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Abstract

Abstract

The synthesis of luminescent metal complexes is a very challenging task since they can be regarded as the
starting point for many different areas. Luminescent complexes, in fact, can be used for technological,
industrial, medical and biological applications. They consist of two main parts: the central core of the
complex, a metal atom, and various organic ligands bonded to it.

Among all the transition metal complexes, Iridium(lll) ones show the best photophysical properties:
generally, they have high quantum vyields, very long lifetimes and possess easily tunable emissions
throughout the visible range.

During my PhD | prepared different families of Ir(Ill) complexes suitable for various applications.

In detail, my thesis deals with the synthesis of new functionalized chelating ligands that have been used to
obtain phosphorescent Ir(lll) complexes. In particular | synthesised isocyanides, phenyltetrazole and pyridil-
triazolylidene derivatives and various corresponding Ir(lll) complexes with peculiar photophysical properties,
suitable for the preparation of electroluminescent devices.

Moreover, | synthesized pyridiltriazole chelating ligands for the preparation of Ir(lll) complexes able to be
embebbed in nanoparticles. At the same time, | set up the synthesis of various carbazole-terpyridines systems
containing substituent of different length and aromatic character.

During my studies, | enhanced my knowledges about the techniques for the spectroscopical characterization

of the obtained compounds, such as mono- and bidimensional and VT- NMR, UV-vis and spectrofluorimetry.






1. Luminescence

1. Luminescence

The emission of light is a physical phenomenon that occurs in response to an external stimulus, which may
be in the form of thermal, electrical or chemical energy. This phenomenon can be divided in two different
family, depending on the type of the stimulus. If the energy source is thermal, the phenomenon is named
incandescence, giving the so-called “hot-light”. On the contrary, when the energy source is of a different
kind, the phenomenon take the name of luminescence, giving the “cold-light”. Luminescence can assumes

different names, depending on the nature of the external stimulus (Table 1).

Table 1: Types of luminescence, according to the excitation source

Name Stimulus
Bioluminescence Enzymatic reaction
Chemiluminescence Chemical reaction

Elettrochemiluminescence | Chemical reaction electrochemically induced

Elettroluminescence Electricity
Photoluminescence Photonons
Radioluminescence lonizing
Sonoluminescence Sound waves
Triboluminescence Mechanical efforts

The most well-known and studied phenomenon is the photoluminescence. A substance that is able to emit

light after a luminous stimulus is called fluorophore.

According to the Boltzmann distribution, at room temperature the population of excited electronic states is
neglectable compared to the one of the lowest energy level, the ground state. For this reason, it is assumed
that almost all of the molecules are in the lower electronic state, with orbitals occupied by pairs of
electrons with paired spins (antiparallel), in order to have total spin equal to 0 and multiplicity equal to 1
(singlet ground state Sp). When subjected to a stimulus, in this case to a light excitation, most of the
molecules are promoted from the ground state to an electronic excited state, usually indicated as S,. The
just populate excited state is not stable, therefore the promoted molecules will return to the ground state

thtough two different deactivation patways: radiative or non-radiative decay mechanisms.
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The non-radiative deactivation mechanism takes place without the emission of photons and consist of

three main processes:

- vibrational relaxation: the excited molecule transfers vibrational energy through collisions with the

surrounding molecules (time = 1072 s);
- internal conversion: transitions between electronic states of the same multiplicity (time = 103 s);

- intersystem crossing: transition between two electronic states with different multiplicity, for

example from singlet to triplet (time =~ 108 s).

On the other hand, radiative deactivations mechanisms occur with an emission of photons, and can be of

different nature:

- fluorescence: transition from the lowest excited singlet state (S;) to the ground state (So), spin-

allowed (time = 10? s);

- phosphorescence: transition from the triplet lowest excited state (T1) to the singlet ground state

(So), spin-forbidden (time = 10° s);

- radiation of resonance: emission with a frequency equal to that absorbed. Occurs only for low-

pressure gas (time = 10%s).

Comparing the typical lifetimes of the described processes, it is clear that there is always a competition
between the non-radiative deactivation patways and the radiative ones, so the latter may not be displayed
at all. This can be due to several factors, such as a great flexibility of the molecular structure, the high
temperature, that increase the mobility of the molecules favoring the collisions, or the presence of a
solvent able to absorb the energy of the excited molecules. Accordingly, fluorescence or phosphorescence
processes are rarely observed and most of the substances present in nature does not present these

phenomena at all.

All the above described mechanisms are well schematized in the Jablonski diagram (Figure 1).! When
irradiate with the right energy, a molecule can absorb light and can be promoted to an excited state,
generally called S,. The molecule can then decay to the lowest excited state Si, through internal conversion
(non-radiative deactivation pathway).? From this state, two different mechanisms can occur: a) the
molecule in the S; state can relax to the So ground state through the emission of a photon, giving the
fluorescence process; it’s important to underline that fluorescence can be observed only for S;=>So
transitions;? b) the internal conversion takes place, leading to the population of triplet state T;. When the

molecule is in the T, state, phosphorescence can occur.
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Obviously, the phosphorescence emission can be observed only if the intersystem crossing process is
efficient enough to compete with other deactivation mechanisms, allowing the population of the triplet
state. Indeed, based on the selection rules,* transitions between states with different spin are forbidden,
but these are promoted by the presence of a heavy atom with a large spin-orbit coupling constant.
Furthermore, based on the Hund’s rules (or maximum multiplicity principles),® the triplet states have lower
energies compared to the corresponding singlet states, therefore the phosphorescence emission always
occurs at longer wavelengths than fluorescence. Moreover, because phosphorescence is a spin-forbidden
process (from the triplet T; state to the singlet So ground state), the emission is always observed with

longer relaxion time than the fluorescence emission.
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Figure 1: The Jablonski diagram

A further deactivation pathway for the excited state is the quenching. Three different types of quenching

can be observed:

- collisional quenching: generally it is a bimolecular process that occurs when a substance
(quencher), different from the fluorophore and able to absorb the energy possessed by the excited
molecule, and the fluorophore hit each other; the result is the excitation of the quencher (that
usually decay through a non-radiatiative deactivation pathway) and the relaxiation of the

fluorophore to the ground state;

- static quenching: occurs when there is the formation of a non-fluorescent complex between the

fluorophore and the quencher;
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- self-quenching: it is a typical phenomenon that occur when molecules of the same fluorophore act
as quanchers; alternatively, it can be observed in the presence of substances that can absorb light

at the same wavelength of that emitted by the fluorophore.

The ability of a substance to emit light can be quantified with the quantum yield (®), which is calculated as

the ratio between the energy emitted by radiation and the total absorbed energy:
(D = kr/ (kr + knr + kq[Q])

where k., kar and kq are the rate constants of radiative, non-radiative and quenching proceses, respectively.
It is evident that, in order to maximize the emission of light from a substance, the speed of all the other
processes, responsible for the non-radiative deactivation of the excited state, should be reduced as much

as possible.

Another important parameter that should be taken in consideration is the lifetimes, or decay time (t) of the
excited state, that represent the average time that an excited molecule spends in the excited state before

decaying in a radiative way. It can be calculated as:
=1/ (ke + knr + ko[Q])

This parameter is essential for the evaluation of the possible applications of different luminescent
compounds. Fluorescence and phosphorescence can be easly distinguished based on the difference lifetime
of the excited state: in the first case, the typical value observed is of the order of nanoseconds (ns), while

for the phosphorescence, lifetimes are usually of the order of microseconds (us).
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2. Why luminescent metal complexes matter

The design and synthesis of luminescent substances is nowadays a very current topic of interest in different
fields of the scientific research. In fact, many publications can be found in chemical journals, but also in
medical, biological and technological reviews, demonstrating how this topic can be considered as a starting

point for various studies.

Despite the considerable interest, the obtainment of substances for the preparation of new materials or
devices still presents many problems, principally due to the high production costs and the poor durability of
the finished products. For this reason, the research in this topic is still going on, trying to synthesize new
organic functionalized molecules, which can be used as low costs and highly available ligands for metal

cations, to form luminescent complexes.

In this context, it has been observed a significant increase of interest in the synthesis of transition metal
complexes (Ir(I11), Re(l), Ru(ll), Pt(l1) and Os(I1)) with organic ligands.® The reason for such expansion can be
attributed to their unique luminescent properties together with high photochemical and thermal stability
and a potential internal quantum efficiency of 100%. These complexes are able to exploit the fluorescence
emission from singlet excited states as well as the phosphorescence from triplet states, generated by a high
spin-orbit coupling, typical of the elements belonging to the second and third transition series, which allows

an efficient intersystem crossing.

Among the plethora of transition metals complexes, Iridium (Ill) complexes play a very important role in
different applications.” However, also other transition metal derivative, i.e. Rhenium (I) and Zinc (Il)
complexes, or lantanide derivative, i.e. Europium (lll) complexes, have found a wide range of applications in
different fields. Typically, all these metal complexes are used as sensitizers for outer-sphere electron-
transfer reactions,® photocatalysts,® photoreductants or photoxidants,'® pH sensor,!! biological luminescent
probes and assays, medical diagnostics and optical imaging devices.!? Nevertheless, the main application
for this class of compound is the employment as emissive dopants in multicolor electroluminescent displays

based on organic light emitting devices (OLEDs) and light-emitting electrochemical cells (LECs).

During my Ph.D. studies, | focalized the attention on the application of this class of molecules in two
different fields, namely their use in electroluminescent devices (OLEDs and LECs) and as biological probes

for medical diagnostics and optical imaging.
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2.1 llluminating the World

The diffusion of artificial lighting is one of the greatest achievements of the 20" century, in fact for
millennia artificial lighting was generated by open fires first, and by oil lamps or gas light later. In 1879,
taking advantage of the work of many other inventors and after having tested hundreds of different
materials as filaments, Thomas A. Edison patented the incandescent carbon filament lamp, a milestone of
modern lighting. Edison’s device converted just 0.2% of electricity into light, but it was 20-times more
efficient than a candle in converting chemical energy into useful photons.?* In the following decades,
electric lighting devices underwent substantial progress in terms of efficiency and all the systems that are
still used nowadays were introduced: the tungsten lamp (1906), that dominated residential lighting for one
century, the sodium vapor lamp (1930s), now utilized for street illumination in its modern high-pressure
variant, and the fluorescent tubes (1940s), very popular in large internal environments, such as offices and

factories.**

The evolutions of these three fundamental designs were introduced in relatively recent times: the halogen
lamp, an advanced filament system, entered the market in the 1960s and the compact fluorescence lamp, a
sort of hybrid between bulbs and fluorescent tubes, appeared in the 1980s. The tremendous progress
made during the 20 century inimproving the quality and availability of artificial lighting was accomplished
through the use of two main technologies: incandescent- and discharge-based lamps.? Incandescent lamps
consist of a bulb containing a wire filament that emits light upon heating in a vacuum. They emit up to 95%
of the energy as infrared photons (heat) hence their efficiency is intrinsically low. Discharge lamps generate
light by means of an internal electrical discharge between electrodes that produces ultraviolet (UV)
radiation, which is then downconverted into visible light by solid or gaseous compounds; they can be
substantially more efficient than the incandescent counterpart but often at the expense of color quality.
There is a variety of both type of lamps, but these two traditional lighting concepts have been exploited

near to their limit; thus, new lighting approaches have emerged in the last two decades (Figure 2).1
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Figure 2: Historical trend of luminous efficacy of the most common light sources
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The emerging concept for illumination is solid-state lighting (SSL),Y” in which selected semiconductor
materials are stimulated to produce visible light under the action of an electrical field
(electroluminescence), in appropriately engineered devices where the transport of charge occurs in one
specific direction (diodes). In traditional sources, visible light is essentially a byproduct of other processes,
such as heating or discharging, while, through this approach, photon itself is the primary product of these
lighting devices. As a result, SSL creates visible light with reduced heat generation or parasitic energy
dissipation, while its solid-state nature provides for greater resistance, increasing significantly the lifespan

of appliances.®

There are two main families of SSL devices, namely light emitting diodes (LEDs)® and organic light-emitting
diodes (OLEDs).2%%! The first example of LED was developed in 1962 by Nick Holonyak Jr. at General Electric
Company.? LED technology is based on inorganic semiconductors made from combination of several
elements, and represent a basic pn-junction diode, which emits light when activated. When a fitting voltage
is applied, electrons are able to recombine with electron holes within the device, releasing energy in the
form of photons. The color of the light (corresponding to the energy of the photon) is determined by the
energy band gap of the semiconductor. LEDs are now standard for screen backlighting, automotive
applications, traffic signaling, advertising, and decoration.r” Notably, they are acquiring an increasing

market share in ambient illumination thanks to the consolidation of white LED concepts.?

OLEDs differ from classic LEDs for the nature of the emissive layer, typically organic or organometallic. This

variation allows OLEDs to be particularly flexible and transparent.

The earliest OLEDs work was reported in 1987 by Tang and Van Slyke from Eastman Kodak labs. They made
the first double heterostructure device in which its structure comprised of ITO / diamine HTL / Algs /
Mg:Ag.2* A glass substrate was coated with a transparent indium tin oxide (ITO) acting as the anode. A
diamine was used as the hole transporting material (HTL) and Algs (tris(8-hydroxyquinoline) aluminum(lIl))
served as both an electron transporting layer (ETL) and an emissive layer (EML). Electrons were injected
from a Mg:Ag alloy cathode with an additional layer of Ag to protect the Mg from oxidation. In this double
layer device, electrons and holes combined at the diamine/Alqs interface (Figure 3, left). This double layer
device utilized HTL and ETL to confine excitons and prevent dispersion. The utilization of HTL and ETL could
lead to efficient charge carrier injections. The significant problem with this double layer device is that the
excitons emitting from a dense and pure matrix typically go through significant self-quenching that leads to
poor external quantum efficiency (~1%). In 1989, Tang, Van Slyke and Chen showed that it was possible to
add small quantities of a highly fluorescent dye (green Coumarin 540 or red DCM (4-(Dicyanomethylene)-2-
ethyl-6-(4-dimethylaminostyryl)-4H-pyran) fluorescent dyes) to a charge transporting material (Algs) in the
double layer device to easily tune the OLED emission color. By introducing the fluorescent dopant, they
were able to improve the device efficiency up to 2.5%.%° Inside the emissive layer, energy will transfer

7



2. Why luminescent metal complexes matter

readily from the host (Algs) to a dopant with a smaller optical gap resulting in efficient emission from the
dopant (Figure 3, right). The self-quenching of excitons is also suppressed by lowering the concentration of
excitons and the device efficiency is so improved. An additional benefit of doping processes is to control

emission colors of OLEDs by doping the EML with different emissive dyes.

266V

Figure 3: (left) Double layer OLED; (right) Doped-double layer OLED

Over the following years, research on multilayers OLEDs have led to the development of even more
efficient devices, with the features of flexibility, low power consumption, lightweight. The basic structure of
a multilayer OLED consists of a stack of two or more thin organic layers with a total thickness of about 1000
A sandwiched between a transparent anode and a metallic cathode, placed on a glass or plastic support
(Figure 4). The organic layers consist of a hole transporting layer (HTL), an emissive layer containing a
dopant and a host material (EML), and an electron transporting layer (ETL). When an external driving
voltage is applied, the introduced positive and negative charges are injected into the organic materials. The
positive (holes) and negative (electrons) charges both migrate through the device and recombine to form
excitons in the emissive layer. The device lights up (produces electroluminescence) when the excitons
decay radiatively. The emission color depends on the energy of the exciton. Particular structures of the
organic layers and the choice of anode and cathode should be considered to highly maximize the

recombination process in the emissive layer, thus maximizing the light output from the OLED device.
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Figure 4: Typical multilayer OLED structure

of Holes

Excitons in OLEDs are created in a ratio of about 3:1 (Figure 5), i.e., approximately 75% triplets (spin
parallel) and 25% singlets (spin antiparallel).?® A fluorescence device only utilizes singlet excitons, while the
energy of triplet excitons is generally lost to non-radiative decay processes that heat up the device. This
inefficient utilization of triplet excitons limits the internal quantum efficiency of fluorescence-based devices
to only 25%. Contrary to fluorescence-based devices, OLEDs utilizing phosphorescent materials that emit

from triplet excited states are expected to result in higher internal quantum efficiency.

hole electron
S

ED

. F tFkt |+
+ 4+ +

triplet (75%) singlet (25%)

Figure 5: Exciton formation by hole-electron recombination

OLED devices can be fabricated on different types of substrates ranging from rigid glass to flexible polymers
which are usually coated with a transparent conductive anode material, indium tin oxide (ITO). Since most
organic molecules have low charge transport mobilities (<102cm?/Vs),? the films are required to be very
thin (~1000 A) in order to allow the passage of enough currents at low operating voltages. Organic films
comprised of small molecules are usually grown by vapor deposition (sublimation) onto the substrate under

high vacuum conditions (< 10 torr). On the other hand, high molecular weight polymers, that are not

9
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volatile enough for vapor deposition, are typically spincoated or printed onto the substrate. A low work-
function metal (e.g. Ca, Al, or Mg) is vapor deposited on top of the organics to serve as the cathode. To
improve the device performance, multi-layered materials are used, each of which serves different
functions, i.e. hole carrier, emissive layer, or electron carrier. The most commonly used hole-transporters
consist of an organic triarylamine-based compound. A series of metal quinolates are widely utilized as
electron transporting materials. The chemical structure of several typical HTL and ETL molecules, i.e. 4,4'-
(cyclohexane-1,1-diyl)bis(N,N-di-p-tolylaniline) (Cta), N,N’-bis-(1-naphthyl)- N,N’-diphenylbenzidine (-

NPD), Aluminum tris(8-hydroquinolinate) (Algs), are shown in Figure 6.

s
() )
O R :

v O s

4,4'-(cyclohexane-1,1-diyl)bis(N,N-di-p-tolylaniline) N,N’-bis-(1-naphthyl)-N,N'-diphenylbenzidine  Aluminum tris(8-hydroquinolinate)

Cta a-NPD Algs

Figure 6: Structures of typical HTL and ETL materials used in OLEDs

In the electroluminescent displays industry it is now accepted that phosphorescence-based OLEDs offer
many advantages over existing display technologies. The most common display technology used for
portable applications to flat panel display (FPD) TVs is liquid crystal displays (LCDs). A non-organic LCD
display does not emit light; a white fluorescent backlight sitting behind the LCD panel is filtered by
switchable polarizers in order to generate the pixel colors and to create the image on the screen. Individual
liquid crystals allow light to pass or block it. Since the polarize filter is employed in LCD, this leads to a loss
in efficiency since most of the light is absorbed by the color filters, and creates viewing angle problems due
to the polarized emission. On the other hand OLED displays do not need a backlight since the organic
material self-generates light, requiring very low external power and showing, generally, more efficient than
LCDs. Additionally, OLEDs do not suffer from viewing angle problems, thus they always display sharp quality

images independent of viewing angles.

Nowadays, OLEDs can be utilized for display and illumination but their manufacturing still needs costly and
complex procedures in an inert environment that must be followed by a rigorous encapsulation of the final
device, particularly because of the presence of low work-function metals or doped injection layers which
are extremely sensitive to ambient oxygen and moisture.??® The multilayer structure, additionally, makes
large-area processing extremely difficult, and ultimately imposes a production cost of OLEDs still

incompatible with widespread applications in the general lighting market. These limitations have
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2. Why luminescent metal complexes matter

stimulated the exploitation of new concepts for flat electroluminescent lighting devices;?® among these,
LECs (light-emitting electrochemical cells) are the most popular.3®3132 LECs have a much simpler
architecture than OLEDs (Figure 7), are processed from solution, do not rely on air-sensitive charge-
injection layers or metals for electron injection and hence require less stringent packaging procedures. The
concept of LEC was introduced in 1995 by Pei et al.,*® and consist of an ionic luminescent material in an
ionic environment sandwiched between two electrodes. The luminescent material is either a conjugated
light-emitting polymer or an ionic transition metal complex (iTMC). The first type is referred to as polymer-
LECs (P-LECs).3** The second type is even simpler as it uses an ionic emitter that enables single-component
devices; this type of LECs is referred to as iTMC-LECs.3>3%37:38 |n this context, the most promising

luminescent materials fot iTMC-LECs are ionic Ir(lll) complexes.
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Figure 7: Schematic representations of a typical LEC

A crucial benefit in the use of ionic compounds is their processability: iTMCs dissolve in polar benign
solvents, allowing the devices to be prepared by facile coating or printing processes. In addition, the
insensitivity of LEC devices to the work function of the electrode material allows air-stable metals to be
used as anode and cathodes, greatly decreasing the severe technical requirements for the encapsulation of
devices. Moreover, graphene® or a blend of carbon nanotubes and polymers* have been used as
electrodes, eliminating the need for using ITO for a transparent electrode. Taken in concert, these
characteristics facilitate large-area processing and might give entry to flat electroluminescent devices at

more affordable costs.
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2.2 Biological luminescent probes

Biomedical imaging is a process that allows the acquisition of an image of a target inside a living organism,
in a non-invasively way. These type of images can be obtained for scientific purposes, allowing the study of
the anatomy and the physiology of an organism, as well as for clinical purposes, in order to detect, to
diagnose or to study a certain disease. In the recent years, imaging has become an indispensable tool in
cancer research, clinical trials and medical practice.

Biomedical imaging includes several analysis techniques, illustrated in Figure 8.
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Figure 8: Evolution of biomedical imaging
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The reported techniques can be grouped by the energy used to derive visual information (X-rays, positrons,
photons or sound waves), the spatial resolution that can be achieved (macroscopic, mesoscopic or
microscopic) or the type of information that can be obtained (anatomical, physiological, cellular or
molecular).*> Macroscopic imaging systems that provide anatomical and physiological information, such as
computed tomography (CT), ultrasound and magnetic resonance imaging (MRI), are now routinely used in
clinical and preclinical analysis. By contrast, systems that allow the collection of molecular information are
just emerging. They include the positron emission tomography (PET), the fluorescence reflectance, and the
bioluminescent imaging.

The in vivo and in vitro imaging on biological samples has been carried out for several years, using optical
microscopy. Among all the available optical imaging techniques, fluorescence microscopy is one of the most
exploited, due to the possibility to observe the luminescence of a sample within good resolution.** The
optical imaging techniques rarely exploit the intrinsic fluorescence of the biological sample, but usually
employed luminescent organic or organometallic compound.

Luminescent derivatives, in fact, can act as molecular probes interacting with specific biological receptors,
in a process named bioconjugation. This process usually occurs between a suitable functional group present
on the luminophore and a receptor present on the target to detect; the observable result is a variation of
the emitting properties of the dye. However, the complexity of the biological matrix makes the selectivity
of this process very difficult. Usually, this problem can be solved in three different ways:

- functionalization of the luminophore: the emitting molecule is decorated with a particular
functional group, able to easily react with the target molecule;

- exploiting the metabolism way: this approach is very used for cell imaging. The probe is equipped
with a molecule that can be recognized by the cells and can so enter in the cell cycle, bringing the
luminophore to accumulate in certain organelles rather that in other;

- key-lock approach: exploits the particular affinity of some protein within ceraitain organic
molecules. The luminophore is bound to the ‘key’ molecule and can be related only to a specific
‘lock’ protein.

Besides, it is essential that the luminophore is able to maintain some photophisical properties after the
coordination with the target molecule. Moreover, is important that no quenching processes occur, and this
can be obtained by the inset of a suitable specer between the biomolecule and the target, in order to
opportunely outdistance the groups responsible for the coordination and the emission.

The probes labeled with luminophores are detected by spectroscopic measurements using the absorption
and emission wavelengths typical of the fluorophore. The sensitivity of the method is strictly correlated to
the molar extinction coefficient (€) and the quantum yield (®) of the luminophore.

An essential feature in order to achieve high efficiency is that the both the absortion and the emission

maxima should be located in a spectrum region where the auto-fluorescence of the biological matrix is
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2. Why luminescent metal complexes matter

negligible. Furthermore, it is necessary to reduce scattering phenomena due to the presence of
macromolecules, such as proteins. Scattering and auto-fluorescence, particularly detectable in the visible
region, strongly reduce the sensitivity of the method. Therefore, a good luminophore suitable for bioimagin
should display the following features:

- high photochemical stability

- high quantum yield

- possibility to tune the emission in the visible region

- high solubility in biological environment, in order to avoid phenomena of self-aggregation and

qguenching

Molecules possessing fluorescent properties have been widely exploited for these applications.
Organic fluorophore are commonly used due to the strong structural versatility and the possibility of simple
modifications and derivatizations. Moreover, they displays strong emissions all over the visible region of

).** Among the most

the spectra, with typical value of € in the range of 10° Mcm™ and © close to 1.0 (100%
known fluorophores, Xanthene derivatives, such as Rhodamine and Fluorescein (Figure 9), have a very

important role.

cl
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Rhodamine Fluorescein

Figure 9: Typical organic fluorophore for optical imaging

Despite the above mentioned suitable properties, typical organic fluorophores also present some
limitations. The most important restriction is their lifetime: usually purely organic fluorophores show an
emission lifetime in the order of nanoseconds, too short for the use of time-resolved imaging techniques.
Another important limitation is their fast photodegradation, which sensibly limit their use for long period of
observation. Moreover, each fluorophore can be excited only to a specific wavelength, and then the
organic fluorophores cannot be used for multi-color imaging. Finally, biomolecules can absorb or scatter
the UV/visible emission of the organic fluorophore, which can also be covered by the strong
autofluorescence of the tissues.® For all these reasons, limited tissue penetration is observed, leading to a

general decrease of the sensibility of the method.

The use of transition metal complexes in biological imaging have rapidly grown in the last decades.
Conversely to the described organic fluorophores, the use of phosphorescent organometallic complexes

ensure high emission quantum vyields togheter with long emission lifetimes, which are typically in the range
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of submicroseconds to hundreds of microseconds. Such lifetimes are an obvious advantage because the
phosphorescence of the probe can be readly differentiated from the background autofluorescence of the
matrix and the tissues, by using simple time-resolved techniques with the effort to sensibly decrease the
signal-to-noise ratio and so increase the sensitivity of the analysis. Again, the large Stokes shift and the
possibility to cover the whole region of the visible light, join with their high photostability, make them

perfect candidates for these applications.

The emissive properties of many transition metal complexes are readly perturbed by little change in their
local environment, for example after intereactions with an external molecule. These changes usually results
in a variation of the emission characteristics, including the emission intensity, the wavelength and the
lifetime of the excited state. Although many phosphorescent transition metal complexes are kinetically
inert under physiological conditions, their structure can be easly decorated with reactive moieties, which

guarantee recognition capability and/or can represent binding sites for particular analytes.

Therefore, many transition metal complexes has been used as sensors for various analytes. Among all of
them, a primary role is covered by Ir(lll) complexes, that join good photophysical properties with the

possibility to fine decorate the peripheral structure of the ligands in order to interact with different targets.
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2.3 Other important applications

In recent years, the use of transition metal complexes have grown up in various application fields, such as
the employment as sentizers in artificial photosynthesis processes for energy production, and their use as

photoredox catalysts for the synthesis of organic building blocks.

The consumption of energy is directly correlate with the human development. Nowadays, 84 % of the total
energy coming from the combustion of fossil fuels,* but in the last decades a sensible shift towards more
renewable energy sources has been observed. Among them, solar energy is clearly the most viable long-
term solutions for this energetic demand; in fact, sun provide roughly 10?? J of insolation each hour, a value
that correspond at the socity’s yearly energy demand.”’ In this optic, the critical aspect of using solar
energy is the storage problem. In natural photosynthesis, solar energy is captured and stored by oxidizing
H,0 and fixing CO; in order to produce sugars, in a series of light-and-dark reactions. In contrast, artificial
photosynthesis involves the splitting of water into H, and O,, resulting in the conversion of harvested solar
energy into storable solar fuels. Different technologies has been expoited, based on Si photovoltaic cell

4 where the

coupled to a Ni-based electrolyzer (efficiency around 10 %),*® photoelectrochemical cells,
electrodes also absorb light, and fully-integrated molecular artificial photosynthetic systems, where
supramolecular light-harvesting antennae power solar fuel producing catalysts in a homogeneous system.
An idealized molecular artificial photosynthetic system consists of five essential components, a light-
harvesting antenna, a photosensitized charge-separating site, an O evolving catalyst, a H, evolving catalyst,
and a membrane isolating the catalysts, as outlined in Figure 10. The light-harvesting antenna collects solar
energy, and then funnels that energy to the photosensitizer (P) where initial charge separation takes place.
A donor (D) and an acceptor (A) drive the electron and hole further apart to prevent back electron transfer
and shuttle the respective charges to the catalysts. A membrane may also be placed somewhere between

the O, and H, evolving catalysts to prevent a ““short circuit”.>

light-harvesting antenna A  absorption
A ET  energy
» transfer
eT electron
‘ ET transfer
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2H*

Figure 10: Schematic representation for a molecular artificial photosynthetic system
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For photoinduced hydrogen production, photosensitizers with large molar extinction coefficients (to
efficiently collect radiant energy) and relatively long excited-state lifetimes (to allow electron-transfer

guenching to occur) would be desirable. Transition metal complexes completely fit these features.

The use of transition metal complexes as visible light photoredox catalysts for small molecule activation has
rapidly grown since the pionieristic work of MacMillan.® In a general sense, this approach relies on the
ability of metal complexes to engage in single-electron-transfer (SET) processes with organic substrates
upon photoexcitation with visible light. Many of the commonly used photocatalysts are polypyridyl
complexes of ruthenium(ll) and iridium(lll). These complexes absorb light in the visible region of the

spectrum, giving stable and long-lived photoexcited states.

One of the major features of these compounds is the remarkable single-electron-transfer ability of the
excited state, although they are poor single-electron-transfer oxidants and reductants in the ground state.
The conversion from inactive complexes to highly redox-active species upon irradiation represent a key
factor in their growning application, make them suitable to induce unique and valuable catalytic processes.
Particularly, these derivatives can be employed in novel single-electron radical processes for C-C bond
formation, as generators of radicals, opening the way to exotic bond constructions that are not possible
using established protocols.”* Two different mechanistic pathways are accessible with these complexes, as
reported in Figure 11 for the archetypal Ru(bpy)s?* complex. The excited specie *Ru(bpy)s** can be easly
generate, and can act as both reductant and oxidant. In the oxidative quenching cycle, *Ru(bpy)s*
functions as a reductant, reducing some electron acceptor (A) by a single electron. The products of this
single-electron-transfer event are the radical anion of A and the oxidized form of the photocatalyst,
Ru(bpy)s3*. This species is a strong oxidant and may accept an electron from some donor D to give the
radical cation of D and return the catalyst to the Ru(ll) ground-state species, completing the photocatalytic
cycle. Alternatively, in the reductive quenching cycle, *Ru(bpy)s?* functions as an oxidant, accepting an
electron from D to give the reduced species Ru(bpy)s*. This Ru(l) intermediate is a good reductant and may

donate an electron to A to afford the ground-state species Ru(bpy):*
u(bpy)s**

oxydative
quenching
cycle

Ru(bpy),? *Ru(bpy),**
reductive
quenching
cycle
Ru(bpy);*

Figure 11: Oxidative and reductive quenching cycles of Ru(bpy)s*
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3. The role of the Ir(lll)

As shown above, a large number of Transition Metal Complexes (TMCs) have found a wide range of
application in diffent fields. Among all of them, Ir(lll) complexes cover a very important role for both
luminescent devices and biological applications, thanks to a unique combination of physical and chemical
properties, which provide the possibility to have high emission quantum efficiency in the whole visible
spectrum, from blu to red, joint to a good photochemical stability.” In particular, the reversible
electrochemistry, synthetic versatility, and robust nature of Iridium(lll) complexes render them appealing

materials for a multitude of applications.

Ir(1ll) is a 5d® metal center and its d orbitals are split by the interaction with the octahedral ligand field
(ligand-field splitting energy (LFSE)*?) into three stabilized tyg (dy, dx, d,z) and two destabilized e, orbitals
(dzz, dx2.y2), as shown in Figure 12. This splitting generates an energy difference between the levels, named

Ao, which depends on:
1- the oxidation state of the metal center: the higher the oxidation state, the higher the splitting;

2- the size of the d orbitals: the splitting is small for 1°* transition series (3d metals) and progressively

increases with 4d and 5d metals, 2" and 3" series, respectively;
3- the field strength exerted by the ligands, following the spectrochemical series.

Ir(1ll) complexes exhibit a high A, splitting because of the presence of a highly charged ion belonging to the
third row of the d-block. As a result, the electronic configuration of the metal center is always in a low-spin
state (t2,°, e,°) and the ligand-field stabilization energy is maximized, which means that mostly Ir(lll)
complexes are generally stable and rather inert toward substitution. Accordingly, the configuration of the
metal orbitals is closed-shell (A14) and, since the ligand orbitals are fully occupied, the ground-state of the

complexes is a singlet (So).
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Figure 12: Low-spin d® orbital configuration in octahedral field
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Also other Transition Metals ions show the same d® low-spin configuration of Ir(Ill), for examples Os(ll),
Ru(ll) and, in some cases where particular ligands are present, even Fe(ll). But none of their complexes
exhibit such remarkable photophysical properties (e.g., emission color tunability, high PLQYs, good
photostability, etc.) because of the nature of their excited states (Figure 13). For Fe(ll) complexes, the
reason can be ascribed to the small A, splitting, hence the lowest-lying excited state is *MC in nature (i.e.,
centered on e, metal orbitals) and, therefore, not emissive.>® In the case of Ru(ll), the lowest emissive
excited state is a metal-to-ligand charge transfer triplet (3MLCT), relatively close in energy to the non
emissive 3MC states, that can be thermally populated, opening to competitive radiationless deactivation
pathway; accordingly, the PLQY of Ru(ll) complexes increase substantially with decreasing temperature.>
The last example is Os(l1), where the 4, splitting is considerable and the 3MC state are too high to affect the
emission properties; although, the emissive 3MLCT excited states are very low in energy, typically in the
red/infrared region of the spectrum, and this favors radiationless pathways, as described by the ‘energy

gap law’.>> Accordingly, PLQYs of these complexes are typically low, often below 1-2%.°¢
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Figure 13: Qualitative electronic excited states description for Fe(ll), Ru(ll) and Os(Il) metal complexes

Ir(Ill) complexes can be rationalized in two different families, according to the nature of the ligands bond to
the metal centre: homoleptic, containing three identical cyclometalating ligands, or heteroleptic, containing
two cyclometalated ligands and one ancillary ligand. The synthesis of homoleptic complexes is generally

performed following two different approach, a direct one-step reaction or a two-steps synthesis.

The first reported efficient direct synthesis involved the reaction of Ir(acac)s, where acac is acetylacetonate,
with an excess of the desired cyclometalating ligand, with the general formula HCAN (i.e., 2-
phenylpyridine).>” An alternative direct synthesis involves reaction of the IrClsxnH,0 with a Silver(l) salt
using the desired cyclometalating ligand as a solvent.>® Both of these precedures are carried out at high
temperature (>180 °C), but many potential cyclometallating ligands are intolerant to these conditions. Prior

to these reports, Nonoyama described the efficient preparation of a p-dichloro-bridged dimeric complex
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with formula [Ir(CAN),Cl], in good yields and lower temperature (130 °C).>° A large variety of these dimeric
complexes can be synthesized in this way, and they can serve as precursors for the synthesis of tris-
cyclometalated complexes by several routes. Silver ion can be used to abstract the bridging chlorides in the
presence of a cyclometallating ligand to give the desired complex.®® However, it has also been shown that
silver ion is not required and good yields of complexes can be realized using a simple inorganic base in place

of silver.®*

The tris-cyclometalated complexes can present two different geometries, facial (fac)- or meridional (mer)-
isomers (Figure 14, left and center). Typically, all the reported synthesis lead to the isolation of the fac-
form as the major product. Also if Ir-dimers, that generally present a ‘mer-like’ disposition of ligands (Figure
14, right), are used as precursors, the final isolated complex is the fac-isomer. This because the reactions
are typically run at high temperatures (>180 °C) and the thermodynamically more stable fac-form is thus
favored over the kinetic (mer-) product. However, if the synthesis is carried out at lower temperature (<130
°C), the mer-isomer can be obtained as the only product.®! The isolated mer-isomer can then be converted

into the fac-form by either thermal or photochemical routes.523

.

fac-isomer mer- isomer 'mer-like' dimer

Figure 14: Geometry of homoleptic Ir(lll) complexes and dimeric form

As regarding heteroleptic complexes, the synthesis proceeds via the isolation of the p-dichloro-bridged
dimer [Ir(CAN),Cl],, in a typical two-step procedure. Following Nonoyama guidelines, IrClsxnH,0 is reacted
with an excess of the desired cyclometalating ligand using refluxing 2-ethoxyethanol as solvent (T = 130 °C),
and the desired dimer can be obtained in good yields.>® The isolated dimer can then be react with different
ancillary ligands, giving the heteroleptic complex in high yields (Figure 15). When the direct addition of the
ancillary ligands to the dimer affords low yields, an alternative synthetic route can be utilized, carrying out
removal of chlorides by treating the p-dichloro-bridged dimer with a soluble Silver(l)-based chloride-
abstracting agent.® It is even possible to avoid this two-step procedure by directly treating the [Ir(C*N),Cl],
dimer with a stoichiometric amount of neutral ligands in the presence of Ag,0, to promote the removal of

chloride during the reaction.%
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Figure 15: Typical two-step synthesis of a heteroleptic bis-cyclometalated Iridium(Ill) complex

Three different families of ancillary ligand can be involved in the preparation of heteroleptic Ir(lll)
complexes: monoanionic, dianionic and neutral (Figure 16). Depending on the ancillary ligand choose, the

final Ir(1ll) complex will be neutral, anionic or cationic, respectively.

Monoanionic chelating ancillary ligand have been widely used in the preparation of neutral Ir(lll) complexes
suitable for OLEDs applications. Typical examples of this class of ligand are acac (acetylacetone) and

derivatives, and 2-pic (2-picolinic acid) and derivatives.

The most widely exploited class of neutral ligands are diimine, with general formula NAN. This class of
molecules are able to chelate the metal ion through the formation of a dative-bond between the electronic
doublet, located on the heteroatom, and an empty orbital of the metal centre. The main molecule belong
to this class is 2,2’-bipyridine (bpy) and its derivatives, among with 1,10-phenantroline (phen). In recent
years, two other families of neutral ligands have been reported, both containing a C atom as a neutral
chelating atom, carbenes, such as biz (N-substituted bis-imidazolium derivatives), and isocyanides, such as

tBu-NC (tert-butylisocyanide).

Despite the previous family, anionic and dianionic ancillary ligand are still rather uncommon in Ir(lll)
complexes. First examples were reported by Thompson,®® which used cyanide ions as ancillary ligand for
the preparation of negative charged Ir(lll) complexes. Some recent examples involving chelating dianionic
CAC,” NAN, such as bipz (5,5'-(1-methylethylidene)-bis(3-trifluoromethyl-pyrazolate)® and SAS® chelators

have been reported, leading to the preparation of more stable anionic complexes.
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Figure 16: Most representative examples of ancillary ligands for the described classes

All the above mentioned classes of Ir(lll) complexes show similar photochemical properties. The strongest
absorption bands are ascribable to singlet ligand-centered (*LC), metal-to-ligand (*MLCT), and ligand-to-
ligand (!LLCT) charge-transfer transitions. In a typical asborbtion spectrum, the UV region is dominated by
intense !rm-mt* (!LC) transitions involving the organic ligands. At longer wavelength (350-450 nm), less-
intense 'MLCT and !LLCT bands are present: the LLCT transitions correspond to electron promotions from
the aryl moiety of the cyclometalating ligands to the ancillary ligand. Additionally, the weak and long tails
observed above 450 nm are due to direct spin-forbidden population of the triplet excited states, 3MLCT,
3LLCT, and 3LC (3r-t*) transitions, enabled by the high spin-orbit coupling of the iridium metal core (spin-
orbit coupling constant, £ = 3909 cm™)7° that allows the mixing of triplet states with the higher-lying *MLCT
levels. The high spin-orbit coupling of Ir(lll) yields almost unitary intersystem crossing efficiency from singlet
to triplet excited states, therefore Ir(lll) complexes always exhibit efficient spin-forbidden phosphorescence
emissions. The emitting state is the lowest-energy triplet (T1) which normally arises from ‘mixed’ triplet
levels, due to the contributions of 3MLCT, 3LC, and sometimes also 3LLCT states.” Depending on the extent
of contribution of the charge-transfer (CT) states, the emission profile is substantially affected: the
presence of vibrational features suggests a low charge-transfer (CT) character, whereas broader and less
structured shapes are indicative of a high charge-transfer character. All the involved transition are

schematically summarized in Figure 17.
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Figure 17: Electronic energy-level diagram for a generic Ir(lll) complex. MC is metal-centered, LC is ligand-centered,
LLCT and MLCT are ligand-to-ligand and metal-to-ligand charge transfer, respectively

To rationalize the photophysical properties of Ir(lll) complexes, it is useful to determine the energy and
atomic orbital composition of the highest-occupied (HOMO) and the lowest-unoccupied molecular orbitals
(LUMO). Generally, in these type of complexes the HOMO is an admixture of Ir dit orbitals (tz4) and aryl
orbitals of the cyclometalated (CAN) ligands, whereas the LUMO is usually located on the ancillary ligand.”
Therefore, the emitting T; triplet usually has a mixed 3MLCT/3LLCT character. Based on this calculated
evidences, it can be deduce that by changing or chemically modifying the ancillary ligand, it is possible to
destabilize the LUMO, while keeping the HOMO relatively unperturbed. This practice is valid until the
LUMO of the neutral ancillary ligand lies too high in energy; in this case, the LUMO+1 or the LUMO+2,
usually located on the heterocyclic moiety of the CAN ligand, becomes the new LUMO of the complex. In
this way, the use of ancillary ligands with relatively inaccessible m* orbitals (e.g., carbenes® or

isocyanides’*73)

leads to low-lying emitting excited states centered on the cyclometalated ligands and the
emitting T, state exhibits a more ligand-centered character. In such cases, highly structured emissions

bands and strongly increased radiative lifetimes are found.

Despite the case of high-field-strenght ancillary ligand, HOMO and LUMO are usually located on diffent
ligands bond to the Ir(lll) metal centre. For this reason, the HOMO-LUMO energy gap can be fine-tuned by
independently modifying the cyclometalated (HOMO) or the ancillary ligands (LUMO), or even both of

them. As a general guideline, it can be assumed that:
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1) electron-withdrawing substituents on the cyclometalated (CAN) ligands reduce the o donation to
the metal, decreasing the electron density on the iridium ion, so leading to a stabilization of the

HOMO;

2) electron-donating substituents on the ancillary ligand, or generally the use of intrinsically electron-

rich ligands, bring to a destabilization of the LUMO.

With this in mind, it’s easy to understand that the Ir(lll) complexes can furnish an almost illimitate color
variety, with a broad range of excited-state lifetimes, from nanoseconds to several microsecond, as well as

phosphorescent yields.

A parameter often used to describe the emission color of a given compound is the wavelength of the
emission band maximum (Amax). It is @ very practical parameter, but it can only give a rough estimation of
the true emission color, which depends on the specific bandwidth. Moreover, to fully define a color, the
sensitivity of the photoreceptors in the human eye has to be considered. The commonly used system
suitable to describe and quantify a color is the CIE (Commission Internationele I’Eclairage) system.”* CIE
coordinates and CRI (color-rendering index) give a quantitative measurement of the quality of a color, in
comparison with natural sunlight.”® There are three different types of cone cells in the eye, responsible for
color discrimination, with their absorption maxima centered at 419, 531, and 558 nm (Figure 18, left),
represented by a set of three tristimulus functions (X, Y, and Z).”® In order to represent the tristimulus
values on a two-dimensional plot, X, Y, and Z are converted to their fractional contributions (i.e., x =
X/(X+Y+2), y = Y/(X+Y+Z)). A plot of x versus y is used to visualize how the colors are organized by the CIE
system. This plot is termed the CIE chromaticity diagram (Figure 18, right). Monochromatic colors falls on
the perimeter of the curve, while white or the neutral point is found at the center of the diagram. As a
given point is moved toward the white point from the perimeter, the color remains constant, but becomes
progressively more unsaturated. Mixing any two colors generates a new color, whose CIE coordinates fall
on the line connecting the CIE coordinates of the two mixed colors. Similarly, three emissive colors can be
combined to generate any color whose CIE coordinates fall within a triangle defined by the CIE coordinates

of the three colors used.
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Figure 18: (left) Photopic response function and normalized tristimulus values; (right) CIE color space chromaticity
diagram

Starting from the archetypal complex [Ir(ppy).bpy][PFs], where Hppy is 2-phenylpyridine and bpy is 2,2’-
bipyridine, different strategies can be pursued in order to move the emission color towards the red region

of the visible spectrum rather than the blue region.

-moving to the red: a bathochromic shift of the emission color can be achieved by reducing the HOMO-

LUMO gap of the complex (Figure 19). As shown above, this can be obtain by modifying independently both
the cyclometalated anch the ancillary ligand. As regard the ancillary ligand, a red shift can be principally
pursued by adding electron-withdrawing groups in para- position with respect to the coordination site, that
are able to increase the electron affinity of the ligand toward the metal centre. The emission can be red
shifted also by using ancillary ligand with a large n-system. Regarding the cyclometalated ligand, thus, a red

shift is reached in three different ways:

1) adding electron-donating groups: the presence of these groups on the cyclometalated ligand, and
particularly in meta- position related to the coordination site, can enhance the emission color up to several

nanometers;

2) increasing the delocalization of the m-system: the expansion of the m-system leads to a marked
bathochromic shift, the magnitude of which is dependent on the specific ligand used. The presence of fused

rings gives rise to a red shift on the order of 80-100 nm;

3) presence of polarizable atoms: the incorporation of soft atoms, such as sulfur and nitrogen, in the

cyclometalated ring system can significantly lower the emission energies of the complexes.
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Figure 19: Effects of differents ancillary and cyclometalated ligands toward red shift (data from literature)’”.’®

- moving to the blue: a hypsochromic shift of the emission color can be achieved by enhancing the HOMO-

LUMO gap of the complex (Figure 20). The LUMO of the complexes, located on the ancillary ligands, can be
easly destabilized by adding electron-donating groups in para- position related to the coordination site,
with the effect to decrease the electron affinity of the ligand toward the metal ion; alternatively, a blue
shift can be obtained by using intrinsically electron-rich ancillary ligands. Instead, different approaches can

be pursued in order to blue shift the emission color by modifying the cyclometalated ligand:

1) adding electron-withdrawing groups: the presence of electron-withdrawing groups in the cyclometalated
ligand, typically -F or -CF5 in meta- position with respect to the coordination site, leads to a considerable

stabilization of the HOMO of the complex, and the result is a remarkable increase of the emission energies;

2) change the heterocyclic moiety of the CAN groups: the replacement of the typical pyridyl functionality
with other heterocyclic groups can lead to a substantial enhancement of the emission energies. In
particular, switching from pyridyl to a smaller heterocycle (i.e., pyrazole) that has reduction potentials

significantly higher, can decrease the emission wavelength up to 100 nm.

3) increase the number of nitrogen atoms in the heteocyclic moiety: by replacing the pyridyl moiety with

pyrazolyl, triazolyl and tetrazolyl is possible to push the emission of the complex towars the blue.
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Figure 20: Effects of differents ancillary and cyclometalated ligands toward blue shitf (data from literature)’98°

In this perspective, it's important to note that deep-blue emissions from Ir(lll) complexes can be obtained
also by introducing strong ligand-field-stabilizing ligands (e.g., CO, isocyanides, or carbenes), so that the
HOMO-LUMO transition involves only the cyclometalated CAN system, without any participation of the
ancillary counterpart (Figure 21). In these cases, the HOMO orbital is predominantly located on the aryl
moieties of the CAN ligands, while the LUMO is mostly found on the heteroaromatic rings of the same

cyclometalating ligand, so the emission properties are fully controlled by the cyclometalated ligand only.
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X
=
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[ir(ppY);bpY][PFe] [Ir(ppy),(CNtBuU),][PF] [Ir(dfppy),(CNBu),][PFg] [Ir(pqu),(CNtBu),][PFg]
A max,em = 585 nm A max.em = 453, 485 nm A maxem = 444, 468 nm A max.em = 630 NM
t=0.43 us T=42.0ps T=6.2us t1=16.4 us

Figure 21: Effects of strong ligand-field-stabilizing ligands (data from literature)?

Another feature of ancillary ligands is to modulate the redox potentials of the complexes, as a consequence
of their different ligand strength and electron-withdrawal capability toward the metal d orbitals. Generally,
for the majority of Ir(lll) complexes, the first reduction usually occurs on the ancillary ligand, while the
oxidation is centered on the aryl moiety of the cyclometalating ligand. This typical behaviour is observed
when the LUMO is located on the ancillary ligand. In the other cases, so when strong ligand-field-stabilizing
ligands are introduced in the complex, both the HOMO and the LUMO are localized on the cyclometalated

ligands. In these cases, the oxidation process involves the aryl moiety of the cyclometalating ligands while
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the reduction processes always involve the heteroaromatic moiety of the cyclometalating ligands and not

the ancillary moiety.

As observed for the emissive properties, the same trend can be rationalized for the redox properties of
Ir(lll) complexes. Compared to the archetypal [Ir(ppy).bpy][PFs], the nature of the cyclometalated and the

ancillary ligand is responsible for variations in the redox properties (Figure 22).

Regarding the cyclometalated ligand, the presence of an electron-withdrawing group is able to enhancing
the oxidation potential (stabilization of the HOMO), while the presence of an extended m-system leads to
less positive potentials. However, the presence of electron-donating group in the structure of the ancillary
ligand has the consequence of lowering the reduction potential (destabilization of the LUMO), while
electron-withdrawing group or the presence of an extended m-system contributes to the enhancement of

the reduction potential (less negative values).
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Figure 22: Effects of different substituents on electrochemistry properties (data from literature)’%°

Ir-iTMCs (ionic Transition Metal Complex) has been well studied, and numerous Ir(lll)-based LECs have been

prepared, with emission colors all across the whole visible spectrum.

Red emitting LECs based on Ir-iTMCs are well known and have been reported since 2005, by Tamayo et
al..8? Ancillary NAN ligands with low-energy LUMO levels have been employed, and the EQE (external
quantum efficiency)®® is in the order of 10 % (Figure 23, left). As shown above, the attachment of
electrodonating groups on the the ancillary ligands increase the HOMO-LUMO gap. Yellow-green emitting
LECs have been prepared follow this strategy: starting from the archetypal [Ir(ppy).bpy][PFs], the emission
can blue shifts by adding methyl or dimethylamino group to the bpy moiety, leading to a 70 nm shift, but
also to a significantly decrease in the EQE (0.2 %, [Ir(ppy)2(dma-bpy)][PFe], Figure 22).”° Green LECs were

also achieved by using Ir-iTMCs with electron-withdrawing groups attached to the phenyl ring of the CAN
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ligands, which stabilize the HOMO level of the complex. For example, Slinker et al. made a LEC using an
Ir(11l) complex with an emission maximum centred at 542 nm (Figure 23, centre).®? Finally, the first blue LEC
was obtained by attaching electron-withdrawing groups to 2-phenylpyrazole (Hppz) cyclometalating ligand
(Figure 23, right). The so prepared LEC exhibits electroluminescence at Amax = 492 nm and a remarkable EQE

of 4.6 %.%

PFs

[Ir(tBu-ppz),(biq)][PFe] [Ir(F-mppy),(dtb-bpy)][PF4] [Ir(dfppz),(dtb-bpy)][PF]
A max = 635 nm A max = 542 nm A max = 492 nm
EQE=7.4% EQE=1.1% EQE = 4.6 %

Figure 23: Ir(lll) complexes used in fabrication of red (left),?! green (centre)®? and blue (right)®! devices

In 2014, my group reported the first example of highly efficient blu-emitting LEC device with non-
fluorinated cyclometalating ligand. The classic 2-phenylpyridine was substituted by 2-methyl-5-phenyl-2H-
tetrazole (Hptrz) as CAN ligands, while 4,4’-di-tert-butil-2,2’-bipyridine (dtb-bpy) was used as ancillary
ligand (Figure 24). The device built up with this complex as emitting material show an electroluminescence

spectra with an emission maximum at 552 nm.%

[Ir(ptrz),(dtb-bpy)][PF]
A =552 nm

max

Figure 24: Ir(lll) complex bearing Hptrz for the preparation of blue-LECs
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Besides devices fabrication, Ir(lll) complexes has been widely employed as biological sensor, in particular
for sensing of intracellular simple oxygen- and nitrogen-containing compounds, such as molecular oxygen,
nitric oxide,® cyanide anion,® hydrogen peroxide® and sulphite.!’ Ir(lll) complexes decorated with proper
appended group can also act as DNA and RNA intercalators,?® for the sensing of intracellular pH,?® for the

detection of metal cation, such as Zn(l1),%® Cu(I1)®* and Hg(l1),% and for the detection of reducing sugars.*®

The intracellular oxygen level is important in the regulation of many cellular processes. Notably, one of the
most important features of this compound is the capability of efficiently quench the triplet state
phosphorescence of metal complexes, generating reactive oxigens species (ROS), such as superoxide radical
(0y) and singlet oxygen ('0,). The red emitting Ir(lll) complex [Ir(btp).(acac)], where Hbtp is 2-
(benzo[b]thiophen-2-yl)pyridine and Hacac is acetylacetone (Figure 25, left)®® is reported to be extremely
sensitive to the presence of molecular oxygen. When the complex is in presence of O,, both its emission
intensity and lifetime are significantly decreased. The formed ROS are well-known to initiate chemical
reactions with intracellular biomolecules, including amino acid residues in proteins, unsaturated lipids, and
nucleic acid bases. These reactions cause damage to intracellular organelles, enzyme deactivation, and
ultimately cell death.®® Therefore, the design of a complex became very important, due to the possibility of
localize the sensitizer in specific sub-cellular organelles, and, after photoactivation, make it useful as

sensitizer for photodynamic treatments.

Another well-exploited feature of Ir(lll) complexes is the possibility to decorate the peripheral structure
with appropriate molecule able to interact with specific receptors. Among the possible structures that form
specific interactions with appropriate receptors, the biotin is of great interest. This molecule is a vitamin
(vitamin B; or vitamin H) and it is used in many energy cell cycles as a co-factor of ATP-dependent
decarboxylase. Its most interesting feature is the ability to form strong non-covalent interaction with
avidin, a specific glycoprotein.’® Avidin is a tetrameric or dimeric protein® produced in the oviducts of
birds, reptiles and amphibians deposited in the whites of their eggs. The tetrameric protein contains four
identical subunits (homotetramer), each of which can bind to biotin with a high degree of affinity and
specificity. The dissociation constant of avidin is measured to be Kp = 10"** M, making it one of the strongest

known non-covalent bonds.*®

Owing to the extraordinarily high affinity of biotin to avidin, strong interactions are observed and such
system has been widely exploited as a powerful tool in a variety of bioanalytical applications. Recently
various examples of Ir(lll) biotin complexes (Figure 25, right) have been utilized as luminescent probes
since, in contrast to biotin-fluorophore conjugates, they show increased emission intensity and lifetimes

when bound to avidin.?*®
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Figure 25: Ir(Ill) complexes for molecular oxygen sensing (left) and for avidin detection (right)

As repoted above, Ir(lll) complexes are now employed also for water splitting processes and H, production,

and as visible light photocatalysts. As regarding this last field, a particular Ir(lll) complex reported by

Bernhard'® has become particularly interesting. In detail, [Ir(dF(CFs)ppy)2(dtb-bpy)][PFs], where H-

dF(CF3)ppy is 2-(2,4-difluorophenyl)-5-trifluoromethylpyridine and dtb-bpy is 4,4’-di-tert-butyl-2,2’-

bipyridine (Figure 26) is able to combine a wide HOMO-LUMO band gap with a remarkable high-energy

excited state. These two important features, joint with the pronounced photoluminescence quantum vyield,

the great stability and a significant reducing strength of the excited state, make it a promising candidate for

the photoactivation of a wide range of reaction, unaccesible with conventional methods.

102

[Ir(dF(CF3)ppy),(dtb-bpy)][PF]
A =470 nm

max

D =68%

Figure 26: [Ir(dF(CF3)ppy)2(dtb-bpy)][PFs] used as visible light photocatalyst
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3.1 Ir(lll) complexes for blue-light

As shown above, the emission color of Ir(Ill) complexes can be readily tuned from blue to red by judicious
modification of the cyclometalating ligands and/or ancillary ligands. In general, multicolor display
applications require efficient and stable blue, green and red OLEDs. OLEDs have been manufactured with

[Ir(CAN),(LAL)] phosphor dopants, giving efficient green, yellow or red emission (Figure 27).1%3
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Figure 27: Green to red emission Ir(lll) phosphors (from: http://www.sigmaaldrich.com/technical-
documents/articles/material-matters/achieving-high-efficiency.html)

It is interesting to note that red and green iridium complexes have been well developed to be used in
OLEDs, while blue iridium complexes are still less common. In this optic, the discover of efficient blue-

emitting complexes is of a great importance, and many studies in this direction have been pursued.

As shown before, emission color tuning is conceptually easy to achieve. Simple modification of the ancillary
ligand leads to a blue- or red-shift of several nanometers. A more remarkable effect can be obtained by
variation of the CAN cyclometalating ligands and this is the most employed strategy for the preparation of
blue-emitting complexes. Altought, blue-emitting complexes are not so easy to prepare, because wide
HOMO-LUMO gaps are more difficult to obtain and, moreover, the high energy levels of blue emitters tend
to be reactive under the device operating conditions.’® Two main modification strategies of the C*N ligand
have been pursued to stabilize the HOMO and shift the emission band of Ir(lll) complexes to the blue: (i)

addition of electron-withdrawing groups, typically fluorines;>® (ii) reduction of the ring size of the aromatic
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N-heterocycle. The latter approach has been well investigated, and several examples of Ir(lll) complexes
with cyclometalating ligands entailing 5-membered nitrogen-containing rings have been reported, namely,
1-aryl-1,2-pyrazoles,®! and phenyl imidazoles.'® In addition, a few aryl triazoles have been also proposed,
such as 5-aryl-1,2,4- triazoles!® and aryl-1,2,3-triazoles.’® Finally, only one example of tetrazole containing

cyclometalated Ir(lll) complexes have been reported in literature.®

Compared to the prototypical [Ir(ppy)2bpy]*, which has an emission maximum centred at 602 nm, a blue
shift for the emission is observed in the case of [Ir(ppz).bpy]*, bearing 1-phenyl-1,2-pyrazoles (Hppz) as
cyclometalating ligand (Figure 28), with Amax = 563 nm.8! However, the use of phenyl-triazoles did not
further blue shift the emission band, as in the case of [Ir(phtl).bpy]*, where Hphtl = 1-phenyl-1,2,3-triazole,
Amax = 580 nm (Figure 28).1%7 Therefore, an increase of the number of nitrogen atoms on the 5-membered
heterocycle does not warrant an increase of the emission energy of the complexes, although one might
expect that electron-rich triazoles in CN ligands should enhance the ligand field splitting of Ir(Ill) d orbitals.
In this prespective, an Ir(lll) complex with 5-phenyltetrazole (Hptrz) as cyclometalated CAN ligand has been
prepared. The emission observed for [Ir(ptzr);bpy]* is shifted to 545 nm, resulting in the highest-energy
emission bands ever reported for fluorine-free cyclometalating ligands (Figure 28, right).8 This latter
example presents three main advantages in respect with the previously reported luminescent Ir(lll)
complexes: (i) the high-field nature of phenyltetrazole that can lead to blue-shifted emissions without the
need to use electron-deficient polyfluorinated ligands; (ii) the absence of reactive C(sp?)-F bonds that
normally afford instability when the complex is used in LECs;'® (iii) the higher radiative rate constants
allows optimized performance in devices preventing exciton quenching.’®® These evidences now open the
way for chemical modifications of the phenyl-tetrazole ligands, that will offer the possibility to further push

the emission band toward the blue.

* It * -+ — / —+ — / —+
= ‘ - — - / N _ N—N _
N PFe N. 7 PFs N PF [N PF
NTOS N NNy T Ny
", ‘ \\\\\\N = ", ‘ \\\\\ N~ ", ‘ aNo~z ", ‘ WNo~
I ZlrZ e I
‘\N‘\ (;(\N\ ‘\N\ ‘\N\
N = = ‘ ‘
| O N N
S — N N-N
- - - - = \ - = \ -
[Ir(ppy),bpy][PF¢] [Ir(ppz),bpyl[PFel [Ir(phtl),bpy][PF] [Ir(ptrz),bpy][PFg]
A max = 602 nm A max = 563 nm A max = 580 nm A max = 545 nm

Figure 28: Selected examples for blue-emitting Ir(lll) complexes
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4. White light: goal for the future

In the recent years, a great attention has been devoted to the development of new innovative and low cost
technologies for lighting and displays.'? In this context, one of the most challenging task is the obtainment
of white light emitters, that are able to emit over the whole visible spectral region and surely offer the best

visual comfort.

Molecular systems with white photoluminescence remain rather rare and their discovery is often
serendipitous, although increasingly frequent.*12 Various approaches to white emission can be pursued,
where emission stems from multiple species which may be transient, generated in situ by an external
stimulus, originated from intermolecular interactions or arranged in suitably designed multicomponent
individual systems. In the latter case, the main challenge to obtain white emission is avoiding the complete
funnelling of excitation energy to the lowest energy centre. This requires a rigorous molecular design and

meticulous excited state engineering of the luminophoric species to be combined.

Individual white emitting molecules are very rare. They may display excited state intramolecular proton
transfer (ESIPT), a phenomenon that enables dual emission due to enol-keto (E-K) tautomerism (Figure 29).
ESIPT molecules exist in the ground state exclusively as E forms and, upon photoexcitation (E*), they
transform into the excited K form (K*) which can exhibit a remarkably red-shifted luminescence. Typically,
emission stems from K* only but, if residual (higher energy) emission from E* does occur, dual

luminescence affording white-light is achievable. 1*3

E*
ESIPT
i . 1K*
Enol form Keto form
Keto
H-0 Enol Enol emission HQ

©:N\\ absorption emission N’ \
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Figure 29: Principal photophysics of ESIPT molecules (illustrateted for 2-(2-hydroxyphenyl)-benzothiazole, HBT)
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Another approach is that based on partial protonation of simple molecules. This strategy can lead to dual
emission, as reported by Strongin’s group for a [a]benzofluorone derivative (Figure 30, left). The described
compound exhibits dual emission bands that are pH-sensitive. In detail, the anionic form (A) is responsible
for a red emission band centered at 620 nm, while the green emission band at 540 nm can be assigned to
the neutral form (N). Modification of the solution pH lead to a fine tuning of the emitting response of the
molecule, and in particular, upon increasing the solution pH is possible to increase the contribution of the
red band, while decreasing the pH, the most stable form will be the neutral, resulting in a greener emission.
By choosing the right solvent, the right solution pH and the right excitation wavelength, is possible to

observe an almost pure with light emission, as reported in Figure 30, right.

Neutral forms (N) Anionic forms (A)
©o

—}, =300nm, white
A,=320nm, yellow

=}, =460nm, green

) =560nm, red

-
-
Intensity (A.U.)

300 400 500 600 700 800
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Figure 30: (left) A and N structures of [a]benzofluorone; (right) selected emission properties

On the other hand, a dyad containing two independent ESIPT organic systems combining blue and orange
to give white has been obtained. Park’s group prepare a single molecule made of two different fragment,***
HPI (2-(1,4,5-triphenyl-1H-imidazol-2-yl)phenol) and HPNI (3-(1,4,5-triphenyl-1H-imidazol-2-yl)naphthalen-
2-ol) covalently linked by a diphenylether linking group, as shown in Figure 31, left. The two single fragment
show a wide bandgap in the emission maxima (Amax = 470 nm for HPI and 570 nm for HPNI). When
covalently linked in W1, the energy transfer between the two emitting centers is completely blocked by the
presence of the ether, giving an emission that simply is the superimposition of those of the individual
centers, resulting in a pure white light emission (Figure 31, right). However, this remarkable example

remains virtually unique in the literature.
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Figure 31: (left) Structure of the reported W1 emitter; (right) emission profiles of single component and W1

Dyad systems exhibiting partial energy transfer from a wide bandgap luminescent donor to an emitting

acceptor with a smaller bandgap have also been reported. Higher energy (bluish-green) emission is

maintained with concomitant sensitization of orange-red luminescence and generation of white light.

The first example of white emitting dyads system was reported by DeCola in 2005.1* In this work was firstly

reported the use of an Ir(lll) complex as sensitizer for the photoexcitation of an Eu(lll)-terpyridine complex.

In detail, a blue-emitting Ir(lll) complex, with Amax at 460 nm and 491 nm, has been opportunely

functionalized with a terminal benzoic acid, able to chelate the Eu(lll) moiety. This complex has then been

reacted with an Eu(lll) derivative, and the resulting dyad can actually emit over the whole visible spectrum.

The emission profile show the contribution of both the metallic complexes, and this indicate that the Ir(lIl)

complex is able to excite the Eu(lll) center through a partial energy-transfer process. The structure of the

described dyad and it emission spectrum is reported in Figure 32.
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Figure 32: Ir(ll1)-Eu(lll) dyad, structure and emission profile

36



4. White light: goal for the future

White emission can be achieved also with other combination of metals. For istance, by carefully designing
the cyclometalating ligands of an Ir(lll) center, is possible to obtain white emission through partial energy-

transfer to other Lanthanide metals, such as Gadolinium.*®

Other interesting results have been obtained with molecules made of different units with particular
properties, such as carbazole and terpyridine.''” These Donor-Acceptor architectures show a partial energy
transfer between the two ending units, a carbazole, that act as a Donor, and a terpyridine moiety, that play
the role of an Acceptor. Remarkably, the energy-transfer process can be controlled by varying the linking
between the two subunit. In particular, passing from no linker to an acetylene-linker, is possible to obtain
multiple emission, arising from the contribution of both the subunits, that afford white light luminescence
under specific conditions of solvent and temperature. The structure of the studied systems and their

emission profiles are reported in Figure 33.
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Figure 33: Structure and emission spectra in acetonitrile of carbazole-terpyridine derivatives
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5. Purpose of the work

As illustrated in the previous sections, the synthesis of luminescent metal complexes is a very challenging
task since they can be regarded as the starting point for many different areas. Luminescent complexes, in
fact, can be used for technological, industrial, medical and biological applications. They consist of two main

parts: the central core of the complex, a metal atom, and various organic ligands bonded to it.

Among all the transition metal complexes, Iridium(lll) ones show the best photophysical properties:
generally, they have high quantum vyields, very long lifetimes and possess easily tunable emissions

throughout the visible range.
During my PhD | prepared different families of Ir(lll) complexes suitable for various applications.

The principal application of Ir(lll) complexes is their use in the preparation of electroluminescent devices. In
this context, the main feature of the complexes are their stability and their luminescent quantum vyield.
Remarkably features have been observed in Ir(lll) complexes bearing isocyanides as ancillary ligand, but
they are not very stable in devices’ working conditions. In order to overcome these problems, | prepared a
new class of more stable Ir(lll) cyclometaled complexes equipped with a chelating diisocyanide moiety, with
remarkable photoluminescent properties which can be used for the preparation of more performant

electroluminescent devices.

In addition, one of the major interest in the research on luminescent complexes is the preparation of new
compounds able to emit in the blue region of the visible spectra. Starting from this, and based on a work
previously reported by my research group, | prepared a new class of Ir(lll) complexes with a fluorine-

tetrazole derivative as cyclometalated ligand, able to push the emission towards high energy.

Another well-investigated research field is the obtainment of white-light. This goal can be achieved in
different ways, and one of the most investigated is the use of dyad architectures, generally based on a
transition metal and a lanthanide. With this in mind, during my PhD | prepared different heterometallic

Ir(111),-Eu(lll) dyads able to emit an almost pure white-light.

In this context, we have demonstrate that a donor-acceptor system based on a carbazole moiety and a
terpyridine can emit light covering all the visible spectra. In order to further study the relations between
the structure and the luminescent properties of similar systems and with the aim to achieve white-light
emission, | prepared a new family of compounds where the carbazole and the terpyridine moieties are

connected with different conjugated linkers.

The research on new metal complexes with different ligands able to modify the photoluminescent
properties of the central metal is an ongoing field. Recently, mesoionic carbens have emerged as a new

class of ligand for the preparation of metal complex, typically to be used in the area of the homogenous
38



5. Purpose of the work

catalysis. During my PhD, | prepared an example of Ir(lll) complex bear a mesoionic carbene as donor

ligand, with very interesting photoluminescent properties.

Ir(lll) complexes have been used also for biological application, and particularly for the in vitro and in vivo
imaging. In this field, the use of suitable biologically compatible nanocarriers is of a great importance, due
to their ability to be internalized into cells. This capability has been exploited in order to permit the
internalization of different molecolues, such as agents for bioimaging or drugs. During my PhD, | prepared
an Ir(lll) complex equipped with a suitable ancillary ligand able to be linked to proper designed

nanoparticles, able to carry the luminescent complex inside of cancer cells.
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7. A chelating diisocyanide ligand for cyclometalated Ir(lll) complexes with strong and tunable

luminescence

Cyclometalated Iridium (lll) complexes represent one of the most widely exploited classes of triplet
emitters for flat solid-state electroluminescent devices such as organic light-emitting diodes (OLEDs)*? and
light-emitting electrochemical cells (LECs).>* The more important advantages of this class of complexes are
the high photoluminescence quantum yields (PLQYs), the relatively short excited-state lifetimes and the
extremely high versatility in tuning the emission color by little variation of the chemical nature of the
ligands.® Among all cyclometalated Ir(lll) complexes, interesting features have been found in those bearing
commercially-available monodentate isocyanide ancillary ligands. Isocyanides represents strong-field
ancillary ligands, and they contribute to increase the d-orbital splitting of the iridium(lll) metal centre,
shifting the related complex emission towards blue with high photoluminescence quantum yields.3>®
However these luminophores display low stability in LECs if compared to analogous complexes containing
bidentate ancillary ligands, such as conventional 2,2’-bipyridines or 1,10-phenanthrolines.? This behaviour

is principally due to the Ir-CN bond lability.

With the aim to overcome this problem, during my PhD, | designed and synthesised the first example of

chelating diisocyanide ligand, which can actually act as a remarkably large, bidentate ancillary ligand.

7.1 Result and discussion
7.1.1 Synthesis of ligand 1 and complexes 2-4

The synthesis of chelating diisocyanide ligand 1 is reported in Scheme 1. The commercially available 1,3-
dibromobenzene (5) was reacted with 2-aminophenylboronic acid pinacol ester under Suzuki-coupling
conditions, giving the diamino derivative 6 in 85% yield. The amino groups of 6 were formylated with ethyl
formate in refluxing acetic acid, resulted in the diformylated product 7 in almost quantitative yield (93%).

This intermediate was subsequently dehydrated with POCI; to afford the desired ligand 1 in 50% yield.

2-aminophenylboronic
Br acid pinacol ester O Diisonropviamine
Pd(PPhs)zcl KoCO,4 Ethyl formate HN p py
DMF AcOH HN 0 DCM
Br 90°C, 18h reflux, 24h _\ 0°C-t, 12h

Scheme 1: Synthesis of the bidentate diisocyanide ligand 1
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The diisocyanide 1 was used as ancillary ligand to prepare the cationic Ir(lll) complexes 2-4 (Scheme 2). The
cyclometalated p-dichloro-bridged iridium precursors [Ir(CAN).Cl], (8-10) were prepared following a
reported procedure’® by refluxing the IrCls-xH,0 salt and the appropriate cyclometalating ligand HCAN, i.e.
Hppy = 2-phenylpyridine for 8, Hdfppy = 2-(2,4-difluoro-phenyl)pyridine) for 9, and Hpqu = 2-methyl-3-
phenylquinoxaline for 10, in a 2-ethoxyethanol/water mixture (3:1). Compounds 8-10 were treated with
AgBF, and then, after filtration of the precipitated AgCl, ligand 1 was added dropwise to each solution and
the reaction mixture was stirred at room temperature for 24 hours. Purification of the crudes by column

chromatography on neutral alumina gave complexes 2-4 in good yields (57-60%).

_ - —e
N 1) AgBF o
S~ | DCMIEtOH [ T BF,
N CH Co L WClo, dark, rt, 16h Cu,, 1 WCN
I- I.
IrC|3-xH20 —— C/| \. _ C/l \
2-EtOC,H,OH/H,0 N 2)1 CN
reflux, 24h NG DCM/EtOH
L d2 1t, 16h
8-10 2-4

® X
O A GO
co | wons BFa N ~N |
NC CNYN T = N
ome o F
= c
\C on \JL CN CH
O -
2-4

Scheme 2: Synthesis of complexes 2-4 and related structures

ppy in 2 dfppy in 3 pquin4

The treatment of 8-10 with a soluble Ag(l) salt (i.e., AgBFi) to remove the chloride from the dichloro-
bridged dimers is an essential step for the successful accomplishment of the reaction.® In fact, in the
absence of this step, compound 1 behaves as a monodentate ligand and coordinates two Ir(lll)-fragments,

both of them preserving one chloride ion in the metal coordination sphere.
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7.1.2 Structural characterization

The complexes 2-4 were characterized by NMR spectroscopy and ESI mass spectrometry. For complex 3,
crystals were obtained and the structure was determined by single-crystal X-ray diffraction analysis. The

structure is reported in Figure 1 and the corresponding crystallographic parameters in Table 1.

Figure 1: X-ray crystal structure of 3. The BF4” counteranion, solvent molecules and hydrogen atoms are omitted for
clarity. ORTEP representations are at the 50% probability

Table 1: Crystallographic parameters for 3

3
CCDC number 1062816
Formula Ca2H23N4Falr, BFa, 2 CHCls, CH2Cl2
Fu 1262.32
T,K 298
A A 0.71073 (Mo-Ka)
Crystal system Monoclinic
Space group P21/n
a, A 9.2828(8)
b, A 22.6451(19)
c, A 24.351(2)
a, deg 90.000
B, deg 97.1920(10)
y, deg 90.000
Cell volume, A3 5078.6(7)
z 4
De, g cm™ 1.651
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i, mm?

F(000)

h, k, | max

Crystal size, mm

0 limits, °

Reflections collected
Independent reflections
Data/restraints/parameters
Weight. Scheme

GOF on F?

R1 (1> 20(l))

wR: (all data)

Peak/hole, e A3

3.115

2460

11,28,30
0.20,0.16,0.11
1.69 to 26.48
52915

10464
10464/24/626
0.071600 15.736697
1.131

0.0589

0.1568

1.466 and —1.186

Notes:

The cell contains 2 molecules of CHClz and
one molecule of CHxCl;, disordered over
two positions (58:42 ratio).

As clearly visible from the crystal structure of 3 in Figure 1, the ancillary ligand 1 is not planar so the

complex belongs to the C; point group. Accordingly, the two cyclometalating ligands are not equivalent. In

fact, a splitting of the signal coming from the two CAN ligands is observed in the *H and 3C NMR spectra,

when the motion of the terphenyl moiety on ligand 1 is sufficiently slow with respect to the NMR timescale.

The dynamic behavior of this class of compounds was confirmed in the case of 4. At room temperature the

IH-NMR spectrum of this complex shows broad signals that can be resolved into pairs by lowering the

temperature to -10°C, as reported in Figure 2.

Figure 2: 'H-NMR for complex 4, recorded at room temperature (left) and -10°C (right)
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7.1.3 Electrochemical properties

The electrochemical properties of complexes 2-4 were investigated by Osteryoung square-wave

voltammetry (OSWV) and cyclic voltammetry (CV) in room-temperature acetonitrile solutions and reported

relative to the Fc*/Fc redox couple (Figure 3).
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Figure 3: Square-wave voltammograms of 2-4 in room-temperature acetonitrile solutions recorded at a scan rate of 25
mV/s with a square-wave amplitude of +20 mV and a frequency of 25 Hz

All the observed redox processes were irreversible at any scan rate (100-2000 mV s) as commonly

observed for iridium(Ill) isocyanide complexes.>'%!! Electrochemical data are reported in Table 2.

Table 2: Electrochemical data of 2-4 determined by OSWV in room-temperature acetonitrile solution + 0.1 M TBAPFs.
Ferrocene is used as internal reference

Complex

[Ir(ppy)2(bpy)]*

2

3
4

Electrochemical data® [V]

Eox Ered AEredor
+0.84¢ -1.77,-2.60° 2.61
+1.23 -2.29,-2.53 3.52
+1.60 -2.18,-2.42 4.02
+1.30 -1.42,-1.73 2.72

@ All redox processes were irreversible. Estimated errors: + 50 mV. ® AEedox = Eox — Ered. € Data from literature.?

The oxidation process involves the Ir-phenyl moiety of the cyclometalating ligands. Complex 2 presents an

oxidation potential of +1.23 V, 0.37 V lower than the one observed for 3 (+1.60 V), due to the presence of

the electron-withdrawing fluorines in the dfppy ligands. The halogen substituents also induce a small
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stabilisation of the LUMO, that results in slightly less negative reduction potentials for complex 3 with
respect to 2 (0.11 V). The overall effect is an increase in the redox gap of around 0.50 V, passing from 2
(3.25 V) to 3 (4.02 V). A different trend is observed for complex 4. The oxidation potential (1.30 V) is
comparable to that of 2 (+1.23 V), while the reduction potential shifts positively by approximatively +0.80
V, giving a redox gap of only 2.72 V. This reduced electrochemical gap should be predominantly ascribed to
LUMO stabilisation due to the presence of the m-extended quinoxaline moiety on its cyclometalating
ligands. This experimental evidence suggests that the reduction processes always involve the pyridyl (or
quinoxaline) moiety of the cyclometalating ligands and not the chelating diisocyanide moiety, as also

indicated by DFT calculations (vide infra).

7.1.4 Ground-state theoretical calculations

The molecular structures and the electronic properties of complexes 2-4 were investigated by density
functional theory (DFT) calculations and compared to X-ray crystallographic structures (for 3). The MO06
hybrid meta exchange-correlation functional**® was used in combination with the 6-31G(d,p) basis set for
all the atoms,'* except in the case of the Ir(lll) metal centre where the LANL2DZ pseudopotential and the
related basis-set was selected.!® The quality of the theoretically optimized geometries was evaluated by
comparison with the available X-ray crystal structure of 3, which can be reasonably utilized also as model
for 2 and 4. In Figure 4 the structural overlap between the X-ray crystal structure of 3 and the theoretically
computed one is reported. No substantial differences are observed between the two geometries. This
finding proves the effectiveness of the selected computational model and indicates that strong

intermolecular interactions are not present in the crystal.

Figure 4: Structural overlay between the experimental X-ray structure (reported in red) of the cationic part of complex
3 and the theoretically computed one (in blue). The structural overlay is calculated by minimizing the root-mean-
square deviation (RMSD) of all the atomic positions, except hydrogen atoms: RMSD = 0.127 A
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The frontier molecular orbitals of 2-4 are reported in Figure 5. The HOMO orbital is localized on the Ir(lll)
metal centre and on both the phenyl moiety of the two cyclometalating CAN ligands, while the LUMO and
the LUMO+1 are mainly located on the nitrogen-containing ring of each cyclometalating ligand. The
chelating diisocyanide ligand 1 exhibits relatively inaccessible m* orbitals. Consequently, the lowest
unoccupied molecular orbitals centred on this ancillary ligand are the LUMO+2 and LUMO+3 for all of the

three complexes.
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Figure 5: Energy diagram showing the frontier Kohn-Sham molecular orbitals of complexes 2-4 in acetonitrile
calculated at the PCM-M06/6-31G(d,p)&LANL2DZ(Ir) level of theory

The presence of a strong-field ligand such as 1 induces a remarkable stabilisation of the HOMO in 2-4 if
compared to [Ir(ppy)2(bpy)]* complex. This stabilisation is maximized in the case of 3 (-0.84 eV) due to the
fluorine substituents on the dfppy cyclometalating ligands. On the other hand a pronounced LUMO (and
LUMO+1) stabilisation is observed in complex 4 (-0.47 eV), due to the m-extended quinoxaline moiety on

the cyclometalating ligands. All the calculated energy levels are reported in Table 3.
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Table 3: HOMO and LUMO energy levels calculated by DFT

DFT calculated energy? [eV]

Complex
Enomo Erumo AEoer?
[Ir(ppy)z(bpy)1* -5.86 -2.28 3.58
2 —6.46 -1.77 4.69
3 -6.70 -1.85 4.85
4 —6.62 -2.75 3.87

@ DFT calculations were carried out at the M06/6-31G(d,p)&LANL2DZ(Ir) level of theory in acetonitrile, using PCM. °
AEprt = ELumo — Enomo.

Theoretical calculations predict that the HOMO-LUMO energy gap increases along the series [Ir(ppy)2(bpy)]*
(3.58 eV) < 4 (3.87 eV) < 2 (4.69 eV) < 3 (4.85 eV). This trend is in full agreement with the electrochemical

gaps obtained from OSWV measurements (Table 2).

7.1.5 Photophysical properties and excited-state characterization

All the complexes are stable in acetonitrile solution for several months and do not show degradation under

standard laboratory conditions. The room-temperature electronic absorption spectra of 2-4 are reported in

Figure 6.

1.0

_ —2

— 3

0.8 — 4
ﬁ 0.6 -
= i

IDO

=044
w 4
0.2

0.0_l T T T T T — 1 T

T T T T T T T
200 250 300 350 400 450 500 550
Wavelength / nm

Figure 6: Absorption spectra of 2-4 in acetonitrile solution at 298 K

The spectral window between 200 and 300 nm shows intense absorption bands (g = 2-10 - 10* M cm)
that are assigned to spin-allowed ligand-centred (LC) m-rt* transitions involving both the cyclometalating
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and the ancillary ligand 1. The weaker bands at longer wavelength could also display a contribution from
the iridium d orbitals and arise from transitions of both singlet and triplet spin multiplicity, due to the high
spin-orbit coupling constant of the iridium metal centre. For complex 2, the lowest-energy band in the 325-
375 nm region is attributed to an almost pure HOMO—->LUMO transition and is consequently LC in nature
with a small metal-to-ligand charge-transfer (MLCT) contribution. The shoulder centred at 300 nm is
actually composed by four electronic transitions. The first two excitations can be described as HOMO-1 to
LUMO and LUMO+1 excitations, so they are basically LC in nature and involve the cyclometalating ligands.
On the other hand, the last couple of excitations concern transitions from the HOMO to the LUMO+2 and
LUMO+3 (the lowest-laying m* orbitals of ligand 1) and they are consequently MLCT in nature with a

remarkable ligand-to-ligand charge-transfer (LL'CT) character.

In the case of 3, a remarkable blue shift of approximatively 20 nm is observed for the lowest-energy
absorption bands due to the presence of the fluorine substituents on the cyclometalating ligands that

strongly stabilize the HOMO with respect to complex 2.

The absorption spectrum of complex 4 extends up to 475 nm due to the presence of the phenyl-quinoxaline
cyclometalating ligands. The lowest-energy broad absorption band between 380 and 450 nm involves
electronic excitations from the HOMO-1 and HOMO to the LUMO and LUMO+1, so they present a mixed
MLCT/LC character. The second absorption band in the 325-400 nm range can be describe as almost pure
LC transitions involving the promotion of one electron from the phenyl moiety of the cyclometalating

ligands to their quinoxaline subunit, with virtually no contribution of the iridium d orbitals.

The emission spectra of 2-4 are reported in Figure 7 both in acetonitrile solution at 298 K (full lines) and at
77 K (dashed lines), while in Table 4 are summarized the luminescence properties and photophysical

parameters of all the complexes, including solid-state PMMA matrix.

Table 4: Luminescence properties and photophysical parameters of 2-4

. Rigid matrix o .
Oxygen-free CH3CN solution, 298 K CHsCN, 77 K 1% PMMA matrix, 298 K
}\'ema (Demb T¢ krd Knr € Xema T¢ 7\«em q)emf T¢ krd Knr €
[nm] (%] [ws] [103s71] [10%s7Y] [nm] [us] [nm] (%] [ws] [103s7] [10%s7]
6.3 (62%)
2 452,483 24 275 8.86 2.75 465, 485, 498 40.1 (38%) 453,484 68 364 18.6 0.89
46.5 (33%)
3 438,468 37 45.0 8.27 1.40 446, 469, 477 57.3 (67%) 440,469 79 59.7 13.1 0.36
12.7 (60%)
4 630 25 16.4 15.0 4.60 596, 633 29.9 (40%) 618 19 19.9 9.75 4.05

@ hexc = 325 nm; ? dexc = 325 nm, quinine sulfate in 1 N H2S04 aqueous solution as reference; € hexc = 370 nm;  kr = ®/1;
€ knr = ®/1; f determined using an integrating sphere.
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Figure 7: Normalized emission spectra of 2-4 in acetonitrile solution at 298 K (full lines) and at 77 K (dashed lines).
Excitation wavelength: 325 nm

The room-temperature luminescence spectra of complexes 2 and 3 display a strongly pronounced vibronic
structure, indicating the LC character of the emitting state, that is not present in the case of 4, where the
spectrum is broad and unstructured, with no vibronic progression . A blue shift is observed in the case of 3
(Amax = 438 nm), if compared to 2 (Amax = 452 nm). On the contrary, an orange emission is recorded for
complex 4 (Amax = 630 nm). Also in this case the emission arises from a LC triplet state centred on the 2-
phenylquinoxaline cyclometalating ligands, with minimal admixture of metal-to-ligand charge-transfer
character. This assumption is corroborated by the absence of any spectral shift in the emission profile of 4
when going from room temperature to 77 K, where the only observed difference is a better spectral

resolution. At low temperature, also 2 and 3 again exhibit very similar behaviour.

These experimental data are in excellent agreement with the spin-unrestricted DFT calculations carried out
by fully optimizing the lowest triplet state (T:1) of 2-4. After relaxation, the T state of all the complexes

preserves its ligand-centred character, as revealed by the spin-density distribution shown in Figure 8.

Figure 8: Spin-density distributions calculated for the fully relaxed lowest triplet state (T1) of complexes 2-4 in
acetonitrile at the PCM-UMO06/6-31G(d,p)&LANL2DZ(Ir) level of theory
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For all the complexes, the spin-density distribution confirms that the excited state is centred on the
cyclometalating ligand only, without involving the chelating diisocyanide moiety 1. The calculated emission
energies are 3.00 eV (413 nm), 3.26 eV (380 nm) and 1.79 eV (692 nm) for 2, 3 and 4, respectively. These

values correlate well with the experimental ones (Table 4).

The photoluminescence quantum vyields (PLQYs) in room-temperature acetonitrile solution of 2-4 are
around 30%. The bis-fluorinated complex 3 is the strongest emitter with a PLQY of 37% (Table 4), followed
by complex 4 with a PLQY of 25% and complex 2 with 24%. These values are lower if compared to other
iridium(IIl) complexes having monodentate isocyanides as ancillary ligands. Lower values can be tentatively
ascribed to the nature of the ligand 1: as shown above, the triphenyl moiety of 1 can ‘floppy’ between two
different positions, promoting non radiative deactivation pathways, that are absent in rigid monodentate

isocyanide ligands.

In Figure 9 are reported the room-temperature emission spectra of 2-4 in the solid state, dispersed in a

poly(methyl methacrylate) (PMMA) matrix at a concentration of 1% by weight.

Emission intensity / a.u.
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Figure 9: Normalized emission spectra of 2—-4 in PMMA matrix 1% w./w. at 298 K (full lines). The emission spectra in
RT acetonitrile solution are also reported (dashed lines) for comparison

The external environment does not affect the emission profiles and this confirm the 3LC emitting state
nature of the complexes. For 4, PLQY and lifetime values in solid state are comparable with those observed
in room-temperature acetonitrile, whereas the emission quantum yields of 2 and 3 in PMMA display
approximately a two-fold increase, leading to 78.5% yield for complex 3 (Table 4). For both 2 and 3, a three-

fold decrease is observed in the non-radiative deactivation rate constant (kn;) combined by a twice as fast
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radiative decay rate (k:), with respect to the solution. These findings can be rationalized in the PMMA solid

matrix, where the rigidity of the ligand 1 may sensibly increase.

7.2 Conclusions

Complexes 2-4 are the first examples of stable Ir(lll) cationic complexes bearing a chelating isocyanide as

ancillary ligand.

HOMO and LUMO orbitals (as well as HOMO-1 and LUMO+1) of 2-4 only involve the cyclometalating ligands
and the iridium d orbitals. Therefore, 1 has a key structural role but does not affect the energy and nature
of the lowest electronic excited states of the complexes. This combination of structural and electronic
properties enables tuning of the emission colour of 2-4 by simple modification of the CAN ligands, going
from blue to orange upon extension of m-conjugation from phenylpyridine to phenylquinoxaline. Notably,
PLQY of these complexes goes from moderate to very high (= 20-80%). This makes them very interesting

candidates for optoelectronic applications.

7.3 Experimental section
General synthetic procedures

Analytical grade solvents and commercially available reagents were used as received, unless otherwise
stated. Chromatographic purifications were performed using 70-230 mesh silica. Solvents were dried and
distilled according to standard procedures and stored under nitrogen. H, 3C, F NMR spectra were
recorded on a Varian Inova 300 MHz, on a Mercury 400 MHz or on an Inova 600 MHz spectrometer.
Chemical shifts (8) are reported in ppm relative to residual solvent signals for *H and *C NMR (*H NMR:
7.26 ppm for CDCls; 3C NMR: 77.0 ppm for CDCls). 3C NMR spectra were acquired with *H broadband
decoupling mode. Mass spectra were recorded on a micromass LCT spectrometer using electrospray (ES)

ionisation techniques.
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Synthesis of the ligand (1)

2-aminophenylboronic Q
Br acid pinacol ester O Diisopro Iamlne
Pd(PPh3)2C| KoCOs4 Ethyl formate O HN—7 p py
DMF AcOH HN 0 DCM
Br 90°C, 18h reflux, 24h Q _\o 0°C-rt, 12h

5 7
(1,1°:3’,1”-terphenyl)-2,2”’-diamine (6)

1,3-Dibromobenzene (5) (120.0 mg, 0.49 mmol) and 2-aminophenylboronic acid pinacol ester (440.0 mg,
2.0 mmol) were dissolved in dimethylformamide (8 mL). The resulting solution was degassed with nitrogen
for 10 minutes. Then K,COs (2M in water, 2.5 mL, 5.0 mmol) was added, and the solution was degassed for
additional 30 minutes. Pd(PPhs),Cl; (18.0 mg, 0.05 mmol) was then added and the mixture was heated
under nitrogen atmosphere at 90°C for 18 hours. After this time, water (30 mL) was added and the resulting
mixture was extracted with ethyl acetate (4 x 15 mL). The collected organic phase was washed with water
(30 mL) and brine (30 mL), dried over Na,SO, and concentrated. The crude was purified on silica gel flash
chromatography using a mixture of n-hexane/ethyl acetate (8:2) to give product 6 in 85% yield (108 mg).
H NMR (CDCls, 300 MHz) 6 7.58-7.42 (m, 4H), 7.18-7.13 (m, 4H), 6.83 (td, Jus = 7.4 Hz, Jun = 1.2 Hz, 2H),
6.78 (dd, Jun = 8.3 Hz, Jun = 1.2 Hz, 2H), 3.81 (bs, 4H).

2,2”-diisocyano-1,1":3’,1”-terphenyl (1)

[1,17:3’,1"-terphenyl]-2,2”-diamine (2) (130.0 mg, 0.5 mmol) was dissolved in ethyl formate (921 uL, 12.5
mmol) and acetic acid (56 pL, 1.0 mmol) was added. The resulting solution was refluxed for 24 hours. The
solvent was then evaporated. Water (30 mL) was added and the mixture was extracted with ethyl acetate
(4 x 15 mL). The collected organic phase was washed with water (30 mL) and brine (30 mL), dried over
Na,SO4 and concentrated to give product 7 (147 mg). The crude was used in the next step without
purification. It was dissolved in dry dichloromethane (5 mL) and the solution was cooled at 0°C.
Diisopropylamine (981 uL, 7.0 mmol) was added and the resulting mixture was stirred at 0°C for 15 min.
Phosphorous oxychloride (137 uL, 1.5 mmol) in 5 mL of dry dichloromethane was added dropwise over a
period of 10 min. The resulting mixture was stirred from 0°C to room temperature for 12 hours. After this
time, the reaction was quenched with saturated Na,COs; aqueous solution at 0°C and the product was
extracted with dichloromethane. The organic phase was washed with aqueous NHCl, then dried over
anhydrous Na,SO, and the solvent evaporated. The residue was purified by silica gel flash chromatography
using a mixture of dichloromethane/methanol (99:1) to give product 1 in 50% yield (70 mg).*H NMR (CDCls,
300 MHz) & 7.65 (bs, 1H), 7.61 (bs, 3H), 7.56-7.45 (m, 6H), 7.43-7.36 (m, 2H). 3C NMR (CDCls, 75 MHz) &
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169.0 (C), 166.8 (C), 138.3 (C), 137.3 (C), 130.7 (CH), 129.8 (CH), 129.7 (CH), 129.0 (CH), 128.9 (CH), 128.4
(CH), 127.9 (CH). ESI-MS: 281 [M+H]".

Synthesis of the Ir(lll) complexes

—|®
N 1) AgBF e
N [ | DCM/ELOH & T BE
N CH Ci,, | Cly, dark, rt, 16h Cm,,,l WCN 4
I ! r;
. - —_—
IrCly-xH,0 C/l \. C/| \CN
2-EtOC,H,OH/H,0 N 2)1 N
reflux, 24h \./ DCM/EtOH
L d2 it, 16h
8-10 2.4

o N O
X
C CN~ Cra ZN N
ey Sl e
\
NC |
F

O

General procedure

ppy in 2 dfppy in 3 pquin 4

In a 10 ml flask, the desired Ir(lll)-dimer (0.025 mmol) (8-10) was dissolved in dichloromethane (2 ml) and
ethanol (2 drops). AgBF, (0.05 mmol, 9.8 mg) was added and the solution was stirred for 24 hours in
absence of light. Then the formed solid was filtered off and the solution was slowly added to a solution of
ligand 4 in dichloromethane (0.05 mmol, 14.5 mg in 13 ml). The resulting mixture was stirred for additional
24 hours. After this time, solvent was evaporated and the crude was purified by flash chromatography on

Al,05 using a mixture of dichloromethane/methanol (95:5) to give the expected product.

Complex 2: 25.3 mg, yield = 58%. 'H NMR (CDCls, 600 MHz, T= -10°C) & 9.36 (d, Jun = 6 Hz, 1H), 8.12 (t, Jun =
8.4 Hz, 1H), 8.05 (d, Jun = 8.4 Hz, 1H), 7.94-7.90 (m, 2H), 7.88-7.83 (m, 3H), 7.68 (t, Jun = 6.6 Hz, 2H), 7.65-
7.60 (m, 2H), 7.56-7.51 (m, 2H), 7.48-7.41 (m, 3H), 7.38 (t, Jun = 7.8 Hz, 1H), 7.34-7.29 (m, 3H), 6.96 (q, Jun =
7.8 Hz, 2H), 6.93 (t, Jun = 7.8 Hz, 1H), 6.88 (t, Jun = 7.8 Hz, 1H), 6.81 (t, Jun = 7.8 Hz, 1H), 6.14 (d, Jun = 7.8 Hz,
1H), 5.99 (d, Jun = 7.8 Hz, 1H). 3C NMR (CDCls, 150 MHz, T= -10°C) & 167.0 (C), 166.7 (C), 154.5 (CH), 153.1
(C), 152.0 (C), 151.4 (CH), 143.8 (C), 143.3 (C), 140.3 (C), 139.9 (C), 139.3 (CH), 138.8 (CH), 137.6 (C), 137.0
(C), 132.9 (C), 131.7 (C), 131.1 (CH), 131.0 (CH), 130.9 (CH), 130.8 (CH), 130.7 (CH), 130.6 (CH), 130.4 (CH),
130.3 (CH), 130.2 (CH), 129.7 (CH), 129.3 (CH), 129.2 (CH), 128.9 (CH), 128.8 (CH), 127.2 (CH), 126.4 (CH),
125.2 (CH), 124.6 (CH), 124.5 (CH), 124.1 (C), 123.9 (C), 123.8 (CH), 123.7 (CH), 123.6 (CH), 120.6 (CH), 120.5
(CH). ESI-MS: 781 (M-BF)".
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Complex 3: 28.2 mg, yield = 60%. 'H NMR (CDCls, 600 MHz, T= +25°C) § 9.55 (d, Juu = 6.0 Hz, 1H), 8.37 (d, Jun
= 8.8 Hz, 1H), 8.24 (d, Jun = 7.6 Hz, 1H), 8.08 (t, Jun = 8.0 Hz 1H), 8.06 (t, Juy = 1.6 Hz, 1H), 7.90 (t, Jun = 7.6 Hz,
1H), 7.85 (d, Jun = 6.0 Hz, 1H), 7.81 (t, Jun = 7.6 Hz, 1H), 7.73 (d, Jun = 7.6 Hz, 1H), 7.70 (t, Jun = 6.8 Hz, 1H),
7.65 (d, Jun = 8.0 Hz, 1H), 7.54 (t, Jun = 7.6 Hz, 1H), 7.49-7.42 (m, 3H), 7.40 (t, Jun = 8.0 Hz, 1H), 7.36 (d, Jun =
8.0 Hz, 1H), 7.32 (d, Jun = 7.6 Hz, 1H), 7.29 (d, Jun = 7.6 Hz, 1H), 6.94 (t, Jun = 6.8 Hz, 1H), 6.50-6.42 (m, 2H),
5.59 (dd, Juu = 1.8 Hz, Juu = 8.0 Hz, 1H), 5.42 (dd, Jun = 1.8 Hz, Jun = 8.0 Hz, 1H). 3C NMR (CDCl;, 150 MHz, T=
+25°C) 6 164.2 (C, d, Jcr = 6.1 Hz), 163.7 (C, dd, Jcr = 257.2 Hz, Jor = 12.1 Hz), 163.1 (C, d, Jer = 7.2 Hz), 163.4
(C, dd, Jr = 257.3 Hz, Jor = 10.8 Hz), 161.4 (C, dd, Jcr = 261.0 Hz, Jr = 11.5 Hz), 161.3 (C, dd, Jer = 261.0 Hz, Jer
= 11.5 Hz), 157.0 (C, d, Jcr = 6.0 Hz), 156.2 (CH), 155.4 (C, d, Jor = 6.0 Hz), 151.9 (CH), 140.7 (C), 140.1 (C),
140.0 (CH), 139.4 (CH), 138.0 (C), 137.3 (C), 131.3 (C), 131.22 (CH), 131.18 (CH), 130.96 (CH), 130.88 (CH),
130.7 (CH), 130.1 (CH), 129.8 (CH), 129.5 (C), 129.3 (CH), 129.1 (CH), 129.0 (CH), 128.1 (C), 127.9 (CH), 127.4
(C), 126.8 (CH), 126.0 (CH), 124.3 (CH, d, J = 21 Hz), 124.1 (CH, d, J = 21 Hz), 123.9 (CH), 113.0 (CH, dd, Jer =
32.8 Hz, Jor = 18.3 Hz), 100.4 (CH, t, Jer = 26.5 Hz). **F NMR (CDCls, 300 MHz, T= +25°C) & -153.0 (s, 4F), -
108.2 (m, 2F), -105.9 (m, 1F), -104.6 (m, 1F). ESI-MS: 853 (M-BF,)*.

Complex 4: 28.5 mg, yield = 57%. *H NMR (CDCls, 600 MHz, T=-10°C) § 8.67 (d, Jun = 9.0 Hz, 1H), 8.24 (d, Juu
= 8.4 Hz, 1H), 8.19 (d, Ju = 8.4 Hz, 1H), 8.09 (d, Jun = 8.4 Hz, 1H), 8.04 (d, Juy = 8.4 Hz, 1H), 7.91 (t, Juy = 7.8
Hz, 1H), 7.82 (t, Jus = 7.8 Hz, 1H), 7.80-7.76 (m, 1H), 7.71 (t, Jun = 7.8 Hz, 1H), 7.63-7.57 (m, 3H), 7.54-7.50
(m,2H), 7.46-7.41 (m, 3H), 7.30-7.24 (m, 2H), 7.17 (t, Jun = 7.8 Hz, 2H), 7.13 (d, Jun = 7.8 Hz, 2H), 6.98 (t, Jun =
7.8 Hz, 1H), 6.90 (t, Juyu = 7.8 Hz, 1H), 6.08 (d, Jun = 7.2 Hz, 1H), 5.87 (d, Jus = 7.2 Hz, 1H), 3.35 (s, 3H), 3.19 (s,
3H). 13C NMR (CDCls, 150 MHz, T= -10°C) 6 165.9 (C), 165.4 (C), 155.8 (C), 155.4 (C), 153.1 (C), 152.6 (C),
144.9 (C), 140.6 (C), 140.3 (C), 140.2 (C), 140.1 (C), 139.4 (C), 139.2 (C), 139.7 (C), 136.6 (C), 131.9 (CH),
131.8 (CH), 131.7 (CH), 131.6 (CH), 131.6 (CH), 131.3 (C), 131.3 (CH), 131.2 (CH), 131.1 (C), 131.0 (CH), 130.6
(C), 130.5 (CH), 130.4 (CH), 130.2 (CH), 130.1 (CH), 130.0 (CH), 129.4 (CH), 129.3 (CH), 128.0 (CH), 127.2
(CH), 127.1 (CH), 126.7 (CH), 124.3 (CH), 124.2 (CH), 123.1 (C), 123.0 (C), 27.6 (CH3). ESI-MS: 911 (M-BF4)*.

Electrochemistry

Voltammetric experiments were performed using a Metrohm AutolLab PGSTAT 302 electrochemical
workstation in combination with the NOVA software package. All the measurements were carried out at
room temperature in acetonitrile solutions with a sample concentration approx. 1 mM and using 0.1 M
tetrabutylammonium hexafluorophosphate (electrochemical grade, TBAPFs) as supporting electrolyte.
Oxygen was removed from the solutions by bubbling argon for 20 minutes. All the experiments were
carried out using a three-electrode setup (BioLogic SVC-2 cell, volume range: 5-20 ml) with a platinum disk

(1.6 mm diameter) as working electrode, the Ag/AgNOs; redox couple (0.01 M in acetonitrile with 0.1 M
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TBACIO, supporting electrolyte) as reference electrode and a platinum wire as counter electrode. At the
end of each measurement, ferrocene was added as internal reference. Cyclic voltammograms (CV) were
recorded at a scan rate of 100 mV/s (up to 2000 mV/s to check reversibility), while Osteryoung square-
wave voltammograms (OSWV) with scan rate of 25 mV/s, a SW amplitude of £20 mV and a frequency of 25

Hz.

Computational details

Density functional theory (DFT) calculations!” were carried out using the D.01 revision of the Gaussian 09
program package!® in combination with the M06 hybrid meta exchange-correlation functional.’*® The 6-
31G(d,p) basis set was selected for C, H, N and F atoms;'* on the other hand, the “double-7” quality
LANL2DZ basis set and the related pseudopotential was adopted for the Ir metal centre.’® All the complexes
were fully optimised, without symmetry constraints, in acetonitrile both in the electronic ground state (So)
and in the lowest triplet state (T1) by using the polarisable continuum model (PCM) applying the integral
equation formalism model (IEFPCM).1>2%21 A frequency calculation was always used to confirm that the
stationary point found by the geometry optimisation was actually corresponding to a minimum on the
potential energy surface (no imaginary frequencies). Time-dependent DFT calculations (TD-DFT), at the
same level of theory used for the geometrical optimisations, were employed to simulate the absorption
spectra of all the complexes in their optimized So geometry.?22324 The first 100 singlet and 25 triplet vertical
excitations were computed for the complexes using the non-equilibrium, linear response formalism. To
investigate the nature of the T; state, geometry optimisations and related frequency calculations were
performed at the spin-unrestricted UMO06 level of theory, imposing a spin multiplicity of 3. The emission
energy from the lowest triplet excited state was estimated by subtracting the SCF energy of the T; state in
its minimum conformation from that of the singlet ground state having the same geometry of Ti. All the
pictures of molecular orbitals and spin-density surfaces were created using GaussView 5.2° The structural
overlap of the X-ray crystal structure of 3 and the theoretically computed one is obtained using the VMD
program by minimising the root-mean-square deviation (RMSD) of all the atomic positions, except

hydrogen.?®

Photophysical measurements

The spectroscopic investigations were carried out in spectrofluorimetric grade acetonitrile. The absorption
spectra were recorded with a Perkin-Elmer Lambda 950 spectrophotometer. For the photoluminescence
experiments, the sample solutions were placed in fluorimetric Suprasil quartz cuvettes (1 cm) and dissolved

oxygen was removed by bubbling argon for 20 minutes. The uncorrected emission spectra were obtained
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with an Edinburgh Instruments FLS920 spectrometer equipped with a Peltier-cooled Hamamatsu R928
photomultiplier tube (PMT) (185-850 nm). An Edinburgh Xe 900 (450 W xenon arc lamp) was used as the
excitation light source. The corrected spectra were obtained via a calibration curve supplied with the
instrument. The photoluminescence quantum vyields (®Dp.) in solution were obtained from the corrected
spectra on a wavelength scale (hm) and measured according to the approach described by Demas and
Crosby?” using an air-equilibrated water solution of quinine sulfate in 1N H,SO, as reference (Dp, = 0.546).%8
The emission lifetimes (t) in the microsecond time range were measured through the time-correlated single
photon counting (TCSPC) technique using an HORIBA Jobin Yvon IBH FluoroHub controlling a spectrometer
equipped with a pulsed SpectralED (Aexc = 370 nm; FWHM = 11 nm) as excitation source and a red-sensitive
Hamamatsu R-3237-01 PMT (185-850 nm) as detector. The analysis of the luminescence decay profiles was
accomplished with the DAS6 Decay Analysis Software provided by the manufacturer, and the quality of the
fit was assessed with the ¥? value close to unity and with the residuals regularly distributed along the time
axis. To record the 77 K luminescence spectra, samples were put in quartz tubes (2 mm inner diameter) and
inserted into a special quartz Dewar flask filled with liquid nitrogen. Solid samples were prepared by drop
casting using a dichloromethane solution containing the poly(methyl methacrylate) (PMMA) matrix with 1%
wt. of the complex; the thickness of the films was not controlled. Solid-state ®p. values were calculated by
corrected emission spectra obtained from an Edinburgh FLS920 spectrometer equipped with a barium
sulfate-coated integrating sphere (diameter of 4 in.) following the procedure described by Wiirth et al..?°
Experimental uncertainties are estimated to be +8% for 1 determinations, £20% for ®p;, £2 nm and £5 nm

for absorption and emission peaks, respectively.
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complexes

In recent years, an increasing interest has been devoted to the development of new phosphorescent metal
complexes and in their application as emitters in electroluminescent devices, such as organic light-emitting

diodes (OLEDs) and light-emitting electrochemical cells (LECs) for displays and lighting applications.!

Among all the heavy metal based luminescent complexes, those based on iridium are widely the most
studied, due to their unique properties, such as the relatively short excited-state lifetime, the high emission
quantum vyield and the facile colour tuning.? Another very interesting feature is represented by the triplet
character of the emission, induced by the strong spin-orbit coupling in these complexes. This character is of
a great importance, since it allows for harvesting of both the singlet and the triplet excitons produced when

electrons and holes recombine, reaching up to 100% internal efficiency.?

In order to develop full-colour displays and lighting technologies, a key factor is the possibility to have
compounds able to emit primary colours (red, green and blue). In this context, one of the mayor features of
cyclometalated Ir(lll) complexes is the possibility to fine tune the emission colour by an appropriate design
of the chemical structure and nature of the cyclometalating ligands.*>® Efficient red- and green-emitting
Ir(lll) complexes are very common and have been greatly exploited, and some of them are now in their
commercialization phase due to their very good stability in devices. On the contrary, finding stable and

efficient blue emitters is still an issue.”

Among all the cyclometalating ligands, the most employed in the preparation of Ir(lll) complexes are 2-
phenylpyridine (Hppy) and its derivatives, in which a carbon of the phenyl ring acts as a donor, and the
metallacyclo is completed by the nitrogen atom of the N-heterocycle ring.® The final complex is then
complete with a neutral or ionic appropriate ancillary ligand. Through rational design, it is possible to
decorate both the cyclometalated and the ancillary ligands. In detail, these can be appended with electron-
withdrawing and/or electron-donating substituents, which has important effects on both the HOMO and
LUMO levels of the complex and, consequently, on the light emission. In order to obtain blue emitters,
several options can be followed. One of the most employed approach is the stabilization of the HOMO,
which can be pursued with different strategies: (i) addition of electron-withdrawing groups, typically
fluorines, to the aryl moiety of the CAN ligand;® (ii) reduction of the ring size of the aromatic N-heterocycle
and increase of the number of N atoms.? The latter approach has been well investigated, and several
examples of Ir(lll) complexes with cyclometalating ligands entailing 5-membered nitrogen-containing rings
have been reported, namely, 1-aryl-1,2-pyrazoles,'® and phenyl imidazoles.!! In addition, a few aryl triazoles

have been also proposed, such as 5-aryl-1,2,4- triazoles!? and aryl-1,2,3-triazoles.’?
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In this perspective, my group designed and synthesized the first example of cyclometalated Ir(lll) complexes
bearing 5-phenyltetrazole (Hptrz) as cyclometalated CAN ligands.'® The emission observed for [Ir(ptzr).bpy]*
is shifted to 545 nm, resulting in the highest-energy emission bands ever reported for fluorine-free

cyclometalating ligands.

In order to further push the emission toward the blue, during my PhD we designed a fluorinated

phenyltetrazole ligand and we used it in the preparation of blue-emitting Ir(lll) complexes.

8.1 Results and discussion
8.1.1 Synthesis

Starting from the experience of my group, in order to further push the emission of Ir(lll) complexes towards
higher energies, we designed a new cyclometalating ligand equipped with two fluorine substituent in the

aryl moiety.

The synthetic route to the designed 5-(2,4-difluorophenyl)-2-methyl-2H-tetrazole (Hdfptrz, 3) is reported in
Scheme 1. Starting from commercially available 2,4-difluorobenzonitrile (1), tetrazole derivative (2) can be
prepared within good yields (80%) by reaction with sodium azide in presence of ZnCl, and acetic acid as
catalysts. The treatment of 2 with methyl iodide in presence of NaOH lead to the formation of two
methylated derivative. The desired product can be successfully separated from the undesired isomer 5-
(2,4-difluorophenyl)-1-methyl-1H-tetrazole by flash chromatography. Compound 3 can be isolated in 45%
yield.

HN—N \N_N
CN N/ ‘N N-N
NaNs, ZnC|2, N N < N
F NaOH, Mel
CH3;COOH _ arm Vel
H—O> F Acetone/H,0 3:1 F
reﬂu)z( 6 h reflux, 2 h
F
F F

Scheme 1: Synthesis of cyclometalating ligand 3

As already described for phenyltetrazole derivative,* any attempt to obtain the classical cyclometalated
Ir(IIl) p-dichloro bridged dimer [Ir(dfptrz),(u-Cl)] failed. This can be tentatively explained with the formation
of an IrCls-tetrazole salt. Therefore, a further step involving a reagent able to promote the removal of a

chlorine atom from the formed salt and favour the cyclometalation proved to be necessary. In detail, the
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tetrazole derivative 3 was reacted with IrClsxnH,0 in a refluxing mixture of 2-ethoxyethanol/water in 3:1
ratio. The obtained yellow salt was filtered off and refluxed in DCM in presence of AgPFs in order to
satisfactory obtain the related solvato-complex. The solvato-complex was then reacted with the proper
ancillary ligand, in order to prepare the desired complexes 4a-e, as reported in Scheme 2. After purification
of the crudes by column chromatography on neutral alumina, products 4a-e were obtained in 46-54%

yields.

®
1 e
/ PFq
F NN
NN 1) IrCl3*H,0 | N
N. N 2-ethoxyethanol/H,0 3:1 N
140 °C, 24 h ] X+
F 2) AgPFg, DCM, reflux, 6 h F <
. F .\X"
3) a-e, DCM/EtOH 3:1, 1t, 24 h
N\
F \ \N
F N\N/
3 4a-e
I
Y B NS
X N~ N~ NINZ INIZ
(\ = C=N—1tBu
X NZ | N7 | N7 | N7 |
x x N NN
I
4a 4b 4c 4d de

Scheme 2: Synthesis and structures of complexes 4a-e
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8.1.2 Structural characterization

Slow diffusion of Et,O vapour in a solution of 4b in CHsCN gave crystals suitable for X-rays analysis. The

structure of the complex is reported in Figure 1.

Figure 1: X-ray structure of complex 4b. Counter anion, solvents, and hydrogen atoms are omitted for the sake of
clarity. ORTEP representations are at the 50% probability

The compound crystallizes in the monoclinic P2:/c space group. The X-ray structure of complex 4b showed
an arrangement of the two difluorophenyl-tetrazole ligands around a pseudo-octahedral iridium ion (see
Figure 1). One of the difluorophenyl-tetrazole is bound to two equatorial positions of the octahedral Ir(lIl)
center, whereas the second one occupies an equatorial position with nitrogen and an axial position with
carbon. This arrangement implies that the two nitrogens of the tetrazole rings are mutually in a trans
position. The two nitrogen of the ancillary ligand fill the remaining equatorial and axial positions. The Ir-N
and Ir-C distances are very similar to other iridium complexes reported in the literature.’>®” Therefore,
the different geometry of the tetrazole with respect to heterocycles used previously does not alter the

bonding distances.' The crystallographic data are reported in Table 1.
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4b

Formula

Fw

T, K

A A

Crystal system
Space group

a, A

b, A

c, A

a, deg

B, deg

v, deg

Cell volume, A2

z

D, gcm™

i, mmt

F(000)

h, k, | max

Crystal size, mm

0 limits, °
Reflections collected
Independent reflections
Data/restraints/parameters
Weight. Scheme
GOF on F?

Ry (1> 40(1))

WwR; (all data)

Peak/hole, e A3

C34H3aN10F10PIr
995.88

298

0.71073 (Mo-Ka)
Monoclinic
P2:/c
10.9234(13)
19.252(2)
17.806(2)
90.000
97.958(2)
90.000
3708.6(8)

4

1.784

3.735

1960

9,19,21
0.25,0.15,0.15
1.57 t0 26.00
7073

5923
5923/0/513
0.0549 9.7731
1.053

0.0366

0.0990

2.502 and -1.999
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8.1.3 Photophysical properties

All the complexes are stable in acetonitrile solution for several months and do not show degradation under

standard laboratory conditions. The room-temperature electronic absorption spectra of 4a-e are reported

in Figure 2.
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Figure 2: Absorption spectra of 4a-e in acetonitrile solution at 298 K

All the reported complexes display strong absorption bands (g = 2-7 x 10* Mt cm™) in the spectral window
between 200-275 nm. These bands can be assigned to spin-allowed ligand-centered (LC) r-i* transitions
involving both the cyclometalating and the ancillary ligands. Moving at longer wavelengths, it is possible to
observe weaker and broader bands (275-375 nm; € = 1-15 x 10® M* cm™®) which can be attributed to charge
transfer transitions with mixed metal-to-ligand and ligand-to-ligand charge transfer (MLCT/LLCT)
character.’® In the case of complex 4e, the absorption band at 325-350 is absent because isocyanide
ancillary ligands do not have low-energy t* acceptor orbitals allowing MLCT transitions from the Iridium
metal center; this is a common feature in cationic Ir(lll) complexes with isocyanides.’*?2! The weak and
long tails observed in the spectra above 375 nm (inset, Figure 2) is due to direct spin-forbidden absorption
from the singlet ground state (So) to the first triple excited state (T1) of the complexes, enabled by the high

spin-orbit coupling constant of the iridium metal core (€, = 3909 cm™). The band is stronger for 4a-d (& = 5-
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10 x 102 M cm™) where T; is expected to have a marked MLCT character, but it is completely absent in 4e.
This is in complete agreement with the fact that isocyanide-based Ir(lll) complexes lack MLCT transitions
and, accordingly, display only strong ligand-centered (LC) luminescence. A significant blue shift is observed
for the lowest-energy absorption bands with respect to the fluorine-free phenyl-tetrazole already described
by my group. This is perfectly in line other reported Ir(lll) complexes, and it is due to the presence of the

fluorine substituents on the cyclometalating ligands, which strongly stabilize the HOMO of the complexes.

The emission spectra of 4a-e in acetonitrile solution at 298 K are reported in Figure 3, while in Table 1 are
summarized the luminescence properties and photophysical parameters of all the complexes, including

solid-state PMMA matrix.

Emission intensity / a.u.

1 ' | ! 1 ! | ! I ' I ' hlr-”'-l 1
350 400 450 500 550 600 650 700 750

Wavelength / nm

Figure 3: Normalized emission spectra of 4a-e in acetonitrile solution at 298 K. Excitation wavelength: 290 nm

Table 2: Luminescence properties and photophysical parameters of 4a-e

Oxygen-free CH3CN solution, 298 K

Aem? D 1€ ke Knr

[nm] (%] [us] [10%s7']  [10%s7]
4a 448, 481, 508 (sh) 76 411 185 5.86
ab 448, 481, 507 (sh) 58 490 11.7 8.66
4c 460, 488, 519 (sh) 56 43.77 1.29 0.99
ad 496 40 1033 3.89 5.79
4e 384, 407, 429 (sh) 06 121  0.53 82.1

@ hexc = 290 NM; b Aexc = 290 nm, quinine sulfate in 1 N H,S04 aqueous solution as reference; € Aexc = 290 nm
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All the complexes display a blue emission with maxima between 407 and 496 nm. In line with the
absorption spectra, complexes 4a-c show very similar emission properties with vibronically structured
band, typical for an emitting triplet state T1 with a predominant MLCT character with an admixture of LC
contribute. On the contrary, complex 4d exhibits a much greener emission and a broad and structureless
band, indicating a triplet T, state with strong MLCT character. In addition, complex 43 show an emission
maxima shift toward higher energy related to other complexes, with a vibronically structured emission,

clearly indicating an emitting state with LC character.

The different nature of the emitting state is also crucially influencing the photoluminescence quantum yield
(PLQY) of these complexes. Complexes 4a-d show very high PLQYs (up to 76 %), whereas 4e is almost non-
emissive (®em = 0.6 %). In fact, complexes 4a-d exhibit radiative constants similar to many others Ir(lll)
complexes (k. = 1-18 x 10* s1), so the high PLQY values are primarily attributable to the lack of effective
non-radiative pathways. The picture drastically changes if the T; state does not have a pronounced MLCT
character, as in the case of 4e. For this complex, in which the lowest electronic state has an LC character,
the radiative constant drastically drops (k. = 5 x 10% s!) making 4e barely emissive. The photophysical
properties of 4e are very similar to those of [Ir(ppz)2(CN-tBu),]* and [Ir(ptrz)>(CN-tBu),]* that have been
reported recently.?%! Therefore, it can be concluded that 5-(2,4-difluorophenyl)-tetrazole (dfptrz), 5-
phenyltetrazole (ptrz), 1-phenylpyrazole (ppz), and phenyl-[1,2,3]triazole (phtl) cyclometalating ligands act
in a very similar way in cationic iridium(lll) complexes bearing high-field ancillary ligands, that is, they
exhibit faint luminescence.?>?3 A totally different behavior is observed for [Ir(ppy)2(CN-tBu),]* and
analogous 2-phenylpyridine complexes, where, in spite of rather small k; values (2-18 x 103 s?), very high

PLQYs (= 30-70 %) were found.'%*

In Figure 4 are reported the emission spectra of complexes 4a-e recorded in glass matrix of ACN at 77K. As
shown, a remarkable blue shift is observed for 4e, as expected for transitions with predominant LC
character. For all the other complexes, more structured bands are observed, also in the case of 4d, while a
shift toward higher energies is generally observed. These shifts are not so remarkable, due to the high

contribution of the MLCT transition to the emission, unaffected by matrix effects.
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Figure 4: Normalized emission spectra of 4a-e in acetonitrile glass matrix at 77 K. Excitation wavelength: 290 nm

In Figure 5 are reported the emission spectra of complexes 4a-d in poly(methyl methacrylate matrix
(PMMA, 1% by weight). The emission profiles are comparable with those recorded in acetonitrile solution

at 298 K (see Figure 3).
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T T T T T T T T T T T T T ]
350 400 450 500 550 600 650 700 750

Wavelength / nm

Figure 5: Corrected emission spectra of complex 4a-d in 1% PMMA matrix recorded at 298 K
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8.2 Conclusions

The complete characterization of the reported complexes 4a-e is still going on. Here are reported only

some preliminary results.

Ligand 3 represents the first example of fluorine-containing phenyl-tetrazole derivatives used as
cyclometalating ligands for the preparation of Ir(lll) complexes. The synthesis of complexes 4a-e have been
accomplished by a two-steps synthetic procedure, involving a silver-assisted cyclometalation reaction of
ligand 3 with IrClsxH,0. Reaction of the so obtained Ir-solvato complex with a proper ancillary ligands lead

to the formation of the desired complexes within good yields.

As regarding the luminescent properties, complexes 4a-d show strong PLQY with an emission in the blue-
green region of the visible spectra. For complex 4e, a weak photoluminescence is recorded, with an
emission maximum centered at 407 nm. In this case, the complex show a PLQY of only 0.6 % due to the

presence of favoured non-radiative deactivation pathways.

The primary objective of this work was the blue shift of the emission of already reported Ir(lll) complexes
equipped with phenyl-tetrazole as cyclometalating ligand by adding electron-withdrawing atom in the CAN
fragments. We have successfully demonstrate that a blue shift can be pursued by add F- atoms in 2,4
positions of the phenyl moieties, without remarkably affect the photoluminescent properties of the

complexes.

8.3 Experimental section
General synthetic procedures

Analytical grade solvents and commercially available reagents were used as received, unless otherwise
stated. Chromatographic purifications were performed using 70-230 mesh silica. Solvents were dried and
distilled according to standard procedures and stored under nitrogen. H, 3C, F NMR spectra were
recorded on a Varian Inova 300 MHz, on a Mercury 400 MHz or on an Inova 600 MHz spectrometer.
Chemical shifts (8) are reported in ppm relative to residual solvent signals for *H and 3C NMR (*H NMR:
7.26 ppm for CDCls; 3C NMR: 77.0 ppm for CDCls). 3C NMR spectra were acquired with H broadband
decoupling mode. Mass spectra were recorded on a micromass LCT spectrometer using electrospray (ES)

ionisation techniques.
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Synthesis of Ligand 3
N—NH _
CN NN N“,‘ NN
F NaNj3, ZnCls, Z
CH3;COOH F NaOH, Mel F
_ > —_—
H,O Acetone/H,0 3:1
F reflux, 6 h reflux, 2 h
F F
1 2 3

[}I—I\!H NaN; (546.0 mg, 8.4 mmol) was dissolved in H,O (10 mL), then ZnCl; (1.14 g, 8.4 mmol) and
NN CHsCOOH (1 mL) were added. The solution was stirred for 10 minutes. Then 2,4-
F difluorobenzonitrile (1) (1.17 g, 8.4 mmol) was added and the resulting mixture was refluxed
for 6 hours. After this time the solution was cooled and HCl 1M (1 mL) was added. The

F resulting solid was filtered and washed with cold water. Product 2 was isolated in 80% vyield

(1.23 g) and used in the next step without further purifications. *H NMR (DMSO, 300 MHz) & 7.88 (dt, J; =
6.9 Hz, J, = 8.6 Hz 1H), 7.29 (ddd, J; = 2.6 Hz, J, = 9.5 Hz, J5=10.7 Hz, 1H), 7.12 (ddt, J; = 0.9 Hz, J, = 2.6 Hz, J5

= 8.6 Hz, 1H). ESI-MS: 183 [M+H]".

/" 5-(2,4-difluorophenyl)-2H-tetrazole (2) (746.2 mg, 4.1 mmol) was dissolved in a mixture of

,\jr\’l_/NN Acetone/Water 3:1 (16 mL). Then NaOH (330.0 mg, 8.2 mmol) and Mel (510 pL, 8.2 mmol)

were added and the resulting mixture was refluxed for 2 hours. After this time solvent was

evaporated. Water (30 mL) was added and the mixture was extracted with DCM (4 x 15 mL).

The collected organic phase was washed with water (30 mL) and brine (30 mL), dried over

Na,SO, and concentrated. The crude was purified on silica gel flash chromatography using a

mixture of EP/DCM (50:50) and then DCM/methanol (95:5) to give product 3 in 40% yield (305.4 mg). H

NMR (CDCls, 400 MHz) & 8.14 (dt, J: = 6.4 Hz, J, = 8.0 Hz, 1H), 7.06-6.97 (m, 2H), 4.44 (s, 3H). 3C NMR

(CDCls, 100 MHz) 6 163.8 (C, dd, Jcr = 12 Hz, Jer = 254 Hz), 160.7 (C, d, Jcr = 6 Hz), 160.4 (C, dd, Jcr = 12 Hz, Jer

=254 Hz), 130.9 (CH, dd, Jcr = 4 Hz, Jce = 10 Hz), 111.9 (C, d, Jce = 4 Hz), 111.8 (CH, dd, Jcr = 4 Hz, Jor = 24 Hz),

104.8 (CH, t, Jcr = 24 Hz), 39.4 (CHs). 2°F NMR (CDCls, 400 MHz) & -107.44 (q, J = 8.0 Hz, 1F), -106.2 (quint, J =
8.0 Hz, 1F). ESI-MS: 197 [M+H]".
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Synthesis of complexes 4a-e

®
] e
/ PFe
F NN
NN 1) IrCl3*H,0 I N
N N 2-ethoxyethanol/H,0 3:1
140 °C, 24 h | X«
F 2) AgPFg DCM, reflux, 6 h F s
B F \X’
3) a-e, DCM/EtOH 3:1, rt, 24 h
F \ \\N
F N\N'
3 4a-e

5-(2,4-difluorophenyl)-2-methyl-2H-tetrazole (3, 59.2 mg, 0.3 mmol) was dissolved in a mixture of 2-
ethoxyethanol/Water 3:1 (1.2 mL) and the solution was degassed with N, for 20 minutes. Then, IrCl3xH,0
(30.0 mg, 0.1 mmol) was added and the resulting mixture was refluxed for 24 hours in N, atmosphere. After
this time, water (1 mL) was added and the resulting precipitate was collect and washed with additional
water (1 mL). The solid was then dissolved in DCM (5.0 mL) and AgPF¢ (50.6 mg, 0.2 mmol,) was added. The
resulting mixture was refluxed for 6 hours and the former precipitate was filtered off. The solvent was then
evaporated and the solid added to the proper ligand a-e (0.3 mmol) dissolved in a mixture of DCM/Ethanol
3:1 (4 mL). The resulting solution was stirred for 24 hours. The solvent was then evaporated and the crude
was concentrated. The crude was purified on Al,O; gel flash chromatography using a mixture of

CH,Cl,/methanol (95:5) to give the desired products.

4a: 47.7 mg, Y = 54%. 'H NMR (CDCls, 400 MHz) & 9.55 (d, J = 6.2 Hz,

m ® ©  2H),9.31(d,J=8.6 Hz, 2H), 7.95 (bs, 2H), 7.25-7.15 (m, 8H), 7.45 (d, J =

. N’N{ PFe o4 Hz, 2H), 6.66 (t, J = 8.6 Hz, 2H), 5.72 (d, J = 7.4 Hz, 2H), 4.43 (s, 6H).

/ NoN N 13C NMR (CDCls, 100 MHz) 6 171.5 (C, d, Jer = 6 Hz), 164.9 (C, dd, Jr = 12

- Ier| _ Hz, Jer = 254 Hz), 159.5 (C, dd, Jcr = 12 Hz, Jer = 254 Hz), 156.8 (C), 150.6
F \N N (CH), 149.7 (C, d, Jor = 6 Hz), 141.2 (CH), 127.7 (CH), 127.1 (CH), 115.3
N P (CH, dd, Jer = 4 Hz, Jor = 22 Hz), 115.0 (C, dd, Jer = 4 Hz, Jor = 14 Hz), 99.8

F ,\}\,;/N (CH, dd, Jer = 24 Hz, Jcr = 28 Hz), 42.1 (CHs). °F NMR (CDCls, 400 MHz) &

\ -112.9 (q, J = 9.8 Hz, 2F), -109.3 (t, J = 9.8 Hz, 2F), -65.0 (s, 6F). ESI-MS:

739 [M"], 145 [M1].
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®
] e
/ PFs
F N-N
/N
N | X
" \ N~
F ’l’ Ir\\
F ’ N7
N, | _—
\ °N
F N-N

4b: 52.8 mg, Y = 53%. *H NMR (CDCls, 400 MHz) &6 8.31 (bs, 2H),
7.92 (d, J = 5.6 Hz, 2H), 7.45 (d, J = 5.6 Hz, 2H), 6.62 (t, / = 8.6
Hz, 2H), 5.73 (d, J = 6.2 Hz, 2H), 4.42 (s, 6H), 1.44 (s, 18H). 13C
NMR (CDCls, 100 MHz) 6 171.3 (C, d, Jr = 6 Hz), 164.9 (C, dd, Jer
= 12 Hz, Jos = 254 Hz), 164.8 (C), 159.5 (C, dd, Jer = 12 Hz, Jer =
254 Hz), 156.3 (C), 150.7 (CH), 150.2 (C, d, Jer = 6 Hz), 125.2
(CH), 121.3 (CH), 115.3 (CH, dd, Jer = 4 Hz, Jer = 22 Hz), 113.7 (C,
dd, Jer = 4 Hz, Jor = 14 Hz), 99.6 (CH, dd, Jcr = 24 Hz, Jor = 28 Hz),
42.0 (CHs), 35.8 (C), 30.2 (CHs). °F NMR (CDCls, 400 MHz) 6 -

112.9 (q,J = 9.8 Hz, 2F), -109.3 (t, / = 9.8 Hz, 2F), -65.0 (s, 6F). ESI-MS: 851 [M*], 145 [M].

@ 4c: 42.7 mg, Y = 47%. *H NMR (CD:Cl,, 400 MHz) & 8.70 (d, J = 6.8

/ h (I;)Fe Hz, 2H), 8.43 (d, J = 4.0 Hz, 2H), 8.22 (s, 2H), 7.88 (bs, 2H), 6.75 (t, J

F "}"tl‘N = 8.0 Hz, 2H), 5.95 (d, J = 6.4 Hz, 2H), 4.30 (s, 6H). *C NMR (CDCl,
/(j/LT [ : 100 MHz) 6 1715 (C, d, Jer = 6 Hz), 165.0 (C, dd, Jer = 12 Hz, Jor =
F RO 254 Hz), 159.5 (C, dd, Jor = 12 Hz, Jr = 254 Hz), 152.2 (C), 148.7 (C,
" }\Nl N d, Jor = 6 Hz), 147.6 (C), 139.4 (CH), 131.4 (CH), 128.4 (CH), 126.3
\ Ny Z (CH), 115.8 (CH, dd, Jcr = 4 Hz, Jor = 22 Hz), 114.0 (C, dd, Jcr = 4 Hz,

F N‘Ni Jee = 14 Hz), 99.8 (CH, dd, Jor = 24 Hz, Je = 28 Hz), 42.0 (CHs). °F

NMR (CDCls, 400 MHz) § -112.9 (g, J = 9.8 Hz, 2F), -109.3 (t, J = 9.8

Hz, 2F), -65.0 (s, 6F). ESI-MS: 763 [M*], 145 [M"].

@
] e
/ PFe
F r\;'N\ |
N
N N N
” ‘ wN =
F Ir\
F ‘ N7
|
N = ~
;\ N 'T'
F N-N

4d: 49.5 mg, Y = 51%. *H NMR (CDCls, 400 MHz) & 8.26 (bs, 2H),
7.34 (d, J = 4.6 Hz, 2H), 6.59 (t, J = 8.0. Hz, 2H), 6.33 (bs, 2H),
5.74 (d, J = 6.4 Hz, 2H), 4.44 (s, 6H), 3.28 (s, 12H). *C NMR
(CDCl5, 100 MHz) 6 171.8 (C, d, Jer = 6 Hz), 165.2 (C, dd, Jer = 12
Hz, Jor = 254 Hz), 159.8 (C, dd, Jer = 12 Hz, Jer = 254 Hz), 156.8
(C), 155.4 (C), 153.1 (C, d, Jer = 6 Hz), 149.0 (CH), 115.4 (CH, dd,
Jer = 4 Hz, Jr = 22 Hz), 113.7 (C, dd, Jer = 4 Hz, Jer = 14 Hz), 108.0
(CH), 107.8 (CH), 98.9 (CH, dd, Jer = 24 Hz, Jor = 28 Hz), 41.9
(CHs), 40.3 (CHs). °F NMR (CDCls, 400 MHz) 6 -112.9 (g, J = 9.8

Hz, 2F), -109.3 (t, J = 9.8 Hz, 2F), -65.0 (s, 6F). ESI-MS: 825 [M*], 145 [M'].
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de: 41.1 mg, Y = 46%. 'H NMR (CDCls, 400 MHz) & 6.58 (t, J = 9.8 Hz,

®
] e

/ PFs 2H), 5.57 (d, J = 7.8 Hz, 2H), 4.74 (s, 6H), 1.50 (s, 18H). 3C NMR
F '\;’N\N (CDCl3, 100 MHz) 6 171.4 (C, d, Jer = 6 Hz), 164.8 (C, dd, Jer = 12 Hz,
N _n- B Jor = 254 Hz), 162.7 (C), 159.4 (C, dd, Jer = 12 Hz, Jor = 254 Hz), 152.8
F Jrc (C, d, Jer = 6 Hz), 114.1 (CH, dd, Jer = 4 Hz, Jer = 22 Hz), 113.0 (C, dd,
F ’\C\\\N Jer = 4 Hz, Jer = 14 Hz), 100.4 (CH, dd, Jer = 24 Hz, Jos = 28 Hz), 59.4
\ N\\N “tBu (C), 42.1 (CHs), 30.3 (CHs). °F NMR (CDCls, 400 MHz) 6 -112.9 (q, J =
FoON-N 9.8 Hz, 2F), -109.3 (t, J = 9.8 Hz, 2F), -65.0 (s, 6F). ESI-MS: 749 [M*],
\ 145 [M].

Photophysical measurements

The spectroscopic investigations were carried out in spectrofluorimetric grade acetonitrile. The absorption
spectra were recorded with a Perkin-Elmer Lambda 950 spectrophotometer. For the photoluminescence
experiments, the sample solutions were placed in fluorimetric Suprasil quartz cuvettes (1 cm) and dissolved
oxygen was removed by bubbling argon for 20 minutes. The uncorrected emission spectra were obtained
with an Edinburgh Instruments FLS920 spectrometer equipped with a Peltier-cooled Hamamatsu R928
photomultiplier tube (PMT) (185-850 nm). An Edinburgh Xe 900 (450 W xenon arc lamp) was used as the
excitation light source. The corrected spectra were obtained via a calibration curve supplied with the
instrument. The photoluminescence quantum vyields (®Dp.) in solution were obtained from the corrected
spectra on a wavelength scale (nm) and measured according to the approach described by Demas and
Crosby?* using an air-equilibrated water solution of quinine sulfate in 1N H,SO4 as reference (®Dp, = 0.546).%°
The emission lifetimes (t) in the microsecond time range were measured through the time-correlated single
photon counting (TCSPC) technique using an HORIBA Jobin Yvon IBH FluoroHub controlling a spectrometer
equipped with a pulsed SpectralED (Aexc = 370 nm; FWHM = 11 nm) as excitation source and a red-sensitive
Hamamatsu R-3237-01 PMT (185-850 nm) as detector. The analysis of the luminescence decay profiles was
accomplished with the DAS6 Decay Analysis Software provided by the manufacturer, and the quality of the
fit was assessed with the x* value close to unity and with the residuals regularly distributed along the time
axis. To record the 77 K luminescence spectra, samples were put in quartz tubes (2 mm inner diameter) and
inserted into a special quartz Dewar flask filled with liquid nitrogen. Solid samples were prepared by drop
casting using a dichloromethane solution containing the poly(methyl methacrylate) (PMMA) matrix with 1%
wt. of the complex; the thickness of the films was not controlled. Solid-state ®p. values were calculated by
corrected emission spectra obtained from an Edinburgh FLS920 spectrometer equipped with a barium

sulfate-coated integrating sphere (diameter of 4 in.) following the procedure described by Wiirth et al..?
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Experimental uncertainties are estimated to be +8% for t determinations, £20% for ®p, £2 nm and £5 nm

for absorption and emission peaks, respectively.
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9. Heterometallic Ir(lll)2-Eu(lll) complexes: white light emission from a single molecule

In recent years, great attention has been devoted to the development of innovative and low cost
technologies for lighting and displays, and one of the most challenging tasks in this field is white light
emission.?3* Materials which reproduce the solar spectrum are the ideal solution for lighting and display

applications as they provide the best visual comfort.

White Organic Light Emitting Diodes (WOLEDs) are promising devices to realization of light sources with low
energy consumption, since they combine a high efficiency and low costs of production with the interesting
feature of being able to produce large emitting surfaces with a good quality of white light. However,
lifetime, performances and costs still have to be optimized so that the WOLEDs can become commercially
competitive. The development of efficient and stable emitters plays, therefore, a key role in the progress of

WOLED technology.

Two different approaches can be pursued in order to obtain a white light emission from organic or
organometallic species: (i) single-component materials; (ii) mixture of materials emitting primary colours,
e.g., red, green and blue (RGB), or complementary colours (e.g., bluish/green and orange/red). Single
materials able to emit over the whole visible spectrum offer the opportunity to prepare high quality white-
light sources, due to their stability, the easy devices preparation and reproducibility.>® However, these

78 and moreover, with this approach no ‘pure’ white light has been

compounds are extremely rare,
obtained up to now.!® Therefore, the white light emission is normally obtained using a mixture of

materials,! involving complex manufacturing protocols and high costs.

Recently, one of the most followed approaches required the use of suitably designed multicomponent
individual systems, such as dyad systems, where a luminescent donor with a wide bandgap is used as
sensitizer for an emitting acceptor with a smaller bandgap. Higher energy (bluish-green) emission is
maintained with concomitant partial energy transfer to the orange-red luminophore. Following this
strategy, blue emitting chromophores, such as transition metal complexes, has been used for the
photosensitization of Lanthanide ions.!? The use of d® (especially Ir(Ill), Ru(ll) and Os(ll) derivatives) and d®
(typically Pt(Il)) polypyridyl complexes has been widely studied, due to their suitable features: (i) intense
absorption in the visible region; (ii) relatively long lifetimes of the excited states, that can maximize the
energy transfer to the Ln(lll); (iii) extremely high photophysical, photochemical and thermal stability; (iv)
large Stokes-shifts in the visible region, which minimize self-quenching processes. Moreover, the
photoluminescent properties of these derivatives can be easily modified by varying the coordination sphere
of the central metal; therefore, the emission efficiency, the stability and the emission colour can be

improved with a rational design.
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The most employed Lanthanide ions show an almost absent absorption in the visible region, while present
emission maxima in the UV-Vis region, i.e. Eu(lll) or Gd(lll), or, more frequently, in the NIR region of the

spectrum, i.e. Nd(Il1), Yb(Ill), Er(l11) and Pr(lll).

In this context, great attention has been devoted to the use of Ir(lll) complexes, whose emission can be
easily tuned over the visible spectrum up to the blue region with significant quantum yields. Starting from
the pioneering work of DeCola’s group,'®* most researchers prepared different Ir(lll)-Eu(lll) assemblies¥*®
with possible white-light emission. Such molecular structures must be carefully designed in order to display
a balanced combination of emitted colours, which can be achieved through partial energy transfer between
the Ir(lll) moiety, represented by a cyclometalated Ir(lll) fragment playing the role of a blue emitter and of

an antenna for the lanthanide sensitization, and the Eu(lll) centre, which is a typical red emitter.®

Guided by these concepts, during my PhD we prepared three new Ir(lll)-Eu(lll) dyads made of two
peripheral cyclometalated Ir(lll) fragments, connected through a central Eu(lll) core, and we described how
the careful choice of an appropriate set of fluorinated and/or fluorine-free cyclometalating ligands can
provide a reliable tool in fine tuning the colour of the combined emission in order to achieve “pure” white

light.

9.1 Results and discussion
9.1.1 Synthesis of ligand 2H

We identified the simple ligand 2H as the right bifunctionalized precursor for the coordination of both the
metal centers. In fact, it can coordinate Eu(lll) through the B-ketoester group and, at the same time, Ir(lll)
via the isocyanide moieties. Ligand 2H was prepared following the synthesis reported in Scheme 1. 1a was
prepared by simple formylation of commercially available 2-aminoethanol (1), and the isolated crude was
reacted with ethyl benzoylacetate and triphenylphosphine in a transesterification reaction, giving 1b in 38%
yields. This intermediate was subsequently dehydrated with POCI; to afford the desired ligand 2H in 20%

yields as a mixture of tautomers, as depicted in Figure 1.

o0 O

NH, H M o O H O O
N
Ethyl formate Ho/\/NTH Ph (¢ PhMO/\/NYH TEA, POCl;4 PhMO/\/Né
S o PPh o DCM
reflux, 24h 3 0°C-rt
1 1a toluene 1b 2H
reflux, 6h

Scheme 1: Synthesys of ligand 2H
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O O _ OH O _
2Hy 2H,,

Figure 1: Possible tautomer forms for ligand 2H

9.1.2 Synthesis of the Ir(lll) dimers and Ir(ll1)-Eu(lll) complexes

The synthesis of the complexes is reported in Scheme 2 and Scheme 3. Firstly, we prepared the [Ir(COD)(p-
Cl)]2 precursor from reaction of the commercially available IrClsxnH,O with 1,5-cyclooctadiene, that give
the desired product as a red power in 40% yield.'” Following a recently reported procedure,'® we prepared
a set of Ir(lll) chloro-bridged dimers, with different cyclometalating ligands. Starting from Hppy (2-
phenylpyridine) and HF,ppy (2-(2,4-difluorophenyl)pyridine), after reaction with the [Ir(COD)(u-Cl)]2
precursor, we obtained a complex mixture of Ir-dimers, with a “mixed” composition of the cyclometalated
ligands, as reported in Figure 2. This mixture has then been reacted with acetylacetone (Hacac) in order to
brake the chloro-bridge and get three different Ir(lll)-acac complexes, that can be easily isolated and
separated. Finally, the treatment of the acac-derivative with HCl lead to the formation of the ‘classic’ Ir(lll)

IM

chloro-bridged dimers. In detail, we obtained two “traditional” precursors, namely [Ir(ppy)2(p-Cl)]2 (4) and
[Ir(Fzppy)2(p1-Cl)]2 (6), and the less conventional “mixed” ligand complex [{Ir(ppy)(F2ppy)(1-Cl)}2] (5). The
reaction of these three dimers 4-6 with ligand 2H in DCM at room temperature, after Ag(l) mediated halide

extraction,® gave the three mononuclear Ir(lll) model complexes 10-12.
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pry, HF2ppy

T~ ‘ ~Cl,, / 51 Complex
IrCloxnHz0 EtOH/H20 [ [, r‘ ’ J ] 2- ethoxyethanol mixture
1200°C, N, 24h 140°C, N, 3h
Z B R @ | ]
Hacac, TBAOH N HCI N
Complex _— ., \\\O— —_ R4 ", | “CL .,
i R R ‘1
mixture DCM/MeOH 2 DCM 2 | \\
rt, Ny, 24h rt, 20 min N |
L R2 2 1,
4a: R1 Ry=H 4: R4=R,=H
5a: R1—H R2 F 5 R1=H, R2 F
6a: R1=R2=F 6 R1=R2=F
B Ph |®
y S
r ] Cl
Ri 7 1) AgOTf Ri ) 0 - 0
N DCM/EtOH N /
R w, Il \Cl. rt, 3h R ,,,,'I| “‘\\\ZN
R2 I ‘1, - R2 r
,L\\ 2) 2H ,L\N
~ DCM/EtOH ] . OH
L R " ], rt, 24h Ry S OMO
L Ph |
4: R1=R2=H 10: R1=R2=H
5: R»]:H, R2=F 11: R1=H, R2=F
6: R1=R2=F 12: R1=R2=F

Scheme 2: Synthesis of Ir(lll) dimers and Ir(lll) model complexes

WCl,, wCl,,

S SR

Figure 2: Complex mixture of Ir(lll) dimers
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2H was then reacted with EuClsx6H,0 in a DCM/ACN mixture (5:1) in presence of TEA, giving complex 3 as

triethylammonium salt [Eu(2),][TEAH]. Finally, the reaction of the Eu(lll) complex 3 with the dimers 4-6

gave the desired Ir(Ill),-Eu(lll) dyads 7-9.

EUC|3X6H20
2H EtsN
DCM/ACN
rt, 24h
46
3
DCM
rt, N, overnight
4. R1=R2=H
5: R1=H, R2=F
6: R1=R2=F

PhPh ©
o o 0 »0 Et3N?-|
./ O
o e
N R e
o~ O o>&_//¥o
i PhPH |
3

o
Cl

7: R»]:RZ:H
8: R1=H, R2=F
9: R1=R2=F

Scheme 3: Synthesis of Eu(lll) complex and Ir(Ill)-Eu(lll) dyads

The formation of the dyads was determined only by ESI-MS analysis. In fact, NMR analysis cannot be

performed due to the paramagnetic properties of the Eu(lll) ion. In each case, the observed experimental

molecular-ion peak pattern was found in excellent agreement with those obtained from the simulation

based on natural isotopic abundances,? as reported in Figure 3 for dyad 7.
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Figure 3: Simulated (left) and measured (right) isotopic pattern for dyad 7

9.1.3 Photophysical properties

2020 2030 2040
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The photophysical properties of Ir(l1l),-Eu(lll) dyads 7-9 can be analyzed and compared with the properties

of the mononuclear building blocks 3 and 10-12. The photophysical properties of the mononuclear

complexes 3 and 10-12 are reported in Table 1.

Table 1: Luminescence properties and photophysical parameters of mononuclear complexes 3 and 10-12

Absorption Emission 298 K Emission 77K Solid state
Complex Amax (NM) A (nm) T (us) T (us) ) ® | A(nm) T (us) A (nm) T (us)
10% (M1 cm™) deair air dear air
246 (7.86) 86.44 (25%) 592 267 (25%)
3 287 (3'41) 612 / 447.42 (75%) | 1% 612 573 (75%) 612  251(612 nm)
' (612 nm) 700 (612 nm)
245 (8.00) 455 449 457 0.24 (16%)
10 283 (3.67) 485 2.63 (485 nm) 0.81(485nm) 14% 5% 481 24,2 (481 nm) 489 2.46 (84%)
347 (0.77) 511 508 520 (489 nm)
247 (10.33) 452 448 453
11 282 (4.38) 484 16.71 (484 nm)  0.95 (484nm) 35% 3% 480 12(480nm) | 484  1.50 (484 nm)
346 (1.06) 510 508 514
242 (9.18) 442 434 444 0.14 (16%)
12 301 (2'57) 470 8.64 (470 nm) 1.04 (470 nm) 39% 11% 466 24 (466 nm) 474 1.31 (84%)
) 496 502 499 (472 nm)

As reported in Figure 4, the monomeric complexes show a very similar absorption spectra. In detail,

complex 3 shows a very intense band centred at 246 nm, related to m-nm* transitions in the chelating

ligands, and a less intense band centred at 287 nm, related to the absorption of the phenyl moiety of ligand

2 (ILC transition). A similar behaviour can be observed also in the case of the three Ir(lll) complexes 10-12.

In addition to the already described bands, is possible to observe another absorption band in the region of
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9. Heterometallic Ir(Ill)2-Eu(lll) complexes: white light emission from a single molecule

346-348 nm, that can be ascribed to MLCT transitions, typical for Ir(lll) complexes equipped with ppy or

F2ppy cyclometalating ligands.
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Figure 4: Absorption spectra of mononuclear complexes 3, 10-12

The Ir(lll) mononuclear species display either blue/green or blue emissions, 10-11 and 12 (Figure 5),
respectively, which were owing in all cases to radiative decay from an admixture of triplet ligand centred
(3LC) and metal-to-ligand charge transfer (*MLCT) excited states. At 77 K, the emission maxima present a
slight blue-shift, to 481 nm (10), 480 nm (11) and 466 nm (12), from which triplet excited state energies of
20800 cm™ (10 and 11) and 21500 cm™ (12) could be determined. Luminescence lifetime decays at room
temperature in air-equilibrated DCM are 0.81 ps (10), 0.95 us (11) and 1.0 ps (12), increased to 2.63 ps,
16.71 us and 8.64 us, respectively, in deaerated solutions and to 24.2 ps, 12 ps and 24 us, respectively, at
77 K. Regarding the luminescence properties of the mononuclear Eu(lll) complex 3, upon excitation of the
ligand !LC band at 320 nm, the characteristic line-shaped peak at 612 nm (Figure 4), corresponding to the

5Do>7F, (J = 0-4) transition is observed.
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Figure 5: Emission spectra for mononuclear species 3, 10-12
The photophysical properties of the dyads systems 7-9 are reported in Table 2.
Table 2: Luminescence properties and photophysical parameters of dyads complexes 7-9
Absorption Emission 298 K Emission 77K Solid state
Complex Amax (nm) A (nm) T (us) T (us) D D A (nm) T (us) A (nm) T (us)
10% (M cm™) deair air dear air
471
240 (9.52) 464 365.61 (42%)
7| e | G somlsizam M 8% | 98 ol | e 7o2sLGmN
375 (0.42) 612 612 (611 nm)
465 465
249 (12.10) 311.2 (20%)
497  1.23 (466 nm) 0.30 (466 nm) . . 495 6.2 (466 nm) .
8 280(6.88) 530 599 (612 nm) 597 (612 nm) 43% 8% | 5n  so1 (612 nm) 611 629.65(80%)
370 (0.81) (611 nm)
612 612
447 5.8 (479 nm)
247 (10.69) 392.27 (35%)
452,482 1.20 (482 nm)  0.30(482 nm) . . 479 506 (60%) .
9 28356(25'(%4;7(§h) 612 613 (612nm) 613 (612 nm) 37% 1% | 506 943 (40%) 612 67(2?;’:];5(’)
) 613 (612 nm)
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9. Heterometallic Ir(Ill)2-Eu(lll) complexes: white light emission from a single molecule

Regarding the dyads, it is possible to observe that the absorption profiles of 7-9, reported in Figure 6,
correspond to the sum of the contributions coming from both the Ir(lll) and the Eu(lll) moieties, as shown in

Figure 4.

160000 4/ \
1\ .

140000 - | 9

120000 4

100000

eM’'em™)

T Y T
500 600

é‘ﬂ

800
Wavelength(nm)

Figure 6: Absorption spectra of dyads 7-9

The Ir(lll)>-Eu(lll) dyads 7-9 displayed a behaviour strictly dependent on the identity of the two end-unit
Ir(lll) complexes, as shown in Figure 7. Interestingly, the spectral features belonging to the Eu(lll) for the
three dyads are significantly different from the corresponding mononuclear Eu(lll) complex 3. In particular,
the intensity of the *Do>"F, transition (centred at 612 nm) compared to the magnetically allowed *Do>7F1
(centred at 593 nm) suggests a lowering of the symmetry around the Eu(lll) centre. A sensible decrease is
also observed for the *Do=>7F4 transition, centred at ca. 700 nm. This might occur as a consequence of the
rigidification of the position of the donor O atoms of the ketoester ligands that find themselves locked

when coordinated to the two Ir(lll) centres.
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Figure 7: Emission profiles for dyads 7-9

In the case of complex 7, only emission from the Eu(lll) fragment is observed, irrespective of the excitation
wavelength (see below, Figure 8), with an almost undetectable contribution from the emission of the
individual Ir(lll) units. It is also notable that the excited state lifetime measured at 470 nm, corresponding to
the emission of the Ir(lll) moiety, was found to be 0.12 ps, thus shorter than the lifetime of 0.81 ps
measured for 10. This behaviour is attributable to an Ir(lll)=>Eu(lll) energy transfer, which is plausible on
considering the energy of the Ir(lll) triplet state donor, 20800 cm™, and the *D, accepting state of Eu(lll),
17000 cm™,

Complex 9, containing the fluorinated Ir(F2ppy). end-units, displays an emission profile with a contribution
from both the Ir(lll) centre, at 452 and 482 nm, and the Eu(lll) centre, at 612 nm. By monitoring the
emission profile with an excitation wavelength ranging between 300 and 350 nm (see below, Figure 8), a
dominant Ir(lll) component is observed. This component is characterized by an excited state lifetime of 0.30
us, shorter than 1.04 ps measured for complex 12. This behaviour is consistent with partial Ir(l11)>Eu(lIl)
energy transfer, which can’t be easily quantified due to the inability to selectively excite either the Ir(lll) or
the Eu(lll) moiety in the dyad. The partial nature of the energy transfer could be tentatively ascribed to the
raised energy of the Ir(lll) triplet state energy, 21500 cm™, in respect to the value found for 7. The emitted

colour of complex 9 ranges from blue (Aexc = 300-330 nm) to green (Aexc = ca. 330-350 nm).
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The dyad 8, containing the “mixed” fragment [Ir(ppy)(Fzppy)], shows a behaviour that lies in between the
two extreme cases represented by dyads 7 and 9. Also in this case, the lifetime of the Ir(lll) component in
the emission is 0.30 us, shorter than the one found in 11, 0.95 ps. By spanning the excitation wavelength
from 300 to 350 nm (see below, Figure 8), is possible to finely balance the blue-emission of the Ir(lll) end-
units and the red one of the Eu(lll) centre. In particular, an almost “pure” white light is observed upon
excitation at 320 nm (Commission Internationale de I'Eclairage (CIE) coordinates: X = 0.333, Y = 0.359, Table
3). Due to the dual absorption of Ir(lll) and Eu(lll) in such a wavelength range, the observed white emission
can be probably ascribed to the occurrence of radiative processes arise from the Ir(lll) units, the Eu(lll) core

and from Ir(ll1)-Eu(lll) energy transfer effects.
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Figure 8: Emission maps of dyads 7-9
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The CIE coordinate for each complex at every excitation wavelength are reported in Table 3.

Table 3: CIE coordinates for dyads 7-9

Complex 7

Aexc (nm) 290 300 310 320 330 340 350 360 370 380

X 0.611 0.621 0.630 0.629 0.628 0.626 0.629 0.617 0.539 0.356

Y 0.337 0.335 0.335 0.335 0.335 0.335 0.333 0.335 0.342 0.358

z 0.053 0.044 0.035 0.035 0.037 0.040 0.038 0.049 0.119 0.287
Complex 8

Aexe (Nm) 290 300 310 320 330 340 350 360 370 380

X 0.285 0.313 0.336 0.333 0.338 0.341 0.320 0.250 0.202 0.193

Y 0.364 0.362 0.360 0.359 0.358 0.356 0.356 0.361 0.365 0.362

z 0.351 0.325 0.304 0.308 0.304 0.303 0.323 0.389 0.433 0.444
Complex 9

Aexc (nm) 290 300 310 320 330 340 350 360 370 380

X 0.278 0.301 0.316 0.318 0.333 0.328 0.270 0.218 0.204 0.202

Y 0.276 0.278 0.279 0.279 0.281 0.280 0.271 0.263 0.262 0.262

z 0.445 0.421 0.404 0.403 0.387 0.392 0.459 0.519 0.534 0.536

As observed, a red emission is always recorded for dyad 7, and the emission is independent from the
excitation wavelength. This can be explained with a complete energy transfer between the Ir(lll) fragment
and the Eu(lll) centre. The emitted colour of complex 9 ranges from blue (Aexc = 300-330 nm) to green (Aexc =
ca. 330-350 nm) and indicates a partial energy transfer between the two metal centres, with the major
contribute arising from the fluorinated Ir(lll) fragments. Finally, in dyads 8 is possible to control the
contribute of each metal centre in the emission, by varying the excitation wavelength. In detail, an almost

“pure” white emission is observed with a Aexc = 320 nm, with a perfect balance of the emitted colours.

As expected, the intensity of the Ir(lll)-based emission increases for each dyad when measured in
deaerated solution or at 77 K. This effect does not cause any particular appreciable variation in the red or
blue emissions originating from dyads 7 and 9, respectively, but it results in the change from white to blue-
green in the case of dyad 8. When measured as neat solid samples at room temperature, all dyads display
only red emission, due to the intermolecular quenching effect. In fact, upon dispersion of the dyads within
a PMMA matrix (20% w/w), an analogous emission to those in diluted DCM solutions could be measured,

and “pure” white emission could be observed from dyad 8 upon excitation at 320 nm (Figure 9).
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Figure 9: CIE diagram of complexes 3, 7-12 in DCM solution and white emission of 8 in PMMA matrix

9.2 Conclusions

We have successfully designed and synthesized a bifunctional ligand able to simultaneously coordinate
Ir(lll) and Eu(lll) in order to create new heterometallic complexes, that show the characteristic emission
pattern of both metal centers. In particular, an appropriate tuning of the cyclometalating ligands on the
Ir(IIl) units leads to a structure that possesses a perfect balance between the blue and the red emissive
component to give an overall white emission. In detail, complex 8 shows white light emission in DCM
solution and in the solid state when dispersed within a PMMA matrix. Excitation at 320 nm results in “pure”

white light emission in these cases.

9.3 Experimental section
General informations

The solvents and chemicals were used as received from sellers, unless otherwise mentioned. NMR spectra
were recorded by using a Varian Mercury 400 MHz or a Varian Inova 300 MHz spectrometer with
tetramethylsilane as the internal standard. Elemental analyses were performed on a ThermoQuest Flash
1112 series EA instrument. ESI-MS analysis were performed by direct injection of acetonitrile solutions of
the compounds using a WATERS ZQ 4000 mass spectrometer. UV/Vis absorption spectra were measured on
a Varian Cary 4 double-beam UV-Vis spectrometer and baseline corrected. Steady-state emission spectra
were recorded on an Edinburgh FLS920P spectrofluorimeter equipped with a 450 W Xenon arc lamp,

double excitation and single emission monochromators and a peltier cooled Hamamatsu R928P
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photomultiplier tube (185-850 nm). Emission and excitation spectra were corrected for source intensity
(lamp and grating) and emission spectral response (detector and grating) by calibration curve supplied with
the instrument. Emission lifetimes were determined on the same Edinburgh instrument with the Time
Correlated Single Photon Counting (TCSPC) technique using pulsed picosecond LEDs (EPLED 295 or EPLED
360, FHWM <800 ps, repetition rates between 10 kHz and 1 MHz) as the excitation source and the above-
mentioned R928P PMT as detector. The goodness of fit was assessed by minimizing the reduced ¥? function
and visual inspection of the weighted residuals. The emission quantum yields were determined according
to the optically dilute solutions method in ACN solutions with reference to Ru(bpy)sCl; as the standard (r)
according to Equation (1),%! where | refers to the area of the emission peaks of the complex and the

reference, A to their absorptions and n is the refractive index of the corresponding solvents.

2
P=0, LA
I A n?
Synthesis of ligand 2H

Ligand 2H was obtained according the following synthetic scheme:

O O
NH, H PPN o O H 0O O
N
Ethyl formate  HOo >N~ H Ph © PhMO/\/NTH TEA, POC, PN N it
OH - O 0
reflux, 24h PPhs I?’CM
1 1a toluene 1b 0°C-rt 2H
reflux, 6h

A solution of 2-aminoethanol 1 (2.40 mL, 40.0 mmol) in ethyl formate (4.20 mL) was refluxed for 24 hours.
The solution was cooled and the solvent was evaporated to give crude 1a as brown oil that was used in the
next step without purification. To a stirred solution of crude 1a (3.60 g) and ethyl benzoylacetate (7.00 mL,
40.4 mmol) in toluene (200 mL) triphenylphosphine (1.05 g, 4.0 mmol) was added. The resulting reaction
mixture was refluxed and the progress of the reaction was monitored by TLC. After complete conversion of
the substrate (6 hours), the solvent was evaporated and the product was purified by column
chromatography on silica gel (DCM/MeOH = 97:3) to afford 1b (3.58 g, 38% vyield) as a mixture of keto-enol
and amide-imidic acid tautomers at the equilibrium, represented in the following figure as Major (M1, M2)
and minor (m1, m2) species. In the *H NMR description we indicated with M the sum of M1 and M2 species

and with m the sum of m1 and m2 species.
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M1 m1
O (0] H OH O H
N H N H
e oy
(6] (6]
O (0] OH O
O/\/N\ H ™ O/\/N\ H
OH OH
M2 m2

'H NMR (300 MHz, CDCl3) 6 12.31 (s, 1Hm1), 12.27 (s, 1Hm2), 8.17-7.99 (m, 1Hmm), 7.90-7.83 (m, 2Hw), 7.79-
7.68 (m, 2Hnm), 7.62-7.53 (m, 3Hn), 7.48-7.32 (m, 3Hw), 6.42-5.78 (M, 1Hwm:m), 5.62 (s, 1Hm), 4.31-4.13 (m,
2Hwem), 4.00 (s, 2Hw1), 3.99 (s, 2Hwmz), 3.60-3.50 (M, 2Hwm.m). 23C NMR (75 MHz, CDCls) 6 36.8 (CH.), 37.2
(CH,), 40.6 (CH,), 45.6 (CH,), 45.8 (CH,),62.8 (CHa), 63.8 (CH2), 64.6 (CH.), 86.8 (CH), 126.1 (CH), 128.4 (CH),
128.5 (CH), 128.6 (CH), 128.7 (CH), 128.9 (CH), 131.5 (CH), 131.9 (CH), 132.0 (CH), 132.1 (CH), 132.1 (CH),
134.1 (CH), 135.6 (C), 161.6 (CH), 164.8 (CH), 167.5 (C), 172.1 (C), 172.9 (C), 192.7 (CH), 193.2 (CH).

Then a DCM solution (50 mL) of 1b (3.53 g, 15 mmol) and Et3N (5.2 mL, 37.5 mmol) was cooled at 0°C, and
phosphorous oxychloride (1.4 mL, 15.0 mmol) in 20 mL of DCM was added dropwise over a period of 10
minutes. After the reaction was completed, the reaction was quenched with saturated Na,COs; aqueous
solution at 0°C to and the product was extracted with DCM. The organic phase was washed with aqueous
NH.CI, then dried over anhydrous MgS0, and the solvent evaporated. The residue was purified by column
chromatography (silica gel, DCM/MeOH=99:1) to give 2 (0.65 g) in 20% vyields as a mixture of tautomers

2Hwm and 2H,, as depicted in the following figure:

0 0 _ OH O _
@MC/\/N/ —‘ @MO/\/N/
2H,, 2H_

1H NMR (300 MHz, CDCl3) § 12.27 (s, 1Hm), 7.97-7.91 (m, 2Hw), 7.91-7.75 (m, 2Hr), 7.66-7.58 (M, 3Hp), 7.55-
7.41 (m, 3Hw), 5.75 (s, 1Hm), 4.43-4.26 (M, 2Hw +m), 4.09 (s, 2Hwm), 3.77-3.50 (M, 2Hwm + m). 23C NMR (75 MHz,
CDCl3) 6 40.6, (t, CH,), 45.5 (CH,), 61.0 (CHa), 62.0 (CH,), 105.0 (CH), 126.2 (CH), 128.4 (CH), 128.6 (CH),
128.8 (CH), 128.9 (CH), 129.2 (CH), 131.7 (CH), 134.0 (CH), 135.7 (C), 167.1 (CO), 191.9 (CO). Anal.
Calculated for C12H1:NOs (217.22): C, 66.35; H, 5.10; N, 6.45 %. Found C, 66.58; H, 4.94; N, 6.29 %. ESI-MS:
218 [M*+1], 240 [M*+Na].

95



9. Heterometallic Ir(lll)2-Eu(lll) complexes: white light emission from a single molecule

Synthesis of Ir(lll) dimers 4-6
The synthesis of Ir(lll) dimers 4-6 is reported in the following scheme.

COD pry, HF,ppy

IrClyxnH,0 [\_\i\r\\Cl,, e '] Complex
s EtOH/H,0 STy -! N 2- ethoxyethanol mixture
1200°C, Ny 24h 140°C, N, 3h
Ri ) Ri )
Hacac, TBAOH \N HCl N
Complex ", \\\O— Ri 1, Ilr «Cl. .,
mixture  DCM/MeOH DCM Ro |\\’
rt, Ny, 24h rt, 20 min _N
L R2 A | s
4a: R1 Ro=H 4: Ry=R,=H
5a: R1 H, R2 F 5: R1=H1 R2:F
6a: R1:R2:F 6: R1=R2=F

[Ir(COD)(p-Cl)]2 precursor was prepared according to a reported procedure.?? IrClsxnH,O (150 mg, 0.5
mmol) was dissolved in a 2:1 mixture of EtOH and H,0 (5 mL), then 1,5-cyclooctadiene (0.5 mL, 4.0 mmol)
was added and the solution was refluxed in nitrogen atmosphere for 24 hours. The resulting red precipitate
was collected and washed with cold MeOH (20 mL). The product was obtained in 40% yields (67.8 mg) and
was used in the next step without further purifications. The obtained [Ir(COD)(u-Cl)]> was dissolved in 1 mL
of 2-ethoxyethanol, then 2-phenylpyridine (30 uL, 0.2 mmol) and 2-(2,4-difluorophenyl)pyridine (30 pL, 0.2
mmol) was added and the resulting mixture was refluxed in nitrogen atmosphere for 3 hours. The resulting
yellow precipitate was collect and repetitively washed with MeOH (3 x 10 mL), and then dried. The yellow
solid (84.1 mg, 0.074 mmol) was dissolved in DCM (6 mL) and add to a mixture of acetylacetone (30 pL, 0.3
mmol) and tetrabutylammonium hydroxide (70 puL, 0.3 mmol) dissolved in a solution of DCM and MeOH 3:1
(4 mL). The resulting mixture was stirred in nitrogen atmosphere for 24 hours. After this time, solvent was
evaporated and the crude was purified by column chromatography (silica gel, DCM/Hexane=6:4) to give the
desired products 4a, 5a and 6a. Complex 4a (30.6 mg, 0.05 mmol) was dissolved in DCM (6 mL) and a
solution of HCI (2N in Et;0O, 100 uL, 0.15 mmol) was added. The mixture was stirred for 20 minutes, and
after this time the solvent was evaporated. The resulting crude was washed with MeOH (5 ml) and filtrated.
Dimer 4 was obtained as a yellow solid with an overall yields of 9% (24 mg). the same procedure was
repeated with complexes 5a and 6a, and the corresponding dimers has been isolated with 11% vyields for
dimer 5 (26 mg) and 7% for dimer 6 (21 mg).

[Ir(ppy)2(1-C)]2 (4): *H NMR (400 MHz, CDCls) 6 9.26 (dd, J = 0.8-6.0 Hz, 4H), 7.88 (d, J = 8.0 Hz, 4H), 7.56
(dt, J = 1.6-8.0 Hz, 4H), 7.51 (dd, J = 1.2-8.0 Hz, 4H), 6.79 (dt, J = 1.2-6.0 Hz, 4H), 6.76 (dt, J = 1.2-8.4 Hz, 4H),
6.58 (dt, J = 1.2-8.0 Hz, 4H), 5.95 (dd, J = 1.2-7.6 Hz, 4H).
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[Ir(ppy)(F2ppy)(H-Cl)]2 (5): *H NMR (400 MHz, CDCls) & 9.20 (dt, J = 0.8-5.6 Hz, 4H) 9.13 (dt, J = 0.8-5.8 Hz,
4H), 8.25 (d, J = 7.6 Hz, 4H), 7.88 (d, J = 8.2 Hz, 4H), 7.78-7.73 (m, 8H), 7.50 (ddd, J = 1.0-3.2-7.8 Hz, 4H),
6.82-6.74 (m, 12H), 6.59 (m, 4H), 6.26 (m, 4H), 5.82 (d, J = 7.8 Hz, 4H), 5.35 (dd, J = 1.2-9.2 Hz, 4H).
[Ir(F2ppy)a2(1-Cl)]2 (6): 'H NMR (400 MHz, CDCls) & 9.11 (ddd, J = 0.8-1.6-6.4 Hz, 4H), 8.30 (ddd, J = 0.4-0.8-
9.2 Hz, 4H), 7.83 (dt, J = 1.2-8.4 Hz, 4H), 6.83 (ddd, J = 1.2-6.0-7.6 Hz, 4H), 6.34 (ddd, J = 2.0-8.8-12.4 Hz,
4H), 5.28 (dd, J = 2.0-9.2 Hz, 4H).

Synthesis of Ir(lll) complexes 10-12

The synthesis of Ir(Ill) complexes 10-12 is reported in the following scheme.

B Ph|®
y ©
— - Cl
Ri 7] 1) AgOTf R4 \/ | 0 oH o
SN DCM/EtOH N /
/1, | Cl rt, 3h /1, | \\\/&N
51 SN - 51 2Ir,
2 2
,\'l\\ 2) 2H ,L\N
“ DCM/EtOH T |G, OH
L R - |, rt, 24h Ry o~ 0
4: R1=R2=H 10 R1=R2=H
5: R1:H, R2:F 11: R1:H, R2:F
6: R1=R2=F 12 R1=R2=F

In a 50 ml round-bottom flask equipped with a stirring bar, the Ir(lll) dimer 4 (10.7 mg, 0.01 mmol) was
dissolved in a mixture of DCM/MeOH 1:1 (4 mL). Then AgOTf (7.7 mg, 0.03 mmol) was added and the
mixture was stirred for 3 hours at room temperature. The solution was filtered to remove AgCl and the
solvent evaporated. The residual solid was dissolved in 5 mL of DCM and ligand 2 (9.4 mg, 0.04 mmol) was
added. After stirring 24 hours at room temperature the solvent was removed. The solid was dissolved in the
minimum amount of DCM and Et,0 (10 mL) was added. The obtained precipitate was filtered and dried to
give pure 10 (10.8 mg) in 50% yield. *H NMR (400 MHz, CDCl;) 6 12.18 (s, 1H), 9.25-9.15 (m, 2H), 8.00-7.30
(m, 18H), 7.00-6.80 (m, 4H), 6.20-6.10 (m, 2H), 5.42 (s, 1H), 4.50-4.30 (m, 4H), 4.20-4.00 (m, 4H), 3.90-3.80
(m, 4H). Anal. Calculated for Ca7H3sF3IrN4OsS (1084.10): C, 52.07; H, 3.53; N, 5.17 %. Found C, 51.88; H, 3.64;
N, 5.33 %. ESI-MS: 935[M*], 936 [M*+ 1], ESI-MS™: 149 [M'].

The same procedure was used to obtain 11 (11.6 mg, 52% vyield): 'H NMR (400 MHz, CDCl3) § 12.19 (s,
1Hm1), 12.16 (s, 1H), 9.25-9.10 (m, 2H), 8.30-8.20 (m, 1H), 8.10-7.20 (m, 16H), 7.00-6.80 (m, 2H), 6.45-6.30
(m, 1H), 6.10-6.00 (m, 1H), 5.75 (s, 1H), 5.65-5.55 (m, 1H), 5.40 (s, 1H), 4.60-4.25 (m, 4H), 4.25-4.00 (m, 4H),
4.00-3.90 (m, 4H). °F NMR (400 MHz, CDCls) & -78.19 (s), -106.47 (q, Jcr = 9.4 Hz), -109.05 (t, Jer = 11.0 Hz).
Anal. Calculated for Ca7H36FsIrN4OsS (1120.08): C, 50.40; H, 3.24; N, 5.00 %. Found C, 50.18; H, 3.43; N, 5.21
%. ESI-MS*: 971[M*], 972 [M*+ 1], 149 [M]; and 12 (11.3 mg, 49% yield): *H NMR (400 MHz, CDCls) 6 12.23

(s, 1H), 9.20-9.15 (m, 2H), 8.35-8.20 (m, 2H), 7.90-7.20 (m, 14H), 6.60-6.40 (m, 2H), 5.74 (s, 1H), 5.55-5.45
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(m, 2H), 4.50-4.40 (m, 4H), 4.20-4.10 (m, 4H), 4.00-3.80 (m, 4H). °F NMR (400 MHz, CDCls) 6 -78.10 (s), -

106.03 (q, Jer = 10.2 Hz),

-108.55 (t, Jcr = 12.4 Hz). Anal. Calculated for CazH3aF71rN4OoS (1156.06): C, 48.83;

H, 2.96; N, 4.85 %. Found C, 49.07; H, 2.82; N, 4.99 %. ESI-MS*: 1007 [M*], 1008 [M*+1], ESI-MS: 149 [M].

Synthesis of Europium complex 3

The synthesis of Eu(lll) complex 3 is reported in the following scheme.

PhPh ©
7 N\ ®
EuCl;x6H,0 H o o O g OH Et;NH
el e
DCM/ACN \ o o )0
rt, 24h o
Ph
3

To a solution of 2 (18.8 mg, 0.08 mmol) in 1.0 mL of DCM and 0.2 mL of ACN, triethylamine (16 uL, 0.117
mmol) was added. After 5 minutes EuCl36H,0 (7.3 mg, 0.02 mmol) was added and the reaction was
vigorously stirred overnight at room temperature. Then the solvent was removed and the crude was
dissolved in DCM (1 mL) and then Et,O (5 mL) was added. The precipitated ammonium salt was filtered off
and the solution evaporated to give 3 as whitish oil (15.7 mg, 70% yield). Anal. Calculated for Cs4HsgEUNsO1;
(1119.01): C, 57.96; H, 5.04; N, 6.26 %. Found C, 58.10; H, 4.95; N, 6.42 %. ESI-MS: 1017 [M].

Synthesis of the Ir(lll),-Eu(lll]) complexes 7-9
The synthesis of Ir(lll)-Eu(lll) dyads 7-9 is reported in the following scheme.

PhPh
o[ o o
u
DCM R2 \_\ O/," “‘\O
rt, N, overnight N o\ 0 b>_/)*0
R2 | — PhPh
4. R1=R2=H 7 R1=R2=H
5: R1=H, R2=F 8: R1=H, R2—F
6: R1:R2:F 9: R1:R2:F

In a 50 ml round-bottom flask equipped with a stirring bar, Ir(lll) dimer 4 (21.4 mg, 0.02mmol) was
dissolved in DCM (1mL). Then complex 3 (22 mg, 0.02mmol) was added and the reaction mixture was
stirred under N, at 30°C overnight. Complex 7 (41.1 mg) was isolated in quantitative yield by precipitation
by addition of Et,0. Anal. Calculated for Co;H7,CIEulr;NgO12 (2053.45): C, 53.81; H, 3.53; N, 5.46 %. Found C,

54.03; H, 3.72; N, 5.40 %. ESI-MS: 2018 [M"].
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The same procedure was used for 8 (Anal. Calculated for Co;HgsCIEUF4lr;NsO12 (2125.41): C, 51.99; H, 3.22;
N, 5.27 %. Found C, 52.26; H, 3.15; N, 5.39 %. ESI-MS: 2089 [M*]) and 9 (Anal. Calculated for
Co2HesCIEUFsIraNgO12 (2197.38): C, 50.29; H, 2.94; N, 5.10 %. Found C, 49.93; H, 2.72; N, 5.31 %. ESI-MS:
2161 [M*]).
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10. New organic white emitters: conjugated carbazole-terpyridine systems

Carbazole (Cbz) and 2,2":6’,2”-terpyridine (Tpy) are molecular units of outstanding importance in materials,
coordination and supramolecular chemistry. Carbazole is a luminescent molecule,! and can be easily
functionalized with a large variety of substituents*® or used for the preparation of polymeric material. For
instance, polycarbazoles has been extensively used as hole transporters, electron donors or blue emitters in
optoelectronic devices, thanks to their electric and optical properties.*> On the other hand, 2,2’:6’,2”-
terpyridine and derivatives have been widely studied, especially in the area of metal-supramolecular
complexes involving, among others, Ru(ll), Os(ll) and Zn(ll) ions.>”® Their optical, electrochemical,
luminescent, magnetic, catalytic and therapeutic properties make them attractive for applications in the

areas of solar energy conversion, optoelectronic devices, sensors and medicinal chemistry.%1%11:12

Despite the great number of papers related to Cbz- and Tpy- based organic and inorganic photoactive
systems, only a limited numbers of reports studied to properties of systems where these two subunits are

combined together, 13141516

In this context, my group decides to prepare different Cbz-Tpy architectures, taking advantage of the
electron properties of these subunits. In detail, Cbz shows remarkable electron donor properties, while Tpy
is known to be an excellent electron acceptor. The subunits can be directly link together through a
conjugated system, in order to prepare D-1i-A architectures.’*® D-n-A molecules have found different fields
of application in material science, including nonlinear optics and fluorescent probes.’®?° One of the key
properties of D-m-A systems is the character of their photophysical behaviour. In fact, they may exhibit
intramolecular charge-transfer (ICT) that leads to a red-shifts of absorption and/or emission bands related

to those arising from the local excited (LE) states centred on the separated moieties.?

Preliminary studies carried out on these molecules showed interesting results:*? the chemical and
photophysical properties of Cbz-Tpy containing systems can be finely tuned by changing the spacers
between the two terminal subunits. In detail, moving from a short distance to a longest one, and changing
the conjugation of the linker, is possible to observe very different properties. Moreover, for some of the

synthesized molecules, emission of white light was obtained, though with very low quantum yields.

In this context, the goal of the project was to synthesize new carbazole-terpyridine containing systems
where the two terminal units are connected with different spacers, both aromatic and triple bonds, in
order to change the conjugation degree and trying to obtain more stable architectures, enhancing the
white light emission’s quantum vyields. Furthermore, the presence of the terminal terpyridyl group make

these systems suitable for chelating transitions metal, in order to prepare luminescent complexes.
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10.1 Results and discussion
10.1.1 Synthesis

In order to explore the effect of the linker on the photophysical properties of Cbz-Tpy containing systems,

we designed and synthesized a library of molecules, illustrate in Figure 1, with different aromatic linkers.

Figure 1: Representation of target carbazole-terpyridine systems

The synthesis of terpyridine-carbazole containing compounds is usually quite difficult. Indeed the biggest
problem is the isolation of the final product from the impurities that can be present, generally terpyridine
derivatives, with almost the same polarity. For this reason, purification using common strategies, such as
column chromatography, generally failed. According with these premises, we opted for precipitation and
recrystallization techniques, exploiting the low solubility of structurally complex terpyridines in methanol.
However, yields of the purified product are generally low, so an optimization of this step is surely required

in the next future.

The synthetic approach usually proceed via a first step where the spacer is formed and functionalized, then
the carbazole moiety is linked to the spacer, and, as last step, the terpyridine is formed through a

condensation.

Molecule 1 has been prepared following a described procedure? and the synthesis is reported in Scheme 1.
Starting from TMS-protected ethynyl-benzaldehyde, the a-bromoalkyne derivative has been prepared in
87% vyield through treatment with N-bromosuccinimide in presence of AgF. This derivative has been then
reacted with carbazole in an Ullmann-type coupling, promoted by copper(ll) sulphide, giving the desired

intermediate in 75% vyield. The formed compound has been finally reacted with 2-acetylpyridine in the
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10. New organic white emitters: conjugated carbazole-terpyridine systems

presence of KOH and aqueous ammonia as nitrogen source, led to carbazole-terpyridine 1 in 60% yield

under mild reaction conditions.

\Sli/ Br carbazole 1) 2-acetylpyridine

CUSO4*5H20 N NaOH
| | AgF, NBS | | 1,10-phenanthroline PEG 200
. KsPO, Il 0°C,2h
CH3CN —_— —
rt, 24 h
THF reflux 2) NH;
~ \O 5 days 100°C, 24 h
(6] \O

Scheme 1: Synthesis of molecule 1

For molecule 2, the synthesis is similar of that described for target molecule 1, employing 3,6-
dibromocarbazole in the Ullmann coupling, giving the bromo-carbazole derivative in 43% yield. The final

condensation lead to the isolation of the carbazole-terpyridine system 2 in 30% vyield, as reported in

Scheme 2.
Br Br
| . - N
~gi” Br  3,6-dibromocarbazole 1) 2-acetylpyridine
CuS0,*5H,0 N NaOH
| | AgF, NBS | | 1,10-phenanthroline PEG 200
. KsPO, Il 0°C,2h
CH4CN . .
rt, 24 h
THF reflux 2) NH3
~ \O 5 days 100°C, 24 h
6} \O

Scheme 2: Synthesis of molecule 2

Molecule 3 is prepared starting from commercially available p-bromo-benzaldehyde. The condensation
with 2-acetylpyridine in presence of KOH and ammonia lead to terpyridine intermediate in 73% yield. The
following step involve the palladium catalysed Suzuki coupling with 9H-carbazole-9-(4-phenyl) boronic acid

pinacol ester, in order to obtain the target carbazole-terpyridine 3 in 25% yield, as reported in Scheme 3.
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1) 2-acetylpyridine

NaOH
PEG 200
0°C,2h
RN K2003 in H20,
2) NHj THF, EtOH
100°C, 24 h -

2) Pd(PPh3),
70°C, overnight

Scheme 3: Synthesis of molecule 3

Molecule 4 is prepared starting from p-iodo-bromobenzene, which selectively reacts with carbazole in a

copper(l) promoted coupling, leaving intact the Br-group.?® The desired product is obtained in 71% vyield.

The intermediate is then reacted with p-ethynylbenzaldehyde in a palladium-catalysed Sonogashira

coupling, which lead to the aldehyde derivative in 22% yield. Finally, the condensation of the obtained

compound with 2-acetylpyridine to form the terpyridine moiety in performed, and the desired product 4

can be obtained in 35% vyield, as reported in Scheme 4.

Br

carbazole 4-ethynylbenzaldehyde 1) 2-acetylpyridine
CsCO3 NaOH

9
(]

; —_—
cul, LiCl N PEG 200 l
e Pd(PPhj3),Cl, Cul | | '
DMF TEA, Toluene 2) NH
150°C, 48 h 50°C, overnight 100°C 23"1 h
Br O
g
4

Scheme 4: Synthesis of molecule 4

Compound 5 has been prepared following the synthetic procedure reported in Scheme 5. p-lodo-

bromobenzene was react in a Sonogashira coupling with p-ethynylbenzaldehyde, giving the linker with both

aldehyde and bromine functionalities in 94% yield. Then, the terpyridine moiety was synthesized in 15%

yield through reaction with 2-acetylpyridine in presence of KOH and ammonia. The final product was then
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achieved by Suzuki coupling with 9H-carbazole-9-(4-phenyl) boronic acid pinacol ester, which lead to the

formation of compound 5 in 30% yield.

Br

| 4-ethynylbenzaldehyde O 2-acetylpyridine

QO o
)N—@—Boi:

- KOH
Pd(PPhj),Cl, Cul [ K,COj in H,0
3)2Cl12, 2003 20,
TEA EtOH, NH; THF, EtOH
Br rt, overnight r, 48 h —_—
2) Pd(PPhj3),
70°C, overnight
NS
(6]

Scheme 5: Synthetic route to molecule 5

The synthetic procedure for compound 6 is reported in Scheme 6. The TMS-protected p-ethynyl-
bromobenzene undergoes to palladium-catalysed Sonogashira coupling with p-ethynylbenzaldehyde giving
the desired product in 44% vyield. Then, the desired a-bromoalkyne is synthesized by reaction with N-
bromosuccinimide and AgF, leading to the isolation of the product in 78% vyield. The so obtained
intermediate was reacted with carbazole in the Ullmann-type copper(ll) catalysed coupling, giving the
carbazole derivative in 47% yield. Final condensation with 2-acetylpyridine and ammonia lead to the

desired product 6 that can be isolated in 15% vyield.
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- o N

|
\SI
| I I I
Ssi” bazol i N
4-ethynylbenzaldehyde X carbazole 1) 2-acetylpyridine |
I | AgF, NBS || CuSO,*5H;0 N,  NaOH /
> _ =~ 1,10-phenanthroline | PEG 200
> K3PO4 = 0°C,2h
Pd(PPh;),Cl, Cul | | CH4CN | — > — | |
IEA rt, 24 h THF reflux | | 2) NH,3
50°C, 3 h N 5 days 100°C, 24 h
X
Br | | _ \
Z |
=
So

Scheme 6: Synthesis of molecule 6

Finally, we tried to introduce an anthracene moiety as spacer between the two terminal units. The
synthetic strategies for compound 7 is reported in Scheme 7. 9,10-Dibromoanthracene was reacted with p-
ethynylbenzaldehyde in a palladium-catalysed Sonogashira coupling, giving the mono-substituted product
in 35% vyield. It was then reacted with 9H-carbazole-9-(4-phenyl) boronic acid pinacol ester in a Suzuki
coupling in order to attach the carbazole moiety to the formed linker, giving the desired derivative in 38%

yield. The final condensation of the terminal aldehyde with 2-acetylpyridine lead to the isolation of

4 Qo

compound 7 in 15% vyield.

1

Br
(olaNe -
)\_/\ 1) 2-acetylpyridine
Br NaOH
4-ethynylbenzaldehyde K,COj3 in H,0, PIOEG 200
See: | o0
— — >
R — e
DMF, 1,4-dioxane 2) Pd(PPhs), 1052(’:“";34 A l
Br Pd(PPh3),Cl, Cul 70°C, overnight ’
TEA | |
80°C, 24 h
o g
NS

0]

Scheme 7: Synthetic route to molecule 7
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10.1.2 Photophysical properties

Some preliminary analysis have been carried out, regarding the emission of the synthesized compounds in
different solvents. These results are reported in Figure 2 (Emission spectra in toluene, see below) and

Figure 3 (Emission spectra in benzonitrile, see below).

Emission spectra in toluene

l‘\ e 3

—a
3

8 6
z

= —]
=
[}
=

350 450 550 650 750

Figure 2: Emission spectra of compounds 3-7 in toluene; Aex = 320 nm

All the compounds display very similar emitting properties, with emission maxima centered in the range
between 380-394 nm. A different behaviour can be observed in the case of molecule 7, with an emission
maxima centered at 462 nm due to the presence of the anthracene moiety, which is responsible for a red

shift of about 80 nm.

Emission spectra in benzonitrile
—_—1

Intensity (a.u.)
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Figure 3: Emission spectra of compounds 3-7 in benzonitrile; Aex = 320 nm
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When dissolved in benzonitrile, molecules 1-7 show a different behaviour. The polarity of the solvent shifts
the emission maxima towards lower energies, as observed for almost all the compounds except 6.

Moreover, all the bands appear now broader.

Another very interesting feature is the presence of a shoulder that can be observed especially for
compounds 4, 5 and 6. This shoulder, centered respectively at 578 nm for molecule 6, 592 nm for molecule
7 and 614 nm for molecule 5, make these compounds interesting candidates for the generation of white

light.

10.2 Conclusions

We have successfully designed and synthesized different carbazole-terpyridine containing compounds,

where the two terminal moieties are linked with different conjugated systems.

Compounds 1-7 have been obtained within satisfactory yields, and their photophysical properties have

been partially investigated.

Based on these preliminary results, carbazole-terpyridine containing systems 5, 6 and 7 have shown

interesting emitting properties, displaying an almost white emission.

A complete characterization of the photophysical and the electrochemical properties and a theoretical
study on such compounds are now going on, in order to well understand the behaviour of these systems
and to rationalize the correlation between the structure and the luminescent properties of these

architectures.

10.3 Experimental section
General informations

The solvents and chemicals were used as received from sellers, unless otherwise mentioned. NMR spectra
were recorded by using a Varian Mercury 400 MHz or a Varian Inova 300 MHz spectrometer with
tetramethylsilane as the internal standard. Elemental analyses were performed on a ThermoQuest Flash
1112 series EA instrument. ESI-MS analysis were performed by direct injection of acetonitrile solutions of
the compounds using a WATERS ZQ 4000 mass spectrometer. UV/Vis absorption spectra were measured on
a Varian Cary 4 double-beam UV-Vis spectrometer and baseline corrected. Steady-state emission spectra
were recorded on an Edinburgh FLS920P spectrofluorimeter equipped with a 450 W Xenon arc lamp,
double excitation and single emission monochromators and a peltier cooled Hamamatsu R928P

photomultiplier tube (185-850 nm). Emission and excitation spectra were corrected for source intensity
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(lamp and grating) and emission spectral response (detector and grating) by calibration curve supplied with
the instrument. Emission lifetimes were determined on the same Edinburgh instrument with the Time
Correlated Single Photon Counting (TCSPC) technique using pulsed picosecond LEDs (EPLED 295 or EPLED
360, FHWM <800 ps, repetition rates between 10 kHz and 1 MHz) as the excitation source and the above-
mentioned R928P PMT as detector. The goodness of fit was assessed by minimizing the reduced x? function
and visual inspection of the weighted residuals. The emission quantum yields were determined according
to the optically dilute solutions method in ACN solutions with reference to Ru(bpy)sCl; as the standard (r)

)24

according to Equation (1),** where | refers to the area of the emission peaks of the complex and the

reference, A to their absorptions and n is the refractive index of the corresponding solvents.
2

P=0, LA
I A n?

Synthesis of molecule 1

\Sli/ Br carbazole ._’ 1) 2-acetylpyridine

CuSO4*5H,0 NaOH
| | AgF, NBS | | 1,10-phenanthroline PEG 200
. KsPO, 0°C,2h
CH4CN
rt, 24 h
THF reflux 2) NH3
\O \O 5 days 100°C, 24 h

Br  4-(bromoethynyl)benzaldehyde. 4-((trimethylsilyl)ethynyl)benzaldehyde (1.0 g, 4.95 mmol) and

|| AgF (628 mg, 4.95 mmol) were dissolved in CH3CN (50 mL). The reaction flask was wrapped in

aluminium foil and NBS (881 mg, 4.95 mmol) was added. The mixture was stirred overnight at

room temperature. Then the solid was filtered off and washed with CH3CN (25 mL). The solution

O was evaporated and the resulting residue was dissolved in Et,O and washed with water (3 x 25

mL). The organic part was dried on anhydrous MgSO, and then evaporated to give product as a white solid

in 87% yield (893 mg). *H NMR (CDCls, 300 MHz) & 10.01 (s, 1H), 7.83 (d, J = 8.5 Hz, 2H), 7.60 (d, J = 8.3 Hz,
2H).
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4-((9H-carbazol-9-yl)ethynyl)benzaldehyde. To a solution of 4-(bromoethynyl)benzaldehyde

(351.8 mg, 1.68 mmol) in 17 mL of anhydrous THF, carbazole (255.8 mg, 1.53 mmol), K3PO4

I (648.7 mg, 3.06 mmol), CuSO4*5H,0 (76.4 mg, 0.306 mmol) and 1,10-phenanthroline (110.3

mg, 0.612 mmol) were added. The reaction mixture was purged with nitrogen and heated at

70°C for 5 days. The progress of the reaction was monitored using TLC analysis. Upon

o completion, the reaction mixture was dried in vacuo and the residue was dissolved in water

and extracted with DCM (3 x 15 mL). The combined organic phases were dried with anhydrous MgS0O4 and

then evaporated. The crude residue was purified on silica gel flash chromatography using a mixture of

CH.Cly/petroleum ether (2:8) to give product as a pale white solid in 75% vyield (372.4 mg). *H NMR (CDCls,

400 MHz) 6 10.02 (s, 1H), 8.04 (d, J = 7.6 Hz, 2H), 7.89 (d, J = 8.4 Hz, 2H), 7.74-7.70 (m, 4H), 7.55 (dt, J; = 1.2
Hz, J, = 7.4 Hz, 2H), 7.38 (dt, J1 = 1.1 Hz, J, = 7.5 Hz, 2H).

4’-[4-(9H-Carbazol-9-ylethynyl)phenyl]-2,2°:6°,2”"-terpyridine (1). 2-Acetylpyridine (163 uL, 1.4 mmol) was
added to a stirred suspension of crushed NaOH (56 mg, 1.4 mmol) in PEG 200 (1.2 mL) at 0° C. After 30
minutes 4-((9H-carbazol-9-yl)ethynyl)benzaldehyde (166 mg, 0.56 mmol) was added and stirring was
continued at 0°C for 2 h. Then concentrated aqueous NHs solution (1.8 mL) was added and the suspension
stirred at 100°C for 24 h. The precipitate was isolated by vacuum filtration and washed with water (50 mL)
and ethanol (10 mL) to give a brown solid. Product 1 was obtained by recrystalization in MeOH in 60% vyield
(168.1 mg). *H NMR (CDCls, 400 MHz) & 8.79 (s, 2H), 8.76 (d, J = 5.2 Hz, 2H), 8.69 (d, J = 8.0 Hz, 2H), 8.06 (d,
J=8.0Hz, 2H), 7.97 (d, J = 8.0 Hz, 2H), 7.90 (dt, J: = 1.8 Hz, J, = 8.0 Hz, 2H), 7.77 (t, J = 8.8 Hz, 4H), 7.56 (t, J =
7.6 Hz, 2H) 7.38 (t, J = 6.4 Hz, 4H); 3C NMR (CDCl3, 100 MHz) & 156.1 (C), 156.0 (C), 149.4 (C), 149.1 (CH),
140.3 (C), 137.6 (C), 136.9 (CH), 131.6 (CH), 127.3 (CH), 126.8 (CH), 123.9 (CH), 123.8 (C), 123.6 (C), 122.2
(CH), 121.4 (CH), 120.4 (CH), 118.6 (CH), 111.3 (CH), 80.3 (Cax), 74.6 (Cax).
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Synthesis of molecule 2

Br. Br
| . . N
~gi” Br  3,6-dibromocarbazole 1) 2-acetylpyridine
CuS0,*5H,0 N NaOH
|| AgF, NBS || 1,10-phenanthroline PEG 200
- K3PO, Il 0°C,2h
CH3CN D —_—
rt, 24 h
THF reflux 2) NH
~ \O 5 days 100°C, 24 h
6} \O

Br.
4-((3,6-dibromo-9H-carbazol-9-yl)ethynyl)benzaldehyde. To a solution of 4-

N (bromoethynyl)benzaldehyde (160.8 mg, 0.77 mmol) in 8 mL of anhydrous THF, 3,6-
|| dibromocarbazole (225.7 mg, 0.7 mmol), KsPO4 (294.7 mg, 1.39 mmol), CuSO,*5H,0

(34.9 mg, 0.14 mmol) and 1,10-phenanthroline (54.4 mg, 0.28 mmol) were added. The
o reaction mixture was purged with nitrogen and heated at 70°C for 5 days. The progress

of the reaction was monitored using TLC analysis. Upon completion, the reaction
mixture was dried in vacuo and the residue was dissolved in water and extracted with DCM (3 x 15 mL). The
combined organic phases were dried with anhydrous MgS0O. and then evaporated. The crude residue was
purified on silica gel flash chromatography using a mixture of EtOAc/petroleum (1:9) to give product as a
light brown solid in 43% yield (149.8 mg). 'H NMR (CDsCl, 400 MHz) § 10.05 (s, 1H), 8.13 (d, J = 1.7 Hz, 2H),
7.92(d, J=8.7 Hz, 2H), 7.75 (d, J = 7.8 Hz, 2H), 7.69 (dd, J1 = 1.9 Hz, J, = 8.4 Hz, 2H), 7.61 (dd, J. = 0.8 Hz, J, =
8.4 Hz, 2H).

4’-[4-(3,6-dibromo-9H-carbazol-9-ylethynyl)phenyl]-2,2’:6°,2”-terpyridine (2). 2-Acetylpyridine (74 uL, 0.66
mmol) was added to a stirred suspension of crushed NaOH (26.6 mg, 0.66 mmol) in PEG 200 (0.6 mL) at 0°
C. After 30 minutes 4-((3,6-dibromo-9H-carbazol-9-yl)ethynyl)benzaldehyde (125.2 mg, 0.28 mmol) was
added and stirring was continued at 0°C for 2 h. Then concentrated aqueous NHs solution (1.0 mL) was
added and the suspension stirred at 100°C for 24 h. The precipitate was isolated by vacuum filtration and
washed with water (50 mL) and ethanol (10 mL). The resulting solid was then washed with MeOH to give
product Lig2 as a brown solid in 30% yield (55.1 mg). *H NMR (CDsCl, 400 MHz) & 8.70 (s, 2H), 8.75 (d, J =
5.4 Hz, 2H), 8.70 (d, J = 7.8 Hz, 2H), 8.12 (d, J = 1.8 Hz, 2H), 7.97 (d, J = 8.7 Hz, 2H), 7.90 (dt, J, = 1.8 Hz, J, =
6.9 Hz, 2H), 7.74 (d, J = 8.7 Hz, 4H), 7.66 (d, J = 1.8 Hz, 2H), 7.64 (s, 2H) 7.38 (ddd, J: = 1.3 Hz, /, = 4.8 Hz, J3 =
7.5 Hz, 2H); C NMR (CDsCl, 100 MHz) 6§ 156.4, 156.3, 149.6, 149.4, 140.6, 137.9, 137.1, 131.9, 127.6,
127.0,124.1,124.0,123.9,122.4,121.6, 120.6, 118.8, 111.6, 80.6, 74.8.
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Synthesis of molecule 3

Br 1) 2-acetylpyridine
NaOH
PEG 200
0°C,2h
JEE— . K2CO3 in HZO,
~ 2) NHj THF, EtOH
0 100°C, 24 h —
2) Pd(PPh3),
70°C, overnight
3
Br 4'-(4-bromophenyl)-2,2":6', 2"-terpyridine (6). 2-acetylpyridine (1.3 mL, 12 mmol) was

added to a stirred suspension of crushed NaOH (480.0 mg, 12 mmol) in PEG 200 (10

mL) at 0° C. After 30 minutes 4-bromobenzaldehyde (925.1 mg, 5 mmol) was added

= | and stirring was continued at 0°C for 2 h. Then concentrated aqueous NHs solution

| /\N N N| : (15.0 mL) was added and the suspension stirred at 100°C for 24 h. The precipitate

was isolated by vacuum filtration and washed with water (50 mL) and ethanol (10

mL) to give product 6 as a white solid in 73% yield (1.42 g). *H NMR (CDCls, 400 MHz) § 8.73 (dq, J» = 0.8 Hz,
J, =4.8 Hz, 2H), 8.71 (s, 2H) 8.67 (dt, J1 = 1.0 Hz, J, = 8.0 Hz, 2H), 7.89 (dt, J, = 1.7 Hz, J, = 8.0 Hz, 2H), 7.78 (d,

J=8.8Hz, 2H), 7.64 (d, J = 8.8 Hz, 2H), 7.36 (ddd, J1 = 1.2 Hz, J, = 4.8 Hz, J3 = 7.6 Hz, 2H).

9-(4’-([2,27:6°,2"-terpyridin]-4’-yl)-[1,1’-biphenyl]-4-yl)-9H-carbazole ~ (3). To a solution of 4'-(4-
bromophenyl)-2,2":6',2"-terpyridine (194.5 mg, 0.5 mmol) in anhydrous THF (1.5 mL) under nitrogen
atmosphere, 9H-carbazole-9-(4-phenyl) boronic acid pinacol ester (184.6 mg, 0.5 mmol), EtOH (63 ul) and
K2CO3 (2M in water, 250 ul, 0.5 mmol) were added. The solution is degassed with nitrogen and after 10
minutes Pd(PPhs)s (17.3 mg, 0.015 mmol) was added and the solution stirred at 70°C overnight. After the
reaction was terminated the solvent was evaporated, distilled water was added, and the resultant solution
was extracted with DCM (3 x 15 mL). The collected organic layer was dried over anhydrous MgS0, and then
evaporated. The residue was purified by alumina column chromatography using a mixture of CH,Cl,/MeOH
(98:2) to give product 3 as a white solid in 25% yield (69.3 mg). *"H NMR (CDCls, 400 MHz) 6 8.86 (s, 2H),
8.78 (d, J = 4.8 Hz, 2H), 8.72 (d, / = 8.0 Hz, 2H), 8.09 (d, J = 8.8 Hz, 2H), 7.96-7.89 (m, 4H), 7.86 (d, / = 8.8 Hz,
2H), 7.69 (d, J = 8.0 Hz, 2H), 7.51 (d, J = 8.0 Hz, 2H), 7.47-7.37 (m, 4H), 7.32 (dt, J1 = 1.1 Hz, J, = 8.0 Hz, 2H);
13C NMR (CDCl3, 100 MHz) 6 156.0 (C), 149.7 (C), 149.0 (CH), 141.4 (C), 140.9 (C), 140.8 (C), 139.4 (C), 137.6
(C), 137.2 (CH), 137.2 (C), 128.5 (CH), 127.9 (CH), 127.6 (CH), 127.4 (CH), 126.0 (CH), 124.0 (CH), 123.5 (C),
121.5 (CH), 120.3 (CH), 120.0 (CH), 118.9 (CH), 109.8 (CH).
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Synthesis of molecule 4

()
O

Cr i)

| carbazole 4-ethynylbenzaldehyde O R 2-a<’:\le;)(/)||ri|yridine
CsCO
Cusi L N — PEG 200
— Pd(PPhs),Cl, Cul I oeen
DMF TEA, Toluene 2) NH
Br 150°C, 48 h 50°C, overnight 100°C. 24 h
Br O
NS
0

9-(4-bromophenyl)-9H-carbazole. To a solution of 1-bromo-4-iodobenzene (372 mg, 1.32

mmol) in DMF (7 mL), carbazole (200 mg, 1.2 mmol), Cs,CO3 (325.8 mg, 1.2 mmol), Cul

(22.8 mg, 0.12 mmol) and LiCl (50.7 mg, 1.2 mmol) were added and the resulting solution

was stirred at 150°C for 48 hours. After this time water was addict and the mixture was

Br extracted with EtOAc (5 x 10 mL). The organic phase was then washed with brine, dried

over Na,SO4 and the solvent evaporated. The residue was purified by silica gel column chromatography

using Hexane as eluent, to give product as a pale yellow solid in 71% yield (272.9 mg). *"H NMR (CDCls, 300
MHz) 6 8.11 (d, J = 7.5 Hz, 2H), 7.69 (d, /= 9.0 Hz, 2H), 7.44-7.24 (m, 8H).

‘ | 4-ethynylbenzaldehyde. 4-((trimethylsilyl)ethynyl)benzaldehyde (200 mg, 0.99 mmol) was
dissolved in MeOH (10 mL) and the solution was cooled to 0°C. K,CO5 (176.4 mg, 1.28 mmol) was
then addict and the solution was stirred at 0°C for 30 minutes. After this time water was added

- and the pH was adjusted to 5 using HCI 1M. The mixture was extracted with DCM and the organic

@]
phase was washed with brine, dried over Na,SO,4 and the solvent evaporated to give product as a

pale orange solid in quantitative yield (132.4 mg). *H NMR (CDCls, 300 MHz) 6 10.02 (s, 1H), 7.84 (d, /= 8.4
Hz, 2H), 7.64 (d, J = 8.4 Hz, 2H), 3.29 (s, 1H).

4-((4-(9H-carbazol-9-yl)phenyl)ethynyl)benzaldehyde. In a Schlenk flask, to a solution of 3d
\ .

(272.9 mg, 0.85 mmol) in TEA (7 mL) and toluene (1 mL), 2b (132.2 mg, 1.02 mmol),

O Pd(PPhs),Cl, (59.4 mg, 0.08 mmol) and Cul (16.2 mg, 0.08 mmol) were added and the
solution was stirred under nitrogen atmosphere for 24 hours at 50°C. The progress of the

| | reaction was monitored using TLC analysis on silica gel (EP:DCM = 2:1). Upon completion,
O water was added and the resulting mixture was extracted with DCM (3 x 10 mL). The

combined organic phase was then washed with HCI 1M (1 x 10 mL), brine and dried over
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Na,S04. Solvent was evaporated and the residue was purified by silica gel column chromatography using a
mixture of CH,Cl,/petroleum ether (2:8) to give product 9 as a pale white solid in 22% yield (67.6 mg). *H
NMR (CDCls, 300 MHz) & 10.05 (s, 1H), 8.16 (d, J = 8.1 Hz, 2H), 7.91 (d, J = 8.1 Hz, 2H), 7.80 (d, J = 8.4 Hz,
2H), 7.73 (d, J = 8.4 Hz, 2H), 7.62 (d, J = 8.4 Hz, 2H), 7.49-7.40 (m, 4H), 7.35-7.29 (m, 4H).

9-(4-((4-([2,2":6',2"-terpyridin]-4"-yl)phenyl)ethynyl)phenyl)-9H-carbazole (4). 2-acetylpyridine (50 uL, 0.42
mmol) was added to a stirred suspension of crushed NaOH (16.7 mg, 0.42 mmol) in PEG 200 (0.5 mL) at 0°
C. After 30 minutes 4-((4-(9H-carbazol-9-yl)phenyl)ethynyl)benzaldehyde (67.6 mg, 0.21 mmol) was added
and stirring was continued at 0°C for 2 h. Then concentrated aqueous NHs solution (0.7 mL) was added and
the suspension stirred at 100°C for 24 h. After this time water was added and the mixture was extracted
with DCM (3 x 10 mL). The organic phase was then washed with brine, dried over Na,S0.. Solvent was
evaporated and MeOH was added. The precipitate solid was collected by vacuum filtration and washed
with water (50 mL) and ethanol (10 mL) to give product 4 as a white solid in 35% yield (41.2 mg). 'H NMR
(CDCls, 400 MHz) & 8.82 (s, 2H), 8.77 (d, J = 4.4 Hz, 2H), 8.72 (d, J = 8.0 Hz, 2H), 8.16 (d, / = 8.0 Hz, 2H), 7.98
(d, J =8.0 Hz, 2H), 7.93 (t, J = 8.0 Hz, 2H), 7.81 (d, J = 8.0 Hz, 4H), 7.74 (d, J = 8.0 Hz, 2H), 7.61 (d, J = 8.0 Hz,
2H), 7.50-7.38 (m, 6H) 7.31 (t, J = 7.6 Hz, 2H); *C NMR (CDCls, 100 MHz) § 156.0 (C), 155.9 (C), 149.4 (C),
149.0 (CH), 140.6 (C), 138.4 (C), 137.7 (C), 137.1 (CH), 133.2 (CH), 132.3 (CH), 127.4 (CH), 126.9 (CH), 126.1
(CH), 124.0 (CH), 123.8 (C), 123.6 (C), 122.1 (C), 121.5 (CH), 120.4 (CH), 120.2 (CH), 118.8 (CH), 109.8 (CH),
90.2 (Can), 90.1 (Canl).

113



10. New organic white emitters: conjugated carbazole-terpyridine systems

Synthesis of molecule 5

Br

| 4-ethynylbenzaldehyde O 2-acetylpyridine

Q0 o
)N—@—Boi:

> KOH
Pd(PPh;),Cl, Cul [ K,CO3 in H,0
3)2%12, 2 3 2V
TEA EtOH, NH3 THF, EtOH
Br rt, overnight rt, 48 h —_—
2) Pd(PPhg),

70°C, overnight

I
=
X

Br 4-((4-bromophenyl)ethynyl)benzaldehyde. In a Schlenk flask, to a solution of 1-bromo-4-
O iodobenzene (276.1 mg, 0.98 mmol) in TEA (8 mL), carbazole (106.5 mg, 0.82 mmol), Pd(PPhs),Cl,
(10.9 mg, 0.02 mmol) and Cul (15.7 mg, 0.03 mmol) were added and the solution was stirred
| | under nitrogen atmosphere for 24 hours at room temperature. The progress of the reaction was
monitored using TLC analysis on silica gel (EP:EtOAc = 9:1). Upon completion, water was added
O and pH was adjusted to 5 using HCl 1M. The resulting mixture was extracted with DCM (3 x 10 mL).
X0 The combined organic phase was then washed with brine and dried over Na,SO,. Solvent was
evaporated and the residue was purified by silica gel column chromatography using a mixture of
EtOAc/petroleum ether (2:98) to give product as a pale yellow solid in 94% yield (265.2 mg). *H NMR (CDCls,
300 MHz) 6 10.01 (s, 1H), 7.85 (d, J = 8.1 Hz, 2H), 7.65 (d, J = 8.1 Hz, 2H), 7.40 (d, / = 8.1 Hz, 2H), 7.20 (d, J =
8.1 Hz, 2H).

4'-(4-((4-bromophenyl)ethynyl)phenyl)-2,2":6',2"-terpyridine. 2-acetylpyridine (222 pL,
1.98 mmol) was added to a stirred suspension of crushed KOH (110.9 mg, 1.98 mmol)
in EtOH (5 mL). After 30 minutes 4-((4-bromophenyl)ethynyl)benzaldehyde (281.2 mg,
0.99 mmol) was added and stirring was continued for 2 h. Then concentrated aqueous
NH; solution (1 mL) was added and the suspension stirred at 100°C for 24 h. After this
time water was added and the mixture was extracted with DCM (3 x 10 mL). The
organic phase was then washed with brine and dried over Na,SO.. Solvent was

evaporated and MeOH was added. The precipitate solid was collected by vacuum

filtration and washed with water (10 mL) and methanol (10 mL) to give product as a brown solid in 15%

yield (71.0 mg). *H NMR (CDCls, 300 MHz) 6 8,76 (s, 2H), 8.74 (dq, J1 = 0.9 Hz, J, = 4.8 Hz, 2H), 8,68 (dt, J; =
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1.1 Hz, J» = 8.1 Hz, 2H), 7,94-7,86 (m, 4H), 7,67 (d, J = 8.4 Hz, 2H), 7,51 (d, J = 8.4 Hz, 2H), 7,43 (d, J = 8.4 Hz,
2H), 7,40 (ddd, J1 = 1.2 Hz, J>= 4.8 Hz, J3 7.5 = Hz, 2H).

9-(4'-((4-([2,2":6' 2"-terpyridin]-4'-yl)phenyl)ethynyl)-[1,1"-biphenyl]-4-yl)-9H-carbazole (5). To a solution of
4'-(4-((4-bromophenyl)ethynyl)phenyl)-2,2":6',2"-terpyridine (40.0 mg, 0.08 mmol) in THF (0.5 mL) under
nitrogen atmosphere, 9H-carbazole-9-(4-phenyl) boronic acid pinacol ester (30.3 mg, 0.08 mmol), EtOH (0.1
ml) and K>COs (2M in water, 41 pl, 0.08 mmol) were added. The solution is degassed with nitrogen and
after 10 minutes Pd(PPhs)s (2.8 mg, 0.002 mmol) was added and the solution stirred at 70°C overnight.
After the reaction was terminated the solvent was evaporated, distilled water was added, and the resultant
solution was extracted with DCM (3 x 15 mL). The collected organic layer was dried over anhydrous Na;SO4
and then evaporated. The residue was purified by silica gel column chromatography using a mixture of
CH,Cl,/MeOH (99:1), and the resulting fraction were concentrated and the residue dissolved in DCM and
washed with MeOH. Product 5 was collected by filtration of the solution as a white solid in 30% yield (16.2
mg). *H NMR (CDCls, 400 MHz) 6 8.78 (s, 2H), 8.76 (d, J = 4.0 Hz, 2H), 8.70 (d, J = 8.0 Hz, 2H), 8.17 (d, /= 8.0
Hz, 2H), 7.95 (d, J = 8.4 Hz, 2H), 7.90 (dt, J1 = 1.6 Hz, J, = 7.6 Hz, 2H), 7.86 (d, J = 8.4 Hz, 2H), 7.74-7.70 (m,
4H), 7.67 (d, J = 8.4 Hz, 2H), 7.51-7.41 (m, 4H), 7.38 (dd, J1 = 4.8 Hz, J, = 7.0 Hz, 2H), 7.31 (t, J = 7.0 Hz, 2H);
13C NMR (CDCls, 100 MHz) 6 156.1 (C), 156.0 (C), 149.4 (C), 149.1 (CH), 140.8 (C), 140.1 (C), 139.3 (C), 138.2
(C), 137.2(C), 137.0 (CH), 132.3 (CH), 132.2 (CH), 128.4 (CH), 127.4 (CH), 127.3 (CH), 127.0 (CH), 126.0 (CH),
124.0 (C), 123.9 (CH), 123.5 (C), 122.4 (C), 121.4 (CH), 120.3 (CH), 120.0 (CH), 118.7 (CH), 109.8 (CH), 90.7
(Can), 90.1 (Can)-
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10. New organic white emitters: conjugated carbazole-terpyridine systems

I I N Il
I
s carbazole | 1) 2- lovridi X
4-ethynylbenzaldehyde SN \ ) 2-acetylpyridine |
Il | AgF, NBS || CuS0,*5H,0 NaOH _
E—— = ~1,10-phenanthroline | PEG 200
K3PO, 0°C,2h I
Pd(PPh3),Cl, Cul | | CH,CN
TEA .24 h THF reflux 2) NH,
S0°C. 3h N SN 5 days 100°C, 24 h
Br | | P N
7 |
=
N \O
O NS
)

4-((4-((trimethylsilyl)ethynyl)phenyl)ethynyl)benzaldehyde. In a Schlenk flask, to a solution of ((4-

bromophenyl)ethynyl)trimethylsilane (291.1 mg, 1.15 mmol) in TEA (3 mL) and toluene (1 mL), 4-

S ethynylbenzaldehyde (164.4 mg, 1.26 mmol), Pd(PPhs),Cl; (40.3 mg, 0.06 mmol) and Cul (11.0 mg,
H 0.06 mmol) were added and the solution was stirred under nitrogen atmosphere for 3 hours at

| N 50°C. The progress of the reaction was monitored using TLC analysis on silica gel (EP:EtOAc = 2:1).
=

Upon completion, water was added and the resulting mixture was extracted with DCM (3 x 10 mL).

The combined organic phase was then washed with HCI 1M (1 x 10 mL), brine and dried over

| "N Na,SO.. Solvent was evaporated and the residue was purified by silica gel column chromatography

using a mixture of EtOAc/petroleum ether (2:98) to give product as a pale yellow solid in 44% yield

(150.2 mg). *H NMR (CDCls, 300 MHz) & 10.02 (s, 1H), 8.86 (d, J = 8.4 Hz, 2H), 7.66 (d, J = 8.4 Hz,
2H), 7.51-7.43 (m, 4H), 0.26 (s, 9H).

4-((4-(bromoethynyl)phenyl)ethynyl)benzaldehyde. 4-((4-
| | ((trimethylsilyl)ethynyl)phenyl)ethynyl)benzaldehyde (117.5 mg, 0.39 mmol) and AgF (49.3 mg,
0.39 mmol) were dissolved in CHsCN (10 mL). The reaction flask was wrapped in aluminium foil
and NBS (69.2 mg, 0.39 mmol) was added. The mixture was stirred overnight at room
temperature. Then the solid was filtered off and washed with CH3CN (10 mL). The solution was

| | evaporated and the resulting residue was dissolved in Et,0 and washed with water (3 x 25 mL).

The organic part was dried on anhydrous Na,SO4 and then evaporated to give product as a white
| _J solid in 78% vyield (93.2 mg). *H NMR (CDCls, 300 MHz) § 10.02 (s, 1H), 8.87 (d, J = 8.4 Hz, 2H),
7.67 (d, J=8.4 Hz, 2H), 7.49 (d, / = 8.4 Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H).
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O O 4-((4-((9H-carbazol-9-yl)ethynyl)phenyl)ethynyl)benzaldehyde. To a solution of 4-((4-
Q:’ (bromoethynyl)phenyl)ethynyl)benzaldehyde (93.2 mg, 0.30 mmol)in anhydrous THF (7

|| mL), carbazole (45.9 mg, 0.27 mmol), K3PO,4 (116.5 mg, 0.55 mmol), CuSO,*5H,0 (13.7 mg,
N 0.06 mmol) and 1,10-phenanthroline (19.8 mg, 0.11 mmol) were added. The reaction
| P mixture was purged with nitrogen and heated at 70°C for 5 days. The progress of the
H reaction was monitored using TLC analysis. Upon completion, the reaction mixture was
N dried in vacuo and the residue was dissolved in water and extracted with DCM (3 x 15 mL).
| = The combined organic phases were dried with anhydrous Na,SO,4 and then evaporated. The
X0 crude residue was purified on silica gel flash chromatography using a mixture of

Hexane/EtOAc (95:5) to give product as a pale yellow solid in 47% vyield (55.8 mg). *H NMR (CDCls, 400 MHz)
6 10.04 (s, 1H), 8.06 (d, J = 8.4 Hz, 2H), 7.89 (d, J = 8.4 Hz, 2H), 7.74 (d, J = 8.4 Hz, 2H), 7.70 (d, J = 8.4 Hg,
2H),7.59-7.50 (m, 2H), 7.45-7.35 (m, 2H), 7.28-7.21 (m, 4H).

9-((4-((4-([2,2":6' 2"-terpyridin]-4'-yl)phenyl)ethynyl)phenyl)ethynyl)-9H-carbazole (6). 2-acetylpyridine (50
uL, 0.42 mmol) was added to a stirred suspension of crushed NaOH (17.2 mg, 0.42 mmol) in PEG 200 (1.5
mL) at 0° C. After 30 minutes 4-((4-((9H-carbazol-9-yl)ethynyl)phenyl)ethynyl)benzaldehyde (55.8 mg, 0.14
mmol) was added and stirring was continued at 0°C for 2 h. Then concentrated aqueous NHj; solution (1.5
mL) was added and the suspension stirred at 100°C for 24 h. After this time water was added and the
mixture was extracted with DCM (3 x 10 mL). The organic phase was then washed with brine, dried over
Na,SOs4. Solvent was evaporated and MeOH was added. The precipitate solid was collected by vacuum
filtration and washed with water (50 mL) and ethanol (10 mL) to give product 6 as a pale yellow solid in 15%
yield (12.6 mg). *H NMR (CDCl;, 400 MHz) & 8.77 (s, 2H), 8.75 (dq, J; = 1.0 Hz, J, = 4.8 Hz, 2H), 8.69 (dt, J; =
1.0 Hz, J, = 8.0 Hz, 2H), 8.05 (d, / = 8.0 Hz, 2H), 7.94 (d, J = 8.4 Hz, 2H), 7.74 (d, J = 8.0 Hz, 2H), 7.70 (d, /= 8.0
Hz, 4H), 7.61 (d, J = 1.6 Hz, 4H), 7.55 (dt, J: = 1.1 Hz, J, = 7.6 Hz, 2H), 7.37 (t, J = 6.8 Hz, 4H); 3C NMR (CDCls,
100 MHz) 6 156.2 (C), 156.1 (C), 149.4 (C), 149.2 (CH), 140.3 (C), 138.4 (C), 136.9 (CH), 132.2 (CH), 131.7
(CH), 131.1 (CH), 127.3 (CH), 126.8 (CH), 123.9 (C), 123.8 (CH), 123.7 (C), 123.0 (C), 122.4 (C), 122.2 (CH),
121.4 (CH), 120.4 (CH), 118.7 (CH), 111.3 (CH), 90.8 (Cai), 90.6 (Cai), 80.9 (Cak), 74.7 (Cak).
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Synthesis of molecule 7

Br

Br

4-ethynylbenzaldehyde

. g

00O

3
0
O

)\_/\ 1) 2-acetylpyridine
NaOH

K,COj in H,0, PEG 200

THF, EtOH OOO 0°C.2h
—_—
> 2) NH; |
f
NS

P ——" .

DMF, 1,4-dioxane 2) Pd(PPh3), 5
Pd(PPhy),Cl, Cul 70°C, overnight 100°C, 24 h
TEA
80°C, 24 h
So

O

4-((10-bromoanthracen-9-yl)ethynyl)benzaldehyde. In a Schlenk flask, to a solution of
9,10-dibromoanthracene (645.2 mg, 1.92 mmol) in DMF (10 mL) and 1,4-dioxane (4 mL),
4-ethynylbenzaldehyde (249.6 mg, 1.92 mmol), TEA (0.5 mL), Pd(PPhs),Cl, (28.0 mg, 0.04
mmol) and Cul (19.1 mg, 0.10 mmol) were added and the solution was stirred under
nitrogen atmosphere for 24 hours at 80°C. The progress of the reaction was monitored
using TLC analysis on silica gel (EP:EtOAc = 9:1). Upon completion, water was added and

the resulting mixture was extracted with DCM (3 x 10 mL). The combined organic phase

was then washed with HCI 1M (1 x 10 mL), brine and dried over Na,SO,. Solvent was evaporated and the

residue was purified by silica gel column chromatography using a mixture of petroleum ether/EtOAc (95:5)

to give product as a yellow solid in 35% yield (253.2 mg). *H NMR (CDCls, 300 MHz) 6 10.09 (s, 1H), 8.71-

8.57 (m, 4H), 7.95 (q, J = 8.4 Hz, 4H), 7.71-7.63 (m, 4H).

4-((10-(4-(9H-carbazol-9-yl)phenyl)anthracen-9-yl)ethynyl)benzaldehyde. To a solution of
4-((10-bromoanthracen-9-yl)ethynyl)benzaldehyde (253.2 mg, 0.66 mmol) in THF (1.5 mL)
under nitrogen atmosphere, 9H-carbazole-9-(4-phenyl) boronic acid pinacol ester (242.7
mg, 0.66 mmol), EtOH (65 ul) and K,COs (2M in water, 330 pl, 0.66 mmol) were added.
The solution is degassed with nitrogen and after 10 minutes Pd(PPhs), (19.0 mg, 0.02
mmol) was added and the solution stirred at 70°C overnight. After the reaction was
terminated the solvent was evaporated, distilled water was added, and the resultant
solution was extracted with DCM (3 x 15 mL). The collected organic layer was dried over

anhydrous Na,SO4 and then evaporated. The residue was purified by silica gel column
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chromatography using a mixture of CH,Cl,/EP (1:9) to give product as a yellow solid in 38% yield (106.9 mg).
H NMR (CDCls, 300 MHz) & 10.10 (s, 1H), 8.77 (d, J = 9 Hz, 2H), 8.22 (d, J = 7.8 Hz, 2H), 7.98 (dd, J; = 8.7 Hz,
J> =12.3 Hz, 4H), 7.88-7.81 (m, 4H), 7.72-7.65 (m, 6H), 7.57-7.48 (m, 4H), 7.36 (dt, J1 = 1.0 Hz, J, = 7.5 Hz,
2H).

9-(4-(10-((4-([2,2":6',2""-terpyridin]-4'-yl)phenyl)ethynyl)anthracen-9-yl)phenyl)-9H-carbazole (7). 2-
acetylpyridine (66 pL, 0.59 mmol) was added to a stirred suspension of crushed NaOH (24.0 mg, 0.59 mmol)
in PEG 200 (1.0 mL) at 0° C. After 30 minutes 4-((10-(4-(9H-carbazol-9-yl)phenyl)anthracen-9-
yl)ethynyl)benzaldehyde (106.9 mg, 0.20 mmol) was added and stirring was continued at 0°C for 2 h. Then
concentrated aqueous NHs solution (3 mL) was added and the suspension stirred at 100°C for 24 h. After
this time water was added and the mixture was extracted with DCM (3 x 10 mL). The organic phase was
then washed with brine, dried over Na,SOs. Solvent was evaporated and MeOH was added. The precipitate
solid was collected by vacuum filtration and washed with water (50 mL) and ethanol (10 mL). Then it was
purified by silica gel column chromatography using a mixture of CH,Cl,/MeOH (95:5) to give product 7 as a
yellow solid in 15% yield (22.3 mg) *H NMR (CDCls;, 400 MHz) 6 8.83 (d, J = 10.8 Hz, 4H), 8.79 (d, J = 4.8 Hz,
2H), 8.72 (d, J = 8.0 Hz, 2H), 8.22 (d, J = 8.0 Hz, 2H), 8.05 (d, J = 8.0 Hz, 2H), 7.96 (d, J = 8.0 Hz, 2H), 7.92 (d, J
= 8.0 Hz, 4H), 7.84 (t, J = 8.0 Hz, 4H), 7.69 (t, J = 8.4 Hz, 6H), 7.55-7.49 (m, 4H) 7.42-7.34 (m, 4H); 3C NMR
(CDCl3, 100 MHz) 6 156.0 (C), 149.5 (C), 149.1 (CH), 140.8 (C), 138.4 (C), 137.6 (C), 137.5 (C), 137.4 (C), 137.3
(C), 137.1 (CH), 132.7 (CH), 132.4 (C), 132.2 (CH), 130.1 (C), 127.5 (CH), 127.2 (CH), 127.1 (CH), 126.9 (CH),
126.6 (CH), 126.1 (CH), 126.0 (CH), 124.4 (C), 124.0 (CH), 123.6 (C), 121.5 (CH), 120.5 (CH), 120.2 (CH), 118.8
(CH), 117.7 (C), 109.9 (CH), 88.1 (Cak), 77.2 (Cak).
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11. A mesoionic carbene as neutral ligand for phosphorescent cationic Ir(lll) complexes

1,2,3-triazol-5-ylidene derivatives have recently emerged as a new class of so-called mesoionic or abnormal
carbenes (MICs or aNHCs ),! and have found a wide range of applications as ligands in metal complexes,

typically to be used in the area of homogeneous catalysis.??

The success of this class of ligands is based on a combination of favorable features, such as strong donor
character (even higher than their NHC analogues) and the fact that the regioselective copper(l) catalyzed
‘click’ cycloaddition of alkynes with azides (CUAAC) allows easy preparation of the triazole precursors.?
Subsequent N-alkylation and deprotonation of the readily obtained 1,2,3-triazoles afford the desired

mesoionic carbene ligands.®

The synthesis of 1,2,3-triazoles entails a large variety of aryl wingtip derivatives. Among them, phenyl-
triazoles (A) and pyridyl-triazoles (B) are extensively utilized as bidentate cyclometalating® and ancillary’
ligands, respectively, in luminescent transition metal complexes (Figure 1). Similarly, the corresponding
triazolylidene derivatives C and D have been recently used as bidentate cyclometalating and donor ligands
to afford Ru(l1)*® and Ir(l11)323%3¢ complexes employed in various catalytic processes. However, applications
of pyridyl derivatives D in other fields are still scarce and few examples of pyridyl-1,2,3-triazol-5-ylidene

Ru(ll)- complexes as photosensitizers appeared only recently.®

R\ R\ R /
N-N N-N N— N—
A\ W\ 1 1
N N N~ @ /N
O @ D
Z N
s
A B

Figure 1: Examples of 1,2,3-triazole derivatives as bidentate ligands; the coordination sites are pointed out

Based on our interest in luminescent compounds’®®® and with the aim of widening our library of organic
chelating ligands,*® we envisaged the possibility of using D-type 1,2,3-triazol-5-ylidene derivatives as ligands

for phosphorescent Ir(Ill) complexes.

Most luminescent Ir(lll) coordination compounds reported in the literature contain bidentate ligands. This
is due to easy synthetic accessibility and to the possibility of varying functional groups on the ligand

skeleton, enabling a rational tuning of the photophysical properties.

In particular, ortho-metalated phenyl pyridines and their analogues typically serve as monoanionic

bidentate ligands and have enabled the preparation of large number of cyclometaleted Ir(lll) complexes
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since the pioneering works of Thompson.!! These compounds are the best choice as triplet emitters in
electroluminescent devices,*? due to their strong and tunable luminescence output all across the whole

visible spectral region, by modifying the chemical nature of the ligands.

By contrast, Ir(lll) complexes containing only chelating neutral ligands such as 2,2’-bipyridine - with, for
instance, general formula [Ir(L-L),Cl5]* and [Ir(L-L)2(L’-L’)]3* - are relatively rare, most probably due to the
harsh reaction conditions and the laborious purifications needed in the presently available synthetic
routes.’® However, recently, renovated interest in such compounds has sparked,** particularly due to their

possible applications as antimicrobial agents®> and DNA-intercalators.!®

Even dianionic ligands are still rather uncommon in Ir(lll) complexes, with some recent examples involving
dianionic CAC,Y” NAN'® and SAS® chelators, in combination with neutral or monoanionic cyclometalating

derivatives.

Herein, we report the first example of a 4-pyridyl-1,2,3-triazolylidene derivative as a neutral donor ligand to
obtain the cationic phosphorescent Ir(lll) complexes [Ir(tripz).Cl.]* (3, tripz = 1-benzyl-3-methyl-4-(pyridin-2-
yl)-1H-1,2,3-triazolylidene) and [Ir(tripz).(b-trz)]* (5, Hab-trz = di(1H-tetrazol-5-yl)methane) through a simple
synthetic procedure (Scheme 1). In the latter, the bis-tetrazolate dianionic chelating ligand 4 is used to

obtain a luminescent complex.

11.1 Results and discussion
11.1.1 Synthesis of complexes 3 and 5

The synthetic route to 3 and 5 is reported in Scheme 1. We identified ligand 2 (Scheme 1) as the MIC
precursor able to behave as a bis-chelating ligand, as it contains a 2-pyridy-1,2,3-triazolylidene unit and
exhibits a benzyl group as N-substituent, which can avoid competing coordination and favors

cyclometalation.?

The pyridyl triazole 1 is obtained from the click reaction between benzyl-azide and 2-ethynyl-pyridine.?! It

reacts regioselectively with MeOTf to give the mono-methylated triazolium salt 2.

Standard approaches?? to obtain a chloride-bridged Ir(Ill) dimer by direct reaction of 2 with IrClsxH,0 or

with the more reactive [Ir(COD)CI]; failed.

Considering that the coordination of 1,2,3-triazol-5-ylidene carbenes to a metal is generally achieved
through transmetalation from a Ag-MIC complex,”® we performed the C-H bond activation of the MIC
precursor 2 by reaction with Ag,O in acetonitrile in the absence of light,?* to get the corresponding -

triazolylidene complex which was directly used in the next step without purification.
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The Ag-Ir transmetalation was performed by reaction of the Ag-derivative of 2 with [Ir(COD)CI],?* at reflux
in 2-ethoxyethanol. Complex 3 was obtained as an air-stable yellow solid and its structure was confirmed
by NMR, MS and X-ray analysis (see below). The 'H NMR most diagnostic evidences of the Ir-complex
formation were the disappearance of the triazolium H-5 proton, the observation of the characteristic AB
resonance pattern of the benzylic protons, some high-field shifts due to the m stacking and the down-field

shift of the H-6" proton.

Complex 3 is rather stable but, upon halide extraction with AgOTf, it reacts with the dianionic ligand 4,
which is derived from the deprotonation of di(1H-tetrazol-5-yl)methane.? This affords complex 5 in good
yields (Scheme 1). Any attempts to obtain 5 as crystals suitable for X rays analysis failed, and its structure

was established by NMR and mass analysis and supported by DFT calculations (see below).

4 3 5 1 — 1) A KCI, ACN, rt
WN/\© MeOTf, DCM,reflux O—(/\N/\© ) Ag,0, KCI, ACN, _
5 | _
, K NN, \_y oN"N 2) [I(COD)CI],
6 1 3 / OTi® 2-Ethoxyethanol, reflux
1
®
o~ ° Y e
\ | © N | oTf
N , N N
) \ OTf N NN
N [ N 1) AGOTY, EtOH, reflux  pp ™\ ] "N
",Ir\-‘\ 2) /N N\ Ir
Ph™>y ‘\CI N, W N 2K PN \ ‘\N \
1 N-N  N-N N !
N\\ \ N O 0O \N /N N\\N’N
g 4 NS
X EtOH, reflux
3 5

Scheme 1: Synthesis of complexes 3 and 5

11.1.2 Structural characterization

Single crystals of complex 3 were obtained as trifluoromethanesulphonic salt by slow diffusion of Et,0 in
DCM/acetonitrile solution. The compound crystallizes in the monoclinic Cy/c space group and the crystal
cell contains a molecule of acetonitrile and a water molecule. The structure of the cation showed the same
arrangement of the two ligands around a pseudo octahedral iridium ion (see Figure 2). The two pyridinic
nitrogen occupy the two apical position, therefore leading to a trans arrangement. The two chlorine atoms
occupy two adjacent equatorial positions, whereas the two remaining are filled by the triazolylidenes. The

two benzyl moieties are arranged in a parallel-stacked conformation with the two ligands. The structure is
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reported in Figure 2 and the corresponding crystallographic parameters in Table 1, and they are very similar

to other iridium complexes reported in the literature.?”

Ir-Cl =2.426, 2.431 A
Ir-N =2.086, 2.080 A
Ir-C =1.984,1.974 A

Cl-Ir-Cl =91.39°
N-Ir-N =178.55°
Cdr-C =95.18°

Figure 2: Experimental X-ray structures of complex 3. ORTEP representations are at the 50% probability. Counter

anion, solvents, and hydrogen atoms are omitted for the sake of clarity

Table 1: Crystallographic parameters for 3

3
Formula CsoH28NsClalr, C1F303S, C;H3N, Oy
Fw 969.83
T, K 298
AA 0.71073 (Mo-Ka)
Crystal system Monoclinic
Space group Cy/c

a, A 21.6091(12)
b, A 12.3435(7)
c, A 28.5466(15)
a, deg 90.000

B, deg 100.2300(10)
y, deg 90.000

Cell volume, A3 7493.2(7)

z 8

D, gcm™ 1.719

i, mmt 3.827
F(000) 3824
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h, k, | max

Crystal size, mm

0 limits, °

Reflections collected
Independent reflections
Data/restraints/parameters
Weight. Scheme

GOF on F?

Ri (1> 40(l)

WwR; (all data)

Peak/hole, e A3

27,15, 36
0.25, 0.15, 0.05
1.45 t0 26.00
40629

8049
8049/0/481
0.0272 6.7122
1.009

0.0607

0.0722

0.811 and -0.487

Notes:

The crystal cell contains a water molecule
(0100), but the two hydrogens could not
be experimentally found.

H NMR for compounds 3 (top) and 5 (bottom) are reported in Figure 3. The role of the triazolylidene
derivative as MIC ligand is confirmed by the number of the aromatic protons in the spectra (total = 9H) and
in particular by the absence of the singlet related to the triazole moiety, which can be usually find at 9.26
ppm (as for compound 2). The presence of the ancillary ligand 4 in complex 5 is corroborate by the
presence of the singlet centred at 4.7 ppm, typical for the ditetrazolylmethane derivative. Variation in

chemical shifts can also be observed for the benzyl-CH,-system and for the protons of the pyridyl-moiety.
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Solvent: cdlod
Tesp. 25.0C / 2901 K
Mercury-400BB “mi00°

OBSERVE H1. 199.926151) MH:z

{ r
-~ ror r { f ~
J 4 J J /‘r.l - e fr 4
l U | i j_, J }u[‘_.l.dh_ et
9 8 7 6 5 4 Ppm
1.00 1.08 1.10 1.59% 1.17
1.07 1.10 1.9%7 1.13 2.96

Pulse Seguence: s2pul

Zolvent: edell
Temp. 25.0 C / 298.1 K
INOVA-600 "i600"

OBSERVE Hl, 599.7275813 MHz
DATA PROCESSING

Line broadening 2.0 Hz

PT size 65536

Total time 0 min, 24 sec

2.16 4.95 4.63 3.85 2.01
z.18 2.53 2.14 4.18 5.89

Figure 3: 'H NMR for complexes 3 (top) and 5 (bottom)
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11.1.3 Electrochemical properties

The electrochemical properties of the Ir(lll) complexes 3 and 5 were investigated by cyclic (CV) and square
wave (SWV) voltammetry in acetonitrile solutions (c = 4x10* M) at 298 K. The redox potentials, measured
relative to the ferrocene/ferrocenium (Fc/Fc*) redox couple, are collected in Table 2, while selected

voltammograms are reported in Figure 4.

Upon scanning of the anodic region, complex 3 displays a one-electron oxidation wave, which can be
formally assigned to the Ir'"/Ir" redox couple, though it should be noted that the HOMO is also delocalized
over the phenyl moieties of the ligand (see below, Figure 7). The oxidation couple observed at E = +1.40 V
was quasi-reversible at all scan rates tested (0.01-0.5 V/s), with peak-to-peak separation AE,, = 0.10-0.08 V.
On the other hand, complex 5 show an almost irreversible mono-electronic redox process at +1.62 V. When
scanned cathodically, two almost irreversible one-electron reduction waves are observed for both
complexes at about -1.8 and -2.0 V (AEy, = 0.10 and 0.15 V, respectively, almost independent from the scan
rate between 0.01-2.00 V/s). These are assigned to the stepwise reduction of the two MIC ligands on the
basis of the theoretical data presented below (vide infra). The oxidation potentials of complexes 3 and 5 are
considerably more positive, by ca. 0.53 V and 0.75 V, respectively, than that of the model cationic complex
[Ir(ppy)2(bpy)]* (Where Hppy = 2-phenyl pyridine and bpy = 2,2’-bipyridine) (E = +0.87 V), while the first
reduction potential is quite similar.2® Thus, the presence of the mesoionic carbene ligand has a strong
stabilization effect on the HOMO with respect to ppy, which underpins a radical change of the nature of the
HOMO itself in the case of 3 (see below). On the contrary, the LUMO energy is almost unchanged. Notably,
the electrochemical HOMO-LUMO gap (AEredox) correlates very well with the energy difference calculated by
the DFT method (see below, Table 3), which provides a basis for the understanding of the electronic

features of our Ir(lll) complexes.

Table 2: Electrochemical data of complexes 3 and 5 determined by SWV in room-temperature acetonitrile solution
+0.1 M TBAPFs

Electrochemical data?® [V]

Complex
Eox Ered AEredo’
[Ir(ppy)2(bpy)]* +0.87¢ -1.78¢ 2.65
3 +1.40 -1.82,-1.98 3.22
5 +1.62 -1.82,-2.05 3.44

@ All redox potentials are reported with respect to the Fc+/Fc couple (estimated errors: = 20 mV). ? AFredox = Eox — Ered.
¢ Data from ref 28.
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Ir /ir

. IrIII / Ir‘V
Fc/ Fc

L /L
L/ J7 Fc / Fc'

fx _L_fL
/ L /U _/

LU B B B B B e B S B B R S S DL e | T IS B S N B B e B B B m e |

-2 -1 0 1 2 -2 -1 0 1 2
E (V vsFe/Fc)) E (V vsFe/Fe))

Figure 4: Anodic (blue) and cathodic (red) cyclic (top traces) and square wave (bottom traces) voltammetry scan of
complexes 3 (left) and 5 (right) in CH3CN solution at 298 K

11.1.4 Ground-state theoretical calculations

The structural and electronic properties of 3 and 5 were investigated by means of density functional theory
(DFT) calculations at the MO06/6-31G(d)&LANL2DZ(Ir)?*3%3%32 |evel of theory considering acetonitrile
solvation effects using the polarizable continuum model (PCM).3® The ground-state geometries of both
complexes were fully optimized without symmetry constraints. The accuracy of the computational method
is validated by the comparison between the available X-ray structure of 3 and its theoretically calculated
one.?* Accordingly, Figure 5 clearly shows that the experimental and computed geometries are virtually
superimposable as mathematically proved by the extremely small minimized value of the root-mean-
square deviation calculated for all the atomic positions (only 0.148 A). This value is even smaller (0.084 A) if
the phenyl moieties of 3 are excluded from the minimization process since their position is relatively

undefined in the experimental X-ray structure.

128



11. A mesoionic carbene as neutral ligand for phosphorescent cationic Ir(lll) complexes

Figure 5: Structural overlay (H atoms omitted) between the experimental X-ray structure of the cationic part of
complex 3 (blue) and the theoretically computed one (red). The structural overlay is calculated by minimizing the root-
mean-square deviation (RMSD) of all the atomic positions (left, RMSD = 0.148 A) or, alternatively, by excluding the
phenyl moieties from the minimization process because of their relatively undefined position (due to high thermal
motion) in the experimental data (right, RMSD = 0.084 A)

It is noteworthy that the fully optimized ground-state geometry of 3 displays a perfect C; symmetry, while
the experimental one belongs to the C; point group. The lack of symmetry in the X-ray structure can be
attributed to the presence of the triflate counterion and/or solvent molecules in the crystal lattice, rather
than to intermolecular interactions within 3 (vide supra). On the other hand, the replacement of the two
chloride ligands with the chelating bis-anionic ligand 4 in 5, removes the C, symmetry of the complex due to
the lack of planarity of the ligand 4 itself, induced by the presence of the methylene bridge linking the two

tetrazolate moieties.

As mentioned above, we could not obtain suitable crystals for X-ray structural determination of 5,
therefore a direct experimental proof of the coordination mode of ligand 4 upon chelation of the iridium
metal center is not available. There are three possibilities: (i) both tetrazole moieties coordinate the iridium
metal through the nitrogens in position 1 on the tetrazole ring; (ii) same as before using the nitrogens in
position 2; (iii) the two tetrazole moieties are not equivalent, with one coordinating through the nitrogen in
position 1 and the other one through the nitrogen in position 2. The latter hypothesis is not compatible
with NMR data; in fact, for instance, the *C-NMR spectrum of the complex shows only one signal
associated to the C-5 tetrazolic carbon. Notably, DFT calculations suggest that the most probable scenario is
(i) because all geometry optimizations starting from three different initial guesses, representative of the

three above mentioned isomers, converge on the same structure depicted in Figure 6.
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Figure 6: Calculated structure for complex 5

Figure 7 displays the energy diagram and the topology of the frontier molecular orbitals of both 3 and 5,

together with those computed for the archetypal complex [Ir(ppy)z(bpy)]* as reference.
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Figure 7: Energy diagram showing the energy values of the frontier Kohn-Sham molecular orbitals of 3 and 5 in
acetonitrile, together with those computed for the archetypal complex [Ir(ppy)2(bpy)]*; for some relevant orbitals, the
corresponding isosurface is also displayed for the sake of clarity (isovalue = 0.04 e%/? bohr=/?)

Normally, in cyclometalated cationic iridium(lll) complexes, the HOMO is mainly localized on the metal
center and on the moiety of the cyclometalating ligands involved in the Ir-C bond, as found for
[Ir(ppy)2(bpy)]* and 5. Interestingly, this is not the case for 3, where the HOMO, but also the HOMO-1 and

the HOMO-2, are basically t* orbitals respectively involving one of the three iridium d; orbitals (pseudo-tzg)
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and a different linear combination of the chlorides 3p orbitals (Figure 7). This results in a strong
stabilization of the HOMO (-0.80 eV), if compared to the archetypal complex. The HOMO energy is even
lower in the case of 5 (-1.10 eV vs. [Ir(ppy)z(bpy)]*) because this t* orbital, now involving the iridium metal

center and the triazole moiety, is strongly stabilized by the ligand field exerted by the bis-anionic ligand 4.

On the other hand, in both 3 and 5, the LUMO and LUMO+1 are centered on the two mesoionic carbene
ligands and are virtually isoenergetic (fully degenerate in the case of 3, displaying C; symmetry). The effect
of the chloride ligands or of the chelating 4 unit is negligible in altering the LUMO and LUMO+1 energy of
the two complexes (AE = 0.05 eV). The scenario is completely different in the case of the archetypal
complex [Ir(ppy)2(bpy)]* where the LUMO is centered on the 2,2’-bipyridine ancillary ligand (bpy). All the

calculated energy levels are reported in Table 3.

Table 3: HOMO and LUMO energy levels calculated by DFT

DFT calculated energy? [eV]

Complex
Enomo Ewumo AEoer?
[Ir(ppy)2(bpy)]* -5.85 -2.26 3.59
3 —6.65 -2.39 4.26
5 -6.95 -2.47 3.48

9 DFT calculations were carried out at the M06/6-31G(d) & LANL2DZ(Ir) level of theory in acetonitrile, using PCM.
b AEoer = ELumo — Enomo.

In short, DFT calculations suggest that 3 and 5 should display a ligand-centered (LC) emission, unlike
[Ir(ppy)2(bpy)]* which exhibits a metal-to-ligand charge-transfer (MLCT) band. The largest HOMO-LUMO
energy gap is predicted for 5 (4.48 eV), to be compared with 4.26 eV for 3. These theoretical findings are in

line with both the electrochemical data (see CV and SWV measurements, Table 2).
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11.1.5 Photophysical properties and excited-state characterization

Photoluminescence studies in solution were carried out in spectroscopic grade acetonitrile. The absorption

spectra of 3 and 5 are reported in Figure 8.
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Figure 8: Absorption spectra of 3 (black) and 5 (red) in acetonitrile at 298 K. The lowest-energy transitions are
magnified in the inset

Both compounds exhibit a similar absorption profile in the spectral window between 210 and 300 nm.
Therefore, these strong absorption bands are primarily attributed to spin-allowed (r-nt*) ligand-centered
(LC) transitions mainly involving the two identical mesoionic carbene ligands, with some likely contribution
from 3LC forbidden transitions, enabled by the heavy-atom effect of the iridium center (g, = 3909 cm™?).123°
At longer wavelengths (A > 300 nm; Figure 8, magnified region), several weaker and broader bands are
present but their qualitative attribution is less straightforward, therefore TD-DFT calculations have been
performed to rigorously assess their nature. In agreement with experimental data, theoretical estimations
predict a more red-shifted absorption onset in the case of 3. In fact, the So=>S: and S¢S, vertical
excitations, that are mainly responsible for the lowest-energy absorption band in both complexes, are
estimated to occur at 382 and 378 nm for 3, and at 349 and 345 nm for 5. In both compounds, the So=>S:
predominantly involve a HOMO—->LUMO excitation, while the So=>S, transitions can be described as
HOMO->LUMO+1 electron promotion (see Figure 7 for orbital topologies). As a consequence, in the case of
complex 3, the lowest-energy absorption band in the inset of Figure 8 can be assigned to a ligand-to-ligand
charge-transfer (LL’CT) transition from the chlorines to the mesoionic carbene ligands. On the contrary, for

complex 5, the band mainly originates from a LC transition involving the two carbene ligands. Anyway, it
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must be stressed that a strong MLCT component is always present in both cases since the iridium dn

orbitals strongly contribute to the HOMO of both complex 3 and 5.

The emission spectra of 3 and 5 are reported in Figure 9 both in acetonitrile solution at 298 K (full) and at
77 K (dashed), while the luminescence properties and photophysical parameters are summarized in Table

4.
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Figure 9: Corrected emission spectra of 3 (black) and 5 (red) in acetonitrile at 298 K (full) and at 77 K (dashed)

The room-temperature emission spectrum of 5 is more structured if compared to that of 3, probably due to
the presence of the bis-tetrazolate chelating ligand that can increase the rigidity of the related complex.
This is also reflected in a less pronounced hypsochromic shift when lowering the temperature from 298 K to
77 K. Moreover, it should be stressed that, at low temperature, also the emission spectrum of 3 displays a
pronounced vibronic structure with the main progression displaying a frequency similar to that observed
for 5 (i.e., 1441 vs. 1358 cm™). Such vibrational frequency can be associated to the aromatic C=C stretching
of the mesoionic carbene ligands, indicating that the emitting state is probably a 3LC state in both

complexes, not involving the ancillary ligands.®
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Table 4: Luminescence properties and photophysical parameters of complexes 3 and 5

Oxygen-free solution Rigid matrix 1% PMMA matrix
CH3CN 298 K CHsCN, 77 K 298 K
}\em (Dema T }bem T kem q)emb T
[nm] [%]  [us] [nm] [ms] [nm] [%] [us]
3 538 1.4 590 456,488,515 11.8 552 31 46
5 470,499  11.7 3.77 480,509, 537 20.5 475(sh), 502 20 7.9

@ [Ru(bpy)s]Cl2 as reference (PLQY = 2.8%); * determined using an integrating sphere.

In order to assess the nature of the emitting state, the lowest triplet state of each complex was optimized
using an unrestricted DFT approach. As expected, the spin-density distributions reported in Figure 10
indicate that the lowest triplet excited state of both complexes has a strong LC nature (centered on the
neutral pyridyl-triazolylidene ligand) with some *MLCT contribution from the iridium d. orbitals. In both
cases, the topology of the spin-density contours is compatible with a HOMO->LUMO excitation (see Figure
7 for comparison). The calculated emission energies are computed to be 2.26 eV (548 nm) and 2.32 eV (535
nm) for 3 and 5, respectively. These values well compare with the mean photon energy of the emission
spectra recorded in room-temperature acetonitrile solution (i.e., 2.21 eV and 2.38 eV for 3 and 5,
respectively). According to theoretical indications, the blue shift observed in the case of 5 can be ascribed
to the stronger stabilization of the iridium dr orbitals induced by the bis-tetrazolate ancillary ligand

compared to the two chloride atoms, rather than to a different nature of the triplet excited state.

Figure 10: Spin-density distribution for the lowest-energy triplet state (T1) of complex 3 (left) and 5 (right), computed
in acetonitrile using the PCM-UMO06/6-31G(d)& LANL2DZ(Ir) level of theory; isovalue: 0.002 e bohr=

Despite both complexes emit from a similar 3LC state, their photoluminescence quantum yields (PLQYs) in
room-temperature acetonitrile solutions are considerably different (Table 4). 5 exhibits a PLQY around 12%,

a value which is comparable with that of the archetypal complex [Ir(ppy)2(bpy)]*, whereas the PLQY of the
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dichloro-precursor 3 is one order of magnitude lower. However, such a low quantum yield is in line with
literature data reported for other cyclometalated iridium(lll) complexes equipped with chloride ions as

ligands.?’

In Figure 11 are reported the room-temperature emission spectra of 3 and 5 in poly(methyl methacrylate)
(PMMA, 1% by weight). The emission profiles are comparable with those recorded in acetonitrile solution
at 298 K and only a slight red-shift is observed when the complexes are embedded in the polymeric matrix,

further corroborating the hypothesis of a ligand-centered emitting state with a small MLCT contribution.
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Figure 11: Corrected emission spectra of complex 3 (black) and 5 (red) in 1% PMMA matrix recorded at 298 K(full
lines) and compared to the ones in room-temperature acetonitrile solutions (thin dashed lines)

11.2 Conclusions

Cationic luminescent Ir(lll) complexes carrying a mesoionic carbine (MIC) as neutral ligand and two
chlorides or a chelating bis-tetrazolate derivative as anionic ancillary ligands have been obtained for the

first time.

A simple procedure to synthesize derivatives 3 and 5 has been set up through transmetalation of the in
situ-generated Ag-carbene and ([Ir(COD)Cl],. The complexes have been obtained in satisfactory yields and
fully characterized. DFT calculations indicate that luminescence originates from ligand-centered (LC) excited
states and all the theoretical findings are in line with both the electrochemical data and the electronic
absorption spectra. In particular, the presence of the bis-tetrazolate ligand in 5 induces a blue shift in the

emission compared to complex 3. Photoluminescence quantum yields are comparable to those of the
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archetypal complex [Ir(ppy)z(bpy)]* and of other cyclometalated iridium(Ill) complexes carrying chloride

ligands, respectively.

This work gives entry to a new class of phosphorescent Ir(lll) complexes which can now be expanded by
rationally changing the mesoionic carbene and/or the ancillary ligands, in order to enhance the luminescent

properties and potential applications thereof.

11.3 Experimental section
General synthetic procedures

Analytical grade solvents and commercially available reagents were used as received, unless otherwise
stated. Chromatographic purifications were performed using 70-230 mesh silica. *H, 3C, NMR spectra were
recorded on a Varian Inova 300 MHz, on a Mercury 400 MHz or on an Inova 600 MHz spectrometer.
Chemical shifts (6) are reported in ppm relative to residual solvent signals for *H and *C NMR (*H NMR:
7.26 ppm for CDCls; 3C NMR: 77.0 ppm for CDCls). **C NMR spectra were acquired with *H broad band
decoupled mode. Coupling constants are given in Hertz. Elemental analyses were performed on a
ThermoQuest Flash 1112 series EA instrument. ESI-MS analysis were performed by direct injection of

acetonitrile solutions of the compounds using a WATERS ZQ 4000 mass spectrometer
Synthesis of 2-(1-benzyl-1H-1,2,3-triazol-4-yl)pyridine (1)

Benzylbromide (1.4 mL, 11.7 mmol) and NaNs (1.9 g, 29.2 mmol) were dissolved in DMSO (30 mL) and the
resulting solution was stirred at room temperature for 24 hours. After this time, water (30 mL) was added
and the resulting mixture was extracted with DCM (4 x 15 mL). The collected organic phase was washed
with water (30 mL) and brine (30 mL), dried over Na,SO4 and concentrated giving a pale yellow oil, which
was used without further purifications. The resulting benzylazide was dissolved in a mixture of 1:1
tBuOH/water (60 mL) and 2-ethynylpyridine (1.8 mL, 17.5 mmol), CuSO4-H,0 (1.2 g, 4.7 mmol) and sodium
ascorbate (378.2 mg, 1.75 mmol) were added. The resulting mixture was stirred at room temperature for
24 hours and then the solvent was removed under vacuum. The crude was dissolved in DCM (30 mL) and
ammonia solution (30 mL) was added. Stirring was performed for additional 24 hours. Water (30 mL) was
added to the reaction and the mixture was extracted with DCM (3 x 20 mL). The collected organic phase
was washed with brine, dried over Na,SO, and concentrate. The crude was purified on silica gel flash
chromatography using a mixture of CH,Cl,/methanol (95:5) to give product 1 in 93% yield (2.7 g). *H NMR
(CDCls, 300 MHz) 6 8.53 (d, J = 4.8 Hz, 1H), 8.17 (d, J = 8.1 Hz, 1H), 8.05 (s, 1H), 7.76 (dt, Jux = 1.8 Hz, Jun =
7.8 Hz, 1H) 7.40-7.31 (m, 5H), 7.21 (ddd, Jus = 0.9 Hz, Jus = 5.1 Hz, Juy = 7.5 Hz, 1H), 5.58 (s, 2H). 3C NMR
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(CDCls, 400 MHz) 6 150.2 (C), 149.3 (CH), 148.7 (C), 136.9 (CH), 134.3 (C), 129.2 (CH), 128.8 (CH), 128.3 (CH),
122.8 (CH), 121.9 (CH), 120.2 (CH), 54.4 (CH,).

Synthesis of 1-benzyl-3-methyl-4-(pyridin-2-yl)-1H-1,2,3-triazol-3-ium-trifluoromethanesulfonate (2)

2-(1-benzyl-1H-1,2,3-triazol-4-yl) pyridine 1 (200 mg, 0.85 mmol) was dissolved in DCM (3 mL) and MeOTf
(480 pL, 4.24 mmol) was slowly added. The resulting solution was refluxed for 24 hours under nitrogen
atmosphere. The solvent was then evaporated and the crude was washed with Et,O (5 mL) and DCM (5
mL). Product 2 was isolated by silica gel flash chromatography using a mixture of CH,Cl,/methanol (95:5) in
58.9% vyield (199.6 mg). 'H NMR (CDsOD, 400 MHz) & 9.26 (s, 1H), 8.83-8.80 (m, 1H), 8.07-7.99 (m, 2H),
7.65-7.56 (m, 3H), 7.53-7.45 (m, 3H), 5.91 (s, 2H), 4.65 (s, 3H). 3C NMR (CD3;0D, 100 MHz) § 152.0 (CH),
145.3 (C), 143.4 (C), 140.1 (CH), 134.1 (C), 131.7 (CH), 131.3 (CH), 131.2 (CH), 130.8 (CH), 127.8 (CH), 126.5
(CH), 122.1 (CFs3, Jer = 319.8 Hz), 59.3 (CH,), 42.6 (CH3). Anal. Calculated for C16H15F3sN4OsS (400.38): C, 48.00;
H, 3.78; N, 13.99%. Found: C, 48.94; H, 3.89; N, 14.21%.

Synthesis of complex [Ir(tripz),Cl>]* (3)

1-benzyl-3-methyl-4-(pyridin-2-yl)-1H-1,2,3-triazol-3-ium-trifluoromethanesulfonate 2 (100 mg, 0.25 mmol)
was dissolved in acetonitrile (15 mL). KCI (186.5 mg, 2.5 mmol) and Ag>0O (202.8 mg, 0.875 mmol) was
added. The resulting mixture was stirred in nitrogen atmosphere for 2 days in absence of light. After this
time the resulting solid was removed by filtration and washed with ACN (10 mL). The solution was then
evaporated under vacuum giving the silver derivative as a white solid that was added to a solution of di-p-
chlorobis(1,5-cyclooctadiene)diiridium ([Ir(COD)Cl]2) (67.2 mg, 0.1 mmol) in 2-ethoxyethanol (3 ml). The
resulting solution was refluxed for 24 hours under nitrogen atmosphere. The black precipitate was filtered
off and the resulting solution was concentrated under vacuum. The crude was washed with Et;0 (5 mL) and
the pale yellow precipitate was collected and dried. Then MeOH (5 mL) was added and the resulting solid
was filtered off. The solvent was evaporated giving a yellow oil. Recrystallization from DCM/Et,0 gave
product 3 as a yellow solid in 40.6% yield (21.6 mg). *H NMR (CDs0D, 400 MHz) § 9.71 (d, Juu = 6.0 Hz, 2H),
8.15 (dt, Jun = 1.2 Hz, Jun = 8.0 Hz, 2H), 8.00 (dq, Jun = 0.8 Hz , Ju = 8.0 Hz, 2H), 7.49 (t, Jun = 6.8 Hz, 2H), 7.35
(t, Jun = 7.6 Hz, 2H), 7.22 (t, Jun = 7.6 Hz, 4H), 6.45 (d, Jun = 7.6 Hz, 4H), 5.24 (d, Juu = 16.8 Hz, 2H), 4.93 (d, Jun
= 16.8 Hz, 2H), 4.43 (s, 6H). >F NMR (CDs0D, 300 MHz) § -80.0 (s). *C NMR (CDs0D, 150 MHz) 6 155.0 (CH),
151.5 (C), 150.1 (C), 141.4 (CH), 137.7 (C), 135.2 (C), 129.8 (CH), 129.5 (CH), 126.5 (CH), 126.4 (CH), 123.2
(CH), 56.2 (CH,), 39.7 (CH3). Anal. Calculated for C3iH,sCl>FslrNsOsS (912.79): C, 40.79; H, 3.09; N, 12.28%.
Found: C, 41.04; H, 2.98; N, 11.89%. ESI-MS: 763 [M-CF3SOs]"*.

Synthesis of ligand di(1H-tetrazol-5-yl)methane (Hz-4)

Malononitrile (12.0 g, 182 mmol), NaNs (26 g, 400 mmol) and dimethylamine hydrochloride (32.6 g, 400

mmol) were dissolved in DMF and the resulting solution was stirred at 110 °C for 24 hours. The precipitate
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was filtered off and the solution was evaporated under reduced pressure. The resulting solid was dissolved
in 1M HCI until a pH value of 1 and the resulting precipitate was collected and well dried. MeOH (30 mL)
and active carbon were added and the resulting mixture was stirred overnight. The black precipitate was
filtered off and the solvent was evaporated giving product as a white solid in 60% vyield (16.6 g). *H NMR
(CDs0D, 300 MHz) § 5.30 (s, 2H). *C NMR (CDs0D, 75 MHz) § 155.3 (C), 21.2 (CH,).

Synthesis of complex [Ir(tripz),(b-trz)]* (5)

Complex 3 (21.6 mg, 0.028 mmol) was dissolved in EtOH (4 mL) and AgOTf (22.0 mg, 0.085 mmol) was
added. The resulting mixture was refluxed for 24 hours. Then the formed black solid was filtered off and the
solution was added to a mixture of di(1H-tetrazol-5-yl)methane (H:-4, 4.3 mg, 0.028 mmol) and KOH (5 mg,
0.085 mmol) in EtOH (2 mL) previously stirred for 30 min at room temperature. The resulting solution was
refluxed at 90 °C for 4 hours and then the solvent was evaporated. The crude was purified by aluminium
oxide flash chromatography using a mixture of CH,Cl,/methanol (95:5) to give product as a yellow solid in
77.2% vield (21.6 mg). *H NMR (CDCls, 600 MHz) & 7.84 (t, Jun = 7.8 Hz, 2H), 7.75 (d, Jun = 7.8 Hz, 2H), 7.24
(d, Jun = 6.0 Hz, 2H), 7.20 (t, Jun = 7.2 Hz, 2H), 7.11 (t, Juw = 7.2 Hz, 4H), 6.79 (t, Jun = 7.2 Hz, 2H), 6.73 (d, Jun
= 7.2 Hz, 4H), 5.37 (d, Jun = 16.8 Hz, 2H), 5.31 (d, Jun = 16.8 Hz, 2H), 4.65 (s, 2H), 4.55 (s, 6H). 2°F NMR
(CDs0D, 300 MHz) 6 -80.0 (s). °F NMR (CDs0D, 600 MHz) 6 -80.0 (s). **C NMR (CDCls;, 150 MHz) 6 154.6 (C),
151.1 (C), 151.0 (CH), 149.0 (C), 141.1 (C), 139.9 (CH), 133.7 (C), 128.7 (CH), 127.9 (CH), 125.6 (CH), 124.7
(CH), 121.8 (CH), 56.2 (CH,), 39.4 (CH3), 29.7 (CH,). Anal. Calculated for CssH3oF3lrN10sS (991.98): C, 41.17;
H, 3.05; N, 22.59%. Found: C, 40.71; H, 2.97; N, 21.93%. ESI-MS: 843 [M-CF;SOs]".

Electrochemistry

Voltammetric experiments were performed in a three-electrodes cell (BioLogic SVC-2 cell, Pt working
electrode, Pt pseudo-reference, Pt counter electrode) using a Metrohm AutoLab PGSTAT 302
electrochemical workstation in combination with the NOVA software package. The measurements were
carried out at 298 K in CHsCN solution with sample concentration ca. 4x10* M, using 0.1 M
tetrabutylammonium hexafluorophosphate (Sigma-Aldrich, electrochemical grade) as the supporting
electrolyte. Oxygen was removed from the solutions by bubbling argon for 10 minutes before each scan.
Ferrocene was added as the internal reference at the end of each set of measurements. Cyclic
voltammograms (CV) were recorded at scan rates between 0.01 and 2 V/s to check reversibility; square-
wave voltammograms (SWV) were recorded with scan rate = 25 mV/s, SW amplitude = 20 mV and

frequency = 25 Hz.
Computational details

Density functional theory (DFT) calculations were carried out using the D.01 revision of the Gaussian 09

program package in combination with the M06 hybrid meta exchange-correlation functional. The 6-31G(d)
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basis set was selected for C, H, N and Cl atoms; on the other hand, the “double-T"’ quality LANL2DZ basis
sets and the related pseudopotential were adopted for the Ir metal center. All the complexes were fully
optimized in acetonitrile both in the electronic ground state (So) and in the lowest triplet state (T1) by using
the polarizable continuum model (PCM). A frequency calculation was always used to confirm that the
stationary point found by the geometry optimization was actually corresponding to a minimum on the
potential energy surface (no imaginary frequencies). Time-dependent DFT calculations (TD-DFT)® at the
same level of theory used for geometrical optimization, were employed to simulate the absorption spectra
of all the molecules in their optimized So geometry. The first 100 singlet and 25 triplet vertical excitations
were computed for the complexes. To investigate the nature of the T, state, geometry optimizations and
related frequency calculations were performed at the spin-unrestricted UMO6 level of theory, imposing a
spin multiplicity of 3. The emission energy from the lowest triplet excited state was estimated by
subtracting the SCF energy of the T; state in its minimum conformation from that of the singlet ground
state having the same geometry of T1. All the pictures of molecular orbitals and spin-density surfaces were
created using GaussView 5.3 The structural overlap of the X-ray crystal structure of 3 and the theoretically
computed one is obtained using the VMD program by minimising the root-mean-square deviation (RMSD)

of all the atomic positions, except hydrogen.
Photophysical measurements

The spectroscopic investigations were carried out in spectrofluorimetric grade acetonitrile. The absorption
spectra were recorded with a Perkin-Elmer Lambda 950 spectrophotometer. For the photoluminescence
experiments, the sample solutions were placed in fluorimetric Suprasil quartz cuvettes (1 cm) and dissolved
oxygen was removed by bubbling argon for 20 minutes. The uncorrected emission spectra were obtained
with an Edinburgh Instruments FLS920 spectrometer equipped with a Peltier-cooled Hamamatsu R928
photomultiplier tube (PMT) (185-850 nm). An Edinburgh Xe 900 with 450 W xenon arc lamp was used as
the excitation light source. The corrected spectra were obtained via a calibration curve supplied with the
instrument. The photoluminescence quantum yields (PLQY) in solution were obtained from the corrected
spectra on a wavelength scale (nm) and measured according to the approach described by Demas and
Crosby,* using an air-equilibrated water solution of [Ru(bpy)s]Cl as reference (PLQY = 2.8 %)*! was used as
standard. The emission lifetimes (1) in the nanosecond and microsecond ranges were measured through
the time-correlated single photon counting (TCSPC) technique with the use of the same luminescence
spectrometer described above and equipped with a laser diode as the excitation source (1 MHz; Aexc = 407
nm; 200 ps time resolution after deconvolution) and the aforementioned PMTs as detectors. The analysis
of the luminescence decay profiles was accomplished with the software provided by the manufacturer, and
the quality of the fit was assessed with the x? value close to unity and with the residuals regularly

distributed along the time axis. To record the 77 K luminescence spectra, samples were put in quartz tubes
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(2 mm inner diameter) and inserted into a special quartz Dewar flask filled with liquid nitrogen. The
poly(methyl methacrylate) (PMMA) films containing 1% (w/w) of the complex were drop-cast from
dichloromethane solutions. The thickness of the films was not controlled. Solid-state PLQY values were
calculated by corrected emission spectra obtained from an Edinburgh FLS920 spectrometer equipped with
a barium sulfate-coated integrating sphere (diameter of 4 in.) following the procedure described by Wiirth
et al.*? Experimental uncertainties are estimated to be +8% for t determinations, +10% for ®p, +2 nm and

15 nm for absorption and emission peaks, respectively.
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12. Ir complexes for in vitro imaging on glioblastoma cell line

Early cancer detection is today the best possibility to increment patients’ survival rate. However, many
forms of cancer are still very difficult to detect with common techniques, due to their nature or location in
the body, so remain practically untreatable.! Up to now, one of the most common techniques in cancer
detection is the use of diagnostic contrast agents, but they present some limitations, especially due to their
poor selectivity for infected tissues, with consequences in diagnosis sensitivity. In recent years, the
development of tumor-targeted contrast agents, based on biocompatible nanoparticle formulations, have

led to encouraging results in terms of sensitivity and specificity for tumor imaging.?

In the past few years, the use of phosphorescent iridium(lll) complexes have rapidly grown for cellular
imaging, intracellular sensing, gene delivery and cancer cell detection.>* Key advantages for these
complexes, compared to organic luminophores for bioimaging, are the compatibility with time-gated
bioimaging techniques, that completely eliminate the sample-autofluorenscence background signals, and
the large Stokes shifts in the visible region, join with the possibility of fine tuning the physical and chemical
properties by simple modification of the ligands. Indeed, these complexes show an intense, long-living and
environmental-sensitive emission, that allows their employment as reporters of their local surrounding and
intracellular biological events.>* Unfortunately, many Ir(lll) complexes present a high cytotoxicity. However,
this problem can be prevented by incorporation and/or linkage of them into biologically compatible
nanocarriers,>®’ such as cholesterol based nanocarriers. This class of nanocarriers are of a great potential
for biomedical applications, but the fabrication of an amphiphilic structure through the attachment of a
hydrophilic tail to the cholesterol hydrophobic macrostructure is necessary in order to create water
dispersible nanocarriers.®%° The use of Polyethylene (PEG) as a stabilizing agent for nanoparticles in
aqueous media thanks to its hydrophilicity have been widely studied, but very few examples of pure PEG
functionalized cholesterol particles have been reported, due to the oversized dimension of the

nanoparticles or the needed of additional surfactants for their stabilization.11213

In this project, | have synthesized an Iridium(lll) complex with a terminal carboxylic acid group able to be
linked to the outer shell of cholesterol-PEG based nanocarriers or to be encapsulated inside their lipophilic
core. In both cases, Ir(lll) complexes is shield by the nanocarrier, and is possible to monitoring their

positions into a cancer cell line, U87MG, derived from human glioblastoma multiforme.
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12.1 Results and discussion
12.1.1 Synthesis of Iridium complex

The object of the project was to synthesize a cationic luminescent Ir(lll) complex bearing a lipophilic tail
with a terminal carboxylic acid group. As ligand for the Ir(lll) complex we choose a pyridin-1,2,3-triazole
derivative, easily obtained via a click reaction. In fact, the Cu(l)-catalyzed azide-alkyne cycloaddition
(CuAAC),**™ proved to be a very effective method to regioselectively afford 1,4-substituted-1,2,3-triazoles
from azides and terminal alkynes with a wide range of substituents. Furthermore, 4-pyridine-1,2,3-triazole
derivatives has been widely employed as ancillary ligands in the formation of emitting Ir(lll) complexes,

with good photophisical properties.1®

The synthesis of complex 4 is reported in Scheme 1. Starting from commercially available ethyl 7-
bromoheptanoate (1), NaN; was added and the corresponding azide was isolated in quantitative yield. The
crude azide was then reacted with 2-ethynylpyridine under Huisgen cycloaddition conditions to give the
bidentate compound 2 in 95% yield. Ligand 2 was used as ancillary ligand to prepare the complex 3. The
cyclometalated p-dichloro-bridged iridium precursor [Ir(CAN),Cl],, where CAN is ppy = 2-phenylpyridine,
was dissolved in a 3:1 mixture of DCM and EtOH, then 2 was added and the reaction mixture was stirred at
room temperature for 72 hours. After purification of the crude by washing with Et,0, the pure product 3
was isolated in 96% vyield. Finally, ester saponification was performed through treatment with KOH, giving

the target complex 4 in 96% vyield.
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Scheme 1: Synthesis of target Ir(lll) complex
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12.1.2 Synthesis of the nanoparticles

The process is reported in Scheme 2. Two PEG-cholesterol based amphiphilic macrostructures, with
carboxylic acid or amino terminal groups have been prepared by reaction of cholesteryl chloroformate and
two different PEG polymer, giving desired Chol-PEG-COOH and Chol-PEG-NH; copolymer. Through
nanoprecipitation techniques, nanocarriers have been prepared. Nanoprecipitation in presence of the Ir(lll)
complex lead to Ircomp@Chol-NPs, where Ir is contained in the nanocarrier. Chol-NPs@Ircomp, Where the Ir
complex is linked to the outer sphere of the nanoparticle, are prepared through the reaction of empty
nanocarrier, with terminal -NH; group on the surface and the iridium complex 4. Both Ir(lll)-containing
nanoparticles have been then decorated in the outer sphere with Cltx (Chlorotoxin), a 36-aminoacid

peptide very used as targeting agent for glioma cell lines. 18192021
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Scheme 2: Schematic representation of the final nanoparticles preparation
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12.1.3 { potential and hydrodynamic diameter

Characterization data for synthesized nanocarriers are summarized in Table 1. The empty nanocarrier
(Chol-NPs, entry 1) shows a small hydrodynamic diameter of 52.4 nm with a T potential of -23.3 mV,
negative for the presence of deprotonated carboxylic acid groups and not protonated amino groups in the
NPs outer sphere. Similar { potential was measured also for the Iridium(IIl) complex-containing nanocarrier
(Ircomp@Chol-NPs, entry 2), however with an increase in the hydrodynamic diameter of about 10 nm.
Functionalization of NPs’ outer shell with Cltx and Ir(lll) complex results in little change in hydrodynamic
diameter, 53.8 nm, and an increase in the { potential, -32.3 mV (entry 4), indicative of successfully
conjugation. Similar T potential was also measured for Ircomp@Chol-NPs@Cltx, with a value of -33.2 mV, but

in this case, a sensible increase in hydrodynamic diameter is detected, up to 76 nm.

Table 1: T potential and hydrodynamic diameter for synthesized nanocarriers

DLS { potential
Entry Sample
[nm] [mV]
1 Chol-NPs 52.4+2.0 -23.3
2 Ircomp@Chol-NPs 63.9+1.3 -20.4
3 Ircomp@Chol-NPs@Cltx 75.9+0.5 -33.2
4 ChOl-NPS@CltX/ |rcomp 53.8+2.1 -32.3

12.1.4 Photophysical characterization

The photophysical properties of Chol-NPs@Cltx/Ircomp and Ircomp@Chol-NPs@Cltx in water have been
investigated and are reported in Figure 1. The absorption spectra are very similar to this of the free Ir(lll)
complex 4. The bands in the 250-300 nm region are assignhed to spin allowed ligand-centered transitions *LC
(m-m*) localized in the triazole-pyridine and phenyl-pyridine ligands. The weaker absorption bands in the
350-420 nm region belong to spin allowed *MLCT and spin forbidden 3MLCT transitions. As observed for 4,
both Chol-NPs@Cltx/Ircomp and Ircompe@Chol-NPs@Cltx exhibited intense phosphorescence with maxima at
484 and 512 nm, with quantum yields (®) of 31% and 23%, respectively, and lifetimes of 1.46 ns and 1.41

ns, respectively.
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Figure 1: Absorption and normalized emission spectra (Aexc = 386 nm) of Ircomp@Chol-NPs@Cltx and Chol-
NPs@Cltx/Ircomp in air equilibrated water solution at room temperature

12.1.5 Internalization of Ir(lll)-NPs

Glioblastoma multiforme cancer cells have been treated with the prepared NPs, in order to demonstrate

the effective ability of them to be internalized (Figure 2).

Chol-NPs control

Ir@Chol-NPs@Clitx Chol-NPs@CItx/Ir

Figure 2: Internalization of iridium(lll)-containing NPs into glioma-derived U87MG cells. Chol-NPs_control, Chol-
NPs@Cltx/Ircomp and Ircomp@Chol-NPs@Cltx (0.1 mg/mL) were incubated with U87MG cells for 24 h, respectively. Cells
were then fixed and subjected to confocal microscopy. NPs are visualized in green, while wheat germ agglutinin
(WGA), a lectin that binds to sialic acid and N-acetylglucosaminyl residues on the cell surface, is visualized in red. The
results shown are averages of triplicate samples from a typical experiment. Measurement bar in confocal images is 25
micrometers.
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As a result, Chol-NPs@Cltx/Ircomp Was found to be more selective toward the U87MG cells then Ircomp@Chol-
NPs@Cltx nanocarriers, principally due to the different stability of the NPs. However, when the Ir(lll) is
covalently linked, as in the case of Chol-NPs@Cltx/Ircomp, NPs is more stable and no NPs can be found
outside of the cells (green dots, see Figure 2, right bottom, Merge image), thing that can be observed for
NPs where Ir(lll) is entrapped in the nanocarrier, as for Ircomp@Chol-NPs@Cltx (Figure 2, right central,

Merge image).

12.2 Conclusions

We have successfully synthesized an opportunely functionalized pyridine-triazole ancillary ligand suitable
for Iridium complexation, with a terminal carboxylic acid group. The ligand has been used to prepare a
phosphorescent Ir(lll) complex, that has been fully characterized. Complex 4 has been used in the
preparation of two different cholesterol-PEG based nanoparticles, one with the Ir(lll) complex encapsulated
in the empty core, and one with the Ir(lll) complex covalently linked to the outer sphere. Both the NPs
show good photophysical properties and the ability to be internalized in cancer cells. Applications of the

described nanosystem in nanomedicine and drug delivery are still under investigation.

12.3 Experimental section
Materials and methods

CHCl, and CHCI; were passed through basic alumina prior to use. Chromatographic purifications were
performed using 70-230 mesh silica. *H NMR and *C NMR spectra were recorded using CDCl; or DMSO
solutions at 300, 400 and 600 MHz for *H and 75.46, 100.6 and 150.92 MHz for 3C. Chemical shifts (5) are
reported in ppm relative to CHCl3 (6 = 7.26 for H and & = 77.0 for 13C). 3C NMR spectra were acquired with
'H broad band decoupled mode. The following abbreviations are used to indicate the multiplicity: s, singlet;
d, doublet; t, triplet; g, quartet; quint, quintet; oct, octet; m, multiplet; b, broad signal. Fourier transform
infrared (FTIR) spectra were recorded on a Perkin-Elmer Spectrum 2000. Mass spectra (MS) were obtained
with an electrospray ionization source (ESIMS). All the ESIMS spectra were performed using MeOH as the
solvent. Elemental analyses were performed using Flash EA1112 Automatic Elemental Analyzer CE
instruments. All reactions were carried out in air and using undistilled solvent without any precautions to
exclude moisture, unless otherwise mentioned. UV/Vis absorption spectra were measured on a Varian Cary
4 double-beam UV-Vis spectrometer and baseline corrected. Steady-state emission spectra were recorded
on an Edinburgh FLS920P spectrofluorimeter equipped with a 450 W Xenon arc lamp, double excitation and

single emission monochromators and a peltier cooled Hamamatsu R928P photomultiplier tube (185-850
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nm). Emission and excitation spectra were corrected for source intensity (lamp and grating) and emission
spectral response (detector and grating) by calibration curve supplied with the instrument. Emission
lifetimes were determined on the same Edinburgh instrument with the Time Correlated Single Photon
Counting (TCSPC) technique using pulsed picosecond LEDs (EPLED 309.6, FHWM <800 ps, repetition rates
between 10 kHz and 1 MHz) as the excitation source and the above-mentioned R928P PMT as detector. The
goodness of fit was assessed by minimizing the reduced ¥? function and visual inspection of the weighted
residuals. The emission quantum yields were determined according to the optically dilute solutions method
in aqueous solutions with reference to Ru(bpy)sCl, as the standard (r) according to Equation (1)*2 where /
refers to the area of the emission peaks of the complex and the reference, A to their absorptions and n is

the refractive index of the corresponding solvents.

2
o=@, L A

Il A n?

Synthesis of 2

To a solution of ethyl 7-bromoheptanoate 1 (1.19 g, 5.0 mmol) in DMSO (17 ml) NaN; (650 mg, 10 mmol)
was added. The mixture was left to stir at room temperature for 24 hours, then 75 ml of water and 75 ml of
EtOAc were added. The aqueous layer was separated and extracted with EtOAc (3 x 50 ml). The collected
organic phases were dried over MgS0, and the solvent evaporated. The obtained crude azide showed good
purity at 'H NMR analysis [(CDCls, 300 MHz) & 4.07 (g, Jux = 7.2 Hz, 2H), 3.21 (t, Juu = 6.9 Hz, 2H), 2.25 (t, Jun
= 7.7 Hz, 2H), 1.64-1.50 (m, 4H), 1.38-1.28 (m, 4H), 1.21 (t, Jus = 7.1 Hz, 3H). 3C NMR (CDCls, 75 MHz) &
173.6 (CO), 60.2 (CH,), 51.3 (CH>), 34.1 (CH,), 28.6 (CH,), 28.5 (CH,), 26.3 (CH,), 24.7 (CH,), 14.2 (CHs).] and
therefore it was directly employed in the next step without further purification. The crude azide was
dissolved in a 1:1 tBuOH/H>0 mixture (25 ml) and CuSO4-5H,0 (62 mg, 0.25 mmol), Na-(L)-ascorbate (324
mg, 1.5 mmol) and ethynyl pyridine (0.56 mL, 5.5 mmol) were added. After 24 hours stirring at room
temperature, the solvent was removed under vacuum and aqueous NHs (35 ml) and DCM (35 ml) were
added and the mixture was left to stir overnight. Therefore, after separation of the phases, the aqueous
layer was extracted with DCM (3 x 25 ml). The collected organic layers were dried over MgSQ,, filtered and
the solvent removed under vacuum. The crude product was purified by flash chromatography
(EtOAc/DCM=6/4 and DCM/MeOH=9/1) to give 1.43 g (4.7 mmol, 95% yields from 1) of 2 as a pale yellow
solid. *H NMR (CDCls, 300 MHz) & 8.58 (dq, Jun = 4.9 Hz, Juy = 0.9 Hz, 1H), 8.18 (dt, Jun = 8.0 Hz, Juw = 1.1 Hz,
1H), 8.12 (s, 1H), 7.78 (td, Jun = 7.8 Hz, Juw = 1.9 Hz, 1H), 7.23 (ddd, Ju = 7.5 Hz, Jun = 4.9 Hz, Juy = 1.3 Hz, 1H),
4.42 (t, Jun = 7.1 Hz, 2H), 4.12 (q, Jun = 7.1 Hz, 2H), 2.28 (t, Jun = 7.3 Hz, 2H), 2.03-1.91 (m, 2H), 1.70-1.53 (m,
2H), 1.42 - 1.35 (m, 4H), 1.25 (t, Jus = 7.1Hz, 3H). 3C NMR (CDCls, 100 MHz) & 173.5 (CO), 150.3 (C), 149.3
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(CH), 148.3 (C), 136.8 (CH), 122.7 (CH), 121.7 (CH), 120.2 (CH), 60.2 (CH,), 50.3 (CH,), 34.0 (CH,), 30.0 (CH.,),
28.4 (CHy), 26.1 (CH,), 24.6 (CH,), 14.2 (CH3).

Synthesis of complex 3

In a 25 ml round-bottom flask equipped with a stirring bar, ligand 2 (14 mg, 2.5 equiv) was dissolved in a 3:1
mixture of CH,Cly/EtOH (5 mL) and the dimer [(ppy)2Ir(u-Cl)]2 (20 mg, 0.019 mmol) was added. The mixture
was left to stir at room temperature for 72 hours. Then the solvent was evaporated and the crude product
was washed with Et,0 to remove the excess of ligand to give 30 mg of pure 3 (96% vyields). *H NMR (CDCls,
400 MHz) 6 10.9 (s, 1H), 9.19 (d, Juw = 7.9 Hz, 1H), 7.99 (t, Jun = 7.8 Hz, 1H), 7.91 (dd, Jun = 8.2 Hz, iy = 4.1
Hz, 2H), 7.79-7.71 (m, 3H), 7.69-7.63 (m, 3H),7.45 (d, Jun = 6.2 Hz, 1H), 7.21 (t, Jun = 6.9 1H), 7.05-6.83 (m,
6H), 6.32 (dd, Jun = 12.2 Hz, Juu = 7.6 Hz, 2H), 4.46 (oct, Jun = 7.1 Hz, 2H), 4.12 (q, Jun = 7.5 2H), 2.23 (t, Jun =
7.5 Hz, 2H), 1.95 (quint, Jun = 7.5 Hz, 2H), 1.51 (quint, Jus = 7.7 Hz, 2H), 1.32-1.14 (m, 7H). 3C NMR (CDCls,
100 MHz) & 173.6 (CO), 168.4 (C), 167.7 (C), 150.2 (C), 150.1 (C), 149.4 (CH), 149.3 (CH), 148.5 (C), 148.3
(CH), 146.6 (C), 143.7 (C), 143.6 (C), 139.7 (CH), 137.9 (CH), 137.8 (CH), 131.8 (CH), 131.7 (CH), 130.6 (CH),
130.0 (CH), 129.3 (CH), 125.8 (CH), 125.0 (CH), 124.6 (CH), 124.3 (CH), 123.1 (CH), 122.7 (CH), 122.6 (CH),
122.1 (CH), 119.4 (CH), 119.3 (CH), 60.2 (CH2), 50.2 (CH,), 34.1 (CH,), 29.6 (CH.), 28.2 (CH,), 25.9 (CH,), 24.7
(CH2), 14.2 (CHs3).

Synthesis of complex 4

In a 25 ml round-bottom flask equipped with a stirring bar, the complex 3 (30 mg, 0.036 mmol) was
dissolved in 2 mL of DCM. A solution of KOH (33 mg, 0.582 mmol) in a 3:1 mixture of EtOH/H,0 (1 mL) was
added and mixture was left to stir at room temperature overnight. Then the solvent was evaporated and
the crude product was neutralized with diluted HCl (1M). The aqueous layer was extracted with DCM (3 x
10 ml). The collected organic layers were dried over MgSQ,, filtered and the solvent removed under
vacuum to give 28 mg (0.0346 mmol, 96% yields) of pure 4 as a pale yellow solid. *H NMR (CDCls, 400 MHz)
6 10.41 (s, 1H), 9.08 (d, Juu = 6.1 Hz, 1H), 8.02 (t, Jun = 7.8 Hz, 1H), 7.91 (dd, Jun = 8.2 Hz, Juy = 4.1 Hz, 2H),
7.81-7.71 (m, 3H), 7.70-7.62 (m, 3H), 7.48 (d, Jun = 6.2 Hz, 1H), 7.21 (t, Jun = 6.9 Hz, 1H), 7.10-6.83 (m, 6H),
6.32 (dd, Jun = 12.2 Hz, Jus = 7.6 Hz, 2H), 4.46 (oct, Jun = 7.1 Hz, 2H), 2.44 (t, Jun = 7.5 2H), 1.95 (quint, Jun =
7.5 Hz, 2H), 1.67 (quint, Jus = 7.7 Hz, 2H), 1.42-1.21 (m, 4H). 3C NMR (CDCl;, 100 MHz) § 174.9 (CO), 167.3
(C), 166.6 (C), 149.0 (2C), 148.6 (CH), 148.3 (CH), 147.5 (C), 147.3 (CH), 145.5 (C), 142.7 (C), 146.6 (C), 138.8
(CH), 137.1 (CH), 136.9 (CH), 130.8 (CH), 130.7 (CH), 129.6 (CH), 129.0 (CH), 127.5 (CH), 125.0 (CH), 123.6
(2CH), 123.3 (CH), 122.3 (CH), 121.8 (CH), 121.6 (CH), 121.2 (CH), 118.4 (2CH), 51.0 (CH,), 33.3 (CH,), 28.3
(CH>), 26.8 (CH,), 24.3 (CH,), 23.5 (CH>). ESI-MS : 775 [M*]. Elemental Analysis: C, 53.28; H, 4.21; Cl, 4.39; Ir,
23.68; N, 10.35; O, 3.92.
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