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Abstract

Over the last decade, many significant developments have been made to
improve the active materials in a new generation of organic light emitting devices
(OLEDs). Current OLED technology is focused on organo-transition metal
complexes, which emit from the triplet excited state and exhibit bright
phosphorescence. Efficient in devices have been reported using these luminescent
materials, such as iridium and platinum complexes, however, rare metal abundance
concerns, high price and toxicology have inspired the study of alternative

phosphorescent materials, such as copper or silver complexes.

In this research, novel copper complexes have been synthesized, such as
trinuclear and mononuclear copper (I) complexes, using a range of ligands, such as
alkynyl, phosphine alkynyl and pyridine ligands. The synthesised complexes have
been characterised by with a range of techniques, such as UV/Vis absorption and
emission spectroscopy, nuclear magnetic resonance (NMR), thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC), cyclic voltammetry (CV) and

scanning electron microscopy (SEM).

Most of the copper complexes have shown very interesting luminescent
properties in solution and solid state and some of them were studied for future

application in a device.
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Chapter 1: Introduction to emitting materials for
OLEDs

Esta tesis esta dedicada a mis sobrinos, Miguel, Diego, Manuel y mi
sobrina Maria. Esta tesis es un ejemplo que si quieres algo de verdad,
lo puedes consegquir.
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1.1. Next generation of light emitting devices

Since the 1970s there has been scientific curiosity about organic
electroluminescencent devices [1]. During the last two decades, organic light
emitting diodes (OLEDs) have attracted considerable interest [2]. In 1987, Tang and
Van Slyke, from Kodak, first reported efficient high-performance OLEDs [3, 4]. This
new technology is based on the use of organic fluorescent dyes as emitters, which
can provide an array of different colour [5, 6]. In the 1990s OLEDs based on
phosphorescent transition metal complexes were proposed as a more efficient way
to harvest light from electrically generated excited states [7, 8]. Research in these

particular type of emitters has grown exponentially over the past decade.

The growth of OLED technology has been doomed by scepticism whether
OLEDs could progress into commercial products, as organic material are known to
be unstable to oxygen and unstable undo operational conditions [9]. In addition, the
manufacturability of these devices, which require the deposition of many different
layers of materials was in question. However, significant progresses in OLED
technology has been achieved since the 1990s in device fabrication and
encapsulation, which can eliminate water and oxygen from the device, extending the
operational lifetime by many orders of magnitude and making the technology

competitive with liquid crystal displays and inorganic LEDs [10, 11].

OLEDSs received significant attention due to their promising applications in low
voltage flat-panel displays [12] to replace existing liquid crystal displays technology
(LCD) [2]. OLEDs are also promising candidates for interior lighting. The conversion
of the electricity into light is now competitive with fluorescent bulbs and tubes and
inorganic light emitting diodes (LEDs) ( efficacy 100 ImW™") [13].For lighting
purposes, LED technology is limited by the geometry of the device which dictates the
use of diffusers to usefull redirect the light. OLEDs are flat devices, which offers a
significant advantage for lighting applications, with an active emissive layer of 100-

200nm [8] and a total thickness of only a few millimetres.

When compared with existing LCD technology, OLEDs offer a better viewing
angle, a more vivid colour contrast and improved power consumption, as there is no

need for a back light, as each individual pixel can be switched on and off.

13



Mechanically, OLEDs can be made significantly lighter than existing displays and if
printed on plastic, they also offer a limited degree of flexibility. [14, 15].

1.1.1. Structure of OLEDs

A basic structure of organic light emitting diodes (OLEDs) consists of multi
semiconducting organic layers which are either solution-processed or vacuum-
deposited (Figure 1). The first layer above the glass substrate is a transparent
conducting anode, typically indium tin oxide (ITO). The layer deposited on the anode
is a hole transporting layer (HTL). Similarly, the organic layer in contact with the

cathode is the optimized electron transporting layer (ETL).

Cathode

Electron transport
layer (ETL)

Doped emission
layer (EML)

Hole injection/
transport layer
(HTL)

Transparent
conducting
anode (ITO)

Glas or Plastic
Substrate

Figure 1. Basic structure of an OLED [16].

During operation, a voltage is applied across the device such that the anode is
positive with respect to the cathode. Electrons migrate through the semiconducting
layer, towards the anode and holes migrate towards the cathode. As holes and
electrons meet in the emitting layer, the electron, travelling in the conduction band,

decays by emission of a photon of light.

The number and type of layers depend upon the chosen materials and
fabrication methodology. In general, an optimised multilayer structure increases the

performance of the device by lowering the barrier for the hole injection from the
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anode and by allowing control over the electron-hole recombination region (Figure 2)
[17].

Cathode

Electron injection
and protection layer

emission layer

(EML)

Hole injection/
transport layer
(HTL)

Anode

Figure 2. Multilayer structure of an OLED [17].

The multilayer structure is shown in Figure 2, with a new layer, which is the
doped emission layer (EML). This layer is the basic principle of an OLED as it
possess the doped organic material which with the necessary energy provided by
the recombination of the holes and electrons, emit light. This new layer, provide the
most important property to OLED since it can be processed in many more ways than
LED.

1.1.1.1. Anode

The anode material, in general, requires the following properties [18]:

i.  Highly conductive so as to reduce contact resistance.
ii.  High work function (WF > 4.1 eV) to promote efficient hole injection.
iii. Good film forming and wetting properties of applied organic materials
so as to guarantee good contact with the adjacent organic layers.

iv.  Good stability, both thermal and chemical.
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v. Transparent, or highly reflective material.

The structure of OLEDs, which is displayed in the figure 2, shows clearly that
the light must go through the layers and escape from the device, this is typically
achieved by using an anode made of indium-tin-oxide (ITO). ITO is a stable anode
for devices on rigid supports, possesses high optical transmission, low sheet
resistance, high work function, excellent adhesion to the substrates, chemical

stability and good surface morphology [15].

In addition, the anode must be capable of reducing the ambient light reflection
from the reflective cathode to intensify the contrast of the device [18]. The anode
may also be made using a stack of layers with graded refractive indexes to minimize
the total reflection of the ambient light from the conventional OLEDs. The thickness
and the refractive index of ITO can be varied with a desired gradient to form an
optically absorbing and electronically conducting anode for high contrast OLEDs by

developed lithographic techniques for device fabrication.

There are other transparent and conductive electrode materials, such as
fluorine doped tin oxide (FTO) [19], aluminium doped zinc oxide (AZO) [20], indium
doped zinc oxide, magnesium indium oxide, nickel tungsten oxide or other

transparent conductive oxide materials.

Polyaniline, or PANI, is one of the most studied conducting polymers of the
past 50 years [21]. It is due to its high electrical conductivity, light weight, mechanical
flexibility and low cost. All these properties make PANI an attractive alternative to the
use of ceramic oxides. Some of its applications are as a hole injection layer,
transparent conductor, an ITO replacement and as chemical vapours and solution

based sensor.

Platinum has a high work function (5.6 eV) and it contributes to increase hole
injection. However, as the anode must be very thin and transparent, it would be
deposited on the conventional ITO. Malliaras and co-workers have shown that a thin
layer (< 10 A or < 1nm) of platinum on ITO increases hole injection by up to a factor
of 100 with respect to uncoated ITO [22].
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1.1.1.2. Cathode

The cathode material requirements are usually lower than anode materials, as
they do not need transparency, combined with electrical conductivity. In some case,
the cathode is transparent when a completely transparent OLED is needed. The

requisites for cathode materials are the following [18]:

1. High conductivity.

2. Low work function to promote electron injection.

3. Good film-forming and wetting properties to guarantee good contact with
adjacent organic layers.

4. Good stability.

5. Highly reflective or transparent if used in top-emitting OLEDs.

Usually, cathode materials are pure metals or metal alloys. Sometimes, ITO

could be used as the cathode with suitable modifications.

Magnesium (Mg), calcium (Ca), barium (Ba) or aluminium (Al) are used as
cathode because they possess a low work function. This character promotes the
electron injection into the lowest unoccupied molecular orbital (LUMO) level of the
ETL material. However, this characteristic implies high chemical reactivity. The
reactivity between the cathode metals and the external environment happens

frequently, requiring encapsulation of the device.

1.1.1.3. Hole transport layer (HTL)

The main function of the hole transport layer is to provide the positive charge
carrier holes a pathway to migrate from the anode into the electron transport layer. It
is common within small-molecule-based OLED devices, however it is less common
in polymer-based devices as conjugated polymers are good conductors themselves
[18].

The materials for HTL are easy to oxidise and moderately stable in the one-
electron oxidised (radical-cation) form. The materials possess low energy HOMO
and LUMO. These properties lead into the following chemical classes of materials for

HTL: triarylamine, triphenylmethanes and phenylazomethines.

Triarylamines are the most common material for HTL as they possess a good

electrochemical and thermal stability, adequate hole mobility and can be prepared in

17



high purity. Two of the most used are N,N’-(3-methylphenyl)-1,1’-biphenyl-4,4’-
diamine (TPD) and 4,4’-bis[N-(1-naphthyl-1)-N-phenyl-amino]-biphenyl (a-NPD).
These materials possess high hole drift mobilities. In theory, it is believed that a good
hole transition layer material should have a low energy barrier from the anode to HTL

and a relatively high glass transition temperature (Ty).

The triphenylmethanes were first developed for photoconductor applications
[23]. They show one of the highest hole mobility known for amorphous organic

material, in the range of 10 to 10 cm?/Vs [24].

A series of diphenylamine-substituted phenylazomethine dendrimers were
synthesised by Yamamoto and co-workers [25, 26]. These materials show high
thermal stability. When a metal ion-complex and this kind of material were used in a
device, the luminescence and electroluminescence efficiency were increased. They

are promising materials for highly efficienty OLEDs [27, 28].

1.1.1.4. Electron transport layer (ETL)

The electron transport materials help to move electrons from the cathode into
the organic layers of the device, via hopping mechanism, including transitory

production of anion radicals in the molecules involved [18].

The requirement for a good electron transport material are following:

1. High electron affinity (EA), < 3.2 eV. This value need to suit the work
function of the cathode and reduce the energy barrier difference
between the cathode and the emitter.

2. Good electron transport mobility (ue > 10° cm?/\Vs). This property will
help to transport electrons to the emitter layer and efficiently enclose
the exciton in the emission layer.

3. High thermal stability (Tg>120 °C).

4. Stable electrochemistry and electric field stability. In other words, it
needs to have a reversible one-electron reduction.

5. Suit the optical band gap of the emitters. In order to increase the
efficiency, the materials should be transparent in the visible region.

6. The materials should be processable and compatible with neighbouring

materials to get uniform films.
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1.1.2. Device fabrication

One of the most important aspect in the manufacture of OLEDs is the total
thickness of the layers. The organic layer is in general limited to 80 to 100 nm (800 A
to 10° A) to obtain efficient charge transport at suitable driving voltages [29]. As a
consequence, light is generated very close to the metallic cathode and the proximity
of the metal electrode causes severe optical absorption losses. In order to minimise
these quenching image force losses, a possible strategy is to increase the thickness

of the organic layers.

Before the deposition of the organic layers, HTL or ETL, an insulating layer of
100nm SiO; is deposited by sputtering (Figure 3). The analysis of the device

performance was qualitatively confirmed by numerical simulations [29].

Insulator

ITO

Glass substrate

(a)

Metallic cathode
Organiclayers

(b) (c)

Figure 3. Schematic description of the processing sequence for the fabrication of the light-emitting
field-effect device structure: (a) situation before the deposition of the organic layers with the insulator;
(b) deposition of the organic layers; (c) deposition of the metal cathode [29].
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Over the last 20 years there have been significant improvements in the
manufacturing of organic light emitting diodes. There are different methods, such as
vapour-deposition and solution processing of polymeric materials and inks. Some of
these improvements in device performance have made commercial display OLEDs
viable. These methods are competing with liquid crystal displays (LCDs) in an
expanding flat panel display marketplace [18]. Moreover, some researchers are
exploring the use of vapour-deposited organic materials in devices such as

photovoltaics [30], organic lasers [31] and organic thin-film transistors (TFTs) [32].
1.2. Organic light-emitting diode operating mechanism

In the light generating mechanism, holes are injected from the anode and
electrons from the cathode into the organic layers (Figure 4). There is a barrier for
both holes (h*) and electrons (&) for both holes penetration in the HTL and electron
penetration of the ETL [16].

“

ETL

CATHODE

HTL

ANODE

e

h+
Figure 4. Basic operation of an OLED [16].

With a suitable suitable energy barrier between the electron and the hole
injection layers (EILs and HILs) and the cathode and the anode, electrons and holes
are injected in the ETL and HTL.
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Once the electrons and holes have been injected, they move through the ETL
and HTL and into the doped emission layer (EML), where the charges meet and
recombine. The electron migrate with an external potential, AV, through the host
material towards the anode. Normally, this process requires thermal activation
energy not to be quenched, due to inhomogeneities and to host reorganisation

effects related to the polaronic properties of the electrons.
1.2.1. Charge transport in organic materials

Charge transport in organic semiconductors is similar to inorganic
semiconductors, it exists via drift and diffusion. However, transport in organic
material is much more complicated due to their complex molecular nature. The
charge transport is impeded due to polarisation effects, the larger intermolecular
distances and smaller intermolecular orbital overlaps compared with inorganic
semiconductors. There are numerous theories which describe charge transport in
organic semiconductor materials, but none of them can explain all experimental
studies [33, 34].

1.2.2. Band transport model

Band transport occurs in delocalised states and is limited by scattering of
lattice vibrations. However, the lattice vibrations are reduced at low temperature,
which suggests that the charge carrier mobility increases with decreasing
temperature. Most organic semiconductors are characterised by a high degree of
disorder and low electronic coupling; these electronic couplings are Van der Waals
and dipole-dipole interactions. The weak electronic coupling between different
molecules can be broken, producing localised states. As a result, band transport is
generally not the preferred transport mechanism in organic semiconductors, being
limited to highly ordered molecular crystals such as naphthalene [35], anthracene
[36], rubrene [37] and pentacene [38].

1.2.3. Multiple trapping and release model

The multiple trapping and release model (MTR) describes charge transport in
hydrogenated amorphous silicon [39], but sometimes it has been used to explain the

transport in disordered organic materials [40]. This model of transport implies that
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charge transport occurs through delocalised states. However, this transport is
hampered by impurities, defects and grain boundaries, which generate a distribution
of traps near the transport band. During the transport, charge carriers can be
trapped. These trapped carriers may be thermally liberated to reach the transport
band, where they can end up trapped again. The MTR has been used successfully
to describe transport in organic semiconductor films [41], where the energy levels
below the LUMO or HOMO is to a large extent due to disorder.

1.2.4. Hopping transport model

Charge carriers in disordered organic semiconductor materials move along
the lattice via a hopping mechanism, as they possess weak intermolecular coupling.
It means that the states for charge carriers in these materials are considered as
localised [42, 43]. The transport is thermally activated tunnelling of carriers between

localised states.

The mobility of the charge carriers depends on the energy within the density
of states distribution and increases if the density of the near neighbouring states is
large, or if there are states available at lower energy. As organic disordered
semiconductors are influenced by polarisation effects, the movements of the charges
can be limited. Charge transport in this kind of materials is described as a series of

carrier hopping from one site to the next, followed by polaronic relaxation.

The electron experiences a Coulomb attraction and the charges recombine,
an exciton is formed and, depending upon the nature of the emitting material (EMs)
and depending on the selection rules, light emission from a singlet (fluorescence) or
from a triplet excited (phosphorescence) state results. The process of hole trapping
as a first step can occur, if the oxidation potential of the emitter material compares
favourably with the HOMO energy of the HTL (Figure 5).
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Figure 5. The light generating mechanism of OLEDs.
1.3. Light emitting materials

The materials which generate light, are in many cases a mixture of two or more
materials. At least, one of them is an electroluminescent emissive material, often
combined with a charge transporting host material. In general, the guest-host system
is common in the different kind of OLEDs, such as SMOLED, whereas in polymeric

LED (PLED) is usually composed of a single conjugated polymer.

Light-emitting materials need to possess many properties and they must be
effectively combined. These properties are: the layer must be able to transport
charges, both holes and electrons, in order that the charge carriers move through the
layer and find each other; the recombination charge must create an excited state in
the material and the mixture of materials. If they are used for long —lived devices,
must be uniformly dispersed (good film forming properties as a solid solution) and
not be affected by material migration under an applied electric field (no

electrophoresis).

The chemical and photo-physical properties of the emissive material itself lead
to a classification of OLEDs. They are two main types:

1. SMOLEDSs: they contain small-molecule emissive materials which could
be processed by vacuum deposition techniques or solution coating (spin
coating or ink jet printing).

2. PLEDs: they contain polymeric emissive materials, which are almost

exclusively processed by solution coating.

23



1.3.1. Luminescence

Luminescence can be classified into two categories: luminescence from
electronically excited singlet (S4) or triplet (T4) states. Emission from singlet state is
called fluorescence and emission from ftriplet state is called phosphorescence [44].
This last process is intrinsically spin-forbidden and the timescale is much longer than

in fluorescent process, in the order of micro- to milliseconds.

A typical molecule shows different transitions between singlet states, singlet
and triplet state or triplet states, all those transitions are shown in the Jablonski
diagram (Figure 6).
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Figure 6. The Jablonski diagram shows the photophysical processes in a typical molecule A-B. The
processes, which are shown in the molecular system, are: (1) light absorption, (2) vibrational
relaxation, (3) internal conversion (IC), (4) intersystem crossing (ISC), (5) radiative transition and (6)
nonradiative transition [44].

In the diagram, Sp represents the ground state energy. The ground state is

the non-excited state [45]. S; and S, are the excited singlet states where the
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electrons sit as pairs with opposite spins (+%2 or -)%2) in a single orbital. On the right
end of the diagram the triplet states are represented by T; and T,, where the
nonbonding electrons may occupy this level in two separate orbitals with the electron

spins parallel to each other.

In a molecule, there is a difference of energy, or energy gap, between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO). If the absorbed energy is larger than the HOMO-LUMO energy gap
of a molecule, the transition from the ground state (Sp) to the lowest energy level of
S1 is allowed. The molecule may also experience a change in vibration, rotation
and/or go into the higher electronic state (S;). These processes are labelled (1) in
the Figure 3. The time it takes a molecule to experience the transition from the
ground state to the excited state is extremely short, in the order of femtoseconds (10

15 S).

The relaxation of an electron from the excited state to a lower energy level
can be radiative or non radiative (2). An electron in the highest single state S, S, or
Ss, relaxes to the lowest vibrational state of them via non radiative, vibrational
relaxation (3). An electron can change spin from a singlet excited state (S1) to the
triplet excited state (T4) via an intersystem crossing process (ISC) (4), this happens
when the triplet state vibrational energy levels overlap with the lowest energy level
in Sq1. This process is followed by internal conversion to the lowest energy of Tj.

Typically ISC is forbidden in most systems.

The other kinds of processes are called radiative processes, which result in
the emission of light (5). The emission of light can be produced by the processes of
fluorescence and phosphorescence. Fluorescence is the electronic transition from
the singlet excited state (S4) to the singlet ground state (Sp). This process occurs
within nanoseconds after the absorption of light which is at shorter wavelength.
Organic molecules with conjugated double bonds, such as compounds with aromatic
rings, show fluorescent emission because the energy differences between excited
state and ground state orbitals are small enough to give photons in the visible part of

the electromagnetic spectrum.

In order to obtain an effective guest-host system, between the

electroluminescent emissive material and the transporting host material , there are
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several factors which must be considered, such as the phase compatibility of the
host and guest, the aggregation of the molecules and the host-guest energy level
and orbital alignment. Efficient electroluminescent host-guest system have been
studied by Thom and co-workers, using computational methods, predicting suitable
host carbazole molecules for phosphorescent iridium guest complexes [46]. In this
study , the band gap of the guest falls within the band gap of the host to help
transport of electrons and holes from the host to the guest, where they recombine

(Figure 7). This applies to singlet and triplet excited states of the host and the guest.
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Figure 7. Energy level relationship in a phosphorescent guest-host system, where: a) relationship
between the band gap of the guest and the host; b) poor energy transfer between guest-host system;
c) efficient energy transfer between guest-host system. The ground state was taken as zero.
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As we can see in Figure 7, for an efficient energy transfer from the host to the
guest in the triplet state, which means there will be phosphorescence, the excited

triplet state of the host must be higher than that of the guest.

1.3.1.1. Factors influencing luminescence

One of the requirements for fluorescence and phosphorescence is a
molecular structure which absorbs ultraviolet or visible radiation [47]. We can say the
stronger the absorption of a molecule, the more intense its luminescence will be.
Molecules which contain conjugated double bonds, especially those with a high
degree of resonance stability, show efficient luminescence, as they show intense
electronic absorption in the ultraviolet to the visible region of the electromagnetic

spectrum.

Transition metal complexes can be optically active because of their
symmetrical configuration or because they are attached to optically active ligands
[48]. Their spectral band shape and transition energy is the consequence of their
specific electronic structure [44]. The presence of metal atoms enhances the
intersystem crossing, as they show a strong spin orbit coupling. Phosphorescence is

therefore allowed in metal complexes.

The nature of the solvent plays an important role in the absorption and
emission spectra, as the intermolecular solvent-solute interaction results in molecular
geometry variations [49]. However, the interpretation of solvent effects is difficult
because its magnitude is small on the spectra and is not easy to calculate precisely
[50]. Some of the significant factors, which are worth considering, are the dipole
moment, the size of the solute molecules and the difference between the dipole
moment in the ground and excited state. The quantum vyield of luminescence is
higher in dense solutions, as opposed to a liquid because the viscosity of the
solution increases and, as a consequence, the probability of the loss of the excitation

energy by non radiative decay becomes lower.

The temperature influences the magnitude of luminescence. A rise in
temperature increases the frequency of collisions between the molecules and the
probability non-radiative decay increases as well. In general, we can say that a

temperature increase produces a decrease in luminescence [51].
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1.3.2. Optical properties of transition metal complexes

Electronic transitions are frequently considered in metal complex as d-d
transitions as they involve the molecular orbitals which have mainly metal d
character [52]. However, it is necessary to mention that not all electronic transitions,
in the visible and ultraviolet spectral region are produced as d-d transitions; charge
transfer absorption, in which electrons are transferred from ligand to metal or vice
versa, can appear in this region too and they are much more intense than d-d
absorptions [53]. The complexes colours are determined by the magnitude of the
spacing between these levels and this spacing depends on factors such as the
geometry of the complexes, the nature of the bonding ligands and the oxidation state

of the metal ion.

Electron-electron repulsion has been so far ignored. However, this effect will
make a significant contribution to the electron energy in any complex which has

more than one electron or more than one d-level vacancy.

For metal complexes, the electronic configuration follows the same
configuration as for organic molecules [54]. By a molecular orbital (MO) diagram of
an octahedral transition metal complex, which can be applied to complex of Co (lll),
Ru (Il) and other d° metal ions, we will define the different types of electronic

transitions. They are shown in Figure 8.
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Figure 8. Molecular orbital (MO) diagram for an octahedral complex of a transition metal.
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For organic molecules, excited configurations can take place from the ground
configuration, by promoting one electron from occupied to vacant MOs. There are

electronic transitions which can be expected at relatively low energies:

i. Metal-centered (MC): transition from nonbonding orbitals (1Tu), of tog
symmetry, to antibonding orbitals (om*), of eg symmetry.

ii. Ligand-centered (LC): transition from bonding orbitals (1) to
antibonding orbitals (1T.*).

iii. Ligand-to-metal charger-transfer (LMCT): transition from bonding
orbitals (11.) to antibonding orbitals (om*).

iv. Metal-to-ligand charge-transfer (MLCT): transition from nonbonding

orbitals (1Ty) to antibonding orbitals (17.*).

The relative energy of these electronic transitions depends on the nature of
the metal and the ligands in predictable ways. In other words, low-energy metal-
centered (MC) transitions are expected for transition metals of the first row, low-
energy ligand-to-metal charge-transfer (LMCT) transitions are expected for
complexes which carry at least one ligand that is easy to oxidise and a metal which
is to reduce. Low-energy metal-to-ligand charge-transfer (MLCT) transitions are
expected when the complex carries a metal which is easy to oxidise and a ligand
easy to reduce and low-energy ligand-centered (LC) transitions are expected for

aromatic ligands with extended 1 and * orbitals.

In the following schemes, we will compare the possible electronic transitions

in a tetrahedral complex to those of an octahedral complex (Figure 9 and 10).

In any tetrahedral complex, the lowest energy o-bonding orbitals will be filled
and be primarily ligand in character. Next, there are two states of o-nonbonding

molecular orbitals, one ligand-centred and one metal-centred.
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Figure 9. Molecular orbital diagram for a tetrahedral ML, complex [562]. The possible ligand to metal
charge transferences (LMCT) are showing by red arrows.
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Figure 10. Molecular orbital diagram for octahedral ML8 complex [62]. The possible metal to ligand
charge transferences (MLCT) are shown by red arrows.

In Figure 10, we can see the MLCT transitions for an octahedral complex,

which have occupied the tqg and eg* orbitals.
1.3.2.1. Ruthenium complexes

Ruthenium complexes and more specifically Ru (llI) polypyridine complexes,
have been investigated in detail as they have important photochemical properties.
Some of their extraordinary properties are high chemical stability, reversible redox

activity, phosphorescent emission and long excited state lifetime [55, 56].

Ruthenium (Il) is a d® system and the polypyridine ligands have o donor
orbital localised on the nitrogen atoms and 1 donor and 1* acceptor orbital more or

less delocalised on aromatic rings (Figure 11).
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Figure 11. Molecular structure formula of [Ru(bpy)sJ*".

Ruthenium complexes follow a single-configuration one-electron description of
the excited state in octahedral symmetry. In this symmetry, the complexes show the
three types of electronic transitions at low energy. As we can see in Figure 12, the
promotion of an electron from 1y metal orbital to the 1 * ligand orbitals gives rise to
metal-to-ligand charge transfer (MLCT) excited state, in contrast to the promotion of
an electron from 1Ty to oy* orbitals, giving rise to metal-centered (MC) excited states.
The transition ligand-centered (LC) excited states can be obtained by promoting an
electron from 1 to m_*. We must notice that all these excited states may have singlet

or triplet multiplicity.
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Figure 12. Molecular orbital diagram for Ru (ll) polypyridine complexes in octahedral symmetry.
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For most of Ru (Il) polypyridine complexes the lowest excited state is a
*MLCT level and thus exhibits relatively long lifetime and intense luminescent
emission.

Several studies have shown the typical absorption bands of [Ru(Bpy)s]**, in
alcohol solution [57]; at 285 nm which is corresponding to a spin-allowed LC T—1r*
transitions [58], at 240 and 450 nm corresponding to spin-allowed MLCT d—1*

transitions (Figure 13).

1
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Figure 13. Absorption spectrum of Ru(bpy) < [57].

Moreover, the intensity, lifetime and energy are temperature dependent: when
the temperature was increased, the emission lifetime and the quantum yield

decreased.

1.3.2.2. Osmium complexes.

Many reviews of osmium (Il) complexes have been published during the past
few years where the aspects of photophysics and photochemistry have been
covered [59], especially those of osmium (Il) imine complexes.

The photophysical properties of osmium complexes with 2,2’-bipyridine
ligands, [Os(bpy)s]** have been investigated by Yersin and others in the 1980s [60-
63]. Some of the ligands used in Os (II) complexes, are shown in figure 14.

The luminescence of Os (lI) complexes is comparable with Ru (II) complexes,

in general they have a lower energy than other metal complexes and is due to the
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more negative one-electron oxidation potential of the osmium (lI) complexes. Their

excited state lifetimes are shorter due to the spin-orbit coupling and their energy gap.

bpyAN

R = CH;, CF3, CO5Et ieil pboz

Figure 14. Structures of some of the ligands used for osmium (Il) complexes.

In general, the absorption of these complexes is in the visible region of the
spectrum and the emission has been detected in the near-infrared. For example, the
emission of complexes with “ieil” ligands, such as [Os(ieil)s]** is centered at 1060nm

with very low luminescence quantum yield [61, 64].

1.3.2.3. Rhodium complexes

Rhodium complexes and their properties have been studied. Since the 1970s,
there are many reports on different rhodium complexes such as rhodium (lll)
polypyridine complexes and their cyclometalated analogues. Photophysics and
photochemistry are determined by the interaction between ligand-centered (LC) and
metal-centred (MC) excited states, with the relative energy depending on the metal

coordination environment [65].

The tris (1,10-phenanthroline) rhodium (I1l) ion, Rh(phen)s*>* (Figure 15) was
used to explain the typical photoluminescence behaviour of this class of complexes.
The complex did not show emission at room temperature. However, at 77 K (-196.15

°C) high quantum yield and long lifetime were measured. The emissions at 465, 485,
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524 and 571 nm were assigned to ligand-centred (LC) phosphorescence emission

from a 1-11* triplet state localized on the phenanthroline ligands [66-68].

Figure 15. Molecular structure formula of [Rh(phen)s]*".

The temperature dependence can be explained on the basis of decay of the
ligand-centred (LC) triplet via a thermally activated process involving an upper metal-
centred (MC) state [59].

Binuclear rhodium complexes, which are both ligand-bridged species and
bridged metal-metal, show long lifetimes of luminescence as typical of a MLCT
excited state [56].

1.3.2.4. Platinum complexes

Platinum sits in group 10 of the periodic table, along with nickel and palladium.
The electronic configuration is d® which by a simple ligand-field splitting diagram
(Figure 16), indicates that these metal ions have a thermodynamic preference to
form square planar complexes in the presence of strong-field ligands. This geometry
forces a single unoccupied orbital to high energies, while allowing the stabilisation of
three of the occupied orbitals [69]. Their square planar geometry influences directly

their photochemical and photophysical properties [56].
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Figure 16. Ligand field-splitting diagram for metal d orbitals in a square planar complex.

Most of the metal ions, such as Ru (ll), Os (ll), Rh (II) and Ir (lIl), present an
octahedral symmetry. However, in the case of Pt (Il), the complexes have a square-
planar geometry, which produces a very different photochemistry. The absorption or

luminescence are influenced by this square-planar nature in Pt (Il) complexes.

As we can see in figure 16, the d,,? orbital is strongly antibonding; however,
if the orbital is populated with electrons by excitation, the molecule experiences a
significant distortion in the conformation of the excited state and Pt-Ligand bond
lengths increase. This is an unfavourable situation for luminescence from an excited
state, where non-radiative internal conversion or intersystem crossing to the ground

state can happen.

The 6-coordinate d® complexes present a spherical profile, while ligands of Pt
(I) complexes are essentially flat and this allows close interactions, either with
identical complexes or with other molecules. The planar nature of the complexes
allow axial interactions, in other words interactions between the d,” orbitals of two
platinum ions [70, 71]. From the point of view of optical spectroscopy and excited
states, this axial interaction implies that the highest occupied metal-based molecular
orbital has increased in energy, compared with the isolated molecules, so that the

lowest-energy optical transitions are shifted to even lower energies.
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1.3.2.5. Iridium complexes

Iridium complexes were not very well known until twenty years ago. Today,
there are numerous papers where Ir (Ill) complexes and their luminescent properties
are discussed, as they present long lifetime and intense emission in the visible
region [56].

Most of the reported iridium complexes have cyclometalated ligands. One of
the main reason for iridium research is related to their use in organic light emitting
diode (OLED) fabrication [72].

The Ir (Ill) is 5d° centred and the complexes are octahedral, as are Fe (1) [65],
Ru (I1) [57], Os (1) [73] and Re (1) [74], whose metal centres are 3d°, 4d°, 5d° and
5d° respectively.

In Figure 17, we can see the orbital and state energy diagram for electronic

transitions in a polyimine complex of d° metal centres.

A singlets

Energy 3MC (dd)

Absorption

-

Ground State

Luminescence

¥

Metal-Ligand coordinate

Figure 17. Electronic transitions in a Ir (lll) polyimine complexes [75].

The excitation is associated with electronic transitions from the ground state to
singlet levels of various natures and electronic localizations, such as ligand centered
('LC), metal-centered ("MC) and metal to ligand charge transfer ("MLCT). On the

other hand, emission is from triplet levels, MLCT or 3LC [75]. This is a consequence
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of the high spin-orbit coupling constant of the metal centres, which lead to a shift in
their energy levels.

As mentioned, the Ir (lll) complexes are characterized by octahedral
geometry, where the ligand field splitting A (Figure 18) is very large and the MC
levels are pushed so high in energy that normally they do not affect the emission

properties and just the MLCT and LC levels are emissive.

|| =

Iﬂ

energy

—t
7 |l

n

Figure 18. d orbitals in octahedral field.

1.3.2.6. Copper complexes

Copper metal has the advantage of wide availability. The abundance of the
copper metal makes it an interesting material from the photochemical and

photophysical point of view [54].

Copper is a d’ element, like silver (Ag) and gold (Au). This element has two
common oxidation states in solution: +1 and +2. The copper (I) complexes have
superior photochemical and photophysical properties than copper (lI) complexes,
because the Cu (I) complexes have complete filling of d orbitals (d’°). This electronic
configuration provides a symmetric localisation of the electronic charge and favours
the tetrahedral disposition of the ligands around the metal centre.

There are numerous reported copper complexes, some of the most important,
for their applications and properties, are the called heteroleptic diimine/diphosphine
copper complexes [Cu(NN)(PP)]*. These complexes contain N- and P- coordinating
ligands and they have been studied since the late 1970s [60]. Copper complexes

with two diimine ligands have been known as their luminescent properties [62],
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however the substitution of one N-N ligand by one P-P ligand has improved the

emission and has received tremendous interest in recent years [61, 63].

A group of copper complexes were reported by Armaroli and co-workers,
[Cu(dbp)(POP)]" (dbp = 2,9-butyl-1,10-phenanthroline and POP = bis[2-
(diphenylphosphino)phenyl]ether) (Figure 19), where the absorption spectra shows
a band above 350 nm, which is attributed to ligand-centred transitions (LC) and
another band between 350-450 nm, that is due to metal-ligand charge transfer
(MLCT) (Figure 20) [76].

1.R = Phenethy, R'=H
2.R=Bu,R =H
3.R=Me, R =Ph

Figure 19. Heteroleptic diimine/diphosphine copper complexes 1-3 [76].

300 400 500 600
Wavelength (nm)

Figure 20. Absorption spectra of copper complexes 1 (solid line), 2 (dashed line) and 3 (dotted line)
at room temperature in a CH,CI, solution [76]
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The geometry and the strong dependency on solvent and oxygen is playing
an important role in the study of the luminescence efficiency, as it can be decreased
by exciplex quenching [64]. Blue-shifts of the lower-energy bands were observed

compared to the spectra of the complexes with two diimine ligands [Cu(NN)y]®

(Figure 21) [61].
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Figure 21. Emission spectra of copper complexes 1 (solid line), 2 (dashed line) and 3 (dotted line) at
room temperature in a CH,ClI, solution [61].

The intensive research for emission materials has produced numerous
studies of organometallic triplet emitters [77]. Most of these studies are centered on
the complexes of platinum (II) and iridium (lll) as they have shown excellent
properties as triplet emitters, especially for application in OLEDs. However, these
materials are expensive and not sustainable for organic light emitting device
applications [78]. Recently, research has focused on new materials with similar
photoluminescence properties as iridium and platinum complexes. The d'° metals,
copper, silver and gold, have shown important optical properties [78] and efficiency,
such as the stable complexes of Cu(l) phenanthroline [79], Cu () acetylides [80],
Cu(l) diethynylbenzene [81], trinuclear Ag(l) alkynyl [82], mononuclear Au(l)
containing carbine, phosphine, thiolate and acetylide ligands [83] or dinuclear Au(l)
diarylalkynyl [83] . Most of the copper and silver complexes have been made with
acetylide ligands because these transition metals possess versatile reactivity and
easily coordinate to them [84].

A collection of copper complexes has been prepared following different
strategies in order to improve their photoluminescence quantum efficiency. These

strategies have tried to involve suppressing non-radiative decay caused by distortion
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of the excited states of the copper complexes [85-87]. The synthesised complexes
have a variety of ligands in order to provide a range of colours of the emission [88].
Some of them are polynuclear complexes, that have been reported to have
interesting optical properties which are due to their metal-metal interaction and their
rigid structure, such as the pyridine and phosphine ligands [79, 89] which prevent
structural relaxation, giving a stable structure and promote radiative decay. The
fluoro substituents on the complexes have shown the ability to tune the colour of the

emission in previous studies [90].

There is an increasing interest in the synthesis of alkynyl metal complexes
because of their potential applications as nonlinear optical materials [91]. The
interest in transition metal alkynyl complexes is based on two chemical aspects of
the acetylide groups: their coordinated reactivity and their ability to coordinate to
transition metals [84]. They have a linear geometry, where the sp hybridised carbons
give increased linearity to the -C=C- unit with an angle of 180° [72] and extended Tr-
electrons delocalization [88]. The C=C bonds are part of a reactivity study, because
of the formation of cluster compounds, in which the alkynyl ligands bridges multiple
metal centres and the ligand is transformed into a vinylidene, allenylidene or
cummulenylidene [82]. Many alkynyl complexes have been reported over the past
few years, such as Aux(dppm)2(SO3CF3), (dppm: diphenylphosphino methane) [92],
[Pto(u-dppm)2(u-C=CR)(C=CR),]" [88], alkynyl polynuclear complexes with copper,
rhenium, silver and platinum [81], [Cu3(p3-n1-CECPh)(p—dppm)3](BF4)2, [CU3(|J3-I’]1-
C=CPha)x(u-dppm)s]BFs,  [Cus(pa-n'-C=CPh)(us-Cl)(u-dppm)s]BFs  [84],  [Cus(u-
PNP)s(us-n"-C=CR’), (PNP: bid(diphenylphosphino)-alkyl/-aryl amine) [91] and
[Au(C=CR)L] (L:PPhs, R:Me, Et, Ph, CF3; L: P(CsHsMe-p)s, R: Ph) [93].

In recent years, there has been an increasing need to extend this area of
research, in order to produce novel mononuclear coordinated complexes that are
able to exhibit long excited-state lifetimes, reversible redox behaviour and stability

toward photodecomposition [72].
1.3.2.7. Gold complexes

In 1970, the first gold complex was reported [94], when the
photoluminescence of the complex [Au(PPh3)CI] was studied. Since that publication,
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the attention to gold (I) complexes has been growing, particularly the interaction of

Au-Au and their photophysical properties.

The presence of the heavy metal in the complexes promotes the intersystem
crossing. The heavy-atom effect contributes to the photo excitation of the singlet
excited states and access to the spin-forbidden triplet states and as a result these

complexes show phosphorescence.

In gold (I) complexes, such as [Aux(dmpm)2](ClO4), (dmpm

bis(dimethylphosphino)methane) and [Auz(dmmp)2](ClO4)3 (dmmp
bis(dimethylphosphinomethyl)phenylphosphine), the role of structure of the
complexes is very important [95, 96]. Both complexes are phosphorescent, the bi-
nuclear and tri-nuclear gold complexes show two main wavelength maximums that
are in the emission spectrum, 455nm, 1, = 1.2 us and 467 nm, 1, = 1.6 us
respectively, which was suggested to originate from an excited state of intraligand
character, while at 555 nm, 1, = 2.8 ps and 580 nm, 1, = 7.0 ys respectively, which
are phosphorescent but indicate reduced do*-po and dd*-po energy gaps, Figure 22.
The effect of aurophilic distance on the HOMO-LUMO energy gap reduces the
energy gap and as a consequence they shift their emission to red or longer

wavelength.
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d,- orbitals
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Figure 22. Schematic molecular orbital diagram of gold (I) phosphine complexes [72].
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Another important group of gold complexes are those coordinated alkynyl

ligands. It is due to the linear two-coordinate geometry of gold (l) [81].

Gold (I) alkynyl complexes are known to show interesting luminescence.
They show an intramolecular Au-Au distance of 3.153 A [97]. One of the first
reported gold (1) alkynyl complexes was [Aux(dppe)(C=CPh) ;], with a
phosphorescent emission at 420nm in dichloromethane at 298K and a solid-state
emission at 550 nm at 298K (24.85 °C), which is characteristic to the [(d5*)'(po)']
phosphorescence. While the related complex [Aus(dppm)2(C=CPh),], which
possesses an intramolecular Au-Au distances of 3.167 A, shows a phosphorescent
emission at 425 and 600 nm in MeCN at 298 K (24.85 °C) [98]. The aurophilic
distances in the solid state structure of gold (I) complexes play an important role in

perturbing the luminescence.
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Chapter 2:

Procedures for synthesis of trinuclear

and mononuclear copper (I) complexes
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2.1. Experimental procedures

All the chemical were purchased from Sigma Aldrich, Fisher Scientific and
Acros Organic, with the highest purity commercially available and used without

further purification.

NMR were recorded on a JEOL 400 MHz spectrometer using the resonance

peak of the solvent as an internal reference.

2.2. Synthesis of trinuclear copper (I) complexes

A range of trinuclear copper (I) complexes were prepared following the
procedure described in the literature [1], as shown in Figure 23. The synthesis of

these complexes involves two steps:

Step 1:

To a dichloromethane solution (20 ml) was added tetrakis (acetonitrile)
copper () hexafluoroborate (0.314 g; 1 mmol), [Cu(NCCHs)4(BF4) and
bis(diphenylphosphine) methane (u-dppm) (1 mmol) . The reaction was stirred at

room temperature for 6 hours. The obtained precursor was labelled as 1.

Step 2:
To a dichloromethane solution (20 ml) of the complex 1(0.87 mmol) , the

corresponding alkynyl ligand R (1.17 mmol) was added (Figure 24). The reaction
was stirred at room temperature for 24 hours under inert atmosphere. The crude
products were purified by precipitating twice in mixtures of hexane and diethyl ether.
The products were vacuum filtered and allowed to dry in air. They were labelled 2-8.

The yields of the reactions are shown in Table 1.
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Table 1. Yield of the labelled complexes 2 to 8.

Complex Yield / %
1 89.0
98.8
721
30.2
341
92.9
63.1
40.0

0o N oo A~ DN

The obtained products were characterized by:

'"H NMR analysis in CDCls,

Complex 2: 7.13 (dt, 2H, J1=8.7 Hz, J2 = 2.3 Hz); 6.99-7.09 (m, 36H); 6.92
(dt, 2H, J1=8.7 Hz, J2=2.3 Hz); 6.79 (t, 24H, J=7.5 Hz); 3.12 ppm (s, 6H).

Complex 3: 7.04-7.11 (m, 36H); 6.95 (it, 2H, J1=8.9 Hz, J2=2.3 Hz); 6.86 (1,
24H, J=7.5 hz); 6.77 (td, 4H, J1=5.9 Hz, J2=2.3 Hz); 3.08 ppm (s, 6H).

Complex 4: 8.01 (s, 2H); 7.45 (s, 4H); 7.01-7.19 (m, 36H); 6.90 (t, 24H, J=7.5
Hz); 3.11 ppm (s, 6H).

Complex 5: 7.69 (d, 4H, J=8.0 Hz); 7.37 (d, 4H, J=8.0 Hz); 7.05-7.11 (m,
36H); 6.83 (t, 24H, J=7.5 Hz), 3.10 ppm (s, 6H).

Complex 6: 9.02 (d, 2H, J=8.3 Hz): 8.93 (d, 2H, J=8.5 Hz); 8.00 (t, 2H, J=7.5
Hz); 7.92 (s, 2H); 7.88 (t, 2H, J=7.5 Hz); 7.66 (d, 2H, J=8.0 Hz); 7.61 (t, 2H,
J=7.5 Hz); 6.98-7.08 (m, 36H); 6.69 (t, 24H, J=7.5 Hz); 3.17 ppm (s, 6H).

Complex 7: 8.05 (d, 2H, J=8.3 Hz); 7.97(d, 2H, J=8.3Hz); 7.86 (s, 2H); 7.68
(d, 2H, J=8.3 Hz); 7.58 (d, 2H, J=8.4 Hz); 7.36 (s, 2H); 3.90 (s, 6H); 3.09 ppm
(s, 6H).

"F NMR analysis in CDCls,

Complex 2: -105.36; -107.04; -154.31ppm.
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Complex 3: -108.78; -154.69 ppm.
Complex 4: -62.15; -151.25 ppm.
Complex 5: -62.23; -154.31 ppm.
3C in CDCl;.

Complex 2: 162.86 (C-F); 161.91 (C-F);134.62; 132.71; 132.34; 129.88;
128.30; 111.90;104.60; 27.34 ppm.

Complex 3: 163.20 (C-F); 132.62; 132.11; 130.19; 128.51; 113.90; 103.85;
27.54 ppm.

Complex 4: 133.27; 132.27; 131.01; 130.06; 128.93; 128.68; 126.95; 125.24;
124.24; 123.94; 122.72; 121.51; 118.79; 26.28 ppm.

Complex 5: 132.67; 132.21; 131.31; 130.39; 130.11; 129.98; 129.10 (C-F);
128.46; 125.77; 27.60 ppm.

Complex 6: 132.77; 132.12; 131.68; 131.33; 130.88; 130.31; 129.77; 128.96;
128.43; 128.10; 127.94; 127.84; 127.73; 127.53; 123.40;121.99; 26.44 ppm.
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Figure 23. Method of synthesis for trinuclear alkynyl copper complexes 2 to 8, via two steps, where: (a) tetrakis(acetronitrile) copper (I) tetrafluoroborate; (b)
bis(diphenylphosphine) methane; (1) binuclear copper complex and (R) is the alkynyl ligand.
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Figure 24. The used alkynyl ligands in the reactions were: (c) 1-ethynyl-2,4-difluorobenzene; (d)1-ethynyl-3,5-difluorobenzene; (e) 1-ethynyl-3,5-
bis(trifluoromethyl)benzene; (f) 1-ethynyl-a,a,a-4-(triffluoromethyl)benzene; (g) 9-ethynylphenanthrene; (h) 2-ethynyl-6-methoxynaphthalene; i) 1-
ethynylpyrene.
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2.2.1. Other ligands

Other alkynyl ligands and phosphine ligand, Figure 25, were employed for the
synthesis of trinuclear copper complexes [2-6], however the lack of emission
indicated poor reactivity.
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Figure 25. Other alkynyl ligands and phosphine ligand: (a) ethylbenzene; (b) 1-ethynyl 2-
fluorobenzene; (c) 1-ethynylpyridine; (d) 4-ethynyl-N,N-dimethylaniline; (e) 1,4-diethynylbencene; (f)
1,3-diethynylbenzene; (g) (4-ethynyl)phenylacetronitrile and (h) bis(2-diphenylphosphinophenyl)ether.

2.3. Synthesis of mononuclear copper (I) complexes

A range of mononuclear copper (I) complexes were synthesized via one step
following the method published by Min [7], Figure 26. To a dichloromethane solution
(10 ml) of the bipyridyl ligand (1 mmol) and the diphosphine ligand (1 mmol;
thriphenylphosphine 2 mmol) was added tetrakis (acetonitrile) copper(l)
tetrafluoroborate (0.314g; 1 mmol). The reaction was stirred at room temperature for
1 hour in air. The crude products were purified by precipitating twice in mixtures of
hexane and diethyl ether. The products were vaccum filtered and allowed to dry in
air. They were labelled 9-16. In the bipyridine ligand, for the complexes 9, 12 and
14, R4 and R is H; for complexes 10, 13 and 15, Ry is H and R, is CHj; for
complexes 11 and 16 Ry is CH3z and Ry is H .The yields of the reactions are shown in
Table 2.
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Table 2. Yield of the labelled complexes 9 to 16.

Complex Yield / %
9 95.0
10 84.5
11 74.0
12 33.6
13 61.2
14 66.3
15 88.3
16 53.0

The obtained products were characterised by:

e 'HNMR analysis in CDCls,

Complex 9: 8.42 (d, 2H, J = 3.9 Hz, pyr.); 8.33 (d, 2H, J = 8.0 Hz, pyr.); 8.00
(t, 2H, J = 7.8 Hz pyr.); 7.20-7.31 (m, 8H, arom.); 7.16 (t, 8H, J = 7.3 Hz,
arom.); 7.02 (d, 2H, J = 7.7 Hz, pyr.); 6.90-6.99 (m, 10H, arom.); 6.69-6.75
ppm (m, 2H, arom.).

Complex 10: 8.26 (d, 2H, J = 7.9 Hz, pyr.); 8.15 (d, 2H, J = 8.0 Hz, pyr.); 7.20-
7.30(m, 8H, arom.); 7.16 (t, 8H, J = 7.3 Hz, arom.); 7.00 (d, 2H, J = 7.7 Hz,
pyr.); 6.90-6.99 (m, 10H, arom.); 6.69-6.75 ppm (m, 2H, arom.).

Complex 11: 8.06 (d, 2H J = 8.0 Hz. Pyr.); 7.90 (d, 2H, J = 7.9 Hz., pyr.); 7.20-
7.30 (m, 8H, arom.); 7.16 (t, 8H, J = 7.3 Hz, arom.); 6.92 (d, 2H, J = 7.7 Hz,
pyr.); 6.90-6.99 (m, 10H, arom.); 6.85-6.91 (m, 2H, arom.). 2.18 ppm (s, 6H,
CH3).

Complex 12: 8.50 (d, 2H, J = 3.9 Hz, pyr.); 8.28 (d, 2H, J = 8.0 Hz, pyr.); 8.08
(t, 2H, J = 7.8 Hz, pyr.); 7.34 (t, 6H, J = 7.7 Hz, arom.); 7.18 (t, 12H, arom);
6.94-7.10 ppm (m, 12H, arom.).

Complex 13: 8.37 (d, 2H, J = 8.0 Hz., pyr.); 8.09 (d, 2H, J = 7.9 Hz., pyr.);
7.34 (t, 6H, J = 7.7 Hz. Arom.); 7.18 (t, 12H, J = 7.5 Hz. Arom.); 7.11 (m, 2H,
pyr.); 7.03 (m, 12H, arom.); 2.54 ppm (s, 6H, CH3).
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Complex 14: 8.54 (d, 2H, J = 8.0 Hz, pyr.); 8.09 (d, 2H, J = 7.8, pyr.); 8.02 (d,
2H, J = 7.8 Hz, pyr); 7.62 (t, 2H, J = 7.5 Hz, arom.); 7.26 (t, 6H, J = 7.7 Hz,
arom.); 7.12 (t, 10H, arom.); 6.79-6.95 (m, 8H, arom.); 6.50 (d, 2H, J = 7.9 Hz,
pyr.); 1.76 ppm (s, 6H, CH3).

Complex 15: 8.42 (d, 2H, J = 7.9 Hz., pyr.); 7.79 (d, 2H, J = 7.8 Hz., pyr.);
7.62 (d, 2H, J = 7.9 Hz, pyr.); 7.26 (t, 6H, J = 7.7 Hz, arom.); 7.12 (t, 10H,
arom.); 6.82-6.94 (m, 8H, arom.); 6.45 (m, 2H, arom.); 2.55 (s, 6H, CH3); 1.79
ppm (s, 6H, CH3).

Complex 16: 8.02 (d, 2H, J = 7.9 Hz., pyr.); 7.87 (d, 2H, J = 7.8 Hz., pyr.);
7.61 (d, 2H, J = 7.9 Hz, pyr.); 7.30 (t, 6H, J = 7.7 Hz, arom.); 7.16 (t, 10H,
arom.); 7.00-7.09 (m, 8H, arom.); 6.82 (m, 2H, arom.); 1.98 (s, 6H, CH3); 1.66
ppm (s, 6H, CH3).

"SC NMR analysis in CDCls.

Complex 9: 158.30; 151.71; 149.22; 138.97; 134.39; 133.06; 132.08; 130.08;
130.22; 128.89; 125.98; 125.23; 122.94; 120.51 ppm.

Complex 10: 58.32; 151.75; 150.85; 148.71; 134.39; 133.17; 133.05; 130.14;
128.86; 123.54; 21.44 ppm.

Complex 11: 158.13; 152.42; 132.98; 132.91; 130.07; 128.8; 126.09; 120.46;
26.54 ppm.

Complex 12: 151.90; 149.23; 139.47; 133.05; 132.02; 130.37; 129.01; 126.18;
123.55 ppm.

Complex 13: 151.97; 151.47; 148.68; 133.15; 132.33; 130.24; 128.94; 126.84;
124.21; 21.45 ppm.

Complex 14: 154.91; 151.74; 148.65; 139.60; 133.80; 132.78; 131.20; 130.08;
128.93; 127.18; 123.53; 119.90; 36.26; 28.12 ppm.

Complex 15: 155.04; 151.79; 151.32; 148.08; 132.90; 129.99; 128.86; 126.98;
124.90; 124.12; 120.04; 36.25; 28.06; 21.44 ppm.

Complex 16: 157.73; 155.11; 152.11; 139.11; 133.17; 130.18; 128.88; 125.72;
120.05; 36.17; 28.39; 26.66 ppm.
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e Mass spectroscopy.

Complex 9: 757.1 M+. 601.0 Cu(P*P)+. Elem. Anal. %: C: 65.56 (calc. 65.38)
H: 3.92 (calc. 4.29).

Complex 10: 784.9 M+; 600.9 Cu(P"P)+. Elem. Anal. %: C: 65.61 (calc.
66.03); H: 4.11 (calc. 4.62); N: 3.21 (calc. 3.21).

Complex 11: 784.9 M+; 600.9 Cu(P"P)+. Elem. Anal. %: C: 65.26 (calc.
66.03); H: 4.12 (calc. 4.62); N: 2.93 (calc. 3.21).

Complex 12: 481.0 NANCuPPh3+; 219.0 NANCu+. Elem. Anal. %: C: 66.33
(calc. 66.48) H: 4.20 (calc. 4.61).

Complex 13: 509.12 NANCuPPh3+. Elem. Anal. %: C 66.96 (calc. 67.10); H:
4.46 (calc. 4.93); N: 3.33 (calc. 3.26).

Complex 14: 796.9 M+. 641.0 Cu(P"P)+. Elem. Anal. %: C: 66.79 (calc.
66.49; H: 4.47 (calc. 4.55); N: 3.13 (calc. 3.16).

Complex 15: 824.9 M+; 640.9 Cu(P*P)+. Elem. Anal. %: C: 67.68 (calc.
67.08); H: 4.40 (calc. 4.86); N 2.65 (calc. 3.07).

Complex 16: 824.9 M+; 640.9 Cu(P"P)+. Elem. Anal. %: C: 66.42 (calc.
67.08); H: 4.41 (calc. 4.86); N: 3.00 (calc. 3.07).
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Figure 26. Method of synthesis for mononuclear copper complexes 9 to 16, where: (a) tetrakis (acetronitrile) copper (l) tetrafluoroborate; (b) pyridine ligand,
complexes 9,12 and 14 R;=R,= H, complexes 10, 13 and 15 R,=H and R,= CHj; complexes 11 and 16 R;= CH; and R,= H; (c) bis(2-
diphenylphosphinophenyl) ether; (d) triphenylphosphine; (e) 9,9-dimethyl-4,5-bis(diphenylphosphino) xanthenes.
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2.3.1. Other ligands

Other pyridine and phosphine ligands, Figure 27, were employed for the
synthesis of mononuclear copper complexes [7-11], however the reaction products
were non emissive. Given the limited access to NMR and MASS characterisation

facilities, no attempt to characterise the products was made.

Q" QQ@
% h
e f g h
Figure 27. Other pyridine and phosphine ligands: (a) 2-phenyl pyridine; (b) 2-phenyl quinoline; (c) 2-
methyl-6-phenyl pyridine; (d) 2,2-bipyridine-3,3-dicarboxylic acid; (e) 2,2-bipyridyl; (f) 1,10-

phenanthroline-5,6-dione; (g) 1,2-bis(diphenylphosphino) benzene and (h) diphenyl phosphine
methane.
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Chapter 3. Optical, thermal and electrochemical
Properties of novel trinuclear and mononuclear

copper (I) complexes
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3.1. Introduction

This chapter discusses the optical, thermal and electrochemical properties of
the synthesised copper (I) complexes, the preparation was described in Chapter 2.
The properties were investigated to understand the emission of the novel complexes
and compare them with previously published complexes for organic light emitting
diodes (OLEDs). There are three main aspects to define the complexes as suitable
material for OLEDs: the optical, the thermal and the electrochemical

characterisation.
3.2. Photochemical studies

The photophysical properties of the novel complexes, which have been
synthesised by the method outlined in the previous chapter, were investigated by

UV-vis absorption and emission.

Absorption spectra were measured on a PerkinElmer Lambda 650S
spectrometer, , the emission spectra were measured on a spectrofluorimeter
Fluorolog-3, Horiba Jobin Yvon and the lifetime curves were recorded in

“‘phosphorimeter” mode, using a pulsed white lamp as excitation source.
3.2.1. Trinuclear copper (I) complexes

3.2.1.1. UV-vis absorption properties

The absorption spectra of complexes 2 to 8 were recorded at room
temperature in 10° M dichloromethane solutions, (Graph 1) and in processed films
with 4% poly(methylmethacrylate) (PMMA) by spin coating (Graph 2).

There are two main regions in the spectra (Table 3). The intense bands ( range of €
=2-3x10* M" cm™) at high energy (200 - 325 nm) are assigned to the transitions
between the molecular orbital T and 1 [1], which appear to depend on the alkynyl
ligands present, as reported in previous spectroscopic works on other transition
metal alkynyl systems [2]. The highest energy absorptions are due to singlet-to-
singlet metal-to-ligand charge transfer ('"MLCT) and spin-forbidden singlet-to-triplet
metal-to-ligand charge transfer ((MLCT) transitions, in a range of ¢ = 2 - 3 x 10* M
cm’™'. This low-energy absorption implies a relatively small singlet-triplet energy gap,
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in other words a small HOMO-LUMO exchange integral, consistent with a MLCT
transition. The wavelength associated with the MLCT is determined by the degree of

conjugation of the alkynyl ligand for these complexes.
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Graph 1. Absorption spectra of the complexes 2 to 8 in a solution of DCM.
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Graph 2. Absorption spectra of the complexes 2 to 8 which have been processed as amorphous
films with 4% PMMA by speed coating.

Table 3. Absorption maximum of the complexes 2-8 in a solution of DCM and in 4% PMMA films.

Complex Amax ¥ 2 (nm)
2 324; 262
3 329; 262
4 353; 259
5 331; 260
6 351; 259
7 336; 266
8 414; 283
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3.2.1.2. Emission properties

The emission properties were analysed by three parameters: A maximum
emission, quantum yield (®) and lifetime (t) [3] (Table 4). The trinuclear copper (I)
alkynyl complexes have shown luminescence in solid state and solution. As in the
case of other reported copper complexes, in order to obtain the emission spectra,
the solutions were degassed the emission as the presence of oxygen quenches [4].

Moreover, significant Stoke shifts for complexes 5-8 between the high
wavelength of the MLCT absorption band and the emission maximum. Complexes 2-
5 show emission Amaximum between 490 - 527 nm. The effect of the fluorine and
trifluoromethyl groups in different positions on the phenyl ligand lead to different
emission properties and tune of the emission. As well, these groups of electron
withdrawing substituent on the phenyl ring does not contribute to shift significantly
the emission to higher frequency, unlike in the case of iridium (lll) cyclometallated
coordination complexes [1, 6].

The copper () complexes, 2-8, showed an emission from 490 to 678nm, with
the emission energy dependent on the electron-donating ability of the alkynyl ligand,
as displayed in Graphs 3 and 4. The origin of the emission has been proposed to
involve a mixture of the triplet ligand-to-metal charge transfer (LMCT) [alkynyl—Cus]
alkynyl character, metal centered 3d°4s’ character which could be modified by
copper-copper interaction and mixing of a ligand centrered m-m* (alkynyl) excited

state is also involved which is due to the 1T-conjugation effect [5].
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Graph 3. Emission spectra of the complexes 2 to 8 in a solution of DCM.
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Graph 4. Emission spectra of the complexes 2 to 8 which have been processed as amorphous films
with 4% w/w PMMA by spin coating.

Complexes 6-8, show an emission Amaximum between 547 — 678 nm. The
presence of extended 1r-conjugated systems on the alkynyl ligand contributes to shift
the emission to higher wavelengths (bathochromic shift), in agreement with other

reported transition metal system [7].

Quantum yield calculations showed the fraction of molecules that emit a photon after
direct excitation by a light source. They were calculated for each complex using the
Equation 1, where quinine sulphate in 0.5M H,SO4 as standard reference and an
integrating sphere were used. All the quantum vyields were measured at their
respective excitation wavelength for the sample and the reference, cancelling the
IA)1(A).
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Equation 1. Formula to calculate luminescence quantum yield, where A is the absorbance at the
excitation wavelength (A); | is the intensity of the excitation light at the excitation A; n is the refractive

index of the solvent; D is the integrated intensity of the luminescence; r is the reference; x is the
sample and A is the wavelength.
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Table 4. Parameters of the emission spectroscopy of the complexes 2-9: A maximum emission,
quantum yield (®) and lifetime (z).

Complex Amax ¥ 2 (nm) ®*0.1 (%) t+ 0.5 (us)
2 490 1.7 35
3 507 24.0 105
4 527 57.4 88
5 519 14.4 67
6 570 19.9 976
7 547 27.3 525
8 678 N.A. 216

One of the main requirements for phosphorescent material for OLEDs is that
they should exhibit very high quantum yield [8]. The complexes show a range of
quantum yield from 1.7 to 57.4 %. This range could be divided into two groups: for
complexes 3, 4 and 7 the values are all high (>20 %), while for complexes 2, 5 and 6
the values are lower. As it is shown in the Table 1, the complexes, which possess
electron-rich subtituents on position 3 and 5 of the phenyl ring (complexes 3 and 4)
or Tr-conjugated systems (complex 7), experience a positive effect on their emission
quantum yield. However, when the position of the electron-rich subtituent changes
on the phenyl ring, such as in the position 2 and 4 or in the position para-, complexes
2 and 5 exhibit a low quantum yield. Moreover, complexes 2-5 show higher quantum
yields than their unsusbtitued equivalent benzene trinuclear complex, which suggest
the beneficial effect of fluorine atoms on the t-conjugated system attached to the

alkynyl ligand.

The lifetimes are in the us range, which indicate a spin-forbidden triplet origin

[9]. As well, the lifetime of the complexes can be divided in two groups: complexes 2-
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5 show an excited-state lifetime which is similar to other metal complexes while

complexes 6-8 show a lifetime significantly longer than complexes 2-5. These long

lifetimes are a consequence of the d'° configuration of the copper (1) metal, which

provide stabilisation of the excited states via the ligand field and consequently

charge transfer and intraligand transitions [5]. Some of the lifetime curves are shown

on the graphs 5 and 6 .All the lifetime curves can be seen in the Appendix 1.
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Graph 5. Lifetime curve of trinuclear copper complex 3 which possess 1-ethynyl-3,5-difluorobenzene

as alkynyl ligand.
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Graph 6. Lifetime curve of trinuclear copper complex 6 which possess 9-ethynylphenanthrene as
alkynyl ligand.
Some of the complexes were exposed under a UV lamp; the figure shows the

emission of these complexes (Figure 1).

7 8

Figure 28. Complexes, 3, 4, 7 and 8, were exposure under an UV lamp at 365nm.
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3.2.2. Mononuclear copper () complexes

3.2.2.1. UV-vis absorption properties

The electronic absorption spectra of the complexes 9-16 in dichloromethane
(DCM) are displayed in Graph 7. The complexes show intense absorption bands at
280nm (g = 10000 — 50000 | mol™* cm™), which are assigned to the Tr-1* transition on
the aromatic ligands (Table 5). The less intense absorption band is centred around
370nm (1-5000 | mol™ cm™), is attributed to metal-to-ligand charge transfer (MLCT)
absorption, which possess a magnitude of the extinction coefficient expected for a
dmr-1r* transition. Both bands were predicted by previously investigated analogous

[Cu(NN)(PP)]" complexes, which contain bipyridine and phosphine ligands [10].

The absorption spectra of the complexes in PMMA film could not be

measured, as it was not reproducible.
40000 -
35000
30000
25000
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B | -1
g/Imol cm

15000 4
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5000 4

250 300 350 400 450 500

Alnm
Graph 7. Emission spectra of the complexes 9 to 16 in a solution of DCM.
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Table 5. Absorption maximum of the complexes 9-16 in a solution of DCM.

Complex Amax £ 2 (nm)
9 385; 287
10 377; 284
1 372; 286
12 357; 270
13 354; 264
14 382; 281
15 375; 280
16 375; 282

3.2.2.2. Emission properties

In order to get the optical properties of this range of mononuclear complexes,
they were processed in films with poly(methylmethacrylate), 5% w/w PMMA by spin
coating. These complexes, as other previously reported, exhibit higher
phosphorescence in solid state than that in solution because of the absence of

solvent-induced quenching [8, 11, 12].

Their optical properties are shown in Table 6. All complexes show emission
bands attributable to deactivation from -1 excited levels (Graph 8). As the
trinuclear copper (I) complexes, these mononuclear complexes exhibit considerable

Stokes shifts, where the emission absorption gap is frequently larger than 150 nm.
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Graph 8. Emission spectra of the complexes 9-16 which have been processed as amorphous films
with 5% w/w PMMA by speed coating.

Table 6. Parameters of the emission spectroscopy of the processed complexes 9-16 in films with 5%
w/w PMA by speed coating: A maximum emission, quantum yield (®) and lifetime (z).

Complex Amax X 2(nm) @ *0.1(%) t+ 0.5 (us)
9 559 3.3 9.7
10 544 0.3 11.2
11 528 14.5 15.7
12 550 0.4 10.0
13 537 0.2 10.7
14 560 0.1 11.5
15 558 1.1 10.7
16 530 33.3 15.1
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All the complexes exhibit emission bands attributable to deactivation from
MLCT excited levels as other reported copper complexes [4].These complexes show
a relative short range of emission, from 528 to 560 nm. Complexes 9, 11 and 14,
which carry a pyridine ligand without subtituents, show a red shifted emission, while
complexes 11 and 16, which carry methyl groups in position 6 and 6’ of the pyridine
ligand, exhibit a blue shifted emission. These results indicate the effect of
substituents of the bipyridyl ligands on the emission; the steric impediment of methyl
groups in position 6 and 6’ produce different optical characteristics than the rest of
the complexes. In Figure 29, the emission of some of the complexes could be

observed by exposing them under a UV lamp at 365 nm.

13 16

Figure 29. Complexes, 10, 12, 13 and 14, were exposure under an UV lamp at 365nm.

The quantum yield of photoluminescence was measured using an integrating
sphere and following the method published by Porrés et al. [13]. Comparing the
complexes with different pyridine ligands, incorporating methyl susbtituents in the 6

and 6’ positions of the 2,2’-bipyridine ligands leads to an increased quantum yields
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and excited-state lifetime. The importance of the steric impediment is shown in the

results of the quantum yields and lifetime.

Lifetime measures were performed three times for each complex for
consistency, some of them are shown on the graphs 9 and 10. Lifetime of all the

complexes is shown in Appendix 2.
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Graph 9. Lifetime curve of mononuclear copper complex 10 which possess 4,4’-dimethyl-2,2-bipyridyl
as pyridine ligand and bis-(diphenylphosphinophenyl)ether as phosphine ligand.
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Graph 10. Lifetime curves of mononuclear copper complex 16 which possess 6,6-dimethyl-2,2"-
bipyridyl as pyridine ligand and 9,9-dimethyl-4,5-bis(diphenylphosphino) xanthene as phosphine
ligand.
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3.3. Study of the thin films by scanning electron microscopy (SEM)

Recently, studies have found an interesting phenomenon: the
electroluminescence increased with an increasing thickness of the light-emiting layer
[14]. A study of electroluminescence from fac-tris-(2-phenylpyridine) iridium, with
4,4’-bis(9-carbazolyl)-1,1’-biphenyl (CBP) as host, indicated that carrier transport and
recombination guest-host processes change depending on EML thickness [15].
Some studies have shown the influence of the thickness and its control for WOLEDs
[16]. Ultrathin emitting layers were reported [17-19], where the produced devices
showed a strong dependency on the thickness of ultrathin EML. The thickness of
EML effects not only the operating voltage but also the emission characteristics and
efficiencies. Thinner EML layers reduce the voltage of the device, but decrease the
efficiency. In contrast, other studies have reported devices with thicker EML exhibits
high voltage, low luminescence and low efficiency as the charge carrier quenching.
As conclusion, it has been assumed that the amount of phosphorescent material is

the main factor which controls the electroluminescence of these devices [20, 21].

Films which contained the trinuclear or mononuclear copper complexes were
analysed by scanning electron microscopy (SEM) in order to measure the thickness
and concentration. The luminescence of the processed films of trinuclear copper (I)
complexes, with 2 % w/w PMMA and made by spin coating, could not be measured,
as it was not detected. As a consequence, mononuclear copper (I) complexes were
processed with 5 % w/w PMMA and the thickness increased. The SEM shows the
morphology of one of these films (Figure 30 to 32). The thicknesses were estimated
around 1 um (Figure 33). These results show the effect of the thickness on their

luminescence and their quantum efficiency.
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Figure 30. SEM image of a film of complex which have been processed as amorphous films with 8%
w/w PMMA by solution casting at 100 times magnification.

Figure 31. SEM image of a film of complex which have been processed as amorphous films with 8%
w/w PMMA by solution casting at 1000 times magnification.
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Figure 32. SEM image of a film of complex which have been processed as amorphous films with 8%
w/w PMMA by solution casting at 10000 times magnification.

Figure 33. SEM image of a film of the doped complex 16 with PVCz 3:7, dopper:complex), which
have been processed as amorphous films by speed coating at 36500 times magnification.
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3.4. Thermal studies

The complexes, mononuclear and trinuclear, were characterised by two

thermal techniques: thermogravimetric analysis and differential scanning calorimetry.
3.4.1. Thermogravimetric analysis (TGA)

Thermogravimetric analysis is an experimental technique, which is used in
order to obtain the decomposition temperature. In this technique, the mass of the
samples is a function of the temperature. A sample of each complex was heated at a
constant rate of 10 °C/min. Additionally, the atmosphere during the experiment was

saturated with nitrogen.

Graphs 11 and 12 show the thermogravimetric analisys of the trinuclear and
mononuclear copper (lI) complexes, respectively. As well, the respective
temperatures of decomposition of each complex are shown in the following Tables 7
and 8.

The synthesised trinuclear copper (I) complexes show a very diverse range of
decomposition temperatures, from 184 °C to 269 °C. Complex 4 is more stable than
complex 5, which means that this electron withdrawing subtituent stabilises the
complex when they are carried in position 3 and 5 on the phenyl ring. However, the
same is not observed when the alkynyl ligand carries the fluorine, in Complexes 2
and 3.
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Graph 11. TGA graphs of complexes 2 to 8.

Table 7. Temperature of decomposition of the complexes 2 to 8.

Complex T docomp. £ 0.5 (°C) Weight Lost * 0.05 (%)
2 229.90 5.03
3 224.66 7.15
4 245.75 6.05
5 214.48 11.93
6 256.17 3.09
7 269.46 5.49
8 184.00 5.78

The range of the decomposition temperatures shown by the mononuclear
copper (I) complexes reveals that when triphenylphosphine ligand was used, the
complexes are more unstable. In other words, the thermal stability of this range of

mononuclear complexes depends on the phosphine ligand.
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Graph 12. TGA graphs of complexes 9 to 16.

Table 8. Temperature of decomposition of the complexes 9 to 16.

| ! | ! 1
500 600 700

Complex T decomp. £ 0.5 (°C) Weight Lost  0.05 (%)
9 310.00 4.93
10 257.55 5.60
11 226.95 3.80
12 212.00 7.73
13 205.09 5.66
14 290.64 2.16
15 272.08 3.36
16 246.25 6.19
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3.4.2. Differential scanning calorimetry (DSC)

Differential scanning calorimetry was the second thermal analysis used to
characterise the obtained complexes. In this analysis, we measure the energy
changes that occur when we heated, cooled or held the sample at constant
temperature. The starting temperature for each complex, was room temperature and
the highest temperature was bellow the decomposition temperature, which was
obtained by TGA. The scan heating rate was 10 °C/min and the cooling rate was 5

°C/min.

Melting point or recrystallisation peaks were not detected in any of the
trinuclear Complexes 2 to 8, which indicates an irreversible thermal behaviour.
However, some thermal peaks were detected such as an endothermic peak around
70 °C in all the complexes (Table 9), less the labelled Complex 2. Complexes 3, 5, 7
and 8 show a glass transition (Tg4), during the cooling step, as it is the reversible
transition for these amorphous materials. All the graphs are shown in the Appendix
3.
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Table 9. Signal detectable by scanning differential calorimetry for the complexes 2 to 8, where Ty, is
the temperature of an exothermic peak, Tenqo iS the temperature of a endothermic peak and T is the

temperature of the glass transition.

Complex Heating Step Cooling Step
2 Tendo = 109.51 OC =
Tendo = 189.54 OC
3 Tendo = 73.20 °C T4=91.87°C
Texo= 173.30°C
4 Tendo = 53.49 °C Texo = 196.13 °C
Tendo = 81 .00 OC
Texo= 166.13 °C
5 - T, =52.82°C
6 Tendo = 6863 OC -
Texo = 165.43 °C
Tendo = 224.12 OC
7 Tendo = 65.38 °C Tg=112.37°C
Tendo = 13993 OC
Tendo = 197.44 °C
8 Tendo = 63.61 °C Ty=130.53°C
Tendo = 141 .37 OC

The DSC analysis of Complexes 9 to 16 show different thermal peaks. Table

10 and the graphs in the Appendix 4 show a detectable melting point for Complexes

9 and 16, which is significanty higher for Complex 16, probably induced by a

distorted geometry. A recrystallisation could not be detected for any of the

complexes, which indicates their irreversible thermal behaviour.
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Table 10. Signal detectable by scanning differential calorimetry for complexes 9 to 16, where Tey, is
the temperature of an exothermic peak, T4, iS the temperature of an endothermic peak, T,y is the
temperature of the melting point and T, is the temperature of the glass transition.

Complex Heating Step Cooling Step
9 Texo= 189.91 °C T, =108.86 °C
Tendo = 217.98 OC
10 Tendo = 132.35 OC -
Texo = 186.02 °C
11 - Ty =109.51°C
Ty =144.95°C
12 - -
13 Texo = 158.00 °C -
14 - -
15 - -
16 Tmert = 106.42 °C -
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3.5. Processed fibres

The complexes were extruded as dopants in a polypropylene matrix,. This
polymer was doped with 1 % w/w of the complexes and processed in a Haake
MiniLab co-rotating twin screws extruder at 200 °C. The extruded material was
manually pulled into a fibre of 1mm thickness. Bright emission was shown by the
fibres under UV excitation at 360 nm (Figure 34), it demonstrates their stability at

high temperature.

Figure 34. Extruded phosphorescent polypropylene doped with complexes 16 (green) and 10
(orange).
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3.6. Electrochemical studies

The electrochemical properties of synthesised copper complexes were
measured by cyclic voltammetry (CV). This method has provided valuable
information regarding the stability of the oxidation states and the rate of electron
transfer between the electrode and the electrolyte (tetrabutilamonium
hexafluorophosphate, TBAH). The voltage was linearly varied from an initial (2000
mV) to a final potential (-2000 mV) and immediately swept back at the same sweep
rate to the initial. The potential was applied to the working electrode (graphite
electrode) with respect to a reference electrode (AgCI/Ag), while an auxiliary

electrode (platinum electrode) was used to complete the electrical circuit.

Ferrocene (bis-cyclopentadienyl iron (lll)) was used as standard reversible

process as the rate of electron transfer is very fast and reproducible [22].

All the experiments were performed in inert gas and using anhydrous

acetronile (ACN) as solvent.
3.6.1. Trinuclear copper (I) complexes

The cyclic voltammetry of some of the complexes show significant signals in
acetronitrile (0.1 M TBAH) as shown in Appendix 6. Complexes 2, 3, 6 and 7 show
the presence of an irreversible oxidation, assigned to one-electron oxidation at the
copper (I) center [3]. However, other reported trinuclear copper () acetylide
complexes with bis(diphenylphosphino) methane have showed a semireversible
redox couple [23, 24]. These irreversible oxidation is the consequence of inestable

complexes in solution.

A summary of the redox potentials, measured relative to the internal reference

is given in Table 11. All the measurements were done at 1000 mV/min.
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Table 11. Redox potential of complex 2 to 8 in anhydrous, degassed acetonitrile vs Cp,Fe/Cp.Fe*
used as internal reference.

Complex Ei20x ¥ 0.1 (V) E12reqa ¥ 0.1 (V)
2 0.94 -
3 0.95 -
4 - -
5 - -
6 1.01 -
7 0.95 -1.76
8 - -

3.6.2. Mononuclear copper (I) complexes

Complexes 9-16 show oxidations in the range of +0.66 V to +0.83 V versus
Fe(CsHs)o/ Fe(CsHs)2®, Appendix 7. These oxidation processes are irreversible, as
consequence of the rapid decomposition of Cu (ll) species by comparison with other
copper complexes with triphenylphosphine ligands [25]. The reduction of the
complexes is not fully reversible, and assigned to a reduction of the phosphine
ligands, in the range of -1.56 V to -1.93 V versus Fe(CsHs),/ Fe(CsHs),". Similar
values, in the same range, have been reported for transition metal complexes

containing bipyridine ligands [6, 26-29].

All the measurements for theses complexes were done at 3000 mV/min
(Table 12).
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Table 12. Redox potential of complex 9 to 16 in anhydrous, degassed acetonitrile vs Cp.Fe/Cp,Fe*
used as internal reference.

Complex Ei20x ¥ 0.1 (V) E12reqa ¥ 0.1 (V)
9 0.72 -1.73
10 0.67 -1.54
11 0.83 -1.93
12 0.66 -1.66
13 0.74 -1.71
14 0.81 -1.64
15 0.82 -1.58
16 0.81 -1.56

3.7. Study of a mononuclear copper (I) complex with different

dopants

As discussed in the first chapter, in order to achieve high efficiency for
electrophosphorescence based OLEDs and avoid self quenching, the emitter must
be doped into an appropriate host material [30, 31]. For an efficient energy transfer
from the excited triplet T4 state of the host to the excited triplet T, state of the guest
or direct formation of the excited phosphorescent guest molecules, providing a
reasonable good efficiency [32]. Host materials should be selected to possess a

higher triplet energy level than that of the guest molecules [33].

Many different organic compounds have been used as host materials. In this
study we have chosen Complex 16 as it provides the emission quantum yield. The
electrochemical proprieties, from cyclic voltammetry, of the complex have provided
details of its energy gap which can be seen in Figure 35. Three kind of host materials
have been choosen according to the HOMO-LUMO gap of the complex 16, poly (N-
vinyl carbazole) (PVCz), 4,4’-N,N’-dicarbazolebiphenyl (CBP) and 3-phenyl-4-(1'-
naphthyl)-5-phenyl-1,2,4-triazole (TAZ).
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Figure 35. An energy level diagram of the complex 16, which LUMO level is at 3.6eV and HOMO
level is at 6.4eV; the host materials, PVCz which LUMO level is at 2.2eV and HOMO level is at 5.7eV
[34], CBP which LUMO level is at 3.0eV and HOMO level is at 6.3eV and TAZ which LUMO level is at
2.6eV and HOMO level is at 6.6eV.

In order to choose the perfect host material for Complex 16 and understand
the host-guest system, the emission of the complex was studied at 530 nm, with
different proportion of the three selected host materials (Graph 13, 14 and 15). When
the host was PVCz or CBP at 90 % of weight proportion, the emission of Complex 16
was partially detected, while when TAZ was used, the emission of the complex was

detected with just 0.1 % weight proportion in the system.
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Graph 13. Emission spectra of the complex 16 at different weight proportion of PVCz.

10 - CBP : 16
—10:0
—9.9:01
0.8 4 —9.5:0.5
5 —9:1
S 06- _3;
> :
B 6:4
§ o4 B
£ —4:6
—3:7
02 - —2:8
—1:9
—0:10
00 -
T T T T T T T T T T T T T T 1
350 400 450 500 550 600 650 700

Wavelength / nm
Graph 14. Emission spectra of the complex 16 at different weight proportion of CBP.
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Graph 15. Emission spectra of the complex 16 at different weight proportion of TAZ.

The emission of Complex 16, in different proportions was compared for each
host material (Graph 16). The ideal host for the complex should be CBP with a
concentration of approximately 1 %, as other published research suggests, Table 13
[32].

Table 13. Proportion of complex 16 with each host material when they show maximum intensity of
emission at 530nm.

Proportion of Complex 16 (%) Host
1.00 CBP
0.09 TAZ
6.00 PVCz
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Graph 16. Emission of the complex 16 at 530nm, in different proportion, with the host materials
PVCz, CBP and TAZ.
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The contribution of this research has been found an alternative materials to
the expensive iridium and platinum complexes for organic light emitting diodes. In
this study, novel copper (I) complexes have been synthesized, trinuclear copper ()
complexes carrying alkynyl ligands and mononuclear copper () complexes carrying

phosphine and bipyridine ligands.

A range of emission colours, from sky blue to deep red, was shown by using
alkynyl ligands with different electronic properties in the trinuclear copper (I)
complexes. These novel complexes possess a quantum yield of photoluminescence
comparable with other phosphorescent metal complexes used in OLEDs, such as
iridium (Ill) cyclometalated complexes. They show another interesting optical
property: their lifetime could be tuned from microseconds to milliseconds. For some
of these complexes, which have conjugated alkynyl ligands, their extended lifetime is
an indication of stabilised excited state. Their temperature decomposition range is
from 184 °C to 269 °C, which depend on their electro withdrawing subtituents on the
alkynyl ligand. However, the study of the complexes, by differential scanning
calorimetry and by cyclic voltammetry, provides evidence for irreversible thermal and
electrochemical behaviour, respectively. All these results suggest interesting optical
properties for very novel copper (1) complexes with alkynyl ligands, but their thermal
and electrochemical instability was demonstrated, which hamper their foreseeable

application in organic light emitting diodes.

In order to develop more stable copper (I) complexes for organic light emitting
diodes, a range of mononuclear copper (I) complexes was synthesised. These new
complexes, carry a variety of bipyridyl and diphosphine ligands, which tune the
optical and physical properties of the complexes. Unlike the trinuclear copper ()
complexes, the mononuclear complexes provide a narrow range of emission colours.
Their high efficient emission active is only evident when bipyridyl ligand carring
methyl substituients face the copper ion. These methyl groups play a role to avoid
external quenching, as the geometrical arrangement provides a more rigid
configuration. Conversely, the complexes without or with methyl groups out-side of
the copper nucleus, show a non radiative decay path. In all cases, the thermal
properties depend on the phosphine ligands. They show a temperature of

decomposition from 200 °C to 300 °C, where the complexes with
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thriphenylphosphine ligands show the lowest temperature. The other complexes
could be processed in a polymer matrix, which demonstrate their ability to be used
in plastic manufacturing. However, these complexes are not electrochemically

stable, as the cyclic voltammetry shows.

In summary, this second group of synthesised copper (I) complexes gives a
contribution to understand and consider copper complexes as a new generation of

alternative material for organic light emitting diodes.

Both groups of synthesised copper complexes, trinuclear and mononuclear,
shows that the structure of the ligands are the most important factor to define the

optical, chemical and physical properties.

For future investigations, it would be recommendable to synthesize and
realise a systematic study of equivalent complexes with silver and gold as it could be
possible the synthesis of other d'° transition metal, such as gold, with phenyl pyridine

ligands and another kind of ligands.

These novel complexes could be used in future applications, such as in
biological systems. They have demonstrated a high sensitivity to oxygen, which

could be very useful in biology.
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Appendix 1: Lifetime curves of trinuclear copper (1)

complexes
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Graph 1. Lifetime curve of trinuclear copper complex 2 which possess 1-ethynyl-2,4-difluorobenzene

as alkynyl ligand.

Intensity (Counts)

4000 4

:

Data: Complex 3

Madel: ExpDect

Equation: y = Al exp(-xfi1) + y0
Weighting:

¥ Mo weighting

Chi*2/DaF = 1147.62523
r*2 = 0.99897

y0 13080699 +4.25184
Al 4876,15014  £14.35722
1 0.10492 £0.00055

02

0.4 06

Time {ms)

Graph 2. Lifetime curve of trinuclear copper complex 3 which possess 1-ethynyl-3,5-difluorobenzene

as alkynyl ligand.
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Graph 3. Lifetime curve of trinuclear copper complex 4 which possess 1-ethynyl-3,5-
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Graph 4. Lifetime curve of trinuclear copper complex 5 which possess 1-ethynyl-a,a,a-4-

(trifluoromethyl)benzene as alkynyl ligand.
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Graph 6. Lifetime curve of trinuclear copper complex 7 which possess 2-ethynyl-6-

metoxynaphthalene as alkynyl ligand.
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Graph 7. Lifetime curve of trinuclear copper complex 8 which possess 1-ethynylpyrene as alkynyl

ligand.
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Appendix 2: Lifetime curves of mononuclear copper

(I) complexes
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Graph 1. Lifetime curve of mononuclear copper complex 9 which possess 2,2-bipyridyl as pyridine
ligand and bis-(diphenylphosphinophenyl)ether as phosphine ligand.
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Graph 2. Lifetime curve of mononuclear copper complex 10 which possess 4,4’-dimethyl-2,2’-
bipyridyl as pyridine ligand and bis-(diphenylphosphinophenyl)ether as phosphine ligand.

111



400

300

Intensity (Counts)

200 4

100

Data: Complex 11
Model: ExpDect

Weighting:
¥ No weighting

Chi*2iDoF = 136.40482
R#2 = 0.99389

v 8.30177
A1 12701493

Equation: y = A1*exp(x/Mt1) + y0

2 17427
+26.11998

t1 0.01574 +0.0003

I ! I
0.06 0.08

Time (ms)

0.10
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Graph 4. Lifetime curve of mononuclear copper complex 12 which possess 2,2-bipyridyl as pyridine
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Graph 5. Lifetime curve of mononuclear copper complex 13 which possess 4,4’-dimethyl-2,2"-
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Graph 6. Lifetime curve of mononuclear copper complex 14 which possess 2,2-bipyridyl as pyridine

ligand and 9,9-dimethyl-4,5-bis(diphenylphosphino) xanthene as phosphine ligand.
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Graph 7. Lifetime curve of mononuclear copper complex 15 which possess 4,4’-dimethyl-2,2"-
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ligand.
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Graph 8. Lifetime curves of mononuclear copper complex 16 which possess 6,6-dimethyl-2,2"-
bipyridyl as pyridine ligand and 9,9-dimethyl-4,5-bis(diphenylphosphino) xanthene as phosphine

ligand.
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Appendix 3. Different scanning calorimetry graphs

of trinuclear copper (I) complexes
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Appendix 4. Different scanning calorimetry graphs

of mononuclear copper (I) complexes
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Graph 2. DSC curve of mononuclear copper complex 10 which possess 4,4’-dimethyl-2,2-bipyridyl as
pyridine ligand and bis-(diphenylphosphinophenyl)ether as phosphine ligand.
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Appendix 5: Cyclic Voltammetry graphs of trinuclear

copper (I) complexes
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Graph 1. Cyclic voltammetry curves of trinuclear copper complex 2 which possess 1-ethynyl-2,4-
difluorobenzene as alkynyl ligand.

0.04

0.03 4

0.02

0.01 4

0.00 4

-0.01 4

Current (mA;‘cmz)

-0.02 4

-0.03 4

Complex 3

CpF€

VAR

L

......

-0.04

0 500

T I T I T I 1
1000 1500 2000

Potential (mV)

Graph 2. Cyclic voltammetry curves of trinuclear copper complex 3 which possess 1-ethynyl-3,5-
difluorobenzene as alkynyl ligand.
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Appendix 6: Cyclic Voltammetry graphs of

mononuclear copper (I) complexes
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Graph 2. Cyclic voltammetry curve of mononuclear copper complex 10 which possess 4,4’-dimethyl-
2,2’-bipyridyl as pyridine ligand and bis-(diphenylphosphinophenyl)ether as phosphine ligand.
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Graph 3. Cyclic voltammetry curve of mononuclear copper complex 11 which possess 6,6-dimethyl-
2,2-bipyridyl as pyridine ligand and bis-(diphenylphosphinophenyl)ether as phosphine ligand.
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Graph 4. Cyclic voltammetry curve of mononuclear copper complex 12 which possess 2,2-bipyridyl
as pyridine ligand and triphenylphosphino as phosphine ligand.
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Graph 5. Cyclic voltammetry curve of mononuclear copper complex 13 which possess 4,4’-dimethyl-
2,2’-bipyridyl as pyridine ligand and triphenylphosphino as phosphine ligand.
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Graph 6. Cyclic voltammetry curve of mononuclear copper complex 14 which possess 2,2-bipyridyl
as pyridine ligand and 9,9-dimethyl-4,5-bis(diphenylphosphino) xanthene as phosphine ligand.
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Graph 7. Cyclic voltammetry curve of mononuclear copper complex 15 which possess 4,4’-dimethyl-
2,2-bipyridyl as pyridine ligand and 9,9-dimethyl-4,5-bis(diphenylphosphino) xanthene as phosphine

ligand.
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Graph 8. Cyclic voltammetry curve of mononuclear copper complex 16 which possess 6,6-dimethyl-
2,2-bipyridyl as pyridine ligand and 9,9-dimethyl-4,5-bis(diphenylphosphino) xanthene as phosphine

ligand.
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