found: C, 61.50; H, 3.26; N, 11.71.
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[ (Ru(dcbpy)- 3,8-di(thiophen-2-yl)1,10-phenanthrahe(NCS)] (36)

RuCl,(p- cymene) dimer

@_CQ?_@ 4,4 -dicarboxylicacid 2,2"-bpy
| 27—\ N || NHsSCN
\_ /4 -

DMF, reflux 15%

36

A mixture ofcompoundl2 (0. 24 g, 0.71 mmol) and Ruglp-cymene) dimer was
dissolved in dry DMF (50 mL). This mixture was thd#gassed and then heated under
reflux at 80 °C for four hours under a Btmosphere. Then 4.4licarboxylic acid- 2,2
bipyridine (0.17 g, 0.71 mmol) was added and tiseltsng mixture was heated under
reflux at 160 °C for a further four hours. Thenexcess of NESCN (0.40 g, 5.25 mmol)
was added to the reacting mixture and heated ueélax at 130 °C for five hours. Then
the mixture was cooled to room temperature, theestlwas evaporated and obtained solid
was then separated by filtration, washed with wgter 100 mL), followed by washing

with diethyl ether (4 x 100 mL) and finally dried &ir. The crude product then dissolved
in MeOH/ NaOH mixture (20 mL) and passed througlolamn of Sephadex (using
methanol as an eluent). The main band then wasatetl and concentrated under reduced
pressure. A few drops of nitric acid (0.01 M) wasled to precipitate the product to yield
compound36 as a dark/ brown powder (0.08 g, 15%).

Mp: 262°Cdec; *H NMR (DMSO, 400 MHz)3= 9.88 (dJ= 1.5, 1H), 9.34 (d}= 1.6 ,

1H), 9.10 (s, 1H), 8.85 (s, 1H), 8.74 (s, 1H), 8$31H), 8.34 (dJ= 8.9, 1H), 8.23 (d)=

8.9, 1H), 8.04 (dJ= 5.2, 2H), 7.95 (dJ= 5.3, 2H), 7.86 (dJ= 5.3, 2H), 7.70 (dJ= 5.2,

1H), 7.59 (dJ=5.3, 1H), 7.43 (m, 2H), 7.18 (m, 2H); MS (FABY5.20; Anal. Calc. for
CasH20N6Ss04RU, Calcd: C, 50.67; H, 2.48; N, 10.43. Found5@48; H, 2.63; N,10.56.
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8-8-3 Fabrication of DSSC device

Thesolar cell devices were fabricated according topteeedure that reported by Gratzel
and co-worker§®. The transparent anode made from glass plateiofifle-doped tin
dioxide (F/ Sn@). This glass plate washed in water and then withrel and dried. The
plate then immersed in 40 mM of Tidb enhance bonding strength between FTO glass
substrate and Tigayer. Then the glass washed with water and ethaard then dried in
vacuum. Then, this electrode was coated from cdirduside with TiQ paste (18NR-T
paste from dyesol). Then it was sintered at 45€0fG0 min, and then sintered electrode
treated with TiCJ 40 mM in order to improve surface roughness fa dgisorption, which
can result in high photocurrent. Then Ti€@ectrode immersed in dye solution, 0.5 mM, 10
mL of dye solution in 1:1 of C¥CN/ tert-butylalcohol for 24 hour. Another conducti

plate of FTO glass with a sheet resistance of & 16@rill a hole in TCE (15 ohm) 2.2 mm
thickness. This plate washed with water and theh il M HCI in ethanol. Then this
electrode cleaned with acetone in ultrasonic fomtnute. Then this electrode was heated
in air flow at 400 °C for 30 minute to remove ragtlorganic materials. Then deposited a
Pt catalyst one drop by a pipette in the hole aratdd at 400 °C for 15 minute. Then
sandwich these two plates (electrodes) by hot raett,the hole covered by Bynel 3

with iron soldering. Then pierce a hole in Bynehgsa needle, and then drop electrolyte
(I'/I3) in the hole that was pierced by using vacuumamndbient pressure to drop the
electrolyte in to the hole. Then this hole was cedeby Bynel 1.3um and covered glass
0.1 mm and sealed it. The two plates are theregband sealed together to prevent
electrolyte from leaking. The surface area, whiets selected from a sintered electrode,
was 0.385 c Instrument used was a Sciencetech Inc Solar|sioruModel SF150

with an AM1.5 filter from Muller. The lamp is califited to 1000 W/mby a reference
silicone diode, which it was calibrated by GBSOL.
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8-10 Appendix
8-10-1 X- ray crystallography data of compound 32

),
167 H1G. H20

8-10-2 Crystal structure information

Empirical formula &H3 2 FloNeOs P RU S
Formula weight 1163.40

Temperature 150(2) K
Wavelength 0.71073A

Crystal system, space group Monocli6iz/c
Unit cell dimensions

a=12.1077(7) A alpha =90°

b =27.6852(18) A beta = 101.665(6)°.

c =29.008(2) A gamma = 90°

Volume 9522.6(%%) z=8
Calculated density 1.752 Mg/m
Absorption coefficient ~ 0.591 mim

F(000) 5088

Crystal size 0.27 x 0x10.04 mm
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Theta range for data collection 2.94 t@B34leg.

Limiting indices -14<=h<=182<=k<=31, -34<=|<=32

Reflections collected / unique 35287 /BlR(int) = 0.1193]

Completeness to theta =24.83 98.9 %

Absorption correction Analytical

Max. and min. transmission 0.9767 ar8b67

Refinement method Full-mateast-squares on F"2

Data / restraints / parameters  8137// 7724

Goodness-of-fit on F*2 1.017

Final R indices [I>2sigma(l)] R1 =0.@QFQvR2 =0.1538
R indices (all data) R1 =0.240R2 = 0.1998
Extinction coefficient none

Largest diff. peak and hole 0.99 eEnd6 e.A"-3

8-10-3 Table2: Atomic coordinates (x 10%) and equivalent isotropic

displacement parameters (& x 10°%) for compound 32

Ru(1)
S(1)
S(2)
O(1)
0O(2)
O(3)
O(4)
O(5")
O(5)
O(5)
O(6)
N(1)

U(eq) is defined as one third of the tratthe orthogonalized

Uij tensor.
X y z U(eq)
4807(1) 3955(1) 8763(1) 29(1)

1425(2) 5348(1) 10036(1 45(1)
9359(2) 2815(1)  10348(1 54(1)
140(5) 5955(2)  8876(2) 61(2)
1678(5) 5332(2) 8715(2) 46(2)
8135(5) 2696(2) 9010(2) 50(2)
10157(5)  2123(2) 9298(2) 54(2)
6830(20)  6536(10) 9965(10) 93(8)
7440(30)  6982(12) 9813(11) 110(10)
6740(20)  6388(8)  9082(8) 108(7)
3069(18)  1839(8)  2203(8) 134(7)
5686(5) 4562(2)  8636(2) 28(1)
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N(2)

N(3)

N(4)

N(5)

N(6)

C(1)

C(2)

C(3)

C(4)

C(5)

C(6)

C(?)

C(8)

C(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
c(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(41)
C(42)
C(43)
C(44)
C(51)
C(52)
C(61)

3677(5)
5480(5)
3872(5)
5936(5)
4188(5)
6762(6)
7278(7)
6672(8)
5572(7)
5092(7)
3967(7)
3251(7)
2240(8)
1932(7)
2668(7)
6300(7)
6813(8)
6452(8)
5615(8)
5130(7)
4188(7)
3607(8)
2709(9)
2374(7)
2973(7)
436(7)
529(7)
366(8)
784(8)
1409(7)
1979(6)
3306(6)
2950(6)
3550(6)
4481(6)
5162(7)
6055(7)
4783(6)
5715(6)
6361(6)
7259(6)
7486(6)
6800(6)
8418(6)
8716(7)
8380(20)
8947(17)
9537(9)
9706(7)
10126(8)
7766(11)
7668(10)
4476(11)

4269(2)
3503(2)
3334(2)
3717(2)
4327(2)
4668(3)
5092(3)
5428(3)
5319(3)
4882(3)
4711(3)
4974(3)
4778(3)
4332(3)
4096(3)
3616(3)
3283(3)
2809(3)
2680(3)
3036(3)
2948(3)
2512(3)
2478(3)
2865(3)
3294(3)
5709(3)
5696(3)
5994(3)
5508(3)
5384(3)
5171(3)
4626(3)
4848(3)
4738(3)
4428(3)
4302(3)
4011(3)
4223(2)
3908(2)
3794(3)
3475(3)
3274(3)
3413(2)
2940(3)
2687(3)
2294(9)
2584(6)
2148(4)
2400(3)
2438(3)
6561(5)
6293(4)
2191(5)

8225(2) 30(2)
8324(2) 35(2)
8791(2) 36(2)
9358(2) 28(1)
9275(2) 31(2)
8829(3) 33(2)
8744(3) 41(2)
8439(3) 45(2)
8226(3) 38(2)
8316(3) 35(2)
8091(3) 33(2)
7744(3) 44(2)
7530(3) 50(2)
7671(3) 48(2)
8015(3) 41(2)
8096(3) 41(2)
7858(3) 53(2)
7852(3) 53(3)
8085(3) 51(2)
8321(3) 39(2)
8558(3) 43(2)
8546(4) 57(3)
8765(4) 59(3)
8997(3) 50(2)
9000(3) 40(2)
9687(3) 53(2)
9230(3) 46(2)
8474(3) 58(3)
8342(3) 57(3)
9147(3) 41(2)
9550(3) 36(2)
9232(3) 34(2)
9619(3) 32(2)
10065(3) 37(2)
10128(3) 34(2)
10586(3) 36(2)
10619(3) 39(2)
9728(3) 30(2)
9768(2) 28(2)
10212(3) 33(2)
10228(3) 35(2)
9825(3) 35(2)
9385(3) 33(2)
9828(3) 38(2)
9465(3) 40(2)
8720(8) 80(9)
8688(7) 44(5)
8828(4) 69(3)
9607(3) 45(2)
10076(3) 56(3)
9831(5) 92(4)
9366(4) 82(3)
2352(5) 26(3)
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P(1)
F(1)
F(2)
F(3)
F(4)
F(5)
F(6)
P(1)
F(1)
F(2)
F(3)
F(4)
F(5)
F(6')
P(2)
F(7)
F(8)
F(9)
F(10)
F(11)
F(12)
P(2)
F(7)
F(8)
F(9)
F(10%)
F(11")
F(12"

2573(13)
3261(19)
3714(14)
1902(19)
2470(20)
2680(20)
1430(14)
2658(15)
3400(20)
3700(20)
1910(30)
2255(19)
3050(20)
1600(20)
9834(4)
9760(8)
10269(7)
11105(8)
8579(8)
9840(11)
9406(8)
9820(12)
9526(18)
8812(12)
10674(16)
8896(17)
10041(18)
10806(15)

3573(6)
3087(9)
3853(8)
4065(6)
3449(10)
3705(12)
3301(9)
3599(7)
3143(11)
3849(11)
4064(9)
3376(10)
3836(13)
3365(12)
4008(2)
4386(4)
3577(3)
4175(4)
3849(3)
3666(4)
4442(4)
4011(5)
4564(6)
3850(5)
4024(11)
4043(10)
3457(6)
4139(7)

2533(7) 48(4)
2671(18) 72(9)
2530(9) 58(8)
2389(10) 44(6)
1995(8) 104(9)
3069(7) 86(10)
2532(9) 93(8)
2620(7) 60(5)
2800(20) 108(16)
2457(9) 87(10)
2460(12) 88(12)
2108(8) 127(13)
3133(8) 90(9)
2782(12) 175(18)
8794(2) 35(2)
9191(4) 94(4)
9138(3) 91(4)
8826(4) 94(4)
8760(4) 106(4)
8361(4) 128(5)
8445(4) 103(4)
8819(5) 95(9)
8911(8) 109(8)
9080(6) 62(6)
9315(7) 193(15)
8342(6) 169(13)
8730(9) 119(9)
8556(7) 99(8)

8-10-4Table 3-7: Bond lengths [A] and angles [deg] for capound 32

Ru(1)-N(2)
Ru(1)-N(1)
Ru(1)-N(6)
Ru(1)-N(3)
Ru(1)-N(4)
Ru(1)-N(5)
S(1)-C(21)
S(1)-C(26)
S(2)-C(44)
S(2)-C(39)
0(1)-C(22)
0(1)-C(23)
0(2)-C(25)
0(2)-C(24)
0(3)-C(40)
0(3)-C(41)
O(4)-C(43)
0(4)-C(42)

2.050(5)
2.063(6)
2.066(6)
2.067(7)
2.069(6)
2.079(5)
1.710(9)
1.723(8)
1.695(10)
1.732(8)
1.374(10)
1.427(11)
1.366(10)
1.452(10)
1.364(9)
1.52(2)
1.376(10)
1.418(11)
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O(5")-C(51)
0(5")-0(5"
0(5)-C(51)
0(5)-C(52)
0(6)-C(61)
N(1)-C(1)
N(1)-C(5)
N(2)-C(10)
N(2)-C(6)
N(3)-C(11)
N(3)-C(15)
N(4)-C(20)
N(4)-C(16)
N(5)-C(38)
N(5)-C(34)
N(6)-C(27)
N(6)-C(33)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(21)-C(22)
C(22)-C(25)
C(23)-C(24)
C(25)-C(26)
C(26)-C(28)
C(27)-C(28)
C(28)-C(29)
C(29)-C(30)
C(30)-C(33)
C(30)-C(31)
C(31)-C(32)
C(32)-C(35)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(36)-C(37)
C(37)-C(38)
C(37)-C(39)

1.27(3)
1.55(4)
1.23(3)
1.28(2)
1.18(2)
1.342(9)
1.376(9)
1.338(9)
1.353(9)
1.337(10)
1.360(10)
1.354(10)
1.361(10)
1.333(9)
1.377(9)
1.337(9)
1.396(9)
1.376(10)
1.386(11)
1.383(11)
1.389(10)
1.465(11)
1.393(10)
1.368(12)
1.376(12)
1.363(10)
1.375(11)
1.380(12)
1.375(13)
1.394(12)
1.466(12)
1.394(12)
1.369(13)
1.370(13)
1.389(11)
1.352(12)
1.429(11)
1.516(12)
1.363(11)
1.459(10)
1.423(11)
1.383(10)
1.398(11)
1.405(11)
1.456(10)
1.337(11)
1.439(11)
1.413(10)
1.399(10)
1.393(10)
1.372(11)
1.428(10)
1.459(11)
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C(39)-C(40)
C(40)-C(43)
C(41)-C(42)
C(43)-C(44)
C(51)-C(52)
C(61)-C(61)#1
P(1)-F(6)
P(1)-F(4)
P(1)-F(5)
P(1)-F(2)
P(1)-F(1)
P(1)-F(3)
P(1)-F(1)
P(1)-F(6")
P(1)-F(3)
P(1)-F(2)
P(1)-F(4))
P(1)-F(5)
P(2)-F(10)
P(2)-F(7)
P(2)-F(11)
P(2)-F(8)
P(2)-F(12)
P(2)-F(9)
P(2)-F(12")
P(2)-F(11")
P(2)-F(9)
P(2)-F(10)
P(2)-F(7")
P(2)-F(8")

N(2)-Ru(1)-N(1)
N(2)-Ru(1)-N(6)
N(1)-Ru(1)-N(6)
N(2)-Ru(1)-N(3)
N(1)-Ru(1)-N(3)
N(6)-Ru(1)-N(3)
N(2)-Ru(1)-N(4)
N(1)-Ru(1)-N(4)
N(6)-Ru(1)-N(4)
N(3)-Ru(1)-N(4)
N(2)-Ru(1)-N(5)
N(1)-Ru(1)-N(5)
N(6)-Ru(1)-N(5)
N(3)-Ru(1)-N(5)
N(4)-Ru(1)-N(5)
C(21)-S(1)-C(26)
C(44)-S(2)-C(39)
C(22)-0(1)-C(23)
C(25)-0(2)-C(24)
C(40)-0(3)-C(41)
C(43)-0(4)-C(42)
C(51)-0(5")-0(5")

1.372(11)
1.427(11)
1.42(2)

1.356(12)
1.523(16)
1.38(3)

1.576(15)
1.577(17)
1.578(16)
1.585(13)
1.592(15)
1.598(14)
1.576(17)
1.586(17)
1.586(17)
1.588(17)
1.591(16)
1.607(17)
1.566(10)
1.570(10)
1.574(11)
1.576(10)
1.590(10)
1.592(10)
1.583(16)
1.587(17)
1.592(18)
1.597(18)
1.605(17)
1.623(16)

78.9(2)
93.1(2)
89.8(2)
94.1(2)
95.8(3)
171.6(2)
95.5(2)
172.1(2)
96.0(3)

78.9(3)
172.7(2)
97.4(2)
80.5(2)
92.6(2)
88.7(2)
92.6(4)
92.5(4)
111.4(7)
111.7(6)
108.6(9)
113.3(7)
50.4(16)
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C(51)-0(5')-0(5")
C(1)-N(1)-C(5)
C(1)-N(1)-Ru(1)
C(5)-N(1)-Ru(1)
C(10)-N(2)-C(6)
C(10)-N(2)-Ru(1)
C(6)-N(2)-Ru(1)
C(11)-N(3)-C(15)
C(11)-N(3)-Ru(1)
C(15)-N(3)-Ru(1)
C(20)-N(4)-C(16)
C(20)-N(4)-Ru(1)
C(16)-N(4)-Ru(1)
C(38)-N(5)-C(34)
C(38)-N(5)-Ru(1)
C(34)-N(5)-Ru(1)
C(27)-N(6)-C(33)
C(27)-N(6)-Ru(1)
C(33)-N(6)-Ru(1)
N(1)-C(1)-C(2)
C(1)-C(2)-C(3)
C(4)-C(3)-C(2)
C(3)-C(4)-C(5)
N(1)-C(5)-C(4)
N(1)-C(5)-C(6)
C(4)-C(5)-C(6)
N(2)-C(6)-C(7)
N(2)-C(6)-C(5)
C(7)-C(6)-C(5)
C(8)-C(7)-C(6)
C(7)-C(8)-C(9)
C(10)-C(9)-C(8)
N(2)-C(10)-C(9)
N(3)-C(11)-C(12)
C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
C(13)-C(14)-C(15)
N(3)-C(15)-C(14)
N(3)-C(15)-C(16)
C(14)-C(15)-C(16)
N(4)-C(16)-C(17)
N(4)-C(16)-C(15)
C(17)-C(16)-C(15)
C(18)-C(17)-C(16)
C(17)-C(18)-C(19)
C(18)-C(19)-C(20)
N(4)-C(20)-C(19)
C(22)-C(21)-S(1)
C(21)-C(22)-0(1)
C(21)-C(22)-C(25)
0(1)-C(22)-C(25)
0(1)-C(23)-C(24)
0(2)-C(24)-C(23)

53.1(17)
118.2(6)
126.5(5)
115.3(5)
117.4(6)
127.0(5)
115.5(5)
118.8(7)
126.0(5)
114.7(6)
119.4(7)
125.6(5)
115.0(6)
118.6(6)
128.7(5)
112.7(5)
117.7(6)
129.8(5)
112.5(5)
123.2(7)
119.2(8)
118.4(8)
120.5(7)
120.4(7)
113.9(6)
125.8(7)
121.3(7)
115.9(6)
122.7(7)
119.4(8)
119.5(8)
118.2(8)
124.2(8)
123.2(8)
118.0(9)
120.2(9)
118.9(8)
120.9(8)
115.2(7)
123.8(8)
120.1(9)
115.2(7)
124.7(8)
119.4(9)
121.1(9)
117.8(9)
122.2(9)
111.1(7)
124.3(8)
113.2(8)
122.5(8)
111.1(8)
110.2(7)
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C(26)-C(25)-0(2)
C(26)-C(25)-C(22)
0(2)-C(25)-C(22)
C(25)-C(26)-C(28)
C(25)-C(26)-S(1)
C(28)-C(26)-S(1)
N(6)-C(27)-C(28)
C(29)-C(28)-C(27)
C(29)-C(28)-C(26)
C(27)-C(28)-C(26)
C(28)-C(29)-C(30)
C(29)-C(30)-C(33)
C(29)-C(30)-C(31)
C(33)-C(30)-C(31)
C(32)-C(31)-C(30)
C(31)-C(32)-C(35)
N(6)-C(33)-C(30)
N(6)-C(33)-C(34)
C(30)-C(33)-C(34)
N(5)-C(34)-C(35)
N(5)-C(34)-C(33)
C(35)-C(34)-C(33)
C(36)-C(35)-C(34)
C(36)-C(35)-C(32)
C(34)-C(35)-C(32)
C(37)-C(36)-C(35)
C(36)-C(37)-C(38)
C(36)-C(37)-C(39)
C(38)-C(37)-C(39)
N(5)-C(38)-C(37)
C(40)-C(39)-C(37)
C(40)-C(39)-S(2)
C(37)-C(39)-S(2)
0(3)-C(40)-C(39)
0(3)-C(40)-C(43)
C(39)-C(40)-C(43)
C(42)-C(41)-0(3)
O(4)-C(42)-C(41)
C(44)-C(43)-0O(4)
C(44)-C(43)-C(40)
O(4)-C(43)-C(40)
C(43)-C(44)-S(2)
0(5')-C(51)-0(5")
0(5')-C(51)-C(52)
O(5")-C(51)-C(52)
0(5)-C(52)-C(51)
0(6)-C(61)-C(61)#1
F(6)-P(1)-F(4)
F(6)-P(1)-F(5)
F(4)-P(1)-F(5)
F(6)-P(1)-F(2)
F(4)-P(1)-F(2)
F(5)-P(1)-F(2)

124.6(7)
112.5(8)
122.8(7)
129.6(7)
110.6(6)
119.8(6)
123.9(7)
117.2(7)
121.4(7)
121.4(7)
121.1(8)
118.4(7)
124.1(7)
117.5(7)
120.7(7)
122.2(7)
121.7(7)
117.1(7)
121.2(7)
122.5(7)
117.2(6)
120.3(7)
117.5(7)
124.4(7)
118.1(7)
121.1(7)
118.1(7)
122.8(7)
119.1(7)
122.1(7)
130.1(7)
109.7(6)
120.2(6)
124.6(7)
121.9(8)
113.5(7)
110.3(13)
117.1(11)
125.4(8)
111.7(8)
122.9(8)
112.6(7)
77(2)
117.4(19)
109.1(16)
111.8(15)
124.7(13)
90.0(8)
90.5(8)
179.2(13)
179.2(15)
89.8(8)
89.6(8)
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F(6)-P(1)-F(1)
F(4)-P(1)-F(1)
F(5)-P(1)-F(1)
F(2)-P(1)-F(1)
F(6)-P(1)-F(3)
F(4)-P(1)-F(3)
F(5)-P(1)-F(3)
F(2)-P(1)-F(3)
F(1)-P(1)-F(3)
F(1)-P(1)-F(6")
F(1)-P(1)-F(3)
F(67)-P(1)-F(3)
F(1)-P(1)-F(2)
F(67)-P(1)-F(2)
F(3)-P(1)-F(2)
F(1)-P(1)-F(4)
F(67)-P(1)-F(4)
F(3)-P(1)-F(4)
F(2))-P(1)-F(4)
F(1)-P(1)-F(5)
F(6)-P(1)-F(5)
F(3)-P(1)-F(5)
F(2')-P(1)-F(5)
F(4)-P(1)-F(5)
F(10)-P(2)-F(7)
F(10)-P(2)-F(11)
F(7)-P(2)-F(11)
F(10)-P(2)-F(8)
F(7)-P(2)-F(8)
F(11)-P(2)-F(8)
F(10)-P(2)-F(12)
F(7)-P(2)-F(12)
F(11)-P(2)-F(12)
F(8)-P(2)-F(12)
F(10)-P(2)-F(9)
F(7)-P(2)-F(9)
F(11)-P(2)-F(9)
F(8)-P(2)-F(9)
F(12)-P(2)-F(9)

F(12")-P(2")-F(11")

F(12')-P(2")-F(9")
F(11')-P(2")-F(9")

F(12')-P(2")-F(10")
F(11")-P(2")-F(10

F(9')-P(2)-F(10")
F(12)-P(2)-F(7")
F(11)-P(2)-F(7")
F(9)-P(2)-F(7’)

F(10)-P(2)-F(7")
F(12')-P(2)-F(8")
F(11)-P(2')-F(8)
F(9)-P(2)-F(8)

F(10)-P(2')-F(8"

90.6(9)
90(2)
91(2)
90.1(9)
90.4(14)
89.6(10)
89.8(10)
88.8(13)
178.9(16)
90.9(11)
178(3)
88(2)
90.7(11)
178.3(17)
90(2)
92(2)
90.3(9)
89.7(10)
90.2(9)
89(3)
89.9(9)
89.2(11)
89.5(8)
178.8(16)
92.1(5)
86.6(7)
174.4(7)
91.3(5)
95.8(7)
89.7(6)
89.2(5)
84.5(6)
90.0(6)
179.3(6)
179.4(7)
87.9(6)
93.4(7)
89.3(5)
90.2(5)
88.2(9)
90.9(8)
94.0(16)
91.9(9)
91.3(16)
174.1(15)
94.7(13)
176.8(14)
87.3(10)
87.2(10)
176.9(13)
88.8(9)
89.9(9)
87.6(8)
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F(7)-P(2)-F(8)

88.3(13)

Symmetry transformations used to geeezguivalent atoms:
#1 -x+1)y,-z+1/2
8-10-5Table 4-7: Anisotropic displacement parameters (& x 10 for compound 32

The anisotropic displacement factor exponekggdhe form:

-2pi[h%a*?Ull+..+2hka*b*U12]

ull u22 U33 U223 u13 U1z
Ru(l) 34(1) 24(1) 25(1) MM 0(1) 1(1)
S(1) 42(1) 53(1) 42(1) (1B 12(1) 4(1)
S(2) 47(1) 56(2) 49(1) (1B -11(1) 11(1)
O(1) 50(4) 80(5) 53(4) 4p(  8(3) 24(3)
O(2) 43(4) 59(4) 34(3) 3P( 7(3) 12(3)
O(@3) 51(4) 524) 42(4) 3 -3(3) 21(3)
O(4) 50(4) 46(4) 614) 3p( 0(3) 16(3)
N(1) 36(4) 24(3) 24(3) 32( 9(3) 0(3)
N(2) 42(4) 25(3) 19(3) 3B( 1(3) 4(3)
N(3) 42(4) 30(4) 26(3) 32(  -5(3) 8(3)
N(4) 33(4) 31(4) 38(4) 33 -10(3) -3(3)
N(5) 33(4) 26(3) 22(3) 3 -2(3) -2(3)
N(6) 33(4) 26(3) 31(4) 3)( 2(3) -6(3)
C(1) 38(5) 31(4) 32(4) (3P 8(4) 1(4)
C(2) 42(5) 38(5) 45(5) (4p 15(4) -2(4)
C(3) 64(6) 31(5) 47(5) (4xp 27(5) -4(4)
C@) ©56(6) 294) 314) @4y 11(4) 2(4)
C() 47(5) 26(4) 34(5) (4p 9(4) 11(4)
C(6) 42(5) 31(4) 28(4) (@4n 9(4) 8(4)
C(7) 61(6) 41(55) 31(5) (4p 10(4) 12(4)
C(8) 60(6) 48(6) 33(5) 4  -9(5) 16(5)
C(9) 45(5) 50(6) 40(5) (4nr -15@4) 8(4)
C(10) 48(5) 33(4) 375 (48 0(4) -3(4)
C(11) 55() 29(5) 39(5) (4p 8(4) 15(4)
C(12) 69(7) 42(5) 51(6) (5P 16(5) 18(5)
C(13) 64(7) 49(6) 39(5) 3&4) -3(5 23(5)
C(14) 57(6) 34(5) 56(6) 5P -2(5) 6(4)
C(15) 45(5) 28(5) 38(5) (4n  -7(4) 6(4)
C(16) 43(5) 33(5) 47(5) 84 -94) 6(4)
C(17) 57(6) 35(5) 68(7) B5p -12(5) -5(5)
C(18) 56(6) 35(5) 78(7) 0B -7(5 -16(5)
C(19) 44(5) 48(6) 53(6) 5B -4(5 -14(4)
C(20) 42(5) 39(5) 35(5) 4@ -7(4) -2(4)
C(21) 45(5) 65(6) 50(6) 38 11(4) 10(5)
C(22) 41(5) 47(5) 51(6) 4y 9(4) 11(4)
C(23) 45(6) 74(7) 54(6) 7(5) 7(5) 18(5)
C(24) 51(6) 71(7) 44(6) 2(5) 1(5) 8(5)
C(25) 38(5) 44(5) 36(5) 7(4) 1(4) -5(4)

349



C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(41)
C(42)
C(43)
C(44)
P(1)
F(1)
F(2)
F(3)
F(4)
F(5)
F(6)
P(1)
F(1)
F(2)
F(3)
F(4)
F(5)
F(6)
P(2)
P(2)

30(4)
37(5)
31(4)
35(5)
31(4)
49(5)
48(5)
35(4)
35(4)
32(4)
33(5)
34(5)
38(5)
31(4)
40(5)
89(18)
57(13)
53(7)
37(5)
44(6)
45(6)
71(12)
32(10)
38(11)
170(20)
70(14)
47(9)
77(9)
130(20)
140(20)
110(20)
86(14)
120(20)
170(30)
25(3)
85(14)

46(5)
30(4)
32(4)
39(5)
37(5)
34(4)
40(5)
25(4)
22(4)
31(4)
37(5)
32(4)
22(4)
36(5)
30(4)
84(17)
23(10)
85(8)
32(5)
55(6)
35(7)
30(9)
32(13)
26(12)
52(10)
150(30)
46(11)
27(6)
80(20)
80(20)
70(20)
110(20)
93(13)
65(13)
53(5)
62(13)

33(5) -6(4) 12(4) -7(4)
34(5) 3(4) 8(4) -3(4)
34(5) 4(4) 8(4) -9(3)
39(5) 1(4) 11(4) -6(4)
35(5) -5(4) 6(4) -8(4)
26(4) -1(4) 8(4) -1(4)
26(4) -2(4) -1(4) -10(4)
28(4) 0(3) 3(3) -6(3)
25(4) -1(3) 3(3) -4(3)
33(4) 7(4) 1(4) -7(3)
31(5) 4(4) 1(4) -5(4)
34(5) 10(4) -5(4) -4(3)
36(5) 3(3) 4(4) -2(3)
42(5) 6(4) -3(4) 1(4)
42(5) 4(4) -10(4) 1(4)
54(13) -45(14) -17(13) 65(15)
50(11) -10(9) 5(10) -7(9)
64(7)  -6(6) 3(5) 5(6)
62(6) 4(4) -1(5) 5(4)
60(6) 11(5) -11(5) 6(4)
67(8) 8(5) 16(5) -11(4)
130(30) 24(10) 45(13) 8(8)
109(18) 2(10) 709) -7(8)
60(11) 0(8) -9(8) -9(9)
101(14) -33(10) 63(14) -21(11)
38(11) 0(11) 13(10) 40(15)
190(20) 40(13) 20(12) -6(7)
72(9) -1(5) 7(6) -1(5)
120(30) 40(18) 30(14) 27(15)
58(11) 13(11) 40(12) -14(16)
75(16) -10(12) -13(14) 11(15)
150(20) -96(19) -60(16) 28(13)
46(10) 8(9) -5(11) 2(13)
350(50) 0(20) 190(30) -25(16)
29(3) -5(3) 9(2) 18(3)
130(18) -16(12) 3(12) -5
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8-10-2 TiG unit cell structure

Titania- rutile form Titania- anatase form

Re- printed from ( A. Fahmi, C. Minot, B. Silvi, NCausaPhys. Rev. B, 1993,47, 11717.)

8-10-3 FTIR spectrum of MMA
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8-10-4 TGA of PMMA that extracted from TiO»
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Methylene blue dye

Re-printed from ( E. Golz, D. Grienéinal. Chem., 2013,85, 1240).
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Spectral Irradiance (W/m2/nm)

AM 1.5 solar radiation spectrum
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Ref: http://upload.wikimedia.org/wikipedia/commoflc/solar_spectrum.png.
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