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Nuovi materiali molecolari per la foto/elettro conversione basati su
complessi organometallici di Palladio e Iridio

Sommario

Questo lavoro di ricerca € dedicato allo sviluppo di nuovi materiali molecolari basati
su complessi ciclometallati di Pd(Il) e di Ir(Ill) per la foto/elettro conversione.

Negli ultimi quindici anni, al fine di ottenere dispositivi piu flessibili, piu leggeri e
piu facilmente processabili, sono stati studiati principalmente materiali a base
organica.

Tali materiali presentano pero, proprio a causa della loro natura organica, molteplici
svantaggi, tra i quali scarsa qualita delle interfacce formate, limitata stabilita
chimico-fisica in fase di funzionamento del dispositivo, difficile trasporto di carica,
scarso assorbimento nel visibile e basse efficienze di luminescenza. Al fine di
migliorare le prestazioni finali dei dispositivi elettro-ottici, & stata introdotta una
nuova classe di materiali che utilizza come specie attive i composti organometallici.
Nell’ambito di questo lavoro di tesi, sono stati sintetizzati nuovi complessi
organometallici di Pd(Il) e Ir(lll) e ne sono state studiate le proprieta chimico-fisiche
alla base dello sviluppo di materiali efficienti per la foto/elettro conversione.

La prima parte del lavoro di tesi ha riguardato la preparazione di complessi per la
conversione dell’energia solare.

In particolare sono stati sintetizzati e caratterizzati nuovi complessi fotoconduttori
ciclopalladati di Rosso Nilo, contenenti basi di Schiff  opportunamente
funzionalizzate come leganti ancillari. Inizialmente si e scelto di utilizzare il
colorante Rosso Nilo come legante ciclometallante per le sue ottime proprieta di
assorbitore di luce visibile.

Il suo utilizzo ha inoltre comportato, nei complessi ottenuti, anche la separazione
fisica su scala molecolare degli orbitali di frontiera HOMO e LUMO.

In particolare i due orbitali risultano essere prevalentemente localizzati su due diversi
frammenti molecolari. Tale separazione induce un efficiente processo di
fotogenerazione che e alla base delle ottime proprieta di fotoconduzione osservate
per questa classe di composti inun ampio intervallo di lunghezze d’onda.

Per finalizzare I’utilizzo di complessi ciclopalladati di Rosso Nilo a specifiche
applicazioni optoelettroniche, sono stati introdotti opportuni gruppi funzionali sia sul

legante ciclometallante che sul legante ancillare.



In particolare i nuovi gruppi funzionali hanno permesso di :

i) indurre proprieta mesomorfiche caratterizzate da un ampio grado di ordine in un
grande intervallo di temperature e di ottenere cosi una nuova classe di
metallomesogeni fotoconduttori;

ii) aumentare la solubilita dei complessi preparati rendendo possibile il loro utilizzo
unitamente al PCgBM, nella costruzione di celle solari ad eterogiunzione
dispersa;

iii) preparare, tramite il processo di elettropolimerizzazione, film sottili
fotoconduttori di elevata qualita su elettrodi modificati;

iv) poter ancorare i complessi sintetizzati a substrati di TiO, e costruire celle solari
di tipo Dye Sensitized (DSSCs).

La seconda parte del lavoro di tesi, ha invece riguardato, la sintesi e la

caratterizzazione fotofisica ed elettrochimica di complessi di Ir(l1l) per lo sviluppo di

dispositivi elettroluminescenti.

Sebbene esista in letteratura un elevato numero di esempi di complessi cationici di

Ir(111) solamente pochi complessi anionici di Ir(lll) sono stati descritti finora. Inoltre,

i pochi esempi riportati, contengono leganti ancillari monodentati che rendono tali

complessi chimicamente instabili all’interno di dispositivi elettroluminescenti.

Al fine di ampliare la classe di composti anionici di Ir(lll) esistenti e di migliorane la

stabilita chimica, sono stati sintetizzati nuovi complessi anionici aventi leganti

ancillari bidentati di tipo catecolato e orotato. E’ stata inoltre preparata e

caratterizzata una nuova serie di “soft salt” di Ir(Ill) contenenti i nuovi complessi

anionici ottenuti accoppiati ad opportuni complessi cationici di Ir(Ill) gia noti in
letteratura.

Sono stati infine preparati e caratterizzati nuovi complessi luminescenti neutri di

Ir(111) elettropolimerizzabili. Utilizzando tali complessi sono stati anche ottenuti film

sottili elettrogenerati di alta qualita.
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Thesis Overview

Nowadays, research on functional materials represents one of the most important
development areas in science and technology. Among the wide variety of possible
functions to be introduced, those which permit the interaction with light of the obtained
materials generating photoresponsive or light driven properties have been the most
intensively investigated.

Furthermore, the comprehensive study of the processes involved, such as the
energy flow through an organic-inorganic interface and the voltage control at a
molecular level have permitted the fabrication of new efficient and sophisticated
optoelectronic devices. The upcoming depletion of fossil fuels, the energy crisis and the
urgent need for clean and renewable sources of energy has directed optoelectronic
industry’s steps towards solar energy conversion technologies and electroluminescent
devices.

In this context, an important role is played by transition metal complexes since
recent advances in their exploitation has managed to take advantage from their photo-
induced functions allowing their successful use in energy conversion. In particular,
organometallic complexes have received a fast growing attention since their first
successful use in solar cells and as molecular emitters for light-emitting devices.

In this research work, appropriate functions have been introduced onto novel transition
metal complexes to allow their potential use in photo/electron energy conversion.

This thesis is divided in two main parts, dedicated to the synthesis of two
different series of organometallic complexes, namely:

a) Pd(ll) square planar cyclometallated complexes and

b) Ir(111) octahedral organometallic compounds.



a) Pd(Il) complexes

The first part is dedicated to the study of new Palladium organometallic based
molecular materials, a new class of photoconductive complexes. Preliminary studies
have been performed to propose their use in solar energy conversion in different types

of solar cells.
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In particular, photoconductivity measurements have been performed on the
discotic metallomesogen complex A and have shown high photoconductivity values,
three orders of magnitude higher than the reported values for parent cyclopalladated
complexes.

Furthermore, the low molecular weight photoconductive complex B has been
tested as a donor in a bulk heterojunction solar cell using PCsBM as an acceptor. Even
though the obtained device efficiency was scarce, the advantages of using an intrinsic
photoconductor have been evidenced.

The availability of photoconductors with electropolymerizable fragments or
mesogenic properties represents a starting key point for the development of new hybrid
organic/inorganic optoelectronic devices based on molecular assembling. In this

context, the electropolymerizable complex C has been synthesized and thin films have

been electrogenerated.



b) Ir(111) complexes

Iridium organometallic emitters have been investigated for their potential use in
electroluminescent devices. To this end, novel anionic complexes, forming ionic pairs
when coupled with cationic Ir(I1l) complexes and neutral electropolymerizable species

have been studied.
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In particular, orotic acid has been successfully incorporated as a dianionic
bidentate ligand to obtain the anionic high luminescent Ir(I11) complexes A and 4°. The
introduction of this ancillary ligand might be a step toward the stabilisation of anionic
Ir(111) complexes in LECs which until now have shown emission quenching and fast
device degradation when monodentate ligand bearing complexes have been used as
emitting species.

Furthermore, we have demonstrated the possibility of using such anionic
complexes in the formation of Ir(l111) homometallic soft salts C"A" showing enhanced
photoluminescent quantum yields .

Eventually, a novel bis-cyclometallated Ir(lll1) neutral complex D bearing a
benzothiazole-triphenylamine derivative as a cyclometallated ligand and a
triphenylamine electropolymerizable Schiff base has been synthesized and

electrogenerated polymeric thin films have been obtained.
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Chapter One
Introduction to solar energy conversion

Photovoltaic devices represent one of the most efficient methods of obtaining
clean energy. Their working mechanism which promotes the conversion of solar
radiation in electricity is based on the photovoltaic effect, discovered by Alexandre
Becquerel back in 1839. This effect is defined as the potential difference between two
electrodes, across a liquid or solid system, under sunlight.

The first process in the photovoltaic conversion of energy (sunlight absorption)
induces an electronic transition into the absorbing material from the ground state to an
excited level with subsequent formation of an opposite charged electric couple
(electron-hole). In a second step, the charge separation occurs and imposes the negative
charges to migrate in a preferred direction towards a specific electrode (conventionally
called cathode) and the positive charges to migrate in the opposite direction, towards the
anode. When the two electrodes are connected by a conductor, the photogenerated
negative charges flow through the external circuit losing their energy and being
collected at the cell’s anode. At the anode, each electron completes its photovoltaic
process, it combines with a hole and regenerates the absorbing specie in its electronic
ground state.

The photovoltaic effect remained a laboratory curiosity from 1839 until 1959
when the first solar cell based on silicon was realized by the Bell Laboratories (1954,
Chapin et al.?) presenting a 6% efficiency. Among the great number of advantages of
the photovoltaic applications there are: direct sunlight conversion to electricity (from
micro to megawatts), long device lifetime, zero cost of the energy source (the sun), and

zero noise and pollution.



1.1 Inorganic solar cells

1.1.1 Silicon based solar cells

The solar cell technology has emerged on the basis of silicon technology, based
on the already developed technology of transistors and integrated circuits and on the
availability of single crystal silicon.?

Apart from the efforts invested in the optimization of the production process,
attention has been given to improving efficiencies in order to reduce the cost. Yet, a
series of loss processes limits the efficiency of devices; each semiconductor in fact can
absorb only a specific part of the whole available radiation spectrum. Even more, a part
of the absorbed radiation is converted to heat rather than electric energy. Other factors
contribute to diminishing the efficiency among which the reflexion of the radiation
incident on the cell surface, the electric resistance within the semiconductor and the
connecting leads, materials purity, surface effects, and crystal defects. Moreover, the
solar cells efficiency depends on temperature. In particular, for silicon based devices,
the efficiency decreases with temperature.

Due to the indirect band gap semiconductor nature of silicon, rather thick layers
of silicon are needed for the efficient absorption in order to compensate the low molar
extinction coefficient of silicon. Taking into account the solar radiation distribution and
the value of silicon band gap, for silicon solar cells a maximum efficiency of 28% can
be estimated theoretically.* However, the research is now concentrated on materials with
direct band nature presenting high absorption coefficients which can be used even as
very thin films. Despite the high cost and its theoretical intrinsic efficiency limit, silicon
is still today the commercially dominant material for solar cells. Also considering that
the silicon solar cells have a lifetime of about 20 years and that they have been already
in use for almost 18 years, quite soon, the problem of their disposal will have to be

faced.

1.1.2 Copper indium gallium selenide (CIGS) based solar cells

Possible inorganic alternatives to the use of silicon in solar cells have been
reported.> By using a direct band semiconductor thin layer that can show a large
absorption of solar photons, devices with a thinner active layer (of ca. 1 micron order,

with respect to about 100 micron sin traditional Si cells®) can be realized. Even if a wide



variety of metallic (Fe, Ni, Cu, Pb, Bi) binary sulphides and multi component materials
like Cu,ZnSnS, have been proposed,” the two main technologies based on direct
semiconductor thin layers make use of CdTe and CulniGaxSe,.ySy (CIGS: 0<x<l1,
0<y<2).2 Nevertheless, due to their high efficiencies - close to 20%° -, to the facility of
depositing thin films, to their stability and to the possibility of getting rid of toxic
cadmium, the interest of the researcher in this field has been mainly concentrated on
CIGS devices. The deposition of thin layers of CIGS may be performed under
atmospheric pressure or under vacuum, either on economic substrates as glass or
flexible polymer substrates. Moreover, the CIGS characteristics can be controlled by
varying the stoichiometric ratio between the component elements.

In Figure 1.1 a typical structure of a CIGS based solar cell is presented.
Generally, the cell is realized from a molybdenum layer on top of a glass surface,
followed by a p type active CIGS layer, and an n type CdS (or another semiconductor
that do not contain Cd) layer, a non doped ZnO layer, an n type transparent conductor
(mainly doped with ZnO or In,03), two metallic grids, and an anti-reflective coating.
Then the entire devise is encapsulated in such a way as to protect it from the external

ambient.

Antireflection . )
coating (MgF,) Ni/Al top grids

about 100 nm /7

1 1

Transparent conducting oxide
(Zn0O:Al or In,0,:5n) (front

contact) (350 nm) n+-type
Undoped ZnO (50 nm) n-type
Buffer layer (usually CdS) (30 nm) n-type
Cu(In,Ga)(Se,S), absorber (1-3 um) p-type

Mo back contact (1 um)

Glass substrate

Figure 1.1. Structure of a CIGS based solar cell*°



The operation of CIGS cells, similar to the one described above for silicon cells,
Is based on a p-n junction. As far as the nature of the active semiconductor layer is
concerned, in order to estimate the band gap, it is necessary to consider the crystalline
structure of CIGS. The ternary copper chalcogenides (CGS) normally crystallizes in the

tetragonal structure of the calpocrite (Figure 1.2)™

Figure 1.2. The crystalline structure of CGS (A=Cu, B=In, C=Se)"

The band gap in CulnSe; is rather small (1.04 eV), but it may be modulated in
such a way to make it compatible to the energies associated to the solar spectrum,
substituting part of the indium with gallium and part of the selenium with sulphur in the
crystalline structure. The strength point of such systems is in principle the capability of
tuning the band gap from 1.04 eV in CulnSe;, 1.53 eV in CulnS,, 1.7 eV in CuGaSe;
(CGS) up to 2.5 eV of CuGaS2.*

Despite their multiple advantages CIGS devices are rather complex material and
the efficiency of the device is determined by the absorbent layer morphology. Besides,
as the domain boundaries act as recombination centres for charges generated during the
photon absorption, the deposited films must necessarily have uniform domains on
micrometric scale and controlled stoichiometry, in order for the device to reach
acceptable efficiencies. Generally, the techniques used to deposit these films are based
on multistep processes performed in vacuum.™ Yet, solution deposition techniques have

also been reported. **
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1.2 Organic solar cells

In order for solar cells to become the main energy source, their cost should be
lowered. Nowadays, the main drawback is represented by the excessive cost of
crystalline silicon production and its future disposal after use that still has to be
economically evaluated properly. A potential alternative to the silicon cells is
represented by organic photovoltaic devices able to produce low cost energy, providing
that reasonable efficiencies and lifetimes are reached. For these reasons and also to
allow a more flexible and easier architecture for solar cells, intensive researches have
been dedicated in the last years to photovoltaic cells that use other materials than
silicon.® The alternative consist in using organic semiconductors since they represent a
less costly alternative to inorganic semiconductors. Organic compounds were among the
first to show the photovoltaic effect, successively reported in many other biologic
molecules like carotene, chlorophyll, porphyrin, and phthalocyanine.® Organic
materials (conjugated polymers and dyes), may present p or n type conducting
properties like “classical” semiconductors. For instance, they have high absorption
coefficients that allow the construction of much thinner solar cells (thicknesses much
less than a micron) and thus requiring smaller amounts of active material. Moreover, the
variety of organic materials potentially obtained by an appropriate chemical design is
practically infinite. With the further progress in efficiency and lifetime, organic solar
cells are supposed to give strong competition to silicon solar cells in the near future. By
the use of advanced materials with high charge carrier mobilities and optimized
nanoscale morphology, the efficiencies of the devices are expected to increase further.
The typical configuration of an organic solar cell present a sandwich planar structure
where the absorbing layer stays between two different electrodes. One of the two
electrodes has to be (semi)transparent to allow light to reach the photoactive layer;
indium tin oxide (ITO) or an ultra thin metallic layer are commonly used, whereas the
other electrode is, depending on the necessary work function, made by aluminium (or

calcium, magnesium, gold etc.) (Figure 1.3).

11



Glass
i ITO
Output Organic material

|—{ Al, Ca, Mg

Figure 1.3. General scheme of an organic photovoltaic device

In an organic photovoltaic device (Figure 1.4), photon absorption leads to the
promotion of one electron from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO) forming an exciton (a pair of hole —
conduction electron). In a photovoltaic device this process must be associated by
subsequent dissociation followed by the migration of the electron and the hole to the
appropriate electrodes. In order to separate the opposite photogenerated charges an
electric field is necessary and is generate by the difference between the redox/work
potentials of the two electrodes and to complete the cell. Due to this difference the
electric current flows from the electrode with the lower work function to the electrode

with the higher work function.

Energy
Vacuum

Figure 1.4. Solar radiation absorption process and the relative position of the energy
levels in an organic photovoltaic device. The electrons are captured by the aluminium
electrode and the holes by the ITO electrode. ® represents the work function, y the
electronic affinity, IP the ionization potential and E4 the energy difference between the
HOMO-LUMO orbitals **°
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An important factor concerning the active layer in an organic solar cell is to

insure absorbance in the largest possible interval of the solar spectrum. (Figure 1.5).

Photon energy (J)
10~ 3x10-15 10-15 3 x10-18
u .‘:Ji l T T '

Solar irradiation curve outside almosphere
Solar irradiabon curve at sea level

1
A-1g-1)

Spectral irradeance (J

0.05p~

2000 2500 3000
Wavslength (um)

Figure 1.5. Solar radiation spectrum

Conjugated polymers present absorption all over the UV spectrum. Besides,
whereas for crystalline silicon a100 pum or more thick film is needed in order to
efficiently absorb the incident radiation, in organic semiconductors, due to their direct
band-gap nature the efficient absorption makes possible the use of only 100-500nm
thick layers.

In a crystalline inorganic semiconductor characterized by a 3D lattice, the individual
HOMO and LUMO orbitals form the valence and conduction bands of the material.
However, in the great part of organic semiconductors the very weak intermolecular
forces are not able to generate a 3D crystalline lattice and, consequently, the frontier
molecular orbitals do not mix so strongly to form bands. Therefore, the charge transport
occurs by a hopping process between localized states, rather than through the energy
bands.’” This implies that the mobility of charges in organic semiconductors is rather
low with respect to the inorganic ones. Besides, due to the low value of the dielectric
constant in organic semiconductors, the charge separation results more difficult. In
many inorganic semiconductors the absorption of a photon generates a not connected
electron-hole pair, while in the organic ones, even at room temperature, the excited
electron remains linked to the hole. Conjugated polymers present intermediate
characteristics between inorganic semiconductors and organic dyes and, generally, it is

considered that the excitons are localized on well determined molecular fragments.*®
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1.2.1 Heterojunction solar cells

As already mentioned, excitons do not separate easily in organic
semiconductors. To favour excitons dissociation, the heterojunction concept has been
introduced and is based on using two materials with different electronic affinity and
different ionization potentials. Subsequently, the electrons are accepted by the material
with the largest electron affinity and the holes are collected by the material with the

smallest ionization potential (Figure 1.6).*°

Y e

HOMO
Donor Acceptor
ITO Al

Figure 1.6. Relative positions of LUMO and HOMO levels of donors and acceptors in
heterojunction photovoltaic cells'®

Upon illumination, the electron is promoted from the donor’s HOMO to its
LUMO leaving back a hole. The electron and the hole may recombine, or may
dissociate. If the accepting LUMO has a sufficiently lower energy with respect to the
LUMO energy level of the donor, the excited electron is injected into the acceptor’s
LUMO and thus separated from the hole.

One of the acceptors most commonly used in heterojunction cells is the
(buckminster) fullerenes Cg which is quite transparent at low concentrations in
polymeric matrices and shows a high electronic conductivity (10* S cm™). The first
heterojunction photovoltaic cell was based on a MEH-PPV (poly[2-methyloxi-5-((2-
ethylhexyl)oxy)-1,4-phenylenvinylene) spin coated film on a ITO coated glass and a
gold counter electrode. This device showed a 0.04% efficiency under monochromatic
radiation illumination.?’ Lately, it has been proved that the photocurrent increases after
insertion of a double film of Cgo, thus showing that the fullerene plays an essential role
in charge separation. Since then, the improved processing conditions,?! the pre- and
post-fabrication treatments® and the application of new advanced materials with new

device design® have allowed to reach efficiencies up to 8%.%*
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As an alternative to Cg it has been proved that mixing MEH-PPV with a soluble
derivative of Cgp 6,6-phenyl-C61-butyric acid methyl ester (PCBM) (Figure 1.7), the
charge transport considerable improves and, as a consequence, there is a drastic increase

of the device efficiency.”

PCBM

Figure 1.7. The molecular structure of methyl ester of the butyric acid of [6,6]-phenyl-
Ce1 (PCMB)?

The most frequently used donor-acceptor combinations tested are poly(3-
hexyltiophene) (P3HT) or poly(2-metoxy-5-(3,7-dimethyloctiloxy)-1,4-
phenylenvinylene) (MDMO-PPV) as donors (Figure 1.8) and PCBM or mixtures as

copper phthalocyanine-Cg as acceptors.?’

X 1\
n S n

MDMO-PPV P3HT

Figure 1.8. Molecular structure of some conjugated polymers used as donors in kulk
heterojunction cells

Studies have shown that excitons dissociation in heterojunction cells is more
efficient at the donor/acceptor interface rather than at the electrode. Therefore, in order
to reach high efficiencies, the excitons should be formed within the diffusing length
from the interface (typically of the order of 10 nm) limiting the region where the
absorption is useful. On the other hand, for the majority of the organic semiconductors,

film thicknesses over 100 nm are needed to efficiently absorb the light. This drawback
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might be overcome by mixing the donor and the acceptor in a single phase, thus
generating a dispersed (or bulk) heterojunction cell (Figure 1.9).%
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Figure 1.9. The dispersed heterojunction cell

Even if bulk heterojunction solar cells are fabricated with both polymers and
small molecules, there is a head-to-head race going on in between these materials
towards being technologically more important. A problem inherent to this type of cell is
represented by the low miscibility of the components in the solid state. In fact, in order
to have a homogeneous dispersion, a rapid evaporation of the solvent is necessary
before the system reaches the equilibrium is necessary. To be used in heterojunction
photovoltaic cells, the organic semiconductors must necessarily be soluble in most
organic solvents. From this point of view, polymers present an advantage due to the
possibility to be easier processed from solution by low cost wet technologies (spin
casting, dip coating, etc.).

In these solar cells either the electron-acceptor PCBM and the hole carrier
conjugated polymer are in contact with both electrodes. Despite the fact that the
electrons and the holes may reach both electrodes of the system, it is generally true that
the electrons go to the metallic electrode, whereas the holes are captured by the
transparent electrode. It is therefore necessary to have a good compatibility between the
relative positions of HOMO and LUMO of both polymer/small molecule donor and the
PCMB acceptor.

An important issue to overcome in the cell stability is the phase separation which
induces a discontinuity in the hopping process and thus a poor charge transport allowing

a fast intramolecular recombination. Therefore, controlling the morphology of the
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dispersive heterojunction cells represents a critical aspect. The degree of the phase
separation and the dimensions of the domains depend on the choice of the solvent, the
evaporation velocity, the solubility of the mixture of donors and acceptors.?

The operative mode of a bulk heterojunction solar cell is represented in Figure
1.10, which shows into details the elementary processes subsequent to the absorption of
the solar radiation.
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Figure 1.10. The operation principle of bulk heterojunction photovoltaic cell*°

Upon light absorption mainly from the donor material (Figure 1.10 (i)) an
electron-hole pair is generated in the semiconductor (ii), followed by the exciton
diffusion (iii) and dissociation at the donor-acceptor interface with the consequent
charge transfer from the donor to the acceptor. The mechanism (iv) represents the
separation (photogeneration) due to the electric field or to the disorder within the
material of the still bound exciton (also called polaron). Then the charges thus formed
migrate to the respective electrodes (v). After being separated the photogenerated
charges extracted from the electrodes constitute the photocurrent (vi).

The conversion of the solar light in energy is based on the set of just described
mechanisms and is thus evident that in order to increase the efficiency of the entire
device, improvements of any single process are needed. The mechanisms that determine
the efficiency, as well as their respective improvement margins are summarized in
Table 1.1.
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Limiting factors Potential solutions

New materials with
Absorption of solar light smaller band gap and greater absorption

range

New organic materials with high dielectric
constants to reduce the exciton binding
energy
Dissociation of excitons Device architecture such as to promote a

good separation of donor-accepter domains

New materials with:
-high dielectric constants
Dissociation of polarons -good phase separation
-nanocristallinity of donor and acceptor

domains

Charge transport and recombination | New materials with enhanced charge mobility

Charge extraction to the electrodes Optimization of device engineering

Table 1.1. Factors that determine the efficiency of bulk heterojunction cells

Further improvements in the efficiencies of bulk heterojunction solar cells may
be obtained increasing the charge mobility. According to theoretical models, ideal
mobilities which makes possible the use of thicker active films are of the order of
10" cm?Vv*s?3 Moreover, compensating the different mobilities of electrons and holes
prevents the presence of free charges that distort the electric field. Among the novel
materials with similar mobilities for electrons and holes are a variety of polymers with
higher hole mobilities,® discotic liquid crystals featuring high mobilities and supra
molecular self-organization,® or carbon nanotubes that show high mobilities but

challenging synthetic procedures.*
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1.2.2 Dye sensitized solar cells (DSSCs)

The idea of the sensitization of semiconductors to light of wavelength longer
than that corresponding to the band gap is an interesting convergence of photography
and photoelectrochemistry, both of which rely on photoinduced charge separation at a
liquid-solid interface.® In the 60ies, dyes were chemisorbed on the semiconductor’s
surface and the operating mechanism of such systems was elucidated.® In such
systems,’ electrons are injected from the photoexcited dye molecules into the conduction
band of n-type semiconductor surfaces. When the dyes are used as dispersed particles
adsorbed onto a semiconducting surface, photoelectrodes are obtained.®” Due to its
characteristics: low cost, high availability, non-toxicity and biocompatibility, TiO,
(especially in its polymorphic anatase phase) has become the mostly used material for
photoelectrodes. Nevertheless, other oxide such as ZnO, SnO, and Nb;Os
semiconductors have been also used.*®

Furthermore, introducing dye-sensitized photoelectrodes in heterojunction based
devices and replacing the solid junction with an electrolyte, photoelectrochemical solar
cells have been obtained. The prototype of this new class of devices is the dye
sensitized solar cell (DSSC), also called Gratzel cell (after its inventor name) in which
both the absorption process and the charge separation occur by means of a
semiconductor with crystalline morphology and large band gap doped with a dye.*® The
DSSC technology has evolved up to efficiency over 11%.*°

A typical DSSC (Figure 1.11) is made up of a mesoporous oxide film obtained
from nanometric sintered particles deposited on a glass conducting surface. The
semiconductor is sensitized with a dye monolayer. The cell is filled up with a liquid
electrolyte based on usually an iodide/triiodide solution and covered with a Platinum
counter electrode.
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nanocrystalline  sensitiser  [7/l5” based platinised TCO-
TCO-coated TiOg film dye electrolyte

glass

coated glass

external circuit

electrons

Figure 1.11. Outline of the dye sensitized solar cell**

The working principle of an iodide/triiodide using DSSC (Figure 1.12) is based
on the absorption of a photon from the dye molecule resulting in a dye cation with
promotion of an electron to the conduction band of the semiconducting oxide. The
ground state of the chromophore is regenerated by accepting an electron from the
reduced electrolyte, whereas the redox is regenerated by the reduction of the triiodide at
the counter electrode. The electric circuit is being closed by the migration of electrons
across the external load. The potential difference generated under illumination
corresponds to the difference between the Fermi level of the semiconducting oxide and
the redox potential of the electrolyte. On the whole, the device transforms the light into

electric current without suffering irreversible chemical transformations.
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Figure 1.12. Operation mechanism of a dye sensitized solar cell*?
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Differently from silicon devices or organic cells, the concentration of mobile
ions in the electrolyte is high enough to screen any macroscopic electric field. The
charge transport mechanism is mainly diffusive, generated by concentration gradients
induced by charge separation. Photoinduced charge separation is verified at the
sensitized TiOy/electrolyte interface. In order to have the promotion of electrons from
the excited state of the dye to the conduction band of the semiconductor, a more
reducing redox potential than the conduction band of TiO, is required for the dye
excited state. In other words, the LUMO of the dye should have a minor electronic
affinity with respect to the lowest level of the conduction band of the electrode.
Analogously, for the regeneration of the dye ground state, the dye cation needs to be
more oxidant than the iodide/triiodide redox pair. Then, the charges thus photogenerated
migrate to the respective electrodes and enter the external circuit.

The basic functioning processes of DSSC are in equilibrium with other
competitive mechanisms: the decay of the excited state of the chromophore to the
ground state and the recombination of the electrons injected into the conduction band
with the dye cations or the oxidized form of the electrolyte. In order for the electronic
injection to be faster than the decay, the electronic coupling between the dye’s LUMO
and the semiconductor should be strong enough. Then, to have an efficient regeneration
of the dye, it is necessary that the kinetics of the cation reduction by the electrolyte are
faster than the kinetics relative to charge recombination. This happens when the dye’s
HOMO is situated far from the interface with the photoelectrode. Moreover, an ideal
chromophore should absorb all the spectral wavelengths from UV up to about 920 nm
and present specific anchoring groups toward TiO; to insure intimate contact between
the dye and the semiconductor.*?

Taking into consideration the above mentioned requirements, in the last two
decades a wide variety of DSSCs sensitizers have been developed, either as
organometallic complexes based on porphyrins or phthalocyanines, or other organic
dyes.** Nevertheless, the best photovoltaic efficiencies (either in terms of conversion
yield or the long term stability) have been obtained with Ru(ll) polypyridil complexes
(Table 1.2) of the general formula RuL,X; where L= 2,2’-bipyridil-4,4’-dicarboxylic
acid and X=halide, cyanide, thiocyanide, acetyl acetate or thiocarbamate.** Reported in
1993, the cis-RulL,(NCS), complex, called “N3” (Table 1.2) or “N719” in its partial
deprotonated form (as a di-tetrabutyl ammonium salt) has become the prototype of the

sensitizer used in DSSC. The N3 complex, completely protonated, presents absorption
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maxima at 518 nm and 380 nm and emission at 750 nm. The transition is of MLCT
type: after the excitation, an electron is promoted to the from the = to the n* orbital,
associated to the carboxylate groups responsible of the anchorage to titania, and is
afterwards injected into the conduction band of the semiconductor, generating the
charge separation with unit quantum yield.*” The role of the NCS groups is to increase
the absorption of solar light. Therefore in this type of complexes the frontier orbitals are
localized on diverse molecular moieties, with the HOMO localized on the NCS ligands
and the LUMO on the anchoring groups close to the conduction band of TiO,.

In 2001* another Ru(l1) complex has been synthesized and characterized, the
“black dye”  (tri(cianato)-2,2’,2”-terpyridil-4,4’,4”-tricarboxylate) ~ Ru(ll) and
represented a milestone in the field of the DSSCs sensitizers since it absorbs within the
whole visible range and near infrared up to 920 nm and it led to power conversion
efficiency up to 10.4%. Nevertheless, other metals have been employed in
organometallic DSSC sensitizers to form octahedral Os(11)* or Ir(111)*® complexes, and
Pt(11)** square planar complexes (Table 1.2). Due to the high cost of Ru(ll), the research
has been eventually directed upon studying new synthesizers based on more economic
metals. Among these, it was demonstrated that Cu(1)*®> complexes of the type [CuL,]+
with ligands 2,2’-bipyridil disubstituted or phosphonic acid derivative capable of
binding to the semiconductor surface (Table 1.2) present important values of IPCE
(incident-photon to current efficiencies) whereas Ferrere et al.>® have synthesized

Iron(I1) complexes that yet have shown a non particularly high conversion efficiency.
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1.3 New frontiers in solar cells

In the attempt to develop new efficient solar devices, organic and inorganic
materials and the respective specific technologies have been mixed. Organic sensitizers
often limit light-harvesting ability because of their low absorption coefficients and
narrow absorption bands. To overcome this issue, inorganic sensitizers such as quantum
dots® have been introduced. Intense band-gap light absorption by these inorganic
sensitizers, however, has not allowed high performance in quantum conversion and
photovoltaic generation; significant losses in light utilization and/or charge separation
are found at the semiconductor-sensitizer interface. In this context, organic-inorganic
lead halide perovskite compounds such as CH3NH3PbBr; and CH3NH3Pbl; have been
successfully introduced as visible-light sensitizers in photoelectrochemical solar cells
showing a 3.8% efficiency. In addition to being synthesized from abundant sources (Pb,
C, N, and halogen), these perovskite materials present unique optical and excitonic
properties, and show high electrical conductivity.>

In this context, very recently,®® a perovskite based planar heterojunction solar
cells has been built by vapour deposition allowing the formation of a thin
nanostructured film- and showed over 15% efficiency and a 1.07 V open-circuit voltage.
Figure 1.13 shows the scheme of this planar heterojunction p-n solar cell. From the
bottom (the side from which the light is incident), the device is constructed on fluorine-
doped tin oxide (FTO)-coated glass, coated with a compact layer of n-type TiO,
sensitized with the absorbing CH3NH3Pbl3«Cly perovskite which is then deposited on
the n-type compact layer, followed by the p-type hole conductor, 2,29,7,79-tetrakis-
(N,N-di-p-methoxyphenylamine)9,99-spirobifluorene (spiro-OMeTAD), which ensures

the selective collection of holes at the silver cathode.
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Figure 1.13. Generic structure of a heterojunction perovskite solar cell; crystal structure
of the perovskite absorber adopting the perovskite ABX3 form, where A is methyl
ammonium, B is Pb and X is I or CI.

1.4 Concluding remarks

After more than two decades of research and development, organic solar cells

represent nowadays a real alternative to the use of silicon based solar cells. The
intensive research efforts dedicated to this field have resulted in an increase in the
efficiencies from 0.001% in 1975 to 8% for bulk heterojunction solar cells and 11% for
dye sensitized solar cells. The major strength points of using organic materials are: i)
the expected high-efficiency per unit cost ratio, ii) the simplicity in fabrication and
processing, and iii) their mechanical flexibility iv) their light weight features. The main
drawbacks of using organic materials in solar cells arise instead from their short
diffusion length and from low absorption of the resulting active layer.
The addition of an inorganic acceptor material to form an organic—inorganic hybrid
solar cells should theoretically improve the performance of OPV, due to additional
advantages such as enhanced absorption and improved charge transport characteristics.
However, to date, the efficiency of hybrid solar cells have been very low, when
compared to their all-organic counterparts.®

Even if, to date, silicon based solar cells are still more efficient than organic
solar cells, important issues such as disposal of the used silicon and the limited
theoretical efficiency need to be faced regarding inorganic solar cells. On the contrary,
organic solar cells present the advantage of the non-limited efficiency and the

availability of different low cost architectures.
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In this context, it appears clear that further efforts need to be invested in the
design and developments of novel hybrid organic/inorganic materials with high
absorption properties and good charge transport leading to significant increase of
efficiencies in order to allow their implementation in low cost large scale solar panels.
In this context, the first part of this thesis is dedicated to the development on new
absorbing species bearing functions inducing supramolecular organization and

photoconductive properties.

A selection of reviews concerning recent developments in solar energy conversion,

ordered by topic, is collected in Table 1.3.

Topic First author (Year) Reference
Silicon solar cells A. Martin (2013) 58a
S. Binetti (2013) 58b
CIGS P. U. Singh (2010) 59
Organic—inorganic hybrid solar M. Wright (2012) 57

cells: a comparative review

Bulk heterojunction solar cells K. Vandewal (2013) 60a
Y. Lin (2012) 60b
R. P. Singh (2013) 27b
Dye sensitized solar cells B. Bozic-Weber (2013) 6la
J. Gong (2012) 61b

Table 1.3. List of selected recent reviews
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Chapter Two

Nile Red cyclopalladated neutral and ionic metallomesogens

2.1 Introduction

In recent years, a rising interest in low-cost, flexible and easy to process
electronic devices motivated the development of organic electronic technologies.®
Applications of organic semiconducting materials include photodetectors, sensors,
thin film transistors, lasers, and light emitting and photovoltaic devices.®®
Semiconductors, where charge carrier generation is promoted in situ by light
absorption, are called photoconductors.®* The photogeneration process at the origin
of photoconduction can be either extrinsic® (when assisted by injection at electrodes
or defect sites, or induced by doping) or intrinsic® (when a charge-pair state is
formed and after its dissociation the resulting holes/electrons can drift through the
bulk material). The best photoconductors present high photogeneration efficiency as
well as high charge mobilities.

Over the last decade, discotic liquid crystals have received particular attention as
semiconducting materials due to their columnar organisation which enhances charge
mobility.®” Indeed, since their discovery by Chandrasekhar in 1977,% discotic liquid
crystals have attracted the attention of many research groups due to their multiple
potential applications. A typical discotic mesogen generally includes a central
aromatic core functionalized with flexible chains. The two main types of discotic
liquid crystal mesophases forms are nematic and columnar. In the nematic phase,
discs present orientational order, while in the columnar phase the discs pile into
column (Figure 2.1) to form six different columnar phases: hexagonal columnar,
rectangular columnar, columnar oblique, columnar plastic, helical, and columnar

lamellar.°
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Figure 2.1. Schematic representation of a) tpoe discotic nematic and b) the columnar

Due to their large polyaromatic cores inducing efficient z-7 stacking, many
triphenyl,”* porphyrin™ or hexa-peri-hexabenzocoronene’ derivatives properly
embedded with peripheral aliphatic chains (Figure 2.2) have been studied in the

context of organic discotic mesogens.

X =S, R=alkyl
X =0, R=alkyl
X= CHZ ,R= n-C11H23 y (CHZCH20)3CH3,
(CH)3(CF2),CFs
1 2 3
Figure 2.2. Triphenyl (1),” porphyrin (2)"* and hexa-peri-hexabenzocoronene (3)"

derivatives

Indeed, along the column stacks of discotics, for charge mobilities several orders
of magnitude higher than in other directions have been measured, and a hole mobility
as high as 1.4 cm2 V! s has recently been reported for tri-indole-based discotic
liquid crystals. This particularly high charge mobility was obtained by reducing the
stacking distance between molecules and preserving a high intramolecular order
along the columns.”

For most organic compounds, the photoconduction is limited by the low
photogeneration efficiency. To overcome this limitation, organic devices must often
be sensitized by incorporation of pigments such as phthalocyanines, squaraines,
perylenes or azopigment derivatives, or by means of a double layer architecture

where the photosensitizing layer is in contact with a transport layer.®*"® Another
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approach, which is yet to be developed but whose preliminary results are
encouraging, is the use of photoconductive metallomesogens. Metallomesogens
combine the properties of transition-metal centres with the self-organisation of the
liquid crystalline state, hence high absorption properties at higher wavelength are
expected, in contrast to fully organic liquid crystals. In this context, a new class of
photoconductive cyclometallated complexes has been synthesised and characterised
in the CEMIF.Cal Laboratories. These complexes feature a 5-membered Pd(ll) or
Pt(11) metallocycle, obtained by using a H(C”~N) cyclometallated ligand such as
azobenzene H(Az), benzo[h]quinoline H(BQq) or 2-phenylpyridine H(Pp), and a 6-
membered metallocycle formed by a Schiff base H(O”N) ancillary ligand (Figure
2.3).

K0 ¢

M = Pd/Pt

H(C”N) Cyclometallated ligands H(O”N) Schiff Base ligand
OCnHZn+1

A
|/N OH HO/QD
SUNGERS
N ©

(CAN)M(BSC,) H(AZ) H(Bg) H(Pp)

CnH2n+1
Example: H(BSC,) n=1,6
(Az)Pd(BSCy) : X

HOMO LUMO

Figure 2.3. Photoconductive cyclometallated complexes

Some of these complexes have shown excellent photorefractive properties either
dispersed into a polymeric matrix”® or in their bulk amorphous state’” and their
excellent photogeneration—photoconduction properties were recently correlated with
their chemical structure.” In fact, the HOMO and LUMO distributions are separated
by the metal centre, with the HOMO mainly localised onto the Schiff base moiety
while the LUMO is mainly distributed onto the cyclometallated ligand. Moreover,
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theoretical computations have shown that the first singlet and triplet excited states
exhibit a distorted geometry around the metal centre when compared to the ground
state (Figure 2.4). Such distortion may further delay the return to the ground state of
excited molecules, hence enhancing charge separation efficiency, leading to the

excellent photoconductive behaviour observed for this new class of complexes.

Figure 2.4. Comparison of the Sy (singlet) and Ty (triplet) structures
(the last one is the transparent one)

Furthermore, taking advantage of this peculiar HOMO/LUMO distribution, in
order to enhance the charge separation during photogeneration processes, it is
expected to be useful to incorporate donor building block onto the Schiff base

(ancillary ligand) and acceptor building block onto the cyclometallated ligand

(Figure 2.5).
h
hv p

_ @
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Figure 2.5. Schematic representation of (C*N)Pd(O”N) systems, physical
separation of photogenerated charges by intramolecular charge transfer.

As illustrated in Figure 2.6 (complexes A and B), by incorporating long alkyl chains
at the periphery of both ligands, discotic mesophases were obtained.” Furthermore,
by changing the chemical nature of the linker between the cyclometallated core and
the alkyl chains (ester for I vs. ether for I1), it was possible to tune the absorption
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properties of the resulting complexes and to obtain cyclopalladated liquid crystal
complexes photoconductive at room temperature from UV-Vis to near IR (from 300
to 800 nm).”® Due to their high viscosity, low mesophase temperature range (from
room temperature to ca. 50 °C) and low degree of order of the columnar organisation,
the photoconduction of these complexes could be, however, increased by only one
order of magnitude upon thermal annealing, when compared to the same property in
non-annealed samples.
OC12Has

0C12H25
Ci2H250

Cq1oHo50
OC12H25 121125
C1oH50 OCyoHos
OCyoHa5 Ci2H250 OCioHas
/
N N\ /o
Ci12H250
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Figure 2.6. Photoconductive discotics (A, B)

In general, in order to improve both the stability and the degree of order of
discotic mesophases, several approaches have been developed and are commonly
used, such as: (i) increasing the size of the discoid core,® (ii) the introduction of
secondary interactions such as hydrogen bonds,®* and (iii) the generation of

helicoidal conformation that induce a higher degree of order.®

2.2 Nile Red structure and properties

In order to increase absorption in cyclopalladated complexes like
(Az)Pd(BSCg), (Bp)Pd(BSCg) and (Pp)Pd(BSCg) (Figure 2.3), one possible strategy
iIs to choose a dye with a molecular structure similar to the cyclometallating
azobenzene, benzoquionoline and phenylpyridine. A rightful candidate may be 9-
diethyl-amino-5H-benzo[a]fenoxazin-5-one, commonly named Nile Red (Figure
2.7).
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Nile Red in Dioxane
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Figure 2.7. a) Molecular structure and b) absorption spectrum of Nile Red, H(NR)

While its fluorescent and solvatochromic properties have been largely employed
in biological labelling applications,®® Nile Red has been poorly used as
organometallic ligand and only recent studies reported the possibility of
cyclopalladation (Figure 2.8a).

C1aH290 OC1aHz C14H290 OCa14H29

OCy4H29

OCy4H29
OCHs OCHj
0
OCHg OCHs
0
OCy4H29 OC14Hpg
CigHpO  OCusHag CigHaO  OCisHog
a) b)

Figure 2.8. Nile Red cyclopalladated luminescent discotic complex C
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Taking advantage of such tools, a red luminescent cyclopalladated complex
exhibiting a columnar phase over a broad temperature range (35-173 °C) has been
obtained. This discotic mesogen was synthesized by cyclopalladation of the Nile Red
dye using a polyalkylated derivative of an acetylacetone-like species, the curcumin
as an ancillary ligand and represents the first example of cyclometallation of such
dye molecule (Figure 2.8b).%

2.3 Research scopes

Taking advantage of the capacity of Nile Red to undergo cyclopalladation, the
aim of this work is to synthesize novel complexes structurally similar to the
photoconductive  parent complexes (Az)Pd(BSCs), (Bp)Pd(BSCs) and
(Pp)Pd(BSCg) (Figure 2.3) with enhanced absorption properties. On the other hand,
in the context of the design of new discotics, following the examples described
above, by incorporating different functionalities into the molecular structure, the
liquid cristallinity temperature range could be increased. Using such tools, novel UV-

vis photoconductive discotics could be obtained.

2.4 Photoconductive Nile Red cyclopalladated metallomesogens

In the present work we report the synthesis and characterisation of two new
room temperature photoconductive discotic liquid crystals, obtained by using either
Nile Red or a polyalkylated Nile Red derivative as cyclopalladated ligands and a
polyalkylated Schiff base as an ancillary ligand. The incorporation of Nile Red as a
cyclometallated ligand has proven to maintain the physical separation of the frontier
orbitals on their respective fragment, as shown by comparative cyclic voltametry
studies, leading to efficient photoconduction over a wide wavelength window. The
Nile Red fragment also induces, via formation of hydrogen bonded interactions
through paired molecules, a wide temperature range of liquid-crystallinity with a

high degree of order.
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2.4.1 Synthesis

The synthesis of both complexes | and Il (Scheme 2.1) was achieved in two
steps through the formation of their corresponding Pd(ll) acetato-bridged
intermediates (1 and 1’ respectively) obtained by cyclometallation of either Nile Red
H(NR) or the Nile Red derivative H(NR)" with Pd(Il) acetate, as previously
described for the cyclometallation of H(NR).% The bridge cleavage of 1 and 1’ was
performed using the Schiff base H(O”N)*, prepared according to the previously
reported procedure.”
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Scheme 2.1. Experimental conditions: i) acetic acid, 55°C, 4h; ii)
ethanol/dichloromethane, r.t., 5 d.

H(NR) and its hydroxy-derivative 2 (Scheme 2.2) were prepared in two steps by
slight modifications of previously reported syntheses.®*® Nitrosation of 3-
diethylaminophenol gave a mixture of 5-diethylamino-2-nitrosophenol (3a) and its
hydrochloride salt (3b) in a 1 : 2 ratio, as determined from the *H-NMR spectrum of
the mixture (Figure 2.9).
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Figure 2.9. Aromatic region of the *"H NMR spectrum of the mixture 3a and 3b
showing the relative ratio of the two components
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Since both 3a® and 3b*® have been successfully used in cycling reactions for

obtaining Nile Red derivatives, the mixture was used in the second step without any
further purification. H(NR) and 2 were then obtained by reaction of 3a,b with
naphthol and 1,7-dihydroxynaphthalene, respectively. H(NR)* was finally obtained
by etherification of 2 with 3,4,5-tris(dodeciloxy)bromomethylbenzene 4.”
Complex (NR)Pd(BSC;), analogous to the photoconductive complexes
(CM"N)PA(BSCs) (Figure 2.3), was synthesised with the purpose of carrying out a
complete electrochemical study in order to determine the influence of the Nile Red
fragment onto the frontier orbitals of the resulting cyclometallated complexes.
(NR)Pd(BSC6) was obtained through the rupture of the bridge intermediate 1 by the
Schiff base H(BSCs) following the pathway previously described.

2.4.2 Mesomorphic properties

At room temperature, the new cyclopalladated complexes | and Il (Scheme 2.1)
are dark blue waxy solids. Their thermal behaviour was investigated by using
polarized optical microscopy (POM), thermogravimetry (TGA) and differential
scanning calorimetry (DSC). Both compounds, as observed by TGA, are thermally
stable until 180 °C. While complex | shows typical DSC diagrams of liquid
crystalline phases through repetitive scans of heating—cooling cycles (Table 2.1, DSC
traces are reported in Figure 2.10), for complex Il no thermal transitions were
observed by DSC, probably due to its high viscosity and a clearing point close to its
decomposition temperature. It is noteworthy that for complex | the DSC traces
obtained on the third and successive heating/cooling cycles are identical, indicative
of the high stability and reversibility of the mesophases. The mesophases of complex
I, observed by POM upon slow cooling from the isotropic phase (Figure 2.11), show
typical birefringent textures of liquid crystals but, their identification necessary in
order to identify the specific mesophase was not possible for the absence of

perceptible specific motifs.
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Complex  DSC scan Transitional properties, T (°C), [4H in kJ mol™]

[ 1*" heating Waxy powder — 177 [72.6] - |

1% cooling 1-139 [29.5] — Col,> — 62 [11.0] — Col, — 37 [3.6] -
frozen

2" heating Frozen— 33 [4.0] — Col;” — 77 [11.6] — Col, — 160
[24.4] -1

2" cooling Identical data of 1%, cooling

3 heating Identical data of 2". cycle

cycle

Table 2.1. Thermodynamic data for all thermal transitions observed by DSC for
complex I during 3 heating-cooling cycles (Col,: columnar rectangular, I: isotropic
liquid)

1 First Cycle Heating

Cooling

Second Cycle

| f:_\[;/& Heating
Cooling

Heat Flow Endo Up (mW)

30 0 30 60 90 120 150 180 210

Temperature (°C)

Figure 2.10. DSC traces for complex |
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Figure 2.11. Birefringent textures of complex I observed under POM

Unequivocally, the mesophase determination was achieved by powder X-ray
diffraction studies (PXRD) at variable temperatures. Both complexes | and 11 present
a columnar rectangular organisation (Col;). The indexations of the PXRD patterns
performed using a LCDiXRay, a newly developed program®® and the cell parameters
of complexes 1V and V are presented in Table 2.2, together with the previously
reported data of complexes A—C, for direct comparison.
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No. Temp. obs hk dealcd Mesophase and Density Molecules

A A cell parameters p (g.cm®) No. in Unit
Cell (2)
Al rt 32.83 10 32.83 Coly, psmm -
19.32 11 18.95 a,=379A
4.47 hen S,-1245 A?
Bl rt 31.07 10 31.07 Coly, psmm 1.2 0.98
18.67 11 17.93 a,=359A
16.24 20 15.53 S,-1115A?
12.24 21 11.74
4.36 hen -
3.44 ho -
c 140°C 46.46 20 46.46 Col, c2mm 1.2 4.24
38.57 11 38.57 ar= 929A
Oon 24.53 31 25.01 b= 424 A
second 21.78 02 21.20 S,-3939 A?
heatin 14.07 03 14.13
g cycle 12.83 33 12.86
456 hen -
3.39 ho -
| 125°C 32.52 20 32.52 Col, p2gg 1.2 4.08
18.62 02 18.62 a,= 65.0A
14.14 32 14.14 b= 372A
on 11.42 23 11.61 a/b, =3
cooling 9.17 14 9.22 S, = 2421 A?
froml 8.03 44 8.09
60°C 7.66 54 7.60
6.70 45 6.77
4.27 hen -
3.85 ho -
11 r.t. 35.81 20 35.81 Coly, c2mm 1.2 3.84
On 21.19 02 21.19 a=71.62 A
cooling 14.36 13 13.85 b=42.38 A
froml 12.53 33 12.15 S,=3.035 A?
60°C 7.28 55 7.29
4.42 hen -
4.03 ho -
70°C 36.74 Highly
disordered
L.C.
On 2™ 14.42
heatin
g cycle
3 Calculated with ay, = 2d;o/V3 (Coly);and a, = 2d,, b, =2dy, (Col,) b Not Calculated in absence of
hg signal.

Table 2.2. Indexations of PXRD spectra of complexes A, B, C, I and |1
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While the substituted azobenzene cyclometallated fragment induced a hexagonal
columnar mesophase for complexes A and B (Figure 2.6) over a very short range of
temperature (from r.t. to ca. 50 °C), complexes C, I-11 (Figure 2.8, Scheme 2.1)
present a rectangular mesophase over a wide range of temperature up to 160-170 °C.
Furthermore, the cell parameters and hence the cross-sections (S;) of their
mesophases are much larger than the average radius of the molecules (estimated at
ca. 32 A for 1V, ca. 53 A for V), as previously observed also for complex C, for
which it was hypothesised on this basis the formation of a possible dimer constituting
the mesophase.”” To further verify this hypothesis, the number of molecules by cell
unit (z) for complexes B, C, I and I1 has been estimated according to equation (1),%

pSa Seh

z = — ()

where p is the density of the liquid crystal phase, Na is Avogadro’s constant, S; is the
columnar cross-section area, h is the height of the columnar unit cell and M is the
molecular mass of the liquid crystal. S; can be easily calculated from the cell

parameters keeping in mind that its expression is dependent on the cell’s geometry
(Table 2.3).
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Tvoe Notation Space Scheme Cross Ne° diskoids in
yp Group section Cross section
ap
Columnar -
Hexagonal Col, pémm a _ Zaisk = 1
®
p2mm b, Zgisk =1
("'—\
c2mm b, —— Zgisk =2
a,
Columnar Q CB
Rectangular Col, p299 i)& Q Zisk = 2
“—N
b, | > D
p2mg dp C? Zgisk =4

Table 2.3. Lattice structures of hexagonal and rectangular columnar liquid crystals
with corresponding cross section area and number of diskoids Zg;sk (disk or ellipsoid)
in the cross section

The height of the columnar unit cell can be extracted from the PXRD pattern as
the mean distance given by the halo in the wide angle attributed to intracolumnar
stacking distance (h=hg). For the liquid crystal density some hypothesis have to be
made. It is customary to consider a standard density of 1 g cm™, a typical value for
most organic phases.”* However, for discotic liquid crystals, density values are
expected to be slightly higher. As an example, density values of ca. 1.1 g cm™ have
been reported for columnar hexaalkyloxytriphenylenes® and values up to 1.2 g cm™
were recently adopted for some potassium salts of columnar crown ethers.*® A higher
density than those encountered in common organic discotics is expected for
complexes A-C and I-I1, which contain a Pd(ll) metal centre. For this reason, a
density value of p=1.2 g cm™ has been chosen for all complexes. Under these
conditions, the unit cell of the Col, mesophase of complex B turns out to be
constituted of only one molecule. For complex A the number of molecules by cell
unit cannot be determined, due to the higher disorder of its mesophase, resulting in
the absence of the halo peak hg in the wide angle region of its PXRD pattern. For all
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Nile Red metallomesogens, complexes C, I-11, Col, mesophases have been obtained
with a number of molecules by a unit cell of Z=4. Considering the estimated
indexations of their PXRD patterns (Table 2.2) together with the extinction

82694 the space groups of the mesophases have been determined to be c2mm for

rules,
C and Il and p2gg for I. As evidenced in Table 2.3, for both these space groups the
number of diskoids present in the cross-section is Zgisk=2, which unequivocally
implies that each disk is formed by two molecules, forming a dimer-like discoid
since no molecules=Z/Zgi«=4/2=2. In order to gain a deeper insight into the possible
structure of these dimers, we have performed theoretical calculations on H(NR)
molecules by molecular mechanics (Chapter Ten). The energy-minimised
conformation of two drawn up H(NR) molecules converged to the geometrically
highly stable optimized structure of a dimer presenting a 6-hydrogen-bond network,
established between two side-by-side molecules placed in a head-to-tail arrangement,
which involves oxygen atoms and aromatic hydrogen atoms of the H(NR)
molecules, as well as hydrogen atoms of the amino-alkyl chains, as shown in Figure
2.12a. Consequently, the mesophases of the new complexes | and Il are constituted
of full-disk shaped dimer structures, as represented in Figure 2.12b. The formation of
this dimer structure can explain the high thermal stability of the Col, mesophase,
which is maintained over a wide temperature range, as well as its higher degree of
order when compared to the Col,, mesophases formed by complexes A and B (Table
2.2). Another important feature evidenced by the PXRD pattern is the higher order of
the columnar mesophase of complex | even at high temperatures, when compared
with the rather disordered mesophase displayed by complex 11, for which the
indexation of the PXRD pattern was only possible at room temperature, in a frozen
state. This drastic increment of disorder can easily be attributed to the additional
alkyl-chains on the NR fragment, which probably sterically hinder the z—= stacking
of adjacent disks that would promote a long-range order within the columns. It is
noteworthy that this steric hindrance does not prevent the formation of the highly

stable dimeric form of the complex through the hydrogen bonded network.
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Figure 2.12. a) Geometrically optimised structure of H(NR) dimer. Hydrogen bonds
are represented by dashed lines (from 2.33 to 2.37 A). b) Scheme of resulting
ellipsoid dimers 1V and V

2.4.3 Solution electrochemistry

Solution electrochemical data for complexes 1 and Il, obtained by cyclic
voltametry, are collected in Table 2.4, together with the data of parent complexes
(CAN)PA(BSC6), C™N =Az, Bq, Pp (Figure 2.3) for direct comparisons. Within the
(CM"N)Pd(BSCS6) series, it can easily be noticed that regardless of the nature of the
cyclometallated ligand (H(Az), H(Bq), H(Pp) or H(NR)), the HOMO energy value
Is maintained at ca. 5.4 eV. In contrast, the LUMO energy is highly dependent on the
cyclometallated ligand, varying from 2.6 to 3.6 eV. This observation is consistent
with the separation between HOMO and LUMO, the HOMO being localised onto the
Schiff base fragment while the LUMO is mainly localised onto the cyclometallated
fragment, as previously described and confirmed in the case of complexes
(Az)Pd(O”N), (Bg)Pd(O™N) and (Pp)Pd(O”N) by theoretical calculations.”
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Compound E* (V) E™ (V) Estimat Estimated
VS. VS. ed HOMO
Fc/Fc* Fc/Fc LUMO (eV)
(eV)
(AZ)Pd(BSCg)™ | -1.48 (Rev.) +0.78 (Irr.) -3.3 -5.6
(Bq)Pd(BSCe)”® | -2.23(Irr.) +0.57 (Irr.) -2.6 -5.4
(Pp)Pd(BSCe)™® | -2.43(Irr.) +0.61 (Irr.) -2.4 -54
(NR)PA(BSC¢) | -1.20 (Rev.) +0.60 (Irr.) -3.6 -54
I -1.20 (Rev.) +0.30 (Rev.) -3.6 -5.1
1 -1.20 (Rev.) +0.30 (Rev.) -3.6 -5.1
Rev.: reversible wave, Irr.: Irreversible wave

Table 2.4. Cyclic voltametry data. Potentials are given versus ferrocene/ferrocinium
(Fc/Fc™)

The incorporation of Nile Red as a cyclometallated ligand therefore seems to
maintain this separation. To check such experimental observation some theoretical
calculations have been performed on a model compound (Figure 2.13).

CeH13
HOMO (-5.074 eV)
a) b)

Figure 2.13. a) Molecular structure of the Nile Red model compound and b) HOMO
and LUMO computed at the MPW1PW91 level of approximation, with SDD
pseudopotential and basis set on Pd and and 6-31(d) basis set on the other atoms

LUMO (-2.548 eV)

The cyclic voltamograms of complexes | and Il are reported in Figure 2.14.
Both complexes show a one electron reduction wave and two consecutive one-
electron oxidation waves. Complexes I and 11 show an identical reduction potential

as their analogue (NR)Pd(BSC6) but present a lower oxidation potential which is
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slightly decreased (by ca. 300 mV). This suggests that the addition of supplementary
alkyl chains onto the Schiff base ligand allows a fine tuning of the HOMO energy
level, lowering it, while the introduction of alkyl chains through an ether linkage
onto the Nile Red fragment does not modify the LUMO energy. Furthermore, while
the first oxidation for complexes I and Il occurs at the same potential (+300 mV vs.
Fc/Fc™), the second oxidation for complex V occurs at a lower potential, reducing
the gap between the two oxidation waves (Ezox -E10x=300 mV for I, Exox-E10x=200
mV for I1). This oxidation behaviour suggests that the HOMO+1 might be localised
onto the NR fragment and that its energy is stabilised by the ether-linked alkyl
chains. It is noteworthy that all redox processes for complexes | and Il are fully

reversible, indicative of their high electrochemical stabilities.

ox
1>0 E2 1>0 Eox
0oX ox
s 1 + El
Fc/Fc Fc/Fc
) —
f_—i 0 <é 0
d red
1<0 E” 1<o0 ;
15 10 05 00 05 10 15 45 10 05 00 05 10 15
E (V) E (V)

Figure 2.14. Cyclic voltamograms of complexes | (a) and V (b) in the presence of
ca. 1eq. of Ferrocene as internal reference (Fc/Fc*)
Scan rate: 100 mV.s™, DCM, BusNPFs (0.1M)

2.4.4 UV/Vis spectroscopy and photoconduction

UV-Vis spectra of metallomesogens | and 11 were obtained in dichloromethane
solution, and data are reported in Table 2.5. The absorption properties of both
complexes | and 11 are spread on a wide wavelength window. In contrast to complex
C.* no emission was observed, and both complexes do not show the solvatochromic
properties of H(NR).%
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Complex Mnm (log €)

| 259 (3.79), 306 (3.45), 334*, 373*, 437 (3.01), 570*, 608
(3.59)

I 254 (3.81), 302*, 352 (3.39), 377*, 573*, 609 (3.44)

Table 2.5. Absorption maxima recorded in dichloromethane solution at room
temperature.

Both complexes | and Il, however, show photoconductive properties, i.e. an
increase in electrical conductivity when exposed to light. A typical current increase
under light irradiation is shown in Figure 2.15 for complex I, where the light was

turned on at t=2.5 s and turned off at t=17.5 s.
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Figure 2.15. Current measured on a sample of I exposed to light at A = 560 nm under
an applied electric field E = 23 V/um

Figure 2.16 shows the photoconductivity of complexes | and Il versus the
applied electric field E, normalized over the absorption coefficient o and the light
intensity I. For complex 11, it was not possible to acquire data with an applied field
higher than 7-8 VV/um because of dielectric breakdown at higher fields. It is clear that
the photoconductivity of | is about 1 order of magnitude higher than in Il. This
difference could be explained by considering that the stacking distance of I is shorter
than in 11 (3.85 A vs. 4.03 A). In addition, and perhaps more importantly, | exhibits a
higher long range order within the columns. It is well known that in discotic liquid
crystals both a long range order and a short stacking distance increase the z-orbitals
overlap between neighbouring molecules in the columns, favouring one-directional
charge transport. This can increase charge mobility and photoconductivity even by

several orders of magnitude.®’
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Figure 2.16. Photoconductivities normalized over the absorption coefficient € and
the light intensity | are reported for I and 1. The experiments were performed at
A=520 nm and 1=5 10 W/cm? for I and at A=633 nm and | = 2 W/cm? for 11, while
the absorption coefficients were 5213 cm™ for | and 112 cm™ for V. The inset shows
the photoconductivity of | normalized over light intensity only

The data reported in the inset of Figure 2.16 show that the o/l value for I is in
the order of 3.10% S cm W at 25 V/um, which is a very high value when compared
to the photoconductivity of other organic photoconductors,*® especially because this
result is obtained without addition of dopants and without any annealing process to
increase the order. This result represents a tremendous step forward in the
development of this class of photoconductors since in previously analysed
cyclopalladated complexes, at the same applied electric field, the o/l value was of the
order of 10™? S cm W™ for annealed cyclopalladated discotics (complexes A and
B),”® while it was of ca. 10° S cm W™ for crystalline samples of the (C*N)Pd(O”*N)
series reported in Figure 2.1 and of the order of 10** S cm W™ for amorphous

samples (Figure 2.17).”
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Figure 2.17. Comparison between photoconductivities measured for cyclopalladated
complexes A-B, I-11, (Bq)Pd(BSCs) and (Bq)Pd(BSCs)

From Figure 2.17 it is clearly seen that complex | presents the highest
photoconductive response of all until now studied cyclopalladated complexes.
Noteworthy, the photoconduction of | is even higher than those of crystalline samples
of (Bq)Pd(BSCs) or annealed discotics A and B. This should be the result of the high
order of the LC mesophase of I, which significantly increase the charge transport
properties.

The wavelength dependence of the normalized photocurrent and of the
absorption coefficient of complex 1 is reported in Figure 2.18. For photoconduction
measurements, a particular cell geometry (Chapter Ten) has been used, allowing the
observation of the photocurrent even for high values of absorption coefficients and for
wavelengths well below the absorption limit of the ITO covered glass substrates. The
observed photocurrent is proportional to the absorption of the material. In particular, it
is noteworthy that how even a little decrease in the absorption between 300 nm and 330
nm results in a corresponding decrease in the photocurrent. Such behaviour was also
observed for complex Il. These new complexes show, therefore, photoconductive

properties on a quite wide range of wavelength from below 200 nm up to 800 nm.
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Figure 2.18. Normalized photocurrent and absorption, measured on film, versus the
wavelength for compound I. Photoconducvity measurements were performed with an
applied field E = 16 V/um

Photoconductivity was also measured as a function of the intensity of light. As
shown in Figure 2.19, it can clearly be deduced that the photocurrent varies with the
square root of the light intensity. This can be explained by assuming that the carrier

kinetics is controlled by a bi-molecular recombination process.*
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Figure 2.19. Photocurrent versus light intensity for 1. Measurements were performed
at A=520 nm with an applied field E = 16 V/um

The extended absorption window coupled with their photoconductive properties
render such Nile Red metallomesogens potential candidates for many optoelectronic
applications, particularly in photovoltaics where such features are important, a field
in which organic discotics have recently proven to boost the power conversion
efficiencies of devices.*®
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2.5 Cationic cyclopalladated Nile Red metallomesogens

Taking advantage from the well known chemistry of the cyclopalladated

compounds,*®

and in order to study the possible effects of charges and the presence
of the counter anions onto the supramolecular organisation, we have synthesised
cationic cyclopalladated complexes of comparable structure with those already
described in this Chapter. Two differently polyalkylated 2,2’-bipyridines H(Cp -
bpy) were used as ancillary ligands to afford complexes 111 and IV of general
formula: [NRPd(C,mbpy)]'[OTf]” where C,n, represents the number and the length
of the substituted alkyl chains as illustrated in Scheme 2.4 (for complex 11l: n=2, m

= 9; for complex IV:n=6, m=12).

L
/[; R
/N\ p/‘\ i) _N ii) (6] I N
‘ Pd — \Pd’C| — AN NF OTf-
o 2 > iii) Pd_
° aele
N R

1 1"
IIl:R= C9H19
(6]
OCqoH
IV:R= o 12725
OCyoH25
OCyoHs

Scheme 2.4. Reagents and conditions:
i) LiCl, ethanol/water, r.t., 5 d.; ii) AQCF3SOs3, acetone, reflux, 2h, r.t., 12h;
1) H(C,, m-bpy), acetone, reflux for 6h., r.t. for 12 h.

While H(C,q-bpy) is commercially available, H(Cg12-bpy) was synthesised
following the previously reported procedure.’® Complexes 11l and IV were
synthesised from the previously obtained acetato-bridge dimer 1 (Scheme 2.4) which
was engaged in a metathesis reaction in excess of lithium chloride in ethanol/water to
afford in quantitative yield the corresponding chloro-bridge dimer intermediate 1.

Bridge splitting reaction of 1~ with the formation of the new ionic species were
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effectuated in acetone solution in the presence of quantitative amount of silver
triflate, followed by addition of the corresponding H(C,, m-bpy) 2,2’-bipyridine ligand
after filtration of the silver chloride precipitate.

Both complexes Il and IV were obtained as intense dark blue waxy solids,
highly soluble in most organic solvents. IR spectra shown the characteristic
stretching bands of the triflate (OTf) ion observed at 1257, 1030 and 638 cm™* as
well as the intense stretching band at 1635 cm™* characteristic of NR fragment
carbonyl group. The intensity of the dark colour of both complexes and the high
viscosity of the samples prevented a constructive observation through POM
microscopy and lead to a high difficulty in the phase transition temperature
determination. Nonetheless, on the basis of the increased fluidity observed during
heating, a melting temperature of ca. 180 °C and ca. 160 °C for complexes Il and IV
respectively can be attributed. The thermal behaviour of these complexes was
investigated by thermogravimetric analysis (TGA) showing that both complexes are
stable up to ca. 200 °C. Differential scanning calorimetry (DSC) runed at 5 °C/min
and 2 °C/min scan rates did not present for both complexes any visible thermal
transitions indicating a complete amorphous/glassy state. However, under PXRD
analysis, while complex Il1 showed the typical broad patterns of a glassy state
morphology independently on the temperature/time chosen, complex IV upon
annealing from the melt (160 °C) at 100 °C for 24 h and further 5 h at 50 °C
presented a PXRD pattern characteristic of a columnar organization, which
indexation is reported in Table 2.6.

T(°C) obs hk dereg Mesophase and cell
(A) (Z\) parameters
50 °C 36.48 20 36.48 Col,
21.22 11 21.22 a=72.96 A
After annealing at100 18.94 21 18.95 b=22.18 A
°C for 24 h and at 50 16.67 31 16.39
°C for 5h 4.46 hen

Table 2.6. Detailed indexation of the PXRD spectra of complex 1V obtained by
annealing from the melt (160 °C) for 24 h at 100 °C followed by 5 h at 50 °C
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As for its parent neutral complexes | and 11, the high cell parameter obtained for
complex IV (a = 72.96 A) is indicative of the presence of a similar dimeric
association of molecules, leading to a full disk-shape like structure. The long time
required for the development of the columnar texture of complex IV and the low
resolution of its PXRD spectrum (in terms of peak numbers and intensity) compared
with the PXRD spectrum obtained for complex 1V is indicative of a higher disorder.
This latter could be easily attributed to both the presence of the triflate counter ion as
well as the electrostatic repulsions that seem to hinder the stacking efficiency within
the columns more than the formation of the hydrogen bonding network within the
dimer. The lower number of alkyl chains results in absence of thermotropic
behaviour for complex Il which remains in its glassy state until its thermal
decomposition at ca. 200 °C. Unfortunately for both complexes, light emission was
not observed in solution nor in the solid state most likely due to the quenching of the
2,2’-bipyridine ancillary ligands by electronic effects.

2.6 Using Nile Red as an ancillary ligand in a cyclopalladated complex
2.6.1 Synthesis

In the attempt to further study the chemistry and the interesting electrochemical
properties of the Nile Red cyclopalladated compounds, a new complex bearing a
hydroxy Nile Red derivative as ancillary ligand was synthesized (Scheme 2.3). The
coordination sphere of the Nile Red cyclopalladated complex V is completed by a 1-
hydroxy Nile Red derivative, H(NR)? acting as an H(O”*N) Schiff base, which was
obtained following the same procedure described earlier in this Chapter (section
2.2.1), by reaction of the mixture 3ab (Scheme 2.2) with 15-

dihydroxynaphtalene ®®#
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Scheme 2.3. Synthesis of complex V. Experimental conditions: i) HCI, H,0, 0-5 °C,
4h; ii) BuLi, dry THF, -78 °C, 15 min.; iii) 1, dry THF, r.t., overnight

As reported in literature,’® H(NR)? forms a hydrogen bond between the acidic
proton and the electron donating pyridinic nitrogen atom which prevents the
deprotonation in normal reaction conditions (Figure 2.20) and require more drastic

conditions i.e. anhydrous solvent and strong base.
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Figure 2.20. Intramolecular hydrogen bond induced tautomeric forms of H(NR)?**
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In fact, the attempts to deprotonate H(NR)? with common protic bases like
NaOH and NaOCHg; resulted unsuccessful due to the instability of its conjugated
anion which tends to rapid capture protons from the environment. Therefore, the
deprotonation of H(NR)? was directly in situ under rough conditions (buthyl lithium,
dry tetrahydrofuran). A novel cyclopalladated complex was thus obtained by adding,
to the preformed lithium salt, the Nile Red acetato bridged dimer 1 (Scheme 2.3).
This is the first example of using a Nile Red derivative as an ancillary ligand. The
complex was characterised by *H NMR, FT IR, UV-vis, elemental analysis (Chapter

Ten) and electrochemistry.
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2.6.2 Solution electrochemistry

Solution electrochemical data was obtained for complex V by cyclic voltametry
and the cyclic voltamogram (comprising the oxidation of the internal standard
couple Fc/Fc™) is presented in Figure 2.21. The redox behaviour of complex V is
very similar to the ones reported for the parent complexes | and 11 (Figure 2.17). The
data relative to complex V is reported in Table 2.6, together with the data of the
already discussed complexes | and Il for direct comparisons. Two one-electron
reversible oxidations occur for V, the first reasonably attributed to the ancillary O*N
Nile Red derivative, while the second is presumably attributed, taking into account
the already observed redox behaviour of I and 11, to the cyclometallated Nile Red
fragment. The reduction behaviour of complexes I, 11 and V is identical and accounts
for a reversible one-electron reduction wave attributed to the reduction of the
cyclometallated Nile Red fragment. It is noteworthy that the oxidation of the
ancillary Nile Red ligand occurs at nearly the same potential as the Schiff base in I
and 11 (Eo""=0.36 mV vs. Fc/Fc* with respect to Eq=0.3 mV vs. Fc/Fc*). The
frontier orbitals HOMO/LUMO separation must be consequently maintained as in
the parent complexes,’® with the LUMO level located on the cyclometallated ligand,
while the HOMO is prevalently situated on the ancillary Nile Red fragment. The
HOMO+1 level seems to be associated with the cyclometallated molecular fragment,
as in I and Il (Section 2.2.3). The HOMO and LUMO estimated positions remain
practically unchanged with respect with IV and V (Table 2.6).

l>0_

I (1A)

. . — . .
45 4.0 05 0.0 05 1.0 15
E(V)

Figure 2.21. Cyclic voltamogram of V. Fc/Fc' is used as an internal standard
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Estimated Estimated
No. E™ (V) E%, (V) E%, (V) LUMO HOMO
vs. Fc/Fc* vs. Fc/Fc vs. Fc/Fc (eV) (eV)
I | -1.20 (Rev.) +0.30 (Rev.) +0.60 (Rev.) 36 5.1
Il | -1.20 (Rev.) +0.30 (Rev.) +0.55 (Rev.) 36 5.1
V | -1.23 (Rev) +0.36 (Rev.) +0.56 (Rev.) 35 5.2

Rev.=Reversible wave, Irr.=Irreversible wave

Table 2.6. Cyclic voltametry data. Potentials are given versus ferrocene/ferrocinium
(Fc/Fc™)

2.6.3 UV/Vis spectroscopy

UV-Vis spectra of complex V was obtained in dichloromethane solution, and
data is reported in Table 2.7. The absorption properties of complex V are very
similar with I and Il and is spread over a wide wavelength window. As in the case

of I and 11, no emission nor any solvatochromism behaviour were observed.

Complex AM/nm (log €)
\Y 261 (3.78), 310 (3.50), 333*, 374*, 438 (3.02), 575*, 609 (3.49)

Table 2.5. Absorption maxima recorded in dichloromethane solution at room
temperature.

2.6.4 Photoconduction

In complex V, as suggested by the electrochemistry characterization, the
HOMO/LUMO separation is reasonably maintained. This indicates, taking into
account the results obtained for similar compounds, that complex V may behave as a
photoconductor. In order to further investigate the properties of this novel Nile Red

complex, photoconductivity measurements are in progress.
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2.7 Conclusions

Through the synthesis of complexes I-V, we have shown the possibility of using
Nile Red both as a cyclometallated and as an ancillary ligand obtaining either neutral
or cationic cyclopalladated complexes. When an O”N fragment (Schiff base or Nile
Red derivative) is used as ancillary ligands, neutral complexes I, Il and V are
obtained.

Two of the neutral complexes, bearing an alkyl chain substituted Schiff base
exhibit a columnar rectangular mesophase in a wide temperature range were, while
complex V represents the first example of using a monoanionic Nile Red derivative
as an ancillary ligand. The mesophases were obtained by the self-assembly of
ellipsoidal dimeric pairs kept together by a hydrogen bonding network. This
particular dimer interaction lends a high stability to the mesophase and, in the case of
complex 1, also a high order. The additional introduction of alkyl chains onto the
Nile Red fragment (complex I1) does not prevent the formation of these dimeric pairs
but dramatically increases the columnar disorder by steric hindrance. All the three
complexes have shown an amphoteric similar redox behaviour with fully reversible
oxidation and reduction processes, showing their high electrochemical stabilities.
Through the electrochemical estimation of the energy levels of their frontier orbitals,
we have shown that HOMO and LUMO are physically separated by the Pd(Il) metal
centre, the HOMO being mainly distributed onto the ancillary ligand regardless of
the fact of being a Schiff base or a Nile Red derivative, while the LUMO is mainly
localized onto the cyclometallated Nile Red fragment. A band-gap of ca. 1.5 eV
imparts to these complexes a wide range window of absorption from the UV-Vis up
to the near IR region, while the HOMO/LUMO physical separation probably
originates the excellent photoconduction properties of 1 and II. Indeed,
photoconductivity measurements, performed with a cell geometry that allows the
observation of photocurrent even at low wavelengths, have been performed on I and
I1. These measurements have shown the correlation between the absorption of the
complexes and its photocurrent, with normalized photocurrent values reaching 3.10°
S cm W at an applied electric field E = 25 V/um. The photoconductivity behaviour
of V is still to be investigated, in order to better elucidate the role of the ancillary

ligand. All together, the features displayed by these new complexes constitute highly
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significant improvements towards the use of such complexes in optoelectronic
devices.

Furthermore, cationic cyclopalladated complexes 111 and 1V have been obtained
presenting, in the case of 12 alkyl chains, a disordered columnar liquid crystal
organisation. As a result of the structural similarities between metallomesogens | and
IV, it has been possible to observe the influence of charges onto the columnar
supramolecular organisation of the mesophase. Electrostatic interactions generated
by the ionic nature of complex 1V do not prevent the formation of the dimers that
constitute the building blocks of the mesophase, but increase the intracolumnar

disorder, hindering the mesophase induction upon cooling.
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Chapter Three

Electropolymerizable Nile Red cyclopalladated complexes
for bulk heterojunction solar cell application

3.1 Introduction

As previously discussed in Chapter 1, polymers have often been used in bulk
heterojunction solar cells, reaching efficiencies up to 8%,%* while low molecular weight
donors based heterojunction cells reached only very recently an efficiency of 7.3%.'%
The higher interest showed so far for polymer solar cells with respect to low molecular
weigh devices is probably due to the higher charge mobilities presented by most
polymeric materials and to the higher versatility for controlling their morphology in
devices (choice of solvents, annealing temperature, concentration of the components in
the absorbing solution).®® Nevertheless, despite of their high performances, polymers
present some drawbacks related to the high molecular weight dispersity, the batch to
batch reproducibility etc.2® On the contrary, low molecular weight donors do not show
the same problems since they are high purity materials with well defined molecular
structures, definite molecular weights and recently demonstrated high charge carrier
mobility.*%’

The recently used low molecular weight donor in bulk heterojunction solar cells
are: i) electron donating containing fragments or ii) conjugated dyes derivatives. Among
the first category, triarylamine derivatives, showing strong electron donating and good
hole transport properties (A,**® B'® in Figure 3.1) and sulphur containing electron
donating heterocycles such as oligothiophenes, fused thiophenes or benzo[1,2-
4b,5b’|dithiophene (C,*° D) have been successfully used in solar cells. Dyes like
porphyrins, with theirs extensively conjugated = system inducing fast electron transport,
high absorption properties and tuneable photochemical properties have been
functionalized (E**?) and used in bulk heterojunction solar cells, so as squaraine dyes,

especially 2,4-bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl] squaraine (F'*3

) or
merocyamine (G''%). These donor low molecular materials have been used with

fullerene C;o, PCs:BM or PC;1BM as acceptors.
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Figure 3.1. Low molecular weight donors used in bulk heterojunction solar cells®"
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In the synthesis of low molecular weight donors in bulk heterojunction solar
cells, in order to further improve efficiencies, several parameters need to be considered:
i) electron donating/withdrawing abilities of the molecular fragments, ii) frontier
orbitals energy levels, iii) molecular material charge mobility, iv) molecular self
assemble behaviour and dipole-dipole interactions.?”

Another versatile alternative to organic polymers in solar cells is represented by
metal containing polymers.™ The introduction of transition metal ions into conjugated
polymers offers strength points as: i) the central metal ion can act as architectural
template in the assembly of the organic subunits; ii) they may provide redox-active or
paramagnetic centres to generate active species for charge transport and may influence
the optoelectronical properties of conjugated systems; iii) they allow fine tuning of
HOMO/LUMO energies (affording values compatible with those of the electrodes used
in the fabrication of devices) through the interaction of the metal d orbitals with the
ligand orbitals; iv) provide a wide variety of possible frameworks based on different
coordination numbers and molecular geometries. Moreover, due to spin-orbit coupling,
efficient intersystem crossing is verified in such organometallic species, leading to the
formation of longer lifetime triplet excitons allowing longer diffusion length.**> Among
these, polyplatinynes''® and Zn(porphyrin)-ditiophene polymers with acetylene

linkage'!” have demonstrated their efficiency (Figure 3.2).

Figure 3.2. Zn(porphyrin)-dithienothiophene polymer
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However, whether polymeric or low molecular weight materials are used, the
performance of bulk heterojunction solar cells depends mainly on the same factors: light
absorption, exciton diffusion, efficiency of exciton dissociation at the heterojunction
and charge mobility.

In this context, considering the good absorption properties of Nile Red
cyclopalladated complexes, the separation HOMO/LUMO which induces high
photogeneration and their photoconduction properties, the scope of this project is to test
a cyclopalladated Nile Red complex as a low molecular weight donor in a bulk

heterojunction solar cell.

3.2 Testing a Nile Red cyclopalladated photoconductor in a bulk heterojunction
solar cell

We present herein the results obtained on a bulk heterojunction cell formed by
PCs1BM and a cyclopalladated Nile Red complex (Scheme 3.1). This compound
belongs to the new class of photoconductors presented in Chapter 2 and has been
chosen as a representative model to test the feasibility of using such photoconducting
low molecular materials in bulk heterojunction solar cells. The work has been also
aimed at establishing the possible improvement in exciton dissociation that can be
achieved if the materials used are intrinsic photogenerators.

The photoconducting properties of this complex make it a good candidate for

testing the effect of intrinsic charge photogeneration on exciton dissociation.
3.2.1 Synthesis
The cyclopalladated complex VI was synthesised through the two steps
procedure which involves the formation, by reaction of Nile Red with Pd(OAc),, of the

acetato-bridged dimer 1,% followed by its rupture upon addition of the Schiff base

ligand, as illustrated in Scheme 3.1.
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Scheme 3.1. Reagents and conditions: i) Pd(OAC),, acetic acid, 55 °C, 4h; ii) H(O~N)?,
ethanol, reflux, 2d.

The required Schiff base H(O"N)? was quantitatively obtained by condensation
of 4-dodecylaniline with 4,5-bis(dodecyloxy)-2-hydroxybenzaldehyde in refluxed

ethanol, following previously reported procedures.™
3.2.2 Electrochemistry
The cyclic voltametry of complex VI is reported in Figure 3.3 and presents the
typical redox behaviour observed for cyclopalladated complexes with a cyclometallated

Nile Red ligand and an ancillary Schiff base with the LUMO situated on the
cyclometallated fragment and the HOMO onto the Schiff base ligand.
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A reversible one-electron oxidation attributed to the Schiff base and a reversible
one-electron reduction of the Nile Red fragment are observed. The redox potentials vs.
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Figure 3.3. Cyclic voltametry of complex VI

Fc/Fc' as well as the estimated HOMO and LUMO energies are listed in Table 3.1.

Complex No.

EredNR (V)a

onl(V)a

HOMO (eV)

LUMO (eV)

\4

119 (R)

+0.33 (R)

-5.13

-3.61

2 Potentials expressed in volts vs. Fc/Fc'; R=reversible

Table 3.1. Cyclic voltametry data relative to complex VI

Complex VI was chosen not only for the separation HOMO/LUMO, but also
because it exhibits an extended absorption range, from 250 nm up to A ~650 nm, which

is desirable for photovoltaic applications. In addition, the presence of long alkyl chains

3.2.3 Bulk heterojunction cell

improves processability during spin coating.

As in the case of other complexes of the same class, complex VI is also a
photoconductor. Photoconductivity measurements were carried out both on pure VI and
on samples doped with less than 1% of Cgo. As it is evident from the results illustrated
in Figure 3.4, the photoconductivity increases by two orders of magnitude in the
presence of Cgo, Without a measurable increase in absorption. Since Cgg is a well known

electron acceptor, such increase in photoconductivity shows that i) there is a significant

64




electron transfer from the excited state of VI to Cg and ii) complex VI is a hole
conductor, as already known for the other complexes of the class (CN)Pd(O”N)
(Chapter 2).

] With
1E-0. ith Ceo
] " -
_1E-10{ ="
|E .
] 1E-11 .
b ]
1E-12] .
E| L]
] L ]
1E-13,
0 10 20 30 40
Applied electric field (V/um)

Figure 3.4. Photoconductivity of pure complex VI and of complex VI doped with Cg
as a function of the applied electric field. The measurements were carried out at A=633
nm, with a light intensity of 1=0.65 W/cm?

On the basis of these observations, the use of VI in bulk heterojunction solar
devices, in combination with soluble derivatives of Cg, seemed possible. VI was also
chosen for its potential compatibility (see HOMO/LUMO values in Table 3.1) with the
energy levels of the components of a typical bulk heterojunction cell (Figure 3.5) The
most common soluble commercial Cso compound that plays the role of acceptor in bulk
heterojunction cells is PCs;BM, which was used, in combination with VI, to obtain
photovoltaic cells, as described in Chapter Ten. The chemical structure of PC¢BM is
shown in Figure 3.5, together with a schematic diagram of the energy level alignment of
frontier orbitals for the donor VI, the acceptor (PCe:BM), the PEDOT:PSS hole

injection layer and the work functions of the electrodes within the cells.
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Figure 3.5. Schematic illustration of the energy levels alignment of the materials used
in the device. The chemical structure of PCs;BM is also shown

It is well known that in bulk heterojunction solar cells, performance is strongly
affected by the morphology of the interpenetrating phases, which, in turn, depends on
both the solvent and the molar ratio of the active components (acceptor/donator).*®
Bulk heterojunction cells were prepared as mentioned in Chapter Ten by using different
solvents, such as dichloromethane, chloroform and chlorobenzene. The best performing
solvent was chlorobenzene and only results obtained by using such solvent will be
illustrated in the following. Typical J-V curves in the dark and under illumination are

shown in Figure 3.6 for a VI:PCgsBM weight ratio of 1:4, which gave the best results.

®  No llumination
e 100 mW/cm? llumination

J (mA/cm?)

T T T T T T T T T T T T T
-15 -1.0 -0.5 0.0 0.5 1.0 15

Voltage (volts)

Figure 3.6. Typical J-V curves for the VI:PCs;BM system with a 1:4 weight ratio,
under 100 mW/cm? light illumination (AM 1.5) and in the dark
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From the J/V curves it is possible to extract the efficiency of devices. The power
conversion efficiency 7 is defined by:

Where 1 is light intensity, Js is the measured short circuit current density, Vo is
the open circuit voltage and FF is the fill factor. FF is defined considering the maximum

power Pmax (obtained from characteristic curves) as:

The external quantum efficiency (EQE) is defined by the ratio between the
number of charges N. extracted at the electrode and the total number of photons Nyn

incident on the device at a particular wavelength as:

In the experiment, the EQE(Z) was obtained by first measuring the photocurrent
density of a calibrated Si photodiode Jsij and then the photocurrent density of the device

Jo. EQE was calculated as:

where QEs; is the quantum efficiency of the calibrated Si photodiode. The internal

quantum efficiency IQE was obtained as:

where a is the extinction coefficient of a device of thickness d.

The various parameters of the devices with different compositions are
summarized in Table 3.1. With a 1:1 composition, cells were shorted and it was not
possible to perform measurements. It is evident from Table 3.2 that as the concentration
of PC¢BM is increased Js increases, which is the main reason leading to a higher
efficiency, whereas all the other parameters remains almost constant and independent
from composition. However, when the content of complex VI becomes too low (1:5
composition) the efficiency decreases.
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VI:PCs BM Jsc Ve Efficiency Fill Factor
Weight ratio (mA/cm?) (Volts) n
1:2 0.017 0.24 0.001 0.25
1:3 0.035 0.34 0.003 0.26
1:4 0.195 0.30 0.014 0.24
1:5 0.06 0.35 0.005 0.25

Table 3.2. Typical parameters of devices at different compositions of the active layer

An explanation for the improved performance at higher PC¢BM concentration
can be found by considering the atomic force microscopy (AFM) images obtained in the
phase mode and shown in Figure 3.7.

(b)

34V

32V

30V

10V

S5V

oV

Figure 3.7. AFM phase images of the VI:PCg BM active blend with weight ratios 1:1
(@), 1:2 (b), 1:3 (c) and 1:4 (d)
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For a 1:1 composition, large patches of the two phases with dimensions of
several hundred nanometers can be observed. As the PCgBM concentration is
increased, the morphology evolves towards an interpenetrated network, with typical
dimensions of the domains ~25 nm for the 1:3 composition and ~10 nm for the 1:4
composition. A better performance in bulk heterojunction cells with well connected
domains in this size range is expected, because it induces a higher current
photogeneration and reduces the series resistance.”™® However, even for the best
samples, efficiency is rather low, by roughly two orders of magnitude when compared
to the best performing materials in bulk heterojunction soar cells.*®® One of the possible
reasons for this low performance can be found in the difficulty in obtaining a good
morphology of the interpenetrating phases in the bulk heterojunction devices, which is
typical in devices using low molecular materials.

Thermal annealing, often used in order to improve morphology,’** was also
performed on our samples, at 70 °C and 120 °C, but it did not lead to an improvement of
the efficiency, that actually decreased, indicating that the morphology of the active layer
becomes worse after thermal treatments.

Despite the low performance, a deeper level of analysis of the data can be
interesting in assessing the importance of using a photoconducting component in
organic photovoltaic devices. The external and internal quantum efficiencies of a device

with a 1:4 composition is shown in Figure 3.8.
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Figure 3.8. a) Wavelength dependence of external quantum efficiency and absorption

in a film of VI:PCg;BM with a 1:4 composition; b) Internal quantum efficiency of the
same film

As expected, EQE follows absorption rather well, except for a shift of the
efficiency towards higher wavelengths, but what is more revealing is the wavelength
dependence of IQE. It is evident that at higher wavelengths, where the contribution of
VI to absorption is higher, higher values of IQE are observed. There is a monotonic
decrease of IQE throughout the visible region (data below 750 nm, where the absorption
of the devices is very low, are greatly affected by error and are not shown). In other
words, light absorbed at higher wavelengths is more effective in generating
photocurrent. Although IQE dependences on wavelength reported in the literature are
never flat, in this case the behaviour is rather unusual, with IQE varying by a factor 6
between 2 ~400 nm and A ~750 nm. In order to rationalize this observation it is
necessary to consider the relative contribution to light absorption of the two components

of the active layer, as shown in Figure 3.9.
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Figure 3.9. Absorption in solution of complex VI and of PCsBM

Complex VI exhibits an absorption maximum at A~600 nm, with an absorption
edge at A~700 nm and residual absorption up to A~800 nm. Absorption decreases at
wavelengths below A~600 nm, but not dramatically. PCsBM instead shows very little
light absorption at high wavelengths, with an extinction coefficient almost
monotonically increasing as the wavelength decreases. Simplifying, and considering
that PCs;BM is much more abundant in the films, we can say that at high wavelengths
the contribution to absorption is due mainly to complex VI and, as the wavelength is
decreased, the contribution of PCsBM becomes more and more important. The IQE
curve is roughly shaped like the mirror image of the absorption curve for PCgBM.

It is clear from the wavelength dependence of quantum efficiency that light
absorption by complex VI leads to a much higher photon-to-collected-charge
conversion than absorption by PCs;BM. The comparison between experiments carried
out with different relative concentrations of the components do not show a decrease of
the effect when the size of the domains decreases, ruling out the hypothesis that the
different performance of the two components could be due to different exciton diffusion
lengths of the two materials. Similarly, the contribution of “hot excitons”,"?? can be
excluded, as the higher conversions are obtained for higher wavelengths. Results can
instead be explained by considering the intrinsic photogeneration properties of complex
V1. The tendency of VI towards charge photogeneration even in the bulk, could be the
explanation for the easy charge transfer to PCg;BM, when compared to other donors. In
contrast, absorption by PC¢BM is less efficient. In addition, given the fact that complex
V1 is an intrinsic photoconductor, a contribution to charge photogeneration far from the

interface could also be important. In other words, the thickness of the interface which is
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relevant for exciton dissociation might not be reduced to a single layer of molecules
when the exciton is produced in the complex V1 side of the heterojunction.

Further studies are needed in order to better understand the process and to clarify
the underlying mechanisms. However, the data presented clearly show an unusual
behaviour that, at least in the case of the compounds studied, indicates that the use of a
photoconductor as a component of exciton solar cells can dramatically affect exciton

dissociation efficiency.

3.3 Towards high quality photoconductive thin films

Even though the efficiency of the bulk heterojunction cell obtained with the Nile
Red cyclopalladated complex was very scarce, the advantages of using an intrinsic
photoconductor have emerged. It seems to us opportune at this point to investigate the
formation and properties of high quality photoconductive thin films of cyclometallated
complexes.

Thin films exhibiting high photoconductivity that are fabricated through the
electropolymerization of electroactive monomers are potential alternative to the use of
low molecular weight materials for efficient devices. The use of electrogenerated films
allows high purity, fine control of the film thickness which is a determining issue in the
fabrication of the active layers in devices. Electropolymerized films have been obtained
using specific functions like triphenylamine or carbazole moieties.'?

In particular, the efficient electron donating properties of triphenylamine and its
capacity to electropolymerize have been investigated in the fabrication of
electrochemical devices.”* In the study of Huang et al.,**® triphenylamine (TPA)
moieties, through their strong electron donating ability, introduced into zinc porphyrins
have the effect of modulating their electronic properties.  Under oxidation,
triphenylamine (TPA) forms an unstable radical monocation TPA** which undergoes a
dimerisation process associated with the loss of two protons, to form
tetraphenylbenzidine (TPB) (Figure 3.10). Since TPB is easier to oxidize than TPA,?
upon further cycling potentials scans TPB undergoes subsequent oxidations at lower
potential. This occurs as a two step process: 1) radical monocation TPB** formation; 2)

dication TPB?* formation.'?’
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Figure 3.10. Mechanism of the dimerisation process of TPA

Usually, the TPA dimerisation reaction doesn’t extend to polymerization due to
the high stability of the radical cation TPB**. Nevertheless, it has been shown that the
introduction, in para position with respect to the nitrogen atom of TPA, of an electron
deficient group such as 1,3,4-oxadiazole (Figure 3.11) prevents the dimerisation process
of TPA*" by reducing the electron delocalisation and therefore favouring the

polymerisation process.*?

Figure 3.11. Molecular structure of a substituted electropolymerizable triphenylamine
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Taking into account that for our developed photoconductive cyclometallated
complexes (Chapter 2) the HOMO energy level is mainly localized onto the ancillary
ligand, the grafting of a triphenylamine fragment onto the Schiff base should have a
two-fold purpose:

1) introducing an electron donor fragment onto the Schiff base ancillary ligand to further
separate the photogenerated charges within the excited state, hence boosting the

photogeneration efficiency, '

hy q
-5 — Y~

Figure 3.12 Advantages of a donor fragment onto the Schiff base ancillary ligand

i) allowing the possible electropolymerization of the resulting complex. The advantages
of having a photoconductive polymeric network include:

- the increased stability of the amorphous state of the photoconductive material thanks
to the formation of a cross-linked polymer;

- an enhanced mobility of the photogenerated charges along the polymeric chains;

- the possibility to obtain high quality ultra-thin films for using as modified electrodes

in optoelectronic devices.

Figure 3.13. A possible electropolymerizable Schiff base

74



3.3.1 Synthesis

Two new Nile Red cyclopalladated complexes (Figure 3.14) were synthesised in

this work. Both VII and VIII are cyclopalladated Nile Red complexes with a Schiff

base ligand (Scheme 3.2). While VII bears a triphenylamine electropolymerizable
fragment grafted on the Schiff base, the model complex VII differs from VIII by

substitution of the triphenylamine fragment by a simple alkyl chain.

Figure 3.14. Molecular structure of the complexes VII and VIII
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Scheme 3.2. Reagents and conditions: i) Pd(PPhg), cat., Na,COj3 (2M), ethanol/toluene,
36 h, Ny, ii) NaBHj4, NiCl,, methanol/dichloromethane, overnight, iii) ethanol, reflux,

3h.
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The synthesis of complexes V11 and V111 was achieved following the previously
described procedure (Chapter 2). Direct cleavage of the acetato-bridged dimer 1
(Scheme 3.3) with the Schiff base afforded complex VIII in very scarce yield.
Moreover, difficulties in the purification of VIII have been encountered. The synthetic
strategy has been hence modified and through a methatetical reaction with NaOH, the
acetato bridge was substituted with a hydroxy bridge, leading to the formation, here
reported for the first time, of a more reactive dimeric Nile Red cyclopalladated
intermediate 1°°°. In fact, as reported by Serrano et al.,**® cyclometallated hydroxy-
bridged complexes show enhanced reactivity with respect to their corresponding
acetato-bridged complexes in reactions involving deprotonation of ancillary ligands,
such as Schiff bases. In these reactions, elimination of a water molecule represents the
driving force for the formation of the final complex. Indeed, this was the case for the
hydroxy-bridged Nile Red derivative which showed increased reactivity towards
cleavage and complexation with Schiff bases H(O”N)? and H(O”~N)*. Final complexes
VIl and VIII were obtained in good yield and high purity. Intermediate 1°>* and
complexes VII and VIII were fully characterised via *H NMR, FT IR and elemental
analysis (Chapter Ten).
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H(O™N)*: R = CgHy3

Scheme 3.3. Reaction conditions for the synthesis of complexes 1 and 2: i) NaOH,
water/acetone, r.t., 24h: ii) for VII: H(O”N)?, dichloromethane/ethanol, r.t., 7d., for
V11: H(O~N)*, dichloromethane/ethanol, r.t., 5d.
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3.3.2 Structural characterization

Crystals of complex VIII were obtained from dichloromethane/n-hexane. The
structure obtained by X-ray diffraction is shown in Figure 3.15, while bond lengths and
angles are listed in Chapter Ten. VIII crystallizes in a monoclinic system, P2(1)/c space

group.

Figure 3.15. Molecular structure of complex V111

As in the case of complexes | and Il (Chapter 2), dimers are formed by
hydrogen bonds between two complexes. The resulting unit cell contains four molecules
(Figure 3.16).
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Figure 3.16. Unit cell composed of four molecules of VIII

A striking feature is the supramolecular architecture of the crystalline state of
V111 which is governed by the formation of dimeric forms of complexes (Figure 3.16).
These dimers are formed by the head to tail disposition of the Nile Red fragments of
two adjacent molecules strongly interacting through a 4 hydrogen-bonds network
identical to the network observed in complexes | and 11 (Chapter 2) and responsible for
the discoidal organization of these metallomesogens. Noteworthy, the presence of the
sterically hindered triphenyl fragment do not prevent the formation of the dimeric form.
Instead, the triphenylamine moieties are disposed in such a way to create a
unidirectional chain as shown in Figure 3.17.
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Figure 3.17. Crystalline packing of complex V111 showing the unidirectional chain
formed by the triphenylamine moieties

3.3.3 Electrochemistry

The redox behaviours of the two compounds are typical for cyclopalladated

complexes with a cyclometallated Nile Red ligand and an ancillary Schiff base with the
LUMO situated on the cyclometallated fragment and the HOMO onto the Schiff base

ligand. Figure 3.14 shows the cyclic voltamograms of VII and VIII. The redox

potentials vs. Fc/Fc™ as well as the estimated HOMO and LUMO energies are collated

in Table 3.3.
Complex E"\r (V)P | E%y(V)? E™, (V)? HOMO (eV) LUMO
No. (eV)
Vil -1.27 (QR) +0.37 () / -5.3 -3.7
VI -1.23 (QR) | +0.34 (R) +0.54 (R) 5.1 -3.6

% Potentials expressed in volts vs. Fc/Fc'; R=reversible, QR=quasi reversible, I=irreversible

Table 3.3. Cyclic voltametry data relative to complexes VII and V111
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The reduction behaviours of VII and VIII are identical, with one quasi-
reversible reduction (at ca. -1.2 V vs. Fc/Fc¢*) typical of the Nile Red fragment of
cyclopalladated complexes (NR)Pd(O”N) (Chapter 2). On the contrary, in oxidation
the two complexes present rather different behaviours. The model complex VII is
characterised by an irreversible oxidation process. However, the previously studied
cyclopalladated Nile Red complexes (I-11 (Chapter 2) and V) presented two successive
fully reversible oxidation waves. This main difference can be attributed to the
monoalkylation of the Schiff base for VI while all previously studied complexes
presented a double alkylation on the salicylic ring of the Schiff base. Instead, complex
V111 presents the two consecutive fully reversible oxidation waves characteristic of the
triphenylamine fragment (0.34 mV and respectively 0.54 mV vs. Fc/Fc*).® The
estimated HOMO and LUMO energies (-5.1/-3.6 eV) of complex VIII are identical to
those of complex VI, which proves that the compatibility of the energetic levels with
the bulk heterojunction cell isn’t lost when the triphenylamine is introduced onto the

ancillary ligand.
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Figure 3.18. Cyclic voltamograms of complexes VII and V111 in the presence of
Ferrocene as internal reference (Fc/Fc™).
Scan rate: 100 mV.s™, DCM, Bus;NPFg (0.1M)

Upon repetitive oxidation scans for complex VIII (-0.2V - 1.4 V), an increase
in current is observed which is typical of the electropolymerization of the substituted
triphenylamine fragment (Figure 3.19 a)."*° No such behaviour was registered for model
VI, which is a further proof of the electropolymerization process induced by the
triphenylamine fragment of VIII. Once the polymer formed, the modified Pt disk
working electrode covered with the electropolymerized film of V111 was immersed in a

fresh distilled dichloromethane solution (0.1 M electrolytic solution) and a cyclic
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voltamogram was recorded (Figure 3.19b) and the high electrochemical stability of the
thus obtained film is shown in Figure 3.19c registered upon repetitive oxidation scans

on the modified Pt electrode.
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Figure 3.19. a) Cyclic voltamograms of V111 obtained from 12 consecutive oxidation
scans; b) Cyclic voltamogram of the obtained modified Pt electrode.

On the other hand, no electropolymerization process is observed for VIII in
reduction. Upon cycling onto the reduction wave, no increase of current was observed

as shown in Figure 3.20.
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Figure 3.20. Repetitive scans of the reduction wave of complex VIII

However, a striking feature in the redox properties of VIII can be observed
when the electropolymerization process is performed on a wider potential range window
i.e. observing both oxidation and reduction during cycling. Indeed in these conditions,
the decrease of the reduction wave associated to the Nile Red fragment is observed
during cycling as well as the appearance of a new irreversible oxidation wave at a lower
potential compared to the double-oxidation wave of the triphenylamine fragment
(Figure 3.21a)
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Figure 3.21. a) Electropolymerization of V111 on repetitive scans with appearance of

o, b) magnified view showing the increase in intensity of Eo, in function of the

number of performed scans

Noteworthy, the appearance of this new oxidation peak (Eo’) can be observed
already on the second scan (Figure 3.21b), once a first oxidation and a first reduction of
complex VII1 have been performed. However, a single scan starting towards reduction
potentials followed by oxidation does not present the appearance of such peak (Figure
3.22).
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Figure 3.22. Redox behaviour of V111 starting from reduction

Therefore to witness this new oxidation peak (Eo.’), the oxidation of VIII must
have been performed. During oxidation of VIII, TPB (see figure 3.10) is formed and
since its oxidation potential is lower than TPA, at high voltage TPB®" is present.
Reducing the potential to 0 V, TPB is generated. Once TPB is present, the reduced
form of VIII i.e. the reduced form of the Nile Red fragment of VIII must react with
TPB to give rise to a new redox active specie whose oxidation is observed at E = Eg,’.
Repetitive cycles show consequently the disappearance of the Nile Red fragment
reduction wave and the increase of the oxidation E., peak (Figures 3.21), whose
increase in current intensity is congruent with an electropolymerization process.
Interestingly, a preformed electropolymerised thin film of VIII obtained by cycling
repetitively in oxidation (as presented in Figure 3.19a) shows an atypical behaviour
when reduction of the Nile Red fragments is performed but consistent with the previous
observations. Indeed, a modified Pt electrode recovered by a thin electropolymerised
film of VIII obtained by cycling from 0 to 1.2 V has been exposed to reduction. Once
the Nile Red fragments are reduced, the oxidation peak of E = E,,’ is observed on the
second oxidation scan. Following scans show the decrease of current intensity of the
reduction wave relative to the Nile Red fragments contained within the polymer. All
TPB motifs present in the preformed polymer seem to react with the reduced forms of
the Nile Red fragments to generate new redox active centres within the polymer chains,
suggesting the creation of a new reticulation. The thus modified new cross-linked
polymer is still redox active and presents high electrochemical stability as suggested by

the repetitive scans effectuated and presented in Figure 3.23.
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Figure 3.23. Cyclic voltamogram showing 6 redox scans performed on an
electropolymerized thin film of V111 deposited on Pt disk electrode. The film was
previously obtained such as described in Figures 3.19

3.3.4 Film photoconduction

Preliminary studies on the formation of electropolymerised thin films of VIII
deposited on ITO etched glass substrates have been performed in order to evaluate and
identify all the best experimental working conditions (solvent, temperature,
concentration, scan rate, washing procedures...) to obtain high quality thin films
suitable for device construction.

The ideal conditions for the film growth were established. It was observed that
using diluted (10°-5-10° M) dichloromethane complex solutions with a concentration
of 0.1 M NBu4BF, electrolyte and scan rates between 50 and 200 mVs™, films with
thicknesses from 10 nm to ca. 600 nm were obtained. Once electrogenerated, in order to
avoid film cracking, the films were not washed, but introduced overnight in a
dichloromethane saturated chamber. Afterwards, the films were washed with a small
volume (ca. 1mL) of fresh dichloromethane. The film thickness was measured with a
surface profiler and the profiles registered for the obtained films are shown in Figure

3.24. However, it was observed that thinner films are more homogeneous.
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Figure 3.24. Surface profile thickness measurements on 120 nm thick films of ITO

Presence of spikes on the film surfaces are probably due to impurities
accumulated during handling of substrates. Further experiments would have to be
performed in clean room to avoid such contaminations.

Preliminary photoconductive measurements have been performed on an
electrogenerated film (430 nm thickness) of V111 obtained by scanning 30 consecutive
cycles at 50 mV/sec (Figure 3.25) from 0 to 1.3V (vs. Ag pseudoreference electrode)
from a 5-10”° M solution of complex X1 in dry dichloromethane (0.1M NBu,PFs).
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Figure 3.25. Experimental set-up used for measuring photoconduction of a

electrogenerated film of complex VIII

Once the film electropolymerized and washed, an Au counter electrode has been
added through chemical vapour deposition technique. The resulting device is presented
in Figure 3.25.

The typical current increase under light irradiation and the photoconduction in
function of wavelength are shown in Figure 3.26. Even if the photoconduction values
are of the order of 10 O W™ cm, lower than for the photoconductive (C*N)Pd(O”N)
complexes reported in Chapter 2, the feasibility of electrogenerating Nile Red films has
been demonstrated. By optimizing the parameters (such as: concentration of the
solution, number of scans or scan rate, post-treatments of the obtained film etc.) during
the film deposition, potential further improvements in photoconduction could be
obtained and measurements are in progress. Furthermore, photoconductive
measurements need to be performed on films obtained from complete redox scans
containing the new generated active specie described in the previous section in order to
perform a comprehensive study of the effects of the cross linking in the electrogenerated

film.
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Figure 3.26. a) Photocurrent and b) photoconduction of an electropolymerized film of
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3.4 Conclusions
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Figure 3.27. Synthesised and studied Nile Red cyclometallated complexes VI-VIII

bee

Three novel Nile Red cyclopalladated complexes VI-VIII (Figure 3.27) have

n synthesized and characterized. Photoconduction measurements on complex VI

have shown values of ca. 10° S W™ cm. Furthermore, solution electrochemical studies

on all the three complexes have demonstrated the potential use in bulk heterojunction

solar cells, since the positions of their frontier orbitals HOMO and LUMO match the

ene

rgy levels of the typical components of an organic solar cell. The low molecular
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weight photoconductive complex VI has been actually tested as a donator in a bulk
heterojunction solar cell using PCs;BM as an acceptor. Even though the obtained device
efficiency was very scarce, the advantages of using an intrinsic photoconductor have
emerged. Indeed, an increasing of the exciton diffusion length has been observed when
using such photoconductors. By the other hand, considering that the low molecular
weight of the Nile Red donor seem to represent an important drawback due to poor
quality of the heterojunction, we have incorporated an electropolymerizable
triphenylamine fragment in the Nile Red cyclopalladated complex VII. X-ray
diffraction analysis of a single crystal of V111 has evidenced the formation of a dimeric
pair formed by two identical molecules kept together by a hydrogen-bond network. This
intermolecular dimeric assembling presents in the solid state confirms the hypothesised
structure of the liquid crystalline state proposed for mesogenic complexes I-11 (Chapter
2) which was at the origin of the columnar organisation. The HOMO and LUMO levels
were estimated for the model complex VII and for complex VIII. A comparison
between the two complexes, have demonstrated that the introduction of the
triphenylamine fragment onto the molecular skeleton of VIl doesn’t influence neither
the frontier orbitals energies nor their physical separation.

A comprehensive electrochemical study of complex VIII has evidenced the
effectiveness of the polymerization and the possibility of electrodeposition.
Furthermore, a new redox active centre has been detected upon reduction of the
electropolymerised film, showing the occurrence of a specific chemical reaction
between the TPB and reduced Nile Red fragments. Ideal experimental conditions for
obtaining homogeneous thin films of VIII on ITO etched substrates have been
determined. An electrochemically oxidative generated film has been grown on the
surface of the working electrode and preliminary photoconductive measurements have
shown photoconduction values of the order of 10 S W™cm™. Further investigations
are needed in order to elucidate the exact mechanism of the electropolymerization of

V111 and to measure photoconductivity on films electrogenerated at different potentials.
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Chapter Four

Synthesis and properties of new Nile Red cyclopalladated dyes
and their application as sensitizers in Dye Sensitized Solar Cells

4.1 Introduction

In order to insure the contact with the titania photoelectrode, specific anchoring
groups have to be included into the molecular structure of the sensitizers projected for
Dye Sensitized Solar Cells DSSCs.**! The established covalent bond between the dye
and the TiO, semiconductor enhances the electronic coupling between the excited
LUMO orbital of the dye and the electronic levels of the titania. A rapid electronic
transfer is reached under this conditions.

Since the titania surface is covered by hydroxy groups, functional groups like
carboxylic acids and derivatives (esters, acid chlorides, anhydrides, carboxylates,
amides),*? sulphonates (-SOs), silanes (SiXs, Si(OX)3)™** or phosphonic acid
derivatives™* will be able to bind to the photoelectrode. However, recently, the
efficiency of anchoring of nitro groups was demonstrated.’®* Comparative studies
between the device efficiency reached using polipyridine Ruthenium dyes with
carboxylic and ester anchoring groups*® have demonstrated that the carboxylic group
shows an enhancement of the efficiency.******2 However, it is noteworthy that, in the
case of the ester groups, the dye adsorption to the titania support improves when a hot
dye bath is used, leading to higher efficiencies. This is an important result since from a
practical point of view the synthesis of ester derivatives is more straightforward than the
preparation of corresponding carboxylic acids.

Different types of binding modes of the dye to the titania by means of carboxylic
groups have been modelled (Figure 4.1). These depend upon the dye molecular
structure, the pH of the dying bath and upon how the semiconductor had been
prepared.’®” Furthermore, it has been demonstrated that the number of the anchoring
groups included in the dye molecular structure has an important influence on the
adsorption and electronic transfer efficiency. Indeed, Hara et al.**® have demonstrated
that the phenantroline substituted Ru(ll) dyes bearing one single carboxylic anchoring
group induced a lower device efficiency than the ones with two or three groups (two

groups were more efficient that three).
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In conclusion, the molecular structure of a organometallic dye has to include, as
an anchoring group at least one carboxylic functionality necessarily situated onto the

LUMO bearing molecular fragment, in order to favour the electronic transfer toward the

photoelectrode.
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Figure 4.1. Model binding modes of anchoring groups to the titania semiconductor

4.2 Nile Red functionalization for post-grafting to TiO,

Taking advantage of the already demonstrated fact that the cyclopalladation of
Nile Red in complexes bearing a Schiff base as ancillary ligands affords species in
which the separation HOMO/LUMO is maintained (see Chapter 2), in this work, ester
and carboxylic anchoring groups have been introduced onto the Nile Red fragment in
order to obtain potentially DSSCs suitable dyes.

Starting from the same hydroxy Nile Red derivative 2 described in Chapter 2,
two novel Nile Red derivatives H(NR)® and H(NR)* were obtained (Scheme 4.1), by
means of a Williamson etherification reaction between the ester substituted brominated
precursors 8 and 9. Furthermore, by changing the synthetic pathway, a novel different
Nile Red ester derivative H(NR)> was obtained (Scheme 4.2). Differently from

H(NR)**, this derivative includes an ester group bonded directly to the aromatic core of
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the LUMO bearing molecular fragment. In a DSSC, this should favour the electronic
injection from the dye to the titania photoelectrode. H(NR)® was obtained by reaction
under microwave radiation of the 11 precursor with the p-nitroso,N,N-diethylaniline
hydrochloride intermediate 12. It is noteworthy that the use of a positively charged
amine is necessary in order to obtain the final product, differently from the case of
H(NR) when either the neutral or the cationic nitroso aniline derivatives were
successfully used (see Chapter 2). Under normal reflux conditions, the same reaction
mixture afforded a crude product which resulted impossible to purify, probably due to
the formation of two different very similar isomers. The same didn’t happen under
microwave radiation, in which case the harsh reaction conditions and the brief reaction
time yielded a single presumably kinetic isomer. Intermediate 11 was obtained from the
cyclisation reaction of 10 with Eaton’s reagent™® (MeSO,OH and catalytic P,Os)

0

differently from the procedure reported in literature**® which involves the use of

dangerous H,SO,4 conc. and a week reaction time, still affording lower yields.
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4.3 Nile Red cyclopalladated complexes containing anchoring groups

Cyclometallation of the novel derivatives H(NR)*® occurred successfully
(Figure 4.2) via the already described cyclometallation reaction with Pd(OAc), (Scheme
4.3).%° A substituted common to all the complexes XI11-XIV Schiff base H(BSCs)
completes the coordination sphere of the metallic centre (Figure 4.2). The use of a
Schiff base as an ancillary ligand was chosen in order to maintain the separation of the
frontier molecular orbitals HOMO/LUMO and the photogeneration and
photoconduction properties observed for this type of complexes. Furthermore, the
presence of alkyl chains into the molecular structure should, as reported in literature,**
prevent the molecular aggregation which favours the recombination and lowers the

efficiency.

O
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Figure 4.2. Molecular structures of complexes IX-XI
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for H(NR)®, ii) H(BSCg), dichloromethane/ethanol, r.t., 5 d.

As already mentioned in the introduction, it has been demonstrated that the
carboxylic functionality represents the ideal anchoring group. Unfortunately, the
attempt to obtain the carboxylic analogues of complexes IX-XI by direct hydrolysis

(Scheme 4.3) wasn’t successful.
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Scheme 4.3. Failed attempt to hydrolyse complex X.
Identical results were obtained for IX and XI.

94

e}



A different synthetic strategy was chosen in order to restore the carboxyl groups.
The acetate bridged cyclopalladated intermediates a and b were treated with NaOH in

129

acetone and water " affording the hydroxy bridged intermediates concomitantly with

the hydrolysis of the ester group(s) of IX and X to free acid(s) (Scheme 4.4).
Unfortunately, complex Xl resulted unstable in such an alkaline medium which

presumably favours an intramolecular decarboxylation reaction.
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Scheme 4.4. Reagents and conditions: i) NaOH, acetone/water, r.t., overnight

The hydroxy-bridged cyclopalladated intermediates 1a’-b”> were treated with the
same alky! substituted Schiff base H(BSCs)® to yield the final acid complexes (Scheme
4.5). Due to the presence of the free carboxylic acid groups, the two complexes showed
low solubility in common organic solvents, especially complex XI1, which was soluble

only in pyridine.
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4.4 Solution electrochemistry

The redox behaviour of the three ester derivatives complexes IX-XI was
investigated, while, unfortunately the poor solubility of complexes XII1-XI11 prevented
the obtaining of resolved cyclic voltamograms. Figure 4.2 shows the cyclic
voltamograms of complexes 1X-XI. The redox potentials vs. Fc/Fc*, as well as the

estimated HOMO and LUMO energies are listed in Table 4.1.
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Figure 4.2. Cyclic voltamograms of complexes 1X-XI
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The redox behaviours of 1X-XI are identical, with one quasi-reversible reduction
(at ca. -1.2 V vs. Fc/Fc®) typical for cyclometallated Nile Red and a irreversible
oxidation attributed to the Schiff base. Noteworthy, the incorporation of ester groups in
different number and position onto the Nile Red backbone doesn’t influence the
reduction potentials of the resulting complexes even for complex XI for which a
stronger electronic effect was expected due to the proximity of the ester group with the
aromatic core of the Nile Red fragment. The estimated HOMO and LUMO energies (-
5.1/-3.6 eV) of complex IX-XI are identical with those of the Nile Red complexes
previously described in the thesis.

Complex no. E"\R (V) E%gs (V)? HOMO LUMO
IX -1.24 +0.51 -5.3 -3.6
X -1.23 +0.54 -5.3 -3.6
Xl -1.17 +0.56 -5.3 -3.6

2 Potentials expressed in volts vs. Fc/Fc'; R=reversible

Table 4.1. Cyclic voltametry data relative to complexes 1X-XI

These properties suggest that the separation HOMO/LUMO is maintained as
observed for the class of complexes (NR)Pd(O”N) (see previous Chapters) with the
HOMO situated on the ancillary Schiff base and the LUMO on the cyclometallated Nile
Red fragment. Moreover, the estimated energy levels HOMO and LUMO could be
suitable for the use in DSSCs (Figure 4.3).
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Figure 4.3. Schematic diagram comprising the TiO,, I'/1* energy levels and the HOMO
and LUMO energy levels of the dyes IX-XI

4.5 Testing Nile Red cyclopalladated complexes in DSSCs

In collaboration with the University of Bath, the synthesised complexes X, X111,
which include two anchoring groups on the molecular structure and XI whose unique
anchoring group is directly grafted onto the aromatic core, have been tested as
sensitizers in DSSC devices. The cells were prepared according to the procedure
described in Chapter Ten. Preliminary adsorption tests of the complexes to
nanostructured single layer titania films prepared by doctor blading (ca. 10 pm
thickness) were conducted. The films were dyed from a 3-10* M MeCN/t-BuOH
solution, which is the commonly used dye bath for the standard Ruthenium-based
DSSCs.** Figure 4.3 shows the absorption tests conducted on complex X. The
absorbance follows an increasing trend with dye immersion time until reaching a
maximum and a subsequent decrease probably due to decomposition. The immersion
time correspondent to the maximum adsorption is of ca. 50 h, which represents a quite
high value comparative with the standard Ruthenium based dyes.’***? This is in
agreement with the fact that the anchoring process for complex X occurs via a more

slow transesterification process.
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Figure 4.3. Absorbance of a titania film dyed with complex X in function of the
immersion time

In the attempt to enhance the adsorption of complex X to titania, a basic dye
bath was used by adding 4% (v/v) 10 KOH solution to the 3-10* M MeCN/t-BuOH
dye bath, in order to favour the grafting of the anchoring groups presumably, by an in
situ hydrolysis mechanism. Note in Figure 4.4 the comparison of the adsorption of
complex X (two days dying time) in the absence (a) and the presence (b) of KOH.
Indeed, the absorbance is higher in the basic medium indicating a more efficient

adsorption process.
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Figure 4.4. Absorbance of a titania film dyed with complex X in the absence (red
curve) and in the presence (black curve) of KOH
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Adsorption tests were also carried on the free acid bearing complex XII1. Figure
4.5 shows the comparison between the single layer titania (ca. 10 um thickness) films
dyed in a DMF/t-BuOH/1:1 (blu) and DMF/0.05 M KOH (EtOH) (pink) solution for 24
hours. The more polar dimethylformamide was used for complex XI instead of

acetonitrile for solubility reasons.

Absorbance

DMF/KOH/EtOH

0,2 1
1 DMF/t-BuOH
0,0 T T T T \

T T T T T
400 500 600 700 800

A (nm)

Figure 4.5. the titania films dyed in a DMF/t-BuOH/1:1 (blue) and DMF/0.05 M KOH
(EtOH) (pink) solution for 24 h.

Adsorption test were carried on on complex XI, which presents a single ester
anchoring group. The single layer titania films were dyed from a 3-10* M MeCN/t-
BuOH solution for 3 days. The absorbance of the dyed titania films in function of dying

time are reported in Figure 4.6.
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Figure 4.6. Absorption spectra of a) a 3-10* M MeCN/t-BuOH of X1 and b) a titania
film dyed with complex XI

The current-voltage performances relative to the devices realized using
complexes X and XI (with two anchoring groups) and complex XIII (one single
anchoring group) are reported in Table 4.2. The titania films were dyed from a 3-10* M
MeCN/t-BuOH solution for 2 days (X) and for 3 days for XI and from a 3-10* M
MeCN/t-BUOH + 4 % (v/v) 10" M KOH solution (X basic medium).

X X Xl X111
Basic medium
VOC(V) 0.59 0.42 0.38 0.64
2
Jsc (Alem) 0.02 0.01 0.01 0.04
FF (%) 57.9 49.7 44.9 64.7
(%) 0.009 0.003 0.003 0.017

Table 4.2. Characteristic parameters of the cells prepared with complexes X, XI and
X111 as sensitizers
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Even though the V. potentials are comparable with those of the standard Ru(ll)-
based DSSC?), a very poor electron injection was verified. Among the two dyes X and
XI, the free carboxylic bearing complex X1 showed both higher Vo and I, leading to
the higher efficiency, while complex XI showed the comparatively lower efficiency off
all, even if the adsorption tests indicated a good degree of adsorption (Figure 4.6 b)).

Considering the dying process, better adsorption was observed for complex X in
basic medium, but a different Vo value was reported for the cell prepared with the basic
dye bath with respect to the one in which the sensitizer was adsorbed from the standard
acetonitrile/t-buthanol solution. This could presumably be attributed to a different type
of interaction with the titania film. The efficiency of the DSSCs resulted dependent, as
expected, of the number of the anchoring groups grafted on the sensitizer. For
complexes X and XI with two anchoring groups, high V. values were measured, but
low injection was observed. Considering the obtained results, we hypothesised possible
reasons of the bad electron transfer from the sensitizer to the titania film which could be
the lack of conjugation between the carbonylic anchoring group and the aromatic core
of the cyclopalladated Nile Red ligand or the side effects exerted on the dye by the used
electrolytic solution. In the attempt to deeper understand the behaviour of the dyed films
in the presence of the 171> redox couple electrolyte, *H NMR spectra were recorded for
complex XI (Chapter Ten) and compared with the spectrum obtained in the absence of
the electrolyte in the same deuterated solvent (CDCI5). Indeed, different chemical shifts
were observed in the 'H NMR spectrum of complex XI in the presence of the
electrolytic couple. This fact could be attributed to the oxidative addition of I, to the
Pd(Il) centre which would give rise to a new octahedral Pd (IVV) complex. This
hypothesis is sustained by the analysis of the *H NMR spectra of compound X (Figure
4.7) before (a) and after (b) the treatment of the CDCI; solution with the I, containing
electrolyte solution. As already described for Nile Red cycloplatinated complexes,*** the
oxidative addition at the square planar Pt(I1l) complex leads to a slight upfield shift of all
the aromatic protons. Indeed, in the case of complex X the same trend was observed for

the chemical shift of all the aromatic protons.
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Figure 4.7. *H NMR spectra of X a) before and b) after the treatment with I
4.6 Conclusions

Novel Nile Red complexes, bearing ester (IX-XI) and free carboxylic (XII-
XI11) anchoring groups were successfully synthesized and characterized. The molecular
structure of the complexes is similar to the parent photoconductive compounds already
described in Chapter 2 and Chapter 3. As in that cases, the HOMO/LUMO frontier
orbitals molecular separation is maintained, with the LUMO mainly situated on the
cyclometallated ligand, onto which the anchoring groups are grafted and the HOMO
predominantly localized on an alkyl chain substituted ancillary Schiff base.
Differently from complexes IX-XI which were prepared by the procedure already
described in this work, to obtain complexes XII1-XIII instead, a new synthetic pathway
was followed, since direct hydrolysis of the final ester substituted complexes resulted
unsuccessful. A methatetical reaction of the acetato-bridged dimers in the presence oh
NaOH vyielded hydroxy-bridged dimers and, concomitantly, the ester groups were
hydrolysed to free acids.
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Complexes X, XI and X111 were tested as sensitizers in standard DSSCs during
a stage at the University of Bath, after carrying on adsorption tests to titania films
prepared by doctor blading. Complex X was adsorbed onto titania films in the absence
and in the presence of KOH and the adsorptions were compared. Slightly better
efficiencies were measured for the cells in which complex X111 with two free acidic
anchoring groups was used as sensitizer. For all complexes, good V.. values were
measured, but no injection was verified, probably due to the square planar
cyclopalladated complexes and a side reaction which involves with the I71° electrolyte
couple. In fact, an oxidative addition presumably occurs to the Pd(ll) complexes in the
presence of I,.
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Chapter Five

Conclusions

Through the synthesis of complexes I-XI11, we have shown the possibility of using

Nile Red either as a cyclometallated or as an ancillary ligand, for the formation of

neutral or cationic cyclopalladated complexes.
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The complete characterization of these complexes have allowed us to conclude
that:

1) the separation of their frontier orbitals on a molecular scale (ca. 1.5 eV energy gap) is
maintained as in the previously reported complexes of the same class (C*N)Pd(O"N)
with the HOMO situated mainly on the Schiff base and the LUMO on the

cyclometallated ligand,;

i) by appropriate functionalization of either the Nile Red fragment and/or the ancillary
ligand, neutral and cationic metallomesogens can be obtained through the self-assembly

of ellipsoidal dimeric pairs kept together by a hydrogen bonding network;

iii) Nile Red cyclopalladated complexes pair as dimers in the solid state, as confirmed

by X-ray diffraction analysis through identical hydrogen bonding network;

iv) by introducing an electropolymerizable triphenylamine fragment onto the ancillary
ligand of Nile Red cyclopalladated complexes, electrogenerated films can be obtained
and further comprehensive studies are in progress in order to investigate the properties

of the obtained polymers.

Photoconductivity measurements have been performed and have shown values
between 103-10® SWem™, three orders of magnitude higher than the reported values
for similar complexes, with the best performance obtained for the discotic

metallomesogen 1.
The availability of such photoconductors with electropolymerizable fragments or

mesogenic properties represents a starting key point for the development of new hybrid

organic/inorganic optoelectronic devices based on molecular assembling.
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Furthermore, the low molecular weight photoconductive complex VI has been
actually tested as a donor in a bulk heterojunction solar cell using PCs;:BM as an
acceptor. Even though the obtained device efficiency was very low, the advantages of

using an intrinsic photoconductor have been evidenced.

Eventually, complexes bearing ester and carboxylic anchoring groups have been
synthesized and tested as sensitizers in standard DSSCs. Even if high V. values have
been measured, no injection has been verified probably due to a chemical side reaction
with supporting electrolyte (171*) and possible oxidative addition of the cyclopalladated
complexes. The use of a solid supporting electrolyte should be a possibility to be

contemplated in further investigations.
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Second part

Novel molecular materials
based on Ir(l11)
for electroconversion
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Chapter Six
Introduction to electroluminescence

6.1 Inorganic LEDs

The operation of Light Emitting Devices (LEDS) is based on spontaneous light
emission in semiconductors, when a sufficiently large forward-bias voltage is applied
across a p-n junction and the radiative recombination of excess electrons and holes
induces luminescence. In addition to the energy savings and positive environmental
effects, LEDs also offer controllability of their spectral, spatial, temporal, and
polarization properties as well as their colour temperature.**

The demonstration of direct band-gap alloy semiconductor (GaAsP) visible (red)
emitters by Nick Holonyak at General Electric in 1962 began the evolution of high-
brightness LED technology. In 1993 Shuji Nakamura fabricated double-heterostructure
InGaN/GaN blue LED chips and since then tremendous progress has been achieved in
development of solid-state lighting based on InGaN semiconductors.*® Currently,
research is focused on white emitting LEDs, obtained by embedding blue-emitting chip
LEDs with different phosphors.**’

However, even if high efficiencies and long lifetimes have been reached for
LEDs, important issues such as semiconductor high cost technology, the rigid
architecture and the temperature dependence of the efficiency need to be overcome in
order to extend the LED application area. Thus, in an attempt to develop flexible low
cost devices, organic materials have been consider as emitting species in

electroluminescent devices.

6.2 Organic Light Emitting Diodes (OLEDs)

Electroluminescence of organic materials was observed for the first time by
Martin Pope et al. in 1963, but only in 1987 an electroluminescent device was
reported, making use of the fluorescent electron transporting tris(8-hydroxyquinoline)
Aluminium (AIQs) complex (Figure 6.1) with a 1% device efficiency. **° Since then,
remarkable progresses have been made in the field of Organic Light Emitting Diodes
(OLEDs) by incorporating various combinations of organic polymers and organic or

organometallic chromophores.**°
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Figure 6.1. Molecular structure of the fluorescent emitter AlQ3

The field of OLEDs could be roughly divided into two groups, in function of the
nature of the used electroluminescent materials, namely small molecules and polymeric
materials'®® (Figure 6.2). The OLED technology has shown a fast development and
dependently from the emitter nature, different architectures have been proposed for

electroluminescent devices.'*
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Figure 6.2. a) Molecular fluorescent emitters*> and b) polymeric emitter'** used in

OLEDs
Multilayer structure in which each layer presents a specific role and cathodes
made of low work function metals are generally required in order to achieve high
efficiencies and low operating voltages in OLEDs. In its simplest configuration, an
OLED consists of a single layer of an organic light emitting polymeric semiconductor
sandwiched between two metal electrodes, the anode (positively charged) and the
cathode (negatively charged). Under the application of a forward bias, holes are injected

from the anode into the HOMO of the organic layer and migrate towards the cathode.
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Analogously, electrons injected from the cathode into the LUMO of the organic
material migrate towards the anode. When a hole and an electron meet in the bulk of the
organic layer, they may combine to form an exciton. A fraction of these excitons
recombine radiatively, giving rise to light emission. The basic requirements from the
organic semiconductor are the ability to transport both electrons and holes and a high
luminescence efficiency.>

The use of organic semiconducting polymers doped with molecular emitters in a
host-guest type configuration has demonstrated good charge transport properties and
formation of high efficiency emitting excitons. OLEDs (Figure 6.3) are conventionally
fabricated by spin coating, inkjet printing or by vacuum deposition of organic materials
on an Indium Tin Oxide (ITO) glass coated with hole-conducting polymers such as
poly(3,4-ethylenedioxythiophene)/poly(styrene sulfonate) PEDOT:PSS.'*® On top of the
ITO coated glass, an organic hole transporting layer HTL, usually composed of
carbazole derivatives™’ is deposited, followed by the organic host (hole transporting)-
guest (electron transporting) emissive layer. An electron transporting layer ETL, such as

152 that OLEDs efficiency is increased

AlQs is eventually applied. It has been shown
when electron blocking layers EBL and hole blocking layers HBL are applied between
the hole transporting layer and the emissive layer and, respectively, between the

emissive layer and the electron transporting layer.

EBL
- e.

‘ ;‘5) Hi =l
r4|HB

h eeasies

Figure 6.3. Schematic energy level of an OLED**?

By using chromophores with different emission wavelength, OLEDs of different
colours are obtained. Since one of the greatest challenges in the organic
electroluminescent technology is to obtain efficient white OLEDSs, intensive research

have been dedicated to the development of luminescent materials showing emission at
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the particular wavelengths of the primary colours red, green and blue (RGB displays).
As an example, recently, a series of blue, green and red light-emitting, 9,9-bis(4-(2-
ethylhexyloxy)phenyl) fluorene (PPF) based polymers containing a dibenzothiophene-
S,S -dioxide (SO) unit (PPF-SO polymer), with an additional benzothiadiazole (BT) unit
(PPF-SO-BT polymer) or a 4,7-di(4-hexylthien-2-yl)-benzothiadiazole (DHTBT) unit
(PPF-SO-DHTBT polymer) were reported (Figure 6.4). Blending different ratios of blue
(PPFSO), green (PPF-SO-BT) and red (PPF-SO-DHTBT) emitting polymers allowed

highly efficient white polymer light-emitting diodes were realized.**®

Ar=

CeH13
B: x=0.25, 0.30, 0.25; y=0 O O 0

G: x=0.15; y=0.01, 0.01, 0.10

R: x=0.15; y=0.01, 0.05, 0.10

Figure 6.4. Molecular structures of the blue (B), green (G) and R (red) emitting
polymers

In order for OLEDs to be used on a large scale, device lifetimes should be
considered. There are two possible degradation mechanisms for OLEDs: i) the dark spot
formation (induced by the penetration of moisture through defects in the cathode,

causing degradation of the cathode-organic interface®®

) and ii) the gradual decrease of
performance with current passing through the device. The former takes place
independent of whether the device is operating, while the latter only takes place while
the device is operating. For devices using glass substrates, the dark spots problem may
be greatly resolved by encapsulating the device with a glass or metal backing, using
edge seal and desiccant. For devices using plastic substrates or using thin-film
encapsulation instead, adequate protection of OLEDs against moisture lasting over the
expected lifetime of a lightening source has yet to be demonstrated.

However, recently reported OLED device lifetimes have reached over 125.000

hours lifetimes.1®
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6.3 Light Emitting Electrochemical Cells (LECs)

Light Electrochemical Cells (LECs) represented already since their introduction
by Pei et al. in 1995,* a valid single layer device alternative to OLEDs. As described
by Pei and co-workers, in this type of device, a p-n junction is created in situ through
simultaneous p-type and n-type electrochemical doping on opposite sites of a thin film
of a luminescent semiconducting polymer blended with an electrolytic salt to provide
the necessary counterions for the introduced charges. Since ionic mobility is necessary
in this type of device for the transport of the electrochemically generated charges, when
the used polymer is not ionically conductive in nature, another ion-transporting polymer
is added. When a sufficiently high bias is applied between the two metal electrodes,
both p-type and n-type charge carriers start to be electrochemically injected into the
active layer near the respectively oppositely charged electrodes. Under the influence of
the applied field, the holes move from the anode toward the cathode and the electrons
from the cathode to the anode. The propagating charges combine in the p-n junction
induced region to form excitons which radiatively decay to the ground state, generating
the emission of light."®® Noteworthy, currently, three different models compete in
describing the LECs mechanism.*®> However, all models recognise the key role played
by the mobile counterions.

The main advantages of using LECs instead of OLEDs are: i) the possibility of
using thicker single organic active layers, ii) their insensitivity to the work function of
the electrodes employed, allowing the use of air-stable electrodes, such as gold, silver or
aluminium which encapsulation in the device does not have to be so rigorous as in
OLEDs.’® Moreover, the turn-on voltages of LEC devices are generally low and
approximately equal to the measured optical band gaps of the emissive materials.

The principle drawback of LECs is instead the high response delay due to the time
needed for electroluminescence to occur after the formation of the ionic double-layer at
the electrode-interfaces.™®

The first LECs used a conjugated light emitting polymers (such as poly[5-(2’-
ethylhexyoxy)-2-methoxy-1,4-phenylene vinylene] MEH-PPV) in combination with
inorganic salts (like trifluoromethyl sulfonate) (Figure 6.3). For example, the use of
poly(p-phenylene vinylene) PPV blended with a solid electrolyte that provided the
mobile ions was described by Yang and Pei.'®*
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Figure 6.3. Schematic representation of a polymer-based LEC and the typically used
materials'®®

6.4 Use of transition metal complexes in electroluminescent devices

In purely organic OLEDs and LECs, the emission of the employed
chromophores (organic small molecules, polymers or AlQ3) occurs via a fluorescence
pathway. Fluorescence is limited to radiative relaxation of molecules (mainly organic)
which conserve spin symmetry during the radiative transition from their excited
(singlet) state to the ground state. On the contrary, phosphorescence results from spin
“forbidden” transition where symmetry is not conserved, like, for instance, transitions
between triplet excited states and singlet ground states.'® Under electrical excitation,
excitons are formed in both singlet and triplet states in a 1:3 ratio.’®® It follows that
harvesting luminescence from both singlet and triplet excitons has the potential to led to
higher efficiencies in phosphorescent-based with respect to fluorescent-based
electroluminescent devices.

In transition metal complexes, due to the spin-orbit coupling induced by the
presence of the heavy metal atom, singlet and triplet states intersystem crossing occurs,
leading to an efficient phosphorescent emission even at room temperature. Transition

167 can therefore serve as

metal complexes, especially those based on Pt(Il) and Ir(I11)
efficient phosphorescent emitters in electroluminescent devices since both singlet and

triplet excited states can be trapped.
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6.4.1 Use of transition metal complexes in efficient OLEDs

Since the report of Baldo et al. in 1999 on a 7.5% efficiency OLED based on
electrophosphorescence of a homoleptical cyclometallated tris(2-phenylpyridine)lr(I11)

organometallic complex'®®

(Figure 6.4), huge efforts have been made to improve
phosphorescence-based OLEDs efficiency. Comprehensive studies have been carried on
in the last two decades in an attempt to rationalize the working mechanism, to improve

the device architectures and to design new highly phosphorescent chromophores.

Figure 6.4. Molecular structure of the phosphorescent Ir(ppy)s chromophore used in an
highly efficient OLED

A typical multilayer device architecture containing triplet emitters (in this case
acetylacetonato-(bis(2-phenylpyridine)Ir(111))*%®") is described in Figure 6.5 as an
example and the resulting energy scheme is presented in Figure 6.6.
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Figure 6.5. Cross section of an OLED device®®
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Figure 6.6. Typical electrophosphorescence multilayer device architecture composed of
a hole injection layer (HIL), a hole transport layer (HTL), a emission layer (EL), a hole
blocking layer (HBL), an electron blocking layer (EBL), and finally an electron
transporting layer (ETL). The HOMO and LUMO energy levels of the corresponding
molecules are shown.'®

An ITO-coated glass substrate is used as anode and on top of it a CuPc hole
injection layer is deposited, followed by an o-NPD (N,N’-diphenyl-N,N’-bis(1-
naphtyl)-1,1°-biphenyl-4,4’-diamine) hole transport layer. On top of this, a CBP (4,4’-
bis(carbazol-9-yl)-biphenyl) wide energy-gap matrix is coevaporated together with the
phosphorescent acetylacetonato-(bis(2-phenylpyridine)Ir(l1l)) emitter. A BCP (2,9-
dimethyl-4,7-diphenyl-phenantroline) hole blocking layer is deposited between the
emitting layer and the electron transporting layer made of AlQs. A LiF-Al cathode
closes the device. The obtained device reaches its 13.2% maximum external quantum
efficiency for an 8% molar concentration of emitter in the CBP hole conducting matrix.
Important progresses have been made in increasing the OLEDs efficiencies and
lowering the turn on voltages.*” Recently, a series of simplified trilayer phosphorescent
OLEDs based on a Ir(lll)(bis(2-phenylpyridinato)-N,N-diisopropyl-diisopropyl-
guanidinate emitter complex showed high efficiency (20%) and low driving voltage
(2.2-2.7 V) depending on the concentration of the Ir(l111) complex (15-30 wt%) in the

host CBP matrix.1"
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6.4.2 Use of transition metal complexes in efficient LECs

Transition metal complexes have been introduced in LECs by De Cola and co-
workers with a device using metal-ligand complexes as charged species. The active
layer consisted of a combination of [tris(bipyridine)Ru(1)]**X2* ([Ru(bpy)s]*"X2%)
(Figure 6.5) complexes blended with poly(p-phenylene-vinylene) PPV. The emission
colour was red to green depending on the bias of the device.'”? Since then, many efforts
have been invested in the synthesis and device application of differently substituted

Ru(l1) based ionic organometallic complexes.**?

2X"

Figure 6.5. First organometallic ionic complex used as active species in an LEC

Transition metal complexes can support all the processes involved in
luminescence. Their stability in multiple stable redox states indicates readily injection
and charge transport, while the high luminescence have been already proven by their
application as dyes in sensors.’®? In the model complex [Ru(bpy)s]**, light emission
arises from the © -ty ligand to metal transition, where the complexes frontier orbitals
HOMO and LUMO are identified with, respectively, the t,; metal orbital and the n of
ligands. Electron transfer in [Ru(bpy)s]** is described as a series of redox reactions via
an electron hopping mechanism on LUMOs, while the hole transport takes place with a

similar mechanism through HOMOs.'"

Moreover, organometallic complexes show
ionic conductivity. In the same model complex [Ru(bpy)s]**, the two positive charges
are balanced by two different counterions (PFs" and ClO4). Noteworthy, since the
mobile ions are part of the structure, the problem of phase separation often encountered

in multilayer blended OLED:s is not verified in transition metal based LECs.
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lonic transition metal complexes based LECs present only one active
component, and thus, from the architecture point of view, they can be considered the
simplest kind of electroluminescent device (Figure 6.6). However, if emitters of low

solubility are employed, multi-layered LECs have also been reported and present the
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advantages to limit the presence of pinholes.*™

Figure 6.6. Typical architecture device of an LEC using [Ru(bpy)s]**

An ITO-coated glass is covered by the solution-obtained film of the emissive
organometallic complex. Eventually, an Al cathode is deposited on top of this layer,

closing the device. After the pioneering work on Ru(ll) emitters, other transition metals,

such as Os(Il) and Cu(l) (Figure 6.6) have been employed for the synthesis of ionic
175

chromophores suitable for the use in LECs.

Figure 6.6. Molecular structures of two Cu(l) and, respectively, Os(Il) organometallic
complexes used as electroactive species in LECs
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Nevertheless, the best LECs performances have been obtained with heteroleptic
cationic bis-cyclometallated Ir(111) complexes (Figure 6.7a).'”® Among the reasons
justifying the enhanced efficiencies of Ir(I11)-based LECs with respect to devices using
different transition metals, are: i) the increased photostability of Ir(I1l) devices, due to
the lower accessibility of dissociative metal-cantered excited states; ii) the higher
photoluminescence quantum vyields due to the larger spin-orbit coupling; iii) the
straightforward synthesis of cyclometallated heteroleptic complexes; iv) the specific
localisation of the frontier orbitals on a molecular scale, which makes possible the
tuning of the HOMO-LUMO gap by independently modifying either the
cyclometallated or/and the ancillary ligand.'®® However, while a very wide variety of
cationic Ir(I11) complexes have been successfully used in LECs, it is only recently that
anionic Ir(111) complexes were incorporated in light-emitting devices, as single emitters
for LECs,"”" but showed poor devices lifetimes, probably due to their low stability
induced by the monoanionic pseudo-halogen ancillary ligands incorporated (Figure
6.7b).177a
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Figure 6.7. a) Cationic and b) anionic Ir(l11) comglexes used as emitters in LECs
(R:CH3 177a R:H177 )

In fact, the poor device stability (expressed as ty,, the time for the brightness of
the device to halve from its maximum value) represents one of the main drawbacks of
LECs. Indeed, it has been shown from studies on Ru(ll)-based LECs that the stability of
such devices is determined by the emitter degradation during the working cycles.*”® For
example, when using [Ru(bpy)s][PFs]. as active species, an oxo-bridged dimeric
quencher [Ru(bpy)2(H20)],0[PFe]s"®¢ is formed, probably originated from the

2+ 178a

condensation of two units of the previously proposed quencher [Ru(bpy).(H.0).]"".

The degradation mechanism is described as an exchange reaction in which the ancillary
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ligand is replaced in the excited state by two nucleophilic H,O molecules.*” For these
reasons, protection of the coordination sphere is necessary. Furthermore, Bolink et al.
demonstrated that the device lifetime can be significantly improved by increasing the
hydrophobicity of the complex by introducing peripheral bulky aromatic. With such a
molecular design, the device lifetime can significantly reach thousands of hours.*®

Another drawback in the use of Ir(111) emitters in LECs is the low photoluminescence of
complexes in films, due to the quenching induced by the proximity of other Ir(Ill)
species in the active layer. One possible strategy to overcome this issue is the

181

incorporation of bulky groups™" to the periphery of the ligands in order to induce

separation of the centres by increasing the steric hindrance (Figure 6.8a). A second
possible strategy involves the introduction of large rigid conjugated = spacers between

the two metal centres, leading to dinuclear compounds (Figure 6.8b).'%
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Figure 6.8. Ir(I11) complex incorporating a) bulky groups onto the ancillary bipyridine
fragment and b) a rigid = spacer between the two metallic centres
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It is worthy of note that the Ir(I1l) complex depicted in Figure 6.8a represents a
highlight in the pool of the promising chromophores for LECs since it showed a
photoluminescence quantum yield close to unity when incorporated in a poly(methyl
methacrylate)matrix to form a thin film, leading to an up to 15% device external
quantum efficiency in device.

Another limitation for the practical use of transition metal based LECs, is their
slow turn on time ranging from few seconds to several hours. Different strategies have
been applied in order to overcome this issue. For example, the incorporation of pendant
trimethylammonium groups into the ligands in Ru(ll) and Ir(l1ll) chromophores
dramatically shortened the devices turn on time to 2.5 min at 3V for Ir(I1l) complexes
and to 5 s for Ru(Il) complexes.'® Another strategy to decrease the turn on time is by
tethering an ionic Ir(11l) complex with imidazolium groups that increase the net charge

per complex and the ionic conductivity in LECs.'®*

6.4.3 Phosphorescent neutral and ionic cyclometallated Ir(111) complexes used in
electroluminescent devices

Today, Ir(1l) complexes represent the most efficient and versatile class of
phosphorescent emitters synthesized, since they show shorter triplet lifetimes and lesser
triplet-triplet annihilation compared to Pt(Il) species, leading to higher quantum
efficiencies. Moreover, efficient colour tuning can be performed by modifying the
incorporated ligands, leading to full colour applications. Nevertheless, considering also
the described above drawbacks relative to the use of Ir(I1l) complexes in lightening
devices, especially regarding anionic complexes, it is evident that there is still room for
improvement. Intensive efforts have been thus invested in the recent years to rationalize
the appropriate criteria for the design of efficient Ir(l11l) phosphorescent emitters to be
applied in either OLEDs or LECs.'®°

Generally, Ir(111) complexes are characterized by the great inertness of their
saturated coordination sphere requiring harsh reaction conditions to incorporate the
ligands when the starting material is the commonly used Ir(l1l) chloride hydrate.
However, the rich coordination chemistry of Ir(lll) spans over a wide range of
compounds, including mono-, bis- and tris-cyclometallated species.®® A variety of
cyclometallated Ir(111) complexes with a very wide pool of ancillary ligands used to

complete their coordination sphere and to induce additional photophysical and/or
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structural (including supramolecular) features are used as phosphorescent emitters. A
strategy to tune the emission colour in Ir(111) complexes relies on the selective HOMO
stabilization and/or LUMO destabilization of the complex. Mixed ligand Ir(Il)
complexes with C*N cyclometallating ligands, are particularly appealing in this context,
since the two types of ligands can be almost independently functionalized to obtain the
desired colour tuning. In particular, electron-withdrawing substituents on the C”N
ligands decrease the donation to the metal and therefore stabilize the metal-based
HOMO. Electron-releasing substituents on the C”N ligand, lead, on the other hand to
destabilization of the ligand-based LUMO, ultimately leading to increased HOMO-
LUMO gaps and emission energies.'®®

The general synthetic pathway leading to Ir(Ill) complexes is depicted in
Scheme 6.1.
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Scheme 6.1. General synthetic strategies affording a) tris- and b) bis-cyclometallated

neutral and ionic complexes. Reagents and reaction conditions: i) H(C*N), A ii) L"X,
iii) NAN, iv) 2X
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Tris homoleptic cyclometallated Ir(111) complexes are obtained by direct reaction

of IrCl3.xH0 in the presence of an excess of the cyclometallating ligand H(C*N) (most

commonly a 2-phenylpyridine derivative)'®"

187b

(Scheme 6.1a) or by substitution of the
ancillary acetoacetonate in Ir(acac)s The synthesis of bis-cyclometallated
heteroleptic Ir(111) complexes follows instead a different synthetic pathway and involves
a chloro-bridged dimeric intermediate [Ir(C*N),-u-Cl],, obtained from the reaction of
IrCls.xH,O with two equivalents of the cyclometallating ligand.*®® When the chloro
bridged dimer is cleaved with a chelating monoanionic L”*X ancillary ligand (such as -
diketones, picolinates etc.), neutral complexes are obtained. If the same dimer reacts
with a chelating neutral NN ancillary ligand (2,2’-bipyridines, 1,10-phenantrolines,
diamines, etc.) in the presence of a silver salt, cationic bis-cyclometallated Ir(I1l) are
synthesised,*®® while anionic complexes are afforded by the reaction of [Ir(CN),-p-
Cl], with (pseudo)halogens salts such as NaCN in the presence of an organic base such

as the tetrabuthylammonium salt.*®®

6.4.3.1 Neutral bis- and tris-cyclometallated Ir(I11) complexes

Since 1985, when Watts and co-workers isolated Ir(ppy)s (I in Figure 6.9a) as a

by-product in the synthesis of its respective chloro-bridged dimer,**® numerous

variations of its basic structure have been reported, leading to a wide variety of

homoleptic tris-cyclometallated Ir(ll) complexes: by i) introduction of electron-

191

withdrawing or electron-donating substituents,™" ii) extension of the =-conjugated

system™® (11 in Figure 6.9a), iii) replacement of the pyridine ring by other N-

193

heteroaromatic rings™—" (111 in Figure 6.9a), iv) introduction of lateral functional groups

for post-complexation modifications.'*
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Figure 6.9. a) Tris- and b) bis-cyclometallated Ir(111) phosphorescent emitters

Following these strategies, a variety of emissive complexes covering the whole
visible spectra from blue, green, yellow, orange to red, have been introduced, even if the
synthesis of stable and efficient blue-emitters (wide HOMO-LUMO band-gap) still
represents a challenging issue. By increasing the degree of fluorination and
concomitantly replacing pyridine by pyrazole, a green-blue emitter was obtained (111 in
Figure 6.9a)."® From a geometrical point of view, thermodynamically favoured fac-
isomers of tris-cyclometallated Ir(I1l) complexes feature over an order of magnitude
longer lifetimes and higher quantum efficiencies than their mer counterparts.®® Since
their synthesis require harsh conditions, alternative routes towards fac-tris-
cyclometallated Ir(111) complexes have been proposed, including the use of microwave
radiation or, as reported by Williams et. al, **" by substituting three bidentate C*N
ligands with a tridentate bis-cyclometallating ligand and another tridentate mono-
cyclometallating ligand (1V in Figure 6.9a).

In bis-cyclometallated Ir(111) complexes, the coordination sphere of the metal
centre is completed by an ancillary ligand. When monoanionic chelating ligands are
used, neutral complexes are obtained. The most used ligands are acetylacetone (I in
Figure 6.9b), which was one of the first Ir(Ill) complexes to be introduced as

phosphorescent emitter in OLEDs and picolinate derivatives (11 in Figure 6.9b).*®
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Moreover, various pyrazole ancillary ligands have demonstrated their potential (111 in
Figure 6.9b) for the tuning of optoelectronic properties since they seem to be a

promising candidate for blue-emitting complexes.
6.4.3.2 lonic bis-cyclometallated Ir(111) complexes

Due to their notable photophysical properties, ionic character and good
solubility, charged Ir(111) complexes have gained much interest in recent years."® A
wide variaty of 2,2’-bipyridines, 1,10-phenantrolines and 2,2,6”,2”-terpyridine
derivatives have been introduced as neutral chelating ancillary ligands to afford
cationic Ir(111) complexes (Figure 6.10). In particular, electron-withdrawing (-F, -CFs, -
C(CHg)3) or electron donating (-OR) groups have been introduced on the

cyclometallating ligand (1 in Figure 6.10a%%

) in combination with the incorporation of n
conjugated lateral substituents on the pyridyl ancillary ligand (Il and Ill in Figure
6.10a°™").

The phosphorescent anionic Ir(111) complexes reported so far bear two pseudo-
halogen type monoanionic ligands (CN-, SCN-, etc.) to complete their coordination
sphere, while as for cationic complexes, various different groups have been

incorporated onto the cyclometallated ligands.*®"22
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Figure 6.10. Charged a) cationic and b) anionic cyclometallated Ir(111) complexes
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6.5 Concluding remarks

Since the introduction in 1987 of electroluminescent devices based on AlQs,
major improvements of the device efficiency and the development of new
chromophores have been performed. LECs have arisen as a single layer-alternative to
the complicated OLEDs multi-layer architectures. Still, these two types of
electroluminescent devices have continued their parallel development. Nevertheless,
while for OLEDs highs device stabilities have been reached, the LEC technology has
still to overcome the short lifetime issue. A major breakthrough was realised in 1999
with the introduction of transition metal phosphorescent chromophores, especially
Ir(111) based. Since then, a wide pool of neutral and ionic Ir(I1l) complexes have been
synthesised, characterized and part of them used as emitters in OLEDs and LECs of
different colours. Even if many progresses have been realised in terms of stability,
driving voltages and turn on times, transition metal based electroluminescent devices,
especially LECs, still do not possess all the required characteristics for their insertion on
the marketplace. Further studies need to be dedicated to the development of new
materials and improved architectures in order to afford competitive lightning sources.
To this regard, the second part of this thesis is dedicated to the synthesis and
characterization of novel Ir(I11) ionic and neutral emitters which are able to assemble in

ionic pairs and, respectively to electrogenerated films.

A selection of reviews concerning the recent developments in electroluminescent

devices, ordered by topic, is collected in Table 6.1.

Topic First author (Year) Reference
OLEDs N. Thejo Kalyani (2012) 170
L. Xiao (2011) 203
LECs R. D. Costa (2012) 204
R. D. Costa (2011) 163
Application of Ir(111) complexes in F. Dumur (2012) 205
electroluminescent devices C. Ulbricht (2009) 185
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Chapter Seven
Novel anionic Ir(l111) complexes and their derivatives

7.1 Introduction

As already discussed in Chapter 6, the success of Ir(I1l) complexes is not only
due to their efficient phosphorescence features, but also to the possibility of finely tune
the emission colour by properly choosing the nature of the ligands included in the Ir(I11)
coordination sphere.’®® Furthermore, according to the chemical nature of the chosen
ligands, neutral or ionic complexes can be obtained.’®® Since the pioneer work of Pei et

161

al on light emitting electrochemical cells (LECs or LEECs),™" ionic luminescent Ir(I11)

complexes have received a particular attention as well as, more recently, their
corresponding ion-paired cationic and anionic complexes (or soft salts).?"’

The term soft salts describes a pair of complementary charged organometallic
complexes lacking halide, alkali metal or other ions originally present as counterions of
the single components. >® Soft salts can be conveniently classified as homometallic or
heterometallic. Thus, as an example, different examples of homometallic Ir(1l1) soft
salts (Figure 7.1a), and, to the best of our knowledge, a single example of heterometallic
Ir(111) soft salt are known (Figure 7.1b).

An important feature of such ionic organometallic pairs is the fact that
phosphorescence is enabled from both parts of the complex salt. Thus, by choosing the
two charged ions of the pair in such a way that their emission covers a large region of
the visible range, white light emission can be obtained. Furthermore, in order to obtain
emission of white light, the emission intensity of the single components needs to be
controlled. Modulation of the single emission intensity can occur by adapting the
distance between the emitting moieties induced by the steric hindrance of the
incorporated ligands.”®™® Moreover soft salts have shown some advantages due to the
intrinsic ionic nature of their components: i) a higher solubility with respect to classical
neutral Iridium complexes, an important issue for device construction; ii) a higher
flexibility of colour tuning due to the opportunity of chemical modifications on each

209b

component, and iii) the possibility of using polynuclear ionic complexes as

component with control of internal electronic communication for fine colour tuning.?%%
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Figure 7.1. a) Homometallic 1,272 2,29% 3209 anq 420% |r(]11) soft salts and

b) heterometallic Ir(111) soft salts 42°™
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Ir(111) based soft salts are in principle suitable for both OLEDs and LECs since
these ion pairs are concomitantly overall neutral assemblies and ambipolar species with
the capability of transporting both holes and electrons. However, probably due to the
absence of small ions which more easily migrate under an applied field to insure ohmic
contact, soft salts based LEC have still to prove their working capacity.?®® On the
contrary, soft salts have been successfully used in OLEDs (also called PhOLEDs for
Phosphorescent Organic Light Emitting Diodes) and no delay between turn-on time and
light emission was reported.?**

Ir(111) soft salts either homometallic or heterometallic are synthesized via
metathetical reaction starting from two conventional salts respectively containing the
cation and anion of the desired soft salt. To this regard, while research on cationic Ir(I11)

complexes accounts already for a rather wide number of examples,®

only few
cyclometallated anionic Ir(I1l) complexes have been reported so far. The first anionic
Ir(111) complex having the negative charge located on the metal centre was published in
2003 by Nazeeruddin et al.?®® in a study of a series of highly phosphorescent anionic
complexes [Ir(ppy)2(X)2JTBA with X = CN-, NCS- and NCO- and TBA =
tetrabuthylammonium, for application in OLEDs. By choosing appropriately
functionalized 2-phenylpyridine ligands, blue emission (450-470 nm) has been observed
for this class of complexes.’*® Even if the first LEC device comprising a sodium salt
was recently obtained, for these anionic Ir(I11) complexes embedded with mono-dentate
(pseudo halogen type) ligands, small molecules such as water can easily promote ligand
exchange in the excited state resulting in the quenching of the emission and leading to

device degradation.”™

7.2 Anionic cyclometallated Ir(111) complexes containing substituted bivalent
ortho-hydroquinones

In this context, in an attempt to extend the class of anionic Ir(I1l) complexes
available and obtaining more stable emitters, a new series of anionic Ir(lll) bearing a
bidentate catecholate derivative as OO ancillary ligand has been synthesised.?'® This
synthetic work has been aimed to develop the class of anionic Ir(l1l) complexes through
a simple and versatile synthetic pathway and led by the interest of following the change
in their photophysical properties by using chelating bivalent ancillary ligands. These are
bis-cyclometallated Ir(I1l) complexes of general formula [(ppy)Ir(O"O)]NBu, (XIV-
XVI) (Figure 7.2) bearing redox switchable ortho-hydroquinone ancillary ligands.
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Transition metal complexes containing quinone based ligands (in their three different
formal oxidation states: catecholate, semiquinone or quinone) were extensively studied
because of the induced delocalisation of metal-ligand charge and the generation of

redox chains with complex electrochemistry processes.?'

Nevertheless, the
coordination chemistry of Ir(111) metal with such ligands has received less attention
probably because of the low stability of its diamagnetic species. However, by
opportunely functionalizing the quinoid skeleton, more appealing Ir(111) neutral or ionic
complexes for optoelectronic applications can be reached. In this context, and to the
best of our knowledge, a single anionic Ir (I111) complex embedded with a substituted
ortho-hydroquinone ligand has been reported, unfortunately, without any specific

details or description of its photophysical and electrochemical properties.?*?
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Figure 7.2 Anionic Ir(111) cyclometallated complexes

For these reasons, we have studied the reactivity of ortho-quinones possessing
either strong electron withdrawing groups (complexes XVII and XVIII) or a highly
delocalized © system (complex XIX), with the aim of stabilising the catecholate forms
and consequently obtain new anionic Ir(I111) complexes that may extend their application

in fields concerned with photo/electro conversion processes.
7.2.1 Synthesis

The synthesis of all complexes (XIV-XVI) was carried out starting from the
previously reported dichloro-bridged dimer®® [(ppy).lr(u-Cl)], 14 and the appropriate
substituted ortho hydroquinone ligand (Scheme 7.1) in presence of a slight excess of
tetrabutylammonium hydroxide to ensure full deprotonation of the ancillary ligand. The
pure products XIV-XVI1 were obtained in good yields (from ca. 70 to 98%) after
recrystallization as red (XIV, XV) or blue (XVI1) solids.
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Scheme 7.1. Reagents and conditions: i) NBu,OH, dichloromethane/methanol, N, r.t.,
3 days.

The complexes were fully characterized by IR, H NMR, conductivity
measurements and elemental analysis (Chapter Ten), all confirming the proposed
structures presented in Scheme 7.1. Noteworthy, the proton signals within the aromatic
region of the '"H NMR spectrum are well-resolved and showing one set of signals for
complexes XIV and XV, and respectively two distinguishable sets of signals for
complex XVI, one for each non-magnetically equivalent 2-phenylpyridine unit.

Furthermore, the ionic character of XIV-XVI was further confirmed by
conductivity measurements in dry acetonitrile solution. Indeed, the values for both
complexes are of ca. 120 Q* cm> mol, in agreement with a 1:1 univalent type
electrolyte.?** All the three complexes resulted thermally stable up to 220°C where

decomposition occurred.
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7.2.2 Electrochemistry

The redox properties of complexes XIV-XV1 were studied by cyclic voltametry.
The redox potentials measured for all complexes are reported in Table 7.1. All the
reported values are referred to the Fc/Fc* redox couple, used as internal standard

reference. The three complexes present the same oxidation behaviour (Figure 7.3).

Ered (mv)* El/2 EOX]_ EOX

2
cat/sq (mV)* | sg/q (mV) * "N (mv)*
A\ not observed -192 (Rev.) +536 (Irr.) +641 (Irr.)
XV not observed -180 (Rev.) +530 (Irr.) +640 (Irr.)
XVI -1510 (lrr, 2e-) | -163 (Rev.) +438 (Irr.) +640 (Irr.)

*vs, Fc/Fc'; cat=catecholate, sq=semiquinoid, g=quinoid forms of the ancillary ligand

Table 7.1. Redox potentials (vs. Fc/Fc*) observed for complexes XIV-XVI. Irreversible
wave (Irr.), Reversible wave (Rev.)

i ; 7 XVI
Current XV
Intensity |

1 0 1 2

Potential (V) vs. SCE

Figure 7.3. Cyclic voltamograms of XIV-XVI complexes measured in acetonitrile at
room temperature. The potentials are shown relative to Fc/Fc* couple.

As previously reported for catecholato substituted cyclometallated Ir(l11)

215 three oxidation waves are observed for XIV-XVI. The first reversible

complexes,
wave is attributed to the oxidation of the ortho-hydroquinone ligands from the
catecholate (cat) to the sequinone (sq) state, while the second irreversible wave is
related to the semiquinone (sg)/quinone (q) oxidation redox couple. While in previously

|215

reported complexes obtained using 3,5-di-tert-butylcatechol*™ the catecholate fragment
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Is in its semiquinone form, for complexes XI1V-XVI the ortho-hydroquinone ligand is in
its fully reduced catecholate oxidation state. Noteworthy, no change was observed
neither in signal intensity nor in potential drift by cycling repeatedly onto the first
reversible oxidation wave showing the high electrochemical stability of all complexes in

their catecholate and semiquinone forms (Figure 7.4).

>0

Current Intensity (a.u.)
o

|<0 T T T T T T
-0,4 -0,2 0,0 0,2 0,4 0,6

Potential (V) vs. SCE

Figure 7.4. Cyclic voltamogram of XV in dry DCM repeating 6 cycles on the first
oxidation wave showing
the high electrochemical stability of both the catechol and semiquinone forms

The irreversibility of the second wave can be correlated to the chemical
instability of the quinolate form of the complexes assisted by releasing of the free ligand
in solution and the possible incorporation of two acetonitrile solvent molecules to
complete the metal coordination sphere. Indeed, the third oxidation wave is related to
the Ir(111)/Ir(IV) oxidation state of the [(ppy).Ir(CH3CN),]* ion complex,?® and thus its
potential (+ 640 mV) is invariant for the three complexes. As expected, on increasing
the aromaticity/electronegativity of the substituents of the catecholato ligand, a slight
increase of the potential of the first two oxidation peaks is observed representing the
higher difficulty to oxidize the catecholate complexes whose oxidation potentials vary
with the order X1V > XV > XVI.

Considering the reduction behaviour of complexes XIV-XVI, no reduction wave
was observed for X1V and XV, as expected since in cyclometallated Ir(I11) complexes

217

the reduction is generally associated to the cyclometallated moiety”™" and the metal

bound 2-phenylpyridine reduction wave probably occurs outside of the solvent
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potentials window (i.e. <-1.8 V vs. Fc/Fc*). On the contrary, complex XV1 exhibits an
irreversible 2 electrons reduction wave at ca. -1.5 V (Figure 7.5), attributed to the

reduction of the anthraquinone fragment of the alizarin moiety.*'®

1>0

Current intensity (a.u.)

I<0 T T T T T T T T T T T 1
45 -10 05 00 05 10 15
Potential (V) vs. SCE

Figure 7.5. Cyclic voltamogram of complex XV, measured in acetonitrile at room
temperature

Contrary to the colour change observed upon addition of ferrocene for the
previously reported 3,5- di-tert-butylcatechol Ir(111) neutral complex®*® which was
attributed to the formation of a charge transfer complex, for all complexes XIV-XVI, no
such variation was observed. This is in agreement with the ionic nature of the
complexes, the ortho-hydroguinone ligand being present in its lowest reduced form
(catecholate), no formation of such a charge-transfer complex with ferrocene can take
place.

7.2.3 Photophysical properties
In deoxygenated acetonitrile dilute (8:10° M) solution, complex XIV and XVI
showed a scarce orange luminescence (600 nm for complex XIV and 590 for complex

XVI) superimposed to a green emission component centred at 500 nm, more intense for
complex XVI (Figure 7.6a and 7.6b).
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Figure 7.6. Emission spectra of complex X1V (a) and XV (b) in diluted and
concentrated acetonitrile solutions (Aexc=400 nm).

Following dilutions processes for complex XIV (<10°® M) no further changes in
the spectroscopic features were observed whereas a significant increase in concentration
(up to 103 M) led to the almost sole presence of the orange component for both
complexes X1V and XV. Since the orange component is, at least for complex XIV,
always the most intense signal, independently of concentration, the monomer-excimer
equilibrium®® can be ruled out. Evidence of a possible hydrolysis pathway more
perceptible in dilute solutions (spectroscopic concentrations) and more efficient for
complex XV has been obtained. In particular, at spectroscopic concentrations, the
solvato [Ir(ppy)2(H20)2]" complex is reasonably formed as observed by time monitoring
of the emission of an acetonitrile solution of complex XV in absence of oxygen and
upon addition of water (50 uL), where after a short period of time, a significant increase

of the green component can already be measured (Figure 7.7).

n t=0
t=5min
l t= 10 min
l 1=20 rman
: t = 40 min
- t= 60 min
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Figure 7.7. Emission spectra as a function of time of a concentrated deaerated
acetonitrile solution of complex XV after the addition of a drop of water
(Xexc =400 nm)
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Indeed, similar green emission has been observed for related complexes
[Ir(ppy)2(solv),]* where solv = H,O or CH3;CN.?° Additional photophysical
measurements were performed in order to further investigate the observed behaviour. In
particular luminescence lifetimes were measured for complexes XIV and XV by
monitoring the emission decay curves both in the green and in the orange luminescence
range. Nevertheless, the complicated multiexponential decays observed are hardly
interpretable on the basis of the available data. No luminescence have been detected for
complex X1V and XV in the solid state.

Differently from XIV and XV, complex XVI showed no emission at all neither
in concentrated nor diluted solutions. The absorption spectra of acetonitrile diluted
solutions of complexes X1V and XV display distinctive bands in the UV and the visible
region due to ligand centred (z-7*) and MLCT transitions, respectively characteristics

of cyclometallated Ir(111) complexes (Figure 7.8).2%°

300 400 500 600
lnm

Figure 7.8. Absorption spectra of complexes XIV and XV in diluted acetonitrile
solutions

Worthy of note, the absorption spectrum of complex XV shows intense bands
(molar extinction coefficient ¢ > 104 M* cm™) in the ultraviolet part of the spectrum
associated with z-z* electronic transitions and weaker bands (with molar extinction
coefficients of ca. 10° to 1.5:10* M cm™) extended from 320 to 700 nm including
spin-allowed and spin-forbidden metal-to-ligand charge transfer (MLCT) transitions
and 7-7* alizarinate transitions (Figure 7.9).* The stability of complex XVI at
spectroscopic concentrations (10° M-10° M) was checked, indicating its effective

stability also in this experimental condition.
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Figure 7.9. Absorption spectra of complex XV1 in acetonitrile solution

Complexes XIV-XVI represent the first examples of anionic Ir(l1l)
cyclometallated complexes bearing a bidentate ancillary ligand which have been
characterized. Even if these compounds show poor emission, the developed synthetic
procedure can be applied to other systems. A proper choice of the ancillary ligand could

afford anionic luminescent Ir(111) cyclometallated complexes.

7.3 Luminescent anionic cyclometallated Ir(111) complexes containing an orotate
ancillary ligand

In the context of the wide variety of chelating ancillary ligands investigated in
the last years in Ir(11l) cyclometallated complexes, a number of efficient blue-emitting
cyclometallated Ir(111) neutral complexes have been reported with monoanionic O"N
ligands such as picolinic acid (Figure 7.10a).%%? This suggest that, in principle, the use
of a dianionic O™N type bivalent ligand could lead to anionic Ir(I11l) complexes with
highly interesting luminescence properties. To this regard, orotic acid (Figure 7.10b)
whose coordination chemistry to a wide number of transition metals (Cu?*, Mn®*, Zn+,
Hg?*, Cd®*, Fe**, Cr®*, Ag", Ir*, Rh") has already been investigated,?® could be a
rightful candidate.

141



NTX HNT ™
| A
= o N o
H
a) b)

Figure 7.10. Molecular structure of picolinic acid (a) and orotic acid (b)
7.3.1 Synthesis
We have therefore proceeded to the synthesis of two new anionic bis-
cyclometallated Ir(111) complexes A and A?, of general formula [(R-ppy)2Ir(O”N)]TBA

with R-ppy=2-phenylpyridine (R = H) or 4,5’-dimethyl-2-phenylpyridine (R = CHa),

O”N = dianionic form of the orotic acid and TBA = tetrabutylammonium (Scheme 7.2).

NBU4+

14: R=H Lo
14" R = CH3 A TR=H

Scheme 7.2. Reagents and conditions: i) 2-ethoxyethanol/water, reflux, 24 h., Ny;
i) orotic acd, NBu4OH, dichloromethane/methanol, r.t., 24 h

The anionic complexes A' and A? were obtained starting from the relative
dichloro bridged precursor [(Rppy) Ir(u-Cl)], 14 and 14° which were reacted with a
slight excess of orotic acid in the presence of tetrabutylammonium hydroxide similarly
to the synthesis of catecholate Ir(111) complexes in the previous section.

The IR spectra of the anionic complexes A' and A? confirm the binding of the
carboxylate group and the adjacent N atom of the orotic ligand to the Ir(l1l) metal
center.??*® Indeed, the deprotonation of both groups results in the disappearance of the
acidic v(O-H) band at 2500 cm™, and of the stretching and bending N-H vibration bands
of the adjacent N situated in the free ligand at 3200 and 1430 cm™ respectively (Figure
7.11).
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Figure 7.11. IR spectra of orotic acid and complexes A’ and A

Further confirmation of this coordination mode was obtained from the shift
towards lower frequencies of the adjacent exocyclic v(C=0) carboxylate band, and the
corresponding shifts of the symmetric (downfield) and asymmetric (upfield) stretching
bands of the carboxylate group.?2®

Furthermore, the ionic character of A' and A% was confirmed by conductivity
measurements in dry acetonitrile solution. Indeed, the values for both complexes are

around 120 Q*.cm®mol™, in agreement with a 1:1 univalent electrolyte type.?**
7.3.2 Solution electrochemical studies

The redox behaviour of A' and A? was studied by cyclic voltametry. The
HOMO energy levels were estimated considering the measured redox potentials, while
the LUMO levels were estimated considering spectroscopic data, taking into account -
4.8 eV for Fc/Fc*. The redox potentials measured for complexes A® and A? and the

HOMO/LUMO levels estimated are reported in Table 7.2.
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E¥ (mV)

HOMO/LUMO (V)

Al + 319 (R)

-51/-24

A’ +171 (R)

-49/-23

All potential are given vs. Fc/Fc”.
(R) : Reversible wave

Table 7.2. Redox potential (vs. Fc/Fc*) observed for A' and AZ.

Estimation of HOMO/LUMO.

As described in a previous study,
and ionic complexes can be described as a metal-centred process which depends on the
electron richness of the metal. The electron density of the metal centre is influenced,
through the presence of the carbon-metal bond by the c-donating capability of the
cyclometallated ligands. One single-electron reversible oxidation (Figure 7.12) was
observed for both the anions A and A2. The oxidation of A? occurs at a lower potential
(of ca. 150 mV) with respect to A’ due to the different o—donating effect induced by the

presence of the two methyl groups on the cyclometallated ligand,** that finally results

224

oxidation of cyclometallated Ir(I1l) neutral

in the lowering of the HOMO energy level of A? with respect to A’.

A A
S
©
- Fc/Fc*
>
= -1
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E(V) vs. SHE

Figure 7.12. CV traces of A® and A? in presence of Fc/Fc*. Scan rate 100 mV s in dry

acetonitrile

This rather high potential difference due to the dimethylation can be ascribed to
the specific position of the methyl groups which are playing a crucial role onto the
electronic effects on the 2-phenylpyridine ligand. Indeed, such high differences have

been already observed for tris-cyclometallated homoleptic neutral Iridium complexes
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bearing two methyl substituents. Depending on their position, the potential difference
with respect to Ir(ppy)s can range from 170 to 240 mV without inducing any noticeable
effect onto their emission energies.?®

No reduction was observed for the two anionic complexes A! and A? in the
solvent window used (-2.0/+1.8 V vs. SHE).

7.3.3 Photophysical properties
Photophysical studies were performed on deoxygenated acetonitrile solutions of

the anionic complexes A' and A% The absorption and emission data is summarized in
Table 7.3.

Aabs/nm (log €)
Al 465 (3.28), 405 (3.59), 341 (4.04), 258 (4.47)
A® 470 (3.56), 415 (3.74), 342 (4.17), 266 (4.57)

hem (NM) | *t (nsec) b¢ (%0)
Al 530 1090 69
A2 536 1142 58

? Excited-state lifetimes.
® Photoluminescence quantum yields obtained from

degassed solutions (%)

Table 7.3. Spectroscopic properties of A* and A? in deoxygenated highly
diluted acetonitrile solutions (C < 5*10° M). Luminescence
quantum yields have been determined exciting the samples at A =
380 nm

In deoxygenated acetonitrile the two anionic A' and A? complexes show a
structureless emission spectrum with the emission maximum centred at 530 nm and 536

nm respectively (Figure 7.13).
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Figure 7.13. Emission spectra of A' and A? complexes in
acetonitrile solutions

A shows a luminescence quantum yield (¢) of 0.69 and an emission lifetime of
about 1090 ns, while A% shows a luminescence quantum yield (¢) of 0.58 and an
emission lifetime of about 1142 ns. The broad and structureless shape of the observed
emission profiles suggests an MLCT emission, while the small variation of the
photophysical properties of the two anionic complexes can reasonably be attributed to
the electronic effects exerted by the methyl substitutions on A? CAN ligand with respect

to Al 226
The two novel anionic complexes A' and A? bearing an orotate moiety as an

ancillary ligand present high thermal stability and high luminescence. Considering that
the use of anionic complexes in LECs has been so far prevented by the poor efficiency
and lifetime of devices induced by the low stability in working conditions of the
available ionic Ir(11l) complexes embedded with monodentate pseudohalogen type
ligands, complexes A' and A?, bearing a bidentate ancillary ligand, represent good
candidates to be tested as active species in LECs. Furthermore, in the context of the
synthesis of Ir(I11) soft salts, such luminescent novel anionic complexes can be paired

with a wide variety of cationic luminescent complexes to form homo or heterometallic

soft salts.
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7.4 1r(111) luminescent homometallic soft salts
7.4.1 Synthesis

To this regard, we prepared and studied the homometallic soft salts formed by
the two orotate containing anionic complexes A' and A? with two cationic Ir(l11)
previously reported complexes C' and C? (Figure 7.14) of general formula

[(ppy)2Ir(NAN)]X, where NAN = 2-picolylamine or 2,2’-bipyridil and X=CI" or CH3CO,"
respectively.?

— = | -+ — = | -+
NS N\
N° H, T | =
N
/
Ccr Ir CH;COO”
I\N x 3
N -
g
— \ —
CZ

Figure 7.14. Molecular structures of the cationic Ir(111) complexes C* and C?

The obtained homometallic Ir(111) soft salts, namely C*A!, C'A? C?A’, and
C?A2 of general formula [(ppy)2Ir(N~N)][(R-ppy)2Ir(O”N)] are presented in Figure

7.15.
R
=
+ = ‘
©/\(j E} \ng/o
R= H :C!A!
R = CH5: ClA?
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R \‘
N
|/o o
Ir Ir
\ |\N\
N R N~ 0P S0
\ H
NS
R

Figure 7.15. Molecular structures of the soft salts C*A, C*A?, C*A! and C?A?
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Considering the choice of the cationic complexes, namely C? as the archetype
cationic compound and C* because of its readiness to crystallize with a variety of
counteranions (CI°, ClO,, PF6).22" Indeed, the presence of a NH, functional group that
could result in the formation of H-bond networks with the orotate ligand of the anionic
Iridium complexes directed our choice of C' as a perfect candidate to emphasize
cation/anion interactions. The cationic Ir(111) complexes C'and C? were synthesized as

227
—- + — Z ‘ — +
I
N
ii) /
cr . CH3COO"
> I|r\N> ¥
/N
_ L A | _

previously reported (Scheme 7.3).
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Scheme 7.3. Reagents and conditions: i) dichloromethane/methanol, reflux, N,
i) AgCH3COO, methanol N,

(=
N

N

The soft salts were prepared (Scheme 7.4) by dissolving the corresponding
complementary charged Ir(l1l) complexes (1:1 molar ratio) in a mixture of
methanol/water (4:1 v/v) at room temperature, and stirring the resulting mixture in open

vessel to allow a slow evaporation of methanol to 1/3 of its initial volume.

+ - +
l T o | 2 [CC0 | MO0
N 1 N 0.0
e X+ pd + 4 e ./ + NBuyX
<D L e KO| | oG |
/N R /N O%\N [e] /N R /N )\N (e}
g < H o R
R R
C': NAN = pam, X" =CI" ALR=H C"AN

C2 NAN =bpy, X =CH3CO, A% R =CH,4
Scheme 7.4. Reagents and conditions: 1) methanol/water, r.t.

The as obtained yellowish precipitates were filtered out and washed several
times with large amounts of water in order to remove the NBusX byproduct salt

formed together with the expected soft salts. The novel homometallic dinuclear ionic
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species [(ppy)2lr(N*N)][(R-ppy)2Ir(O”N)] were separated in moderate yields and fully

characterized by FT-IR, "H NMR and elemental analysis.

The actual formations of the soft salts were established through their relative IR

spectra by the disappearance of the characteristic bands attributed to the counterions (v
= 2962, 2874 cm™ (NBu,") and 1560, 1390 cm™ (CH;COO") (Figures 7.16) and

confirmed by *H NMR again for the disappearance of the relative proton signals.
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Figure 7.16. IR spectra complexes of a) A’ and the corresponding soft salts C*A’ and
C?A! and b) A% and the corresponding soft salts C*A% and C?A?

For all the four C"A" species, it was observed that *H NMR spectrum of the soft

salts are exactly the superposition of the *H NMR spectra of the two ionic components

(Figure 7.17).
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Figure 7.17. *H NMR spectra of a) complexes A and C* and their corresponding soft

salt A'C* and b) A% and C? and their corresponding soft salt A>C?

All soft salts are highly hygroscopic and the loss of water molecules has been
observed on TGA traces below 100°C.
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7.4.2 Solution electrochemical studies

The redox properties of all the soft salts, as well as their single cationic C* and
C? were studied by cyclic voltametry. The HOMO/LUMO energy levels were estimated
considering the measured redox potentials and the complexes spectroscopic data when
reductive potentials were not available, taking into account -4.8 eV for Fc/Fc*. The
redox potentials measured for the complexes C*, C? and for the soft salts are reported in

Table 7.4, as well as the data relative to the anions A® and A? for direct comparison.

E®%py(MV) | E% (MV) | E%;pan (MV) | E™ppy (MV) | HOMO/LUMO
(eV)
[ / / +780 (1) / 5.6/-29
c? -1777 (R) / / + 852 (1) 5.7/-3.0
Al / + 319 (R) / / 5.1/-2.4
A’ / +171 (R) / / -49/-2.3
C'A / +330(R) | +801()) / -51/-24
C'A? / +172(R) | +762(1) / -49/-2.3
C*A! | -1772(R) | +305 (R) + 808 (1) -5.1/-3.0
C’A* | -1769 (R) | +162 (R) + 774 (1) -49/-3.0
All potential are given vs. Fc/Fc”.
(R) : Reversible wave, (I): Irreversible wave.
pam: picolyl amine moiety, bpy: bipyridine moiety

Table 7.4. Redox potential (vs. Fc/Fc*) observed for all
complexes and soft salts. Estimation of HOMO/LUMO.

Considering the solution electrochemistry of the single ions, it was observed that

the oxidative potential of C* (E™; ) is ca. 70 mV higher than the one of cation C*
(EOXZ pam)-

No reduction waves were observed for the two anions neither for C! in the

solvent window used (-2.0/+1.8 V vs. SHE), while reduction of C? occurs at -1777

mV vs. Fc/Fc+. The process can reasonably be attributed to the reduction of the

bipyridine moiety.?*®

While the electrochemical properties of C* have not previously
been investigated, the oxidation and reduction potentials of C®> (E® = + 850 mV and
E™ =-1780 mV vs. Fc/Fc*) are in agreement with literature reported values.??

As previously observed for Ir(Ill) soft salts based on monodentate anionic

complexes,?*%

the redox properties of the soft salts are identical to their corresponding
component ions. The voltamogram of C*A? (for which both reduction and oxidation are

observed) is presented in Figure 7.18 as example.
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Figure 7.18. Comparison between the cyclic voltamograms
obtained for the soft salt C*A? and its corresponding ion
components A% and C?

The C?*A? voltamogram is consequently the sum of the voltammograms of C?
and A the reduction and oxidations potentials of the single ions remain unchanged in
the salt. The same behaviour was observed for the whole series of C"A" soft salts.
Consequently, the HOMO and LUMO energy levels of the salt are given by the highest
oxidation and the lowest reduction potentials of the couple anion/cation. In the C*A?
example, the LUMO orbital is localized on the cation, while the HOMO is associated
with the anion. This provides a straightforward way to tune the energy levels of soft
salts by chemically modifying the chelating ligands of the individual ions, a way to
probe the role of carrier trapping on the cationic and anionic component of soft salts in

lightning devices.
7.4.3 Photophysical properties

A comprehensive photophysical investigation including emission spectra,
luminescence quantum yield and time-resolved luminescence was performed on
deoxygenated acetonitrile solutions of the cationic complexes C* and C? and their
corresponding soft salts. The emission data of the single ions and soft salts are
summarized in Table 7.5 (data relative to A' and A? is reported too for direct

comparison).
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Aem (NM) | T (nsec) %0 (%) Ken(s™)
act 490 1200 52
°C? 585 310 9
Al 530 1090 69
A’ 536 1142 58
c’Al | (480)525 |372/1220 83 1.9%10°
C’A® | (486)532 | 560/ 1300 81 9.5%10°
C°A' 532 320/ 940 51 1.4*10°
C°A’ 538 336 /1135 48 5.4*10°

% as a ClOy salt for solubility in acetonitrile
® as a CI salt for solubility in acetonitrile
¢ Excited-state lifetimes.
¢ Photoluminescence quantum yields obtained from
degassed solutions (%).

® rate constant for the energy-transfer process

Table 7.5. Luminescence properties of soft salts and of their
respective cations and anions components in deoxygenated highly
diluted acetonitrile solutions (C < 5*10® M). Luminescence

quantum yields have been determined exciting the samples at A =
380 nm.

The photophysical properties observed for both C* and C? cationic complexes
are in good agreement with those already reported in literature. 242222/

All soft salts displayed a broad emission band corresponding to the overlap of
the emission of their respective cation and anion components. Concerning luminescence
quantum yields, all the soft salts resulted to be highly luminescent with a luminescence
guantum vyield values ranging from 48 % to 81%. The large overlap of absorption bands
of the cationic and anionic soft salts components prevents the selective excitation of
each salt components. Furthermore the analogous significant emission spectra overlap
made single component analysis rather difficult. Consequently, a quantitative analysis

of the obtained soft salts luminescence quantum yield values not allowed.
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A deeper analysis of soft salts photophysical properties was obtained by
performing time-resolved luminescence measurements. In particular, all salts yield a
characteristic double-exponential decay in agreement with the presence in the salt of the
two different ion components. Moreover, while the lifetime of the ion component with
higher triplet state energy resulted markedly shortened for C'A' and C'A? salts and
only slightly shortened for the couples C*A' and C*A? with respect to the corresponding
isolated components, the lifetime of the ion with lower energy in the pair resulted to be
slightly longer in all cases. The shortening of the luminescence lifetime of the ion
component with higher triplet state energy is probably due to the presence of an energy
transfer process active within all the soft salts, analogously from what observed for
related systems.?*’#?® The process efficiency of such a proposed energy transfer is
significantly higher for the salts containing C' complex cation acting as energy donor
showing in these salts a drastic decrease of luminescence lifetime. Differently, in the
soft salts comprising C?, which would act in this case as energy acceptor, the energy
transfer appears less efficient. Furthermore, the increase of the luminescence lifetime
observed for all the ions with the lower energy in the pairs (energy acceptors), should
derive from a partial reduction of nonradiative decays due to vibrational modes caused
by the ion pair formation.

To further investigate the energy transfer process we compared the emission
spectra of the salts, excited at Aexe = 380 nm (excitation wavelength used for both
luminescence quantum yield and luminescent lifetimes determinations) with the
emission spectra of their corresponding ion components obtained at the same excitation
wavelength and controlling the experimental conditions to insure that the number of
absorbed photons for each component was matching the number of photons they
effectively absorbed in the salt. It is important to point out that these measurements are
feasible since the absorption spectra of all soft salts (Table 7.4) result from the simple
superposition of the spectra of the component units indicating a negligible electronic

interaction between them as it is expected for this class of compounds.?®
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samples Aabs/nm (log €)

c'clo, 420 (3.57), 384 (3.68), 343 (3.87), 258 (4.63)
c*cl 467 (3.12), 381 (3.70), 309 (4.24), 257 (4.59)
c'al 465 (3.46), 389 (4.01), 345 (4.30), 258 (4.86)
C'A’ 470 (3.54), 416 (3.91), 342 (4.33), 263 (4.88)
cAl 467 (3.41), 408 (3.83), 340 (4.24), 309 (4.45), 258 (4.83)
C°A’ 470 (3.61), 415 (3.91), 342 (4.33), 309 (4.51), 263 (4.88)

Table 7.4. Spectroscopic data of the samples in acetonitrile solutions

Since A and A? have shown similar photophysical properties, this investigation
has been only conducted for the couple C*A' and C*A? while analogous conclusions
can be reasonably assumed for C'A? and C*A! soft salts. The photoluminescent spectra

obtained for C'A' and C?A? soft salts are presented in Figures 7.19.
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Figure 7.19. a) Absorption and Emission Spectra in deoxygenated acetonitrile at 298K

of C'A! (Abs.380nm = 13%), C* (Abs.380nm = 5.9%) and A’ (Abs.380nm = 7.1%). In

inset, a detailed around ca. 500 nm of the comparison between the emission spectrum of
C*A! and the sum of emission spectra C* + A', b) Absorption and Emission Spectra in

deoxygenated acetonitrile at 298K of C?A? (Abs.380nm = 12%), C? (Abs.380nm =95

5.6%) and A? (Abs.380nm = 6.4%). In inset, a detailed around ca. 550 nm of the
comparison between the emission spectrym og C?A? and the sum of emission spectra
C + A"
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All the measurements were performed in deoxygenated acetonitrile solutions.
By comparing the emission spectrum of each soft salt with the sum of the emission
spectrum of the corresponding ionic components absorbing the same number of photons
as in the salt, it can be noticed that the sum spectrum is always higher in intensity.
However, while for C?A? this behaviour is barely noticeable, it becomes more
pronounced for C'A' suggesting that a different amount of emitted photons are lost in
the salt.

In particular, since the luminescence spectral features relative to the energy
donor (C') remain partially distinguishable in C*A! salt this comparison (A'C* vs. A +
C1) immediately highlights that C*, the ionic component with the higher triplet state
energy in the salt is the quenched one, while in the case of C?A? such observation is
prevented by a too close overlap of both emission bands of C? and A? together with the
low emission efficiency of the energy acceptor C2.

These experimental evidences corroborate a higher efficiency of the energy
transfer process within the soft salts containing C' as complex cation and a less
important quasi negligible one within the soft salts containing C? as complex cation.
The rate constant for the energy-transfer process, ken, can be obtained from the
following equation:

Ken = 1/1— 1/1
where 1o and t are respectively the phosphorescence lifetimes of the un-quenched and
quenched energy of the donor. The rates of the energy-transfer processes calculated for
our systems are reported in Table 7.5. Noteworthy, the rates are significantly higher for
the salts containing C* as energy donor.

The energy transfer process can occur via different mechanisms: (i) the Forster
mechanism, which relies on the coupling of the transition dipole moments to transfer
energy and which is active over long distances (< 100 A); (ii) the Dexter mechanism,
which actually involves the exchange of electrons between donor and acceptor and only
occurs when their molecular orbitals overlap (interchromophoric distance < 10 A). This
energy transfer efficiency drops exponentially with distance.?*

Taking into account that no significant electronic interactions between the salts
components resulted from both photophysical and electrochemical measurements and
that in acetonitrile solution each ion forming the soft salts should be completely

solvated, the Dexter mechanism could be reasonably excluded.
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Since the rate of the energy transfer depends, among other factors, also on the
extent of the spectral overlap of the emission spectrum of the donor with the absorption
spectrum of the acceptor, the higher rates values obtained for the salts containing C* as
energy donor (C'A', C'A?) should mainly result from the greater extent of the spectral
overlap showed by these soft salts with respect to C?A* and C?A2 for which the overlap

become quasi negligible (Figure 7.20).
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Figure 7.20. a) Superimposition of the emission spectrum of C* energy donor with the
absorption spectra of both A' and A? energy acceptors relative to the soft salts C*A?,
C'A?, b) Superimposition of the emission spectrum of A’ and A? energy donors with

the absorption spectra of C energy acceptor relative to the soft salts C?A', C*A?

7.5 Conclusions

New anionic cyclometallated Ir(ll1) complexes with O*"O and O”N type
dianionic ancillary ligands have been successfully synthesised. The first series of
anionic complexes is composed of catecholate containing Ir(111) anionic complexes with
the ortho-hydroquinone ligands bearing strong electron withdrawing groups (complexes
XIV and XV) or featuring a largely delocalized m system (complex XVI). These
complexes present similar redox behaviour, showing high electrochemical stability in
their catecholate and semiquinonate forms. However, photophysical characterizations
have evidenced for complex XIV and especially for XV high sensitivity towards
hydrolysis. Regardless of the luminescence properties that can be improved by smart
ligand functionalization if desired, remarkably complex XVI shows strong absorption

extending as far as 700 nm making this system of interest for solar energy harvesting

157



applications.?®! These synthetic results, encouraged us to go further with the
investigation of anionic Ir(I11) complexes.

In fact, orotic acid has been successful used as a dianionic bidentate ligand to
obtain anionic green emitting with high luminescent quantum yields (60-70%, Aem Ca.
530 nm), and thermally stable (until ca. 200°C) Ir(l11) complexes. The introduction of
this bidentate orotic acid as an appealing ancillary ligand might be a step toward the
stabilisation of anionic Ir(I1l) complexes which until now have both shown emission
quenching and fast device degradation when used in LECs, in particular the until now
commonly used monodentate anionic complexes studied. Furthermore, we have
demonstrated the possibility of using such anionic complexes in the formation of
homometallic soft salts with enhanced luminescent properties showing up to 81-83%
photoluminescent quantum yield (CA' and C*A?). Finally, by adequately choosing the
couple cation/anion we have shown how to modulate the possible energy transfer
process within the soft salts allowing both the cation and anion to present their
individual emission frequencies. This results in the enhancement of the emission.
Further test of the anionic luminescent complexes A' and A? in LECs and of the
corresponding overall neutral soft salts in OLEDs is in progress.

Moreover, since the choice of the single components can modulate the
luminescence properties of the synthesised homometallic Ir(111) soft salts, the results of
the above described investigations suggest that following the developed synthetic
pathway, cations of different metals and/or different geometries could be introduced to
form heterometallic soft salts.
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Chapter Eight
Electropolymerizable Ir(l11) cyclometallated complexes

8.1 Introduction

As introduced in Chapter 6, in order to be used in OLEDS, phosphorescent

emitters are commonly embedded within an appropriate (hole/electron or ambipolar)
charge transporting host matrix.?* It has been observed that high concentration promote
aggregation of the emitters often leading to reduced emission efficiency due to
concentration quenching and triplet-triplet annihilation. Furthermore, in order to have
efficient charge injection, the energy barriers between the device layers should result the
lowest possible.'® Independently of the emitter’s nature (small molecules or polymers),
the host need thus to fulfil several tasks: i) separation of phosphors, ii) charge injection,
iii) charge/energy-transport, and iv) charge transfer to the phosphorescent species.
Two strategies have been developed in order to successfully fabricate phosphorescent
Ir(111) based OLEDs. The most widely used involves the physically blend of the
emitting specie with the polymer host. Even if many efficient OLEDs have been
obtained in such way,”®* blended systems, inherently involve the risk of phase
separation, aggregation, or crystallization, leading to device degradation, colour
instability and shorten of the device lifetimes.?*

Therefore, in order to overcome this issues, an alternative approach was recently
investigated taking advantage of the intrinsic nature of (co)polymers combining both
charge transport and emission functionalities.”®® The advantages of such dual systems
are eventually better energy transfer to the emitters leading to higher efficiencies and
longer device lifetime. In addition, polymeric materials present the strength points of
their specific features such as flexibility, film-forming properties, and processability
from solution which allow large scale processing through for instance the inkjet printing
technique.

The general synthetic strategies to design Ir(I1l) complexes containing polymers
such as illustrated in Figure 8.1 are based on : i) the embedding of complexes within
(co)polymers, ii) the complexation of (co)polymers, iii) the (co)polymerization by
complexation, iv) the use of a complex as polymerization initiator, and iv)

(co)polymerization/condensation of complex monomers.*®
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Figure 8.1. Examples of Ir(I1l) containing polymers®
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Following these synthetic approaches, green, and

white?®"

electrophosphorescent Ir(I111) copolymers have been successfully obtained and
tested in OLEDs. Interestingly, white emitting OLEDs have been obtained by using a
single Ir (I1) containing polymer with broad emission covering the whole visible

region.="

8.2 Research scopes

Although the use of Ir(l11) containing copolymers represent a valid alternative to
the use of multilayer OLEDs architectures, long synthetic pathways involving aromatic
coupling reactions need to be followed to obtain such materials. In this context, a useful
synthetic tool could be represented by the electropolymerization showing the
advantages of facile polymer formation with high purity and controlled thickness and
direct grafting of the polymer onto the semiconducting electrode.

To this regard, in an attempt to obtain polymeric films containing
cyclometallated Ir(111) complexes and, taking advantage of the synthetic tools developed
for the electrogeneration of Nile red cyclopalladated thin films (Chapter 3), new
cyclometallated Ir(l111) complexes containing the electropolymerizable Schiff base
H(O~N)* (Figure 8.2) have been synthesized and studied.

OCHj,

HO

2

OCHg3
o (]
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N
CeHas ©/ \©
H(O"N)? H(O~N)*

Figure 8.2. Molecular structure of the electropolymerizable Schiff bases H(O”N)*and
H(O”N)*
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Considering the triphenylamine electron donating fragment, to the best of our
knowledge, a single example of Ir(111) complex containing the triphenylamine fragment
has been reported until now. Indeed, Zhang et al.*® have reported on a novel emitting
Ir(I11) complex bearing as a cyclometallated ligand the triphenylamine-benzothiazole
btz-tpa and acetylacetonate as ancillary ligand (Figure 8.3). This complex showed
interesting solvatochromic emission from orange to blue and rather high emission

quantum yields (ca. 50%).
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Figure 8.3. Molecular structure of a) btz-tpa and b) the luminescent Ir(111) complex
(btz-tpa),Ir(acac) >

However, no electrochemical studies have been performed on this emitting
complex. In this context, considering the luminescence properties of complex (btz-
tpa).lIr(acac) and also in order to check the capability of a triphenylamine moiety
bearing a phenyl ring involved into the metallacycle to undergo electropolymerization, a
series of new Ir(lll) cyclometallated complexes embedded with the triphenylamine
fragment either on the cyclometallated ligand and/or onto the ancillary ligand have been
synthesized and studied.
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8.3 Synthesis of novel bis-cyclometallated Ir(111) model complexes with Schiff bases
as ancillary ligands

The two first synthesized complexes XVII and XVIII comprise the 2-
phenylpyridine fragment as archetype cyclometallated ligand and the two Schiff bases
H(O~N)?® and H(O~N)* were respectively used as ancillary ligands. To complete the
series in order to study the influence of the triphenylamine moiety placed onto the
cyclometallated ligand, two novel cyclometallated benzothiazole-triphenylamine Ir(I11)
complexes, XIX and XX were also synthesized respectively comprising the same Schiff

bases H(O~N)® and H(O”N)*. The complete series of the new complexes is illustrated

in Figure 8.4.
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Figure 8.4. Comparison between the molecular structures of the synthesised complexes
XVII-XX
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The synthesis of the complexes XVII-XX (Scheme 8.1) was achieved starting
from their respective dichloro-bridged dimer. In particular, complexes XVII-XVIII

4 213

were obtained starting from the already described chloro-bridged dimer 14, while

XIX-XX complexes were obtained starting from the synthesis of the cyclometallated

ligand btz-tpa®*®

and of the corresponding dichloro-bridged cyclometallated Ir(111)
intermediate 15 obtained by modification of the reported procedure. % Differently from
what reported the synthesis of the chloro-bridged intermediate 15, (isolated and fully
characterized), was performed using microwave radiation, preventing the possible and
easy degradation of the IrCl;.xH,O during the first step of the reaction. Eventually, the
addition of the appropriate substituted Schiff base in the presence of an excess of
trimethylamine to ensure the complete deprotonation of the ancillary ligand, afforded

the final complexes XVI11I-XX.
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_ SN 14 : C~N = ppy XVII:C N =ppy, R= CGH13
PPy btz-tpa: 15:CAN=btztpa xy11: CAN = ppy , R= CgH,NPh,

XIX : C"N = btz-tpa, R = CgH13
OCHj3
HO
~

XX :C"N = btz-tpa, R = CgH,4NPh,
N

s

R

NPh,

H(O”N)*: R = CgHy3
H(O”N)* : R = CgH,NPh,

Scheme 8.1. Reagents and conditions: i) for 14: 2-ethoxyethanol/water:3/1, reflux, 48 h;
for 15: ethoxyethanol/water:3/1, MW, 20 min. (250 W, 120° C), reflux, 4 d., Ny; ii)
dichloromethane/acetone, reflux, 48 h.
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8.4 Electrochemical studies

The redox behaviour of complexes XVI11-XX was studied by cyclic voltametry.
The HOMO energy levels were estimated considering the measured oxidation
potentials, taking into account -4.8 eV for Fc/Fc*. Voltammograms were registered in
ca. 3 mL degassed (Ar) fresh distilled dichloromethane solution with 0.1 M
tetrabutylammonium hexafluorophosphate used as supporting electrolyte. The oxidation
potentials measured for complexes XVII-XX and the HOMO levels estimated are
reported in Table 8.1, together with the oxidation potential of the benzothiazole-
triphenylamine btz-tpa ligand for direct comparison. The corresponding obtained cyclic

voltamograms are presented in Figure 8.5.

Eoc (MV) Eo’ (MV) Eoc (MV) HOMO (eV)
XVII +165 (R) / / -4.3
XVII +190 (R) +510 (R) / -4.3
btz-tpa + 545 (R) / / 4.7
XIX +150 (R) +530 (R) / -4.3
XX +162 (QR) +370 (R) +545 (R) -4.3
All potential are given vs. Fc/Fc”.
(R) : Reversible wave
(QR) : Quasi-reversible

Table 8.1. Cyclic voltametry data relative to complexes XVII-XVIII and btz-tpa.
Estimated HOMO
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Figure 8.5. Cyclic voltamograms of a) complexes XVII-XVIII and b) ligand btz-tpa
and complexes XIX-XX. Scan rate 100 mV.s™ in dry dichloromethane

Considering the oxidation behaviour of the model complexes XVII-XVIII
(Figure 8.5a), a single reversible one-electron wave is present for complex XVII and
can be attributed to the oxidation of the Schiff base H(O”N)®, while in the case of
complex XVIII, the two consecutive oxidation waves observed are typical of the
triphenylamine moiety of the H(O~N)* Schiff base (Chapter 3). The cyclometallated
ligand btz-tpa showed in the solvent window explored (-1.2-1.45 V) a single reversible
oxidation at ca. +545 mV vs. Fc/Fc'. Complex XI1X showed two reversible oxidation
peaks, the first one probably associated (by comparison with XVI1I and XVII in Chapter
3) with the Schiff base H(O~N)? as its potential is close to the oxidation potential of
XVII. The second reversible wave can reasonably be attributed to the oxidation of the
cyclometallated ligand.?*® Regarding the oxidation properties of complexes XX, a
specific attribution of the oxidation process on a molecular scale resulted unfeasible due
to the overlap of the oxidation waves of the various fragments.

For all complexes XVII-XX, no reduction wave was recorded in the solvent
window (-1.2-1.45 V).

Neither complex XVII embedded with the (O~N)* triphenylamine substituted
Schiff base nor the complex XIX grafted with the triphenylamine fragment onto the
cyclometallated ligand showed electropolymerization upon repeated cycling potential
scans (Figure 8.6). The slight increase in current intensity visible on the respective
cyclic voltamograms is only due to slight accumulation of oxidized specie at the surface
electrode.
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Figure 8.6. Cyclic voltamograms of XVII (a) and XIX (b) obtained from six
consecutive oxidation scans

We can conclude that for the triphenylamine moieties incorporated either onto

the Schiff base (complex XVIII) or onto the cyclometallated ligand btz-tpa (complex

XIX) the electropolymerization in both cases is prevented probably by the electronic

factors induced by the nature of the ligands incorporated in the coordination sphere of
the Ir(111) centre.

On the contrary, upon repetitive oxidation scans for complex XX, a distinctive

increase in current is observed which is typical of the electropolymerization of the

substituted triphenylamine fragment (Figure 8.7a)."*° Once the polymer formed, the

modified Pt disk working electrode covered with the electropolymerized film of XX

was immersed in a fresh distilled dichloromethane solution (0.1 M electrolytic solution)

and a cyclic voltamogram was recorded (Figure 8.7b).
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Figure 8.7. a) Cyclic voltamograms of XX obtained from six consecutive oxidation

scans and b) cyclic voltamogram of the obtained modified Pt electrode
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Electrogenerated thin films of XX were deposited on ITO etched glass
substrates. Although these preliminary results sound very encouraging, further studies
are necessary in order to identify the best experimental working conditions (solvent,
temperature, concentration, scan rate, post treatments) in order to obtain high quality
thin films. A cyclic voltamogram recorded upon electropolymerization of XX onto an
ITO glass substrate is presented in Figure 8.8 together with the photography of the
obtained deposited thin film.

Electropolymerization process of XX on ITO glass
(20 cycles)

Current Intensity (a.u.)
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Figure 8.8. Electropolymerization of XX on ITO substrate (20 cycles)

8.5 Preliminary photophysical studies

Photophysical investigations on the synthesised complexes XVI1-XX in solution

and of the electrogenerated thin films are in progress.
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8.6 Conclusions
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Novel bis-cyclometallated Ir(1l1l) complexes have been synthesized by
incorporating substituted Schiff bases. The model complexes XVII-XVIII, bear
phenylpyridine as cyclometallated ligand, while a benzothiazole-triphenylamine
derivative has been incorporated as a cyclometallated ligand into complexes XI1X-XX.
Furthermore, a complete electrochemical study has been performed on the complexes
XVII-XX. It has been observed that electropolymerization of the triphenylamine
fragment part of the Schiff base (complex XVIII) or involved into cyclometallation
(complex XIX) is prevented by the nature of the ligands incorporated in the
coordination sphere of this complexes. Instead, the introduction of the triphenylamine
onto the Schiff base H(O~N)* moiety in the presence of the cyclometallated ligands
btz-tpa, have favoured the electropolymerization process and have led to the
electrogeneration of polymeric thin films of XX. The presence of the triphenylamine
fragment onto the Schiff base represents thus a necessary condition in order for the
electropolymerization to be verified. However, as demonstrated by the electrochemical
study described, this condition is not sufficient since it did not lead to
electropolymerization in the case of complexes XVII-XVIII bearing 2-phenylpyridine
fragments as cyclometallated ligands, but only for the btz-tpa substituted complex XX.
However, further studies are needed in order to evaluate the ideal electropolymerization
conditions leading to high quality Ir(l1l) cyclometallated thin films suitable for a
complete solid-state photophysical study. Moreover, photophysical investigations of the

synthesized complexes in solution are in progress.
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Chapter Nine

Conclusions

In this second part of the thesis, novel Ir(l1l) cyclometallated ionic and neutral
complexes have been synthesized.

_ =z ‘ — . _ = ‘ - B ~ \ O -
NS
NS N N O,
N cl N Br ‘ ‘
cl ‘ Br o)
‘/O NBu,* A NBu,* v o | NBus
Ir Us Ir 4 AN
N AN ‘ o
I (@) Cl (@) Br
N
_N Cl _N ‘ Br 2 |
[ NS l _ L . | [ NS

R = T _ =
2 _ (] e
R \N T T 0._0O
(0] (0] N

|i/ E NBu," > Ir< E

‘\N X ‘ N
%\N R /N ‘ (0] N~ O
! _

py)

7Ny

— 0

I

o
¢ \gz—:)‘
=/ /\

=2

XVII : R:CGng XIX : R:CGHlS
XVI11 : R = CgH,NPh, XX : R = CgHsNPh,

Anionic cyclometallated Ir(111) complexes with (O*O) and (O”N) type dianionic
ancillary ligands have been successfully synthesised. The first series of anionic
complexes is composed of catecholate containing Ir(I111) anionic complexes with ortho-
hydroquinone ligands (X1V-XVI). Photophysical characterizations have evidenced for
complex XVII and especially for XVIII high sensitivity towards hydrolysis, while,

noteworthy, complex XVI shows strong absorption extending up to 700 nm.
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Furthermore, orotic acid has been successful used as a dianionic bidentate ligand
to obtain anionic green emitting with high luminescent quantum yields (60-70%, Aem Ca.
530 nm), and thermally stable (until ca. 200°C) Ir(111) complexes. The introduction of
this ancillary ligand might be a step toward the stabilisation of anionic Ir(I11) complexes
in LECs which until now have shown emission quenching and fast device degradation
when monodentate ligand bearing complexes have been used as emitting species.
Furthermore, we have demonstrated the possibility of using such anionic complexes in
the formation of homometallic soft salts with enhanced luminescent properties showing
up to 81-83% photoluminescent quantum yield (C'A' and C'A?). Further test of the
anionic luminescent complexes A! and A% in LECs and of the corresponding overall
neutral soft salts in OLEDS is in progress.

Moreover, following the developed synthetic pathway leading to homometallic
Ir(111) soft salts, cations of different metals and/or different geometries could be
introduced to form heterometallic soft salts.

Furthermore, novel bis-cyclometallated Ir(I1l) neutral complexes have been
synthesized by incorporating substituted Schiff bases. The model complexes XVII-
XVIII, bear 2-phenylpyridine as cyclometallated ligand, while a benzothiazole-
triphenylamine derivative has been incorporated as a cyclometallated ligand into
complexes X1X-XX.

A complete electrochemical study has been performed on the complexes XVII-
XX. The different results observed comparing XVIII with XX suggest that the
capability to induce electroplymerization of the triphenylamine moiety of the Schiff
base H(O”N)* strongly depends on the electronic effects exerted by the cyclometallated
ligands. Electrogenerated polymeric thin films of XX have been obtained.

However, further studies are needed in order to evaluate the ideal
electropolymerization conditions leading to high quality Ir(I1l) cyclometallated thin
films suitable for a complete solid-state photophysical study. Moreover, photophysical

investigations of the synthesized complexes in solution is in progress.
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Chapter Ten
Experimental details

10.1 General equipment and procedures

All commercially available chemicals were purchased from Aldrich Chemical
Co. and were used without further purification. IR spectra (KBr pellets) were recorded
on a Perkin-Elmer Spectrum One FT-IR spectrometer. *H-NMR spectra were recorded
on a Bruker WH-300 spectrometer in deuterated solvents with TMS as an internal
standard. Elemental analyses were performed with a Perkin-Elmer 2400 analyzer
CHNS/O. Conductivity measurements were performed in acetonitrile solutions with an
InoLab Cond Level 1-720 conductometer equipped with a LR 325/001 immersion cell.
The thermal stability was measured on a Perkin-Elmer Thermogravimetric Analyser
Pyris 6 TGA, while phase transition temperatures and enthalpies were measured on a
Perkin Elmer pyris 1 Differential Scanning Calorimeter. Melting points and mesophase
textures were examined with a Leica DMLP polarising microscope equipped with a
Leica DFC280 camera and a CalCTec (ltaly) heating stage.

X-Ray powder diffraction analysis

The powder X-Ray diffraction patterns were obtained by using a Bruker AXS
General Area Detector Diffraction System (D8Discover with GADDS) with Cu-Ka
radiation; the area detector was placed at a distance of 20 cm from the sample and at an
angle 29D of 14°. Measurements were performed by charging samples in Lindemann
capillary tubes with inner diameters of 0.5 mm. A CalCTec (ltaly) heating stage was

used to heat the samples at a rate of 5°C/min to the appropriate temperature.
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X-ray single crystal analysis

The intensity data were collected on Bruker-Nonius X8 Apex CCD area detector
single crystal diffractometer equipped with a graphite monochromator and MoKa radiation
(A=0.71073 A). Bruker SADABS software®*® was used for the absorption correction.
Structure was solved by Patterson methods (SHELX/L program in the SHELXTL-NT

software package®®

) and refined by full-matrix least-squares based on F2. All non-
hydrogen atoms were refined anisotropically and hydrogen atoms were included as
idealized atoms riding on the respective carbon atoms with C-H bond lengths appropriate to
the characteristic of the carbon atom. The disordered carbon atoms of the alkylic chains

were introduced isotropically in the refinement.
Electrochemical studies

All potentials were measured using an Epsilon electrochemical analyser.
Voltametry experiments were performed in a 3 mL cell of dry, and degassed (N,)
solvent solution using tetrabutylammonium hexafluorophosphate (0.1 M) as a
supporting electrolyte, a Pt disk working electrode, a Pt wire counter-electrode and an
Ag wire as a pseudo-reference electrode. Voltammograms were recorded at a 100 mVs™
scan rate from ca. 10° M complex solutions. Redox potentials are given relative to a
ferrocene/ferrocenium (Fc/Fc*) redox couple used as an internal reference. Estimation
of HOMO/LUMO energy values was performed taking into account -4.8 eV for the

couple Fe/Fct 24

Molecular modelling
The H(NR) dimer structure was modelled and optimised in the gas phase using
the Polak—Ribiere conjugate gradient method of the Hyperchem 7.51 programme

(Hyperchem, Hypercube Inc., 1115 NW 4th street, Gainsville FL 32601, USA)

following standard techniques.?*?
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Photoconductivity measurements

The substrates used to prepare the samples were obtained from Indium Tin
Oxide (ITO) covered glass sheets (UNAXIS, 110 nm ITO thickness, sheet resistivity 12
Q/cm?). A photolithographic process was applied in order to pattern the ITO in 2 mm
wide stripes. Patterned glasses were again covered with positive photoresist and each
ITO stripe was exposed to light through a 2 mm long slit with an opening of 5 mm or 10
mm. By choosing the right process parameters, it was possible to remove the ITO from
the glass in the exposed region, obtaining two ITO electrodes with sharp edges, as
shown in Figure 10.1 The span between the electrodes can be modulated by changing
the slit width and the exposition time. Electrode separations in the 5-40 mm range were
obtained. The last step of the process was the spin-coating of the material, dissolved in
chloroform with a typical concentration of 10 mg/mL. The thickness of the materials
and the spacing between the electrodes were measured by using a Dektak 8 profilometer

from Veeco.

Figure 10.1. Side view of a sample (not in scale)

Samples were then used to perform photoconductivity measurement. Note that
by using the geometry shown in Figure 10.1 and irradiating the sample from the top,
light reaches the material under investigation directly, making it possible to perform
photoconductivity experiments even at wavelengths below 350 nm, where ITO starts to
absorb.

Photoconductivity experiments were performed by using either light from a Xe-
Lamp/Monochromator system or from a He—Ne laser. To change the light intensity, a
set of neutral density filters with different transmittance were used. The photocurrent
Iphoto Was obtained from the difference between the dark and the light currents, measured

using an electrometer (6517A from Keithley), also used to apply the electric field.
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Bulk heterojunction cell fabrication and testing

Photo-lithographically patterned ITO glasses (UNAXIS, 110 nm ITO thickness,
sheet resistivity 12 Q/cm?) were first cleaned in consecutive steps by using distilled
water and soap, distilled water, acetone and isopropanol in an ultra-sonicator and were
then dried overnight in a vacuum oven at 90°C. Clean substrates were exposed to air
plasma (Diener Electronics, Model Femto) for 5 min. The glasses were then spin coated
(CaLCTec instruments, Model FrilOKPA-HC) with a 20 nm layer of PEDOT:PSS
(Clevios P VP 4081, H. C. Stark GmbH) at 5000 RPM. The PEDOT:PSS coated
substrates were then heat treated at 200°C for 10 min on a hot plate to remove any
residual solvent. The substrates were immediately transferred inside a nitrogen glove
box to avoid any further absorption of water and oxygen by the PEDOT:PSS layer.
Solutions of 1:PCsBM with weight ratios between 1:1 and 1:5 were prepared in
chlorobenzene and mixed overnight in the dark. Active layers with thicknesses between
100 to 140 nm were spin-coated at different spinning rates. The samples were then
transferred to a thermal evaporator (Kurt J. LESKER) attached to a glove box for the
evaporation of the cathode, without exposing them to air. LiF and Al~1 nm and 200 nm
thick, respectively, were then thermally evaporated at a base pressure of 1.2 x 107’
mbar. The thicknesses of the different layers of the devices were measured by using a
Dektak 8 surface profilometer. The active area of the sample was 8.75 mm?.

Absorption measurements in solution were performed with a Perkin Elmer 900
UV-Vis spectrometer using normal incidence. Absorption on thin films were performed
using a reflection technique. In this case, the incident light from a light source (Oriel,
Model 66902) was first directed through a monochromator (Oriel, Model 74100) before
reaching the sample at an angle of ~45°. The reflected light was then collected using a
power meter (Ophir, NOMA I1). This experiment was repeated for a blank in order to
calculate the absorption at different wavelengths.

Photoconductivity measurements were performed, using a He-Ne laser (Melles
Griot) as a light source, with a Keithley 6517A source meter. For such measurements,
two ITO substrates were glued together using spacers with thickness between 1.7 and 5
um and the samples were then filled by capillarity on a hot plate. Atomic Force
Microscopy (AFM, Bruker Nanoscope llla) has been used in the tapping mode. A

home-made set up allows to detect shifts in the phase angle of vibration when the
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oscillating tip interacts with the sample surface. In this work, phase shift images are
presented.

Current/voltage characteristics were measured (Keithley 2400 Source Meter)
inside a N, glove box under simulated solar illumination (Sciencetech, Model SS150
solar simulator, AirMass 1.5G, 100 mW/cmz2). The solar simulator intensity was tuned
by using a calibrated Si photodiode (Hamamatsu S2386-44K).

Dye sensitized solar cells fabrication and testing

Dye sensitized solar cells were produced via the following procedure. FTO glass
(Hartford, TEC 15) was cleaned with Milli-RO water (In-house), DECON 90 (Decon),
isopropanol (Fisher, LRG) and ethanol (Fisher, ARG). To prepare the photoanode, a
blocking layer of TiO, was applied to the conducting side of the glass by spray
pyrolysis on a hot plate at 400°C using a solution of 0.2M diispropoxytitanium
bis(acetylacetonate) (Aldrich) in isopropanol. A layer of TiO, nanoparticles was then
deposited onto this substrate by the doctor blade technique. “Magic tape” (Scotch) was
used to mark out a 1 cm wide strip on the glass, and TiO, paste (Dyesol, DSL 18NR-T)
was applied. The film was then sintered at 500°C for 30 min (in air). Films were dyed
by submerging in the dye solutions as described in Chapter 4.

To make the cathode, Pt metal was deposited onto clean FTO glass which had
two 0.6 mm diameter holes drilled into it by dropping several drops of 5x10°M
Hexachloroplatinate (Aldrich, 99.995%) solution in isopropanol. This was then heated
at 390°C for 15 mins. To assemble the cell, a hot-melt SURLYN (Solaronix, SX1170-
25PF) gasket was used, and once the two sides were sealed together, a small quantity of
electrolyte was introduced through the drilled holes. This consisted of 0.03 M I,
(Aldrich, 99.999%), 2 M 3-propyl-1-methylimidazolium iodide (Merck), 0.1 M
guanidine thiocyanate (Fluka, >99%) and 0.5 M tert-butylpyridine (Aldrich, 99%) in an
acetonitrile:valeronitrile (Aldrich) solvent in the ratio 85:15.

Cells were then sealed under pressure on a hot plate (80 °C) with a small
laboratory glass by means of a hot-melt SURLYN (Solaronix, SX1170-25PF) slide.

I/V curves were measured using a TS Space Systems solar simulator equipped with a
200 W lamp and AM1.5 filter and calibrated against a Si reference cell (Fraunhofer ISE,
RS-OD-4) to 1 sun illumination.
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A part of the research performed at the University of Bath was effectuated onto
new organic dyes in water based DSSCs.

Potential alternatives to the use of the redox couple I'/l37 as an electrolyte in
DSSCs have been reported.?”® Nevertheless, solubility is an important issue when
considering the use of alternative redox mediators in DSSCs, since some redox active
salts are not soluble in acetonitrile or in other organic solvents. In 2010, B. C. O’Regan
et al.>* introduced the use of water based electrolytes in DSSCs. Aqueous solutions
present the advantages of non-toxicity, non-flammability, excellent solvation of many
potential redox mediators and allow the use of a wider range of sealing materials
otherwise non stable in the presence of organic solvents. However, the technology of
the water based electrolyte DSSCs has still to be improved, since for a water based
DSSC sensitized with N719 and using 17/l3" as an electrolyte, a 2.4% efficiency was
measured, lower than in the case of using an acetonitrile electrolyte solution.?*
Moreover, very few organic dyes have been used in water based electrolytes.

In this context, during the stage at the University of Bath, a new organic dye was
tested in water based DSSCs. The molecular structure of D35, synthesised by the group
of Hagfeldt is presented in Figure 10.2 and afforded a 8% efficiency in a standard
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Figure 10.2 Molecular structure of the D35 dye
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Adsorption tests were carried on the D35 dye (Figure 10.3). Very thin (2 um
thickness) single layer titania films were used to avoid aggregation and dyed from a
3-10* M acetonitrile/t-butanol bath. The absorbance of the dyed films is reported in
function of the wavelength for different dying times. The results show how the
adsorption increases with dying time, reaching very high values on such thin films for a
relatively brief dying time (19 h.), due to the high dye absorption coefficient (30969 M™

cm™).
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Figure 10.3 Adsorption tests on the D35 dye

For each dying time, the dye adsorbed onto the film surface was desorbed in a
known volume of 0.05 M KOH ethanol/acetonitrile:1/1 solution for 4 h. This
experiment allowed to measure the concentration of the dye adsorbed by each film.
Figure 10.4 shows the increase in adsorbed dye concentration in function of the dying

time. The adsorbed concentration spans the range between 107°-10° M.
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Figure 10.4. Concentration of the dye adsorbed by each film in function of the dying
time
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The current-voltage performances relative to the devices realized using the D35
organic dye are reported in Table 10.1, while the I-V curves are reported in Figure 10.5.
While the open circuit voltages V. are roughly constant with the dying time, the
injection Js increases when going from 15 to 30 min. of dying time. Considering

efficiency, the same trend is verified and relatively high efficiencies were measured for

such water based cells.

15 min 30 min 45 min 60 min 300 min | overnight
Voc 0.72 0.77 0.77 0.80 0.80 0.76
Jsc 1.73 3.34 3.76 3.96 5.36 3.16
FF(%) |52 51 58 50 55 60
0(%) 0.64 1.22 1.18 1.22 1.26 1.24

Table 10.1. Characteristic performances of DSSCc based on D35
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Figure 10.5. I-V curves of D35 based DSSCc in function of the dying time
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Photophysical characterization

Spectrofluorimetric grade solvents (Acros Organics) were used for the
photophysical investigations in solution. Absorption spectra were recorded with an UV-
Vis Perkin-Elmer Lambda 900 spectrophotometer. The experimental uncertainty on the
band maximum for absorption spectra is 2 nm. Steady-state emission spectra were
recorded on a Horiba Jobin Yvon Fluorolog 3 spectrofluorimeter, equipped with a

Hamamatsu R-928 photomultiplier tube.

10.2 Synthesis procedures

10.2.1 Synthesis of novel Pd(11) complexes and of their precursors

Synthesis  of  diethylamino-2-nitrosophenol (3a) and 5-diethylamino-2-
nitrosophenol hydrochloride (3b).

3-Diethylaminophenol (12.02 g, 72.6 mmol) was dissolved in a mixture of 26 mL of
HCI and 16 mL of distilled water. The obtained solution was cooled to 0 °C under
stirring and an aqueous solution of NaNO, (5.01 g, 72.6 mmol) was added. The reaction
mixture was stirred for 4 h at 0-5 °C. The precipitated solid was filtered, dried under
vacuum and dissolved in hot ethanol (200 mL). After addition of diethylether (200 mL)
and 24 h in the freezer, a mixture of 3a and 3b (in 1:2 molar ratio) was obtained.
Brown-yellow crystalline powder;

3a +3b 'H NMR (300 MHz, DMSO, 25 °C, TMS): = 7.53 (d, J=10.65 Hz, 1H, 3b),
7.26 (d, J=10.3 Hz, 0.5H, 3a), 7.19 (dd, J=9.18 Hz, J=2.2 Hz, 1H, 3b), 6.83 (dd, J=10.1
Hz, J=2.4 Hz, 0.5H, 3a), 6.54 (d, J=2.6 Hz, 1H, 3b), 5.7 (d, J=2.6 Hz, 0.5H, 3a), 3.7-3.3
(m, 6H, 3a + 3b), 1.25 (t, J=7.3 Hz, 6H, 3b), 1.16 (t, J=7.4 Hz, 3H, 3a);

FT-IR (KBr, cm™): 3424 (br), 2979, 2755, 1626, 1545, 1491, 1146, 1040, 857, 749.

Synthesis of H(NR).

1-Hydroxynaphthalene (1.00 g, 6.9 mmol) and the mixture 3a,b (1.5 g, ca. 6.9 mmol)
were dissolved in ca. 40 mL of dimethylformamide and the resulting solution heated at
70 °C for 8 h. The solvent was evaporated under reduced pressure and the crude solid
purified by column chromatography (silica gel, dichloromethane/diethyl ether: 2/1).
Dark red solid; yield 23% (505 mg); m. p. 211°C;
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'H NMR (300 MHz, CDCls, 25°C, TMS): 6= 8.66 (d, J=7.69, 1H), 8.32 (d, J=7.26, 1H),
7.74-7.59 (m, 3H), 6.66 (dd, J=5.5 Hz, J=2.15 Hz, 1H), 6.46-6.44 (m, 1H), 6.38 (s,
1H), 3.46 (q, J=6.1 Hz, 4H), 1.28 (t, J=11.9 Hz, 6H):

FT-IR (KBr, cm'l): 2964, 2935, 1624, 1584, 1555, 1403, 1306, 1255, 1111, 1020, 843,
778;

elemental analysis calculated for CyoH1sN,0O, (318.14 g/mol): C 75.45%, H 5.70%, N
8.80%, found C 75.42%, H 5.73%, N 8.80%.

Synthesis of 2.

1,7-Dihydroxynaphthalene (1.243 g, 7.5 mmol) and the mixture of 3a,b (1.580 g, ca. 7.1
mmol) were solubilized in ca. 40 mL of dimethylformamide and the resulting solution
heated at 70 °C for 8 h. The solvent was evaporated under reduced pressure and the
crude solid purified by column chromatography (silica gel, ethyl acetate/ethanol: 1/1).
Green solid; yield 53% (1.327 g); m. p. 250 °C;

'H NMR (300 MHz, DMSO, 25 °C, TMS): = 10.38 (s, 1H), 8.57 (d, J=9 Hz, 1H), 8.40
(d, J=8.79 Hz, 1H), 7.43 (d, J=2.58 Hz, 1H), 7.21 (d, J=2.55 Hz, 1H), 7.18 (d, J=2.58
Hz, 1H), 6.51 (d, J=2.8 Hz, 1H), 6.02 (s, 1H), 3.44 (q, J=7 Hz, 4H), 1.28 (t, J=7.2 Hz,
6H);

FT-IR (KBr, cm™): 3145 (br), 2971, 2920, 1635 (Nile red CO), 1584, 1559, 1328, 1114,
832, 518;

elemental analysis calculated for CyoH1sN,O3 (334.13 g/mol): C 71.84%, H 5.43%, N
8.38%, found C 71.85%, H 5.43%, N 8.37%.

Synthesis of H(NR)®.

2 (276 mg, 0.83 mmol) was solubilized in 30 mL of dimethylformamide. To the
obtained solution were added 1.5 eq. of K,CO3; (171 mg, 1.25 mmol) and a catalytic
amount of KI. The reaction mixture was stirred for 10 min and 1 eq. of 4’° (598 mg,
0.83 mmol) was added. The solution was heated at 130 °C for 8 h. The solvent was
removed under reduced pressure and the product purified by column chromatography
(silica gel, petroleum ether (b.p. 40-60 °C)/diethyl ether: 1/1).

Red solid; yield 53% (428 mg); m.p. 113 °C;

'"H NMR (300 MHz, CDCls, 25 °C, TMS): 6= 8.60 (d, J=8.8 Hz, 1H), 7.85 (d, J=2.5 Hz,
1H), 7.62 (d, J=9.1 Hz, 1H), 7.36 (dd, J=8.8 Hz, J=2.55 Hz, 1H), 6.71 (d, J=2.55 Hz,
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1H), 6.67 (d, J=4.4 Hz, 2H), 6.51 (d, J=2.6 Hz, 1H), 6.42 (s, 1H), 5.11 (s, 2H), 3.97 (m,
6H), 3.48 (q, J=7 Hz, 4H), 1.82-1.47 (m, 60H), 1.20 (m, 6H), 0.9-0.85 (m, 9H);

FT-IR (KBr, cm'l): 2928, 2848, 1624 (Nile red CO), 1588, 1559, 1332, 1259, 1122,
844,

elemental analysis: calculated for Cg3HgsN2Og (976.73 g/mol): C 77.41%, H 9. 09%, N
2.87%, found C 77.40%, H 9.91%, N 2.90%.

Synthesis of acetato-bridged intermediate complexes 1 and 1°.

The intermediate complex 1° was synthesized according to the previously reported
procedure for 1%° with the following modifications: H(NR)* (187 mg, 0.2 mmol) was
solubilized in 60 mL of acetic acid and 10 mL of dichloromethane. The resulting
solution was heated at 55 °C for 6 d and filtered on Celite. The obtained solid was
washed with acetonitrile.

Dark-blue solid; yield 75% (161 mg); m.p. 154 °C;

'H NMR (300 MHz, CDCls, 25 °C, TMS): 8= 7.74 (d, J=9.5 Hz, 1H), 7.0 (d, J=2.5 Hz,
1H), 6.50 (s, 2H), 6.40 (d, J=1.8 Hz, 1H), 6.35 (dd, J=9.5 Hz, J=2.9 Hz, 1H), 6.21 (d,
J=2.2 Hz, 1H), 6.03 (s, 1H), 4.69 (s, 2H), 4.1-3.8 (m, 6H), 3.3-3.1 (m, 4H), 2.31 (s,
3H), 1.9-1.6 (m, 6H), 1.5-1.4 (m, 6H), 1.4-1.1 (m, 54H), 0.9-0.8 (m, 9H);

FT-IR (KBr, cm™): 2920, 2853, 1636 (Nile red CO), 1575, 1234, 1117, 1075, 720;
elemental analysis calculated for Ci3oHi9sN4sO16Pd, (2283.29 g/mol): C 68.31%, H
8.73%, N 2.45%, found C 68.34%, H 8.70%, N 2.45%.

Synthesis of complex I.

Intermediate 1 (100 mg, 0.10 mmol) and 1.5 eq. of H(O”N)* " (190 mg, 0.15 mmol)
were solubilized in dichloromethane and ethanol and the reaction mixture was stirred at
room temperature for 5 d. The solvent was removed under reduced pressure, and the
resulting solid was washed with acetonitrile and precipitated from
ethanol/dichloromethane, filtered and reprecipitated from diethyl
ether/dichloromethane, filtered, washed with diethyl ether and with hot ethanol to yield
a dark-blue solid.

Dark-blue waxy solid; yield 83% (211 mg);

'H NMR (300 MHz, CDCls, 25 °C, TMS): 6= 9.35 (d, J=9.51 Hz, 1H), 7.98 (s, 1H),
7.66 (d, J=4.65 Hz, 1H), 7.41-7.39 (m, 1H), 7.38 (d, J=8.07 Hz, 1H), 6.89-6.87 (m,
1H), 6.58 (s, 2H), 6.51 (d, J=2.94 Hz, 1H), 6.36 (s, 1H), 6.28 (s, 1H), 6.23 (d, J=8.07
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Hz, 1H), 4.90 (s, 1H), 4.0-3.9 (m, 10H), 3.52 (g, J= 6.72 Hz, 4H), 1.9-1.7 (m, 10H),
1.6-1.2 (m, 96H), 0.95-0.81 (m, 15H);

FT-IR (KBr, cm'l): 2920, 2853, 1635 (Nile red CO), 1624, 1580, 1234, 1118, 1075,
720;

elemental analysis calculated for CigoHi153N3O9Pd (1646.06 g/mol): C 72.89%, H
9.36%, N 2.55%, found C 72.90%, H 9.38%, N 2.56%.

Synthesis of complex I1.

Intermediate 1° (161 mg, 0.07 mmol) and 2 eq. of H(O~N)' ”® (176 mg, 0.14 mmol)
were dissolved in 30 mL of dichloromethane and 10 mL of ethanol. The reaction
mixture was stirred at r.t. for 5 d. The solvent was removed under reduced pressure and
the resulting solid was filtered and washed with hot ethanol, immediately filtered on a
cotton filter and dissolved in dichloromethane.

Dark-blue waxy solid; yield 67% (222 mg);

'H NMR (300 MHz, CDCls, 25°C, TMS): 6= 9.28 (d, J=9.54 Hz, 1H), 7.94 (s, 1H),
7.55-7.39 (m, 2H), 7.04-6.78 (m, 4H), 6.7-6.4 (m, 6H), 6.36 (s, 1H), 6.26 (s, 1H), 5.92
(s, 1H), 4.85 (s, 2H), 4.47 (s, 2H), 4.12— 3.71 (m, 16H), 3.5-3.6 (m, 4H), 2.2-1 (m,
190H), 0.1-0.8 (m, 15H);

FT-IR (KBr, cm™): 2913, 2852, 1624 (Nile red CO), 1581, 1234, 1117, 720;

elemental analysis calculated for Cis3H23:N3013Pd (2304.65 g/mol): C 74.64%, H
10.09%, N 1.82%, found C 74.61%, H 10.12%, N 1.62%.

Synthesis of chloro-bridged intermediate complex 1”.

To a suspension of 1 (246 mg, 0.255 mmol) in 22 ml ethanol/water: (10/1 v/v) were
added 20 egs. of LiCl (216 mg, 5.096 mmol) and the obtained solution was stirred at
room temperature and dark conditions for 5 d. The precipitate was filtered, washed with
water and dichloromethane, and dried under vacuum.

Black solid; yield 96% (230 mg); m.p. >250°C;

FT-IR (KBr, cm™): 2972, 2937, 2904, 2866, 2689, 1776, 1636 (Nile red CO), 1617,
1575, 1544, 1524, 1490, 1403, 1352, 1305, 1279, 1352, 1305, 1279, 1247, 1183, 1123,
1091, 1075, 1019, 953, 853, 797, 769, 716, 697, 650, 517, 507,

elemental analysis calculated for C4004N4H34,PdCl, (918.48): C 52.31%, H 3.73%, N
6.10%, found C 52.33%, H 3.70%, N 6.12%.
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Synthesis of complex I11.

To a suspension of 1>” (55 mg, 0.05 mmol) in 10 mL of acetone were added 2 egs. (31
mg, 0.10 mmol) of AgOTTf. The blue solution obtained was stirred at reflux for 2 h and
at r. t. overnight. The AgCI precipitated was filtered off and to the resulting solution 2
egs. (50 mg, 0.11 mmol) of H(C, ¢-bipy) (Sigma Aldrich) were added. The mixture was
stirred at reflux for 6 h and at room temperature overnight. The solvent was evaporated
under reduced pressure and the final complex was recrystallized from
dichloromethane/heptane.

Dark-blue solid; yield 40% (39 mg); m.p.: 180°C;

'H-NMR (300 MHz, CDCls, 25°C, TMS): 8= 8.6-8.5 (m, 2H), 8.30 (s, 1H), 8.15 (s,
1H), 7.77-7.75 (m, 1H), 7.65-7.48 (m, 4H), 7.42-7.39 (m, 1H), 6.75-6.71 (m, 1H),
6.55 (s, 1H), 6.19 (s, 1H), 3.53 (q, 6.6 Hz, 4H), 2.86 (m, 4H), 1.72 (m, 4H), 1.26 (m, 30
H), 0.87 (t, 6.24 Hz, 6H);

FT-IR (KBr, cm™): 3059, 2926 (alkyl stretching), 1635 (Nile red CO), 1615, 1581,
1493, 1462, 1409, 1379, 1355, 1276, 1257 (OTf), 1221, 1158, 1120, 1030 (OTf), 803,
716, 638 (OTf), 589, 573, 519, 491, 450;

elemental analysis calculated for C49N4OsHg;PdF3S (981.63): C 59.96%, H 6.26%, N
5.71%, F 5.81%, found C 59.90%, H 6.30%, N 5.73%, F 5.78%.

Synthesis of complex V.

Complex 1V was synthesised following the same procedure reported for 111, using the
corresponding H(C6 1-bipy) bipyridine ligand.’®? Purification of the crude solid was
performed by successive precipitations in acetone/methanol solutions (freezer) and
filtrations of the non reacted bipyridine ligand to obtain 1V as a waxy solid.

Blue waxy solid; yield 40%; m.p. 160°C;

'H-NMR (300 MHz, CDCls, 25°C, TMS): 8= 8.9-8.7 (m, 2H), 8.45 (s, 1H), 8.35 (s,
1H), 8.0-7.9 (m, 1H), 7.8-7.5 (m, 4H), 7.4-7.3 (m, 6H), 6.75 (s, 1H), 6.55 (s, 1H), 5.6
(s, 4H), 4.05 (m, 16H), 3.65 (m, 4H), 1.8 (m, 12H), 1.4-0.9 (m, 114 H), 0.9-0.5 (m,
18H);

FT-IR (KBr, cm™): 2924, 2853 (alkyl stretching), 1718 (CO), 1635 (Nile red CO), 1615,
1583, 1495, 1466, 1429, 1335, 1256 (OTf), 1160, 1118, 1030 (OTf), 848, 765, 720, 638
(OTH);

elemental analysis calculated for C7sN4OgH102PdF3S (1899.89 g/mol): C 47.41%, H
5.41%, N 2.95%, F 2.99%, found C 47.43%, H 5.39%, N 2.97%, F 3.0%.
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Synthesis of complex V.

H(NR)? (100 mg, 0.3 mmol) was solubilised in dry tetrahydrofuran under nitrogen
at -78°C and 1.2 egs. of buthyl lithium 1.6 M hexane solution (0.36 mmol, 0.22 mL).
The mixture was stirred at -78 °C for 15 min and afterwards 0.5 egs. of precursor 1 were
added (144 mg, 0.15 mmol). The solution was allowed to warm up to room temperature
and stirred under nitrogen overnight. The solvent was evaporated under reduced
pressure and ethanol was added. A black solid was filtered off, washed with ethanol and
dried under vacuum.

Black solid; yield 30% (68 mg); m.p.>250°C

'H NMR (300 MHz, CDCls, 25 °C, TMS): 8= 9.53 (d, J= 9.33 Hz, 1H), 8.01 (d, J=8.79
Hz, 1H), 7.66 (d, J=7.68 Hz, 1H), 7.35-7.32 (m, 2H), 7.25 (d, J=2.1 Hz, 1H), 6.98 (t,
J=7.56 Hz, 1H), 6.69 (dd, J=9.27 Hz, J=2.46 Hz, 1H), 6.47 (d, J=2.61 Hz, 1H), 6.39 (d,
J=8.37 Hz, 1H), 6.27 (s, 1H), 6.19-6.16 (m, 2H), 6.13 (d, J=2.5 Hz, 1H), 3.51 (q, J=6.87
Hz, 4H), 3.32 (q, J=6.99 Hz, 4H), 1.27 (t, J=7.30 Hz, 6H), 1.16 (t, J=7.14 Hz, 6H);
FT-IR (KBr, cm™): 2966, 2919, 2849, 1692 (Nile red CO), 1619 (Nile red CO), 1581,
1549, 1352, 1116, 802;

elemental analysis calculated for C4oH34N4OsPd (757.14 g/mol): C 63.45%, H 4.53%, N
7.40%, found C 63.55%, H 4.71%, N 7.32%.

Synthesis of the Schiff base H(O"N)?.

4,5-bis(dodecyloxy)-2-hydroxybenzaldehyde,” (1 g, 2 mmol) and 4-dodecilaniline
(0.523 g, 2 mmol) were refluxed in ethanol (50 mL) for 3h. Upon cooling in an ice bath,
a bright yellow precipitate was formed, which was filtered, washed with cold ethanol
and dried under vacuum to afford the Schiff base.

Yellow crystalline solid; yield: 50% (741 mg); m.p. 45°C;

'H NMR (300 MHz, CDCls, 25°C, TMS): 6= 13.67 (s,1H) 8.45 (s, Ha) 7.21-7.14 (m,
4H) 6.82 (s, 1H) 6.48 (s, 1H) 4.01 (t, J=7 Hz, 2H) 3.93 (t, J=7 Hz, 2H) 2.60 (t, J=8.5 Hz,
2H) 1.89-1.73 (m, 4H) 1.25-1.27 (m, 60H) 0.89-0.84 (m, 9H);

elemental analysis calculated for Cy9HgsNO (702.15 g/mol): C 83.81%, H 11.91%, N
1.99%, found C 83.93%, H 11.89%, N 2.02%.

186



Synthesis of complex VI.

To a solution of 1 (50 mg, 0.05 mmol) in 20 mL ethanol/dichloromethane (1/1 v/v),
H(O"N)? (70 mg, 0.1 mmol) was added. The resulting mixture was refluxed overnight
and left under stirring at room temperature for 24 h. The solvent was evaporated and the
resulting dark solid was recrystallized in dichloromethane/methanol to afford VI.

Black solid; yield 91% (102 mg); m.p. 190°C;

'H NMR (300 MHz, CDCls, 25°C, TMS): 8= 9.33 (d, J = 9.6 Hz, 1H) 7.97 (s, 1H)
7.63-7.59 (m, 2H) 7.33 (s, 1H) 7.20 (s, 1H) 7.15 (s, 1H) 7.12 (s, 1H) 6.81 (t, J = 7.8 Hz,
1H) 6.67-6.69 (m, 2H) 6.50 (d, J = 2.7 Hz, 1H) 6.38 (s, 1H) 6.27 (s, 1H) 6.10 (d, J =
7.2,1H) 4.01 (t, J = 7.5, 2H) 3.90 (t, J = 7.5 Hz, 2H) 3.55-3.48 (m, 4H) 2.62 (t, J = 7.6
Hz, 2H) 1.84-1.750 (m, 4H) 1.6-1.1 (m, 60 H) 0.88-0.87 (m, 15H);

FT-IR (KBr, cm™): 3449, 2906, 2847, 1700, 1635, 1613, 1580, 1548, 1505, 1403, 1353,
1302, 1281, 1252, 1237, 1212, 1093, 1024, 843, 829, 800, 771, 717, 666;

Elemental analysis calculated for CggHggN3O3Pd (1124.93 g/mol): C 73.67%, H 8.87%,
N 3.74%, found, C 73.81%, H 8.90%, N 3.73%.

Synthesis of intermediate complex 1°*°. 1 (123 mg, 0.12 mmol) was solubilised in 12
mL of acetone and 9 mL of water. An excess (14 egs.) of NaOH (71 mg, 1.8 mmol) in
pellets was added and the reaction mixture stirred at r.t. for 24 h. The solution was
neutralised with an HCI (ca. 10° M) aqueous solution until neutrality was verified with
a pH paper. The black solid precipitated was centrifuged, washed with distilled water
and acetone and dried in an oven overnight.

Black solid; yield 85% (95 mg); m.p. >250 °C;

'H-NMR (300 MHz, CDCls, 25 °C, TMS) 8= 7.73 (d, J=7.68 Hz, 2H), 6.83 (m, 2H),
6.36 (m, 2H), 6.16 (m, 2H), 5.45 (s, 2H), 5.22 (s, 2H), 4.75 (s, br., 2H), 3.01 (q, J=7 Hz,
8H), 1.00 (t, J= 7.2 Hz, 12H);

FT-IR (KBr, cm™): 3436, 2963, 2925, 2855, 1637 (C=0), 1618, 1580, 1549, 1406,
1279, 1119, 1094, 1019, 978;

Elemental analysis calculated for C4oH3sN4OgPd, (881.58 g/mol): C 54.50%, H 4.12%,
N 6.36%, found: C 54.20%, H 4.31%, N 6.36%.
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Synthesis of the Schiff base H(O"N)®.

To an ethanol solution of hexylaniline (425 mg, 2.40 mmol), 5-methoxy-2-
hydroxybenzaldehide 8 (372 mg, 2.40 mmol) is added and the reaction mixture is
refluxed for 3 h. An orange solid precipitated after 12 h at -4 °C. The product was
filtered off and washed with cold ethanol.

Orange solid; yield 70% (523 mg) ; m.p. 165-166 °C;

'H-NMR (300 MHz, CDCls, 25 °C, TMS) &= 12.93 (s, 1H), 8.59 (s, 1H), 7.26 (m, 3H),
6.98-6.89 (m, 3H), 3.81 (s, 3H), 2.63 (t, J=7.71 Hz, 2H), 1.63-1.57 (m, 3H), 1.31 (m,
6H), 0.89 (t, J=7.14 Hz, 3H);

FT-IR (KBr, cm™): 3400 (br.), 3014 (alkyl stretching), 2950, 1323;

Elemental analysis calculated for CyH,sNO, (311.42 g/mol): C 77.14%, H 8.09%, N
4.50%, found: C 77.20%, H 8.11%, N 4.55%.

Synthesis of intermediate 6

N,N-diphenylphenyl boronic acid (2.01 g, 6.95 mmol) and p-nitrobromobenzene 5 (1.40
g, 6.93 mmol) are solubilised in 60 mL of a degassed solution of toluene/ethanol:5/1. 15
mL of a degassed 2 M aqueous solution of Na,CO3 and Pd(PPhs)4 (0.160 g, 0.14 mmol)
are added. The reaction mixture is stirred at r.t. under N, for 24 h. The organic phase
was extracted with dichloromethane, dried with MgSOQ,, filtered and, eventually, the
solvent evaporated. The crude product was purified by column chromatography (silica
gel, petroleum ether /dichloromethane :6/4).

Orange solid; yield 93% (2.350 g); m.p. 158-160 °C;

'H-NMR (300 MHz, CDCls, 25°C, TMS): 8= 8.27(d, J=9.91 Hz, 2H), 7.69 (d, J=9.06
Hz, 2H); 7.49 (d,J=8.79 Hz, 2H), 7.32-7.27 (m, 4H), 7.15-7.12 (m, 6H), 7.06 (t, J=1.23
Hz, 2H);

FT-IR (KBr, cm™): 3060, 1587, 1484 (stretching NO,), 1317;

Elemental analysis calculated for C1gH14NO, (290,32 g/mol): C 74.47%, H 4.86%, N
9.65%, found: C 74.58%, H 4.91%, N 9.69%.

Synthesis of intermediate 7

To 80 mL of a dichloromethane solution of intermediate 6 (2.2 g, 6.00 mmol), 80 mL of
a methanol solution of NiCl,-6H,0 (1 g, 13.2 mmol) is added. To the obtained solution,
NaBH; (1.0 g, 26 mmol) is added slowly and under vigorous stirring. A black

suspension is filtered off on a Celite column with ethyl acetate as an eluent. Part of the
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solvent is evaporated and a saturated aqueous solution of Na,COs is added. The organic
phase is extracted with ethyl acetate and dried with MgSO,4. The crude product is
purified by column chromatography (petroleum ether/dichloromethane:1/1).
Brown-yellow solid; yield 82% (1.659 g) ; m.p. 180-181 °C;

'H-NMR (300 MHz, CDCls, 25°C, TMS): 8= 7.44 (d, J=8.79 Hz, 2H), 7.31-7.24 (m,
8H); 7.02-6.95 (m, 8H) 6.59 (d,J=8.49 Hz, 2H), 5.17 (s, 2H);

FT-IR (KBr, cm™): 3466, 1593, 1317;

Elemental analysis calculated for CigHisN, (260,13 g/mol): C 83.04%, H 6.19%, N
10.76%, found: C 83.10%, H 6.39%, N 10.87%.

Synthesis of the Schiff base H(O"N)*.

To a ethanol solution of intermediate 7 (806 mg, 2.40 mmol), 5-methoxy-2-
hydroxybenzaldehide 8 (372 mg, 2.40 mmol) is added and the reaction mixture is
refluxed for 3 h. An orange solid precipitated after 12 h at -4 °C. The product was
filtered off and washed with cold ethanol.

Orange solid; yield 94% (1.064 g) ; m.p. 165-166 °C;

'H-NMR (300 MHz, CDCl;, 25°C, TMS): §=12.86 (s, 1H), 8.65 (s, 1H, Hi), 7.63 (d,
J=7.63 Hz, 1H), 7.49 (d, J=9.06 Hz, 1H), 7.35 (d, J=8.52 Hz, 2H), 7.30 (s, 1H), 7.28-
7.26 (m, 5H), 7.16-7.12 (m, 6H), 7.04 (t, J=7.11 Hz, 3H), 6.99-6.95 (m, 3H), 6.91 (d,
J=2.61 Hz, 2H), 3.82 (s, 3H);

FT-IR (KBr, cm™): 3400 (br.), 3014 (alkyl stretching), 2950, 1323.

Elemental analysis calculated for Cs,H2sN20, (470,56 g/mol): C 81.68%, H 5.57%, N
5.95%, found: C 81.72%, H 5.60%, N 6.17%.

Synthesis of complex VII1. 1°>° (60 mg, 0.07 mmol) was solubilized in dichloromethane
and ethanol (ca. 50 mL) and 2 egs. of H(O”N)? (43 mg, 0.14 mmol) were added. The
reaction mixture was stirred at r.t. for 7 d. The solution was concentrated and the final
product was obtained by precipitation from ethanol.

Dark blue solid; yield 85% (85 mg); m.p. >250 °C;

'H-NMR (300 MHz, CDCls, 25 °C, TMS) &= 9.53 (d, J=9.06 Hz, 1H), 8.11 (s, 1H),
7.62 (t, J=10.11 Hz, 3 H), 7.15 (d, J=8.1 Hz, 2H), 7.10-6.89 (m, 2H), 6.85-6.66 (m, 3H),
6.48 (d, J=1.8 Hz, 1H), 6.27 (s, 1H), 6.11 (d, J=7.08 Hz, 1H), 3.77 (s, 3H), 3.50 (g,
J=7.14 Hz, 4H), 2.66-2.60 (m, 2H), 1.7-1.5 (m, 6H), 1.4-1.2 (m, 8H), 0.87-0.83 (m,
3H);
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FT-IR (KBr, cm™): 3056, 2965, 2925, 2852, 1637, 1615, 1583, 1548, 1515, 1460, 1404,
1352, 1303, 1278, 1120, 815;

Elemental analysis calculated for C4oH41N3O4Pd (734.19 g/mol): C 65.44%, H 5.63%,
N 5.72%, found: C 65.40%, H 5.31%, N 6.00%.

Synthesis of complex VIII. Complex VIII was synthesised following the same
procedure as VII with the subsequent modifications: 1°°* (100 mg, 0.11 mmol) was
treated with H(O”N)* (107 mg, 0.22 mmol).

Dark blue solid, yield 60 % (118 mg); m.p. >250 °C;

'H-NMR (300 MHz, CDCls, 25 °C, TMS) &= 9.55 (d, J=9.48 Hz, 1H), 8.14 (s, 1H),
7.81-7.80 (m, 2 H), 7.61 (d, J=7.56 Hz, 1H), 7.56 (d, J=8.49 Hz, 2H), 7.49 (d, J=8.76
Hz, 2H), 7.31-7.28 (m, 2H), 7.27 (s, 1H), 7.16-7.14 (m, 6H), 7.08-7.02 (m, 3H), 6.94-
6.91 (m, 1H), 6.82 (t, J=8.58 Hz, 1H), 6.71-6.70 (m, 2H), 6.48 (d, J=2.76, 1H), 6.27-
6.24 (m, 2H), 3.79 (s, 3H), 3.51 (g, J=7.15 Hz, 4H), 1.30 (t, J=6.99 Hz, 6H);

FT-IR (KBr, cm™): 3057, 3036, 2964, 2923, 1638, 1619, 1588, 1548, 1522, 1490, 1406,
1277, 1119, 1021, 819, 694;

Elemental analysis calculated for Cs,H42N4O4Pd (893.33g/mol): C 69.91%, H 4.74%, N
6.27%, found: C 69.95%, H 4.54%, N 6.30%.

Synthesis of intermediate 9.

4-(Bromomethyl)benzoic acid (1.598 g, 7.43 mmol) was solubilized in methanol.
Catalytic H,SO,4 was added and the reaction mixture was stirred at r. t. overnight. The
solvent was evaporated under reduced pressure and the resulting solid was dried under
vacuum.

White solid; yield 95% (1.10 g); m.p. 50-52°C;

'H NMR (300 MHz, CDCls, 25 °C, TMS) 8= 8.011 (d, J= 7.02 Hz, 2H), 7.459 (d, J=
6.73 Hz, 2H), 4.499 (s, 2H), 3.918 (s, 3H);

FT-IR (KBr, cm™): 3017, 2960 (alkyl stretching), 1936, 1815, 1722 (ester C=0), 1613,
1574, 1433, 1413, 1312, 1281, 1227, 1199, 1110, 1090, 1118, 953, 857, 841, 798, 769,
703, 636, 624, 602 (C-Br), 490 472;

Elemental analysis calculated for CyHgO,Br (229.06 g/mol): C 47.19%, H 3.96%,
found: C 47.22%, H 3.93%.
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Synthesis of H(NR)®.

2 (250 mg, 0.7 mmol) was solubilized in ca. 50 mL of dimethylformamide. K,CO3 (124
mg, 0.9 mmol) and catalytic KI were added to the reaction mixture which was stirred
for 10 min. Intermediate 9 (205 mg, 0.9 mmol ) was added and the solution was
refluxed for 5 h and subsequently stirred for 5 d. The solvent was evaporated under
reduce pressure and the crude product was purified by silica chromatography
(dichloromethane :diethyl etehr|1:1).

Dark red solid; yield 45% (164 mg), m.p. 175-180°C;

'H NMR (300 MHz, CDCls, 25 °C, TMS) 8= 8.6 (d, J=8.8Hz, 1H), 8.05 (d, J=8Hz, 2H),
7.83 (d, J=2.6Hz, 1H), 7.61 (d, J=9.2Hz, 1H), 7.50 (d, J=8Hz, 2H), 7.36 (dd, J=8.8Hz,
J=2.9Hz, 1H), 6.69 (dd, J=9.5Hz, J=2.55Hz, 1H), 6.50 (d, J=2.6Hz, 1H), 6.40 (s, 1H),
5.29 (s, 2H), 3.93 (s, 3H), 3.47 (q, J=7.1Hz, 4H), 1.26 (t, J=7Hz, 6H);

FT-IR (KBr, cm™): 2926 (alkyl C-H), 1721 (ester C=0), 1622, 1493, 1406, 1342
(aromatic C-N), 1279 (eter C-0), 1119, 1068, 1017, 836, 753;

Elemental analysis calculated for Cy9H2sN2O5 (482.51 g/mol): C 72.19%, H 5.43%, N
5.80%, found: C 72.21%, H 5.46%, N 5.83%.

Synthesis of intermediate 10.

To a dry dichloromethane solution of diethyl-5-(hydroxymethyl)-isophtalate (2,5 g; 9,9
mmol) at 0 °C, 1.5 egs. of PBr; were added. The reaction mixture was stirred at 100 °C
for 1 h and at r. t. overnight. 250 mL of a dilute solution of HCI 0.5 M was added. The
organic phase was extracted with dichloromethane and dried over MgSQO,. A white solid
was filtered off and dried under vacuum.

White solid; yield 53% (1.7 g); m.p. 48 °C;

'H NMR (300 MHz, CDCls, 25 °C, TMS) 8= 8,60 (s, 1H); 8,24 (s, 2H); 4,54 (s, 2H);
4,42 (q, 4H); 1,42 (t, 6H).

Elemental analysis calculated for C;3H15BrO4 (314.02 g/mol): C 49.54%, H 4.80%,
found: C 49.60%, H 4.86%.

Synthesis of H(NR)*.

2 (0.8 g, 2.4 mmol) and 1.2 egs. of intermediate 10 (0,9 g, 2.8 mmol) were solubilized
in dimethylformamide. 1.3 egs. of K,COj3; (0.4 g, 3.0 mmol) and catalytic KI were
added to the solution which was refluxed for 5 h and stirred at 55 °C for 3 d. The
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solution was filtred on Celite and the crude product was purified by precipitation from
dichloromethane/cyclohexane.

Red solid; yield 95% (1,3 g); m.p. 170 °C;

'H NMR (300 MHz, CDCls, 25 °C, TMS) &= 8.67 (s, 1H), 8.63 (d, 1 H), 8.37 (s, 2H),
7.84 (s,1H), 7.61 (d, 1H), 7.38 (d, 1H), 6.69 (d, 1H), 6.51 (s, 1H), 6.43 (s, 1H), 5.30 (s,
4H), 4.45 (m, 8 H), 3.50 (m, 4H), 1.45 (m, 6H), 1.25 (m, 6H).

FT-IR (KBr, cm™): 2975, 2898, 2936 (alkyl C-H), 17200 (ester C=0), 1640, 1622,
1589, 1404, 1343, 1238, 1115, 1067, 1018, 838, 753.

Elemental analysis calculated for C33H3,N,0O7 (568.62 g/mol): C 69.70%, H 5.67%, N
4.93%, found: C 69.75%, H 5.73%.

Synthesis of intermediate 11.

To a mixture of MgCl, (4.16 g, 0.044 mol) and diethylmalonate (7g, 0.044 mol) in
acetonitrile at 0°C under N, 2 egs. of trimethylamine (12.2 mL, 0.08 mol) was slowly
added and the resulting mixture stirred for 30 min. Phenylacetyl chloride (6.76 g, 0.044
mol) was slowly added and the reaction mixture stirred overnight. Afterwards, 250 mL
of a 2 M solution of HCI was used to acidify and the organic phase was extracted with
ethyl acetate and washed with a NaCl solution and dried over MgSO,. The solvent was

evaporated to afford the crude product which was used without any further purification.

Synthesis of intermediate 12.

Intermediate 11 (8 g, 31 mmol) was solubilised in 100 mL of Eaton’s reagent and the
solution maintained under vigorous stir for 4 h under N, at 30 °C. The compound is
added at ca. 600 mL of chopped ice. A yellow precipitate is formed, filtered off and
washed with a small amount of cold water.

Yellow solid; yield 97% (6.8 g); m.p. 80 °C;

'H NMR (300 MHz, CDCls, 25 °C, TMS) 8= 11.55 (s, 1H, OH), 9.01 (s, 1H, OH), 8.24
(d, J=8.76 Hz, 1H), 7.57-7.48 (m, 2H), 7.31-7.26 (m, 1H), 6.76 (s, 1H), 4.61 (q, J=7.14
Hz, 2H), 1.52 (t, J=7.14 Hz, 3 H).

Elemental analysis calculated for Ci3H130,4 (233.24 g/mol): C 66.94%, H 5.62%, N
4.93%, found: C 67.00%, H 5.73%, N 4.95.
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Synthesis of intermediate 13.

N,N-diethyl-p-nitrosoaniline (10 g, 56 mmol) was solubilized in ethanol. A saturated
HCI solution of ethanol/diethyl ether:1/1 solution was added until a green solid
precipitated. The solid was filtered off and washed with diethyl ether.

Green solid; yield 85% (10 g);

'H NMR (300 MHz, DMSO-ds, 25 °C, TMS) 8= 8.09 (s, 1H, HCI), 7.26 (d, J=9.33 Hz,
2H), 3.85 (q, J=7.14 Hz, 4H), 1.27 (t, J=6.6 Hz, 3 H).

Elemental analysis calculated for C,oH15CIN20 (214.69 g/mol): C 55.94%, H 7.04%, N
13.05%, found: C 56.00%, H 6.98%, N 13.10%.

Synthesis of H(NR)®.

Intermediate 12 (300 mg, 1.29 mmol) were solubilized in ca. 25 mL of degassed 2-
ethoxyethanol and 1.2 egs. (333 mg, 1.55 mmol) of intermediate 13 were added. The
reaction mixture was refluxed under microwave radiation (250 W, 200 °C) for 25 min.
The crude product was purified by silica column chromatography (carbon disulphide:
diethyl ether/5:1).

Green solid, yield 45% (227 mg), m.p.=115 °C;

'H NMR (300 MHz, CDCls, 25 °C, TMS) &= 8.67 (d, J=7.71 Hz, 1H), 8.34 (d, J=8.43
Hz, 1H), 7.82-7.58 (m, 3H), 6.75 (dd, J=9 Hz, J=2.9 Hz, 1H), 6.51 (d, J=2.58 Hz, 1H),
4.53 (q, J= 7.35 Hz, 2H), 3.49 (g, J=6.99 Hz, 4H), 1.47 (t, J=7.35 Hz, 3H), 1.28 (t,
J=7.35 Hz, 6H).

FT-IR (KBr, cm™): 2975, 2898, 2936 (alkyl C-H), 1720 (ester C=0), 1640 (Nile red
CO), 1622, 1589, 1404, 1343, 1238, 1115, 1067, 1018, 838, 753.

Elemental analysis calculated for C3H22N204 (390.43 g/mol): C 70.75%, H 5.68%, N
7.17%, found: C 70.75%, H 5.73%, N 7.20%.

Synthesis of intermediate complex a.

H(NR)? (500 mg, 1.6 mmol) was suspended in an acetic acid solution and Pd(OAc),
(352 mg, 1.6 mmol) was added. The solution was heated at 55°C for 4 h. An azeotropic
mixture of cyclohexane/methanol:1/1 was added and the solvent removed under reduced
pressure. The crude product was filtered off and washed with diethyl ether.

Dark blue solid; yield 80% (324 mg); m.p. >250 °C;
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'H NMR (300 MHz, CDCls, 25 °C, TMS) 8= 8.04 (d, J=8.4Hz, 2H), 7.75 (d, J=9.2Hz,
1H), 7.37 (d, J=7.7Hz, 2H), 6.99 (d, J=1.8Hz, 1H), 6.37 (m, 2H), 6.18 (d, J=2.6Hz, 1H),
5.97 (s, 1H), 4.79 (d, J=1.8Hz, 2H), 3.94 (s, 3H), 3.13 (g, J=8Hz, 4H), 2.27 (s, 3H), 1.07
(t, J=6.8Hz, 6H);

FT-IR (KBr, cm™): 3420, 2969 (C-H alchilico), 1776, 1720 (ester CO), 1636 (Nile red
CO), 1496, 1410, 1389, 1333, 1312 (C-N aromatico), 1278 (C-O etere), 1242, 1185,
1118, 1072, 1016, 838, 755, 686, 633, 540;

Elemental analysis calculated for CgHseN4O14Pd, (1293.91 g/mol): C 57.55%, H
4.36%, N 4.33%, found: C 57.57%, H 4.38%, N 4.30%.

Synthesis of intermediate complex b.

The same procedure followed as for the synthesis of intermediate complex a with the
subsequent modifications: H(NR)® (200 mg, 0.4 mmol) and 1 eq of Pd(AcO), (88 mg,
0.4 mmol) were heated for 5 d.

Dark blue solid; yield 90% (230 mg); m.p. >250 °C;

'H NMR (300 MHz, CDCls, 25 °C, TMS) &= 8,63 (s, 1H); 8,34 (s, 2H); 8,17 (d, 1H);
7,68 (d,1H); 6,99 (s, 1H); 6,35 (s, 1H); 6,18 (s, 1H); 5,96 (s, 1H); 4,80 (s, 2H); 3,18(m,
4H); 2,35 (m, 3H); 1.5-0.9 (m, 12 H).

FT-IR (KBr, cm™): 2969, 2910 (alkyl stretching), 1730 (ester CO), 1634 (Nile red CO),
1580, 1490, 1408, 1335, 1312, 1258 (eter C-O), 1240, 1190, 1116, 1070, 1018;
Elemental analysis calculated for C7oHgsN4O1gPd, (1468.16 g/mol): C 57.27%, H
4.81%, N 3.82%, found: C 57.57%, H 4.85%, N 4.00%.

Synthesis of intermediate complex c.

The same procedure followed as for the synthesis of intermediate complex a with the
subsequent modifications: H(NR)* (333 mg, 0.85 mmol) and 1 eq. of Pd(AcO), (191
mg, 0.86 mmol) were heated for 2 d.

Dark blue solid; yield 78% (365 mg); m.p. >250 °C

'H NMR (300 MHz, CDCls, 25 °C, TMS) 8= 7.60 (d, J=9.45 Hz, 1H), 7.44 (d, J=7.56
Hz, 1H), 6.95-6.84 (m, 2H), 6.25 (d, J=2.73 Hz, 1H) 5.99 (dd, J=9 Hz, J=2.46 Hz, 1H),
4.48 (q, J=3.57 Hz, 2H), 3.42 (q, J=6.72 Hz, 4H), 2.29 (s, 3H), 1.48 (t, J=6.99 Hz, 6H),
1.25 (t, J=7.14 Hz, 6H);
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FT-IR (KBr, cm™): 2963, 2905, 2840, 1726 (ester CO), 1634 (Nile red CO), 1577,
1491, 1407, 1310, 170, 1248, 1110, 1067, 1013;
Elemental analysis calculated for CsoHssN4O1,Pd, (1110.15 g/mol) C 54.02%, H 4.53%,
N 5.04%, found: C 54.10%, H 4.60%, N 5.08%.

Synthesis of complex IX

Intermediate complex a (128 mg, 0.1 mmol) was solubilized in a
2/1:dichloromethane/ethanol mixture and 1.6 egs. (60 mg, 0.16 mmol) of H(BSCg)"®
were added. The reaction mixture was stirred at r.t. for 7 d. The solvent was evaporated
and acetonitrile was added. The precipitated solid was filtered off and washed with
acetonitrile.

Dark blu solid; yield 99%; m.p.>250 °C;

'H NMR (300 MHz, CDCls, 25 °C, TMS) &= 9.37 (d, J=9.51 Hz, 1H), 8.06 (s, 1H), 8.03
(d, J=2.31 Hz, 1H), 7.64 (d, J=8.22 Hz, 2H), 7.36 (d, J=8.55 Hz, 2H), 7.22-7.15 (m,
4H), 6.69 (d, J=9.54 Hz, 1H), 6.50 (d, J=2.97 Hz, 1H), 6.39 (d, J=2.64 Hz, 1H), 6.27 (d,
J=2.31 Hz, 1H), 6.25-6.24 (m, 1H), 5.81 (d, J=2.31 Hz, 1H), 4.71 (s, 1H), 3.98 (t, J=6.6
Hz, 2H), 3.44 (s, 2H), 3.50 (q, J=7.23 Hz, 4H), 2.56 (t, J=7.29 Hz, 2H), 1.81-1.74 (m,
2H), 1.35-1.19 (m, 20H), 0.95-0.81 (m, 9H);

FT-IR (KBr, cm™): 2956, 2925, 2852 (alkyl stretching), 1722 (ester CO), 1635 (Nile red
CO), 1612, 1575, 1277, 1075, 1019, 835;

Elemental analysis calculated for Cs4Hs9N3O7Pd (968.48 g/mol): C 66.97%, H 6.14%,
N 4.34%, found: C 66.99%, H 6.20%, N 4.40%.

Synthesis of complex X

Intermediate complex b (100 mg, 0.08 mmol) was solubilized in a
2/1:dichloromethane/ethanol mixture and 1.8 egs. (50 mg, 0.14 mmol) of H(BSCs)"®
were added. The reaction mixture was stirred at r.t. for 3 d. The dichloromethane was
evaporated and ethanol was added. A solid precipitated in fridge and was filtered off
and washed with cold ethanol.

Dark blue solid; yield 75% (120 g); m.p. 220 °C;

'"H NMR (300 MHz, CDCls, 25 °C, TMS) & = 9.35 (m, 1H), 8.63 (s, 1H), 8.18 (s, 2H),
8.03 (d,1H), 7.64 (t, 2H), 6.69 (d, 1H), 6.25 (s, 3H), 5.82 (s, 1H), 4.66 (s, 2H), 4.46 (q,
6H), 3.99 (m, 3H), 3.50 (g, 3H), 2.52 (m, 3H), 1.79-0.8 (m);
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FT-IR (KBr, cm™): 2928, 2856 (alkyl stretching), 1721 (ester CO),1628 (Nile red
C=0), 1573, 1500, 1428, 1303, 1240, 1192, 1121, 1077, 1019, 836;

Elemental analysis calculated for CsgHgsN3OgPd (1054.57 g/mol): C 66.06%, H 6.21%,
N 3.98%, found: C 66.10%, H 6.25%, N 4.00%.

Synthesis of complex XI

Intermediate complex ¢ (55 mg, 0.04 mmol) was solubilized in ethanol and 2 egs. (38
mg, 0.08 mmol) of H(BSCs)"® were added. The reaction mixture was stirred at r.t. for 4
d. The reaction mixture was cooled down and the precipitated solid was filtered off and
washed with ethanol.

Dark blue solid; yield 65% (46 mg); m.p.>250 °C;

'H NMR (300 MHz, CDCls, 25 °C, TMS) & = 9.49 (d, J=10 Hz, 1H), 8.04 (s, 1H), 7.64
(d, J=7.83 Hz, 1H), 7.59 (d, J=7.56 Hz, 2H), 7.21-7.11 (m, 3H), 6.82-6.72 (m, 1H), 6.52
(d, J=2.88 Hz, 1H), 6.38 (s, 1H), 6.25 (d, J=8.91 Hz, 1H), 6.13 (d, J=7.95 Hz, 1H), 5.55
(s, 1H), 4.48 (q, J=7.26 Hz, 2H), 3.99 (t, J=6.57 Hz, 2H), 3.50 (q, J=7.14 Hz, 4H), 2.61
(t, J=8.1 Hz, 2H), 1.78 (t, J=7.9 Hz, 2H), 1.43 (t, J=6.87 Hz, 8H), 1.32-1.27 (m, 15 H),
0.89-0.88 (m, 6H);

FT-IR (KBr, cm™): 2925, 2847 (alkyl stretching), 1728 (ester CO), 1627 (Nile red CO),
1609, 1580, 1519, 1407, 1279, 1202, 1111, 818;

Elemental analysis for C4gHssN3OgPd (876.39 g/mol): C 65.78%, H 6.33%, N 4.79%,
found: C 66.00%, H 6.25%, N 4.81%.

Synthesis of intermediate complex a’

Intermediate complex a (109 mg, 0.08 mmol) was solubilized in 4 mL of acetone and 3
mL of an aqueous NaOH (47 mg, 1.12 mmol) solution were added and the reaction
mixture stirred at r.t. for 24 h. A dilute HCI solution was added dropwise until pH=6
was checked with a pH paper. The precipitated solid was centrifuged, washed with
distilled water and ethanol and dried in oven. The compound is only soluble in
pyridine.

Black solid; yield 80% (80 mg); m.p.>250 °C;

FT-IR (KBr, cm™): >3000 (br., OH), 2970, 2869 (alkyl stretching), 1698 (carboxylic
CO), 1631 (Nile red CO), 1617, 1570, 1387, 1333, 1281, 1246, 1120, 1073, 1015, 844,
758;
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Elemental analysis calculated for CssH4gN4O10Pd, (1125.82 g/mol): C 57.61%, H
4.30%, N 4.98%, found: C 57.57%, H 4.38%, N 4.91%.

Synthesis of intermediate complex b’

Intermediate complex b (50 mg, 0.04 mmol) was solubilized in 4 mL of acetone and 3
mL of an aqueous NaOH (20 mg, 0.5 mmol) solution were added and the reaction
mixture stirred at r.t. for 24 h. A dilute HCI solution was added dropwise until pH=6
was checked with a pH paper and a violet solid precipitated. The crude product was
filtered off, washed with ethanol and dichloromethane. The compound is only soluble in
dimethylformamide.

Violet solid; yield 81% (40 mg); m.p.>250 °C;

FT-IR (KBr, cm™): >3079 (br., OH), 2971-2920 (alkyl stretching), 1710 (carboxylic
CO), 1635 (Nile red CO), 157, 1490, 1450, 1385,1244, 1122, 1078, 1020, 837,
Elemental analysis calculated for Cs4H4sN4O12Pd, (1157.82 g/mol): C 56.02%, H
4.18%, N 4.84%, found: C 56.15%, H 4.20%, N 5.00%.

Synthesis of complex XI1

Intermediate complex a’ (55 mg, 0.05 mmol) is solubilized in pyridine and stirred at r.t.
at 30 °C for 5 hours. 2 egs. (17 mg, 0.1 mmol) of H(BSCs)"® were added and the
reaction mixture stirred at r.t. for 24 h. The solvent was evaporated almost completely
and distilled water was added. The obtained solution was acidified until pH=6 and the
precipitated solid was filtered off, washed with acetone and dried.

Black solid; yield 50% (43 mg); m.p.>250 °C;

FT-IR (KBr, cm™): >3500 (br. OH), 2917, 2847 (alkyl stretchng), 1718 (carboxylic
CO), 1638 (Nile red CO), 1571, 1330, 1077, 1020, 837;

Elemental analysis for Cs;Hs;N3O0gPd; (926.45 g/mol): C 67.41%, H 6.20%, N 4.54%,
found: C 67.50%, H 6.25%, N 5.60%.

Synthesis of complex XIl1

Intermediate complex b’ (40 mg, 0.03 mmol) is solubilized in dimethylformamide and 2
egs. (20 mg, 0.06 mmol) of H(BSCg)"® were added and the reaction mixture stirred at
r.t. for 48 h. The solvent was evaporated almost completely and diethyl ether was
added. The solid was filtered off and washed with diethyl ether and dichloromethane.

The product is soluble in dimethylformamide.
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Dark blue solid; yield 90% (51 mg); m.p.>250 °C;

FT-IR (KBr, cm™): >3079 (br., OH), 2971-2934 (alkyl stretching), 1714 (carboxylic
CO), 1632 (Nile red CO), 1570, 1494, 1447, 1335, 1317, 1201,1075, 1017, 930, 757.
Elemental analysis for Cs,Hs;N3O;Pd (942.44 g/mol): C 66.27%, H 6.10%, N 4.46%,
found: C 66.30%, H 6.15%, N 4.60%.

10.2.2 Synthesis of novel Ir(111) complexes and of their precursors

Synthesis of complex XIV.

The dichloro bridged precursor 14%** (100 mg, 0.093 mmol) and a small excess of
tetrachlorocatechole (51 mg, 0.205 mmol) were dissolved in 25 mL mixture of
dichloromethane/methanol:4/1, under purging N,. To this clear yellow solution, 0.41
mL of Bus;NOH (1M in MeOH) was added dropwise. The colour changed to red-orange.
The reaction mixture was stirred under N for 3 d. Then the solvent was evaporated, and
the pure product was obtained after recrystallization from chloroform/ethyl acetate.

Red solid; yield 73% (135 mg); m. p. = 220°C dec.;

'"H NMR (300 MHz, CD5CN, 25 °C, TMS) & = 8.75 (d, J = 5.8 Hz, 2H, H,), 7.95 (d, J =
8.0 Hz, 2H), 7.75 (td, J= 7.8 Hz, J = 71.6 Hz, 2H), 7.62 (d, J = 7.8 Hz, 2H), 7.19 (td, J =
6.6 Hz, J=1.4 Hz, 2H), 6.76 (td, J=7.5Hz,J=1.2 Hz, 2H), 6.61 (t, J=7.3Hz,J=14
Hz, 2H), 6.19 (d, J= 7.6 Hz, 2H), 3.06 (m, 8 H), 1.60 (m, 8 H), 1.35 (m, 8H), 0.96 (t, J =
7.3 Hz, 12H);

FT-IR (KBr, cm™): 3039 (C-Ir); 2962, 2874 (alkyl stretching); 1475, 1442, 1255 (CO
coordinated cathecolate);

Elemental analysis calculated for C44Hs,Cl4IrN3O; (988.93 g/mol): C 53.44%, H 5.30%,
N 4.25%, found: C 53.21%, H 5.5 %, N 4.48%;

Aw (¢ = 3.6:10° mol L™ in acetonitrile) = 122 O™ cm? mol ™.

Synthesis of complex XV

The dichloro bridged precursor 142

(75 mg, 0.070 mmol) and a small excess of
tetrabromocatechole (66 mg, 0.154 mmol) were dissolved in 25 mL mixture of
dichloromethane/methanol:4/1, under purging N,. To this clear yellow solution, 0.31
mL of BusNOH (1M in MeOH) were added dropwise. The colour changed to red-

orange. The reaction mixture was stirred under N, for 3 d. Then the solvent was
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evaporated. Subsequently to the addition of chloroform, a solid precipitated, filtered off
and washed with chloroform.

Red solid; yield 97% (158 mg,); m.p. = 210°C dec.;

'H NMR (300 MHz, CDsCN, 25 °C, TMS) & = 8.75 (d, J = 5.9 Hz, 2H), 7.95 (d, J = 8.0
Hz, 2H), 7.76 (t, J = 7.9 Hz, 2H), 7.61 (d, J = 7.5 Hz, 2H), 7.19 (t, J = 6.5 Hz, 2H), 6.76
(t,J = 7.5 Hz, 2H), 6.61 (t, J = 7.3 Hz, 2H), 6.16 (d, J = 8.1 Hz, 2H), 3.05 (m, 8 H), 1.68
(m, 8 H), 1.36 (m, 8H), 0.96 (t, J = 7.4 Hz, 12H);

FT-IR (KBr, cm™): 3038 (C-Ir); 2962, 2873 (alkyl stretching), 1475, 1438, 1256 (CO
coordinated cathecolate).

Elemental analysis calculated for Cy4Hs,BralrN3O, (1166.74 g/mol): C 45.29%, H
4.49%, N 3.60%, found: C, 45.32; H, 4.36 ; N, 3.45.

An (¢ =3.6:10° mol L™ in acetonitrile) = 117 Q™ cm? mol ™.

Synthesis of complex XVI.

The dichloro bridged precursor 14%** (100 mg, 0.093 mmol) and a small excess of
alizarin (49 mg, 0.205 mmol) were dissolved in 25 mL mixture of
dichloromethane/methanol:4/1, under purging N,. To this clear orange solution, 0.41
mL of BusNOH (1M in MeOH) were added dropwise. The colour changed to dark blue.
The reaction mixture was stirred under N, for 3 d. Then the solvent was evaporated, the
product was recrystallized from dichloromethane/hexane and washed with ethyl acetate.
Dark blue solid; yield 78% (157 mg,); m. p. = 215°C dec.;

'H NMR (300 MHz, CDsCN, 25 °C, TMS) 6 = 8.74 (d, J = 6.6 Hz, 1H), 8.70 (d, J = 6.6
Hz, 1H), 8.09 (m, 2H), 7.96 (m, 2H), 7.77 — 7.55 (m, 6H), 7.43 (d, J = 8.0 Hz), 7.16 (m,
2H), 6.79 (m, 2H), 6.65 (m, 2H), 6.33 (d, J = 8.2 Hz, 1H), 6.25 (d, J = 7.7 Hz, 1H), 6.17
(d, J = 6.9 Hz, 2H), 3.06 (m, 8 H), 1.60 (m, 8 H), 1.34 (m, 8H), 0.96 (t, J = 7.2 Hz,
12H);

Elemental analysis calculated for: C,HsglrN3O4 (981.25 g/mol): C 63.65%, H 5.96%, N
4.28%, found: C 63.49%, H 6.08%, N 4.38%;

FT-IR (KBr, cm™): 3039 (C-Ir), 2962, 2873 (alkyl stretching), 1475, 1438, 1256
(alizarine CO);

Aw (¢ = 3.6:10° mol L™ in acetonitrile) = 122 O cm? mol ™.
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Synthesis of complex A,

To a mixture of dichloro bridged precursor 14?** (100 mg, 0.093 mmol) and a small
excess of orotic acid monohydrate (36 mg, 0.205 mmol) in 15 mL of
dichloromethane/methanol:4/1, 0.41 mL of Bu;NOH (1M in MeOH) were added
dropwise under purging N,. The colour changed to orange. The reaction mixture was
stirred under N for 3 d. Then the solvents were evaporated, and the pure product was
obtained after filtration on Celite in chloroform and recrystallization from
chloroform/hexane;

Yellow solid; yield 73% (124 mg); m. p. = 200°C dec.;

'H NMR (300 MHz, DMSO-d6, 25 °C, TMS) & = 9.59 (s, 1H), 8.45 (d, J = 6.1 Hz, 1H),
8.34 (d, 3] = 5.7 Hz, 1H), 8.10 (d, J = 8.4 Hz, 1H), 8.03 (d, J = 8.0 Hz, 1H), 7.88 (t, J =
7.7 Hz, 1H), 7.81 (t, J = 8.0 Hz, 1H), 7.67 (d, J = 7.8 Hz, 1H), 7.56 (d, J = 7.0, 1H), 6.31
(m, 2H), 6.75 (t, J = 7.8 Hz, 1H), 6.58 (m, 2H), 6.43 (d, J = 7.4 Hz, 1H), 6.05 (d, J = 7.6
Hz, 1H), 5.94 (d, J = 7.5 Hz, 1H), 5.67 (d, J = 1.9 Hz), 3.13 (m, 8 H), 1.53 (m, 8H,),
1.28 (m, 8H), 0.91 (t, J = 7.3 Hz, 12H);

FT-IR (KBr, cm™): 2962, 2874 (alkyl stretching), 1646, 1634, 1607, 1359;

Elemental analysis calculated for C43Hs4IrNsO4 (897.38 g/mol): C 57.57%, H 6.07%, N
7.81%, found: C 57.37%, H 6.23%; N 7.53%.

Synthesis of intermediate complex 14°.

IrCl3:xH20 (340 mg, 1.14 mmol) was solubilized in 5 mL of degassed distilled water
under inert atmosphere (N.). 4,5’-dimethyl-2-phenylpyridine®”® (385 mg, 2.27 mmol)
was solubilized in 15 mL of degassed 2-ethoxyethanol and added to the reaction
mixture. The resulting solution was stirred at reflux. After 24 h., a precipitate was
filtered off, washed with acetone and water and dried under vacuum.

Green solid; yield 80% (539 mg); m. p. >250°C;

'H NMR (300 MHz, CDCls, 25 °C, TMS) & = 9.04 (d, J=5.88 Hz, 4H), 7.64 (s, 4H),
7.27 (s, 4H), 6.51 (d, J=4.8 Hz, 4H), 6.38 (d, J=4.8 Hz, 4H), 5.82 (d, J=7.83 Hz, 4H),
2.61 (s, 12H), 2.09 (s, 12H);

FT-IR (KBr, cm™): 3039, 2916 (alkyl stretching), 2863, 1619, 1540, 1477, 1446, 1268,
1032, 810;

Elemental analysis calculated for Cs,HssCl21raN4 (1184.25 g/mol): C 52.74%, H 4.09%,
N 4.73%, found: C 52.64%, H 4.18%, N 4.50.
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Synthesis of complex AZ,

To a mixture of dichloro bridged precursor 14’ (100 mg, 0.084 mmol) and a small
excess of orotic acid monohydrate (32 mg, 0.185 mmol) in 15 mL
dichlorometahne/methanol:4/1, 0.37 mL of Bu;NOH (1M in MeOH) were added
dropwise, under purging N,. The colour changed to orange. The reaction mixture was
stirred for 3 d. Then the solvents were evaporated and the pure product was obtained
after filtration on Celite in dichloromethane and recrystallized from
dichloromethane/diethyl ether;

Orange solid; yield 71% (117 mg); m. p. >250°C,;

'H NMR (300 MHz, DMSO-d6, 25 °C, TMS) & = 9.49 (s, 1H), 8.21 (d, J = 5.7, 1H),
8.13 (d, J = 5.9,1H), 7.87 (s, 1H), 7.78 (s, 1H), 7.43 (s, 1H), 7.30 (s, 1H), 7.08 (m, 2H),
6.39 (d, J = 7.4, 1H), 6.24 (d, J = 8.0 Hz, 1H), 5.90 (d, J = 7.9 Hz, 1H), 5.79 (d, J = 7.6
Hz, 1H), 5.63 (d, J = 1.0 Hz), 3.13 (m, 8 H), 2.08 (d, J = 9.3 Hz, 6H), 1.53 (m, 8H), 1.28
(m, 8H), 0.91 (t, J = 7.3 Hz, 12H);

FT-IR (KBr, cm™): 2962, 2874 (alkyl stretching), 1660, 1645, 1620, 1361.

Elemental analysis calculated for C47Hg21rNsO4 (953.44 g/mol): C 59.22%, H 6.56%, N
7.35%, found: C 58.94%, H 6.88%, N 7.15%.

Synthesis of complex C*A®,

Complexes A' (50 mg, 0.0546 mmol) and C*,??"* (35 mg, 0.0546 mmol) were dissolved
in 50 mL of a mixture of methanol/water:4/1 at r. t., and the resulting mixture was
stirred in an open vessel to allow a slow evaporation of methanol to 1/3 of its initial
volume. The product, precipitated as crystalline yellowish solid, was filtered out and
washed several times with large amounts of water.

Yellow solid; yield 81% (59 mg); m. p. = 240°C dec.;

'H NMR (300 MHz, DMSO-d6, 25 °C, TMS) & = 9.60 (s, 1H), 8.98 (d, J = 5.7 Hz, 1H),
8.44 (d, J = 5.7 Hz, 1H), 8.35 (d, J = 5.6 Hz, 1H), 8.27 (d, J = 8.0 Hz, 1H), 8.22 (d, J =
8.0 Hz, 1H), 8.10 (d, J = 8.2 Hz, 1H), 8.04-7.64 (m, 11H), 7.54 (d, J = 6.7 Hz, 1H), 7.32
(m, 6H), 7.96-6.71 (m, 5H), 6.58 (m, 2H), 6.43 (t, J = 7.4 Hz, 1H), 6.18 (d, J = 7.7 Hz,
1H,), 6.11 (d, J = 7.5 Hz, 1H), 6.05 (d, J = 7.7 Hz, 1H), 5.94 (d, J = 7.6 Hz, 1H), 5.67 (d,
J=1.1Hz), 5.50 (m, 1H), 5.02 (m, 1H), 4.55 (m, 1H), 4.30 (m, 1H);

FT-IR (KBr, cm™): 1619, 1640, 1610, 1364;

Elemental analysis calculated for: CssHg1r2NgO4 (1264.26 g/mol): C 52.69%, H 3.35%,
N 8.87; found: C 52.67%, H 3.66%, N 8.32%.
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Synthesis of complex C*Al,

Complexes A! (50 mg, 0.0546 mmol) and C2,2*" (41 mg, 0.0546 mmol) were dissolved
in 50 mL of a mixture of methanol/water:4/1 at r. t., and the resulting mixture was
stirred in an open vessel to allow a slow evaporation of methanol to 1/3 of its initial
volume. The precipitated product was filtered out and washed with abundant water.
Orange solid; yield 75% (56 mg); m. p. = 250°C dec.;

'H NMR (300 MHz, DMSO-d6, 25 °C, TMS) & = 9.56 (s, 1H), 8.86 (d, J = 8.3 Hz, 2H,),
8.42 (d, J =5.1 Hz, 1H), 8.33 (d, J = 5.8 Hz, 1H), 8.23 (m, 4H), 8.07 (d, J =5.9 Hz, 1H),
8.01 (d, J = 8.6 Hz, 1H), 7.88 (m, 8H), 7.67 (m, 3H), 7.60 (d, J = 5.2 Hz, 2H), 7.52 (d, J
= 7.2 Hz, 1H), 7.30 (m, 2H), 7.14 (t, J = 6.2 Hz, 2H), 7.00 (t, J = 7.1 Hz, 2H), 6.88 (t, J
= 7.5 Hz, 2H), 6.72 (d, J = 7.3 Hz, 1H), 6.56 (m, 2H), 6.41(d, J = 6.9 Hz, 1H), 6.17 (d, J
= 7.1 Hz, 2H), 6.03 (d, J = 8.0 Hz, 1H), 5.92 (d, J =7.0 Hz, 1H), 5.65 (d, J = 1.1 Hz);
FT-IR (KBr, cm™): 1660, 1632, 1606, 1362;

Elemental analysis calculated for: CsgHaslroNgO4 (1314.27 g/mol): C 53.95%, H 3.38%,
N, 8.53, found: C 53.56%, H 3.37%, N 8.30%.

Synthesis of complex C1AZ.

Complexes A? (50 mg, 0.0514 mmol) and C1%"® (33 mg, 0.0514 mmol) were dissolved
in 50 mL of a mixture of methanol/water:4/1 at r. t., and the resulting mixture was
stirred in an open vessel to allow a slow evaporation of methanol to 1/3 of its initial
volume. The precipitated product was filtered out and washed with abundant water.
Yellow solid; yield 78% (55 mg); m. p. >250°C;

'H NMR (300 MHz, DMSO0-d6, 25 °C, TMS) & = 9.51 (s, 1H), 8.96 (d, J = 5.9, 1H),
8.22 (m, 3H), 8.13 (d, J = 5.9 Hz, 1H), 7.89 (m, 8H), 7.62 (d, J = 5.8 Hz, 1H), 7.52 (d, J
= 5.3 Hz, 1H), 7.43 (s, 1H), 7.30 (m, 4H), 7.08 (m, 2H), 6.91 (t, J = 7.4 Hz, 1H), 6.84 (t,
J=75Hz 1H), 6.78 (t, J = 7.4 Hz, 1H), 6.71 (t, J = 7.6 Hz, 1H), 6.39 (d, J = 7.4 Hz,
1H), 6.24 (d, J = 8.0 Hz, 1H), 6.16 (d, J = 7.5 Hz, 1H), 6.09 (d, J = 7.4 Hz, 1H), 5.90 (d,
J=7.7 Hz, 1H), 5.78 (d, J = 7.6 Hz, 1H), 5.63 (d, J = 2.0 Hz, 1H), 5.50 (m, 1H), 4.99
(m, 1H), 4.54 (m, 1H), 4.30 (m, 1H), 2.07 (d, J = 9.5 Hz, 6H);

FT-IR (KBr, cm™): 2916, 2858 (alkyl stretching), 1660, 1632, 1607, 1370;

Elemental analysis calculated for: CsgHsolr,NgO4 (1320.32 g/mol): C 53.70%, H 3.82%,
N 8.49%, found: C 53.33%, H 3.88%, N 8.28%.
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Complex C?AZ.

Complexes A? (50 mg, 0.0514 mmol) and C?*?” (39 mg, 0.0514 mmol) were dissolved
in 50 mL of a mixture of methanol/water:4/1 at r. t., and the resulting mixture was
stirred in an open vessel to allow a slow evaporation of methanol to 1/3 of its initial
volume. The precipitated solid was filtered out and washed with abundant water.
Orange solid; yield 80% (60 mg); m. p. = 200°C dec.;

'H NMR (300 MHz, DMSO-d6, 25 °C, TMS) & = 9.49 (s, 1H), 8.86 (d, J = 8.0, 2H),
8.23 (m, 5H), 8.12 (d, J = 6.0 Hz, 1H), 7.88 (m, 7H), 7.78 (s, 1H), 7.67 (t, J = 6.4 Hz,
2H), 7.60 (d, J = 5.6 Hz, 2H), 7.53 (s, 1H), 7.29 (s, 1H), 7.12 (m, 4H), 7.00 (t, J = 7.2
Hz, 2H), 6.88 (t, J = 7.4 Hz, 2H), 6.39 (d, J = 7.6 Hz), 6.24 (d, J = 7.6 Hz, 1H), 6.17 (d,
J=7.4Hz, 2H),5.90 (d, J = 7.7 Hz, 1H), 5.79 (d, J = 7.6 Hz, 1H), 5.62 (d, J = 2.2 Hz,
1H), 2.08 (d, 6H, J=9.4 Hz);

FT-IR (KBr, cm™): 2916, 2847 (alkyl stretching), 1660, 1622, 1609, 1369;

Elemental analysis calculated for: Cg3Hs2lroNgO4 (1370.34 g/mol): C 55.25%, H 3.83%,
N 8.18%, found: C 54.95%, H 3.90%, N 7.82%.

Synthesis of complex XVI1I.

Intermediate complex 142*

(150 mg, 0.14 mmol) was solubilised in ca. 50 mL of an 1:1
mixture of acetone and chloroform. 2 egs. of H(BSCs)™® (87 mg, 0.28 mmol) and 30
egs. (0.3 mL, 4.2 mmol) of trimethylammine were added to the solution. The reaction
mixture was stirred at reflux for 72 h. The solvent was evaporated and the organic phase
extracted with dichloromethane/water and dried over sodium sulphate. The crude
product was purified by precipitation from dichloromethane/hexane. The solid was
filtered off, washed with hexane and dried under vacuum.

Red solid; yield 66% (149 mg); m.p.>250° C;

'H NMR (300 MHz, CDCls, 25 °C, TMS) & = 8.92 (d, J=5.49 Hz, 1H), 8.86 (d, J=5.79
Hz, 1H), 8.05 (s, 1H, H;), 7.88 (d, J=8.37 Hz, 1H), 7.67 (d, J=13 Hz, 1H), 7.68 (t, J=14
Hz, 1H), 7.59 (d, J=7.83 Hz, 1H), 7.51 (d, J=8.1 Hz, 1H), 7.12 (t, J=5.76 Hz,1H), 7.06-
7.00 (m, 2H), 6.95 (dd, J=9.18 Hz, J=3.3 Hz, 1H), 6.85 (t, J=7.95 Hz, 1H), 6.72 (t,
J=7.26 Hz, 1H), 6.65 (d, J=9.18 Hz, 1H), 6.57 (d, J=3.3 Hz, 1H), 6.51-6.49 (m, 4H),
6.28 (d, J=7.26 Hz, 1H), 6.17 (d, J=7.69 Hz, 1H), 6.02 (d, J=8.25 Hz, 2H,.), 3.71 (s,
3H, -CHj3), 2.35 (t, J=7.56 Hz, 2H, -CH,¢), 1.67-1.22 (m, 8H, (-CH>-)4), 0.93 (t, J=6.72
Hz, 3H, -CHa) ;
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FT-IR (KBr, cm™): 3041, 2996, 2925, 2853 (alkyl stretching), 1620 (CN Schiff base),
1604, 1584, 1476, 1465, 1425, 1314, 1212, 1147, 1030, 755, 729;

Elemental analysis calculated for C4,H40lrN3O; (811.00 g/mol): C 62.20%, H 4.97%, N
5.18%, found C 62.50%, H 5.14%, N 5.20%.

Synthesis of complex XVII1.

14?'° (100 mg, 0.09 mmol) was solubilised in ca. 50 mL of an 1:1 mixture of acetone
and chloroform. 2 egs. of H(O”N)* (88 mg, 0.18 mmol) and 30 egs. (0.2 mL, 2.8 mmol)
of trimethylamine were added to the solution. The reaction mixture was stirred at reflux
for 72 h. The solvent was evaporated and the organic phase extracted with
dichloromethane/water and dried over sodium sulphate. The crude product was purified
by precipitation from dichloromethane/ hexane. The solid was filtered off, washed with
hexane and dried under vacuum.

Red solid; yield 80% (145 mg); m.p.>250° C;

'H NMR (300 MHz, CDCls, 25 °C, TMS) & = 8.93 (d, J=5.34 Hz, 1H), 8.89 (d, J=5.49
Hz, 1H), 7.89 (d, J=8.1 Hz, 1H), 7.75-7.59 (m, 3H), 7.50 (d, J=8.1 Hz, 1H), 7.31-7.22
(m, 4H), 7.14-7.02 (m, 13H), 6.99-6.95 (m, 1H), 6.89-6.83 (m, 3H), 6.75-6.65 (m, 2H),
6.59 (d, J=3.18 Hz, 1H), 6.56-6.54 (m, 2H), 6.29 (d, J=7.68 Hz, 1H), 6.22-6.19 (m, 1H),
6.16 (d, J=8.25 Hz, 2H), 3.72 (s, 3H);

FT-IR (KBr, cm™): 3030, 2920, 2833 (alkyl stretching), 1610 (CN Schiff base), 1584,
1525, 1486, 1476, 1436, 1313, 1267, 1212, 1146, 1029, 823, 753, 729, 695;

Elemental analysis calculated for Cs4Hy411rN4O2 (970.29 g/mol): C 66.85%, H 4.26%, N
5.78%, found: C 66.80%, H 4.14%, N 5.82%.

Synthesis of intermediate complex 15,

To a degassed aqueous solution (10 mL) of IrCl3.xH,0 (93 mg, 0.25 mmol), 2 egs. of
btz-tpa®® (200 mg, 0.50 mmol) solubilized in 30 mL of degassed ethoxyethanol are
added. The reaction mixture is irradiated with microwave radiation for 20 min. (250 W,
120° C) and stirred afterwards at reflux for 4 d in inert atmosphere (N). A brown solid
is filtered off and washed with distilled water and ethanol and dried under vacuum.
Brown solid; yield 40% (96 mg); m.p.>250° C;

'H NMR (CDCl3, 300 MHz, TMS) & = 8.62 (d, J=6.0 Hz, 2H), 7.27 (d, J=1.23 Hz ,2H),
7.05-7.03 (m, 4H), 6.95-6.91 (m, 10H), 6.84-6.81 (m, 4H), 6.70-6.68 (m, 8H), 6.46 (dd,
J=8.45 Hz, J=2.04 Hz, 2H), 5.48 (d, J=2.19 Hz, 2H);
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FT-IR (KBr, Cm'l): 1571, 1498, 1459, 1429, 1378, 1262, 1096, 1022, 802, 749, 694,
508;

Elemental analysis calculated for CsoH34ClalroNgSy: C 49.54%, H 2.99%, N 4.62%,
found: C 49.60%, H 3.04%, N 4.42%.

Synthesis of complex XIX.

Intermediate complex 16 (75 mg, 0.038 mmol) was solubilised in ca. 50 mL of an 1:1
mixture of acetone and chloroform. 2 egs. (24 mg, 0.076 mmol) of H(BSCg)™® and 30
egs. (0.06 mL, 0.9 mmol) of trimethylammine were added to the solution. The reaction
mixture was stirred at reflux for 48 h. and at r.t. for 48 h. The solvent was evaporated
and the organic phase extracted with dichloromethane/water and dried over sodium
sulphate. The crude product was purified by precipitation from dichloromethane/cold
ethanol. The solid was filtrated, washed with cold methanol and dried under vacuum.
Red-brown solid; yield 55% (53 mg), m.p.>250° C;

'H NMR (CDCls, 300 MHz, TMS) & = 8.43 (d, J=9.09 Hz, 1H), 8.01 (d, J=9.24 Hz,
1H), 7.91 (s, 1H), 7.59 (d, J= 7.62 Hz, 2H), 7.39 (d, J=8.49 Hz, 1H), 7.20 (d, J=9.39 Hz,
4H), 7.09-6.95 (m, 7H), 6.89-6.82 (m, 10H), 6.69 (d, J=9.3 Hz, 3H), 6.63 (d, J=8.07 Hz,
3H), 6.50 (dd, J=8.43 Hz, J=2.2 Hz, 1H), 6.47 (d, J=3.09 Hz, 1H), 6.34 (d, J=8.49 Hz,
2H), 6.16 (d, J=8.07 Hz, 3H), 5.86 (d, J=2.05 Hz, 1H), 5.70 (d, J=2.07 Hz, 1H), 3.62 (s,
3H), 2.42 (m, 2H), 1.27 (m, 8H), 0.91 (t, J=6.6 Hz, 3H);

FT IR (KBr, cm'l): 1584, 1571, 1483, 1459, 1429, 1261, 1095, 1021, 865, 801, 751,
694;

Elemental analysis calculated for C7oHsglrNs0,S; (1257.59 g/mol): C 66.85%, H 4.65%,
N 5.57%, found: C 66.90%, H 4.064%, N 5.59%.

Synthesis of complex XX.

Complex XX was prepared following the same procedure reported for complex XIX
with the following modifications: intermediate 16 (96 mg, 0.048 mmol) and 2 egs. of
H(O”N)* (46 mg, 0,096 mmol) were treated with 30 egs. of trimethylamine (86 mg,
1,44 mmol);

Brown solid; yield: 51% (70 mg); m.p. > 250°C;

'H NMR (CDCls, 300 MHz, TMS) & = 8.44 (d, J=8.37 Hz, 1H), 8.05 (d, J=7.14 H, 1H),
7.98 (s, 1H), 7.61 (t, J=6.59 Hz, 3H), 7.41 (d, J=8.64 Hz, 2H), 7.20-6.80 (m, 36H), 6.72
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(d, J=9.06 Hz, 4H), 6.52 (d, J=10.83 Hz, 4H), 6.33 (t, J=9.33 Hz, 4H), 5.86 (d, J=2.19
Hz, 1H), 5.73 (d, J=1.53 Hz, 1H), 3.65 (s, 3H);

FT IR (KBr, cm'l): 1572, 1526, 1490, 1460, 1386, 1268, 1172, 1144, 1067, 822, 751,
695, 509;

Elemental analysis calculated for CgHsglrNgO,S, (1416.73 g/mol): C 69.52%, H
4.20%, N 5.93%, found: C 69.60%, H 4.30%, N 6.01%
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